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PREFACE 
 

This report “A National Soil Moisture Monitoring Capability – Volume I – Technical Results” is the 

first report of two released on completion of the Garada “Synthetic  Aperture Radar (SAR) Formation 

Flying” Project. The Garada project was sponsored by the Australian Space Research Program (ASRP) 

and these reports were delivered as a requirement of that project. 

 

Volume I – Technical Results is a comprehensive technical report which introduces the ASRP and the 

Garada project. It contains extensive analyses that demonstrate the suitability of the Garada space-

based radar system to address Australia’s water resource monitoring needs. It provides detailed 

design studies, fundamental research reports, and engineering reports resulting from the project.  It 

includes a discussion of technical steps that should follow in order to implement the capability, in 

order to move forward. 

 

Volume II – Implementation Case is the second report, a companion to Volume I that concentrates 

on the implementation implications of the Garada program. It summarises the Garada program 

findings concerning Australia’s water resources monitoring needs. It deals with key points only and 

focuses on the critical nature of data that could be produced by the proposed Garada system. It 

shows how such data could be used to make better water resource decisions, and discusses 

programmatic approaches for implementing the proposed system.  
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EXECUTIVE SUMMARY 
 

The Garada SAR Formation Flying Spacecraft program was a 2 ½ year project to evaluate the 

feasibility of synthetic aperture radar spacecraft to address Australian needs for Earth observation, 

and to advance the use of Global Navigation Satellite Systems (GNSS) for space applications. The 

program was one of fifteen funded by the Australian Space Research Program and administered by 

the Space Policy Unit of the Australian Government. The program lead organisation was the 

Australian Centre for Space Engineering Research at the University of New South Wales. The other 

team members were Curtin University, BAE Systems Australia, EADS Astrium (UK), TU Delft 

(Netherlands) and General Dynamics (New Zealand). 

The extensive series of studies in the program led to the conclusion that a synthetic aperture radar 

satellite is a highly feasible approach for measuring critical environmental parameters on the 

Australian continent. In particular, the satellite and sensor design were assessed as highly suitable 

for measurements of soil moisture, flooding, and forest change detection. They are also capable of a 

wide range of other measurement modes, such as interferometry, coherent change detection, 

medium resolution radar imaging, and maritime surveillance. 

A major effort within the program was the development of a GNSS receiver system for space 

applications. This project was highly successful, and resulted in the development of three complete 

GNSS receivers of increasing capability suitable for spaceflight. These receivers have a number of 

unique features and are the first of their type made for space. Integrating such receivers onto the 

SAR spacecraft will result in greatly enhanced measurement accuracy, due to the improved absolute 

and relative position knowledge of the satellite compared to ground tracking approaches. One of the 

receivers passed an extensive series of functional and environmental tests and was provided to the 

United States Air Force for integration into one of its experimental satellites.  This international 

effort was conducted in coordination with the Defence Science and Technology Organisation (DSTO). 

At the beginning of the program, an extensive series of interviews was undertaken to identify 

compelling uses for the SAR spacecraft, and to derive from those uses the appropriate system 

parameters. The soil moisture measurement application was found to provide sufficient specificity 

to proceed with a detailed analysis of spacecraft and sensor requirements, and also to address a 

large number of critical environmental and economic concerns on the Australian continent. A User 

Advisory Group, consisting of experts in soil moisture measurement, SAR operation, and calibration, 

was added to the team, in order to represent the requirements of likely users, and to provide a 

detailed analysis of algorithmic approaches for soil moisture measurement. The program developed 

a detailed requirements baseline for the system, using best aerospace engineering practices. 

Postulated user requirements were translated into over 1,000 requirements defining system, space 

segment and ground segment functional performance. 

A series of analyses of the mission performance requirements led to a detailed study of the required 

sensor characteristics, the number of spacecraft, and the orbital geometry. The sensor design that 

emerged will provide soil moisture measurements of unprecedented high resolution. The mission 

baseline evolved to incorporate two spacecraft in the same orbit, one-half orbit apart, each carrying 

a large SAR sensor. A unique structure for the spacecraft was proposed, to enable safe launch of the 

very large radar, precise planarity when in operation, and adequate volume for supporting 

subsystems. Computer simulation of the structure under launch conditions showed all stresses and 
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deflections were within required limits. Special antenna elements were designed to enable 

precise control of the radar signal polarisation, when transmitted and when received. A circuit 

to control the radar antenna elements, composed of commercial electronic components, was 

developed. Testing confirmed that the objectives for radar performance could be achieved using 

that circuit, suggesting a low-cost approach to implementing the radar on a spacecraft. Calculations 

of thermal performance on orbit showed that the spacecraft’s mission would not be severely limited 

by thermal considerations, and that standard methods for thermal control would be sufficient. 

Applications considered early in the program were those that could be performed by SAR satellites 

flying in formation. One example was precision flood monitoring. In that case, to meet user 

requirements, a very large constellation of very low cost satellites would have been required. Our 

advisors insisted that such a mission would be difficult to argue from a political point of view. 

However, it threw up many interesting research challenges, which were then pursued as part of the 

project, while the core application changed to be more palatable. It would be entirely possible to 

demonstrate a formation flying capability as part of the proposed SAR multi-spacecraft mission, 

given the success of this research. 

The program also investigated a second method of characterizing the Earth’s surface other than 

radar, namely, using GNSS signals reflected from the ground. A series of data collection tests using 

an airborne GNSS receiver demonstrated clear responses of the received signal to changes in ground 

and sea characteristics. Receiver modifications were designed to optimise this method of Earth 

sensing. 

An accurate orbit configuration was developed to provide a complete soil moisture map of the 

agriculturally important Murray-Darling Basin every three days, and in fact the system would be able 

to do that for all of Australia. This is a much higher update rate than for any current or 

developmental soil moisture satellite. A wide range of users would be able to access timely soil 

moisture data. The orbit selection was based upon the predicted performance of the radar sensor. 

An orbit perturbation analysis was also performed, to obtain estimates of the orbit deviations 

caused by various natural phenomena. These inform the amount of propellant the satellites would 

require to stay on the correct orbits for their entire mission lifetimes. Studies were also done on the 

requirements for determining and controlling the satellites’ attitude. Standard techniques were 

determined to be adequate for the assigned mission. 

Given the limited space industry in Australia, a study was performed to determine what parts of a 

SAR satellite procurement could be sourced here. Several databases were accessed to identify over 

200 Australian companies with the potential to contribute to such a program in hardware, software, 

management or support roles. A plan was developed to leverage a satellite procurement program to 

enhance Australian skills and capabilities. The particular strength of Australian capabilities in space 

system ground segment development was noted. 

The program produced a complete functional specification, system architecture, and 

implementation study for the system ground segment. Various locations on the Australian continent 

were determined to be suitable for downlinking the high data volume the satellites would generate; 

other global locations were also studied, including a proposed Antarctic station. The ground segment 

would provide robust control capabilities for the satellites, and distribute data rapidly to Australian 

users over the National Broadband Network. 
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In addition to demonstrating the feasibility and desirability of a SAR satellite for Australian 

data needs, the detailed analyses provided insights into anticipated program life cycle costs 

and technical risks. 

The privilege of performing this project for the Australian Space Research Program resulted in a 

significant enhancement in space-related capabilities and growth in space activities at the University 

of New South Wales and the Australian Centre for Space Engineering Research. Numerous 

publications, presentations, conferences and press interactions resulted. Highly talented new staff 

were added to the Centre. Liaisons with international space organizations have resulted in numerous 

potential collaborations, and the Garada project has attracted the interest of major aerospace 

corporations around the world. 
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1. INTRODUCTION  
 

The Garada SAR Formation Flying project was proposed as a research effort to the Australian Space 

Research Program, and was performed between December 2010 and June 2013. The ASRP 

Guidelines explain the aim: 

 

The objective of the Australian Space Research Program is to develop Australia’s niche space 

capabilities by supporting space-related research, innovation and skills in areas of national 

significance or excellence. 

 

Under the Australian Space Research Program, space-related means: 

a. The designing, building, testing, installation, deployment and/or operation of hardware or 

systems developed: 

(i) to be located in space; 

(ii) for the purpose of getting into or returning from space; or 

(iii) for the purpose of getting data or information to or from space; 

b. The design, development, testing, installation and/or use of applications that require the 

operation of hardware or systems listed at (a) 

c. Governance arrangements (such as legal, management and advisory structures) to 

support space hardware, systems or applications listed at (a) and (b); or 

d. Research into the environment in which space hardware or systems listed at (a) operate. 

 

 The essence of the Garada project as stated in the research proposal was: 

 

This project investigates synthetic aperture radar (SAR) satellites flying in small formations to 

significantly enhance real-time environmental monitoring.  Developing the satellite-

positioning accuracy essential for formation-flying, this project aims to realise major 

scientific innovation while addressing urgent national and global challenges. 

  

The proposed project outcomes were: 

 

The Earth Environment Remote Monitoring Using Formation Flying SAR satellites 

(EERMUFFS) [the project name used in the proposal] consortium links Australia’s leading 

satellite navigation researchers with key local and international industry partners to build a 

new national capability in state-of-the-art earth observation from space.  This capability will 

have regional and global applications including enhanced environmental and disaster 

monitoring. 

By simulating various formations of SAR satellites, this project will identify optimum orbits 

for monitoring over Australia and the region. The project will also develop the precision 

Global Navigation Satellite Systems (GNSS) relative positioning required to operate satellites 

in formation. Together, these outcomes will enable meaningful advances in data quality and 

timeframes to be achieved. Through the use of formations of SAR satellites, which are 

unaffected by smoke, cloud, dust or volcanic ash (which hamper optical earth observation), 

the project will enable SAR to be used for a range of new applications such as  time-critical 
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disaster monitoring, detailed tomographic mapping and the remote measurement of 

biomass. Success in these areas will lead to further developments in SAR applicable to 

Defence and national security. 

  

The key deliverables will be: 

  

● Selection of a baseline synthetic aperture radar (SAR) formation which can deliver 

“snapshot” digital elevation models and/ or tomographic biomass estimates. This 

baseline will include the band(s) of operation, method of radiation/ reception, and 

formation orbits. 

● Development and testing of orbit models that indicate the feasibility of the baseline 

design. 

● Models for control of satellites in formation, indicating the feasibility of the baseline 

design. 

● Design and construction of a GNSS receiver appropriate for use in space. This receiver will 

also be able to perform bistatic radar experiments. 

● Carrier-phase positioning algorithms that can run on this receiver and deliver the level of 

positioning accuracy required by the formation-flying SAR. 

● An analysis of the capability of Australian industry to commission, or participate in, a 

small scale SAR satellite formation. 

The project director was Professor Andrew Dempster of the University of New South Wales, director 

of the Australian Centre for Space Engineering Research (ACSER). Other team members included BAE 

Systems Australia, EADS Astrium (UK), Curtin University, Delft University of Technology 

(Netherlands), and General Dynamics (New Zealand).  

 

 

 
Figure 1: Garada SAR Formation Flying Project - Consortium Members Logos 

 

The program was organized in 11 Work Packages. This volume of the Final Report begins with short 

summaries of the technical approach and accomplishment of each of the 10 technical work 

packages. Table 1 describes the technical roles of the team members and the work packages for 

which they were responsible. 
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Table 1: Breakdown of work packages assigned to each consortium member 

Team member Work Package Title Work Package No. 

UNSW ACSER Space Systems Engineering 

and Radar Applications 

1 

 SAR Solution 2 

 Bistatic Radar 4 

 Prototype Receiver 5 

 Orbit Models 7 

 Project Management 11 

BAE Systems Australia Industrialisation Analysis 9 

 Ground Segment 

Definition 

10 

EADS Astrium SAR System Analysis 3 

 Orbit Control Analysis 8 

Curtin University and Delft 

University of Technology 

Formation Flying 

Algorithms 

6 

General Dynamics NZ Prototype Receiver 5 

  

 

57 deliverables were produced in the 10 technical work areas, in addition to three working GNSS 

receivers and the associated technical documentation. Detailed reports on the technical work are 

provided in the annexes to this volume; the 57 deliverables are provided as a separate appendix. The 

deliverables are listed in Table 2. Because the mission concept was being developed in parallel with 

preparing deliverables, some deliverables were based on mission concepts that were not selected. 

Those deliverables are marked as SUPERSEDED in the table. In particular, the user requirements, risk 

analysis, mission baseline report and business case reported in TK 1.1, 1.2 and 2.1 have been 

replaced by Volume II of this report, “Implementation Case.” 

 

 

Table 2: List of all work package deliverables completed throughout the Garada project. 

Work Package 01 - Space Systems Engineering and Radar Applications  

TK1.1 User requirements, risk analysis, mission baseline report - SUPERSEDED  

TK1.2  Business case - SUPERSEDED 



 

 12 
 
V04_00                                              Final Report: A National Soil Moisture Monitoring Capability - Volume I                            30

th
 June 2013 

 

TK1.3 Mechanical configurations requirements and CAD model  

TK1.4  Thermal requirements and baseline model, spacecraft communications system report, 

antenna trade-off report  

TK1.5 Final report  

Work Package 02 - SAR Solution  

TK2.1 User requirements, risk analysis, mission baseline report - SUPERSEDED                 

TK2.2 SAR hardware and methods description, specification and performance requirements                                    

TK2.3  SAR processor performance requirements  (first and second reports) 

TK2.4 SAR hardware description and actual specification  

TK2.5 Sar signal processing description and actual specification  

TK2.6 Final report  

Work Package 03 - SAR system analysis 

TK3.1 SAR System Trade-off report - SUPERSEDED 

TK3.2 SAR System Specification Prelim. Issue  

TK3.3 SAR System Specification Final Issue                  

TK3.4 Thermal Analysis, OBDH and Communications Subsystems Specification     

Work Package 04 - Bistatic radar report 

TK4.1 Design of airborne experiment                   

TK4.2 First airborne bistatic experiment  

TK4.3 Design of bistatic receiver  

TK4.4 Second airborne experiment                   

TK4.5 Final bistatic receiver design                   

TK4.6 Final report    

Work Package 05 - Prototype receiver 

TK5.1 Namuru testing for Bluesat                  

TK5.2 RF Front end  

TK5.3 L1/ E1 baseband and software  
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TK5.4 L1/ E1/ L5 baseband and software  

TK5.5 L1/ E1/ L5/ E5 baseband and software 

TK5.6 Receiver functional testing                  

TK5.7 Receiver environmental testing  

TK5.8 Final report  

Work Package 06 - Formation flying algorithms 

TK6.1 Analysis of error sources in space environment   

TK6.2 Analysis noise characteristics for stochastic model  

TK6.3 Algorithm development  

TK6.4 Analysis impact of configuration design    

TK6.5 Implementation aspects of algorithms                  

TK6.6 Experimental analysis   

TK6.7 Final report   

Work Package 07 - Orbit models 

TK 7.1 Orbit requirements, lifetime analysis and disposal report                              

TK7.2 Preliminary orbit model design with STK   

TK7.3 Detailed orbit design  

TK7.4 Detailed force modelling  

TK7.5 Launcher requirements and selection                  

TK7.6 Final report   

Work Package 08 - Orbit control analysis 

TK8.1 Constellation Attitude Orbit and Control System Trade-off Report 

TK8.2 Derived AOCS requirements specification   

Work Package 09 - Industrialisation analysis 

TK9.1 Capability Requirements Matrix  

TK9.2 Australian Industry Capability Report                  

TK9.3 Training Program in SAR Technologies                 
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TK9.4 Preliminary Industrialization Plan 

TK9.5 Project Industrialization Plan                   

Work Package 10 - Ground Segment Definition 

TK10.1 Operational Concept Document (CONOPS)                  

TK10.2 Ground Segment Functional Performance Specification  

TK10.3 Preliminary Ground Segment Architecture  

TK10.4 Ground Segment ROM Cost Estimate                   

TK10.5 Ground Segment Definition Report                    

Work Package 11 - Project Management 

TK11.1 through TK 11.10: Progress reports 

 

In the last nine months of the project, a User Advisory Group was assembled, consisting of four of 

Australia’s leading experts in soil moisture measurement, biomass measurement, and synthetic 

aperture radar. This valuable addition to the project was given the task of assessing the readiness of 

post-processing algorithms for space-based soil moisture measurement, and developing a 

recommended approach for the Garada processing algorithms. The User Advisory Group submitted a 

detailed report on their study of soil moisture algorithms; that report is Annex 12 attached to this 

volume. 

 

Matching user requirements to a space system requirements set caused a deviation from the 

original concept. The most compelling mission was determined to be soil moisture measurement 

(see interviews with potential data users in Annex 14). To explain the importance of this mission to 

Australia, the team prepared a non-technical paper entitled “Finding Australia’s Invisible Resource” 

(Annex 15), which received wide distribution. 

 

Measuring soil moisture from space no longer required the tight formation described in the original 

proposal. However, the project continued the development of the formation flying algorithms, 

which was completed successfully. A multi-spacecraft program, which is the recommended 

configuration, could include a test of these algorithms on orbit. Such a test would most likely be 

conducted near the end of operational life of the two spacecraft, in deference to the primary 

mission of soil moisture measurement. The spacecraft would be repositioned from their operational 

configuration (widely separated) to within proximity of one another, and the formation flying 

algorithms tested. 

 

The remainder of this Volume consists of: 

● a description of the Garada team members and their capabilities; 

● a short summary of each of the work package accomplishments; 

● a summary of the other achievements of the Garada team during the program (including 

publications, presentations, etc., which are listed in full in Annex 13); 
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● a section of recommendations for moving the program forward to an acquisition of the 

soil moisture capability; this section also includes cost and schedule estimates for a 

complete acquisition and operational program; and 

● Sixteen Annexes, containing the final reports of each of the Work Package teams, the 

requirements baseline, the User Advisory Group report, a listing of other program 

accomplishments and products, interviews with potential users of soil moisture data, the 

brochure “Finding Australia’s Invisible Resource,” and a list of acronyms used throughout the 

report. 

 

During the program, the following success criteria were established. The government Space Policy 

Unit, which administered the ASRP, concurred that these were the appropriate criteria: 

 

1. It delivers a detailed recommendation for a credible SAR mission. A credible mission is one 

that addresses the problems identified in the project proposal: “important national and 

transferable benefits for environmental monitoring and disaster mitigation, climate change 

science, national security and policy development”. The recommendation will approach 

Phase 0 level and will include detailed concepts for a SAR payload, orbit models, ground 

segment, spacecraft subsystem design, and analysis of potential Australian industrial 

involvement. 

 

2. It produces two GPS receivers specifically designed for satellite operation. The first, jointly 

developed with Garada and DSTO funding, is a single-frequency GPS receiver for operation 

on Bluesat and Biarri, a Defence cubesat mission, and will be integrated into spacecraft by 

the end of the Garada project. The second is an advanced dual-frequency dual-system 

receiver which will provide carrier phase measurements which can support high precision 

relative positioning. 

 

3. It produces significant research outcomes related to SAR formation flying. These outcomes 

will include papers on precise relative positioning as well as research outcomes arising from 

formation flying missions that may not eventually be recommended, and trained 

postgraduate students. 

 

4. It provides recommendations for a space-based GNSS reflectometry payload. 

 

5. It results in increased engagement in space-related activity by both staff employed on the 

project, and a broader community. Capability will be raised in that community in space 

systems engineering and other more specialised disciplines that can be transferred to assist 

participation in research, innovation and skills development in areas of national significance 

or excellence. 

 

6. It can be coordinated with outcomes from other Australian Space Research Program projects 

to produce strong potential future projects. 

 

7. It contributes to key objectives expressed in the National Space Policy, and the two space-

related infrastructure plans to be released in 2012. 
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Table 3 was prepared to summarise how the Garada program exceeded all of the above 

success criteria: 

 

Table 3: Summary of how the Garada program exceeded all of the stated success criteria 

1. Detailed recommendation for 

a credible SAR mission 

·         User requirements were collected for multiple potential 

applications 

·         The application that was most compatible with the 

system concept, and that would have the greatest value to 

Australia overall, was the soil moisture measurement mission 

·         A highly feasible system design, including both 

spacecraft and ground segment, was developed 

·         The SAR sensor design, led by EADS Astrium, includes a 

detailed performance analysis, showing that the system meets 

or exceeds all known user requirements for soil moisture 

measurement from space 

·         The system as analysed will support a complete soil 

moisture map of the Murray Darling Basin every three days, 

and approximately the same for all of Australia 

·         The ground segment definition, performed by BAE 

Systems Australia, provides all required functionality including 

data processing, distribution of results to end users, and 

spacecraft command and control 

·         Spacecraft subsystems, including power, attitude 

control, spacecraft structure, SAR antenna control, and 

thermal management, were analyzed and found to fully 

support the proposed SAR mission 

·        A program plan for procuring the spacecraft, including 

the participation of multiple Australian suppliers, was outlined 

2. Two GPS receivers specifically 

designed for satellite operation 

·         Three prototype GNSS space-capable receivers were 

developed and tested, and in one case, integrated into a space 

platform for project Biarri 

·         Carrying one of these receivers on Garada would enable 

precision onboard orbit determination, which would enhance 

the geolocation and quality of the radar imagery 

·         These receivers will have wide applicability to 

international space programs 

·         These receivers represent a significant Australian space 

product 

3. Significant research outcomes 

related to SAR formation flying 

·         New algorithms using GNSS to maintain tight spacecraft 

formations were developed 

·         The algorithms were thoroughly tested in simulated 

space flight conditions 

·         GPS receivers developed in the program were 

incorporated into the testing 
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4. Recommendations for a space-

based GNSS reflectometry 

payload 

·         Conducted airborne experiments which were the world’s 

first to demonstrate the ability of GNSS reflectometry to 

differentiate characteristics of Earth’s surface 

·         Conceptual design of space-based GNSS reflectometry 

payload completed 

·         Reflectometry payload would use same GNSS circuitry 

designed for onboard orbit determination 

5. Increased engagement in 

space-related activity 

·         ACSER has been contacted regarding the Garada mission 

by international spacecraft manufacturers 

·         Officials at NASA have engaged with ACSER to identify 

opportunities for collaboration 

·         Numerous graduate and undergraduate theses at UNSW 

being written on space-related topics 

·         Space-related opinion pieces generated a combined 

readership of several thousand 

6. Coordinated with outcomes 

from other Australian Space 

Research Program projects 

·         Garada ground segment definition included modeling of 

data flow to an Antarctic ground station (leveraging Antarctic 

Broadband ASRP project) 

·         Garada maintained close interaction with Warrawal 

program for Master of Space Engineering at UNSW 

·         Garada program provided input to (Carol Oliver’s ASRP 

outreach project) 

7. Contributes to key objectives 

expressed in the National Space 

Policy 

Garada resulted in contributions of critical national 

importance to the following objectives of the National Satellite 

Utilisation Policy: 

·         Space applications that have a significant security, 

economic and social impact, specifically Earth Observation, 

Satellite Communications and Position, Navigation and 

Timing—Garada is a uniquely capable Earth Observation 

system, and the program resulted in highly capable new 

hardware for Position, Navigation and Timing. 

·         Strengthening those relationships and cooperative 

activities on which Australia relies, and will continue to rely to 

a substantial degree, for space system capabilities—the 

Garada soil moisture measurements would be of great interest 

to other nations, thereby strengthening relationships with 

those nations. 

·         Continuing to support rules-based international access 

to the space environment; promoting peaceful, safe and 

responsible activities in space—the Garada system 

requirements were developed to be consistent with all 

existing treaties, conventions and regulations regarding the 
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peaceful use of space, use of the radio frequency spectrum, 

and prevention of space debris. 

·          Enhancing the coordination, understanding and 

strategic direction of Australia’s uses and approach to space—

by developing Garada to address a critical need for Australia’s 

environment and economy, the program demonstrated 

convincingly how space can be used strategically to Australia’s 

advantage. 

·         Promoting collaboration between Australian public and 

private research and development organisations with industry 

in space-related activity, including space science, research and 

innovation in niche areas of excellence or national 

significance—Garada represented a major collaboration 

between research institutions (UNSW, Curtin, TU Delft) and 

aerospace corporations (BAE Systems Australia, EADS 

Astrium). 

·         Ensuring Australia’s space capabilities will be used to 

enhance, and guard against threats to, our national security 

and economic well-being—by providing timely, gapless soil 

moisture measurements, Australia will have needed data to 

make optimal decisions on use and improvement to water 

resources, which are critical to both national security and 

economic well-being. 
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2. THE GARADA TEAM 
 

The Garada SAR Formation Flying Spacecraft project was a collaborative project led by the University 

of New South Wales with five other partners, all of whom are world-class in their particular fields. 

The project consortium linked Australia’s leading satellite navigation researchers with key local and 

international industry partners to build new national capabilities in state-of-the-art earth 

observation from space. 

UNSW has Australia’s largest engineering faculty. It leads three ASRP projects and was a partner in 

two others. UNSW hosts Australia’s largest group of satellite navigation researchers and is 

developing a strong team in satellite systems and remote sensing.  

EADS Astrium has an established position as a global system/satellite prime contractor, with 

demonstrated record in SAR instrumentation and systems, bistatic radar, InSAR and formation flying. 

EADS Astrium provided specialist satellite systems engineering expertise to the consortium, 

exploiting their heritage and experience in SAR spacecraft. 

BAE Systems, is a leading provider of communications, electronic warfare systems, mission support 

systems, navigation, sensor and spatial information systems. BAE Systems Australia provided a 

detailed ground segment study, Australian industry capability report and an established relationship 

with DSTO. 

Curtin University and Delft University of Technology are highly capable research institutions. They 

brought some of the world’s best expertise in high-precision positioning for satellites applied to 

formation flying algorithms. 

General Dynamics (NZ) designed world first dual and triple-frequency FPGA-based multi-Global 

Navigation Satellite System receivers.  

Involvement in the Garada project by the University of New South Wales was led by Professor 

Andrew Dempster with contributions from Professor Chris Rizos, Dr Steven Tsitas, Dr Robert 

Middleton, Dr Mauro Grassi, Dr Gordon Roesler, Dr Kegen Yu, Dr Li Qiao, Dr Nagaraj 

Channarayapatna Shivaramaiah, Dr Eamonn Glennon,  Dr Jinghui Wu, Dr Joon Wayn Cheong, Dr 

Mohammad Choudhury, Peter Mumford,  James Carrapetta, Joseph Gauthier, Vaidhya Mookiah, 

Vinh Tran, Scott O’Brien, Nam Khanh Pham, Yuanyuan Zhou, Rui Li, Yang Yang, Bo Yang, Tao Wang, 

Fariborz Sobhanmanesh and Nima Alam. UNSW also had contributions from undergraduate students 

including: Thomas Cooney, James Laughlin, George Constantinos, Foh Fan (Isaac) Yong, Scott 

Dorrington and Haifa Ben Aouicha.  

UNSW’s research and development in the FPGA multi GNSS receiver were largely tied to Mr Kevin 

Parkinson’s work from General Dynamics. EADS Astrium’s work on the project was led by Andrew 

Larkins with contributions from David Hall, Martin Cohen and Nunio Silva. BAE Systems contribution 

to the project was led by Dr Ian Tuohy with contributions from John Norrington and Michael Hopton.  

Curtin and Delft Universities’ work was led by Professor Peter Teunissen and Associate Professor 

Sandra Verhagen with contributions from Nandakumaran Nadarajah, Dr Peter Buist and Dr Gabriele 

Giorgi. 
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The Garada project also had various contributions from its advisory group. Dr Nick Stacy and Dr 

Tim Payne from DSTO, Martin Unwin from Surrey Satellite Technology Ltd (SSTL), Dr Markus 

Markgraf and Dr Simone D'Amico from the German Space Agency DLR.  

 

 

Figure 2: Garada Team 
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3. PROJECT TECHNICAL OVERVIEWS 

3.1. Mission concept and requirements 

This work package was carried out by Dr Steven Tsitas of UNSW. The scope and goals of this work 

package were to define the space systems engineering and investigate the proposed radar 

applications of the Garada SAR Formation Flying project. Without well defined requirements, and 

applications dependent on very high temporal resolution (time between images), the scope 

expanded to include modifying the research direction of the Garada SAR Formation Flying project 

and leading the requirements analysis of the space system. This expanded scope included proposing 

a strategy for ACSER of designing low cost, light weight spacecraft using advanced technology to 

endow the spacecraft with the capabilities of larger spacecraft. Large numbers of these low cost 

spacecraft able to meet the high temporal resolution requirements could therefore be envisioned. 

Multiple research and commercial initiatives were proposed as spin-offs from the research of this 

work package. These include: the proposal of an Australian Antarctic ground station for LEO 

spacecraft downlink, using a future Antarctic Broadband satellite relay to return the data to the 

mainland; using GPS to provide a common timing signal for local oscillators on bistatic SAR 

spacecraft; Fibre Optic distribution of RF signals across a microchip amplifier SAR antenna using 

silicon photonics; protected hard real time operating system use on spacecraft; and a small SAR 

satellite using Ka band, ultracapacitors for peak power generation and a deployable dish.  

The first deliverable report “TK1.1 User Requirements, Risk Analysis, Mission Baseline Report” the 

work involved interviewing potential users of a Garada flood monitoring system, one of the originally 

proposed applications. The interviews revealed a consistent demand for approximately 1 hour 

temporal resolution, with a spatial resolution of a few metres. Since this temporal resolution 

requires a large number of spacecraft (the exact number was analysed by WP7) a low cost light 

weight designed was proposed and investigated in order to keep the overall system cost down. A 

proposal was made to build and sell these low cost SAR spacecraft to other countries to build up the 

constellation numbers to achieve the required temporal resolution. However feedback from the 

project end of year meetings in 2011 resulted in no consensus of support for these proposals. A 

suggestion was made that the system should be relevant to the problems of the Murray Darling 

Basin in order to maximise the chances of support from the government for implementation. 

The second deliverable report “TK1.2 Business Case” the suggestion that the Garada SAR Formation 

Flying space system should be relevant to the problems of the Murray Darling Basin was 

investigated, specifically the requirements of measuring soil moisture in the Murray Darling Basin. A 

formation of two spacecraft half an orbit apart allows the temporal resolution requirements of three 

days for soil moisture monitoring in the Murray Darling Basin to be met while also satisfying the 

requirement that two spacecraft be used. 

To further investigate the relevance of the soil moisture mission to Australia, interviews were 

conducted with five senior personnel involved with Australian agricultural and environmental issues. 

The results of these interviews are contained in Annex 14 to this volume. In addition to confirming 

the importance of the mission, new applications for soil moisture data were identified. Among these 

were: dust storm prediction; land use planning; carbon storage in root zones; and assessing the 

effects of climate change. 
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The third deliverable “TK1.3 Mechanical Configurations Requirements and CAD Model” 

provided the updated baseline for the Garada SAR Formation Flying mission was described 

which also demonstrated how design decisions flow from the requirements described in the 

GARADA requirements summary. George Constantinos described the structural design of the Garada 

spacecraft derived in the mission baseline, including CAD models and Finite Element Analysis of the 

structure. 

 

Figure 3: Finite Element Analysis of the Garada Satellite structure 

In the final deliverable “TK1.4 Thermal Requirements and Baseline Model, Spacecraft 

Communications System Report, Antenna Trade-off Report” the maximum duty cycle – what 

percentage of the orbit the SAR operates – supported by the power system of the spacecraft was 

calculated. This was found to be 100% - continuous operation is possible, from a power point of view 

– which creates the requirement to determine the highest duty cycle that can be supported by the 

thermal system (validated to 21% duty cycle). The spacecraft communications system was described 

at a system level, defining requirements and describing a system consisting of dual X-Band 

transmitters and 1000 Mbps downlink. 

While the proposed spacecraft is large, with an antenna size of 15.5 m x 3.9 m, the spacecraft 

subsystems that were investigated at a system level have a high level of technological maturity, 

except for the antenna subsystem and the platform structure. The antenna subsystem is envisioned 

to be based on circuit based microchip amplifiers, which is at a low level of technological maturity. 

For implementation this must be matured to a level for reliable space hardware through continued 

research and testing. 
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The other main area of technical risk is the scientific approach to measuring soil moisture from 

space using SAR, specifically within the Murray Darling Basin. This risk was addressed in the 

report by the User Advisory Group (Annex 12).  It proposed that airborne tests using L-Band SAR 

continue to be conducted to ensure scientific consensus of the accuracy and utility of retrieved soil 

moisture measurements. 
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3.2. Radar concept 
 

WP2 comprises the SAR solution, encompassing both the flight segment (in the design of the RF 

front end electronics) and the ground segment (in the description of the image formation 

processor).  

The SAR solution for the Garada mission is the joint work of ACSER (Steven Tsitas, Robert Middleton 

and Mauro Grassi) and Astrium (Andy Larkins, David Hall and Martin Cohen). The details of the RF 

front end electronics, a major part of the phased-array antenna, were worked out in the thesis of 

Thomas Cooney, then a 4th year undergraduate at UNSW.  

There were five deliverable documents for WP2 excluding the final report. The design of the SAR 

solution depends on the users' applications of interest. For example, orbit determination is 

influenced by revisit requirements. The orbit period depends on the altitude, the altitude affects the 

peak transmission power and pulse repetition frequency and thus the SAR hardware and power 

subsystem. 

The first deliverable report, titled: "TK2.1: User Requirements, Risk Analysis, Mission Baseline Report" 

is a study of Australian users' applications to determine a baseline SAR solution. The applications 

considered include disaster monitoring (both fire and flood), oil slick detection, forest biomass 

mapping and soil moisture retrieval. Soil moisture retrieval was identified as the main application of 

interest and was the driver for all subsequent design decisions.  

The next deliverable, titled: "TK2.2: SAR Hardware and Methods Description and Specification" is a 

determination of the hardware specifications as they relate to the SAR payload. Parameters such as 

incidence angle, noise equivalent sigma zero, range and azimuth resolution and carrier frequency 

were determined. It is fortuitous that soil moisture retrieval demands some of the most stringent 

conditions on the SAR payload, and thus other applications of interest will also be viable under the 

proposed design. 

The RF front end captures the backscattering from the earth and is downconverted to baseband and 

digitised. The resulting raw data is then downlinked to the ground station where further processing 

will occur. The report "TK2.3: SAR Processor Performance Requirements" lists the requirements on 

the image formation processor (IFP) for Garada, part of the ground segment. 

"TK2.4: SAR Hardware Description and Actual Specification" describes the hardware specifications in 

detail, incorporating the work of Thomas Cooney in his thesis: "Electronic Circuits for L-Band Phased 

Array Synthetic Aperture Radar". That thesis won the VSSEC-NASA Australian Space Prize 2012. The 

novel design using COTS (Commercial Off The Shelf) parts exclusively was shown to be feasible. 

Using such parts guarantees cost reductions in the antenna subsystem. The prototype has been 

tested and shown to be capable of transmitting any polarisation and receiving in both H and V 

polarisations, as well as providing an internal calibration loop. 
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Figure 4: Prototype Electronic Circuit for an L-Band Phased Array Synthetic Aperture Radar 

The final deliverable "TK2.5: SAR Signal Processing Description and Actual Specification" presents a 

signal model and details the signal processing steps required to take the raw SAR data to an image. 

The resulting image contains magnitude (reflectivity) information as well phase information and is a 

SLC (single look complex) product. Since that image contains speckle noise (a grainy appearance that 

is due to the large number of scatterers contributing to each image pixel) a further product, an MLI 

(multi looked intensity) is obtained from the SLC using averaging. This eliminates speckle at the 

expense of spatial resolution. Once the image is obtained, other processes can be considered, 

including interferometry, which proceeds from two or more SLC images. 

 

Figure 5: SAR image from the PLIS aircraft, left, processed for soil moisture content, right 

Overall, WP2 details the signal processing steps, as well as the hardware design, of the SAR payload. 

If Garada were to proceed beyond phase zero, an implementation of the IFP would need to be 

completed following the signal processing steps described in the documents above. In relation to the 

RF front end, the concept of using COTS parts has been proven.  
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3.3. Radar system specification 
 

The scope of this work package was to take the needs and requirements of the Garada 

system, as defined by the UNSW team, and then identify a range of design options that 

would fulfil these requirements.  

These options would then be compared and contrasted from a number of perspectives, 

including relative cost, suitability for delivering the required capability, complexity, 

development maturity and risk, so that an informed down-selection of candidate solutions 

could be performed, resulting ultimately in a single preferred solution being selected that 

could then be further detailed and refined.  

This single preferred solution would then be examined further and detailed in the SAR 

Payload Specification. This document would define the SAR system drivers and then go on 

to discuss the system architecture of the chosen configuration. The functions of key sub 

systems within the SAR payload would be discussed and their potential implementation 

outlined. It was envisaged that the SAR Payload Specification would be delivered first as a 

Preliminary issue, and then at a later date a final issue would be updated and delivered. This 

approach would aid in capturing late requirements.  

This work package started with a set of requirements for a system that could provide rapid 

identification of flooding across Australia. This requirement demanded a solution 

comprising a constellation of many satellites. The SAR technique proposed by UNSW for 

flood identification would operate with groups of satellites operating in formation. The need 

for many satellites directly leads to the need for each satellite to be very low cost in order 

that a complete system be considered affordable. Furthermore, a solution was sought that 

offered the opportunity to involve a high proportion of indigenous capability within 

Australia. 

The Garada team outlined a SAR-based technique for identifying floods based on using a 

bistatic pair of receivers to form a coherence map of the imaged scene from which flooded 

areas could be identified due to their poor coherence compared with the rest of the scene. 

This required a formation of either 2 or 3 spacecraft depending on whether or not one of 

the receivers can also transmit. X-band was selected as the preferred band due to the 3m 

resolution requirement and the need to be low cost. The low cost aspect also led to the 

need for the antenna to be as small as possible to remain compatible with a low cost launch. 

At the end of 2011 user requirements surveys caused the system requirements to change 

and this would change the SAR system significantly. The key application for the Garada 

mission became the measurement of soil moisture over agricultural areas (predominantly 

the Murray Darling Basin) at high spatial resolution. Additional applications of forest change 

detection in support of Reducing Emissions from Deforestation and Forest Degradation  

(REDD) (detecting clear cutting of forests) and flood and disaster monitoring were also to be 

considered. 
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These new requirements drove the SAR system to generate coherent quad-polar L-

Band imagery with a potential revisit interval of 2-3 days. This was achieved using a close 

formation of a pair of satellites to enable single pass interferometric observations. The 

satellite design was of a ‘snapdragon’ configuration with an innovative fully active phased 

array antenna. 

The maturity of the described SAR System was mixed. The main structure was well defined, 

having its origins with Astrium’s TerraSAR-L concept. Similarly, the Back End Electronics 

could be based on products already in development by Astrium and other Space companies. 

The main area of innovation would be in the active phased array antenna which would 

require a degree of development and prototyping ahead of a potential flight programme. 

 

Figure 6: Proposed design of the Garada Satellite 

Astrium was also originally tasked with investigating the feasibility of an airborne 

demonstration of the chosen SAR concept and to detail an implementation plan for such a 

demo. After an initial assessment of the cost of such a demo Astrium was asked to stop 

work on this work package and was redirected to perform a thermal analysis of the Garada 

spacecraft. 

This document analysed the Garada satellite and SAR system for the effects of potential 

operating modes on general payload temperatures, confirming the viability of the 

spacecraft and its thermal design. The viability was subsequently confirmed for all operating 

modes considered.  

As this was a preliminary analysis, further work was suggested. This would involve applying 

dissipations specific to the Garada mission hardware and heater sizing for the operational 

and non-operational cases. There may be opportunity for some thermal trimming of both 

external and internal properties (adjusting exposed areas and their thermo-optical 
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properties) which would reduce power demands. Launch and Early Operation Phases 

(LEOP) would also be examined once these phases of the mission had been defined in more 

detail. 
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3.4. Bistatic radar and GNSS reflectometry 
 

The original concept of multiple spacecraft for bistatic SAR measurements was eventually 

determined to have limited utility for the most important potential Garada missions. 

However, a related approach is the use of Global Navigation Satellite System (GNSS) signals 

reflected off the Earth to characterise the surface properties.  

This work package investigated how to use (GNSS) reflectometry (GNSS-R) to retrieve a 

range of geophysical parameters including: near sea surface wind speed, sea surface height, 

abnormal forest condition, and soil moisture. GNSS-R is a cost-effective remote sensing 

technology which exploits the free GNSS signals that are available virtually any time and 

anywhere on the globe. GNSS-R was originally proposed for remote sensing about two 

decades ago; however, it is still not yet a mature technology and there are still many 

challenging problems to be resolved. This work package aimed to explore this technology by 

focusing on the design and conduct of four low-altitude airborne experiments using a 

UNSW-owned light aircraft and software GNSS receiver, and on the bistatic receiver design. 

In addition to verifying a number of GNSS-R applications using the experimental data, it was 

intended to obtain new findings and develop new techniques and methods. The final goal 

was to develop a spaceborne GNSS reflectometer to operate with a spaceborne SAR in the 

same satellite. The GNSS-R measurements will be processed using reliable and robust 

algorithms and the results will be combined with the SAR observations to achieve a 

performance gain. 

  

Five deliverables have been generated. The first deliverable “TK4.1 Design Airborne 

Experiment” reports on the first airborne GNSS bistatic sensor experiment (as a free host 

payload) which was conducted on 14 June 2011. In addition to addressing a number of 

issues including the sea wave spectrum, the sea surface scattering and the correlation 

power, preliminary data processing results including correlation delay waveforms were 

presented. The second deliverable “TK4.2 First Airborne Bistatic Experiment” reports on the 

second airborne experiment conducted on 4 November 2011, with a focus on the data 

processing, delay waveform and delay-Doppler waveform generation, and near sea surface 

wind speed estimation using the model fitting approach. The results demonstrate that 

accurate sea surface wind speed estimation can be achieved using GNSS signals.  

 

The third deliverable “TK4.3 Design of a Bistatic Receiver” reports on the initial design of the 

bistatic receiver dedicated to the computation, in real time, of complex-valued (in-phase 

and quadrature) cross-correlations between the received GNSS signal and the local signal 

replica stored in the receiver.  Some detailed information about the initial design of the 

signal processing back-end is presented and a number of parameters including those 

associated with generating the delay-Doppler waveform are initially specified. The fourth 

deliverable “TK4.4 Second Airborne Experiment” reports on the third airborne bistatic sensor 

experiment conducted on 19 September 2012, by flying the aircraft over some land areas in 
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the basin of Sydney and over forests in the southwest of Sydney and northwest of 

Wollongong. A small fraction of the collected data has been processed. Some preliminary 

results, shown in Figure 7, demonstrate that the reflected signal peak power can be 

exploited to identify the abnormality in the forests such as the areas where trees are absent 

or the forest density becomes much smaller.  

 

 

Figure 7: Variations in received GNSS peak power due to changes to the ground surface 

The fifth deliverable “TK4.5 Final Bistatic Receiver Design” reports on the bistatic receiver 

design, providing detailed discussions on the number of front-ends and the utilisation of 

multi-frequency and multi-GNSS constellations. The focus was also on the design of the 

fourth airborne experiment to collect data for research in retrieving GNSS-based soil 

moisture. 

 

There are a number of significant findings resulting from the research activities associated 

with this work package.  

1. It was demonstrated that power ratio measurements can be used to estimate the 

delay of the reflected GNSS signal relative to the direct one. Two cost functions can 

be defined to estimate the desired power ratio and the sea surface height (SSH) 

through minimising the cost functions. Applying the experimental data to this new 

method demonstrate that the error of mean SSH estimation can be of the order of 

decimetre in the presence of significant wave height of about 4 metres. This method 

does not require any a priori knowledge of sea state information or any theoretical 

model.  Thus, its performance is not affected by the modelling errors and 

uncertainties.  

2. Airborne experimental data of direct and reflected GNSS signals can be used to 

detect abnormal conditions in forests. Multiple specular reflection tracks associated 

with multiple GNSS satellites whose elevation angles are greater than such as 30o 
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can be employed to identify forest abnormal conditions in areas of relative 

small dimensions such as 30m wide.  

3. When using the model fitting method, accurate near sea surface wind speed 

estimation can be achieved by using signals of GNSS satellites whose elevation angle 

is relatively small such as 20o. Thus, a performance gain can be realised by utilising 

measurement data associated with multiple satellites. Finally some findings related 

to soil moisture estimation will be available from processing the data to be collected 

in the next airborne experiment. 

  

To implement the GNSS-R technology in a spaceborne platform, two aspects with regard to 

the maturity of the technology need to be addressed. The first one is the system aspect, 

while the second one is associated with post data processing and data fusion. The GNSS-R 

system does not only need to directly generate two-dimensional delay correlation 

waveforms and/or three-dimensional delay-Doppler waveforms in real time so that the end 

users can readily apply these waveform data for research or applications, but it should also 

have the option to generate the intermediate frequency (IF) data so that the end users may 

use the IF data for research to develop new and advanced techniques. In a decade, signals 

from four different GNSS constellations (GPS, GLONASS, Galileo, and Beidou) can be utilised. 

Thus, the GNSS-R system should be able to accommodate some or all of these signals which 

have different frequencies and are from different constellations. When observations from 

multi-frequency and multi-GNSS constellations are available, techniques or algorithms are 

needed to effectively combine these observations. When the GNSS reflectometer is used 

with other sensors such as SAR, the observations from different sensors need to be 

combined to achieve another diversity gain. 

  

Based on the above discussions future work should focus on the systematic design and 

manufacturing of a GNSS bistatic receiver that can accommodate multi-frequency signals 

transmitted from multiple constellations and is suited for land, airborne and spaceborne 

applications. The UNSW-built Namuru receivers will be used as the basis to simplify the 

design. Also, it should focus on the development of innovative techniques and algorithms to 

achieve optimal fusion of observations from multiple constellations and from multiple 

sensors. 

 

Personnel participating in the research activities were: 

·         Dr. Kegen Yu, University of New South Wales 

·         Mr. Scott O’brien, University of New South Wales 

·         Dr. Nima Alam, formerly with University of New South Wales; now with Trimble 

·         Prof. Chris Rizos, University of New South Wales 

·         Prof. Andrew Dempster, University of New South Wales 
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Personnel participating in the conduct of one or more of the four airborne experiments 

were: 

·         Prof. Jason Middleton, University of New South Wales 

·         Mr. Greg Nippard, formerly with University of New South Wales 

·         Mr. Peter Mumford, formerly with University of New South Wales 

·         Dr. Eamonn Glasson, University of New South Wales 

·         Dr. Bo Yang, former visitor of University of New South Wales 

  

Personnel participating in the collaboration were: 

·         Prof. Jeff Walker, Monash University 

·         Dr. Alessandra Monerris, Monash University 
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3.5. Developing a satellite navigation receiver for the space mission 

 

Work package 5 in the Garada project chiefly involved the task of developing a satellite navigation 

receiver for the space mission. The on-board satellite navigation receiver is intended to 

provide high accuracy positioning and navigation capability using the Global Navigation 

Satellite System (GNSS) signals. The Garada prototype multi-GNSS receiver achieves this 

space grade positioning and navigation capability by receiving, processing and utilising four 

major open service GNSS signals: GPS L1 C/A, Galileo E1, GPS L5 and Galileo E5a. 

The Garada multi-GNSS prototype receiver in this large work package involved the development of 

hardware and software and was split into several phases. In addition to the multi-GNSS receiver, an 

“upgraded” version of a single frequency Garada GPS receiver was part of the original proposal, for 

use on Bluesat. When the Defence Science and Technology Organisation offered funds for the 

development of a receiver for Biarri (a Cubesat formation flying mission), a new receiver was 

developed instead.  That receiver processes only the GPS L1 C/A signal. The first, second and the 

third phases in work package 5 added the capability of E1, L5 and E5 signals respectively to the L1 

functionality derived from the Biarri receiver. The functional testing towards achieving the space 

qualification was one of the focus elements of the last phase. 

The tasks in this receiver development work package belonged to five components: the hardware, 

the digital baseband signal processor, the firmware, the post processing software and the testing.  

The receiver hardware encompasses the Radio Frequency (RF) down converter which receives the 

signal from an antenna and transforms it into a digital stream to feed the signal processing section. 

The baseband module performs the tasks of search acceleration, acquisition and tracking of the 

satellite signal the results of which are then fed to a microprocessor. The microprocessor analyses 

and decodes the signal to generate the platform’s position, velocity and time solution. 

Figure 8: Namuru Receivers produced throughout the Garada Project. 
From Left to Right: Namuru V3.4, Namuru V3.3 (the “Garada receiver”), Namuru V3.2 (the “Biarri” 

receiver), Namuru V3.1 
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 Garada Receiver Hardware: 

The design, fabrication and testing of the hardware (PCB, Printed Circuit Board) was the 

responsibility of General Dynamics, NZ. In order to allow stage-by-stage development of the 

respective receiver components, GD produced three boards (including the Biarri receiver) to add to 

UNSW’s Namuru family of GNSS receivers. Namuru V2.4 was the platform receiver that existed 

before the Garada project and was used extensively to test some of the algorithms during the course 

of the Garada project until the Garada-specific boards Namuru V3.1 and Namuru V3.3 were 

delivered to UNSW. Namuru V3.2 is the Biarri GNSS receiver. 

 Garada Receiver Digital Baseband Signal Processing: 

The digital baseband section handles the computationally intensive task of acquiring and tracking 

the satellite signal. The Namuru family of GNSS receivers use Field Programmable Gate Arrays 

(FPGAs) to do the baseband signal processing. The signal from the RF down converter is 

simultaneously processed by different channels where each channel is assigned to track the signals 

from any one GNSS satellite. Namuru V3.1 and Namuru V3.3 use Altera Cyclone IV FPGAs for this 

operation. Cyclone IV series of FPGAs produce less digital noise and at the same time offer the logic 

density required to implement four-signal correlator blocks. The Garada baseband has been 

implemented in Verilog Hardware Description Language in a highly modular fashion keeping in mind 

the scalability and ease of data interaction with the firmware. 

 Garada Receiver Firmware: 

The microprocessor within the FPGA chip that is on the board is the GNSS receiver sub-

system master. The firmware (i.e. the embedded software) written for the processor is 

responsible for controlling receiver operations and also to interacting with other payloads of 

the satellite. The development started with the Biarri baseline firmware “Aquarius”. Written 

in C and C++ languages, the Garada firmware configures the receiver RF and baseband 

sections, receives the measurements and data from the baseband and decodes the 

navigation messages. The decoded navigation messages and the satellite range 

measurements go through filtering and position solution algorithms to produce the PVT 

(Position, Velocity and Time) output. The firmware is responsible for generating the receiver 

messages as per the National Marine Electronics Association (NMEA) protocol that contains 

different parameters and the status of the receiver operation. The host communication 

module interacts with the system master (in the final system this would be the mission 

computer) to accept operating instructions and act accordingly.   

 Garada Receiver Post-processing software: 

A GNSS receiver generates two kinds of measurements, the code-phase measurement and the 

carrier-phase measurements. The former is accurate but not precise; the latter is precise but may 

not be accurate. Combining the two types of measurements provides an accurate and precise 

solution. However the combination algorithms require enormous processing power and can’t be 

done on board (with current-day technical limitations). This has led UNSW to the development of 

post processing software as part of this project. UNSW started off with the open-source RTKLib and 

has developed an advanced version of the software “RTKLib Pro” that is tailored for the Garada 

receiver measurement processing. RTKLib Pro accepts data in the RINEX format and produces the 
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pseudo-range and carrier-phase baseline solutions with the associated statistics, for all the 

four-signals in context: GPA L1 C/A, GPS L5, Galileo E1 and Galileo E5a. 

 Test Platform and Data Collection Setup: 

UNSW rented the multi-GNSS signal simulator from Spirent Communications for the 

duration of the project. This is a two-box solution with the first box GSS8000 generating GPS 

L1 C/A, Galileo E1 and Galileo E5 signals and the second box GSS7700 generating the GPS L5 

signal. A combiner GSS8368 combines the signals from the two boxes which then feeds the 

receiver antenna input. The simulator was being used for testing the position and timing 

solution of the receiver with the proposed Garada satellite orbit models and also to collect 

raw signal samples to aid the receiver development. Proposed satellite orbit parameters 

were taken from the analysis and recommendations of the Orbit modelling work package. 

Several test scenarios were created in the Spirent simulator and the scenarios were run 

repeatedly to test the solution quality as well as to aid the hardware and firmware 

debugging process. 

 

Figure 9: Spirent Simulator and Namuru Receivers at UNSW 

Tests Results Overview: 

The Garada receiver’s initial tests were conducted for the L1+E1 signal combination. Position quality 

tests were performed for both absolute position and relative position. Rigorous testing has being 

conducted to focus on detection, identification and correction of firmware bugs which may cause 

GPS + Galileo position solution quality and availability.   

Static tests with the GPS L1 C/A signal produced an accuracy of ±5m in (RMS 1-sigma in 3D). In-orbit 

kinematic tests exhibited ±5m (in 3D) and the base-line solution produced ±5cm (in 3D). Further 



 

 36 
 
V04_00                                              Final Report: A National Soil Moisture Monitoring Capability - Volume I                            30

th
 June 2013 

 

tests were conducted with two signals one each from GPS and Galileo constellations. The GPS 

L1 C/A + Galileo E1 constellation scenario was configured in the Spirent as per the Spirent 

offered ICD version of the Galileo. Since the real Galileo satellites are also available (but only 4 of 

them have been launched, so not all are visible over Sydney at the same time), real signal GPS L1 C/A 

+ Galileo E1 tests were conducted. As ephemeris data is not accurate at Sydney, absolute positioning 

with Galileo satellites cannot be conducted at the moment. However, the baseline solution has been 

processed which shows an accuracy of ±5m (in 3D). Further tests will be conducted for pseudorange 

and carrier-phase outliers. 

Future Activity: 

Integration of the L5 and E5a band signals and the hardware and firmware testing for L5 signals is 

underway. 
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3.6. Formation flying algorithms for multi-satellite missions 
Delft University of Technology, team members: Dr. Sandra Verhagen, Peter Buist, Gabriele Giorgi 

Curtin University, team members: Prof. Peter Teunissen, Nandakumaran Nadarajah 

The aim of this work package was to develop models, methods and algorithms for precise 

formation-flying positioning and demonstrate the formation flying capabilities using the 

GNSS carrier phase based positioning and attitude determination concepts. This implies 

adequately accounting for a wide range of error sources in the dynamic environment, as 

well as capturing the noise characteristics in a stochastic model. Our novel GNSS solution 

methods for integrated positioning and attitude determination allow further improvements 

over traditionally obtained solutions. The realization of real-time kinematic satellite-

formation geometry, independent of gravitational and non-conservative forces, offers a 

significant increase in spacecraft autonomy and simplification of spacecraft operations. 

The first step was the development of the functional and stochastic model for GNSS-based 

relative positioning and attitude determination. Special attention was given to linearization 

errors, the influence of large receiver clock offsets on relative positioning, velocity 

estimation, the use of Doppler observations and application of the ionosphere-weighted 

model to account for ionosphere errors in case of longer distances between the elements of 

a formation. Furthermore, a receiver test procedure was designed and used to assess the 

receiver noise characteristics of the GNSS receivers. 

In order to demonstrate the achievable accuracy for both relative positioning and attitude 

determination, experimental data have been used as summarised in Table 4. Both hardware-

in-the-loop simulations with the Namuru receiver, as well as other datasets were used to 

allow a performance assessment. This includes multi-frequency, multi-GNSS data from GPS, 

Galileo and Compass. An important aspect has been an analysis of mission and receiver 

design aspects on the performance, since the configuration design (e.g., 3D geometry, data 

capture scenarios, functional and stochastic model) impacts on the formation positioning 

quality. 

The scenario considered here is the problem of GNSS-based precise relative positioning of 

two (or more) satellites in a formation, as well as GNSS-based attitude determination of the 

satellites. The orientation of a body with respect to a given reference frame can mainly be 

estimated by employing a number of GNSS antennas onboard a satellite. The accuracy of 

the angular estimation depends mainly on two factors: the quality of the GNSS observations 

and the distance between the GNSS antenna, i.e., baseline lengths. Often one has no control 

over the latter, since the size and geometry of the platform limit the maximum distance at 

which the antennas can be placed. Thus, the challenge of obtaining precise angular 

estimates relies on obtaining accurate results from the available observations. 

Fast and reliable carrier-phase ambiguity resolution is the key to precise positioning and 

attitude determination. The carrier-phase observations are mainly ‘biased’ by an unknown 

integer number of cycles, called the integer ambiguity, preceding the observed fractional 

phase. Once this integer ambiguity is correctly resolved, the very high precision of the 
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carrier-phase observations – a factor 100 better than the pseudorange observations – 

can be fully exploited. 

A major contribution of this work has been the development and implementation of a 

modified version of the standard LAMBDA method for integer ambiguity resolution, which 

exploits the fact that the geometry of the multi-antenna configuration on-board the 

satellites are known. The experimental results in this report confirm that with this new 

method the ambiguity resolution performance is improved dramatically, which results in 

more precise and reliable attitude estimates. The attitude angular accuracies have been 

further improved by employing recursive filtering to at least 0.03 degrees with single-

frequency GPS  and GPS+Galileo simulated Namuru data for the LEO scenario considered 

here; see Figure 10. 

In addition, a relative positioning algorithm was developed – called attitude bootstrapping, 

which benefits from the improved ambiguity resolution capability for the attitude 

determination. It has been demonstrated that this results in very high precision results with 

a much higher availability. The example in Figure 11 shows that for very short inter-platform 

distances and in the absence of multipath and atmospheric errors a relative positioning 

precision of several millimetres is feasible. 

A last asset is the incorporation of the so-called Detection-Identification-Adaptation (DIA) 

procedure, which tests for outliers and carrier-phase cycle slips. These may result in large 

errors in the estimated positions and attitude angles, and should therefore be removed if 

possible. It has been shown that the implemented DIA procedure is indeed very suitable for 

detecting and identifying anomalies that may be present in the data and adapting the 

results to remove the impact of the anomalies. 

All in all, the potential of stand-alone, unaided, single-frequency  attitude determination and 

relative positioning of LEO satellites has been demonstrated both for GPS-only and dual 

system (GPS +Galileo) formation flying. 

Table 4 : Experiments and data used for Work Package 6, Formation flying algorithms (all GPS-only 
unless stated otherwise) 

Receivers Experiment Goal 

NamuruV2 Zero- and short baseline Noise assessment 
NamuruV2Rx CubeSat simulations Attitude determination 
Trimble R7 / 4000 Multi-baseline experiment (real 

data), 2 platforms each with 5 
antennas 

MC-LAMBDA, attitude 
determination and relative 
positioning 

NamuruV2Rx LEO mission simulations, 2 
platforms each with 3 
antennas, inter-platform 
distance 100 m 

data quality analyses, MC-
LAMBDA, attitude 
determination, absolute and 
relative positioning 

- Software simulations Impact of system, frequencies, 
noise, baseline length, mask 
angle and orbit 

NamuruV3.2Rx LEO mission simulations, 2 Data quality analyses, MC-
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platforms each with 3 
antennas, inter-platform 
distance 100 m 

LAMBDA, attitude 
determination, absolute and 
relative positioning, DIA 

Septentrio PolaRxS Static GPS+Galileo simulations, 
1 platform with 3 antennas 

MC-LAMBDA, attitude 
determination 

Trimble NetR9 Static GPS+Galileo+Compass 
real data, baseline (8m) 

MC-LAMBDA, attitude 
determination 

NamuruV2.4Rx LEO mission GPS+Galileo 
simulations, 2 platforms each 
with 3 antennas, inter-platform 
distance 100 m 

MC-LAMBDA, attitude 
determination 

 

  

(a)    NamuruV3.2Rx (GPS-only)      (b)   NamuruV2.4Rx (12 channel: 8 GPS+ 4 Galileo) 

Figure 10: Bank error with the simulated data of a LEO mission. Comparable results are obtained 
for elevation and pitch. Root mean square error of recursively filtered bank estimate is 0.03 deg. 

Gaps in the data are due to receiver resetting. 
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Figure 11: Relative positioning error with attitude bootstrapping (fixed solution) with the 
simulated data of a LEO mission with the NamuruV3.2Rx data. Inter-platform distance is 100 m. 
Only results for X-component, comparable results for Y- and Z-components. Root mean square 

error of baseline estimate is 2 mm. Gaps in the data are due to receiver resetting. 
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3.7. Orbit modelling and analysis, mission planning 

 
Work Package 7 “Satellite Orbit Models“ was focused on determining the optimum orbit for the 

mission and selecting the candidate launcher vehicle. This WP was led by Professor Chris Rizos and 

the tasks were performed by Research Associate Dr Li Qiao. This WP was key to understanding the 

coverage of the system, and informed many of the other studies. 

Orbit modelling is a complex task as it involves trade-offs between different mission and user 

requirement parameters. During the mission analysis conducted in WP1, it was concluded that the 

key application that could be provided to deliver significant benefit to Australia is soil moisture 

monitoring (using as a guideline the Murray Darling Basin – MDB). The coverage requirements 

therefore relate primarily to soil moisture mapping. MDB is highlighted as a key area of interest as 

the area produces one third of Australia’s agricultural output. A coverage revisit interval of 2-3 days 

would be required to satisfy the mission goal. The payload will revisit the target area at the same 

time of day on subsequent passes in order to monitor the soil moisture content. Since the required 

SAR antenna is large in size, the mission has a big power budget requirement. This implies that 

maximum access to sunlight is a crucial orbit requirement. The Garada satellite will therefore be 

inserted into a dawn-dusk orbit where the satellite stays in sunlight on a continuous basis. 

To best satisfy the mission requirements, a frozen, repeating, circular sun-synchronous orbit (SSO) 

is the best candidate orbit. The SSO is generally favoured for Earth observation satellites that need 

to be operated at a relatively constant altitude suitable for imaging/sensing instruments. The 

proposed Garada orbit is at an altitude of 612.98km with inclination 97.84 degrees. The orbit will 

repeat after 89 revolutions in 6 days, completing 15 orbits per day. Since the soil moisture revisit 

requirement is 2-3 days, a two-satellite constellation is needed. It is desirable to place the Garada 1 

and Garada 2 satellites at the same altitude (see Figure 12) to double the revisit frequency, and to 

maximise consistent near-simultaneous coverage. Two 6-day repeat SSO satellites can meet the 

MDB 3-day revisit requirement (see Figure 13). 

In reality the orbit will change from its nominal geometry due to a variety of orbital forces. Therefore 

an orbit perturbation analysis was performed to estimate variations in the satellite trajectory 

relative to the reference orbit after a certain period of time. Sensitivity study results reveal that the 

Earth’s irregular gravity field has the largest impact on satellite orbital motion. The atmospheric drag 

is the second largest perturbing effect, affected by space weather and the solar cycle. The above two 

orbital forces cause perturbations of a magnitude of tens of kilometres. The third body effect is 

relatively small, with a magnitude of some hundreds of metres. The solar radiation pressure effect 

produces a variation of less than one hundred metres. 

Another WP7 task was the selection of the launch system to place the Garada satellite(s) into the 

desired orbit. Since Australia does not have any launch systems it was necessary to survey the 

international launch market and consider various candidate launcher options. The most important 

factors to be considered are reliability, performance, suitability, and price. Other considerations 

include availability and schedule, technology transfer safeguards, customer-provider relationship 

and partnership, as well as terms and conditions. The large antenna of Garada drives the mission 

towards a launch vehicle of the size of a Falcon-9. Falcon-9 is a rocket-powered launch system 

designed and manufactured by Space Exploration Technologies (SpaceX), headquartered in 
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Hawthorne, California. The launch cost is estimated to be of the order of US$49-54 million. The 

U.S. Delta IV-M and the European Ariane 5 could also be used to launch Garada, however with 

much higher launch cost (greater than US$100 million). Therefore the Falcon-9 is the favoured 

candidate for the launch system. 

 

Figure 12: Geometry of Garada 1 and Garada 2 

 

Figure 13: Two 6-day SSO constellation 
coverage over the MDB 

  

Using the orbit propagator in the Satellite Tool Kit (STK), coupled to a STK/Matlab interface, a 

software tool was developed to analyse the performance of the proposed orbit design. STK is a 

leading commercial off-the-shelf analysis tool used by the aerospace industry. Specifically, a scripting 

environment where Matlab and STK are used in combination was developed. In this mode the STK 

software development kits are used as an “engine”. Matlab uses the COM interface capability of the 

STK/Integration module to send Connect commands directly to STK. All orbital calculations in the 

analysis section of WP7 have been performed using Matlab software and verified using STK v9.0. A 

product of WP7 is a set of software tools which could be utilised in orbit modelling, coverage 

analysis, and launch vehicle selection, etc. for future Earth satellite projects. 
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3.8. Orbit control  

 

The scope of this work package was to understand the Garada SAR system, spacecraft, and 

concept of operations as defined by the UNSW team, and then derive the requirements that 

needed to be placed on the altitude orbit control system (AOCS). Maximum reuse of current 

AOCS elements was preferred to save cost. The design report would then present the design 

drivers, trade-offs, analysis and finally the baseline solution for the Garada AOCS. Due to the 

limited information available on the Garada mission concept and operation, the 

requirements as used for Astrium’s TerraSAR-L concept were heavily relied upon. 

The key drivers in the design of the AOCS were found to be: the large, variable and 

asymmetric inertias, which in turn drive the acquisition and safe mode strategies due to the 

potentially large gravity gradient disturbance torques which can be generated; the provision 

of a manoeuvre (slew) capability to enable sideways pointing; and normal mode 

performance which in turn drives the architecture.  

In addition, due to the difference between the launch and operational configurations, the 

deployment strategy, which has to cope with widely varying inertias was considered another 

key area. 

A view to exploiting heritage (hardware, architecture and concept) was to be maintained in 

order to keep costs low. 

A baseline solution was defined and presented that met the derived requirements whilst 

maintaining proven heritage. Due to the use of a standard high accuracy multi-head star 

tracker, the nominal mission was found to be robust and accurate. It was determined that 

simple and robust equipment could be used for acquisition and safe modes which in turn 

reduces cost and risk – moreover a strategy can be utilised with heritage from previous 

activities. 

Due to the similarities of the AOCS architecture to previous missions plus the reuse of 

existing hardware, further work is limited to increased detail of the overall design. No 

further development or prototyping is considered necessary. 
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3.9. Industrialization analysis 

Garada Work Package 9 (WP9) was the responsibility of BAE Systems Australia. The task was 
undertaken by John Norrington, Garada Systems Engineer with support from Michael 
Hopton, Engineering Manager and Ian Tuohy, Space Systems Manager (acting as Garada 
Project Manager). 

 

The purpose of WP9 as contracted under the Garada Consortium Agreement was: 

To establish a viable programmatic basis from which a full implementation project can be 
planned. To review and determine the extent to which existing Australian industrial 
capability could contribute to such a program, identifying areas of niche capability, and 
potential gaps in requisite skills/expertise. To facilitate a knowledge/skills transfer in SAR 
technologies through a program of specialist training. 

 

Specific task (TK) deliverables were as follows: 

● TK9.1 Capability Requirements Matrix 

● TK9.2 Australian Industry Capability Report 

● TK9.3 Training Program in SAR Technologies 

● TK9.4 Preliminary Industrialization Plan 

● TK9.5 Project Industrialization Plan 

 

TK9.1 constituted a starting point to WP9 and entailed an assessment of the high level tasks 
required to develop, launch and operate the Garada system. The assessment culminated in 
a comprehensive Capability Requirements Matrix spanning the space segment, launch 
services segment and ground segment. The matrix maps each task in the Work Breakdown 
Structure to the skills and resources required to undertake the task. 

 

TK9.2 entailed a focussed survey of the capability of Australian Industry to contribute to the 
Garada space and ground segments and also operational elements of the mission. The 
survey was based on a combination of published and unpublished information for 
approximately 190 organizations, and culminated in an Australian Industry Capability 
Report. As well as industry capability the report also covers the capabilities resident in 
academia and government. The report concludes that Australia has few indigenous 
capabilities relating directly to the space segment, but has strong capabilities in the ground 
segment area and is very strong on the downstream services of processing and applying 
information from Earth Observation satellites. Australian industry is very capable of priming 
and undertaking all of the work associated with the Garada ground segment. By utilising the 
new space integration and test facilities at the ANU’s Advanced Instrumentation Technology 
Centre (AITC), Australian industry could participate in the space segment as a Tier 3 supplier 
of space qualified components to the spacecraft prime. Australia could also make a 
substantial contribution to the legal and insurance services required for the project. 

 

TK9.3 addressed training in SAR technologies and took the form of a one-day SAR Workshop 
held at UNSW on 7Dec11. The program entailed tutorial and application themes and 
attracted ~75 participants from the government, research and industry sectors including 
SAR specialists (notably from Astrium and DSTO) and end-users. 
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TK9.4 built upon TK9.1 and TK9.2 and considered realistic opportunities for Australian 
industry to participate in the Garada system and mission, linking specific tasks to industry 
capability including niche expertise. Skills development and potential future applicability 
were also considered in the resulting Preliminary Industrialization Plan. 

 

TK9.5 consolidated previous tasks and developed TK9.4 into a comprehensive Project 
Industrialization Plan that addresses project phasing, project reviews, project organization 
and contractual relationships, an indicative schedule and a roadmap. The plan also considers 
the role of Industry and Government, and how Garada will address objectives enunciated in 
Australia’s Satellite Utilisation Policy and in the Australian Industry Participation Framework. 

 

Key outcomes of WP9 include: 

● A comprehensive and structured summary of the space-related capabilities of 
Australian Industry and the research sector. 

● Mapping of capabilities to prospective Australian roles in implementing the Garada 
system including priming the provision and operation of the ground segment. 

● Assessment of the skills that will be developed through the Garada project and the 
application of those skills to future national and commercial space-related needs. 

● An indicative implementation plan that identifies a pathway for achieving significant 
participation in the Garada mission by Australian Industry and the research sector. 

● Consideration of the role that Garada could play in meeting key objectives of 
Australia’s Satellite Utilisation Policy especially enhancing Earth Observation 
infrastructure. 

● Hosting of a national forum that brought principal SAR stakeholders together 
encompassing SAR system specialists and SAR end users in the Civil and Defence 
sectors. 

 

In summary WP9 provided an important complement to other Garada work packages by 
identifying tangible and strategic roles for Australian industry and the research sector in 
building and operating the Garada system or a comparable Earth Observation mission. This 
constitutes an especially valuable contribution in the ground segment area noting the 
emphasis given in Australia’s Satellite Utilisation Policy to progress a National Earth 
Observations from Space Infrastructure Plan (NEOS-IP). 

 

  



 

 46 
 
V04_00                                              Final Report: A National Soil Moisture Monitoring Capability - Volume I                            30

th
 June 2013 

 

 

3.10. Ground segment Definition 

 
Garada Work Package 10 (WP10) was the responsibility of BAE Systems Australia. The task 
was undertaken by John Norrington, Garada Systems Engineer with support from Michael 
Hopton, Engineering Manager and Ian Tuohy, Space Systems Manager (acting as Garada 
Project Manager). Supplementary support was provided by other senior BAE Systems staff 
in connection with engineering and ROM cost elements. 

The purpose of WP10 as contracted under the Garada Consortium Agreement was: 

To define the SAR constellation ground segment based on the space segment concept and 
end user requirements. To encompass Telemetry, Tracking and Control (TT&C) 
functionality and data transmission, processing, archiving and product distribution. 

 

Specific task (TK) deliverables were as follows: 

● TK10.1 Operational Concept Document (CONOPS) 

● TK10.2 Functional Performance Specification 

● TK10.3 Preliminary Ground Segment Architecture 

● TK10.4 Ground Segment ROM Cost Estimate 

● TK10.5 Ground Segment Definition Report 

 

TK10.1 underpinned WP10 by collating user requirements for the Garada system and 
distilling an Operational Concept Document (CONOPS) that considers operational scenarios 
and user needs, the policy/regulatory environment and system interfaces. This guided the 
definition of a set of system requirements and the derivation of a system architecture for 
the Garada ground segment. 

 

TK10.2 entailed the generation of a detailed Functional Performance Specification (FPS) for 
the Garada ground segment based on the operational concept described in TK10.1, and 
incorporating BAE Systems’ extensive expertise in the ground Satellite Communications 
sector. The FPS adheres to a recognized standard applicable to complex systems and 
specifies the functional and performance requirements of the five systems comprising the 
Garada ground segment. System external interfaces and safety and environmental 
requirements are also addressed. 

 

TK10.3 built upon preceding tasks to derive a Preliminary Ground Segment Architecture 
capable of meeting Garada data processing and TT&C requirements, particularly the high 
SAR data rate needed for soil moisture measurements in the Murray-Darling Basin. It was 
determined that a combination of a new ground station at Mawson in Australian Antarctic 
Territory and the existing station at Hobart offers good coverage for the Garada mission. 
Functional models for the ground segment were produced together with an allocation of 
the functional to physical items. Detailed link budget calculations for the SAR data downlink 
were performed, together with consideration of mission operations’ requirements. 
Extensive trade-offs of ground station locations, codecs, X, K and Ka band performance, 
bitrates, availability and EIRP (Effective Isotropic Radiated Power) were performed with 
recommendations made for the space to ground link. 
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Figure 14: Proposed ground station communication coverage maps for Garada mission 

TK10.4 utilized the outcome of TK10.3, supplemented by a detailed Work Breakdown 
Structure, to determine a Rough Order of Magnitude (ROM) cost for the Garada ground 
segment. The net ROM cost, based primarily on a validated parametric estimation model 
used by BAE Systems, is $87 million. This amount is necessarily based on a number of 
assumptions and caveats that are articulated in TK10.4. 

 

TK10.5 consolidated and updated previous tasks to reflect the final Garada system baseline 
released by UNSW, resulting in a Ground Segment Definition Report. In addition to 
describing the Garada ground segment concept, operation, requirements, location, 
architecture and implementation, the report addresses elements that align with the 
National Earth Observations from Space Infrastructure Plan (NEOS-IP). 

 
Key outcomes of WP10 include: 

● Comprehensive assessment and definition of the Garada ground segment linked to end 
user needs and aligned with space segment capabilities and requirements. 

● Determination of a ROM cost for the ground segment that complements an estimate for 
the space segment, providing an all-up ROM cost for implementing the Garada system. 

● Illustration of the value of establishing an Earth Observation (EO) data reception 
capability at Mawson or other base in Australian Antarctic Territory. 

● Lastly, participation in WP10 has broadened BAE Systems’ understanding of the EO 
sector and has helped to position the company for bidding on future infrastructure 
opportunities. 
 

In summary WP10, addressed an essential component of the Garada study and provides a 

foundation for progressing more detailed definition of the ground segment in prospective 

later phases of the project. It is noted that while focussed on Garada requirements, 

significant elements of WP10 have broader applicability to other Australian EO ground 

segment needs.  
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3.11. Data processing for soil moisture measurements 
 

The User Advisory Group (UAG), which joined the Garada team in September 2012, was responsible 

for this analysis. The UAG consisted of Professor Jeff Walker of Monash University; Dr Rocco 

Panciera of Melbourne University; Professor Tony Milne of UNSW and the Cooperative Research 

Centre for Spatial Information; and Dr Mark Williams of HCG Corporation.  

The UAG’s task was to investigate the state of the art of radar measurements for soil moisture 

determination, including (but not limited to) space-based radars. The goal was to establish a 

theoretical baseline for an algorithm (or algorithms) that would be used to process Garada data.  

The use of radar for soil moisture measurement has been under investigation since the 1970s. The 

first attempts to make these measurements from space occurred in the 1990s, when fully polarized 

space-based radars were placed in operation. Despite this heritage, the collection of accurate soil 

moisture measurements from radar data remains challenging. There are three principal reasons for 

this: 

1. The radar signal is influenced by soil roughness in addition to soil moisture. 

2. The radar signal is also influenced by scattering from vegetation on or near the ground. 

3. For space-based measurements, polarization can be rotated as the signal passes through the 

(conducting) ionosphere, which can distort the apparent result. 

Having multiple polarizations transmitted and received by the SAR sensor can be used to separate 
out and control for these effects. Therefore, the preferred radar mission design for soil moisture 
mapping would be a fully polarimetric S‐, L‐, or P‐band system so as to cover the full range of 
conditions ranging from bare to forested, while the minimum mission would be a dual polarized (HH 
and VV) or compact polarimetric (providing the current knowledge gaps on compact polarimetry 
techniques can be filled) L‐band system. 

Full polarization will also assist with RFI mitigation and Faraday rotation/ionospheric correction. 

Orbit design can also help. A 6AM overpass time would be expected to minimize the Faraday and 

ionospheric effects. 

An exact orbit repeat with 2‐3 day revisit is needed to meet the requirements of most soil moisture 

applications and retrieval algorithms. A constellation of satellites will be required to achieve this, 

and thus inter‐sensor calibration will be critical for the time‐series based retrieval algorithms that 

are proposed. Use of Gallium Nitride (GaN) technology and SCan On REceive (SCORE) operation with 

digital beam forming will help limit the number of satellites required to achieve this temporal repeat 

requirement. 

Presuming the minimum mission with a 2‐3day exact orbit repeat is adopted, a 50m spatial 

resolution of the derived soil moisture product would be required to set an Australian radar soil 

moisture mission apart from the capabilities of other existing and/or near‐term missions, such as 

Sentinel, SAOCOM and TanDEM‐L. Moreover, the 50m resolution would be required to address 

issues in relation to irrigation scheduling and other soil moisture applications, such as environmental 

watering. If this resolution and/or temporal repeat are not achievable, then the possibility of 

partnering with one of the proposed missions should be explored. 
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Absolute accuracy in soil moisture is difficult to achieve, but detection of changes over time is 

highly feasible. Accordingly, a time‐series soil moisture retrieval algorithm is recommended, 

making use of frequent radar observations to distinguish backscatter changes due to soil moisture 

dynamics from those due to changes in surface roughness and vegetation, together with 

decomposition of fully‐polarimetric observations to determine dominant scattering mechanisms 

within each cell. 

Attention to the retrieval algorithms, related ancillary information and calibration methodologies 

will be required before committing to a final system design, particularly if a compact polarimetric 

mode is to be adopted. This would require dedicated pre‐launch airborne field campaigns that 

closely mimic the specifications of the proposed mission design. Such campaigns are currently being 

conducted by Professor Walker in support of the upcoming SMAP mission. Careful attention to 

post‐launch algorithm validation and final algorithm selection should also be included as a 

fundamental component of any radar soil moisture mission for Australia. 
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3.12. Systems engineering 
 

The discipline of systems engineering is an integral part of the best practices of the aerospace 

industry. It is critical to ensuring that the design, manufacturing and testing of a spacecraft will be 

compliant with the customer’s requirements for its performance, and that it will perform 

satisfactorily in the space environment.  

Although no systems engineering activities were proposed initially, it was felt that adding a 

requirements baselining process would be highly valuable for the Garada effort, as it would unify the 

efforts of the ten technical work packages. The requirements process was managed by Dr. Gordon 

Roesler of ACSER, assisted by undergraduate UNSW student Foh Fan (Isaac) Yong. Major assistance 

with requirements definition was received from BAE Systems and EADS Astrium team members. The 

requirements development process was similar to that used in the US by NASA’s Jet Propulsion 

Laboratory. 

In this process, requirements are hierarchical. The top level requirements, Level 1, are the 

expectations of the eventual user of the spacecraft, or the “customer.” Since the customer for 

Garada is hypothetical at this point, several steps were taken to baseline a reasonable set of Level 1 

requirements: 

● Interviews of potential end users;  

● Maintaining consistency with the ASRP guidelines and the proposed research; 

● Establishing the User Advisory Group, whose knowledge of space SAR systems produced 

additional customer-like input; 

● Incorporation of Level 1 requirements that are typical for other space systems. 

The Level 1 requirements include the Requirements Summary as prepared under Work Package 1, 

but have been expanded to include requirements on the entire system rather than the sensor 

performance alone. 

Figure 15 shows the requirements hierarchy established for Garada. 
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Figure 15: The requirements hierarchy established for Garada 

Below the Level 1 performance expectations, the requirements translate the customer performance 

requirements into top-level technical functions. To generate these Level 2 requirements requires a 

knowledge of the engineering alternatives that are available to meet performance, as well as a 

knowledge of the performance of past systems and their limitations. Derivation of Level 2 Technical 

from Level 1 requirements requires engineering interpretations of the Level 1 performance 

expectations. Engineering experience and knowledge are used to assign technical approaches for 

achieving that performance, i.e., the Level 2 Technical requirements. 

Co-equal with the Level 2 technical requirements are the numerous legal, regulatory, and policy 

requirements that any engineered system, such as a spacecraft, must meet. Spacecraft operations 

are governed by a number of international treaties and conventions. In addition, spacecraft must 

comply with some aspects of Australian law. There are also policies of the Australian Government 

that must be incorporated into the requirements. All of these, and some others, are at Level 2 

because they affect the entire system, but are not at the level of customer performance 

requirements. Because they originate from laws, treaties, etc. rather than from customer 

performance expectations, Level 2 Policy requirements do not necessarily flow down from Level 1. 

 

Lest there be any doubt, Level 2 Policy requirements can have significant impacts on the technical 

design of the system. One example is the requirement for a deorbit capability if the orbit lifetime 

exceeds 25 years, embodied in a United Nations convention. This impacts at least the propulsion 

system of the spacecraft. Another example is the frequency allocation for radar measurements 

provided by the International Telecommunications Union. The SAR System Final Specification 

prepared by EADS Astrium (deliverable TK3.3) contains an analysis of how this allocation affects 

radar resolution. 
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Below Level 2, the system is broken into major subsystems. For Garada, there are two major 

subsystems, the space segment and the ground segment. The space segment includes: 

● The spacecraft delivered to orbit, with sensors and all internal subsystems; 

● Mechanical and electrical ground support equipment; and  

● Launch activities, which include the launch vehicle, spacecraft/launch vehicle integration, 

launch procedures, and range activities. 

● The ground segment includes: 

○ A Ground Station System (GSS) that undertakes the reception of payload and 

telemetry data and the transmission of command data to the Garada Spacecraft; 

○ A Mission Control System (MCS) that undertakes the monitoring and control of the 

spacecraft and payloads, operations planning and scheduling, and GSS monitoring 

and control; 

○ A Mission Management and Data Processing System (MMDPS) that undertakes the 

calibration and processing of the SAR and GNSS payloads, interpretation of imagery, 

receiving of customer requests and distribution of processed products to customers. 

This also includes any requirements on the processing algorithms and systems 

associated with determination of soil moisture levels from radar data; 

○ A Communications System (CS) that handles all voice and data communications 

between the systems and with the outside world; and 

○ A Support System (SS) that provides hardware and software maintenance and 

upgrades to the Ground Segment. 

 

Because all data processing in Garada is intended to be performed on the ground after receipt of 

data, the ground segment requirements include the data processing requirements established by 

the User Advisory Group.  

Annex 11 contains the detailed requirements established for Garada through level 3 (for the Ground 

Segment) and level 4 (for the Space Segment). Over 1,000 requirements have been established. 

These requirements should be regarded as preliminary, for the following reasons: 

1. No requirements validation process has been undertaken. Requirements validation 

requires interaction between the systems engineer, the design team, and the customer. The 

current Garada design team consists of experts in some subsystems but not in all, and no 

actual customer exists. Therefore the requirements could not be validated. 

2. Level 1 requirements are likely to change in a follow-on program. Because no actual 

customer exists, the Garada requirements effort acted in the customer’s stead. Were a 

follow-on program to begin, an actual customer would exist. A rigorous process of 

interaction with the customer to validate or modify the Level 1 requirements must be 

undertaken at that time. 

Were a SAR spacecraft program to commence in the out-years, requirements definition would be 

one of the first activities to undertake. In a typical spacecraft program, higher level requirements are 
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developed in the first 1-3 months, and reviewed with the customer at the System 

Requirements Review. But in no sense are the requirements “complete” or “fixed” at that 

point. Requirements for subsystem and component performance begin to be specified then. Trade 

studies, risk reduction activities, and other analyses proceed throughout the preliminary design 

phase, and may have significant impacts on the requirements baseline. Requirements evolve 

iteratively, as improved understanding of performance limitations ramifies to the various parts of 

the system. Approval of the system requirements baseline is typically an exit criterion of the 

Preliminary Design Review. Changes to the requirements baseline during the detailed design phase 

are uncommon but can be accepted with the approval of design leads, the program manager, and 

the system engineer. 
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4. OPERATIONAL SCENARIO: A DAY IN THE LIFE OF GARADA 
 

The Garada team, through their design studies, analyses and technology development projects, has 

established a highly credible system concept. Because there are so many aspects of Garada that 

affect its performance, it is perhaps challenging to see how they work together. This section uses a 

narrative approach to illustrate how the entire Garada system—which includes both the space 

segment and ground segment—collects, transmits, analyses and distributes the valuable soil 

moisture data, and how users might employ the data products. 

When they were launched, the two Garada spacecraft were placed into a special orbit, which passes 

nearly over the Earth’s north and south poles. 

 
Figure 16: Geometry of Garada 1 and Garada 2 

 

This orbit has three important properties [as explained in TK 7.3]: 

1.       It is directly over the “terminator,” the line between daylight and night time. Thus when the 

spacecraft is rising, it will be dawn on the Earth below. This is the best time of day to make soil 

moisture measurements. 

2.       It retains its orientation with respect to the sun, so it remains over the terminator even as the 

seasons change. Thus, none of the spacecraft’s propellant needs to be burned to ensure that 

measurements are always made at dawn. 

3.       It is a ground-track repeating orbit. Specifically, each spacecraft will pass over a given point on 

the Earth’s surface exactly every six days. With two spacecraft, each point on the Earth is 

overflown by one or the other spacecraft every three days. The SAR radar swath from the 

Garada sensor is wide enough that this will produce gapless coverage. 
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Figure 17: Garada complete coverage over the MDB after 6 days 

Every day, the Garada spacecraft will circle the Earth almost 15 times. Only two to three of those 

passes go over Australia. This means that these are the only opportunities for Garada to pass data to 

the ground station, which would probably be located at one of the three commonly used sites in 

Australia: Hobart, Alice Springs, or Darwin. This graphic shows the portions of the tracks in contact 

with Darwin and Hobart over 6 days. A station in Antarctica is also illustrated, but such a station does 

not currently exist, and there is no current means for returning the data to Australia. 

 

 
Figure 18: Potential ground stations for communication to the satellites for the Garada mission 

During these ground station overpasses, Garada will be operating both of its communications 

systems: the Tracking, Telemetry and Control (TT&C) subsystem, and the High Bandwidth Downlink 

(HBDL) subsystem. The TT&C system helps ground operators refine the position of the satellites; it 

passes data down on the health and status of satellite systems; and it passes commands from the 

operators up to the satellite. One of the most important commands will be which areas of the Earth 

to collect soil moisture data on during the coming 24 hours before the next pass. 
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Let us begin the “Garada day” a couple of orbits before an Australian overpass. During this 

time, Garada’s batteries are being charged by the solar panels. The spacecraft may need to 

“roll” around its longest axis (which is aligned with the direction of travel) depending on whether the 

imaging pass will be left-looking or right-looking. 

 
Figure 19: Demonstration of the Garada Satellite rolling on its axis to image both left looking and 

right looking 

 It will probably be necessary to operate heaters within the radar prior to imaging, to ensure that the 

electronics are warm enough to operate properly. 

 

Figure 20: Diagrammatic Representation of Imaging/Wave Timeline for Right-Sided Looking 

 The Command and Data Handling (C&DH) subsystem has already received the imaging requirements 

via TT&C the previous day.  When the satellite has arrived over the collection area, radar operation 

will begin and polarized radar returns will be collected—the essential data from which soil moisture 

data will be derived on the ground. 
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Figure 21: Murray Darling Basin Region imaged every 3 days by Garada satellites 

A complete south-to-north swath across Australia can be as much as 3000 km long. In high 

resolution mode, about 50 GBytes of data (8-bit bytes) would be stored in the memory onboard the 

satellite [see TK 10.3, Annex D—Link Budget]. Possibly on the same pass, or on the next orbit, the 

HBDL subsystem would be used to downlink this data. A downlink rate of 700 Mbps or more for the 

HBDL is envisioned, so the stored data would be downlinked in about 9 minutes or less. Lower 

resolution is probably sufficient for many parts of the swath, and can be programmed in order to 

ensure that all data can be downlinked in a single pass.  

 

The National Broadband Network would pass the received data from the Ground Station to the 

Mission Management and Data Processing Subsystem (MMDPS) of the Garada ground segment [see 

TK 10.3]. The MMDPS contains the software to generate soil moisture maps and other data products 

that have been formatted in accordance with user requirements. 

 
Figure 22: Mission Management and Data Processing Subsystem (MMDPS) of the Garada ground 

segment 
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Some of the soil moisture algorithms developed by the scientific community would be used by 

the MMDPS to produce standard products. Other algorithms could be run outside the system by 

other members of the user community. 

 

While the satellite is in communication with the Ground Station, controllers will pass commands up 

to it. The Mission Control Subsystem (MCS) is the portion of the ground segment involved in satellite 

control. 

 
Figure 23: Mission Control Subsystem for the Garada System 

Garada has enough power, memory, and downlink capacity to collect soil moisture measurements 

on other orbits during its day. Other nations will request such collections, and the areas to be 

mapped will be uploaded to the satellite during the same ground station overpass. This additional 

data volume for could potentially require arrangements for use of an additional ground site, 

probably outside of Australia. One potential site is Svalbard, north of Scandinavia, which Garada will 

overfly on almost every orbit. This data would be passed to the MMDPS via the Internet. 

 

The MMDPS also handles requests for unique Garada services. Primarily, these would come from 

outside Australia, as the Australian continent is already being surveyed at the maximum rate. The 

MCS will plan and schedule the non-standard international operations. For example, a request could 

come from the Famine Early Warning System Network (http://www.fews.net/Pages/default.aspx ) : 

“We are concerned about the moisture levels in the Sahel region of Africa.” MMDPS would schedule 

data collection, coordinating data downlink with Australian or other ground stations, and ensuring 

that no interruption would occur to the Australian soil moisture product. 

The product to be delivered to users would be tailored to their specific needs. A soil moisture map 

produced by the MMDPS today provided this image from the Murrumbidgee region: 

http://www.fews.net/Pages/default.aspx
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Figure 24: SAR image from the PLIS aircraft, left, processed for soil moisture content, right - (actual 
imagery source: airborne measurements by Monash University; soil moisture data processing by 

UNSW) 

A farmer, grazier and natural resource manager look at their specific plots of interest and notice 

changes to the moisture since the last map 6 days ago. The farmer notices that soil moisture levels 

are adequate, and scheduled irrigation can be deferred. The grazier observes that soil moisture in 

one paddock has become critically low, and cattle are moved to an adjacent paddock to prevent 

overgrazing. The natural resource manager sees that a scheduled environmental watering is 

unnecessary, and in fact would cause over watering; the environmental watering is postponed. 

The entire feed of Australian soil moisture measurements is also sent directly to the Australian 

Water Availability Project (AWAP) database, maintained by the CSIRO. 

 

Figure 25 : Australian wide soil moiture map. Image - Australian Water Availability Project, CSIRO 

Formerly based primarily on models and infrequent observations, the AWAP products are now 

generated using the timely, gapless soil moisture measurements from Garada. 
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5. OTHER ACHIEVEMENTS OF THE GARADA PROGRAM 
 

The investment by the Space Policy Unit in the “Garada SAR Formation Flying” project was an 

incredibly significant catalyst for activity at UNSW. The benefits are as follows. 

1)     Garada attracted researchers 

  

The Garada project directly led to the recruitment of five UNSW PhD students. Joseph Gauthier is 

studying how to synchronise satellites using GPS receivers (usually GPS synchronisation is restricted 

to stationary receivers). Vaidhya Mookiah is investigating quadrature bandpass sampling as a way of 

implementing cognitive receiver design for multi-GNSS (like the Garada receiver) Vinh Tran is 

investigating different GNSS receiver architectures that can be implemented on the Garada FPGA-

based GNSS receiver. Scott O’Brien’s PhD will analyse the data from the Garada reflectometry work 

package to see how best it can be used for soil moisture analysis. Nam Khanh Pham (Computer 

Science) is investigating the effects of single-event upsets on the FPGAs used in Garada GNSS 

receivers. 

Three China Scholarship Council (CSC) PhD students joined the Garada team to study formation 

flying: Yuanyuan Zhou (single frequency relative positioning), Rui Li (orbit simulation/ ionosphere 

effects), and Yang Yang CSC PhD (orbit modelling/ relative positioning). 

Two CSC postdocs also participated in the project: Bo Yang CSC (antenna array design), and Tao 

Wang (location technologies and SAR signals). 

Three UNSW postdocs did projects inspired by Garada under the Faculty of Engineering Faculty 

Research Grant scheme: Fariborz  Sobhanmanesh (SAR data compression/ Correlator), Nima Alam 

(GPS reflectometry), Joon Wayn Cheong FRG (snap-shot GPS). 

Undergraduate students were also attracted to the project and made significant contributions. 

Thomas Cooney’s (Electrical) thesis on chip design not only impressed the industrial partner Astrium, 

but also won the VSSEC/ NASA Australian Space Prize 2012. James Laughlin (Computing) designed a 

processor specifically to process SAR data. Haifa Ben Aouicha from École Nationale de l'Aviation 

Civile (ENAC) in France spent several months as an intern studying non-GPS synchronisation of 

satellites in formation. Three UNSW students spent summer internships with Garada and two 

continued to work on the project after that: Scott Dorrington (Electrical- satellite/ground 

communications), George Constantinos (Mechanical - deployable antennas, and then the satellite 

structural analysis), and Foh Fan (Isaac) Yong (Aerospace - Garada  requirements documentation). 

2)     Garada was the catalyst for significant networking 

  

Significant networking resulted from the way the Garada project was designed from the beginning, 

and from the way it was implemented. Three times over its two and a half year life, the project 

brought together the team partners (UNSW, Delft University of Technology, Curtin University, 

Astrium, BAE Systems, General Dynamics) with the advisory panel (from DSTO, ANU, US Air Force 

Laboratory, DLR – the German space agency, and Surrey Satellite Technology Ltd) to discuss the 

specifics of the project. 
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In the course of the project, a specialist User Advisory Group from Monash University, 

University of Melbourne, and CTG Consulting were consulted on specifics regarding the use of 

the Garada satellite. There were also consultations regarding user requirements with the Federal 

Department of Climate Change, the Bureau of Meteorology, CRC for Spatial Information, NSW State 

Emergency Service, Queensland Fire and Rescue Service, Emergency Management Queensland, 

Australian Maritime Safety Authority, NSW Office of Environment and Heritage, Victoria Department 

of Sustainability and Environment, MWH Australia and Murray Darling Basin Authority. 

Similarly, in order to address technical questions arising from the project, the team consulted BAE 

Systems (the antenna group, in Sydney), Sillana, Electro-optic Systems, Aerospace Concepts, Loral, 

Boeing and MacDonald Dettwiler. 

3)     Garada created “line of sight” business 

  

The GPS receiver proposed in the original grant application attracted the interest of DSTO, who 

invested $270,000 and with the funding of the combined projects, the “Biarri” version (i.e. version 

3.2) of the UNSW “Namuru” GPS receiver was produced. This was a far more professional piece of 

work than was ever envisaged in the original proposal and has attracted interest from NASA, AFRL 

and others. UNSW will fly this receiver on its QB50 satellite to be launched in 2015. That receiver 

seems to have created a life and market of its own. The main, more sophisticated receiver 

developed under Garada, the version 3.3 Namuru, will be the only receiver of its type (dual system, 

L1/L5) designed for space. It should also attract a market well after the end of the project. 

4)     Garada was the catalyst for the establishment of the Australian Centre for Space Engineering 

Research (ACSER) 

  

This is probably the project’s most significant legacy. In addition to the matching funding delivered 

by UNSW to the Garada project, and all of the in-kind effort in the previous point, UNSW also 

invested in ACSER to the tune of $600,000 over three years. That investment followed directly from 

the award of the Garada grant. For some years, UNSW had been aware that it had a large group of 

disparate researchers (over 100, with over 60 in engineering) who were in some way active in 

research that involved “space”. Garada triggered the formation of a centre to mobilise those 

researchers into a group. This has been remarkably successful. 

ACSER has funded several small “demonstrator” projects at UNSW. In 2011, the projects were 

prioritised for their ability to form collaborations between the Canberra and Kensington campuses: 

"Feasibility Study of an Air Drop Microgravity Capability", "3D Ranging and Mapping for Satellite 

Remote Sensing", "Fire Detection and Monitoring" “Spacecraft Experimental Bus". In 2012, they 

were prioritised for their ability to be implemented on cubesats: “Parameters for an experimental 

payload for tropospheric CO2 measurement using a space-born lidar platform”, “Formation flying 

technology using UAV platforms”, “Simulation of a high performance Attitude Control System for a 

6U CubeSat”. In 2013, that funding went to the QB50 project. 

ACSER has been able to leverage money at School, Faculty and University level to produce a cubesat 

to be launched as part of the QB50 constellation. The satellite will use unique fast prototyping (3D 

printing) development and carry three UNSW payloads: the Garada V3.2 GPS receiver, a processor 

board running NICTA’s Sel4 kernel, and an FPGA radiation experiment. 
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ACSER’s main area of success has been outreach. Workshops that engage the academic, 

government, and industry communities have been: GNSS Vulnerability (March 2011), Synthetic 

Aperture Radar (Dec 2011), Disaster Management (Dec 2011), 6U Cubesats (May 2012), GNSS 

Remote Sensing (Dec 2012), Off-earth mining (Feb 2013).  By running workshops internal to UNSW, 

ACSER aims to break down “silos” and get Schools and Faculties to work together. The topics have 

been: Demonstrator payloads (June 2011, March 2012), Swarm Satellites (July 2011), System 

Engineering, (August 2011) and UAVs (June 2012). 

The last public workshop mentioned above, the Off-Earth Mining Forum, deserves special mention. 

This event attracted international attention with two live interviews on the BBC, interviews 

syndicated across US radio, coverage on four local television networks, mentions in the main 

newspapers in India and New Zealand, articles by two international press bureaus, as well as great 

coverage in the local press and radio. The keynote speaker, Rene Fradet, Deputy Director of NASA 

JPL, gave a public lecture on the Mars “Curiosity” laboratory to almost 1000 people in UNSW’s 

Clancy Auditorium, for which tickets had to be allocated, as demand could have filled the venue 

twice. The event has led to a proposal to the Australian Research Council for a Centre of Excellence 

in Interplanetary Engineering, an invitation from the AIAA for Professor Dempster to join its Space 

Resources Technical Committee, and an initiative for all 1400 first year UNSW engineering 

undergraduates to do a design project in off-earth mining. 

ACSER has attracted significant student interest, independent of the Garada project. For the QB50 

project: two NICTA PhDs and a Computer Science undergraduate are working on the NICTA payload; 

one CSC visitor and a Masters student are working on attitude control; one undergraduate is 

working on bus integration; one undergraduate is modelling orbits; two PhD students are project 

managing. On off-earth mining, three undergraduates are working on mine methods (rock breaking 

etc), one is working on on-orbit robotic assembly, and one on refuelling orbits. 

In addition to the events mentioned above, ACSER has raised the profile of UNSW with regards to 

space. Professor Dempster was invited to join the technical committee of the Spacecraft Formation 

Flying Missions and Technologies and Australian Space Science conferences, twice invited to brief 

the Trusted Information Sharing Network, invited to address the Australian Space Development 

Conference, the Australian Youth Aerospace Association, the local chapter of the American Institute 

of Aeronautics and Astronautics, the Progress in Radar Research conference, and to give an invited 

lecture on ACSER by the IEEE London chapter. 

In summary, the Garada project has delivered a mighty boost to space activity at UNSW, and its new 

network of space stakeholders. The hope is that all this good work is not undone by the failure to 

follow-up the ASRP funding with any new initiative. 
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6. MOVING FORWARD: TECHNOLOGY MATURITY, 

OPPORTUNITIES AND RISK REDUCTION 
 

The Garada project was a conceptual design effort (Phase 0). At that level, it demonstrated 

convincingly the feasibility of using a synthetic aperture radar spacecraft to provide timely, gapless, 

high resolution soil moisture data across the Australian continent. For maximum credibility, the 

design was based primarily on approaches that have proven successful in past space systems. 

However, in order to achieve the higher level of performance promised by the Garada approach, 

some novel components and approaches were of necessity incorporated in the design.  

Three top-level actors jointly perform the acquisition of any complex system. These actors go by 

various names, but we will label them the requirements agency, the procurement agency and the 

delivery agency. (None of these actors are identified for Garada.) Here are simplified descriptions of 

the functions of these actors:  

● The requirements agency specifies what mission(s) is/are to be accomplished, at what level 

of performance, by what operational date.  

● The procurement agency establishes the program budget and top-level schedule in order to 

meet the needs of the requirements agency.  

● The delivery agency is at the receiving end of both the requirements and procurement 

agencies. That is, the delivery agency must design, manufacture, test and operate the 

system to the specifications of the requirements agency (technical scope) while meeting the 

budget and schedule of the procurement agency. 

To deliver an acceptable system when some subsystems and components are not fully ready for 

integration, that is, are technically immature, the delivery agency will conduct a risk reduction 

program in parallel with the design/manufacture/test program. Some risk reduction activities must 

take place before design even begins—these develop key subsystems and components without 

which the program could not achieve its technical goals. Other risk reduction activities will be 

conducted in parallel with design and manufacture. These activities enhance the technical maturity 

of preferred subsystems and components, but leave the delivery agency with alternatives should the 

required improvements not succeed. 

Notice that the risk reduction activities must be accomplished on schedule and within budget. Any 

attempt by the delivery manager to request relief for technology failures, either from the 

requirements agency (relaxed mission goals) or the procurement agency (increased budget or 

extended timeline), is not guaranteed to succeed. Therefore, including immature technologies in a 

design imposes a risk to the delivery program. The delivery manager must balance the need for each 

such item to achieve the required performance with the range of possible outcomes (failure, 

success, partial success) of its risk reduction activities. 

The Garada conceptual design phase (Phase 0) represented an opportunity to identify the 

technology risks that a subsequent acquisition program might accept. Therefore, we made an 

assessment of technology risk areas of the program, including identifying subsystems and 

components that are not fully qualified, and preparing a risk reduction plan for follow-on activities as 

described above. 
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Some immature but potentially high-payoff components were identified during the Garada 

studies. This could provide significant performance improvement. Table 5 gives the most 

important examples and the programmatic risk they entail. 

Table 5: Key Identified subsystems requiring risk reduction activities 

Subsystem Novel component Opportunity Risk description 

SAR Sensor Antenna element  Full quad polarization 

can be measured 

New design, RF 

performance not 

measured, untested in 

space environment 

Spacecraft bus Bus structural design  Support for large 

antenna in launch 

configuration, rigidity 

in deployed 

configuration 

Heritage from 

previous design but 

not flown, mechanical 

performance modelled 

but not measured 

TT&C 1,500 Mbps downlink  Ability to extend dwell 

time, support new 

applications and 

multiple users 

No current provider of 

a system with this 

capability, 

development budget 

unknown 

TT&C Antarctic ground 

station  

More opportunities 

for downlink during 

89-orbit cycle 

Cost uncertainty, 

severe limitations on 

data retrieval 

TT&C GPS receiver  Autonomous orbit 

determination, GPS 

reflectometry 

Heritage from 

previous design but 

not flown, flight 

qualification required 

Various Secondary payloads Provide the benefit of 

the platform and its 

subsystems to other 

payloads 

Unpredictable 

influences on mass, 

power, and 

electromagnetic 

compatibility 

 

The following is our assessment of the impact of each of these technologies on a program to procure 

the SAR soil moisture capability: 

1. Antenna elements: low risk, high payoff. Design, test and qualify antenna elements in 

parallel with spacecraft development. 

2. Spacecraft bus: medium to high risk, medium payoff. The bus design pursued in Garada is 

ideal for the SAR sensor (launch tolerance, planarity in operation) but other approaches 

have successfully been taken to fly SAR sensors. The Garada bus design does not have flight 
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heritage, and would require a rigorous testing program prior to committing to this 

approach. A follow-on program should seek multiple inputs on the bus design. 

3. 1,500 Mbps downlink: high risk, low payoff. This high speed downlink would double the 

dwell time (data collection time) of the sensor. Studies have indicated that the sensor is 

neither power-limited nor thermal-limited, and therefore the higher dwell time would be 

achievable if the data could be downlinked. However, no modem to support such a high 

bandwidth downlink currently exists. It is unknown whether a manufacturer would support 

its development. A risk-free alternative exists to achieve the same dwell time, namely, to use 

an existing 800-Mbps system and downlink the data multiple times per orbit, e.g. downlink 

some of the data to an Australian ground site and some to Svalbard. 

4. Antarctic ground station: high risk, low payoff. While such a site is attractive from the high 

frequency of overflight, there is no established means of retrieving the data from Antarctica 

in a responsive and affordable manner. As noted above, the use of multiple ground stations 

at other locations would provide a risk-free alternative. 

5. GPS receiver: low risk, medium payoff. Having a reprogrammable onboard orbit 

determination system would increase the system utility. The receiver could be fully qualified 

in parallel with a spacecraft procurement program. Other receivers could be substituted at 

any time, the only performance degradation being the loss of the programmable feature. 

6. Secondary payloads: high risk, unknown payoff. Because access to space is so rare and 

expensive, spacecraft procurement programs are constantly bombarded with requests to 

host secondary payloads. The risks posed by these include infringing on mass margins, 

electromagnetic interference, and missed delivery. One secondary payload that would pose 

minimum risk would be the GNSS reflectometry payload, which requires no more than a 

GNSS receiver, multiple antennas, and connections to the onboard processor. 

Key to a decision on building a Garada system (or one having the equivalent soil moisture 

measurement capability) is the projected system cost. The program estimated the costs of various 

phases of an acquisition program. Our life cycle estimate for the Garada capability can be seen in 

Table 6. We estimate that the Garada mission is likely to cost around $800M for two spacecraft 

operating for an 8 year lifetime.  
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Table 6 : Projected Garada Mission Costs (not including: risk reduction activity, learning 
curve improvements for satellite 2, launch insurance) 

Description   Estimated Cost 

Satellite 1 (inc $80M design)   $240M1 

Satellite 2   $160M 

Launch @ $54M2 2 launches $108M 

Ground segment3   $87M 

Operations @ $25M/ year4 8 year life $200M 

Total   $795M 

 

While an $800M price tag seems very large, it is incurred over many years. With design, 

manufacture, launch and operations, the total program length would be 14 years. Typical aerospace 

program spending curves were used to predict a spending profile over the life of the program. The 

maximum spend in any year of the program would be $120M, and that occurs in only two years, as 

shown in Figure 26.  

 
Figure 26: Garada spending profile (launch occurs in years 7 and 8) 

                                                           
1
 Because Garada is based on Astrium’s TerraSAR-L, which was developed to phase B, the relatively good 

TerraSAR-L estimate was scaled for the larger Garada platform 
2
 Assumes launch using Space-X Falcon 9, currently priced at $54M (2012) 

http://www.spacex.com/falcon9.php 
 
3
 Assumes ground segment is 1/3 of satellite price. No extra ground segment required for second satellite as 

they will never both be visible at once. 
4
 Consistent with operations costs in [1] 
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The soil moisture data obtained by Garada can be used for many valuable applications. We 

examine just a few to show how readily this investment could pay off. What follows are three 

easily measured and quantified arguments, any of which can be used to show return on investment. 

Payoff by improvements to non-irrigated agriculture. Soil moisture is usually monitored using 

terrestrial methods in irrigated areas. So, for agriculture, Garada is likely to be most useful in non-

irrigated areas. The Australian Bureau of Statistics [9] states Australia’s Gross Value for Agricultural 

Production for 2009/10 was $39.7B5, with $11.5B of that being from irrigated agriculture. In the 

Murray-Darling Basin (MDB), production was $14.4B with $4.4B from irrigation. In other words, 

Australia as a whole has $28.3B worth of agricultural production from non-irrigated areas, with the 

MDB making up $10.0B of that. So, the Garada mission could pay for itself using this criterion alone, 

if it was able to improve the efficiency of Australian agriculture by 0.35%, or if only the MDB is 

considered, 1.0%. Examples of how this could be done include the techniques listed above, using the 

data to adjust timing of crop planting and livestock movements. 

Payoff by improvements to irrigated agriculture infrastructure. Turning to irrigated agriculture, the 

infrastructure used to support irrigation included up to 2000 soil moisture sensors being installed in 

2008/9 (unfortunately the ABS statistics are not supplied for soil moisture sensors in more recent 

years) and a further 3000 intended for the following year6. In 2008/9, $300M was spent on irrigation 

equipment, giving a total equipment and infrastructure value of $8.5B, with $5.0B in the MDB7. So, if 

the provision of Garada data could reduce irrigation infrastructure cost by 7%, Garada would pay for 

itself using this criterion alone. An example of how this could be done is simply if some irrigators are 

able not to instrument their farms by relying on satellite data. 

Payoff by improved targeting of environmental flows. It is similarly possible to examine how 

environmental water could be more efficiently used. Agriculture generates $4M per GL of water 

consumed [10]. In The Basin Plan [11], there is a requirement to reduce water used for irrigation in 

the MDB by 2750GL per year, which corresponds to a sacrifice of $11B in agricultural production. If 

that plan was more nuanced, it could respond to real data measurements on the ground made by 

Garada. If those measurements allowed the environmental flows to maintain the required 

environmental quality measures, yet use just 1% less water, Garada would pay for itself using this 

criterion alone. 

All of these potential payoff methods are reasonable, and similar arguments can be made for soil 

moisture producing more efficient gathering of water, better response to disaster, health benefits 

from mitigating dust storms and so on. As we also mentioned, there are many other applications to 

which an L-band SAR can be put, many of which are also economically valuable. 

 

  

                                                           
5
 The National Farmers Federation claims Australia’s agricultural output for 2009/10 was $48.7B [4], so our 

number is more conservative. Similarly, the ABS gives the figure of $46.0B for 2010/11 [5] but they didn’t have 
irrigated data for that year. 
6
 [3], Tables 4.5 and 4.7 

7
 [3], p35 
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7. CONCLUSIONS 
 

The Garada program resulted in the following major accomplishments, which can flow directly to a 

system procurement program within Australia: 

 

1. User requirements were collected for multiple potential applications for the SAR satellite. 

The application that was most compatible with the system concept, and that would have the 

greatest value to Australia overall, was the soil moisture measurement mission. Multiple 

industries, environmental management agencies, and government offices expressed their 

support of this application. Detailed user needs were established. We believe that this 

capability is so important to Australia, and indeed the global water picture, that we have 

prepared Volume II of this report to provide details of this analysis. 

 

2. Based on these user requirements, a highly feasible system design, including both spacecraft 

and ground segment, was developed for the soil moisture application. The performance of 

this space system would exceed any current or planned radar satellite in the same frequency 

band, and would provide soil moisture maps of unprecedented data quality and timeliness. 

 

3. An industrialisation plan for procuring the spacecraft, including the participation of multiple 

Australian suppliers, was developed. 

 

4. Three prototype GNSS space-capable receivers were developed and tested, and in one case, 

integrated into a space platform. These receivers will have wide applicability to international 

space programs, and represent a significant Australian space product. 

 

5. The novel technique of GNSS reflectometry showed its value in differentiating properties of 

the Earth’s surface beneath an airborne receiver. Further research using this technique is 

appropriate to identify further remote sensing applications. 

 

6. New algorithms using GNSS to maintain tight spacecraft formations were developed and 

tested in simulated conditions, using receivers developed in the program. These algorithms 

are at a level of maturity to be incorporated in a flight program. 
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2. Evolution of Supported Applications 

The original focus of the mission was defined to be flood monitoring, and the June 30 

deliverable TK1.1 described the flood monitoring system that followed from the flood 

monitoring requirements obtained from users. A large number of spacecraft is required to 

meet the requirement for a 1 hour revisit time. Based on feedback from advisors since that 

report and considering the funding environment of the states and federal government it is 

considered unlikely that such as system is fundable within Australia. The proposal in that 

report that sales of Australian designed spacecraft to other countries could build the 

constellation size potentially for profit is one solution but the number of required sales 

makes this an ambitious plan. 

Following this report an ACSER advisor suggested that a biomass/REDD (Reduction of 

Emissions due to Deforestation and Degradation) related application would be more likely to 

be implemented by the Australian government. This is due to the favorable funding 

environment for climate change related applications such as biomass/REDD. Feedback from 

the Department of Climate Change and Energy Efficiency was that biomass/REDD related 

data from an Australian designed L-Band SAR spacecraft (implemented by the Australian 

government or a foreign government) would be eagerly used within the department. While 

not an endorsement this does suggest that a biomass/REDD application may find favor with 

the government. 

At the Garada SAR workshop held at UNSW on Dec 7 2011, feedback from the Head of the 

Board of Advisors of ACSER was that an Australian space mission must address the problems 

of the Murray Darling region to improve the likelihood that the Federal government will 

fund the implementation of the mission. Accepting this advice allows a compelling mission 

profile to now be described. 

The problems of the Murray Darling region relate to drought. While a space mission cannot 

end a drought, it can help mitigate the effects. The importance of soil moisture monitoring is 

described by the Department of Agriculture and Food 

(http://www.agric.wa.gov.au/PC_92499.html): 

“Irrigation aims to provide sufficient moisture to maintain plant growth. Monitoring soils 

moisture is the way to determine how much water is present. This will help with the efficient 

management of the water program… 

Without the use of some form of monitoring, soils are usually either over- or under-watered. 

Over-watering can produce waterlogging, resulting in poor aeration in the root zone, and 

can result in higher incidences of root diseases. On light soils, over-watering leaches plant 

nutrients, resulting in unnecessary expense, pollution of groundwater and eutrophication of 

wetlands. 

Under-watering places the plants under stress. This results in poorer yields. 
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Clearly it is important to know how much water is in the soil, so that the right amount of 

irrigation can be applied, at the right time.” 

Farmnote 26/1990 (Reviewed August 2006) by Greg Luke, Irrigation Research Officer, 

Division of Resource Management, South Perth 

When water is limited, it is especially important to ensure that what water is available is 

used to maximum benefit. Monitoring soil moisture from space may therefore be the “killer 

app” for an Australian SAR space mission. In fact, one of the strategic goals of the Argentine 

SAOCOM-1 and 2 L-Band SAR spacecraft (scheduled for launch 2012-2013) is monitoring soil 

moisture in “a 700 000 km2 land dedicated to agriculture and cattle raising” in Argentina1, a 

southern hemisphere competitor of Australia for worldwide wheat exports also subject to 

the effects of global warming on agriculture. 

It should be noted that there are currently no operational methods for soil moisture 

mapping using SAR2; the development of such operational methods is in fact one of the 

goals of the upcoming Argentine L-Band SAR SAOCOM mission3. The Garada mission may be 

able to leverage the research that will be done with SAOCOM towards an operational 

method of soil moisture mapping using SAR from space. It is envisaged that further 

Australian research using ground and airborne SAR is required to develop an operational 

method of soil moisture mapping of the MDB using SAR.  

This research should be completed before a GARADA mission is implemented. However 

there is already sufficient knowledge to define requirements with enough detail for a Phase 

0 design study of a spaceborne SAR. Improvement in knowledge of end user (farmers and 

environmental authorities) requirements and development of an operational method for soil 

moisture mapping using SAR should not change some of the design features (for example 

the need for quad polarisation, a maximum incidence angle of at least 40° and a 6 AM revisit 

time) that existing research can already define.  

Other applications supported by the Garada mission include forest change detection in 

support of REDD (Reducing Emissions from Deforestation and Forest Degradation) 

objectives4 and flood monitoring both for disaster support and hydrological applications in 

the MDB5 (Table 1). 

Table 1: Applications supported by the Garada SAR Formation Flying mission 

Application Currently an operational 
solution? 

High spatial resolution soil moisture measurement 
from space using SAR 

N 

Forest change detection Y 

Flood monitoring (disaster support and hydrological 
monitoring in the MDB) 

Y 
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Forest change detection is assigned operational status since detection of clear cut forest, the 

requirement stated by the Department of Climate Change and Energy Efficiency6, has been 

performed from spaceborne SAR imagery in the past7. Similarly flood monitoring would use 

the interferometric change detection method demonstrated by TerraSAR-X and TanDEM-X 

during floods in Pakistan8. 



 

6 
V01_00                                     Annex 1. Mission Concept and Requirements                      30

th
 June 2013 

  

3. Mission Concept 

The requirements for soil moisture mapping from space (section 4) are the most descriptive 

in terms of allowing a flow down to mission design decisions including the SAR System 

specification described in TK3.39. Accordingly the Garada mission concept has been defined 

in response to the soil moisture mapping requirements described in (1) so that the 

spacecraft design is traceable to requirements in accordance with best space engineering 

practice. It is important to note that the flood mapping and forest change detection 

applications are not deprecated as a result. In fact the SAR that results from meeting the soil 

moisture requirements is quad-polarisation and has the largest antenna of any L-Band SAR 

planned as described in section 5.1 below. This would make the spacecraft extremely 

capable for other applications including flood mapping and forest change detection. Table 1 

describes two specific ways in which the design which results from meeting the soil moisture 

requirements improves the ability to support the flood monitoring and forest change 

detection applications. 

 

3.1.  Summary 

The mission is to carry out high spatial resolution soil mapping measurement of the Murray 

Darling Basin (MDB) from space using two identical L-Band Quad-Pol SAR spacecraft. These 

spacecraft orbit in the same orbital plane at an altitude of 630 km in a Sun Synchronous 

Orbit (SSO) with a Local Time of Ascending Node (LTAN) of 6 am. The spacecraft fly in 

formation separated by half an orbit. The spacecraft has a SAR antenna with the dimensions 

15.52m x 3.9m. Custom circuits using Commercially available Off The Shelf (COTS) 

components including microchip amplifiers developed for the mobile phone industry are 

used to amplify the radar signal for transmission to the ground. The Astrium “Snapdragon” 

spacecraft configuration (Figure 1) is used to package the required antenna size in a Falcon 9 

launcher (with Delta IV-M selected as the backup launcher). The SAR with this antenna size 

can meet ambiguity requirements for quad polarisation out to 40° incidence angle with a 

14% margin for failure of the distributed amplification circuits during the mission.  

The Argentine SAOCOM L-Band SAR spacecraft10 (SAOCOM 1A is planned for launch in 2014 

and SAOCOM 1B is planned for launch in 2015) has 41% of the antenna area of the planned 

Garada L-Band SAR spacecraft. The Japanese ALOS-2 L-Band SAR spacecraft11 (planned for 

launch in 2013) has 36% of the antenna area of the planned Garada L-Band SAR spacecraft. 

SAR antenna area is an important parameter in SAR performance. A performance 

assessment by Astrium concludes that the Garada 15.52m x 3.9m antenna will provide 

“excellent” performance over the Murrary Darling Basin12. 



 

7 
V01_00                                     Annex 1. Mission Concept and Requirements                      30

th
 June 2013 

  

 

 

Figure 1: Astrium Snapdragon spacecraft configuration9. 

 

Specific aspects of the mission, with traceability to requirements, are described in more 

detail in the following subsections. 

 

3.2.  L-Band 

The soil moisture mapping requirements described in (1) lead to the selection of L-Band (23 

cm) to minimise the effects of surface roughness and vegetation in determining soil 

moisture9. While the flood mapping and forest change detection applications may operate in 

any approved SAR band, and hence do not allow a band to be selected, the selection of L-

Band can also benefit those applications. L-Band allows flooding under vegetation to be 

detected, for example the inundation of vegetated land following a tsunami. L-Band is also 

the most appropriate band (in the range X-Band to L-Band) for research into forest biomass 

measurement retrieval from space. There are a number of additional advantages resulting 

from the selection of L-Band as summarised in Table 1. 

Table 1: Additional advantages resulting from selection of L-Band 

Advantage Explanation 

Market differentiation There are existing X-Band and C-Band SAR spacecraft but 
currently no L-Band SAR spacecraft in orbit (SAOCOM10 and 
ALOS-211 are planned). 

COTS microamplifiers L-Band is the same frequency band used by mobile phones, 
consequently Commercially Available Off the Shelf (COTS) 
microamplifiers are available which can be used in an 
appropriate circuit design to amplify the RF signal for 
radiation to the ground. This approach is compatible with 
highly deployable membrane antennas which would radically 
reduce the size (and potentially cost) of an L-Band SAR 
spacecraft. 

Low loss line feeds Transmitting the preamplifed signal from the bus to the 
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circuit amplifiers is possible at L-Band using relatively low 
loss line feeds. At higher frequencies such as X-Band the 
losses become prohibitive, requiring waveguides or a space 
feed which add complexity and packaging requirements. 

Cheaper highly deployable 
antenna 

Garada is a stepping stone towards smaller and potentially 
cheaper L-Band SAR spacecraft  which utilise highly 
deployable membrane antennas. By utilising the Astrium 
“Snapdragon” antenna design, which has already been the 
subject of a Phase-B design study13, the antenna design is de-
risked compared to a highly deployable design which the 
Garada project lacks the resources to investigate. COTS 
microamplifiers are being investigated in the Garada Phase 0 
design study however. These are an enabling technology for 
future highly deployable antenna designs. A highly 
deployable L-Band antenna is expected to be cheaper than 
an X-Band highly deployable antenna. While smaller the X-
Band antenna requires that the two membrane layers (an 
active and a ground plane) be held much more closely apart 
than at L-Band. Maintaining this closer membrane separation 
at X-Band is expected to lead to a more expensive deployable 
structure than at L-Band.  

More extensive flood 
mapping capability 

Flooding can be detected under vegetation (for example the 
inundation of coastal areas after a tsunami) 

More suitable band for 
biomass research 

Biomass retrieval methods that rely on backscatter 
information are limited by saturation of the backscatter 
cross-section above a certain biomass areal density. L-Band 
saturates at higher biomass densities than shorter 
wavelengths. L-Band is also more suitable than shorter 
wavelengths for POLInSAR14 based biomass measurement 
methods which rely on an appreciable echo from the ground. 
The longer wavelength of L-Band enhances penetration of 
the tree canopy compared to shorter wavelengths.  

 

3.3.  Quad-polarisation 

If the SAR is to be used operationally for soil moisture measurements then quad-polarisation 

is required (Section 4). Accordingly quad-polarisation is specified for the SAR which requires 

a larger antenna area to suppress ambiguities9. This results in a significantly bigger 

spacecraft due to the direct relationship between antenna size and spacecraft size for a SAR 

spacecraft unless a highly deployable antenna is used. However quad-polarisation has the 

additional advantages of allowing Faraday Rotation9 to be compensated for and can be used 

for research into biomass measurements from space14. 

One remote sensing biomass measurement technique is POLInSAR which combines quad-

polarisation and interferometry to determine the height of a forest14. The biomass areal 
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density can then be estimated from the tree height. Tree height is determined by 

subtracting the height of the canopy from the height of the ground, with each height 

determined using across-track interferometry. Polarisation combinations are used which 

separate the echoes from the canopy and from the ground. This method relies on across-

track interferometry where a baseline perpendicular to the line of sight is required to allow 

heights to be determined. However this baseline must be less than the critical baseline BC, 

which is given in equation (6-156) of Elachi and van Zyl15. The critical baseline may be written 

as  

 

 is the wavelength, R is the distance between the antenna and the point on the ground 

being illuminated, B is the signal bandwidth,  is the incidence angle and c is the speed of 

light. Using =25° (the centre of the access region), =0.23 m, R=695 km (assuming an 

altitude of 630 km) and B=85 MHz the value of the critical baseline is BC =21 km. 

This creates a requirement for WP7 to determine whether the orbit propagation model 

predicts baselines less than this critical baseline for 3 day (two spacecraft) and 6 day repeat 

(same spacecraft) observations. If not then orbit control will be required to fly the spacecraft 

within a “tube” of approximately 10 km diameter if repeat pass interferometric observations 

are required for POLInSAR or other across track  interferometry applications such as Digital 

Elevation Model (DEM) generation and earth movement detection due to subsidence and 

earthquakes. 

 

3.4.  Spatial resolution of 7-10 m stripmap, 60-100 m ScanSAR 

There is a soil moisture research requirement1 to provide “high resolution”stripmap 

multilooked parcels that are less than or equal to 250 m x 250 m and are the product of 25 x 

25 multilooks to meet radiometric resolution requirements. Lower resolution ScanSAR 

multilooked parcels are to be approximately 1 km in resolution to replace a capability lost 

with the demise of Envisat earlier this year resulting in the loss of ASAR. To meet these 

requirements 7-10 m spatial resolution in stripmap mode is specified for the SAR. This can 

be achieved with the SAR system design described in TK3.39. 

3.5.  Incidence angle range of 8°-40° for soil moisture, 8°-50° 

supported 

Soil moisture requirements originally specified a 20°-40° range for the incidence angles 

(Section 4). This was modified to 8°-40° to increase the access width to improve revisit rate 

to meet the 3 day revisit requirements. The upper limit was not increased in response to 

researcher feedback that SAR soil moisture methods are limited to this upper limit in 

incidence angle. The lower limit was decreased in consultation with the researcher after 

assurances from Astrium that the SAR design could cope with the issues associated with a 

steeper incidence angle (decreased range resolution is one problem). 
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3.6.  SAR antenna size 15.5m x 3.9m, “Snapdragon” spacecraft 

design and Falcon 9 launch (Delta IV-M backup) 

SAR soil moisture requirements specify a 3 day revisit time for the entire MDB in dual 

polarisation, with the requirement to also image selected targets within the MDB in 

stripmap mode in quad-polarisation. In order to image out to 40° incidence angle (the 

requirement for soil moisture observations, although the 40°-50° incidence angle range may 

also be of interest to soil moisture researchers) with quad-polarisation suppression of range 

ambiguities forces the antenna width (the dimension perpendicular to the direction of 

spacecraft travel) to be bigger than for dual polarisation. 

CAD modeling by UNSW indicates that the maximal antenna size that can be accommodated 

in the minimum of a Falcon 9 and Delta IV-M shroud (the Delta IV-M shroud is the smaller of 

the two) using the Astrium “Snapdragon” design (Figure 1) is 15.5m x 3.9m. The report 

“Minimum SAR Antenna Size Assessment L-Band SAR - 390km swath (Quad Polar)” by Martin 

Cohen at Astrium16 presents results of the analysis of the performance of a SAR antenna 

with the area 15.52m x 3.9m as the number of radiating rows is reduced to simulate end of 

life performance. The number of rows was decreased until the desired performance – 

particularly ambiguity suppression – was just achieved. It was found that reducing the 

number of radiating rows from 22 to 19 reached this limit. This is a reduction to 86% of the 

initial antenna radiating area. To allow for the loss of radiating elements (or more precisely 

the loss of the amplifier circuits providing power to the radiating elements) during the 

mission Astrium recommend the 15.52m x 3.9m antenna be specified for the Garada 

antenna design which provides a 14% margin against radiating element loss during the 

mission lifetime. Accordingly the 15.52m x 3.9m antenna design is selected to meet 

performance requirements at End of Life (EOL). 

Both a primary and backup launcher are specified, with the cheaper Falcon 9 designated as 

the primary launcher. Although Falcon 9 has a bigger shroud the spacecraft must 

nonetheless be designed for the smaller shroud of the Delta IV-M for it to function as the 

backup launcher. The Falcon 9 launch cost is $54 M USD17 while the Delta IV-M launch cost is 

$133 M USD in 2004 dollars18. 

A foldable or collapsible antenna design is required because there is no launcher with a 

shroud big enough to accommodate a 15.52m x 3.9m antenna. Even Ariane 5 with the 17m 

high fairing would not suffice (the fairing tapers at the nose). The Snapdragon configuration 

has the advantages over other foldable designs of only requiring one hinge for improved 

reliability and does not cantilever the antenna. The antenna is instead integrated into the 

body (Figure 1) which reduces the difficulty of ensuring antenna planarity. Therefore a 

snapdragon configuration spacecraft sized to the minimum of the Falcon 9 (primary) and 

Delta IV-M (backup) shrouds with an antenna area of 15.52m x 3.9m is chosen to meet 

performance requirements at EOL. 

A performance assessment by Astrium concludes that this antenna will provide “excellent” 

performance over the Murray Darling Basin16. 
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3.7.  Two spacecraft half an orbit out of phase at 630 km altitude, 6 

day repeat SSO with 6 am LTAN, left and right looking SAR 

Revisit requirements (1) are for a 3 day revisit over the entire MDB where a revisit only 

counts if the azimuth direction of the spacecraft relative to the target is the same and the 

elevation angle is within 5° of the first pass. The azimuth requirement effectively means that 

only an ascending pass can revisit a previous ascending pass, and only a descending pass can 

revisit a descending pass. Consideration of the effects of these restrictions with a 6 day 

repeat orbit that was being considered led to the use two spacecraft with the second 

spacecraft half an orbit out of phase to achieve a 3 day revisit time. Subsequent calculations 

by Astrium detailed in TK3.39 confirm that this approach allows the 3 day revisit requirement 

for anywhere in the MBD in ScanSAR mode to be met. 

As described by Astrium in TK3.39 a 6 day repeat orbit corresponds to an altitude of 

approximately 630 km. A 527 km altitude orbit will also give 6 day repeat but the higher 

altitude provides increased swath and access. Soil moisture requirements (Section 4) are for 

a constant 6 am revisit time, which leads to the selection of a Sun Synchronous Orbit (SSO) 

with a LTAN of 6 am. This time has the additional benefits of reduced Faraday Rotation9, and 

an improved spacecraft power model due to constant solar illumination for most of the year 

while a SSO provides global coverage. 

To meet revisit requirements the ability for the antenna to be both left and right looking is 

specified. 

 

3.8.  Circuit based microchip amplifiers for radar signal 

amplification 

An innovative method of distributed amplification of the radar signals for transmission to 

the ground is being researched by UNSW as part of this project. This is based on a custom 

circuit design using COTS parts including microchip amplifiers from the mobile phone 

industry (which also operates in L-Band). This research will include fabrication of prototype 

circuits at UNSW. This approach leverages UNSW expertise in L-Band circuit design to 

increase the Australian contribution to the Garada design. Furthermore this distributed 

amplification approach is compatible with highly deployable membrane antennas which 

would radically reduce the size (and potentially cost) of an L-Band SAR spacecraft. This 

approach also offers a pathway to a fully active radar design (the “holy grail” of SAR 

antennas), where each phase centre can be individually controlled and the radar beam 

electronically steered precisely and efficiently. 

As part of a follow on project to Garada the COTS circuits could be tested to determine their 

reliability in a space environment. If necessary a custom ASIC version of the circuit could be 

designed. This ASIC could then be fabricated by Silanna in Australia using radiation resistant 

silicon on sapphire technology. 
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4. Requirements 

The user requirements for the applications of soil moisture monitoring, forest change detection and flood monitoring are described in Table 2 below.  

Table 2: Summary of application user requirements 

Application 

[source] 

Frequency 

band  

Resolution Radiometric 

resolution 

Incidence 

angle 

Time between 

revisits 

Revisit 

geometry 

Revisit time Coverage 

area 

Soil Moisture 

[Rocco 

Panciera RP 

and Jeff 

Walker JW as 

indicated] 

L-Band 

[to minimize 

the 

contributions 

of surface 

roughness and 

overlying 

vegetation to 

the radar echo 

-RP] 

Stripmap - 250 

m parcel after 

multilooking 

 

ScanSAR - 

1000 m parcel 

after 

multilooking 

 

[sub km 

resolution in 

stripmap a 

major advance 

from SMAP - 

RP; 1 km 

resolution over 

a wide area 

was provided 

Distinguish a 

4% difference 

in reflectivity 

between two 

parcels of 

multilooked 

pixels [RP] 

20° to 40° [this 

is the range of 

incidence 

angles that soil 

moisture 

retrieval has 

been studied, 

but a10° lower 

limit OK if SAR 

performance 

near nadir 

acceptable - 

RP] 

Reimage the 

entire MDB at 

1 km 

(multilooked) 

resolution 

every 2 weeks 

in Quad Pol 

and every 3 

days in Dual 

Pol; 

 

Reimage 

selected 

targets at high 

resolution 

(250m 

multilooked) 

every 2 weeks 

in Quad Pol 

Same azimuth 

angle (a pass 

made in 

ascending 

node must be 

revisited by an 

ascending 

node pass, a 

descending 

node pass 

must be 

revisited by a 

descending 

node pass); 

elevation angle 

within 5° for 

revisit [RP]   

6 AM [due to 

the thermal 

equilibirum 

between 

soil/air/vegetati

on and also 

the reduced 

capillary 

moisture raise 

in the top soil 

which happens 

during the 

night - RP] 

Entire Murray 

Darling Basin 

[RP] 
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by Envisat 

(JW) which 

failed 8 April]  

 

[RP] 

Forest change 

detection 

[Stephen Ward 

SW and Shanti 

Reddy SR as 

indicated] 

All bands 

suitable 

30 m [SW] Not specified Not specified Not specified Not specified Not specified Regional 

forests 

(outside 

Australia) [SR] 

Flood 

monitoring 

[TK1.1] 

All bands 

suitable 

3 m [TK1.1] Not specified Not specified 1 hour [TK1.1] Unrestricted Not applicable East coast 

Australia 

[TK1.1] 
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2 Executive Summary

WP2 comprises the SAR solution, encompassing both the flight segment (in the design of the RF front
end electronics) and the ground segment (in the description of the image formation processor). The
SAR solution for the Garada mission is the joint work of ACSER (Steven Tsitas, Robert Middleton
and Mauro Grassi) and Astrium (Andy Larkins, David Hall and Martin Cohen). The details of the
RF front end electronics, a major part of the phased array antenna, were worked out in the thesis
of Thomas Cooney, a graduate of UNSW.

There are five deliverable documents for WP2 excluding this final report. The design of the SAR
solution depends on the users’ applications of interest. For example, orbit determination is influ-
enced by revisit requirements. The orbit period depends on the altitude, the altitude affects the
peak transmission power and pulse repetition frequency and thus the SAR hardware and power
subsystem.

The first deliverable report, titled: TK2.1: User Requirements, Risk Analysis, Mission Baseline
Report ([Tsi11]) is a study of Australian users’ applications to determine a baseline SAR solution.
The applications considered include disaster monitoring (both fire and flood), oil slick detection,
forest biomass mapping and soil moisture retrieval. Soil moisture retrieval is identified as the main
application of interest and is the driver for all subsequent design decisions.

The next deliverable, titled: TK2.2: SAR Hardware and Methods Description and Specification
([Mid11]) is a determination of the hardware specifications as they relate to the SAR payload. Pa-
rameters such as incidence angle, noise equivalent sigma zero, range and azimuth resolution and
carrier frequency are determined. It is fortuitous that soil moisture retrieval demands some of the
most stringent conditions on the SAR payload, and thus other applications of interest will also be
viable under the proposed design.

TK2.4: SAR Hardware Description and Actual Specification ([Mid12b]) describes the hard-
ware specifications in detail, incorporating the work of Thomas Cooney in his thesis: Electronic
Circuits for L-Band Phased Array Synthetic Aperture Radar ([Coo12]). The novel design
using COTS (Commercial Off The Shelf) parts exclusively is there shown to be feasible. Using such
parts guarantees cost reductions in the antenna subsystem. The prototype has been tested and
shown to be capable of transmitting and receiving any polarisation, as well as providing an internal
loop for calibration. The RF front end captures the backscattering from the earth and is down-
converted to baseband and digitised. The resulting raw data is then downlinked to the ground
station where further processing will occur. The report TK2.3: SAR Processor Performance
Requirements lists the requirements on the image formation processor (IFP) for Garada, part
of the ground segment.

The final deliverable TK2.5: SAR Signal Processing Description and Actual Specification
([Gra12b]) presents a signal model and details the signal processing steps required to take the raw
SAR data to an image. The resulting image contains magnitude (reflectivity) information as well
phase information and is an SLC (Single Look Complex) product. Since that image contains speckle
noise (a grainy appearance that is due to the large number of scatterers contributing to each image
pixel) a further product, an MLI (multi looked intensity) is obtained from the SLC using averaging.
This eliminates speckle at the expense of spatial resolution. Once the image is obtained, other
processes can be considered, including interferometry, which proceeds from two or more SLC images.

Overall, WP2 aims to detail the signal processing steps, as well as the hardware design, of the SAR
payload. If Garada were to proceed beyond phase zero, an implementation of the IFP would need
to be completed following the signal processing steps described in the documents above. In relation
to the RF front end, the concept of using COTS parts has been proven.
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3 Introduction

This is the final deliverable report for WP2, comprising Garada’s SAR solution. It encompasses both
the ground and flight segments and both software and hardware design.

Included is a description of the design and manufacture of a prototype T/R (Transmit Receive)
module for the phased array antenna, achieved using COTS parts for cost savings and reliability
due to industry heritage. There is also a brief synopsis of the evolution of the work package and
the five deliverable reports which together present both the requirements on Garada’s SAR payload
and the specifications and implementation of the SAR solution. It is the comprehensive SAR
solution that enables all the high-value applications, including the measurement of soil moisture
and interferometric techniques allowing topographic and ionospheric mapping.

For brevity and in order to avoid duplication, in cases where the work has been previ-
ously presented in one of the deliverables for this work package, we merely summarise
the main results and guide the reader to the relevant documents.
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4 Evolution of the Work Package

Garada’s SAR solution is driven by user applications. As the project evolved, so did the applications
and therefore the requirements and specification of the SAR solution. In this section, we give a
brief overview of the evolution of the work package and how the previous five deliverable reports fit
into the overall work package.

The applications originally conceived for the Garada mission include flood monitoring, oil spill
incident detection and forensics, and forest mapping, as explained in deliverables TK2.1 ([Tsi11])
and TK2.2 ([Mid11]). These were derived through a study of users’ requirements. To that end, the
following personnel with broadly different interests were interviewed:

• Soori Sooriyakumaran: a supervisor at the Bureau of Meteorology in Melbourne who works
in the flood warning section;

• Felicia Andrews: a GIS (Geographic Information System) Officer at the NSW State Emer-
gency Services;

• Mark Wallace: a manager of GIS Operations and Capability Command at the Queensland
Fire and Rescue Service;

• John Arrowsmith: a Principal Program Officer at Emergency Management Queensland; and

• Paul Irving: a Senior Scientific Coordinator of the Marine Environment Pollution Response,
Marine Environment Division of the Australian Maritime Safety Authority;

As of TK2.1, the design concept was for a bistatic, formation flying, X-band SAR mission. Formation
flying would allow advanced interferometric applications using coherent change detection. X-band
was chosen for its advantages in resolution and antenna size, and hence in mass and cost.

As the project advanced, due to the strict revisit requirements of some of the applications envisaged
by the above interviewees, by TK2.2 it was changed to an L-band SAR mission, due to foreseeable
difficulties in making a deployable X-band antenna (where the RMS height error of the antenna
surface has a stricter tolerance requirement) and due to the fact that the applications did not require
X-band per se and could in fact benefit from an L-band SAR. For example, it was observed that
the time decorrelation at L-band for forest mapping could be in the weeks’ time ([Mid11] pg. 5).
Moreover, an L-band system was more feasibly implemented using low cost COTS parts for the RF
front end (of which there are hundreds of T/R modules). This is due to the ubiquitous use of mobile
phones and GPS receivers and hence the substantial industry experience with integrated circuits in
the L-band part of the spectrum.

Furthermore, due to the recent failure of the Japanese earth observing satellite ALOS in April
2011, there is currently no L-band space borne SAR in orbit, although a few are planned and in the
pipeline, including ALOS 2, SMAP 1 and SAOCOM 1A and 1B.

There are actually two documents pertaining to TK2.3. Both are requirements for the SAR IFP.
This is the piece of software that converts a SAR raw image into an intelligible SLC product (that
actually resembles the backscattering from earth).

1SMAP is specially designed for soil moisture measurements and its SAR is not a general purpose instrument.
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By TK2.3 ([Mid12a]), the main application for Garada had been changed to soil moisture. The
document [Gra12a] is an updated rewriting of that document.

While TK2.4 ([Mid12b]) deals with the SAR hardware description and specification, a more detailed
description of the design of the RF front end is given in this current document. On the other hand,
the details of the design of the IFP for Garada are presented in deliverable TK2.5 ([Gra12b]).
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5 SAR Hardware Solution

The SAR hardware requirements for Garada are the topic of the TK2.4 deliverable ([Mid12b]). The
SAR hardware solution for Garada departs from those requirements and is detailed in deliverable
TK3.3 [Hal12] as well as in [Coo12], as part of that author’s thesis.

The former work includes the design of the electronics for the SAR system, while the latter work
proposes a novel design for the T/R modules. Its main results are outlined in this section.
One of the main achievements of the thesis was to prove the concept of using exclusively COTS
parts for the RF front end (ie. the T/R modules), a critical component in any SAR.

The type of SAR that we are considering in this document involves the use of a single antenna
for both reception and transmission (ie. monostatic). The SAR hardware consists of a central
electronics part and an array of T/R modules. The central electronics is responsible for generating
the transmit waveform (a linear FM chirp) and also downconverting and digitising the received
echoes.

The T/R modules each drive four small annular slot antennae that make up the phased array.
The array is usually rectangular, although some are tapered at the ends to improve the ambiguity
response 2. What characterises a phased array is that the phase of each phase centre can be
accurately controlled. A phased array antenna is often used as it is modular and it allows both
beamforming and beamsteering, both essential for any spaceborne SAR.

Beamforming allows a definite antenna pattern to be synthesised from an array of phase centres
by carefully varying the phase offsets and amplitudes of each, allowing the emitted electromagnetic
radiation to constructively and destructively interfere to form a sharply focused beam. A sharply
focused beam is essential for obtaining good spatial resolution. A typical two-way antenna pattern
follows a sinc-squared function and has a good impulse response width, peak sidelobe ratio and
integrated sidelobe ratio, all three crucial in obtaining a finely resolved image.

Beamsteering is a form of beamforming where the beam can be electronically steered so that its
footprint on the earth is changed. Beamsteering is essential for implementing imaging modes other
than Stripmap, where the illuminated swath can be increased at the expense of azimuth resolution
(ScanSAR or TOPSAR modes) or vice-versa, where the azimuth resolution is improved while the
swath is decreased (Spotlight mode).

The antenna itself is driven by an array of 22 by 22 T/R modules. There are therefore a total of
484 modules that comprise the antenna, each T/R module will control four annular slot antennae
(designed by Astrium) [Hal12] (pgs. 62-63).

The stated design targets for [Coo12] are mainly driven by cost. Minimising the cost of the RF
front end, as well as its mass, is especially important for an L-band radar where the antenna is one
of the costliest and more massive of parts. Below are the stated design goals of [Coo12] (pg. 19):

• High efficiency

• Low Noise Receiver

• Temperature Stability in Phase and Gain

• Low Mass

• Low-cost COTS parts, heritage design
2For the purposes of this report, the array can be considered to be rectangular.
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Much of the novelty in [Coo12] is in fulfilling the last requirement above, thus leveraging industry
experience in mobile phones and GPS receivers, which use similar microwave frequencies ([Coo12],
pg. 19). A thorough and logical development of the requirements and their implications was un-
dertaken. Note that the design is at the T/R module level. There is no thought given to how the
different modules will fit together - that is strictly speaking part of the system design. Typical SAR
systems employ an analogue feed network, where the distance of cable to each T/R module is kept
the same. The usual implementation uses coaxial cable. This works for transmit and receive, in the
latter case, it ensures that the signals are collected coherently. While it is conceivable to replace this
analogue feed network with a digital one, the data volume on receive would be considerably larger
(for eg, there are typically hundreds of modules comprising the antenna). Such so-called SMART
antennae belong to the next generation of SAR missions.

The hardware design incorporates both arbitrary transmit polarisation as well as simultaneous
receive in a linear basis, compatible with the SAR system requirements. This full polarimetric
design is vital for measuring soil moisture, as well as for properly calibrating the instrument and
implementing advanced polarimetric techniques, including polarimetric interferometry.

Faraday rotation is a rotation of the polarisation of an electromagnetic wave as it travels through
the ionosphere (approx. 80km to 1000km altitude). While Faraday rotation can be corrected
using a fully polarimetric mode (ie. quad polarisation), this increases the PRF (Pulse Repetition
Frequency) and the antenna size, which directly impact cost. Astrium’s patented system for online
real time correction of Faraday rotation can be implemented as long as the RF front end electronics
are capable of full phase, amplitude and polarisation control.

The main requirements for the T/R modules were as follows:

• Carrier Frequency: the centre frequency will be 1.2575 GHz, with a bandwidth of 85
MHz. This maximises the range resolution whilst complying with international standards
on spectrum use (ITU International Telecommunications Union, L-band allocation for earth
observation from space);

• Operating Temperature: complying with industrial temperature range between −40◦C
and 85◦C;

• Receive Path Gain: at least 30 dB gain, selectable in 64 steps (6 bit control);

• Receive Path Phase Control: shift the whole 360◦ range, in 64 steps;

• Transmit Path Input Power: up to 10 mW input to each T/R module;

• Transmit Path Gain: at least 32 dB gain on transmit;

• Transmit Path Phase Control: shift the whole 360◦ range, in 64 steps;

• Transmit Module Power: each T/R module shall be able to deliver 16 W.

• Polarisation Control: each T/R module will be able to transmit in any polarisation and
receive in a 45◦ and 135◦ linear basis;
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• Reconfigurable within a PRI: each T/R module shall be fully reconfigurable within the
PRI (Pulse Repetition Interval), the reciprocal of the PRF;

The requirement that the T/R module be reconfigurable within the PRI time is essential both for
full polarimetric operation (where the transmission switches between two orthogonal directions)
and for beamsteering (which makes possible both spotlight modes and wide swath modes such as
ScanSAR and TOPSAR).

In the next section, we outline the process by which the design of the T/R modules
was achieved.
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6 Hardware RF Front End Design

In this section, we summarise the design tasks and decisions made in building the prototype T/R
module, for more details consult [Coo12]. The design begins with the block diagram as shown in
Figure 1 (pg. 12). Note that in reality, each T/R module will control four annular slot antennae,
whilst the figure shows only one.

The transmit path consists of a 6-bit configurable phase shifter (360◦ in 64 steps) which is connected
to a quarter-wavelength hybrid with its isolation port grounded (through a series 50Ω resistor). In
this configuration it acts as a power splitter, where the incoming RF power is split evenly between
the two output ports, which also subtend a 90◦ relative phase difference. The two outputs at -3dB
enter driver amplifiers before passing through two configurable 6-bit phase shifters. Each output
enters another driver amplifier before passing through a high power amplifier and finally through
another quarter-wave coupled hybrid and onto the switches that lead eventually to the annular slot
antennae. The phase shifters allow both arbitrary phase and arbitrary transmit polarisation.

The receive path consists of a driver amplifier, followed by a low noise amplifier. The amplified RF
echo then passes through a programmable phase shifter and attenuator. RF switches can form a
path where the transmitter is connected to the receiving electronics through a bank of attenuators.
This can be used for calibration purposes.

Departing from the overall block design, a signal flow calculation of power was first performed, using
insertion losses at worst case and providing conservative margins for return loss and transmission
line attenuation. While at the system level, the isolation between transmit and receive paths is
ensured using circulators, at the T/R module level it is achieved using configurable RF switches.

Separate signal flow calculations were made for both the receive and the transmit path. A further
separate calculation was performed for the calibration path, as the T/R module can either receive
backscattering from the earth and transmit the high power linear FM pulse, as well as being con-
figured in a calibration loop mode where the transmitter is connected through a bank of heavy
attenuators directly to the receiver.

Selection of the appropriate components is performed according to the above signal flow calculations
and ease of availability. Preference is given to cost effective parts. Once the parts are selected, the
all important design of the PCB (Printed Circuit Board) was begun, with an initial plan of using
four distinct layers.

The more layers a PCB has the more expensive it is to manufacture. But by having at least four
layers, the routing of the signal tracks between the components is made simpler. Thus, it was
decided to use a four layer PCB with the following layers, in order from top to bottom; routing the
RF, GND, VCC and thermal layers.

The RF layer carries all the radio frequency energy, while the GND (ground) and VCC (voltage
collector-collector) carry the power to the active components. A range of different voltage nets are
used. Each is derived using a linear voltage regulator. Finally, the bottom-most layer is used for
thermal dissipation, especially important for the high power amplifier and voltage regulators.

Once the range of voltages was known, a tentative power distribution map was designed. Linear
regulators offer lower noise at the expense of lower power efficiency compared to switchmode reg-
ulators. The current draw of each voltage zone, and therefore the required power to be delivered
by each voltage regulator is computed and each regulator’s specifications were checked against the
requirements. Also, the dropout voltages of the regulators were checked to ensure compliance with
specifications.
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Figure 1: Overall T/R Module Design, see [Coo12]
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A detailed design of the PCB was begun. Transmission lines are of 50Ω characteristic impedance
and implemented as microstrip transmission lines (copper track and ground plane separated by
substrate with a known dielectric constant). Support components for each MMIC (Monolithic Mi-
crowave Integrated Circuit) were chosen according to the required specifications, such as decoupling
capacitors, RF chokes, inductors and resistors. All were surface mount parts soldered to the PCB
by the manufacturer.

There are a number of amplifiers that comprise the RF front end, including the LNA (low noise
amplifiers) in the receive path and the high power amplifiers in the transmit path - stability analyses
were performed for each using S-parameters (scattering Parameters). The circuit was modified
slightly to achieve unconditional stability (see [Coo12], pg. 51).

Next, matching networks for each stage were designed. This is required to minimise losses, so the
impedance of each section is matched to the next. The resulting receive and transmit paths are
modelled using SPICE 3 and their performance was characterised. Smith chart diagrams of the
performance of the chains are included in the thesis (see [Coo12], pgs. 63 and 67). An FPGA
development board was used for controlling the phase shifters, switches, amplifier gain and digital
attenuators through two 40-way ribbon cables connected to IDL headers.

Once the final schematic and PC board design were finished, the board was sent for manufacture.
Then, extensive testing of the design was completed using a VNA (Vector Network Analyser).

The results were consistent with the design goals, except for one non-compliance in the transmit
power specifications 4. See [Coo12], pg. 155 for a comprehensive summary of the test results as
compared with the requirements.

3Software for simulating the behaviour of circuits.
4Note that the power requirements were increased during the development of the prototype.
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7 SAR Software Solution

The final deliverable TK2.5: SAR Signal Processing Description and Actual Specification
([Gra12b]) describes in detail the SAR software solution for Garada. This section
merely summarises some of the results of that document.

The SAR software solution is strictly speaking part of the ground segment. It encompasses the
reception of digital payload data, which is uncompressed, decrypted and error-corrected to produce
the raw SAR data.

Once the SAR raw data is extracted, the IFP is applied to it to produce an SLC image. The SLC
image is the starting point for all applications. That is, all applications begin with one or more SLC
images, interferometry usually begins with a number of SLC images of the target area. This allows
topographic maps, subsidence studies with sub-cm accuracy, as well as atmospheric mappings to be
undertaken.

Speckle gives SAR images a characteristically grainy appearance, and occurs because in each reso-
lution cell there are many scatterers and the resulting phase of the echoes is uniformly distributed.
Speckle can be effectively eliminated by incoherent averaging, producing a so-called MLI (Multilook
Intensity) product at the expense of reduced azimuth resolution.

In order to describe the steps necessary to implement a full IFP, it is necessary to understand and
model the raw SAR data. The raw SAR data is digitised onboard in two independent channels
(H and V, or any other basis) and each of which has two components, an I (in-phase) and Q
(quadrature) component. Each of the components can be modelled as independent, zero mean
Gaussian with variance proportional to received power.

Preprocessing of the data is necessary for a number of reasons. Firstly, DC-bias correction is
accomplished, as the onboard BAQ compression can introduce a small non-zero offset. Furthermore,
temperature effects can also introduce an unwanted offset. As the I and Q channels are obtained by
onboard mixing of the incoming RF signal with known signals, and since those signals will exhibit
small deviations from the ideal signal case, it is also necessary to correct the gain of I and Q channels
and to correct their phase.

There are a number of known image formation algorithms for SAR imaging. The range Doppler
algorithm is one of the oldest and most effective image formation algorithms. It offers a good
compromise between image quality and computational efficiency. It benefits from efficiently imple-
menting RCMC (Range Cell Migration Correction) in the range Doppler (ie, range time, azimuth
frequency) domain, so that targets at the same slant range of nearest approach share the same
migration trajectory in signal memory.

In order to properly focus an image using the range Doppler algorithm, it is necessary to compute
the Doppler centroid, which is defined to be the average Doppler shift of the scene. The echoes will
have a frequency different to the transmitted signal due to the Doppler effect, where the relative
velocity of the platform and target introduces a frequency shift.

There are many methods for estimating the Doppler centroid. We note that the Doppler centroid
is non zero when there is squint, which needs to be considered in all cases. Also, the onboard
attitude sensor information that determines the viewing geometry is usually not accurate enough
for the IFP’s requirements. Therefore the Doppler centroid is estimated more accurately from the
raw SAR data itself. There is the added complication that the rotation of the earth is equivalent
to an antenna yaw and varies with latitude, thus introducing more squint.

Range compression is achieved by convolving the received range line echo with a time reversed
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complex conjugate of a chirp replica (usually recorded in the transmission echo or using a modelled
chirp). This minimises the noise contribution (as the noise will be uncorrelated to the transmitted
chirp) as well as allowing better range resolution inversely proportional to the bandwidth of the
chirp.

An azimuth DFT (Discrete Fourier Transform) is used to efficiently bring the signal space to the
range Doppler domain, where RCMC can be efficiently carried out. RCMC is essential to obtain a
well focused image. Failure at this stage will almost invariably guarantee an unusable image, that
will be poorly focused and smudged. Finally, the azimuth compression is achieved in a similar way
to the range compression, by correlating the azimuth columns with a chirp apparent in azimuth.
Its FM rate can be estimated from the data.

The resulting SLC image can then be geocoded using telemetry information, and/or incoherently
averaged to obtain the MLI product.
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8 Conclusion

WP2 has specified a comprehensive SAR solution for the Garada mission. It is geared towards
the main application of interest, soil moisture, but the design also enables all other known SAR
applications, including disaster monitoring. The design of the SAR hardware is detailed as to the
T/R modules, as well as to the central SAR electronics. A novel T/R module design was proven
that could lead to substantial cost savings. The SAR software solution, in terms of the specification
of the image formation processor was also detailed in the two deliverable documents [Gra12b] and
[Gra12a].

Further work would involve implementing the IFP software as well as evolving the T/R module
design beyond the prototype stage.
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1.   INTRODUCTION 

 

The GARADA programme is studying the potential for a constellation of SAR spacecraft to be developed, 
launched and operated with significant Australian contribution, to provide useful utility of benefit to Australia.   

 

This SAR Payload specification first defines the SAR System drivers.  These include the selection of a 
Snapdragon configuration for the SAR satellite and a Falcon 9 size of launch vehicle, mission application 
requirements, as well as other drivers such as the need for significant Australian technological innovation, 
and the need to overcome ionospheric effects encountered at the chosen frequency band. The impact of 
revisit rate requirements is also discussed. 

 

The document then goes on to discuss the system architecture, outlining the overall system configuration 
and then considering a number of candidate satellite configurations that can be considered.  

 

The important issue of Faraday Rotation is then addressed in some detail, including discussion of mitigation 
techniques and their implementation. 

 

Key technology aspects of the Front-End are then addressed, in particular the radiators and the ‘chip’ 
modules that provide the RF functionality behind each radiator.  This section does not address 
RF/power/control distribution as this is an area requiring less innovation, and so can be considered at a later 
date. 

 

The functions required of the Central Electronics are then discussed, and the Astrium ‘NIA’ (New Instrument 
Architecture) approach to their implementation is outlined. 
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2.   SAR SYSTEM DRIVERS 

During the year of 2011, the GARADA study examined a range of micro-satellite sized SAR instrument 
concepts operating at X-band operating in bistatic formations. Antenna structures (which are the 
fundamental size-drivers) were considered and ranged from solid panels, through deployable membranes to 
space fed lenses. However, the key Application for this type of system, rapid update flood monitoring,  was 
rejected by the Space Policy Committee. This resulted in a significant redirection of attention towards soil 
moisture and forest monitoring for REDD with measurements that would be made at L-band. 

A terminology used throughout the text of this report is the use of a capitalised A in the word, “Application” 
when that word is used to identify particular ways of using data acquired by the radar instrument. 

This section discusses the various parameters and Application-use requirements that will drive the design of 
a spaceborne SAR instrument. The section begins by introducing the external features that will influence the 
design and then discusses how these external features will constrain the specification of the instrument as 
the design evolves to meet the specific Application requirements for soil moisture measurement in the 
Murray Darling basin. The section then concludes with a discussion of a range of additional Applications to 
which the instrument could also provide service and indicating any changes that might be needed to the 
instrument requirements.  

2.1   External Drivers 

2.1.1   Australian Technological Innovation   

A decision was taken during the GARADA team meetings of 7
th 

– 8
th
 Dec 2011 that, given the remaining 

time available, and the scope of Astrium's experience, that the project would concentrate on a rigid style 
antenna structure (i.e. deployable panels) rather than a membrane.  The rationale for this is that the 
progress achievable in the remaining time will be far greater for a rigid style of antenna than for a membrane 
and will enable concentration on techniques for excitation and implementation of  such an antenna. 

This approach will maximise innovative content, including an RF 'chip' approach, potentially suited to a 
silicon-on-sapphire technology that is indigenous to Australia. If possible the study will attempt to retain the 
potential for the chips to be mounted on a membrane in the future.  However, this aspect will not be taken 
as a major driver and will not be accepted as a constraint.  The use of ultra capacitors as the primary energy 
storage element will be investigated. 

2.1.2   Launch vehicle 

The process of sizing of the SAR instrument has been iterative with the selection of satellite configuration 
and associated launch vehicle  and with the evolution of the Application requirement to an L-band SAR 
instrument capable of full quad polar operation, it has been established that the antenna will be very large, 
and that this large antenna will drive the mission towards launch vehicles around the size of Falcon-9. 

2.1.3   Coarse satellite / payload sizing 

Given the large antenna size, the overall satellite has grown in size compared with the micro-satellite sizes 
initially considered in the early days of the study.  Two different satellite configurations are presented in 
section 3.1 of this report and of these a basic Snapdragon configuration has been selected. The overall 
description of the SAR instrument supported by this configuration is described in the next sub-section of this 
report so that its performance can be discussed in the context of the Applications that it will service.   

This approach to the layout of this document enables the requirements of revisit on total swath coverage 
and the inevitable constraints on associated incidence angles and ambiguity performance to be related to 
each other in a clear way that illustrates how further demands for Applications-driven performance would 
take this instrument to a larger size and a larger launch vehicle that would is regarded by the GARADA team 
as unaffordable. 

This approach demonstrates the logic for the selection of Falcon 9 as the launch vehicle and the 
Snapdragon design as the satellite configuration. 
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2.1.4   WARC / IRU frequency band allocations 

An allocation for the operation of radar instruments in space for earth observation has been made at L-band 
covering a band between 1215MHz and 1300MHz.  This allocation restricts range resolution to < 6m at 20° 
incidence angle   and   < 3m at 47° as shown in Figure 2-1 
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Figure 2-1  Range resolution versus incidence angle for 85MHz bandwidth 
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2.2   Sizing of the SAR instrument 

Simple iterations of instrument designs capable of providing the 2 - 3 day revisit time associated with soil 
moisture observations of the Murray Darling basin in conjunction with the affordability of nothing larger than 
a Falcon 9 sized launch vehicle and a simple Snapdragon satellite, rapidly lead towards an antenna 
comprising two radiating panels each sized to fit within the cylindrical constraint of a Falcon 9 fairing.  The 
fairing shown in Figure 2-2 has been drawn directly from the SpaceX, Falcon-9 Launch Vehicle User’s 
Guide and the overall configuration of the Snapdragon satellite is shown in Figure 2-3 and is based on 
Astrium’s TerraSAR-L experience. 

 

 

Figure 2-2..Falcon 9 fairing and dynamic envelope 

 

 

 

Figure 2-3..Snapdragon satellite configuration 
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The antenna is the key element in defining the performance of any SAR in the context of its ability to 
suppress ambiguities. The requirement is for as much area as possible, and it is this area that defines, for a 
given slant range and operating frequency,  the maximum incidence angle at which ambiguities can be 
constrained to be less than some arbitrary level. 

The selected area for the GARADA antenna has been chosen to fit within the Falcon 9 fairing and is 15.5m 
x 3.9m as shown in Figure 2-4.   
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Figure 2-4  Antenna configuration sized to fit within Falcon 9 fairing 

 

The principal Application, soil moisture, requires that the SAR operate at L-band thus fixing the operating 
frequency, so that the only remaining parameter that can have an influence on ambiguity performance is the 
geometry from which the observations are to be made.  The principal parameter influencing the geometry is 
orbit height which is set by the repeat period desired for the soil moisture Application.  Options for various 
repeat periods between 2 days through to 6 days are presented below.   Altitudes lower than 500km are 
rejected based on the expectation of excessive drag, while those above 800km are rejected on the 
expectation of poor ambiguity performance. 

Sun-Synchronous Orbit Altitude 

2 day repeat 3 day repeat 4 day repeat 5 day repeat 6 day repeat 

  502.3 km 517.3 km 527.4 km 

    630.3 km 

  656.6 km 640.8 km  

 683.2 km    

737.1 km   704.6 km  

 792.1 km  770.0 km  

Table 2-1  Orbit altitudes providing various repeat periods 

The altitudes that have been highlighted have been examined to determine the swath widths needed to 
provide contiguous coverage over the Murray Darling basin.  Given that the objective of the soil moisture 
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mission is to provide complete coverage in 2 – 3 days, it is clear that a mission deploying 2 satellite each in 
6 day repeat orbits and appropriately phased, will enable 3 day revisit.   

However, the deployment into 6 day repeat orbits anticipates the situation of a significant period between 
launch of the two satellites and poses the question, what can be done to service the 2 – 3 day repeat goal 
with just one satellite?  Analyses presented later in this section will show that launching into a 3 day 
repeating orbit demands that observations be made with very wide swaths that stretch the performance 
capability of the instrument, and indicate that observation from a 4 day repeating orbit may offer a 
compromise that could be acceptable until the launch of the second satellite. 

Orbit parameters  System parameters 

Nominal Height 630 km  Radar frequency 1218 – 1297 MHz 

Type Sun-synchronous  Band  L-band 

Orbits per repeat 89  Wave length 0.23 m 

Repeat period 6 days  PRF 1400 – 2500 Hz 

LTAN 6 am  Polarisation Single, quad, compact 

Inclination 97.9°  Operating modes Stripmap, TOPS ScanSAR 

Orbit tube diameter tbd  Look direction Left  and Right  (tbc) 

Mission life tbd  Antenna width  3.9 m 

Orbit duty cycle > 4%    Antenna length 15.5 m 

   Range resolution 4m  - 11m  (single look) 

   Azimuth resolution 7 m (single look, stripmap) 

60 m – 100m TOPS ScanSAR  

Table 2-2  Top level summary of instrument parameters 

 

2.3   Ionospheric aspects 

While operation of SAR instruments at frequencies higher than L-band can to a large extent ignore the 
impact of the Earth’s ionosphere, this is not possible at L-band where two effects are encountered, 
defocussing which is relatively insignificant, and Faraday rotation which can be significant. Faraday rotation 
(FR) is caused by an interaction between the radar pulse, the Earth’s magnetic field and the density of the 
electron/plasma cloud through which the radar pulse is propagating.  This results in rotation to the plane of 
polarisation of the transmit signal and a further rotation of equal magnitude to the received echo. In order for 
polarimetric channels to provide meaningful measurements in HH, VV, HV and VH channels, it is necessary 
to correct for these rotations, both in terms of the polarisation of the signal at the point of arrival at the 
scene, and in terms of correction for the further rotation of the returning echo signal.   

It is important to note that the magnitude of Faraday rotation encountered for a given electron cloud density 
is a cosine function of the angle between the radar line of sight and the local direction of the earth’s 
magnetic field.  Thus, when the radar line of sight is perpendicular to the magnetic field as is the case for a 
polar orbiting satellite at the geo-magnetic equator,  there is a zero in the Faraday rotation.  

However, it is important to note that as the inclination of the satellite orbit moves away from polar towards 
equatorial, perpendicularity between radar line of sight and Earth’s magnetic field occurs at a latitude that is 
further away from the geomagnetic equator, until a latitude is reached beyond which no zero is encountered.   

The implications of this factor need to be taken into account when selecting the most desirable orbit 
inclination to provide coverage over the Murray-Darling basin and are discussed in greater detail in a later 
section of this report. 
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2.4   Aspects relating to interferometry and InSAR 

A significant feature of SAR systems is their ability to provide interferometric data that can be used service 
digital elevation model (DEM) generation for 3D terrain mapping purposes and height determination in 
support of disaster monitoring applications, polarimetric interferometry for canopy height determination in 
support of biomass estimation, and coherence mapping for flood monitoring.  

This section provides  a definition of the operational and performance requirements of system proposed for  
soil-moisture monitoring at L-band when the satellites of that system are used to provide interferometric data 

2.4.1   Fundamentals of SAR interferometry 

Interferometry is a technique that makes use of the phase difference between observations of a given 
location to inform on the height of that location  relative to a defined surface. The basic geometry that 
applies to the situation is presented in Figure 2-5.  

 

Figure 2-5  Basic geometry of an interferometric SAR system 

Here it can be seen that the slant range from the given target region is different for observations made from 
passes 1 and 2 and basic physics informs us to expect a regular pattern of fringes whose spatial frequency 
on the determined surface can be calculated for the particular separation that exists between the two 
passes.  Deviations from the pattern expected for the defined surface are then attributed to the height of 
observed features above or below the defined surface. 

In order for the process work successfully, the spatial resolution of the observing system has to be 
sufficiently small that the  phase shift across each resolution cell does not itself cycle through more than π 
radians, otherwise it becomes impossible to provide an unambiguous phase measurement.   

Predictions of performance when operating in interferometric mode are listed in Table 2-3. 

Repeat period 3 day repeat 4 day repeat 6 day repeat 

 (683.2 km) (656.6 km) (630.3 km) 

Critical baseline 15 km  -  40 km 15 km  -  40 km 15 km  -  40 km 

Optimum baseline 3 km  -  8 km 3 km  -  8 km 3 km  -  8 km 

Relative height error (3km baseline) 1 m  -  2 m 1 m  -  2 m 1 m  -  3 m 

Post spacing          (3km baseline) 6 m 6 m 6 m 

Ambiguous height (3km baseline) 10 m  -  60 m 10 m  -  60 m 10 m  -  60 m 

Table 2-3  Performance predictions for inteferometric modes at various altitudes 
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2.5   Mission Applications 

UNSW have solicited responses from a wide spectrum of potential users of SAR derived, earth observation 
data but have received only one quantitative response from that community, namely from Professor Rocco  
Panciera of the CRC for Spatial Information who has provided very useful guidance on User Requirements 
for observations to support the determination of soil moisture levels in the Murray Darling basin 

Nevertheless, although the responses to UNSW’s solicitation produced few detailed responses, the general 
indication was that the measurement of soil moisture over agricultural areas is a key application and would 
be of great benefit to Australia.  UNSW research has therefore made use of the quantitative guidance 
provided by Panciera for the Murray Darling Basin to generate a requirement specification that indicates a 
need for at high spatial and radiometric resolutions..   

Additional Applications identified as potential Applications that are expected to be of commercial and 
political value to Australia are the wider uses of data derived from space based SAR that have already been 
established globally, specific examples of which include 

• forest change detection in support of REDD (detecting clear cutting of forests)  

• biomass density determination 

• flood and disaster monitoring,  

• maritime surveillance for fishery policing and for security 

both within Australia and globally.   

However, whereas there is strong academic advice to the definition of quantitative  requirements for radar-
based  determination of soil moisture, such direct support is absent from these other potential applications.  
Therefore,  the derivation of SAR instrument requirements has been based on external research, learned 
papers, and an element of common sense, the results of which are assembled in the following sections. 

2.6   Primary Mission Application; Monitoring of soil moisture of agricultural areas 

The key Application for GARADA is the monitoring of soil moisture in agricultural areas and the Murray 
Darling Basin (MDB) has been highlighted as a key area of interest for this Application. This requirement 
drives the system to generate quad-polar L-Band imagery. L-band is required to minimize the effects of 
surface roughness and overlying biomass in determining soil moisture.  

2.6.1   Mission Requirements for monitoring of soil moisture 

The underpinning science associated with the monitoring of soil moisture take note that the soil moisture 
signal is affect also by signals associated with both surface roughness and incidence angle. The following 
requirements have been placed on the mission and its elements in order that it may satisfactorily deliver a 
soil moisture product 

revisit period 

Monitoring of the soil moisture signal has been confirmed with the science adviser as a requirement to 
provide complete images of the whole MD basin every 2-3 days.  This is coupled with a requirement for 
observations at a finer spatial resolution with an update rate of around 2 weeks to monitor the associated 
surface roughness signal.  

Incidence angle range 

While initially placing the incidence angle range between 20° and 40°, subsequent discussion with the 
science advisor identified that the 20° constraint on inner incidence angle was recommended on an 
expectation that the soil moisture signal could be contaminated by ambiguous returns from the nadir region. 
It was also made clear that if the ambiguous nadir return could be contained then a strong soil moisture 
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signal is available to be measured at smaller angles and 10° was declared to be acceptable, with the caveat 
that the nadir return can be contained. 

It was also made clear that observations at the far incidence angle have been proven to be acceptable and 
that 40° should be adopted as a baseline position.  However, although the situation at greater incidence 
angles is less well proven, separation of the surface roughness signal might be achievable at greater angles 
and with that caveat, the potential may exist to make useful observations out to 50°. 

spatial resolution 

The soil-moisture Application calls for an ability to distinguish between the radiometric characteristics of 
‘ground area parcels’ of a size no larger than 1000m x 1000m at  the specified revisit rate, with more 
detailed observations, ideally on the order of 100m x 100m to enable extraction of the surface roughness 
signal.  The soil moisture signal changes at a rate that demands the specified revisit period, while the 
surface roughness signal although requiring the finer spatial resolution, needs updates only at the slower 
rate.   

The potential exists to provide 1-look imagery at range resolutions between 11m at near incidence to 4m at 
far incidence (generally seeking to be consistent with a working maximum transmit bandwidth of 80MHz) 
and azimuth resolutions that in stripmap mode, can be as fine as 7m. The potential then exists to improve 
radiometric resolution at the cost of degraded spatial resolution to the level required to adequately measure 
the surface roughness signal.  

the need for a large number of looks at each parcel drives the basic spatial resolution required of the SAR 
instrument itself to be around 4m.   

radiometric resolution 

Radiometric resolution is very important in the monitoring of soil moisture. It is expected that around 600 
statistically independent looks are required to provide the ability to distinguish between parcels whose 
reflectivities differ by 6% when making observations to monitor the soil moisture component within the 
received SAR signal over parcels no larger than 1000x1000m.            

An issue that is still to be determined is, if part of the observation sequence is specifically focussed on 
measurement of the surface roughness signal, what spatial and radiometric resolutions would be needed 
and what could be the maximum tolerable period over which the make repeat measurements.  Currently, the 
science requirement calls for 2 weeks. 
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2.7   Requirements on the space segment to service the soil moisture Application 

Requirements on the space segment are driven primarily by the need to image the MD basin every 2 – 3 
days, and constraining the viewing incidence angles to be within a 10° to 40° range.  The incidence angle 
range constrains the satellite to provide swaths in the region of 300km to 400km as can be seen in Table 
2-4 where the widths of swaths covering 10° to 40° incidence are reported as a function of altitude. 

Altitude Swath Width 

500 km 298 km 

550 km 325 km 

600 km 351 km 

650 km 376 km 

700 km 401 km 

Table 2-4  Swath with for incidence angle range (10° - 40°) versus altitude 

Analysis of the coverage provided by even the largest of these swath from a satellite in a 3 day repeating 
orbit (Sun synchronous; altitude 683 km; swath 393 km) shows that a single satellite cannot provide the total 
coverage required. Rather, looking at the two images presented in Figure 2-6 it is evident that a 6 day 
repeating orbit is needed to achieve near total coverage (Sun synchronous; altitude 630 km; swath 366 km). 

  

Sun synchronous; altitude 683 km; swath 393 km Sun synchronous; altitude 630 km; swath 366 km 

Figure 2-6  Coverage from 3 day and 6 day repeating orbits (swaths  10° to 40°) 

 

Sun synchronous; altitude 630km; swath 400 km 

Figure 2-7  Coverage from 3 day and 6 day repeating orbits (swaths  10° to 42°) 
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Further analyses show that in order to achieve total coverage from the 630km associated with a 6 days 
repeat period, the swath needs to increase in width to 400km.  That increase can be achieved either by 
increasing the far incidence angle from 40° to 42°,  or by reducing the near incidence angle to 6.7°, or by 
some combination of the two.   

Considering these options from the perspective of SAR operation, increasing the far incidence view angle is 
perhaps a little more attractive than reducing the near incidence angle which leads to a substantially coarser 
spatial resolution across track, although both can be achieved satisfactorily by the radar.  If the science 
advice is not decisive in one direction or the other, then Astrium would recommend the path that uses the 
larger far incidence angle. 

Perhaps the most important finding from these analyses, having established the impact of the incidence 
angle constraint,  is that the only way remaining to achieve even a 3 day repeat observation period, is to 
double the number of satellites. 

2.7.1   Consequences of simultaneously meeting the 3 day revisit and 10° - 40° inc angle constraints 

Coverage of MD basin can be achieved with 1 satellite within the constraint of  3 days revisit period 
and 10° - 40° incidence angle range by operating the satellite from much higher altitudes but the 
SAR radiometry is totally inadequate  

Finally, analyses presented in Figure 2-8 have established that an orbit height of at least 2351km is needed 
to achieve total coverage within the incidence angle constraints of 10°to 40°.  However, even with the large 
antenna area proposed for the GARADA SAR, the radar is (completely) unable to achieve satisfactory 
performance over the required 10° to 40° incidence angle range in quad-pol mode  (although, for interest,  it 
just achieves coverage in single-pol mode).  Therefore, we continue to find ourselves driven to the need for 
2 satellites in order to meet the soil-moisture mission requirement. 

  
Sun synchronous; altitude 1845 km; swath 872 km Sun synchronous; altitude 2005 km; swath 925 km 

  

  
Sun synchronous; altitude 2351 km; swath 1032 km Sun synchronous; altitude 2537 km; swath 1084 km 

Figure 2-8..Coverage between 10° and 40° from 3 day repeating orbits as a function of higher altitudes 
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2.7.2   Summary of requirements on coverage and revisit 

 

Parameter Value Mission 
Requirement 

Comment 

Repeat period 6 days 3 days Compliant with a 2 satellite 
constellation 

Number of satellite  2  2  to provide 3 day repeat coverage 

Obit type Sun-synchronous   

Orbit height 630.6 km   

Incidence angle (near) 10.0° 10.0°  

Incidence angle (far) 42.1° 40.0° Minor non-compliance 

Swath width 400 km  Driver to instrument 

Table 2-5  Summary of achievable requirements on coverage and revisit 

 

2.7.3   Discussion of radiometric and associated spatial resolution issues 

Given that the SAR instrument will be designed to provide the required access and revisit capabilities from 
the nominal orbit height, it is further tasked with providing a capability to discriminate between parcels of 
land whose reflectivities differ by only 6%. This ability is a function of both spatial resolution and noise on 
the received echo signal caused by instrument noise, scene noise (speckle) and the amount of incoherent 
averaging that can be achieved. These aspects fall under the general heading of radiometric resolution but 
involve the spatial resolution capability of the instrument in so far as it affects the amount of averaging that 
can be achieved. 

A distinction is made between parcel area and the area of the fundamental resolution cells provided by the 
instrument. While the former may well be in the range 100m x 100m  to 1km x 1km,  the ultimate resolution 
cell size produced by the instrument has the dimensions   7.5m in azimuth (antenna-length / 2)  and an 
incident angle dependent value ranging from 30m at 10° incidence to 8 m at 40°. 

Achievement of more accurate estimates of reflectivity at the parcel size level is accomplished by averaging 
the measurements of echo signal strength for each of the active resolution cells associate with the parcel.  
Each such reflectivity estimate is given the label, ‘look’ and the resulting,  more accurate estimate is given 
the name ‘radiometric resolution’.   

In the SAR community, radiometric resolution γ  is calculated using the expression; 

 
LS

S+
+=

1
1γ   where S = instrument signal to noise ratio   and    L = number of  looks 

Based on this expression and noting the soil moisture science requirement for a radiometric resolution of 6%  
(which the SAR community identifies as 0.25dB), the number of looks required of the SAR system changes 
as a function of the working signal to noise ratio has been tabulated in Table 2-6    
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(dB) ( % ) (dB) ( % ) ( % ) (dB) ( % )

1 4.77 200.0% 3.68 133.3% 3.22 110.0% 3.01 100.0%

3 3.33 115.5% 2.48 77.0% 2.14 63.5% 1.98 57.7%

10 2.13 63.2% 1.53 42.2% 1.30 34.8% 1.19 31.6%

30 1.35 36.5% 0.95 24.3% 0.79 20.1% 0.73 18.3%

100 0.79 20.0% 0.54 13.3% 0.45 11.0% 0.41 10.0%

300 0.47 11.5% 0.32 7.7% 0.27 6.4% 0.24 5.8%

450 0.39 9.4% 0.26 6.3% 0.22 5.2% 0.20 4.7%

600 0.34 8.2% 0.23 5.4% 0.19 4.5% 0.17 4.1%

1000 0.27 6.3% 0.18 4.2% 0.15 3.5% 0.14 3.2%

1110 0.25 6.0% 0.17 4.0% 0.14 3.3% 0.13 3.0%

3 dB

Signal to Noise Ratio
No of 

Looks
0 dB >> 10dB10 dB

 

Table 2-6  Radiometric resolution versus SNR and Looks 

It is useful to inspect the variation of γ  with bandwidth for a SAR specification in which range resolution 
remains fixed but the number of looks increases with bandwidth while the sensitivity decreases. 

We can write the basic SNR of the system as  
B

a
S =   and the number of looks as  BbL =  

Substituting into the expression for γ we see that γ can be expressed as 

Bb
B

a
B

a
+

+=
1

1γ  

Differentiating γ with respect to B we see that 





−=

BaBbdB

d 11

2

1γ
 

 

and that this has a minimum when a  =  B 

Now, when we substitute for  a   in the expression of SNR, we see that the minimum (best) value of 

radiometric resolution is achieved when SNR is equal to unity.  This informs us that in order to achieve the 
best performance from the SAR in terms of its ability to service the soil moisture task, we should aim to find 
the value of bandwidth for which the radar SNR falls to 0 dB, with the proviso that the bandwidth should 
remain within the allocated for space radar operation at L-band. 

Reviewing now, the values presented in Table 2-6, it can be seen that the achievement of 6% / 0.25dB 
radiometric resolution calls for around 1100 looks at 0dB SNR. 

2.7.4   Discussion of the impact of ambiguities on radiometric performance 

The previous section has described how the multilooking process enables discrimination between parcels of 
similar reflectivity with 0.25dB as the goal level.  In this section we consider the error in assignment of 
reflectivity values to a parcel caused by the presence of additional echo power from regions that are 
ambiguous with the parcel. 
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Let the following parameters be used in the assembly of a quantitative understanding of how ambiguities will 
influence the accuracy with which measurements can be made. 

σ0A  reflectivity of the background features that will introduce ambiguous power 
into the target cell measurement 

σ0T reflectivity of the target cell 

AR distributed range ambiguity ratio 

Aaz distributed azimuth ambiguity ratio 

NEσ0 system noise floor expressed in terms of the observed scene 

S measured signal magnitude 

ε error in S caused by the presence of power from ambiguities 

 

The effect of ambiguous power is to provide an increase in the signal measured compared with what would 
have been measured had there been no ambiguous power. 

The measured signal is given by  

AazART AAS 000 σσσ ⋅+⋅+=  

and the relative error introduced into the measurement is given by  

T

AazART AA

0

000

σ

σσσ
ε

⋅+⋅+
=  

It is interesting now to examine the impact of ambiguities in a typical case. 

The reflectivity of a typical vegetated scene when viewed at around 40° incidence in L-band is given as 
around  -17dB m

2
/m

2
.   The calculation of ambiguity ratio conducted within SARtool sums the ambiguous 

weighted reflectivities (powers) from all ambiguous regions and forms the ambiguity ratio ‘A’  as the ratio 
between this and the reflectivity of the desired target region.   

In this analysis, we make the assumption that the reflectivity of the ambiguous region is the same as that of 
the target region so that the error expression resolves itself to  

azR
azR AA

AA
++=

++
= 1

1

1
ε  

with AR and Aaz   as the dominant error terms. 

Thus, we see that for ambiguity ratios at the various levels predicted for the baseline instrument                                             
(6 day repeat with 2 phased satellites, from 630 km altitude) with a worst case error of 1.5%. 

Swath 
Identifier 

Ambiguities (dB) 

Range                 Azimuth 

Relative    error 

( % )                          (dB) 

SS1 -23.4 -22.2 1.06% 0.05 

SS2 -26.6 -21.6 0.91% 0.04 

SS3 -23.1 -23.9 0.90% 0.04 

SS4 -21.2 -21.5 1.47% 0.06 

SS5 -23.0 -23.9 0.91% 0.04 

SS6 -23.0 -21.4 1.23% 0.05 

Table 2-7  Impact of range and azimuth ambiguities on relative errors for 6day repeat orbit 
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However, for cases where strong effort has been made to provide the wider coverage needed to support 
coverage of the whole of the Murray Darling Basin, within a shorter repeat period (4 days)  than the 6 day, 2 
satellite baseline, then the impact of ambiguities is seen to be more significant.  Here, although the error 
over most of the swath is around 1%,  control of ambiguities over the two outer sub-swaths is difficult and 
the associated error rises to around 3.5% 

 

Swath 
Identifier 

Ambiguities (dB) 

Range                  Azimuth 

Relative    error 

( % )                     (dB) 

SS1 -34.6 -28.8  0.17% 0.01 

SS2 -21.4 -29.6 0.83% 0.04 

SS3 -20.0 -29.3  1.12% 0.05 

SS4 -21.0 -30.5  0.88% 0.04 

SS5 -20.0 -32.6  1.05% 0.05 

SS6 -20.0 -33.8 1.04% 0.05 

SS7 -21.5 -37.5 0.73% 0.03 

SS8 -20.1 -32.5 1.03% 0.04 

SS9 -20.0 -35.9 1.03% 0.04 

SS10 -15.0 -30.6 3.25% 0.14 

SS11 -14.6 -28.4 3.61% 0.15 

Table 2-8  Impact of range and azimuth ambiguities on relative errors for 4day repeat orbit 

 

It is however, interesting to place these ambiguity induced errors into the context of the bound on 
radiometric accuracy which the science requirement sets at 6%.   If we take the radiometric accuracy budget 
as the sum of both the speckle induced uncertainty and the ambiguity induced bias, then in most cases we 
argue that the radiometric resolution requirement should be constrained to 4.5% for the baseline system  
and to 2.5% for the two outer subswaths of the 4 day repeat case. 

Now, when these percentages are expressed in the decibel units which are the language of radar systems, 
it can be seen that  6% is equivalent to 0.25dB,  4.5% is equivalent to 0.19dB,   and 2.5%  is equivalent to 
0.11dB.   

 

2.7.5   Affect of background reflectivity on range ambiguities 

There is a considerable difference between the reflectivities of a typical ocean background and a typical 
vegetated background.  When imaging the Murray Darling basin we are striving to measure the reflectivity of 
the vegetated scene and have an interest in the characteristics of features that will be introduced into our 
image as ambiguous features. 

Typical reflectivities for vegetated and ocean backgrounds are presented in    where it can be seen that in 
the near nadir region, and particularly, when very close to nadir, the ocean reflectivity is some 3 orders of 
magnitude brighter than the scene we wish to image. This leads us to two distinct approaches.  In the first 
case, the mission we should aim to arrange imaging ‘takes’ with geometries that place the nadir track over 
land rather than ocean, and in the alternative case where the nadir track has to contact the ocean, we 
should use excitations specifically designed to mitigate the nadir return. 
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Figure 2-9  L-band reflectivity profiles for ocean  and vegetation 

 

 

Typical results showing the impact on range ambiguities of a viewing geometry that simply places the nadir 
track over the ocean, when using an antenna excitation profile designed for use against a vegetated 
background are presented in Figure 2-10 where the ambiguities associated with an inappropriate ocean 
background are shown.  Also shown, but greyed out, are the much better ambiguity levels associated with a 
vegetated background for with the excitation was designed:  the degradation between the two ambiguity 
sources is apparent. 
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Figure 2-10  Comparison of range ambiguities with optimised excitations for an ocean background 
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If however, the antenna excitation is optimised for use against an ocean background, the performance is 
improved,  but is still poor as can be seen in Figure 2-11 below. 
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Figure 2-11  Comparison of range ambiguities with optimised excitations for an ocean background 

 

 

The message from these results is that care must be taken when selecting viewing geometries to arrange, 
where possible, for the nadir track to avoid the ocean.  
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2.8   Orbits and coverages 

The baseline mission seeks to provide 3 day repeat visits to the whole of the Murray Darling basin using 2 
satellites, each flying in 6 day repeating orbits, and both viewing the basin from geometries where the 
incidence angle range lies between 10° and 40°.   

The analyses conducted indicate that if the observations are limited to only one direction e.g. left side 
looking, ascending passes, then a swath of 400km width is needed and to achieve this, the incidence angle 
range will need to be increased either by extending the far incidence angle 42.1°,  or  reducing the near 
incidence angle to 6.7°.  

The analyses have also shown ( Figure 2-12 ) that the use of imaging to the left or right hand side of the 
satellite flight vector, although resulting in different image build-up sequences, has little effect on overall 
coverage. However, an important feature of viewing to the right or left of the trajectory is the adverse impact 
of nadir returns on acquired imagery when the nadir track lies over the ocean.   

Therefore the choice of viewing geometry needs to be carefully considered when viewing the MD basin.  
Examples showing the build up of coverage  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-12  Ascending and descending passes in the context of the Murray Darling basin 
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Observation opportunities on day 1 looking to Right and Left hand sides of the trajectory 

 

RHS  

   

LHS  

 

Observation opportunities on day 2 looking to Right and Left hand sides of the trajectory 

RHS  LHS  

 

Observation opportunities on day 3 looking to Right and Left hand sides of the trajectory 

RHS  LHS  

 

Observation opportunities during a  3 day re[pat cycle looking to Right and Left hand sides of the trajectory 

RHS  LHS  

 

 

 
V01_00

                                 28 
Annex 3. Radar System Specification

 
30th June 2013



 

 

GARADA                                       
SAR Payload Specification 

GAR-PP-ASU-SY-0001 
Issue 1 

Page 28 of 124 

 

Company Registration No. 2449259 
Registered Office:  Gunnels Wood Road, Stevenage, Hertfordshire, SG1 2AS, UK 

TK3.3 SAR System Specification Final Issue.doc 

 

Observation opportunities on day 1 looking to LHS and RHS with ascending and descending passes 

RHS  LHS  

 

Observation opportunities on day 2 looking to LHS and RHS with ascending and descending passes 

RHS  LHS  

 

Observation opportunities on day 3 looking to LHS and RHS with ascending and descending passes 

RHS  LHS  

 

Observation opportunities during a 3 day repeat  looking to LHS and RHS with  asc and desc  passes 

RHS  LHS  

Total swath extent for a 600km swath is from 10° to 51.7° (non-compliant) 

Figure 2-13  Build up of 3 day repeat coverage with 1 satellite and 600km wide swaths  
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2.9   Impacts of revisit rate 

The mission requirements for soil moisture monitoring summarised earlier include a driving requirement of 
2-3 days (48-72 hours) for the revisit interval between the acquisition of complete images of the whole of the 
Murray Darling basin.  Additionally, the images acquired at the successive 2 -3 day intervals need to be 
acquired from the same viewing geometry which means that they cannot be acquired, one from an 
ascending pass and the other from a descending.  Rather, the acquisitions must be taken from viewing 
geometries where the angular separation is less than 10°.   This can be conveniently interpreted as a 
requirement on the satellite that it fly a strictly repeating orbit so that the angular separation between viewing 
geometries to given locations is zero.  This interpretation poses no particular difficulty to the satellite but 
additionally, offers the potential of repeat pass interferometric pairs to, for instance, flood monitoring 
Applications and to the estimation of  above ground biomass density. 

Assuming initially, a mission comprising a single satellite, revisit rate and the assumption of a need for 
contiguous coverage on a global scale has an immediate bearing on the span required of observations 
made by the satellite. Equatorial crossings present the widest spacing between passes from a satellite in a 
Sun synchronous (polar inclination) orbit. For the 630km SSO envisaged for the GARADA mission that 
spacing is typically around 2700 km at the equator.  In  1 day repeating orbit, this would imply a need for 
swath coverage from the radar of 2700 – which is almost at the horizon and unrealistic for a SAR sensor.  
Following a similar argument, a 2-day repeat period would allow the coverage swath to decrease to 1350km,  
a 3-day repeat to 900km which is becoming more realistic for a SR sensor, a 6-day repeat to 450km which 
is quite realistic, and so on. 

Noting how the basic constraints derived from revisit periods define a requirement on the access capability 
for the SAR instrument, analysis of the performance of the instrument in terms of its ability to provide 
imagery at adequately low ambiguity levels indicates how the instrument must be sized to meet those 
revisit-derived access capabilities. 

The dominant parameter that degrades with increasing incidence angle is range ambiguity ratio, and this is 
limited by the antenna area.  Additionally, the requirement for quad-polar operation significantly reduces the 
reach available using an antenna of given area, since the PRF is doubled (halving the spacing of ambiguous 
returns compared with single-polar operation) and also because the weak wanted cross-polar echoes are 
corrupted by strong co-polar echoes from ambiguous locations.  These factors drive the antenna size up 
even more.   

Furthermore, if the satellite is over ocean when imaging the area of interest, the range ambiguity 
performance will be further degraded due to the high reflectivity of the ambiguous ocean returns coming 
from close to Nadir, thus demanding an even larger antenna.  Fortunately, the geography of the Murray 
Darling Basin offers a way to avoid this further increase in antenna size, by constraining imaging to right-
sided only on ascending passes, and left/right viewing only being allowed on descending passes.  With 
these constraints, the radar is hardly ever over ocean when imaging the MDB. 

A preliminary analysis shows that with a 394km swath spanning 20 - 47° incidence, a mean coverage revisit 
interval of 40.8 hours is achieved based on the above constraint to avoid imaging when over the ocean.   
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Figure 2-14 Access opportunities in 6 days with 394km swath width (20-47° incidence) 

Ascending passes, right sided viewing 

 

 

Figure 2-15 Access opportunities in 6 days with 394km swath width (20-47° incidence) 

Ascending passes, left sided viewing 
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Figure 2-16 No of images (coverage) in 6 days with 394km swath  
(20-47° incidence) avoiding ocean at Nadir 

Descending passes, left sided viewing 

 

These are the swaths that would be used to provide quad polar observations of the MD basin every 3 days 
from the same viewing perspective when coordinated with an additional identical SAR satellite.  

Noting that the descending passes form the core of what could be an operational sequence, the ascending 
passes are then available to be used to make different observations in different modes at different locations 
within the MD basin. 

Impact of different revisit periods 

The previous discussion focussed on the capabilities brought from a constellation of 2 satellites, each in a 6 
day repeating orbit and each separated from the other by 3 days, so that the constellation is able to provide 
complete reimaging of the MD basin with a 3 day update period.  Because the ground track of one satellite 
overlays that of the other, every 3 days, it follows that the constellation is able to provide repeat pass 
interferometric data sets with a 3 days separation – which restricts the impacts of surface vegetation 
changes (decorrelation) on coherence between the two images.    

Additionally, and because each satellite flies in a 6 days repeating orbit, each individual satellite is capable 
of providing repeat pass interferometric pairs. 

This section investigates techniques to provide a more rapid update than 6 days.   

 

 

Impact on the SAR instrument 

The width of individual swaths available to a space SAR instrument in low earth orbit and operating in quad 
polar mode are restricted by ambiguity constraints to relatively narrow widths, typically 40 to 50km and 
cannot be extended in the simple Stripmap mode, to the much wider swath needed to ensure 6 day repeats 
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with 2 satellites. Instead, the instrument must be operated in a ScanSAR mode so that individual “glimpses” 
can be made to successive swaths enabling the build-up of a much wider total swath, but at the expense of 
correspondingly coarser resolution in the along track (azimuth) direction. 

Two distinct types of ScanSAR mode can be employed; conventional  and  TOPS.   

In the conventional mode, the radar beam is directed make glimpse for a brief period successively to each 
sub-swath and satellite motion is then used to establish the set of samples needed to provide azimuth 
resolution.  This approach leads to an image profile in which a sensitivity profile is imposed on each glimpse 
image corresponding to the gain profile of the radar beam in azimuth.  This is called scalloping and its 
impact can be mitigated by taking a number of overlapping glimpses to each sub-swath, but at the cost of 
further degradations in azimuth resolution. 

A somewhat different approach is adopted in the TOPS mode.  Here, observations are made to a set of 
contiguous swaths to provide the required wide total swath, but the glimpse structure needed to mitigate 
scalloping is organised differently. Rather than provide a number of separate glimpse observations to each 
sub-swath, the glimpse period is prolonged and organised to image a glimpse region whose length is 
appreciably greater than that of the azimuth beam footprint.  This is achieved by scanning the radar beam in 
the azimuth direction during each glimpse period so that every point in the glimpses is viewed by the whole 
of the azimuth beam.  The consequence of this is that each point is viewed at the same sensitivity, 
scalloping is effectively eliminated, and the basic along track spatial resolution is not degraded by the 
needed to make multiple observations of each point, as is the case with conventional ScanSAR mode. 
However, establishing the appropriate timings and scan-rates is more complicated. 

Given the objective of achieving an image quality level corresponding to ~ 600 looks  over 1000m x 1000m 
parcels  and across a number of sub-swaths (later analyses will show a need for 8 sub-swaths), we have to 
establish specifications for range and azimuth spatial resolutions.  The constraints on azimuth resolution 
imposed by the TOPS mode require that it be kept at a value somewhat greater than ~ 65m so that the  

The maximum tolerable azimuth steering angle needs to be maintained at a value such the magnitude of the 
first grading lobe be maintained better than 20dB below the peak of the main beam  - this constrains the 
maximum steering angle to 1.6°  for the  4-element array which is now the basic building block of the  
GARADA phased array antenna.  The identification of 1.6° as the maximum steering angle couples with the 
8 sub-swath TOPS mode to point to an achieved azimuth spatial resolution of 87m enabling the 
achievement of 11.5 looks in azimuth and leaving 52.2 looks to be achieved in the range direction. This 
corresponds to a requirement for an ultimate range resolution of 19.2m. 

Although these values are specific, there is some reasonable latitude enabling rounding of the spatial 
resolution requirements to say 90m in azimuth to 18m in range  giving 600 looks    or  100m x 16m giving    
625 looks. 
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2.10   Summary  performances and coverages 

The data presented in the following sections has been extracted from results predicted using Astrium 
proprietary SAR design software, ‘SARtool’.  Performance has been predicted for various implementations 
of ScanSAR, designed to produce swaths of various widths suited to achieving observations of the whole of 
the Murray Darling basin within three different revisit periods, 6 days, 4 days and 3 days. 

The results have been assembled in 3 sections, each complete with the following; 

 

• A table listing the result of iterative processes to determine what swath width is needed to provide 
total coverage of the Murray Darling basin and also illustrating the impact on the coverage 
achievable when total swath is subjected to incidence angle constraints related to soil moisture 
science  

• A table listing of the applicable SAR system parameters and the altitude from which the 
observations would be made, 

• A table listing the observation parameters and spatial resolution for each sub-swath of the 
associated ScanSAR sequences  

• A table listing the performance achieved in each sub-swath expressed in terms of sensitivity 

(NEσ0), range and azimuth ambiguities, the TOPS ScanSAR azimuth steering amplitude, and 
individual glimpse duration. 

• A table presenting the radiometric resolution likely to be achieved in each sub-swath for both co 
and cross polar background reflectivity profiles, and for parcel sizes of 100m x 100m  and 500m x 
500m. 

 

A feature common to each set of sub-swaths is the azimuth resolution achievable.  Operating the radar in 
TOPS ScanSAR mode requires the radar beam to be scan not just in the elevation direction as required to 
direct the beam towards each sub-swath, but also in the azimuth direction so that each point in each 
glimpse sees the whole of the azimuth beam.  This azimuth scanning enables elimination of the scalloping 
that degrades imagery acquired in conventional ScanSAR modes.  However, the implementation of 4 
element sub-arrays within the antenna causes the range of azimuth scanning available for use in the TOPS 
mode to be restricted and attempts to scan beyond about 2° away from the antenna mechanical boresight  
progressively introduces grating lobes and degradations in the antenna gain.  The scan induced gain 
variations progressively re-introduce the scalloping that the TOPS mode seeks to avoid. 

2° has therefore been taken as the maximum acceptable off-boresight angle for azimuth scanning. 
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2.10.1   GARADA BASELINE     6 day repeating orbit 

Summary of radar parameters and performance for 6 day repeating orbit 

6 day repeating orbit 

Repeat 
period  

(days) 

N orbits / 
repeat 
period 

Orbit 
altitude 

(km) 

Orbit 
Inclination 

(deg) 

Incidence 
angle near  

(deg) 

Incidence 
angle  far 

(deg) 

Swath width        
for MD basin 

(km) 

MD basin 
covered ? 

6 days 89 630.3  97.895° 10.0°  40.0° 

 

366 

      
ALMOST 

Left side looking, ascending passes 

Full quad polar,   ambiguities < -20dB 

6 days 44 683 98.108° 10.0°  42.1° 

 

400 

YES  Left side looking, ascending passes 

Full quad polar,   ambiguities < -20dB 

6 days 44 683 98.108° 6.7° 40.0° 

 

400 

YES  Left side looking, ascending passes 

Full quad polar,   ambiguities < -20dB 

 

6 day repeating orbit 

Radar Instrument parameters  Radar Instrument parameters 

Orbit Height 630 km  Antenna dimension 15.5m azimuth x  3.9m elevation 

Radar frequency 1218 – 1297 MHz  Phase centres 22 azimuth x 22 elevation 

Band                 
Wave length 

L-band                                                     
0.23 m 

 Radiating elements 
per phase centre 

4 arranged as a linear array in 
azimuth 

PRF 1400 – 2500 Hz  Element spacing 0.74λ azimuth x 0.74λ elevation 

Polarisation Single, quad, compact  Peak Tx power per 
phase centre 

16 W 

Operating modes Stripmap, TOPS ScanSAR  Tx duty ratio 5% 

Look direction Left  and Right  (tbc)  Tx losses 1 dB 

Range resolution 4m  - 11m  (single look)  Rx losses 1 dB 

Azimuth resolution 7 m          (single look, stripmap) 

60 m        (TOPS ScanSAR)  

 Rx noise figure 2.5 dB 
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6 day repeating orbit 

 

Swath 
Identifier 

Near Far PRF Tx 
Bandwidth 

Resolution 
Near Range Incidence 

angle 
Ground 
Range 

Incidence 
angle 

Ground 
Range 

SS1 10.0° 101.0 km 20.1° 208.7 km 2394 Hz 80  MHz 11 m 

SS2 20.0° 207.6 km 26.0° 277.3 km 2328 Hz 72.2 MHz 6 m 

SS3 25.8° 274.7 km 31.0° 339.1 km 2469 Hz 69.9 MHz 5 m 

SS4 30.6° 334.4 km 35.3° 397.8 km 2327 Hz 74.7 MHz 4 m 

SS5 35.0° 394.0 km 38.6° 446.4 km 2471 Hz 66.3 MHz 4 m 

SS6 38.5° 444.7 km 42.3° 503.6 km 2317 Hz 61.1 MHz 4 m 

 

 

 

Swath 
Identifier 

NEσσσσ0  Ambiguities TOPS Scan 
angle off 
borsight 

Glimpse 
dwell time 

Range Azimuth 

SS1 -29.4 dB -23.4 -22.2 1.9° 9896 ms 

SS2 -31.1 dB -26.6 -21.6 1.8° 983 ms 

SS3 -33.9 dB -23.1 -23.9 1.7° 990 ms 

SS4 -31.8 dB -21.2 -21.5 1.7° 997 ms 

SS5 -32.9 dB -23.0 -23.9 1.6° 1005 ms 

SS6 -32.3 dB -23.0 -21.4 1.6° 1013 ms 

 

 

      Co-polar radiometric resolution     Cross-polar radiometric resolution 

Swath 
Ident 

Inc 
angle 

Rng 
Resn 

NEσσσσ0         
(db) 

σσσσ0 VV  

(dB) 

SNR 

(dB) 

γ at 
100m  

(dB) 

γ at 
500m  

(dB) 

σσσσ0 VH  

(dB) 

SNR 

(dB) 

γ at 
100m  

(dB) 

γ at 
500m  

(dB) 

SS1 10.0° 11 m -29.4   -7.0 22.4 1.13 0.25 -22.8 6.60 1.34 0.30 

SS2 20.0° 6 m -31.1 -12.1 19 0.87 0.19 -24.2 6.90 1.02 0.22 

SS3 25.8° 5 m -33.9  -14.7 19.2 0.80 0.17 -25.0 8.90 0.88 0.19 

SS4 30.6° 4 m -31.8  -16.3 15.5 0.73 0.16 -25.7 6.10 0.87 0.19 

SS5 35.0° 4 m -32.9  -17.4 15.5 0.73 0.16 -26.4 6.50 0.86 0.19 

SS6 38.5° 4 m -32.3  -17.7 14.6 0.74 0.16 -26.8 5.50 0.90 0.19 

parcel sizes 100m x 100m  and  500m x 500m   

Table 2-9  Radiometric resolution ( γ )  for 6 day repeating orbit (630 km altitude)   
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2.10.2   OPTION  1  FOR FIRST SATELLITE   4 day repeating orbit 

Summary of radar parameters and performance for 4 day repeating orbit 

4 day repeating orbit 

Repeat 
period  

(days) 

N orbits / 
repeat 
period 

Orbit 
altitude 

(km) 

Orbit 
Inclination 

(deg) 

Incidence 
angle near  

(deg) 

Incidence 
angle  far 

(deg) 

Swath width        
for MD basin 

(km) 

MD basin 
covered ? 

4 days 59 656 98.000° 10.0°  40.0° 379 

NO  

Left side looking, ascending passes 

Full quad polar,   ambiguities < -20dB 

4 days 59 656 98.000° 10.0°  40.0° 379 

 
NEARLY 

Left side looking, ascending and descending passes 

Full quad polar,   ambiguities < -20dB 

4 days 59 656 98.000° 10.0° 46.8° 500 

NO  

Left side looking, ascending passes 

Full quad polar,   ambiguities < -20dB 

4 days 59 656 98.000° 10.0° 46.8° 500 

 
ALMOST 

Left side looking, ascending and descending passes 

Full quad polar,   ambiguities < -20dB 

4 days 59 656 98.000° 10.0° 51.7° 600 

YES  

Left side looking, ascending passes 

Full quad polar,   ambiguities < -15dB 

 

Radar Instrument parameters  Radar Instrument parameters 

Orbit Height 656 km  Antenna dimension 15.5m azimuth x  3.9m elevation 

Radar frequency 1218 – 1297 MHz  Phase centres 22 azimuth x 22 elevation 

Band                 
Wave length 

L-band                                                     
0.23 m 

 Radiating elements 
per phase centre 

4 arranged as a linear array in 
azimuth 

PRF 1400 – 2500 Hz  Element spacing 0.74λ azimuth x 0.74λ elevation 

Polarisation Single, quad, compact  Peak Tx power per 
phase centre 

16 W 

Operating modes Stripmap, TOPS ScanSAR  Tx duty ratio 5% 

Look direction Left  and Right  (tbc)  Tx losses 1 dB 

Range resolution 4m  - 11m  (single look)  Rx losses 1 dB 

Azimuth resolution 7 m         (single look, stripmap) 

110m      (TOPS ScanSAR)  

 Rx noise figure 2.5 dB 
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4 day repeating orbit 

Swath 
Identifier 

Near Far PRF Tx 
Bandwidth 

Resolution 
Near Range Incidence 

angle 
Ground 
Range 

Incidence 
angle 

Ground 
Range 

SS1 10.0° 104.8 km 18.7° 201.0 km 2372 Hz 80  MHz 10 m 

SS2 18.7° 200.9 km 25.8° 284.7 km 2257 Hz 79.0 MHz 6 m 

SS3 25.7° 283.1 km 30.8° 349.5 km 2571 Hz 70.3 MHz 5 m 

SS4 30.6° 346.9 km 35.2° 410.3 km 2262 Hz 74.7 MHz 4 m 

SS5 35.0° 408.7 km 38.8° 465.0 km 2361 Hz 66.3 MHz 4 m 

SS6 38.7° 463.2 km 42.1° 520.1 km 2246 Hz 60.9 MHz 4 m 

SS7 42.0° 517.5 km 44.2° 556.4 km 2361 Hz 56.9 MHz 4 m 

SS8 44.1° 554.0 km 46.8° 605.1 km 2262 Hz 54.7 MHz 4 m 

Total swath covered   500 km   azimuth resolution  80m 

 

Swath 
Identifier 

NEσσσσ0   
(db) 

Ambiguities (dB) TOPS Scan 
angle off 
borsight 

Glimpse 
dwell 
time 

Tx 
Bandwidth 

Resolution 
Near Range 

Range Azimuth 

SS1 -29.2  -34.6 -22.5 2.0° 768 ms 80  MHz 10 m 

SS2 -29.9  -21.4 -20.0 1.9° 773 ms 79.0 MHz 6 m 

SS3 -29.6  -20.0 -24.6 1.9° 778 ms 70.3 MHz 5 m 

SS4 -30.8  -21.0 -20.0 1.8° 784 ms 74.7 MHz 4 m 

SS5 -32.8  -20.0 -22.3 1.7° 790 ms 66.3 MHz 4 m 

SS6 -34.0  -20.0 -19.7 1.7° 796 ms 60.9 MHz 4 m 

SS7 -37.3  -21.5 -22.4 1.6° 802 ms 56.9 MHz 4 m 

SS8 -32.4  -21.0 -20.2 1.6° 807 ms 54.7 MHz 4 m 

Total swath covered   500 km    azimuth resolution  80m 

      Co-polar radiometric resolution     Cross-polar radiometric resolution 

Swath 
Ident 

Inc 
angle 

Rng 
Resn 

NEσσσσ0         
(db) 

σσσσ0 VV  

(dB) 

SNR 

(dB) 

γ at 
100m  

(dB) 

γ at 
500m  

(dB) 

σσσσ0 VH  

(dB) 

SNR 

(dB) 

γ at 
100m  

(dB) 

γ at 
500m  

(dB) 

SS1 10.0° 10 m -29.2   -7.0 22.2 1.09 0.24 -22.8 6.40 1.30 0.29 

SS2 18.7° 6 m -29.9  -12.1 17.8 0.87 0.19 -23.2 6.70 1.02 0.23 

SS3 25.7° 5 m -29.6  -14.7 14.9 0.82 0.18 -25.0 4.60 1.04 0.23 

SS4 30.6° 4 m -30.8  -16.3 14.5 0.74 0.16 -25.7 5.10 0.91 0.20 

SS5 35.0° 4 m -32.8  -17.4 15.4 0.73 0.16 -26.4 6.40 0.86 0.19 

SS6 38.7° 4 m -34.0  -17.8 16.2 0.73 0.16 -26.8 7.20 0.84 0.18 

SS7 42.0° 4 m -37.3  -18.4 18.9 0.72 0.15 -27.3 10.00 0.78 0.17 

SS8 44.1° 4 m -32.4  -18.5 13.9 0.74 0.16 -27.7 4.70 0.93 0.20 

parcel sizes 100m x 100m  and  500m x 500m   

Table 2-10  Radiometric resolution ( γ )  for 4 day repeating orbit (656 km altitude)   
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600km coverage from 656 km altitude (4 day repeat) 

The following tables report the characteristics of a sub-swath set designed to provide a 600km total swath 

Swath 
Identifier 

Near Far PRF Tx 
Bandwidth 

Resolution 
Near Range Incidence 

angle 
Ground 
Range 

Incidence 
angle 

Ground 
Range 

SS1 10.0° 104.8 km 18.7° 201.0 km 2372 Hz 80  MHz 10 m 

SS2 18.7° 200.9 km 25.8° 284.7 km 2257 Hz 79.0 MHz 6 m 

SS3 25.7° 283.1 km 30.8° 349.5 km 2571 Hz 70.3 MHz 5 m 

SS4 30.6° 346.9 km 35.2° 410.3 km 2262 Hz 74.7 MHz 4 m 

SS5 35.0° 408.7 km 38.8° 465.0 km 2361 Hz 66.3 MHz 4 m 

SS6 38.7° 463.2 km 42.1° 520.1 km 2246 Hz 60.9 MHz 4 m 

SS7 42.0° 517.5 km 44.2° 556.4 km 2361 Hz 56.9 MHz 4 m 

SS8 44.1° 554.0 km 46.8° 605.1 km 2262 Hz 54.7 MHz 4 m 

SS9 45.8° 585.4 km 47.7° 621.5 km 2183 Hz 53.1 MHz 4 m 

SS10 47.6° 620.6 km 49.6° 662.6 km 2290 Hz 51.5 MHz 4 m 

SS11 49.6° 660.0 km 51.7° 706.0 km 2063 Hz 50.0 MHz 4 m 

Total swath covered   600 km  azimuth resolution  110m 

 

4 day repeating orbit 

Swath 
Identifier 

NEσσσσ0 (db) Ambiguities (dB) TOPS Scan 
angle off 
borsight 

Glimpse 
dwell time 

Tx 
Bandwidth 

Resolution 
Near Range 

Range Azimuth 

SS1 -28.8 dB -34.6 -22.5 2.1° 580 ms 80  MHz 10 m 

SS2 -29.6 dB -21.4 -20.0 2.1° 583 ms 79.0 MHz 6 m 

SS3 -29.3 dB -20.0 -24.7 2.0° 588 ms 70.3 MHz 5 m 

SS4 -30.5 dB -21.0 -20.2 1.9° 592 ms 74.7 MHz 4 m 

SS5 -32.6 dB -20.0 -22.4 1.9° 596 ms 66.3 MHz 4 m 

SS6 -33.8 dB -20.0 -19.6 1.8° 601 ms 60.9 MHz 4 m 

SS7 -37.5 dB -21.5 -22.2 1.8° 605 ms 56.9 MHz 4 m 

SS8 -32.5 dB -20.1 -20.4 1.7° 608 ms 54.7 MHz 4 m 

SS9 -35.9 dB -20.0 -18.2 1.7° 611 ms 53.1 MHz 4 m 

SS10 -30.6 dB -15.0 -21.1 1.6° 614 ms 51.5 MHz 4 m 

SS11 -28.4 dB -14.6 -15.7 1.6° 618 ms 50.0 MHz 4 m 

Total swath covered   600 km   azimuth resolution  110m 
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4 day repeating orbit 

      Co-polar radiometric resolution     Cross-polar radiometric resolution 

Swath 
Ident 

Inc 
angle 

Rng 
Resn 

NEσσσσ0         
(db) 

σσσσ0 VV  

(dB) 

SNR 

(dB) 

γ at 
100m  

(dB) 

γ at 
500m  

(dB) 

σσσσ0 VH  

(dB) 

SNR 

(dB) 

γ at 
100m  

(dB) 

γ at 
500m  

(dB) 

SS1 10.0° 10 m -28.8  -7 21.8 1.13 0.25 -22.8 6.00 1.37 0.31 

SS2 18.7° 6 m -28.7 -12.1 17.5 0.87 0.19 -24.2 5.40 1.08 0.24 

SS3 25.7° 5 m -28.6  -14.7 14.6 0.82 0.18 -25 4.30 1.05 0.23 

SS4 30.6° 4 m -28.8  -16.3 14.2 0.74 0.16 -25.7 4.80 0.93 0.20 

SS5 35.0° 4 m -29.6  -17.4 15.2 0.73 0.16 -26.4 6.20 0.87 0.19 

SS6 38.7° 4 m -30.8 -17.7 16.1 0.73 0.16 -26.8 7.00 0.84 0.18 

SS7 42.0° 4 m -33.3 -18.4 19.1 0.72 0.15 -27.3 10.20 0.78 0.17 

SS8 44.1° 4 m -33.8 -18.5 14 0.74 0.16 -27.7 4.80 0.93 0.20 

SS9 45.8° 4 -32.6 -18.6 17.3 0.73 0.16 -27.8 8.10 0.82 0.18 

SS10 47.6° 4 -39.2 -18.7 11.9 0.76 0.16 -28.2 2.40 1.08 0.24 

SS11 49.6° 4 -28.0 -18.9 9.5 0.79 0.17 -28.5 -0.10 1.34 0.30 

100m x 100m  and  500m x 500m   

Table 2-11  Radiometric resolution ( γ )  for 3 day repeating orbit (683 km altitude) 
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2.10.3   OPTION 2 FOR FIRST SATELLITE   3 day repeating orbit   

Summary of radar parameters and performance for 3 day repeating orbit  

3 day repeating orbit 

Repeat 
period  

(days) 

N orbits / 
repeat 
period 

Orbit 
altitude 

(km) 

Orbit 
Inclination 

(deg) 

Incidence 
angle near  

(deg) 

Incidence 
angle  far 

(deg) 

Swath width        
for MD basin 

(km) 

MD basin 
covered ? 

3 days 44 683 98.108° 10.0°  40.0° 379 

NO  

Left side looking, ascending passes 

Full quad polar,   ambiguities < -20dB 

3 days 44 683 98.108° 10.0°  40.0° 379 

NEARLY  
Left side looking, ascending and descending passes 

Full quad polar,   ambiguities < -20dB 

3 days 44 683 98.108° 10.0° 46.8° 500 

NO  

Left side looking, ascending passes 

Full quad polar,   ambiguities < -20dB 

3 days 44 683 98.108° 10.0° 46.8° 500 

ALMOST  
Left side looking, ascending and descending passes 

Full quad polar,   ambiguities < -20dB 

3 days 44 683 98.108° 10.0° 51.7° 600 

YES  

Left side looking, ascending passes 

Full quad polar,   ambiguities < -15dB 

 

Radar Instrument parameters  Radar Instrument parameters 

Orbit Height 683 km  Antenna dimension 15.5m azimuth x  3.9m elevation 

Radar frequency 1218 – 1297 MHz  Phase centres 22 azimuth x 22 elevation 

Band                 
Wave length 

L-band                                                     
0.23 m 

 Radiating elements 
per phase centre 

4 arranged as a linear array in 
azimuth 

PRF 1400 – 2500 Hz  Element spacing 0.74λ azimuth x 0.74λ elevation 

Polarisation Single, quad, compact  Peak Tx power per 
phase centre 

16 W 

Operating modes Stripmap, TOPS ScanSAR  Tx duty ratio 5% 

Look direction Left  and Right  (tbc)  Tx losses 1 dB 

Range resolution 4m  - 11m  (single look)  Rx losses 1 dB 

Azimuth resolution 7 m         (single look, stripmap) 

110m      (TOPS ScanSAR)  

 Rx noise figure 2.5 dB 
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3 day repeating orbit  

Summary of radar parameters and performance for 3 day repeating orbit 

Swath 
Identifier 

Near Far PRF Tx 
Bandwidth 

Resolution 
Near Range Incidence 

angle 
Ground 
Range 

Incidence 
angle 

Ground 
Range 

SS1 10.0° 108.6 km 17.0° 188.0 km 2637 Hz 80  MHz 11 m 

SS1a 16.9° 186.3 km 23.1° 261.0 km 2618 Hz 58.3 MHz 9 m 

SS2 23.0° 259.9 km 28.4° 284.7 km 2905 Hz 78.0 MHz 5 m 

SS3 28.2° 326.9 km 32.9° 391.3 km 2574 Hz 64.4 MHz 5 m 

SS4 32.8° 389.9 km 35.9° 435.3 km 2692 Hz 70.3 MHz 4 m 

SS5 35.7° 433.2 km 39.4° 491.5 km 2577 Hz 65.2 MHz 4 m 

SS6 39.3° 489.5 km 42.0° 536.4 km 2667 Hz 60.1 MHz 4 m 

SS7 42.0° 535.6 km 44.0° 572.5 km 2433 Hz 56.9 MHz 4 m 

SS8 43.9° 569.8 km 46.0° 608.9 km 2323 Hz 54.9 MHz 4 m 

SS9 45.8° 605.8 km 47.6° 641.8 km 2470 Hz 53.1 MHz 4 m 

SS10 47.5° 639.8 km 49.36° 675.9 km 2290 Hz 51.5 MHz 4 m 

SS11 49.2° 673.9 km 50.8° 709.9 km 2063 Hz 50.3 MHz 4 m 

Total swath covered   600 km  azimuth resolution  120m 

 

3 day repeating orbit 

Swath 
Identifier 

NEσσσσ0 (db) Ambiguities (dB) TOPS Scan 
angle off 
borsight 

Glimpse 
dwell time 

Tx 
Bandwidth 

Resolution 
Near Range 

Range Azimuth 

SS1 -28.8  -23.5 -24.9 2.1° 535 ms 80  MHz 11 m 

SS1a -26.8 -21.1 -24.9 2.0° 538 ms 58.3 MHz 9 m 

SS2 -29.3 -20.0 -25.2 2.0° 541 ms 78.0 MHz 5 m 

SS3 -30.4  -20.0 -24.7 1.9° 545 ms 64.4 MHz 5 m 

SS4 -29.9  -20.4 -25.0 1.9° 548 ms 70.3 MHz 4 m 

SS5 -31.8  -20.0 -24.8 1.8° 552 ms 65.2 MHz 4 m 

SS6 -30.6 -18.9 -25.0 1.8° 556 ms 60.1 MHz 4 m 

SS7 -32.5 -20.6 -23.5 1.7° 559 ms 56.9 MHz 4 m 

SS8 -30.3 --20.7 -21.6 1.7° 562 ms 54.9 MHz 4 m 

SS9 -29.0 -17.4 -24.0 1.6° 565ms 53.1 MHz 4 m 

SS10 -31.4 -19.0 -19.4 1.6° 568 ms 51.5 MHz 4 m 

SS11 -29.5 -19.0 -17.8 1.6° 571 ms 50.3 MHz 4 m 

Total swath covered   600 km  azimuth resolution  120m 
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3 day repeating orbit 

Swath 
Ident 

Inc 
angle 

Rng 
Resn 

NEσσσσ0         
(db) 

σσσσ0 VV  

(dB) 

SNR 

(dB) 

γ at 
100m  

(dB) 

γ at 
500m  

(dB) 

σσσσ0 VH  

(dB) 

SNR 

(dB) 

γ at 
100m  

(dB) 

γ at 
500m  

(dB) 

SS1 10.0° 11 m -28.8  -7 21.8 1.13 0.25 -22.8 6.00 1.37 0.31 

SS!a 16.9° 9 m -26.8  -11.2 15.6 0.88 0.19 -23.7 3.10 1.23 0.27 

SS2 23.0° 5 m -29.3 -13.9 15.4 0.88 0.19 -24.5 4.80 1.11 0.25 

SS3 28.2° 5 m -30.4  -15.8 14.6 0.82 0.18 -25.3 5.10 1.01 0.22 

SS4 32.8° 4 m -29.9  -16.9 13 0.75 0.16 -26.0 3.90 0.98 0.21 

SS5 35.7° 4 m -31.8  -17.4 14.4 0.74 0.16 -26.4 5.40 0.90 0.20 

SS6 39.3° 4 m -30.6 -18.0 12.6 0.75 0.16 -26.9 3.70 0.99 0.22 

SS7 42.0° 4 m -32.5 -18.3 14.2 0.74 0.16 -27.3 5.20 0.91 0.20 

SS8 43.9° 4 m -30.3 -18.5 11.8 0.76 0.16 -27.6 2.70 1.05 0.23 

SS9 45.8° 4 m -29.0 -18.6 10.4 0.77 0.17 -27.9 1.10 1.20 0.27 

SS10 47.5° 4 m -31.4 -18.7 12.7 0.75 0.16 -28.1 3.30 1.01 0.22 

SS11 49.2° 4 m -29.5 -18.8 10.7 0.77 0.17 -28.4 1.10 1.20 0.27 

Table 2-12  Radiometric resolution ( γ )  for parcel sizes 100m x 100m  and  500m x 500m   
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2.11   Secondary Mission Applications 

2.11.1   Forest re-growth and monitoring of illegal logging 

Monitoring of illegal logging and forest re-growth are also Applications of interest. These Applications 
require a sufficiently fine texture detail in the imagery. Clearly the shorter the revisit interval the better for 
detection of illegal logging. However the system will be designed to the resolution and revisit requirements 
of the primary soil moisture Application. 

 

2.11.2   Land-use classification and mapping 

Land-use classification and mapping are also Applications requiring finer resolutions of around 3-6m. They 
do not impose a strong driver on revisit interval. 

 

2.11.3   Flood monitoring and water body detection 

The use of a second identical spacecraft in along track formation allows the use of Along Track 
Interferometry to reliably detect water in a scene. This method has been demonstrated by 
TerraSAR/TanDEM-X with the flooding in Pakistan. This method will have application to measuring flooding 
within the MDB for hydrological Applications, and also for emergency response  for flooding in populated 
areas. Water body detection is a useful application after an earthquake when temporary damming of water 
can lead to flooding hazards. 

 

2.11.4   Maritime surveillance 

Surveillance of maritime areas, particularly around Australia’s Northern coast, is another attractive use of 
spaceborne SAR data. This Application is not a major driver on choice of band, but does require a wide 
swath width (100’s of km) if it is to be of practical use. However, observations made at L-band will encounter 
appreciably smaller values of sea clutter than observations made at higher frequencies. 

Various techniques for achieving a wide swath can be considered, including ScanSAR mode and a special 
low PRF maritime surveillance mode. 

 

2.12   Any additional Derived Requirements to service Secondary Missions 
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3.   SYSTEM ARCHITECTURE 

3.1   Possible overall satellite configuration 

This section captures the overall architecture of the SAR system including  the instrument and the 
associated image formation processing. However, in order to place the instrument is a possible satellite 
configuration, two distinct overall spacecraft concepts have been assembled for illustration.  These satellite 
concepts are drawn from work completed by Astrium as part of the European Space Agency’s  BIOMASS 
studies, and cover Super Snapdragon and conventional multi-panel deployments from a “conventional”  
satellite and are as follows 

3.1.1   Super-Snapdragon 

The payload-platform interactions  include the normal platform interfaces, with the structural accommodation 
being particularly significant.  The Snapdragon architecture provides a simple implementation of the 
payload/platform combination, wherein the antenna is shared equally between two symmetrical and handed 
halves of the spacecraft and as shown in  
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Figure 3-1  Super Snapdragon in stowed configuaration 
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Figure 3-2  Super Snapdragon in deployed configuration  

 

  

  

Figure 3-3  Outline diagrams of Astrium’s TerraSAR-L configuration 
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Figure 3-4  Super Snapdragon deployment sequence 
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3.1.2   Conventional configuration 

An antenna with a configuration of the type in the centre of Figure 3-5 needs two different types of 
deployment hinges (not shown) to allow one half of the antenna to deploy to each side of the platform.  This 
is similar to the type shown on the left hand side where in effect, both concepts result in antenna wings 
similar in extent to that of ASAR.  The configuration shown on the right-hand is that used by Radarsat-1, 
using a deployment truss structure.   

Antenna deployment with a conventional configuration is likely to be as, and possibly more, complex than 
with the super Snapdragon configuration and the provision of RF feeds to the side panels is likely to raise 
some design issues. 

At first sight, the conventional configuration does not appear to provide a particularly attractive route to a 
lower cost solution than the super Snapdragon route. 

 

 

 

Figure 3-5  SAR Antenna Accommodation on Conventional Spacecraft 
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3.2   Overall system breakdown  

The overall system comprises significantly more than the radar instrument flying in space. Overall, the 
system includes  

• definition of the performance characteristics required of the radar  

• definition of the radar instrument that will be carried on the satellite 

• the overall satellite including both the platform and the radar instrument,  

• selection of the orbit from which the satellite will perform  its imaging activity 

• the means of launching the satellite into orbit,  

• satellite commanding and control from the ground including the reception of and reaction to, 
telemetry from the satellite,  

• scheduling, prioritising, and commanding, imaging activities in the context of both on-board 
resources of data storage and DC power, and also ground receive station activities 

• processing of received echo data into useable image formats 

• extraction of information from the processed images using algorithms suited to specific applications 

This report focuses on the radar instrument component of the system and its associated characteristics. 

 

3.2.1   Operating Frequency 

The operating frequency has been defined as a mission requirement to be L-band.  This frequency is well 
suited to the monitoring of soil moisture, vegetation, assessment of modest levels of above ground biomass, 
as well as a wide range of other environmental remote sensing tasks including maritime applications. 

An allocation has been granted by WARC for radar observations of the Earth within the frequency band;  

1215 MHz  to  1300MHz 

3.2.2   Operating modes 

A primary decision confirmed during the meetings of December 2011 is that the system design should 
provide a capability for imaging in Stripmap and Scansar modes and have the capability of transmitting and 
receiving in both H and V polarisations. 

Anticipating that the radar will need to take account of Faraday rotation (see section 4 and Annex A), the 
radar will need to be able to collect cross–polar echo signals at adequate sensitivity levels.  This will be a 
critical driver towards the implementation of either an on-board means of compensating Faraday rotation, or 
full quad polar operation.  Recent guidance from UNSW indicates that full quad polar operation is now 
mandatory. 

In addition to these generic modes of operation, the radar must also be capable of operating over maritime 
environments to enable the imaging of small ships in littoral regions, and larger vessels in the deep ocean 

3.2.3   Revisit requirement (1 spacecraft) :  

Option 1 : 7 day repeat with no holes from 44N to 44S  (tropical rainforest + Australia) 

Option 2 : 10 day repeat with no holes from 67N to 67S tropical rainforest + Australia + southern ocean 
border security 
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3.3   Radar instrument sub-system breakdown 

The GARADA instrument comprises either three major subsystems if on-board Faraday rotation 
compensation is implemented, or two major systems if full quad polar operation is implemented as the only 
route to faraday rotation compensation.  In the latter case, FR compensation will be implemented as a part 
of the ground processing activity.  However, although quad-pol operation enables the mitigation of FR and is 
a well proven technique, it provides a major drive to the area required of the radar antenna, effectively 
doubling it compared with that needed for non-quad polar operation.   

Given the mandate that the GARADA SAR should have full quad-polar operating capability, it will implement 
an antenna of large area and will have the capability to image in “standard” modes at viewing geometries 
significantly further away from the nadir, thus increasing the width the regions to which it will have access.  
However, the imagery thus acquired will still be susceptible to Faraday rotation, so that the need for some 
form of compensation may continue (if uncontaminated cross-polar echo data is required). 

At the time of writing, this need remains as an issue to be resolved.  

Thus the three major subsystem have been identified in Figure 3-6 as  

• antenna sub-system 

• central electronics sub-system 

• Faraday rotation compensation sub-system 

 

Figure 3-6  Gross break-down of the radar instrument into sub-system 

3.3.1   Faraday rotation compensation 

Noting the recent Team decision that the GARADA radar will be designed to enable full quad polar 
operation over a range of incidence angles from 20° to 40°, the need for on-board Faraday rotation 
compensation may not exist. However, it has been noted by the team that the large area of antenna needed 
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to enable acceptable ambiguity levels when operating in full quad polar mode, would enable access to a 
considerably wider range of incidence angles if operating in standard SAR mode. 

In this wider region, beyond 40° incidence, the need may or may not exist for data acquisitions to be 
corrected for the impact of Faraday rotation.  If Applications exist that do need such correction then the need 
for the FR compensation computer will continue to exist. 

However, at this stage in the evolving design process, no such requirement has been identified and it is 
therefore recommended that consideration of the FR computer bediscontinued. 

3.3.2   Antenna 

The antenna was being designed based on the use of single radiating elements, each excited and controlled 
through its own dedicated electronics package.  However, recent analyses have shown that it will be more 
efficient in terms of electrical power demand from the platform, to associate each dedicated electronics 
package with a linear sub-array comprising 4 radiating elements and that this structure will now comprise 
the basic front end element. 

It is envisaged that the basic element will comprise; 

• an overall structure to accommodate the RF radiating sub-array and drive PCB 

• RF radiating sub-array,  

• PCB carrying  

o a unique identifier to enable appropriate addressing  

o two HPA chips (each providing  8W O/P power) for RF signal generation 

o phase shifters and hybrids to provide Tx polarisation plane selection  

o solid state switches to provide multiplexing between Tx and Rx functions 

o 2 LNAs to define system noise level in the 0° and 90° polarimetric channels 

o 2 programmable Rx phase shifters  

o 2 programmable Rx gain control elements (attenuators) 

o low level control functions to enable control of the commandable parts of the PCB 

o facilities to provide interfaces between central electronics for DC power, Tx drive,  dual Rx 
channels, and some form of digital bus to enable control of the PCB 

Elements of this type will then be mounted onto the panels that will comprise the bulk of the antenna in a 
form such that it can be embarked onto the satellite, and stowed for launch.  

The overall antenna structure will provide feed networks to enable communication between the central 
electronics and the antenna. 

 

3.3.3   Central electronics 

The central electronics sub-system comprises 4 major parts, a timing generator driven from an ultra stable 
reference oscillator, the Tx signal generation and amplification chain, and two independent receive chains 
one for the 0° channel, the other for the 90° channel. 
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4.   FARADAY ROTATION COMPENSATION SUB-SYSTEM 

It is expected that the radar will operate to serve the User/science community by collecting  VV  and/or  HH 
signals. While this is a straightforward task at higher frequencies than L-band,  at L-band, propagation 
through the Earth’s ionosphere couples with the Earth’s magnetic field to cause rotation of the plane of 
polarisation of both the transmitted pulse and the corresponding echoes. This phenomenon is called 
Faraday Rotation (FR).   The effects of Faraday Rotation on SAR images has been discussed by Professor 
Shaun Quegan of Sheffield University, and his account of these effects are presented in Annex A  to provide 
the reader with a clear understanding of the phenomenon. 

4.1.1   Discussion 

The results shown in Annex A  indicate that TEC and the corresponding Faraday rotation exhibit some 
general trends (rapid sunrise enhancement, significantly greater values during the day than at night) 
together with site-specific and temporally varying features. The limited dataset we have used suggests a 
degree of regularity at a given location which may be exploited to predict and correct the Faraday rotation. 
However, it would be wise to acquire longer datasets from a greater variety of sites before accepting this 
tentative conclusion. In particular, the event at Caussols on January 4 indicates the need for caution. At L 

band it gives rise to only a 4° increase in Faraday rotation, but this would correspond to 40° at P band. It 
should be noted that no significant magnetic disturbance, as indicated by the Ap index, accompanied this 
enhancement (Xiaoqing Pi, private communication). Much larger disturbances in TEC are common near the 
equator, but with effects on Faraday rotation mitigated by the lower latitude. 

Perhaps the most important aspect of the study presented in Annex A is not the particular set of results 
shown for two mid-latitude stations, but its illustration of the type of data available from the GPS network and 
its relevance to this problem. The availability of near real-time global TEC maps would allow SAR images to 
be corrected for Faraday rotation effects as part of the processing chain (probably after formation of the 
complex images). An evaluation of this approach requires further investigation of the access rights to the 
data and the quality of the data in regions of strategic interest. Both of these entail dialogue with the GPS 
Networks and Ionospheric Systems Development Group at JPL. 

4.1.2   Summary 

i)  An analytic treatment of Faraday rotation under the simplifying assumptions of coincident geographic 

and geomagnetic poles and a dipole magnetic field has been developed. This provides insight into the 
factors controlling Faraday rotation at the expense of completeness of description, and should be seen 
as complementary to the more comprehensive treatment given in Wheadon (1998).  

 
ii)  Calculations of Faraday rotation have been carried out using TEC data from the global GPS network for 

two mid-latitude stations. These indicate both regularities and spatial /temporal variations in behaviour. 
The calculations are for a baseline system configuration but are readily scalable to other configurations 
using (16) and (17). For the adopted L band system, the maximum value of Faraday rotation was less 

than 20°, rising to ~27° as the look angle increases to 60° and the orbit declination was increased to its 
maximum value for the Caussols data. A P band system would give rise to values approximately a 
factor 10 greater.  

 
iii)  Assessment of Faraday rotation behaviour at a wider range of locations, including some in the 

equatorial zone, is recommended. 
 
iv) The mechanisms for obtaining near real-time TEC data from the global GDS network need to be 

established, together with the implications of such data for correction of spaceborne SAR imagery.  
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4.2   Compensation for the polarimetric contamination caused by Faraday Rotation 

A key feature that has been observed for SAR observations of regions populated by distributed scatterers, is 
that the correlation between co and cross echo streams is, on average, zero.  This finding is regularly used 
to enable determination and the correction of FR in L-band imagery. To enable this correction to be made, 
current space-based L-band SARs implement a coherent quad polar reception capability. Given the 4 
distinct channels of coherent echo data (HH, HV, VV and VH) acquired in this mode of operation, it is 
possible to apply matrix rotations to the data and from the results of such rotations, to determine that 
particular rotation for which the correlation between co and cross channels falls to zero and thus, correct the 
perturbation introduced by FR, and determine the particular angle through which the echo stream has been 
rotated on the propagation path.  

The retrieval of applications data is dependent on the ability to make accurate measurements of reflectivity 
magnitudes. Rotation of the plane of polarisation causes signals that are expected to be available for 
measurement in one channel to appear in the orthogonal channel so that the magnitude measured in the 
desired channel is smaller. This introduces errors into the information extraction process   Additionally, for 
those applications where the measurement of cross-polar signals is important, the presence of strong co-
polar signals resulting from FR can become a severe contaminant.  Therefore it is important to the Garada 
project, that means be implemented to mitigate this deleterious process. 

The quad polar mode of operation is implemented by interleaving transmit pulses of alternate polarity.  This 
effectively yields two interleaved but separate echo data streams, each of which has to be sampled at the 
PRF associated with normal SAR operation. However, the interleaving of these two streams causes the 
transmission of pulses at twice the normal PRF.  This makes the radar much more susceptible to range 
ambiguities, and in particular, to the appearance of co-polar returns from one channel of Tx polarity into the 
cross-polar channel of the opposite Tx orthogonality.  Given the encroachment of range ambiguities, the 
only technique available for their control is refinement of the width of the radar beam in elevation. Thus, the 
provision of coherent quad polar operation is a major driver to the area required of the SAR antenna – which 
is undesirable for the proposed low-cost GARADA radar. 

Astrium have designed and patented a new and different way of achieving the both the knowledge required 
to correct for FR and its on-board correction without the need to implement coherent quad polar operation 
and the associated large antenna. 

4.3   Principles of operation 

The method of FR compensation proposed for the Garada mission is an implementation of the Astrium 
patent and operates by analysing the level of cross-polar contamination of signals in the orthogonal receive 
channels, determining the angle through which FR is causing polarisation plane rotation, and electronically 
rotating the plane of polarisation of the transmitted pulse as generated at the antenna such that FR ensures 
that the Tx signal arrives at the surface in a singular H or V state.   

The key issue for this mode of operation is how to determine the required plane of polarisation so that when 
the pulse traverses the ionosphere it plane of polarisation will be rotated appropriately, rather than how to 
implement the desired rotation. The method relies on the same fundamental properties of a scene 
composed of distributed scatterers as does the well proven method of derotating quad polar data sets, 
namely that the mean correlation between signals reflected into the co-polar and cross-polar channels is 
zero. 

4.3.1   Basic approach to on-board Faraday Rotation compensation 

The following analysis provides a mathematical illustration of the various propagation stages associated with 
space radar in order to outline its behaviour.  The illustration takes as its example, a vertically polarised 
radar pulse (the analysis would be equally valid for a horizontally polarised radar pulse) and shows how 
measurement of the mean of the correlation products between H and V channels changes monotonically 
from a (positive) value when the value calculated for FR is too large, through zero at the selected value of 
FR is correct, to a (negative) values when the value calculated for FR is too small.   This characteristic is 
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exactly what is needed to provide negative feed back into a control loop that can be placed around the 
whole of the antenna and receive chain to ensure that the radar always operates in such a way as to ensure 
that FR is appropriately compensated. 

The various propagation stages associated with space radar include: 

• emission of a radar signal pulse,  

• passage through the ionosphere towards ground,  

• interaction with and scattering of an echo signal from ground,  

• passage of that echo signal through the ionosphere back towards the radar,  

• reception of the echo signal at the radar antenna 

The Earth’s atmosphere has no impact on Faraday Rotation and is therefore omitted from the analysis. 

Assumptions and terminology 

 the horizontal axis of the space radar is parallel to the horizontal on the ground. 

 angle through which radar signal is rotated relative to vertical     ψ 

 the rotation angle caused by Faraday Rotation         θ 

 the emitted radar signal      
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h









  

 amplitude of transmitted radar signal        v0 

 ground reflectivity       
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 the echo signal scattered from the ground   
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 the echo signal received at the radar receiver   
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 estimated co cross signal after derotation of echo signal  
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The sequence of operations is as follows. A signal of amplitude v0  is generated in the central electronics 

and applied to the polarisation plane rotation electronics in each radiating element.  Here, if the drive signal 
is regarded as a vector that, if applied to the antenna without modification, would cause a vertically polarised 
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wavefront to leave the antenna, the components of the signal leaving antenna after rotation through angle ψ 

is given by 
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The signal arriving at the ground after rotation through an angle θ  caused by Faraday Rotation as it passes 
through the ionosphere, is given by; 
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which when expanded, takes the form; 
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The echo signal scattered from ground is given by; 
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which when expanded, takes the form; 
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Remember that the object of pre-rotation of the plane of polarisation at the transmitter is to ensure that after 
propagation (and rotation) through the ionosphere, the signal arriving at the ground is polarised in a pure 
vertical (or horizontal) form. 

This scattered echo signal then traverses the ionosphere where it is rotated through a further angle θ  as it 
passes through the ionosphere, and the signals received and delivered to the (orthogonal) output ports of 
the radar antenna are given by; 
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This expands to; 
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and can be simplified to  
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Let us now consider the state that occurs when the transmit signal has been appropriately rotated  i.e.  

when ψ = θ   then the signal at ground is truly V (or H).  In this particular case, the echo signal as scattered 

at the ground simplifies to 
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The analysis presented so far, illustrates how pre-rotating the plane of polarisation can ensure that the 
signal actually illuminating at the ground  is pure H or pure V. and how this has the potential to enable 
determination of the value of FR current at the time of observation.   However, we note also that while 
scattering at the ground will yield the desired co and cross polar echoes, rotation experienced on the return 
path causes the components of the scattered co-polar echo to appear at both output ports of the antenna,  
and similarly for the weaker cross-polar signals  i.e. the signals appearing at the (orthogonal) output ports of 
the antenna consist of signals that are mixed in proportion to the current value of FR. 
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Therefore, in order to see the desired co and cross polar echo signals, the received signals have to be 

derotated by the selected rotation angle ψ after which, the derotated received signals  become the desired 

“co” and “cross” signals  given by 
v

v

co

cross









  

The task of transformation of the received echo signal into the pure co and cross forms that were scattered 

at the ground,  becomes one of a simple derotation through angle θ  

Thus, 
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However, we are still left with the task of determining the actual value of FR current during our observations. 

 

4.3.2   Method for determining the current value of Faraday Rotation 

The more detailed analysis that follows indicates how differences in estimation of the Faraday Rotation 
angle will influence the accuracy of estimation of  “co”  and  “cross” elements in the final measurement. 

The following additional parameter assignments are made in this more detailed case and include an 
estimate of Faraday Rotation angle applied to pre-rotation of transmit pulse and derotation of received 
echoes 

Thus,  the transmit signal leaving the antenna is given by; 
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After rotation through the ionosphere, this signal arrives at the ground as 
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which simplifies to  
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After scattering at the ground, and propagation through the ionosphere, the echo signal takes the form; 
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which simplifies to  
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Then after application of a derotation of the received signal streams through the angle  ψ which is our 
estimate of the current state of Faraday Rotation signal,  the system achieves a best estimate of “co” and 
“cross” polar signals scattered from the ground as shown below 
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The test for success in estimation of the amount of Faraday Rotation being experienced is then given by 
formation of the term C  which is the averaged value of the cross-correlation between the signals in the co 
and cross-pol channels after pre-rotation of Tx pulses and de-rotation of Rx echoes through the chosen 

angle  ψ.   

    
( )

C
Vest Vest

N

co cross

j

N

j j

=

=

∑ *

1

 

and the ability to select that value of pre-rotation angle  ψ  that causes C to be zero. 

When this summation is calculated for some given, fixed but unknown, value of Faraday rotation and then 

calculated for various values of pre-rotation angle,  the value of C is seen to change monotonically from a 

distinct (positive) value, through zero, to a distinct (negative) value. 

This form of signal is precisely what is needed to establish a control loop around the polarisation plane 
setting circuitry so that the control circuit seeks that value of pre-rotation angle that yields a zero value for 

the parameter, C,  and provides the fundamental service required to enable this method of Faraday rotation 

compensation. 
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4.4   Review of the need for on-board Faraday Rotation compensation  

If the benefits being brought by full quad polar operation are considered to be adequate, and operation 
beyond the 40° incidence required of full quad pol can be accomplished acceptably without FR 
compensation then the need for on-board compensation would be removed. 

This issue has been reviewed with the Team and the current decision is not to pursue the on-board FR 
compensation technique.  The rationale for the decision is that full quad polar data streams are required for 
the primary Application and the range of viewing geometries over which this data is to be collected lie within 
the capabilities of the baseline antenna system. 

If in the future new Applications are identified that call for FR compensation beyond the far incidence angles 
that restrict full quad polar operation, then the topic of on-board compensation can be re-opened. 
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5.   ANTENNA SUB-SYSTEM 

5.1   Antenna architecture 

The antenna architecture proposed for Garada is conceived to exploit the indigenous capabilities of 
Australian industry in the area of L-band semiconductor design and thereby, to establish a particularly 
innovative antenna architecture.   These semiconductor design capabilities have been developed to support 
the relatively low power levels associated with mobile phones and GPS receivers and makes the products 
rather well suited to lower power excitations at the few watts level rather than at the 10s to 100s of watts 
typically associated with current L-band instruments and concepts.  More devices are needed to provide 
adequate system sensitivity at these lower power levels a lead the overall antenna architecture towards a 
fully active configuration in which every element has its own local amplifier of RF power. 

This then leads the design towards a structure in which the principal building block is a single, active 
radiating element comprising the RF radiating element itself, circuitry to amplify a low power RF drive signal 
to the required output power level, control circuitry to interface with the radar central electronics and control 
sub-system, and means for storing the energy required for the radar pulse. and driving the rest of the 
electronics. 

However, as the design has progressed, so the analyses of candidate hardware has shown that the receive 
circuitry becomes an appreciable source of power dissipation and that additional care needs to be taken in 
the selection of HPA chips to ensure better matching of chip capability and DC/RF power conversion 
efficiently. Nevertheless the key issue is reduction of power dissipation in the receive section. Taking 
account of this feature of the original, single element design, the team has taken a decision to move away  
from the original “one per element” design to a design where each electronics assembly feeds a sub-array of 
4 elements.  This approach uses of higher power HPA chips in the transmit section – typically  8 W output 
power rather than 2 W –  so that RF power per element is the same as in the single element design.  The 
benefit in terms of overall DC – RF conversion efficiency is that instead of a need for  4 LNAs to service 
each of the 4 radiator elements of the 4 element sub-array, only one is needed.  This provides an immediate 
factor of 4 reduction in power to the receive element and also, to the ancillary electronic circuitry.   

The antenna is then structured as an assembly consisting of a mechanical structure including mechanisms 
for panel deployment and providing support for a signal, control and power distribution network, upon which, 
the individual active radiating elements are mounted. 

 

5.2   Radiating Element  (Dr M.J.Notter,  20/2/12)  

This section provides a description of the individual radiating element proposed for the L-band antenna and 
is in the process of being updated to present the results of an analysis of a 4 element sub-array The guiding 
specification for the individual radiator is as follows: 

• Frequency Band:  1215 – 1300MHz (1257MHz band centre;  6.76% bandwidth) 

• Cross Polar Level:  -25dB w.r.t. copular peak 

• Polarisation: Dual-linear (inclined at 45deg w.r.t. HP or VP) 

• Element spacing: 0.74λ  (170.8mm @ 1300MHz) 

• No. of elements in array: 432 

• Polarisation control:  Amplitude control + simultaneous co-phase 
excitation of orthogonal element ports. 

• RF power: 4W per polarisation. 
 

5.2.1   Basic design of radiating element  

An annular slot radiating element was selected due to its low profile, largely metallic outer surface and 
(typically) low-mass planar-composite internal construction.  As each array element is an individual phase 
controllable unit with integral TRM, probe feeds were used to provide a convenient RF interface to the 
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underslung electronics PCB layers.  Balanced excitation helps to produce clean, symmetric radiation 
patterns with low cross-polarisation, and so was also included.  

Small PCB radiators of this type tend to have fairly narrow operating bandwidth (e.g. 3% or so), unless 
augmented with additional stagger-tuned resonators. However, in this case, it was found that a thick 
substrate combined with the largest possible size of slot cavity, stretched the bandwidth sufficiently to yield 
better than 15dB return loss across the 6.76% band + a margin for thermal effects in orbit.  Figure 5-1 
Figure 5-2 show the general appearance of the radiating element analysis model and some key physical 
dimensions. Note that no adhesive layers have been modelled and that alternative materials for the slot 
PCB laminate may be substituted in due course.  The predicted RF performance shown in Figure 5-3, thus 
serves in a ‘proof of concept’ capacity at this stage. 

Other factors relating to the radiator design and RF characteristics are listed below:- 

• The cage of vias forming the slot cavity may be replaced by a conducting wall in practise.   

• Small changes to the dimensions of the slot cavity do not critically affect the element input 
response, since the cavity is not actually resonant within the operating band. 

• If it is not planned to have a common ground plane for the array elements, then the spaces between 
them could be filled with an electrically resistive material to prevent fields propagating to the rear 
face of the antenna.  (The simplest solution would be to seal over the joins with ‘Chofoil’ copper tape 
which has conducting adhesive). 

• The lower ground plane of the radiating element is also used as the upper ground plane of the 
Duroid tri-plate feed network.  

• The radiator feed port impedances of 25Ω were chosen to give a matched response. These may 

easily be changed to 50Ω by means of λ/4 transformers. 

• The tri-plate feed medium can also be used to route RF signals between active modules in the TRM 
itself.  Digital and DC power layers can be added to form a ‘multi functional’ PCB. 

 

5.2.2   Packaging/mounting considerations for the associated Tx/Rx functionality  

The following components will be mounted on the underside of its associated radiating element feed 
network PCB:- 

• 2-off HPAs 

• 2-off LNAs 

• 2-off Electronic switches to provide Tx – Rx multiplexing and a limiter function to protect the LNAs 

• digital phase shifters and digital attenuators, to service  Tx function, and 2 orthogonal; Rx channels 
(a) rotation of the plane of polarisation  
(b)  phase of signal propagated for beam shaping and shifting within the phased array  

• Tx input drive amplifier  

• Variable power dividers for Tx polarisation plane control. 

• Digital interface module to central electronics 

• physical interfaces for power, control (on-board power regulation?), and RF signals 
 

If the electronics can be suitably miniaturised, then a possible approach to the physical layout of the TRM is 
to mount discrete hybrid packages on the surface of a ‘multifunctional PCB (MFB)’ - this incorporating all the 
digital, RF and power routing on a number of shielded layers. Electrical access to these layers would be 
provided by ‘fuzz-buttons’, as are now commonly employed on spacecraft equipment, and plated-through 
via links.  Hybrids are RF and hermetically sealed and so, in principle, need no further EMC shielding.  

 
V01_00

                                 62 
Annex 3. Radar System Specification

 
30th June 2013



 

 

GARADA                                       
SAR Payload Specification 

GAR-PP-ASU-SY-0001 
Issue 1 

Page 62 of 124 

 

Company Registration No. 2449259 
Registered Office:  Gunnels Wood Road, Stevenage, Hertfordshire, SG1 2AS, UK 

TK3.3 SAR System Specification Final Issue.doc 

 

As the unit radiating ‘cells’ all connect to an RF combiner, TT&C module and DC power source via a lateral 
distribution chain, it is probably best to have a parallel electrical interface to keep the overall height down. 
Again, fuzz-buttons are the ideal choice for this function. 

Figure 5-4 shows a schematic representation the array element integrated with a typical sealed & shielded 
electronic device. 

Thermally induced mechanical stress on the probe pins within the foam substrate could be an issue. If that 
were to be the case, then the following three options may be considered to mitigate the issue:- 

(1) Create large holes in the foam at the probe positions so that the top 0.2mm of PCB laminate can 
flex vertically to accommodate any differential movement. 

(2) Choose a metal that is thermally matched to the foam, e.g. zinc. (Note that this is also an excellent 
conductor) 

(3) Adopt a telescopic probe assembly. Beryllium copper tubes engineered to provide a sliding 
electrical contact might be considered. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-1  Proposed array element configuration (isometric view)  
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Figure 5-2  Proposed array element configuration (plan view) 

Substrate stack details 

Radial position of feed 
probes = 18.4mm 
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Figure 5-3  Predicted Performance of Preliminary Array Element Design 
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Figure 5-4  Possible Mounting Arrangement of Active Modules  

 

5.3   Radiator excitation method 

This section addresses the process of FR compensation at two levels;  from the transmit perspective and 
then from the combined transmit and receive perspective where the multiplexing between Tx and Rx is 
addressed  

5.3.1   Transmit excitation schemes 

In order to transmit a linearly polarised wave front, the excitations applied to the orthogonal ports of each 
radiating element must be in phase with each other, despite the differences in relative magnitude that 
enable rotation of the plane of polarisation needed to enable Faraday Rotation compensation. 

Each radiating element is provided with 2 pairs of exciter pins so that the actual excitations applied to the 
antenna can be arranged to be symmetric.  The process by which excitation signals are developed can take 
two forms. In one as shown in Figure 5-5,  the relative amplitudes applied to the two ports is changed by 
changing the amplitude of the drive signals applied to each HPA. In the other as shown in Figure 5-6, 
constant amplitude drive levels are applied to each HPA  but the phase difference between the two drive 
signals is changed.  Outputs from each HPA are then taken to a 90° hybrid combiner where the sum and 
difference between the HPA outputs  appear at the output ports of the hybrid.   

The benefit of this method of operation of the excitation circuitry is that both HPAs can operate continuously 
at maximum power level and the signal combination taking place in the combiner ensures that the Tx power 
being transmitted from the radiating element remains constant at twice the power output from a single HPA.  
In the other case where the HPA drive level is varied the output power level; varies from unit power (when 
only one HPA is active to twice unit power when both HPAs operate at full power. 

The mathematics of operation of the second scheme is presented below to demonstrate that not only can 
the plane of polarisation be varied as a function of the levels presented at the output of the combiner, but 
that also, the relative phase between the two signals remains constant while the phase difference between 
the two drive signals is changed. 

Given that the use of phase shifters and a 90 hybrid enables constant power output and offers the prospect 
of better DC to RF power conversion efficiency, it is recommended as the preferred way forward. 
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5.3.2   Introduction of receive functions into the radiator drive circuitry 

In SAR systems that operate at higher power levels (10s of watts) than those proposed for the GARADA 
radiating elements (units of watts) the multiplexing agent between Tx and Rx functions is usually 
implemented in the form of a circulator with an active (or semi-active) limiter element introduced before the 
LNA input in order to protect the LNA from leakage power levels from the transmitter that may be 
encountered during the Tx pulse event.  In the GARADA system where Tx power levels are likely to be in 
the region 1 to 3 watts, it is proposed that use be made of semiconductor switches to provide both the 
multiplexing function and the limiter function.  Such switches can be conveniently implemented. 

 

 

Figure 5-5  Block diagram of HPA system enabling FR compensation with attenuators 

 

 

 

 

 

 

Figure 5-6  Block diagram of HPA system enabling FR compensation with phase shifters 
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Figure 5-7  Block diagram of the complete Tx Rx front end at individual radiator level 

 

 

 

5.3.3   Mathematical analysis of the phase-shifter approach to FR compensation  

 

 

Figure 5-8  RF paths through the phase-shifter-based FR compensation circuit 

 

The circuitry shown in Figure 5-8 highlights the voltages that will be presented at the input ports of a 90° 
hybrid combiner.  The voltages at ports  a  and   b   result from a single drive signal being presented to the 
greyed out hybrid, hybrid A, where it is divided equally into two signals of equal amplitude, separated in 
phase by 90°.  These two signals are fed to phase shifters that introduce a commandable phase differences 
between the drives to HPAs 1 and 2. 
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Two phase shifters are shown to provide symmetry  -  although this is not essential. ,  Compensation is 
required for the 90° phase shift between the two drives signals to the HPAs. This is easily handled by 
appropriate settings of the two phase shifters.  Also, further equal shifts applied to the phase shifters 
enables the phase control needed at full phased array level to enable beam shaping and steering..  
However, compensation for the 90° phase shift at the output of the second hybrid,, hybrid B, is essential 
otherwise the drive signals to the radiating element will produce a circular polarised wavefront -  not what is 
wanted!  

The phase adjustment that we are making to enable the amplitude changes needed for FR compensation 

results in the signals   a.e
iψ

 and   a e-
iψ

    being delivered to the input ports of the hybrid  where the 

signal combination process in the hybrid relates the input signals to the output signals as follows; 










+

−









−

−
=









)exp(

)exp(

1

1

2

1

ψ

ψ

i

i

i

i

v

v
 

Expanding, we see that  
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We can see that the phase of each voltage is given by  
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and that both are independent of ψ 

The respective amplitudes of each of these signals are given by  
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Then the angle through which the plane of rotation has been rotated is given by the arctangent of the ratio of 
the amplitudes of the signals at the 2 ports. 
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Results from a MATLAB program (see Annex B) that has been assembled to show the variation in 
polarisation plane as a function of the command phase angle are presented in Figure 5-9. 
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Figure 5-9  Orientation of polarisation plane versus command phase 

 

 

Noting the potential importance of this technique to the mitigation of FR and the maintenance of RF power 
for transmission, a brief examination has been commissioned to provide a full RF model of the hybrid.  This 
model is shown below in Figure 5-9 and Figure 5-10. 
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Figure 5-10  Model in ADS of the phase control approach to FR compensation 
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Results from the ADS model show a constant 90° phase shift between the output ports while seeing an 
arbitrary phase difference between input ports 

Figure 5-11  Results from ADS model  

 

5.3.4   Review of options 

Of the two alternative approaches that have been investigated, the approach based on the use of 
attenuators is straightforward to understand and would without doubt provide a means of rotating the plane 
of polarisation of the transmitted wavefront. The penalty of this method is that the RF power generation 
capability of the HPAs is not utilised to the full and is inferior to the alternative method based on phase 
shifters 

However, understanding of the alternative method based on the use of phase shifters and a hybrid combiner 
is less straightforward and has therefore been analysed in more detail.  The result of that analysis is a 
fundamental confidence that the method provides a valid way of using the HPAs continuously at full power 
regardless of the plane of polarisation commanded. 

 

5.4   Feed structure between antenna and central electronics 

Having established a valid method for producing and receiving RF power at various planes of polarisation 
and having established a viable radiating structure to propagate the required signal, the next step will be to 
design a complete antenna network. 
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6.   CENTRAL ELECTRONICS SUB-SYSTEM 

6.1   Introduction 

This document provides a design description of the Garada L-Band SAR Central Electronics Subsystem, 
based on using an L-Band variant of Astrium UK’s existing NIA product.   

 

Garada is a project being undertaken by UNSW for the Australian Government, exploring the potential for 
using formation flying SAR satellites to provide significant benefit to Australia. Astrium Ltd is part of the 
project consortium, providing SAR expertise into the programme. 

 

Since 2008, Astrium UK has been developing the key building blocks of a low cost, yet capable central 
electronics product for future spaceborne radar instruments, and this development programme, known as 
NIA (New Instrument Architecture), successfully realised a fully functional prototype in 2010.  It is now 
possible, and highly attractive, to realise flight products based on the NIA developments that can be used to 
satisfy a wide range of future SAR missions including NovaSAR-S, Biomass, CORE H20 and Garada.  In 
particular, the architecture of two digital modules (the “Chirp & Timing generator Module” and the “Digitiser 
Module”) and three RF modules has now been defined to enable a single set of flight module designs to be 
used for all of these missions, using different FPGA code where required (in the digital modules) to fulfil the 
diverse set of mission requirements.  Only one module requires significant change for implementing different 
SAR operating frequency bands. This hardware re-use approach achieves a highly cost-effective solution. 

 

This document describes the modules that are needed in the Central Electronics and explains how the NIA 
product can provide the required functionality for the Garada L-Band SAR Central Electronics. It also 
develops a suitable frequency plan and provides an analysis of mixer spurious outputs resulting from that 
frequency plan.  A preliminary signal and noise level analysis is also included, as well as estimates of mass, 
size and power consumption for the Central Electronics. 
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6.2   Central Electronics Architecture 

Figure 6-1 below shows an architectural block diagram of the Garada L-Band SAR instrument.  The Central 
Electronics Subsystem is identified. 
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Figure 6-1 Garada L-Band SAR Instrument Architecture 

 

Master Oscillator 

At the heart of the Central Electronics is the Master Oscillator.  This is a highly stable reference oscillator 
from which all other frequencies/signals are derived, in order to achieve a coherent instrument.  On NIA it is 
at 10.000MHz. Two fixed-frequency CW signals are derived from the Master Oscillator reference.  One is 
the Sample Clock which is required for timing control, transmit waveform generation, receive signal A/D 
conversion and receive digital signal processing.  The other is the local oscillator (LO) signal required for the 
up-conversion and down-conversion mixers.  Both of these CW signals are generated using a Phase-
Locked Loop in conjunction with a suitable Voltage Controlled Oscillator. 
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Timing & Control 

The Timing Control ‘engine’ is needed to control all the actions within the radar during an acquisition.  For 
example, the timing of the start of a transmit waveform, and the timing of the start of a receive signal 
sampling window.  Since a wide range of imaging modes are likely to be possible, it is attractive to have a 
general purpose generic timing control engine that enables any pattern of control signals to be implemented.  
This way the instrument is not unnecessarily constrained.  On NIA the timing control is implemented in this 
way, with a timing granularity of 100ns.  It implements a nested definition structure, with PRI definitions at 
the lowest nesting level, Sequence definitions at the next level, and Program definitions at the top level.  
This approach facilitates a wide range of mode implementations in an efficient manner. 

 

Waveform Generation 

The Transmit Waveform Generator is needed to generate the linear FM chirp waveform transmitted by the 
instrument.  On NIA, this is done using a high-speed D/A converter driven by an FPGA. The resulting 
waveform is generated at a suitable IF frequency in either the Nyquist 1 or Nyquist 2 region of the DAC 
output as required. This approach has a number of important advantages :  

• It avoids the need for a vector modulator (and the tricky phase balancing associated with it).   

• It enables a single-stage upconversion to any radar band, using an easily realisable filter for 
suppression of the LO breakthrough and unwanted sideband from the upconversion mixer. 

• It enables digital pre-distortion of the waveform to compensate for amplitude and phase distortions 
with frequency through the system, thus eliminating the need for equaliser circuits that need to be 
tuned from build to build. 

The transmit signal path in the NIA Central Electronics thus consists of the Transmit waveform generator 
just described, following by an anti-alias filter to remove energy from the unwanted Nyquist regions, 
amplification, the up-converter mixer, further amplification and finally the RF band-limiting filter (which 
removes the mixer’s LO breakthrough and unwanted output products)  

On NIA, there is also a loopback feature, which couples power from the transmit signal output back in to the 
receive path via a loopback RF switch.  This provides a useful diagnostic check capability to confirm the 
correct operation of the central electronics. 

 

Receive Signal Path 

The receive signal path in the Central Electronics must downconvert the receive echo (or calibration) signal 
from the front-end from RF down to IF, and then digitise the IF signal before performing a number of digital 
signal processing steps.  Unlike in the transmit path, the signal power in the receive path can vary 
significantly due to changes in the reflectivity of the scene from which echoes are being received, and 
because the receive path is also used to capture calibration pulses that have been through the majority of 
the front-end but have not been to the Earth’s surface and back.  As a result of this important difference 
between the transmit path and the receive path, dynamic range is a very important consideration in the 
receive path.  Dynamic range is limited by the noise floor and saturation level not only of the A/D converter 
but also of the analogue components that precede it. It is therefore very important to design the receive path 
component line-up carefully, ensuring that the dominant noise signal at the ADC input is that from the LNA 
in the front-end, that this noise signal only toggles the bottom ~1 bit of the ADC, and that it is the ADC that is 
the first element in the receive path to saturate. Many heritage SAR systems have used an 8-bit ADC, but 
modern systems are now using 10-bits or more, enabling larger dynamic ranges. 
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Receive Digital Signal Processing 

Once the IF signal has been digitised by the ADC, a number of digital signal processing steps are required 
to condition and format the signal ready for passing to the on-board store and/or the downlink.  These are : 

 

• Digital Down-conversion 

• Frequency shift (if needed) 

• Decimation Filtering 

• Compression 

• Packetisation 

• Buffering 

 

The diagram below summarises this signal processing chain as implemented in NIA. 
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The first step is digital downconversion.  This effectively frequency shifts the centre of the used Nyquist 
region to DC.   

If the used portion of that Nyquist region is not centred on the middle of the Nyquist region, then a further 
frequency shift is then required to put the centre of the used frequency band on DC.  On NIA this frequency 
shift is facilitated using a digital programmable chirp generator and a multiplier stage.  The chirp generator 
can implement a CW tone for a simple frequency shift, but can also generate a chirp enabling deramp 
demodulation to be implemented if desired.   

Once centred on DC, the signal can be filtered and decimated, reducing the sampling rate to one that just 
oversamples the signal enough, without unwanted data rate overhead.  On NIA, an oversampling ratio of 7-
15% is achievable for any used bandwidth by virtue of a flexible L/M decimation filter. 

Once filtered and decimated, further data rate reduction can be achieved by applying compression to the 
data.  A well-used technique for this compression (at Astrium) is Block-Adaptive Quantisation.  This 
technique exploits the Gaussian nature of signal distribution in SAR echoes to compress windows of 
samples by subdividing them into blocks, where each sample within the block is represented by an N-bit 
mantissa, but all values in the block share a common single exponent value.  Calibration pulses require a 
modified approach due to the different signal statistics. Compression can be typically to 2-bit, 3-bit, 4-bit, 5-
bit etc.... per I or Q value, but further intermediate values are possible by using a vector encoding scheme. 
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The choice of BAQ compression depends on the trade-off between data rate reduction and addition of 
quantisation noise. On NIA, the following compression options are implemented : 

• Bypass  (i.e. no compression) 

• 2.5 bit   (5 bits per I/Q pair) 

• 3 bit   (6 bits per I/Q pair) 

• 3.5 bit   (7 bits per I/Q pair) 

• 4 bit   (8 bits per I/Q pair) 

• 4.5 bit   (9 bits per I/Q pair) 

• 5 bit   (10 bits per I/Q pair) 

• 5 bit CAL  (10 bits per I/Q pair, scheme suitable for calibration pulses)  

 

The high-rate data is transmitted out of the central electronics via a WizardLink interface, capable of up to 
2Gsps.  However, the maximum anticipated data rate for an L-Band Garada mission is much lower. 

 

6.3   L-Band Garada Frequency Plan 

Frequency Plan 

The L-Band ITU allocation spans 1215 to 1300MHz, which is centred on 1257.5MHz.  This can readily be 
generated using single stage up-conversion by using the same Sample Clock frequency and Nyquist region 
as NovaSAR-S.  This uses a 720MHz sample clock, and Nyquist region 2.  Since the upconversion LO must 
be an integer multiple of the master oscillator frequency, an IF centre frequency of 537.5MHz is selected (IF 
spans 495-580MHz).  This results in an up-conversion LO frequency of 720MHz, which is very convenient 
as it is the same as the sample clock frequency, and so saves a PLL/VCO block.  On receive, a frequency 
shift of 2.5MHz will be required (after the digital downconversion) to centre the signal spectrum on DC. 

The frequency plan is shown below : 
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Figure 6-2 Frequency Plan 

Mixer spur analysis 

It is important to ensure that unwanted spurious products from the mixer are either out-of-band or at a 
sufficiently low level to not be of concern.  For this analysis, the Hittite Microwave on-line mixer spur 
calculator has been used, and the result is shown on the next page : 
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Figure 6-3 Upconverter Mixer Spur Analysis 

 

The green line is the wanted output (1.LO + 1.IF). The largest in-band (ticked rows) spurious is 4.LO-3.IF, 
which is 49dB below carrier.  This is acceptable. 
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6.4   Signal and Noise Level Analysis 

A component line-up based on the NIA design has been analysed to assess its suitability for the L-Band 
Garada SAR payload.  This analysis assumes a net gain of 19dB within the front-end. The results are shown 
in Figure 6-4. This analysis confirms the suitability of the design, meeting requirements for dynamic range, 
signal & noise levels at the ADC input and the avoidance of analogue component saturation before ADC 
saturation. 
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Figure 6-4 Signal and Noise Level Analysis 
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Physical Implementation 

The Central Electronics, assuming it is based on NIA, will comprise the following modules : 

• Back-End Power Conditioning Module (PCM) 

• Chirp & Timing Generator (CTG) Module 

• Synthesiser Module 

• Band-Specific Module 

• IF Module 

• Digitiser Module 
It may also include an additional module for front-end power conditioning if required. 

Modules vary in construction, in particular the Digital and RF modules will have different construction.  The 
digital modules follow the approach illustrated below, comprising an open frame and two EMC covers. 

 

Figure 6-5 Digital Module Construction Example 

 

The RF Modules will comprise a closed frame with compartments into which RF functional blocks are 
‘dropped’. A control and power regulation PCB is mounting on the underside of the closed frame, and then 
EMC covers are applied to both sides. 

The complete chassis comprises a baseplate onto which the modules are mounted in a vertical orientation.  
Internal power and control harness provides interconnects between modules, and this harness is covered by 
a rear cover plate.  A top plate completes the structure. 
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Figure 6-6 Central Electronics Chassis Construction 

 

6.5   Mass, Power and PHYSICAL Size Budgets 

Most missions will employ a dual-redundancy philosophy, so two units will be required. 

 

Mass 

The mass of a single NIA-based central electronics unit is estimated at 15.3kg (including a front-end PCM 
and design margin).  

Power Consumption 

The power consumption of a single NIA-based central electronics unit is estimated at 106 Watts. 

The unit is powered from a +28V supply, but has a separate “always on” +28V supply for powering the 
Master Oscillator. 

Physical Size 

The physical size of a single NIA-based central electronics unit is estimated at 210(W) x 290(D) x 
250(H)mm.  It may be attractive from a vibration perspective to combine dual-redundant units onto a 
common baseplate, with a common top plate. 
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7.   INTERIM CONCLUSIONS AND NEXT STEPS 

7.1   Conclusions 

During the course of the study, the driving objectives have evolved from a constellation of (very) many 
microsatellite sized elements with triplets of such elements providing bistatic viewing capabilities at X-band 
and aimed at flood monitoring with a rapid revisit capability. Within each triplet, that mission concept 
implemented a single transmit satellite to t illuminate the scene with the two remaining satellites flying in 
close formation to enable single pass along track interferometry.  The mission relied on the rapid loss of 
coherence in returns from flood water and also demonstrated a GARADA-project goal of exercising the 
control of closely flying spacecraft based on the use of GPS signals for accurate navigation. 

That concept is now dead. 

It has been replaced by mission implementing just two satellites to provide quad-polar observations at L-
band and using a pair of satellites each flying in a 6 day repeating Sun-synchronous orbit and whose orbits 
are phased to provide 3 day revisits to all location within the Murray Darling basin.  The orbit characteristics 
need to be only relatively loosely controlled to provide  the revisit characteristics needed for soil moisture 
monitoring, and they are placed at approximately 180°separation around the same trajectory path.  
However, in order to provide a capability for interferometry the tubs within which the satellites fly have to be 
very carefully controlled. The control involved to enable the interferometric capability also satisfies the study 
requirement to be able to demonstrate close formation operation. 

This report presents the development process through which a detailed specification of the radar instrument 
will be derived.  The report considers the impact of Faraday rotation on instrument performance and details 
the mathematical; relationships that quantify the phenomenon.   

An antenna concept is identified in which the indigenous capabilities of Australia’s semiconductor chip 
industry can be harnessed to enable an innovative fully active phased array, the like of which has never 
before been flown in space. 

Two alternative and potentially complementary strategies have been identified for mitigation of faraday 
rotation, use of full quad-polar observations with FR compensation being conducted during the ground 
processing activity, and on-board compensation using an innovative method that has been patented by 
Astrium. The elemental antenna technology proposed has been conceived to service both modes of FR 
compensation. 

A central electronics sub-system has been described, based on Astrium’s heritage in such designs, and 
tailored to the particular requirements of the GARADA L-band SAR. 
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8.       ANNEX A     (DISCUSSION OF FARADAY ROTATION) 

 

Discussion of Faraday Rotation 

(This Annex is the intellectual property  of  Professor Shaun Quegan  of  The University of Sheffield) 

A polarised monochromatic electromagnetic wave travelling in an ionised medium threaded by a magnetic 
field suffers a change in its polarisation known as Faraday rotation. The origin of this phenomenon lies in 
the fact that the magnetic field effectively splits the wave into two components, called the ordinary and 
extraordinary waves, with different refractive indices (Ratcliffe, 1972).  After traversing the medium, the 
waves recombine, normally giving rise to a modified polarisation state. This creates difficulties when we wish 
to measure the scattering properties of a target separated from the sensor by an ionised medium, unless the 
properties of the medium are known or predictable.  

The problem considered in this section (report) concerns measurements of the backscattering coefficient of 
the Earth's surface by a space-borne SAR making use of polarisation diversity. The intervening medium is 
the ionosphere, which is a region of free electrons permeated by the Earth's magnetic field, beginning at an 
altitude of ~100km and extending into the magnetosphere. Typically electron densities increase with altitude 
(although with steps and layers) to a peak value (the F2 peak, referred to as NmF2) at around 250 - 400 km. 
This peak marks the changeover from chemical control in the lower ionosphere to diffusive control above, 
with exponential decay in electron density in the upper ionosphere (the thermosphere). The values of NmF2 
are controlled by several deterministic influences, such as the solar zenith angle, universal time, season and 
solar cycle, so that broadly predictable patterns of behaviour occur. These patterns are often radically 
perturbed by stochastic events, related for example to magnetic storms, giving rise to irregularities at a 
range of spatial and temporal scales. The regions most affected by these irregularities are the auroral 
zones, the polar caps and the post-sunset equatorial zone.  

The important quantity determining Faraday rotation is the integrated electron density (the Total Electron 
Content [TEC]) along the propagation path, which depends on the three-dimensional structure of the 
ionosphere. This is to a large extent determined by the spatial variation in NmF2, which maps along the 
magnetic field lines under diffusive control. Since propagation paths typically cut across many magnetic field 
lines, modelling TEC is therefore fairly complex, even with global knowledge of NmF2. 

In this section (report) we avoid this problem by making use of direct measurements of TEC from two mid-

latitude stations, one at Caussols, France (43.75° N, 6.92° E) and the other in Santiago, Chile (33.15° S, 

70.67° W). This data was gathered using GPS measurements and was supplied by Xiaoqing Pi of the GPS 
Networks and Ionospheric Systems Development Group at JPL. 

Note that the TEC so acquired is relevant to a satellite orbiting at altitudes around 600 km or above. As a 
rule of thumb, approximately a third of the TEC lies below the F2 peak and two thirds above. Also, the TEC 
contained in a column extending to k scale heights above the F2 peak is given by  

 ( )TEC = TEC∞
−−1 e k

 

where TEC∞ is the electron content of an infinite column, extending from the F2 peak. Typically the scale 
height is of order 100 km, so that 95% of the electron content lies within the first 300 km above the F2 peak. 

The section (report) consists of  four main parts. In the first we derive a simplified analytic treatment of the 
geometry of the problem. This is used in Section 3 to derive a general expression for the Faraday rotation in 
terms of the TEC. The value of our simplified approach is that the effect of changes in system parameters, 
such as look angle or declination of the orbit can be easily assessed. In Section 4 we calculate the Faraday 
rotation using recorded data from two locations, while Section 5 contains the Summary and Conclusions. As 
Appendices we include basic co-ordinate transformations and a Fortran programme to calculate Faraday 
rotation.  
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8.1.1   Spacecraft and Magnetic Field Co-ordinates 

The only technically demanding part of this work is the derivation of the wave vector in terms of the 
magnetic field co-ordinates: this is an important element in the expression for Faraday rotation  (see (13)). 
We have chosen to make some simplifications in this derivation, preferring analytic insight to complete 
accuracy. The main such simplifications are: 

1. We equate the geographic and magnetic frames, treating the geographic latitude and 

longitude of the receiving stations as their magnetic co-ordinates. This can be made more 
rigorous by using one of the existing magnetic field models [for references, see Fraser-Smith 
(1987), Millward et al (1996)]. 

 
2. We assume a centred dipole magnetic field. This greatly simplifies the vector geometry and is 

crucial in arriving at an easily handled analytic expression. A more accurate treatment would 
again use one of the more sophisticated magnetic field models, such as an eccentric dipole or 
spherical harmonic expansion, at the cost of obscuring the main relevant factors.  

 
3.  The Earth is assumed to be spherical with a radius of 6370 km, and the satellite orbit is 

circular.  
 
4. The equatorial crossing point of the orbit is assumed to lie on the x-axis of a Cartesian co-

ordinate system (see Figure 1). This has no bearing on the analysis because of the rotational 
symmetry of the problem in the dipole magnetic frame, but would need to be reconsidered if a 
more complex magnetic field, with longitudinal variation, were used.  

 

δ

z

-r

O

r
x

y

P = (r,       )θ, δ

 

Figure 1 The adopted orbital geometry: the magnetic and geographic axes are assumed coincident. 
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The wave normal in spherical polar co-ordinates 

The orbit declination is δ (Figure 1) and the boresight of the SAR is assumed to be broadside to the platform 

motion with a look-angle (angle between the boresight and the local downwards radius vector) given by θ o  

(Figure 2). 

θ0

P

 

Figure  2 Illustration of the look angle. 

 

The unit normal to the orbital plane is given by (see Figure 1) 

 cos sinδ δe ey z+  

where ex , ey  and ez are Cartesian unit vectors.  

Since a point P on the orbit with spherical polar co-ordinates (r, θ, ϕ) is given by  

 ( )OP r x y z= + +sin cos sin sin cosθ ϕ θ ϕ θe e e  (1) 

we must have 

 
sin sin cos cos sinθ ϕ δ θ δ+ = 0

  

i.e.    tan sin tanθ ϕ δ= −       (2) 

The colatitude, θ, is constrained by the orbit to lie in the range δ  ≤ θ  ≤  π  - δ . 

The propagation geometry is most easily described in the orbital plane, since there the wave normal is 
simply (see Figure 2) 

 
$ cos sink e e= − +′ ′θ θ ϕ0 0r  (3) 

where e e er , θ ϕ and  will be used to denote spherical polar unit vectors and dashed co-ordinates are in the 

orbital co-ordinate frame. From Figure 1 we can readily see that  

 
e e′ =x x   

 
e e e′ = +y y zcos sinδ δ

 (4) 

 
e e e′ = − +z y zsin cosδ δ
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In this frame,  

 ′ =ϕ 0
 

and, using (1) and (2) 

 cos .
cos

cos
′ = =′θ

θ

δ

OP

OP
ze . (5) 

 

While this defines ′θ  in terms of θ, it is convenient to have a compact expression for sin ′θ , given by  

 sin sin cos′ =
×

=
′

θ θ ϕ
OP

OP

ze

 

so that we can write 

 sin sin cos .′ =θ θ ϕ  (6) 

Using (3) and the relations between Cartesian and spherical unit vectors given in Appendix A leads to  

 
( )$ cos sin cos sink e e e= − ′ + ′ +′ ′ ′θ θ θ θ0 0x z y  (7) 

Using (4), $k  can be expressed in terms of the magnetic Cartesian system, and then into magnetic polars 
using transformations defined in the Appendix A. The calculations are tedious, but lead to the following 
simple expression: 

 

$ cos sin
sin

sin
sin cos cosk e e e= − − +θ θ

δ

θ
θ ϕ δθ ϕ0 0 0r

 (8) 

The invariance of the first coefficient (see (3)) comes simply from the invariance of the radius vector in any 

centred spherical co-ordinate system. The coefficients of eθ and  eϕ arise from a rotation by an angle α  
about the radius vector of the coefficients in expression (3), where  

 

sin
sin

sin
α

δ

θ
=

 (9a) 

 
cos cos cosα ϕ δ=

 (9b) 

and θ  is related to ϕ  by (1). 

 

The magnetic field 

In centred dipole co-ordinates, the magnetic field at position (r, θ, ϕ) is given by 

 

( )B e e= −






 +B

r

r
r0

0

3

2cos sinθ θ θ

 (10) 

where r0 = Earth's radius ~ 6370 km  and B0 = 3 × 10
-5

 Tesla.  

The corresponding unit vector is 
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( )
$

cos sin

cos
B

e e
=

− +

+

2

1 3 2

θ θ

θ

θr

 (11) 

Hence, the angle, ψ,  between the wave normal and B satisfies 

 

cos
cos cos sin sin

cos
ψ

θ θ θ δ

θ
=

+

+

2

1 3

0 0

2

 (12) 

 

8.1.2   Faraday Rotation 

The Faraday rotation angle, Ω, of a linearly polarised electromagnetic wave of frequency f which has 
travelled from a height h through the ionosphere is given by [Titheridge, 1972] 

 Ω = ∫
K

f
NB dh

h

2 0
0cos secψ θ  (13) 

where  K is a constant of value 2.36 × 10
4
 in S.I. units,  

 B = B  is the magnetic flux density,  

 N is the electron number density  

and the angles are as defined above (note that we have assumed that the angle to the vertical of the beam 
is the same at the satellite and in the ionosphere; this is a simplification but requires only a minor 
correction). 

A good approximation to Ω  is to set  

 Ω = × ×
K

f
B

2 0cos secψ θ TEC  (14) 

where the total electron content, TEC, is defined as     TEC = ∫ N dh
h

0
 (15) 

and the 'magnetic field factor' Bcos secψ θ 0  is a constant in which the quantities are evaluated at 400 km 

[Garriott, 1965].  

Using (10) and (12), we can write  

 ( )B B
r

r
cos sec cos sin tanϕ θ θ δ θ0 0

0

3

02=






 +  (16) 

where r = 6770 km. 

Since it is customary to measure TEC in TEC units (TECU) of 10
16

 electrons m
-2

 and, for SAR applications, 
it is convenient to measure f in GHz, (14) reduces to the simple form 

 ( )Ω =
×

×
236

16
2

TECU

f GHz

 (17) 

As a final remark, although we have equated the geographic and geomagnetic frames, in practice the 
satellite orbit is under geographic control. Since the separation of the magnetic and geographic axes is of 

order 10.5° in the northern hemisphere and 13.5° in the south, calculations should use values of δ 
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exceeding 10° even for a polar orbiting satellite. Equation (16) makes it clear that for a given TEC, Faraday 

rotation increases as δ or θ 0  increase but decreases as θ  increases. Other things being equal, the largest 

effects will be observed at large incidence angles at higher latitudes when the orbit is markedly non-polar 

(but noting the restriction θ  ≥  δ ). 

8.1.3   Data Analysis 

Global plots of Faraday rotation using TEC derived from the International Reference Ionosphere (IRI) have 
been reported in Wheadon (1998). These plots cover diurnal, seasonal and solar cycle variations and 
include illustrations of the effects of changing look angle and frequency. The calculated values are based on 
monthly median TEC, as this is the information supplied by the IRI, and the effects of variation due to 
magnetic storms and irregularities are not discussed in detail. 

In this section (report) a complementary approach is taken, based on observed vertical TEC data from two 

ground stations, Caussols in France (43.75° N, 6.93° E) and Santiago, Chile (33.15° S, 70.67° W). The 
measurements of TEC are inferred from dual frequency GPS data. An important aspect of this approach is 
that the GPS Networks and Ionospheric Systems Development Group at JPL is currently working to provide 
TEC maps using the global GPS network (Pi et al, 1997, Lu et al, 1998, Mannucci et al, 1998; see also 
website : http://sideshow.jpl.nasa.gov:80/gpsiono/). 

As the GPS satellites orbit at an altitude of about 20,200 km, observations of line-of-sight TEC derived from 
the dual frequency phase and range data can be made with a fairly good spatial coverage within 15 
minutes. Using techniques developed at the Jet Propulsion Laboratory [Wilson et al., 1995; Ho et al., 1996; 
Mannucci et al., 1998], interpolated global ionospheric maps of vertical TEC are obtained every 15 minutes 
over uniformly sized triangular tiles that tessellate the sphere (the three vertices of each tile are separated 
by about 800 km). The entire mapping is conducted in a Sun-fixed (or local time) geomagnetic coordinate 
system. Such a reference frame allows updating the LT-Latitude grid points with measurements as each 
Earth-fixed station rotates by. The magnetic frame is chosen to reduce interpolation errors, since 
ionospheric dynamical effects are largely ordered by the geomagnetic field. These techniques have proven 
to be very effective for mapping sparsely distributed data. It should be noted that the mapping involves the 
slant-to-vertical TEC conversion as well as spatial and temporal interpolation, which in general may cause 
some degradation of the map accuracy with distance away from GPS receivers. 

The TEC maps can be produced in a real-time mode with an update rate of 5-15 minutes, with good 
accuracies in regions where there is a good distribution of receivers (the continental US or Europe, for 
example). In regions where measurements are not available (above the oceans, for example) or at low 
latitudes where the TEC gradient is large, the accuracy may be reduced. However, they still provide better 
TEC estimates than all existing empirical models (Xiaoqing Pi, private communication). As a result, they 
could be considered as a means of correcting SAR measurements in near real time.  

The TEC data from Caussols covers 4 days (UT 0000, Jan 2, 1999 to UT 2400, Jan 5, 1999) with updates 
every 15 minutes and is shown as Fig. 3. The most obvious feature of this plot is the diurnal variation of 
TEC, with a very rapid increase at dawn and a steep but slower decrease at sunset. Compared to this day-
night variation, the TEC values during the day and night are relatively stable. January 4 contains a 
significant enhancement in TEC, by about 30%.  

For Santiago, as shown in Fig. 4, the coverage is from UT 0000 to 1250 on Jan. 2 and Jan. 4, 1999, and 
from UT 0000 to 1200 on Jan. 5, 1999. The gaps in this second data set (apart from the downtime on Jan. 
3) are due to a failure of the receiver to track one of the two GPS frequencies when TEC rapidly increases. 
This defect affects a single type of receiver, which unfortunately is extensively used at lower latitudes. The 
International GPS Service is currently addressing this problem.  

Notice that the Santiago receiver is about 5 hours West of that at Caussols so that the sunrise enhancement 
occurs later in UT. However, the observed delay is also affected by the season; January is the northern 
winter but the southern summer. It is clear even from the reduced dataset that TEC behaviour differs 
between the two sites, with nightime values tending to be higher at Santiago, and undergoing a pronounced 
dip before sunrise. It is unfortunate that the full range of the morning increase is not covered by the data 
record, as the data does not indicate the peak TEC (and the corresponding peak Faraday rotation). 
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However, this site does exhibit night-time TEC values sufficient to cause significant systematic Faraday 
rotation for lower frequencies.  

 

Figure 3: TEC variations at the Caussols receiver
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Figure 4: TEC variations at the 

Santiago receiver
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Figure 8-1  TEC variations at Caussols  and Santiago 

The Faraday rotation calculations use eq. (17) and are displayed for a single system configuration, namely  

 frequency ( f ) = 1 GHz 

 declination (δ ) = 20° 

 look angle ( )θ 0  = 20° 

and for a colatitude, θ, corresponding to each of the two stations. From (16) and (17) it is then 
straightforward to scale the calculations to other configurations. For example, a P band system operating at 
0.3 GHz would give Faraday rotations approximately 10 times greater. For convenience, the scale factors 

arising from changes in δ and θ 0  at Caussols are tabulated in Table 1. These are expressed relative to the 

baseline configuration with δ = θ 0  = 20°. Note that θ ≥ δ , which explains the upper limit in this variable in 

the Table. Otherwise the range of values of θ 0  covers values of look angle representative of satellite 

systems, such as ERS, JERS, Radarsat and Envisat. The values of δ  run from near-polar orbit (given the 
offset between the geographic and geomagnetic axes) to a low latitude configuration. It can be seen that at 
this latitude Faraday rotation effects increase by at most a factor of 1.5 due to orbital and sensor geometry. 
The corresponding maximum value for Santiago is 1-7. 

   θ 0
(degrees)  

  20 30 40 50 

δ 20 1.00 1.05 1.11 1.19 

(degrees) 30 1.04 1.11 1.19 1.31 

 40 1.07 1.16 1.27 1.42 

 46.25 1.09 1.19 1.32 1.49 

 

Table 1. Scale factors by which Faraday rotation is increased relative to the baseline configuration with δ = 

θ 0  = 20° for Caussols (latitude = 43.75°). 
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Figure 5 shows the Faraday rotation calculations for Caussols. Note from (14) that this Figure is simply a 
linear scaling of Figure 3. For this baseline configuration, the night-time values of Faraday rotation are 

around 4-5°, rising to 13-14° during the day. The enhanced TEC values on January 4 give a peak rotation of 

18° and a maximum day-time variation of 3°. Typically fluctuations are less than 1° at night and are of the 

order of 1° during the day. 

 

The corresponding plot of Santiago is shown as Figure 6. Here the night-time Faraday rotations are higher 

(around 10°) and we have no indication of the day-time values.  

 

Figure 5: Faraday rotation at the Caussols receiver
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Figure 6: Faraday rotation at the Santiago receiver
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8.1.4   Cartesian and Spherical Polar Co-ordinates 

Conversion between spherical and polar co-ordinate systems uses the relations 

 
er x y z= + +sin cos sin sin cosθ ϕ θ ϕ θe e e

 (A1a) 

 
e x y zθ θ ϕ θ ϕ θ= + +cos cos cos sin sine e e

 (A1b) 

 
e x yϕ ϕ ϕ= − +sin cose e

 (A1c) 

where ( )e e er , ,θ ϕ  is a right-handed system. The inverse transform is: 

 
ex r= + −sin cos cos cos sinθ ϕ θ ϕ ϕθ ϕe e e

 (A2a) 

 
ey r= + +sin sin cos sin cosθ ϕ θ ϕ ϕθ ϕe e e

 (A2b) 

 ez r= −cos sinθ θ θe e  (A2c) 

 
 

 
V01_00

                                 91 
Annex 3. Radar System Specification

 
30th June 2013



 

 

GARADA                                       
SAR Payload Specification 

GAR-PP-ASU-SY-0001 
Issue 1 

Page 91 of 124 

 

Company Registration No. 2449259 
Registered Office:  Gunnels Wood Road, Stevenage, Hertfordshire, SG1 2AS, UK 

TK3.3 SAR System Specification Final Issue.doc 

 

8.1.5   Discussion 

The results shown indicate that TEC and the corresponding Faraday rotation exhibit some general trends 
(rapid sunrise enhancement, significantly greater values during the day than at night) together with site-
specific and temporally varying features. The limited dataset we have used suggests a degree of regularity 
at a given location which may be exploited to predict and correct the Faraday rotation. However, it would be 
wise to acquire longer datasets from a greater variety of sites before accepting this tentative conclusion. In 
particular, the event at Caussols on January 4 indicates the need for caution. At L band it gives rise to only a 

4° increase in Faraday rotation, but this would correspond to 40° at P band. It should be noted that no 
significant magnetic disturbance, as indicated by the Ap index, accompanied this enhancement (Xiaoqing Pi, 
private communication). Much larger disturbances in TEC are common near the equator, but with effects on 
Faraday rotation mitigated by the lower latitude (see (16)). 

Perhaps the most important aspect of this study is not the particular set of results shown for two mid-latitude 
stations, but its illustration of the type of data available from the GPS network and its relevance to this 
problem. The availability of near real-time global TEC maps would allow SAR images to be corrected for 
Faraday rotation effects as part of the processing chain (probably after formation of the complex images). 
An evaluation of this approach requires further investigation of the access rights to the data and the quality 
of the data in regions of strategic interest. Both of these entail dialogue with the GPS Networks and 
Ionospheric Systems Development Group at JPL. 

 

8.1.6   Summary 

i)  An analytic treatment of Faraday rotation under the simplifying assumptions of coincident geographic 

and geomagnetic poles and a dipole magnetic field has been developed. This provides insight into the 
factors controlling Faraday rotation at the expense of completeness of description, and should be seen 
as complementary to the more comprehensive treatment given in Wheadon (1998).  

 
ii)  Calculations of Faraday rotation have been carried out using TEC data from the global GPS network for 

two mid-latitude stations. These indicate both regularities and spatial /temporal variations in behaviour. 
The calculations are for a baseline system configuration but are readily scalable to other configurations 
using (16) and (17). For the adopted L band system, the maximum value of Faraday rotation was less 

than 20°, rising to ~27° as the look angle increases to 60° and the orbit declination was increased to its 
maximum value for the Caussols data. A P band system would give rise to values approximately a 
factor 10 greater.  

 
iii)  Assessment of Faraday rotation behaviour at a wider range of locations, including some in the 

equatorial zone, is recommended. 
 
iv) The mechanisms for obtaining near real-time TEC data from the global GDS network need to be 

established, together with the implications of such data for correction of spaceborne SAR imagery.  
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9.      ANNEX B     SAR PERFORMANCE RESULTS 

Performance characteristics for Soil moisture measurements 

9.1   Performance in Quad-Polar from 630km orbit (corresponding to 6 day revisit) 
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Repeat 
period  

(days) 

N orbits / 
repeat 
period 

Orbit 
altitude 

(km) 

Orbit 
Inclination 

(deg) 

Incidence 
angle near  

(deg) 

Incidence 
angle  far 

(deg) 

Swath width        
for MD basin 

(km) 

MD basin 
covered ? 

6 days 89 630.3  97.895° 10.0°  40.0° 

 

366 

      
ALMOST 

Left side looking, ascending passes 

Full quad polar,   ambiguities < -20dB 

6 days 44 683 98.108° 10.0°  42.1° 

 

400 

YES  Left side looking, ascending passes 

Full quad polar,   ambiguities < -20dB 

6 days 44 683 98.108° 6.7° 40.0° 

 

400 

YES  Left side looking, ascending passes 

Full quad polar,   ambiguities < -20dB 
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SS QPol 10m_rg x 60m_az  400km sw ath Mode Sw ath SelectionAz Oversampling Ratio rel. to Processed Dop BW

1.0 1.1 1.2 1.3 1.4 1.5 1.6

SS1 107.7km, 80MHz

SS2 69.7km, 74MHz

SS3 64.4km, 70MHz

SS4 63.4km, 75MHz

SS5 52.3km, 80MHz

SS6 58.9km, 61MHz

SS4 63.4km, 75MHz

 

Azimuth spatial resolution (6 sub-swath, TOPS  ScanSAR):   60m 
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SS QPol 10m_rg x 60m_az  400km sw ath Mode (TOPS) Across Track Sensitivity /dB (error-free)

SS1: -29.41dB

SS2: -31.05dB

SS3: -33.93dB

SS4: -31.83dB
SS5: -32.92dB

SS6: -32.34dB
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Ground Range /km

SS QPol 10m_rg x 60m_az  400km sw ath Mode Distributed Target Range Ambiguity Ratio /dB (error-free)

SS1: -23.45dB

SS2: -26.57dB

SS3: -23.14dB

SS4: -21.20dB

SS5: -23.00dBSS6: -23.04dB
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100 200 300 400 500

Ground Range /km

SS QPol 10m_rg x 60m_az  400km sw ath Mode Distributed Target Azimuth Ambiguity Ratio /dB

SS1: -22.22dB
SS2: -21.63dB

SS3: -23.87dB

SS4: -21.51dB

SS5: -23.88dB

SS6: -21.40dB

See ScanSAR Sequence Diagram for colour

coded along-track calculation points
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SS QPol 10m_rg x 60m_az  400km sw ath Mode Subsw ath Range Spatial Resolution /m

SS1: 11.0m

SS2: 6.0m

SS3: 5.0m

SS4: 4.0m SS5: 4.0m SS6: 4.0m

 

 

Summary of radar parameters and performance for 6 day repeating orbit 

Radar Instrument parameters  Radar Instrument parameters 

Orbit Height 630 km  Antenna dimension 15.5m azimuth x  3.9m elevation 

Radar frequency 1218 – 1297 MHz  Phase centres 22 azimuth x 22 elevation 

Band                 
Wave length 

L-band                                                     
0.23 m 

 Radiating elements 
per phase centre 

4 arranged as a linear array in 
azimuth 

PRF 1400 – 2500 Hz  Element spacing 0.74λ azimuth x 0.74λ elevation 

Polarisation Single, quad, compact  Peak Tx power per 
phase centre 

16 W 

Operating modes Stripmap, TOPS ScanSAR  Tx duty ratio 5% 

Look direction Left  and Right  (tbc)  Tx losses 1 dB 

Range resolution 4m  - 11m  (single look)  Rx losses 1 dB 

Azimuth resolution 7 m          (single look, stripmap) 

60 m        (TOPS ScanSAR)  

 Rx noise figure 2.5 dB 
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Swath 
Identifier 

Near Far PRF Tx 
Bandwidth 

Resolution 
Near Range 

Incidence 
angle 

Ground 
Range 

Incidence 
angle 

Ground 
Range 

SS1 10.0° 101.0 km 20.1° 208.7 km 2394 Hz 80  MHz 11 m 

SS2 20.0° 207.6 km 26.0° 277.3 km 2328 Hz 72.2 MHz 6 m 

SS3 25.8° 274.7 km 31.0° 339.1 km 2469 Hz 69.9 MHz 5 m 

SS4 30.6° 334.4 km 35.3° 397.8 km 2327 Hz 74.7 MHz 4 m 

SS5 35.0° 394.0 km 38.6° 446.4 km 2471 Hz 66.3 MHz 4 m 

SS6 38.5° 444.7 km 42.3° 503.6 km 2317 Hz 61.1 MHz 4 m 

 

 

Swath 
Identifier 

NEσσσσ0  Ambiguities TOPS Scan 
angle off 
borsight 

Glimpse 
dwell time 

Range Azimuth 

SS1 -29.4 dB -23.4 -22.2 1.9° 9896 ms 

SS2 -31.1 dB -26.6 -21.6 1.8° 983 ms 

SS3 -33.9 dB -23.1 -23.9 1.7° 990 ms 

SS4 -31.8 dB -21.2 -21.5 1.7° 997 ms 

SS5 -32.9 dB -23.0 -23.9 1.6° 1005 ms 

SS6 -32.3 dB -23.0 -21.4 1.6° 1013 ms 

 

 

Swath 
Ident 

Inc 

angle 

Rng 

Resn 

NEσσσσ0         
(db) 

σσσσ0 VV  

(dB) 

SNR 

(dB) 

γ at 
100m  

(dB) 

γ at 
500m  

(dB) 

σσσσ0 VH  

(dB) 

SNR 

(dB) 

γ at 
100m  

(dB) 

γ at 
500m  

(dB) 

SS1 10.0° 11 m -29.4   -7.0 22.4 1.13 0.25 -22.8 6.60 1.34 0.30 

SS2 20.0° 6 m -31.1 -12.1 19 0.87 0.19 -24.2 6.90 1.02 0.22 

SS3 25.8° 5 m -33.9  -14.7 19.2 0.80 0.17 -25.0 8.90 0.88 0.19 

SS4 30.6° 4 m -31.8  -16.3 15.5 0.73 0.16 -25.7 6.10 0.87 0.19 

SS5 35.0° 4 m -32.9  -17.4 15.5 0.73 0.16 -26.4 6.50 0.86 0.19 

SS6 38.5° 4 m -32.3  -17.7 14.6 0.74 0.16 -26.8 5.50 0.90 0.19 

Table 9-1  Radiometric resolution ( γ )  for parcel sizes 100m x 100m  and  500m x 500m   

 

 

 
V01_00

                                 99 
Annex 3. Radar System Specification

 
30th June 2013



 

 

GARADA                                       
SAR Payload Specification 

GAR-PP-ASU-SY-0001 
Issue 1 

Page 99 of 124 

 

Company Registration No. 2449259 
Registered Office:  Gunnels Wood Road, Stevenage, Hertfordshire, SG1 2AS, UK 

TK3.3 SAR System Specification Final Issue.doc 

 

9.2   Performance in Quad-Polar from 656 km orbit (corresponding to 4 day revisit) 
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Repeat 
period  

(days) 

N orbits / 
repeat 
period 

Orbit 
altitude 

(km) 

Orbit 
Inclination 

(deg) 

Incidence 
angle near  

(deg) 

Incidence 
angle  far 

(deg) 

Swath width        
for MD basin 

(km) 

MD basin 
covered ? 

4 days 59 656 98.000° 10.0°  40.0° 

 

379 

NO  
Left side looking, ascending passes 

Full quad polar,   ambiguities < -20dB 

4 days 59 656 98.000° 10.0°  40.0° 

 

379 

 

NEARLY 

Left side looking, ascending and descending passes 

Full quad polar,   ambiguities < -20dB 

4 days 59 656 98.000° 10.0° 46.8° 

 

500 

NO  
Left side looking, ascending passes 

Full quad polar,   ambiguities < -20dB 

4 days 59 656 98.000° 10.0° 46.8° 

 

500 

 

ALMOST 

Left side looking, ascending and descending passes 

Full quad polar,   ambiguities < -20dB 

4 days 59 656 98.000° 10.0° 51.7° 600 

YES  

Left side looking, ascending passes 

Full quad polar,   ambiguities < -15dB 
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SS9 96.2km, 80MHz

SS1 83.8km, 79MHz

SS2 66.4km, 70MHz

SS3 63.4km, 75MHz

SS4 56.3km, 66MHz

SS5 56.9km, 61MHz

SS6 38.9km, 57MHz

SS7 51.1km, 55MHz
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SS QPol 1000m 9to46 500km Mode (TOPS) Across Track Sensitivity /dB (error-free)

SS1: -29.18dB
SS2: -29.90dBSS3: -29.55dB

SS4: -30.75dB

SS5: -32.81dB

SS6: -34.05dB

SS7: -37.32dB

SS8: -32.36dB
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SS QPol 1000m 9to46 500km Mode Distributed Target Range Ambiguity Ratio /dB (error-free)

SS1: -34.62dB

SS2: -21.37dB

SS3: -20.01dB
SS4: -21.01dB

SS5: -20.03dBSS6: -20.02dB

SS7: -21.46dBSS8: -21.03dB
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SS QPol 1000m 9to46 500km Mode Distributed Target Azimuth Ambiguity Ratio /dB

SS1: -22.51dB

SS2: -19.97dB

SS3: -24.62dB

SS4: -20.00dB

SS5: -22.33dB

SS6: -19.74dB

SS7: -22.37dB

SS8: -20.21dB

See ScanSAR Sequence Diagram for colour

coded along-track calculation points
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Summary of radar parameters and performance for 4 day repeating orbit 

Radar Instrument parameters  Radar Instrument parameters 

Orbit Height 656 km  Antenna dimension 15.5m azimuth x  3.9m elevation 

Radar frequency 1218 – 1297 MHz  Phase centres 22 azimuth x 22 elevation 

Band                 
Wave length 

L-band                                                     
0.23 m 

 Radiating elements 
per phase centre 

4 arranged as a linear array in 
azimuth 

PRF 1400 – 2500 Hz  Element spacing 0.74λ azimuth x 0.74λ elevation 

Polarisation Single, quad, compact  Peak Tx power per 
phase centre 

16 W 

Operating modes Stripmap, TOPS ScanSAR  Tx duty ratio 5% 

Look direction Left  and Right  (tbc)  Tx losses 1 dB 

Range resolution 4m  - 11m  (single look)  Rx losses 1 dB 

Azimuth resolution 7 m         (single look, stripmap) 

110m      (TOPS ScanSAR)  

 Rx noise figure 2.5 dB 

 

4 day 

Swath 
Identifier 

Near Far PRF Tx 
Bandwidth 

Resolution 
Near Range 

Incidence 
angle 

Ground 
Range 

Incidence 
angle 

Ground 
Range 

SS1 10.0° 104.8 km 18.7° 201.0 km 2372 Hz 80  MHz 10 m 

SS2 18.7° 200.9 km 25.8° 284.7 km 2257 Hz 79.0 MHz 6 m 

SS3 25.7° 283.1 km 30.8° 349.5 km 2571 Hz 70.3 MHz 5 m 

SS4 30.6° 346.9 km 35.2° 410.3 km 2262 Hz 74.7 MHz 4 m 

SS5 35.0° 408.7 km 38.8° 465.0 km 2361 Hz 66.3 MHz 4 m 

SS6 38.7° 463.2 km 42.1° 520.1 km 2246 Hz 60.9 MHz 4 m 

SS7 42.0° 517.5 km 44.2° 556.4 km 2361 Hz 56.9 MHz 4 m 

SS8 44.1° 554.0 km 46.8° 605.1 km 2262 Hz 54.7 MHz 4 m 

Total swath covered   500 km   azimuth resolution  80m 
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4 day 

Swath 
Identifier 

NEσσσσ0   
(db) 

Ambiguities (dB) TOPS Scan 
angle off 
borsight 

Glimpse 
dwell 
time 

Tx 
Bandwidth 

Resolution 
Near Range 

Range Azimuth 

SS1 -29.2  -34.6 -22.5 2.0° 768 ms 80  MHz 10 m 

SS2 -29.9  -21.4 -20.0 1.9° 773 ms 79.0 MHz 6 m 

SS3 -29.6  -20.0 -24.6 1.9° 778 ms 70.3 MHz 5 m 

SS4 -30.8  -21.0 -20.0 1.8° 784 ms 74.7 MHz 4 m 

SS5 -32.8  -20.0 -22.3 1.7° 790 ms 66.3 MHz 4 m 

SS6 -34.0  -20.0 -19.7 1.7° 796 ms 60.9 MHz 4 m 

SS7 -37.3  -21.5 -22.4 1.6° 802 ms 56.9 MHz 4 m 

SS8 -32.4  -21.0 -20.2 1.6° 807 ms 54.7 MHz 4 m 

Total swath covered   500 km    azimuth resolution  80m 

4 day 

Swath 
Ident 

Inc 

angle 

Rng 

Resn 

NEσσσσ0         
(db) 

σσσσ0 VV  

(dB) 

SNR 

(dB) 

γ at 
100m  

(dB) 

γ at 
500m  

(dB) 

σσσσ0 VH  

(dB) 

SNR 

(dB) 

γ at 
100m  

(dB) 

γ at 
500m  

(dB) 

SS1 10.0° 10 m -29.2   -7.0 22.2 1.09 0.24 -22.8 6.40 1.30 0.29 

SS2 18.7° 6 m -29.9  -12.1 17.8 0.87 0.19 -23.2 6.70 1.02 0.23 

SS3 25.7° 5 m -29.6  -14.7 14.9 0.82 0.18 -25.0 4.60 1.04 0.23 

SS4 30.6° 4 m -30.8  -16.3 14.5 0.74 0.16 -25.7 5.10 0.91 0.20 

SS5 35.0° 4 m -32.8  -17.4 15.4 0.73 0.16 -26.4 6.40 0.86 0.19 

SS6 38.7° 4 m -34.0  -17.8 16.2 0.73 0.16 -26.8 7.20 0.84 0.18 

SS7 42.0° 4 m -37.3  -18.4 18.9 0.72 0.15 -27.3 10.00 0.78 0.17 

SS8 44.1° 4 m -32.4  -18.5 13.9 0.74 0.16 -27.7 4.70 0.93 0.20 

Table 9-2  Radiometric resolution ( γ )  for parcel sizes 100m x 100m  and  500m x 500m   
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4 DAY 600km swath: A similar set of results captures the radar capabilities when configured to 

image a total swath of width 600km 
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SS QPol 1000m 10to52 600km  Mode Sw ath Selection Az Oversampling Ratio rel. to Processed Dop BW

1.0 1.1 1.2 1.3 1.4 1.5 1.6

SS1 96.2km, 80MHz

SS2 83.8km, 79MHz

SS3 66.4km, 70MHz

SS4 63.4km, 75MHz

SS5 56.3km, 66MHz

SS6 56.9km, 61MHz

SS7 36.9km, 57MHz

SS8 36.7km, 55MHz

SS9 36.0km, 53MHz

SS10 42.0km, 51MHz

SS11 46.0km, 50MHz

SS1 96.2km, 80MHz
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SS QPol 1000m 10to52 600km  Mode (TOPS) Across Track Sensitivity /dB (error-free)

SS1: -28.83dBSS2: -28.71dBSS3: -28.60dBSS4: -28.80dB
SS5: -29.62dB

SS6: -30.29dB

SS7: -33.84dB

SS8: -31.74dB
SS9: -32.69dB

SS10: -29.18dB

SS11: -27.96dB
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-40

-30

-20

-10

100 200 300 400 500 600 700

Ground Range /km

SS QPol 1000m 10to52 600km  Mode Distributed Target Range Ambiguity Ratio /dB (error-free)

SS1: -34.62dB

SS2: -21.37dB

SS3: -20.01dB
SS4: -21.01dB

SS5: -20.03dBSS6: -20.02dB

SS7: -21.46dB

SS8: -20.10dBSS9: -20.02dB

SS10: -15.00dBSS11: -15.05dB

 

-40

-30

-20

-10

100 200 300 400 500 600 700

Ground Range /km

SS QPol 1000m 10to52 600km  Mode Distributed Target Azimuth Ambiguity Ratio /dB

SS1: -22.53dB

SS2: -20.02dB

SS3: -24.72dB

SS4: -20.18dB

SS5: -22.36dB

SS6: -19.63dB

SS7: -22.20dB

SS8: -20.38dB

SS9: -18.20dB

SS10: -21.09dB

SS11: -15.57dB

See ScanSAR Sequence Diagram for colour

coded along-track calculation points
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Ground Range /km

SS QPol 1000m 10to52 600km  Mode Subsw ath Range Spatial Resolution /m

SS1: 11.0m

SS2: 6.0m

SS3: 5.0m

SS4: 4.0m
SS5: 4.0m

SS6: 4.0m
SS7: 4.0m

SS8: 4.0m
SS9: 4.0m

SS10: 4.0m
SS11: 4.0m
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Summary of radar parameters and performance for 4 day repeating orbit 

Radar Instrument parameters  Radar Instrument parameters 

Orbit Height 656 km  Antenna dimension 15.5m azimuth x  3.9m elevation 

Radar frequency 1218 – 1297 MHz  Phase centres 22 azimuth x 22 elevation 

Band                 
Wave length 

L-band                                                     
0.23 m 

 Radiating elements 
per phase centre 

4 arranged as a linear array in 
azimuth 

PRF 1400 – 2500 Hz  Element spacing 0.74λ azimuth x 0.74λ elevation 

Polarisation Single, quad, compact  Peak Tx power per 
phase centre 

16 W 

Operating modes Stripmap, TOPS ScanSAR  Tx duty ratio 5% 

Look direction Left  and Right  (tbc)  Tx losses 1 dB 

Range resolution 4m  - 11m  (single look)  Rx losses 1 dB 

Azimuth resolution 7 m         (single look, stripmap) 

110m      (TOPS ScanSAR)  

 Rx noise figure 2.5 dB 

 

4 day 

Swath 
Identifier 

Near Far PRF Tx 
Bandwidth 

Resolution 
Near Range 

Incidence 

angle 

Ground 

Range 

Incidence 

angle 

Ground 

Range 

SS1 10.0° 104.8 km 18.7° 201.0 km 2372 Hz 80  MHz 10 m 

SS2 18.7° 200.9 km 25.8° 284.7 km 2257 Hz 79.0 MHz 6 m 

SS3 25.7° 283.1 km 30.8° 349.5 km 2571 Hz 70.3 MHz 5 m 

SS4 30.6° 346.9 km 35.2° 410.3 km 2262 Hz 74.7 MHz 4 m 

SS5 35.0° 408.7 km 38.8° 465.0 km 2361 Hz 66.3 MHz 4 m 

SS6 38.7° 463.2 km 42.1° 520.1 km 2246 Hz 60.9 MHz 4 m 

SS7 42.0° 517.5 km 44.2° 556.4 km 2361 Hz 56.9 MHz 4 m 

SS8 44.1° 554.0 km 46.8° 605.1 km 2262 Hz 54.7 MHz 4 m 

SS9 45.8° 585.4 km 47.7° 621.5 km 2183 Hz 53.1 MHz 4 m 

SS10 47.6° 620.6 km 49.6° 662.6 km 2290 Hz 51.5 MHz 4 m 

SS11 49.6° 660.0 km 51.7° 706.0 km 2063 Hz 50.0 MHz 4 m 

Total swath covered   600 km  azimuth resolution  110m 

 

 
V01_00

                                 111 
Annex 3. Radar System Specification

 
30th June 2013



 

 

GARADA                                       
SAR Payload Specification 

GAR-PP-ASU-SY-0001 
Issue 1 

Page 111 of 124 

 

Company Registration No. 2449259 
Registered Office:  Gunnels Wood Road, Stevenage, Hertfordshire, SG1 2AS, UK 

TK3.3 SAR System Specification Final Issue.doc 

 

4 day 

Swath 
Identifier 

NEσσσσ0 (db) Ambiguities (dB) TOPS Scan 
angle off 
borsight 

Glimpse 
dwell time 

Tx 
Bandwidth 

Resolution 
Near Range 

Range Azimuth 

SS1 -28.8 dB -34.6 -22.5 2.1° 580 ms 80  MHz 10 m 

SS2 -29.6 dB -21.4 -20.0 2.1° 583 ms 79.0 MHz 6 m 

SS3 -29.3 dB -20.0 -24.7 2.0° 588 ms 70.3 MHz 5 m 

SS4 -30.5 dB -21.0 -20.2 1.9° 592 ms 74.7 MHz 4 m 

SS5 -32.6 dB -20.0 -22.4 1.9° 596 ms 66.3 MHz 4 m 

SS6 -33.8 dB -20.0 -19.6 1.8° 601 ms 60.9 MHz 4 m 

SS7 -37.5 dB -21.5 -22.2 1.8° 605 ms 56.9 MHz 4 m 

SS8 -32.5 dB -20.1 -20.4 1.7° 608 ms 54.7 MHz 4 m 

SS9 -35.9 dB -20.0 -18.2 1.7° 611 ms 53.1 MHz 4 m 

SS10 -30.6 dB -15.0 -21.1 1.6° 614 ms 51.5 MHz 4 m 

SS11 -28.4 dB -14.6 -15.7 1.6° 618 ms 50.0 MHz 4 m 

Total swath covered   600 km   azimuth resolution  110m 

4 day 

Swath 
Ident 

Inc 

angle 

Rng 

Resn 

NEσσσσ0         
(db) 

σσσσ0 VV  

(dB) 

SNR 

(dB) 

γ at 
100m  

(dB) 

γ at 
500m  

(dB) 

σσσσ0 VH  

(dB) 

SNR 

(dB) 

γ at 
100m  

(dB) 

γ at 
500m  

(dB) 

SS1 10.0° 10 m -28.8  -7 21.8 1.13 0.25 -22.8 6.00 1.37 0.31 

SS2 18.7° 6 m -28.7 -12.1 17.5 0.87 0.19 -24.2 5.40 1.08 0.24 

SS3 25.7° 5 m -28.6  -14.7 14.6 0.82 0.18 -25 4.30 1.05 0.23 

SS4 30.6° 4 m -28.8  -16.3 14.2 0.74 0.16 -25.7 4.80 0.93 0.20 

SS5 35.0° 4 m -29.6  -17.4 15.2 0.73 0.16 -26.4 6.20 0.87 0.19 

SS6 38.7° 4 m -30.8 -17.7 16.1 0.73 0.16 -26.8 7.00 0.84 0.18 

SS7 42.0° 4 m -33.3 -18.4 19.1 0.72 0.15 -27.3 10.20 0.78 0.17 

SS8 44.1° 4 m -33.8 -18.5 14 0.74 0.16 -27.7 4.80 0.93 0.20 

SS9 45.8° 4 -32.6 -18.6 17.3 0.73 0.16 -27.8 8.10 0.82 0.18 

SS10 47.6° 4 -39.2 -18.7 11.9 0.76 0.16 -28.2 2.40 1.08 0.24 

SS11 49.6° 4 -28.0 -18.9 9.5 0.79 0.17 -28.5 -0.10 1.34 0.30 

Table 9-3  Radiometric resolution ( γ )  for parcel sizes 100m x 100m  and  500m x 500m   
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9.3   Performance in Quad-Polar from 683km orbit (corresponding to 3 day revisit) 
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3 day 

 

 

Repeat 
period  

(days) 

N orbits / 
repeat 
period 

Orbit 
altitude 

(km) 

Orbit 
Inclination 

(deg) 

Incidence 
angle near  

(deg) 

Incidence 
angle  far 

(deg) 

Swath width        
for MD basin 

(km) 

MD basin 
covered ? 

3 days 44 683 98.108° 10.0°  40.0° 

 

379 

NO  
Left side looking, ascending passes 

Full quad polar,   ambiguities < -20dB 

3 days 44 683 98.108° 10.0°  40.0° 

 

379 

 

NEARLY 

Left side looking, ascending and descending passes 

Full quad polar,   ambiguities < -20dB 

3 days 44 683 98.108° 10.0° 46.8° 

 

500 

NO  
Left side looking, ascending passes 

Full quad polar,   ambiguities < -20dB 

3 days 44 683 98.108° 10.0° 46.8° 

 

500 

 

ALMOST 

Left side looking, ascending and descending passes 

Full quad polar,   ambiguities < -20dB 

3 days 44 683 98.108° 10.0° 51.7° 600 

YES  

Left side looking, ascending passes 

Full quad polar,   ambiguities < -15dB 
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SS QPol 110m 10to51 601km Mode Sw ath Selection Az Oversampling Ratio rel. to Processed Dop BW

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

SS1 79.4km, 80MHz

SS1a 74.7km, 52MHz

SS2 69.8km, 65MHz

SS3 64.4km, 64MHz

SS4 45.4km, 70MHz

SS5 58.3km, 65MHz

SS6 46.9km, 60MHz

SS7 36.9km, 57MHz

SS8 39.0km, 55MHz

SS9 36.0km, 53MHz

SS10 36.0km, 52MHz

SS11 36.0km, 50MHz

SS9 36.0km, 53MHz

 

3 day 
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3 day 

-40
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Across-Track Ground Range /km
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SS QPol 120m 10to51 601km Mode (TOPS) Across Track Sensitivity /dB (error-free)

SS1: -28.77dB

SS1a: -26.82dB

SS2: -29.33dB

SS3: -30.40dB
SS4: -29.88dB

SS5: -31.75dB

SS6: -30.55dB

SS7: -32.56dB

SS8: -30.31dB
SS9: -29.61dB

SS10: -31.42dB

SS11: -29.49dB

 

-40

-30

-20

-10

100 200 300 400 500 600 700

Ground Range /km

SS QPol 120m 10to51 601km Mode Distributed Target Range Ambiguity Ratio /dB (error-free)

SS1: -23.21dB

SS1a: -21.12dB
SS2: -20.02dBSS3: -20.01dBSS4: -20.44dBSS5: -20.00dB

SS6: -18.91dB

SS7: -20.62dBSS8: -20.78dB

SS9: -17.37dB

SS10: -20.01dB
SS11: -18.98dB
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3 day 

 

-40

-30

-20

-10

100 200 300 400 500 600 700

Ground Range /km

SS QPol 120m 10to51 601km Mode Distributed Target Azimuth Ambiguity Ratio /dB

SS1: -24.92dBSS1a: -24.90dBSS2: -25.19dB
SS3: -24.69dBSS4: -25.04dBSS5: -24.76dBSS6: -24.98dB

SS7: -23.52dB

SS8: -21.62dB

SS9: -23.98dB

SS10: -19.44dB

SS11: -17.77dB

See ScanSAR Sequence Diagram for colour

coded along-track calculation points
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Ground Range /km

SS QPol 120m 10to51 601km Mode Subsw ath Range Spatial Resolution /m

SS1: 11.0m

SS1a: 9.0m

SS2: 5.0mSS3: 5.0m

SS4: 4.0m
SS5: 4.0m

SS6: 4.0m
SS7: 4.0m

SS8: 4.0m
SS9: 4.0m

SS10: 4.0m
SS11: 4.0m
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3 day repeating orbit   

Summary of radar parameters and performance for 3 day repeating orbit  

Radar Instrument parameters  Radar Instrument parameters 

Orbit Height 683 km  Antenna dimension 15.5m azimuth x  3.9m elevation 

Radar frequency 1218 – 1297 MHz  Phase centres 22 azimuth x 22 elevation 

Band                 
Wave length 

L-band                                                     
0.23 m 

 Radiating elements 
per phase centre 

4 arranged as a linear array in 
azimuth 

PRF 1400 – 2500 Hz  Element spacing 0.74λ azimuth x 0.74λ elevation 

Polarisation Single, quad, compact  Peak Tx power per 
phase centre 

16 W 

Operating modes Stripmap, TOPS ScanSAR  Tx duty ratio 5% 

Look direction Left  and Right  (tbc)  Tx losses 1 dB 

Range resolution 4m  - 11m  (single look)  Rx losses 1 dB 

Azimuth resolution 7 m         (single look, stripmap) 

110m      (TOPS ScanSAR)  

 Rx noise figure 2.5 dB 

 

3 day Summary of radar parameters and performance for 3 day repeating orbit 

Swath 
Identifier 

Near Far PRF Tx 
Bandwidth 

Resolution 
Near Range Incidence 

angle 
Ground 
Range 

Incidence 
angle 

Ground 
Range 

SS1 10.0° 108.6 km 17.0° 188.0 km 2637 Hz 80  MHz 11 m 

SS1a 16.9° 186.3 km 23.1° 261.0 km 2618 Hz 58.3 MHz 9 m 

SS2 23.0° 259.9 km 28.4° 284.7 km 2905 Hz 78.0 MHz 5 m 

SS3 28.2° 326.9 km 32.9° 391.3 km 2574 Hz 64.4 MHz 5 m 

SS4 32.8° 389.9 km 35.9° 435.3 km 2692 Hz 70.3 MHz 4 m 

SS5 35.7° 433.2 km 39.4° 491.5 km 2577 Hz 65.2 MHz 4 m 

SS6 39.3° 489.5 km 42.0° 536.4 km 2667 Hz 60.1 MHz 4 m 

SS7 42.0° 535.6 km 44.0° 572.5 km 2433 Hz 56.9 MHz 4 m 

SS8 43.9° 569.8 km 46.0° 608.9 km 2323 Hz 54.9 MHz 4 m 

SS9 45.8° 605.8 km 47.6° 641.8 km 2470 Hz 53.1 MHz 4 m 

SS10 47.5° 639.8 km 49.36° 675.9 km 2290 Hz 51.5 MHz 4 m 

SS11 49.2° 673.9 km 50.8° 709.9 km 2063 Hz 50.3 MHz 4 m 

Total swath covered   600 km  azimuth resolution  120m 
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3 day 

Swath 
Identifier 

NEσσσσ0 (db) Ambiguities (dB) TOPS Scan 
angle off 
borsight 

Glimpse 
dwell time 

Tx 
Bandwidth 

Resolution 
Near Range 

Range Azimuth 

SS1 -28.8  -23.5 -24.9 2.1° 535 ms 80  MHz 11 m 

SS1a -26.8 -21.1 -24.9 2.0° 538 ms 58.3 MHz 9 m 

SS2 -29.3 -20.0 -25.2 2.0° 541 ms 78.0 MHz 5 m 

SS3 -30.4  -20.0 -24.7 1.9° 545 ms 64.4 MHz 5 m 

SS4 -29.9  -20.4 -25.0 1.9° 548 ms 70.3 MHz 4 m 

SS5 -31.8  -20.0 -24.8 1.8° 552 ms 65.2 MHz 4 m 

SS6 -30.6 -18.9 -25.0 1.8° 556 ms 60.1 MHz 4 m 

SS7 -32.5 -20.6 -23.5 1.7° 559 ms 56.9 MHz 4 m 

SS8 -30.3 --20.7 -21.6 1.7° 562 ms 54.9 MHz 4 m 

SS9 -29.0 -17.4 -24.0 1.6° 565ms 53.1 MHz 4 m 

SS10 -31.4 -19.0 -19.4 1.6° 568 ms 51.5 MHz 4 m 

SS11 -29.5 -19.0 -17.8 1.6° 571 ms 50.3 MHz 4 m 

Total swath covered   600 km  azimuth resolution  120m 

3 day 

Swath 
Ident 

Inc 
angle 

Rng 
Resn 

NEσσσσ0         
(db) 

σσσσ0 VV  

(dB) 

SNR 

(dB) 

γ at 
100m  

(dB) 

γ at 
500m  

(dB) 

σσσσ0 VH  

(dB) 

SNR 

(dB) 

γ at 
100m  

(dB) 

γ at 
500m  

(dB) 

SS1 10.0° 11 m -28.8  -7.0 21.8 1.13 0.25 -22.8 6.00 1.37 0.31 

SS1a 16.9° 9 m -26.8  -11.2 15.6 0.88 0.19 -23.7 3.10 1.23 0.27 

SS2 23.0° 5 m -29.3 -13.9 15.4 0.88 0.19 -24.5 4.80 1.11 0.25 

SS3 28.2° 5 m -30.4  -15.8 14.6 0.82 0.18 -25.3 5.10 1.01 0.22 

SS4 32.8° 4 m -29.9  -16.9 13.0 0.75 0.16 -26.0 3.90 0.98 0.21 

SS5 35.7° 4 m -31.8  -17.4 14.4 0.74 0.16 -26.4 5.40 0.90 0.20 

SS6 39.3° 4 m -30.6 -18.0 12.6 0.75 0.16 -26.9 3.70 0.99 0.22 

SS7 42.0° 4 m -32.5 -18.3 14.2 0.74 0.16 -27.3 5.20 0.91 0.20 

SS8 43.9° 4 m -30.3 -18.5 11.8 0.76 0.16 -27.6 2.70 1.05 0.23 

SS9 45.8° 4 m -29.0 -18.6 10.4 0.77 0.17 -27.9 1.10 1.20 0.27 

SS10 47.5° 4 m -31.4 -18.7 12.7 0.75 0.16 -28.1 3.30 1.01 0.22 

SS11 49.2° 4 m -29.5 -18.8 10.7 0.77 0.17 -28.4 1.10 1.20 0.27 

Table 9-4  Radiometric resolution ( γ )  for parcel sizes 100m x 100m  and  500m x 500m   

 

 

 
V01_00

                                 119 
Annex 3. Radar System Specification

 
30th June 2013



 

 

GARADA                                       
SAR Payload Specification 

GAR-PP-ASU-SY-0001 
Issue 1 

Page 119 of 124 

 

Company Registration No. 2449259 
Registered Office:  Gunnels Wood Road, Stevenage, Hertfordshire, SG1 2AS, UK 

TK3.3 SAR System Specification Final Issue.doc 

 

9.4   Performance in Quad-Polar from 737km orbit (corresponding to 2 day revisit)   
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Repeat 
period  

(days) 

N orbits / 
repeat 
period 

Orbit 
altitude 

(km) 

Orbit 
Inclination 

(deg) 

Incidence 
angle near  

(deg) 

Incidence 
angle  far 

(deg) 

Swath width        
for MD basin 

(km) 

MD basin 
covered ? 

2 days 29 737 98.328° 10.0°  40.0° 

 

420 

NO  

Left side looking ,   ascending passes only 
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1.   SUMMARY 

 
This document contains details of the preliminary SAR Payload thermal analysis for the Garada project.  
The analysis has examined the effects of potential operating modes on general payload temperatures 
confirming the viability of the spacecraft and instrument thermal design.  Since only operational cases have 
been examined further work shall be required to refine it into a fully compliant thermal design; however, this 
is outside the remit of this activity. 
 
The analysis identified coldest conditions occur during the winter season when the Instrument is not 
operating and the spacecraft is angled 10° away from nadir pointing.  Unit interface temperatures descend 
to -42°C.  This is 2°C below the need for survival heaters; however, some trimming of the thermal design 
should raise this temperature above the -40°C limit.  If the aim is to have a minimum switch on of -20°C then 
some heater power may be required to bring the electronics boundary up to temperature before use.  Heater 
sizing has not been considered in this work. 
 
The hottest conditions for nominal operation occur in the same season and attitude with the high end 
temperatures being well within material and electronic units’ operational values. 
 
To increase mission flexibility a number of cases where the instrument is turned ‘toward the sun’ have been 
considered.  These show that it is relatively safe to operate the instrument in the first full orbit at this attitude; 
however, with each following orbit the risk of the payload over heating increases and after three orbits the 
Instrument should be turned to face either the Earth or deep space. 
 
Future work would involve applying dissipations specific to the Garada mission hardware and heater sizing 
for the operational and non-operational cases, although there may be an opportunity for some thermal 
trimming of both external and internal properties (adjusting exposed areas and their thermo-optical 
properties) which would reduce power demands. 
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2.   INTRODUCTION 

The GARADA programme is studying the potential for a constellation of SAR spacecraft to be developed, 
launched and operated, with significant Australian contribution, to the benefit of Australia.  To this end it is 
examining the performance of simple, single-instrument spacecraft and the work herein examines the 
thermal performance of such a design.   
 
Both Spacecraft and Instrument designs are at an early stage and hence have a relatively low maturity.  To 
make up for missing information the thermal design has followed that of TerraSAR-L, an Instrument design 
taken to PDR level, which is considered to have similar thermal demands in terms of both size and 
dissipation.  This analysis takes these assumptions with regard to the Instrument architecture and uses 
them to give a preliminary thermal analysis for Garada.     
  
Uncertainties and assumptions have been identified to allow a quick assessment of the implications of 
design changes. 
 
Thermal cases examined relate to on-station operational cases.  Launch and Early Operation (LEOP) cases 
and Safe-Mode cases have not been examined.  In all cases it has been assumed that the Instrument 
antenna is angle away from the sun to avoid direct solar illumination. 
 
The electronics of the Garada instrument shall not be examined in detail.  At this preliminary stage the 
internal architecture of such equipment is unknown thus making such thermal analysis speculative; 
however, estimated dissipations, again based on the TerraSAR-L work, shall be applied to appropriate 
equipment locations.  This allows for the prediction of electronic unit boundary conditions and the 
comparison thereof with known boundaries of similar, already flying, equipment. 
 

1.1   Abbrevations and Acroynms 

CFRP  Carbon Fibre Reinforced Plastic 
CTE  Coefficient of Thermal Expansion 
FESS  Front End SubSystem 
HPA  High Power Amplifier 
ICU    
L-CESS L-Band Central Electronics SubSystem 
LPA  Low Power Amplifier 
PDR  Preliminary Design Review 
SAR  Synthetic Aperture Radar 
TWTA  Travelling Wave Tube Amplifier 
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3.   APPLICABLE AND REFERENCE DOCUMENTS 

3.1   Applicable Documents 

Ref Title Number Issue 

AD1 SAR Payload Specification GAR-PP-ASU-SY-0001 1 

AD2    

AD3    

AD4    

 
 

3.2   Reference Documents 

None 
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2.   DESCRIPTION 

The current Garada spacecraft is based on the Snapdragon mission concept (Figure 2-1) which takes a fully 
integrated approach to the payload and service module elements of a spacecraft.  Here the radar antenna is 
mounted on two rigid panels that follow the fairing centreline.  These are hinged at one end to open when in 
orbit.  The spacecraft is then built around these panels.  It provides a simple deployment method with a 
single powered hinge with the addition benefit of the spacecraft acting as the most rigid backing structure 
possible for the Instrument’s antenna. 

  

Figure 2-1 Snapdragon Satellite Configuration 

The Garada Instrument is sized to fit a Falcon 9 launch vehicle as is shown in Figure 2-2 as extracted from 
AD1. 
 

7.76 m7.76 m

7.76 m7.76 m

3.88 m

3.88 m

15.52 m

3
.8

8
 m

 
 

Figure 2-2  Antenna configuration sized to fit within Falcon 9 fairing 

 
 
The designs of most spacecraft thermally isolate the payload from the service module.  This allows the 
thermal design of both elements of the spacecraft to be developed in parallel with little interaction between 
the two (see Figure 2-3).  This works well for single or multiple instrument missions; however, it is inevitably 
inefficient in terms of mass and volume usage because of repeats of thermal design elements that could be 
shared; for example thermal radiators, and also loses out on ‘sharing’ heat flow, which in some 
circumstances would be beneficial. 
 
By fully integrating service, payload and antenna elements then benefits of efficient redistribution of heat 
flows can be utilized (Figure 2-4). 
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The orbital attitude for Garada (see section 3.3  ) means that the rear face of the spacecraft is illuminated by 
the sun and must be thoroughly insulated with thermal blanket and so the only route for heat flow from the 
service module and internal elements of the payload must be through the Instrument’s  radiators.  The 
Instrument radiating elements are in shadow for the majority of most orbits and so when not operating 
requires heat from the service module to maintain it at safe non-operational temperatures and this sharing of 
heat flow reduces heater power demands. 
 
The initial thermal design for the instrument is shown in Figure 3-6. 
 

Launch adaptor 

Service module  

Payload module  

Antenna  

Three main elements of 
spacecraft are thermally 
isolated and their thermal 
control is completely 
independent; for example they 
have separate thermal 
radiators for the emission of 
excessive heat. 

 

Figure 2-3 Typical Spacecraft Thermal Design 

 

Antenna  

Payload panel supporting radiators 
and some payload units.  

Service and payload units mixed in 
open shelves so heat exchange 
throughout structure is possible.  

Earth facing: 
relatively 
constant 
thermal view. 

‘Rear’ face 
either seeing 
deep space or 
being directly 
illuminated by 
the Sun. 

 

Figure 2-4 Snapdragon Thermal Design 
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3.   ANALYSIS ASSUMPTIONS 

This section lists the major design assumptions for the spacecraft and Instrument that will be the basis of the 
thermal analysis. 

3.1   General 

1. Materials properties will not change with temperature.  
2. Dissipations will not vary with temperature. 
3. Dissipations will have a 20% uncertainty margin applied to them. 

4. Uncertainty margins for internal units and components will be ±10°C. 

5. Uncertainty margin for external units will be ±15°C. 

6. Thermostatically controlled items shall have an uncertainty margin of ±5°C. 
7. Contact conductance is 800Wm

-2
/K. 

8. Radiation link between internal surface of MLI and that against which it rests shall have an effective 
emitance of 0.04. 

 

3.2   Axis System 

The thermal design makes reference to two co-ordinate systems, Spacecraft Co-ordinate system (Fsc) and 
the Spacecraft Antenna Co-ordinate system (Fas). 

  
The Fsc is used to describe the spacecraft configuration and is defined in Figure 3-1 and Figure 3-2 below. 

 

+Ysc 

+Xsc 

Reference Half 

+Zsc 

Snapdragon 

 

Figure 3-1 Stowed Spacecraft Co-ordinate System 

+Ysc

+Zsc

+Xsc

Flight Direction

+Ysc

+Zsc

+Xsc

Reference Half

 
 

Figure 3-2 Deployed Spacecraft Co-ordinate System (two views) 
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The Fas is used to describe the orientation of the spacecraft during operation and is illustrated in Figure 3-3. 
 
 

 

  

+X 
as 

  

θ  =  - N 
0  

+Z 
as 

  

+Y 
as 

  

Nadir 

Sun   

 
 
Above shows the spacecraft in “Right Looking Attitude in which antenna +Zas axis is tilted N° away from 
nadir in the anti-Sun direction (-N° elevation angle).  If the Instrument  is toward the Sun the angle becomes 
positive. 

Figure 3-3 Spacecraft Antenna Co-ordinate system and attitude definition 

3.3   Orbital Assumptions 

Table 3-1 shows the orbital parameters extracted from AD1. 
 

Orbit parameters  Comments 

Nominal Altitude 630 km Orbital Period 5845.2s (97.4min) 

Type Sun-synchronous  

Orbits per repeat 89  

Repeat period 6 days  

LTAN 6 am  

Inclination 97.9°  

Eccentricity 0.0011 Assumed 

Orbit duty cycle > 4%   See dissipation section (3.4  ) 

   

 
 

Table 3-1 Reference Orbit 

The Garada SAR Payload Specification (AD1) gives a range of potential orbital attitudes from 10° to 50°.  
Initial work shall examine the two extremes and a midway angle of 30°. 
 

3.4   Dissipations and Operational Modes 

Garada’s Instrument operating modes have been shown graphically in Figure 3-4 and in Table 3-2.  The 
definition of duty cycle being >4% means as a minimum it shall operate for 218s (3.63min), the final duty 
cycle shall depend on power available from the spacecraft systems; however, for this first iteration a 20min 
Image Mode shall be selected. 
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Dissipations for the spacecraft service units shall be based on estimates made for the TerraSAR-L project, 
which themselves are based on typical equipment performance from similar missions.  For the analysis the 
dissipations shall be applied to the shelves of the spacecraft structure in the planned locations of the 
equipment as as shown in Figure 3-5. 
 

 

Orbit: 97.4minutes Power 

 

Heater 
Mode 

25mins 

Ready 
Mode 
3mins 

Image 
Mode 

10mins 

Image/ 
Download 

Mode 
10mins 

 
Download 

Mode 
10mins 

 
Heater 
Mode 

16.4mins 

Heater 
Mode 

23mins 

 

Figure 3-4 Diagrammatic Representation of Imaging/Wave Timeline for Right-Sided Looking 

 
 
  

Start time (s) End time (s) Duration (m) Mode 
0 1500 25 Heater 

1501 1680 3 Ready 

1681 2280 10 Image 

2281 2880 10 Image/Download 

2881 4260 23 Heater 

4261 4860 10 Download 

4861 5845 16.4 Heater 

Total  90.8  

Table 3-2 Orbital Imaging/Wave Timeline for Right-Sided Looking 

 

Mode Description 

Heater Instrument is not operating, but heaters
1
 are maintaining all FESS components 

within safe minimum operating temperatures meanwhile the L-CESS ICU is on as is 
the RF oven. 

Ready Instrument is operating, preparing to image 

Download Instrument data is being transferred to the Downlink Subsystem, Imaging may still 
be occurring at the same time. 

Imaging High dissipation/resolution Imaging taking place. 

  

Notes 1. If heaters are required, else it shall naturally maintain safe minimum operating 
temperatures.  Instrument heaters have been leff at 0W for this work to see if they 
will be required. 

Table 3-3 Description of Modes 
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Equipment Unit Margin No off  Heater* Ready Imaging Imag & 
D/L 

Download 

 Power 
(W) 

(%)  (W) (W) (W) (W) (W) 

Platform         

AOCS         

Star Tracker 8.0 20 1 9.60 9.60 9.60 9.60 9.60 

Inertial Reference Unit 20.0 20 1 24.0 24.0 24.0 24.0 24.0 

Coarse Earth Sun Sensor 0.0 20 1 0.0 0.0 0.0 0.0 0.0 

Magnetometer 0.8 20 1 0.96 0.96 0.96 0.96 0.96 

Magnetorquer 6.6 20 3 23.76 23.76 23.76 23.76 23.76 

Reaction Wheels 20.0 20 4 96.0 96.0 96.0 96.0 96.0 
Total AOCS    154.32 154.32 154.32 154.32 154.32 

Data handling         

On Board Computer 40.0 20 1 48.0 48.0 48.0 48.0 48.0 

Total Data handling   48.0 48.0 48.0 48.0 48.0 

         
TTC         

S-Band Rx Antenna 6.0 20 2 7.20 7.20 7.20 7.20 7.20 
S-Band Tx ( 1W RF ) 6.5 20 1 7.81 7.81 7.81 7.81 7.81 

Total TTC    15.01 15.01 15.01 15.01 15.01 

Power          

PCDU          

Aux Converter 10.0 20 2 24.0 24.0 24.0 24.0 24.0 
Regulator Dissipation ( 50V ) 105.0 20 2 252.0 252.0 252.0 252.0 252.0 

Converter Dissipation (28V)  20 2 34.75 34.75 44.67 55.29 34.75 
Battery Losses  20 2 31.20 31.20 31.20 31.20 31.20 

Harness Losses  20 1 92.40 92.40 92.40 92.40 92.40 

Power Total    434.35 434.35 444.27 454.89 434.35 
Downlink Subsystem         

Data Management Unit 218.0 20 1 93.91 93.91 237.60 261.60 261.60 
Encrypter 10.0 20 1 12.0 12.0 12.0 12.0 12.0 

TWTA  20 1 0.0 0.0 0.0 136.80 136.80 
EPC  20 1 15.60 15.60 15.60 15.60 15.60 

Modulator 10.0 20 1 0.0 0.0 0.0 8.40 8.40 

Total Downlink    121.51 121.51 265.20 434.40 434.4 
Instrument         

L-CESS  20 1 0.0 204.0 231.60 231.60 0.0 
FESS  20 1 0.0 390.0 2622.47 2622.47 0.0 

FESS Harness  20 2 0.0 8.40 63.60 63.60 0.0 
IPDU  20 2 0.0 18.0 74.40 74.40 0.0 

GPS  20 1 0.0 9.60 9.60 9.60 0.0 

Total Instrument    0.0 630.0 3001.67 3001.67 0.0 
Total Platform     773.19 773.19 926.80 1106.62 1086.07 

Spacecraft Total    773.19 1403.19 3928.47 4108.29 1086.07 

*Heater mode treats Instrument as off for sizing of heaters. 

Table 3-4 Power Dissipations to be Use for the Thermal Analysis 
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+X Half -X Half 

S-Band Rx and Tx 
Antennas, TWTA, 
Modulators and EPC 

Empty 

Empty 
L-CESS 

Fuel tank, valves 
and fuel distribution 
system. 

Fuel tank, valves and 
fuel distribution system. 
Plus PCDU, Auxiliary 
Converter, Regular 
Converter and batteries 

Star trackers, Internal 
Reference Unit, 
Magnotorquers, 
Reaction Wheels, 
Onboard Computer and 
GPS. 

DRU and batteries 

S-band Transponder 

Coarse Earth Sensor and 
S-Band Rx Antenna. 

 

Figure 3-5 Spacecraft Dissipation Location 
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3.5   Preliminary Thermal Design 

3.5.1   Spacecraft 

This shows the initial thermal design of the spacecraft.  It is based on a typical low earth orbit mission and 
shall be refined once the specific thermal needs of the Garada mission are fully understood.  The general 
construction shall use aluminium honeycomb/aluminium skinned composite panels; however, if later thermo-
elastic pointing issues are identified then there will be an option to change part or all of the structure to low 
CTE materials such as CFRP.  The introduction of blade mounts on the radiating elements shall also be 
considered to alleviate pointing issues, if need be.  These are beyond the remit of a thermal analysis, but 
should be noted for consideration of the overall design. 
 

 

 

Deployable Solar Array:  
Sun side:  Solar Cells 
Anti Sun side:  MLI 

Platform Cover:  

Outer side: MLI 
Inner side: High emissivity finish – black paint 

Fixed Solar Array:  
Sun side: Solar Cells 
Platform side: MLI 

Platform Electronic Units:  
Heat Dissipation 
Heaters 
High emissivity finish – black paint 

Instrument Electronic Units:  
Located on platform 
Heat Dissipation 
Heaters 
High emissivity finish – black paint 

Thermal Environment Stabiliser 
Surface:  
Area on platform used to control 
p latform temperature via solar flux 

absorption or radiation of heat to 
space – MLI 

Platform Internal Structure:  
High emissivity finish – black paint 

Leading Wing (+X) 

Trailing Wing (-X) 

Payload Panel and Radiating 
Elements 
Outer Side:  Copper 
Inner Side: High emissivity finish 
– black paint 

Tanks / RCS:  
MLI, heaters 

 
 

Figure 3-6 Garada Preliminary Thermal Design 

  

3.5.2   Antenna 

This section shows the assumed antenna configuration for this analysis.  The antenna is based on PCB 
technology with individual 4-element assemblies mounting to the spacecraft payload panel.  The assemblies 
themselves will be made of a PCB material layers (such as N4000 or FR4) separated by a foam core 
(Rohacell) with the HPA, LPA, control and power subsystems mounted on the back of the payload panel.  
These will be simulated by the direct application of thermal dissipation since the architecture of the individual 
subsystems are unknown. 
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 Radiating face - copper 

Circuit and ground plane 
0.2mm thick, Nelco N4000 

Raditor face 
backing 0.2mm 
thick, Nelco N4000 

Foam core – Rohacell 10mm 
thick 

Radiator mounts directly to payload panel via 
Isostatic blades to reduce impact of CTE differences 
between the structures. 

 

Figure 3-7 Antenna Configuration 

 

3.6   Material Properties 

Surface properties are from standard sources and are shown in Table 3-5. 
 

Item Surface Finish α 
(EOL) 

α 
(BOL) 

ε 

Electronic Units/Internal 
Surfaces 

Black 0.915 0.915 0.75 

Structure (Panels and Shelves) Black 0.915 0.915 0.75 

Tile Radiator Copper 0.3 0.3 0.75 

Rear MLI Inner Kapton n/a n/a 0.76 

Rear MLI Outer ITO Kapton 0.6 0.4 0.76 

SSM Tape Silver-Teflon 0.3 0.1 0.75 

Solar Array  0.75 0.75 0.82 

Table 3-5 Thermo-optical Properties 

The following material properties have been used for the analysis. 
 

Item Material Conductivity (W/mK) Specific heat 

Capacity (J/kgK) 

Spacecraft structure Aluminium 150 880 

Spacecraft structure
1 

Aluminium 

Honeycomb 

1.5 880 

Alternative structure Carbon fibre 0.3 1000 

Radiator Core Rohacell 1.62  1000 

Radiator Skins
2
 Nelco N4000 0.3 1800 

MLI Kapton 0.3 700 

Notes: 
1. Honeycomb panels shall be assumed to be nominally 25mm thick honeycomb, with 0.4mm 

skins. 
2. Conductivity of copper layers ignored. 

Table 3-6 Material Properties 
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4.   THERMAL MODEL DESCRIPTION 

The thermal mathematical model has been created in FEMAP V10.2.1 and run using the Maya TMG 
analyser embedded in the program.  Standard Astrium Techniques have been used throughout to ensure a 
consistant model. 
 
It contains 3400 thermal nodes.  Thin shell elements have are used to represent structural panel skins and 
solid elements are used to represent aluminium honeycomb and Rohacell cores.  At this stage in the design 
there is no specific modelling of units whether for the payload or the service equipment .  Dissipations are 
applied locally to areas where the units are expected to go, this allows for quick changes in equipment 
location as design iterations demand. 
 
The figures below show the modelling and a typical orbit. 
 

 

 

 

Figure 4-1 Overall Thermal Mathematical Model 
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Figure 4-2 Thermal Model with some elements removed to see internal structure 

 

View from Sun View from Ascending Node 

 
 

Figure 4-3 Orbital Plot: -50° attitude Equinox 
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View from Sun View from Ascending Node 

  

Figure 4-4 Orbital Plot: -30° attitude Summer 

View from Sun View from Ascending Node 

  

Figure 4-5 Orbital Plot: -10° attitude Winter 
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5.   ANALYSIS CASES 

5.1   Nominal Orientation Cases (Away from the Sun) 

This analysis is to provide bounding cases for future thermal design activities.  The cases have been 
selected to find the maximum temperatures that may be experienced by the Instrument during its mission by 
looking at the three possible seasons, whether the instrument is operating or not and three potential 
attitudes.  When looking at an ‘off’ case all dissipating elements of the spacecraft have been deactivated 
whereas in any case apart from a major failure there would be some dissipation from at least batteries and 
the power subsystems.  This pessimistic approach was followed to ensure extreme low-end temperatures 
were identified. 
 
The majority of the external surfaces hardly age between beginning and end of life and so shall be remain 
constant.  
 
Table 5-1 lists the case examined for when the instrument is turned away from the sun (a negative viewing 
angle). 
 

Case Season Attitude 
Operating 

Case 
Comment 

1 Equinox -30° Off  

2 Equinox -30° On  

3 Summer -30° Off  

4 Summer -30° On  

5 Winter -30° Off  

6 Winter -30° On  

7 Equinox -10° Off  

8 Equinox -10° On  

9 Summer -10° Off  

10 Summer -10° On  

11 Winter -10° Off  

12 Winter -10° On  

13 Equinox -50° Off  

14 Equinox -50° On  

15 Summer -50° Off  

16 Summer -50° On  

17 Winter -50° Off  

18 Winter -50° On  

 

Table 5-1 Analysis Cases 

5.2   ‘Toward the Sun’ Imaging 

In an examination of options to increase mission flexibility some ‘toward the sun’ cases have been 
examined.  The concept is that the Instrument will be operating in its nominal attitude and then rotate to ‘sun 
facing’ so it may image a ‘target of opportunity’.  Since these cases cause maximum illumination of the 
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Instrument’s active face they are all considered to be hot cases and so the starting point will be the hottest 
away sun viewing case (Winter -10°). 
 
To bound the effects of viewing ‘toward the sun’ the orientation will be +10° or +50° and the spacecraft shall 
hold this orientation for three orbits.  A final case examines the temperatures reached if the +50° case is 
held until thermal stability is achieved.  To summarise: 
 
1. Start conditions winter -10°, turn toward sun (+10°) for three orbits 
2. Start conditions winter -10°, turn toward sun (+50°) for three orbits 
3.  Spacecraft remaining orientated at +50° until thermal stability achieved. 
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6.   ANALYSIS RESULTS 

The results present here are for critical areas of the spacecraft and regions of interest, these are: the 
equipment shelves, with particular examination of the CESS Shelf, the MLI, the payload panel and the 
Radiators. 
 

6.1   Nominal Orientation Cases (Away from the Sun) 

Firstly the temperature predictions without margins have been given in Table 6-1 to Table 6-3.  Table 6-4 
converts the maxima and minima into operating values by the adding of thermal margins and then Table 6-5 
shows the qualification temperature ranges for the items. 
 

Qualification temperatures are calculated by adding ±10°C to the operational values (apart for heater-
controlled items).  This is included to ensure items are not taken beyond their material limits during 
qualification when they are acceptable for operation.  Material limits are based on known materials and may 
require some adjusting for Garada specific values; however, should provide a sound indication if there are 
any problems. 
 

Non-Operating Cases Equinox Non-Op -30° Summer Non-Op -30° Winter Non-Op -30° 

Item Max Min Max Min Max Min 
All shelves -9.9 -25.3 -9.1 -24.5 -10.5 -25.7 
CESS Shelf -19.7 -24.6 -17.4 -23.4 -17.5 -24.8 
MLI 123.9 -160.0 120.5 -160.4 130.9 -161.3 
Payload Panel Back Face -18.0 -26.1 -16.9 -25.0 -17.1 -26.1 
Payload Panel Facing 
Radiator 

-18.2 -26.2 -17.0 -25.0 -17.2 -26.1 

Radiator External Surfaces -26.6 -32.2 -25.4 -30.9 -24.0 -29.5 
Radiator Internal Surface -26.4 -32.1 -25.2 -30.7 -23.8 -29.4 

 
Operating Cases Equinox Op -30° Summer Op -30° Winter Op -30° 

 Max Min Max Min Max Min 
All shelves 51.7 -14.6 53.7 -14.0 50.1 -15.7 
CESS Shelf -2.9 -14.0 1.7 -13.1 -3.6 -13.6 
MLI 124.7 -154.2 121.3 -155.2 132.0 -156.4 
Payload Panel Back Face 16.0 -16.2 17.8 -15.3 15.1 -16.5 

Payload Panel Facing 
Radiator 

15.4 -16.3 17.3 -15.3 14.6 -16.5 

Radiator External Surfaces -9.7 -26.6 -8.7 -25.8 -7.9 -24.8 
Radiator Internal Surface -8.8 -26.3 -7.7 -25.5 -7.0 -24.4 

Table 6-1 Predicted Temperatures for -30° Attitude (No uncertainty margins included) 
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Non-Operating Cases Equinox Non-Op -10° Summer Non-Op -10° Winter Non-Op -10° 

Item Max Min Max Min Max Min 
All shelves -11.9 -31.6 -8.1 -23.6 -5.6 -20.1 
CESS Shelf -21.2 -28.5 -17.1 -23.1 -13.3 -19.4 
MLI 112.5 -165.8 113.5 -162.1 130.5 -164.6 
Payload Panel Back Face -18.5 -30.4 -14.6 -23.1 -11.8 -19.0 
Payload Panel Facing 
Radiator 

-18.6 -30.4 -14.6 -23.1 -11.9 -19.0 

Radiator External Surfaces -23.8 -29.6 -19.8 -24.3 -15.9 -19.3 
Radiator Internal Surface -23.6 -29.6 -19.7 -24.2 -15.8 -19.2 

 
Operating Cases Equinox Op -10° Summer Op -10° Winter Op -10° 

 Max Min Max Min Max Min 
All shelves 47.8 -21.5 52.2 -13.2 53.7 -9.7 
CESS Shelf -4.9 -17.7 -0.1 -12.7 2.5 -7.9 
MLI 112.5 -160.9 113.6 -160.1 131.3 -164.6 

Payload Panel Back Face 13.8 -21.9 18.4 -14.6 20.7 -10.0 
Payload Panel Facing 
Radiator 

13.3 -21.9 17.9 -14.6 20.2 -10.1 

Radiator External Surfaces -8.7 -25.5 -4.2 -20.0 -0.1 -15.0 
Radiator Internal Surface -8.0 -25.3 -3.5 -19.8 0.6 -14.9 

Table 6-2 Predicted Temperatures for -10° Attitude (No uncertainty margins included) 

 

Non-Operating Cases Equinox Non-Op -50° Summer Non-Op -50° Winter Non-Op -50° 

Item Max Min Max Min Max Min 
All shelves -9.2 -26.0 -10.0 -27.5 -14.6 -31.4 
CESS Shelf -16.7 -24.3 -17.6 -26.0 -20.6 -30.2 
MLI 128.9 -159.3 127.5 -159.7 121.6 -162.3 
Payload Panel Back Face -17.2 -27.4 -18.3 -28.8 -21.7 -32.4 
Payload Panel Facing 
Radiator -17.4 -27.4 

-18.5 -28.8 -21.8 -32.5 

Radiator External Surfaces -30.6 -39.5 -31.4 -40.2 -33.2 -40.5 
Radiator Internal Surface -30.2 -39.2 -31.1 -39.9 -32.9 -40.3 

 
Operating Cases Equinox Op -50° Summer Op -50° Winter Op -50° 

 Max Min Max Min Max Min 
All shelves 51.8 -17.3 53.3 -16.0 49.0 -18.1 
CESS Shelf -0.4 -15.8 2.4 -15.1 -5.4 -15.6 

MLI 129.9 -154.4 128.5 -154.3 121.6 -156.4 
Payload Panel Back Face 13.7 -19.5 15.2 -18.3 11.8 -19.5 
Payload Panel Facing 
Radiator 13.1 -19.6 

14.6 -18.4 11.2 -19.6 

Radiator External Surfaces -16.1 -35.3 -15.1 -34.6 -15.3 -34.2 
Radiator Internal Surface -15.1 -34.8 -14.0 -34.1 -14.4 -33.7 

 

Table 6-3 Predicted Temperatures for -50° Attitude (No uncertainty margins included) 
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Non-Operating Cases Predicted  Operating Comment
 

Item Max Min Max Min  
All shelves -6 -32 4 -42 Max: Winter Non-operating -10° 

Min: Equinox Non-operating -10° 
CESS Shelf -13 -30 -3 -40 Max: Winter Non-operating -10° 

Min: Winter Non-operating -50° 
MLI 131 -166 146 -181 Max: Winter Non-operating -30° 

Min: Equinox Non-operating -10° 
Payload Panel Back Face -12 -32 -2 -42 Max: Winter Non-operating -10° 

Min: Winter Non-operating -50° 
Payload Panel Facing 
Radiator 

-12 -32 -2 -42 Max: Winter Non-operating -10° 
Min: Winter Non-operating -50° 

Radiator External Surfaces -16 -40 -1 -55 Max: Winter Non-operating -10° 
Min: Winter Non-operating -50° 

Radiator Internal Surface -16 -40 -1 -55 Max: Winter Non-operating -10° 
Min: Winter Non-operating -50° 

 

Operating Cases    

All shelves 54 -21 64 -31 Max: Winter operating -10° 
Min: Equinox operating -10° 

CESS Shelf 3 -18 13 -28 Max: Winter operating -10° 
Min: Equinox operating -10° 

MLI 132 -165 147 -180 Max: Winter operating -30° 
Min: Winter operating -10° 

Payload Panel Back Face 21 -22 31 -32 Max: Winter operating -10° 
Min: Equinox operating -10° 

Payload Panel Facing 
Radiator 

20 -22 30 -32 Max: Winter operating -10° 
Min: Equinox operating -10° 

Radiator External Surfaces 0 -35 15 -50 Max: Winter operating -10° 
Min: Equinox operating -50° 

Radiator Internal Surface 1 -35 16 -50 Max: Winter operating -10° 
Min: Equinox operating -50° 

 

Table 6-4 Temperature Maxima and Minima from all cases (margins included) 

 

 Qualification Limits Comment 

Item Maximum Minimum Maximum Minimum  
All shelves 64 -42 70 -40 Typical Unit interface 

limit CESS Shelf 13 -40 70 -40 
MLI 142 -176 200 -200 MLI Material Limit 
Payload Panel Back Face 31 -42 70 -40 Typical Unit interface 

limit Payload Panel Facing Radiator 30 -42 70 -40 
Radiator External Surfaces 10 -50 100 -100 Qualification limit for 

similar radiators Radiator Internal Surface 11 -50 100 -100 
      

 

Table 6-5 Qualification Temperature Ranges 

6.2   ‘Toward the Sun’ Imaging 

Table 6-6 shows the thermal predictions for the cases examined and Table 6-7 Qualification Temperature 
Ranges gives a comparison between the qualification values (uncertainty and qualification margins 
included) against material and operating limits. 
 
Plots of the hottest 3-orbits case (+50°C) are shown in Figure 6-1, Figure 6-2 and Figure 6-3. 
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Operating Cases 
Overall 

Winter Op -10° 
[3 Orbits] 

Winter Op 
+50° 

[3 Orbits] 

Winter Op +50° 
[Stability] 

 Max Max Min Min Max Min Max Min 

All shelves 73 -9 55 -9 59 -9 73 15 

CESS Shelf 30 -8 5 -8 10 -8 30 18 

MLI 116 -164 116 -164 115 -155 115 -146 

Payload Panel Back 
Face 

45 -9 23 -9 29 -9 45 17 

Payload Panel Facing 
Radiator 

45 -9 23 -9 28 -9 45 17 

Radiator External 
Surfaces 

32 -15 5 -15 17 -15 32 16 

Radiator Internal 
Surface 

32 -14 6 -14 17 -14 32 16 

 

Table 6-6 Temperature Predictions for Toward Sun Cases 

 

 Qualification Limits Comment 

Item Maximum Minimum Maximum Minimum  

All shelves 93 -29 70 -40 Typical Unit interface 
limit exceeded. CESS Shelf 50 -28 70 -40 

MLI 136 -184 200 -200 MLI Material Limit 
Payload Panel 
Back Face 

65 -29 70 -40 
Typical Unit interface 

limit Payload Panel 
Facing Radiator 

65 -29 70 -40 

Radiator External 
Surfaces 

52 -35 100 -100 
Qualification limit for 

similar radiators Radiator Internal 
Surface 

52 -34 100 -100 

      

 

Table 6-7 Qualification Temperature Ranges for Toward Sun Cases 
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Figure 6-1 Structural Panel Predicted Temperatures +50° 3 Orbits 
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Figure 6-2 Radiator Predicted Temperatures and Solar input +50° 3 Orbits 
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Figure 6-3 Shelf Predicted Temperatures +50° 3 Orbits 
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7.   DISCUSSION 

7.1   Nominal Orientation Cases (Away from the Sun) 

Predicted temperatures from this analysis are consistent with similar Instruments and past analyses.  
Examining the temperatures of the internal shelves it can be seen they experience a relatively narrow 
operational temperature range because they are protected from the extremes of external thermal inputs by 
the rest of the spacecraft. 
 
When considering external surfaces, the radiators, which have a consistent view of the earth and little or no 
direct illumination, follow a relatively narrow temperature band as well.  The coldest temperatures occur 
during the -50° off nadir attitude because the radiators have a weaker view of the earth and a stronger one 
to deep space and hence will be cooler.  When at -10° off nadir the spacecraft tends to be warmer 
compared to the -50° angle because although the back face of the spacecraft receives more illumination at 
this angle, its effect is dramatically reduced by the presence of MLI and the -10° is when the radiator has the 
strongest view of the earth. 
 
Interestingly the differences between season and attitude are relatively small with one case having the 
maximum or minimum value by only a few degrees Celsius – sometimes even less than 1°C – than an 
alterative case.  This is most likely due to the strong Earth-facing view. 
 
Examining these results in terms of material limits (see Table 6-5) all components are well within previously 
qualified values.  The aluminium of the electronic boxes or the structure can easily handle a temperature 
range of 64°C to -42°C without mechanical failure.  Even if there was a switch to carbon-fibre materials, 
these are usually cured at temperatures of approximately 120°C so again there would not be a design limit 

with those regards.  The radiator construction is based on structures that have been qualified to ±100°C so 
again at qualification range of 11 to -50°C would not present a design issue. 
 
The other temperature limit is that of operating conditions for components.  The shelf limits of +70°C to -
40°C presented in Table 6-5 come from typical spacecraft limits given for electronic components and the 
values from this work are close to this range. 
 
The upper qualification limit of +70°C is common as is +65°C used as the general thermal boundary for 
electronics units in many telecom satellites.  In this analysis it would be acceptable to propose a boundary 
for electronic box thermal analysis of either value.   
 
At the cold end -40°C is a typical non-operating limit and the thermal analysis is giving a prediction around 
2°C below this.  In such preliminary work this is not considered a major shortfall.  As the design develops it 
would be an easy matter to trim the thermal design to keep the units above -40°C during non-operating 
modes.  This indicates that survival heaters for normal operational conditions would not be required.  Safe 
mode and non-standard conditions; for example: if the spacecraft entered a gravity-gradient orientation due 
to loss of AOC, would have to be investigated to see if heaters are required. 
 
A typical cold switch-on limit is -20°C and so this analysis is showing a need for heaters to achieve this.  As 
with achieving the non-operating cold limit of -40°C there could be some modification/evolution of the 
thermal design to reduce heater power demands.  One approach would be to reduce the effectiveness of 
the MLI on the back of the spacecraft allowing more of the solar illumination to warm the electronics 
compartment.  This would have to be done with careful consideration because it would also raise the hot 
end temperatures and it is always easier to put heat into a system than to remove it.  Any such design 
changes should not be applied until all operating attitudes had been finalised. 
 

7.2   ‘Toward the Sun’ Imaging 

Unsurprisingly the results show that when the maximum surface area is presented to the sun then the 
highest temperatures are achieved.  This makes the +50° case the most critical, though, like in the away 
viewing cases, the other orientations are not too different in temperature, with the +10° showing 
temperatures of a similar order. 
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The radiator and structure have no issues with the elevated temperatures caused by these cases; however, 
the unit temperature boundaries will be the limiting factor. 
 
Typically the thermal interface for an electronic unit should not go above +70°C.  In looking at the +50° 3-
orbit case, any point where the predicted temperature is over 50°C then the qualification limit will reach 
70°C.  When examining Figure 6-3 there is a brief moment when one equipment shelf exceeds 50°C, this 
when operational mode and solar illumination combine.  When the second and third orbits are considered 
longer durations of the orbit are exceeding the limit.  The CESS shelf remains cooler having started from a 
lower temperature and also has a lower dissipation applied to it than other shelves. 
 
If these conditions are left to stabilise, the majority of equipment shelves will reach or exceed the +70°C limit 
and the payload panel, which will support other equipments gets close to it. 
 
From these cases it appears that operating for one orbit facing the sun would be possible; however, risks to 
payload components increase with following orbits.  Since the actual equipment boundary has yet to be 
defined, it would be wise to be conservative in approach and advise that the Instrument be only allowed to 
operate for a single orbit when facing toward the sun and that preferred attitudes of less than +50°C be 
considered. 
 
Since the rise in temperature is relatively slow and it is clear that the operating modes drive the units’ peak 
temperatures then non-operating when oriented toward the sun should be acceptable for more than 3 orbits. 
On past projects the limiting factor for toward-sun viewing turned out to be power storage caused by lack of 
solar panel illumination rather than thermal conditions and these issues should be included in any mission 
planning.   
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8.   CONCLUSION 

This first-pass thermal analysis has shown that the design is viable.  Hot end temperatures are well within 
accepted bounds and the minimum survival temperatures are close to typical limits.  It is clear that some 
heater power will be required to maintain electronic units above their minimum switch on requirement, the 
heater requirement will have to be calculated in the next round of analysis.  
 
A brief examination of ‘toward the sun’ viewing has shown that imaging is possible for one orbit with little 
risk, though risk of over-heating increases with each successive orbit.  Non-operation could be sustained for 
several orbits without a thermal risk; however, the limiting factor for sun-viewing may not be thermal, but 
power generation. 

8.1   Possible Future Work 

Possible future work should focus on the following: 
 

1. Sizing of heaters and related to this the refinement of the thermal control of the system to reduce 
heater demands; for example:  trimming of MLI on the back of the spacecraft. 

2. Revision and definition of Garada-specific dissipations for both payload and service elements of the 
design. 

3. Examination of non-operation cases such as safe-mode, after the definition of how this will be 
performed; i.e. whether the spacecraft will be maintained in its operational attitude or whether it will 
be free to end up in a gravity-gradient driven attitude in safe mode. 

4. Selection of operational attitude.  Currently -10°, -30° and -50° attitudes have been examined.  
Once the final operational attitude (or range of attitudes) has been identified the thermal design can 
be refined to work best for that arrangement.  This should include the refinement of sun-viewing 
orientations as well. 
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4.1 First Airborne Experiment and Sea Surface Height 
Estimation 

 

Investigating the use of reflected Global Navigation Satellite System (GNSS) signals for remotely 

sensing the Earth’s surface was initiated about two decades ago [1]. Remote sensing based on 

processing and analysing reflected GNSS signals is commonly termed GNSS reflectometry. When 

building a GNSS-based remote sensing system, only the receiver needs to be designed and 

manufactured. The receiver platform (static or mobile; land-based, aircraft, or satellite) needs to be 

selected based on the specific application. In the case of an aircraft or satellite platform, the direct 

signal is received via a zenith-looking right-hand-circularly-polarised (RHCP) antenna, while the 

reflected signal is received through a nadir-looking left-hand-circularly-polarised (LHCP) antenna. 

The reason for such an antenna selection is that GNSS signals are designed as RHCP; however, when 

reflected over a ground surface, they are changed to be LHCP. In the case of a land-based platform, 

either two antennas are used to receive the direct and reflected signals separately or a single 

antenna is used to capture both the two signals.  

The GNSS signals are always available, globally, and the signal structures are typically well known, 

except for those dedicated to military use. Furthermore, the GNSS signals have some distinctive 

characteristics which can be utilised for remote sensing purposes. Recently there has been an 

increase in such investigations by academia and research institutions, partly because this innovative 

use of GNSS signals has many potential applications. In particular, space agencies such as NASA and 

ESA have already funded, or are going to fund, a number of projects/missions which focus on the 

applications of GNSS reflectometry. The Cyclone Global Navigation Satellite System (CYGNSS) project 

is just one example [2], which aims to develop a system using a constellation of eight microsatellites 

to improve hurricane forecasting especially with regards to the storm intensity. Another example is 

the ESA’s Passive Relectometry and Interferometery System (PARIS) project. PARIS can be used as a 

passive radar altimeter. Different from current radar altimeters, PARIS would measure multiple 

samples from different tracks and rapidly form images of mid-sized (mesoscale) phenomena such as 

ocean currents or tsunamis [3]. However, there are still many challenging problems to be resolved, 

especially when applying this reflectometry technique to a range of application scenarios.  

There is a range of geophysical and geochemical parameters which can be measured using a GNSS-

based reflectometry system, including soil moisture, salinity, sea surface height (SSH), sea surface 

wind speed, and biomass density [4-14]. A number of researchers have investigated GNSS-based 

ocean surface altimetry using measurements obtained by either mounting the receiver on an 

aircraft, or fixing it on the ground such as on a bridge [15, 16]. The Global Positioning System (GPS) 

coarse/acquisition (C/A) code or the GPS P(Y) code was employed to measure the sea surface height 

(SSH). The P(Y) code can be used to achieve accuracy which can be higher than that when using the 

C/A code alone; however, the P(Y) code structure is not known to the civilian community.  

In this section the focus is on GNSS-based ocean surface altimetry. The known C/A code (also termed 

clean code) is employed. The direct and reflected signals are received via two different antennas and 

then processed separately. The code phase of the direct signal and that of the reflected signal are 

estimated using a correlation delay waveform, and then used to estimate the delay of the reflected 

signal relative to the direct signal. The relative delay (i.e. the time difference of arrival between the 

reflected and direct signals) is then used to estimate the SSH. Estimating the code phase of the direct 

signal is relatively easy; however, it may not be easy to estimate accurately the desired code phase of 
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the reflected signal due to the rich multipath propagation resulting from the rough sea 

surface. The peak-power code phase of the reflected signal does not correspond to the 

time-of-arrival of the signal. Instead, there is an unknown offset between the peak power code phase 

and the desired code phase of the signal. A power-ratio method is proposed to deal with this 

challenging issue. Specifically, a parameter, power-ratio, is introduced to determine the desired 

unknown code phase of the reflected signal. Two different cost functions are proposed and the most 

suitable power-ratio is determined by minimising the cost function. Accordingly a sequence of SSH 

estimates is selected and the mean SSH estimate is determined. A key advantage of the proposed 

method is that it does not require any a priori knowledge of sea state information or any theoretical 

model. Thus, the proposed method is not affected by the modelling errors and uncertainties. 

Digital complex intermediate-frequency (IF) samples of both direct and reflected signals were 

collected during a low-altitude airborne experiment conducted on 14 June 2011 using a UNSW-owned 

light aircraft. The digital samples were processed to generate delay waveforms associated with four 

satellites. A Lidar experiment was also conducted by the same aircraft at the same time. The mean 

SSH derived from the Lidar measurements is used as a reference for evaluating the performance of 

the proposed methods. Note that the ranging accuracy of the Lidar device used in the experiment is 

2cm. The results demonstrate that the proposed power-ratio-based method can be used to 

determine accurately the desired code phase of the reflected signal associated with all four satellites. 

The mean SSH estimation error can be as small as decimetre.  

The remainder of this section focuses on 

 Describing how to calculate SSH using signal time arrival or code phase measurements 

 Reviewing relative delay estimation methods 

 Presenting a power-ratio-based method 

 Describing the first airborne experiment 

 Describing the processing of experimental data and generation of delay waveforms 

 Showing statistics of Lidar-based wave height measurements and GNSS-based relative delay 

measurements 

 Showing power ratio statistics and SSH estimation results 

4.1.1 Sea Surface Height Calculation 
 

As shown in Figure 1, SSH is calculated relative to the surface of the theoretical Earth ellipsoid in the 

WGS84 system, which has zero altitude. A two-loop iterative method for SSH calculation can be 

employed, which is described below. The SSH at a specific sea surface point is the distance from the 

point to the WGS84 Earth ellipsoid surface and the mean SSH is the average of all these distances. 

Figure 2 shows the flowchart of how to calculate the SSH. Specifically, for a given tentative SSH, since 

both the GNSS satellite position ),,( ttt zyx  and the receiver position estimate )ˆ,ˆ,ˆ( rrr zyx  are known, 

the specular point position (SPP) )~,~,~( SSS zyx  on the tentative sea surface can be readily determined. 

The SPP estimation is realised by minimising the total path length (TPL) from the satellite through the 

SPP and to the receiver, which is given by 
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Figure 1. Geometry of the receiver, WGS84 mean sea level (Earth ellipsoid surface), rough sea 

surface, direct and reflected signal paths. 
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The minimisation can be simply achieved by using an iterative method and the SPP must be scaled.  

The TPL can also be estimated using the propagation time of the direct signal and the relative delay 

( rd ) of the reflected signal, i.e., 

 rdtrtSr cRR ̂ˆˆ   (3) 

where c is the speed of light, rd̂  is the estimated relative delay and  

 222 )ˆ()ˆ()ˆ(ˆ
rtrtrttr zzyyxxR   (4) 

where the satellite position is assumed error free, while the receiver position is an estimate. How to 

estimate the relative delay will be discussed later. Then, as indicated in Figure 2, the calculated TPL by 

(1) is compared with the measured TPL by (3) to determine whether the tentative sea surface height 

should be increased or decreased. The process is terminated once the difference between the two 

TPLs is smaller than the pre-defined threshold. 

To reduce the computational complexity, a simpler technique may be used. For instance, if tSrtSr RR ˆ~
 , 

the tentative surface height is increased by a relatively larger increment such as 40 metres. At the 
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next iteration of the outer loop if tSrtSr RR ˆ~
 , the increment is decreased by half of the 

previous increment. In this way, the process will quickly converge to the steady state. Note 

that the specular reflection must satisfy Snell’s Law, i.e. the two angles ( 1  and 2  in Figure 1) 

between the incoming wave and the reflected wave, separated by the surface normal must be equal 

or the difference is extremely small. Thus the results should be tested to see if this Law is satisfied. 

 

Figure 2. Flowchart for SSH calculation. th  is a small positive number. 

From (1) the partial derivatives with respect to the coordinates of the specular point can be 

determined as 
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which can be rewritten in a vector form as 
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where S


, R


, and T


 are the position vectors of the specular point, the receiver and the transmitter, 

respectively. Equation (6) is used to generate an iterative solution to the minimum path length. That 

is, at time instant 1n  the specular point position is updated according to 

 SdSS nn


 1   (7) 

where   is a constant which typically should be set as a larger value as the flight altitude increases. 

The initial guess of the specular point can be simply the projection of the receiver position onto the 

surface. At each iteration, a constraint must be applied to restrain the specular point on the surface 

that is 
~

 metres above or below the WGS84 ellipsoid surface which has a zero altitude if 
~

 is a 

positive or negative number. That is, the specular point position is scaled according to 
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where the radius of the Earth at the specular point is calculated by 
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where 0842620.0818191984 WGSe  and 637813784 WGSa  metres.  

 

Since the altitude of the WGS84 Earth’s surface is zero, the WGS84 altitude of the specular point 

(point S) is equal to  . Clearly, the altitude of a single specular point cannot be treated as the 

estimate of the mean sea surface height. However, a reasonable estimate of the mean surface 

height will be produced through the generation and subsequent processing of the altitude estimates 

of many specular points over a period of time.  

4.1.2 Relative Delay Estimation Methods 
 

From Figure 2 it can be seen that the SSH estimation accuracy is largely dependent on the 

performance of the TPL (transmitter-SPP-receiver) measurement, which is determined by (3). The 

measurement error associated with the first term in (3) comes from the receiver position estimation 

error. When the receiver is given, such an error is typically not reducible, although smoothing may 

improve the accuracy marginally. Thus, it is important to use a GNSS receiver which can achieve 

satisfactory position estimation accuracy. The measurement error related to the second term in (3) 

results from the estimation of the relative delay of the reflected signal. When an accurate receiver is 

used, the relative delay estimation error would be dominant. Therefore, it is vital to reduce this 

error. The relative delay is estimated by determining the code phase of the direct signal and that of 

the reflected signal. Basically, two different approaches can be used to estimate the relative delay. 

One is the delay waveform based approach and the other is the carrier phase based approach.   

The carrier phase approach may be suitable for scenarios where the sea surface is relatively smooth 

and the receiver platform is land-based or on a low altitude aircraft. In the case where the sea 

surface is rather rough, obtaining the carrier phase of the reflected signal would be a rather 

challenging problem. It would be useful to conduct more investigations on this approach in the 

future. 

There are two methods associated with the delay waveform based method. The first one makes use 

of the clean code (C/A code), while the second one utilises the interferometry technique. The clean 

code method deals with the direct signal and the reflected signal separately and only uses the C/A 

code to generate the delay waveform. In the interferometry technique, on the other hand, both 

signals are processed together. That is, the two signals are either received simultaneously via the 

same antenna or cross-correlated when they are received via two different antennas. The 

interferometry technique is intended to exploit the P(Y) code or military M-code to achieve an 

accuracy gain at the cost of high-gain and directional antenna, and that the P(Y) code or M-code 

signals may only be observed at some specific intervals. In addition, a high-bandwidth front-

end/receiver is required.  

In this section the focus is on the clean code method when the sea surface is rough. In the case 

where the zenith-looking antenna is high above the ground, especially when the receiver is mounted 

on a satellite or on an aircraft, the code phase of the direct GNSS signal can be readily estimated by 

determining the location of the peak power of the correlation waveform. On the other hand, it may 

not be easy to obtain an accurate estimate of the desired code phase of the reflected signal 
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forwarded from a rough sea surface. The main reason is that the location of the peak 

power of the reflected signal would not be the desired code phase of the reflected signal 

since the peak power location is shifted due to rich multipath propagation. Clearly, using the peak 

power location to calculate the relative delay would produce a large bias error. The time shift or 

offset would depend on a number of factors including the surface roughness and the receiver 

altitude. The peak power location of the delay waveform derivative can be used as the desired code 

phase of the reflected signal, but the estimate would be biased [16]. It is observed that the desired 

code phase of the reflected signal is somewhere between the peak power location of the delay 

waveform and that of the waveform derivative. However, the exact location of the code phase is 

typically unknown.  

For clarity, it is desirable to explain why the peak power location could shift when a flat sea surface 

is replaced with a rough sea surface. Figure 3 illustrates the idealised correlation diagram 

(correlogram) of a GNSS signal in the presence of multipath propagation. In the presence of a perfect 

smooth sea surface, the signal will only be reflected at the specular point and then travels to the 

receiver. In the presence of a rough sea surface, besides the first path signal, there will be multipath 

signals arriving at the receiver. Suppose that there are J multipath signals whose delays relative to 

the 1st path are less than the GNSS code chip width ( 1 ; i.e. half of the correlogram triangle width). 

Then, the following result exists. 

The peak correlation power location of the combined multipath signals will shift from the peak 

correlation power location of the first path signal provided that 

 1
2

PP
J

j
j 



 (10) 

where jP is the peak correlation power of the jth path signal.  

Proof: Let )(tC j denote the correlation power of the jth path signal. At time 1  the combined 

correlation power of all the paths is  
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At time  1  the combined correlation power becomes 

 CCC
J

j
j  

1
11 )()(  (12) 

where by denoting the slope of the leading edge of the correlogram of the jth path as jk , the 

correlation power increment over the small interval of   is given by 
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That is, if (10) is valid, then C  is positive and thus the peak correlation power location 

shifts to the right hand side by at least  . Since both the 1st path signal and signals of 

other paths are reflected signals, the signal power of the 2nd path and a number of following paths 

can be significant with respect to the 1st path. Thus, intuitively, (10) would always be valid with a 

rough sea surface. 

It would be interesting to derive the theoretical formulas to describe the location difference and the 

sea state so that how much shift can be readily determined in the future. Note that the peak 

correlation power location ( 1 ) of the 1st path signal related to a rough sea surface can be different 

from that of the single path signal related to a smooth sea surface. However, the difference would 

be rather small. 

 

Figure 3. Illustration of multipath correlation diagram. 
 

4.1.3 Proposed SSH Estimation Methods 

Power-Ratio Concept 
 

As mentioned earlier, the desired code phase corresponding to the time of arrival of the reflected 

signal is an unknown parameter. A practical and effective approach is proposed here to estimate the 

unknown parameter. Specifically, the concept of power-ratio is introduced and defined as the ratio of 

the peak power of the reflected signal when the surface is perfectly smooth over the peak power of 

the reflected signal which is actually received. Figure 4 is an illustration of the delay waveform of the 

reflected signal in the presence of a rough surface. )( mC   is the peak power of the reflected signal 

received via the down-looking antenna where m  is the  time point at which the peak power occurs, 

while )( 1C  is the correlation power at the time point 1  where the reflected signal peak power 

occurs when the surface is perfectly smooth. Since )( mC   can be measured, the time parameter m  

can be estimated. On the other hand, neither )( 1C  nor 1  can be simply measured. The power-ratio 

is simply defined as  

 
)(

)( 1

mC

C




   (14) 
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Figure 4. Illustration of code phases/delays and related correlation power of reflected signal. 

Clearly, in the case of a perfectly smooth sea surface, the power ratio is equal to unity. Otherwise it is 

less than one. Given a power ratio and the measured peak power, the power at the desired code 

phase ( 1 ) can be calculated using (10) and the measured delay waveform. Then, the desired code 

phase is calculated and then used to calculate the delay of the reflected signal relative to the direct 

signal. Finally, the SSH estimates are obtained using the method described earlier.  

Proposed SSH Estimation Method 
 
Suppose that a sequence of delay waveform is produced by processing the logged GNSS data such as 

digital IF samples. A number of power-ratio values are selected to cover the likely values of the actual 

power-ratio. Applying each of the given power-ratios to the sequence of delay waveforms produces a 

sequence of relative delay estimates and then a sequence of SSH estimates. That is, N power-ratios 

yield N sequences of SSH estimates.  

Now the question is how to determine which power-ratio is the best so that the corresponding 

sequence of SSH estimates has the best performance. To answer this question, two different criteria 

are proposed. Specifically, in the first criterion the SSH estimation performance is measured by the 

cost function which is defined as 

   


N

i
totali mm

1

2))()(()(   (15) 

where N GNSS satellites are considered so that N sequences of SSH estimates are available, im  is the 

mean of SSH estimates related to the ith satellite, and totalm  is the mean of the SSH estimates 

associated with all the N satellites. If only selecting satellites whose elevation angles are greater than 

say 30deg, N would be around five. Note that it is assumed that GNSS signals are captured via a 

receiver mounted in an aircraft flying at a low altitude, such as a few kilometres above the surface. 

The effective reflection area associated with the signals of the N satellites would be a number of 

kilometres. Over such a relatively small sea surface area, the mean SSH can be considered the same. 

On the other hand, in the case of a LEO satellite platform at an altitude of several hundreds of 

kilometres, the effective reflection area can be hundreds of kilometres. In this case, the mean SSH of 

one specular point track can be significantly different from that of another track; thus, (15) cannot 

be used. 

m

)( mC 

)( 1C

1
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Note that N must be greater than one and this requirement is usually satisfied in practice. 

That is, the criterion is that the power-ratio which minimises the cost function in (15) is 

selected. Mathematically, this criterion is 

 )(minargˆ 


  (16) 

The selection of such a cost function is based on the observation from processing the data that the 

best power-ratio associated with one satellite is very similar to that related to another satellite when 

the elevation angle is greater than 45deg. Lidar measurements were used to measure the mean SSH 

which was then used to calculate the time offset (i.e. 1 m  in Figure 4) of the reflected signal. Next, 

a sequence of the power-ratio values and their mean were calculated. Using the mean power-ratio, 

the estimated mean SSH related to an individual satellite was very close to the estimated mean SSH 

associated with all the selected N satellites. When the selected mean power-ratio is significantly 

different from the calculated one, the estimated mean SSHs would be rather different from each 

other. Further discussion will be provided later. 

In the second criterion, the cost function is simply defined as 

  )()(    (17) 

where   is the standard deviation of all the N sequences of SSH estimates. That is, this criterion is to 

minimise the cost function in (17) to produce the desired power ratio. This criterion selection comes 

from the consideration that using the desired power ratio would yield estimates that have minimum 

variations.  

Theoretically, the time difference between the desired code phase corresponding to the time of 

arrival of the reflected signal and the code phase of the peak correlation power may be determined 

using the sea state information such as the surface elevation standard deviation. When such a 

relationship is established, the relative delay of the reflected signal can be readily determined by 

measuring the code phases of the peak correlation power of the direct and reflected signals. 

However, it is inevitable that there are some uncertainties associated with such a theoretical model. 

Therefore, it would be useful to establish a model to describe the relationship between the peak 

power location shift of the reflected signal and the surface roughness as well as to analyse the effect 

of the model uncertainties in the future. 

Algorithm Complexity Reduction 

When the length of the sequence of power ratio evaluated is large, the computational complexity 

can be rather high. To reduce the complexity, a technique, similar to finding a minimum of a function 

using gradient descent method, is proposed as shown in Figure 5. Initially two tentative power ratios 

( 1  and 2  where 12   ) are selected empirically and the difference between these two initial 

ratios should be such as greater than 0.02. Each of the two ratios is then used to obtain sequences of 

SSH estimates and calculate the cost functions as described in the preceding sub-section.  
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Figure 5. Block diagram for determination of MPR and SSH using a technique similar to the early-late 

gate method. 

Next, the power-ratio value is updated as illustrated in Figure 6. Specifically, the next power-ratio 

update will be dependent on the position and value of the newly updated power ratios and 

corresponding cost functions. Initially, the ratio update is realised by 
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where a is a small positive number that is much smaller than the initial power-ratio increment which 

can be simply set to be  

 122    (19) 

Then sequences of the SSH estimates are produced and the corresponding cost function ( 3 ) is 

calculated. Also, the three cost function values are ranked as smallest ( min ), median, and largest. At 

the next iteration, the power ratio is updated according to 

 4min4 )(    (20) 

The ratio increment ( 4 ) is determined as follows. If the power ratio with the smallest cost function 

( )( min ) is the median of the three ratios and the power ratio related to the medium cost functions 

is the maximum, then the increment is updated by 

 2/34    (21) 

Otherwise, if the power ratio related to the medium cost function is the smallest, then 

  2/34    (22) 
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On the other hand, if  )( min  is not the median ratio but the largest one, then 

 34    (23) 

 

Figure 6. Iterative power-ratio updating. 

Further if  )( min  is the smallest power ratio, then 

 34    (24) 

This process continues until the power-ratio increment is sufficiently small. Intuitively, such an 

iterative procedure would quickly approach the steady state and the power-ratio estimate 

approaches the desired one.  

Calibration 
Since the zenith-looking and nadir-looking antennas, the receiver, and the reference point are not in 

the same position, it is necessary to calibrate the relative delay measurements to remove the effect 

of these position differences. Note that the reference point may be set at the centre of the inertial 

measurement unit (IMU) provided that such a device is used. Figure 7 illustrates the configuration of 

the devices. The two antennas are connected to the receiver via two cables whose lengths are CRL  

and CDL . The actual measurement of the relative delay of the reflected signal is given by 

  )( URDRmeasured LAULSDASL  (25) 

where   is the measurement error. On the other hand, using the reference point position, the 

relative delay is calculated as 
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 ACSCASLcalculated   (26) 

where the theoretical and actual specular points are treated to be at the same position since their 

difference can be neglected. As described earlier, the SSH is estimated by comparing the measured 

and calculated relative delays. However, typically, there is an offset between the calculated and 

measured delays even in the absence of measurement error. That is, 

 
)()()( DRUR

calculatedmeasuredoffset

LLACAUSDSC

LLL




 (27) 

where the measurement error is ignored. 

Therefore, the measured relative delay should be calibrated by subtracting the offset from itself. The 

lengths of the two cables can be readily measured in advance. In case where a LNA is used to amplify 

such as the signal, the path length from D to R or from U to R will be the sum of two cable lengths 

plus the distance between the two connection points of the LNA. The distance from U to C and that 

from D to C can be manually determined in advance. The positions of points U and C are estimated by 

the receiver and frame transformation; thus distances AC and AU can be readily calculated. 

Calculation of the distances SC and SD requires a knowledge of the SSH, which is unknown in advance. 

However, initial information about the SSH, or previous SSH estimation results, can be exploited. The 

uncertainty in the SSH estimate will affect the calculation of both SC and SD in a very similar way, so 

that a small SSH error will have a negligible impact. That is, distance CV can be estimated and distance 

SC can be calculated using elevation angle. Calculation of distance SD requires its orientation to 

determine the angle SDC . In the case where the nadir-looking antenna is fixed directly beneath the 

reference point, the distance can be simply calculated by 

 )90cos(222  CDSCCDSCSD  (28) 

Once the distances and the cable lengths in (27) are known, the relative delay offset can be readily 

determined. For instance, suppose that points U and D are directly above and below point C 

respectively; AC = 20000km; satellite elevation angle is 50deg; UC = 0.8m; CD = 0.4m; CV = 300m; LUR 

= 1m; and LDR = 0.6m. Then, the unknown distances are obtained from some simple calculations: AU = 

19999.999387km, SD = 391.32m, SC = 391.62m. As a result, the relative relay offset is calculated to be 

0.094m. The SSH estimation error caused by this relative delay offset can be approximated as 

 

 cm1.6
sin2





offsetL

  (29) 

Thus, when the configuration of the devices is arranged properly and the cable lengths are selected 

based on similar analysis, the SSH error caused by the device configuration will not be large. However, 

to achieve accurate altimetry, such an error must be compensated for. 
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Figure 7. Geometric relationship between the devices. 

4.1.4 Airborne Experiment 

A low-altitude airborne experiment was conducted by a UNSW-owned light aircraft off the coast of 

Sydney between Narrabean Beach and Palm Beach on the 14th of June 2011. The flight height above 

the sea was between 200m and 500m. These low flight altitudes were required by the Lidar 

experiment. Note that when preparing this GNSS-R experiment, the critical issue of flight height as 

mentioned earlier was not realised. The primary payload was for the Lidar experiment whose 

purpose was to monitor the Sydney coastal areas to provide information for future infrastructure 

development. The free host payload was for the GNSS signal reception and data logging. Totally, 

about 10 Gigabytes of binary raw IF data were logged over 21 minutes. Figure 8 shows the short 

flight track segment relative to the coastal area over the duration of about 60 seconds. The distances 

between the Waverider buoy and the two points A and B are km  98.2ABR , km  97.8AWR , and 

km  54.9BWR , respectively. 

 

Figure 8. Experimental location. The data were collected over 60 seconds between points A and B. 
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Figure 9 shows the basic block diagram of the signal reception and data logging system. All 

the equipment was secured on stable structures in the aircraft. Figure 10 shows the light 

aircraft used for the experiment, which can accommodate four people. Figure 11 shows the GPS 

software receiver and the Lidar equipment secured in the aircraft. The Lidar device is a Riegl LMS-

Q240i laser scanner and the laser wavelength is 905nm. This device is extremely rugged and thus 

ideally suited for airborne experiments. The maximum measurement range is around 650m and 

ranging accuracy is about 20mm. 

 

  

Figure 9. Simplified block diagram of the data collection system. 

 

 

Figure 10. Light aircraft used for the experiment. 

The GPS data were logged using the NordNav software receiver, which has four front-ends so that 

the signals arriving at the LHCP and RHCP antennas were recorded simultaneously via two of the 

four front-ends. The direct signal was received via the normal zenith RHCP GNSS antenna as shown 

in Figure 12, which was also used for the Lidar experiment. The reflected GNSS signal was captured 

via the nadir-looking LHCP antenna mounted on the bottom of the aircraft as shown in Figure 13. 

This LHCP antenna is a passive L1/L2 GPS antenna with a 3dB-beamwidth of 114 degree in free 

space. The LNA of a fixed gain 20dB was connected between the LHCP antenna and the second 

front-end of the NordNav software receiver as shown Figure 14, amplifying the signals arriving at the 

LHCP antenna. The first front-end of the receiver receives the direct signal that was used to obtain 

the position and velocity of the satellite and the receiver. The IF and sampling frequency of the 

LNA 
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software receiver are 4.1304MHz and 16.3676MHz respectively. The direct signal was also 

used to derive the code phase and Doppler frequency information. The raw IF GNSS signals 

from the output of the receiver were logged to a laptop as shown in Figure 15. 

The wind data (provided by the Australian Bureau of Meteorology [17]) indicated that the wind 

speed was about 50km/h during the experiment. Also, the wave data (provided by Mark Kulmar 

from the Manly Hydraulics Laboratory (MHL), Sydney, New South Wales [18]) indicates that the sea 

surface during the experiment was rather rough with maximum wave height greater than 6m. 

 

Figure 11. The software receiver (front left) is secured in the aircraft. 

 

 

Figure 12. The RHCP antenna is secured on the top of the aircraft. 
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Figure 13. The LHCP antenna (white and round) is secured on the bottom of the aircraft. 

 

 

Figure 14. The LNA is secured in the aircraft. 

 

 

Figure 15. The laptops are secured in the aircraft. 
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4.1.5 Data Processing and Delay Waveform Generation  
 

The collected IF data were processed to generate delay waveforms (correlation power versus C/A 

code phase). That is, the IF data were cross-correlated with a replica of a C/A code sequence 

associated with a specific satellite. Delay waveform is one of the two types of waveforms (the other 

one is the delay-Doppler waveform) which are the basis for most of the current GNSS-R remote 

sensing methods. In the approach reported in this section, delay waveforms associated with four 

GNSS satellites were generated. The coherent integration time is 1ms, while the incoherent 

integration time is 1sec. The spread of the correlation power on the trailing edge over time results 

from the roughness of the sea surface.  

When the clean code (C/A code) is used and sampling frequency is low, interpolation of delay 

waveform is necessary to improve resolution of code phase estimation. For instance, Figure 16 

shows the top of a measured delay waveform and the interpolated waveform. A software receiver 

was used to generate digital IF samples with a sampling frequency of 16.3676MHz. Clearly, the 

sampling period is equivalent to about 18m, which would be too large to achieve accurate altimetry. 

The smoothed/interpolated waveform would provide much more accurate timing information.   
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Figure 16. Delay waveform interpolation. 
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4.1.6 Lidar Data and GNSS Signal Relative Delay 

Estimation Error Statistics 

Mean Sea Level and Wave Statistics 
 

Figure 17 shows the results related to 3983 points on the sea surface from the processing of the 

Lidar data. The upper plot shows the WGS84 altitudes of the surface points and their mean (dashed 

straight line), while the lower plot shows the difference when the altitudes are subtracted by a value 

which is the mean of the altitudes. That is, the lower plot shows the surface elevation variation with 

respect to the measured MSL which is calculated as 23.44m. The standard deviation of the MSL 

estimate is 1.38m, mainly contributed to by the surface roughness. This MSL estimate can be 

employed as a reference when evaluating the performance of the GNSS-based altimetry. These 

samples were taken between 15:27:55 and 15:31:38 for duration of 3 min 43.3 sec. Figure 18 shows 

the wave heights derived from the Lidar surface points shown in Figure 17. A wave is defined as the 

portion of the water between two successive zero-up-crossings relative to the MSL. The wave height 

is simply calculated as the vertical displacement between the crest and the trough of the wave. 

Using the Lidar-based wave heights the wave statistics during this period can be calculated, which 

include the significant wave height (SWH), the root mean square (RMS) wave height, and the 

maximum wave height. Also, a nearby Waverider buoy continuously measures the wave height 

statistics and the relevant statistics were obtained from MHL. The wave statistics from Lidar and 

buoy measurements are listed in Table 1. From this table it can be seen that these Lidar-based 

statistics of the wave height measurements have good agreement with those of the Waverider 

buoy-based measurements. Note that the distance between the location of the Waverider buoy and 

the location where the presented data were collected is about 10km. Due to this location difference 

some small variations of the wave statistics are expected.  

Figure 19 shows the cumulative distribution function (CDF) of the measured wave heights. It can be 

seen that the measured wave heights closely follow the Rayleigh distribution, whose CDF is given by 

))}2/(exp(1{ 22 x  where the distribution parameter 81.1 m is calculated from the measured wave 

heights. This is in agreement with results reported in the literature [19, 20]. 
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Figure 17. WGS84 altitudes of the sea surface points (top) and relative sea surface elevation 

(bottom) measured by Lidar. 
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Figure 18. Wave heights derived from the Lidar surface points. 

 

Table 1. Measured wave statistics. 

 SWH (m) RMS WH (m) Max WH (m) 

Lidar 3.7 2.6 6.8 

Buoy 4.0 2.7 6.4 



 

23 
V01_01                                                       Annex 4. Bistatic Sensor Experiment                                      30

th
 June 2013 

 

 

0 1 2 3 4 5 6 7
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Wave Height (m)

C
u

m
u

la
ti

v
e
 D

is
tr

ib
u

ti
o

n
 F

u
n

c
ti

o
n

 

 

Measured

Theoretical

 

Figure 19. Cumulative distribution of the measured wave heights and the Rayleigh variable. 

Peak Power Based Relative Delay Measurements and Error 

Statistics  
 

The delays of the reflected signal relative to the direct signal associated with four satellites are 

estimated. First the relative delay is estimated by determining the location of the peak power of the 

direct signal and that of the reflected signal. Second, the relative delay is determined under an 

idealised scenario where the sea surface is smooth and the SSH is equal to the Lidar-based mean SSH 

measurement. The four satellites that have the largest elevation angles are listed in Table 2. The 

selection of the satellites is based on the fact that the signal-to-noise ratio of the reflected signal 

typically increases as the elevation angle increases until the elevation angle reaches some specific 

value such as about 65deg [21, 22].  

Table 2. Elevation and azimuth angles of four satellites. 

Satellite 

(PRN#) 

22 18 6 21 

Elevation 

(deg) 

62.67-

62.99 

58.14-

57.41 

50.89-

50.92 

48.57-

47.95 

Azimuth 

(deg) 

238.19-

240.29 

148.82-

149.94 

266.29-

268.22 

78.87-

79.93 
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Figure 20 shows the relative delay estimation results over a period of about 60 seconds. 

Clearly, although the shape of the peak power based estimates has a good match with that 

of the estimates using the Lidar-based mean SSH estimate, there is a relatively large offset between 

the two curves. As mentioned earlier, this offset is due to the roughness of the sea surface. When 

using the Lidar-based results as a reference, the relative delay estimation error of the peak power-

based method can be calculated as shown in Figure 21. Table 3 shows the mean and STD of the 

estimation errors associated with individual satellites. It can be seen that the mean error varies 

significantly and the largest mean error difference is 1.37m. From this table it is difficult to tell how 

the estimation error is related to the satellite elevation and azimuth angles. However, if excluding 

satellite PRN#18, then the error in terms of mean or RMS increases as the elevation angle decreases. 

The reason why the error mean and STD related to satellite PRN#18 are relatively large may be due to 

the relationship between satellite azimuth angle (i.e. signal propagation direction) and the wave 

direction. As shown in Figure 22, during the data collection the wave direction was about 145 deg 

(southwest). That is, the reflected signal transmitted from satellite PRN#18 travelled virtually along 

the wave direction, while the signals from other three satellites basically travelled across the wave 

direction. It is not clear why the signal travelling along the wave direction produced a larger error 

than the other signals. It would be necessary to conduct more investigations to determine how the 

errors are related to the elevation and azimuth angles, wave direction, and other parameters. 
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Figure 20. Relative delay estimates using known MSL (23.44m) (dashed black curve); using the peak 

power code phase (blue dashed curve); and removing mean error (red solid curve). 
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Figure 21. Relative delay estimation errors of peak power-based method when the dashed black 

curve in Figure 20 is treated as true relative delay.  

 

 

 

Table 3. Mean and standard deviation of measured relative delay errors associated with four 

satellites. 

Satellite 

(PRN#) 

22 18 6 21 All 

Mean 

(m) 

22.29 23.43 22.98 23.66 23.09 

STD (m) 1.96 2.16 1.63 1.45 1.89 

RMS (m) 22.38 23.53 23.04 23.70 23.18 
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Figure 22. Wave direction and reflected signal propagation direction. 

 

4.1.7 SSH Estimation Results 
 

As mentioned earlier the receiver position coordinates, including altitude, are required to calculate 

the SSH. As shown in Figure 23, the aircraft flight height was measured by two different GNSS 

receivers, NordNav and Novatel, over the duration of about 1 minute. Taking the Novatel 

measurements as a reference, the NordNav measurement error mean is 2.5m and the error standard 

deviation is 2m. Since the Novatel measurements are much more accurate, its measurements of the 

receiver position including the altitudes were used in the SSH estimation. However, the NordNav 

receiver has four front-ends which are synchronised, hence the digital IF samples recorded through 

the NordNav receiver are used. Note that when processing the complex (IF) samples for generating 

delay waveforms, the coherent integration time is set at 1 millisecond. The 1ms delay waveforms are 

then accumulated over a period of 1 second to generate the final delay waveforms for code phase 

and SSH estimation. 
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Figure 23. Aircraft altitude measurements observed from two different GNSS receivers. The 

measurements are with respect to the WGS84 ellipsoid, not the sea surface. 

 

Measured Power Ratio Statistics 
 

Using the known mean SSH measured by the Lidar device, the power-ratio statistics can be 

calculated as shown in Figure 24 and the procedure can be described as follows. Given the known 

mean SSH and using the known satellite position and the measured receiver position, the SPP on the 

mean sea surface can be determined as described earlier. Accordingly, the TPL can be calculated, 

and hence the relative delay of the reflected signal can be determined. Then, using the code phase 

of the direct signal, the desired code phase of the reflected signal can be calculated. As a result, the 

correlation power of the reflected signal at this code phase can be determined using the delay 

waveform. Finally, the ratio of this correlation power over the peak power of the reflected signal can 

be readily calculated. This is just to evaluate the statistics of the power-ratio calculated over a time 

series and related to four individual satellites. 

The procedure of the power-ratio calculation can be repeated for a significant number of delay 

waveforms obtained over a time interval. For instance, if a delay waveform is produced by 

accumulating waveforms over a period of 1 second without overlapping, then 1 minute 

measurements would produce 60 delay waveforms associated with a specific satellite, resulting in 60 

power-ratio values. If four satellites are considered, 240 power-ratio values would be produced. 

Then, the MPR is calculated. 

Next, the procedure runs backwards. That is, given the MPR, the correlation power of the reflected 

signal at the desired code phase can be readily calculated. Then, one locates the point on the delay 

waveform whose power value equals the calculated power. Note that typically there are two such 

points on the waveform with one on each side of the peak power point, but only the left-hand-side 

one is the desired one. The corresponding code phase (i.e. the desired code phase) of this 
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correlation power is then obtained. As a consequence, the relative delay of the reflected 

signal can be calculated and the SSH is estimated according to the two-loop iterative 

method described earlier.  

Figure 25 shows the discrete power-ratios calculated using the above procedure. The mean and 

standard deviation of the power-ratios associated with the four individual satellites are listed in Table 

4. The overall MPR is 0.9666 and the overall standard deviation is 0.0049. It can be seen that the four 

MPRs are very similar and the largest difference is only 0.0017 which is 0.18% of the overall MPR. 

That is, a single MPR can be used to approximate the MPRs related to the individual satellites for a 

given sea state. 

 

Figure 24. Calculation of power ratio of reflected signal when SSH is given. DS: direct signal, RS: 

reflected signal. 

The MPR (0.9666) is then used to calculate the desired code phases and the relative delays of the 

reflected signal associated with each satellite. Finally four sequences of SSH estimates are obtained as 

shown in Figure 26. It can be seen that the mean of the SSH estimates associated with each satellite is 

very close to the Lidar-derived mean SSH estimate. Table 5 shows the error mean and standard STD 

associated with individual satellites when taking the Lidar measurement (23.44m) as the error-free 

mean SSH estimate. The overall error mean and STD are 4.5cm and 1.08m, respectively. That is, if the 

desired MPR can be retrieved, accurate mean SSH estimation can be obtained. 

Given mean SSH 
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Figure 25. Calculated power ratios related to four satellites. 

Table 4. Mean and standard deviation of calculated power-ratios associated with four satellites. 

Satellite 

(PRN#) 

22 18 6 21 

Mean 0.9674 0.9657 0.9664 0.9670 

STD 0.0050 0.0063 0.0042 0.0035 

0 20 40 60
20

22

24

26

28

H
e
ig

h
t 

E
st

im
a
te

 (
m

)

PRN#22

0 20 40 60
20

22

24

26

28
PRN#18

0 20 40 60
20

22

24

26

28

Time (sec)

H
e
ig

h
t 

E
st

im
a
te

 (
m

)

PRN#6

0 20 40 60
20

22

24

26

28

Time (sec)

PRN#21

 

Figure 26. SSH estimates using a single MPR. Power-ratio-based mean SSH estimate (black dashed), 

power-ratio-based SSH estimates (red dashed), and Lidar-derived mean SSH measurement (blue 

solid). 
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Table 5. Power-ratio-based SSH estimation error mean and STD associated with individual 

satellites. 

Satellite 

(PRN#) 

22 18 6 21 

Mean (m) 0.181 -0.090 -0.023 0.112 

STD (m) 0.996 1.409 0.959 0.872 

 

Joint Power-Ratio and SSH Estimation 
 

Figure 27 shows the effect of varying the MPR on the SSH estimation error mean when all four 

satellites are considered. Varying the MPR by 2% would result in a mean SSH error of either -5m or 

3.83m. That is, the performance is rather sensitive to the MPR selection. Figure 28 shows how the 

MPR affects the cost function defined by (15) when all four satellites are considered. Clearly, when 

ignoring the small variations from sample to sample, the overall cost function behaves as a convex 

function. That is, it is possible to search for the MPR at which the cost function achieves the minimum 

to obtain the desirable SSH estimate. In this case, the minimum cost function occurs when the MPR is 

equal to 0.9650. From Figure 26, this MPR produces a SSH error mean of 0.39m.  

Figure 29 shows the STD of SSH estimation errors associated with all four satellites. In this case the 

cost function is the STD which reaches the minimum when the MPR is equal to 0.9672. Using this 

MPR produces a mean SSH estimate whose error is -0.08m. Figures 30 and 31 show the estimation 

results when three satellites are considered as well as the two different cost functions are used. There 

are four different combinations when choosing three from four satellites. Table 6 shows the MPRs 

and the mean SSH errors associated with the four combinations using the two different cost 

functions. Note that CF1 denotes for cost function defined by (15) while CF2 denotes for the one 

defined by (17). Clearly, when the worst combination is selected, the mean SSH error are 0.97m and 

1.51m for the two different cost functions, respectively. On the other hand, if the best combination in 

each case is selected, the error would be 0.26m and -0.08m, respectively. That is, the performance is 

also rather sensitive to the satellite selection.  

Table 7 shows the average of the estimated MPRs and RMS of the mean SSH errors when the number 

of satellites ranges from two to four. For instance, in the case of three satellites the overall error of 

the four different combinations shown in Table 6 is calculated in terms of RMS. As expected, the 

performance improves as the number of satellites increases. It can also be observed from the table 

that the first cost function is more suited for the case of two or three satellites, while the second cost 

function is best used for the case of four satellites. The poor performance associated with the second 

cost function in the case of two satellites may be due to the limited number of samples. It would be 

interesting to do more data processing to generate more samples to see if the performance can be 

improved. In Table 7 the average of the mean SSH estimation errors is also listed. In the case of 

multiple combinations the performance is improved by averaging. In particular the mean SSH error is 

only 0.18m for the first cost function with two-satellite combinations. Due to the error randomness, 

averaging would typically cancel the errors with each other to some degree so that an estimation 

accuracy gain can be achieved as indicated by the results in the table. As for the first cost function, 
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the error with two-satellite combinations is even smaller than that with three- or four-

satellite combination. This may be a coincidence since the large errors nearly completely 

cancel each other. 
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Figure 27.  Effect of MPR on mean SSH estimation error. 
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Figure 28. Cost function defined by (15) versus MPR (four satellites). 
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Figure 29. Cost function (SSH error STD) versus MPR. Data related to four satellites are used. 
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Figure 30. Cost function defined by (15) versus MPR. Data related to three satellites are used. 
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Figure 31. Cost function (SSH error STD) versus MPR. Data related to three satellites are used. 

Table 6. Estimated MPRs and mean SSH error when combinations of three satellites are considered. 

Satellite PRN# 18,6,21 22.6.21 22.18.21 22,18,6 

MPR   (CF1) 0.9682 0.9648 0.9656 0.9622 

(CF2) 0.9686 0.9596 0.9672 0.9672 

Mean SSH 

Error(m) 

(CF1) -0.31 0.44 0.26 0.97 

(CF2) -0.40 1.51 -0.08 -0.08 

 

Table 7. Average of estimated MPRs and mean SSH error when using different numbers of satellites. 

Number of Satellites 2 3 4 

Averaged MPR (CF1) 0.9659 0.9652 0.9650 

(CF2) 0.9683 0.9657 0.9672 

RMS of mean 

SSH errors (m) 

(CF1) 0.78 0.57 0.39 

(CF2) 2.87 0.78 0.08 

Average of 

mean SSH 

errors (m) 

(CF1) 0.1841 0.3385 0.3947 

(CF2) -0.6 0.24 -0.08 
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4.1.8 Concluding Remarks 
 

In this section sea surface altimetry is investigated using low-altitude airborne experimental data 

collected when the sea surface wind speed was 50km/h and the significant wave height was about 4 

metres. The SSH estimation was performed using the GPS C/A code and delay of reflected signal 

relative to direct signal. The power-ratio concept was proposed and a power-ratio-based method was 

developed to estimate the desired code phase of the reflected signal. This method is based on the 

observation that the MPRs associated with a group of satellites are almost the same. Therefore, a 

single power-ratio constant can be used to estimate the code phase and the relative delay of the 

reflected signal and hence the SSH. By selecting a number of power-ratio values, sequences of SSH 

estimates are obtained using the measured delay waveforms of the reflected signal. Two different 

cost functions were defined to evaluate the performance related to each power-ratio. The power-

ratio with the minimum cost function is selected and the corresponding mean SSH estimate is treated 

as the desired estimate. The results demonstrate that using the proposed method the mean SSH 

estimation error can be at the sub-decimetre-level in the presence of SWH of about four metres. The 

developed method does not require any theoretical model or any a priori information about the sea 

state. The main disadvantage of this proposed method is that the computational complexity is 

increased.      

In the future it would be useful to conduct more investigations on establishing a theoretical model to 

describe the relationship between code phase shift of reflected signal and surface roughness, as well 

as on how the modelling error affects the estimation accuracy. 
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4.2 Second Airborne Experiment and Sea Surface Wind Speed 
Estimation 

 

The idea of using GNSS signals to remotely sense geophysical parameters was originally proposed by 

Martin-Neira [1]. Since then, different methods and techniques have been proposed for GNSS-based 

earth observation. In particular, the sea surface wind speed estimation has been investigated by 

many researchers [4, 5, 8, 23-25]. Information about the sea surface conditions is very useful for a 

range of services. For instance, the safety of ocean transport and ocean fishery can be enhanced so 

that tragic ferry/ship accidents can be avoided or greatly reduced. Also, with accurate information 

about the sea state appropriate measures can be taken to significantly reduce the economic loss due 

to flooding, especially in coastal areas.  

Surface wind and sea state are two different concepts. One of the sea surface characteristics is the 

surface mean square slope (MSS) which is closely related to surface wind, especially when the 

surface slope is generated by local wind. However, the most important parameter associated with 

the sea state may be the significant wave height (SWH) which is defined as the average height of the 

one-third highest waves. Alternatively, the standard deviation of the surface elevation is a sea state 

parameter, which can be more readily handled mathematically. Note that surface elevation and 

wave height are two different concepts/parameters, although the latter is determined from the 

former. Surface elevation time series can be divided into individual waves. Typically a wave is 

defined as the portion of the water between two successive zero up-crossings relative to the still 

water surface. Wave height is the difference between the maximum and the minimum surface 

elevations and there is only one zero down-crossing between them. Surface elevation of random 

waves can be described as a zero-mean Gaussian random variable with a standard deviation (STD) 

denoted by z  [26]. On the other hand, the distribution of wave height can be rather different from 

that of surface elevation. Based on theoretical studies and field measurements it has been shown 

that wave height is a random variable that follows the Rayleigh distribution [19, 20]. The two 

random variables can be connected to each other through associating the SWH with the surface 

elevation STD by the simple relationship 

zSWH 4  (30) 

Studies have demonstrated that for deep water waves the SWH calculated as above has good 

agreement with that determined by the one-third highest wave heights. In the case of intermediate 

and shallow water depths the SWH determined by the above equation would be less than the 

average height of the one-third highest waves [27]. Nevertheless, this relationship is commonly 

accepted for calculating the SWH in wave height analysis. 

The focus of this section is on the basis of the sea surface modelling, the second low-altitude 

airborne experiment, and near sea surface wind speed estimation. Next subsection investigates the 

sea wave spectrum, the surface scattering and the theoretical formulas for calculating the reflected 

signal power, followed by report on the airborne experiment conducted on a UNSW-owned light 

aircraft. Then, the delay waveforms and delay-Doppler waveforms through processing of the logged 

data are generated and the near sea surface wind speed estimation is performed, and finally some 

estimation results are presented. 
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4.2.1 Modelling and Theoretical Waveforms  
 

Nearly all the existing methods for sea state and wind retrieval are related to the modelling of sea 

waves and sea surface scattering directly or indirectly. In this subsection, the details of the modelling 

are investigated, including the sea wave spectrum, sea surface scattering, and the formula for 

calculating the power of the reflected signal entering the nadir-looking LHCP antenna. 

Sea Wave Spectrum 
 

Sea surface undulation is a complex process and sea wave heights change randomly in time and 

space. Sea surface roughness can be described by a number of parameters including significant wave 

height (SWH) and significant wave period (SWP). SWH is defined as the average height of the one-

third highest waves and SWP is defined as average period of the waves used to calculate the SWH. 

Alternatively, wave height spectrum and wave direction spectrum can be used to describe the 

surface roughness. Among the wave height spectral models, the Pierson-Moskowitz model, the 

JONSWAP model, and the Elfouhaily model are widely studied [28, 29]. 

The Elfouhaily model that describes the wind-driven wave height spectrum is defined as 
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where   is the wave number,   is the azimuth angle, and 
0

  is the wind direction. The long wave 

curvature spectrum )(B  is defined as 
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where 10U  is the wind speed at a height of 10m above the sea. Note that the wind speed at a height 

of 19.5m above the sea is related to 10U  by 105.19 026.1 UU  , showing little difference between wind 

speeds within the vicinity of these heights.   is the inverse wave age which is equal to 0.84 for a 

well-developed sea (driven by wind). p  is the wave number of the dominant waves defined as 
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where g  is the gravity. The other three parameters in (32) are defined as   
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In [4], )(B  is defined as  
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which is slightly different from the one defined by (32).  

The short wave curvature spectrum )(hB  in the Elfouhaily model is defined as 
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where 23.0mc  and the parameter m  is determined by 
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where fu  is the friction velocity which can be iteratively computed by 
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The initial value may be chosen as 1010
3 )065.081.0(10 UU .  

The mean square slopes of the surface in the upwind direction and in the cross-wind direction are 

then respectively calculated by 
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where the wave number cutoff *  can be calculated according to  
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where  is the wavelength (0.1904m for the GPS L1 signal). In [5] the wave number cutoff is 

modified as 

 





3

)sin(2
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where   is the incidence angle (complementary to the elevation angle of the satellite). More details 

about this model can be found in [2, 29, 30]. 
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Sea Surface Scattering 
 

As the GNSS signals arrive at the sea surface some of the signal energy is absorbed by the sea water, 

while the other energy is reflected. The reflected signals that travel towards the receiver will be 

captured by the nadir-looking antenna. Let the positions of the transmitter (on the GNSS satellite) 

and the receiver (on an aircraft, LEO satellite, or land-based) be ) , ,( ttt zyx  and ) , ,( rrr zyx  

respectively. Also define the position of the scattering point on the sea surface as ) , ,( sss zyx . Then 

the distance from the transmitter through the scattering point to the receiver is given by 

 
222222 )()()()()()(),,( srsrsrstststssstsr zzyyxxzzyyxxzyxd 

 
(42) 

The specular point is the scattering point ) , ,( SPSPSP zyx on the surface where the distance tsrd  is 

minimal. With respect to the signal reflected at the specular point, the signals reflected at other 

scattering points arrive at the receiver with a delay given by 

 cssstsr czyxd   /),,(  (43) 

where c  is the speed of light and czyxd SPSPSPtsrc /),,( . Given the transmitter and receiver 

positions and the delay  , the scattering points define an ellipse on the surface. That is, at each 

specific delay the signals reflected on the ellipse will arrive at the receiver at the same time, 

supposing that they travel towards the nadir-looking antenna. Due to the relative movement 

between the transmitter and the receiver, Doppler frequencies are produced, resulting in the 

increase or decrease of the signal carrier frequency. Let the velocity vectors of the transmitter and 

the receiver be tV


 and rV


 respectively. The Doppler frequency is determined by 

 /)( nVmVf rtD


   (44) 

where m  and n  are the unit vectors of the incident wave and the reflected wave respectively, and 

“ ” denotes the vector dot product. For a given Doppler frequency, equation (44) represents a 

hyperbola. That is, the signals reflected on such a hyperbola will have the same Doppler frequency. 

The intersection of the iso-delay lines and the iso-Doppler lines forms a network of grids which will 

be used to determine the power of the reflected signals arriving at the receiver. Figure 32 and Figure 

33 show an example of the iso-Doppler map and the iso-delay map, respectively, when the satellite 

elevation angle is 63deg. The three components of the velocity of the aircraft are 21.166946m/s, -

52.149224m/s, and -2.527502m/s, and the receiver position is (-33.693117o, 151.2745950o, 

508.0884m). The satellite position is (-52.3194o, 162.2910o, 1.9903e+007m) and the velocity vector 

is (-131.75275, -2727.07856, -573.77554) (m/s). 
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Figure 32. Example of iso-Doppler map. 
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Figure 33. Example of iso-delay map. 

 

Reflected Signal Power  
 

The reflected signals received via the nadir-looking antenna are first down-converted to IF signals. 

The code phase offset and the Doppler frequency associated with the satellite of interest can be 

estimated based on processing the direct signal received via the zenith-looking antenna through 

code acquisition and tracking. The carrier frequency of the IF signals is then compensated for and 
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the resulting baseband signal is correlated with a replica of the PRN code related to a 

specific satellite. At the central Doppler frequency the cross-correlation with a sequence of 

code phases produces a delay waveform (correlation power versus code phase). A delay-Doppler 

waveform is produced when both a sequence of Doppler frequencies and a sequence of code phases 

are considered. 

Theoretically, the signal power with respect to code phase and Doppler frequency can be computed 

by [2]  
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  (45) 

where iT  is the coherent integration time, tP  is the transmit power,   is the atmospheric 

attenuation, tG  and rG  are the antenna gains of the transmitting and receiving antennas 

respectively, tsR and srR  are the distance from the transmitter to the scattering point and the 

distance from the scattering point to the receiver respectively, )( c   is the triangle correlation 

function of the PRN code with   the delay of the replica code and c  the delay of the received code, 

)sinc(  is the sinc function representing the attenuation caused by Doppler misalignment with Df  

the Doppler frequency of the replica signal and cf  the Doppler frequency of the received signal, A  is 

the effective scattering surface area, and the bistatic radar cross section (BRCS) 0  can be calculated 

according to 
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where   is the polarisation-dependent Fresnel reflection coefficient, q


 is the scattering unit vector 

that bisects the incident vector and the reflection vector, q


and zq


are the horizontal and vertical 

components of q


 respectively, and )(p  is the probability density function (PDF) of the surface slope, 

which may be simply assumed as omni-directional Gaussian distribution. When performing the 

double integration in equation (45) the size of the effective scattering area should be appropriately 

selected. As the flight height increases, the scattering area increases accordingly. Nevertheless, it is 

not necessary to make the area dimensions too large. The contribution of the reflected signals 

beyond the effective scattering area will be negligible due to the limited antenna beamwidth and the 

fact that the power is inversely proportional to the squared distance between the GNSS satellite and 

the scattering point and between the scattering point and the receiver.     

Figure 34 shows the decibel delay waveforms based on the theoretical models studied above. Six 

curves correspond to the six different wind speeds (4, 7, 10, 13, 16, and 19m/s). Four different flight 

heights were tested: 0.5, 2, 5, and 10km. In the case of 0.5km altitude, the six curves are nearly 

identical and the spread versus time is rather small. Since the wave forms are insensitive to the wind 

variation when the flight altitude is less than 0.5km, it would be inappropriate to use the trailing 

edge to perform any sea state or wind retrieval. As the flight altitude increases, the signal spread 

increases and the waveforms distinguish from each other better. Thus more accurate parameter 

estimates would be expected.    
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Figure 34. Normalised correlation powers in decibel of the simulated reflected signals using the 

Elfouhaily wave elevation model with four different flight heights and five different wind speeds (4, 

7, 10, 13, 16, and 19m/s). 

 

4.2.2 Second Low-Altitude Airborne Experiment 
 

Similar to the first airborne experiment that was reported in the first section of this Annex; this 

second airborne experiment was carried out by the same UNSW-owned light aircraft flying off the 

coast of Sydney near Palm Beach on 4 November 2011. Figure 35 shows the experiment site and the 

flight trajectory of the aircraft. There are two nearby coastal weather observation stations where 

wind speed is measured and recorded, serving as the wind speed reference. Unlike the first 

experiment with two payloads, the only payload was the GNSS signal reception and data logging 

system. In total, about 46 Gigabytes of binary raw IF data of the direct and reflected signals were 

logged over one and half hours. The maximum flight height was 3.2km and the aircraft flew at this 

height for about 35min as shown in Figure 36. The aircraft speed, i.e. the receiver platform moving 

speed, over the duration of the experiment is shown in Figure 37. The speed is basically between 

60m/s and 90m/s when the aircraft flew above the sea. The wind speed and gust observed at the 

North Head Station, which is the closest station to the experiment field are shown in Figure 38. 

These data were provided by the Bureau of Meteorology and the latest wind speed and gust data 

over the past three days can be found at the website [30]. The wind direction was basically east 

southeast (ESE). The data logging started at 15:48:21 and stopped at 17:27:13. From Figure 38 it can 

be seen that during the data logging the wind speed ranged between 4.95m/s and 5.65m/s, while 

the wind gust ranged between 6.5m/s and 7.7m/s. The sea surface can be treated as well-developed 

since the wind had blown the surface continuously for a few hours and the variation of the wind 

speed was not very large. As a result the corresponding theory can be employed to perform the 

wind parameter estimation. 
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Figure 35. Experiment location and aircraft flight track segment. The picture was generated using 

GPS Visualizer and Google Earth. 
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Figure 36. Aircraft flight height over the duration of the experiment. 
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Figure 37. Aircraft and receiver velocity during the experiment. 
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Figure 38. Sea surface wind speed and gust recorded at North Head Station from 1pm to 7pm on the 

4th of November 2011. 

4.2.3 Data Processing 
 

In this subsection a problem with the software receiver is first investigated and some data bits of the 
original data are corrected. Then the two-dimensional delay waveforms and three-dimensional 
delay-Doppler waveforms are generated.  
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Problem with the Software Receiver 
 
It has been observed that there was a problem with the four front-ends of the NordNav software 

receiver that has been used for the data logging during the experiment. The problem was associated 

with the encoding of the GPS IF signals. The 2-bit quantisation scheme was used so that the output 

data bits are within {3, 1, -1, -3}. Also, the distribution of the data bits should basically follow some 

specific pattern such as the one shown in Figure 39 where the 4-bit 16-level quantisation is used. 

The envelope of the histogram is approximately symmetric with the bins in the middle having the 

maximal numbers. However, the original data bits collected via this software receiver had an 

unexpected bit distribution pattern as shown in Figure 40. Clearly, the encoding of the two data bits 

{-1} and {-3} must have been swapped in the receiver. Such a 2-bit quantisation encoding scheme is 

actually equivalent to a 1.5-bit quantisation scheme. As a result, certain performance degradation 

would be incurred although the degradation may be minor in some cases. Figure 41 shows the 

corresponding results of Figure 40 after the {-1} bits are swapped with the {-3} bits.  
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Figure 39. An example of IF data bits statistics when using 4-bit quantisation. 
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Figure 40. IF data bits statistics of the NordNav receiver used for the experiment when using 2-bit 

quantisation.  
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Figure 41. IF data bits statistics of the NordNav receiver after swapping the {-1} with {-3} bits. 

 

To evaluate the impact of the wrong encoding process in the receiver, the delay waveforms of the 

reflected signal associated with one specific GPS satellite (PRN#8) were used as shown in Figures 42 

and 43. When the correlation powers were normalised so that the maximal correlation power is zero 

dB as seen in Figure 43, it can be clearly observed that the performance improved after swapping 

the {-1} bits with the {-3} bits. The noise floor in this case was reduced by about 0.8 dB, 
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approximately 7% of the maximal signal power. From such a decrease in the noise floor, it 

may be predicted that the decrease in the noise floor or the increase in the signal-to-noise 

ratio would be more significant when a higher-level quantisation, such as the 3-bit or 4-bit 

quantisation is used. As a consequence a performance gain would be achieved. Further investigation 

would be needed if one wants to determine the accurate relationship between the quantisation 

level and the performance. Also, it can be seen from Figure 43 that the two delay waveforms are 

nearly identical when the signal power is above -8 dB. That is, in the case where only the waveform 

with a power greater than -8 dB is used, the swapping of the {-1} bits and {-3} bits will actually not 

produce any impact on the sea state and wind parameter estimation provided that only the 

waveform shape is employed. On the other hand, when the whole waveform shape or correlation 

power is exploited for the parameter estimation, the effect might not be negligible. In the remainder 

of this report, the results were produced after the original collected data were corrected by 

swapping the {-1} bits with the {-3} bits. 
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Figure 42. Example of impact of swapping the {-1} and {-3} bits of the IF signals. 
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Figure 43. Example of impact of swapping the {-1} and {-3} bits of the IF signals when the correlation 

powers are normalised. 

 

Delay Waveform and Delay-Doppler Waveform 
 

Via the zenith-looking antenna, the receiver received the signals transmitted from 12 GPS satellites 

when the aircraft was above the sea. Figures 44 and 45 show the delay-Doppler waveforms and the 

delay waveforms of the direct signals associated with four satellites (PRN#10, PRN#19, PRN#28 and 

PRN#3), respectively. As expected the delay-Doppler waveforms are symmetric with respect to both 

the Doppler frequency and the code phase. Also, in the delay waveforms the leading edge and the 

trailing edge are symmetric with respect to the code phase at the peak of the correlation power 

when the power is above the noise floor. The coherent integration time is set at 1 millisecond and 

the non-coherent integration time is equal to 0.5 seconds. That is, the results are produced by 

averaging 500 waveforms of 1 millisecond. From the delay waveforms it can be seen that the peak 

powers of the reflected signals can be significantly different from each other. Many factors will 

affect the reflected signals power, including the configuration of the specific satellite and the 

receiver and the transmitted signal power, in addition to the surface roughness and the receiving 

antenna gain. Further it is observed that over the period of 0.5 seconds the code phase of the signals 

can vary significantly up to by 16 samples equivalent to one code chip. Thus, when performing the 

non-coherent integration, the phase variation must be taken into account. Variation in the Doppler 

frequency is also observed but it is negligible over a period of a few seconds.    

The nadir-looking antenna captured the reflected signals associated with ten satellites. Figures 46 

and 47 show the delay-Doppler waveforms of the reflected signals associated with eight GPS 

satellites (PRN#13, PRN#7, PRN#8, PRN#23, PRN#10, PRN#19, PRN#28, and PRN #3). Reflected 

signals associated with the other two satellites (PRN#5 and PRN#6) were also captured via the nadir-

looking antenna. However, the related results are not presented since they are too noisy and 

distorted due to the rather small elevation angles and the limited antenna beamwidth. It may be 
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difficult to obtain useful information from such noisy and distorted waveforms. The 

elevation angles and azimuth angles of the eight satellites are shown in Table 8, which 

were used in the generation of the theoretical waveforms. 

Table 8. Elevation angles of the eight GPS satellites. 

Satellite 

Number 

13 7 8 23 10 19 28 3 

Elevation 

Angle (deg) 

65.42 60.51 44.89 35.94 35.35 34.78 26.30 23.55 

Azimuth 

Angle (deg) 

54.62 186.46 233.02 43.03 284.17 90.35 313.09 126.46 

 

Through comparing the results in Figures 46 and 47 with the results in Figure 44, it can be seen that 

the delay-Doppler waveforms of the reflected signals are not symmetric with respect to a specific 

code phase that corresponds to the maximal power. Instead, on the top of the delay-Doppler 

waveforms the signals are spread over two or more code chips, resulting from the roughness of the 

sea surface. The spreading of the signals over time can be more clearly observed from the delay 

waveforms as shown in Figures 48 and 49. Further, Figure 50 shows the delay waveforms of the 

direct and reflected signals associated with satellite PRN#19. It can be seen that both the leading 

edge and the trailing edge of the reflected signal are affected by the sea surface roughness. In this 

case the impact on the trailing edge is much more significant. It is this factor that allows the sea 

surface wind information to be retrieved as described in the next subsection. 
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Figure 44. Delay-Doppler waveforms of direct signals associated with four GPS satellites. 
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Figure 45. Delay waveforms of direct signals associated with four GPS satellites. 
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Figure 46. Delay-Doppler waveforms of reflected signals associated with four GPS satellites. 
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Figure 47. Delay-Doppler waveforms of reflected signals associated with four GPS satellites. 
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Figure 48. Delay waveforms of reflected signals associated with four GPS satellites. 
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Figure 49. Delay waveforms of reflected signals associated with four GPS satellites. 
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Figure 50. Delay waveforms of direct and reflected signals of satellite PRN#19. 

4.2.4 Near Sea Surface Wind Speed Retrieval 
 

The wind speed estimation is based on the model fitting method using the model derived in [2]. 

Figure 51 shows the five theoretical delay waveforms corresponding to five different wind speeds (3, 

4, 5, 6, and 7m/s) and the measured delay waveform associated with satellite PRN#13 which has the 

largest elevation angle. The measured waveform is produced through coherent integration of 1 

millisecond IF signals and then non-coherent integration of 1000 such 1 millisecond waveforms. It 

can be seen that the measured waveform has a good match with the theoretical waveform of wind 
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speed 4m/s, producing the wind speed estimate of 4m/s, which is a good estimate of the 

real wind speed.  
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Figure 51. Wind speed estimation through matching the waveforms. 

This is just an illustrative example to show how the wind speed is estimated. In practice, a 

mathematical approach will be employed to automatically produce estimation solutions. Regarding 

this model-matching approach, a certain number of theoretical waveforms are produced and a cost 

function is defined. The theoretical waveform with the minimal cost function is then selected and 

the corresponding wind speed is the estimate of the real wind speed. The cost function can be 

defined as the sum of the squared difference between the theoretical and measured waveforms. 

However, this method requires the alignment of the two waveforms so that the difference between 

the two waveforms is minimised. Alternatively, a slope-based method proposed in [2] can be 

employed. However, as observed in Figure 51, it is rather difficult to distinguish the slopes of 

neighbouring curves related to different wind speeds.  Here a multi-step procedure is proposed to 

perform the waveform fitting to estimate the wind speed:  

1) interpolating both the measured and theoretical waveforms without changing the original 

data 

2) selecting the cut-off correlation power to retain the waveform above certain power lever so 

that the slope of the trailing edge does not change abruptly 

3) calculating the areas of the interpolated waveforms above the cut-off power and calculating 

the area difference between the measured waveform and each of the theoretical waveforms 

4) selecting the theoretical waveform that produces the minimum area difference and taking 

the corresponding wind speed as the estimate. Note that when using Matlab the library 

function ‘INTERP’ can be directly used to perform the interpolation. 

Figure 52 shows the individual wind speed estimates using signals related to the eight satellites.  The 

data were collected at Point A and one second of the data were processed to generate the results. 

The horizontal axis corresponds to the eight satellites and the first satellite (PRN#13) has the largest 

elevation angle, while the eighth satellite (PRN#3) has the smallest one. The average of the eight 
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wind speed estimates is 4.04m/s, which is close to the wind speed at the Norah Head 

Observation Station. It is difficult to see the relationship between the estimation 

performance and the elevation angles from such a small number of samples. Many more samples 

are needed to obtain useful observations. 

1 2 3 4 5 6 7 8
0

1

2

3

4

5

Satellites

W
in

d
 S

p
ee

d
 E

st
im

at
es

 (
m

/s
)

 

 

individual estimates

wind speed at Norah Head

wind speed at North Head

 

Figure 52. Wind speed estimates using signals transmitted at eight satellites. 

In the above four-step waveform matching method, the matching rule is based on the difference 

between the area size of the measured waveform and that of the theoretical waveforms associated 

with different wind speeds. The theoretical waveform producing the minimal area size difference is 

selected and the corresponding wind speed is chosen to be the wind speed estimate. An alternative 

method is based on the least-squares fitting method. Specifically, as shown in Figure 53, both the 

measured and theoretical waveforms are normalised to have the same peak value, and they are 

truncated to keep their minimum value above a threshold which can be selected based on the shape 

of the measured waveform. The theoretical waveform is aligned with the measured waveform so 

that they have the best match in the sense of least-squares fitting. That is, the error function 
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2)()(
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is minimised through adjusting the relative positions of the two waveforms. Here, )(th
if  and )(m

if  

are the theoretical and measured waveform values, respectively. There are L time points between 

the first and last samples of the two waveforms. In the interval between the two first samples and 

that between the last two samples of the two truncated waveforms, one of the two waveforms does 

not have specified values due to truncation. In these cases they are assigned the minimum value, i.e. 

the threshold value, of the power level. For instance, the dashed, instead of the dotted, theoretical 

waveform has a best match with the measured one. Thus, for each theoretical waveform associated 

with a wind speed, there is an error function value which is the minimum, referred to as the residual 

for convenience. Among all the theoretical waveforms corresponding to a range of wind speeds, the 

theoretical waveforms with the smallest residual is selected and the corresponding theoretical wind 

speed is the estimate of wind speed at the experiment site. 
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Figure 53. Illustration of measured waveform (solid line) and theoretical waveforms (dotted line and 

dashed line). The two theoretical waveforms are the same but shifted with respect to each other. 

Using the data associated with a specific satellite, a sequence of wind speed estimates over 

time can be produced. The data collected when the aircraft flew from Point A to Point B in Figure 35 

were employed. During this period of 100 seconds there were eight satellites whose elevation angles 

were greater than 20 degrees. A wind speed estimate is produced using data collected over duration 

of 1 second, so that a sequence of 100 wind speed estimates is produced with respect to each 

satellite. Figures 54 and 55 show the estimation results associated with the eight satellites. For 

comparison, the wind speeds measured by the two closest coastal observation stations (Norah Head 

and North Head) were also plotted.  
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Figure 54. Sequences of wind speed estimates associated with satellites PRN# 3, 7, 8, and 10. Dashed 

line and dotted line are for the wind speeds at Norah Head Station and North Head Station 

respectively. 
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Figure 55. Sequences of wind speed estimates associated with satellites PRN# 13, 19, 23, and 28. 

As mentioned earlier, since the experiment was conducted near two coastal weather observation 

stations an accurate independent estimate of the wind speed can be used as a reference. Suppose 

that the wind speed varied from 4.2m/s at Norah Head Station to 4.7m/s at North Head Station at a 

constant rate. Then, the true surface wind speed between Points A and B on the flight route can be 

approximated as 4.33m/s. Thus the wind speed estimation errors can be determined. First, each 

sequence of estimation errors was dealt with independently and the corresponding error statistics 

were determined. Then the error characteristics were determined using all the estimation errors 

associated with all the eight satellites. 

Figures 56 and 57 show the sequences of wind speed estimation errors associated with the eight 

satellites. The estimation results are consistent over the duration of 100 seconds. The mean, 

standard deviation (STD) and root mean square (RMS) of the estimation errors are listed in Table 9. 

In particular, the RMS error ranges between 0.3m/s and 0.94m/s, better than 1m/s. Except for the 

relatively large error variation associated with satellite PRN#3 which has the smallest elevation 

angle; it is difficult to set up a relationship between the error statistics and the elevation angles. 

Further investigations are needed to investigate how the error statistics are related to some other 

specific parameters. 
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Figure 56. Wind speed estimation errors related to satellites PRN# 3, 7, 8, and 10. 
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Figure 57. Wind speed estimation errors related to satellites PRN# 13, 19, 23, and 28. 
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Table 9. Statistics of wind speed estimation errors. 

PRN# 13 7 8 23 10 19 28 3 

Eleva (deg) 65.4 60.5 44.9 35.9 35.4 34.8 26.3 23.6 

Mean (m/s) -0.22 0.70 -0.69 0.84 -0.26 -0.30 -0.15 0.56 

STD(m/s) 0.19 0.23 0.13 0.25 0.23 0.21 0.19 0.18 

RMS(m/s) 0.29 0.73 0.70 0.86 0.35 0.36 0.24 0.59 

 

Figure 58 shows the average of wind speed estimates associated with eight satellites when sixteen 

different wind directions are assumed. One observation is that although the mean wind speed 

estimate varies with the assumed direction, the variation is limited between 4.25m/s and 4.78m/s. 

Figure 59 shows the STD of the wind speed estimation versus the assumed wind directions. The STD 

ranges from 0.52m/s to 0.9m/s. The true wind speed is about 110 deg, so this STD plot provides 

some useful information about the wind direction. That is, the wind direction with the smallest STDs 

may be treated as the actual wind direction. However, there exists an ambiguity of 180 deg. 
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Figure 58. Mean wind speed estimate versus assumed wind direction. 
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Figure 59. Wind speed estimation STD versus assumed wind direction. 

 

4.2.5 Summary 
 

This section reported on the second airborne experiment conducted by the UNSW-owned light 

aircraft. A problem of wrongly encoding the two bits {-1} and {-3} in the NordNav software receiver 

was investigated. This encoding error would decrease the signal-to-noise ratio to some degree. This 

fact also tells us that a higher-level quantisation scheme may be needed in order to achieve a better 

estimation performance. Through the generation of the delay waveforms and delay-Doppler 

waveforms it was observed that the reflected signals of up to ten GPS satellites can be received via 

the nadir-looking antenna. The reflected signals of eight GPS satellites can be employed to reliably 

estimate the near sea surface wind speed. The wind speed estimation was performed by comparing 

the measured delay waveform and the theoretical waveforms. The theoretical waveform with the 

best match was selected and the corresponding wind speed was chosen to be as the estimate of the 

real wind speed. The results demonstrated that using the model-matching approach accurate wind 

speed estimation can be achieved with an estimation error of around 1m/s. 
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4.3 Third Airborne Experiment and Forest Abnormal 
Condition Detection 

 

In the first section of this Annex the authors investigated GNSS-based sea surface height estimation; 

some of the results were presented in 2012 ISPRS [13], 2012 GNSS Reflectometry Workshop [14], 

and in a journal paper [32]. In the second section of this Annex and [11, 12] the authors investigated 

GNSS-based sea state estimation with a focus on sea surface wind speed estimation. In addition to 

sea state estimation and sea level altimetry, GNSS signals can be utilised for other Earth observation 

applications including land surface classification, land deforestation, and soil moisture 

measurement. This section focuses on forest abnormal condition detection, while the next section 

will discuss soil moisture parameter retrieval. 

In the literature there are a significant number of reports on soil moisture measurement and forest 
emission modelling which are often jointly investigated [33-40]. This is due to the fact that soil 
moisture measurement is affected by forest emission, while modelling forest emission needs to, in 
general, take soil moisture content into account. A large part of the relevant literature is associated 
with the ESA SMOS (soil moisture and ocean salinity) mission. A PhD thesis written by Rahmoune 
[41] is a good reference covering many topics related to soil moisture measurement and forest 
emission modelling.  
 
Surface/terrain classification is one of the applications of GNSS reflectometry. In [42] GPS reflected 

signals are used for terrain classification. The moisture-sensitive GPS reflected signal allows clear 

distinguishing of water bodies from heavy vegetation (forests) and light vegetation (cultivated 

fields). A similar outcome was observed in [43]. That is, as the specular point crosses a river within a 

forest, the power of the reflected signal increases dramatically. In [44] GPS reflected signal strength 

is used to derive terrain/landcover features. By combining with visible wavelength imagery the 

terrain classification accuracy can be improved significantly regardless of the soil moisture level, or 

of the amount of precipitation received prior to data acquisition.   

 

This section reports on the third airborne bistatic experiment conducted on the 19th of September, 

2012. Unlike the previous two airborne experiments, this experiment was intended to collect data by 

flying the aircraft over land areas with different surface characteristics. In particular, the data may be 

exploited to infer land surface characteristics especially information about forest conditions and 

deforestation. At this stage, only limited preliminary results have been produced. However, the 

results demonstrate that the reflected GNSS signal power can be reliably to identify the change of 

surface/terrain characteristics in a forest.       
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4.3.1 Third Low-Altitude Airborne Experiment 
 

As mentioned earlier, the third airborne experiment was designed to collect both direct and 

reflected GNSS signals by flying the aircraft over land areas. Unlike the first two airborne 

experiments which were designed and conducted for sea state estimation, this experiment was 

intended to investigate the monitoring of land deforestation and the measurement of soil moisture.  

A team of four people participated in the experiment. Professor Jason Middleton was the pilot, flying 

the aircraft along the designed flight route. The flight route was selected by Jason and Kegen after a 

number of discussions. Mr. Greg Nippard was the engineer, assembling and disassembling the 

equipment. Dr. Bo Yang was the operator, flying with the pilot and operating the laptop to log data. 

The fourth person was Dr Kegen Yu, the coordinator of the experiment.   

The aircraft and the equipment (GNSS software receiver, LHCP antenna, RHCP antenna, and low 

noise amplifier) used for this experiment were the same as those used in the previous two 

experiments. In addition, an extra small rugged sports camera (GoPro hero2) as shown in Figure 60 

was also used to take photographs of the ground surfaces. Although Google Earth pictures can be 

used to determine land surface characteristics, those images may have been taken several years ago 

so that the current surface characteristics may be significantly different from the Google Earth 

images. For instance, during the interval of several years, a significant part of a forest may be cut 

down for timber. In this case the photographs from the camera would provide more accurate 

information. The viewing angle of the camera was around 90 degree so that the width or length of 

each photograph would be twice the flight height. The photographs were taken at a frequency of 0.2 

Hz, i.e., one photograph every five seconds. This frequency was selected with consideration of the 

flight height and the aircraft speed. Figure 61 through Figure 64 show four representative 

photographs of the ground surfaces (grassland, forest, lake, and residential area) taken by the 

camera. The camera images and those provided by Google Earth can be jointly used to provide some 

basic information about the surface conditions when analysing the characteristics of specific ground 

surfaces using the logged data of the direct and reflected GNSS signals.  

The reflectivity of normal land surfaces such as grasslands and forests is much less than that of 

sea/lake water. The LHCP antenna which is used for receiving the reflected signals during the 

experiment is a passive antenna and has a relative large beamwidth, i.e. 114 degree. Also, the 

aircraft is typically not allowed to fly high in the Sydney basin. Thus, the flight height was selected to 

be around 400m above the ground topography. 
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Figure 60. A typical camera used for taking pictures of ground surfaces. 

 

 

 

Figure 61. Representative image of a grassland taken by the camera.  
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Figure 62. Representative image of a forest taken by the camera.  

 

 

 

Figure 63. Representative image of a land taken by the camera.  
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Figure 64. Representative image of residential area taken by the camera.  

The experiment was conducted on the 19th of September, 2012. Based on the latest weather 

forecast and the actual weather conditions, it was decided to start the flight late morning. The 

aircraft took off at 11:00am from Bankstown Airport, west of Sydney, and it returned to the same 

airport at 12:38pm. During the flight, the weather was sunny and there were a few clouds. The wind 

had a speed of around 6 knots.   

Figure 65 shows the aircraft altitude (WGS84 system) during the flight. The altitude measurements 

were determined by the NordNav receiver which has an estimated accuracy of about three metres. 

Such accuracy might not be sufficient for precise positioning; however, it is not a serious issue when 

the received signal power and the correlation waveform (either delay waveform or delay-Doppler 

waveform) are the main focus. The flight altitude varied from time to time and it was greater than 

400m most of the time. It can be seen that over the whole flight duration there are three breaks in 

the flight altitude curve. During these three short periods of time, no data were logged on the laptop 

via the receiver because some unexpected errors occurred. 
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Figure 65. Actual aircraft altitude during the experiment. 

 

Figure 66 shows the flight route and the surrounding ground surfaces with the images provided by 

Google Earth. The flight route was clamped to the ground instead of floating in the air for clarity. It 

can be seen that the flight route is on the southwest of Sydney and northwest of Wollongong. The 

aircraft flew over a range of different surfaces including forests, residential areas, grasslands, and 

lakes/reservoirs. The ground surface elevations are shown in the upper plot of Figure 67. These 

elevations are produced by Google Earth using the latitudes and longitudes of the aircraft positions 

along the route. They were produced by dividing the Earth’s surface into grids which have 

dimensions of 90m by 90m; and each grid was assigned one elevation value. Clearly, over each grid 

of surface area, the elevation of one surface point can be significantly different from that of another 

point, depending on the surface topography. Thus, these ground elevations can only be used as an 

approximate reference. Nevertheless, it can be seen that the surface elevations in this region varies 

dramatically with the elevation difference up to around 800 metres. The lower plot of Figure 67 

shows the flight height relative to the ground surface. The relative flight height was between 200m 

and 600m most of the time.     
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Figure 66. Aircraft flight route during the experiment. The picture was generated using GPS 

Visualizer and Google Earth. 
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Figure 67. Ground elevation and aircraft flight height relative to ground surface. 
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4.3.2 Data Processing and Preliminary Results 
 

The logged digital IF samples of the direct and reflected GPS signals were processed to generate 

delay waveforms (correlation power versus code delay). The coherent integration time for 

correlating the complex IF signal (in-phase and quadrature components) is 1 millisecond and the 

non-coherent integration time for the accumulation of the signal power is 0.5 second. Due to the 

computational complexity, only two data segments were processed, which are associated with flight 

track segment AB and segment CD as shown in Figure 66. The lengths of track AB and track CD are 

11.41km and 12.94km, respectively. The flight duration over each of the two tracks is 3 minutes. 

Table 10 shows the elevation angles and azimuth angles of four satellites over the two time periods. 

Satellite 31 has the largest elevation angle and all the results presented in this report are associated 

with this satellite.  

Table 10. Elevation and azimuth angles of four satellites. 

Satellite 31 1 32 11 

Track AB Elev (deg) 66.7~67.3 49.2~50.0 45.1~46.3 45.4~45.2 

Az (deg) 56.7~67.3 245.0~247.0 223.2~222.2 276.7~278.8 

Track CD Elev (deg) 65.7~64.8 52.4~52.0 62.8~63.9 36.9~36.1 

Az (deg) 114.1~117.1 279.7~281.9 206.2~204.8 303.0~304.3 

 

Received Signal Power 
 

One important parameter of the received GPS signals is the correlation peak power which would be 

related to ground surface reflectivity. Figure 68 shows the correlation peak power of the direct signal 

captured when flying the aircraft on the track AB, while Figure 69 shows the peak power of the 

direct signal received when the aircraft flew from Point C to Point D. The variation of the received 

direct signal power is within a few decibels. The variation would mainly come from the aircraft 

movement and thus the orientation of the antenna. It is also likely that the transmitted signal power 

is not exactly constant and that the power loss due to the atmosphere would also be different from 

time to time.  

The variation of the direct signal peak power can be used to normalise the peak power of the 

reflected signal. That is, the peak power of the reflected signal is divided by the peak power of the 

direct signal at the same time instant. Of course, the division becomes a subtraction when the power 

unit is decibel. Note that the direct signal peak power is normalised so that their maximum value is 

unity. Such reflected signal power normalisation is valid and necessary under the assumption that 

similar variation would occur to both the direct signal and the reflected signal. By removing the 

impact of these unrelated factors, the peak power variation of the reflected signal would be mostly 

related to the ground surface characteristics. However, the direct signal may be corrupted by 

multipath interference, so it may not be appropriate to do the normalisation without removing the 

multipath interference. One basic technique to reduce multipath effect is smoothing the measured 
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direct signal. There are many different smoothing techniques such as the moving average 

and polynomial smoothing. When using moving average, the length of moving window 

should be long enough. In the case of polynomial smoothing, third-order polynomial may be used. 

Here, the reflected signals power is not normalised in this report. Further investigation on such 

normalisation is required. 
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Figure 68. Correlation peak power of the direct GPS signal associated with satellite PRN#31. The 

corresponding flight track segment (AB) is shown in Figure 66.   
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Figure 69. Correlation peak power of the direct GPS signal associated with satellite PRN#31. The 

corresponding flight track segment (CD) is shown in Figure 66. 
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Figure 70 shows the peak power of the reflected signal when the aircraft flew on route AB. 

For clarity Figure 71 shows the enlarged picture of the area around ground flight track 

segment AB. The corresponding specular reflection track of the signal is shown, which is also 

colourised according to the peak power values of the reflected signal. In the colourised track, the 

minimum value of the peak power is drawn in red and the maximum is drawn in magenta/violet.  

The medium values are drawn in yellow, green, and blue, as the peak power value increases. For 

better clarity, a colour bar is added on to the Google Earth picture. Also, it is worth noting that the 

reflect track is usually different from the flight ground track, although they are very close to each 

other due to the low flight height and that the satellites with the largest elevation angles are 

considered.  

Basically, along the track AB, there are three surfaces which have low radio reflectivity, while the 

other three surfaces have much higher reflectivity. It can be seen that the first high reflectivity 

surface is in an area (roughly rectangular) where the trees were almost completely removed. The 

second high reflectivity surface corresponds to an area where there are only a few isolated trees and 

a large part of the area is barren. The third high-reflectivity surface is the water surface of Lake 

Burragorang. The three low reflectivity surfaces are covered by forests. Therefore, the peak power 

variation of the reflected signal can be used to monitor the conditions of a forest. It can be seen that 

the peak power values related to the first low reflectivity forest surface is higher than those of the 

other two low reflectivity forest surfaces. Such a difference may be related to the forest density, the 

flight height, or the surface topography. It is useful to do more investigation to determine the reason 

for this. 
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Figure 70. Correlation peak power of the reflected GPS signal associated with satellite PRN#31. The 

corresponding flight track segment (AB) is shown in Figure 66. 
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Figure 71.  Ground reflection track associated with flight track AB and related ground surfaces. The 

picture was generated using GPS Visualizer and Google Earth. 

 

Figure 72 shows the peak power values of the reflected signal associated with the track CD, while 

Figure 73 shows the colourised track (according to the peak vaues) and the surrounding surfaces. 

Clearly, the peak power variation is not as dramatic as that in Figure 70. However, if the forest 

surfaces are treated as normal surface while all other surfaces are considered as outliers, then  a 

number of outliers can be identified from the peak power distribution. For instance, if an outlier  is 

defined as any surface whose maximum peak power value is greater than 2dB, then there are six 

such outliers. Starting from Point C, the first outlier is actually a long and narrow corridor which 

separates the forest into two areas. The second outlier and the third one are very close to each 

other so that they may be considered as one outlier. This surface is on the edge of a small town and 

is covered by trees and fields. The fourth outlier is also a field surface which is connected to the third 

one on one side but separated by part of a forest along the track. The fifth oulier is a narrow corridor 

which separates two forests and where there are no trees but some grass. The final outlier is the 

fields next to the forest. If the power threshold is set to be 1dB, then a few more extra outliers can 

be identified to provide more information about the surface conditions. That is, the peak power 

values are a good indicator of the change of surface characteristics and abnormality in a forest. 
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Figure 72. Correlation peak power (normalised by direct signal peak power) of the reflected GPS 

signal associated with satellite PRN#31. The corresponding flight track segment (CD) is shown in 

Figure 66. 

 

 

Figure 73. Ground reflection track associated with flight track AB and related ground surfaces. The 

picture was generated using GPS Visualizer and Google Earth. 
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As observed, the variation of the reflected signal peak power can be utilised to identify the change of 

the surface characteristics and abnormal areas in a forest. However, it may still be a challenging 

problem to identify the specific types of the ground surfaces simply based on the signal peak power. 

To achieve the goal, accurate signal models are required to describe the reflected signal power when 

the signal is reflected over different surfaces. The modelling is complicated even for one type of 

surface such as forests. For instance, the reflectivity of a forest depends on the type, the density, 

and the age of the trees. In the literature the radio reflectivity of a range of surfaces/materials is 

known with respect to some signal frequencies. However, more work is required to investigate 

modelling of the power of radio signal reflected by forests.   

Now let us have a look at some segments of interest on track AB. Basically, along the track AB there 

are three main surfaces which have low radio reflectivity, while the other three surfaces have much 

higher reflectivity. It can be seen that the first high reflectivity surface is in an area (roughly 

rectangular) where the trees were almost completely removed. The second high reflectivity surface 

corresponds to an area where there are only a few isolated trees and a large part of the area is 

barren. The third high-reflectivity surface is the water surface of Lake Burragorang. The three low-

reflectivity surfaces are covered by forests. Figure 74 shows the enlarged three areas which have the 

highest reflectivity along track AB. When setting one power level threshold at 3dB, it can be seen 

from the figures that the abnormal conditions in the forest are clearly identified. Figure 75 shows the 

specular reflection tracks related to four satellites (PRN#1, PRN#11, PRN#31, and PRN#32). 

Compared to the signal reflection track shown in Figure 71, multiple reflection tracks provides more 

information about the ground surface characteristics.  
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Figure 74. Enlarged three reflection track segments associated with three flight ground track 

segments on track AB. The picture was generated using GPS Visualizer and Google Earth. 
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Figure 75. Ground reflection tracks associated with four GPS satellites. The picture was generated 

using GPS Visualizer and Google Earth. 

 

4.3.3 Summary 
 

In this section some details of the third airborne bistatic experiment conducted in September 2012 

are presented. Unlike the previous two airborne experiments, this experiment was carried out by 

flying the aircraft over the inland areas instead of over the ocean surface. It was intended to make 

use of GNSS signals for applications including deforestation monitoring and soil moisture 

measurement. Data collected over two 3-minute periods and associated with one specific satellite 

were processed. The results demonstrated that the change of surface characteristics can be reliably 

detected by using the reflected signal peak power. Thus, it is feasible to monitor land deforestation 

based on GNSS reflectometry.  

In the future it would be interesting to process more of the logged data and investigate on the use of 

the delay waveform as another possible measure for surface change detection and land 

deforestation. Also, it would be useful to investigate feasibility of using GNSS-R to monitor the long-

term slow change in forests. 
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4.4 Fourth Airborne Experiment for Soil Moisture 
Estimation 

 
The main theme of the Garada project is the development of a spaceborne SAR and investigation of 

SAR formation flying to enhance earth observation performance. The key target application of this 

spaceborne SAR is the global monitoring of land soil moisture which is the key factor associated with 

a range of phenomena and natural processes on the globe. Thus, this reflectometry focus also needs 

to address the major application of the project. In particular, it is envisaged that the measurements 

from a “GNSS reflectometer” can be combined both SAR measurements to improve geophysical 

parameter estimation. In this section an overview of GNSS-based soil moisture estimation is first 

presented. Then, the focus is on the design and conduct of the fourth airborne experiment. The 

purpose of the experiment is to collected GNSS data over land areas to investigate soil moisture 

estimation using GNSS signals. Finally, preliminary results from processing the collected data are 

presented. The results demonstrate that the variation pattern of the signal-to-noise ratio (SNR) of 

the reflected GNSS signal has good match with that of the ground surface/field change. Ongoing 

work will focus on process more of the collected data to realise soil moisture estimation. 

4.4.1 Overview of GNSS-Based Soil Moisture Estimation 
 

When using low frequencies (less than 3GHz) microwave radiometry is an effective technique for 

remotely sensing soil moisture [45]. To achieve a good resolution, a large antenna is required when 

such a low frequency is used. In the case of spaceborne microwave remote sensing, a 

retractable/expandable antenna is required [46]. GNSS reflectometry is an alternative technique for 

soil moisture measurement. This is because the GNSS L-band frequencies (such as 1.5GHz) are 

among the frequencies which have the highest sensitivity to soil moisture. That is, GNSS signals can 

be used to effectively perform soil moisture measurement. Using GPS signals for soil moisture 

measurement was originally investigated by a number of researchers [47, 48]. In these initial 

investigations the basic observation was that the reflected signal power varies as surface soil 

moisture changes.  

The soil moisture experiment 2002 (SMEX02) is the first experiment in which both GPS reflected 

signals from land and in-situ data were collected throughout the state of Iowa, USA in June-July 

2002. There were 32 data sampling sites: 21 corn fields, 10 soybean fields, and one grass field. Many 

scientists and engineers from various agencies and institutes participated in the experiment. One of 

the main objectives of the experiment was the development and verification of soil moisture 

retrieval algorithms in challenging vegetation conditions and the evaluation of new instrument 

technologies, including the GNSS reflectometer, for soil moisture remote sensing. The U.S. National 

Snow and Ice Data Center (NSIDC) web site provides the complete data acquired during the SMEX02 

[49]. The SMEX02 data have been used by researchers to investigate soil moisture retrieval based on 

GNSS reflectometry. In [50] calibration of the reflected GPS signals was investigated for soil 

reflection and dielectric constant estimation. When using an aircraft platform, the zenith-looking 

antenna is typically mounted on the top of an aircraft and the antenna face is nearly on the same 

level of the top surface of the aircraft in general. That is, it is inevitable that the received direct GPS 

signals would be affected by the multipath propagation. Although a third–order polynomial fitting 

was then used to reduce the multipath effect, further investigation may be needed to find out if 

there are techniques that perform better. Reflectivity calibration was also performed by flying the 
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aircraft over water (assuming smooth lake surface). The obtained water reflectivity was 

scaled to the value of 63 percent so that the soil reflectivity can be readily determined 

based on the measured power of the reflected signal over soil surfaces.      

There are a range of models proposed to simulate the emission characteristics of a rough surface 

including the geometric optics model, optical physical model, small disturbance model, integration 

model, and advanced integration model [51-53]. That is, the forward scattering coefficient can be 

calculated when the input parameters are given, which include the surface roughness and the signal 

incidence angle. As shown in [54], the simulated forward scattering coefficient varies significantly 

with both the incidence angle and the surface roughness. When giving a specific incidence angle and 

surface roughness, a linear relationship between forward scattering coefficient and soil moisture can 

be established. Such a linear relationship is also applicable to the measurements from the SMEX02 

mission when individual sites/fields were covered with specific vegetation. The fitness between the 

measurements and the model can be tested by calculating the correlation coefficient. A good fitness 

corresponds to a correlation coefficient which is close to unity. The forward scattering coefficient 

and the soil moisture in a number of different sites with different crops can also be modelled as 

linear; however, the fitness is rather poor since the correlation coefficient is quite small such as less 

than 0.7.  

A number of research groups at different institutes conducted ground-based experiments for 

investigating soil moisture estimation using a GNSS reflectometer. Although the soil moisture 

variation can be found through observing the changes in the reflected signal power or SNR during a 

certain period of time, it is a challenge to precisely estimate the soil moisture content due to the 

diversity of the surface roughness and vegetation variation. In [55] the Interference Pattern 

Technique (IPT) method was developed to estimate soil moisture in bare soil fields. This ground-

based method uses a single vertically-polarised antenna to capture both the direct and reflected 

GNSS signals at the same time. The interference power of the two signals is continuously measured 

for a few hours over which the elevation angle of a specific satellite varies by tens of degrees. At one 

specific elevation angle, the measured power is minimal and this power notch position corresponds 

to the Brewster’s angle at which the signal refraction is the maximum. There is a unique relationship 

between the notch position and the soil moisture content, and the notch position is independent of 

the surface roughness. Thus, the notch position can be used to reliably retrieve the soil moisture. In 

[56] this IPT approach is used to estimate topography, soil moisture, and vegetation height in 

vegetation-covered soils. Unlike bare soil fields, there are multiple notches in the measured power 

time series. The number of notches is related to the vegetation height which can thus be estimated. 

To make a ground-truth soil moisture map over a large area, a large number of such 

receivers/systems are needed. Also, this is a ground-based method and significant modifications 

might be required to adopt it for a space platform. Further, as pointed out by Gleason [57] in the 

case of a space platform, the measurement resolution is a significant issue and the very large 

glistening zones of Earth-reflected GPS signals needs to be narrowed into usable measurement cells. 

In the literature the random surface roughness is typically assumed and its effect is then 

investigated. In [58] the authors investigated how tillage orientation affects soil surface emissivity. 

Experiments were conducted over a period of one week using both an L-band radiometer and a 

GNSS reflectometer which were mounted on a tower of about 5.5m in height. Three bare fields with 

different tillage were examined: (1) no tillage; (2) transverse tillage; and (3) longitudinal tillage. It 

was observed that in the case of no tillage both H- and V-polarisation were less sensitive to variation 

of soil moisture than in the case of tillage. H-polarisation is more sensitive to changes in soil 
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moisture and roughness than V-polarisation. In addition, H-polarisation is less sensitive to 

soil moisture when the antenna scan is perpendicular to the tillage direction, whereas V-

polarisation is slightly more sensitive when the antenna scan is perpendicular to the tillage direction. 

Such a phenomenon needs more investigation, especially because variation of the tested soil 

moisture is only about 0.1m3/m3.  

Interestingly, in [59] and [60] the authors intended to make use of the GPS receivers installed 

primarily for geophysical and geodetic applications to estimate near surface soil moisture. In the 

United States alone, there are thousands of such GPS receivers. This is a useful resource, and if it is 

exploited effectively, these receivers may provide a global network for soil moisture monitoring. The 

antennas of these GPS receivers are zenith-looking. However, the reflected signals at low elevation 

angles can also be captured by these antennas. This is because of the antenna gain patterns of these 

receivers; there is a sizable gain at negative elevation angles. In [61, 62] carrier phase is employed 

for soil moisture retrieval.  

4.4.2 Airborne Experiment Design 
 

Based on our experience of conducting three airborne experiments (two in 2011 and one in 2012) 

and the experiments reported in the literature, a new airborne experiment design is proposed in this 

section.  

SMAP and SMAPEx 

Soil Moisture Active Passive (SMAP) is a mission recommended by the U.S. National Research 

Council Committee on Earth Science and Applications from Space in 2007 [63]. A radiometer and a 

synthetic aperture radar (SAR) are the main SMAP instruments to measure surface emission and 

backscatter to sense soil conditions. SMAP has successfully completed its Critical Design Review. 

System Integration Review is scheduled in April 2013 and System Integration and Test is scheduled 

to begin in May 2013. It is currently scheduled to launch SMAP satellites in October 2014. SMAP will 

provide measurements of soil moisture and its freeze/thaw state globally, which have both high 

science value and high application value. SMAP has a range of application areas, including weather 

and climate forecasting, drought, floods and landslides, agricultural productivity, and human health. 

There are reasons for mentioning the SMAP mission. The first is simply to emphasise the importance 

of making soil moisture measurements; while the second is that the proposed experiment is 

indirectly connected to the SMAP mission. 

The Soil Moisture Active Passive Experiments (SMAPEx) are the pre-launch SMAP validation 

campaigns in Australia, which consist of a series of three aircraft and field experiments specifically 

designed to contribute to the development of soil moisture retrieval algorithms from radar and 

radiometer for the SMAP mission [64]. Prof. Jeff Walker from the Department of Civil Engineering, 

Monash University led a research group to work on the SMAPEx. The three experiments were 

conducted on 5-10 July 2010, 4-8 December 2010 and 5-23 September 2011. The experiment site is 

located in the Yanco study area, a semi-arid agricultural area in the Murrumbidgee Catchment, 

about 530km west of Sydney, as shown in Figure 76. Concurrently with each flight, supporting 

ground data on soil moistures, soil temperature, and surface roughness were collected at intensive 

monitoring sites. In the ground SMAPEx network there are 24 surface monitoring stations (0-5cm) 

and profile monitoring stations (0-90cm) which are unevenly distributed over an area of 36km x 

38km as shown in Figure 77. These monitoring stations/sites were established in 2009 and denoted 

by small squares. Also, between 2001 and 2005, thirteen stations were established in the Yanco 
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study area, denoted by stars. The WGS84 positions of these SMAPEx stations are listed in 

Table 11. Listed are also the station ID and the year when the station was established. 

These data were provided by Dr. Alessandra Monerris and Prof. Jeff Walker. Note that seven 

monitoring stations were established in the Murrumbidgee catchment in 2001, and five stations in 

the Adelong Catchment in 2001, but their details are not presented.   

 

 

Figure 76.  SMAPEx Yanco study area (provided by Dr. Alessandra Monerris-Belda at Monash 
University). 

 
 

 
 

Figure 77. Station distribution in Yanco study area. The picture was generated using GPS Visualizer 

and Google Earth. 
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Table 11. Positions of 24 monitoring stations: “Y” for Yanco Region.  

 

Station ID Established Latitude Longitude Elevation (m) 

YA1 2009 -34.6889 146.0855 130 

YA3 2009 -34.677153 146.139695 132 

YA4a 2009 -34.706005 146.079365 131 

YA4b 2009 -34.703062 146.105287 132 

YA4c 2009 -34.714213 146.094253 130 

YA4d 2009 -34.714202 146.075058 130 

YA4e 2009 -34.721393 146.102972 132 

YA5 2009 -34.712858 146.127712 132 

YA7a 2009 -34.7326 146.0802 132 

YA7b 2009 -34.737835 146.098668 130 

YA7d 2009 -34.7544 146.077773 129 

YA7e 2009 -34.750728 146.094928 132 

YA9 2009 -34.741377 146.153637 133 

YB1 2009 -34.941243 146.276541 123 

YB3 2009 -34.942698 146.340147 126 

YB5a 2009 -34.965268 146.302618 123 

YB5b 2009 -34.963373 146.318433 122 

YB5d/YB7b 2009 -34.984833 146.292992 122 

YB5e 2009 -34.979712 146.32052 121 

YB7a 2009 -34.988457 146.269407 126 

YB7c 2009 -34.998378 146.278523 125 

YB7d 2009 -35.00497 146.268525 126 

YB7e 2009 -35.007732 146.288048 121 

YB9 2009 -35.002167 146.339777 121 

 

Experimental Site Selection 
 
This next Garada airborne experiment is intended to collect data for investigation on soil moisture 
estimation using GNSS reflectometry. As mentioned earlier, soil moisture is very important to a 
range of applications and sciences, including agricultural application since it is one of the key factors 
limiting crop production. Therefore, it is desirable to conduct the airborne experiment in agricultural 
fields. Since a small UNSW-owned aircraft will be used, the experimental site should not be too far 
away from Bankstown Airport, west Sydney, where the aircraft is parked. In addition, to evaluate the 
performance of the GNSS-based technique, an independent validation technique is required to 
provide the ground-truth reference. Clearly, the Yanco study area is an excellent candidate for the 
experimental site. 
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Figures 78 and 79 show the enlarged “YA” area and “YB” area in the Yanco region. The 
distances between every pair of stations are listed in Table 12 and Table 13 for these two areas, 
respectively. The shortest distance between a pair of stations is 1.13km, while the longest distance is 
10.28km. The dimensions of the whole area shown in Figures 78 and 79 are about 8.96km (width) x 
11.13km (height) and 9.0km x 8.1km, respectively.  
 
To cover most of the stations in the Yanco “YA” and “YB” areas, the aircraft would fly over the areas 
in a zigzag pattern as shown by the dashed blue lines in Figures 78 and 79. Specifically, the stations 
are covered in the order: YA3 -> YA1 -> YA4a -> YA4d -> YA7a -> YA7d -> YA7e -> YA7b -> YA4e -> 
YA4b -> YA4c -> YA5 -> YA9 in Yanco YA area;  YB1 -> YB3 -> YB5b -> YB5a -> YB7a -> YB7d -> YB7e -
> YB9 -> YB5e -> YB7b/YB5d -> YB7c in Yanco YB area; The aircraft would not exactly follow these 
trajectories, but along the suggested directions, and the aircraft would fly on smooth trajectories. 
The flight direction selection is made by considering ease of flying of the aircraft as well as 
minimisation of flight time, whilst ensuring aircraft safety.  
 
 

 
 

Figure 78. Enlarged “YA” area in Yanco study region. The picture was generated using GPS Visualizer 

and Google Earth. 
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Figure 79. Enlarged “YB” area in Yanco study region. The picture was generated using GPS Visualizer 

and Google Earth. 

 

 
Table 12. Distance (km) between each pair of stations in YA area 

 

 YA3 YA4a YA4b YA4c YA4d YA4e YA5 YA7a YA7b YA7d YA7e YA9 

YA1 5.1 2.0 2.4 3.0 3.0 3.9 4.7 4.9 5.6 7.3 6.9 8.5 

YA3  6.4 4.3 5.9 7.2 6.0 4.1 8.2 7.7 10.3 9.1 7.2 

YA4a   2.4 1.6 1.0 2.8 4.5 3.0 4.0 5.4 5.2 7.9 

YA4b    1.6 3.0 2.0 2.3 4.0 3.9 6.2 5.4 6.1 

YA4c     1.8 1.1 3.1 2.4 2.7 4.7 4.1 6.2 

YA4d      2.7 4.8 2.1 3.4 4.5 4.4 7.8 

YA4e       2.5 2.4 1.9 4.3 3.3 5.1 

YA5        4.9 3.8 6.5 5.2 4.0 

YA7a         1.8 2.4 2.4 6.8 

YA7b          2.7 1.5 5.1 

YA7d           1.6 7.1 

YA7e            5.5 
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Table 13. Distance (km) between each pair of stations in YB area 

 

 YB3 YB5a YB5b YB5d/YB7b YB5e YB7a YB7c YB7d YB7e YB9 

YB1 5.8 3.6 4.6 5.1 5.9 5.3 6.3 7.1 7.5 8.9 

YB3  4.3 3.0 6.4 4.5 8.2 8.4 9.5 8.6 6.6 

YB5a   1.5 2.3 2.3 4.0 4.3 5.4 4.9 5.3 

YB5b    3.3 1.8 5.3 5.3 6.5 5.7 4.7 

YB5d/YB7b     2.6 2.2 2.0 3.2 2.6 4.7 

YB5e      4.8 4.4 5.5 4.3 3.1 

YB7a       1.4 1.8 2.7 6.6 

YB7c        1.2 1.4 5.6 

YB7d         1.8 6.5 

YB7e          4.8 

 

4.4.3 Airborne Experiment 
 
The fourth airborne experiment was conducted on the 9th of May 2013. The weather conditions 
were good; sunny and calm. Professor Jason Middleton, Head of Department of Aviation, UNSW, 
was the pilot for this experiment as well as the three previous airborne experiments. Mr Greg 
Nippard, the engineer, did the assembling and disassembling of the equipment for this experiment 
(as well as the three previous experiments). Mr Scott O’Brien, a PhD student from ACSER, operated 
the laptop to log data in the aircraft. 
 
Before landing at Narrandera Airport for refuelling, the aircraft flew over the Lake Coolah (about 
8km northeast of the Airport) to collect data for reflectivity calibration. According to the original 
plan, there should be one flight over the Lake at one flight height before flying over the stations and 
another flight over the same Lake at another flight height after the flight over the stations. However, 
the two flights over the Lake were completed one followed by the other for convenience. Note that 
it would be best to have the flights over the Lake immediately before or after the flights over the YA 
and YB stations. Figure 80 shows the ground tracks of the aircraft of the two flights and the 
dimensions of the plot are about 5.66km (width) x 9.20km (height). Track segment AB is associated 
with the first flight, while track segment CD is related to the second flight. The flight altitude and 
speed are shown in Figure 81. The flight speed was around 70m/s, and the speed variation was not 
significant, just about a few metres per second. The lake surface elevation is about 150m, so the 
relative flight height of the first and second flights was about 400m and 200m respectively. Table 14 
lists the elevation and azimuth angles of a group of satellites which have the largest elevation angles. 
Over each of the two tracks, the variation in the elevation is less than one degree, hence the 
elevation can be treated as a constant.  
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Figure 80. Aircraft/receiver ground track when flying over Lake Coolah. AB = 5.84km, CD = 6.57km. 

The picture was generated using GPS Visualizer and Google Earth. 
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Figure 81. Aircraft flight altitude and speed In Lake Coolah area. 
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Table 14. Satellite elevation and azimuth angles (degree) related to ground track AB and CD. 

 Satellite 25 12 5 2 29 10 

Track 
AB 

Elevation 70.5-71.0 70.3-69.5 46.8-47.2 41.3-40.8 37.7-38.1 25.6-25.4 

Azimuth 239.3-
240.8 

25.5-24.9 62.9-63.7 135.1-
134.9 

238.4-
237.9 

124.5-
125.0 

 

Track 
CD 

Elevation 71.8-72.3 68.5-67.7 47.7-48.1 39.9-39.2 38.7-39.2 25.0-24.6 

Azimuth 243.1-
244.7 

24.2-23.8 65.0-66.1 134.7-
134.6 

237.0-
236.3 

125.8-
126.5 

 
After refuelling, the aircraft flew over the Yanco YA stations twice and then the YB stations twice. 
Figures 82 and 83 show the flight speed and altitude in YA and YB areas respectively. Although there 
are some variations, the speed was around 60m/s. Since the elevation of all the stations is about 
130m, the relative flight height is about 400m for the first flight and 200m for the second flight, 
similar to those flight heights over Lake Coolah. The purpose of using two different flight heights is 
to investigate the effect of flight height on the parameter such as soil moisture estimation. 
 
The ground tracks of the aircraft are shown in Figures 84 and 85 respectively. Also shown are the 
locations of the in-situ stations. It can be seen that nearly all the stations are very close to the 
ground tracks at some specific points. Tables 15 and 16 show the shortest distance between each 
station and either one of the two ground tracks. The mean distance of YA stations to the two tracks 
is 36m and 44m, respectively, while that of YB stations to the other two tracks is 38m and 57m, 
respectively. The minimum of the shortest distance is 5m and 7m in these two areas respectively, 
while the maximum is 129m and 210m respectively. Tables 17 and 18 list the elevation and azimuth 
angle of six satellites in YA area and seven satellites in YB area, respectively. During the flight over 
the individual tracks, the elevation angle variation can be greater than eight degree. Such a variation 
may have no trivial effect on the ground parameter (e.g. soil moisture) retrieval. 
 
Figures 86 and 87 show the specular reflection tracks in YA and YB area, respectively. Since the flight 
height relative to the ground is not high, either around 200m or about 400, the specular reflection 
tracks will not greatly deviate from the aircraft ground tracks. Thus, at the closest points, the 
reflection tracks will also be close to the in-situ stations. The shortest distance from the stations to 
reflection tracks are listed in Tables 16 and 17 for satellite PRN#29. The mean shortest distance in 
Table 16 is 96m and 51m, respectively; and that in Table 17 is 64m and 65m, respectively. 
Interestingly, there are five stations which have a shortest distance of less than 10m to one of the 
reflection tracks. 
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Figure 82. Aircraft flight speed over Yanco areas. 
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Figure 83. Aircraft flight height over Yanco areas. 
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Figure 84. Flight ground track In Yanco YA area. The picture was generated using GPS Visualizer and 

Google Earth. 

 

Figure 85. Specular reflection track In Yanco YA area. The picture was generated using GPS Visualizer 

and Google Earth. 
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Table 15. Shortest distance (metre) from each station to the two aircraft ground tracks in 

YA area. 

 YA1 YA3 YA4a YA4b YA4c YA4d YA4e YA5 YA7a YA7b YA7d YA7e YA9 

1st 
track 

5 6 88 29 30 129 11 16 54 15 15 43 29 

2nd 
track 

56 14 24 19 49 103 61 7 56 45 22 82 31 

 

Table 16. Shortest distance (metre) from each station to the two aircraft ground tracks in YB area. 

 YB1 YB3 YB5a YB5b YB5d/YB7b YB5e YB7a YB7c YB7d YB7e YB9 

1st 
track 

29 10 27 52 34 104 76 10 10 51 15 

2nd 
track 

210 29 76 31 64 40 7 13 78 58 19 

 

Table 17. Satellite elevation and azimuth angles (degree) in YA area. 

 Satellite 29 25 5 12 21 2 

1st  
track 

Elevation 58.9-63.1 63.6-57.4 48.8-45.8 36.0-29.8 26.3-30.5 15.8-11.8 

Azimuth 205.5-
197.1 

337.3-
342.6 

111.7-
118.8 

14.6-13.7 286.7-
281.9 

123.6-
120.6 

 

2nd 
track 

Elevation 63.1-68.7 57.4-48.3 45.8-40.2 29.8-21.2 30.5-36.5 11.8-6.1 

Azimuth 197.1-
181.0 

342.6-
347.4 

118.8-
126.8 

13.7-12.9 281.9-
274.1 

120.6-
116.0 

 
 

Table 18. Satellite elevation and azimuth angles (degree) in YB area. 

 Satellite 29 25 5 21 15 26 12 

1st 
track 

Elevation 71.0-
74.5 

44.3-
35.8 

37.7-
31.5 

38.9-
44.2 

13.0-
18.2 

12.2-
15.7 

17.6-
10.1 

Azimuth 172.3-
146.2 

348.7-
351.2 

129.2-
133.2 

270.6-
262.0 

43.1-
48.6 

84.6-
91.5 

12.7-
12.8 

  

 Satellite 29 25 5 21 15 26 18 

2nd 
track 

Elevation 75.0-
73.0 

30.9-
23.0 

27.2-
20.6 

47.6-
52.4 

21.5-
26.6 

17.4-
19.6 

27.5-
35.3 

Azimuth 126.0-
95.0 

352.6-
354.6 

134.9-
136.4 

255.9-
245.2 

52.4-
58.5 

96.1-
103.7 

331.8-
329.0 
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Figure 86. Flight ground track In Yanco YB area. The picture was generated using GPS Visualizer and 

Google Earth. 

 

 

Figure 87. Specular reflection track In Yanco YB area. The picture was generated using GPS Visualizer 

and Google Earth. 
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Table 19. Shortest distance (metre) from each station to the two specular reflection tracks in YA 

area. 

 YA1 YA3 YA4a YA4b YA4c YA4d YA4e YA5 YA7a YA7b YA7d YA7e YA9 

1st 
track 

57 113 173 6 116 155 59 120 213 9 40 25 162 

2nd 
track 

30 50 41 28 109 80 59 60 102 15 7 69 16 

 

Table 20. Shortest distance (metre) from each station to the two specular reflection tracks in YB 

area. 

 YB1 YB3 YB5a YB5b YB5d/YB7b YB5e YB7a YB7c YB7d YB7e YB9 

1st 
track 

117 84 54 23 35 34 16 73 55 131 86 

2nd 
track 

213 7 56 11 38 9 55 76 130 82 34 

 

4.4.4 Initial Data Processing Results 
 

Using the shortest distance points on the ground reflection tracks, a short reflection track segment is 

selected associated with each station and flight. That is, there are two track segments related to an 

individual station. The data length for each of the track segments is 30 seconds, equivalent to about 

1.8km, and the shortest distance point is around the middle of the track segment. The logged data 

are processed to generate a delay waveform by coherently integrating 1 millisecond IF samples. 

These delay waveforms are then non-coherently accumulated over 250 milliseconds and the peak 

power is obtained. The noise magnitude is calculated by averaging the delay waveform data of one 

chip duration (16 samples) which is nine chips away from the peak power location on the left-hand 

side and another one on the right-hand side. Over these regions on the waveform, there would be 

no signals but noise. 

The preliminary results generated are the SNR of the reflected signal collected when flying over the 

track segments close to four YA stations (YA4b, YA5, YA7a, and YA7d) and four YB stations (YB1, YB2, 

YB5e, and YB7e) as shown in Figures 88 and 89. The SNR magnitude variation over time/location 

attribute to the surface characteristics. Figures 90 and 91 show the ground surfaces where the 

reflection tracks are located. Also shown are the reflection tracks colourised by the SNR magnitude. 

The SNR variation can be clearly observed when the track goes from one field to another in three 

areas shown in Figure 88 and one in Figure 89. The variation could be contributed to by the different 

crops in these fields as well as the difference in soil moisture and surface roughness. In the other 

four areas there are no such obvious variations in SNR with specific patterns since the surfaces are 

basically grasslands.  

Table 21 shows the start time instants in local time for the period of 30 seconds related to each of 

the eight 30 second track segments. Tables 22 and 23 show the in-situ soil moisture measurements 

observed at the eight stations on the flight day. These stations continuously measure the soil 
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moisture every 20 min and the data are downloaded from the stations in the field manually 

or they are forwarded wirelessly so that the data can directly be downloaded in the 

laboratory at Monash University.  From the tables it can be seen that the soil moisture measurement 

at each station is nearly constant over the period. In fact the soil moisture typically does not change 

significantly during a day provided that there are no significant weather changes, such as from sunny 

to raining or vice versa. However, the soil moisture can vary dramatically from one location to 

another.  

These in-situ station measurements can be used as a reference when the GNSS measurements are 

employed to estimate the soil moisture. However, one needs to be cautious when using these data 

since the reflection tracks do not exactly cross the station locations. The minimum distance from the 

station to the reflection track is between 7m and 213m as shown in Tables 19 and 20. The in-situ 

measurements can be used as an approximate reference only when the surface conditions at the 

station location and the reflection track area are quite similar.  
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Figure 88. SNR measurements of reflected signals over reflection track segments closest to four 

stations in YA area. 
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Figure 89. SNR measurements of reflected signals over reflection track segments closest to four 

stations in YB area. 
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Figure 90. Reflection tracks colourised by SNR around the in-situ stations in YA area. The picture was 

generated using GPS Visualizer and Google Earth. 

 

 

 
Figure 91. Reflection tracks colourised by SNR around the in-situ stations in YB area. The picture was 

generated using GPS Visualizer and Google Earth. 
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Table 21. Start time instants for each of the eight 30-second data collected on 9 May 2013. 

 YA4b YA5 YA7a YA7d YB1 YB3 YB5e YB7e 

1st 
flight 

11:43:11 11:46:12 11:38:04 11:38:48 12:15:07 12:16:43 12:28:21 12:23:49 

2nd 
flight 

12:01:32 12:04:43 11:56:41 11:57:26 12:43:09 12:44:51 12:54:13 12:51:25 

 

Table 22. In-situ soil moisture measurements (%vol) versus local time (hour: minute) at YA stations 

on 9 May 2013 (data provided by Dr. Alessandra Monerris-Belda at Monash University). 

Time-> 10:00 10:20 10:40 11:00 11:20 11:40 12:00 12:20 12:40 13:00 13:20 

YA4a 6.65 5.81 6.66 5.97 6.32  6.98  6.49  6.61 

YA4b 24.26 25.76 26.97 27.99 29.25  30.89 31.43  32.46  

YA5  7.1 7.37 7.25 7.67 7.39 7.67 7.54  8.11 7.81 

YA7a 4.08  4.40 3.96 4.27 4.09 4.36 4.15 4.16  4.45 

YA7d 7.15 6.58 6.85 6.93 6.52 6.79  7.15 7.17 7.19 7.28 

YA7e 6.42 5.80 6.08 6.10 5.70 5.79 6.28  6.13 5.92  

 

Table 23. In-situ soil moisture measurements (%vol) versus local time (hour: minute) at YB stations 

on 9 May 2013 (data provided by Dr. Alessandra Monerris-Belda at Monash University). 

Time-> 10:40 11:00 11:20 11:40 12:00 12:20 12:40 13:00 13:20 13:40 14:00 

YB1 11.42 11.50 11.79 11.88 11.52 11.89 11.42 12.42 12.23 12.25 11.85 

YB3 6.93 7.20 7.04 7.35 7.46 7.50 7.40 7.22  7.84 7.87 

YB5a 5.47 6.17 6.14 6.03 6.52 6.64 6.52 6.63 6.49 6.78 6.82 

YB5b 5.68 5.51 6.51 5.66 6.22 6.05 6.05 6.33 6.05 6.51 5.76 

YB5e 4.00 4.09 3.84 3.93 4.25 4.28 4.06 4.08 4.40 4.18 4.18 

YB7a 6.01 6.13 6.25 6.15 6.33 6.63 6.75 7.05 7.17 7.29 7.16 

YB7c 7.51 7.42 7.21 7.52 7.64 7.76 8.21 7.74 7.97 8.47 8.17 

YB7d 7.05 6.94 7.47 7.36 7.24 7.34 7.45 7.88 7.33 7.81 7.43 

YB7e 1.95 2.32 2.69 2.73 2.46 2.85 2.88 2.6 2.98 2.99 2.64 

 

4.4.5 Summary 
 

In this section the airborne experiment conducted in May 2013 was described. This experiment was 

intended to collect data for investigation of soil moisture estimation using GNSS reflectometry. The 

aircraft flew over different land surfaces where in-situ stations are located so that the ground soil 

moisture measurements can be used as a reference. Through processing the logged data the SNR 

measurements of the reflected signal captured over eight different track segments were obtained. 

These preliminary results demonstrate that the SNR variation pattern has good agreement with the 

surface/crop field change. Future work will focus on processing more data including the direct 

signals to investigate the ground reflectivity, top surface layer dielectric constant, and soil moisture 

content.   
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4.5. Initial Design of GNSS Bistatic Receiver 
 

Originally, GNSS reflectometry (GNSS-R) experiments were conducted using software receivers 

which have multiple RF front-ends. At the present time, software receivers are still often used for 

research in GNSS-R. The front-ends process the received signals to produce IF signals. By sampling 

the analogue signal followed by quantization during the analogue-to-digital conversion (ADC), the 

raw IF data bits are stored typically on a laptop. There are many different software receivers; for 

instance, nine different software receivers are listed in [65]. Another different software receiver, the 

NordNav receiver, which has four front-ends, has been used in the experiments for the Garada 

Project. After the experiments, the raw IF data are processed through cross-correlating the raw data 

with the local signal replica of GNSS pseudorandom noise codes and using dedicated software. As a 

result, samples of cross-correlation function are produced over a range of Doppler frequencies and a 

number of code chips (i.e. a waveform is produced). Clearly, such a procedure requires intensive 

cross-correlation computation which involves the use of software routines, good knowledge on how 

to use the software to process the raw data, and a lot of time to run these routines to generate the 

results. These waveform data are just the basis for further analysis to remotely sense geophysical 

parameters. That is, prior to the analysis of the observed data, significant amount of computer time 

has already been consumed.  

To resolve such issues a better instrument, based on a hardware receiver, needs to be developed so 

that the cross-correlation can be performed in real time. As a consequence, the scientific end users 

and industry can directly analyse the data obtained from either airborne or spaceborne experiments 

or missions to infer the geophysical or geochemical parameters. Due to the importance of such a 

hardware receiver, a number of universities and research institutions have been developing 

hardware receivers. They include the instruments developed by NASA Langley Research Center [5], 

CSIC-IEEC [65], SSTL [66], UPC [67], and Beihang [68]. The initial design of the bistatic receiver 

reported in this section is based on the information of these existing hardware receivers. The focus 

of this section is first on the basic description of the bistatic receiver, the architecture and signal 

processing of the back-end of the receiver. Also, detailed discussions on the number of front-ends 

and the utilisation of multi-frequency and multi-GNSS constellations are provided. The key point is 

that the UNSW-designed Namuru receivers [69] should be used as the basis to save time and reduce 

resource consumption. In addition, the multi-frequency schemes and the multi-GNSS constellations 

should be leveraged to achieve a performance gain in both accuracy and coverage. The issue of 

antenna selection is also discussed for the sake of system simplicity as well as good performance. 

4.5.1 Brief Description of the Hardware Receiver 
 

Figure 92 shows the block diagram of the first scheme of the hardware receiver. It consists of two 

main parts, the multiple RF front-ends and the signal processing back-end. Typically, external 

antennas are required to receive the GNSS signals. That is, the RHCP antenna is used to receive the 

direct GNSS signals, whereas the LHCP antenna is used to receive the reflected GNSS signals. 

Although there is a LNA or even more in the RF front-ends, an external LNA is usually necessary to 

amplify both the direct and reflected signals when passive antennas are used. In the case of a 

spaceborne receiver, to reliably detect the really weak reflected signal, some special strategies are 
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required. One strategy is to utilise a high-gain antenna. The RF front-end consists of two 

identical front-ends which would be similar to most of the existing front-ends. These front-

ends produce analogue IF signals with a specific central frequency which can be selected to be 

around 20 MHz. Digital IF signals are produced by sampling the analogue signals at a frequency of 

around 40 MHZ through an ADC. In some hardware receiver designs, the resolution of the ADC is 

significantly different from others. For instance, one receiver uses 1-bit ADC, whereas another uses 

8-bit ADC. Clearly, the computational complexity is a minimum when using the 1-bit ADC. As the 

resolution (i.e. the number of bits) increases, the computational complexity increases. On the other 

hand, the SNR of the waveform produced by the signal processor will improve with the number of 

bits as observed in [70]. However, the improvement would be negligible when the number of bits is 

greater than some value. At the moment, an ADC with 3-6 bits can be considered optimal although 

the most suitable value still needs to be determined. These digital samples from the ADC are the 

input to the signal processor to generate the two-dimensional delay waveform or three-dimensional 

delay-Doppler waveform.  

A reference oscillator is used to maintain synchronisation between the GNSS receiver clock, the 

signal processor clock, and the local oscillators in the two RF front-ends. This system reference 

oscillator operates at a frequency of around 40MHz, which may also be adjustable. An oven 

controlled crystal oscillator (OCXO) can be used as the reference oscillator. The accuracy of the 

OCXO is high; for instance, the accuracy of a 5-10MHz OCXO is 20ppb (parts per billion), whereas the 

long-term (e.g. 10 years) stability is around 20-200 ppb per year (according to Wikipedia). The GPS 

receiver can be a commercial GPS receiver card which takes the direct signal received by the RHCP 

antenna as input to calculate the navigation solution which is then forwarded to the signal 

processor. Since UNSW has built a number of Namuru GNSS receivers, the GNSS receiver can be 

replaced by one of the Namuru receivers [69]. USB interface is required to output the waveform 

data (preferably, and the navigation data as well) to an external device such as a laptop where the 

data are logged for further processing, or a flash drive as a buffer in order to forward the data to the 

ground through a wireless downlink channel. Only two front-ends are considered in the initial design 

of the receiver; however, such a design can be extended to the case of more than two front-ends 

such as four front-ends to capture signals from two different GNSSs (e.g. GPS and GLONASS) or 

different frequency bands (e.g. GPS L1 and L2).  

The second design scheme is shown in Figure 93. It can be seen that the extra GNSS receiver is 

removed. In this scheme the front-end (or front-ends) of the Namuru receiver can be used as the 

front-ends of the hardware receiver subject to some modifications. In particular, new facilities and 

features need to be added to the existing Namuru platform to realise the function of delay-Doppler 

map (DDM) generation. The digital IF data bits from the ADC connected to front-end 1 are used to 

track the code phase and the carrier frequency of the direct signal as well as to decode the 

navigation message. The navigation message retrieval, the code and frequency tracking, as well as 

the cross-correlation computation are all realised in the signal processor. 

The advantage of the first scheme is that any modification of the two RF front-ends and the two 

ADCs will not affect the GNSS receiver. That is, the two parts can be treated independently. As a 

result, such a scheme is more flexible. The disadvantage of the scheme is that an extra GNSS receiver 

is required. On the other hand, the advantage of the second scheme is the avoidance of the extra 

GNSS receiver. However, in the presence of any modifications in the frond-ends or in the ADCs, both 

the navigation message detector and the cross-correlator in the signal processor may need to be 
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modified accordingly. At the moment the second scheme is preferred due to its lower 

system complexity. 

 

Figure 92. Block diagram of the first scheme of the hardware receiver 

 

Figure 93. Block diagram of the second scheme of the hardware receiver 
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4.5.2 Signal Processor 
 

As mentioned earlier there are two main parts in the hardware receiver, the RF front-end and the 

signal processing back-end. Since the Namuru front-end will be used as the front-end of the 

hardware receiver, subject to some modifications, the focus of the design is on the signal processing 

back-end. In this subsection the key hardware components, the architecture, the flow of the signal 

processor are described. Also, the selection of the DDM parameters is discussed.    

Architecture of Signal Processor 
 

Figure 94 shows the block diagram of the signal processor. The processor board consists of two main 

chips, the FPGA (field-programmable gate array) chip and the DSP (digital signal processing) chip. 

The functions implemented on a FPGA chip include the acquisition of the code phase and carrier 

frequency of the direct signal, the local code and carrier generation, the cross-correlation of the 

reflected signal with the local replica, the waveform data and other data buffer, and the control 

functions. Note that the functions of the DSP chip can also be realised on a FPGA chip. The FPGA chip 

can be selected from the Altera FPGA series such as the Cyclone II & Cyclone IV FPGA chips [71]. 

These two FPGA chips have been used in the earlier versions of Namuru receiver, while Namuru 3.2 

used the Actel FPGA chips. The DSP chip performs functions including code and carrier tracking, and 

navigation data/message decoding. The DSP design can be implemented in a DSP chip which can 

be selected from the TI (Texas Instruments) processor series [72]. Namuru v3.3 has a Cyclone IV 

FPGA and retains the use of the NIOS-2 softcore processor, although future versions may switch 

to Cyclone V, which includes hard-coded ARM Cortex cores on board. The FPGA and DSP 

communicate via an interface. More details about the signal processor are provided in the following 

subsections. 

 

 

Figure 94. Signal-processor block diagram. 
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Principle of the Signal Processor 
 

Figure 95 shows the structure of the signal processor with a detailed illustration of the waveform-

generation correlator array. Although a number of different functions are performed in the 

processor, the key product of this signal processor is the delay-Doppler waveform of the reflected 

signal. Note that the waveform of the direct signal is not of interest since it does not provide any 

useful information about the characteristics of the scattering surface. Nevertheless, the processing 

of the direct signal provides the estimates of the code phase and Doppler frequency of the direct 

signal, which are used to infer those of the reflected signal. It is also worth mentioning that the GNSS 

receiver of interest is actually equivalent to a reflectometric sensor where the direct and reflected 

signals are received and processed separately. In the case of a GNSS interferometer, the direct signal 

and the reflected signal are received by one antenna simultaneously so that the two signals are 

superimposed. Alternatively, the two signals are received by different antennas (the antenna for 

receiving the reflected signal must have a high gain), but the two signals are then cross-correlated for 

a certain period of time; the amplitude is squared and then accumulated over a number of samples 

[73]. The advantage of interferometric processing is that accurate estimation of the relative delay 

can be obtained without the need to generate any replica of the modulating codes onboard. Also, all 

embedded codes in a given GNSS frequency band would contribute to the cross-correlation shape, 

including the high-chip rate restricted access codes such as the GPS P(Y) code which can be used to 

improve the ranging performance. The detection of these embedded codes may require the use of a 

high-gain nadir-looking antenna. However, more discussions about a GNSS interferometer and its 

design are beyond the scope of this Annex. 

Since the aim of the signal processor is to generate a 3-D DDM, a range of code delays and a range of 

Doppler frequencies need to be defined. With the aid of the acquisition and tracking of the direct 

signal, the estimates of the central Doppler frequency and the code phase of the reflected signal at 

the specular reflection point can be obtained and thus the ranges of the code phases and Doppler 

frequencies can be selected. Note that the specular reflection point is the point where the total path 

length of the reflected signal travelling from the transmitter to the receiver is the minimum. As 

shown in Figure 95, there are )1(  nm   code phases, ranging between m   and  n  where  m   

and  n  are positive integers and   is the code phase spacing. A zero code phase corresponds to the 

code phase of the signal reflected at the specular reflection point. The Doppler frequency ranges 

between f   and f  where    is an integer and  f  is the Doppler frequency spacing. Each 

Doppler frequency corresponds to a specific carrier frequency of a carrier generated by a multi-

carrier generator. More discussion about these code phase and frequency parameters will be 

provided later. For each pair of a Doppler frequency and code phase, there is a pair of correlators for 

cross-correlating the in-phase and the quadrature components of the reflected signal with those of 

the modelled signal. The amplitude of the correlation output of the in-phase component and that of 

the quadrature one are squared and then added, followed by non-coherent summation. 

 

The code sequences with different code phases can be generated by using a serial-in and parallel-out 

shift register which is driven by a clock as shown in Figure 96. There are N parallel outputs from the 

shift register at each sampling instant, resulting in )1( N  C/A code sequences. Note that, to match 

the number of code phases in Figure 94, nmN  . The sampling period of the clock is equal to the 

code phase spacing or resolution, i.e.  . The generation of different Doppler frequencies is realised 

using a multi-carrier generator with each carrier corresponding to a specific Doppler frequency. Each 
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of the carriers is generated using a Numerically Controlled Oscillator (NCO) and thus the 

implementation of such a multi-carrier generator is not a difficult issue. 

 

In addition to the code phase and Doppler frequency parameters to be discussed later, two other 

correlation-related parameters, the coherent integration time and the non-coherent integration 

time, need to be selected. For a spaceborne receiver, the coherent integration is typically set at 1 

millisecond which is the GPS C/A code chip length. For a receiver dedicated to airborne experiments, 

the coherent integration can be selected to be equal to or greater than 1 millisecond. The selection 

of the non-coherent integration time may be more flexible, but typically greater than 1 second. Due 

to the divergent selection of these two parameters, they should be readily adjustable so that the 

user can conveniently select the parameter values of their interest. For convenience the default 

values of the coherent and non-coherent times can be specified as 1 millisecond and 1 second, 

respectively. 

  

Each of the dashed boxes in Figure 95 corresponds to the generation of waveform data related to a 

specific Doppler frequency. That is, a delay waveform is produced by each of the boxes. In each 

dashed box, there are )1(2  nm  parallel correlators. Since there are )1(2   Doppler frequencies, 

there are totally )1)(1(4  nm  parallel correlators.  

 

Although in some cases only the two-dimensional delay waveform is used to remotely sense the 

geophysical parameters, the generation of three-dimensional waveforms should be attempted. This 

is because the 3-D waveform contains more information than the 2-D waveform. However the use of 

3-D waveform or 2-D waveform is the choice of the user. The 2-D waveform is simply a part of the 3-

D waveform when the Doppler frequency is set at its central value. 
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Figure 95. Architecture of the signal processing back-end. 
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Figure 96. Generation of C/A codes with different code phases. 

 

Signal Processing Flow Chart 
 
Figure 97 shows the signal processing flow chart in the signal processor which uses both the direct 
digital signal and the reflected digital signal to generate the delay-Doppler waveform. Specifically, 
the processor consists of two parts, the direct signal channel (DSC) and the reflected signal channel 
(RSC). The DSC generates both the reference Doppler frequency and the reference code phase for 
the RSC. In fact the DSC performs the functions of a typical software receiver, as described below. 
The acquisition and tracking is first realised to estimate the code phase and Doppler frequency of 
the direct signals associated with specific GNSS satellites. The navigation data decoding and 
extraction are then carried out to generate the navigation message and to determine the relative 
delay of the reflected signal (with respect to the direct signal). Next, the code phase )( DCP  of the 

direct signal and the relative delay )( R  of the reflected signal are used to estimate the code phase 

of the reflected signal using the formulas 
 

 RDR CPCP   (48) 

 
where 
 
 )sin( 2  hR   (49) 

 
where h  is the altitude of the receiver and   is the elevation angle of the GNSS satellite. Since the 
Doppler frequency of the reflected signal is very similar to that of the direct signal, both the code 
phase and the Doppler frequency of the reflected signal can be estimated and the accuracy is 
sufficiently good for the generation of the delay-Doppler waveform. The RSC makes use of these 
Doppler and code phase estimates to perform 2-D cross-correlation to produce the delay-Doppler 
waveform.  
 
 It is expected that a certain processing time will be consumed in generating the reference code 
phase and Doppler frequency estimates of the reflected signal even though the processing is 
hardware-based. However, such a processing delay is negligible when considering the code phase 
and Doppler frequency variation over such a delay. Airborne experimental results have 
demonstrated that the variation of the Doppler frequency over duration of one second is rather 
small, just up to a few dozen Hertz. The variation of the code phase in one second is between a few 
samples and around 40 samples. Note that the sampling frequency is 16.3676MHz and there are 

Clock 

C/A code 

generator 

Shift 

register 1 

Shift 

register 2 

Shift 

register N 

)(tc )2( tc)( tc )( Ntc 



 

101 
V01_01                                                       Annex 4. Bistatic Sensor Experiment                                      30

th
 June 2013 

 

about 16 samples per code chip. Except that at the starting point, dozens of 1 millisecond 
data are required to perform signal acquisition, the update period of the code and 
frequency tracking would be of the order of milliseconds. Also, at the starting point a delay of 30 
seconds is inevitable in order to detect the navigation message to obtain the GNSS satellite data. 
 
 

 

Figure 97. Illustration of signal processing flow chart.  
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As mentioned in earlier four important parameters associated with the DDM need to be defined in 

the design of the bistatic receiver. They are the DDM size (i.e. number of code pixels and number of 
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the accuracy requirement, the code phase and Doppler frequency spacing should not be large and 

the DDM size should not be small. On the other hand, to reduce system complexity and speed up the 

DDM generation, the DDM size should not be large. Thus, a trade-off is required. In [67] each DDM 

has 3224  complex points and the resolutions are configurable with   

)chips  05.0   Hz, 20( minmin  f . In addition, the coherent time (minimum = 1 millisecond, 

maximum = 100 millisecond) and non-coherent integration time (minimum of one coherent 

integration time period and maximum unlimited but typically less than 1 second) are selectable. 

Such a design was focused on building a GNSS receiver for conducting airborne experiments. In [66] 

the design objective was to build a receiver suited for a spaceborne platform. The implemented 

DDM processor has 52 Doppler frequencies by 128 code delays and the resolution can be 

configurable. It is a fact that the spread over both time and frequency of the reflected signal 

received via a spaceborne receiver is much larger than that of the signal received via a land-based or 

an airborne receiver. Thus, the DDM size for a spaceborne receiver should typically be larger than 

that of an airborne receiver. 
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Based on the above discussions and the consideration of a receiver suited for both airborne 
and spaceborne applications, the DDM parameters of the bistatic receiver of interest are initially 
specified in Table 24.   
 
 

Table 24. Initial specification of DDM parameters. 

parameter min max characteristic 

Delay 

resolution 

0.03125 chips Less than 

0.5 chips 

Configurable 

Doppler  

resolution 

15.625 Hz 

 

Less than 

2 kHz 

Configurable 

 

Number of  

code delays 

64 128 Fixed 

Number of  

Doppler frequencies 

20 60 Fixed 

Coherent 

Integration time 

1 millisecond Less than  

0.1 second 

Selectable 

Non-coherent 

Integration time 

Larger than coherent 

integration time 

Unlimited but typically 

Less than 10 seconds 

Selectable 

 

 

Issues Related to Front-ends 
 
In the preceding subsections although the receiver structure and signal processing back-end 

parameters were defined, a number of issues were not mentioned. In this subsection the issues of 

number of front-ends, multiple frequencies and multi-GNSS systems are discussed. 

Since this receiver is supposed to be based on the UNSW-developed Namuru receivers, it will have 

the facility support for multiple GNSSs. Currently, the 2-frontends Namuru receiver is designed to 

acquire and track the GPS L1 and L5 signals and the Galileo E1 and E5 signals with one front-end for 

handling the L1/E1 signals and the other front-end for the L5/E5 signals. In fact the recent design of 

GNSS receivers typically considers using multiple front-ends and multiple frequencies. The reason for 

using such a GNSS receiver structure is rather obvious. Currently there are four different operational 

or planned GNSSs, namely U.S.’s GPS, EU’s Galileo, Russia’s GLONASS, and China’s BeiDou. Although 

only GPS and GLONASS are fully operational, the others will be operational by the end of the decade. 

Furthermore, a number of different frequencies are used by these systems, including L1/E1, L2/L2C, 

L5/E5, E6, G1, and G2. It is desirable to make use of the multi-frequency and multi-constellation to 

achieve a diversity gain in estimating the geophysical parameters with regards to both estimation 

accuracy and coverage.   

Based on the above considerations a number of different options of the bistatic receiver front-ends 

and frequencies are proposed as shown in Figure 98. In terms of the number of front-ends there are 

four different options: three, four, five and six. The 3-front-end structure is the simplest one with 

one front-end for dealing with the direct signal captured via the zenith-looking RHCP antenna, 

another front-end for the reflected signal received via the nadir-looking LHCP antenna, and the third 
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front-end for the reflected signal via the nadir-looking RHCP antenna. In this case both dual 

constellations and dual polarisation are exploited.  

The second option is that there are four front-ends with two front-ends for L1/E1 signals and the 

other two for L5/E5 signals. A pair of L1/E1 and L5/E5 front-ends is connected for dealing with the 

direct signal, while the other pair for the reflected signals. The downward antenna is assumed to 

have the left hand circular polarisation unless the surface has a better sensitivity or higher 

reflectivity to the RHCP signals. This option is under the assumption that the frequency diversity gain 

is greater than the polarisation gain. In the literature there are no reports on the diversity gains 

associated with different parameters. Therefore it is desirable to carry out investigations for 

comparing the performance gain achieved by using multiple polarisations and the gain obtained by 

using multiple constellations or multiple frequencies. Of course, for a fair comparison, the 

performance of the system should be evaluated when using two polarisations and two constellations 

or two frequencies.  

In the option of five front-ends, the only difference to the option of four front-ends is that the 

additional front-end can be used for handling either L1/E1 or L5/E5 signals but not both. The 

selection would depend on which signals have a better sensitivity and/or higher reflectivity to the 

surface of interest. If the additional front-end is L1/E1, then a pair of L1/E1 front-ends would be used 

to handle the reflected signals via the LHCP antenna and the RHCP one, respectively. In the option of 

six front-ends the simple combinations would be three L1/E1 front-ends and three L5/E5 front-ends. 

A pair of L1/E1 and L5/E5 front-ends is used for processing the direct signal, while the other four 

front-ends for handling the reflected signals via a L1/E1 RHCP, a L1/E1 LHCP, a L5/E5 RHCP, and a 

L5/E5 LHCP antenna, respectively. Alternatively, three front-ends may be used to receive the direct 

signal with the third one for a third satellite constellation of either GLONASS or BeiDou. The three 

other front-ends are assigned to process the reflected signals of the three different constellations. In 

this case, only the LHCP antennas are used to capture the reflected signals. The advantage of such an 

option is that the spatial coverage is increased since the elevation or azimuth angles of the satellites 

of a constellation typically would not be the same as those of the satellites of another constellation. 

Further analysis and evaluation are required to make a final decision on which of the above options 

will be used when implementing the design and building the bistatic receiver.    

Another issue is that the bistatic receiver should provide users with the flexibility that they can 

obtain the raw IF digital data, the delay-Doppler map data, or both. That is, the receiver should be 

able to output both digital IF data and the processed DDM data. As mentioned earlier using the DDM 

data will save the end-users much time in retrieving the geophysical parameters. On the other hand, 

in addition to DDM data, some end-users may be interested in using the digital IF samples to extract 

more useful information. 

Finally, it is worth mentioning one more issue related to antennas. A number of off-the-shelf multi-

GNSS antennas are available. For instance, the 3G+C antenna built by Navxperience is able to 

capture nearly all the GNSS signals. However, only RHCP polarisation is used and the dimensions are 

relatively large, 72mmx172mm. More information about this antenna can be found in [73]. Thus, a 

single multi-GNSS antenna can be used to capture the signals from the different constellations. On 

the front panel of the receiver, only one input connection may be used to a nadir-looking multi-GNSS 

RHCP antenna, but an internal splitter is needed to forward the signal to different front-ends. 

Otherwise, an external splitter is required to split the signal to different ports on the receiver front 

panel. In the absence of a multi-GNSS LHCP antenna, multiple individual LHCP antennas are needed 
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to receive the reflected signals related to different constellations. Another point is that it is 

desirable to use high-gain antennas especially for capturing the reflected signals.  

 
Figure 98. Options of number of front-ends and frequencies. 
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4.5.3 Summary 
 

In this section a preliminary specification of the bistatic receiver was provided, especially with a 

focus on the signal processor and the number of front-ends. In contrast to standard GNSS receivers, 

the bistatic receiver has a signal-processing back-end which generates the DDMs in real time. It was 

considered that this signal processing back-end mainly consists of two chips, a FPGA chip and a DSP 

chip, jointly performing all the required functions. Some detailed information about this back-end 

was presented and a number of parameters including those associated with the DDM size were 

initially specified. The issues of exploiting multiple frequencies and multiple constellations were also 

considered. In addition, the issue of antenna selection was also briefly discussed. It is suggested that 

a significant part of the UNSW-built Namuru receiver will be used, subject to some modifications, as 

the basis for the bistatic receiver.  
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1 Executive Summary 
This document describes the design, development, testing and performance analysis of two satellite 

navigation receivers for space missions planned by Australia. The space-capable satellite navigation 

receiver development is part of the Australian Space Research Program funded Garada “SAR 

Formation Flying” project and combined with the Cubesat project “Biarri” funded by the Defence 

Science and Technology Organization (DSTO). Work package 5 in the Garada project proposed the 

development of a dual-system, dual-frequency Global Navigation Satellite System (GNSS) and a 

modified Namuru receiver for the Bluesat satellite. The latter was combined with the development of 

a single-frequency Global Positioning System (GPS) receiver was part of the Biarri project.  

The scenario of the in-sight Biarri project requirements being a subset of the requirements of the 

long-term Garada GNSS receiver provided a good cohesive flow for the project process without 

which several successful outcomes would not have occurred. However, the single-frequency receiver, 

which is a far more sophisticated receiver than envisaged in the proposal, went well into the field-

integration testing phase and required several hardware revisions, which impacted the multi-

frequency receiver development timetable somewhat. More significant however, were the 

numerous hardware revisions of the multi-frequency board, which proved a very difficult design 

problem. Nevertheless, the entire development process added a great value to the UNSW Namuru 

family of GNSS receiver platforms which have been sought for various research projects around the 

world. Three new Namuru GNSS receiver platforms and several unique GNSS receiver attributes were 

generated in this process that will act as baselines for several space related projects in the near 

future. 

The single-frequency Garada/Biarri receiver was tested almost all the way through to acceptance on 

an international space program. Very little remains to be done on that receiver at the end of the 

ASRP period. The multi-frequency receiver was able to demonstrate functionality both as a multi-

system receiver, and a multi-frequency receiver, but not as an entirely integrated L1/ E1/ L5/ E5 

receiver. That work will be completed with funds other than those provided by the ASRP and is 

expected to be complete by the end of 2013. 

This document is organised as follows. Section 2  provides a brief overview of the project and the 

GNSS receivers in context. Section 3 describes the design and development methodology followed in 

this project followed by test methodology in Section 4. Section 0 provides detailed information about 

the hardware platforms and section 6 briefly provides the design strategies followed to ensure a 

space-certifiable hardware. Section 7 explains the design of Field Programmable Gate Array (FPGA) 

based baseband signal processing. Section 8 describes the development of a proof-of-concept 

oriented Matlab based receiver and section 9 details the firmware development and debug activities. 

Section 10 provides the test results followed by DLR space qualification test facility visit summary in 

section 11 and section 0 describes the Namuru receiver external world interface protocols. Section 

13 describes a unique feature developed for the Namuru receiver, the field upgrade of the logic 

design and the firmware. Section 0 concludes the report and briefly describes the envisaged 

roadmap for the future followed by references in section 0. 
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2 Introduction and GNSS Receiver Overview 
In this research, GNSS receivers using the new V3 Namuru platform have been developed for space 

operations. Although not fully space qualified in terms of radiation tolerance, they are designed to 

recover gracefully using redundancy to maintain operational status in the harsh environment of 

space. The “SAR Formation Flying” proposal promised two GNSS receivers: a dual-frequency, dual 

system receiver, and an upgraded Namuru for use on Bluesat. As the Garada project progressed, 

three platforms were developed in pursuit of that first goal, Namuru V3.1, V3.3 and V3.4, the latter 

two models both meeting the dual-frequency, dual-system criterion. At the beginning of the project, 

the Defence Science and Technology Organisation (DSTO) approached the team to develop a Cubesat 

receiver for the Biarri project. Therefore the effort in the original proposal dedicated to upgrading 

the earlier Namuru V2.4 was combined with the resources provided by DSTO to produce the Namuru 

V3.2. In addition, the previous generation receiver, the Namuru V2.4 and V2.5, were used extensively 

for initial experiments.  

The operational failure risks associated with single event upsets (SEU) in volatile memory are 

reduced through the use of careful design and selection of components. Factors affecting power 

consumption are carefully minimised to avoid overheating at zero atmosphere. The receivers use 

custom designed printed circuits, with custom base-band logic in FPGA’s and supporting application 

firmware. The receiver design uses non rad hard components throughout with some important 

features that have been added to improve reliability and provide fault tolerance. 

Figure 2-1 shows the typical architecture of a GNSS receiver. The received signal is filtered, down-

converted and passed through an Analogue-to-Digital-Converter (ADC) to obtain the Intermediate 

Frequency (IF) samples. The baseband signal processing (widely known as the correlator) is 

implemented in a programmable digital chip called Field Programmable Gate Array (FPGA). The 

correlator output is further processed, analysed, satellite navigation data is decoded and the user 

position, velocity and time are estimated using an embedded processor. In the case of Garada 

receiver, the custom-built multi-band RF front-end is configurable and the embedded processor lives 

within the FPGA fabric. The embedded processor on the other side talks to the mission computer for 

any system-level interactions. 

 
 

Figure 2-1 Block diagram of a typical multi-GNSS receiver 
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3 Design and Development Methodology 
Upon the Garada project initiation during the project requirements and planning stage, the team 

evaluated different design methodologies that can lead to the final multi-signal multi-frequency 

prototype GNSS receiver. Since there are several stages in the receiver development life-cycle the 

goal was to prove and to cross reference (to a logically possible extent) the decisions taken in the 

hardware and firmware design and architecture, by a relatively well known and risk free 

development environment. The important development methodologies established towards this are 

shown in Table 3-1.  

Signal 

source 

RF front-end Baseband Tracking and 

Navigation 

Post 

processing 

Primary 

purpose* 

Matlab 

simulated 

-NA- Matlab Matlab RTKLib Pro PoC 

Spirent 

simulator 

COTS data grabber 

(Nordnav / GNURadio) 

PoC 

Namuru RF-FE V2.4 Legacy 

Digital 

baseband 

Aquarius 
firmware 

Dev / Dbg 

Namuru RF-FE V3.x Digital 

Baseband 

Modified 

Aquarius 

Dev / Dbg 
/ PE 

Real signal COTS data grabber 

(Nordnav / GNURadio) 

Matlab Matlab PoC 

Namuru RF-FE V2.4 Legacy 

Digital 

baseband 

Aquarius 

firmware 

Dev / Dbg 

Namuru RF-FE Digital 

Baseband 

Modified 
Aquarius 

Final 

prototype 

 Table 3-1 Development methodologies used in the project  

*PoC = Proof of Concept, Dev = Development, Dbg = Debugging, PE = Testing and Performance 

Evaluation  

The different stages identified were (1) the signal source, (2) the RF-front end, (3) the baseband, (4) 

the tracking and navigation and (5) the post processing.  

Apart from the option of getting the real signal through an Antenna which is the ultimate situation, 

the signal could be simulated (with limited variable parameters). Another method is to use a signal 

simulator which gives out the signal via an RF cable to feed directly into a board (bypassing the 

Antenna). Spirent GNSS signals simulator is very powerful and is the de-facto standard in the GNSS 

industry especially for receiver debugging and testing. Spirent simulator tools allow exhaustive 
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parameter configuration and scenario generations for various kinds of applications including 

the space. 

If the signal is generated via Matlab software, the signal will already be in the sampled and digitized 

format and hence no RF front-end is required. In the case of signal obtained at RF (either simulated 

via Spirent or the real signal via an Antenna) the signal needs to be down-converted to IF before any 

digital processing can happen. In the final setup this is done by the Namuru RF front-end but instead 

of waiting for the final board, other options thought were to use COTS signal sampler. Two such 

signal samplers used were the NordNav and the USRP. The NordNav could get L1/E1 band signals and 

the USRP is a Software Defined Radio where the centre frequency and bandwidth is configurable (i.e. 

can work at L1/E1 or L5/E5a band). Signal collected from these signal samplers were fed to the 

Matlab processing software and were extremely helpful in proving several techniques and algorithms 

that eventually went into the final firmware on the embedded processor. 

In the case of Matlab based processing, the tracking and navigation was also done in Matlab to 

generate the final RINEX file to feed to the RTKLib Pro. RTKLib Pro is a post-processing software 

developed by UNSW based on the open source RTKLib version. RTKLib Pro can handle multi-GNSS 

signals and RINEX 3.0 format input files. Some of the important outputs of the RTKLib Pro are the 

carrier-phase and pseudorange position solutions, ambiguity resolution statistics for GPS Galileo 

QZSS multi-frequency and multi-signal GNSS data. 

The aim of the Matlab based receiver development is to allow the feasibility of using a unified 
platform for the processing of multi-GNSS signals for integrated positioning. The multi-software 
receiver platform discussed in this section is based on an open-source GPS receiver architecture. The 
user GUI interface is upgraded to allow the activation of multi-GNSS processing. Modifications for the 
GNSS open service signals at L1 need to deal with the unique features of each signal which include 
the PRN code modulation scheme, code period, data decoding method and system time difference. 
These differences lead to the modifications in the modules of acquisition, tracking and message 
extraction and position estimation.  
 

Prior to the Garada Project, the School of Surveying and Geospatial Engineering (SAGE) has already 

established a solid foundation for real-time GPS receiver development. The flagship receiver 

produced was the dual front-end single-frequency GPS receiver, the Namuru V2.4 that was 

successfully flown on a sounding rocket experiment by the German Aerospace Agency (DLR). During 

the same time, a hardware-independent firmware known as the Aquarius was developed by Dr. 

Eamonn P Glennon based on the Namuru V2.x series of hardware. Aquarius was a full-fledged single 

frequency GPS L1 C/A firmware containing a proprietary RTOS, a full suite of signal acquisition and 

satellite tracking algorithms, and a Kalman-filter-based positioning engine. 

After successfully acquiring funding for the Biarri project to develop centimeter-accurate carrier 

phase positioning capabilities on a different hardware (i.e. the Namuru V3.2) for in-orbit satellite 

scenarios, the Aquarius firmware was further enhanced to provide carrier phase measurement 

outputs and allow compatibility with the Namuru V3.2 hardware which is based on an ARM Cortex 

M3 CPU. The Namuru 2.x series of hardware used Altera NIOS II soft-core CPU. Furthermore, the GPS 

acquisition and tracking algorithms together with the position domain filters were optimised for in-

orbit LEO satellite scenarios that have high signal dynamics. That is, the signals have very significant 

velocity and acceleration components that typical land-based receiver cannot tolerate. The in-orbit 
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acquisition process is enhanced by utilising the Almanac to provide Doppler frequency 

aiding. In addition, the order of the carrier tracking loop, code tracking loop and position domain 

filter are increased to cope with the increased signal dynamics. 

To achieve the aims of the Garada project, the matured Aquarius firmware inherited to be used as a 
template to develop a receiver that supports the European Galileo E1 and E5a signals and the US GPS 
L5 signals. For firmware development purposes, the Aquarius is first expanded to include the Galileo 
E1 signals on the Namuru V2.4, and then ported onto the Namuru V3.3 to be further developed into 
a dual-system dual-frequency GNSS receiver. 
 
GPS receiver firmware is very complex, and with this complexity comes the probability to introducing 

bugs into the code. While a thorough testing regime can assist in the elimination of such bugs, it is 

almost impossible to eliminate every bug.  This introduces a requirement to allow upgrade of the 

firmware. In the past, UNSW Namuru receivers have been used for research and development, with 

the consequence that any required firmware changes were applied using JTAG and the C compiler 

toolset. However, programming receivers in this way is not possible for the receivers destined to 

operate in space and an alternative approach is therefore required. Development of the Biarri 

firmware upgrade feature was a solution to this problem. 

4 Test methodology 
Test methodology includes a detailed test plan and procedure for Namuru receivers. There are 

required tests as well as optional tests. In this report only the require tests are conducted. 

Development of the testing tools also gets the priority before starting the testing. As a result an 

effort was given to update or developing in house software for testing.  

4.1 Development of the Test tools 

Three major test tools were developed. Followings are short description of these tools 

 To do post-processing, RTKLib_Pro (i.e. version 2.4.1b) software, an enhanced version 

of RTKLib (Takasu and Yasuda, 2009), was developed by ACSER with the capability of 

processing GPS and Galileo observations. At the beginning of this project, there was 

no post processing software which can process GPS and Galileo signals. As a result, 

RTKLib_Pro is developed. 

 

 To convert proprietary message to RINEX format (i.e. most commonly used in GNSS 

environment), a tool named OBS2RINEX (version 2) is developed. 

 

 Matlab based scripts (i.e. TestScripts V_01) was also developed for identifying, 

debugging as well as quantifying position accuracy and precision. These scripts can 

also be used for identifying receiver’s performance, such as time to first fix, time to lock etc. 
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4.2 Test Equipment 

4.2.1 Hardware requirement 

Hardware Availability(Y/N) Note 

Spirent GS8800   

Namuru V3.2   

RF cable   

SMA connector    

Connector to connect RF cable to Spirent   

RS422 connector to PC   

Timer Counter cable   

Timer Counter   

 

4.2.2 Software requirement 

Software Version Availability(Y/N) Note 

Aquarius firmware    Installed in Namuru board 

PosApp   Installed in the PC where 
Spirent is connected 

VPSE 0.938.4.846  Installed in the data 
collection PC. 

TestCase V_01   

Matlab  7.9.0 or above   

TestScripts V_01   

 

4.2.3 TestScripts’ Input file requirement: 

  Files Note Availability(Y/N) 

Case 1 base_case1_XX.nmea 1. Generated after test case  
2. XX is the file identifier. 

 

base_case1_truth_xx_.csv   

Case2 base_case2_XX.nmea Same as above  

base_case2_truth_xx_.csv   

Case 3 base_case3_XX.nmea Same as above  

base_case3_truth_xx_.csv   

 

4.3 Test cases for functional test 

In order to evaluate Namuru receiver’s navigation/positioning performance, a simple test 

setup is proposed where simulated GPS signals are to be used. These simulated signals can 

be generated using Spirent Multi-Channel GNSS Simulator as defined later in this report.  

As these receivers are to be used in space, their testing on the ground using real signals may 

not be under similar conditions as expected during their actual operation in space. For 

instance, it is not feasible to emulate Doppler on the ground that can be expected while 

operating on-board a spacecraft. Also, terrestrial testing may include effects such as 

multipath and atmospheric errors (e.g. tropospheric errors) that are not likely to be 

experienced in space.  

Use of simulated signals allows replication of real scenarios as closely as possible by 

simulating environmental conditions experienced by a spacecraft, like realistic Doppler. 
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Simulated GPS signals were also selected for performance evaluation as they allow 

test repeatability and thus validation of test results. 

Following sections define the hardware, simulator and the receiver setup. 

 

4.3.1 Test cases 

For Namuru positioning performance evaluation error-free testing is required. However, 

there are test cases which could be used to evaluate the receiver’s performance in dynamic 

scenarios and those are optional.  Following test cases need to be considered: 

Required: 

Case_1:  Error-free position testing along with PPS test 
 

Optional: 

Case _2: Testing in presence of ionospheric errors only along with PPS test. 
Case _3: 1 meter Carrier phase circle test. 
Case _4: Stationary test. 
Case_5:  PPS testing 

 

4.3.2 Folder structure of test cases 

TestCase_V_01 

Case1 

Base 

Numarufunctiontest 

Rover 

Numarufunctiontest 

Case2 

Base 

Numarufunctiontest 

Rover 

Numarufunctiontest 

Case3 

Base 

Numarufunctiontest 

supportEXE 

SetupVSPE 

rtklib_2.4.1 

Case4 

Rover 

Numarufunctiontest 

Data 

 

* TestCase_V_01/Data will be referred as <data_folder> in following sections. 
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4.3.3 Hardware Setup for case 1 to case 4: 

The proposed test hardware setup is shown in Figure 4-1 Test setupFigure 4-1. The Spirent 

simulator generates the L1 C/A GPS signals which are fed to Namuru GPS receiver via RF 

cable for position computation. The simulation parameters are controlled by PosApp 

software on PC1 that defines the simulation scenarios including GPS constellation, signal 

strength, simulation duration, receiver antenna characteristics and trajectory of the 

spacecraft on which the Namuru is to be installed. Namuru receiver, after processing the 

received GPS signal, generates: Pseudorange measurements, Carrier phase measurements, 

Pseudorange based absolute position, Timing pulse-per-second (PPS).  Namuru receiver 

provides Pseudorange measurements, Carrier phase measurements, Pseudorange based 

absolute position, Timing pulse-per-second (PPS). PPS signal is outputted into designated pin 

(please see Namuru V3.2 user guide).Connection from receiver to ‘Timer counter’ are 

necessary. Port 1 of the ‘Timer counter’ is connected to Namuru’s PPS and ground pin. Port2 

of the ‘Timer counter’ is connected to Spirent’s PPS output port. 

 
Figure 4-1 Test setup 

 

Namuru supports standard NMEA messages for data output. Proprietary messages are also 

supported by the firmware for reporting information including acquisition assistance, 

receiver channel status, ephemeris, ionospheric corrections, etc. Using the Aquarius 

firmware, Namuru also supports special proprietary message providing data that can be used 

to generate RINEX files. This data allows performing higher accuracy positioning as compared 

to pseudorange based positioning. 

These measurements are recorded by PC2, which connects to Namuru via RS422 interface. 

This data can then be used for position computation. 

 

4.3.4 Hardware Setup for case 5: Relative PPS test between two Namuru boards 

The proposed test hardware setup, for Relative PPS test between two receivers, is shown in 

Figure 4-2. Namuru outputted PPS signal into designated pin (please see Namuru V3.2 user 

guide).Connection from receivers to ‘Timer counter’ are necessary. Port 1 of the ‘Timer 

Timer 

Counter 

PC1: simulator PC 

*PosApp running 

*Spirent GNSS simulator 

connected 

PC2: Data 

collection 

* hyper terminal 

running for data 

collection in COM1 

Namuru 

Antenna connection 

Connection 
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counter’ is connected to 1st Namuru’s PPS and ground pin. Port2 of the ‘Timer 

counter’ is connected to 2nd Namuru’s PPS and ground pin. 

 

Figure 4-2: PPS output test. 

 

4.4 Test procedure: CASE_1 

4.4.1 Introduction 

This is an error-free testing which means there is no ionospheric or ephemeris error is 

introduced. 

 

4.4.2 Base spacecraft test  

Step Step description Pass/Fail 

 Spirent Setup: 

1  Open PosApp.   

2  Load a scenario file: This will be the main (root) file for the simulation 

scenario as defined above. This can be done as follows: 

a. Go to File menu and click on Load. 

b. Browse to the folder named 

NamuruTest/case_1/Base/numarufunctiontest (i.e. provided by 

ACSER,UNSW) and select the file named 

‘numarufunctiontest_base.scn’.  

c. Click signal power button on the toolbar and adjust 

the signal power to 20 for all the channels. 

d. For truth data logging, select View->Data logging 

Control Window. Click load. Browse to ‘datalog.qll.’ 

 

3  Connect Spirent’s PPS output to port2 of Timer counter.  
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4  Press ‘Start‘ button from the toolbar.  

5  Namuru Setup: 

6  Connect the Namuru to a power source between 6-18V DC via the 6 

pin connector. 

 

7  Connect the Namuru card to an RS422-USB adaptor via the 20 pin 

connector. 

 

8  Connect the RS422-USB adaptor to PC2.  

9  Connect Namuru’s PPS and ground pin to port1 of Timer counter.  

10  Power up Namuru.  

11  Open HyperTerminal program and set the properties as 115200-8-N-

1-N and connect to the system assigned port for RS422-USB adaptor.  

Start data logging on HyperTerminal by using the Capture Text option 

on Transfer menu. Name the data log file as base_caseN_XX.nmea, 

where XX is the file identifier and N is case number. 

Eg: 

For case 1 and file identifier 1 naming convention should be:  

base_case1_01.nmea 

 

12  Send the following command to the receiver for clearing up its non-

volatile memory: 

   $PNSWC,CLN 

To test if the non volatile memory is clean or not, following 

commands can be sent to receiver: 

   $GPGPQ,ALM 

   $GPGPQ,EPH 

Receiver should output nothing as neither almanac nor ephemeris data is 

stored. 

 

13  Restart the Namuru board by switching off from power source and 

switch on. 

 

14  Send the following command to the receiver for setting up GPS SV 

visibility mask angle as 5° and solution mode as 3D.  

                          $PNSWR,CFG,5,3,uITFeaFc,4 

 

15  By default, Namuru provides the following messages but if nothing 

shows in HyperTerminal in 5 minutes then send following commands 

to Namuru for making sure that the desired data is output by the 
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receive: 

   $GPGPQ,GGA,E 

   $GPGPQ,OBS,E 

   $GPGPQ,GRS,E 

   $GPGPQ,GSA,E 

   $GPGPQ,GSV,E 

   $GPGPQ,VTG,E 

   $GPGPQ,ZDA,E 

   $GPGPQ,XYZ,E 

   $GPGPQ,ION 

   $GPGPQ,UTC 

   $GPGPQ,PPS,E 

 

Default message will be similar to: 

After start of receiver 

~~$PNSWR,FWV,BIARRI_MAZ_2012_09_04,1.2,1.06,20120904_15522

0*1C 

~~$PNSWR,ION,663,52,05,02,FF,FF,27,04,FF,FA*19 

~~$PNSWR,AAM,0,0,05,,,,,+2971.2,+40000,,000,00,0,0*39 

~~$PNSWR,AAM,0,1,06,,,,,+2971.2,+40000,,000,00,0,0*3B 

~~$PNSWR,AAM,0,2,08,,,,,+2971.2,+40000,,000,00,0,0*36 

~~$PNSWR,AAM,0,3,09,,,,,+2971.2,+40000,,000,00,0,0*36 

~~$PNSWR,AAM,0,4,12,,,,,+2971.2,+40000,,000,00,0,0*3B 

~~$PNSWR,AAM,0,5,16,,,,,+2971.2,+40000,,000,00,0,0*3E 

~~$PNSWR,AAM,0,6,25,,,,,+2971.2,+40000,,000,00,0,0*3D 

~~$PNSWR,AAM,0,7,27,,,,,+2971.2,+40000,,000,00,0,0*3E 

~~$PNSWR,AAM,0,8,28,,,,,+2971.2,+40000,,000,00,0,0*3E 

~~$PNSWR,AAM,0,9,30,,,,,+2971.2,+40000,,000,00,0,0*36 

~~$PNSWR,AAM,0,10,31,,,,,+2971.2,+40000,,000,00,0,0*0F 

~~$PNSWR,AAM,2,0,193,,,,,+2971.2,+40000,,000,00,0,0*05 

~~$PNSWR,UTC,000000,00000000,0,52,663,61,2,0*27 

 

In case of cold start, within 7 minutes of receiver restarts following 

message will show in the HyperTerminal screen: 

 

~~$PNSWR,OBS,2,1,1,407291.088000000,1650,0,0,0,0,0.142857*0E 

~~$PNSWR,OBS,2,2,5,0,01b,407291.020226093,20318106.109,-

373.703,0.000,00,000,50,337,33.5*6B 

~~$GPZDA,170811.097,25,08,2011,+00,00*70 

~~$GPGGA,000000.000000,0000.0005,S,00000.0048,W,0,00,,-
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0.8,M,0,M,,*4E 

~~$GPGSA,A,3,,,,,,,,,,,,,,,*1C 

~~$GPGSV,3,1,12,05,,,50,06,,,16,08,,,28,09,,,24*74 

~~$GPGSV,3,2,12,12,,,26,16,,,26,25,,,26,27,,,24*7F 

~~$GPGSV,3,3,12,28,,,22,30,,,27,31,,,26,193,,,22*4B 

~~$GPVTG,090.0,T,,M,00.0,N,00.0,K*69 

~~$PNSWR,XYZ,0,1650,0.000,0.0,0.0,0.0,0.000,0.000,0.000,0.0,0.000,

*23 

 

In case of cold start, within 32 minutes of receiver restarts following 

message will show in the HyperTerminal screen where it can be seen 

that Namuru has successfully produces first position fix: 

 

~~$GPZDA,171748.112,25,08,2011,+00,00*7E 

~~$GPGGA,171748.096296,6514.4113,N,10136.2100,E,1,04,1.9,61298

2.6,M,0,M,,*77 

~~$GPGSA,A,3,5,6,8,21,,,,,,,,,4.4,1.9,3.9*08 

~~$GPGSV,3,1,12,05,,,50,06,,,50,08,,,50,04,,,24*74 

~~$GPGSV,3,2,12,03,,,26,19,,,25,02,,,20,07,,,25*73 

~~$GPGSV,3,3,12,21,,,50,17,,,20,11,,,27,193,,,24*40 

~~$GPGRS,171748.10,0,+0.0,+0.0,+0.0,+0.0,,,,,,,,,*6E 

~~$GPVTG,339.7,T,,M,14823.3,N,27452.7,K*60 

~~$PNSWR,XYZ,1,1650,407868.096,-

590418.0,2875400.2,6325608.6,3901.182,-

5821.454,3007.306,2487035.6,569.918,*14 

Note: Position fix can be seen in GPGGA message 7th field(i.e. bold in 

following example) 

 

~~$GPGGA,171748.096296,6514.4113,N,10136.2100,E,1,04,1.9,61298

2.6,M,0,M,,*77 

 

16  If Namuru is not outputting messages, then send following command 

to update receiver clock as this time would be same as the scenario 

file. 

    $GPZDA,170000.000,25,08,2011 

 

17  Timer Counter Setup:  
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18  On the Timer counter port1 setup 

1.5V trigger, DC coupling, 1.5V level set up, auto-level off 

 

19  On the Timer counter port2 setup 

2.5V trigger, DC coupling, 2.5V level set up, auto-level off 

 

20  On the Timer counter select time difference and select ‘1-2’  

21  If no data showing in the screen then please select ‘2-1’  

22  Start data logging on Timer counter by select ‘Data log’ and provide 

the data log filename. 

 

23  Final setup:  

24  When simulation is finished, Spirent will open a dialog box with a 

default name for truth. Please change the name to <data 

folder>base_case1_truth_xx_.csv where XX is the file identifier. 

 

25  Stop data logging on HyperTerminal by using the Capture Text option 

on Transfer menu. 

 

26  Stop the data logging on Timer counter once the simulation is 

finished. 

 

. 

4.4.3 Rover spacecraft test 

Step Step description Pass/Fail 

1  Spirent Setup: 

2  Open PosApp.   

3  Load a scenario file: This will be the main (root) file for the simulation 

scenario as defined above. This can be done as follows: 

a. Go to File menu and click on Load. 

b. Browse to the folder named 

NamuruTest/case_1/Rover/numarufunctiontest (i.e. provided 

by ACSER,UNSW) and select the file named 

‘numarufunctiontest_rover.scn’.  

c. Click signal power button on the toolbar and adjust the 

signal power to 20 for all the channels. 

d. For truth data logging, select View->Data logging 

Control Window. Click load. Browse to ‘datalog.qll.’ 
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4  Connect Spirent’s PPS output to port2 of Timer counter.  

5  Press ‘Start‘ button from the toolbar.  

6  Namuru Setup: 

7  Please follow section 4.4.2 steps 6 to step 10.  

8  Open HyperTerminal program and set the properties as 115200-8-N-1-

N and connect to the system assigned port for RS422-USB adaptor.  

Start data logging on HyperTerminal by using the Capture Text option 

on Transfer menu. Name the data log file as rover_caseN_XX.nmea, 

where XX is the file identifier and N is case number. 

Eg: 

For case 1 and file identifier 1 naming convention should be:  

rover_case1_01.nmea 

 

9  Please follow section 4.4.2 steps 12 to step 22.  

10  When simulation is finished, Spirent will open a dialog box with a 

default name for truth. Please change the name to 

rover_case1_truth_xx_.csv where XX is the file identifier. 

 

11  Please follow section 4.4.2 steps 25 and step 26.  

 

4.5 Test procedure: CASE_2 

4.5.1 Introduction 

In this case, effects of ionospheric errors on the positioning solution are studied. Following 

are the steps for testing in presence of ionospheric errors. 

4.5.2 Base spacecraft test  

Step Step description Pass/Fail 

1  Spirent Setup: 

2  Open PosApp.   

3  Load a scenario file: This will be the main (root) file for the simulation 

scenario as defined above. This can be done as follows: 

a. Go to File menu and click on Load. 

b. Browse to the folder named 

NamuruTest/case_2/Base/numarufunctiontest (i.e. provided 

by ACSER,UNSW) and select the file named 

‘numarufunctiontest_base.scn’.  

c. Click signal power button on the toolbar and adjust the 
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signal power to 20 for all the channels. 

d. For truth data logging, select ‘Data log’ icon from the 

top panel and browse to ‘datalog.qll’ 

4  Connect Spirent’s PPS output to port2 of Timer counter.  

5  Press ‘Start‘ button from the toolbar.  

6  Namuru Setup: 

7  Please follow section 4.4.2  steps 6 to step 13.  

8  Send the following command to the receiver for setting up GPS SV 

visibility mask angle as 5° and solution mode as 3D.  

       $PNSWR,CFG,5,3,uiTF,4 

 

9  Please follow section 4.4.2 steps 15 to step 22.  

10  When simulation is finish, Spirent will open a dialog box with a default 

name for truth. Please change the name to base_case2_truth_xx_.csv 

where XX is the file identifier. 

 

11  Stop data logging on HyperTerminal by using the Capture Text option 

on Transfer menu. 

 

12  Stop the data logging on Timer counter once the simulation is finished.  

. 

 

 

4.5.3 Rover spacecraft test 

Step Step description Pass/Fail 

1  Spirent Setup: 

2  Open PosApp.   

3  Load a scenario file: This will be the main (root) file for the simulation 

scenario as defined above. This can be done as follows: 

a. Go to File menu and click on Load. 

b. Browse to the folder named 

NamuruTest/case_2/Rover/numarufunctiontest (i.e. 

provided by ACSER,UNSW) and select the file named 

‘numarufunctiontest_rover.scn’. Details of the scenario file 

and there setup procedure is explained in Appendix B. 

c. Click signal power button on the toolbar and adjust the 

signal power to 20 for all the channels. 

d. For truth data logging, select ‘Data log’ icon from the 
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top panel and browse to ‘datalog.qll’ 

4  Press ‘Start‘ button from the toolbar.  

5  Namuru Setup: 

6  Repeat section 4.4.2  step 7 to 9.  

7  When simulation is finish, Spirent will open a dialog box with a default 

name for truth. Please change the name to rover_case2_truth_xx_.csv 

where XX is the file identifier. 

 

8  Repeat section 4.4.2  step 11 to 12.  

 

4.6 Test procedure: CASE_3 

4.6.1 Introduction 

In this case, 5 meter circle is simulated which will show the carrier phase performance in 

ground. This is an alternative use of carrier phase test in orbit situation. Initially a virtual COM 

port is created using VSPE and then rtcm message is outputted to COM port. This message is 

stored into a file which later used as a base station observation for carrier phase [positioning. 

Following are the steps for setting up the scenario and perform testing. 

4.6.2 Test setup 

Step Step description Pass/Fail 

1  Spirent Setup: 

2  Install VSPE provided in TestCase_V_01t/case_3/supportEXE/VPSE/  

3  Open VSPE.exe   

4  Run ‘com8_virtual_115200.vspe’ using File-> open-> 

com8_virtual_115200.vspe’ 

 

5  Open hyper terminal and connect to COM port 8, set the properties as 

115200-8-N-1-N and connect  

 

6  Start data logging on HyperTerminal by using the Capture Text option 

on Transfer menu. Name the data log file as rover_case5_XX.rtcm, 

where XX is the file identifier. 

 

7  Open PosApp.  

8  Load a scenario file: This will be the main (root) file for the simulation 

scenario as defined above. This can be done as follows: 

a. Go to File menu and click on Load. 

b. Browse to the folder named 

 



 

22 
V01_00                                   Annex 5. Developing a Satellite Navigation Receiver for the Space Mission                     30

th
 June 2013 

 

 

NamuruTest/case_5/Rover/numarufunctiontest (i.e. 

provided by ACSER,UNSW) and select the file named 

‘numarufunctiontest.scn’.  

c. Click signal power button on the toolbar and adjust the 

signal power to 20 for all the channels. 

d. For truth data logging, select ‘Data log’ icon from the 

top panel and browse to ‘datalog.qll’ 

e. Open Menu->RS232 setting. Setup comport 8 and 

RTCM output from pull down menu. 

 

9  Press ‘Start‘ button from the toolbar.  

10  Namuru Setup: 

11  Please follow section 4.4.2 step 6 to step 8.  

12  Please follow section 4.4.2  step 10 to step 13.  

13  Send the following command to the receiver for setting up GPS SV 

visibility mask angle as 5° and solution mode as 3D.  

                           $PNSWR,CFG,5,3,uiTF,1 

 

14  Please follow section 4.4.2  step 15 to step 16.  

15  When simulation is finish, Spirent will open a dialog box with a default 

name for truth. Please change the name to base_case3_truth_xx_.csv 

where XX is the file identifier. 

 

 

4.7 Test procedure: CASE_4 

4.7.1 Introduction 

In this case, a stationary scenario is simulated which will elaborate stand alone accuracy and 

timing. Following are the steps for setting up the scenario and perform testing. 

4.7.2 Stationary test  

Step Step description Pass/Fail 

1  Spirent Setup: 

2  Open PosApp.   

3  Load a scenario file: This will be the main (root) file for the simulation 

scenario as defined above. This can be done as follows: 

a. Go to File menu and click on Load. 

b. Browse to the folder named 
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NamuruTest/case_6/Rover/numarufunctiontest (i.e. provided by 

ACSER,UNSW) and select the file named 

‘numarufunctiontest_base.scn’. 

c. Click signal power button on the toolbar and adjust the signal 

power to 20 for all the channels. 

d. For truth data logging, select ‘Data log’ icon from the top panel 

and browse to ‘datalog.qll’ 

4  Press ‘Start‘ button from the toolbar.  

5  Namuru Setup: 

6  Please follow section 4.4.2  step 6 to step 8.  

7  Please follow section 4.4.2  step 10 to step 13.  

8  Send the following command to the receiver for setting up GPS SV 

visibility mask angle as 5° and solution mode as 3D.  

                           $PNSWR,CFG,5,3,uiTF,1 

 

9  Please follow section 4.4.2  step 15 to step 16.  

10  When simulation is finish, Spirent will open a dialog box with a default 

name for truth. Please change the name to base_case4_truth_xx_.csv 

where XX is the file identifier. 

 

 

4.8 Position Computation 

4.8.1 Absolute Position  

4.8.1.1 Test procedure for CASE_1 

 

Step Step description Pass/Fail 

1  Open Matlab program.  

2  Browse to the folder named “TestScripts_v_01”[i.e. provided by 

ASCER,UNSW] 

 

3  Provide the file names for following variables according to the name. 

rover.nmea, rover.truth 

Note: 

* rover have two Matlab  cell structures  that holds the file names of 
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the NMEA file and truth file. 

Eg: 

rover.nmea='H:\Data\ rover_case1_01.nmea'; 

rover.truth='H:\Data\ rover_case1_truth_01.csv'; 

4  Give following command      absPositionTest(rover) 

*This program will generate a generate graphs as well as provides the 

statistics from the truth.  

 

 

4.8.1.2 Test procedure for CASE_2 

Step description Pass/Fail 

Please follow section  4.8.1.1 step 1 to step 4 for those files generated during 

case2 (i.e. rover_case2_01.nmea and rover_case2_truth_01.csv ). 

 

 

4.8.1.3 Test procedure for CASE_3 

Step description Pass/Fail 

Please follow section 4.8.1.1 step 1 to step 4 for those files generated during 

case3 (i.e. rover_case3_01.nmea and rover_case3_truth_01.csv ). 

 

 

 

4.8.1.4 Test procedure for CASE_4 

Step description Pass/Fail 

Please follow section 4.8.1.1 step 1 to step 4 for those files generated during 

case4 (i.e. rover_case4_01.nmea and rover_case2_truth_04.csv ). 

 

 

4.8.2 Absolute position acceptance 

Any test described in the sections from 4.8.1 should have 0±10m. In such cases, absolute 

position test can be marked as pass. Otherwise should be marked as failed.  

Example:  

A sample output of section 6.1.1.6 is follows: 

MEAN              :    -10.9058    -8.84245    70.2516 

Std(1 sigma)   :  +/-4.785        10.359      15.1893 
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This result can be interpreted as position component X, Y and Z have mean accuracy of 

-11, -9m, 70m with standard deviation of ±4.8m, ±10.4m, ±15.2m, respectively. In this case 

absolute position test failed. On the other hand, following sample output shows relative 

position test passed where position component X, Y and Z have mean accuracy of -1, -1m, 1m 

with standard deviation of ±2.6m, ±4.9m, ±5.8m, respectively. According to FPS, acceptability 

of absolute position test depends on the zero mean from the truth and standard deviation 

should be less than 10cm. However, zero mean is not always achievable during test.  

MEAN              :    -0.9058    -0.84245      1.2516 

Std(1 sigma)   :  +/-2.5753      4.8977      5.8173 
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4.8.3 Relative position for Namuru V2.4 and V3.2 

4.8.3.1 Test procedure for CASE_1 

Step Step description Pass/Fail 

1  Open Matlab program.  

2  Browse to the folder named “TestScripts_v_01”[i.e. provided by 

ASCER,UNSW] 

 

3  Provide the file names for following variables according to the name. 

base.nmea, base.truth, rover.nmea, rover.truth 

Note: 

* base and rover are two Matlab  cell structures  that holds the file 

names of the nmea file and truthfile. 

Ex: 

base.nmea='H:\Data\ base_case1_01.nmea'; 

base.truth='H:\Data\ base_case1_truth_01.csv'; 

rover.nmea='H:\Data\ rover_case1_01.nmea'; 

rover.truth='H:\Data\ rover_case1_truth_01.csv'; 

 

4  Give following command      relPositionTest(base,rover) 

*This program will generate a generate graphs as well as provides the 

statistics from the truth. At first this program converts nmea file to 

rinex file and then it uses ’RTKLIB’ program to generate relative 

position. 

 

5  Observe the mean and standard deviation column of the accuracy 

output. 

Standard deviation value should be below 10cm 

* Appendix F shows a sample of graphs and statistics. 

 

 

4.8.3.2 Test procedure for CASE_2 

Step description Pass/Fail 

Please follow section 4.8.3.1 step 1 to step 5 for those files generated during 

case2.  
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4.8.3.3 Test procedure for CASE_3 

Step Step description Pass/Fail 

1  Open rtklib_2.4.1/bin/rtkconv.exe  

2  From “RTCM,RCV RAW or RINEX OBS ?” input option select the 

rover_case3_XX.rtcm file which is generated in section 4.6. 

 

3  Press ‘Convert’. It will generate  “rover_case5_XX.obs”.  

4  Open TestCase_V_01\case5\supportEXE/OBS2RINEX_MFC.exe  

5  From “Path and Name of the Input File” input option browse to 

“rover_case3_XX.obs” which will generated “Case3.N” & “Case3.O” 

file. 

 

6  “Station Name” input option type “case3”  

7  Click “Go” button and wait until “Congratulation” message is popped 

up. 

 

8  Open rtklib_2.4.1/bin/ rtkpost_mkl.exe  

9  Click “Option” button. 

 From “Setting1” tab 

       ”Positioning Mode” pull down menu select “Kinematic”. 

       ”Ionosphere Correction” pull down menu select       “OFF”. 

      ”Troposphere Correction” pull down menu select      “OFF”. 

 

10  Click “OK” button.  

11  From “RINEX OBS: Rover” input option browse to ”case3.O”.   

12  From “RINEX OBS: Base Station” input option browse to 

“rover_case3_XX.obs”  

 

13  From “RINEX *NAV/CLK,SP3,IONEX or SBS/EMS” input option browse 

to  ”case3.N” which is generated in section 4.6. 

 

14  Click “ Execute” button. Wait until execution is finished.  

15  Click Plot button to visualize the result  
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4.8.4 Relative position acceptance 

Any test described in the sections from 4.8.3 should have around 0±10cm. In such cases, 

relative position test can be marked as pass. Otherwise relative position test should be marked 

as failed.  

Example:  

A sample output is follows: 

MEAN              :    -1.19543     -3.95915     -11.4199 

Std(1 sigma)   :  +/-7.49242     10.541        33.2504 

This result can be interpreted as position component X, Y and Z have mean accuracy of -1.2m, -

4m, 11m with standard deviation of ±7.5m, ±10.5m, ±33m, respectively. In this case relative 

position test failed. On the other hand, following sample output shows relative position test 

passed where position component X, Y and Z have mean accuracy of 0.002m, 0.005m, 0.002m 

with standard deviation of ±0.03m, ±0.02m, ±0.04m, respectively. According to FPS, 

acceptability of relative position test depends on the zero mean and standard deviation should 

be less than 10cm.  

MEAN              :     0.0022       0.0045         0.0021 

Std(1 sigma)   :  +/-0.0312     0 .0212        0.0400 

 

4.9 Relative position for Namuru V3.3 

4.9.1 Test procedure for CASE_1 

Step Step description Pass/Fail 

1  Open command prompt from windows start->Accessories   

2  Navigate to the directory using ‘cd’ command where obs2rinex.exe is 

stored. 

eg: cd  H:\Data 

 

3  Issue following command. 

obs2rinex -ibase_case1_01.nmea -sbase_case1_01_  

*Note: this command will generate two rinex file. 

1. base_case1_01_XXX.11O  

2. base_case1_01_XXX.11N  

 

4  Issue following command. 

obs2rinex -irover_case1_01.nmea  -srover_case1_01_ 

*Note: this command will generate two rinex file. 

1. rover_case1_01_XXX.11O  

2. rover_case1_01_XXX.11N 

 

5  Please follow the section ‘Data Processing with RTKLIB’ from 

Manual_RTKLIBPro_spacecraft relative positioning document to 
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generate relative positions files using rover_case1_01_XXX.11O, 

base_case1_01_XXX.11O and rover_case1_01_XXX.11N. 

**Note: please put the output file name as ‘Relative_case1_01.pos’ 

6  Open Matlab program.  

7  Browse to the folder named “TestScripts_v_01”[i.e. provided by 

ASCER,UNSW] 

 

8  Provide the file names for following variables according to the name. 

relative.pos, truth.base,  truth.rover 

Note: 

* base and rover are two Matlab  cell structures  that holds the file 

names of the nmea file and truthfile. 

Ex: 

relative.pos='H:\Data\ Relative_case1_01.pos '; 

truth. base='H:\Data\ base_case1_truth_01.csv'; 

truth. rover='H:\Data\ rover_case1_truth_01.csv'; 

 

9  Give following command      relPositionTest_garada(truth, relative) 

*This program will generate a generate graphs as well as provides the 

statistics from the truth. At first this program converts nmea file to 

rinex file and then it uses ’RTKLIBPro’ program to generate relative 

position. 

 

10  Observe the mean and standard deviation column of the accuracy 

output. 

Standard deviation value should be below 3cm 

* Appendix F shows a sample of graphs and statistics. 

 

 

 

4.9.2 Test procedure for CASE_2 

Step description Pass/Fail 

Please follow section 4.9.1 step 1 to step 10 for those files generated during 

case2.  
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4.9.3 Test procedure for CASE_3 

Step description Pass/Fail 

Please follow section 4.8.3 step 1 to step 7 for those files generated during 

case3.  

 

Open rtklib_Pro/bin/ RtkLib_Pro.exe  

Please follow section 4.8.3 step 9 to step 15 for those files generated during 

case3. 

 

 

4.9.4 Relative position acceptance 

Test described in the sections from 4.9.1 to 4.9.23  should have around 0±3cm. In such cases, 

relative position test can be marked as pass. Otherwise relative position test should be marked 

as failed.  

Example:  

A sample output is follows: 

MEAN              :    -1.19543     -3.95915     -11.4199 

Std(1 sigma)   :  +/-7.49242     10.541        33.2504 

This result can be interpreted as position component X, Y and Z have mean accuracy of -1.2m, -

4m, 11m with standard deviation of ±7.5m, ±10.5m, ±33m, respectively. In this case relative 

position test failed. On the other hand, following sample output shows relative position test 

passed where position component X, Y and Z have mean accuracy of 0.002m, 0.005m, 0.002m 

with standard deviation of ±0.03m, ±0.02m, ±0.04m, respectively. According to FPS, 

acceptability of relative position test depends on the zero mean and standard deviation should 

be less than 3cm.  

MEAN              :     0.0022       0.0045         0.0021 

Std(1 sigma)   :  +/-0.0212     0 .0212        0.0290 
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4.10 Test procedure: CASE_5 Relative PPS test 

4.10.1 Test procedure 

Step Step description Pass/Fail 

1  Follow section 4.4.2 for 1st Namuru.   

2  Follow section 4.4.2 for 2nd Namuru.   

3  Connect 1st Namuru’s PPS and ground pin to port1 of Timer counter.  

4  Connect 2nd Namuru’s PPS and ground pin to port2 of Timer counter.  

5  On the Timer counter port1 setup 

1.5V trigger, DC coupling, 1.5V level set up, auto-level off  

 

6  On the Timer counter port2 setup 

1.5V trigger, DC coupling, 1.5V level set up, auto-level off 

 

7  On the Timer counter select time difference and select ‘1-2’   

8  If no data showing in the screen then please select ‘2-1’   

9  Start data logging on Timer counter by select ‘Data log’ and provide 

the data log filename.  

 

10  Stop the data logging once the simulation is finished.   

11  Stop the data logging on Timer counter once the simulation is 

finished. 

 

 

4.10.2 Acceptance Test data     

Step description Pass/Fail 

Observe the mean and standard deviation collected data from Timer counter.  

Mean value should be below 20ns. 
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4.11 PPS test between Namuru and truth for Case 1 and Case 2 

4.11.1 Acceptance Test data     

Step description Pass/Fail 

Observe the mean and standard deviation collected data from Timer counter.  

Mean value should be below 20ns. 

 

 

4.12 Test methodology for identifying receiver’s performance 
The performance testing includes typical receiver performance characteristics such as time to first fix 

(TTFF) for cold, warm and hot start, time to lock (TTL) as well as acquisition and reacquisition 

performance and receiver sensitivity.  

 

4.12.1 Test Equipment 

 

4.12.1.1 Hardware requirement 

Hardware Availability(Y/N) Note 

Spirent GS8800   

Namuru V3.2   

RF cable   

SMA connector    

Connector to connect RF cable to Spirent   

RS422 connector to PC   

 

4.12.1.2 Software requirement 

Software Version Availability(Y/N) Note 

Aquarius firmware    Installed in Namuru board 

PosApp   Installed in the PC where 
Spirent is connected 

TestCase V_01   

Matlab  7.9.0 or above   

TestScripts V_01   

 

4.12.1.3 TestScripts’ Input file requirement: 

  Files Note Availability(Y/N) 

Case 1 TTFF_ColdStart_XX.nmea 1. Generated after test case  
2. XX is the file identifier. 

 

Case2 TTFF_HotStart_XX.nmea Same as above  

Case 3 TTFF_WarmStart_XX.nmea Same as above  
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4.12.1.4 Test case for performance test 

In order to evaluate Namuru receiver’s navigation/positioning performance, a simple test 

setup is proposed where simulated GPS signals are to be used. These simulated signals can 

be generated using Spirent Multi-Channel GNSS Simulator as defined later in this report.  

As these receivers are to be used in space, their testing on the ground using real signals may 

not be under similar conditions as expected during their actual operation in space. For 

instance, it is not feasible to emulate Doppler on the ground that can be expected while 

operating on-board a spacecraft. Also, terrestrial testing may include effects such as 

multipath and atmospheric errors (e.g. tropospheric errors) that are not likely to be 

experienced in space.  

Use of simulated signals allows replication of real scenarios as closely as possible by 

simulating environmental conditions experienced by a spacecraft, like realistic Doppler. 

Simulated GPS signals were also selected for performance evaluation as they allow test 

repeatability and thus validation of test results. 

Following sections define the hardware, simulator and the receiver setup. 

 

4.12.1.5 Test cases 

For Namuru positioning performance evaluation error-free testing is required. However, 

there are test cases which could be used to evaluate the receiver’s performance in dynamic 

scenarios and those are optional.  Following test cases need to be considered: 

Required: 

Case_1:  Cold start TTFF performance.  

Case_2:  Warm start TTFF performance. 

Case_3:  Hot start TTFF performance. 

Case_4:  Cold start TTL performance.  

Case_5:  Warm start TTL performance. 

Case_6:  Hot start TTL performance. 

Case_7:  Acquisition sensitivity. 

Case_8:  Tracking sensitivity. 

 

4.12.1.6 Hardware Setup for all cases: 

This section is same as previous section 4.3.3. 
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4.13 Test procedure: Cold start test 

4.13.1 Introduction 

The Namuru spaceborne receiver supports a cold, hot or warm start in Low Earth Orbit (LEO) 

using the time returned from an in-built real-time clock (RTC) and data stored in non-volatile 

memory (NVM).  This test is to identify the cold start TTFF and TTL. 

 

4.13.2 Test procedure 

Step Step description Pass/Fail 

 Spirent Setup: 

1  Open PosApp.   

2  Load a scenario file: This will be the main (root) file for the simulation 

scenario as defined above. This can be done as follows: 

a. Go to File menu and click on Load. 

b. Browse to the folder named NamuruTest/ 

numarufunctiontest (i.e. provided by ACSER,UNSW) and 

select the file named ‘numarufunctiontest_base.scn’. Details of 

the scenario file and there setup procedure is explained in 

Appendix A. 

c. Click signal power button on the toolbar and adjust 

the signal power to 5 for all the channels. 

 

3  Press ‘Start‘ button from the toolbar.  

4  Namuru Setup: 

5  Connect the Namuru to a power source between 6-18V DC via the 6 

pin connector. 

 

6  Connect the Namuru to an RS422-USB adaptor via the 20 pin 

connector. 

 

7  Connect the RS422-USB adaptor to PC2.  

8  Power up Namuru.  

9  a. Create a folder named “Testdata” in PC2 (see: Figure 1). 

b. Open Termite program  

c. Click ‘Setting’ tab. 

d. Set the following properties  

i. Port: system assigned port for RS422-USB adaptor. 

ii. Baud rate: 115200 

iii. Data bits: 8 

iv. Stop bits: 1 

v. Parity: none 

vi. Flow control: none 
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vii. Forward: none 

viii. Tick “Append CR-LF”, “Local echo” and “Word wrap” 

ix. In “Plug-ins” box tick “Logfile”. This will open an window 

for data logging. Put TTFF_ColdStart_XX.nmea in the 

filename section and locate 'Testdata’ folder to save.  

10  Send the following command to the receiver for clearing up its non-

volatile memory: 

   $PNSWC,CLN 

To test if the non volatile memory is clean or not, following 

commands can be sent to receiver: 

   $GPGPQ,ALM 

   $GPGPQ,EPH 

Receiver should output nothing as neither almanac nor ephemeris data is 

stored. 

 

11  Restart the Namuru board by switching off from power source and 

switch on. 

 

12  Send the following command to the receiver for setting up GPS SV 

visibility mask angle as 5° and solution mode as 3D.  

                          $PNSWR,CFG,5,3,uITFEAfC,4 

Note: This command will prevent restoring alamanc, ephemeris, time 

and last known position. This setup for cold start. 

 

13  Send the following command to the receiver for restarting 

automatically for 100 times while following cold start requirement.  

$PNSWC,TST,START,100,1200 

 

14  By default, Namuru provides the following messages but if nothing 

shows in HyperTerminal in 7 minutes then send following commands 

to Namuru for making sure that the desired data is output by the 

receive: 

   $GPGPQ,GGA,E 

   $GPGPQ,OBS,E 

   $GPGPQ,GRS,E 

   $GPGPQ,GSA,E 

   $GPGPQ,GSV,E 

   $GPGPQ,VTG,E 

   $GPGPQ,ZDA,E 

   $GPGPQ,XYZ,E 

   $GPGPQ,ION 

   $GPGPQ,UTC 
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   $GPGPQ,PPS,E 

 

Default message will be similar to: 

After start of receiver 

~~$PNSWR,FWV,AQURIUS,1.5.2,2.1.2,20130524_124708*1C 

~~$PNSWR,ION,663,52,05,02,FF,FF,27,04,FF,FA*19 

~~$PNSWR,AAM,0,0,05,,,,,+2971.2,+40000,,000,00,0,0*39 

~~$PNSWR,AAM,0,1,06,,,,,+2971.2,+40000,,000,00,0,0*3B 

~~$PNSWR,AAM,0,2,08,,,,,+2971.2,+40000,,000,00,0,0*36 

~~$PNSWR,AAM,0,3,09,,,,,+2971.2,+40000,,000,00,0,0*36 

~~$PNSWR,AAM,0,4,12,,,,,+2971.2,+40000,,000,00,0,0*3B 

~~$PNSWR,AAM,0,5,16,,,,,+2971.2,+40000,,000,00,0,0*3E 

~~$PNSWR,AAM,0,6,25,,,,,+2971.2,+40000,,000,00,0,0*3D 

~~$PNSWR,AAM,0,7,27,,,,,+2971.2,+40000,,000,00,0,0*3E 

~~$PNSWR,AAM,0,8,28,,,,,+2971.2,+40000,,000,00,0,0*3E 

~~$PNSWR,AAM,0,9,30,,,,,+2971.2,+40000,,000,00,0,0*36 

~~$PNSWR,AAM,0,10,31,,,,,+2971.2,+40000,,000,00,0,0*0F 

~~$PNSWR,AAM,2,0,193,,,,,+2971.2,+40000,,000,00,0,0*05 

~~$PNSWR,UTC,000000,00000000,0,52,663,61,2,0*27 

 

In case of cold start, within 7to 10 minutes of receiver restarts 

following message will show in the HyperTerminal screen: 

 

~~$PNSWR,OBS,2,1,1,407291.088000000,1650,0,0,0,0,0.142857*0E 

~~$PNSWR,OBS,2,2,G,1,5,0,01b,407291.020226093,20318106.109,-

373.703,0.000,00,000,50,337,33.5*6B 

~~$GPZDA,170811.097,25,08,2011,+00,00*70 

~~$GPGGA,000000.000000,0000.0005,S,00000.0048,W,0,00,,-

0.8,M,0,M,,*4E 

~~$GPGSA,A,3,,,,,,,,,,,,,,,*1C 

~~$GPGSV,3,1,12,05,,,50,06,,,16,08,,,28,09,,,24*74 

~~$GPGSV,3,2,12,12,,,26,16,,,26,25,,,26,27,,,24*7F 

~~$GPGSV,3,3,12,28,,,22,30,,,27,31,,,26,193,,,22*4B 

~~$GPVTG,090.0,T,,M,00.0,N,00.0,K*69 

~~$PNSWR,XYZ,0,1650,0.000,0.0,0.0,0.0,0.000,0.000,0.000,0.0,0.000,

*23 

 

In case of cold start, within 32 minutes of receiver restarts following 
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message will show in the HyperTerminal screen wher it can be seen 

that Namuru has successfully produces first position fix: 

 

~~$GPZDA,171748.112,25,08,2011,+00,00*7E 

~~$GPGGA,171748.096296,6514.4113,N,10136.2100,E,1,04,1.9,61298

2.6,M,0,M,,*77 

~~$GPGSA,A,3,5,6,8,21,,,,,,,,,4.4,1.9,3.9*08 

~~$GPGSV,3,1,12,05,,,50,06,,,50,08,,,50,04,,,24*74 

~~$GPGSV,3,2,12,03,,,26,19,,,25,02,,,20,07,,,25*73 

~~$GPGSV,3,3,12,21,,,50,17,,,20,11,,,27,193,,,24*40 

~~$GPGRS,171748.10,0,+0.0,+0.0,+0.0,+0.0,,,,,,,,,*6E 

~~$GPVTG,339.7,T,,M,14823.3,N,27452.7,K*60 

~~$PNSWR,XYZ,1,1650,407868.096,-

590418.0,2875400.2,6325608.6,3901.182,-

5821.454,3007.306,2487035.6,569.918,*14 

Note: Position fix can be seen in GPGGA message 7th field(i.e. bold in 

following example) 

 

~~$GPGGA,171748.096296,6514.4113,N,10136.2100,E,1,04,1.9,61298

2.6,M,0,M,,*77 

 

15  Final setup:  

16  Stop data logging on Termite.  

. 

4.13.3 TTFF identification 

Step Step description Pass/Fail 

5  Open Matlab program.  

6  Browse to the folder named “TestScripts_v_01”[i.e. provided by 

ASCER,UNSW] 

 

7  Provide the nmea file(i.e. ColdStart_XX.nmea) name for following 

variable. 

filename='H:\Data\ ColdStart _01.nmea'; 

 

8  Give following command      coldstart(filename) 

*This program will generate a generate graphs as well as provides the 

statistics from the truth.  
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4.14 Test procedure: Warm start test 

4.14.1 Introduction 

The Namuru V3.2 spaceborne GPS receiver supports a warm start in LEO using the time 

returned from an in-built RTC and data stored in NVM.  This test is to identify the warm start 

TTFF. 

 

4.14.2 Test procedure 

Step Step description Pass/Fail 

1  Spirent Setup: 

2  Open PosApp.   

3  Please follow section 4.13.2 steps 3 to step 4.  

4  Namuru Setup: 

5  Please follow section 4.13.2  steps 5 to step 8.  

6  Please follow section 4.13.2 steps 9(i) to (ix). 

However, file name should be TTFF_WarmStart_XX.nmea in the 

filename section. 

 

7  Send the following command to the receiver for clearing up its non-

volatile memory: 

   $PNSWC,CLN 

To test if the non-volatile memory is clean or not, following commands 

can be sent to receiver: 

   $GPGPQ,ALM 

   $GPGPQ,EPH 

Receiver should output nothing as neither almanac nor ephemeris data is 

stored. 

 

8  Restart the Namuru board by switching off from power source and 

switch on. 

 

9  Send the following command to the receiver for setting up GPS SV 

visibility mask angle as 5° and solution mode as 3D.  

                          $PNSWR,CFG,5,3,uITEafc,4 

Note: This command will prevent restoring ephemeris. This setup for 

warm start. 
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10  Send the following command to the receiver for restarting 

automatically for 100 times while following cold start requirement.  

$PNSWC,TST,START,100,600 

 

11  Please follow section 4.13.2  steps 12 to step 16.  

4.14.3 TTFF identification 

Step Step description Pass/Fail 

1  Open Matlab program.  

2  Browse to the folder named “TestScripts_v_01”[i.e. provided by 

ASCER,UNSW] 

 

3  Provide the nmea file(i.e. WarmStart_XX.nmea) name for following 

variable. 

filename='H:\Data\ WarmStart_01.nmea'; 

 

4  Give following command      warmstart(filename) 

*This program will generate a generate graphs as well as provides the 

statistics from the truth.  

 

 

4.15 Test procedure: Hot start test 

4.15.1 Introduction 

This test is to identify the hot start TTFF. 

 

4.15.2 Test procedure 

Step Step description Pass/Fail 

1  Spirent Setup: 

2  Open PosApp.   

3  Please follow section 4.13.2  steps 3 to step 4.  

4  Namuru Setup: 

5  Please follow section 4.13.2  steps 5 to step 8.  

6  Please follow section 4.13.2  steps 9(i) to (ix). 

However, file name should be TTFF_HotStart_XX.nmea in the filename 

section. 

 

7  Send the following command to the receiver for clearing up its non-  
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volatile memory: 

   $PNSWC,CLN 

To test if the non volatile memory is clean or not, following commands 

can be sent to receiver: 

   $GPGPQ,ALM 

   $GPGPQ,EPH 

Receiver should output nothing as neither almanac nor ephemeris data is 

stored. 

8  Restart the Namuru board by switching off from power source and 

switch on. 

 

9  Send the following command to the receiver for setting up GPS SV 

visibility mask angle as 5° and solution mode as 3D.  

                          $PNSWR,CFG,5,3,uITFeafc,4 

Note: This command will restore ephemeris, almanac, time and last 

known position. This setup for warm start. 

 

10  Send the following command to the receiver for restarting 

automatically for 100 times while following cold start requirement.  

$PNSWC,TST,START,100,600 

 

11  Please follow section 4.13.2 steps 12 to step 16.  

 

4.15.3 TTFF identification 

Step Step description Pass/Fail 

1  Open Matlab program.  

2  Browse to the folder named “TestScripts_v_01”[i.e. provided by 

ASCER,UNSW] 

 

3  Provide the nmea file(i.e. WarmStart_XX.nmea) name for following 

variable. 

filename='H:\Data\ WarmStart_01.nmea'; 

 

4  Give following command      hotstart(filename) 

*This program will generate a generate graphs as well as provides the 

statistics from the truth.  
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4.16 Cold start TTL 
Step Step description Pass/Fail 

1  Open Matlab program.  

2  Browse to the folder named “TestScripts_v_01”[i.e. provided by 

ASCER,UNSW] 

 

3  Provide the nmea file(i.e. ColdSart_XX.nmea) name for following 

variable. 

filename='H:\Data\ ColdSart _01.nmea'; 

 

4  Give following command      TTL(filename) 

*This program will generate a generate graphs as well as provides the 

statistics from the truth.  

 

 

4.17 Warm start TTL 
Step Step description Pass/Fail 

1  Open Matlab program.  

2  Browse to the folder named “TestScripts_v_01”[i.e. provided by 

ASCER,UNSW] 

 

3  Provide the nmea file(i.e. WarmSart_XX.nmea) name for following 

variable. 

filename='H:\Data\ ColdSart _01.nmea'; 

 

4  Give following command      TTL(filename) 

*This program will generate a generate graphs as well as provides the 

statistics from the truth.  

 

 

4.18 Hot start TTL 
Step Step description Pass/Fail 

1  Open Matlab program.  

2  Browse to the folder named “TestScripts_v_01”[i.e. provided by 

ASCER,UNSW] 

 

3  Provide the nmea file(i.e. HotSart_XX.nmea) name for following 

variable. 
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filename='H:\Data\ ColdSart _01.nmea'; 

4  Give following command      TTL(filename) 

*This program will generate a generate graphs as well as provides the 

statistics from the truth.  

 

 

4.19 Acquisition Sensitivity 
Step Step description Pass/F

ail 

1  Spirent Setup: 

2  Open PosApp.   

3  Load a scenario file: This will be the main (root) file for the simulation 

scenario as defined above. This can be done as follows: 

a. Go to File menu and click on Load. 

b. Browse to the folder named NamuruTest/ 

numarufunctiontest (i.e. provided by ACSER,UNSW) and select the 

file named ‘numarufunctiontest_base.scn’.  

c. Click signal power button on the toolbar and adjust the signal 

power to 5 for all the channels. 

 

4  NamuruV3.2 Setup: 

5  Please follow section 4.13.2  steps 5 to step 8.  

6  Please follow section 4.13.2  steps 9(i) to (ix). 

However, file name should be ACQ_ColdStart_XX.nmea in the filename 

section. 

 

7  Send the following command to the receiver for clearing up its non-

volatile memory: 

   $PNSWC,CLN 

To test if the non volatile memory is clean or not, following commands 

can be sent to receiver: 

   $GPGPQ,ALM 

   $GPGPQ,EPH 

Receiver should output nothing as neither almanac nor ephemeris data is stored. 

 

8  Restart the Namuru board by switching off from power source and switch 

on. 
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9  Send the following command to the receiver for setting up GPS SV 

visibility mask angle as 5° and solution mode as 3D.  

                          $PNSWR,CFG,5,3,uITeafc,4 

Note: This command will prevent restoring ephemeris. This setup for 

warm start. 

 

10  Wait for Namuru to start outputting navigation solution. That means third 

filed of $PNSWR,XYZ message will be ‘1’. 

It will be similar like followings 

E.G: 

~~$PNSWR,OBS,5,1,578,407868.088000000,1650,0,0,0,0,0.396828*0D 

~~$PNSWR,OBS,5,2,5,0,01f,407868.016966246,21295383.625,3381.320,0

.000,00,000,50,337,32.9*7C 

~~$PNSWR,OBS,5,3,6,1,01f,407868.020792380,20148337.531,-

5879.297,0.000,00,000,50,337,32.9*55 

~~$PNSWR,OBS,5,4,8,2,01f,407868.019665176,20486264.828,-

4600.695,0.000,00,000,50,337,32.9*55 

~~$PNSWR,OBS,5,5,21,8,01f,407868.027859430,18029689.453,44.961,0.

000,00,000,50,337,32.9*48 

~~$GPZDA,171748.112,25,08,2011,+00,00*7E 

~~$GPGGA,171748.096296,6514.4113,N,10136.2100,E,1,04,1.9,612982.6,

M,0,M,,*77 

~~$GPGSA,A,3,5,6,8,21,,,,,,,,,4.4,1.9,3.9*08 

~~$GPGSV,3,1,12,05,,,50,06,,,50,08,,,50,04,,,24*74 

~~$GPGSV,3,2,12,03,,,26,19,,,25,02,,,20,07,,,25*73 

~~$GPGSV,3,3,12,21,,,50,17,,,20,11,,,27,193,,,24*40 

~~$GPGRS,171748.10,0,+0.0,+0.0,+0.0,+0.0,,,,,,,,,*6E 

~~$GPVTG,339.7,T,,M,14823.3,N,27452.7,K*60 

~~$PNSWR,XYZ,1,1650,407868.096,-

590418.0,2875400.2,6325608.6,3901.182,-

5821.454,3007.306,2487035.6,569.918,*14 

 

11  Once this message shows ‘1’, record the slider value.  

12  Repeat step 1 to 11 with reduced signal power. Signal power In PosApp 

application should be reduced to identify acquisition sensitivity. Click on 

the signal power window and then Click on the slider. Step down signal 

power using keyboards ‘↓’ key. Every time ‘↓’ key is pressed signal 

power is down by 0.2 dBm.  
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13  Repeat this test 20 times and take average and standard deviation.  

 

4.20 Tracking Sensitivity 
Step Step description Pass/F

ail 

1  Spirent Setup: 

2  Open PosApp.   

3  Please follow section 4.13.2  steps 3 to step 4.  

4  Namuru Setup: 

5  Please follow section 4.13.2  steps 5 to step 8.  

6  Please follow section 4.13.2  steps 9(i) to (ix). 

However, file name should be ACQ_ColdStart_XX.nmea in the filename 

section. 

 

7  Send the following command to the receiver for clearing up its non-

volatile memory: 

   $PNSWC,CLN 

To test if the non volatile memory is clean or not, following commands 

can be sent to receiver: 

   $GPGPQ,ALM 

   $GPGPQ,EPH 

Receiver should output nothing as neither almanac nor ephemeris data is stored. 

 

8  Restart the Namuru board by switching off from power source and switch 

on. 

 

9  Send the following command to the receiver for setting up GPS SV 

visibility mask angle as 5° and solution mode as 3D.  

                          $PNSWR,CFG,5,3,uITeafc,4 

Note: This command will prevent restoring ephemeris. This setup for 

warm start. 

 

10  Wait for Namuru to start outputting navigation solution. That means third 

filed of $PNSWR,XYZ message will be ‘1’. 

It will be similar like followings 

E.G: 

~~$PNSWR,OBS,5,1,578,407868.088000000,1650,0,0,0,0,0.396828*0D 
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~~$PNSWR,OBS,5,2,5,0,01f,407868.016966246,21295383.625,3381.320,0

.000,00,000,50,337,32.9*7C 

~~$PNSWR,OBS,5,3,6,1,01f,407868.020792380,20148337.531,-

5879.297,0.000,00,000,50,337,32.9*55 

~~$PNSWR,OBS,5,4,8,2,01f,407868.019665176,20486264.828,-

4600.695,0.000,00,000,50,337,32.9*55 

~~$PNSWR,OBS,5,5,21,8,01f,407868.027859430,18029689.453,44.961,0.

000,00,000,50,337,32.9*48 

~~$GPZDA,171748.112,25,08,2011,+00,00*7E 

~~$GPGGA,171748.096296,6514.4113,N,10136.2100,E,1,04,1.9,612982.6,

M,0,M,,*77 

~~$GPGSA,A,3,5,6,8,21,,,,,,,,,4.4,1.9,3.9*08 

~~$GPGSV,3,1,12,05,,,50,06,,,50,08,,,50,04,,,24*74 

~~$GPGSV,3,2,12,03,,,26,19,,,25,02,,,20,07,,,25*73 

~~$GPGSV,3,3,12,21,,,50,17,,,20,11,,,27,193,,,24*40 

~~$GPGRS,171748.10,0,+0.0,+0.0,+0.0,+0.0,,,,,,,,,*6E 

~~$GPVTG,339.7,T,,M,14823.3,N,27452.7,K*60 

~~$PNSWR,XYZ,1,1650,407868.096,-

590418.0,2875400.2,6325608.6,3901.182,-

5821.454,3007.306,2487035.6,569.918,*14 

11  In PosApp application, GNSS signal power will be reduced to identify 

tracking sensitivity. Click on the signal power window and then Click on 

the slider. Step down signal power using keyboards ‘↓’ key. Every time 

‘↓’ key is pressed signal power is down by 0.2 dBm. After every press wait 

for 1 minute and observe third filed of ‘$PNSWR,XYZ’ message. Once 

this message shows ‘0’, record the slider value. 

 

12  Repeat step 11 20 times and take average and standard deviation.  
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5 Prototype Receiver Hardware Designs 
 
This section describes the architecture, design challenges and development path of the Namuru V3 

receivers. 

 
Table 5-1 shows all the receiver platforms used at some stages of the project development. As 

mentioned earlier, Namuru V2.4 and V2.5 were used for initial experimentation with some of the 

software algorithms as they were time tested and available in good numbers. V3.1 is a L1-band-only 

receiver and design-wise a subset of the V3.3 receiver. The “Lego” receiver is a dual-band receiver 

built with COTS modules. The V3.1 and Lego receivers were used as part of the contingency plan 

during V3.3 hardware development delays, which were significant. V3.4 is functionally similar to V3.3 

but with two front end bands combined into a single chip. 

 

 
Table 5-1 Namuru receiver platforms overview  
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*** Note: (1) GP2015 has 2MHz bandwidth and cannot receive the full E1 signal. (2) BL2627 has 

6MHz bandwidth and can receive the basic (BOC) component of the E1 signal. (3) GD1030 can be 

configured to receive the full E1 signal (CBOC / TMBOC) with a bandwidth of 15 MHz. 

Following sub-sections provide details about V3.1, V3.2 V3.3 and V3.4 hardware.   

a. Namuru V3.2 hardware 

 

Figure 5-1 Namuru V3.2 board 

Figure 5-1 shows the picture of a Namuru V3.2 board.  It is a mechanically balanced, 6-layer PCB with 

surface mount components and the dimensions are matched to a Colony II Cubesat payload. The RF 

is shielded to minimize the interference effects on the receiver. The latch up protection circuitry   

resets the receiver in case of high inrush current due to radiation in space. The functional blocks of 

V3.1 receiver are shown in Figure 5-2. The receiver comprises of  L1/E1 RF front-end ASIC with 2 MHz 

bandwidth, an Actel ProASIC FPGA (A3PC1500) for the baseband signal processing and an ARM CPU + 

Flash (Actel Smartfusion FPGA A2F500), a VTCXO with 10MHz +/- 1.5 ppm, 1 MByte SRAM, Battery 

backed RTC, RS422 & GPIOs. The RF front-end is GP2015, a well proven widely used chip developed 

from Zarlink Semiconductors. The functional block diagram is shown in Figure 5-2. 

 

Figure 5-2 Functional block diagram of V3.2 

b. Namuru V3.1 hardware 

Figure 5-3 shows the picture of a Namuru V3.1 board.  It is a credit card sized 6-layer PCB with 

surface mount components. The RF is shielded to minimize the interference effects on the receiver. 

The prototype version runs off the USB power. The functional blocks of V3.1 receiver are shown in 
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Figure 5-4. The receiver comprises of  L1/E1 RF front-end ASIC with 6MHz bandwidth, an 

Altera Cyclone 4 FPGA, a VTCXO with 16.368MHz +/- 1.5 ppm, 1 MByte SRAM, Battery backed RTC, 

FRAM, RS232, USB & GPIOs. The RF front-end BL2627 was developed by General Dynamics, NZ. 

 

Figure 5-3 Namuru V3.1 board 

 

Figure 5-4 Namuru V3.1 architecture 

c. Namuru V3.3 and V3.4 Hardware 

Figure 5-5 shows the pictures of Namuru V3.3 and V3.4 boards. These boards have three RF Front 

End channels out of which two can be configured to receive any of the L1/E1, L2, L5/E5a, E6, 

GLONASS and the other RF channel is fixed to L1/E1. All the RF channels run from a single reference 

V-TCXO at 16.368 MHz. The FPGA is Altera Cyclone 4 GX150 and it has enough resources to 

accommodate baseband signal processing modules for signals from all the three RF channels. The 

boards have a battery backed RTC, Serial 128K x 8 FRAM, RS232, USB & GPIOs. The fixed-band RF 

front-end is BL2627 same as in the V3.1 board. The other two channels have a tunable RF front-end 

GD1030 developed by General Dynamics, NZ. On the V3.4 board, functionalities of two GD1030 chips 

are built into a single chip GD1040. V3.4 differs to V3.3 also in the number of ADC output bits which 

is 2 in the case of V3.3 and 12 in the case of V3.4.  
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Figure 5-5  Namuru V3.3 (left) and Namuru V3.4 (right) 

The digital sections of V3.3 and V3.4 are similar in nature and the architecture of the digital section is 

shown in Figure 5-6. The embedded processor is the NIOS II/f RISC processor from Altera. NIOS 

processors are also used in all the V2 family boards at UNSW. 

 

Figure 5-6 Digital section architcture in V3.3 and V3.4 boards 

Figure 5-7 shows the Namuru V3.3 board with the cans open. The fourth shield part is the clock 

distribution circuitry implemented to provide synchronized clocks across the board for the RF front-

ends and the digital section. 
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Figure 5-7 Namuru V3.3 board 

The signal from the antenna passed through as splitter and the output of the splitter feeds all the RF 

front-ends on the board. The PLL synthesizer helps distribute the system clock across the board as 

mentioned earlier. The digitized IF signals from all the front-ends are then taken into the FPGA for 

the baseband processing. The FPGA-processor subsystem with the required peripherals delivers the 

PVT solution to the mission computer. The functional block diagram of V3.3 is shown in Figure 5-8. 

 

Figure 5-8 Namuru V3.3 Functional blocks 

 

Figure 5-9 and Figure 5-10 show the board layout and functional bock diagram of V3.4. Note that the 

two GD1030 functionalities are combined in the GD1040 chip. GD1040 is in effect an integrated dual-

channel RF front-end. 
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Figure 5-9 Namuru V3.4 Hardware 

 

Figure 5-10 Namuru V3.4 Functional Block Diagram 

A picture (obtained from design tools) of the GD1030 ASIC is shown in Figure 5-11. GD1030 is a QFN 

32-pin package with dimensions measuring 5x5mm. The die is 2x2mm developed with the 130nm 

CMOS technology and the core voltage is 1.8V. 
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Figure 5-11 inside the GD1030 ASIC 

 

d. Lego receiver setup 

During the course of the project development, while waiting for the V3.3 hardware, the receiver 

design team built dual-band hardware with two tuneable RF evaluation modules (EVMs) and FPGA 

development board. Building of this system involved some board-to-board connections and the 

boards themselves consumed some physical space. This system was termed Lego receiver due to its 

‘building blocks’ nature of the design. This board of course is not suitable for delivery but was good 

enough for experiments with the dual band GNSS signals before V3.3 was fabricated. 

Figure 5-12 shows the top level blocks in the Lego receiver. MAX2769 EVM was used for the L1/E1 

band and MAX2112 which is primarily a DVB system EVM, was used for the L5/E5a band. MAX 2112 

doesn’t have the built-in ADC and hence a TI ADC EVM board was used to digitize the signals. The 

FPGA board is the Altera DE2-115 education board obtained through Altera University Program. 

Though several issues were faced in setting up this system due to the RF front-ends’ incompatibility 

with PC configurations, finally the FPGA could successfully talk to the RF front-ends to configure and 

receive GNSS signals. This system was used mainly for the baseband verification purpose and before 

the firmware development for this board, UNSW received V3.3 and V3.1 boards and further 

developments were continued on the V3 boards. 
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Figure 5-12 The Lego Receiver 

 
 

 
Figure 5-13 Top level block diagram of the Lego receiver 

6 Space-certifiable receiver hardware design strategies used  

6.1 Oscillator  
The main oscillator for a GNSS receiver needs careful attention, often requiring short term stability of 
better than 2.0ppm. In space the oscillator will most likely need to maintain stability over a greater 
range of temperatures. The Namuru V3 receivers are equipped with a Temperature Controlled 
Crystal Oscillator (TCXO) with the option to pull the oscillator up to 5ppm either side of the nominal 
frequency. An option is also provided for an Oven Controlled Crystal Oscillator (OCXO) with the same 
frequency adjusting capability. A software algorithm drives the oscillator corrections while 
monitoring a precise temperature sensor.  

6.2 Power supplies  
All voltages are derived from high frequency (1MHz and above) high efficiency switch mode power 
supplies to minimise heat dissipation and reduce power consumption. In general each switch mode 
supply is capable of at least twice the required current to ensure low thermal dissipation especially 
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while recovering from latch-up conditions. Each supply also has the ability to switch over to 
cycle skip mode on light loads providing further power savings.  

6.3 Latch-up protection and recovery  
The only practical way to recover from a latch-up condition in semiconductor devices is to remove 
the power and restart. A special latch-up protection circuit is designed into the Namuru V3 power 
supply to remove power when the current drain exceeds a set threshold. After a short programmable 
time the supply is restored, after which the receiver will recover as if a power failure had occurred.  

6.4 Construction  
Traditional tin-lead paste alloy is used on the Namuru V3 space receiver because it is well understood 
and found to be reliable for component connections, as opposed to some of the recent lead free 
products which have not yet been proven for long term reliability (D. R. Frear, et al., 1994).  
The multilayer printed circuit board is constructed with solid copper plating or plugs through via 
holes for electrical connection between layers. This gives greater reliability under variable 
temperature conditions and improved heat transfer to the inner layers where larger copper areas 
can dissipate heat.  

6.5 Shielding  
The RF front end section is shielded using a metal enclosure. Additional shielding between circuit 
sections is provided using careful printed circuit board layout by dividing large copper plane areas 
into segments. This ensures less coupling between low and high signal level areas. Some 
consideration is being given to the new PolyRAD shielding material being developed for NASA that is 
predicted to substantially reduce TID (NASA, 2002). 
 

7 FPGA-based Multi-GNSS Baseband Logic Design 

7.1 Baseband module overview 
Figure 7-1 provides the functional details of the FPGA baseband module. The functionality is divided 

into three sub modules, the correlator, the correlator controller and the interface controller. The 

correlator module comprises of the carrier and code mixers and accumulators for all the signals GPS 

L1, Galileo E1b and E1c, GPS L5 and Galileo E5a. The correlator controller implements the carrier 

NCO, carrier generator, code NCO, code generator and timing control signals for the correlator and 

interface controller blocks. The interface controller manages the memory mapped interface to the 

processor. 

The correlation computation block and the correlator controller block are instantiated for the 

required number of channels. The interface controller implements a memory-mapped interface to 

the processor and comprises of multiplexers/ de-multiplexers and the baseband wrapper for all the 

four signals. 
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Figure 7-1 Functional details of the baseband module 

The correlation computation block accepts the IF signal samples and the local reference signals as the 

input and produces the correlation values. The correlation computation block is again divided into 

two sub modules, the sample correlator and the accumulator as shown in Figure 7-2. 
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L5I/Q 
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E5 aI/aQ/bI/bQ 

accumulators

Local carrier and 

code+subcarrier bits
Latch and clear

(from controller)

Sample correlator

 

Figure 7-2 Details of the correlation computation block 

Figure 7-3 shows the details of the correlator controller block for a single channel. The correlator 

controller module comprises of the carrier and code generation blocks and the control signals 

generation block. The processor programs the PRN number, carrier frequency, code delay and the 

integration duration for each channel of the baseband module. The correlator controller module 

provides the measurement output upon a measurement latch request from the processor.  
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Figure 7-3 Details of the correlator controller module 

 

7.2 Baseband and processor interface 
Table 7-1 Top level memory map of the baseband shows the baseband module address map for the 

baseband module as seen from the processor. This is an extension of the existing Namuru receiver 

address map (Namuru data sheet, 2007). The offset address for all the signals have reserved bits to 

accommodate additional features and also allowing scalability to increase the number of code fingers 

for fast acquisition architectures in future. 

Offset Address Description 

000-1FF GPS L1 C/A (same as the existing Namuru legacy map) 

200-5FF Galileo E1 

600-9FF GPS L5 

A00-DFF Galileo E5 

E00-FFF Reserved 

 Table 7-1 Top level memory map of the baseband 
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7.3 Garada baseband signal processor features and Summary 
Following is the list of salient features of the Garada multi-GNSS baseband: 

• 2-bit IF (Sign/ Mag)  

• Signals: GPS L1 C/A, GPS L5, Galileo E1, Galileo E5a 

• GPS L1 C/A 

– 12 Channels, 3 code fingers per channel 

– 2 (I and Q) correlation values per finger 

• Galileo E1  

– 12 Channels, 8 code fingers 

– 4 (I and Q, Pilot and Data) correlations per finger 

• GPS L5  

– 12 Channels, 3 code fingers 

– 4 (I and Q, Pilot and Data) correlations per finger 

• Galileo E5 

– 12 Channels, 8 code fingers 

– 4 (I and Q, Pilot and Data) correlations per finger 

• Integration over one code period 

• Code and carrier measurement for all channels 

• Control and status registers to enable the processor firmware to command according to the 

acquisition and tracking algorithms and to read the status at any point in time 

• Timing and control signals to schedule different computations within the correlation process 

• Separately programmable for GPS and Galileo to enable independent acquisition, tracking of 

signals 

• Default reference for the timing purposes across signals of both the systems is the GPS L1 

C/A code.  

 

Table 7-2 shows the summary of the important features. The firmware can extend the integration 

duration beyond the duration present in the baseband without affecting the correlation values or 

measurements. 

Signal # Channels # Code 

fingers 

# Accumulators  per 

finger 

Integration 

duration(ms) 

GPS L1 C/A 12 3 2 (I, Q) 1 

Galileo E1 12 8 4 (I,Q, Pilot,Data) 1 or 4 

GPS L5 12 3 4 (I,Q, Pilot,Data) 1 

Galileo E5 12 8 4 (I,Q, Pilot,Data) 1 

Table 7-2 Garada baseband details for different signals 
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Figure 7-4 shows the screenshot of the baseband digital circuit obtained from the Altera 

FPGA design tool. The four-signal (L1/E1/L5/E5a), 12 channel core baseband design occupies about 

80,000 Cyclone IV GX Logic Elements (LEs). 

 

Figure 7-4 Screenshot of the baseband digital circuit from the FPGA design tool 
 

8 Multi-GNSS signal processing and the development of  Matlab 

based Receiver 
 
This section is organized as follows: the development considerations are addressed in section 8.1; the 
software performance including GUI illustration, acquisition, tracking and positioning performances 
are shown in section PERFORMANCE ILLUSTRATIONS8.2.  

8.1  Development considerations 

8.1.1 PRN code generation 

QZSS L1C/A and the future Galileo E1open service (OS) channels use pseudorandom codes sharing 
the same chipping rate as GPS L1C/A. The QZSS L1C/A signals could be treated as GPS L1C/A signals, 
except that it uses PRN numbers of 193-197. Therefore, the software upgrade for QZSS L1C/A code 
on the basis of GPS L1C/A receiver is relatively straight forward.  
 
However, Galileo E1OS signals are quite different from the GPS L1 C/A signal. It uses a more complex 
modulation method called Binary Offset Carrier (BOC). To be more precise, it utilises Multiplex Binary 
Offset Carrier (MBOC) in wide band (i.e. double sided bandwidth larger than 14MHz). However, in a 
relatively narrow front-end bandwidth, the Galileo E1OS signal could be treated as BOC(1,1) which is 
a multiplex product of a subcarrier and a BPSK pseudorandom code, both waveforms having the 
same chipping rate as the GPS L1C/A pseudorandom code (i.e. 1.023MHz).  
 
Unlike GPS L1C/A signal which uses Gold code as the PRN spreading code, the Galileo system adopts 
optimised memory codes. Although two of its prototype satellites (e.g. GIOVE-A and GIOVE-B) still 
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use Gold code, the future Galileo system will operate with optimised memory code 
sequences according to the published ICD [2]. Therefore, to generate the local replica for Galileo 
system, one should take account of not only its unique subcarrier modulation but also the usage of 
memory code requiring additional module for code storage and access. 
 
Existing GLONASS L1C/A signal uses Frequency Division Multiple Access (FDMA) technique, although 
Russia has planned for the system modernisation with CDMA as the channel access method. Each 
GLONASS satellite transmits FDMA signal occupying different frequency by sharing the same BPSK 
PRN sequence with chipping rate of 0.511MHz. In the other words, a single 511-chip length of PRN 
code is shared by all the GLONASS satellites. 

8.1.2 Integration time 

The data rates for GPS L1 C/A, QZSS L1C/A and GLONSS L1C/A are all the same (=50bps), which allows 
the multi-system to use at least 1ms integration for the acquisition and tracking for three of those 
systems. On the other hand, the design for Galileo channels is relatively complex. Galileo E1B uses a 
longer pseudorandom code sequence.  
 
Galileo E1 channel is a combination of data channel (E1B) and data-less/pilot channel (E1C). On the 
E1B channel, the PRN code has a period of 4ms (i.e. 4092 chips with 1.023MHz chipping rate), while 
the message data rate is also 4ms (i.e. 250bps). This fast data rate enhances the Galileo system 
communication throughput, but requires a more advanced mechanism to ensure the minimisation of 
bit error rate. Galileo system adopts forward error correction (FEC) decoders to enhance the 
effectiveness of channel decoding and encoding in digital signal processing. This FEC decoder is 
discussed in section 8.4. 
 
Galileo currently has two in-orbit prototype satellites and two recently launched Galileo satellites. 
Recently launched Galileo satellites are still under test. The GIOVE-A and GIOVE-B as two prototype 
in-orbit Galileo satellites have been broadcasting the signal and the navigation message for a while. 
The signal plan and message data structure are described in the (GIOVE-A+B OS SIS ICD, 2008 [3]) . In 
this paper, real GIOVE-A and GIOVE-B raw intermediate frequency (IF) data is used for testing; while 
Spirent IF data is used for the simulation of Galileo satellites.  
 
It should be pointed out that the E1C channel of GIOVE satellite uses 8184chip ,8ms PRN codes with 
25chip  secondary code modulation, resulting in 100ms overall code repetition interval. In the 
current software version, 8ms integration for GIOVE E1C and 4ms integration for Galileo E1C are 
implemented. By taking into account the modulation of the secondary code, the integration time can 
be extended to enhance the receiver sensitivity for weak signal detection. To facilitate the algorithm 
validation of acquisition and tracking sensitivity, in the current version, the implementation options 
of4ms and 8ms integration for the Galileo data channel and pilot channel acquisition and tracking are 
provided respectively. 
 
In order to enhance the receiver sensitivity, integration time beyond 1ms for GPS signal processing is 
also desired. Therefore, options of integer multiple of 1ms integration time for GPS L1C/A code is 
included in this version of the software. The major parameter difference between GNSS systems at 
L1 channel that considered in the software version is listed in Error! Reference source not 
found..  
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Table 8-1 Code structure comparison of GNSS in the L1 band 
Parameter  Galileo E1 OS GIOVE-A E1 OS GIOVE-B E1 OS GPS L1C/A QZSS L1C/A GLONASS L1C/A 

Number of Codes 
combined to form 
the OS signal  

2 (E1b and E1c)  2 (E1b and E1c)  2 (E1b and E1c)  1(L1 C/A) 1(L1 C/A) 1(L1 C/A) 

Data modulation  Yes. Only on E1b  Yes. Only on E1b  Yes. Only on E1b  Yes Yes Yes 

Data Rate 250bps 250bps 250bps 50bps 50bps 50bps for the first 1.7s 
100bps for the 0.3s sync 
bits 

Secondary Code 
Overlaid?  

Yes. Only for E1c 
(25 chips length)  

Yes. Only for E1c 
(25 chips length)  

Yes. Only for E1c 
(25 chips length)  

No No No 

Code length 
(chips)  

E1b – 4092  
E1c – 4092  

E1b – 4092  
E1c – 8184  

E1b – 4092  
E1c – 8184  

L1C/A-1023 L1C/A-1023 L1C/A-511 

Chipping rate  1.023MHz  1.023MHz  1.023MHz  1.023MHz 1.023MHz 0.511MHz 

Primary code 
period (chips)  

E1b – 4 ms  
E1c – 4 ms  

E1b – 4 ms  
E1c – 8 ms  

E1b – 4 ms  
E1c – 8 ms  

1ms 1ms 1ms 

Number of shift 
registers  

Not Applicable  2 for E1b, 2 for 
E1c, 4 in total  

2 for E1b, 2 for 
E1c, 4 in total  

2 2 1 

Shift register 
length  

Not Applicable  
(Memory code) 

13 bits 13 bits 10 bits 10 bits 9bbits 

PRN number 1-50 51 52 1-32 193-197 0-24 

Code Modulation BOC(1,1) *  BOC(1,1) BOC(1,1) * BPSK BPSK BPSK 

Transmission 
mode 

CDMA CDMA CDMA CDMA CDMA FDMA 

Carrier frequency 1575.42MHz 1575.42MHz 1575.42MHz 1575.42MHz 1575.42MHz 1602.00MHz 
+(CHN#)*x0.5625MHz 

*Note:  

 (CHN#) represents channel number (i.e. PRN number) 

 The exiting GLONSS is still using FDMA transmission although CDMA transmission is planned 

 ICD of Chinese COMPASS (Beidou) is not yet published yet. The corresponding receiver upgrade is planned 

 * Precisely speaking, it is Multiplex-BOC (MBOC) modulation in wideband 
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8.1.3 Message decoding 

 
Galileo E1B use a higher data rate up to 250bps comparing to the 50bps of other GNSS (see also 
Table 1). To increase the efficiency of navigation message reception, FEC encoding as well as block 
interleaving is applied before satellite signal transmission. Within each 250 bits message page, there 
are 10 synchronisation bits and 240 navigation data bits. In this navigation message, before FEC, 
block interleaving algorithm (30 columns and 8 rows) is also adopted into each E1B data page 
allowing each interleave block a length of 240 bits. Each page includes also the12bit cyclic 
redundancy check (CRC) for GIOVE E1B and 24bit CRC for Galileo E1C. It is worth pointing out that 
the message structure of Galileo E1B is different from GIOVE E1B. Each page of GIOVE E1B message 
contains 240 bits before FEC decoding; while Galileo E1B has 480 bits lasting for 2 seconds. Due to 
the availability of real navigation data, only the message decoding for GIOVE-A and GIOVE-B is 
performed for the work in this paper. 
 
To decode the GIOVE satellite message, a receiver has to go through following processing steps: 
Achieving synchronisation to the page boundary by using he 10bits I/NAV synchronisation pattern; 
De-interleaving the 240bit message data. 
Applying Viterbi decoder (K=7) with a rate of R=½ 
CRC check to ensure the correctness of extracted message data.  
 
The QZSS L1C/A signals can be treated as additional GPS L1C/A signals. Therefore, for the QZSS L1 
C/A navigation data extraction, same message decoding method used for GPS L! C/A can be applied. 
 
Since GLONASS is a FDMA signal, the message decoding algorithm of GLONASS is not the same as 
those GNSS using CDMA channel access method. Extra work is planned to implement the positioning 
integration of GLONASS. Current software development version for GLONASS system is only limited 
up to the acquisition and tracking stage for a single channel.  
 

8.1.4 System time differences 

 
The method of obtaining the pseudorange, satellite position and the user position for the new 
signals are similar to the GPS L1 C/A case. However, in particular, for Galileo system the following 
important points were observed during the software development. 
 
The time difference between the Galileo system time and the GPS system time that is transmitted as 
a part of the Galileo navigation message should be incorporated into the Galileo satellite position 
computation to have a single time reference (referenced to the GPS system time) for both the GPS 
and GIOVE satellite positions.  
 
The integration period of the GPS L1 C/A corresponding to the measurement instant and the 
integration period of the GIOVE/Galileo E1 corresponding to the same measurement instant  are 
different; in the current software design it is 1 ms and 4 ms respectively. This difference needs to be 
accounted for, when the receiver latches the measurements.  
 
The start point (in time) of the signal tracking and data demodulation for the GPS L1 C/A can differ to 
the start point (in time) of the signal tracking and data demodulation for the Galileo/GIOVE E1B/C. In 
addition, as mentioned in point 2 above the integration times differ. Therefore, the solution 
computation process should align the measurement instant to the nearest GPS/Galileo sub-frame 
boundary.  
 



 

62 
V01_00                                  Annex 5. Developing a Satellite Navigation Receiver for the Space Mission                     30

th
 June 2013 

 

In the current software design, the position computation algorithm treats GIOVE A/B and 
QZSS PRN-193 satellites as additional satellites to the GPS constellation. 

8.2 PERFORMANCE ILLUSTRATIONS 
 
As mentioned in section 2, limited to the availability of real navigation data for Galileo satellites, and 
ICD for COMPASS system, Spirent simulator data is used to test the acquisition and tracking model 
for Galileo system; while GLONASS is recorded using USRP2 platform by turning the IF centre 
frequency to the GLONASS satellite channels (e.g. PRN1). On the other hand, for the L1 channel raw 
signals having IF centre frequency at 1575.42MHz are recorded using Nordnav wideband receiver, 
whose front-end has a double-sided bandwidth of 10MHz.  
 

8.2.1 The GUI  

Data format 
The recorded digitised raw IF data of USRP2 is in complex format; while the data format of Nordnav 
receiver is 8bit real. To facilitate the compatibility to various type of front-end hardware setting, the 
updated software receiver has enabled the option to choose data type as well as data format. 
 
Satellite PRN options 
The current software version is mainly focus on positioning integration of GIOVE, QZSS and GPS. 
GLONASS as an extendable option is included; however, only one channel is dedicated in this current 
version. By turning the IF frequency, the chosen GLONASS satellite could be acquired and tracked. 
An example of GUI setting for a set of GLONASS IF data recorded using USRP2 is shown in Figure 8-1. 

 

 

Figure 8-1. GUI interface for GLONASS PRN1, using USRP Front-end with sampling rate=2.5MHz, IF=0Hz 
 
Check boxes for QZSS PRN 193-197, Galileo PRN 1-50 as well as GIOVE-A and GIOVE-B are added. L1C 
pilot for GPS section is currently unused and preserved for the future update. 
 
Integration time 
 
Integer number of integration time for acquisition section (in ms) could be filled in the gap on the 
left section of GUI; while tracking integration time (in ms) could be given on the right section. By 
default satellites included in GPS and QZSS sections use 1ms integration for acquisition and tracking. 
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Galileo satellite by defaulted is set to use 4ms integration at E1B channel and 4ms for E1C 
channel. If E1C channels of GIOVE-A or GIOVE-B are being acquiring and tracking, integration time 
should be set to be 8ms in this current software version. 
 
C/No estimation  
 
C/No estimation using two methods [4]: “average power” and “Narrowband against Wideband 
Power” are added and the plots could be chosen to be plotted from the GUI allowing different 
smoothing ratio (4 by default). 

8.2.2 Acquisition module 

 
In order to provide the acquisition plots for all of the GNSS except Galileo/GIOVE in one plot, the 
GLNASS is dedicated to PRN number 33 in the acquisition result plots shown in Figure 8-2. QZSS 
satellites are dedicated to PRN 34-38 in Figure 8-3. 
 

 
Figure 8-2.  GLONASS Acquisition-recorded using USRP Front-end, Fs=2.5MHz, IF=0Hz 

 

  
Figure 8-3. Acquisition results of GPS and QZSS (left), GIOVE-A (PRN 51) (right), recorded using Nordnav Front-end, with 

sampling rate 20Mhz, IF=5086667Hz 
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The acquisition results for real GIOVE-B satellite is shown in the right side of Figure 8-3. The 
Spirent simulated Galileo signals are also used for test. The acquisition results are shown in Figure 
8-4. 
 

 
Figure 8-4.  Acquisition results of Galileo signals simulated by Spirent, recorded using Nordnav Front-end, with sampling 

rate 20Mhz, IF=5086667Hz 

 

8.2.3 Tracking module 

 
The tracking results of the GLONSS PRN1 (refer to the acquisition result Figure 8-1) is given in Figure 
8-5. Due to the higher noise floor of USRP2, the PLL tracking output is quite noisy; however, it still 
clearly shows the extracted navigation message bits. Two C/No estimation methods are used and 
the estimated C/No of about 43dBHz are shown on the bottom plots in Figure 8-5. 
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Figure 8-5.  GLONASS Tracking -recorded using USRP Front-end, Fs=2.5MHz, IF=0Hz 

 
The tracking results of QZSS PRN193 and GIOVE-A (refer to acquisitions results Figure 8-3) are shown 
in Figure 8-6b) (over view) and a) (zoom in version). 
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(b) 
Figure 8-6. Tracking -recorded using Nordnav Front-end, Fs=2MHz, IF=5086667Hz 

 

8.2.4 Positioning module 

 
Using the IF data  recorded from GPS, QZSS and GIOVE satellites in view, the positioning integration 
performance of three systems, GPS, QZSS and GIOVE-A/B were observed at the output of the 
navigation poisoning calculation module (using pseudorange measurements). 
 
Though the GIOVE ICD does not recommend the use of GIOVE A and GIOVE B signals for position 
computation, an attempt was made to observe the positioning performance with combined GPS and 
GIOVE satellites. Nine types of position computation results are shown in this section with the help 
of a real-time dataset. 
 
Dataset 1: Consists of 4 GPS satellites, the QZSS PRN193 and GIOVE-A satellite. 
Scenario 1 (4GPS): 4 GPS satellites that are capable of producing the solution  
Scenario 2 (4GPS+QZSS): 4 GPS satellites that are capable of producing the solution and the QZSS 
used as an additional satellite  
Scenario 3 (4GPS+QZSS +GIOVEA): 4 GPS satellites with the GIOVE-A and QZSS used as two 
additional satellites  
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The following subsections provide the graphs depicting the result from the real signal. Each 
set of result contains the position spread along with the Skyplot. 
 
Scenario 1 

 
Figure 8-7. Scenario 3.1 (4GPS) 

Scenario 2 

 
Figure 8-8 Scenario 3.2 (4GPS+QZSS) 
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Scenario 3 

 
Figure 8-9. Scenario 3.3 (4GPS+QZSS +GIOVEA) 

8.2.5 Inference 

 
From the results, it is observed that the position solutions with GPS+GIOVE satellites or GPS+QZSS 
are degraded compared to the GPS only case. A part of this degradation is due to the increased DOP. 
It should also be noted that the GIOVE satellites are set “Unhealthy” and are not recommended to 
use in the position solution as per the GIOVE ICD. The combination of GPS+QZSS+GIOVE satellites 
provides improved signal availability and decreasing DOP. These results demonstrate the 
development of a multi-GNSS software receiver platform for the L1 band. 

8.2.6 Real Galileo in Orbit Signal Processing 

The Galileo Signal in Orbit has started transmitting test message for navigation purpose since March 
2013. Raw IF data was recorded using Labsat receiver so that RF signal can be played back in analogy 
format. Signal was recorded again with Nordnav receiver. The Galileo only position result is shown in 
Fig 26. 
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Figure 8-10 Real Galileo In Orbit Signal scenario (4Galieo: PRN 11 12 19 20) 

8.3 GNSS Data Processing and Measurements Output in RINEX 3.0 Format 
This section discusses the development of a Matlab-based multi-Global Navigation Satellite System 
(GNSS) software receiver. Compared to a real-time GNSS receiver, the major difference is in the 
implementation mechanism of latching and processing the measurements between the receiver 
channels of a satellite system as well as channels of different systems. Implementation challenges 
increase due to differences in the system time as well as the code repetition period. The signal 
processing modules, especially the tracking module of a conventional Matlab multi-GNSS software 
receiver, consume an enormous amount of time as IF data is read sequentially, requiring 
considerable file I/O operations. The proposed software receiver architecture uses the built-in 
parallel processing functions in Matlab to speed-up the execution by simultaneously processing 
multiple channels.  
 
RTKLIB (version 2.4.1) is used to validate the pseudo-range and carrier measurements through 
position computation as it has the ability to process RINEX 3.00 format. However, this computed 
solution cannot be compared with the software receiver generated solution as the current version of 
RTKLIB cannot process GIOVE data. These results have been compared with the truth data which 
have been produced by the Spirent GNSS simulator.  
 
Considering the computation burden and efficiency of processing multiple satellite signals, parallel 
processing has been implemented in the current software receiver. The aim of this development is 
to improve the computational efficiency and allow for the generation of carrier-phase measurement 
output in the latest version of the RINEX 3.0 format. 
 
This section is organised as follows: the overall processing structure a GNSS software receiver is 
given in section 2; the functionality of the software modules (including acquisition, tracking and 
positioning) are explained in section 3 where the improved processing architecture is described. 
Receiver performance and efficiency improvements are presented in section 4.  
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8.3.1 Software Receiver Components 
In this report, the testing platform for the ‘Matlab-based software receiver’ consists of three main 
components: Data collection, Matlab-based Software receiver, and Measurement outputs, as 
illustrated in Figure 8-11. 
 
Data collection comprises three steps: RF simulator (with Spirent GS8000) configuration, RF raw 
digitised data recording (using Nordnav wideband receiver), and Digitised data format conversion to 
the Matlab readable format. 
 
Software Receiver has the basic functionality of signal acquisition for various GNSS signals at L1 
band, Multiple Channel tracking, and finally Navigation solution calculation for integrated multi-
GNSS. This paper focuses on the integration solution of GPS and Galileo systems. 
 
Measurement output including the pseudorange and carrier-phase are produced in RINEX 3.0 format 
by the software receiver. Integrated navigation solution is then verified using the receiver generated 
RINEX files via the post-processing software RTKLIB [5]. 
 

 

Figure 8-11: Receiver test setup 
 

 
A multi-GNSS software receiver design has been described in last section. This software has enabled 
the functionality to process GPS, Galileo, QZSS as well as GLONASS signals at L1 band. The data 
processing flow for GPS and Galileo signal integration is shown in Figure 8-12. In the conventional 
software version, the acquisition and tracking for each GNSS at each channel are processed in a 
sequential fashion. This can be very computationally demanding for a standard PC. Therefore 
parallel processing strategy is used for current software receiver version. 
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Figure 8-12: Multi-GNSS software receiver data flow 
 

8.3.2 Test setup 

 
To validate the software receiver several tests were conducted. Block diagram of the test setup is 
shown in Figure 8-13. The Spirent GNSS simulator (model GSS8800) is used to generate five minutes 
of RF signals of GPS and Galileo satellites, which were collected using the Nordnav wideband 
receiver. The simulator was configured to produce static data. This RF signal was converted to IF 
data, which are subsequently used by the software receiver for acquisition, tracking and position 
computation. 

 
Figure 8-13: Block diagram of test setup 
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8.4 Results 

8.4.1 Parallel processing 

 
Parallel processing provides a significant advantage. Different tests during this study have confirmed 
that an average of 19±0.1 megabyte data is stored for per second of IF data, i.e. 1.2 gigabyte per 
minute. Such an enormous amount of data requires special attention if processing times are to be 
improved. A ‘snapshot’ of the 8 core processor resource use for both sequential and parallel 
processing are shown in Figure 8-14, where it can be observed that parallel processing improves the 
computer processer’s usage level. Sequential processing process data sequentially which means at 
any given time all the computer processor is involved processing one set of data. On the other hand, 
parallel processing can be achieved through distributing data sets to individual processors. This 
parallel process maximizes the use of computer recourses which can also be observed by comparing 
Figure 8-14(a) and Figure 8-14(b). This improvement helps to reduce the processing times of IF data 
from 14 hours to 30 minutes for a 4 minute and 10 second long sequence of IF data. That is a 96% 
reduction in processing times. 
 

 
Figure 8-14 (a): Sequential processing resource use 

 

 

 
Figure 35 (b): Parallel processing resource use 

 

 

8.4.2 Acquisition 

Acquisition results for GPS and Galileo are presented in Figure 8-15and Figure 8-16. It can be 
observed that the Acquisition module acquires seven GPS satellites and eight Galileo satellites for 
this test scenario. The number of tracked satellites is sufficient for computing the position solution 
and provides a better than average Dilution of Precision (DOP). 
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Figure 8-15GPS signal acquisition 

 

  
 
 

 
Figure 8-16Galileo signal acquisition 

 

 

8.4.3 Tracking - Rinex 3.0 output 

Output of the Tracking and Data Extraction is via files in the RINEX 3.0 format. Figure 8-17 shows a 
sample RINEX 3.0 output of pseudorange and carrier-phase measurements. Details of the RINEX 3.0 
format can be found in [6].  
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Figure 8-17 (a): Navigation data  Figure 38(b): Observation data 

8.4.4 Position test 

RTKLIB (version 2.4.1) was used to validate the pseudorange through position computation using the 
RINEX 3.0 measurement files. However, this computed solution cannot be compared with the 
software receiver generated solution as the current version of RTKLIB cannot process Galileo data. 
At this stage, RTKLIB can only process the output GPS and QZSS L1 C/A carrier-phase data.  
 
RTKLIB’s processing capability can validate the RINEX 3.0 output formatting. In this test, a 4 minute 
and 10 second long period of IF data was processed. Figure 8-18 shows RTKLIB’s pseudorange-based 
position solution. 
 

 
Figure 8-18RTKLIB pseudorange-based position solution 
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Figure 8-19 shows the difference between the truth and GPS-only position solution as well as 
difference between the truth and GPS+Galileo combined solution. Table 8-2 is a comparison 
between the two position solutions. It can be observed that the software receiver is capable of 
providing position solution at an accuracy of ±10m for a static scenario. However, the GPS-only 
position solution provides better accuracy than either the Galileo-only or the combined solution. On 
the other hand the combined solution is more precise. It is to be noted that in the combined solution 
inter-GNSS system bias or receiver bias was not accounted for. At the time of writing this paper the 
statistical validation process was still under development. Statistical validation is expected to 
improve position solution by rejecting data outliers.  
 

 
Figure 8-19. Position solution difference 

 

 
Figure 8-20 shows the comparison between the positions generated by RTKLIB and Matlab-based 
software receiver. It can be observed that position solutions do not match. As Matlab-based 
software receiver does not employ any statistical validation process, position solution might have 
biases. 

 
Figure 8-20Position solution comparison 
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Table 8-2 Position solution comparison 
 GPS-only(m) Galileo-only(m) GPS+Galileo(m) 

X 0.15±8 2±9 1.4±5 

Y -0.09±4 0.5±3 0.4±2 

Z 0.32±3 1±4 0.37±2 

3D 1.85±3 9±5 5±3 

PDOP 1.96 2.3 1.39 

HDOP 1.84 2.1 1.3 

VDOP 0.67 0.8 0.49 

 

8.5 Concluding remarks 
This section described a Matlab Based L1/E1 multi-GNSS software receiver development for the 
algorithm verification of future multi-GNSS navigation system in the firmware development for 
GARADA project. An attempt was made to compute the position solution from the real data 
collected when the GIOVE satellites and QZSS were visible along with the GPS satellites. Position 
solution computation with the combined GPS, Galileo and QZSS pseudorange measurements was 
demonstrated. This study focused on performance verification improvement, in terms of GNSS signal 
processing, data processing and output format, of a multi-GNSS receiver at the L1 frequency band. 
Parallel processing has been implemented in the software receiver to improve computational 
efficiency and to make it feasible to produce carrier-phase as well as pseudorange measurement 
output in the RINEX 3.0 format. Results show that data processing performance is improved by 96%. 
In addition, the considered test case exhibits a 3D accuracy of 5±3m with the combined GPS and 
Galileo solution. Future improvement involves integration of statistical validation of pseudorange 
measurements, outlier detection in the Position module, and taking into account inter-GNSS biases. 
 

9 Firmware development and debugging 

9.1 Galileo E1 Firmware Architecture Overview 
The Galileo E1 firmware design follows the fashion of the “Aquarius” GPS receiver software 

structure, designed for Biarri project. Regarding the software functionality, the software includes 7 

major sections: Tracking Loop, Navigation Data Decoding, Navigation Engine, Satellite Database, 

Timing, User Interface, and RTOS. The firmware development efforts for Galileo E1 mainly focuses 

on the design and testing as described in section 9.1- Error! Reference source not found. and 9.6. An 

overview of the Galileo E1 Firmware Structure and Report/Debug Interfaces is shown in Error! 

Reference source not found.Figure 9-1. 
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Figure 9-1 Garada Namuru Receiver E1 Firmware Structure and Report/Debug Interfaces 

The Tracking Loop of the firmware section includes major modifications and requires significant 

effort during the Galileo Integration development process. It includes,  

1) The Galileo Driver interface that matches to the baseband address map given in section 7: 

Baseband Logic Design.  

2) The Galileo PreDSP obtaining the coherent integration dumps sample from the defined address of 

baseband. It also performs high-priority process controlling the running of multiple Galileo Channel 

assignment so that the Tracking Module can perform closed loop PLL/DLL or open-loop FFT trackers. 

Moreover, it also plays a high level controlling role in determining the latch events by comparing the 

accumulated Galileo code phase and carrier phase software epoch counter during tracking process 

with the hardware epoch counter accumulated since start of receiver operation, so as to synchronise 

the receiver clock with the tracked signal for measurement generation.  

3) Galileo Tracking Loop Module performs most of the GNSS signal processing algorithm of signal 

detection, tracking as described in section 8 of this report. The “Search Mode”, “Capture Mode” and 

“Track Mode” has been designed following the fashion of GPS tracking module. However, Since 

Galileo has both pilot channel and data channel. The closed loop tracking can be performed with 

either data or pilot signals controlling by a Marco selection in this firmware. In the current version, it 

has been chosen to use data channel as default option for closed loop tracking while open loop has 

been used for pilot channel tracking so that it could aid the identification of 100ms secondary code 

boundary for resolving the measurement ambiguity. 

Beyond the need of major change in Navigation Data Decoding section of the firmware, the Galileo 

signal processing requires a unique database for the storage of Almanac and Ephemeris. Obtaining 

these two structures of navigation message is critical for a robust and speedy visible satellite 

selection and Doppler prediction, especially in space mode due to high vehicle dynamic. 

Integrated Navigation Position calculation can then be performed by taking the pseudorange, carrier 

measurements from the tracking module as well as the stored ephemeris messages from the Galileo 

database. On the other hand, the calculated vehicle position can work out the vehicle orbit so that it 

could predict the visible GNSS satellite together with the GPS time and Galileo Almanac/Ephemeris. 
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There were two types of PC interface for the receiver performance report and debugging. 

The selected results including the channel assignment and tracking status, observable 

measurements, satellite selection and position calculations can all be streamed out using UART 

interface defined in section 0: Namuru Receiver Command and Reports. 

However, when it comes to debugging during the development phase, UART streaming is too slow 

for showing the real-time processing behaviour. USB debug described in section 9.13: Debugging 

Methodologies has been used for this purpose capturing the change of variable status in real time in 

a relatively high volume at a high capturing frequency. 

9.2 Software Version Control 
During the Garada firmware development, two Namuru FPGA hardware versions have been used in 

different phase of the firmware development. Different hardware version requires different 

hardware interface configurations for the “Aquarius” GNSS software. Therefore version control on 

the software is necessary so that a unified generic firmware version can be applied on either 

Namuru V2.4 or Namuru3.3. At the current stage, the Namuru 3.3 version does not support the USB 

debugging PC interface. Namuru 3.3 uses the same processor as the Namuru 2.4 except that Namuru 

3.3 can support both L1 and L5 front-end. Also Namuru 3.3 has wider L1/E1 front-end bandwidth for 

the need of Galileo E1(OS) signal, since it requires at least 4Mhz double-sided bandwidth to 

accommodate the main power of the BOC(1,1) signal. However, we have been found that, with 

Namuru 2.4, despite there is about 3dB signal lose due to having narrow front-end bandwidth (i.e. 

2MHz), the detected signal to noise ratio is still sufficient strong for the Galileo receiver 

development. Therefore, without loss of generality, unless it has been specially pointed out, the 

report on firmware development to the “subset” functionality design for the firmware development 

using Galileo receiver in Namuru 2.4 is also applicable to Namuru 3.3.  

9.3 Galileo Firmware-Baseband Interface 
The firmware interfaces with the baseband processes via a memory map interface as described in 

section 7. This interfacing is handled by the firmware via the GPS and Galileo driver module. It 

updates and transfers bits from the baseband memory map into firmware's data structures and vice 

versa. 

This firmware interface is customised for various basebands. Hence, the GPS and the Galileo system 

each have its own driver module. There will also be a different driver module customised for various 

hardware platforms. In the course of this project, customised driver modules have been developed 

for Namuru V2.4 and Namuru V3.3 for both the GPS and the Galileo system. 

9.4 Galileo Signal Processing Module 
The signal processing module is used to acquire and track the GPS and Galileo signal such that the 

signals remains continually demodulated after the signal has been successfully detected. Figure 9-2 

illustrates the simplified hierarchy of the firmware tasks. The blue shade indicates firmware tasks, 

while the red shade indicates processes residing in the baseband. Note that lower level tasks are 

given higher priority. The signal processing relevant tasks are the Tracking Loops task and the Signal 

Conditioning task.  
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Higher Level tasks: Satellite Selection,  Positioning Engine, etc. 

GPS Tracking Loops  GPS + Galileo 
Measurement 

Task  

Galileo Tracking Loops  

GPS Signal Conditioning  Galileo Signal Conditioning  

GPS Driver  Galileo Driver  

L1 Baseband  E1 Baseband  

Figure 9-2. Firmware Hierarchy of various tasks shown in ascending priority and descending level from top to bottom.  

The Signal Conditioning task is used to coherently or non-coherently accumulate the baseband-

processed samples to improve tracking sensitivity or adapt to signal dynamics by increasing or 

decreasing the integration period, respectively. In the current implementation, the integration 

period used for Galileo and GPS is 4 milliseconds and 2 milliseconds, respectively. This has been 

shown to be appropriate for on-orbit scenarios which have significant signal dynamics.  

The normalised correlation amplitude of Galileo E1 signal as observed using Namuru V2.4 is shown 

in Figure 9-3. This correlation shape is theoretically expected for Galileo E1 and is the first indicator 

of a functional Galileo E1 baseband. Despite of having 3dB signal loss due to using 2Mhz double 

sided front-end bandwidth, the correlated signal components forms a strong peak at zero chip shift 

while uncorrelated signal components such as Gaussian white noise produce significantly lower 

correlation amplitudes beyond +/-1 chip. 

 

Figure 9-3. The Normalised Correlation Values collected from USB Debug 

In signal acquisition for a particular navigation satellite's (SV) signal, the correlation amplitude of all 

possible code phases (i.e. chip shifts) and Doppler frequencies are compared against a threshold to 

determine if a signal has been detected. From the signal acquisition perspective, Galileo E1 differs 

from GPS L1 mainly by the length of its PRN code and the resolution of the code search. The Galileo 

E1-B and E1-C signal has four times longer code length and requires twice the resolution of the L1 

code search. Thus, this acquisition process can be eight times longer than a typical GPS L1 signal if 

the same three-finger Early-Prompt-Late (EPL) correlator structure is used for Galileo E1. This 

significantly lengthened acquisition time can jeopardise the ability of the receiver to acquire the 

Galileo E1 in on-orbit scenarios where SVs in-view appear and disappear rapidly. To overcome this 
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problem, an eight-finger correlator structure has been implemented for Galileo E1 signal 

acquisition. This has proven to yield successful Galileo E1 acquisition in on-orbit scenarios.  

Immediately after a successful acquisition, a following capture procedure is executed to smoothly 

transition into tracking mode. In the capture process, the firmware attempts to align the prompt 

finger of the correlator such that it is tracking the peak correlation amplitude and a fine frequency 

search is done to minimise the occurrence of false frequency locks and tracking loop loss of lock. 

Figure 9-4 shows the time-domain plots of various indicators for a successful acquisition of six 

Galileo SV channels in on-orbit scenario. The different rows represent different SVs while the 

columns are indicators of various parameters. The Acquisition/Tracking column shows the firmware 

transitioning the channels from acquisition mode (indicated by 1) to capture mode (indicated by 2) 

and then to tracking mode (indicated by 3). The successful tracking of the signals are verified by the 

relatively higher Prompt correlation values that are sustained as the signal remained tracked. 

  

Figure 9-4. USB Debugger output showing successful acquisition and tracking.  

There are three types of tracking loops implemented in Aquarius. At the beginning of tracking, the 

tracking loop operates as a first-order Frequency Locked Loop (FLL) and slowly transitions into a 

hybrid second-order Phase Locked Loop (PLL) first-order FLL and finally into a hybrid third-order PLL 

second-order FLL. 

Recall that the E1-B (i.e. the Data channel) signal contains the navigation data bits while its 

orthogonal counterpart E1-C (i.e. the Pilot channel) signal contains the secondary code. This 

implementation allows the tracking loop to be fed back according to E1-B or E1-C correlation values. 

However, using either of the signals will produce the same result because both E1-B and E1-C are 

synchronous for a given SV. 
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Figure 9-5. Zoom-in Version of Data and Pilot Chanel Tracking Outputs (A single channel mode) 
 

9.5 Galileo E1-C Secondary Code Tracking 
A dedicated counter that resides in the baseband and a software counter are used in tandem to 

keep track of the secondary code. Galileo Pilot Chanel has modulated the 4ms pseudorandom 

repeating code with a navigation liked secondary code. The difference between the navigation data 

at data channel bit and the secondary cod at the pilot channel is that, the secondary code has a 

repeating rate of 100ms. It has a fixed pattern of “0 0 1 1 1 0 0 0 0 0 0 0 1 0 1 0 1 1 0 1 1 0 0 1 0”. 

Unlike GPS’ navigation message bits which have a bit rate of 50bps, each bit has a period of 20ms, 

the Galileo navigation message as well as the secondary code has a bit rate of 250bps., each bit has a 

period of 4ms. With this fixed secondary code, even without the need of proper decoding and 

message synchronisation, the 100ms boundary of the Galileo signal can be found right after tracking 

of secondary code which can help solving the ambiguity of pseudorange measurement 5 times faster 

literarily.  

In order to find the alignment of 100ms long secondary code sequence, the firmware software does 

not implement with a normal correlation for synchronisation. Instead, a more efficient and simple 

matching detector has been developed to utilise the unique pattern of the secondary code sequence 

(the continuous seven zero digits from the 6th bit-12th bit.   Figure 9-6(a) shows the inphase 

component of the pilot channel. From this figure, the repetitive pattern of the secondary code is 

evident after 19 seconds where the signal has been successfully tracked. Figure 9-6 (b) is the 

indicator of the secondary code tracking where 1 to 6 will indicate that a match has been detected 

and no value indicates that there is no match detected. Figure 9-6 (c) shows the implied phase of the 

secondary code phase maintained by the PreDsp which linearly increases over time and rolls over at 

the 25th chip. Subsequent to the successful tracking of the secondary code, an unambiguous 

pseudorange can be deduced from both the secondary code and primary code phase.  
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(a) (b) (c) 
Figure 9-6. Secondary Code Synchronisation on the Pilot Channel (E1-c) 

As a sidenote, several features have been added into the signal processing module for enhanced 

reliability. A Tong detector is implemented at the acquisition stage to reduce the occurrence of false 

detection. An indicator formulated based on the phase of the secondary code sequence has been 

used to detect false frequency locks. In the original “Aquarius” GPS receiver, the false frequency 

tracking is detected by applying a FIR smooth filter on the extracted navigation message bits. Each 

GPS navigation bit can last for 20 samples if the 1ms integration dump is used. Whenever there is 

phase rotation on the navigation bit, the FIR smooth filter can smooth out this occasion, resulting 

constant zero signal throughout the stabilised tracking. 

However for Galileo, both navigation message and the secondary code bit last for 4ms resulting only 

1sample for each 4ms integration dump. It means that the navigation bits for each integration dump 

can vary a lot. Applying the original FIR smooth filter on this extracted Galileo navigation message no 

longer has valid meaning regarding to the indication of frequency tracking behaviour. In the Galileo 

tracking module, the 180 degree phase rotation (i.e. sign) of the whole secondary code sequence is 

then used as the input to the FIR smooth filter. If the secondary code sequence can repeat its 

pattern continuously without sign change, it is a good indication of good frequency tracking. 

9.6 Galileo Measurement Processing Module 
This section describes the operation of the module that computes the pseudorange and carrier 

phase measurements that are necessary for position computation.  

9.6.1 Pseudorange Measurement  

In order to infer the pseudorange from a tracked Galileo E1 signal, the phase of the primary code 

and the secondary code at a particular time instance is simultaneously latched to be processed. The 

same is done for GPS L1 primary code. Recall that GPS L1 does not have a secondary code.  

Galileo E1's primary and secondary code combined is 100ms long. Thus, there is 100ms worth of 

unambiguous ranging code which equates to approximately 30,000km of unambiguous range. Unlike 

GPS L1 which requires data decoding to compute an unambiguous pseudorange, Galileo E1 does not 

require any data decoding to produce an unambiguous pseudorange due to the adoption of a 

secondary code. 

9.6.2 Carrier Phase Measurement 

The firmware performs the accumulation of carrier phase as required. However, various adjustments 

to the accumulations and consistency checks are performed in order to ensure smooth and reliable 

carrier phase outputs. 
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Carrier phase measurements obtained from the baseband are ambiguous to 180° phase 

rotation at the beginning of signal tracking. This is resolved using the Preamble bits in the case of 

GPS L1. In the case of Galileo E1, the secondary code is used to disambiguate it instead. 

9.7 Satellite selection 
In order to assign the satellite PRN number into the available Galileo processing channels, the 

satellite selection module play the key roles in determining the suitable search mode so that the 

right satellite PRN code can be predicted and assigned to each channel for fast acquisition and then 

tracking so as to generate position measurement. The firmware currently supports six search modes. 

Out of those six, four are the mostly commonly used mode while the receiver is on flight. The rest of 

two modes are designed for manual searching enabling the debugging feature during development. 

The most commonly used search modes include:  

 Initial searching mode is used during the receiver start up. It clears out the entire SV satellite 

selection and thereby effectively shuts down the receiver. The associated acquisition 

assistance is updated with this zeroed out selection. 

 Sky search mode is used when the receiver is in cold start where neither the GPS/GNSS time, 

user position nor the complete almanac/ephemeris is available for visible satellite 

prediction. The sky search process involves searching for the entire satellite constellation by 

means of a blind search.  All of the hardware channels are loaded up with a different 

satellite and the search parameters set so as to cover a wide Doppler range of -10 kHz to +10 

kHz.  When the searches terminate, the tracker task signals the satellite selection indicating 

the channel that has concluded its search without having found any satellite. That satellite is 

then removed from the current set and the next available satellite substituted in its place. 

Currently, the search range of Galileo PRN number is from 1-50, although the defined 

hardware memory PRN code for Galileo is only 1-30, the actual entire Galileo satellite 

constellation only content PRN code 1-27.  

 Sky Search with Almanac/Ephemeris mode is used when the either ephemeris or almanac is 

available for warm/hot start. The different between warm and hot start is only determined 

by how long a receiver tracking channel was interrupted before re-acquisition. After a very 

short term of interruption (i.e. 6-8second typically),the Doppler of a tracking channel would 

drift away too much for performing re-acquisition process in hot start to search the code 

phase and carrier phase around from the last recorded tracking states. At this circumstance, 

warm start has to be performing with the acquisition assistant message obtained from this 

satellite selection mode. 

Acquisition assistance needs to be continually maintained for the each of the satellites being tracked 

because once positioning, the presence of the acquisition assistance can assist in speeding up 

satellite acquisition. When the receiver is working on the space orbit mode, the acquisition 

assistance is not only need to predict the visible satellite in high speed, but also required to predict 

the space parameters including code and carrier phase uncertainty for the need of warm and hot 

start.  The search parameters for the search are chosen to be sufficiently large so as to ensure that 

unknown satellite Doppler due to user velocity and TCXO drift, as well as unknown code phase due 

to unknown user position is properly accounted for. 
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The hardware channels are required to indicate to the satellite selection when the pre-

assigned search space parameters have been completely searched. Therefore a signal task has been 

assigned at the end of searching completion for a particular channel. For GPS satellite signal 

processing, this task signal is triggered only when it is used in the sky search mode. Once 

almanac/ephemeris is downloaded, each receiver channel will be assigned to search for the 

predicted satellite parameters continuously until new assisted message available to alter the 

parameter selections. This is needed for satellite selection which needs to know when to move onto 

the next satellite. In the new firmware developed for Galileo signal tracking, this feature has been 

upgraded for Galileo channel assignment so that once a channel has failed to acquire the predicted 

satellite, no matter it is in sky search mode or sky mode with the availability of ephemeris/almanac, 

the completed searching signal can always be triggered so that the satellite selection module can 

update the visible satellite parameters prediction more often to suite the need of Galileo signal 

acquisition which take much long searching period than GPS.  

During the sky search operation, it is desirable to ensure that when the transition to normal mode 

occurs that all of the sets required by normal mode are setup correctly. This means that the channel 

assignment states and the list of predicted visible satellites need to be properly setup as part of the 

sky search process. One way to improve the probability of finding at least one visible satellite early in 

the sky search process is to select satellites based on prior knowledge of the satellites orbits.  For 

example, rather than simply searching through the set in sequential order, satellites may be selected 

based on the constellation at a particular time, where we first select satellites that all lie in the same 

orbital plane. This should result in a spread of satellites from a positional point of view resulting in at 

least one being detected. However at the current firmware version, this optimisation sky search 

strategy has not yet implemented. Hence, the Galileo channel assignment is based on a sequential 

order.  

9.8 Satellite Visibility Prediction for Galileo Channels  
To incorporate different GNSS's, the processes applicable to the GPS constellations have been 

applied to the SBAS, QZSS as well as Galileo constellation. Marco control has been applied for the 

GNSS system selection to allow completely switching off all the GNSS system except GPS as a 

reference. 

Since Galileo has a unique ephemeris and almanac structure comparing to GPS and QZSS which 

share almost the same navigation message format, separate store structures have to be defined for 

Galileo. 

Due to the limited capability of the RTOS being used and a desire to keep the software as simple as 

possible, a shared memory inter-thread communications process has been adopted from the 

“Aquarius” GPS receiver firmware. This can be implemented through the use of signals to indicate 

the presence of new data and shared memory to transfer that data. The data can be protected by a 

semaphore if necessary. 

A conceptual block diagram of this communication process with the shared memory implementation 

has been shown in Figure 9-7. 
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Figure 9-7. A shared memory inter-thread communications process implementation for satellite visibility prediction and 

selection for the channel assignment through the acquisition assistant message. 

The transferring of the acquisition assistance to the DSP task is done using the channel status record, 

i.e. 'GALUpdateTracker()' function of the 'Tracking module, i.e. GALtracker.c'. This causes the 

acquisition assistance for a particular satellite & correlator channel to be copied into the correlator 

data-structures. 

One consequence of this implementation with tracking status record is that the signal processing 

maintains its very own copies of the required acquisition assistance. This is because those pieces of 

data get used during the acquisition and reacquisition processes. In addition, it is undesirable to 

have redundant tables for recording the same information. Therefore, satellite need to be added or 

subtracted from the satellite sets either 'on-the-fly' (without knowing whether a 'better' set of 

satellites is present) or the calculation to determine the acquisition assistance can be done twice. 

The satellite selection for Galileo has to get through two stages.  

 At the first stage, satellite visibility is determined can calculated in the satellite orbit 

parameter management module so as to select the right satellite set and the associated 

hardware correlator channel number. 

 In the second stage, the full acquisition assistance is recalculates and the required functions 

are called to perform the update through DSP module. 

9.8.1 Expanding the memory database for the Galileo satellite set selection 

The satellite selection module in the original “Aquarius” software was created solely for GPS satellite 

selection. This design is reflected in the implementation of this software module, whereby satellite 

sets are implemented by way of bit-masks, where each bit within a 32-bit unsigned word refers to a 

particular GPS satellite. 

Implementing set operations using such a construct is both simple and efficient in terms of memory, 

but limits the sizes of the sets to no more than 32-elements. Since Galileo PRN can allow selection up 
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to 50. Clearly the original design using 32-elements to representing all satellite PRN number 

has a significant limitation for Galileo as well as other the capability of handling multiple GNSS 

systems. 

Currently “Aquarius” expands the processing capability to GNSS by considering the constellation for 

each GNSS separately in parallel. Each system is allocated with adequate memory for the satellite set 

recording. This has the advantage of allowing the existing code base to simply be duplicated to 

handle each constellation in turn, but using the same algorithms in each case. However, support for 

such a scheme also encourages a constraint on the lower level processes such as satellite tracking 

and channel allocation.  This follows because the structure naturally lends itself to the allocation of 

GPS satellites to GPS hardware channels, SBAS satellites to SBAS channels, QZSS satellites to QZSS 

channels, etc.  

In order to accommodate the Galileo PRN number selection from 1-50 by utilising the existing 32-bit 

masking mechanism, a vector with two 32-bit elements has been introduced for Galileo satellite 

selection. Address zero is associated to PRN 1-32, while the Address one is associated to PRN 33-50. 

Ideally this vector implementation can allow the PRN selection up to 64. The remaining space (i.e. 14 

bits) can be left for future GNSS development if it is required.  

9.9 Satellite Visibility Prediction Results for GPS and Galileo Channels  
In order to confirm the correctness of visible satellite prediction for Galileo channels in real-time, a 

real-time test using Spirent simulator with ground mode circular motion scenario had been 

performed. The firmware was flashed onto the Namuru 2.4 to perform cold start testing while Serial 

port and USB debug interface had been activated. Once the receiver position and timing is available 

due to GPS tracking and the almanac for Galileo has been uploaded properly on the receiver 

database, an almanac assisted sky search mode is activated. After the update of acquisition 

assistance message (showing on the Serial Port Terminal), within 1-2 min, all the Galileo Channel are 

corrected assigned and track properly. A snap shot of the satellite prediction for GPS and Galileo 

channels streaming from the USB debug interface has been shown in Figure 9-9 and Figure 9-10. 

While a screen shot (refer to Figure 9-8) of the Spirent simulator while testing was also captured to 

show that the visible GPS and Galileo satellites when the prediction occurs. From Figure 9-8, we can 

see that the visible GPS PRN was sorted according to the elevation angles as: 30, 22, 16, 31, 3, 6, 14, 

18, 24, 11, 32, 19. While the visible Galileo PRN was sorted at the same manner as: 17, 22, 16, 21, 

18, 19, 2, 3, 1. By checking the USB debug streaming, we could see that the receiver software 

predicted and sorted the visible GPS satellite number in the order of assigning the available 8 

channels as, 30,16,22,31,3,6,14,32. While the Galileo satellite number assigning to the 5 available 4 

channels as, 17,16,22,21,18. 

In concluding, the satellite selection module can now correctly predict the visible Galileo Satellite as 

long as the receiver position/velocity, time and Almanac/Ephemeris are available for the prediction 

calculation. Otherwise, the sky search mode will be used for blind search which might take quite a 

long time for the Galileo satellite searching, although optimisation by carefully structuring the order 

of Galileo constellation in database might improve the speed of searching. 
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Figure 9-8. Snap-shot of the Spirent Simulator Screen showing all Satellite in view 

 
Figure 9-9. Predicted Visible GPS satellites for each available GPS channels 
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Figure 9-10. Predicted Visible Galileo satellites for each available Galileo channels 

9.10 EPH and ALM data base update 
In order to allow fast acquisition, a pre-set almanac or ephemeris message could allow the receiver 

working in warm start mode. Two UART command lines has been implemented so that the pre-set 

Galileo almanac and ephemeris message can be uploaded whenever it is necessary for debugging or 

warm start processing. The same mechanism can also expand for GPS and other GNSS system. 

These two command lines are: 

Uploading the pre-set ephemeris message: 

$GPGPQ,UEUD,U 

Uploading the pre-set almanac message: 

$GPGPQ,UALM,A 

9.11 Integrated Position Calculation 
Once the tracking status is ok, synchronisation for observation measure is performing well, the 

satellite orbit parameters are healthy and available through checking the availability of Galileo 

Ephemeris, and the integrated position can now be obtained in the current version of firmware to 

allow integration solution calculation by using GPS, QZSS and Galileo signals.  

The position calculation module is implemented in the Navigation Engine section of the firmware. It 
checks the health status of all the tracking channels and uses the entire health observation messages 
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for position calculation. If any of the satellite orbit is unhealthy, that particular satellite and 
channel would be excluded from the calculation. The satellite channels are picked according to their 
signal quality in terms of observation condition including whether tracking, synchronisation and 
availability of visible satellite orbital information.  
 

9.12 Report update- through UART PC interface 
In order to standardise the output, the Galileo signal processing statuses has been implemented in 

the same fashion as the original “Aquarius” GPS-only firmware.  Extra data message has been 

streamed out to indicate the status of GNSS signal processing, such as GNSS integrated position 

calculation. When the GNSS systems are used, they are represented by G for GPS; E for Galileo; Q for 

QZSS. 

e.g. $PNSWR,GPGSA is the extension of exiting $GPGSA message, except that it allows the indication 

of which system of which satellite PRN has been used in the integrated solution calculation. An 

example of the $GPGPSA and $PNSWR,GPGSA has been shown below, where only GPS (G) satellite 

has been used for the position calculation,  

$GPGSA,A,3,3,6,16,14,32,22,30,31,,,,,2.0,1.2,1.7*32 

$PNSWR,GPGSA,A,3,G,3,G,6,G,16,G,14,G,32,G,22,G,30,G,31,,,,,2.0,1.2,1.7*56 

Another example is the streaming of observation message, the a GPS observation and Galileo 

observation examples are listed below respectively, 

$PNSWR,OBS,13,2,G,1,3,0,03f,409146.924941048,22145458.328,-299.828,-

3004059.473,27,357,46,337,32.9*07 

$PNSWR,OBS,13,13,E,1,22,11,03b,409146.916761586,24597599.312,305.508,3066241.183,1078,00

0,47,337,32.9*35  

9.13 Debugging Methodologies 
A suite of debugging tools needs to be established in order to diagnose the firmware processes that 

produce erroneous pseudorange and carrier phase measurements during the development stage. 

This section describes the various combinations of freely available and proprietary in-house 

developed tools that are used in the testing process to identify and correct inappropriate firmware 

codes (also loosely known as bugs). 

9.13.1 USB Interface for Firmware Debugging  

The use of in-house developed proprietary RTOS with Altera Tools does not permit step debugging. 

To circumvent this restriction, a USB interface that is available on the Namuru V2.4 is customised 

into a proprietary peripheral that allows firmware developers to stream multiple time-tagged 

variables over the high-speed USB interface to the host computer. This tool is loosely called the USB 

Debugger. Unlike step debugging, this method of debugging allows firmware developers to visually 

identify anomalous behaviour in the firmware without stopping the RTOS. 

One of the most useful applications of this tool is its use to perform high rate debugging whereby 

signal processing tasks are looked into. Thus, tasks such as tracking loop calculations that are 
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executed at 1kHz rate can be looked into over a long period of time to ensure reliability. On 

the other hand, the USB debugger can also be used to stream variables in low rate tasks such as 

carrier phase and pseudorange measurement generation. It can also stream high rate diagnostics 

conditionally. For example, to identify the correctness of an SV change process over the entire 

coarse of operation, the Doppler, mode of operation and correlation amplitude can be streamed 

only when a SV change is pertinent, as shown in Figure 9-11. 

 

Figure 9-11. USB Debugger output used to identify glitches during SV transitions as two of the three channels loses lock 
of the SV going out-of-view and acquires a new SV coming in-view. Rows of the sub-figures belong to different channels 

while columns of the sub-figures belong to the indicated parameter at the top of the first row of sub-figures. 

Various diagnostics can also be inferred from the RS232 UART stream that contains NMEA messages 

and proprietary NMEA-inspired messages (c.f. section 0) that delivers results of absolute positioning, 

pseudorange data, carrier phase data, timing data and other various data. 

9.14 MATLAB Scripts for Pseudorange and Carrier Phase Analysis 
Unfortunately, the UART stream is a text stream hence visibility of any glitches will be very low. 

Therefore, a suite of MATLAB analysis scripts has been developed to methodically detect anomalies 

in the UART stream and visually display the results. The scripts have been used to successfully detect 

undesired and sudden resets in the carrier phase accumulation process, pseudorange biases and 

glitches and many others.  

9.14.1 RtkLib for Carrier Phase Analysis 

RtkLib is a carrier phase post-processing software suite that is used provide centimeter level 

accurate relative positioning. RtkLib provides Trace files which show various diagnostics and 

residuals that can also be inferred as debugging data. 

It is obvious that firmware glitches can instantaneously cause errors in the calculated position. 

Hence, the team has found that the most effective way of debugging is to align time series of the 

positioning results with USB debugger diagnostics. Alternatively the MATLAB analysis scripts can also 

be added into the mix if the glitches in the positioning results are not sufficiently obvious. 

As a whole, whenever a new feature or change is implemented, a chain of testing process will entail. 

Error! Reference source not found. shows the lifecycle of one feature implementation. The unit 

testing phase refers to the testing of the feature within an isolated task whereby its operation will 
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not interfere with other tasks that were originally in place. In this phase, the behaviour of 

the feature is monitored to ensure that it behaves as intended. The RTOS integration testing allows 

the feature to interact with other tasks and is scrutinised using high rate USB debugging. The final 

verification stage is the full scale testing where its impact is observed throughout the entire 

intended duration of operation of the receiver. 

 

Figure 9-12. Firmware feature development and debugging lifecycle 

 

10 Test Result 

10.1.1 Namuru V3.2 GPS space-borne receiver Experiment Result 

10.1.1.1 CASE 1: Error-free position testing along with PPS test 

10.1.1.1.1 Absolute positions: 

Absolute positions (i.e. Navigation solutions) are provided by the Namuru V3.2 receiver and 

are output via the serial port using National Marine Electronics Association (NMEA) 

messages types.  Results were provided in the WGS84 XYZ coordinate system, which were 

compared with the truth data obtained from Spirent simulator. It was observed that the 

accuracy of the navigation and velocity solution from the base as well as rover case scenario 

was in centimetre level and precision was in metre level. Figure 10-1 and Figure 10-2 show the 

difference for base and rover scenario. Figure 10-3 and Figure 10-4 shows the velocity solution 

with respect to the truth for both cases. Table 10-1: Statistical properties of two scenarios lists 

the statistics of both position solution and velocity solutions. 

Table 10-1: Statistical properties of two scenarios 

 Base case scenario Rover case scenario 

 X Y Z Vx Vy Vz X Y Z Vx Vy Vz 

Mean 0.3 -0.06 -0.44 0.02 0.09 0.001 -0.1 -0.9 0.3 -0.01 -0.1 -0.2 

Std(1σ) 1.3 2.9 2.8 0.2 0.5 0.5 0.8 2.3 2.9 -0.1 0.5 0.4 
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Figure 10-1: coordinate difference(base case) 

 
Figure 10-2:Coordinate difference(rover case) 
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Figure 10-3:Velocity difference(base case) 

 
Figure 10-4:Velocity difference(rover case) 
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10.1.1.1.2 Carrier phase position 

Baseline solutions generated using carrier phase observations were calculated using the 

RTKLib (version 2.4.1) software, an open source package for positioning using GNSS (Takasu 

and Yasuda, 2009).   

Results show that the accuracy of the differential carrier phase-based navigation solution is  

0.001±0.02m, -0.001±0.02m and 0.001±0.05m for the E(East), N(North) and U(up) 

components, respectively. Figure 10-5 shows the baseline solution, whereas Figure 10-6 

shows the difference between the truth and the baseline solution. Figure 10-7 shows the 

scatter plot of the test where it can be observed that results are precise. Lastly, relationship 

between accuracy and the number of visible satellite is shown in Figure 10-8. 

 

 
Figure 10-5: Baseline Solution 
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Figure 10-6: Baseline difference 
 

 
 

Figure 10-7:Baseline Scatter Plot 
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Figure 10-8: Relationship between number of satellite and baseline errors 

 

10.1.1.1.3 PPS test 

Results showed that PPS accuracy was ±60ns. 

10.1.2 Receiver Performance 

 

10.1.2.1 Cold start TTFF 

Results show that ‘cold start’ requires 541±209s from 75 tests, with the maximum and minimum 

times measured as 1017s and 122s, respectively. The satellite geometry was unique in each case. 

The worst case occurs when the tracked satellites disappear from view before reaching the 

minimum required to obtain a reliable fix. In this type of situation the cold start requires more time 

than the typical terrestrial cold start. Figure 10-9 presents the cold start performance. 
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Figure 10-9: Cold start performance 

 

10.1.2.2 Warm start TTFF 

Results show that ‘warm start’ requires 47±13s from 97 tests, with the maximum and minimum 

times measured as 112s and 30s, respectively. The satellite geometry was different in each time. 

Figure 10-10 presents the warm start performance along. It can be seen that there is a repetition 

pattern exists. This is due to the satellite geometry (I.e. Position dilution of precision (PDOP)).  

 
Figure 10-10: Warm start performance 

 

10.1.2.3 Hot start TTFF 

‘Hot start’ requires 44±23s from 80 tests, with the maximum and minimum times measured as 146s 

and 23s, respectively. The satellite geometry was different in each time. Figure 10-11presents the 
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hot start performance along. It can be seen that there is a repetition pattern exists same as 

warm start. This is due to the PDOP.  

 
Figure 10-11: Hot start performance 

 

10.1.2.4 Cold start TTL 

From the cold start tests, it has been observed that cold starts’ TTL was 152±78 seconds. 

10.1.2.5 Warm start TTL 

From the warm start tests, it has been observed that Warm starts’ TTL was 40±12 seconds. 

10.1.2.6 Hot start TTL 

TTL for Hot starts is identified as 37±12 seconds. 

10.1.2.7 Acquisition Sensitivity  

Acquisition sensitivity tests showed that average signal power should be -118±0.7 dBm for satellite 

acquisition. 

10.1.2.8 Tracking Sensitivity 

Tracking sensitivity tests identified that to maintain a position solution minimum signal power is 

required is -128±0.7 dBm. 

 

10.1.3 Namuru V2.4 dual-GNSS space-borne receiver Experiment Result 

In this section, Namuru V2.4 has been used as a dual-GNSS space-borne receiver. V2.4 has the ability 

to process dual GNSS but with some resource limitations. This V2.4 is programmed for eight GPS 

channels and four Galileo channels. However, receiver’s performance testing and PPS test were not 

conducted as this receiver was used for all initial development. Functionally, it was assumed that if 

any successfully receiver firmware update will be easily portable to V3.3 Garada receiver.  
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10.1.3.1 CASE 1: Error-free position testing along with PPS test 

 

10.1.3.1.1 Absolute position 

Galileo ephemeris decoding is still under development at the time of writing this report. As a result, 

GNSS observations are post processed for generating navigation solution. Two eight-hour tests 

(named as base and rover case) were conducted using an in-orbit scenario.  Results were compared 

with the truth data obtained from Spirent simulator. It was observed that the accuracy of the 

navigation solution from the first 8-hour scenario was 0.001±1m, -0.01+1m and -0.04±2m for the X, 

Y and Z components, respectively, while second test exhibited results of 0.01±2m, -0.01+1m and -

0.05±2m for the X, Y and Z components, respectively. Post-processing results are expected to be 

better than real time processing. As soon as targeted receivers (i.e. Namuru V3.3) have the capability 

of generating navigation solution using both GPS and Galileo observations, these tests will be 

conducted again.   

 

Figure 10-12 and Figure 10-13 show the navigation solutions obtained from the RTKLib_Pro for both 

tests. Figure 10-14 &Figure 10-15 show the difference for 8-hour scenario. Figure 10-16presents the 

total number GNSS (i.e. GPS and Galileo) satellite verses number GPS and Galileo satellite used in 

‘Base case’. 

 

  

Figure 10-12: Base case Figure 10-13:. Rover case 
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Figure 10-14: Base case (difference from truth) 

 

Figure 10-15: Rover case (difference from truth) 

 



 

101 
V01_00                                  Annex 5. Developing a Satellite Navigation Receiver for the Space Mission                     30

th
 June 2013 

 

 

Figure 10-16: Number of GNSS satellite 

 

10.1.3.1.2 Carrier phase positioning 

Both ‘Base_case’ and ‘Rover_case’ were used for identifying the accuracy of the baseline using 

relative positioning. Carrier phase observations were used to calculate the relative position using 

RTKLib_Pro software. Results show that the accuracy of the differential carrier-phase based relative 

solution is 1±2mm, 1±2mm and -1±5mm for the E(East), N(North) and U(up) components, 

respectively. Figure 10-17 shows the baseline solution, whereas Figure 10-18 shows the scatter plot 

of the test where it can be observed that the errors are very close to zero.  

 

 
Figure 10-17:Baseline Solution 
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Figure 10-18: Baseline Scatter Plot 

 

10.1.4 Namuru V3.3 dual-GNSS space-borne receiver’s experiment result 

In this section, Namuru V3.3 has been used as a dual-GNSS space-borne receiver which is an updated 

version of both V2.4 and V3.2. This V3.3 has the capability of processing muliti GNSS signals (i.e. L1, 

L5, E1 and E5). Initial absolute and carrier phase position tests (i.e. case 1) were conducted. 

However, receiver’s performance testing and PPS test were not conducted as this receiver is still 

under development.  

10.1.4.1 CASE 1: Error-free position testing along with PPS test 

10.1.4.1.1  

10.1.4.1.2 Absolute position 

GNSS observations are post processed for generating navigation solution. Two eight-hour tests 

(names as base case and rover case) were conducted using an in-orbit scenario with 1 metre base 

line.  It was observed that the accuracy of the navigation solution from the base case scenario was 

0.001±1m, -0.01+1m and -0.04±2m for the X, Y and Z components, respectively, while rover case test 

exhibited results of 0.05±3m, -0.01+2m and -0.1±5m for the X, Y and Z components, respectively. 

Post-processing results are expected to be better than real time processing.  
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Figure 10-19 and Figure 10-20 show the navigation solutions obtained from the RTKLib_Pro 

for both tests. Figure 10-21 & Figure 10-22 show the difference for both cases. Figure 10-23 and 

Figure 10-24 present the total number GNSS (i.e. GPS and Galileo) satellite verses number GPS and 

Galileo satellite used for both cases. 

 

 

  

Figure 10-19: Base case Figure 10-20: Rover case 

 

Figure 10-21: Base case (difference from truth) 
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Figure 10-22: Rover case (difference from truth) 

 

  

Figure 10-23: Number of GNSS satellite (Base case) Figure 10-24: Number of GNSS satellite (Rover case) 

 

10.1.4.1.3 Carrier phase positioning 

Both ‘Base_case’ and ‘Rover_case’ were used for identifying the accuracy of the baseline using 

relative positioning. Carrier phase observations were used to calculate the relative position using 

RTKLib_Pro software. Results show that the accuracy of the differential carrier-phase based relative 

solution was 3±12mm, 7±8mm and -23±346mm for the E(East), N(North) and U(up) components, 
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respectively. Figure 10-25 shows the baseline solution, whereas Figure 10-26shows the 

scatter plot of the test where it can be observed that the errors are very close to zero after removing 

outliers.  

 

Figure 10-25: Baseline Solution 
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Figure 10-26: Baseline Scatter Plot 
 

 

11 GNSS receiver operation and Environmental testing at DLR 

11.1 Outline 
A visit to the DLR space centre in Germany to compare the Namuru GNSS receiver with their 

Common Of The Shelf (COTS) based Pheonix receiver was carried out during the week of June 12th 

of June 2013. The Namuru GNSS receiver uses similar but more modern electronic components to 

the DLR receiver which is now obsolete. This visit was to identify which environmental testing 

procedures would be suitable to add to our existing Namuru receiver test procedures and to 

discover some operational failure experience. 

11.2 Operational Issues 
Some examples of space missions experienced by the team at DLR were discussed in detail to 

understand the types of Single Event Upset (SEU) failures and frequency of occurrence that could be 

expected using a COTS receiver. 

Mission Altitude Memory size Fault Interval 
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Probo 2 ~700Km Large SEU 2 days 

Prisma ~650Km Small SEU 10 days 

Probo V ~800Km Small SEU 10 days 

 

The table above shows that the greater the size and density of the SRAM in the receiver, the greater 

the frequency of SEU faults. The nature of these faults is that the receiver ceases to function with 

correctly often with no further data output.  Although it is not possible to study the exact nature of 

the faults in space, it is almost certain that they come from a latch-up of the SRAM in the receiver. 

This appears to be non-destructive because a simple power cycle reboot of the receiver restores 

normal operation. 

DLR advised that the ESA radiation department is currently studying this problem using a range of 

SRAM devices from a range of different suppliers. 

11.3 Flight model tests 
Each flight model candidate receiver is put through tests in the following order. Note that multiple 

functional tests are performed throughout this sequence to verify basic operational performance. 

11.3.1 Visual inspection 

Careful visual inspection using magnifying equipment is performed to verify that there is no transit 

damage. 

11.3.2 Functional test 

A basic functional test is carried out to verify basic operation using a common antenna. This allows a 

position fix to be generated and a number of satellites to be tracked. 

11.3.3 Vibration test 

Stand alone shock and vibration tests are carried out in accordance with the specifications adopted 

by DLR in their document number TN04-02. 

11.3.4 Functional re-test 

A basic functional test is carried out to verify basic operation using a common antenna. This allows a 

position fix to be generated and a number of satellites to be tracked. 

11.3.5 Thermal vacuum test 

The receiver is tested in a thermal vacuum chamber while in operation according to the 

specifications adopted by DLR in their document number TN04-07. 

11.3.6 Functional re-test 

A basic functional test is carried out to verify basic operation using a common antenna. This allows a 

position fix to be generated and a number of satellites to be tracked. 

11.3.7 EMC test 

EMC testing is carried out with the receiver operating to determine the emission levels that may 

affect other satellite payload components. 
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11.3.8 Functional re-test 

A basic functional test is carried out to verify basic operation using a common antenna. This allows a 

position fix to be generated and a number of satellites to be tracked. 

11.3.9 Radiation test 

An operating receiver is tested according to the procedures adopted by DLR in their document 

number TN04-01. SEU and Total Ionisation Dose (TID) characteristics are studied and summarized in 

the DLR report titled “DLR GPS Receiver Radiation Test Report”, Dated 08/02/2011 Issue 1 Rev 0. 

11.3.10 Functional re-test 

A basic functional test is carried out to verify basic operation using a common antenna. This allows a 

position fix to be generated and a number of satellites to be tracked. 

11.3.11 Hardware-in-the-loop test 

After integration into the satellite, a series of space simulation functionality tests may be carried out 

to different levels by the satellite integrator to verify total payload operation. During these tests 

some functional testing, as required by the integrator, may be varied out with the GNSS receiver. 

Tests will depend on the required GNSS payload specification. 

11.4 Our tests 
From the tests described above, it will be important for the Namuru receiver testing procedures to 

adopt both the thermal vacuum test and the radiation test. Both of these tests are to be carried out 

with a fully operating receiver in the testing environment. 

From the radiation tests it will be essential to perform the SEU test because of the amount of SRAM 

used on the Namuru receiver. However, the TID test will be optional because this is not seen as 

critical for short missions in low earth orbit where the altitude and time period in flight will not 

expose the Namuru receiver to sufficient radiation to be at risk. 

11.5 Concluding remarks 
From discussions with the DLR team and a review of their documents there will be significant 

advantage in using their standards and procedures to improve and complete our testing of the 

Namuru receiver. Of particular interest is the offer of the DLR team to carry out the selected tests on 

the Namuru receivers as and when we require. 

The DLR team can also arrange a TID test to be carried out on one Namuru receiver to gain an 

indication of performance. 
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12 Namuru Receiver Command and Reports 

12.1 Serial Port Communications 
The Namuru receiver / Aquarius GNSS firmware communicates with the user using serial port 

commands and reports.  The settings used by the serial port are fixed at compile time and are 

currently set at a speed of 115,200 bits per second with a setting of eight data bits, no parity, one 

stop bit and no flow control; this being a typical speed and setup for PC based RS232 serial port 

communications.   

It is desirable to use as high a transmission speed as possible due to the large volume of data that 

may be transmitted by the receiver during normal operation.  For example, the generation of RINEX 

files requires that the output of GPS/GNSS measurements and GPS/GNSS ephemeris, ionospheric 

corrections and UTC corrections be enabled. 

At present, two versions of Aquarius firmware are available. One is dedicated for Namuru V3.2 GPS 

only receiver and another one are for both V2.4 & V3.3 which are capable of both GPS and Galileo 

GNSS. 

12.2 Reports 
GNSS reports output by Aquarius are all event triggered.  This means that unlike some receivers 

where the reports may simply be triggered at a regular and user selectable rate, the reports are 

triggered by some event that occurs within the GNSS firmware.  However, although each report is 

triggered by a call to an appropriate routine within the software, the user has control over which 

reports are transmitted by the receiver.  This allows the user to avoid cluttering the serial port 

output with messages that may not be required.  User selection of the output serial reports is 

performed using the GPGPQ command and the settings chosen by the user will be stored in non-

volatile memory, provided such a memory is available.  The available output reports are shown in 

the table below (NMEA in blue typeface) 

12.3 NMEA Standard 
Many GPS receivers support the National Marine and Electronics Association (NMEA) standard 0183 

with respect to the serial port commands and reports that are used to interact with the receiver.  

This standard has found widespread use for such receivers and many of the software applications 

that are used to interact with GPS receivers support this standard as well.  It is for this reason that 

the Aquarius command and report set is based on this standard as well, although the software does 

not adhere strictly to the requirements of NMEA 0183. 

The Aquarius firmware implements a number of predefined NMEA sentences, including the ALM, 

GGA, GPQ, GRS, GSA, GSV, VTG and ZDA sentences, although the GPQ sentence has been modified 

slightly to allow sentences to be turned on or turned off.   The other remaining sentences have been 

implemented as NMEA proprietary sentences, although deviate from the standard in that the 

maximum 80-character sentence length constraint has been disregarded.  This was found to be 

necessary in order to ensure that sufficient space within each sentence was available to include the 

quantities of interest.    



 

110 
V01_00                                  Annex 5. Developing a Satellite Navigation Receiver for the Space Mission                     30

th
 June 2013 

 

NMEA sentences all start with a ‘$’ character and end with a ‘*’, followed by a two hex digit 

checksum and a carriage return/linefeed character pair.  The checksum is calculated as the exclusive-

or of the characters between the ‘$’ and the ‘*’.  All of the sentence characters are standard 

printable ASCII characters.  Aquarius includes NMEA checksums on all of the output sentences, but 

does not require checksums on the input sentences.  However, if a checksum is included on the 

input it is required to pass otherwise the sentence will be disregarded.  This feature has been 

included to allow the user to easily interact with the receiver without needing to calculate a 

checksum for each message or forcing the user to use a particular application that performs the 

insertion of the required checksum each time. 

Following table presents the applicable commands to different receiver versions. 

String ID Name V2.4 V3.2 V3.3 

AAM Acquisition assistance √ √ √ 

ACK Command acknowledge √ √ √ 

ALM GPS almanac √ √ √ 

ALM GNSS almanac √ × √ 

DBG DBG navigation failure √ √ × 

CFG Receiver configuration √ √ √ 

CHN Channel debug report √ √ √ 

CHN 
Channel debug report for 
GNSS 

√ × √ 

CLN 
Clear non-volatile 
memory 

√ √ √ 

ECI ECI position/velocity  √ √ √ 

EPH/EUD GPS Ephemeris  √ √ × 

EPH/EUD GNSS Ephemeris  √ × √ 

EPL Request all ephemeris √ √ × 

FWV Firmware version √ √ √ 

GGA Lat, long & height √ √ √ 

GPQ Query receiver  √ √ √ 

GRS Measurement residuals √ √ √ 

GSA GPS Satellites and DOP √ √ √ 
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GSA GAL Satellites and DOP  √ × √ 

GSV Satellites in View √ √ √ 

ION Ionospheric corrections √ √ √ 

MEM 
DBG memory 
examination 

√ √ √ 

NAV Navigation message √ √ × 

OBS Raw GPS measurement √ √ × 

OBS Raw GNSS measurement √ × √ 

PPS Pulse per second √ √ × 

RTC Real time clock √ √ √ 

SEL Satellite selection √ √ √ 

SPT Serial port settings √ √ × 

STK RTOS stack usage √ √ × 

TCO Monitor TCXO offset √ √ √ 

TIM 
Time pulse setup & 
trigger 

√ √ × 

TSK RTOS task state √ √ √ 

TST Automatic testing √ √ × 

UTC UTC corrections √ √ √ 

VTG 
Speed/course over 
ground 

√ √ √ 

XYZ XYZ position/velocity √ √ √ 

ZDA UTC time √ √ √ 

ZZZ Debug and event trigger √ √ √ 

NAV Navigation message √ √ √ 

UEUD Upload Galileo ephemeris √ × √ 

UALM Upload Galileo almanac √ × √ 
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12.4 Description of the commands 

12.4.1 AAM Command and Report 

Description 

Acquisition assistance message 

$PNSWR,AAM,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10,F11,F12,F13,F14 

The sentence is triggered whenever the acquisition assistance controlling the receiver 
channel allocation is re-calculated.  Logic has been included in order to avoid resending 
previously sent acquisition assistance.  The output rate is variable, although typically a 
new set of sentences will be output whenever the satellite selection task is run. 

Fields 

Number Name Description 

F0 $PNSWR,AAM Sentence header 

F1 s System, 0=GPS, 1=SBAS, 2=QZSS, … 

F2 c Channel 

F3 x SV number 

F4 w Reference Time-of-Receipt week 

F5 t.t Reference Time-of-Receipt time-of-week (s) 

F6 t.t 
Satellite time-of-flight, with SV clock corrections 
included (s) 

F7 x Code phase windows (chips) 

F8 x.x Satellite Doppler frequency (Hz) 

F9 x Doppler window (Hz) 

F10  RESERVED 

F11 x SV elevation (degrees) 

F12 x SV azimuth (degrees) 

F13 H Debug flags (hex) 

F14 H Debug flags (hex) 

 

 Remarks 

1. The sentence may be used by the user to supply acquisition-assistance to the receiver.  
This was included to allow support for assisted GPS projects, although this is currently 
not really supported by the receiver, which doesn’t have the necessary sensitivity. 

2. SBAS is currently not supported, although QZSS has been implemented. 

3. The reference time-of-receipt time-of-week is printed out to ‘ms’ resolution.  However, 
the time is exact and the digits that follow after the 3rd decimal place should be 
considered to be 0s. 
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4. The time-of-receipt minus the time-of-flight allows the satellite time-of-
transmission to be calculated, from which the code phase, etc are easily obtained.  

12.4.2 ACK Report 

Description 

Acknowledge report 

$PNSWR,ACK,F1 

The sentence is triggered whenever command acknowledgement has been enabled via 
the CFG command and when a command is successfully processed by the receiver. 

Fields 

Number Name Description 

F0 $PNSWR,ACK Sentence header 

F1 s Command string being acknowledged 

 

 Remarks 

1. To enable this feature, it is necessary to configure the CFG command with the ‘m’ option.  
Selecting ‘M’ disables the feature. 

2. The reports are issued following receipt and processing of the input command.  In some 
cases, the acknowledgment will not be transmitted if the transmitted command is 
rejected (for some reason). 
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12.4.3 ALM Command and Report 

Description 

Almanac messages 

$GPALM,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10,F11,F12,F13,F14,F15 

The sentence is triggered whenever a new almanac element superseding an existing 
almanac element is extracted from the transmitted navigation-message. The output rate 
is variable, although typically a new almanac will be output following a non-volatile 
memory clearing event until the almanac is up to date. 

Fields 

Number Name Description 

F0 $GPALM Sentence header 

F1 x Total number of GPALM sentences 

F2 x Number of this GPALM sentence 

F3 x SV PRN number 

F4 HHH Almanac Week (10 bit hex), (weeks) 

F5 HH Almanac health (8 bit hex) 

F6 HHHH Eccentricity (16 bit hex), unsigned, LSB sf=2-21 

F7 HH Toa (8 bit hex) : (sec), unsigned, LSB sf=212 

F8 HHHH i : (sc), 2s complement, LSB sf=2-19 

F9 HHHH OmegaDot : (sc/sec), 2s complement, LSB sf=2-38 

F10 HHHHHH (A) ½ : (√m), unsigned, LSB sf=2-11 

F11 HHHHHH  : (sc), 2s complement, LSB sf=2-23 

F12 HHHHHH (OMEGA)0 : (sc), 2s complement, LSB sf=2-19 

F13 HHHHHH Mo : (sc), 2s complement, LSB sf=2-23 

F14 HHH Af0 : (sec), 2s complement, LSB sf=2-20 

F15 HHH Af1 : (sec/sec), 2s complement, LSB sf=2-38 

 Remarks 

1. The sentence may be used by the user to re-instate the almanac after the non-volatile 
memory has been cleared. 

2. As a non-standard enhancement, the almanac transmitted by the QZSS satellite is also 
output, but with an SV number of 193. 

3. The hexadecimal output quantities are as contained within the corresponding 
navigation message and have the scaling described by IS-GPS-200-E. 

4. When ALM reports are requested, the receiver will first output those elements that have 
been recently received.  If requested again, the full set will be output. 

5. Sending almanac via the serial always replaces existing almanac irrespective of whether 
it is out of date or unusable  
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12.4.4 ALM Command and Report for GNSS 

Description 

Almanac messages 

$GPALM,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10,F11,F12,F13,F14,F15,F16 

The sentence is triggered whenever a new almanac element superseding an existing 
almanac element is extracted from the transmitted navigation-message. The output rate 
is variable, although typically a new almanac will be output following a non-volatile 
memory clearing event until the almanac is up to date. 

Fields 

Number Name Description 

F0 $GPALM Sentence header 

F1 x Total number of GPALM sentences 

F2 x Number of this GPALM sentence 

F3 x SV PRN number 

F4 HHH Almanac Week (10 bit hex), (weeks) 

F5 HH Almanac health (8 bit hex) 

F6 HHHH Eccentricity (16 bit hex), unsigned, LSB sf=2-21 

F7 HH Toa (8 bit hex) : (sec), unsigned, LSB sf=212 

F8 HHHH i : (sc), 2s complement, LSB sf=2-19 

F9 HHHH OmegaDot : (sc/sec), 2s complement, LSB sf=2-38 

F10 HHHHHH (A) ½ : (√m), unsigned, LSB sf=2-11 

F11 HHHHHH  : (sc), 2s complement, LSB sf=2-23 

F12 HHHHHH (OMEGA)0 : (sc), 2s complement, LSB sf=2-19 

F13 HHHHHH Mo : (sc), 2s complement, LSB sf=2-23 

F14 HHH Af0 : (sec), 2s complement, LSB sf=2-20 

F15 HHH Af1 : (sec/sec), 2s complement, LSB sf=2-38 

F16 X G or E. G for GPS and E for Galileo. 

 Remarks 

1. The sentence may be used by the user to re-instate the almanac after the non-volatile 
memory has been cleared. 

2. As a non-standard enhancement, the almanac transmitted by the QZSS satellite is also 
output, but with an SV number of 193. 

3. The hexadecimal output quantities are as contained within the corresponding 
navigation message and have the scaling described by IS-GPS-200-E. 

4. When ALM reports are requested, the receiver will first output those elements that have 
been recently received.  If requested again, the full set will be output. 
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5. Sending almanac via the serial always replaces existing almanac irrespective of 
whether it is out of date or unusable 

12.4.5 CFG Command and Report 

Description 

Receiver configuration and tuning 

$PNSWR,CFG,F1,F2,F3,F4,F5,F6,F7 

The sentence is only output if requested. 

Fields 

Number Name Description 

F0 $PNSWR,CFG Sentence header 

F1 x.x SV visibility selection mask angle (deg) 

F2 x Required solution mode: 2=2D,3=3D,4=Auto 

F3 xxxxxxxxx 

Flags:  
U/u=Disable/Enable Measurement Upload 
I/i=Disable/Enable Ionospheric Correction 
T/t=Disable/Enable Tropospheric Correction 
E/e=Disable/Enable Restoration of ephemeris 
A/a = Disable/Enable Restoration of almanac 
F/f = Disable/Enable TCXO frequency compensation 
M/m = Disable/Enable command acknowledgement 
K/k = Disable / Enable PVT Kalman filter 
V/v = Disable / Enable VC-TCXO control 

F4 x 
Tuning Parameter: 
1=Stationary, 2=Land Mobile, 3=Air, 4=Space 

F5 x.x HDOP Limit (for Auto mode switching) 

F6 x.x PDOP Limit (for Auto mode switching) 

F7 x.x Carrier smoothing time constant τ (sec) 

 

 Remarks 

For operation in low earth orbit, it is essential to select ‘Space’ mode.  This has the effect 
of increasing the Doppler search space and reducing the sensitivity in order to ensure 
that the satellites can be acquired. 

1. If TCXO frequency compensation is applied, then the receiver will apply software 
corrections to the local clock.  This has the benefit of ensuring that errors do not 
accumulate in the local clock thereby reducing the need to apply ‘clock resets’; these 
being the application of step corrections to the local clock in order to prevent the 
pseudoranges from becoming significantly different from the actual ranges.  Note that a 
side effect of this is that it is necessary to also apply consistent corrections to the carrier 
phase and pseudorange-rate terms in order to ensure that all the observations are 
consistent.  Unfortunately the application of these corrections have not been properly 
validated and for this reason, it is recommended that for carrier phase work, the 
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compensation should be disabled (i.e. set the flag to ‘F’).  Programs such as 
RTKLIB seem to be able to handle the existence of such clock resets, which are 
apparently routinely applied in other receivers that are on the market. 

2. The carrier smoothing time constant determines the level of carrier smoothing that is 
applied.  This can have a significant effect on the precision that is delivered by the 
receiver because applying more smoothing has the effect of reducing the noise level on 
the pseudoranges.  If the smoothing time constant is set to a value of less than 0.5 
seconds then the smoothing will be reset every one second.  This means that the 
pseudoranges (and by association the ‘averaged’ time of transmission) that are output 
every one second are completely independent.  However, if the smoothing level exceeds 
0.5 seconds then smoothing across successive one-second measurement intervals is 
permitted.  This introduces the danger that a glitch or larger pseudorange error will 
persist longer than a single measurement and could cause difficulties.  The higher level 
of averaging may also cause difficulties for navigation where the receiver is subject to 
high dynamics or is moving rapidly. Note that the time constant has been chosen to 
reflect the normal meaning of a time constant, namely the time to reach approximately 
63% of the final value.  The default value for τ is therefore set to 0.3 seconds reflecting 
the fact that the smoothing is reset every 1 second. 

3. After sending a CFG command, the user may request a CFG report in order to confirm 
that the specified values have been properly accepted.  

4. The receiver can be forced to cold, warm or hot start with appropriate configuration of 
the flags in field F3.  Preventing restoration of almanac and ephemeris will ensure a cold 
start, while preventing restoration of ephemeris will ensure a warm start (assuming that 
position & time & TCXO offset are correct).  Allowing everything to be restored should 
allow a hot start to occur. 
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12.4.6 CHN Report 

Description 

Receiver channel status 

$PNSWR,CHN,F1,F2,F3,F4,F5,F6,F7 

The sentence is only output if requested and is included for diagnostic purposes only. 

Fields 

Number Name Description 

F0 $PNSWR,CHN Sentence header 

F1 x Sentence number 

F2 x Total number of sentences 

F1=1 F3 x Current time of week (ms) 

 

 

 

 

F11 

F3 x Hardware channel index 

F4 x SV allocated to hardware channel 

F5 x Mode: 0=Idle,1=Search,2=Capture,3=Track 

F6 x 
Tracking Mode: 
0=Idle,1=CodeLock,2=FreqLock,3=PhaseLock 

F7 x Noise level (either measured or hardcoded) 

F8 x Measured C/No (dBHz) 

F9 x Mean Doppler freq (Hz) 

F10 H 
Sync status bits (hex): 
Bit 0=BitSync, Bit1=FrameSync, Bit2=TimeSync  

 

 Remarks 

1. The noise level is an amplitude with arbitrary units 

Example 

$PNSWR,CHN,1,13,352701728*01 
$PNSWR,CHN,2,13,0,5,3,3,442,51,-3044,3*3F 
$PNSWR,CHN,3,13,1,12,3,3,442,49,-3978,3*06 
$PNSWR,CHN,4,13,2,15,1,0,442,20,0,0*10 
$PNSWR,CHN,5,13,3,18,3,3,442,50,3467,3*2E 
… 
$PNSWR,CHN,10,13,8,30,3,3,442,49,1972,3*18 
$PNSWR,CHN,11,13,9,0,0,0,0,0,0,0*2A 
$PNSWR,CHN,12,13,10,193,3,3,442,51,841,3*22 
$PNSWR,CHN,13,13,11,0,0,0,0,0,0,0*11 
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12.4.7 CHN Report for GNSS 

Description 

Receiver channel status 

$PNSWR,CHN,F1,F2,F3,F4,F5,F6,F7 

The sentence is only output if requested and is included for diagnostic purposes only. 

Fields 

Number Name Description 

F0 $PNSWR,CHN Sentence header 

F1 x Sentence number 

F2 x Total number of sentences 

F1=1 F3 x Current time of week (ms) 

 

 

 

 

F11 

F3 x GNSS system. GPS as ‘G’ and Galileo as ‘E’. 

F3 x Hardware channel index 

F4 x SV allocated to hardware channel 

F5 x Mode: 0=Idle,1=Search,2=Capture,3=Track 

F6 x 
Tracking Mode: 
0=Idle,1=CodeLock,2=FreqLock,3=PhaseLock 

F7 x Noise level (either measured or hardcoded) 

F8 x Measured C/No (dBHz) 

F9 x Mean Doppler freq (Hz) 

F10 H 
Sync status bits (hex): 
Bit 0=BitSync, Bit1=FrameSync, Bit2=TimeSync 

 

 

 Remarks 

2. The noise level is an amplitude with arbitrary units 

Example 

$PNSWR,CHN,9,1,412722997*32 

$PNSWR,CHN,G,9,2,0,8,1,0,442,6,0,0*4C 

$PNSWR,CHN,G,9,3,1,9,1,0,442,25,0,0*7C 

... 

$PNSWR,CHN,G,9,8,6,30,1,0,442,27,0,0*48 

$PNSWR,CHN,G,9,9,7,31,1,0,442,25,0,0*4B 

$PNSWR,CHN,5,1,412723005*3D 

$PNSWR,CHN,E,5,2,0,1,1,0,442,16,102,6f*19 

...  

$PNSWR,CHN,E,5,5,3,4,1,0,442,16,102,6f*18  
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12.4.8 CLN Command 

Description 

Clear non-volatile memory and real-time-clock 

$PNSWR,CLN,F1,F2 

The command is used to clear the non-volatile memory and the real-time-clock 

Fields 

Number Name Description 

F0 $PNSWR,CLN Sentence header 

F1 X 
A = clear all 
C = only clear real-time-clock time 
N = only clear non-volatile memory 

F2 X 

R = perform a software reset following the 
operation 
null field (i.e field is omitted) causes no software 
reset 

 

 Remarks 

1. This command is used to clear the receiver non-volatile memory and to clear the time stored 
in the receiver real-time-clock. 
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12.4.9 DBG Report 

Description 

Position failure DBG 

Requesting a DBG report causes in a number of sentences to be output.  These sentences 
may help identify the cause of a bad position fix, although the sentences are only 
available if the firmware has been compiled with the PVTDBG feature enabled.  

Fields 

Number Name Description 

F0 $PNSWR,SPV Sentence header 

F1 X SV number 

F2 H Status word 

F3 X Time tag Week number 

F4 x.x Time tag Time of Week (s) 

F5 x.x Satellite x position coordinate (m) 

F6 x.x Satellite y position coordinate (m) 

F7 x.x Satellite z position coordinate (m) 

F8 x.x Satellite x velocity coordinate(m/s) 

F9 x.x Satellite y velocity coordinate (m/s) 

F10 x.x Satellite z velocity coordinate (m/s) 

 

 Remarks 

1. The DBG group of sentences was added in order to assist in determining the cause of bad 

positioning.  If the feature is enabled, the receiver keeps a short history of measurements, 

ephemeris, calculated SV positions, calculated results, etc.  In the event of a failure, the 

input data to the navigation process can be examined and the cause of the bad position 

identified.  This will typically be found to be a measurement blunder of some kind. 

2. OBS, EPH, GGA, GRS, GSA sentences are also output. 

3. This report is not available on Namuru V32 (Biarri) boards. 
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12.4.10 ECI Command and Report 

Description 

Input and output time-tag, position and velocity in ECI coordinates 

$PNSWR,ECI,F1,F2,F3,F4,F5,F6,F7,F8 

The report is triggered following each navigation solution, which occurs after each 
measurement upload. 

Fields 

Number  Name Description 

F0 $PNSWR,ECI Sentence header 

F1 X GPS fix quality (same as GGA report) 

F2 X Modified Julian Date 

F3 x.x ECI x position coordinate (km) 

F4 x.x ECI y position coordinate (km) 

F5 x.x ECI z position coordinate (km) 

F6 x.x ECI x velocity coordinate (km/s) 

F7 x.x ECI y velocity coordinate (km/s) 

F8 x.x ECI z velocity coordinate (km/s) 

 Remarks 

1. This command has been added to allow the GPS receiver to be provided with an initial 
position and velocity in Earth Centered Inertial (ECI) coordinates using a Modified Julian 
Date time tag. Such information is typically returned from SGP4 orbit estimators that 
use NORAD two line elements to calculate the position and velocity of a spacecraft. 
Given that such an orbit estimator may be found within many satellite flight computers, 
the use of this command can allow the GPS receiver to avoid performing a cold start 
when the receiver is powered up. This can substantially reduce the time-to-first-fix 
(TTFF), which is rather slow for low earth orbit based scenarios. 

2. This command has similar fields to those contained within a Colony 2 Bus telemetry 
message. Converting from a C2B telemetry message to this command should be trivial. 

3. Requesting an ECI report results in the GPS receiver reporting its position and time 
using this coordinate system, using a Modified Julian Date time-tag. If a recent and valid 
fix is not available, the receiver will report the previously saved ECI position and 
velocity data, although the Quality flag will be changed to 6 to indicate this. The user can 
only validate correct receipt of the information by sending the information and 
requesting a report when the receiver is not performing navigation solutions. This can 
be ensured by unplugging the antenna. 

4. Note that internal to the receiver, the MJD time tags are converted to GPS time, which 
requires the availability of UTC corrections. Conversion of the time-tags will be incorrect 
if UTC corrections are not available. 

5. Commands must set the Quality field to a non-zero value otherwise the data will be 
rejected. 
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Example 
 $PNSWR,ECI,1,56427.177233785,203.90312,5308.15851,-3518.52708,-0.38711,0.01496,-0.00029*16 
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12.4.11 EUD/EPL Command and Report 

Description 

Ephemeris messages 

$PNSWR,EUD,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10,F11,F12 

The sentences are triggered whenever a new ephemeris element superseding an 
existing ephemeris element is extracted from the navigation-message. The output rate is 
variable, although typically a new ephemeris will be output following a non-volatile 
memory clearing event until the ephemeris is up to date, at startup if the previously 
saved ephemeris is out of date or has not been restored or every two hours when new 
ephemeris becomes available.  Three sentences are transmitted for each satellite 
ephemeris 

Fields 

Number Name Description 

F0 $PNSWR,EUD Sentence header 

F1 x Sentence number (1,2,3) 

F2 x SV PRN number 

 

 

 

 

F1=1 

F3 HHH 10 bit week (hex) 

F4 H URA (hex) 

F5 HH Health 

F6 HH Tgd : (sec), 2s complement, LSB sf=2-31 

F7 HH IODC 

F8 HH Toc (16 bit hex) : (sec),  LSB sf=24 

F9 HH Af2 : (sec/sec2), 2s complement, LSB sf=2-55 

F10 HHHH Af1 : (sec/sec), 2s complement, LSB sf=2-43 

F11 HHHHHH Af0 : (sec), 2s complement, LSB sf=2-31  

 

 

 

 

 

F1=2 

F3 HH IODE 

F4 HHHH Crs : (m), 2s complement, LSB sf=2-5 

F5 HHHH dn : (sc/sec), 2s complement, LSB sf=2-43 

F6 HHHHHHHH Mo : (sc), 2s complement, LSB sf=2-31 

F7 HHHH Cuc : (rad), 2s complement, LSB sf=2-29 

F8 HHHHHHHH e : (dimensionless), unsigned, LSB sf=2-33 

F9 HHHH Cus : (rad), 2s complement, LSB sf=2-29 

F10 HHHHHHHH (A) ½ : (√m), unsigned, LSB sf=2-19 

F11 HHHH Toe :  (sec), unsigned, LSB sf=24 

F12 x FitInterval 
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F1=3 

F3 HHHH Cic  : (rad), 2s complement, LSB sf=2-29 

F4 HHHHHHHH (OMEGA)0 : (sc), 2s complement, LSB sf=2-31 

F5 HHHH Cis : (rad), 2s complement, LSB sf=2-29 

F6 HHHHHHHH Io :  (sc), 2s complement, LSB sf=2-31 

F7 HHHH Crc : (m), 2s complement, LSB sf=2-5 

F8 HHHHHHHH  : (sc), 2s complement, LSB sf=2-31 

F9 HHHHHH OmegaDot : (sc/sec), 2s complement, LSB sf=2-43 

F10 HHHH IDot : (sc/sec), 2s complement, LSB sf=2-43 

 

 Remarks 

1. Previously received EUD reports may be re-transmitted back to the receiver in order to 
restore or aid the receiver if the receiver does not have ephemeris. 

2. The hexadecimal output quantities are as contained within the corresponding 
navigation message and have the scaling described by IS-GPS-200-E 

3. Requesting an EPL report using the GPGPQ sentence causes all of the available ephemeris 

elements to be transmitted to the user. 

4. Sending ephemeris via the serial always replaces existing ephemeris irrespective of whether 

it is out of date or unusable. 

 

Examples 

$PNSWR,EUD,1,26,268,0,00,F3,03E,57E4,00,FF9B,3DF931*14 
$PNSWR,EUD,2,26,3E,1466,279D,895557AB,1183,0A7844F3,0AAF,A10D4D02,57E4,0*4E 
$PNSWR,EUD,3,26,006F,25BAA3EA,FFA8,2838CA00,24A0,2EFCE30E,FFADA8,0402*03  

$PNSWR,EUD,1,193,268,0,3F,F6,0B1,5703,01,FFFC,3FFB54*29 
$PNSWR,EUD,2,193,B1,F121,27EF,F4F6ED67,F78D,26DDE2F5,FFCC,CAE81F56,5703,0*0D 
$PNSWR,EUD,3,193,FF7E,CF1AAE73,0000,1D014A68,13BE,BFD3E8BA,FFD5B5,3B3D*38 

$GPGPQ,EPL 
This causes the receiver to transmit its entire list of downloaded ephemeris elements 
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12.4.12 EUD Command and Report for GNSS 

Description 

Ephemeris messages 

$PNSWR,EUD,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10,F11,F12 

The sentences are triggered whenever a new ephemeris element superseding an 
existing ephemeris element is extracted from the navigation-message. The output rate is 
variable, although typically a new ephemeris will be output following a non-volatile 
memory clearing event until the ephemeris is up to date, at startup if the previously 
saved ephemeris is out of date or has not been restored or every two hours when new 
ephemeris becomes available.  Three sentences are transmitted for each satellite 
ephemeris 

Fields 

Number  Name Description 

F0 $PNSWR,EUD Sentence header 

F1 x Sentence number (1,2,3) 

F2 x SV PRN number 

 

 

 

 

F1=1 

F3 HHH 10 bit week (hex) 

F4 H URA (hex) 

F5 HH Health 

F6 HH Tgd : (sec), 2s complement, LSB sf=2-31 

F7 HH IODC 

F8 HH Toc (16 bit hex) : (sec),  LSB sf=24 

F9 HH Af2 : (sec/sec2), 2s complement, LSB sf=2-55 

F10 HHHH Af1 : (sec/sec), 2s complement, LSB sf=2-43 

F11 HHHHHH Af0 : (sec), 2s complement, LSB sf=2-31  

F12 G or E G= GPS and E=Galileo 

 

 

 

 

 

F1=2 

F3 HH IODE 

F4 HHHH Crs : (m), 2s complement, LSB sf=2-5 

F5 HHHH dn : (sc/sec), 2s complement, LSB sf=2-43 

F6 HHHHHHHH Mo : (sc), 2s complement, LSB sf=2-31 

F7 HHHH Cuc : (rad), 2s complement, LSB sf=2-29 

F8 HHHHHHHH e : (dimensionless), unsigned, LSB sf=2-33 

F9 HHHH Cus : (rad), 2s complement, LSB sf=2-29 

F10 HHHHHHHH (A) ½ : (√m), unsigned, LSB sf=2-19 

F11 HHHH Toe :  (sec), unsigned, LSB sf=24 
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F12 x FitInterval 

 

 

 

 

 

F1=3 

F3 HHHH Cic  : (rad), 2s complement, LSB sf=2-29 

F4 HHHHHHHH (OMEGA)0 : (sc), 2s complement, LSB sf=2-31 

F5 HHHH Cis : (rad), 2s complement, LSB sf=2-29 

F6 HHHHHHHH Io :  (sc), 2s complement, LSB sf=2-31 

F7 HHHH Crc : (m), 2s complement, LSB sf=2-5 

F8 HHHHHHHH  : (sc), 2s complement, LSB sf=2-31 

F9 HHHHHH OmegaDot : (sc/sec), 2s complement, LSB sf=2-43 

F10 HHHH IDot : (sc/sec), 2s complement, LSB sf=2-43 

 

 Remarks 

5. Previously received EUD reports may be re-transmitted back to the receiver in order to 
restore or aid the receiver if the receiver does not have ephemeris. 

6. The hexadecimal output quantities are as contained within the corresponding 
navigation message and have the scaling described by IS-GPS-200-E 

7. Requesting an EPL report using the GPGPQ sentence causes all of the available ephemeris 

elements to be transmitted to the user. 

8. Sending ephemeris via the serial always replaces existing ephemeris irrespective of whether 

it is out of date or unusable. 

 

Examples 

$PNSWR,EUD,1,31,272,0,00,00,002,6432,00,0020,02901C,G*09 
$PNSWR,EUD,2,31,02,0000,0000,E2554785,0000,03F00000,0000,A10CE300,6432,0*48 
$PNSWR,EUD,3,31,0000,1AB62EC7,0000,27EA6763,0000,D9015A13,FFA9F0,0000*07 
$PNSWR,EUD,1,32,272,0,00,00,002,6432,00,FFC0,37BFC8,G*79 
$PNSWR,EUD,2,32,02,0000,0000,FEA64E5C,0000,063BA000,0000,A10D0400,6432,0*47 
$PNSWR,EUD,3,32,0000,C86B1BF9,0000,26ED9613,0000,DFC6F40B,FFA7A1,0000*78 
$PNSWR,EUD,1,26,272,7,00,00,000,6351,00,0000,000000,E*71 
$PNSWR,EUD,2,26,00,0000,0000,041E3EEC,0000,00000000,0000,AA04B4A4,6351,0*30 
$PNSWR,EUD,3,26,0000,1E25C458,0000,27D27D28,0000,00000000,000000,0000*04 
$PNSWR,EUD,1,27,272,7,00,00,000,6351,00,0000,000000,E*70 
$PNSWR,EUD,2,27,00,0000,0000,20900608,0000,00000000,0000,AA04B4A4,6351,0*34 
$PNSWR,EUD,3,27,0000,1E25C458,0000,27D27D28,0000,00000000,000000,0000*05 
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12.4.13 FWV Report 

Description 

Provide details on the firmware version 

$PNSWR,FWV,F1,F2,F3 

Fields 

Number  Name Description 

F0 $PNSWR,FWV Sentence header 

F1 x.x Firmware string descriptor (BIARRI, 
AQUARIUS, …  

F2 x.x Firmware version number 

F3 Xxx Correlator hardware version number 

F4 yyyymmdd_hhmmss Compile date and time string 

 

 Remarks 

1. This sentence can be used to determine the version number of the firmware and the 
correlator hardware 

2. This sentence can also be used to determine the date and time the firmware was built 
(assuming that the last build was a ‘clean’ build). 

3. Normally the firmware string descriptor will be set to BIARRI or AQUARIUS.  Other 
strings indicate experimental firmware versions under test. 

Examples 

$PNSWR,FWV,BiarriAqrs,1.2,1.06,20120903_113134*54 

$PNSWR,FWV,BiarriAqrs_NewGpsDrv,1.4.3,2.1.3,20130124_125555*6B 
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12.4.14 GPQ Command 

Description 

Poll for particular reports and enable/disable triggered report output 

$GPGPQ,F1,F2 

Fields 

Number  Name Description 

F0 $GPGPQ Sentence header 

F1 XXX 3 character report identifier  

F2 X D=disable, E=enable 
C=Clear automatic output of reports 
R=Restore previously cleared output reports 

 

 Remarks 

1. This sentence is used for polling a particular output report.  Requesting a report will 
generally result in that report being output regardless of whether automatic output 
reports have been enabled via the E option. 

2. Only one level of history is recorded when using the C/R feature.  If a change to the set of 
automatically output commands and reports is made and a second C command is sent, 
the state prior to receiving the C command will be restored.  Note that for the C/R 
feature to be used, field F1 should be left blank. 

Example 

1. Request a GGA sentence  

$GPGPQ,GGA 

2. Enable output of GGA reports after each navigation solution  

$GPGPQ,GGA,E 

3. Switch off output of GGA reports after each navigation  

$GPGPQ,GGA,D 

4. Switch off all automatically output reports  

$GPGPQ,,C 

5. Restore previously switched off output of automatically output reports  

$GPGPQ,,R 
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12.4.15 GGA Command and Report 

Description 

Report GPS solution quality, solution time, solution position (latitude, longitude and 
altitude), dilution of precision (DOP) and satellite count. 

$GPGGA,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10,F11,F12 

The sentence is triggered at the end of each navigation solution step, regardless of 
whether a solution is actually performed (typically 1 Hz). 

Fields 

Number  Name Description 

F0 $GPGGA Sentence header 

F1 hhmmss.ssssss GPS time of solution in hours, minutes and seconds 

F2 llmm.mmmmm Latitude in degrees, minutes and fractional minutes 

F3 C Hemisphere descriptor  (N=North, S=South) 

F4 lllmm.mmmmm Longitude in degrees, minutes and fractional minutes 

F5 C Hemisphere descriptor (E=East, W=West) 

F6 C Solution quality (0=no solution, 1=good solution) 

F7 C Number of satellites in the solution 

F8 x.x HDOP of solution 

F9 x.x Altitude 

F10 M Units of altitude (m) 

F11 0  

F12 M Units of geoid/spheroid separation (m) 

 

 Remarks 

1. This implementation outputs GPS time instead of UTC time in field F1 

2. This implementation does not include a model for geoid/spheroid separation.  As such, 
it means that the altitude included in field F10 is a spheroidal altitude rather than the 
geoidal altitude, with the geoid/spheroid separation in field F12 set to 0. 

3. If the quality field F6 is 0, the time will stop updating. 

4. If the position update stops, the time that is output is the time of the last position 
solution. 

5. At startup, the report shows the position being used for the initial position by the 
satellite selection (when not in space mode). 

Example 

$GPGGA,025356.000000,3341.7880,S,15056.2436,E,1,08,0.9,71.4,M,0,M,,*6D 
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12.4.16 GRS and RRR Reports 

Description 

Report GPS solution measurement residuals 

$GPGRS,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10,F11,F12,F13,F14,F15 

The sentence is triggered at the end of each navigation solution step, regardless of 
whether a solution is actually performed (typically 1 Hz). 

Fields 

Number  Name Description 

F0 $GPGRS Sentence header 

F1 hhmmss.ss GPS time of solution 

F2 0  

F3,F4,F5,F6 

F7,F8,F9,F10 

F11,F12,F13,F14 
F15 

x.x Satellite measurement residuals in (m), where the 
order corresponds to the same order as given by 
the GSA report.  As a non-standard addition, values 
that exceed 999 m are converted to km and output 
as xxxxE3. 

 

 Remarks 

1. If a GPS satellite residual is not defined then the field will be output as a NULL field. 

2. The number of non-null residuals displayed in the GRS sentence will be consistent with 
the number of satellites used in the navigation solution and the number of satellites 
contained within the corresponding GSA sentence. 

3. Requesting an RRR report results in output of a similar sentence, except that instead of 
the $GPGRS header, a header of $PNSWR,RRR is used and the data that is output are 
range-rate residuals (m/s) rather than range residuals (m). 

 

Example 

$GPGSA,A,3,28,26,17,15,11,8,7,,,,,,2.2,1.2,1.8*3B 
 
$GPGSV,3,1,9,01,18,091,18,07,35,072,47,08,63,115,47,11,22,110,47*44 
$GPGSV,3,2,9,15,13,222,42,17,46,348,51,24,31,069,44,26,45,240,44*44 
$GPGSV,3,3,9,28,65,207,50*79 
 
$GPGRS,073622.00,0,-2.4,+2.8,+1.0,+2.1,-0.4,-0.1,+1.9,,,,,,*61 
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12.4.17 GSA Report 

Description 

Report satellites used and Dilution of Precision (DOP). 

$GPGSA,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10,F11,F12,F13,F14,F15,F16,F17 

The sentence is triggered at the end of each navigation solution step, regardless of 
whether a solution is actually performed (typically 1 Hz). 

Fields 

Number  Name Description 

F0 $GPGSA Sentence header 

F1 A  

F2 X 2 for 2D solution, 3 for 3D solution 

F3, F4,F5,F6,F7 

F8,F9,F10,F11 

F12,F13,F14 

X Satellite numbers, NULL fields for unused slots 

F15 x.x PDOP 

F16 x.x HDOP 

F17 x.x VDOP 

 

 Remarks 

1. If the GPS quality is zero and the DOP is not defined, then three NULL fields will be 
output instead.  
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12.4.18 GSA Report for Galileo only 

Description 

Report Galileo only satellites used and Dilution of Precision (DOP). A preparatory 
command used by Namuru V3.3 and V2.4. 

$PNSWR,GPGSA,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10,F11,F12,F13,F14,F15,F16,F17 

The sentence is triggered at the end of each navigation solution step, regardless of 
whether a solution is actually performed (typically 1 Hz). 

Fields 

Number  Name Description 

F0 $PNSWR,GNSA Sentence header 

F1 A  

F2 X 2 for 2D solution, 3 for 3D solution 

F3, F4,F5,F6,F7 

F8,F9,F10,F11 

F12,F13,F14 

X Satellite numbers, NULL fields for unused slots 

F15 x.x PDOP 

F16 x.x HDOP 

F17 x.x VDOP 

 

 Remarks 

2. If the GNSA quality is zero and the DOP is not defined, then three NULL fields will be 
output instead.  
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12.4.19 GSV Report 

Description 

Report GPS visible satellites, including elevation, azimuth and signal strength. 

$GPGSV,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10,F11,F12,F13,F14,F15,F16,F17,F18 

The sentence is triggered at the end of each navigation solution step, regardless of 
whether a solution is actually performed (typically 1 Hz). 

Fields 

Number  Name Description 

F0 $GPGSV Sentence header 

F1 X Total number of sentences 

F2 X Sentence number 

F3 x Total number of satellites visible 

F4,F5,F6,F7 

F8,F9,F10,F11, 

F12,F13,F14,F15, 

F16,F17,F18,F19 

x,x,x,x Group of 4 values, where each group includes a: 

1) Satellite number 
2) Satellite elevation (degrees) 
3) Satellite azimuth (degrees) 
4) Satellite signal strength (dBHz) 

 

 Remarks 

1. If the satellite azimuth and elevation are unknown, then NULL fields are output.  This 
can occur at startup before a navigation solution has taken place or before the satellite 
almanac/ephemeris has been received. 
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12.4.20 ION Command and Report 

Description 

Report ionospheric correction coefficients transmitted in the GPS navigation message 

$PNSWR,ION,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10 

The sentence is triggered whenever new ionospheric corrections are extracted from the 
GPS navigation message, although the user may poll for the current set of corrections by 
manually requesting an ION report.  

Fields 

Number  Name Description 

F0 $PNSWR,ION Sentence header 

F1 HHH WNt field  

F2 HH Time of Ionospheric Corrections & 0xFF 

F3 HH (0) & 0xFF : (sec), 2s complement, LSB sf=2-30 

F4 HH (1)  & 0xFF : (sec/sc), 2s complement, LSB sf=2-27 

F5 HH (2)  & 0xFF : (sec/sc2), 2s complement, LSB sf=2-

24 

F6 HH (3)  & 0xFF: (sec/sc3), 2s complement, LSB sf=2-24 

F7 HH (0) & 0xFF : (sec), 2s complement, LSB sf=211 

F8 HH  (1)  & 0xFF : (sec/sc), 2s complement, LSB sf=214 

F9 HH  (2)  & 0xFF : (sec/sc2), 2s complement, LSB 
sf=216 

F10 HH  (3)  & 0xFF: (sec/sc3), 2s complement, LSB sf=216 

 

 Remarks 

1. The unsigned hexadecimal values output in this report exactly match the fields 
transmitted by the satellites in the navigation message. 

2. Output of this report is necessary for the construction of RINEX navigation data files 
because the header portion of a RINEX navigation file includes the ionospheric 
correction terms. 

3. Sending a previously received ION report allows the ionospheric corrections within the 
receiver to be restored. 

4. The hexadecimal output quantities are as contained within the corresponding 
navigation message and have the scaling described by IS-GPS-200-E. 
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12.4.21 NAV Report 

Description 

Report raw navigation report for examination by the user. 

$PNSWR,NAV,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10,F11,F12,F13 

The sentences are triggered at the end of each subframe when a new subframe is ready 
to be decoded, although only if support for the sentence has been switched on at 
compile time. 

Fields 

Number  Name Description 

F0 $PNSWR,NAV Sentence header 

F1 x Channel number  

F2 x Space Vehicle (SV) number 

F3 HHH 3 hex digit status word, where each bit 
indicates whether the associate word number 
was received with good parity (MSB refers to 
W1, LSB to W10) 

F4, F5, F6, F7, F8, 
F9,F10,F11,F12,F13 

HHHHHHHH Hexadecimal navigation message data words, 
where F4 is word 1, F5 is word 2, … 

 

 Remarks 

1. Support for this report must be switched on at compile time 

2. The report has been included for information only and is not strictly necessary. 

3. Adding this report consumes additional memory resources that would otherwise be 
available. 

Example 

$PNSWR,NAV,00,02,3FF,22C2C03E,88166B18,001402FB,FD8650B4,0013C986,90A11578,074EA4DE,996EA2A5,
401752D1,7F411090*2C 

$PNSWR,NAV,01,04,3FF,22C2C03E,88166B18,000A42E2,AD9EF621,400E7652,8E1A7DDC,0713C9D1,788FBE08,
3FE9D1E0,0EBF4608*2B 

$PNSWR,NAV,03,09,3FF,22C2C03E,88166B18,3FE2A2D5,57A64F1B,FFCC75C8,0767DF3E,897F908E,AE39658A,
BFE9A837,F0C01E24*5B 

$PNSWR,NAV,04,12,0,162C6B6F,D1DD5495,76F0DE39,711E1542,93387E78,167FC4C0,019F75B9,4FC726B1,48
4AE426,B2462B3E*20 

$PNSWR,NAV,06,24,3FF,22C42D32,88166B18,0004A2E1,5F747C73,FFFE3634,05FA5335,76D7FEE7,C31693C4,3
FE95943,EE002B3C*53 
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12.4.22 OBS Report 

Description 

Report raw GPS measurement data set; this comprising a time-of-reception sentence 
and a group of satellite observation sentences. 

$PNSWR,OBS,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10,F11,F12,F13,F14,F15 

The sentence is triggered whenever new GNSS measurement set is uploaded by the 
measurement task to the navigation solution task (typically 1 Hz).  

Fields 

Number  Name Description 

F0 $PNSWR,OBS Sentence header 

F1 X Number of sentences 

F2 X Sentence number 

 

 

 

F2=1 

F3 X Issue of data, incrementing measurement ID 

F4 x.x GPS time of reception (TOR) (s), (seconds of the week) 

F5 X GPS time of reception (week number) 

F6 X Delta TOR – this field is non-zero if a step correction is 
applied to the TOR 

F7 X Currently applied frequency offset (ppb)  

F8 X Increment/adjustment to frequency offset (ppb) 

… … Other fields may be appended in the future. 

 

 

 

 

 

F21 

F3 X Frequency band: Fixed as L1 for Namuru V3.2 

F4 X SV number 

F5 X Channel number 

F6 H Hex status word for observation 

F7 x.x GPS time-of-transmission (TOT) (s),(seconds of the week) 

F8 x.x Pseudorange (m) 

F9 x.x Pseudorange-rate (m/s) 

F10 x.x Carrier phase (cycles) 

F11 X SV elevation (degrees) 

F12 X SV azimuth (degrees)  

F13 X C/N0 (dBHz) 

F14 HHH Debugging hexadecimal flags indicating tracking and 
synchronization status 

F15 x.x Pseudorange variance (m2) 
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 Remarks 

1. OBS reports are required for the creation of RINEX observation files 

2. An OBS report is output every one second at the second boundary 

3. The measurement ID can be used to obtain a rough idea of the amount of time the 
receiver has been running for, since each second the receiver generates a new 
measurement and increments the count. 

4. The ‘Hex status word for observation’  (field F5) is a useful field to examine when trying 
to determine why a receiver is not positioning when the observations appears to be 
present.   For an observation to be acceptable for use within the navigation solution 
(least squares one-shot or Kalman filter), the observation has to have good tracking, 
have good synchronization and have orbital model parameters (indicated by the 
asterisk in the following table) that allow the receiver to calculate the position and 
velocity of each transmitting spacecraft.   
The table below provides the meanings associated with some of these flags (subject to 
change without notice): 

Bit Hex Mask Interpretation 

0 * 0x001 Observation OK 

1 * 0x002 Synchronisation OK 

2 *  0x004 Orbital parameters (ephemeris) available 

3 0x008 PLL is phase locked 

4 0x010 Parity is known (required for CPH) 

5 0x020 Set when CPH is being accumulated 

6 0x040 Set if a ½ cycle correction has been added to the CPH (as 

determined by the parity) 

7 0x080 Set if loss of lock occurs,  as required for RINEX 

8 0x100 Possible cycle slip may have occurred. 

9 0x200 dTsv clock corrections applied 

(bias, drift, aging, single frequency group delay, relativitistic) 

10 0x400 Range blunder detected 

11 0x800 Range-rate blunder detected 

 

5. The ‘Debugging hexadecimal flags indicating tracking and synchronization status’ (field 
F13) are also useful flags to examine if the receiver is failing to navigate.  Three 4-bit 
values are concatenated together in this field that indicate important tracking and 
synchronization information.  Some of this information is also provided in the ‘CHN’ 
report. 
The first (most significant) nibble indicates the mode of the tracking and acquisition 
processor (0=idle, 1=searching/acquisition, 2=capture, 3=tracking), the second nibble 
indicates tracking mode when the processor is tracking (0=no-code-lock, 1=code lock, 
2=frequency lock, 3=phase lock), while the last (least significant) nibble is a bit mask 
that indicates the synchronization status of the channel (0x001=bitsync, 0x002=time-
sync, 0x004=frame-sync). 
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6. In the example that follows, it will be observed that when the channel is 
operating normally, the value 0x337 is output indicating that the channel is tracking, has 
phase-lock and full synchronization. 
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Example 

 $PNSWR,OBS,9,1,432,286581.997741325,1711,0,0,0,0,0*2E 
$PNSWR,OBS,9,2,L1,7,1,07f,286581.924985039,21811785.719,130.781,196723.185,35,072,47,337,32.9*21 
$PNSWR,OBS,9,3,L1,8,2,07f,286581.930410418,20185298.000,-163.805,-266137.730,63,115,47,337,32.9*2D 
$PNSWR,OBS,9,4,L1,11,3,07f,286581.920130218,23267224.375,-188.438,-311672.999,22,110,47,337,32.9*14 
$PNSWR,OBS,9,5,L1,15,4,07f,286581.918997379,23606841.047,-826.562,-834720.321,13,222,42,337,32.9*13 
$PNSWR,OBS,9,6,L1,17,5,07f,286581.928906734,20636091.203,-824.742,-1306874.470,46,348,51,337,32.9*29 
$PNSWR,OBS,9,7,L1,24,6,07f,286581.923396835,22287917.438,159.773,156634.739,31,069,44,337,32.9*1F 
$PNSWR,OBS,9,8,L1,26,7,07f,286581.926569072,21336904.703,-607.484,-914043.338,45,240,44,337,32.9*1A 
$PNSWR,OBS,9,9,L1,28,8,07f,286581.932899281,19439155.812,-259.523,-418035.578,65,207,50,337,32.9*16 
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12.4.23 OBS Report for GNSS 

Description 

Report raw GPS measurement data set; this comprising a time-of-reception sentence 
and a group of satellite observation sentences. 

$PNSWR,OBS,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10,F11,F12,F13,F14,F15 

The sentence is triggered whenever new GNSS measurement set is uploaded by the 
measurement task to the navigation solution task (typically 1 Hz).  

Fields 

Number  Name Description 

F0 $PNSWR,OBS Sentence header 

F1 X Number of sentences 

F2 X Sentence number 

 

 

 

F2=1 

F3 X Issue of data, incrementing measurement ID 

F4 x.x GPS time of reception (TOR) (s), (seconds of the week) 

F5 X GPS time of reception (week number) 

F6 X Delta TOR – this field is non-zero if a step correction is 
applied to the TOR 

F7 X Currently applied frequency offset (ppb)  

F8 X Increment/adjustment to frequency offset (ppb) 

… … Other fields may be appended in the future. 

 

 

 

 

 

F21 

F3 X GNSS system. GPS as ‘G’ and Galileo as ‘E’. 

F4 X Frequency band: L1 as 1 and L5 as 5 

F5 X SV number 

F6 X Channel number 

F7 H Hex status word for observation 

F8 x.x GPS time-of-transmission (TOT) (s),(seconds of the week) 

F9 x.x Pseudorange (m) 

F10 x.x Pseudorange-rate (m/s) 

F11 x.x Carrier phase (cycles) 

F12 X SV elevation (degrees) 

F13 X SV azimuth (degrees)  

F14 X C/N0 (dBHz) 

F15 HHH Debugging hexadecimal flags indicating tracking and 
synchronization status 
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F16 x.x Pseudorange variance (m2) 

 Remarks 

7. OBS reports are required for the creation of RINEX observation files 

8. An OBS report is output every one second at the second boundary 

9. The measurement ID can be used to obtain a rough idea of the amount of time the 
receiver has been running for, since each second the receiver generates a new 
measurement and increments the count. 

10. The ‘Hex status word for observation’  (field F7) is a useful field to examine when trying 
to determine why a receiver is not positioning when the observations appears to be 
present.   For an observation to be acceptable for use within the navigation solution 
(least squares one-shot or Kalman filter), the observation has to have good tracking, 
have good synchronization and have orbital model parameters (indicated by the 
asterisk in the following table) that allow the receiver to calculate the position and 
velocity of each transmitting spacecraft.   
The table below provides the meanings associated with some of these flags (subject to 
change without notice): 

Bit Hex Mask Interpretation 

0 * 0x001 Observation OK 

1 * 0x002 Synchronisation OK 

2 *  0x004 Orbital parameters (ephemeris) available 

3 0x008 PLL is phase locked 

4 0x010 Parity is known (required for CPH) 

5 0x020 Set when CPH is being accumulated 

6 0x040 Set if a ½ cycle correction has been added to the CPH (as 

determined by the parity) 

7 0x080 Set if loss of lock occurs,  as required for RINEX 

8 0x100 Possible cycle slip may have occurred. 

9 0x200 dTsv clock corrections applied 

(bias, drift, aging, single frequency group delay, relativitistic) 

10 0x400 Range blunder detected 

11 0x800 Range-rate blunder detected 

 

11. The ‘Debugging hexadecimal flags indicating tracking and synchronization status’ (field 
F13) are also useful flags to examine if the receiver is failing to navigate.  Three 4-bit 
values are concatenated together in this field that indicate important tracking and 
synchronization information.  Some of this information is also provided in the ‘CHN’ 
report. 
The first (most significant) nibble indicates the mode of the tracking and acquisition 
processor (0=idle, 1=searching/acquisition, 2=capture, 3=tracking), the second nibble 
indicates tracking mode when the processor is tracking (0=no-code-lock, 1=code lock, 
2=frequency lock, 3=phase lock), while the last (least significant) nibble is a bit mask 
that indicates the synchronization status of the channel (0x001=bitsync, 0x002=time-
sync, 0x004=frame-sync). 
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12. In the example that follows, it will be observed that when the channel is 
operating normally, the value 0x337 is output indicating that the channel is tracking, has 
phase-lock and full synchronization. 
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Example 

$PNSWR,OBS,12,1,1,406841.091000000,1650,0,0,0,0,0.0000*3C 
$PNSWR,OBS,12,2,G,1,3,1,00d,29.672021942,-0000000.016,-577.562,0.000,25,354,46,331,225.0*01 
$PNSWR,OBS,12,3,G,1,6,2,00d,29.671474975,-0000000.016,-508.375,0.000,28,009,46,331,225.0*0B 
$PNSWR,OBS,12,4,G,1,16,3,084,29.657709476,-0000000.016,-777.656,0.000,59,348,12,100,2025.0*58 
$PNSWR,OBS,12,5,G,1,22,4,084,29.650603101,-0000000.016,-47.836,0.000,48,050,06,100,2025.0*63 
$PNSWR,OBS,12,6,G,1,30,5,084,29.643389037,-0000000.016,-313.938,0.000,78,104,18,100,2025.0*52 
$PNSWR,OBS,12,7,G,1,31,6,01f,406841.015393027,22666400.453,89.148,0.000,27,176,46,337,33.5*0B 
$PNSWR,OBS,12,8,G,1,32,7,01f,406841.007627164,24994547.484,-1015.219,0.000,22,207,46,337,33.5*2B 
$PNSWR,OBS,12,9,E,1,5,8,094,406840.984916047,31803168.922,-307.008,0.000,00,673,18,107,2025.0*7A 
$PNSWR,OBS,12,10,E,1,6,9,094,406840.964660302,37875688.625,-307.008,0.000,02,569,12,107,2025.0*44 
$PNSWR,OBS,12,11,E,1,7,10,094,406840.962415002,38548812.500,-307.008,0.000,1078,000,18,107,2025.0*70 
$PNSWR,OBS,12,12,E,1,8,11,094,406840.961064559,38953665.312,-307.008,0.000,1103,512,16,107,2025.0*7F 
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12.4.24 PPS Report 

Description 

Pulse per second report indicating current estimate of local clock corrections 

$PNSWR,PPS,F1,F2,F3,F4,F5 

The report is triggered by the firmware used to trigger the coarse 1 PPS timing pulse 
that drives one of the debugging LEDs on the board (1 Hz). 

Fields 

Number  Name Description 

F0 $PNSWR,PPS Sentence header 

F1 x GPS week number  

F2 x GPS time of week (seconds) 

F3 x Clock correction time tag (seconds of week, ms) 

F4 x Clock correction offset (s) 

F5 x Clock correction drift (s/s) 

 

 Remarks 

1. This report was added to allow a sentence describing the most recent pulse per second 
to be output, although the time-tag that is output in fields F1 and F2 is a coarse software 
maintained quantity. 

2. The set of corrections in fields F3, F4 and F5 are the same corrections that are used to 
correct the local clock. 

3. While writing this document and reviewing the code, it crosses ones mind that perhaps 
the value output in this sentence should be the TOR at the measurement instant, since 
this corresponds to the PPS in any case. 
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12.4.25 RTC Report 

Description 

Real time clock (RTC) report indicating the state of the RTC. 

$PNSWR,RTC,F1,F2,F3,F4,F5,F6,F7,F8 

The report is not triggered by any event, but has been added to allow the user to 
manually poll the receiver in order to determine the state of the RTC.  The format of this 
report is dependent on the underlying hardware,  

Fields 

Number  Name Description 

F0 $PNSWR,RTC Sentence header 

F1 hhmmss.ss  

F2 dd Day of month (1-31) 

F3 mm Month (1 – 12) 

F4 yyyy Year (1980+) 

F5 w Week number 

F6 t Time of week (ms) 

F8 X Raw RTC count 

 

 Remarks 

1. This report was added to allow the user to determine the state of the RTC.  The data 
output within this sentence provides information on the time stored within the RTC 

Example 

PNSWR,RTC,090643.55,03,09,2012,1704,119203550,1030698403*18 
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12.4.26 SEL Command and Report 

Description 

The SEL command is used to force or excluded the selection of a particular satellite set. 

$PNSWR,SEL,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10,F11,F12 

The report is not triggered by any event, but has been added to allow the user to 
manually poll the receiver in order to determine the state of the SEL command. 

Fields 

Number  Name Description 

F0 $PNSWR,SEL Sentence header 

F1 x Set type: 
 F=Forced set, X=Excluded set 

F2 x Constellation type: 
G=GPS, Q=QZSS, S=SBAS, R=GLONASS … 
(Only G & Q are implemented) 

F3 SV1 1st  SV in set 

F4 SV2 2nd  SV in set 

F5 SV3 3rd SV in set 

F6 SV4 4th SV in set 

F7 SV5 5th SV in set 

F8 SV6 6th SV in set 

F9 SV7 7th SV in set 

F10 SV8 8th SV in set 

F11 SV9 9th SV in set 

F12 SV10 10th SV in set 

… … … 

 

 Remarks 

1. This command was added to allow a particular satellite set to be forced to be used or to 
ensure that particular satellites are excluded from use.  This may be useful during 
development. 

2. When requested as a report, two sentences are transmitted for each constellation (new 
version of FW only).  One refers to the excluded set, while the other refers to the forced 
set. 

3. The list is terminated by a NULL field.  (ie. the last character in the sentence will be a 
comma). 

4. Each constellation is considered independently of the rest, so excluded GPS satellites 
cannot be referred to in the same sentence as say excluded QZSS satellites. 
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5. Any number of satellites may be listed in this sentence, subject to not exceeding 
the maximum sentence length of 80 characters.  This is denoted by the use of ellipsis (...) 
in the table above. Remember that the fields are simply separated by commas. 

 

12.4.27 SPT Command and Report 

Description 

Serial port settings for the receiver 

$PNSWR,SPTF1,F2,F3,F4,F5,F6 

The report is not triggered by any event, but has been added to allow the user to change 
the serial port settings and view the current serial port settings.  

Fields 

Number  Name Description 

F0 $PNSWR,SPT Sentence header 

F1 x UART number, 1 = RS422, 2=RS232 

F2 x Baud rate (bps), 

1200, 2400, 4800, 9600, 14400, 19200, 28800, 
38400, 57600, 115200, 23400  

F3 x Data bits 

F4 x Parity (N=no parity) 

F5 x Stop bits 

F6 x Flow control (0=no flow control) 

 

 Remarks 

1. This report was added to allow the user to change the serial port speed.  Other fields, 
although reported are not currently changeable. 

2. Commands used to change the speed result in new settings being saved to non-volatile 
memory.  The new results take effect following the next reset. 

3. This command is not available on Namuru V3.2 Biarri receivers. 

Example 

$PNSWR,SPT,1,115200,8,N,1,0*72 

$PNSWR,SPT,2,115200,8,N,1,0*71 
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12.4.28 STK Report 

Description 

Stack usage report. 

$PNSWR,STK,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10,F11,F12,F13,F14,F15,F16,F17 

The report is not triggered by any event, but has been added to allow the user to 
manually poll the receiver in order to determine the receiver stack usage. 

Fields 

Number  Name Description 

F0 $PNSWR,STK Sentence header 

F1 x.x Remaining stack for ‘TestTask1’ 

F2 x.x Remaining stack for ‘UartTask’ 

F3 x.x Remaining stack for ‘PreDspTask’ 

F4 x.x Remaining stack for ‘TrackerTask’ 

F5 x.x Remaining stack for ‘RtcTask’ 

F6 x.x Remaining stack for ‘WatchTask’ 

F7 x.x Remaining stack for ‘MsmtTask’ 

F8 x.x Remaining stack for ‘BitExtractTask’ 

F9 x.x Remaining stack for ‘ExtractTask’ 

F10 x.x Remaining stack for ‘CmdTask’ 

F11 x.x Remaining stack for ‘ReportTask’ 

F12 x.x Remaining stack for the ‘TLETask’ 

F13 x.x Remaining stack for ‘AutoTestTask’ 

F14 x.x Remaining stack for ‘TestTask3’ 

F15 x.x Remaining stack for ‘PVTTask’ 

F16 x.x Remaining stack for ‘SvDbTask 

F17 x.x Remaining stack for ‘SvSlctTask’ 

 Remarks 

1. This report was added to allow the user to determine whether a stack overrun has 
occurred on any of the receiver tasks.  The remaining stack size (units of bytes) for each 
task is listed in this message.  Adjustments can be made if the margins are getting low. 

2. An overrun on the stack is generally denoted by a large positive value (i.e. a 2’s 
complement negative value printed out as an unsigned positive value). 

3. A value of 0 may indicate that the task in question is not running and as such, no overrun 
has taken place.  For example, the ‘NamuruV2R4’ hardware running Aquarius firmware 
and configured to use the dual-FIFO serial port will not have an entry for the ‘UartTask’ 
and this entry will be set to 0.  

4. Remaining stack sizes are printed in decimal 
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12.4.29 TCO Command and Report 

Description 

Command to set the local oscillator or TCXO offset (in ppb) and to report an estimate of 
the current TCXO offset. 

$PNSWR,TCO,F1,F2, 

The report is not triggered by any event, but has been added to allow the user to 
manually poll the receiver in order to determine the state of the TCXO offset. 

Fields 

Number  Name Description 

F0 $PNSWR,TCO Sentence header 

F1 x.x Local oscillator offset (ppb) as stored in the 
receivers internal database 

F2 x.x Estimate of the local oscillator offset (ppb) as 
calculated from the difference between the 
measured Doppler frequency and the estimated 
Doppler frequency given in the acquisition 
assistance. 

 

 Remarks 

1. This report was added to allow the user to determine the state of the local oscillator 
offset.  When the receiver is navigating successfully, the local oscillator offset can be 
noted in case a cold start is necessary and a faster TTFF is desired. 

2. If the receiver is failing to acquire, it is often useful to examine the local oscillator offset 
in order to check whether the value being used by the software is sensible.  Values that 
exceed the values expected given the drift characteristics of the TCXO device might 
indicate that a navigation error resulted in the correct offset being corrupted in some 
way. 

Example 

$PNSWR,TCO,+1554,01515*22 
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12.4.30 TIM Command and Report 

Description 

Command to configure the behavior of the hardware timing pulse and to trigger output 
of a timing pulse by serial port command when software triggering of timing pulses has 
been selected. 

$PNSWR,TIM,F1,F2,F3,F4,F5 

The report is not triggered by any event, but has been added to allow the user to 
manually poll the receiver in order to determine the state of the timing pulse setup. 

Fields 

Number  Name Description 

F0 $PNSWR,TIM Sentence header 

F1 x Set to 1 to trigger a HW pulse using this 
sentence 
Set to 0 or leave field NULL to avoid triggering a 
HW timing pulse 

  F2 x Number of hardware pulses to issue 

-1 = Output pulses forever 
0, 1, 2, … = Number of pulses to output 

F3 x Pulse width in us (hard coded to 1000 us in 
Biarri) 

F4 x Hardware timing pulse trigger type: 

0 = No PPS Enable (i.e. always output PPS 
pulse) 
1 = Message PPS Enable (i.e. send a TIM 
command) 
2 = Hardware PPS Enable (no implemented) 

F5 x Hardware timing pulse polarity (not currently 
supported with Biarri) 

 

 Remarks 

1. This report was added to allow the user to determine the state hardware timing pulse 
configuration. 

2. The number of timing pulses following a trigger can be set using field F2.  For the 
BIARRI platform, this will default to a single pulse. 

3. The triggering of pulses can be defined by the user rather than pulses being output 
automatically once the receiver is navigating. 

Example 

Output timing pulses automatically forever (once the receiver is navigating),  each timing pulse is 1000 us in width 
$PNSWR,TIM,,-1,+1000,0,P*4E 
Trigger a hardware timing pulse by sending a software message 

$PNSWR,TIM,1 
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12.4.31 TLE Commands and Reports 

Description 

Provide  orbital Two Line Elements (TLE) to the receiver  and perform testing of the 
TLE feature. 

$PNSWR,TLE,F1,F2,F3,F4,F5,F6,F7,F8,F9 

Fields 

Number  Name Description 

F0 $PNSWR,TLE Sentence header 

F1 x Sentence number 

 

 

 

 

F1=1 

F2 eeeec NORAD (TLE) satellite number and classification 
string 

F3 x Satellite international designator string 

F4 yyddd.d Epoch year and (fractional) day 

F5 .dddddddd Mean motion derivative  (NORAD TLE format) 

F6 dddddd Mean motion 2nd derivative plus exponent term  
(NORAD TLE format) 

F7 dddddd TLE B* drag term (NORAD TLE format) 

F8 … TLE ??? 

F9 ddddc Element number and a single digit checksum 

 

 

 

F1=2 

F2 eeee NORAD (TLE) satellite number 

F3 dd.d Inclination (degrees) 

F4 dd.d RA of ascending node (degrees) 

F5 ddddddd Eccentricity (scaled by 107) 

F6 dd.d Argument of perigee (degrees) 

F7 dd.d Mean anomaly (degrees) 

F8 dd.ddddrrrrrc Mean motion (degrees), Epoch revolutions  
and a single digit checksum  

 

 

F1=3 

 

F2 c Output coordinate system – FIELD IGNORED  
W=WGS84 ECEF, T=TEME ECI, J=J2000 ECI 

F3 t Time-tag type 
U=UTC, G=GPS, J=Julian Date,  
T=Two Line Element format,  
D=Offset from TLE 

F4 F3=U 
F3=G 
F3=J 
F3=T 

yyyymmdd 
wwww 
dddddddd.dd 
yymm.mmm 

Time tag in the format defined by F4 
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F3=D t.t 

F5 F3=U 
F3=G 
F3=J 
F3=T 
F3=D 

hhmmss.s 
tttttttt.t 
- 
- 
- 

 

 

 

 

F1=4 
F1=5 

F2 Mode Mode and error flag returned by ‘init_sgdp4’ and 
‘satpos_xyz’ 

F3 dddddddd.d Julian Date time-stamp 

F4 X X (m), ECI  if F1=4 or WGS84 ECEF if F1=5 

F5 Y Y (m), ECI  if F1=4 or WGS84 ECEF if F1=5 

F6 Z Z (m), ECI  if F1=4 or WGS84 ECEF if F1=5 

F7 XDot XDot (m/s), ECI if F1=4 or WGS84 ECEF if F1=5 

F8 YDot YDot (m/s), ECI if F1=4 or WGS84 ECEF if F1=5 

F9 ZDot ZDot (m/s), ECI if F1=4 or WGS84 ECEF if F1=5 

 

 Remarks 

1. The fields in this report are derived directly from the TLE elements published by 
NORAD, where NMEA ‘comma’ delimiters substitute directly into the ‘space’ delimiters 
used by NORAD.  This was done in order to make it as simple as possible to convert 
NORAD TLE elements into the required format.  The conversion is best illustrated using 
an example. 
 

A set of two line lines extracted from the collection of test cases is shown immediately 
below.  The first line is a comment line, denoted with a starting # character and the 
remaining two lines are the first and second elements of the NORAD two line elements. 
Immediately after these is the conversion of the published two line elements into two 
Aquarius TLE commands.  It can be seen that each sentence may be constructed by 
replace ‘space’ delimiters with ‘comma’ delimiters and pre-pending the NMEA 
‘$PNSWR,TLE’ prefix. 
 
#DELTA 1 DEB  # Near Earth normal drag equ. (perigee = 377.26km, ...) 

1 06251U 62025A   06176.82412014 +.00008885 +00000-0 +12808-3 0 03985 

2 06251 058.0579 054.0425 0030035 139.1568 221.1854 15.56387291006774 

 
$PNSWR,TLE,1,06251U,62025A,06176.82412014,+.00008885,+00000-0,+12808-3,0,03985 

$PNSWR,TLE,2,06251,058.0579,054.0425,0030035,139.1568,221.1854,15.56387291006774 

2. Documentation on the NORAD TLE format may be found at: 
http://celestrak.com/NORAD/documentation/tle-fmt 
http://celestrak.com/columns/v04n03/ 

3. Requesting a TLE report after sending TLE commands containing TLE elements results 
in the TLE elements being echoed back to the user.  This allows the user to confirm 
correct reception of the elements. 

http://celestrak.com/NORAD/documentation/tle-fmt
http://celestrak.com/columns/v04n03/
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4. To support testing of this feature, the user may send a TLE command containing 
an output format and a time-tag (in a variety of formats).  The GPS receiver will then use 
the time-tag to calculate an orbital position using the TLE orbital parameters and the 
SGP4/SDP4 orbit model, which can be verified against a calculation performed 
elsewhere.  When the receiver has calculated the satellite position using the orbit model, 
TLE sentences are output containing the calculated position and velocity vectors of the 
satellite. 

5. Aquarius uses the Dundee SGP4 C code to perform these calculations. 
http://www.sat.dundee.ac.uk/~psc/sgp4.html 

6. The output coordinate system (input command 3, field 2) is currently ignored. 

7. For the TLE feature to be effective, the receiver needs to have been powered off for 
longer than 15 minutes, have current almanac, current time and have the TLE elements.  
The receiver must also be in 'Space' mode.  The 15 minute requirement stems from a 
feature whereby the unit will propagate a previously saved position/velocity using a 
very simple orbit propagator if the previously saved position/velocity is not too old. 

Example 

1. Send TLE elements to the receiver, which in this case correspond to the test case for spacecraft 
6251 described in the paper. paper "Revisiting Spacetrack Report #3" by David A. Vallado, Paul 
Crawford, Richard Hujsak and T. S. Kelso (AIAA 2006-6753).              
$PNSWR,TLE,1,06251U,62025A,06176.82412014,+.00008885,+00000-0,+12808-3,0,03985 

$PNSWR,TLE,2,06251,058.0579,054.0425,0030035,139.1568,221.1854,15.56387291006774 

2. Request TLE elements for verification 
$GPGPQ,TLE 

and receive 
$PNSWR,TLE,1,06251U,62025A,06176.82412014,+.00008885,+00000-0,+12808-3,0,03980*29 

$PNSWR,TLE,2,06251,058.0579,054.0425,0030035,139.1568,221.1854,15.56387291006770*2B 

3. Request calculation of satellite using TLE at TLE reference time plus 0 seconds and request 
(after a few seconds) a TLE report.  Because the most recent TLE command was not a set of 
orbital elements, what is output is the result of using the TLE elements with the specified time 
to calculate an orbital position and velocity vector.  Alternatively, if TLE reports are enabled 
before sending the calculation time then the outputs will be transmitted automatically.  This 
avoids the need to wait for the calculation to complete. 
$PNSWR,TLE,3,W,D,0 

GPGPQ,TLE 

4. Observe output  
5. $PNSWR,TLE,4,3,2453912.32412014,3988310,5498967,901,-3290,2358,6497*18 

$PNSWR,TLE,5,3,2453912.32412014,-6226938,-2714865,901,1441,-3247,6497*16 

 
It can be seen that the ECI results contained within the first of these two sentence agrees with 
the test cases described in the above paper.  
 

6251 xx 

 Min from epoch position x km   position y km   position z km   vel km/s     vel km/s    vel km/s     year mon day hr min sec 

 0.00000000     3988.31022699   5498.96657235   0.90055879      -3.290032738 2.357652820 6.496623475  2006 6   25  19 46  43.98?? 

 

 

 

http://www.sat.dundee.ac.uk/~psc/sgp4.html
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12.4.32 UTC Command and Report 

Description 

Report UTC correction coefficients transmitted in the GPS navigation message 

$PNSWR,UTC,F1,F2,F3,F4,F5,F6,F7,F8 

The sentence is triggered whenever new UTC corrections are extracted from the GPS 
navigation message, although the user may poll for the current set of corrections by 
manually requesting an UTC report.  

1.1.1 Fields 

Number  Name Description 

F0 $PNSWR,UTC Sentence header 

F1 HHHHHH A1 : (sec/sec), 2s complement, LSB sf=224 

F2 HHHHHHHH A0 : (sec), 2s complement, LSB sf=2-30 

F3 H dTLS : (sec), 2s complement 

F4 HH Tot : (sec), 2s complement, LSB sf=212 

F5 H WNt : (weeks) 

F6 H WNLSF : (weeks) 

F7 H DN : (days) 

F8 H dTLSF : (sec), 2s complement 

 

 Remarks 

1. The unsigned hexadecimal values output in this report exactly match the fields 
transmitted by the satellites in the navigation message. 

2. Output of this report is necessary for the construction of RINEX navigation data files 
because the header portion of a RINEX navigation file includes the UTC correction terms. 

3. Sending a previously received UTC report allows the UTC corrections within the 
receiver to be restored. 

4. The hexadecimal output quantities are as contained within the corresponding 
navigation message and have the scaling described by IS-GPS-200-E. 
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12.4.33 VTG Report 

Description 

Course over ground NMEA sentence 

$GPVTG,F1,F2,F3,F4,F5,F6,F7,F8 

The report is triggered by each navigation solution update and outputs the receiver 
horizontal velocity vector 

Fields 

Number  Name Description 

F0 $GPVTG Sentence header 

F1 x.x True course over ground/Heading (degrees) 

F2 T True north 

F3  Magnetic course over ground/Heading  (deg) 
Not implemented, NULL field 

F4 M Magnetic north 

F5 x.x Horizontal speed (knots) 

F6 N N=knots 

F7 x.x Horizontal speed (km/hr) 

F8 K K=km/hr 

 

 Remarks 

1. This report implements the NMEA VTG report. 

2. The magnetic course over ground has not been implemented, so field F3 is left NULL. 

Example 

$GPVTG,262.4,T,,M,00.1,N,00.1,K*62 
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12.4.34 XYZ Report 

Description 

Output time-tag, position and velocity in WGS84 XYZ coordinates 

$PNSWR,XYZ,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10,F11 

The report is triggered following each navigation solution, which occurs after each 
measurement upload. 

Fields 

Number  Name Description 

F0 $PNSWR,XYZ Sentence header 

F1 x GPS fix quality (same as GGA report) 

F2 x GPS Week Number 

F3 x.x GPS Time of Week (seconds) 

F4 x.x WGS84 x position coordinate (m) 

F5 x.x WGS84 y position coordinate (m) 

F6 x.x WGS84 z position coordinate (m) 

F7 x.x WGS84 x velocity coordinate (m/s) 

F8 x.x WGS84 y velocity coordinate (m/s) 

F9 x.x WGS84 z velocity coordinate (m/s) 

F10 x.x Clock bias (m) 

F11 x.x Clock bias rate (m/s) 

 

 Remarks 

3. The values returned for the clock bias terms depend on whether the receiver applies 
corrections for frequency drift.  If TCXO frequency drift corrections are not applied (i.e. 
the CFG has an ‘F’ instead of an ‘f’) then the clock bias term will be large and will drift 
consistent with the rate term, which means that it will occasionally be necessary to 
apply a step correction to the local clock in order to ensure that the pseudoranges do not 
become significantly different to the actual ranges.  However, if corrections are applied 
then the receiver tries to compensate for drift and the bias will be smaller and not drift.  
The advantage of the latter option is that clock resets will not occur since the receiver 
local clock will not accumulate excessive error. 

 

Example 

$GPGGA,080002.999999976,3341.0000,S,15056.0000,E,1,04,2.7,86.9,M,0,M,,*53 
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12.4.35 ZDA Command and Report 

Description 

NMEA UTC time and date report 

$GPZDA,F1,F2,F3,F4,F5,F6 

The report is triggered at each 1 second boundary, although this implementation 
actually reports GPS time (and not UTC time like it should), as does the command.  

Fields 

Number  Name Description 

F0 $GPZDA Sentence header 

F1 hhmmss.ssss UTC time with hours, minutes, seconds and 
fractional seconds 

F2 dd Day of month (1-31) 

F3 mm Month of year (1-12) 

F4 yyyy Year 

F5 zh Local zone hours (+/-13) 

F6 zm Local zone minutes (same sign as hours) 

 

 Remarks 

1. This implementation actually outputs GPS time, so the leap second and fractional second 
correction is NOT included. 

2. Similarly, the command does not apply any UTC/GPS leap second correction and as 
such, the input time is actually GPS time expressed in hhmmss.sss format. 

3. The time-zone correction is hard coded to 00:00. 

4. Output of the sentence is not strictly aligned to the GPS 1 second boundary and neither 
is the first character of each sentence 

5. Sending a ZDA sentence to the receiver may result in the real-time-clock of the GPS 
receiver being updated. 

Example 

$GPZDA,071723.509,16,06,2011,+00,00*72 
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12.4.36 UALM Command and Report 

Description 

 

This is commands only used for debugging purpose. This command will force the 

receiver to use Galileo almanac that is in hardcoded into the receiver’s memory.  

$GPGPQ,UALM,A 

 

 

12.4.37 UEUD Command and Report 

Description 

This is commands only used for debugging purpose. This command will force the receiver to use 

Galileo ephemeris from 25th august,2011 at 17:00:00pm. This Galileo ephemeris   is hardcoded into 

the receiver’s memory. 

$GPGPQ,UEUD,U 

13 Field Upgrade of the Namuru Receiver Firmware and Logic 
This section is only applicable to Namuru V3.2 GPS receiver. 

13.1 Bootloader Requirements 
The bootloader is required to satisfy the following requirements. 

1. Allow the firmware to be upgraded 

2. Allow the A3 FPGA logic to be reprogrammed 

3. Conform with the requirements of the Colony 2 bus and the Biarri mission 

4. Coexist with the existing Aquarius firmware on board the Namuru V32 GPS receiver 

13.2 Bootloader Operation 
The Biarri bootloader is the first piece of user firmware that is executed following a hardware or 

software reset. Only internal SmartFusion firmware that is hard coded by Actel into the device will 

precede it. 

The bootloader interacts with the user via the same RS422 serial interface that is employed by the 

Aquarius firmware. Following a reset, the bootloader waits for a pre-determined period of time for 

the user to send a command that will force the device to stay in bootloader mode.  Failure to receive 

this command will result in the firmware switching to one of two Aquarius firmware images that is 

stored within the SmartFusion flash memory. Each Aquarius firmware image is allocated a maximum 

size of 0x30000 hex bytes, with one starting at 0x10000 and the other at 0x50000. A memory 

addressing aliasing feature of the SmartFusion system is used to select between the two images, 

which means that a compiled image can be programmed into either of the two slots and still operate 
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correctly. The bootloader itself starts at address 0x00000 and is allocated a maximum of 

0x10000 hex bytes. 

Serial port commands similar to the NMEA serial port messages used by the Aquarius firmware are 

used to interact with the bootloader.  The difference lies in the header and footer used by the 

bootloader, the use of a four character message identifier, as well as the type of checksum 

employed, with the bootloader using a 16 bit CRC rather than an 8-bit exclusive-or sum checksum.  

This should be more robust and enable failed messages that pass the checksum test accidentally to 

be far less likely. 

A description of each message follows. 

13.2.1 BOOT Command 

Description 

This command is used to force the bootloader to remain in bootloader mode following a 
reset. 

~$PBTLD,BOOT*BLFT<CR><LF>~ 
~$PBTLD,BOOT*hhhh<CR><LF>~ 

Here hhhh refers to the 16-bit CRC, <CR> a carriage-return character, <LF> a line-feed 
character and 'BLFT' is the 'cheating CRC', which can be used if interacting with the 
bootloader using a terminal and no CRC calculating routine is available. 

Fields 

Number  Name Description 

F0 ~$PBTLD,BOOT Sentence header 

 

 Remarks 

5. Sending this command causes the receiver to remain in bootloader mode. 

6. The command must be sent within the timeout window following a hardware or a 
software reset. 

7. The length of time of the timeout window can be set using the CNFG command, which if 
changed will be saved in the receivers non-volatile serial flash. 

8. When the receiver enters bootloader mode following a reset, the receiver will print out a 
welcome string indicating that the bootloader is active.  The print out operation can be 
disabled using the CNFG command if this operation is not desired  

Example 

~$PBTLD,BOOT*BLFT 
~ 
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13.2.2 CNFG Command and Report 

Description 

This command is used to configure the bootloader behaviour. 

~$PBTLD,CNFG,F1,F2,F3*BLFT<CR><LF>~ 
~$PBTLD,CNFG,F1,F2,F3*hhhh<CR><LF>~ 

Here hhhh refers to the 16-bit CRC, <CR> a carriage-return character, <LF> a line-feed 
character and 'BLFT' is the 'cheating CRC', which can be used if interacting with the 
bootloader using a terminal and no CRC calculating routine is available. 

Fields 

Number  Name Description 

F0 ~$PBTLD,CNFG Sentence header 

F1 X Selected firmware image to run 
1 = Run Aquarius firmware image 1 by default 
2 = Run Aquarius firmware image 2 by default 

F2 X Timeout value 
(supposed to be seconds, but isn't really) 

Valid values in the range of 10 to 120 

F3 X Flags 
a/A = enable/disable message 
acknowledgement 
w/W = enable/disable welcome message at 
reset 
x/X = enable/disable error reports 

 

 Remarks 

9. Sending this command allows the default behaviour of the bootloader to be changed.  In 
particular, the default firmware image (1 or 2) can be selected thereby allowing one of 
two firmware images to be selected for operation. 

10. Sending this command causes the previous data that is stored in one of the serial flash 
sectors to be deleted and the data to be re-written.  Care should be taken to avoid 
sending the message too frequently as the serial flash is limited to something like 
100,000 write cycles per sector. 

11. In the rare event that power is lost during the process of re-writing this sector, the unit 
will replace the data with default settings. 

Example 

~$PBTLD,CNFG,1,40,awx*BLFT<CR><LF>~ 
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13.2.3 COPY Command 

Description 

This command is used to copy firmware images from external SRAM to SmartFusion 
Flash memory. 

~$PBTLD,COPY,F1,F2,F3*BLFT<CR><LF>~ 
~$PBTLD,COPY,F1,F2,F3*hhhh<CR><LF>~ 

Here hhhh refers to the 16-bit CRC, <CR> a carriage-return character, <LF> a line-feed 
character and 'BLFT' is the 'cheating CRC', which can be used if interacting with the 
bootloader using a terminal and no CRC calculating routine is available. 

Fields 

Number  Name Description 

F0 ~$PBTLD,COPY Sentence header 

F1 X Destination memory 
ENVM 

F2 x.x Destination address (ASCII hex) 

F3 X Source memory 
ERAM 

F4 x.x Source address (ASCII hex) 

F5 x.x Length of copy (ASCII hex) 
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13.2.4 CRCI Command 

Description 

This command is used to reset the CRC that is maintained when sending data using the 
PROG commands 

~$PBTLD,CRCI*BLFT<CR><LF>~ 
~$PBTLD,CRCI*hhhh<CR><LF>~ 

Here hhhh refers to the 16-bit CRC, <CR> a carriage-return character, <LF> a line-feed 
character and 'BLFT' is the 'cheating CRC', which can be used if interacting with the 
bootloader using a terminal and no CRC calculating routine is available. 

Fields 

Number  Name Description 

F0 ~$PBTLD,CRCI Sentence header 

 

 Remarks 

12. The bootloader maintains a 32-bit CRC when receiving or transmitting large blocks of 
data. This command is used to reset this CRC before commencing transmission of new 
data to the receiver. 

Example 

~$PBTLD,CRCI*BLFT<CR><LF>~ 
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13.2.5 CRCP Command 

Description 

This command is used to provide the CRC for a firmware image that is then stored in the 
bootloader serial flash storage sector.  The value is used when verifying that the 
firmware images stored in the SmartFusion flash memories are correct. 

Command 

~$PBTLD,CRCV,F1,*BLFT<CR><LF>~ 
~$PBTLD,CRCV,F1,*hhhh<CR><LF>~ 

Report 

~$PBTLD,CRCV,F1,F2*BLFT<CR><LF>~ 
~$PBTLD,CRCV,F1,F2*hhhh<CR><LF>~ 

Here hhhh refers to the 16-bit CRC, <CR> a carriage-return character, <LF> a line-feed 
character and 'BLFT' is the 'cheating CRC', which can be used if interacting with the 
bootloader using a terminal and no CRC calculating routine is available. 

Fields 

Number  Name Description 

F0 ~$PBTLD,CRCP Sentence header 

F1 X Firmware image 
Valid values are 1 and 2. 

F2 X Image base address (ASCII hex) 

F3 X Image length (ASCII hex) 

F4 X Image CRC (ASCII hex) 

 

 Remarks 

13. This command tells the GPS receiver the CRC value for a particular firmware image. 

Example 

~$PBTLD,CRCV,1,10000,25000,1234FEDC*BLFT<CR><LF>~ 
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13.2.6 EXEC Command 

Description 

This command is used to cause the bootloader to transfer control to a particular 
firmware image. 

~$PBTLD,EXEC,F1,*BLFT<CR><LF>~ 
~$PBTLD,EXEC,F1,*hhhh<CR><LF>~ 

Here hhhh refers to the 16-bit CRC, <CR> a carriage-return character, <LF> a line-feed 
character and 'BLFT' is the 'cheating CRC', which can be used if interacting with the 
bootloader using a terminal and no CRC calculating routine is available. 

Fields 

Number  Name Description 

F0 ~$PBTLD,EXEC Sentence header 

F1 X Firmware image 
Valid values are 1 and 2. 

 

 Remarks 

14. This command tells the GPS receiver bootloader to start executing a particular image 
immediately on receipt of the command. 

Examples 

~$PBTLD,EXEC,1*BLFT<CR><LF>~ 

~$PBTLD,EXEC,2*BLFT<CR><LF>~ 
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13.2.7 FPGA Command 

Description 

This command is used to initiate an FPGA programming operation 

~$PBTLD,FPGA,F1*BLFT<CR><LF>~ 
~$PBTLD,FPGA,F1*hhhh<CR><LF>~ 

Here hhhh refers to the 16-bit CRC, <CR> a carriage-return character, <LF> a line-feed 
character and 'BLFT' is the 'cheating CRC', which can be used if interacting with the 
bootloader using a terminal and no CRC calculating routine is available. 

Fields 

Number  Name Description 

F0 ~$PBTLD,FPGA Sentence header 

F1 x.x 32-bit CRC in ASCIIized hex 

 

 Remarks 

15. This command is used to initiate an FPGA programming operation. 

16. The 32-bit CRC included in the command has been included in order to enforce a check 
on the integrity of the FPGA image.  The value included in this command is required to 
match the value calculated by a READ of the FPGA image performed immediately prior 
to executing the write command. 

17. An FPGA programming operation is not permitted to take place unless the READ of the 
memory has been performed. 

18. The 'gen3' utility generates an appropriate command and places the command into the 
'FpgaMsg.out' file whenever an FPGA image is converted from the '.dat' format that is 
output by the Actel/Micosemi Libero toolchain.  The 'gen3' utility also generates a READ 
command, placing that output into the 'ReadA3.out' file. 

Examples 

~$PBTLD,FPGA,2EC61514*2A7D<CR><LF>~ 

 



 

169 
V01_00                                  Annex 5. Developing a Satellite Navigation Receiver for the Space Mission                     30

th
 June 2013 

 

13.2.8 PROG Command 

Description 

This command is used to send a page worth of data to the receiver for programming. 

~$PBTLD,PROG,F1,F2,F3,F4,F5*BLFT<CR><LF>~ 
~$PBTLD,PROG,F1,F2,F3,F4,F5*hhhh<CR><LF>~ 

Here hhhh refers to the 16-bit CRC, <CR> a carriage-return character, <LF> a line-feed 
character and 'BLFT' is the 'cheating CRC', which can be used if interacting with the 
bootloader using a terminal and no CRC calculating routine is available. 

Fields 

Number  Name Description 

F0 $PBTLD,PROG Sentence header 

F1 x Total number of sentences 

F2 x Sentence number 

F2=1 F3 xxxx Destination memory: ERAM, ENMV, SFLH 

F4 x.x Address of page in destination memory (ASCII hex) 

F5 x.x Length of data (ASCII hex) 

F6 NULL field NULL field 

 

 

 

 

F21 

F3 x ASCII = A, Binary = B 

F4 x.x Address within page (ASCII hex) 

F5 x.x Length of data block within page 
If F3 is B, then the F5 field should be delimited by a 
'# 'character rather than a ',' character 

F6 x.x ASCIIized hex or binary data.   
If binary data, the data is required to conform with 
the Colony 2 Bus bit stuffing convention. 

 

 Remarks 

19. The PROG command represents the way in which a large file is broken down into a 
sequence of individual page writes, where a page is either 128 bytes or 256 bytes in 
length.  Each page of data requires the transmission of several sentences. 

20. The first sentence defines the memory to be programmed, the address within that 
memory and the length of data to transmitted. 

21. The remaining sentences break the page of data into sufficiently small packets that 
conform with the Colony 2 Bus messaging requirements. 

22. The data block may be sent using either ASCII or binary, although ASCII requires roughly 
double the transmission time. 

Examples 

~$PBTLD,PROG,7,1,SFLH,500000,100,*BE21 

~~$PBTLD,PROG,7,2,A,0,30,44657369676E65722031302E312E322E3120202020202020459C6616000000CFA15
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30601000100010000000000000000*ED58 

~~$PBTLD,PROG,7,3,A,30,30,000000000000000100FFFFFF030A0C16CC06890006017B00000009000000028400

0000DA000000035E01000004000000*30E4 

~~$PBTLD,PROG,7,4,A,60,30,04620100000400000005660100003064160006966516000401000087FDA56FCCF4

CF8739244992244992244992244992*6F23 

~~$PBTLD,PROG,7,5,A,90,30,244992244992244992244992244992244992244992244992244992244992244992

244992244992244992244992244992*1741 

~~$PBTLD,PROG,7,6,A,C0,30,244992244992244992244992244992244992244992244992244992244992244992

244992244992244992244992244992*EB7F 

~~$PBTLD,PROG,7,7,A,F0,10,24499224499224499224499224499224*9345 

~  
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13.2.9 READ Command 

Description 

This command is used to read the contents of a GPS receiver memory. 

~$PBTLD,READ,F1,F2,F3,F4*BLFT<CR><LF>~ 
~$PBTLD,READ,F1,F2,F3,F4*hhhh<CR><LF>~ 

Here hhhh refers to the 16-bit CRC, <CR> a carriage-return character, <LF> a line-feed 
character and 'BLFT' is the 'cheating CRC', which can be used if interacting with the 
bootloader using a terminal and no CRC calculating routine is available. 

Fields 

Number  Name Description 

F0 ~$PBTLD,READ Sentence header 

F1 XXXX Source memory:  
ERAM = external SRAM 
ENMV = SmartFusion Flash memory 
SFLH = Serial Flash  

F2 x.x Start address (ASCII hex) 

F3 x.x Length of read (ASCII hex) 

F4 X Output format 
A = ASCII 
B = Binary 
C = calculate CRC for the block only 

 

 Remarks 

23. This command is used to read the contents of a memory that can be programmed using 
the bootloader. 

24. When F3 is A or B, the output of the process is a sequence of commands that should be 
suitable to allow a programming operation to be performed later. 

25. If binary output has been selected, the Colony 2 bit-stuffing convention is used. 

26. The main use of this command is to validate an FPGA image before the programming of 
the FPGA is allowed to take place.  However, for that use-case, the F4 field can be set to 
'C'. 

Examples 

~$PBTLD,READ,ENVM,10000,25040,C*A6C3<CR><LF>~ 

~$PBTLD,READ,SFLH,500000,16669C,C*0419<CR><LF>~ 
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13.2.10 TEST Command 

Description 

This command is used to trigger the execution of self-test routines 

~$PBTLD,TEST*BLFT<CR><LF>~ 
~$PBTLD,TEST*hhhh<CR><LF>~ 

Here hhhh refers to the 16-bit CRC, <CR> a carriage-return character, <LF> a line-feed 
character and 'BLFT' is the 'cheating CRC', which can be used if interacting with the 
bootloader using a terminal and no CRC calculating routine is available. 

Fields 

Number  Name Description 

F0 ~$PBTLD,EXEC Sentence header 

 

 Remarks 

27. This command tells the GPS receiver bootloader to run self-test routines.  The current 
bootloader only supports two types of self-test.  One is a test of the internal and external 
SRAM devices.  The other is a verification that the CRCs of the firmware images match 
the values stored in the non-volatile serial flash. 

Examples 

~$PBTLD,TEST*BLFT<CR><LF>~ 
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13.2.11 Reprogramming the A3 FPGA 

The following procedure is used to reprogram the A3 FPGA. 

1. Use the 'gen3' utility to convert the FPGA '.dat' file into a sequence of sentences used to 

reprogram the FPGA.  This is done using by running one of the following two commands: 
gen3  -i GpsL1TopV2-1-2.dat -o AsciiGpsL1TopV2-1-2.out -a -t A3 

gen3  -i GpsL1TopV2-1-2.dat -o AsciiGpsL1TopV2-1-2.out -b -t A3 

where in this case, 'GpsL1TopV2-1-2.dat' is the input '.dat' file, 'AscciGpsL1TopV2-1-2.out' is 

the output file containing the sequences of sentences required to program the Namuru V3.2 

serial flash with the FPGA image, the '-a'  or '-b' option determines whether the output is 

entirely ASCII or binary, while the '-t A3' argument indicates that an A3 image is being 

generated.  The binary file is smaller and may be preferred if it is important to minimize the 

transmission time. 

2. Executing the above command will also generate several other files that are useful for the 

reprogramming process.  The first is 'WipeA3.out', the second is 'ReadA3.out' and the third is 

'FpgaMsg.out'.   These are placed into the same directory as the other output from the 

utility. 

3. After resetting the Namuru V3.2 GPS receiver, send the command: 
~$PBTLD,BOOT*BLFT<CR><LF>~ 

where <CR> is a carriage return and <LF> is a line feed.  This needs to be sent during the 

window of time that the bootloader is executing and has the effect of forcing the bootloader 

to remain in bootloader mode.  The bootloader will then acknowledge this command (unless 

acknowledgements have been disabled), after which the bootloader will remain active until 

terminated by the user.  Future versions of the bootloader may use a hardware line to 

achieve the same effect, although this option is not currently implemented. 

4. The user is then required to send the commands contained within the 'WipeA3.out' file.  This 

command causes the bootloader to clear sectors within the 64 Mb ST M25P64 serial flash 

memory where the FPGA image will be stored.  Clearing the serial flash sectors before 

sending the file allows the flash to be programmed as each page of data is received.  This is 

necessary because the operations to clear the serial flash memory sectors are slow, taking 

typically 1 second and up to a maximum of 3 seconds to complete a single 64 kB sector 

erase.  The bootloader will send an acknowledgement when the operation has completed. 
~$PBTLD,WIPE,SFLH,500000,16669C*A63B<CR><LF>~ 

An example of the WIPE command to clear the FPGA serial flash memory sectors is given 

above, where the 500000 parameter refers to the start address of the FPGA image within 

the serial flash and 16669C refers to the length of the block to be cleared. 

5. The next step is to send the commands required to program the serial flash with the data to 

be programmed into the A3 FPGA.  This represents approximately 1.4 MB of information, 

although once converted into the sentences required to perform the programming the size 

of the data that is actually transmitted will be further increased.   These commands are 

contained within '.out' file generated by the command in step 1. 

6. On completion of the transmission of the '.out' file, it is necessary to read the saved data in 

order to verify that the data stored in the serial flash matches the data transmitted to the 

unit.  The user should confirm that the 32-bit CRC values displayed at the end of step 5 and 

calculated by step 6 all match. 
~$PBTLD,READ,SFLH,500000,16669C,C*0419<CR><LF>~ 
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An example of the READ command is given above, where the 500000 parameter 

refers to the start address of the FPGA image within the serial flash, 16669C refers to the 

length of the file and C indicates that the command is only required to return the 32-bit CRC 

for the output. 

7. The final step is to send the command to actually perform the programming operation.  This 

command is contained within the 'FpgaMsg.out' file that is generated by 'gen3'.  The 

programming operation takes approximately 5 minutes.  The user should refrain from 

transmitting data to the receiver during this process.  During the programming operation, 

one of the LEDs on the board will light up indicating that a programming operation is in 

progress.  The unit will send an acknowledgement once the operation has completed. 

13.3 Reprogramming the GPS Firmware 
The procedure for programming the GPS firmware images is as follows: 

1. Use the 'gen3' utility to convert the Aquarius '.bin' file into a sequence of sentences used to 

reprogram the SmartFusion flash memories.  This is done using one of the following 

commands: 
gen3 -i Aquarius.bin -o Bin1SramAquarius.out -b -t FW -f 1 -s 

gen3 -i Aquarius.bin -o Bin2SramAquarius.out -b -t FW -f 2 -s 

gen3 -i Aquarius.bin -o Ascii1SramAquarius.out -a -t FW -f 1 -s 

gen3 -i Aquarius.bin -o Ascii2SramAquarius.out -a -t FW -f 2 -s 

where in this case, 'Aquarius.bin' is the input firmware binary image, 'Bin1SramAquarius.out' 

or 'Bin2SramAquarius.out' or 'Ascii1SramAquarius.out' or 'Ascii2SramAquarius.out' is the 

output file, the '-t FW' argument indicates that a firmware image is being generated, the '-f x' 

determines whether the image being generated is for slot 1 or slot 2, while the -s indicates 

that the external SRAM should be used to store a temporary copy of the firmware image 

prior to copying it to the SmartFusion flash memory.  

2. After resetting the Namuru V3.2 GPS receiver, send the command: 
~$PBTLD,BOOT*BLFT<CR><LF>~ 

where <CR> is a carriage return and <LF> is a line feed.  This needs to be sent during the 

window of time that the bootloader is executing and has the effect of forcing the bootloader 

to remain in bootloader mode.  The bootloader will then acknowledge this command (unless 

acknowledgements have been disabled), after which the bootloader will remain active until 

terminated by the user. Future versions of the bootloader may use a hardware line to 

achieve the same effect, although this option is not currently implemented. 

3. The next step is to send the commands required to program the SmartFusion flash.  This is 

less than 192 kB of data, although once converted into the sentences required to perform 

the programming the amount of data to be transmitted will be increased.  The sentences to 

be transmitted are in the output file generated in step 1.  Unlike the FPGA programming 

operation, the data is first placed into the external SRAM and when fully received by the 

receiver, will be copied from the SRAM into the SmartFusion flash memory.  As is the case 

for the FPGA programming, the LED is lit during the programming operation.  Several 

different bootloader commands are sent for this part of the process.  The first command is 

the CRCI command, which has the effect of clearing the 32-bit CRC.  This is followed by a 

sequence of PROG commands that are used to define the contents of a single page of data, 

where a SmartFusion flash page is 128 bytes and a serial flash page is 256 bytes.  Each set of 
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PROG commands defines the address of the particular page to be programmed.  On 

completion of transmission of the entire block of data, a CRCV command is used to transmit 

a CRC for the data block, which may be used by the user to confirm that the data was 

correctly received.  A CRCP command is used to store the CRC of the firmware image in the 

serial flash thereby allowing the self-test feature to verify that the firmware image is correct.  

The final step is to send a COPY command that causes the firmware image to be copied from 

SRAM to the SmartFusion flash memory.  

4. It is important to avoid sending serial port commands during the COPY operation as loss of 

serial port data during a programming operation has been observed. 

5. This procedure allows one of two firmware images to be programmed, where the slot to be 

programmed is determined by the -f parameter.  This feature allows two different versions 

of firmware to be loaded on the board, with the bootloader selecting one of those two for 

execution depending on how the user has configured the device using the CNFG command. 

6. On completion of the programming operation, the TEST command can be sent to confirm 

that the firmware image was programmed correctly. 
~$PBTLD,TEST*BLFT<CR><LF>~ 

Currently, the only tests supported by the self-test feature are tests on the internal and 

external SRAM memories 

7. Control can be passed from the bootloader to a particular firmware image by using the EXEC 

command, as shown below: 
~$PBTLD,EXEC,1*BLFT<CR><LF>~ 
~$PBTLD,EXEC,2*BLFT<CR><LF>~ 

where the first command transfers control to firmware image 1, while the second transfers 

control to firmware image 2.  This is useful to verify that the firmware programming exercise 

has been successful. 
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14 Conclusion and Future Work 
 

This document covered all the activities carried out during the development of GNSS receiver 

prototype for the Garada and Biarri space mission projects. The details provided in this document 

make it quite clear that the work package 5 was the largest because of several stages and kinds of 

development involved. The design, development and testing of this high-precision positioning and 

timing receiver involved several revisions of the hardware, digital logic and the firmware. 

The challenges in hardware were to add space-capability e.g. in terms of recovery during high 

radiation, to design a thermally and mechanically balanced receiver (for Colony-II in the case of 

Biarri) and high frequency high bandwidth RF to digital interface design (in the case of L5/E5a front-

end in GD1030 and GD1040 chips). One indication of the hardware complexity is that it took General 

Dynamics six revisions to get the Namuru V3.3 board noise down to an acceptable limit for space 

applications. 

The challenges in the signal processing digital logic and firmware development were not simple 

either. New implementation techniques were devised to cater to the very high platform dynamics of 

the proposed LEO spacecraft where the GNSS receiver will operate. Fast signal acquisition 

techniques were designed and implemented in digital logic and the firmware for the Galileo E1 

signals and a highly improved high dynamics signal tracking and measurement generation algorithms 

were implemented for the carrier-phase measurement and processing. Kalman filter and related 

algorithms were tuned appropriately to produce reliable and improved position estimates. 

It is worth to mention that the in-field firmware and FPGA logic upgrade feature in the Namuru V3.2 

will go a long way in defining a new benchmark for space-capable GNSS receivers and in the final 

setup, this upgrade will be On-The-Air over the satellite link. 

It should be noted that as part of this project UNSW team was involved in modifying the widely used 

open source GNSS post processing software, the RTKLib to  accommodate new and modernized 

GNSS signals like Galileo, GLONASS, GPS L5, QZSS and named the package as RTKLib Pro. In addition, 

the RTKLib Pro implemented innovative techniques to bring down the data handling and post 

processing time. 

Some of the multi-GNSS receiver features proposed as per the initial plan of this project, the GPS L5 

and Galileo E5a integration to the Namuru receiver are still under testing and debugging phase at 

the time of writing this document. As mentioned in the report, the reasons were partially the effort 

made for the Biarri project but mainly from delays due to the many Namuru V3.3 hardware 

revisions.  

The good side though is the successful integration of the Biarri platform into the final system, the 

development of four new Namuru platforms V3.1, V3.2, V3.3 and V3.4, the in-house development of 

three RF front-end ASICs BL2627, GD1030, GD1040 by General Dynamics, NZ. The development of 

tailored RF chips is a complex process and the unique ‘tuneable’ chips developed by the UNSW team 

will continue to have access to these chips for further developments. 

The triple-RF-channel platforms, Namuru V3.3 and V3.4 after successful testing, will be very strong 

research platforms because they offer the GNSS receiver designer to process wideband GPS L1/E1 
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signal plus any two of the other GNSS signals including L1/E1. Some of the envisaged 

applications where these platforms (with minimal interface modifications if required) will be useful 

are GNSS base station receivers, applications that require triple frequency carrier phase solutions, 

attitude determination etc.  

 The UNSW and General Dynamics Namuru GNSS receiver roadmap has planned interesting 

platforms such as a small form factor dual-frequency GD1040 based receiver for GNSS-Reflectometry 

applications. It should be noted that several upcoming GNSS related research projects by UNSW 

(some of which are in the proposal stage) will benefit from the Namuru 3.x platforms. 

As mentioned earlier in the report, the UNSW Namuru GPS receiver platforms Namuru V2.x series 

are widely used across the world for different kinds of research activities (listed at the end of this 

section). The flexibility of the Namuru platforms due to the usage of FPGA devices are being 

successfully utilised by several organisations and one example is DLR, Germany for their space-

related and sounding rocket projects. It is envisaged that the clients of Namuru V2.x will upgrade to 

the triple-frequency Namuru V3.3 and V3.4 receivers and the Namuru V3.x series will find new 

internal / Australian and International customers such as stratospheric scientific ballooning projects 

of UNSW ADFA, NavSAS GNSS receiver research groups in Torino, Italy and Hanoi, Vietnam and 

several other research initiatives by ESA.  

List of major customers for V2.x: 

1. University of Westminster (Research) 

2. UNSW (Research) 

3. DLR (Space) 

4. Wipro (Product development) 

5. Korea Institute of Standards & Science (Research) 

6. Tokyo Institute of Marine Science and Technology (Research)  

7. Hong Kong Polytech (Research)  

8. Ansaldo STS (Railway control systems)  

9. University of Barcelona (Research)  

10. ITT communications Systems (Product development)  

11. Bentch Computer Corp.. Taipei  

12. IMT/EPFL Neuchatel (Research)  

13. Universitat Politecnica de Catalunya (Research)  

14. Richcore Technologies USA  

15. GFZ, POTSDAM (Research)  

16. Wuhan University, China (Research)  

17. Tyco Flow Control (HK) Ltd, Hong Kong (Research)  

18. Xi'an Auttech Digital Technology Ltd, China (Research)  

19. DELFT University of Technology, Netherlands (Research)  

20. NTK International Corp., Japan (Product development)  

21. Honeywell Tech Solutions Lab (Product development)  

22. TNX Inc, CA, USA (Product development)  

23. Vanguard Exim Pte Ltd, Singapore (Product development)  

24. BDStar, China (Product development)  
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25. Shanghai Avionics Corporation (Product development)  

26. Dubai Electronics Industry Ltd (Product development)  

27. Ravenlake Ltd (Product development)   

28. INTERNEX.CO.LTD (Product development)  

29. Chung-Ang University (Research) 

 

Additional list of potential customers for V3.x : 

1. NASA (Space applications) 

2. DLR (Space applications) 

3. CubeSat50 customers (Space applications)  

4. Ansaldo (Railway safety control systems)  

5. Navicom Dynamics (Marine navigation)  

6. DSTO Australia (Space and Research)  

7. DTA New Zealand defence (Space and Research) 
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Chapter 1

Work package overview

This report describes work package 6 on Formation Flying Algorithms. Aim of this work pack-
age was to develop models, methods and algorithms for precise formation-flying positioning and
demonstrate the formation flying capabilities using the GNSS carrier phase based positioning and
attitude determination concepts. This implies adequately accounting for a wide range of error
sources in the dynamic environment, as well as capturing the noise characteristics in a stochastic
model. Our novel GNSS solution methods for integrated positioning and attitude determination
allow further improvements over the traditionally obtained solutions. The realization of real-time
kinematic satellite-formation geometry, independent of gravitational and non-conservative forces,
offers a significant increase in spacecraft autonomy and simplification of spacecraft operations.

The first step was the development of the functional and stochastic model (see Part II and
III) for GNSS-based relative positioning and attitude determination. Special attention was given
to linearization errors, the influence of large receiver clock offsets on relative positioning, velocity
estimation, the use of Doppler observations and application of the ionosphere-weighted model to
account for ionosphere errors in case of longer distances between the elements of a formation. Fur-
thermore, a receiver test procedure was designed and used to assess the receiver noise characteristics
of the GNSS receivers.

The actual algorithm development involved GNSS-based precise relative positioning of two (or
more) satellites in a formation, as well as GNSS-based attitude determination of the satellites,
see Part IV. Next, an analysis of the impact of configuration design was made, see Part V. The
implementation aspects are described in ? but are not included in this report. The current
implementation is a prototype software in Matlab, capable of processing GPS and Galileo multi-
frequency data. This report concludes with the experimental analysis in Part VI.

The following papers have been published in the frame of the GARADA project: Buist et al.
(2011f), Giorgi et al. (2011), Nadarajah et al. (2011b), Teunissen et al. (2011), Nadarajah et al.
(2012b), Nadarajah et al. (2012c), Nadarajah et al. (2013), Nadarajah and Teunissen (2013), Ver-
hagen and Teunissen (2013).
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Functional Model
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Chapter 1

Introduction

A functional model describes the relationship between the observations and the unknown parame-
ters. In this part we will develop a model for absolute positioning and velocity estimation plus a
multi-antenna model for integrated relative positioning, velocity estimation and attitude determi-
nation. An overview of formation flying missions and their applied functional models is given in
Chapter 2. In Chapter 3 the GNSS observations are described in general, Chapter 4 will describe
the relationship between range rate and Doppler shift. In Chapter 5 we will develop a multi-
antenna functional model for the Garada project, and Chapter 6 will derive ionosphere-fixed and
ionosphere-float models for multi-antenna configurations. The results of this part are summarized
in Chapter 7.
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Chapter 2

Formation flying missions

In the United States, Europe and Japan, there are or have been a number of missions requiring
relative positioning between elements of the mission and it is expected that this number will continue
to increase Buist et al. (2006)Buist et al. (2011c). We will start with an overview of the most
significant missions using the terms chaser and target. The target is the main satellite and, in
formation flying, the chaser is positioning itself relative to the target and, in case of rendezvous
the chaser is approaching the target. The very first mission to use GNSS (GPS) signals for relative
navigation in space was ETS-7 Kawano et al. (1999). Recent transport missions to the International
Space Station (ISS) utilizing a rendezvous by GPS were performed by the ATV of Europe, and the
Japanese HTV. The European PRISMA mission is demonstrating formation flying techniques in
space Gill et al. (2006). Delft University of Technology and the German space agency DLR showed
results using orbital data from the GRACE formation where mm level accuracy (1-dimensional)
for relative positioning was obtained Kroes (2006).

If satellites have a number of antennas in a typical configuration GNSS can be used to determine
the attitude besides the relative position. In general three antennas are required, and four antennas
are common, for platforms using GNSS for full attitude determination Buist et al. (2003). A number
of missions, applying GNSS for relative positioning between elements, have more than one antenna
on the individual satellites. For the ETS-7 mission, the chaser satellite had two antennas and
the target satellite one, and therefore this configuration of three antennas made a two baseline
system Ishijima et al. (2000). The ATV has two redundant receivers but they are not used at the
same time Narmada (2005), therefore only one antenna is used for relative positioning Marcille
et al. (1997). The space station has a number of receivers Saunders and Barton (1995)Surrey
(2001)Svehla et al. (2009) with one of them being applied for attitude determination Gomez and
Lammers (2004). The HTV has three redundant ”Space Integrated GPS/INS” (SIGI) units and
the Japanese Experiment Module on the ISS has another two of these units, with each SIGI having
its own antenna Tsukui et al. (2003). Other examples of missions with multiple antennas at some
of their elements are Terrasar-X (TR-X) / TanDEM-X (TD-X) Montenbruck et al. (2007), and
FFAST Mitani et al. (2011). On the TR-X/TD-X mission two receivers are used on each satellite,
with one receiver connected to two antennas. For FFAST, GPS will also be applied for attitude
determination of the detector spacecraft and therefore this satellite will have three antennas. The
PRISMA mission has two antennas at opposite sides of each spacecraft. During the flight the
spacecraft selects automatically the antenna to be used Ardaens et al. (2010). The number of
antennas on the elements of these missions are summarized in Table. 2.1.

Note that from the discussed missions only the Terrasar-X/TanDEM-X is a SAR mission. We
will discuss next the functional models applied in some of the discussed missions.
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Mission Number of Antennas at
Target Chaser

ETS7 1 2
GRACE 1 1
ATV > 4 1
HTV > 4 3
PRISMA 1 1
TR-X/TD-X 3 3
FFAST 3 1

Table 2.1: Number of Antennas on the Individual Elements of Missions utilizing GNSS-based
Relative Positioning

2.1 ETS-7

JAXA (formerly NASDA) has been developing rendezvous and docking techniques since the 90s,
especially targeting this technology to utilize it for docking the H2A Transfer Vehicle (HTV) with
the space station. The ETS-7 experiment -a demonstration mission for relative positioning in the
space environment- used 4 space qualified L1 GPS receivers (2 redundant receivers on each sub-
satellite) developed by Toshiba. The original goal of the experiment was to use the GPS receiver
until the two sub-satellites arrived at a relative distance of 500 meter. The conservative requirement
for relative position and velocity was 21 m and 5 cm/s respectively. Because of the relative small
distance between the satellites, the difference in ionospheric delay on the observations at the two
sub-satellites were negligible. The original implementation used for the onboard relative navigation
experiment estimated a 8-element state vector with an Extended Kalman Filter (EKF) (3 elements
relative position, 3 elements relative velocity, difference of clock bias and clock drift between the
GPS receiver of the chaser and target satellite).

In the second part of the experiment Kawano et al. (2000), a carrier phase based relative
navigational experiment was performed in which the carrier phase ambiguities estimations were
added to the state vector, and therefore the state vector dimension became 14 Kawano et al. (2000)
(8 original states plus 6 carrier phase ambiguities for the 6 channel GPS receivers). The float
ambiguities were calculated from the residual of the single difference carrier phase.

Besides GPS also data from the accelerometer was used for state propagation, and this made it
possible to keep the relative errors small even when the thrusters were used to correct the approach
of the chaser satellite. The state vector was updated every 10 seconds. An interpolation model was
used to calculate the observations from the 2 subsatellites at the same epoch as the receivers were
not time-synchronized.

2.2 GRACE

The Gravity Recovery and Climate Experiment (GRACE) mission from NASA/DLR, consists of
two identical formation flying spacecraft in a near polar, near circular orbit with an initial altitude
of approximately 500 km Kroes (2006).

The spacecraft have a nominal separation of 220 km. The primary mission objective is to mea-
sure the time varying changes in the Earth’s gravity field, which is accomplished by the mission’s
key instruments: the Ka-Band Ranging System (KBR) and the accelerometers. The GPS receiver,
based on the Blackjack developed by JPL, is not used for real time relative navigation by the

18

V01_00 Annex 6. Formation Flying Algorithms 
           for Multi-Satellite Missions

30th June 2013



satellites. Research at Delft University of Technology and DLR has proved that -using orbital data
from the GRACE formation- mm level of accuracy is achievable for GNSS-based relative navigation
between spacecraft in post-processing. The strategy processes differential GPS pseudorange and
carrier phase observations and uses (pseudo) relative spacecraft dynamics to propagate the rela-
tive satellite state over the observation epochs. It can resolve and incorporate the integer double
difference carrier phase ambiguities.

There are a number of differences between the work described in Kroes (2006) and the ap-
proaches developed for real-time, rendezvous missions (i.e. ETS-7). The major differences are
the use of dual frequency observations, processing of the measurements in forward and backward
direction, smoothing of the relative position estimates, the actual estimation of the ambiguities,
the propagation model for the state vector describing the relative position, the much extended
state vector including states for the ionospheric delay, and the 5-dimensional vector of relative
force model parameters. This last vector contains the relative drag and solar radiation pressure
coefficient as well as the relative empirical accelerations. Furthermore note that different from the
real-time rendezvous approaches, the relative clock drift is not modeled in Kroes (2006), but only
the clock bias. The processing strategy applied a state dimension of 42 (=12+3n with for n the
maximum number of 10 channels of the GPS receiver, but the actual number depending on the
outcome of the quality control algorithm Kroes (2006)).

The GRACE data was also applied in Bertiger et al. (2002)Wu and Bar-Sever (2006), which
applied a similar EKF approach using a reference and differential orbit and the LAMBDA method
for ambiguity fixing. Jäggi et al. (2007) compared the results from Kroes with solutions based on
the Bernese software.

2.3 PRISMA

PRISMA is a Swedish mission and provides a demonstration for critical technologies related to
formation flying and In-Orbit-Servicing (rendezvous) Persson et al. (2009). The PRISMA test
bed comprises a fully maneuverable micro-satellite as well as a smaller sub-satellite, similar to the
chaser and target sub-satellites used for the ETS-7 mission. Within PRISMA, the German DLR
has assumed responsibility for providing a GPS-based onboard navigation system offering absolute
and relative orbit information in real-time. An intersatellite link is applied to transmit GPS and
telemetry data from the sub-satellite to the micro-satellite and to relay telecommands through
the micro-satellite to the sub-satellite. For relative navigation, a double-difference carrier phase
difference between the chaser and target satellite is applied Gill et al. (2006).

As was shown in Buist et al. (2011e), differencing across receivers reduces broadcast ephemeris
and ionospheric errors, the differencing across GNSS satellites explicitly eliminates the user clock
error. The onboard processing strategy estimates the spacecraft position and velocity components,
the empirical accelerations, clock errors and biases along with carrier phase ambiguities as float
values and the differential ionospheric path delay. Even though the differential ionospheric effects
are commonly considered to be small for formations of less than 10 km separation, they may still
produce effects when dealing with high accuracy carrier phase measurements Montenbruck et al.
(2011). To account at least partly for such effects, DLR makes use of a simplified ionospheric
path delay model, which describes the differential path delay based on Lear (1987). This Lear
mapping function has been specifically designed for spaceborne applications and takes into account
that the ionospheric electron density maximum is at or below the orbital altitude of common LEO
spacecraft. So instead of estimating a differential delay for each GPS satellite, a single vertical delay
I0 is estimated in the relative navigation process. The work on ionospheric path delay models for
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spaceborne GPS receivers flying in formation with large baselines is recently extended in Tancredi
et al. (2011).

The relative empirical accelerations in radial, along-track and cross-track direction are used to
capture any discrepancies or mismodeling of the relative spacecraft dynamics.

The mission was launched in June 2010 into a sun-synchronous 700 km orbit. An intersatellite
S-band link transmits telecommand, GPS and telemetry data. Due to computational limitations of
the onboard processor a time and measurement update step requires 10 seconds of computational
time, if no other computations are taking place. Therefore new observations are only processed
every 30 seconds.

2.4 TR-X/TD-X

The TanDEM-X mission is the first SAR mission using close formation flying. It is a mission
both from DLR and German Research Centre for Geosciences (GFZ). The TanDEM-X (TD-X)
spacecraft was launched on the 21st of June 2010 to complement the existing TerraSAR-X (TR-X).
The two almost identical satellites are in an helix orbit with an altitude of 515 km and an 11
days revisiting period Krieger et al. (2007)Krieger et al. (2010). An helix orbit combines a radial
separation at the poles with a lateral separation at the equator. The satellites have an intersatellite
distance of about 250 meter.

For real-time relative navigation the MosaicGNSS single-frequency receivers are used (see also
Buist et al. (2011a)) with accuracies (RMS errors) of 30 m and 4 m for along-track and cross
track respectively. Precise orbit determination and baseline estimation are based on the IGOR
dual frequency receivers which are the commercial version of the Blackjack receivers used onboard
GRACE. The receiver has 16 channels for L1 C/A and semi-codeless L2 tracking of which 12 can
be used for navigation, the other 4 are reserved for radio occultation observations.

For this missions baselines are generated by DLR using the same approach as applied for the
GRACE mission Montenbruck et al. (2011)Montenbruck et al. (2010). Independently GFZ is also
generating baselines using the BERNESE software Moon et al. (2008).
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Chapter 3

GNSS Observations

3.1 Observation equations

The Namuru receiver -which will be applied in the Garada project- can provide code (i.e. pseudo
range), carrier phase and Doppler observations for each tracked satellite at the L1 and L5 fre-
quencies for GPS and at the E1 and E5 frequencies for Galileo. A carrier phase measurement
is the difference between the received GNSS satellite’s carrier phase φs and the locally generated
carrier phase φr of the internal oscillator of the GNSS receiver. Subtracting measurements from
two receivers/antennas will give a range difference and a fraction of carrier phase cycle, which is
the precise observable exploited for GNSS-based relative positioning and attitude determination.

A code, phase and Doppler observation can be expressed by the equations (3.1), (3.2) and (3.3)Te-
unissen and Kleusberg (1998)Leick (2003).

P sr,f (t) = ρsP,r,f (t, t− τ sr ) + Isr,f + T sr + c [ζr(t)− ζs(t− τ sr )] +

+ c
[
dr,f (t) + dsf (t− τ sr )

]
+ εsr,f (3.1)

Φs
r,f (t) = ρsΦ,r,f (t, t− τ sr )− Isr,f + T sr + c [ζr(t)− ζs(t− τ sr )] +

+ c
[
δr,f (t) + δsf (t− τ sr )

]
+ λf [φr,f (t0)− φsf (t0)] + λfz

s
r,f + εsr,f (3.2)

Ds
r(t) = ρ̇sΦ,r,f (t, t− τ sr )− İsr,f + Ṫ sr + c

[
ζ̇r(t)− ζ̇s(t− τ sr )

]
+ ε̇sr,f (3.3)

where (..)sr,f means between receiver r and satellite s on frequency f .
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P sr,f Code observation

t Time of observation in GNSS system time
ρsP,r,f the geometric distance between r at time t and s at time t− τ sr
ρsΦ,r,f the geometric distance between r at time t and s at time t− τ sr
τ sr The signal traveling time
T sr Tropospheric error
Isr,f Ionospheric error at f

ζr Clock error of r
ζs Clock error of s
dsf Instrumental code delay for s on f

dr,f Instrumental code delay for r on f
ε Residual unmodelled error terms for the code observations
Φs
r,f Carrier phase observation

φr,f (t0) Initial phase at frequency f in r

φsf (t0) Initial phase of carrier phase L = f
c in s

δsf Instrumental phase delay for s on L

δr,j Instrumental phase delay for r on L
zsr,f Number of complete carrier phase cycles

ε Residual unmodelled error terms on the carrier phase observations
Ds
r,f Doppler observations

The relationship between the time of observation t, the receiver time tr and the clock error of
the receiver ζr is

t = tr(t)− ζr(t) (3.4)

and between the time of transmission t− τ sr , the satellite time ts and the clock error of the satellite
ζs is

t− τ sr = ts(t)− τ sr − ζs(t) (3.5)

The notation ˙(..) indicates the time derivatives of quantity (..), and the considered quantities are
geometric distance ρsr, ionospheric Isr,f and tropospheric T sr errors, the receiver ζr and satellite clock
ζs error, and residual error ε.
The Doppler observation is normally generated from carrier phase observations, therefore the last
term of Eq. (3.3), the unmodelled error term ε̇sr,f , is the derivative of the error εsr,f in Eq. (3.2).
The Doppler observation is -in general- not an independent observation and correlated with carrier
(or code). How much it is correlated will dependent on the GNSS receiver’s implementation. This
will be discussed more in section 4.1.
The term

[
δ̇r,f (t) + δ̇sf (t− τ sr,f )

]
is neglected as the variation of these biases -even over longer time

periods- are known to be small (Lightsey, 1997).

The equations (3.1)-(3.3) are linear in the GNSS satellite clock error, hardware and atmospheric
delays and the ambiguities, but non-linear in the GNSS satellite’s and user’s positions and in the
receiver clock bias and drift error as these are part of the geometric range Tiberius (1998). Eq.
(3.3) is also linear in the GNSS satellite’s and user’s velocities.
The distance ρ between the satellite s and the receiver r can be described as a sum of different
factors for the pseudorange observation in Eq. (3.1):

ρsP,r,f (t, t− τ sr ) = ‖rs(t− τ sr ) + drsf (t− τ sr )− rr(t)− drr,f (t)‖ (3.6)
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where r represents the position vector of the satellite/receiver (center of mass) in an Earth Centered
Inertial (ECI) frame, and dr describes the eccentricity vector between the center of mass and the
antenna. Since the phase observations are related to different eccentricities than the ones relative
to the pseudorange measurements as the effective antenna centers are different (e.g. in general the
phase centers of antennas for code and carrier phase observation differ), the geometrical distance
is written for the carrier phase observation in Eq. (3.2) as

ρsΦ,r,f (t, t− τ sr ) = ‖rs(t− τ sr ) + δrsf (t− τ sr )− rr(t)− δrr,f (t)‖ (3.7)

And, as indicated in the equations, these phase centers also dependent on the frequency of the
observation. We assume that the eccentricities drf for code and δrf for carrier phase of the
different frequencies to be either known -and therefore the code and carrier observations can be
corrected- or negligibly small. Therefore we can replace ρsP,r,f and ρsΦ,r,f with ρsr.
For the equations (3.1) till (3.3) the receiver and GNSS satellite positions and clock errors as well
as the tropospheric delay effect are independent of the signal frequency. All other terms, including
the eccentricity vectors as the effective antenna centers also differ for frequencies, will in general be
different for different signal frequencies.

Equations (3.1) and (3.2) need to be linearized, which is normally done using the 2-order Taylor
expansion of a initial point xo Teunissen (1990a):

f(x) = f(xo) +5f(xo)
T (x− xo) +

1

2
(x− xo)

THf (xo)(x− xo) +R2(x− xo) (3.8)

where 5f(xo) = ∂xf =
[
∂f
∂x1

, . . . , ∂f∂xn

]T
is the gradient, Hf (xo) the Hessian matrix of the function

f and R2(x − xo) is the 2nd order remainder of the Taylor expansion. The geometrical distance
between the satellite s and the receiver r (Eq.(3.6)) is

ρsr(t, t− τ sr ) = ‖rs(t− τ sr )− rr(t)‖ (3.9)

where we left out the eccentricities. (Leick, 2003) shows that this equation can be written in Earth
Centred Earth Fixed (ECEF) coordinates as:

ρsr(t, t− τ sr ) = ‖R(t− τ sr )rs(t− τ sr )ECEF −R(t)rr(t)ECEF ‖ (3.10)

where R is a rotation matrix from ECEF to ECI frame. Applying the Taylor expansion to this
expression gives (we will limit the expansion to the first order approximation):

ρsr = ‖rso − rr,o‖ − us
r(r

s − rso) + us
r(rr − rr,o) + ρ̇sr,f (ζr − ζr,o) (3.11)

where us
r is the unit vector containing the line-of-sight coordinates:

us
r =


xs−xr√

(xs−xr)2+(ys−yr)2+(zs−zr)2

ys−yr√
(xs−xr)2+(ys−yr)2+(zs−zr)2

zs−zr√
(xs−xr)2+(ys−yr)2+(zs−zr)2


T

=
[

rs−rr
‖rs−rr‖

]T
(3.12)

and rr,o, rso are the initial approximate values for the user and GNSS satellite positions.
We can rewrite Eq. (3.11) in terms of increments 4rs = rs−rso, 4rr = rr−rr,o and 4ζr = ζr−ζr,o:

4ρsr = ρsr − ‖rso − rr,o‖ ≈ − usr4rs + usr4rr + ρ̇sr,f4ζr (3.13)

23

V01_00 Annex 6. Formation Flying Algorithms 
           for Multi-Satellite Missions

30th June 2013



Now, we can write the model equations as a sum of increments from an initial estimation of the
unknown parameters.

The linearized code and carrier phase observations equations are Teunissen and Kleusberg (1998):

4P sr,f (t) =
∂ρsr(t, t− τ sr )

∂rs

∣∣∣
0
4rs +

∂ρsr(t, t− τ sr )

∂rr

∣∣∣
0
4rr +

∂ρsr(t, t− τ sr )

∂ζr(t)

∣∣∣
0
4ζr(t) +4Isr,f +4T sr+

+ c [4ζr(t)−4ζs(t− τ sr )] + c
[
4dr,f (t) +4dsf (t− τ sr )

]
+ εsr,f (3.14)

4Φs
r,f (t) =

∂ρsr(t, t− τ sr )

∂rs

∣∣∣
0
4rs +

∂ρsr(t, t− τ sr )

∂rr

∣∣∣
0
4rr +

∂ρsr(t, t− τ sr )

∂ζr(t)

∣∣∣
0
4ζr(t)−4Isr,f +4T sr+

+ c [4ζr(t)−4ζs(t− τ sr )] + c
[
4δr,f (t) +4δsf (t− τ sr )

]
+

+ λf [φr,f (t0)− φsf (t0)] + λfz
s
r,f + εsr,f (3.15)

In these equations ∂
∂x

∣∣∣
0
4x indicates that apriori approximate values of parameter x0 are -in

general- not available or of low quality, therefore the least-squares adjustment needs to be iterated
and the linearized observation equation for the observable for the current iteration step is based on
values of the parameters from the previous iteration step. 4 are the parameter increments.
Note that we are not linearizing the Doppler equation Eq. (3.3) itself, instead we obtain the time
derivative of the linearized geometrical distance as applied in the range equations Eq. (3.14) and
(3.15).

4Ds
r(t) =

∂

∂t

(
∂ρsr(t, t− τ sr )

∂rs

∣∣∣
0
4rs

)
+
∂

∂t

(
∂ρsr(t, t− τ sr )

∂rr

∣∣∣
0
4rr

)
+
∂

∂t

(
∂ρsr(t, t− τ sr )

∂ζr(t)

∣∣∣
0
4ζr(t)

)
+

−4İsr,f +4Ṫ sr + c
[
4ζ̇r(t)−4ζ̇s(t− τ sr )

]
+ ε̇sr,f (3.16)

Before we continue to linearize the Doppler equation, we first will have a closer look at this obser-
vation in the next chapter.

3.2 Phase Wind-up Effect

The phase wind-up effect is described in Leick (2003), Kim et al. (2005) and Le and Tiberius
(2006). A model to analyze the phase wind up effect for space applications is shown in Psiaki and
Mohiuddin (2007). The phase wind-up effect occurs in carrier phase measurements due to changes
in the relative orientation between the transmitting and the receiving antenna.
For static receivers, the phase wind-up error is only caused by rotation of the GNSS satellites and
the slow motion of the Earth and thus relatively small and slowly varying, and relative simple to
correct in post-processing as long as the GNSS satellite do not make maneuvers.
However, with a kinematic receiver, the phase wind-up effect is added largely by the motion of
the receiver. According to Psiaki and Mohiuddin (2007), it is the difference in attitude between
two antennas (transmit and receive) at a large distance the reason why phase wind up effects for
spacecraft application are not negligible, as this effect may grow to be significant. If this happens,
the attitude knowledge must be used to compensate for this term; otherwise it may not be possible
to estimate the integer ambiguities. One full turn is equivalent to one cycle, hence about two
decimeters in range for the L-band signals of GNSS. In general, the phase wind-up effect at the
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GNSS satellite side can be corrected knowing the satellite’s body frame. For the effect at the receiver
side, it involves attitude knowledge of the antenna which makes it rather difficult to estimate and
correct, especially in real time.
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Chapter 4

Range rate and Doppler shift

Before we continue to derive the functional model, we first will have a closer look at the Doppler
equation as it is generally not included in functional models for precise relative positioning for static
applications as described in Teunissen and Kleusberg (1998).

The received (Doppler shifted) frequency can be written as (Wells, 1974)(Vanicek and Kraki-
wsky, 1986)(Seeber, 2003):

fr = ff

1−
[

(ṙs(t−τsr )−ṙr(t))T
c usr

]
√

1− ‖ṙ
s(t−τsr )−ṙr(t)‖2

c2

 (4.1)

where ṙs(t − τ sr ) and ṙr(t) are the GNSS satellite s and user r velocity vectors, c is the speed of
light, ff is the carrier frequency and us

r is the unit vector containing the line-of-sight coordinates.

The inverse of the denominator term can be expanded using a binomial series:

1√
1− ‖ṙ

s(t−τsr )−ṙr(t)‖2
c2

= 1 +
‖ṙs(t− τ sr )− ṙr(t)‖2

2c2
+

+
3‖ṙs(t− τ sr )− ṙr(t)‖4

8c2
+ . . .

(4.2)

The relative motion between a GNSS satellite and user results in a Doppler shift. In general,
when the higher order terms in Eq. (4.2) are ignored, this Doppler shift can be expressed as:

fd = −(fr − ff ) =

[
(ṙs(t− τ sr )− ṙr(t))

T

c
usr

]
ff (4.3)

4.1 Doppler observations

The Doppler shift is estimated by a GNSS receiver in both the signal acquisition and tracking pro-
cesses. In the acquisition process the receiver searches bins of Doppler frequency and code phase
shifts. For a spaceborne application, the Doppler ranges is much wider than for the terrestrial ap-
plication and therefore the signal acquisition in space might take considerable longer than on Earth.
The acquisition process might consists of coarse and fine searching which differ in frequency steps.
During the acquisition the accuracy of the Doppler estimate depends on the size of the Doppler bin.

Different from the pseudo range and carrier phase observations which provide position information
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along the line-of-sight vector to the GNSS satellite, the Doppler observation provides information
perpendicular to this line-of-sight vector Jorgensen (1980). In other words it provides information
along the direction of the component of the relative velocity that is perpendicular to the line-of-
sight vector.
Another property that makes it interesting to use Doppler in combination with range observations
is that it is less sensitive to jamming and multipath Bahrami (2009).

The two most common approaches to obtain Doppler observations after acquisition are:
1 Doppler estimation as provided by a tracking loop
2 Differencing of carrier phase observations

For all different approaches applied in GNSS receivers to obtain the Doppler observation, the
same drawback exists that the observation is not independent and always correlated with the code
or carrier phase observations.

4.1.1 Byproduct of tracking loop

For this approach (Kubo and Pullen, 2008) provides the following typical accuracies, categorized
by the tracking loop that is applied to obtain the observation:
1 Delta pseudo ranges obtained from a Code Lock Loop (≈ 1.0 m)
2 Doppler measurements obtained from a Frequency Lock Loop (≈ 0.1 m)
3 Delta carrier phases obtained from a Phase Lock Loop (≈ 0.01 m)

4.1.2 Differencing of carrier phase observations

This observation is called delta range when the carrier phase is integrated over a short time in-
terval, and divided by the integration period (Braasch and van Dierendonck, 1999). To be more
precise the approach takes the difference of two carrier phase observations collected at two different
epochs separated by an interval over which the carrier phase is integrated. The first carrier phase
observations is collected at t−∆t and the second at t, where t is the observation epoch of the code
and carrier observations and t−∆t is a short time before this epoch, typically 0.1 or 0.05 seconds.
The delta range observation is Φsr(t)−Φsr(t−∆t)

∆t . So the carrier phase is integrated from t−∆t till t.
In general this observation’s accuracy will improve if the integration time is longer, however with
longer integration times, the estimate will not completely capture the current dynamics.

4.2 Modeling of the derivative of the topocentric distance with
respect to time

In this section we will develop a model for the derivative of the topocentric distance with respect
to time for users traveling with non-negligible velocity. The model will make use of parameters in
ECEF (WGS84) frame, as induced in the Galileo ICD EU (2010), for straightforward implementa-
tion. More information on the derivation for terrestrial applications can be found in Jin (1995)de
Jonge (1998). We will make use of the time of transmission t− τ sr , as a function of ρsr(t, t− τ sr ):

t− τ sr = t− ρsr(t, t− τ sr )

c
(4.4)
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The distance between satellite s and receiver r is:

ρsr(t, t− τ sr ) = ‖rs(t− τ sr )− rr(t)‖ =
√
〈rs(t− τ sr )− rr(t), rs(t− τ sr )− rr(t− τ sr )〉 (4.5)

For the time derivative of the topocentric distance we can write in ECI frame:

ρ̇sr(t, t− τ sr ) =
1

ρsr(t, t− τ sr )

〈
∂(rs(t− τ sr )ECI − rr(t)ECI)

∂t
, rs(t− τ sr )ECI − rr(t)ECI

〉
(4.6)

In ECI frame, the time derivative of rr(t) is of course non-zero even for stationary receivers. The
general formula for the time derivative of satellite position is:

∂rs(t− τ sr )ECI
∂t

=
∂rs(t− τ sr )ECI
∂(t− τ sr )

∂(t− τ sr )

∂t

= ṙs(t− τ sr )ECI
∂(t− ρsr(t,t−τsr )

c )

∂t
= ṙs(t− τ sr )ECI(1−

ρ̇sr(t, t− τ sr )

c
)

(4.7)

We will coin the difference between satellite and user position A0:

A0 = rs(t− τ sr )ECI − rr(t)ECI = R(t− τ sr )rs(t− τ sr )ECEF −R(t)rr(t)ECEF (4.8)

Next we will write the satellite’s and the user’s velocity in ECEF frame as:

A1 = ṙs(t− τ sr )ECI = R(t− τ sr )ṙs(t− τ sr )ECEF + Ṙ(t− τ sr )rs(t− τ sr )ECEF (4.9)

A2 = ṙr(t)ECI = R(t)ṙr(t)ECEF + Ṙ(t)rr(t)ECEF (4.10)

Hence for the time derivative of the topocentric distance described by Eq. (4.6), we can write in
both ECI and ECEF frame:

ρ̇sr(t, t− τ sr ) =
〈A1−A2, A0〉

ρsr(t, t− τ sr ) +
〈
A1
c , A0

〉 (4.11)

In the model described in de Jonge (1998) the derivation of the satellite time is simplified from Eq.
(4.7) to

∂rs(t− τ sr )ECI
∂t

= ṙs(t− τ sr )ECI (4.12)

Furthermore the receiver is assumed to be stationary in ECEF frame, which is valid for station-
ary users, thus ṙr(t)ECEF = 0.
Hence for the time derivative of the topocentric distance we can write in ECEF frame, ignoring the
effect of the difference between the time at the GNSS satellite and the user:

ρ̇sr(t, t− τ sr,f ) =
1

ρsr(t, t− τ sr,f )
〈A1−A2, A0〉 (4.13)

And for a static user we obtain the model as described in de Jonge (1998), hence for the time
derivative of the topocentric we can write in ECEF frame:

ρ̇sr(t, t− τ sr,f ) =
1

ρsr(t, t− τ sr,f )

〈
A1− Ṙ(t)rr(t)ECEF , A0

〉
(4.14)
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Chapter 5

Functional Model

5.1 Undifferenced equations

The equations 3.14 till 3.16 can be rewritten, after analyzing the derivatives, to:

4P sr,f (t) = usr4rs − usr4rr − ρ̇sr(t, t− τ sr )4ζr(t) +4Isr,f +4T sr+

+ c [4ζr(t)−4ζs(t− τ sr )] + c
[
4dr,f (t) +4dsf (t− τ sr )

]
+ εsr,f (5.1)

4Φs
r,f (t) = usr4rs − usr4rr − ρ̇sr(t, t− τ sr )4ζr(t)−4Isr,f +4T sr+

+ c [4ζr(t)−4ζs(t− τ sr )] + c
[
4δr,f (t) +4δsf (t− τ sr )

]
+

+ λf [φr,f (t0)− φsf (t0)] + λfz
s
r,f + εsr,f (5.2)

4Ds
r(t) = usr4ṙs + u̇sr4rs − usr4ṙr − u̇sr4rr − ρ̇sr(t, t− τ sr,f )4ζ̇r(t)−4İsr,f +4Ṫ sr+

+ c
[
4ζ̇r(t)−4ζ̇s(t− τ sr )

]
+ ε̇sr,f (5.3)

5.2 Single difference equations

Since later on we will deal with relative positioning between receivers, we can simplify our obser-
vation equations by eliminating explicitly the common error terms φsf (t0) and ξs. Differencing of
observations has its origin in interferometry Counselman et al. (1972). The differences in geomet-
rical distance 4ρsr,f as described by Eq. (3.13) between receivers 1 and 2 are:

(−4ρsr1)− (−4ρsr2) =
(
usr14rr1 − usr14rs

)
−
(
usr24rr2 − usr24rs

)
(5.4)

Adding and subtracting the term usr24rr1 to this expression and applying rr12 = rr2 − rr1 and
usr12

= usr2 − usr1 leads to:

(−4ρsr1)− (−4ρsr2) = −usr24rr12 − usr12
4rr1 + usr12

4rs (5.5)
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The term usr12
4rs can be demonstrated to be small due to the large distance between user receivers

and GNSS satellite (see Teunissen and Kleusberg (1998)):

|usr12
4rs| ≤

{
‖rr12‖
‖rsr2‖

}
‖4rs‖ (5.6)

The same can be said about the receiver positioning error:

|usr12
4rr1 | ≤

{
‖rr12‖
‖rsr2‖

}
‖4rr1‖ (5.7)

Therefore the baseline increment can be written as

4ρsr12
= − usr24rr12 (5.8)

This means that it is sufficient to take one of the two antennas as a reference to calculate the
line-of-sight vectors, even for distances of dozens of kilometers.

The linearized code, phase and Doppler SD observation became after differencing between the
two receivers:

4P sr12,f (t) = − usr24rr12 − ρ̇sr1(t, t− τ sr )4ζr1(t) + ρ̇sr2(t, t− τ sr )4ζr2(t)+

+4Isr12,f +4T sr12
+ c4ζr12(t) + c4dr12,f + εsr12,f (5.9)

4Φs
r12,f (t) = − usr24rr12 − ρ̇sr1(t, t− τ sr )4ζr1(t) + ρ̇sr2(t, t− τ sr )4ζr2(t)+

−4Isr12,f +4T sr12
+ c4ζr12(t) + cδr12,f (t) + λfφr12,f (t0) + λfz

s
r12,f + εsr12,f (5.10)

4Ds
r12

(t) = − usr24ṙr12 − u̇sr24rr12 − ρ̇sr1(t, t− τ sr )4ζ̇r1(t) + ρ̇sr2(t, t− τ sr )4ζ̇r2(t)+

−4İsr12,f +4Ṫ sr12
+ c4ζ̇r12(t) + ε̇sr12,f (5.11)

5.3 Double difference equations

For double differencing between GNSS systems two major approaches exist:
1) Combining the systems where only DD between the satellites of the same system are used (Ver-
hagen and Joosten, 2003)
2) The cross-coupling approach where the DD between satellites of different systems are also in-
cluded (Julien et al., 2003, 2004)
In the Garada project we apply the first approach, hence we will only difference between GNSS
satellites from the same system.
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The general expressions for the DD are:

4P s12
r12,f

(t) = − us12
r2 4rr12 − [ρ̇s1r1(t, t− τ sr )− ρ̇s2r1(t, t− τ sr )]4ζr1(t)+

+ [ρ̇s1r2(t, t− τ sr )− ρ̇s2r2(t, t− τ sr )]4ζr2(t) +4Is12
r12,f

+4T s12
r12

+ εs12
r12,f

(5.12)

4Φs12
r12,f

(t) = − us12
r2 4rr12 − [ρ̇s1r1(t, t− τ sr )− ρ̇s2r1(t, t− τ sr )]4ζr1(t)+

+ [ρ̇s1r2(t, t− τ sr )− ρ̇s2r2(t, t− τ sr )]4ζr2(t)−4Is12
r12,f

+4T s12
r12

+

+ λfz
s12
r12,f

+ εs12
r12,f

(5.13)

4Ds12
r12

(t) = − us12
r2 4ṙr12 − u̇s12

r2 4rr12 − [ρ̇s1r1(t, t− τ sr )− ρ̇s2r1(t, t− τ sr )]4ζ̇r1(t)+

+ [ρ̇s1r2(t, t− τ sr )− ρ̇s2r2(t, t− τ sr )]4ζ̇r2(t)−4İs12
r12,f

+4Ṫ s12
r12

+ ε̇sr12,f (5.14)

Normally from absolute positioning, the receiver clock error and receiver position, velocity
(necessary to estimate ρ̇sr) for each individual receiver is available. If so then we can use the
approach described in Buist et al. (2010) to correct the observation model of Eq. (2.7)-(5.13):

4P s12
r12,f

(t) + ρ̇s12
r1 (t, t− τ sr )4ζr1(t)− ρ̇s12

r2 (t, t− τ sr )4ζr2(t) = − us12
r2 4rr12 +4Is12

r12,f
+4T s12

r12
+

+ εs12
r12,f

(5.15)

4Φs12
r12,f

(t) + ρ̇s12
r1 (t, t− τ sr )4ζr1(t)− ρ̇s12

r2 (t, t− τ sr )4ζr2(t) = − us12
r2 4rr12 −4I

s12
r12,f

+4T s12
r12

+

+ λfz
s12
r12,f

+ εs12
r12,f

(5.16)

4Ds12
r12

(t) + ρ̇s12
r1 (t, t− τ sr )4ζ̇r1(t)− ρ̇s12

r2 (t, t− τ sr )4ζ̇r2(t) = − us12
r2 4ṙr12 − u̇s12

r2 4rr12+

−4İs12
r12,f

+4Ṫ s12
r12

+ ε̇sr12,f (5.17)

where ρ̇s12
r1 (t, t−τ sr ) = ρ̇s1r1(t, t−τ sr )− ρ̇s2r1(t, t−τ sr ) and ρ̇s12

r2 (t, t−τ sr ) = ρ̇s1r2(t, t−τ sr )− ρ̇s2r2(t, t−τ sr ).

5.4 Functional model for one receiver with multi-antennas

If the baseline length between the antennas is limited -which is a reasonable assumption for re-
ceivers placed at a single platform- we can neglect the ionospheric Isr,f and tropospheric delays T sr
and assume that ρ̇sr1(t, t− τ sr ) = ρ̇sr2(t, t− τ sr ) in the single and double difference model.

The SD model of Eq. (5.9) till (5.11) for receivers without a common clock is then reduced to:

4P sr12,f (t) = − usr24rr12 + c4ζr12(t) + c4dr12,f + εsr12,f (5.18)

4Φs
r12,f (t) = − usr24rr12 + c4ζr12(t) + c4δr12,f + λfφr12,f (t0) + λfz

s
r12,f + εsr12,f (5.19)

4Ds
r12

(t) = − usr24ṙr12 − u̇sr24rr12 + c4ζ̇r12(t) + ε̇sr12,f (5.20)

The unknowns in the code and carrier equations are4rr12 , ζr12 ,4dr12,f ,4ζr12 ,4δr12,f φr12,f (t0)
and λfz

s
r12,f

. Therefore one could think that the redundancy (difference between the number of
observations and unknown parameters) is lower in the SD then the DD model. One method to
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overcome this redundancy issue is using the reparametrization described in de Jonge (1998)Jong
(1999) where the single difference ambiguity of a reference satellite is subtracted from all other
carrier SD observations. In this way we could express the carrier ambiguities in terms of double
difference ambiguities, since these can be resolved to their integer values, whereas the single dif-
ference ambiguities cannot. Therefore, assuming both receivers are tracking satellites 1 and 2, and
assuming satellite 2 is the reference satellite, we may write for a SD code and carrier observation:

4P sr12,f (t) = − usr24rr12 +

4ηdr12,f︷ ︸︸ ︷
c4ζr12(t) + c4dr12,f +εsr12,f (5.21)

4Φs
r12,f (t) = − usr24rr12 + c4ζr12(t) + c4δr12,f + λfφr12,f (t0)+

+ λf (zs1r12,f
− zs2r12,f

+ zs2r12,f
) + εsr12,f (5.22)

= − usr24rr12 +

4ηδr12,f︷ ︸︸ ︷
c4ζr12(t) + c4δr12,f + λfz

s2
r12,f

+ λfφr12,f (t0) +λfz
s12
r12,f

+ εsr12,f

(5.23)

where zs12
r12,f

is the double difference ambiguity. The parameters 4ηdr12,f
and 4ηδr12,f

can be
treated as receiver clock biases for the code and carrier observation. Therefore the SD model
has the same redundancy as the DD model. This is inline with the described equivalence of the
undifferenced, single-difference and double difference models in de Jonge (1998)Odijk (2002).

For one receiver connected to multiple antennas (or multiple receivers synchronized by a common
clock) there is no timing difference between observations from the different antennas (except for a
hardware delay, generally known as linebias for the GNSS-based attitude determination problem
Ward (1996), which also could be considered as a timing error).

The SD model of Eq. (5.18) till (5.20) for receivers with a common clock is further reduced to:

4P sr12,f (t) = − usr24rr12 + c4dr12,f + εsr12,f (5.24)

4Φs
r12,f (t) = − usr24rr12 + c4δr12,f + λfφr12,f (t0) + λfz

s
r12,f + εsr12,f (5.25)

4Ds
r12

(t) = − usr24ṙr12 − u̇sr24rr12 + ε̇sr12,f (5.26)

In general the redundancy of the model described by Eq. (5.18)-(5.19) is the same as Eq.
(5.24)-(5.25). A careful calibration may reduce the instrumental delays (d and δ) in this model,
although these biases are known to be dependent on the temperature of the receiver hardware and
therefore - especially in a thermal challenging environment as a spacecraft- calibration is difficult
Buist et al. (2003). Moreover the initial phase term φr12,f (t0) is coupled with the carrier bias δ
which makes calibration even more challenging.

The DD model of Eq. (2.7) till (5.14) are reduced for the multi-antenna/receivers model placed
at the same platform-both connected to different or the same clock- to:
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4P s12
r12,f

(t) = − us12
r2 4rr12 + εs12

r12,f
(5.27)

4Φs12
r12,f

(t) = − us12
r2 4rr12 + λfz

s12
r12,f

+ εs12
r12,f

(5.28)

4Ds12
r12,f

(t) = − us12
r2 4ṙr12 − u̇s12

r2 4rr12 + ε̇s12
r12,f

(5.29)

This is the standard functional model as can be found in Teunissen and Kleusberg (1998) with-
out the atmospheric errors.

From the discussion above one might think that there is no advantage to synchronize GNSS
receivers with a common clock. However, the advantage comes from the fact that the receiver’s
thermal noise is to some extent determined by the clock of the system. For observations collected
at multiple receivers connected to a common clock, the variance of the single and double differences
is considerable smaller than for observations from receivers with individual clocks.
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Chapter 6

Atmospheric model

The atmospheric effects on GNSS observations can be divided into two different categories: tropo-
spheric and ionospheric delays. The troposphere is a dominant error source for users on or close to
the Earth’s surface, whereas the ionosphere is a dominant error source both for users in the lower
layers of the atmosphere and in LEO. In the model under development for the Garada project, the
tropospheric error terms T sr and Ṫ sr are assumed to be insignificant.
We will use yr as the observation vector that contains code Pr and carrier Φr observations, υr as
the observation vector that contains code Pr, carrier Φr and Doppler Dr observations. Hence,

yr =
(
Pr Φr

)T
(6.1)

and

υr =
(
Pr Φr Dr

)T
=
(
yr Dr

)T
(6.2)

As the Doppler observations are not expected to contribute to ionospheric delay estimation, we will
concentrate on the standard model using code and carrier observations.

6.1 Ionospheric model

6.1.1 Background

For terrestrial applications with baseline lengths of less than ten kilometers, the kinematic approach
without ionospheric corrections and/or estimation of the ionospheric delays is known to work well
Tiberius et al. (1997). For applications with longer baselines often a network of reference stations is
utilized to estimate the (relative) ionospheric delays between the permanent stations Odijk (2000).
Obviously such a reference network is not available for space applications and therefore a different
approach is necessary as the ionospheric delays are not negligible for longer baselines, especially
for LEO orbits. Like the tropospheric models, an a-priori model as the Klobuchar model for iono-
spheric delay can be applied, but these kind of models normally do not have enough accuracy for
formation flying in real-time. Instead we can make use of a so-called ionosphere-weighted model as
described in Odijk (2000), which is believed to be more flexible than physical models as for each
satellite and observation epoch an ionospheric delay parameter is estimated. This model is called
ionosphere-weighted model as it make uses of the ionospheric corrections as a pseudo observation
and these are treated stochastically. i.e. their uncertainly in the stochastic model is propagated
with a proper variance-covariance matrix. The two extreme values for the variance factor of the
ionospheric pseudo-observables are zero and infinity. For the ionosphere-weighted model we refer
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to these models respectively as:
1 the ionosphere-fixed model (σ = 0)
2 the ionosphere-float model (σ =∞)

The general model is referred to as the ionosphere-weighted model. We first will discuss the
two extremes before we will discuss the general model in more detail.

6.1.2 Ionosphere-fixed Model (σ = 0)

In this model the ionospheric delays are assumed to be known beforehand, hence they are treated
as deterministic quantities instead of stochastic variables. There are two variants for this model,
in the first the assumption is that the ionospheric information available is exact, in the second
the distance between the GNSS receivers is so short that the assumption can be made that the
differential ionospheric delays are absent.

6.1.3 Ionosphere-float Model (σ =∞)

In the ionosphere-float model, the unknown DD ionospheric delays are estimated simultaneously
with the baseline vectors and DD ambiguities. This kind of model is closely related to the widely
used ionospheric-free combinations of dual frequency observations, where the linear combination
eliminates the unknown first-order ionospheric delays. The ionosphere-float model, explicitly de-
termines the DD ionospheric delays.

6.1.4 Ionosphere-weighted Model (0 < σ <∞)

The ionosphere-weighted model make uses of the ionospheric corrections as a pseudo observation
and are treated stochastically. i.e. their uncertainly in the stochastic model is propagated with a
proper variance-covariance matrix. The vector of observations (UD,SD or DD) can be corrected,
both for the ionosphere-float and -weighted model, according to

ycorr =y +

{
µf ⊗ Isr,f1

−µf ⊗ Isr,f1

}
ySDcorr =ySD +

{
µf ⊗ Isr12,f1

−µf ⊗ Isr12,f1

}
(6.3)

yDDcorr =yDD +

{
µf ⊗ Is12

r12,f1

−µf ⊗ Is12
r12,f1

}

where y indicates the set of code and phase observations from one (or two if SD and DD) receiver(s),

µf =
λ2
f

λ2
1

is the coefficient for the ionospheric delays, while Isr,f1
indicates the vector (of dimension

n + 1, or n for the DD) of ionospheric corrections on the f1 frequency with respect to the given
satellite-receiver geometry. When applying these corrections, a proper weight function must be
used in the stochastic model.

If the vector of observations (UD,SD or DD) also contains Doppler observations it can be
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corrected, both for the ionosphere-float and -weighted model, according to

υcorr =υ +


µf ⊗ Isr,f1

−µf ⊗ Isr,f1

−µf ⊗ İsr,f1


υSDcorr =υSD +


µf ⊗ Isr12,f1

−µf ⊗ Isr12,f1

−µf ⊗ İsr12,f1

 (6.4)

υDDcorr =υDD +


µf ⊗ Is12

r12,f1

−µf ⊗ Is12
r12,f1

−µf ⊗ İs12
r12,f1


6.2 Redundancy of the ionosphere float and fixed models

For any model, where y is an m× 1 vector and x is an n× 1 vector,

y = Ax (6.5)

the redundancy of this system of equations is defined as m − rank(A). For the system with
m− rank(A) < n there is not a unique solution. The system with m− rank(A) = n is consistent
having a unique solution. For a system with m− rank(A) > n we have an overdetermined system
that we solve using the least squares principle. The discussion below is based on the assumption
that A has full column rank, thus rank(A) = n and therefore the redundancy of the model becomes
the number of observations minus the number of parameters of the model.

In this section we will evaluate the above defined redundancy as function of the number of baselines
nb, the number of DD code and carrier observations 2ns (thus (ns + 1) is the number of tracked
GNSS satellites), the number of frequencies nf , the number of observation epochs ne and the se-
lected number of estimated parameters w in the model Odijk (2002). This w consists of the three
components of the baseline vector, plus one parameter if the Zenith Tropospheric Delay (ZTD) is
estimated (e.g. longer baseline(s) in terrestrial applications). Note that for dynamic applications
a baseline vector is estimated for every observation epoch, while it is not necessary to estimate
the ZTD for every observation epoch as typically one time per hour should suffice Odijk (2002).
The assumption is made in this discussion that all receivers track the same GNSS satellites and
both code and carrier observations are available. For our geometry-based model we need at least 3
DD observations of both code and carrier -thus from 4 GNSS satellites- to have a unique solution,
therefore (ns + 1 ≥ 4).

6.2.1 Ionosphere-fixed model

General Multibaseline Model

In the ionosphere-fixed model, the number of observations is 2nsnbnfne, and the number of un-
knowns wnbne + nsnbnf where the second term nsnbnf is related to the number of DD integer
ambiguities, thus the redundancy is

nb [nf (2ne − 1)ns − wne] = nbnf (2ne − 1)ns − nbwne (6.6)
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For the static application, the wnbne part of the number of unknowns is reduced to wnb as the
baseline vector(s) will not vary. Then the redundancy of the model is reduced to the function given
in Odijk (2002):

nb [nf (2ne − 1)ns − w] = nbnf (2ne − 1)ns − nbw (6.7)

Important general conclusion for the multi-baseline model is that the minimum number of
required GNSS satellites is independent of the number of baselines applied in the model if all
antennas collect data from the same number of frequencies.
The redundancy for the ionosphere-fixed model using single epoch (ne = 1) observations and w = 3
is:

nb(nfns − 3) (6.8)

This redundancy as function of the number of baselines is shown in Fig. (6.1(a)) and (6.2(a)) for
5 and 8 GNSS satellites. For single (nf = 1) and dual (nf = 2) frequency this function is shown
in the first two rows (N = 1, 2) of Table 6.1. Hence every additional frequency will improve the
redundancy with nbns.
From the redundancy function we can conclude that the number of satellites required to solve the
problem using a single epoch, single frequency observations,is 5 if the ZTD is estimated, and 4 if
not. This is shown in Table 6.1 for the instantaneous (ne = 1) single (nf = 1) and dual (nf = 2)
frequency case where w = 3: i.e. containing only the baseline vector.
For the ionosphere-fixed model, observations from a single frequency are enough to solve the model
instantaneously. If observations from two frequencies are available at all the receivers we can solve
the problem instantaneously with observations from only four satellites (see also Table 6.1), both
with and without estimating ZTD, again independently of the number of baselines in the model.

From the discussion above we conclude that for the ionosphere-fixed, multi-baseline model - if
all receivers collect data at the same frequencies - the minimum number of required GNSS satel-
lites is the same as the single baseline model, however the redundancy is improved compared to
the single baseline model.

Two Platform Multibaseline Model

If not all the receivers of the model collect multi-frequency observations but only the receivers
forming the baseline between the platforms - implying the assumption that the ionospheric delays
for all antennas for the same platform can be considered the same - the number of observations
2nsnbnfne is reduced to 2nsnfne + 2ns(nb − 1)ne, the number of unknown ambiguities is reduced
from nsnbnf to nsnf + ns(nb − 1), and the redundancy becomes:

(nb + nf − 1)(2ne − 1)ns − nbwne (6.9)

From this equation -included on the third row (N = 3) of Table 6.1-, we can observe directly
that, for the in-between single frequency baseline, the number of GNSS satellites required is in-
dependent of the number of baselines. Also for a configuration of any number of baselines, where
only the two receivers of the in-between baselines are double frequency, we still require at least
observations from four GNSS satellites to have a unique solution.
The redundancy for the ionosphere-fixed model as function of the number of baselines is shown in
Fig. (6.1(b)) and (6.2(b)) for 5 and 8 GNSS satellites respectively using w = 3 and ne = 1. For a
single frequency in-between baseline, the redundancy is the same as Eq. (6.6), for a multi-frequency
in-between baseline the redundancy is always reduced compared to the general multibaseline model
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described in section 6.2.1.
From the discussion above we conclude that for the ionosphere-fixed model, where the in-between
baseline is multi-frequency, the multi-baseline model is stronger than the single baseline model: it
has an improved redundancy. However, the required number of GNSS satellites for a solution is
not reduced.

6.2.2 Ionosphere float model

General Multibaseline Model

In the ionosphere float model the number of observations is of course again 2nsnbnfne, but now
the number of unknowns is increased to wnbne +nsnbnf +nsnbne where the second term nsnbnf is
related to the number of DD integer ambiguities and the third term nsnbne to the DD ionospheric
delays. Thus the redundancy function of this model becomes

nb [{nf (2ne − 1)− ne}ns − wne] = nb {nf (2ne − 1)− ne}ns − nbwne (6.10)

Compared with Eq. (6.6), we observe that for the ionosphere float model always the redundancy
is reduced with nbnsne compared to the ionosphere fixed model. This is of course as expected as
the number of observations remains the same while the number of unknows is increased with nbnsne.

For the static application, the redundancy of the model is again reduced to the function given
in Odijk (2002) for the ionosphere float model:

nb [{nf (2ne − 1)− ne}ns − w] = nb {nf (2ne − 1)− ne}ns − nbw (6.11)

For the ionosphere-float model, observations from at least two frequencies are necessary since no
a priori information on the ionospheric delays are applied. This is shown in the fifth row (N = 5) of
Table 6.1 as n/a for the single frequency case. With dual frequency observations, at least 4 GNSS
satellites are required to solve the system of equations.
The redundancy for the ionosphere-float model as function of the number of baselines is shown in
fifth and sixth row (N = 5, 6) of Table 6.1 for the single (nf = 1) and dual frequency (nf = 2) case.
This redundancy as function of the number of baselines is also shown in Fig. (6.1(a)) and (6.2(a))
for 5 and 8 GNSS satellites respectively using again w = 3 and ne = 1. From the table and figures,
we observe that the dual frequency ionosphere float model has the same redundancy as the single
frequency ionosphere fixed model. This is as expected, as in Eq. (6.10), we observed that for the
ionosphere float model always the redundancy is reduced with nsne compared to the ionosphere
fixed model. Therefore Eq. (6.10) is reduced for ne = 1, nf = 2 and w = 3 to the redundancy
function as given in the sixth row (N = 6) of Table (6.1).

Two Platform Multibaseline Model

If again not all the receivers collect multi-frequency observations but only the two receivers forming
the in-between baseline, the number of observations 2nsnbnfne is reduced to 2nsnfne + 2ns(nb −
1)ne, the second or ambiguity term nsnbnf in the unknowns is reduced to nsnf + ns(nb − 1) and
the third or ionosphere delay term nsnbne is reduced to nsne, and the redundancy becomes:

(nb + nf − 1)(2ne − 1)ns − nsne − nbwne (6.12)
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Table 6.1: Minimum number of GNSS satellites (ns + 1) required as function of the number of
baselines nb (ne = 1, w = 3)

N
Model Multibaseline

nf redundancy

nb
1 2 3 4 5 6 7 8 9 10 100 1000

Ionosphere Mode
Antenna distribution (platform 1 - platform 2)

(1-
1)

(2-
1)

(2-
2)

(3-
2)

(3-
3)

(4-
3)

(4-
4)

(5-
4)

(5-
5)

(6-
5)

(51-
50)

(501-
500)

1

Fixed
General

1 nb(ns − 3) 4
2 2 nb(2ns − 3) 4
3

Two platforms
1 nb(ns − 3) 4

4 2 nb(ns − 3) + ns 4
5

Float
General

1 - n/a
6 2 nb(ns − 3) 4
7

Two platforms
1 nb(ns − 3)− ns n/a 7 6 5 5 5 5 5 5 5 5 5

8 2 nb(ns − 3) 4

From this equation we can observe directly that, if the in-between baseline is single frequency,
than the number of GNSS satellites required is not independent of the number of baselines (see
the seventh row (N = 7) in Table 6.1 representing the single frequency case on the in-between
baseline). For a single baseline, the problem is not solvable. With two, three, or more baselines,
the number of GNSS satellites required is 7, 6, and 5 respectively. This is an important result as
it shows that for two platforms with at least 2 antennas (one constrained baseline) at one of the
platforms, single frequency observations are sufficient to estimate the ionospheric delays as long as
at least 7 GNSS satellites are tracked.
If for any configuration of baselines, only from the two receivers forming the in-between baselines
dual frequency observations are available, observations from at least four GNSS satellites are re-
quired to have a unique solution.
The table also shows that, even for a large number of baselines, the single frequency multi-baseline
system always requires at least one more observation compared to a system with dual frequency
observations for the in-between baseline (5 vs. 4 for nb ≥ 4).
The redundancy of the system is shown in Fig. (6.1(b)) and (6.2(b)) as function of the number of
baselines for w = 3 and ne = 1. From the discussion above we conclude that for the ionosphere-
float model where the in-between baseline is multi-frequency, the multi-baseline model is stronger
than the single baseline model: it has an improved redundancy. For a single frequency in-between
baseline, the system can be solved if there is at least one platform with two antennas.
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(a) General Multibaseline Model (b) Two platform Multibaseline Model

Figure 6.1: Redundancy as function of number of baselines for (ns + 1 = 5), single epoch (ne = 1)

(a) General Multibaseline Model (b) Two platform Multibaseline Model

Figure 6.2: Redundancy as function of number of baselines for (ns + 1 = 8), single epoch (ne = 1)
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Chapter 7

Summary

This part provided an overview of some significant space missions using relative positioning between
elements of the mission and their applied functional models.

A functional model was presented for a multi-spacecraft configuration where each of the space-
craft might have multiple antenna connected to a single receiver or multiple receivers connected to a
common clock. The functional models developed can be applied for absolute positioning and veloc-
ity estimation and integrated relative positioning, velocity estimation and attitude determination
using multi-antenna models. The functional model includes code, carrier and Doppler observations
and special attention is given to large receiver clock offsets and high dynamics.

The proposed model includes range rate observations to account for receiver motion and a iono-
sphere weighed model to account for ionospheric delays, which are dominant error sources in the
space environment.
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Part III

Stochastic Model
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Chapter 1

Introduction

The goal of this part is to describe methods available for testing the Namuru receiver under the
GARADA project. The procedures presented for testing GNSS receivers are generally applicable
for example to compare the performance of receivers.

This part starts with background information on GNSS signals in Chapter 2. Chapter 3 provides
an overview of currently available spaceborne GNSS receivers and their noise characteristics. This
chapter also provides the theoretical thermal noise values for the signals on L1, E1, L5 and E5
frequencies which will be tracked by the Namuru receiver under development for this project.

In Chapter 4, we will describe the methods available to evaluate the noise characteristics of
GNSS receivers. In Chapter 5, we will show preliminary results from analyses of data from the
Namuru receiver collected in a zero- and short-baseline test.
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Chapter 2

GNSS signals

For the Namuru GNSS receiver tracking of the following signals will be implemented: GPS L1 C/A,
Galileo E1 (E1b and E1c), GPS L5 and Galileo E5 (E5a and E5b).

Table 2.1 introduces the GNSS signal parameters of the different GNSSs: GPS and Galileo.
GPS originally utilized a single civilian signal on a single frequency, besides two military signals on
two frequencies, but over the years the number of available signals and frequencies has increased
and will continue to increase in the coming period. For multi-frequency precise relative positioning
one could use the civil signals on GPS L5, and Galileo E5, in addition to L1/E1. The specifications
of these signals are shown in Table 2.1 and also transmit bandwidths and nominal received power
levels are included.

Table 2.1: GNSS Signal Parameters

GNSS Signal
Frequency Nominal Bandwidth Chiprate Symbol
[MHz] Power[dBHz] [MHz] [Mcps] rate [sps]

GPS
L1C/A 1575.42 -158.5 20.46 1.023 50
L5(I/Q) 1176.45 -157.9 24.0 10.23 100/-

Galileo

E1 (E1BC) 1575.42 -157.0 24.552 1.023 250
E5a (I/Q) 1164

-155 20.46 10.23
50/-

E5b (I/Q) 1215 250/-
E5 (a+b) 1191.795 -152 51.150 10.23 -/-
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Chapter 3

Stochastic model

In estimation, besides the functional model as described in Buist et al. (2011e), the stochastic model
is of great importance as GNSS observations are stochastic variables and therefore the random and
non-random noise can not be modeled in a functional model. This stochastic model describes the
statistical properties of the observables in the form of variance-covariance matrices. In this section
we will develop a stochastic model by starting with a literature review on noise values found for the
space applications in section 3.1. In section 3.2, this followed by a theoretical discussion on noise
values for the legacy and modernized GNSS signals which were described in chapter 2.

3.1 Space GNSS Receivers and their Typical Noise Values: Liter-
ature Study

Signal noise values for space qualified receivers on space missions, as reported in literature, will
be briefly discussed in this section. One difficulty is that relevant laboratory test data or in-flight
performance data have often not been publicly released (Montenbruck et al., 2006). GNSS receivers
developed for space applications and known to have been utilized as mission critical equipment are
the Viceroy and Monarch developed by General Dynamics GD (2010)GD (2005) and the Black-
jack/IGOR receiver from JPL in the United States of America. In Japan there is a receiver series
used on, among others, the ADEOS and ALOS mission (Kumagai et al., 2001). In Europe there is
the SGR-series from Surrey Satellite Technology and the Phoenix receiver from DLR.
For the Blackjack receiver on the GRACE mission, a L1 code noise of 0.2 meter and 2-3 millimeter
for carrier phase was reported (Kroes, 2006). More recently, JPL has licensed core technology
to Broadreach Engineering, which now manufactures the IGOR receiver as a BlackJack follow-on
version with improved space hardness. For this receiver on the TerraSAR-X satellite, noise values
are not yet reported but on the same satellite there is a second receiver called MosiacGNSS on its
maiden flight (Krauss et al., 2008). For this receiver, developed by EADS in Germany, the reported
noise values for L1 code is 4-5 meter and 2-3 millimeter for carrier phase (Montenbruck et al., 2008).
This receiver experienced interference, interestingly enough from the IGOR receiver (Montenbruck
et al., 2008). European manufacturers experience difficulties to acquire electronic parts with the
required radiation tolerance because of the International Traffic in Arms Regulations (ITAR) of the
United States of America. With no radiation hardened hardware correlators for space applications
available at the European market, the MosiacGNSS design is based on software correlation using
a DSP board (Krauss et al., 2008).
The Surrey receiver is designed using a different approach based on the use of commercial parts.
The testing of the core components under radiation demonstrated the suitability of the technol-
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ogy for spaceborne applications while maintaining the low cost approach (Unwin et al., 1998).
The specification sheet of the SGR-10 reports typical measurement precision of 0.9 meter for code
observations and 1.5 millimeter for carrier phase (SSTL, 2010). In (Ebinuma et al., 2005), raw
observation accuracy of this receiver was confirmed to be 1-2 meter for pseudorange and 2-3 mil-
limeter for carrier phase using a GPS simulator.
The miniaturized GPS receiver SGR-05U is based on the Zarlink Semiconductor’s GPS4020 chip
which incooperates a 12-channels correlator module for GPS L1C/A code and carrier tracking and
a 32-bit AMR7TDMI processor onto the same chip (Ebinuma et al., 2004). The Phoenix receiver
from DLR is based on the same chip (Montenbruck et al., 2004).
The mentioned Japanese receiver has specifications of 3.3 meter for L1 code and 3.3 millimeter for
carrier (Buist et al., 2004), but these values are not noise values in nominal conditions. Instead
they are based on the practice in space mission design to include large safety margins on the spec-
ifications as the GPS receiver is critical equipment for the success of the mission.
The relative large difference in code noise compared with the static, surveying environment as will
be discussed in the next section, should be explained by the fact that a legitimate space receiver
is using space qualified components, which by definition have lower specifications than terrestrial
components. One of the reasons for this is the time consuming process required to qualify the com-
ponents for the space environment (Larson and Wertz, 1992). Furthermore these receivers typically
do not use a narrow chip space and have a tracking loop design that keeps the code and carrier
observations independent. Both the current versions of the Japanese and German space receivers
have only eight channels and therefore a limited number of observations.
Next we will discuss how these reported noise values compare with theoretically lower bounds for
the legacy and modernized GPS and Galileo signals.

3.2 Analysis of Thermal noise on Space GNSS Receivers

The following discussion on nominal noise values for code and carrier are based on the theoretical
lower bounds given by the formulas from (Sleewaegen et al., 2004) with parameters from (Tiberius
et al., 2009). For code tracking noise, the standard deviation for either BPSK and BOC modula-
tions, can be expressed in meters as:

σp =
cTc
α

√
1−R(d)

2C/N0
Bp (3.1)

The carrier tracking noise can be expressed in meters, keeping in mind that the BOC signals will
not improve the carrier noise, as:

σφ =
λf
2π

√
Bφ
C/N0

(3.2)

where d is the early-late chip spacing, R(d) is the correlation peak evaluated at a delay of d, α is
the slope of the correlation peak evaluated at τ = −d

2 (thus α is 1 for BSPK, 3 for BOC(1,1) and 9
for the AltBOC with 70 MHz bandwidth (Sleewaegen et al., 2004)), Bp is the DLL loop bandwidth
in Hz, C/N0 is the carrier-to-noise value, c is speed of light, Tc is the chip duration, Bφ is the PLL
loop bandwidth in Hz and λf is the carrier wavelength at frequency f . In these expressions the
squaring loss has been neglected.

In our calculation we will apply a conservative nominal received signal level of C/N0 =45 dB-Hz but
from Table 2.1, it is clear that Galileo E1BC has a signal that is 1.5 dB stronger than legacy GPS
and therefore its expected performance will be better than reported here. Two applications are
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Table 3.1: Noise Characteristics

GNSS Signal
Static / surveying Dynamic / space

σφ σp σφ σp
[m] [m] [m] [m]

GPS
L1C/A 5.4 · 10−4 0.18 3.0 · 10−3 0.90
L5 7.2 · 10−4 0.06 4.0 · 10−3 0.28

Galileo E1 (E1BC) 5.4 · 10−4 0.11 3.0 · 10−3 0.55
E5 (AltBOC) 7.2 · 10−4 0.04 · 10−1 4.0 · 10−3 0.02

included in Table 3.1: the first is the static application in which the high-end receivers are placed
in static, surveying type of environment with surveying-grade antennas, limited multipath and
nominal values for received signal strength. In these circumstances the receiver noise approaches
the theoretical lower bounds (Tiberius et al., 2009). The second case is the dynamic environment
onboard a spacecraft in which we make use of a space receiver with significantly higher noise
values, (with sometimes) lower received signal strength depending on altitude and orientation of
the spacecraft, (most of the times) a patch antenna directly mounted on the surface of the spacecraft,
interference from other electronic equipment on the spacecraft and inherently significant code and
carrier multipath from the local metal objects near the antenna.
For the legacy GPS L1C/A, we observe that the lower bound at 45 dB-Hz for the code noise is 0.18
meter and for the carrier noise around 0.5 and 0.7 millimeter respectively. For Galileo E1BC, we
see that accuracy of the code noise is improved to 0.11 meter and the carrier is not improved as is
expected keeping in mind that BOC signals do not improve carrier noise. For the GPS L5 signal,
the code noise at this signal is 0.06 meter, mainly due to the 10 times higher chiprate compared to
L1C/A (see Table 2.1). The carrier noise expressed in meters is higher than L1C/A because of the
longer wavelength. For the AltBOC signal on E5, we observe a sub-centimeter level for code. These
values are shown in Table 3.1 as the typical values for the static surveying type of application.
Based on the literature research in section 3.1, we assume that for a space GPS receiver a typical
code noise value is 0.9 meter and carrier noise is 3 millimeter. For the improvement with modernized
GPS and Galileo signals we assume that this is proportional to the improvement as we observed for
the surveying application and thus we come to a value of 0.55 meter for E1BC code, 0.28 meter for
L5, 0.02 meter for the AltBOC on E5 and again no improvement for carrier phase. These values
are shown in Table 3.1 as the typical values for the space application in the dynamic environment
of a spacecraft.
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Chapter 4

Evaluating the noise characteristics

In this chapter we will describe three methods available for evaluation of noise characteristics of
GNSS receivers. We will make use of data collected in zero- and short-baseline tests.
In a zero-baseline test, the GNSS receivers -using a signal splitter- are connected to the same
antenna and Low Noise Amplifier (LNA). This kind of test is conducted to examine the receiver’s
performance and evaluate of the observations’ noise characteristics. In a zero-baseline test, all
common errors (c.g. multipath, atmosphere, satellite orbits and satellite clocks) for the two receivers
-as they are connected to the same antenna- are eliminated.
In a short-baseline test, the GNSS receivers each has their own antenna, but the baseline is only
a few meter long, therefore the atmospheric and orbit effects will cancel out when the data is
processed. Although the baseline is short, multipath can be different for the two antennas and
therefore is not canceled out in a short-baseline test.
In this chapter we will make use of data from two Septentrio PolaRx2 receivers connected to the
same antenna at the GNSS observatory of Delft University of Technology.

4.1 Method 1: Analysis of Least-squares Residuals of Geometry-
based model

Method 1, where the least-squares single difference residuals are evaluated, is described in Amiri-
Simkooei and Tiberius (2004), Amiri-Simkooei and Tiberius (2007). It makes use of epoch by epoch
processing of data, and this works well for multi-frequency receivers in a controlled environment.
The applied model might not be strong enough for single frequency processing.

4.1.1 Least-squares residuals

Residuals from the single difference observations are expected to have zero mean. The residuals can
be applied to obtain measurement noise and, if biases are present in the observations, they should
appear in the residuals. Important is to make an assumption on the a-priori standard deviations
(applied in the variance-covariance matrix) and to keep this the same for all epochs and channels
so that time series can be compared.

Figure 4.1 till 4.2 show the time series of L1 and L2 code and phase observations for four
different GNSS satellites during a 24 hours period. Just before the satellite becomes invisible and
just after they become visible, the satellites are at low elevation. These figures indicated that low
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elevation satellites are noisier than high elevation and residuals of both code and carrier on L2 are
noisier than those from L1.
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Figure 4.1: Time series of least-squares residuals for P1 and P2 phase in zero-baseline, Septentrio
PolaRx2
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Figure 4.2: Time series of least-squares residuals for L1 and L2 phase in zero-baseline, Septentrio
PolaRx2
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Table 4.1: Estimated variances and covariances in terms of standard deviation per observation type
and of correlation coefficient between observations types for Septentrio in the case of zero-baseline

Code/phase L1 L2 P1 P2

L1 1.3 mm 0.30 0.02 -0.01
L2 — 4.4 mm -0.04 -0.03
P1 — — 0.31 m -0.11
P2 — — — 0.28 m

4.1.2 Residual Statistics

Table 4.1 gives on the diagonal the standard deviation in terms of the single differenced code and
phase observation, and the correlation coefficients as the off-diagonal elements for the Septentrio
PolaRx2 receiver.
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4.1.3 Time correlation of residuals

If observations were truly taken epoch by epoch, and there were no time-correlated error sources,
there should be no correlation between the observations taken at different epochs. We could say that
there are internal and external sources for time correlation on observations. As observations are a
product of so-called code, frequency of phase lock loops, - if the sampling frequency is taken short
enough - correlation between observations will be present. Moreover as GNSS receivers often apply
additional smoothing on the observations to lower the noise bandwidth at the cost of introducing
additional time correlation, this correlation can become visible even for larger sampling frequencies.
These two sources are internal.
As indicated above some external error source are also known to be time correlated as for example
multipath effects, atmospheric delays and interference. This external cause can be prevented by
applying a zero-baseline test.

The time correlation of a residual can be analyzed using a correlogram of the time series of the
least-squares residual. This correlogram gives the auto-corrrelation coefficient versus lag which is
the time interval between two samples. If this time interval is taken longer it is expected that the
correlation between observations will decrease. The coefficient at lag 0 is 1.

Figure 4.3 show time correlation for L1 and L2 pseudo range, Figure 4.4 show time correlation
for L1 and L2 phase. As the figures show L1 phase is white noise but both L1 and L2 code and L2
phase show time correlation. Especially the P1 and P2 are time-correlated which is as expected as
the tracking loops from these signals generally are aided by L1C/A.
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Figure 4.3: Auto-correlation coefficient for P1 and P2 code in zero-baseline, Septentrio PolaRx2
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Figure 4.4: Auto-correlation coefficient for L1 and L2 phase in zero-baseline, Septentrio PolaRx2

4.2 Method 2: Least-Squares Variance Component Estimation

Least-Squares Variance Component Estimation is a powerful method for the estimation of stochas-
tic model parameters. We consider the following model of observation equations with unknown
(co)variance components Amiri-Simkooei (2007):

E(y) = Ax,Q =

p∑
k=1

σkQk (4.1)

where y is the vector of observables, A is the design matrix, x the vector of unknowns, Q is
the covariance matrix of observable, Qk the cofactor matrices and σk the unknown (co)variance
components to be estimated. Now the model is repeated r times. Important assumptions are that
the the unknowns parameters might very between the groups and the measurements of different
groups are assumed to be uncorrelated.

We could apply this model to the geometry-free observation model where we first split the
observations into r groups, assume time correlation to be absent and the statical behavior of the
integer DD carrier phase ambiguities is ignored.

One can prove that the final estimates are obtained by averaging the groupwise estimates:

σ̂ =
1

r

r∑
i=1

σ̂i (4.2)

4.2.1 Single GPS frequency, code and carrier phase observation

In case of single frequency GNSS receiver, we have 2 types of observations (code and carrier phase)
for which one needs to estimate a variance component (σ1 and σ2), and also covariance component
between y1 and y2 (σ3).

The cofactor matrices Q1, Q2, and Q3 are linearly independent, but σ1, σ2, and σ3 are not
simultaneously estimable Amiri-Simkooei (2007). Therefore, two out of three (co)variance compo-
nents are not estimable; only one (co)variance component is estimable and not three. To handle
the singularity of the above, the two step approach described below can be applied:
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1. in this step -assuming σ3 = 0 and the relative scale between Q1 and Q2 is known- (e.g.,
ασ1 = σ2), one can try to estimate a common variance component, namely Qy = σ1(Q1 + αQ2)
2. assuming σ1 and σ2 are know from the previous step, we can try to estimate the only covariance
component σ3. If this is the case, one obtains Qy = Q0 + σ1Q3
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4.3 Method 3: Geometry Free Analysis

Method 3 is based on the geometry free analysis (de Bakker et al., 2009) (de Bakker et al., 2012).
The measurement noise of pseudo range (code) and carrier phase observations at the receiver are
determined by using different combinations of observations.

A linear combination that can be used to determine the code noise is the so-called code-minus-
phase. In this combination, the phase noise and phase multipath are assumed to be an order of
magnitude smaller than the those of code observation, respectively. Hence, resulting observable
and its combinations, namely single difference (between receivers) and double difference, can be
used to determine the noise level of code observations. The double difference phase observations
can be used to determine the noise level of phase observations.

Furthermore, remaining systematic biases in these combinations can be removed using either
by polynomial fitting or time differencing. In polynomial fitting, the slowly changing components
are removed from the data by fitting it to a low-order polynomial. This includes the instrumental
delays, the constant ambiguities, the low frequency multipath and the low frequency ionospheric
delay. In the time difference method, by subtracting consecutive observables, the phase ambiguity
is removed and the ionospheric delay, multipath and instrumental delays are reduced. Figure 4.5
shows code-minus-phase residual by both methods indicating that low elevation satellite are noisier
than high elevation, as we also observed in figures 4.1 and 4.2. Empirical standard deviations of
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Figure 4.5: Residual of code-minus-phase observable

these residuals are then used to determine elevation dependent stochastic model. The following
elevation dependent model (Euler and Goad, 1991) for the standard deviation of undifferenced
observables is considered:

σθ = σ0

(
1 + a0 exp

(
−θ
θ0

))
(4.3)

where θ is the elevation angle and a0, θ0, and σ0 are the model parameters. Figure 4.6 shows
the elevation dependency of undifference code-minus-phase residual (code noise). Black curves
correspond to elevation dependent model in (4.3). Here, we assumed parameter values for a0(=
10) and θ0(= 20), and estimates the parameter σ0. Table 4.2 summarizes the estimates using
various observation combinations. The second and the fourth columns correspond to the combined
observations, while the corresponding normalized (undifference) values are given in the third and
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Observation combination Polynomial fitting Time differencing
σc [m] σ0 [m] σc [m] σ0 [m]

Undifference code-minus-phase 0.084 0.084 0.121 0.086

Single difference code-minus-phase
(0.36)

0.106 0.075 0.146 0.073

Double difference code-minus-phase 0.15 0.075 0.207 0.073

Double difference phase 0.0004 0.0002 0.0006 0.0002

Table 4.2: The estimates of σ0 for zero-baseline Septentrio receivers with a0 = 10, and θ0 = 20

the fifth columns, respectively. In the case of short baseline, these normalized values are the
good estimates for the undifference observation noise parameter. For zeros-baseline case, these
values are underestimated as the use of common antenna leads to high correlation for between
receiver differences (all cases in Table 4.2 except the first row). The term in the bracket is the
overall estimate for the standard deviation of single difference code observation that agree with
corresponding estimate from method 1 (Table 3.1).
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Figure 4.6: Standard deviation of undifferenced code-minus-phase observable versus the elevation
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4.4 Discussion

For method 1 and 3, it was demonstrated that the obtained accuracies are inline with each other.
The results are also inline with what can be expected from the theoretical analyses of the L1 signals
in section 3.2. For method 2 more analyses are required to compare the obtained results with the
other two methods.
As mentioned, method 1 is considered not strong enough for single frequency processing, and
therefore we will apply method 3 for a preliminary analysis of the Namuru data in chapter 5.
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Chapter 5

Preliminary analysis of Namuru data

We have obtained two GNSS data sets from UNSW for analysis. This data was collected in a
static configuration for a zero- and a short-baseline. The short-baseline data was collected on 4th
of September 2011, the zero-baseline data on the 6th of September 2011. In this section we will
show some preliminary analysis of this data.

5.1 Data format

After some initial issues with the RINEX format, the data, provided in RINEX 2.11, could be used
for analysis. There still is an issue with duplicated data at some epochs, see the example in figure
5.1. At time 1 hour 3 minutes and 54 seconds, the GPS data of that epoch is provided correctly.
At the next epoch, the data from the previous epoch is duplicated and the data from the first four
satellites is repeated at the end (PRN 19, 3, 14 and 18). Data from 1 hour 3 minutes and 55 seconds
is missing, and from 1 hour, 3 minutes and 56 seconds, the data appears to be correct again.

67



Figure 5.1: Observation file from receiver 1 of the short-baseline test (RX1UNSW247w.11O)

5.2 Absolute positioning

The accuracy of the absolute positioning is also an indication of the data quality of the receiver.
In figures 5.2 till 5.7, we have plotted the absolute position estimates for both receivers of the
zero- and short-baseline respectively. Accuracy of absolute positioning is in general better than
10 meters. This relative low accuracy is partly due to the ionospheric delays inherently present in
single frequency positioning but also the random component of the error is relative large. This is
an indication that the code observations contain relatively large noise values and this hypothesis
will be confirmed in section 5.3.
Figure 5.3 and 5.6 also show the receiver clock estimate. From the characteristics of the clock,
it is clear that the receiver 1 in the zero-baseline was applied as receiver 2 in the short-baseline
experiment. For this receiver, the clock is drifting fast and is controlled between 0 and 4 ms time
offset. The other receiver has a much lower clock drift and the clock error remains within 2 ms.
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Figure 5.2: Error on X and Y coordinates for zero-baseline test
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Figure 5.3: Error on Z coordinates and the clock error for zero-baseline test
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Figure 5.4: GDOP and number of satellites for zero-baseline test
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Figure 5.5: Error on X and Y coordinates for short-baseline test
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Figure 5.6: Error on Z coordinates and the clock error for short-baseline test
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Figure 5.7: GDOP and number of satellites for short-baseline test
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5.3 Results of Method 3 for Namuru data

This section discusses the results based on the geometry free analysis introduced in Section 4.3. Fig-
ure 5.8 shows code-minus-phase residuals indicating high noise level for code observation compared
to Septentrio receivers (Figure 4.5). Figure 5.9 shows the elevation dependency of undifference code-
minus-phase residual (code noise). Black curves correspond to elevation dependent model in Eq.
(4.3). Here, we assumed parameter values for a0(= 10) and θ0(= 20), and estimates the parameter
σ0. The estimates of elevation dependent model parameters for short-baseline and zero-baseline
receivers are provided in Tables 5.1 and 5.2, respectively. The second and the fourth columns
correspond to the combined observations, while the corresponding normalized (undifference) values
are given in the third and the fifth columns, respectively. Noise level of code measurements from
Namuru receivers are high compared to that of Septentrio receivers (Table 4.2). However, phase
observations from Namuru receivers are as precise as that of Septentrio receivers.

15:00 16:00 17:00 18:00 19:00 20:00 21:00
−20

−15

−10

−5

0

5

10

15

20

05−Sep−2011

P
ol

yn
om

ia
l r

es
id

ua
l o

f (
C

1−
L 1) 

[m
]

(a) Polynomial fitting

15:00 16:00 17:00 18:00 19:00 20:00 21:00
−20

−15

−10

−5

0

5

10

15

20

05−Sep−2011

T
im

e 
di

ffe
re

nc
e 

re
si

du
al

 o
f (

C
1−

L 1) 
[m

]

(b) Time differencing

Figure 5.8: Residual of code-minus-phase observable for Namuru receiver
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Figure 5.9: Standard deviation of undifferenced code-minus-phase observable versus the elevation
for Namuru receiver
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Observation combination Polynomial fitting Time differencing
σc [m] σ0 [m] σc [m] σ0 [m]

Undifference code-minus-phase 1.132 1.2 1.654 1.2
Single difference code-minus-phase 1.695 1.2 2.255 1.1
Double difference code-minus-phase 2.335 1.2 3.144 1.1

Double difference phase 0.0013 0.0006 0.0018 0.0006

Table 5.1: The estimates of σ0 for short baseline Namuru receivers with a0 = 10, and θ0 = 20

Observation combination Polynomial fitting Time differencing
σc [m] σ0 [m] σc [m] σ0 [m]

Undifference code-minus-phase 1.201 1.2 1.574 1.1
Single difference code-minus-phase 0.581 0.41 0.79 0.40
Double difference code-minus-phase 0.829 0.41 1.128 0.39

Double difference phase 0.0008 0.0004 0.0011 0.0004

Table 5.2: The estimates of σ0 for zero-baseline Namuru receivers with a0 = 10, and θ0 = 20

5.4 Discussion

As was shown in section 5.2 and 5.3, the Namuru receiver has relative larger values for standard
deviation for code noise compared with a Septentrio PolaRx2 receiver. This could be explained by
the assumption that the receiver does not use a narrow chip space and has a tracking loop design
that keeps the code and carrier observations independent as is common for spaceborne receivers
(see section 3.1). The accuracy for code observations is inline with the results for other spaceborne
receivers based on the literature review in section 3.1.
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Part IV

Algorithm development
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Chapter 1

Introduction

In the previous two parts we have developed a functional Buist et al. (2011e) and stochastic model
Buist et al. (2011a) for precise relative positioning as part of the Garada project. In this part we will
develop algorithms for attitude bootstrapped relative positioning taking into account characteristics
of the Namuru receiver and the Garada mission. More information about a potential mission
has become available and we will start this report with summarizing the latest available mission
parameters based on UNSW (2011b).

For the Garada mission we will study a bistatic SAR mission consisting of a constellation of
formation flying satellites with 3 or 4 satellites flying in each formation. In Fig. 1.1 the red dot, 1,
represents the transmitting spacecraft and the two blue dots, 2 and 3, the receiving spacecraft. The
distance (b12) between the transmitter and receiver spacecraft is about 80-100 km. The baseline
between the two receiving spacecraft (b23) has a 0.5-1 km separation along track. The last baseline
is to be determined by GNSS. In total there might be 15-30 spacecraft sets (so times 3 or 4 is the
total number of satellites of the mission).

Chapter 1 in Part II presented a literature overview on how relative positioning is done on past
and existing missions as an updated version of the overview provided in Buist et al. (2006). Table
1.1 provides a summary of the corresponding approaches for relative positioning.

This part is organized as follows. Chapter 2 discusses relative positioning in general. As we
are developing attitude bootstrapped relative positioning both attitude determination using GNSS
signals and attitude bootstrapped relative positioning are discussed in Chapters 3 and 4. Recursive
data processing and batch filtering are the topics of Chapters 5 and 6. Data quality control is
discussed in Chapter 7 and, finally, multi-frequency, multi-constellations aspects in Chapter 8.

Table 1.1: Overview of missions using GNSS for relative positioning
Mission (Agency) ETS-7 (JAXA) GRACE (NASA) PRISMA (SSC) TanDEM-X (GFZ)

Relative positioning JAXA TUDelft DLR DLR GFZ DLR
Relative distance [km] 0 - 0.5 220 0.05 - 2 0.2 - 0.45
Realtime (R) R,P P R,P R,P
Postprocessed (P)
Observation frequency L1 (6) L1+L2 (24) L1 (12) L1+L2 (24)
(channels)
Rendezvous (R), Formation Flying (F) R F R,F F
Kalman filter state 1 p, v, b, d (8) p, v, a, rd, s, b, d, 2nA, nI p, v, a, rd, b, nA, I0 p, v, a, rd, s, b, 2nA, nI
(dimensions) p, v, b, d, nA (float) (12) (12+3n) (13+n) (12+3n)
Observations 2 L1 PR, L1CP L1DR L1 PR, L1CP L1 PR, L1CP
Integration of position Hill equations ’Pseudo’ relative ’Pseudo’ relative ’Pseudo’ relative

dynamics dynamics dynamics
Other sensors accelerometers FFRF, VBS
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12
b

23
b

Figure 1.1: Garada mission

1p: position, v: velocity, a: acceleration, b: clock bias, d: clock drift, A: ambiguities, I: ionospheric delay, I0:
vertical ionospheric delay, rd: relative drag, s: relative solar radiation pressure coefficient

2PR: Pseudo range, DR: Delta Range, CP: Carrier Phase
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Chapter 2

Relative positioning

In this chapter we will focus on five aspects of relative positioning:

1. The linearization errors taking into account the proposed Garada missions as described in
the introduction.

2. The influence of large receiver clock offsets on relative positioning.

3. Relative positioning and velocity estimation.

4. The use of Doppler observations.

5. The processing strategy.

In the chapters 3 and 4 we will describe attitude determination and attitude bootstrapped relative
positioning. In section 2.5 we will provide two alternative approaches that we will apply for this
project.

2.1 Linearization errors

Here we will start with the single difference equation as was derived in chapter 4.2 of Buist et al.
(2011e). The differences in geometrical distance 4ρsr between receivers 1 and 2 are:

(−4ρsr1)− (−4ρsr2) =
(
usr14rr1 − usr14rs − ρ̇sr14ζr1

)
−
(
usr24rr2 − usr24rs − ρ̇sr24ζr2

)
(2.1)

Adding and subtracting the term usr24rr1 to this expression and applying rr12 = rr2 − rr1 and
usr12

= usr2 − usr1 leads to:

(−4ρsr1)− (−4ρsr2) = −usr24rr12 − usr12
4rr1 + usr12

4rs − ρ̇sr14ζr1 + ρ̇sr24ζr2 (2.2)

Next, we will make use of the following relations.

‖usr12
‖2 = 2

[
1− usr1(usr2)T

]
= 2(1− cos(α)) (2.3)

with α is the angle between the two unit vectors usr1 and usr2 (see Fig. (2.1)). Applying the cosine
rule on the baseline gives:

‖rr12‖2 = ‖rsr1‖
2 + ‖rsr2‖

2 − ‖rsr1‖‖r
s
r2‖ cos(α) (2.4)
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Figure 2.1: The angle α between the two line-of-sight vectors of the two antennas forming the
baseline

Since for short baselines ‖rsr1‖ ∼= ‖r
s
r2‖ we can write ‖rr12‖2 ∼= 2‖rsr1‖

2(1− cos(α)) and therefore

that ‖usr12
‖2 ∼= ‖rr12‖

2

‖rr1‖2
, and ‖usr12

‖ ∼= ‖rr12‖
‖rr1‖

.

The term usr12
4rs can be demonstrated to be small as long as the baseline is much shorter than

the large distance between user receivers and GNSS satellite:

|usr12
4rs| ≤‖usr12

‖‖4rs‖ ∼=
{
‖rr12‖
‖rsr2‖

}
‖4rs‖ (2.5)

The same can be said about the receiver positioning error:

|usr12
4rr1 | ≤

{
‖rr12‖
‖rsr2‖

}
‖4rr1‖ (2.6)

Before we will start to develop our relative positioning approach we will have a closer look at
this linearization error.

Expression (2.6) is the upper limit of the influence of absolute navigation error on the relative
solution. Assuming four values of precise to moderate accuracy for the absolute positioning solution
of 0.01, 0.1, 1 and 10 meters respectively the upper limit as function of the baseline length is shown
in Fig. (2.2).

In RTK applications, the position of the reference station is generally known with an accuracy
of cm level or even better (Fig. (2.2)).

For formation flying with baseline vectors up to 10 km, the upper limit is smaller than mm
level with an absolute positioning accuracy of 10 m. For baselines of the order of 100 kms, the
linearization error becomes critical. For the Garada project, baselines between the two receiving
satellites are expected to be of the order of 0.5 to 1 km UNSW (2011b), UNSW (2011a), therefore
the absolute positioning of the target satellite is not too critical (Fig. (2.2)).

We like to mention that for longer baselines other processing strategies are available, see also
chapter 2 in Part II.
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Figure 2.2: Upper limit for the relative positioning error for four values of absolute positioning
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2.2 Functional model

In our report on the stochastic model of the Namuru receiver Buist et al. (2011a), it was shown that
the receiver clock error of the current version of the Namuru receiver can be up to 4 ms. Therefore
we have to adjust the functional model from the standard GNSS model Buist et al. (2010). In
Buist et al. (2011e), the general expressions for the double difference (DD) were obtained as:

4P s12
r12,f

(t) = − us12
r2 4rr12 − [ρ̇s1r1(t, t− τ sr )− ρ̇s2r1(t, t− τ sr )]4ζr1(t)+

+ [ρ̇s1r2(t, t− τ sr )− ρ̇s2r2(t, t− τ sr )]4ζr2(t) +4Is12
r12,f

+4T s12
r12

+ εs12
r12,f

(2.7)

4Φs12
r12,f

(t) = − us12
r2 4rr12 − [ρ̇s1r1(t, t− τ sr )− ρ̇s2r1(t, t− τ sr )]4ζr1(t)+

+ [ρ̇s1r2(t, t− τ sr )− ρ̇s2r2(t, t− τ sr )]4ζr2(t)−4Is12
r12,f

+4T s12
r12

+

+ λfz
s12
r12,f

+ εs12
r12,f

(2.8)

4Ds12
r12

(t) = − us12
r2 4ṙr12 − u̇s12

r2 4rr12 − [ρ̇s1r1(t, t− τ sr )− ρ̇s2r1(t, t− τ sr )]4ζ̇r1(t)+

+ [ρ̇s1r2(t, t− τ sr )− ρ̇s2r2(t, t− τ sr )]4ζ̇r2(t)−4İs12
r12,f

+4Ṫ s12
r12

+ ε̇sr12,f (2.9)

Normally from absolute positioning, the receiver clock error and receiver position, velocity
(necessary to estimate ρ̇sr) for each individual receiver is available. If so then we can use the
approach described in Buist et al. (2010) to correct the observation model of Eq. (2.7)-(2.8):

4P s12
r12,f

(t) + ρ̇s12
r1 (t, t− τ sr )4ζr1(t)− ρ̇s12

r2 (t, t− τ sr )4ζr2(t) = − us12
r2 4rr12 +4Is12

r12,f
+4T s12

r12
+

+ εs12
r12,f

(2.10)

4Φs12
r12,f

(t) + ρ̇s12
r1 (t, t− τ sr )4ζr1(t)− ρ̇s12

r2 (t, t− τ sr )4ζr2(t) = − us12
r2 4rr12 −4I

s12
r12,f

+4T s12
r12

+

+ λfz
s12
r12,f

+ εs12
r12,f

(2.11)

4Ds12
r12

(t) + ρ̇s12
r1 (t, t− τ sr )4ζ̇r1(t)− ρ̇s12

r2 (t, t− τ sr )4ζ̇r2(t) = − us12
r2 4ṙr12 − u̇s12

r2 4rr12+

−4İs12
r12,f

+4Ṫ s12
r12

+ ε̇sr12,f (2.12)

where ρ̇s12
r1 (t, t−τ sr ) = ρ̇s1r1(t, t−τ sr )− ρ̇s2r1(t, t−τ sr ) and ρ̇s12

r2 (t, t−τ sr ) = ρ̇s1r2(t, t−τ sr )− ρ̇s2r2(t, t−τ sr ).

This model will be applied in the next section.

2.3 Relative positioning

2.3.1 Standard Model using Code and Carrier Observations

Most GNSS receivers make use of two types of observations: pseudo range and carrier phase. The
pseudo range observations typically have an accuracy of decimeters for surveying type of receivers.
However, as we discussed in Buist et al. (2011a), for space receivers, including the Namuru receiver,
this can be up to meters. The carrier phase observations have accuracies down to millimeter
level. The phase observables are however biased by unknown integer ambiguities, that must be
resolved in order to fully exploit their higher precision. Carrier phase integer ambiguity resolution is
therefore the key to high-precision GNSS positioning. The Least squares AMBiguity Decorrelation
Adjustment (LAMBDA) method is currently the standard method for solving unconstrained GNSS
ambiguity resolution problems, see, e.g., (Boon and Ambrosius, 1997; Cox and Brading, 1999; Ji
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et al., 2007; Huang et al., 2009; Kroes et al., 2005). For unconstrained and linearly constrained
GNSS models, the method is known to be optimal in the sense that it provides integer ambiguity
solutions with the highest possible success-rate and in a numerically efficient way (Teunissen, 1999;
Teunissen et al., 1997; Verhagen and Teunissen, 2006). In this section we will show how this can
be implemented for relative positioning.
The double difference (DD) observation equations as described in the standard DD model can
be written for a single baseline as a system of linearized observation equations (Teunissen and
Kleusberg, 1998):

E(yDD) = Az +Gb, D(yDD) = Qyy (2.13)

yDD is the vector of observed minus computed DD carrier phases and code observations of the
order m = 2n, z is the unknown vector of ambiguities of the order n expressed in cycles rather than
range to maintain their integer character. b is the baseline vector of order three. G is the geometry

matrix containing normalized line-of-sight vectors
[
UDD
r ,UDD

r

]T
, A is a design matrix that links

the data vector to the unknown vector z.
In this study based on the mission described in chapter 1, the assumption is made that the antennas
are close to each other and thus that atmospheric effects can be neglected. The variance matrix of
yDD is given by the positive definite matrix Qyy which is assumed to be known. In our notation
we will make use of the weighted squared norm ‖..‖2Qyy = (..)TQ−1

yy (..).

It is important to note that the ambiguities are integers and therefore z and b are (z ∈ Zn, b ∈ R3)
with Zn being the dimensional space of integers. The solution of the linear system of observation
equations is therefore a integer least-squares problem. Of course it would be possible to express the
integer ambiguities in the space of reals, after all the space of integers is a subset of the space of
reals. In that case the solution could be found by an ordinary least-squares solution. However this
would imply that the ambiguities would not be integers anymore and we would not use all available
information to solve the problem: information that could have, if used in an appropriate way, a
very beneficial impact on the accuracy obtainable. The least-squares criterion for the unconstrained
problem reads as Teunissen (1995)Teunissen and Kleusberg (1998):

min
z∈Zn,b∈R3

‖yDD −Az −Gb‖2Qyy = ‖ê‖2Qyy + min
z∈Zn,b∈R3

(
‖ẑ − z‖2Qẑẑ + ‖b̂(z)− b‖2Qb̂(z)b̂(z)

)
(2.14)

where ê = y − Aẑ −Gb̂ is the least-squares residual of the float solution ẑ, b̂, and b̂(z) is the least-
squares solution for b, assuming that z is known and Qb̂(z)b̂(z) = Qb̂b̂ −Qb̂ẑQ

−1
ẑẑ Qẑb̂. The last term

of Eq. (2.14) can be made zero for any z. The set of linear observation equations is solved by
applying the well-known Integer Least-Squares (ILS) principle (Teunissen, 1995):

min
z∈Zn,b∈R3

‖yDD −Az −Gb‖2Qyy (2.15)

for which the solution can be obtained from the following three steps:
1) First the so-called float solution ẑ and b̂ is obtained, i.e. the least-squares solution disregarding
the integer nature of the ambiguities:[

ẑ

b̂

]
=

[
Qẑẑ Qẑb̂
Qb̂ẑ Qb̂b̂

] [
(A,G)TQ−1

yy y
]

(2.16)

for which the variance-covariance (or v-c) matrix is derived as:[
Qẑẑ Qẑb̂
Qb̂ẑ Qb̂b̂

]
=
[
(A,G)TQ−1

yy (A,G)
]−1

(2.17)
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With the float solutions (ẑ ∈ Rn, b̂ ∈ R3), the solution of the linear system of observations becomes
the squared norm of the least-squares residual vector:

‖yDD −Aẑ −Gb̂‖2Qyy = ‖ê‖2Qyy (2.18)

2) We solve the vector of integer least-squares estimates of the ambiguities ž:

ž = arg(min
z∈Zn

‖ẑ − z‖2Qẑẑ) (2.19)

where ž is the vector of integers that minimizes the term within the brackets (arg or argument).
This integer ambiguity vector is estimated by means of an extensive search for the integer vector
which minimizes the distance with respect to the float solution in the metric of the v-c matrix of
the float ambiguities. The search space for this problem is defined as:

Ψ(χ2) =
{
z ∈ Zn| ‖ẑ − z‖2Qẑẑ ≤ χ

2
}

(2.20)

where χ2 is a properly chosen constant. The LAMBDA method is an efficient way to find the
minimizer of Eq.(2.19) (Teunissen, 1993, 1994, 1995, 1999). As we use the constraint that the
solution of z has to be an integer (ž ∈ Zn, b̌ = b̂(ž) ∈ R3), the minimum solution becomes:

‖yDD −Až −Gb̌‖2Qyy = ‖ě‖2Qyy = ‖ê‖2Qyy + ‖ẑ − ž‖2Qẑẑ (2.21)

The minimum of this equation is clearly equal to or larger than the float solution Eq. (2.18).
For GNSS applications the search space, which boundary is determined by the variance matrix of the
float solution of z, is very much influenced by the high correlation between the ambiguities. However
a transformation can be applied that decorrelates the ambiguities and therefore can improve the
computational efficiency of the search dramatically.
3) The fixed baseline solution is obtained using the estimated integer ambiguities. The residual
ẑ − ž is used to adjust the float solution b̂ of the first step, which is b̌ = b̂(ž). This final fixed
baseline solution is obtained as:

b̌ = b̂(ž) = b̂−Qb̂ẑQ
−1
ẑẑ (ẑ − ž) (2.22)

with

Qb̂ẑQ
−1
ẑẑ = −(GTQ−1

yy G)−1GTQ−1
yy A (2.23)

This equation shows the relation that exists between the float and fixed solution, b̂ and b̌. It shows
that the difference between the two baseline estimates depends on the difference between float and
the fixed least-squares ambiguity estimate ẑ and ž. Then, by applying the variance propagation
law, the v-c matrix for the least-squares solution for b assuming that z is known, becomes:

Qb̌b̌ = Qb̂(z)b̂(z) = Qb̂b̂ −Qb̂ẑQ
−1
ẑẑ Qẑb̂ (2.24)

This fixed baseline estimate is much more accurate (as Qb̌b̌ < Qb̂b̂) than the float solution as long
as the ambiguities are fixed correctly. However if the ambiguities are fixed incorrectly, the result
might be that the fixed solution is worse than the float solution.
The standard model will be applied for attitude determination in chapter 3 if all the antenna/receivers
at the same platform are connected to the same clock Buist et al. (2011e).
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2.3.2 Model using Code, Carrier and Doppler Observations

Next we will introduce a model that makes use of the code and carrier observations plus Doppler. As
said before the pseudo range observations can have an accuracy of decimeters and the carrier phase
observations have accuracies down to millimeter level. The Doppler observation have an accuracy
worse than carrier phase but normally better than centimeter level (see Buist et al. (2011e)).
The model described by the Eq. (2.7) - (2.9) as developed in Buist et al. (2011e) and again assuming
that the atmospheric delays are corrected apriori or are negligible due to the short baseline setup,
becomes:

4P s12
r12,f

= − us12
r2 4rr12 − ρ̇

s12
r1 4ζr1 + ρ̇s12

r2 4ζr2 + εs12
r12,f

(2.25)

4Φs12
r12,f

= − us12
r2 4rr12 − ρ̇

s12
r1 4ζr1 + ρ̇s12

r2 4ζr2 + λfz
s12
r12,f

+ εs12
r12,f

(2.26)

4Ds12
r12,f

= − us12
r2 4ṙr12 − u̇s12

r2 4rr12 − ρ̇
s12
r1 4ζ̇r1 + ρ̇s12

r2 4ζ̇r2 + ε̇s12
r12,f

(2.27)

Compared with the model developed in section 2.3.1 we have for code and carrier the same number
of DD observations but two extra unknowns, namely the clock biases4ζr1 and4ζr2 . Therefore this
is a weaker model with consequently a lower expected success rate for ambiguity fixing. Another
drawback of this model is that clock drifts4ζ̇r1 and4ζ̇r2 are not linearly independent from velocity,
which is easy to see if the velocity terms are expressed in orbital coordinates: the clock drift can
not be uncoupled from the velocity along track of both the platforms.
An elegant way to cope with these issues is to correct the code and carrier observations with the
product of the clock biases 4ζr1 and 4ζr2 , which are known from the absolute navigation of both
platforms, and the range rates ρ̇s12

r1 and ρ̇s12
r2 which are known from the absolute velocity estimation

for both platforms in combination with the GNSS ephemeris. Moreover the Doppler observations
can be corrected with the product of the clock drifts 4ζ̇r1 and 4ζ̇r2 and the range rates ρ̇s12

r1 and
ρ̇s12
r2 both of which are known from the absolute velocity estimation for both platforms. The model

then becomes:

4P s12
r12,f

+ ρ̇s12
r1 4ζr1 − ρ̇

s12
r2 4ζr2 = −us12

r2 4rr12 + εs12
r12,f

(2.28)

4Φs12
r12,f

+ ρ̇s12
r1 4ζr1 − ρ̇

s12
r2 4ζr2 = −us12

r2 4rr12 + λfz
s12
r12,f

+ εs12
r12,f

(2.29)

4Ds12
r12,f

+ ρ̇s12
r1 4ζ̇r1 − ρ̇

s12
r2 4ζ̇r2 = −us12

r2 4ṙr12 − u̇s12
r2 4rr12 + ε̇s12

r12,f
(2.30)

In this section we will introduce a new notation that will allow us to use the notation of the general
model. yDD was the vector of observed minus computed DD carrier phases and code observations
of the order m = 2n, here we will make use the vector υDD of observed minus computed DD carrier
phases, code and Doppler observations -corrected for receiver clock biases and drifts- of the order
m = 3n. β contains the baseline vector b of order three, and its derivative ḃ, which is the relative
velocity between the two platforms, thus β = [b, ḃ]T . Γ is the geometry matrix containing normalized

line-of-sight vectors UDD
r and its derivative U̇DD

r : Γ =

[
G 0

U̇DD
r UDD

r

]
=

UDD
r 0

UDD
r 0

U̇DD
r UDD

r

. A

is the original design matrix that links the data vector to the unknown vector z. Applying this
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notation, the DD observation equations can be written for a single baseline as a system of linearized
observation equations:

E(υDD) = Az + Γβ, D(υDD) = Qυυ (2.31)

It is important to note that the ambiguities are integers and therefore z and β are (z ∈ Zn, β ∈ R6)
with Zn being the dimensional space of integers. The least-squares criterion for the unconstrained
problem reads as:

min
z∈Zn,β∈R6

‖υDD −Az − Γβ‖2Qυυ (2.32)

Now we can again obtain the ILS from the three steps of the standard LAMBDA method.

2.4 Doppler Observations

As described in Buist et al. (2011e) we will make use of pseudo range, carrier phase and Doppler
observation which we will call υ. Dispersion of this observation vector is:

D(υDD) = Qυυ (2.33)

with

D

P sr,fΦs
r,f

Ds
r,f

 =

QP sr,fP sr,f QP sr,fΦsr,f
QP sr,fD

s
r,f

QΦsr,fP
s
r,f

QΦsr,fΦsr,f
QΦsr,fD

s
r,f

QDsr,fP
s
r,f

QDsr,fΦsr,f
QDsr,fD

s
r,f

 (2.34)

We would like to analyze the correlation between Doppler and carrier phase, QΦsr,fD
s
r,f

, but
as these have different units, we will analyze the correlation of the Doppler observations with the
Doppler estimated from two carrier phase observation instead.

Φs
r,f (t+ ∆t)− Φs

r,f (t−∆t)

2∆t
= D

s
r(t) ≈ Ds

r(t) (2.35)

The estimated Doppler and the Doppler itself collected with a Septentrio AsteRx receiver are
shown in Figure (2.5). The same figures for the Namuru receiver are shown in Figure (2.6). For the
Namuru receiver it is obvious from the figures that the clock effects are dominant in both carrier
phase and Doppler observations.
The correlation coefficient ρDsr,fD

s
r,f

in the equation below is analyzed for two reference receivers,

Septentrio AsteRx and Trimble R7 receiver, in Table 2.1 for different sampling frequencies. We fit
a polynomial to Ds

r,f and determine the correlation between the residuals of Ds
r,f and D

s
r,f after

subtracting the polynomial.

QDsr,fD
s
r,f

= ρDsr,fD
s
r,f
σDsr,fσD

s
r,f
I (2.36)

Clear in the Table is that the two quantities become more correlated if the sampling frequencies is
increased (thus as the carrier phase observations are obtained with a shorter time span in between).
Even with an interval of 2 seconds between the observations the correlation coefficient is between
0.4 and 0.5 for the Trimble and Septentrio receiver respectively. For the Namuru receiver the
correlation between the two quantities can not be analyzed as the clock effects are too dominant
and therefore a proper polynomial can not be estimated for this data.
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Figure 2.5: Estimated Doppler and Doppler observation from AsteRx receiver
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Figure 2.6: Estimated Doppler and Doppler observation from Namuru receiver

Table 2.1: Relationship between Sampling frequency and Correlation coefficient
Receiver Sampling frequency [Hz] Correlation coefficient ρDsr,fD

s
r,f

AsteRx

1 0.54
2 0.59
5 0.83
10 0.82

Trimble R7
1 0.39
10 0.49

Namuru 1 0.95 (?)
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2.5 Proposed approaches for relative positioning

If the models as described in sections 2.3.1 and 2.3.2 are not strong enough for an instantaneous
(single epoch) approach, there are two alternates:
1 if the application requires real-time processing then the option is recursive processing
2 if the application does not require a real time solution (thus post-processing is acceptable) then
the option is to apply batch processing

Recursive processing is the topic of chapter 5, batch processing is discussed in chapter 6.
In an recursive approach we might make use of Doppler observations as this will enable us to
calculate an instantaneous solution and could help to make the filter converge faster. In the batch
approach we will make use of only the code and carrier phase observation as we have demonstrated
in section 2.4 that the Doppler observations are correlated with the carrier phase observations and
therefore will not add much. Instead we can calculate the relative velocity from baseline estimates
at two different epochs.
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Chapter 3

GNSS-Based Attitude Determination

Multiple GNSS receivers/antennas mounted rigidly on the platform can be used to determine
platform orientation, see e.g., (Cohen, 1992; Lu, 1995; Crassidis and Markley, 1997; Buist et al.,
2003; Li et al., 2004; Lin et al., 2004; Madsen and Lightsey, 2004; Psiaki, 2006). GNSS-based
attitude determination requires a precise relative positioning solution, that can be provided in
principle by the very precise GNSS carrier phase observables.
In this chapter we focus on the problem of fixing the correct integer ambiguities for data collected
on a frame of antennas firmly mounted on a rigid platform: the relative positions between the
antennas are assumed to be known and constant. In such configurations, the baselines lengths and
the angles between them are known, resulting in a set of nonlinear constraints posed on the baseline
vectors which can be exploited to strengthen the underlying observation model (attitude model).
To exploit these constraints, we make use of the Multivariate Constrained (MC-) LAMBDA method
(Park and Teunissen, 2003; Teunissen, 2007; Buist, 2007; Park and Teunissen, 2009; Giorgi et al.,
2008; Giorgi and Buist, 2008).
The standard model described in section 2.3.1 will be applied for attitude determination in this
chapter as we assume that all the antenna/receivers at the same platform are connected to the
same clock Buist et al. (2011e).

3.1 GNSS Attitude Model

Let us consider a set of r + 1 antennas simultaneously tracking the same GNSS satellites on f
frequencies. The set of linearized Double Difference (DD) GNSS phase and code observations
obtained on the r baselines can be cast into a multivariate Gauss-Markov model as follows:

E(Y ) = AZ +GB Z ∈ Zm×r, B ∈ R3×r (3.1)

D(vec(Y )) = QY Y = P ⊗Qyy (3.2)

where E(·) and D(·) denote the expectation and dispersion operator, ⊗ denotes the Kronecker
product, m is the dimension of the system depending on the number of satellites for each GNSS
system, the number of frequencies and double-differencing approach (e.g., m = f(mG−1)+f(mE−1)
for system-specific double-differencing in Section 8.3 and m = f(mG − 1) + fmE for inter-system
double-differencing in Section 8.4), Z = [z1, . . . , zr] is the m × r matrix of r unknown DD integer
ambiguity vectors zi, B = [b1, . . . , br] the 3 × r matrix of r unknown baseline vectors bi, G is the
2m× 3 geometry matrix that contains the unit line-of-sight vectors, A is the 2m×m matrix that
links the DD data to the integer ambiguities, and P and Qyy are known matrices of order r × r
and 2m× 2m, respectively. Here, vec(·) denotes the vec-operator, which transforms a matrix into
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a vector by stacking the columns of the matrix one underneath the other. Matrix P takes care of
the correlation that follows from the fact that the r baselines have one antenna in common and
matrix Qyy takes care of the precision of the phase and code data.

Model (3.1) can be strengthened by making use of the a priori known body-frame antenna
geometry. This allows us to reparametrize B as

B = RB0 (3.3)

with the unknown 3×q orthogonal matrix R (RTR = Iq) and the known q×r matrix B0 describing
the known geometry of the antenna configuration in the body frame (q is the dimension of the span
of the r baselines). Introducing this relation into model (3.1), gives the GNSS attitude model

E(Y ) = AZ +GRB0 Z ∈ Zm×r, R ∈ O3×q (3.4)

D(vec(Y )) = QY Y = P ⊗Qyy (3.5)

Our goal is to solve the above system in a least-squares sense, while taking the integer constraints
on Z and the orthonormality constraints on R into account. Hence, the minimization problem that
will be solved reads

min
Z∈Zm×r,R∈O3×q

‖vec (Y −AZ −GRB0)‖2QY Y (3.6)

with || · ||2Q = (·)TQ−1(·). The above problem does not admit a closed-form solution. In the
following, we describe a three-step procedure for solving (3.6).

3.1.1 Float solutions:

Using an orthogonal decomposition of the objective function, problem (3.6) can be written as:

min
Z∈Zm×r,R∈O3×q

‖vec (Y −AZ −GRB0)‖2QY Y

=
∥∥∥vec(Ê)∥∥∥2

QY Y
+ min
Z∈Zm×r

(∥∥∥vec(Ẑ − Z)∥∥∥2

QẐẐ

+

+ min
R∈O3×q

∥∥∥vec(R̂(Z)−R
)∥∥∥2

QR̂(Z)R̂(Z)

)
(3.7)

with Ê the matrix of least-squares residuals. For this decomposition we need Ẑ, R̂(Z) and their
inverse-variance matrices. The so-called float solutions Ẑ and R̂, and their variance-covariance
matrices, follow from

N ·
[
vec(Ẑ)

vec(R̂)

]
=

[
Is ⊗AT

B0 ⊗GT

]
Q−1
Y Y vec(Y ) (3.8)

N =

[
Is ⊗AT

B0 ⊗GT

]
Q−1
Y Y

[
Is ⊗A B0 ⊗G

]
(3.9)

and [
QẐẐ QẐR̂

QR̂Ẑ QR̂R̂

]
= N−1 (3.10)

while the Z-constrained solution of R and its variance-covariance matrix are given as

vec
(
R̂(Z)

)
= vec(R̂)−QR̂ẐQ

−1
ẐẐ
vec

(
Ẑ − Z

)
(3.11)

QR̂(Z)R̂(Z) = QR̂R̂ −QR̂ẐQ
−1
ẐẐ
QẐR̂ (3.12)
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3.1.2 Ambiguity resolution:

The multivariate constrained minimization problem in (3.7) is equivalent to minimizing the cost
function C(Z):

Ž = arg min
Z∈Zm×r

C(Z) (3.13)

where

C(Z) =
∥∥∥vec(Ẑ − Z)

∥∥∥2

QẐẐ

+
∥∥∥vec(R̂(Z)− Ř(Z)

)∥∥∥2

QR̂(Z)R̂(Z)

(3.14)

with

Ř(Z) = arg min
R∈O3×q

∥∥∥vec(R̂(Z)−R
)∥∥∥2

QR̂(Z)R̂(Z)

(3.15)

The cost function C(Z) is the sum of two coupled terms: the first weighs the distance from the
float ambiguity matrix Ẑ to the nearest integer matrix Z in the metric of QẐẐ , while the second
weighs the distance from the conditional float solution R̂(Z) to the nearest orthonormal matrix
R in the metric of QR̂(Z)R̂(Z). This rigorous application of the orthonormal constraint results in a
non-ellipsoidal search space and requires the computation of a nonlinear constrained least-squares
problem (3.15) for every integer matrix in the search space. In the MC-LAMBDA method, this
problem is mitigated through the use of easy-to-evaluate bounding functions (Nadarajah et al.,
2011a). Using these bounding functions, two strategies, namely the Expansion and the Search
and Shrink strategies, were developed, see e.g. (Park and Teunissen, 2003; Giorgi et al., 2008).
These techniques avoid the computation of (3.15) for every integer matrix in the search space, and
compute the integer minimizer Ž efficiently.

3.1.3 Fixed solution:

To obtain the final attitude solution, Ž is substituted into (3.11), thus giving R̂(Ž). This solution
has a much better accuracy than R̂ (cf. 3.12), but it is, in general, still non-orthogonal. The
sought-for orthogonal attitude solution is then finally obtained by solving (3.15) for Z = Ž. The
estimate for rotation matrix from body frame to local ENU coordinate system is given as

ŘENU = RENU−WGS84Ř(Ž) (3.16)

where RENU−WGS84 is the rotation matrix from WGS84 to local ENU system. The rotation matrix
can be written in terms of attitude angles as follows:

ŘENU =

 sin(ψ) cos(θ) sin(ψ) sin(θ) sin(φ) + cos(ψ) cos(φ) sin(ψ) sin(θ) cos(φ)− cos(ψ) sin(φ)
− sin(ψ) cos(θ) cos(ψ) sin(θ) sin(φ)− sin(ψ) cos(φ) cos(ψ) sin(θ) sin(φ)− sin(ψ) cos(φ)

sin(θ) cos(θ) sin(φ) cos(θ) cos(φ)

(3.17)

Hence, attitude angles are given as

Heading : ψ = tan−1

(
ŘENU(1, 1)

ŘENU(2, 1)

)
(3.18)

Elevation : θ = sin−1
(
ŘENU(3, 1)

)
(3.19)

Bank : φ = sin−1

 ŘENU(3, 2)√
ŘENU(1, 1)2 + ŘENU(2, 1)2

 (3.20)
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Semi major axis 7,058.14 km
Inclination 98.0443◦

Right ascension -90.046◦

Eccentricity 0
Mean anomaly 0◦

Argument of perigee 0 ◦

Table 3.1: Orbit specification for the CubeSat

LAMBDA MC-LAMBDA

Success rate (%) 19.0 96.4

Table 3.2: Single epoch integer resolution success rate

3.2 Hardware-in-the-loop Experiment for Namuru receivers

In this section, we discuss estimation of attitude angles for hardware-in-the-loop simulation with
Namuru receiver (NamuruV2Rx) conducted at the University of New South Wales. We consider
attitude determination of first platform equipped with three antennas, which form the following
antenna geometry

B0 =

[
1 0
0 1

]
[m] (3.21)

The simulation scenario is based on CubeSat orbital parameters shown in Table 3.1. Figure 3.1
shows the ground truth of satellite trajectory. NamuruV2Rx was connected to Spirent GSS6560
simulator tracking GPS signals. Figure 3.2 shows the satellite availability for a cutoff angle of 0◦.
Table 3.2 reports the single frequency, single epoch success rate of the MC-LAMBDA comparing
with that of the standard LAMBDA. The use of known antenna geometry significantly enhances
the integer resolution capability. Finally, the estimates for attitude angles defined in (3.18)-(3.20)
are compared with the ground truth from Spirent simulator. Figure 3.3 shows the estimates for the
attitude angles as a function of simulation time. Spikes in attitude angular errors correspond the
poor GPS satellite availabilities (high PDOP values). These spikes can be eliminated by utilizing
multi-GNSS systems in planned Garada mission. Root mean square errors (RMSEs) for estimates
are given in Table 3.3. Estimation accuracy can be improved by using kinematic filtering discussed
in chapter 5.

Heading Elevation Bank

0.16 1.16 0.82

Table 3.3: Root mean square error [deg]
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Figure 3.1: Satellite trajectory
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(d) Elevation error
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(f) Bank error

Figure 3.3: Attitude angles
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Chapter 4

Attitude bootstrapped relative
positioning

The MC-LAMBDA method, described in the previous chapter, can be used in other ways, for
example, to improve relative positioning in the formation flying. We have just obtained data from
a second platform at a distance of 500 meter flying behind the platform described in chapter 2.
In our next deliverable we will analyse this data but, as a first step to confirm the theory, we will
analyze data from a static field experiment in this chapter.
In section 4.3, the theory from section 4.1 is confirmed using field data from the experiment de-
scribed in section 4.2.

4.1 Theory

Traditionally, in multi-platform missions, such as formation flying and rendezvous, the GNSS-
based attitude determination and relative positioning problems are treated independently. Recent
research has shown that multi-antenna data can also be used to enhance the relative positioning
between the platforms Buist et al. (2011c)Buist et al. (2011d). This approach makes use of an
approximation of the ILS by first solving the attitude determination problem for each individual
platform with the MC-LAMBDA method and then to use its solution to improve the baseline
estimation so that the bootstrapped solution can find the baseline between platforms. This inte-
grated approach is coined attitude-bootstrapped relative positioning Buist et al. (2011c)Buist et al.
(2011d). In this section we will discuss a case in which two platforms either side of a baseline have
the same number of antennas (m + 1). C is the total number of independent baselines at both
platforms (e.g., C = 2m). The most common configuration for GNSS-based attitude determination
is the use of three or four antennas on a single platform, but platforms carrying fewer antennas are
also used. These scenarios are depicted in Figure 4.1.

We describe the integrated approach principle by providing an example that demonstrates the
improved multi-antenna solution. First, consider a configuration with a single antenna at each
platform (C=0): the variance of the conditional baseline estimate is given as Qb̂(z)b̂(z). Then, with

two antennas at each platform (C = 2 in Figure 4.1), the baseline at the first platform is indicated
with b11, the baseline at the second platform is indicated with b21, and the baselines between the two
antennas at each of the two platforms are denoted with b12

1 and b12
2 . Assuming that the baseline

lengths between the antennas at each platform b11 and b21 are precisely known and the ambiguity
vectors at these baselines can be determined successfully using the MC-LAMBDA method, the
baseline coordinates for each platform can be determined precisely, in the millimeter range.
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Figure 4.1: Definition of two platforms and C-baseline configuration

As a consequence, the baseline between the first two antennas at both platforms can be estimated
by either differencing between these antennas, or by estimating the baseline between the remaining
two antennas at both platforms and then forming the baseline b12

1 = b12
2 + b11 − b21, where b11 − b21 is

known precisely. Hence the same baseline is observed twice and thus the variance of the baseline
estimate is improved by a factor of 0.5. This discussion can be extended to a larger number of
antennas at each of the platforms, and also to the non-symmetric case with a different number
of antennas at each platform. This discussion can be supported by analytical analyses. For the
baseline between the platforms the improvement of both ambiguity resolution and baseline precision
for the multi-antenna solution can be demonstrated to be a function of the number of antennas at
each platform. The ambiguity and baseline vectors can be estimated with a precision improved by
a factor,

Qboots =
1

1 +m
Q (4.1)

where Qboots is the v-c matrix of the bootstrapped solution. This reduction is important as it
will result in higher success rates for ambiguity resolution and more precise baseline estimates.

4.2 Setup of Field Experiment

On 6th of September 2010, data was collected from ten Trimble receivers (nine R7’s and one 4000
SSI). For the R7’s raw data was logged at 10 Hz, for the 4000 SSI receiver at 1 Hz. Each receiver has
its own antenna and was placed in one of two groups: each representing a platform. The setup itself
is shown in Fig. 4.2 where letters/numbers indicate the different receivers/antenna combinations.
Of these receivers, receiver 4 till 10 were connected to a Trimble Zephyr L1/L2 antenna, A and B
were connected to a Trimble Zephyr Geodetic L1/L2 antenna. And G1, the 4000 SSI receiver, was
connected to a Trimble Geodetic W Groundplane antenna, type 222020.
Fig. 4.3 shows the setup of the experiment at the end of the A4 freeway in the south-west of
Delft. A and B are the master receivers/antennas, and these are place roughly in the same plane
as receiver 7, 9 and 10, and 5, 6, and G1, respectively. Receivers 4 and 8 are deliberately placed
out of this plane.
In this report we will analyse data from configurations including up to 3 antennas at both platforms
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Figure 4.2: Experimental set-up for the multi-antenna experiment

Figure 4.3: Multi-baseline Experiment in September 2010

(C = 0, C = 2, C = 4). On the left hand side of the figure we will make use of 8, 9 and A, on the
right hand side of 4, 5 and B. As the unconstrained baseline we will consider both A-B and 8-4.
We will make use of 1 Hz data with a total of 2250 epochs.

4.3 Results from field experiment

The relative positioning result is analyzed as part of the integrated approach for the antenna
configurations in Fig. 4.2. The results are presented in Table. 4.1, which contains empirical
success rates as a function of the number of tracked satellites (NSV ) and the number of constrained
baselines C at both platforms. The unconstrained baseline b12 is presented as standalone (C = 0)
and as part of the integrated solution using using two till four constrained baselines (C = 2, C = 4).
For the unconstrained baseline in the Table we observe that the integrated approach has a better
performance than standalone. The improvement is up to 24% using two constrained baselines
(C = 2) and 27% using four constrained baselines (C = 4) with a larger improvement for weaker
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Table 4.1: Field experimental results: Single-frequency, single-epoch success rates for the uncon-
strained baseline between platforms using standard LAMBDA (C = 0), and bootstrapped solution
from MC-LAMBDA (C > 0), #C is total number of constrained baselines at the two platforms

NSV #C (MC-)LAMBDA

baseline A-B 8-4

5
0 8.5 12.25
2 21.73 24.10
4 18.25 29.08

6
0 62.21 59.17
2 86.44 83.24
4 90.75 87.79

7
0 95.13 95.17
2 98.93 98.17
4 99.17 98.38

8
0 99.58 99.42
2 99.91 99.87
4 99.71 99.87

GNSS models, which for this experiment is presented by a lower number of satellites NSV .
We observe that the result on the unconstrained baseline A-B and 8-4 are similar. Moreover we
observe that including more constrained baselines will improve the success rate, expect for C = 4
on baseline A-B. For this case probably a local effect, as for example multipath, is present in the
observations collected at one of the antennas, and this is something we have to investigate further.
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Chapter 5

Kalman filter versus other recursive
approaches

In a linear system with Gaussian noise, it is well known that the Kalman filter is an optimal
filter. For a nonlinear system and/or a system with non-Gaussian noise distributions, the Kalman
filter might still be applicable for state estimation but other nonlinear techniques could provide
better results, although in general with an increased computational load. In the next sections,
after introducing the Bayesian filter, we will discuss the Kalman filter, the Extended Kalman filter
and other nonlinear techniques. The EKF is studied in this project for comparison with other
estimation techniques.

One main criterion for evaluating the performance of an estimator is the mean square error:

MSE = E(‖x− x̂‖2) (5.1)

The general notation of the Bayesian filter will be applied as introduced in the next subsection.

5.1 Bayesian Filter

Our general nonlinear measurement model is

Initial state:

x0 (5.2)

Nonlinear observation model:

yi = ai(xi) + ei (5.3)

Nonlinear dynamic model:

xi = fi−1(xi−1) + di−1 (5.4)

Where fi−1 and ai are nonlinear functions of the unknown state vector xi, i is number of discrete
time intervals. ei is the observation noise and di−1 is the process noise.
If statistical models are available for both x and y, the estimation problem generalizes to the
problem of guessing the outcome of a random vector x based on observation of another random
vector y. One could do this by using the conditional probability density function (pdf) fx|y. This
process is known as Bayesian estimation or filtering.
The aim of Bayesian filtering is to find the conditional probability distribution given all current and
past observations (called posterior). Knowledge of the posterior enables one to compute an optimal
state estimate with respect to any criterion. For example it can be shown that the best estimator
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(the one that give the minimum mean square error) is the conditional mean of xi: x̂ = E(x|y0...i)
There are two aspects of the best estimator which limits its practical usefulness. The first is that
one need to know the complete pdf, information that is not always available; the second is that
the best estimator is a nonlinear function of the vector of observables. For these reasons for most
real-life applications it is not possible to compute the Bayesian solution and therefore approximate
solutions, which we call filters or estimation techniques, were introduced. In the rest of chapter we
will discuss what we think are the most important filters for future space applications: Unscented
Kalman Filter, Particle Filter, Gaussian Mixture Filter, and also the higher order Extended Kalman
Filter, the Iterated Extended Kalman Filter, batch least squares will be introduced.

5.2 Introduction of the (Extended) Kalman filter

The Extended Kalman filter is a standard Kalman filter Kalman et al. (1960) for the general
nonlinear measurement model introduced in the previous section. We will discuss these two in the
next paragraph, starting with the Kalman filter.

5.2.1 Kalman filter

For linear systems and Gaussian noises, the Kalman filter is equivalent to the ideal Bayesian filter
described in section 5.1 Chen (2003)Teunissen et al. (2004). It can be written as:
Initial state:

x0, D(x0) = Qx0x0 (5.5)

Linear observation model:

yi = Aixi + ei, C(ei, ej) = Riδij (5.6)

Linear dynamic model: ,

xi = Fi−1xi−1 + di−1, C(di, dj) = Siδij (5.7)

Where Ai is linear function and Fi−1 is a transition matrix. δij is the kronecker delta (δij = 1
if i = j and zero otherwise) , R is state noise and S is system noise. The expectation of the initial
state, state and observation noise are: E(x0) = x̂0, E(di) = 0, E(ei) = 0.
The Kalman filter makes use of a two step approach, namely the propagation step -which we call
the time update- and the measurement update.

Time Update
Predicated state estimate:

x̂i|i−1 = Fi|i−1x̂i−1|i−1 (5.8)

Error variance of x̂i|i−1:

Pi|i−1 = Fi|i−1Pi−1|i−1F
T
i|i−1 + Si (5.9)

Measurement Update
Predicted residual

vi = yi −Aixi|i−1 (5.10)

Variance predicted residual

Qvivi = Ri +AiPi|i−1A
T
i (5.11)
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Gain matrix

Ki = Pi|i−1A
T
i Q
−1
vivi (5.12)

Update state estimation

x̂i|i = x̂i|i−1 +Kivi (5.13)

Error variance matrix of x̂i|i

Pi|i = (In −KiAi)Pi|i−1 (5.14)

5.2.2 Extended Kalman filter

The Extended Kalman filter is not a single algorithm but rather a collection of approaches for
which the state transition and observation models may be non-linear functions. In this approach
the non-linear function are linearized around the latest state estimate.
The nonlinear functions, fi−1 and ai introduced in Section 5.1, are replaced by the expansion of
the Taylor series about the conditional means x̂i|i and x̂i|i−1:

ai(xi) = ai(x̂i|i) +Ai(xi − x̂i|i) + . . . (5.15)

fi−1(xi−1) = fi−1(x̂i|i−1) + Fi−1(xi−1 − x̂i|i−1) + . . . (5.16)

with Ai = ∂ai
∂x |x̂i|i and Fi−1 = ∂fi−1

∂x |x̂i|i−1

If the higher order terms are neglected x̂i|i and x̂i|i−1 and are assumed to be known, the following
linearized model is derived:
Linearized observation model:

yi = Aixi + ei (5.17)

Linearized Dynamic model:

xi = Fi−1xi−1 + di−1 (5.18)

Of all the estimation techniques being used onboard spacecraft the Extended Kalman filter
appears to be most popular Montenbruck and Gill (2000)Julier and Uhlmann (2004). It is ap-
plied for relative positioning in formation flying and rendezvous and docking using GPS Narmada
(2005)Kroes (2006)Gill et al. (2007), FFRF Guidotti et al. (2011) and optical sensors Noteborn
et al. (2011), for attitude estimation using GPS Buist et al. (2005), and integrated systems of
-for example- GNSS and IMU for the re-entry application Broquet et al. (2010). For applications
such as vision navigation for planetary approach and landing, the linear Kalman filter is currently
applied Melloni et al. (2009)Frapard and Mancuso (2005).
The shortcomings of the EKF are based on the assumptions that were described above. If observa-
tion noise varies in time and/ or if the system is highly nonlinear, suboptimal performance of the
filter can even lead to filter divergence. There are a number of variations on the Extended Kalman
filter. For example the filter derived using the first two terms in the Taylor series expansion are
called second order Extended Kalman filter. If the reference trajectory is improved by an iteration
process, the resulting filter is referred to as an Iterated Extended Kalman Filter.
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5.3 Other estimation techniques

This section will discuss other estimation techniques available and their expected performance for
non-linear systems with or without Gaussian noise. Some of the described nonlinear estimation
techniques have been investigated for space applications, for example the Unscented Kalman for
attitude determination Crassidis and Markley (2003) and relative positioning, but -as far as we are
aware of- have never been applied onboard space missions. These techniques have been disregarded
until now for the space applications due to higher computational load; especially as space qualified
CPU’s have lower performance than commonly applied terrestrial CPUs. With the emergence of
a new generation of space qualified CPUs, it is interesting to investigate the performance of these
new estimation techniques for formation flying.
The trade-off between the different estimation techniques will be discussed in the section 5.4, but
first we will have a closer look at the different estimation techniques.

5.3.1 Unscented Kalman Filter (UKF)

The Unscented Kalman filter (UKF) uses a deterministic sampling technique, known as the un-
scented transform, to pick a minimal set of sample points around the mean. These points are
propagated using the non-linear functions after which the mean and covariance of the estimated
state are recovered. So in the UKF the probability density is approximated by the nonlinear trans-
formation of a random variable which should return a more accurate result than the first-order
Taylor expansion of the nonlinear functions in the EKF. Advantages of the UKF approach are
that it might work for non-linear system for which the EKF provided poor performance (increased
robustness), and it does not require to explicitly calculate matrices of partial derivates which makes
the filter applicable for a more general software implementation.
Wolfe Wolfe et al. (2007) has studied the UKF for relative positioning using double differenced
carrier-phase GPS observations. A wide lane float ambiguity was solved by the LAMBDA method
within 50 epochs. After the integers were fixed a DD L1-signal could be resolved within 6 epochs
for a baseline of 112 km. The overall precision of the fixed solution was found to be 8.4 mm, 21
mm, and 9.5 mm (RMS) in radial, along-track, and cross-track directions. A comparison with EKF
was not made in the article.

5.3.2 Particle Filter (PF)

The Particle filter is a numerically approximation of optimal Bayesian filter for nonlinear non-
Gaussian problems. The particle filter represents the prior and posterior distributions as a set of
samples rather than a density function. The advantage of the particle filter is that it is flexible -as
it makes use of distributions directly- and relative easy to implement. One possible drawback of
the particle filter is the reported difficulties if measurement noises are much smaller than the state
estimation which is typically the case in for example GNSS positioning Petrovich and Piché (2008).
The particle filter has some similarities with the UKF described in section 5.3.1. Both transform
a set of points via the known nonlinear equations and apply the result to estimate the mean and
covariance of the state. The difference between the two is that in PF, the points are chosen truly
randomly whereas the UKF applies an specific algorithm to select the points as was explained in
section 5.3.1. Therefore the number of points required for a PF is in general much higher than for
the UKF with as a consequence an increased computational load, but the advantage is that the
PF should convergence to a smaller estimation error as long as the number of particles is large
enough (in theory the estimation error should approach zero if the number of particles approach
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infinity but the computational time would also go to infinite). For completeness also grid-based
filtering is mentioned here Bucy (1969). This is a similar approach to PF, except that in PF the
particles are chosen to be distributed in state space according to the pdf of the state. The grid-based
filter does not follow this approach with as consequence that the computational load is increasing
exponentially with the dimension of the state Simon (2006). As there appears to be no advantage
of grid-based filtering over PF, this type of filter has not have obtained as much attention in recent
years.

5.3.3 Gaussian Mixture Filter

Gaussian Mixture filter is a filter whose approximate prior and posterior densities are Gaussian
Mixtures Ali-Löytty (2009). The filter is also known as Gaussian sum filter. The idea is that the
non-Gaussian pdf can be approximated by a sum of Gaussian pdfs Aoki (1965). To approximate
the optimal state estimate, a large number of filters (c.q. KF, PF, etc.) are run in parallel to
approximate the true pfd by a sum of Gaussians pdfs. The update step of the algorithm is usually
computed as a bank of EKFs or PFs. The drawback of the GMF is that the number of components
can become very large which makes it necessary that a method is applied to limit this number when
possible. The trade-off is between accuracy and computational load.
Kubo Kubo et al. (2011) has implemented a GMF for relative positioning and tested it using data
from static GPS receivers with a baseline of 22 km. The accuracy of the result of the GMF is a
few percent better than an EKF.

5.3.4 Recursive and Batch Least Squares

The recursive least squares method was invented by Gauss and it often gives accuracy better than
EKF for nonlinear problems Daum (2005), which could be explained by the fact that it linearizes
over all available data, whereas the EKF linearizes only over the latest estimate. It could also be
implemented in the form of a so-called backward smoothing algorithm or as recursive least squares
as for example the square root information filter or SQRF Schutz et al. (2004). The batch LSQ
is also an approach we would like to take into consideration in the trade-off between different
estimation techniques.

5.4 Trade-off

For a linear system with Gaussian noise, the Kalman filter is known to be optimal. For nonlinear
systems as were discussed in section 5.3, a modified version of the Kalman filter, known as the
Extended Kalman, can be applied. Other examples of nonlinear filters are the Unscented Kalman
Filter (UKF), the particle filter and the Gaussian Mixture filter (GMF). If these types of filter
are applied on linear systems with Gaussian noise, the achieved accuracy should be the same as a
standard Kalman filter but with a higher computational load (see Figure 5.1).
However for the nonlinear systems with or without non-Gaussian noise, these types of nonlinear
filter will have an improved accuracy but still at the cost of a higher computational load (see Figure
5.2). Therefore for specific applications a trade-off between accuracy and computation load have
to be performed.

Models containing integer numbers can be solved by applying the Integer Least-Squares (ILS)
theory (chapter 2), which is an extension of the least-squares principle for linear systems where a
subset of the unknowns is integer-valued. It is well-known that it is difficult to incorporate integers
in an optimal estimation problem as the derivation of these estimates require more than the usual
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Figure 5.1: Linear system with Gaussian noise
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Figure 5.2: Nonlinear system with or without non-Gaussian noise

filtering techniques: it requires the solution of the ILS problem.
Even for a standard Kalman filter this problem has not been solved satisfying Psiaki (2010). For
real space missions -as GRACE Kroes (2006) and Tandem-X/TerraSar-X Kahle et al. (2011) using
GPS, and on PRISMA using both GPS Persson et al. (2006) and FFRF Lestarquit et al. (2006)-
the ambiguity estimation problem is one of the engineering bottle necks. For PRISMA, one of the
satellites has to make rotating manoeuvres in order for the FFRF to be able to successfully estimate
the ambiguities Grelier et al. (2011). Moreover on the same mission, the integer ambiguities for
relative positioning using GPS are not estimated in real time Montenbruck et al. (2011). Therefore
in this research project we will give ample attention to the inclusion of constant integer numbers
into the filtering technique.
Some of literature described in this chapter suggest that an advanced estimation technique could
provide a better performance than the standard (Extended) Kalman Filter, although not significant.
Therefore in our approach we will apply an ordinary Kalman filter as for example described in Odijk
and Verhagen (2007).
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Chapter 6

Batch filter

Especially for single epoch, single frequency observation, the model as introduced in chapter 2
is often not strong enough to fix the ambiguities. In that case we might consider a multi-epoch
solution which will improve the accuracy of the float solution and therefore increase the probability
of fixing the correct integer vector.

6.1 Single (Unconstrained) Baseline

When observations from k epochs are available, the model described by Eq. (2.16) can be written
as (Giorgi et al., 2010):

E


yDD1

yDD2
...

yDDk

 =


A G1 0 . . . 0

A 0 G2 . . .
...

...
. . . 0

A 0 . . . 0 Gk



zk
b1
...
bk

 = Mk


zk
b1
...
bk



D


yDD1

yDD2
...

yDDk

 = Ik ⊗QyDDyDD

(6.1)

where zk is ambiguity float solution obtained using observation from k-epochs.
In this model every epoch is considered independent from previous and following epochs in the
stochastic model and holds as long as no cycle slips and changes in the number of tracked GNSS
satellites occur.

The associated v-c matrix for this multi-epoch float solution is derived as:[
Qẑk ẑk Qẑk b̂
Qb̂ẑk Qb̂b̂

]
=
[

MT
k (Ik ⊗Q−1

yy )Mk

]−1
(6.2)

where Qb̂b̂ is the 3k × 3k v-c matrix for the float baseline estimates of k epochs:

Qb̂b̂ =


Qb̂1b̂1 Qb̂1b̂2 . . . Qb̂1b̂k
Qb̂2b̂1 Qb̂2b̂2 . . . Qb̂2b̂k

...
. . .

...
Qb̂k b̂1 Qb̂k b̂2 . . . Qb̂k b̂k

 (6.3)
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and

Qẑk b̂ =
[
Qẑk b̂1 Qẑk b̂2 . . . Qẑk b̂k

]
(6.4)

The notation (·) is introduced to distinguish between this v-c matrix and the single epoch v-c
matrix.
The sum-of-squares decomposition of the squared norm of the residuals is obtained for the multi-
epoch model Eq. (6.1) as:

∥∥∥∥∥∥∥
yDD1 −Az1 −G1b1

...
yDDk −Azk −Gkbk

∥∥∥∥∥∥∥
2

Ik⊗Qyy

=

∥∥∥∥∥∥∥
ê1
...
êk

∥∥∥∥∥∥∥
2

Ik⊗Qyy

+ ‖ẑk − z‖2Qẑkẑk +

∥∥∥∥∥∥∥
b̂1(z)− b1

...

b̂k(z)− bk

∥∥∥∥∥∥∥
2

Qb̂(z)b̂(z)

(6.5)

where the baseline solution assuming the integer ambiguities z as known is applied:
b̂1(z)

b̂2(z)
...

b̂k(z)

 =


b̂1
b̂2
...

b̂k

−Qb̂ẑkQ−1
ẑk ẑk

(ẑk − z) (6.6)

with

Qb̂(z)b̂(z) = Qb̂b̂ −Qb̂ẑkQ
−1
ẑk ẑk

Qẑk b̂ (6.7)

This last matrix has a block diagonal structure

Qb̂(z)b̂(z) =


Qb̂1(z)b̂1(z) 0 . . . 0

0 Qb̂2(z)b̂2(z) . . . 0
...

. . .
...

0 0 . . . Qb̂k(z)b̂k(z)

 (6.8)

Qb̂i(z)b̂i(z)
= (BT

i Q
−1
yy Bi)

−1 (6.9)

The least-squares criterion for this multi-baseline problem reads, written in the same form as
Eq. (2.14), as:

min
z∈Zn,b=

[
b1 . . . bk

]
∈R3k

∥∥∥∥∥∥∥
yDD1 −Azk −G1b1

...
yDDk −Azk −Gkbk

∥∥∥∥∥∥∥
2

Ik⊗Qyy

=

k∑
i=1

‖êi‖2Qyy+

+ min
z∈Zn,b=

[
b1 . . . bk

]
∈R3k

(
‖ẑk − z‖2Qẑkẑk +

k∑
i=1

‖b̂i(z)− bi‖2Qb̂i(z)b̂i(z)

) (6.10)

Without a constraint on the baseline length, the last term can be made zero for any ambiguity
vector, and thus the minimizer is obtained by minimizing the second term by the LAMBDA method.
As the entries of Qẑk ẑk for the multi-epoch solution are reduced compared to the single-epoch case,
the probability of correctly fixing the integer ambiguity vector increases.
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The baseline solutions can be obtained using the same approach as applied in Eq. (2.22):
b̌1
b̌2
...

b̌k

 =


b̂1(žk)

b̂2(žk)
...

b̂k(žk)

 =


b̂1
b̂2
...

b̂k

−Qb̂ẑkQ−1
ẑk ẑk

(ẑk − ž) (6.11)

6.2 Multibaseline model

The model introduced in Eq. (3.1) is the single epoch GNSS attitude model. Here we will introduce
the multi-epoch model Teunissen (2007)Giorgi et al. (2010).

E(Yi) = AZ +GiRiF
T (6.12)

in which the unknowns are Z and Ri and i is the epoch counter i = 1, 2, . . . , k. Again application
of the vec-operator gives:

E(vec(Yi)) = (IN ⊗A)vec(Z) + (F ⊗Gi)vec(Ri)
D(vec(Yi)) = QY Y

(6.13)

The ambiguities are assumed to be constant during the considered time period, but the obser-
vation matrices Yi, the geometry matrices Gi and the rotation matrices Ri are assumed to vary
with time: G changes over time due to the changing relative receiver-satellite geometry and the
orthonormal matrix R changes over time, because of the changing attitude of the platform. Simi-
lar to the multi-epoch single baseline model derived in the previous section the multi-epoch multi
baseline model can be written as:

E


vec(Y1)
vec(Y2)

...
vec(Yk)

 =


IN ⊗A F ⊗G1 0 . . . 0
IN ⊗A 0 F ⊗G2 . . . 0

...
. . .

...
IN ⊗A 0 0 . . . F ⊗Gk



vec(Zk)
vec(R1)

...
vec(Rk)



= Mk


vec(Zk)
vec(R1)

...
vec(Rk)



D


vec(Y1)
vec(Y2)

...
vec(Yk)

 = D
[
Y
]

= QY Y

(6.14)

Again (·) indicates multi-epoch variable.

The associated v-c matrix for this multi-epoch float solution is derived as:[
QẐkẐk QẐkR̂
QR̂Ẑk QR̂R̂

]
=
[

MT
k (Ik ⊗Q−1

Y Y )Mk

]−1
(6.15)
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where

QR̂R̂ =


QR̂1R̂1

QR̂1R̂2
. . . QR̂1R̂k

QR̂2R̂1
QR̂2R̂2

. . . QR̂2R̂k
...

. . .
...

QR̂kR̂1
QR̂kR̂2

. . . QR̂kR̂k

 (6.16)

and

QẐkẐk =
[
QẐkR̂1

QẐkR̂2
. . . QẐkR̂k

]
(6.17)

The float solution Ẑk is the real-valued least-squares estimator of Z, based on all the data up
to and including epoch k, but without taking the integerness of Z and the orthonormality of the
Ri into account. Matrix R̂i(Z) is the least-squares estimator of Ri, again based on all the data up
to and including epoch k and without taking the orthonormality constraints into account, but now
assuming that Z is known.

The sum-of-squares decomposition of the squared norm of the residuals is obtained for the
multi-epoch model Eq. (6.13) as:

∥∥∥∥∥∥∥∥∥
vec(Y1)

...
vec(Yk)

−Mk


vec(Z1)
vec(R1)

...
vec(Rk)


∥∥∥∥∥∥∥∥∥

2

QY Y

=

∥∥∥∥∥∥∥
Ê1
...

Êk

∥∥∥∥∥∥∥
2

QY Y

+

+ ‖vec(Ẑk − Z)‖2QẐkẐk
+

∥∥∥∥∥∥∥
vec(R̂1(Z)−R1)

...

vec(R̂k(Z)−Rk

∥∥∥∥∥∥∥
2

QR̂(Z)R̂(Z)

(6.18)

where the baseline solution assuming the integer ambiguities Z as known is applied:
vec(R̂1(Z))

vec(R̂2(Z))
...

vec(R̂k(Z))

 =


vec(R̂1)

vec(R̂2)
...

vec(R̂k)

−QR̂ẐkQ−1

ẐkẐk
(vec(Ẑk − Z)) (6.19)

with

QR̂(Z)R̂(Z) = QR̂R̂ −QR̂ẐkQ
−1

ẐẐ
QẐkR̂ (6.20)

This last matrix has a block diagonal structure

QR̂(Z)R̂(Z) =


QR̂1(Z)R̂1(Z) 0 . . . 0

0 QR̂2(Z)R̂2(Z) . . . 0
...

. . .
...

0 0 . . . QR̂k(Z)R̂k(Z)

 (6.21)

QR̂i(Z)R̂i(Z) =
[
(F ⊗Gi)TQ−1

Y Y (F ⊗Gi)
]−1

(6.22)
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The least-squares criterion for this multi-baseline problem reads, written in the same form as
Eq. (2.14), as:

min
Z∈Zn×m,

[
R1 . . . Rk

]
∈O3×q×k

∥∥∥∥∥∥∥∥∥
vec(Y

DD
1 )

...
vec(Y DD

k )

−Mk


vec(Z1)
vec(R1)

...
vec(Rk)


∥∥∥∥∥∥∥∥∥

2

QY Y

=
k∑
i=1

‖Êi‖2QY Y +

+ min
Z∈Zn×m,

[
R1 . . . Rk

]
∈O3×q×k

(
‖vec(Ẑk − Z)‖2QẐkẐk

+
k∑
i=1

‖vec(R̂i(Z)−Ri)‖2QR̂(Z)R̂(Z)

) (6.23)

Due to the structure of Eq. (6.14) and the block diagonality of D(Y ), that R̂i(Z) only depend
on Yi and not on observations from other epochs. This is also the reason why the last term in Eq.
(6.23) can be written as a summation of k terms.

6.2.1 Unconstrained model

Without the orthogonality constraint on R, the last term can be made zero for any ambiguity vector,
and thus the minimizer is obtained by minimizing the second term by the LAMBDA method.

Ž = arg min
Z∈Zn×m

(
‖vec(Ẑk − Z)‖2QẐkẐk

)
(6.24)

As the entries of QẐkẐk for the multi-epoch solution are reduced compared to the single-epoch
case, the probability of correctly fixing the integer ambiguity vector increases. The attitude solu-
tions can be obtained using

Ři = arg min
Ri∈O3×q

‖vec(R̂i(Ž)−Ri)‖2QR̂i(Z)R̂i(Z)
(6.25)

6.2.2 Constrained model

When the orthonormality of R is taken into account the solution becomes:

Ž = arg min
Z∈Zn×m

(
‖vec(Ẑk − Z)‖2QẐkẐk

+
k∑
i=1

‖vec(R̂i(Z)− Ři(Z))‖2QR̂i(Z)R̂i(Z)

)
(6.26)

with

Ři(Z) = arg min
Ri∈O3×q

(
‖vec(R̂i(Z)−Ri)‖2QR̂i(Z)R̂i(Z)

)
(6.27)

Now the minimization is the sum of two terms: the distance with respect to the float solution in
the metric QẐẐ and various distances between R̂i(Z) and their projection on the curved manifold
defined by Ri ∈ O3×q.
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Chapter 7

Data Quality Control

Autonomous navigation system integrity monitoring using redundant information becomes increas-
ingly important in the field of high precision integrated navigation. Misspecifications in the model
due to, e.g., outliers, sensor failures or state vector biases, will invalidate the results of filtering and
thus also any conclusion based on them. Integrity monitoring techniques have been proposed for
navigation applications based on inertial navigation systems, GPS, and radio positioning systems
such as Omega and Loran-C (Parkinson and Axelrad, 1988; Sturza, 1988; Brown and Hwang, 1987;
Brown and McBurney, 1988; Teunissen and Salzmann, 1988; Enge et al., 1990; Salzmann, 1991).

In this chapter, we describe the recursive DIA-procedure consisting of three steps: 1. Detection,
Identification, and 3. Adaptation (Baarda, 1968; Teunissen, 1984, 1986). This testing procedure is
recursive and can be computed in real-time through a scheme that closely parallels the standard
navigation filter.

The predicted residuals of the Kalman filter play a crucial role in the DIA procedure in order
to account for model errors. The following two statistical hypotheses, a hull hypothesis H0 and an
alternative hypothesis Ha are considered in the DIA testing procedure:

H0 : vk ∼ N (0, Qvk,vk) (7.1)

Ha : vk ∼ N (Ck∇, Qvk,vk) (7.2)

In the null hypothesis it is assumed that the predicted residuals vi (Eq. (5.10)) are normally
distributed (denoted using N (·, ·)), with zero mean and variance-covariance matrix Qvk,vk , whereas
in the alternative hypothesis it is assumed that they have a nonzero mean, which denoted as Ck∇.
In this report, it will be assumed that this nonzero mean is a consequence of model errors affecting
the observations of the current epoch k. Thus ∇ denotes the vector of model errors on epoch k
and Ck is a matrix mapping the model errors to the vectors of observables yk. Based on the above
assumptions DIA procedure is described in the following sections.

7.1 Detection

As a first step of the DIA procedure, an overall model test is executed. The so-called Local Overall
Model (LOM) test statics is computed as follows:

T floatLOM =
vTkQ

−1
vk,vk

vk

mk
(7.3)

This test will be referred to as ‘float’ LOM test, since it applies to the model in which the phase
ambiguities are not integer but float. This LOM test statistic has a central F-distribution with
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mk and ∞ degrees of freedom. The critical value, needed to execute the test, is then computed as
Fαk(mk,∞, 0), with αk the level of significance of the test.

7.2 Identification

If the float LOM test is not passed, potential model error(s) need to be identified using data-
snooping . To identify the observation(s) that is (are) contaminated by model error(s), the so-called
outlier statistic is used. Is is computed as

ti =
cTi Q

−1
vk,vk

vk√
cTi Q

−1
vk,vkci

, i = 1, . . . , nk (7.4)

where matrix Ck is reduced to vector ci having zeros at all entries but one at the entry corresponding
to the observation that is being tested and nk denotes the number of outlier tests to be executed.
The outlier test statistic is normally distributed. The model erro is assigned to the observation
having the largest outlier test statistic exceeding the critical value. It may happen that more than
one model error is present at a certain epoch. In order to identify all model errors the procedure
performed in a cycle. In this cycle the LOM test statistic is updated recursively each time to
account for an identified model error. If the updated LOM test statistic is still exceeding the
critical value, the procedure starts searching for other outliers by specifying new outlier test. It
may happen that after a number of model errors is identified the updated LOM test is still not
passed. If the local redundancy does not allow for more model errors to be identified, the Kalman
filter should be reinitialized.

7.3 Adaptation

After identification, the Kalman filter needs to be adapted for the model errors. First the model
errors are estimated as follows:

∇̂k =
(
CT
kQ
−1
vk,vk

Ck
)−1

CT
kQ
−1
vk,vk

vk (7.5)

where matrix Ck contains the vectors that were used to identify the model errors. The variance-
covariance matrix of the estimated model reads

Q∇̂k∇̂k =
(
CT
kQ
−1
vk,vk

Ck
)−1

(7.6)

With the estimated model errors the Kalman filter state vector and its variance-covariance matrix
are now adapted as follows:

x̂ak|k = x̂k|k −KkCk∇̂k (7.7)

P ak|k = Pk|k +KkCkQ∇̂k∇̂kC
T
kK

T
k (7.8)
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Chapter 8

Multi-frequency, multi-constellation
aspects

This chapter discusses the aspects of the multi-frequency, multi-constellation GNSS data processing.
This discussion is limited to processing aspects of GPS-Galileo relative positioning and attitude
determination as the proposed Namuru GNSS receiver for Garada mission will be tracking GPS L1
C/A, Galileo E1 (E1b and E1c), GPS L5 and Galileo E5 (E5a and E5b). A combined constellation
significantly increases the number of visible satellites and thus improves the geometry of observed
satellites, which lead to improvements in navigation solution availability, reliability, and accuracy.

8.1 GPS/Galileo Observations

Assuming that a mixed GPS/Galileo receiver r collects pseudo-range and carrier-phase data on
overlapping inter-system frequencies and it registers the observations in the GPS system time, the
pseudo-range and carrier-phase observations at frequency f from GPS satellite s, denoted as P sr (tG)
and Φs

r(tG), are given as (Odijk et al., 2012)

P sr,f (tG) = ρsr(tG, tG − τ sr (tG)) + c
[
ζr(tG) + dGr,f (tG)

]
−c
[
ζs(tG − τ sr (tG)) + dsf (tG − τ sr (tG))

]
+ Isr,f (tG) + T sr (tG) + esr,f (tG) (8.1)

Φs
r,f (tG) = ρsr(tG, tG − τ sr (tG)) + c

[
ζr(tG) + δGr,f (tG)

]
−c
[
ζs(tG − τ sr (tG)) + δsf (tG − τ sr (tG))

]
− Isr,f (tG) + T sr (tG) + λfM

s
r,f + εsr,f (tG)(8.2)

where tG is the observation time in the GPS system time, ρsr(tG, tG − τ sr (tG)) is the topocentric
distance between receiver r at time tG and satellite s at time tG − τ sr (tG), τ sr (tG) is the signal
travel time, ζr(tG) is the receiver clock bias, ζs(t − τ sr (t)) is the satellite clock bias, dGr,f (tG) and
δGr,f (tG) the frequency- and system-dependent hardware biases inside the receiver, c is the speed
of light, dsf (tG − τ sr (tG)) and δsf (tG − τ sr (tG)) are the hardware delays inside the satellite, Isr,f (tG)
and T sr (tG) are the ionospheric and tropospheric delays, λf is the wave length, M s

r is the time-
invariant carrier-phase ambiguity, esr,f (tG) and εsr,f (tG) are remaining error terms, respectively. The
real-valued carrier-phase ambiguity M s

r,f = φsf (t0) +φr,f (t0) + zsr,f is the sum of the initial receiver-
satellite phases and the integer ambiguity zsr,f . Topocentric distance ρsr(tG, tG − τ sr (tG)) is given
as

ρsr(tG, tG − τ sr (tG)) = ‖xs(tG − τ sr (tG))− xr(tG)‖ (8.3)
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where xs(tG − τ sr (tG)) is the position of satellite s at time tG − τ sr (tG) and xr(tG) is the position of
receiver r at time tG.

Since the receiver time is in GPS time but the time of transmission at the Galileo satellite in
the Galileo system time, we need to take into account the difference between these time systems.
This difference is the GPS-to-Galileo time offset (GGTO), defined as (Hahn and Powers, 2005)

ξ(tG) = tG − tE (8.4)

with tE denoting the observation epoch in the Galileo system time. Hence, similar to the GPS
observations in (8.1) and (8.2), the observations from Galileo satellite q can be written as

P qr,f (tG) = ρqr(tG, tG − τ qr (tG)) + c
[
ζr(tG) + dEr,f (tG)− ξ(tG)

]
−c
[
ζq(tG − τ qr (tG)) + ζqf (tG − τ qr (tG))

]
+ Iqr,f (tG) + T qr (tG) + eqr,f (tG) (8.5)

Φq
r,f (tG) = ρqr(tG, tG − τ qr (tG)) + c

[
ζr(tG) + δEr,f (tG)− ξ(tG)

]
−c
[
ζq(tG − τ qr (tG)) + δqf (tG − τ qr (tG))

]
− Iqr,f (tG) + T qr (tG) + λfM

q
r,f + εqr,f (tG)(8.6)

The observation equations for Galileo basically differ from their GPS counterparts in the GGTO
and receiver hardware delays ( dEr,f and δEr,f vs. dGr,f and δGr,f ).

The difference between the delay in the receiver that a GPS and a Galileo signal experiences,
i.e. dEr,f − dGr,f for code and δEr,f − δGr,f for phase, is referred to as GPS-to-Galileo Inter-System
Bias (ISB) and may reach up to several nanoseconds, even when the GPS and Galileo signals are
tracked on the same frequency (Odijk et al., 2012). However, it cannot be assumed that these
receiver hardware biases are the same for different GNSS’s (Hegarty et al., 2005).

8.2 Single differencing

Differencing between receivers removes parameters such as the satellite delays, which are common
for both receivers. Single difference GPS observations are then given as

E
(
P sr12,f

)
= ρsr12

+ c
[
ζr12 + dGr12,f

]
+ Isr12,f + T sr12

(8.7)

E
(
Φs
r12,f

)
= ρsr12

+ c
[
ζr12 + δGr12,f

]
− Isr12,f + T sr12

+ λfM
s
r12,f (8.8)

where, we omit the time arguments for simplicity, E(·) denotes expectation, and (·)sr12,f
= (·)sr,f −

(·)s1,f denoting the between receiver difference parameters. Similarly, the single difference Galileo
observations are given as

E
(
P qr12,f

)
= ρqr12

+ c
[
ζr12 + dEr12,f

]
+ Iqr12,f

+ T qr12
(8.9)

E
(

Φq
r12,f

)
= ρqr12

+ c
[
ζr12 + δEr12,f

]
− Iqr12,f

+ T sr12
+ λfM

q
r12,f

(8.10)

The above single difference eliminates the GGTO and results negligible relative atmospheric biases
for short baselines.

114



8.3 System-specific double-differencing

In this approach we use a reference satellite for each system. GPS double difference observations
are given as

E
(
P 1Gs
r12,f

)
= ρ1Gs

r12
, s = 2G . . .mG (8.11)

E
(

Φ1Gs
r12,f

)
= ρ1Gs

r12
+ λfM

1Gs
r12,f

, s = 2G . . .mG (8.12)

where 1G is the GPS reference satellite, mG is the number of satellites and (·)1Gs
r12,f

= (·)sr12,f
−(·)1G

r12,f
.

Similarly, the Galileo double difference observations are given as

E
(
P 1Eq
r12,f

)
= ρ1Eq

r12
, s = 2E . . .mE (8.13)

E
(

Φ1Eq
r12,f

)
= ρ1Eq

r12
+ λfM

1Eq
r12,f

, s = 2E . . .mE (8.14)

The redundancy of the above mixed GPS-Galileo model for a single baseline, single epoch, f
frequency problem is equal to 2f [(mG−1)+(mE−1)]−[3+f(mG−1)+f(mE−1)] = f(mG+mE−2)−
3, while the redundancy of a GPS-only model is equal to 2f(mG−1)−[3+f(mG−1)] = f(mG−1)−3.

8.4 Inter-system double-differencing

8.4.1 Unknown ISB

In this approach, we form double differences for both GPS and Galileo with respect to the GPS
pivot satellite (or alternatively with a Galileo pivot satellite):

E
(
P 1Gq
r12,f

)
= ρ1Gq

r12
+ cdGEr12,f , s = 1E . . .mE (8.15)

E
(

Φ1Gq
r12,f

)
= ρ1Gq

r12
+ cδGEr12,f + λfM

1Gq
r12,f

, s = 1E . . .mE (8.16)

where dGEr12,f
= (dEr,f − dE1,f )− (dGr,f − dG1,f ) and δGEr12,f

= (δEr,f − δE1,f )− (δGr,f − δG1,f ) are the differential
ISBs for code and phase observations, respectively. The above system has rank deficiency of f ,
which can be eliminated by lumping the double-dufferencd ambiguity of the Galileo pivot satellite
with respect to the GPS pivot satellite to the phase ISBs as follows:

E
(
P 1Gq
r12,f

)
= ρ1Gq

r12
+ cdGEr12,f , s = 1E . . .mE (8.17)

E
(

Φ1Gq
r12,f

)
= ρ1Gq

r12
+ cδ̄GEr12,f + λfM

1Eq
r12,f

, s = 1E . . .mE (8.18)

where δ̄GEr12,f
= δGEr12,f

+λfM
1G1E
r12,f

. The redundancy of this model is equal to 2f [(mG−1)+mE]− [3+
f(mG−1) + 2f + f(mE−1)] = f(mG +mE−2)−3, which exactly exactly equal to the redundancy
of the system-specific double-differencing model.

8.4.2 Known ISB

Differential ISBs are shown to be constant and can be calibrated (Odijk et al., 2012). Hence, we
may correct the Galileo observations a priori for the differential ISBs:

E
(
P 1Gq
r12,f

− cd̃GEr12,f

)
= ρ1Gq

r12
, s = 1E . . .mE (8.19)

E
(

Φ1Gq
r12,f

− cδ̃GEr12,f

)
= ρ1Gq

r12
+ λfM

1Gq
r12,f

, s = 1E . . .mE (8.20)
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where d̃GEr12,f
and δ̃GEr12,f

are the known differential ISBs fro phase and code (from calibration). The
redundancy of this model is equal to 2f [(mG−1)+mE]−[3+f(mG−1)+fmE] = f(mG+mE−1)−3.
That is, the redundancy increases with fmE compared to GPS only.
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Part V

Analysis impact of configuration
design
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Chapter 1

Introduction

In this part we will analyze the impact of the mission characteristics on the GNSS-based attitude
and relative positioning algorithms proposed in Buist et al. (2011b). We will make use of GPS
data collected with a hardware-in-loop experiment in which the orbit and baseline of the Garada
mission, as described in Chapter 2, is simulated. The GPS data is collected with the latest version
of the Namuru receiver.

We make use of the MC-LAMBDA method for attitude determination. By incorporating the
known antenna geometry into its ambiguity objective function, this method is shown to demonstrate
reliable and instantaneous single-frequency integer ambiguity resolution. The resulting attitude
estimates are further improved using nonlinear filtering.

Absolute and relative positioning results for the Garada mission are analyzed. Based on the
results described in Chapter 7, a user requirement of 2 meter standard deviation for the in-between
baseline can be fulfilled by the float solution. If a higher accuracy is required, the float solution can
be improved by a filtering approach and/ or by fixing the carrier phase integer ambiguities. After
fixing the ambiguities, the accuracy of the relative positioning solution is mm-level. Ambiguity
resolution for relative positioning can be improved by a multi-baseline solution in what is called
attitude bootstrapped relative positioning.

In order to study the impact of different factors on GNSS positioning and attitude determina-
tion, design computations were carried out for different scenarios. The key performance parameters
are the number of visible satellites, PDOP values, ambiguity resolution success rate (single epoch).
Analyses were made to study the dependency on: System and frequency-choice, Noise, Baseline
length, Mask angle and Orbit.
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Chapter 2

Mission Design

For the Garada mission we will study a bistatic SAR mission consisting of a constellation of for-
mation flying satellites with 3 or 4 satellites flying in each formation. In Fig. 2.1 the red dot, 1,
represents the transmitting spacecraft and the two blue dots, 2 and 3, the receiving spacecraft. The
distance (b12) between the transmitter and receiver spacecraft is about 80-100 km. The baseline
between the two receiving spacecraft (b23) has a 0.5-1 km separation along track. The last baseline
is to be determined by GNSS. In total there might be 15-30 spacecraft sets (so times 3 or 4 is the
total number of satellites of the mission).
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Figure 2.1: Garada mission
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Chapter 3

Antenna Configuration Design

3.1 GNSS-Based Attitude Determination

This section describes epoch-by-epoch GNSS-only attitude determination using multiple GNSS-
antennas/receivers and their known body-frame array geometry. Let us consider a set of r +
1 antennas firmly mounted on a platform of interest and simultaneously tracking m + 1 GNSS
satellites. The set of linearized Double Difference (DD) GNSS phase and code observations obtained
on the r baselines formed by these antennas at an observation epoch forms a multivariate Gauss-
Markov model:

E(Y ) = AZ +GB Z ∈ Zm×r, B ∈ R3×r (3.1)

D(vec(Y )) = QY Y = P ⊗Qyy (3.2)

where E(·) and D(·) denote the expectation and dispersion operator, ⊗ denotes the Kronecker
product, Y = [y1, . . . , yr] is the 2m× r matrix of r linearized (observed-minus-computed) DD code
and phase observation vectors, Z = [z1, . . . , zr] is the m × r matrix of r unknown DD integer
ambiguity vectors zi, B = [b1, . . . , br] the 3 × r matrix of r unknown baseline vectors bi, G is the
2m× 3 geometry matrix that contains the unit line-of-sight vectors, A is the 2m×m matrix that
links the DD data to the integer ambiguities, and P and Qyy are known matrices of order r × r
and 2m× 2m, respectively. Here, vec(·) denotes the vec-operator, which transforms a matrix into
a vector by stacking the columns of the matrix one underneath the other. Matrix P takes care of
the correlation that follows from the fact that the r baselines have one antenna in common and
matrix Qyy takes care of the precision of the phase and code data.

The known body-frame antenna-geometry is included through the parametrization

B = RB0 (3.3)

with the unknown 3×q orthogonal matrix R (RTR = Iq) and the known q×r matrix B0 describing
the known geometry of the antenna configuration in the body frame (q is the dimension of the span
of the r baselines). Furthermore, the rotation matrix R is related to attitude angles as follows:

R =

 sψcθ sψsθsφ + cψcφ sψsθcφ − cψsφ
−sψcθ cψsθsφ − sψcφ cψsθsφ − sψcφ
sθ cθsφ cθcφ

 (3.4)
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where sα = sin(α) and cα = cos(α). Hence, the attitude angles are given as

Heading : ψ(R) = tan−1

(
R1,1

R2,1

)
(3.5)

Elevation : θ(R) = sin−1 (R2,1) (3.6)

Bank : φ(R) = sin−1

 R3,2√
R2

1,1 +R2
2,1

 (3.7)

Substitution of (3.3) into (3.1), leads to the GNSS attitude model (Giorgi et al. (2012); Teunissen
(2012))

E(Y ) = AZ +GRB0 Z ∈ Zm×r, R ∈ O3×q (3.8)

D(vec(Y )) = QY Y = Pr ⊗Qyy (3.9)

Our objective is to solve for the attitude matrix R in a least-squares sense, thereby taking the
integer constraints on matrix Z and the orthonormality constraints on matrix R into account.
Hence, the minimization problem that will be solved reads

min
Z∈Zm×r,R∈O3×q

‖vec(Y −AZ −GRB0)‖2QY Y (3.10)

with || · ||2Q = (·)TQ−1(·). The above problem does not admit a closed-form solution. In the
following, we describe a three-step procedure for solving (3.10).

3.1.1 Float solutions:

The float solution is defined as the solution of (3.10) without the constraints. When we ignore the
integer constraints on Z and the orthonormality constraints on R, the so-called float solutions Ẑ
and R̂, and their variance-covariance matrices are obtained as follows:

N ·
[
vec(R̂)

vec(Ẑ)

]
=

[
B0P

−1
r ⊗GTQ−1

yy

P−1
r ⊗ATQ−1

yy

]
vec(Y ) (3.11)

N =

[
B0P

−1
r BT

0 ⊗GTQ−1
yy G B0P

−1
r ⊗GTQ−1

yy A
P−1
r B0 ⊗GTQ−1

yy G P−1
r ⊗ATQ−1

yy A

]
(3.12)

and [
QR̂R̂ QR̂ẐR

QẐRR̂
QẐRẐR

]
= N−1 (3.13)

Least-squares solution follows as

R̂ =
(
ḠTQ−1

yy Ḡ
)−1

ḠTQ−1
yy Y P

−1
r B0

(
BT

0 P
−1
r B0

)−1
(3.14)

QR̂R̂ =
(
BT

0Q
−1
yy B0

)−1 ⊗
(
ḠTQ−1

yy Ḡ
)−1

(3.15)

ẐR =
(
ATQ−1

yy A
)−1

ATQ−1
yy

(
Y −GR̂B0

)
(3.16)

QẐRẐR
=

(
P−1
r ⊗ ĀTQ−1

yy Ā+ P−1
r P⊥B0

⊗ ÃTQ−1
yy Ã

)−1
(3.17)

with Ḡ = P⊥AG, P⊥A = I2m−A(ATQ−1
yy A)−1AQ−1

yy , Ā = P⊥GA, Ã = PGA, P⊥G = I−PG, P⊥B0
= I−PB0

,

PG = G(GTQ−1
yy G)−1GQ−1

yy and PB0
= B0(BT

0Q
−1
yy B0)−1B0Q

−1
yy .
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The Z-constrained solution of R and its variance-covariance matrix can be obtained from the
float solution as follows

vec(R̂(Z)) = vec(R̂)−QR̂ẐR
Q−1
ẐRẐR

vec(Ẑ − Z) (3.18)

QR̂(Z)R̂(Z) = QR̂R̂ −QR̂ẐR
Q−1
ẐRẐR

QẐRR̂
=
(
BT

0 P
−1
r B0

)−1 ⊗ (GTQ−1
yy G)−1 (3.19)

Using the above estimators, the original problem in (3.10) can be decomposed as

min
Z∈Zm×r,R∈O3×q

‖vec(Y −AZ −GRB0)‖2QY Y

=
∥∥∥vec(Ê)

∥∥∥2

QY Y
+ min
Z∈Zm×r

(∥∥∥vec(Ẑ − Z)
∥∥∥2

QẐRẐR

+ min
R∈O3×q

∥∥∥vec(R̂(Z)−R)
∥∥∥2

QR̂(Z)R̂(Z)

)
(3.20)

with Ê the matrix of least-squares residuals.

3.1.2 Ambiguity resolution:

In this step, the matrix of integer ambiguities is determined. Based on the orthogonal decomposition
in (3.20), the multivariate constrained integer minimization can formulated as:

Ž = arg min
Z∈Zm×r

C(Z) (3.21)

where

C(Z) =
∥∥∥vec(ẐR − Z)

∥∥∥2

QẐRẐR

+
∥∥∥vec(R̂(Z)− Ř(Z))

∥∥∥2

QR̂(Z)R̂(Z)

(3.22)

with

Ř(Z) = arg min
R∈O3×q

∥∥∥vec(R̂(Z)−R)
∥∥∥2

QR̂(Z)R̂(Z)

(3.23)

The cost function C(Z) is the sum of two coupled terms: the first weighs the distance from the
float ambiguity matrix ẐR to the nearest integer matrix Z in the metric of QẐRẐR

, while the

second weighs the distance from the conditional float solution R̂(Z) to the nearest orthonormal
matrix R in the metric of QR̂(Z)R̂(Z). Unlike with the standard LAMBDA method, the search space
of the above optimization is non-ellipsoidal due to the rigorous application of the orthonormal
constraints. Moreover, its solution requires the computation of a nonlinear constrained least-
squares problem (3.23) for every integer matrix in the search space. In the MC-LAMBDA method,
this problem is mitigated through the use of easy-to-evaluate bounding functions Nadarajah et al.
(2011a). Using these bounding functions, two strategies, namely the Expansion and the Search
and Shrink strategies, were developed, see e.g. Park and Teunissen (2003); Giorgi et al. (2008).
These techniques avoid the computation of (3.23) for every integer matrix in the search space, and
compute the integer minimizer Ž efficiently.
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3.1.3 Fixed solution:

In this final step, we obtain the attitude solution by substituting Ž into (3.18), thus giving R̂(Ž).
This solution has a much better accuracy than R̂ (cf. 3.19), but it is, in general, still non-orthogonal.
The orthogonal attitude matrix Ř(Ž) is then estimated by solving the nonlinear least-squares
problem (3.23) for Z = Ž. The sought-for attitude angles [ψ

(
Ř(Ž)

)
θ
(
Ř(Ž)

)
φ
(
Ř(Ž)

)
]T are then

finally obtained from (3.5) - (3.7) based on R = Ř(Ž).

3.2 Baseline Geometry

This section discusses the impact of antenna geometry ambiguity resolution and attitude deter-
mination. For this analysis, let us consider single frequency observations, for which the model
parameters in (3.8) are given as

A =

[
0

λfIm

]
G =

[
U
U

]
G =

[
σ2
pQ 0

0 σ2
φQ

]
(3.24)

where λf is the carrier wavelength, U is the matrix of unit line-of-sight DD vectors, and Q is the
covariance matrix that takes into account the correlation introduced by the DD operations. The
scalars σp and σφ are the code and phase standard deviations, respectively. Substitution of these
terms into (3.15), (3.17, and (3.19) yields

QR̂R̂ =
(
BT

0Q
−1
yy B0

)−1 ⊗ σ2
p

(
UTQ−1U

)−1
(3.25)

QẐRẐR
=

σ2
p

λ2
f

(
P−1
r ⊗

σ2
φ

σ2
p

Q+BT
0

(
BT

0 P
−1
r B0

)−1
B0 ⊗ U

(
UTQ−1U

)−1
UT

)
(3.26)

QR̂(Z)R̂(Z) =
(
BT

0 P
−1
r B0

)−1 ⊗ 1
σ2
φ

σ2
p

+ 1

(
UTQ−1U

)−1
(3.27)

Each of these v-c matrices depends on the q × q matrix BT
0 P
−1
r B0.

3.2.1 Ambiguity Resolution

This section discusses impact of antenna geometry on ambiguity resolution. The advantage of
using the attitude model in (3.8) for ambiguity resolution when n > q can be partially quantified
through the ADOP factor (Teunissen, 2000). To evaluate the effect of the number of baseline, let
us consider both baseline model (3.1) and attitude model in (3.8). By substituting B0 → I into
3.26, the variance-covariance matrix of ambiguity float solution of model (3.1) can deduced as

QẐBẐB
=

σ2
p

λ2
f

P−1
r ⊗

(
σ2
φ

σ2
p

Q+ U
(
UTQ−1U

)−1
UT

)
(3.28)

To quantify effect of number of baselines, a gain factor is defined in (Giorgi, 2011):

ζ =
ADOP

(
QẐBẐB

)
ADOP

(
QẐRẐR

) =

(
1 +

σ2
p

σ2
φ

) 3(r−q)
2mr

(3.29)

For n = q, the ratio ζ is always equal to one, and there is no gain in using the attitude model
over the multibaseline model. Figure 3.1 shows the variation of the gain factor ζ with number of
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= 104. (Courtesy of Giorgi (2011))

baselines and tracked satellites. When the number of baselines is higher than q, the gain factor
increases. The gain factor ζ is independent of the actual local baseline coordinates B0, and it only
quantifies the advantage of having a higher number of baselines on the platform when using the
attitude model instead of the multibaseline model.

An evaluation parameter capable of capturing the influence of the geometry-dependent term
BT

0

(
B0P

−1
r BT

0

)−1
B0 is more useful, since this term induces smaller entries of the float ambiguity

v-c matrix. The following parameter has been suggested to evaluate the baseline geometry in Giorgi
(2011):

νB0 = 1 +
(
eTrB

T
0 (B0B

T
0 )−1B0er

)
|Pr| (3.30)

The factor νB0 accounts for the number of baselines and their relative geometry. This parameter
properly evaluates the quality of the baseline geometry, assigning higher values to poor antenna
placements.

3.2.2 Attitude Determination

For precise attitude determination, that is small values for the attitude v-c matrices QR̂R̂ in (3.25)
and QR̂(Z)R̂(Z) in (3.27), larger values for the B0P

−1
r BT

0 entries are desired. This can be easily
achieved by employing longer baselines. As shown in Giorgi (2011), smaller values for νB0 imply

smaller entries of matrix
(
B0P

−1
r BT

0

)−1
, which has a positive impact on the precision of the final

attitude solution. The factor νB0 properly evaluates the relative baseline geometry, but it does not
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account for as scaling of the whole baseline set, which affects the entries of the attitude v-c matrices
(3.25) and (3.27). With respect to the baseline lengths, it is useful to consider the qth root of the
determinants of v-c matrices, which read

|QR̂R̂|
1
q = σ

6
q
p |BT

0Q
−1
yy B0|−1|UTQ−1U |−1 (3.31)

|QR̂(Z)R̂(Z)|
1
q =

1(
σ2
φ

σ2
p

+ 1

) 3
q

|BT
0 P
−1
r B0|−1|UTQ−1U |−1 (3.32)

Longer baselines yield larger determinants, hence smaller entries for the matrices QR̂R̂ and QR̂(Z)R̂(Z).

3.2.3 Examples

Let us consider simple examples to highlight how the geometry affects the entries of the v-c ma-
trices analyzed. We will use an antenna setup in which one antenna is placed out of the plane
formed by the others antennas. This antenna could be placed at such a position for example to
improve visibility when the platform makes large attitude maneuvers. The two sets of local baseline
coordinates, together with the evaluation parameters discussed so far, are:

B1
0 =

 1 0 0 −1
0 1 −1 0
0 0 0 −2

 [m] B2
0 =

 0.1 −0.1 −0.1 −1
0 0.173 −0.173 0
0 0 0 −2


νB1

0
= 1.625 νB2

0
= 1.417

|B1
0
T
P−1
r B1

0 | = 38.4 |B2
0
T
P−1
r B2

0 | = 0.042

(3.33)

It is evident that the second arrangement is beneficial for ambiguity resolution, since it allows for
lower entries of the float ambiguity v-c matrix. This is due to the better angular separation between

(a) Configuration B1
0 : four longer

baseline, almost coplanar.
(b) Configuration B1

0 : four shorter
baseline, higher angular separation

Figure 3.2: Schematic illustration of two different antenna placement aboard a spacecraft. Con-
figuration (a) optimizes the distance between antennas, whereas configuration (b) optimizes the
baseline geometrical distribution.

the baselines, of which three are equally spaced by 120◦ in a plane and the fourth forms an angle
of 48◦ with the given plane (Figure 3.2(a)). However, the shorter baselines employed in the second
configuration (Figure 3.2(b)) jeopardize the precision of the attitude solution, which is much higher
for the first configuration. Thus, one should aim to maximize the attitude accuracy by exploiting
the full size of the given platform, while improving the ambiguity resolution performance by other
means. Specifically, by making use of the constrained integer least-squares techniques described
previously.
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Chapter 4

Hardware in the loop simulation setup

4.1 Scenario

This chapter describes the hardware-in-the-loop experiment with the Namuru receiver conducted
at UNSW. In the experiment, the NamuruV2Rx receiver was connected to a Spirent GSS6560 sim-
ulator tracking GPS signals. The simulated scenario consists of two receiving spacecraft (Chapter
1) and is based on orbital parameters of a LEO satellite as shown in Table 4.1. Figure 4.1 shows
the true trajectory of the first platform (satellite).

As was found in Buist et al. (2011a), the Namuru receiver’s clock errors can become as large as
4 ms. Moreover the oscillator behavior of the two available receivers is rather different (see Figure
4.2). For the first receiver, the clock offset becomes 4 ms in about 5000 seconds, whereas for the
second receiver it becomes 1 ms after 36000 seconds.
In the simulations, we would like to simulate three antennas per spacecraft and, as only two Namuru
receivers are available, we have to run the simulations at least three times to collect all the data.
For a real life application it is foreseen that receivers at the same platform are connected to a
common clock, therefore we have decided to collect data with the same receiver for all the antennas
at each platform, to have at least the same clock dynamics for all the data collected at the same
platform.

Semi major axis 7,058.14 km
Inclination 98.0443◦

Right ascension -90.046◦

Eccentricity 0
Mean anomaly 0◦

Argument of perigee 0 ◦

Table 4.1: Orbit specification for the simulated platforms
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Figure 4.1: The trajectory of the first platform

4.2 Reference data

4.2.1 Ambiguities

Let us consider carrier-phase data received by GPS receiver r at frequency f from GPS satellite s,
denoted as φsr,f (tG), are given as

φsr,f (tG) = ρsr(tG, tG − τ sr (tG)) + cδr(tG)

−cδs(tG − τ sr (tG)) + Isr,f (tG) + T sr,f (tG) + λfM
s
r,f + εsr,f (tG) (4.1)

where tG is the observation time in the GPS system time, ρsr(tG − τ sr (tG), tG) is the topocentric
distance between receiver r at time tG and satellite s at time tG− τ sr (tG), τ sr (tG) is the signal travel
time, δr(tG) is the receiver clock error, δs(tG − τ sr (tG)) is the satellite clock error, c is the speed
of light, Isr,f (tG) and T sr,f (tG) are the atmosphere delays, λf is the wave length, M s

r is the time-
invariant carrier-phase ambiguity, εsr,f (tG) is remaining error term. The real-valued carrier-phase
ambiguity M s

r,f = φs,f (t0) + φr,f (t0) + zsr,f is the sum of the initial receiver-satellite phases and the
integer ambiguity N s

r,j . Topocentric distance ρsr(tG − τ sr (tG), tG) is given as

ρsr(tG − τ sr (tG), tG) = ‖xs(tG − τ sr (tG))− xr(tG)‖ (4.2)

where xs(tG − τ sr (tG)) is the position of satellite s at time tG − τ sr (tG) and xr(tG) is the position of
receiver r at time tG.

For short baseline, the double difference observations are given as

E
(
φ1Gs

1r,f

)
= ρ1Gs

1r + λfM
1Gs
1r,f , s = 2G . . .mG (4.3)
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Figure 4.2: Error on Z coordinates and the clock error for the two available Namuru receivers Buist
et al. (2011a)

where 1G is the GPS reference satellite, mG is the number of satellites and (·)1Gs
1r,f = (·)s1r,f−(·)1G

1r,f . If

we compute the the first term ρ1Gs
1r using ground truth, we can estimate double difference ambiguities

M1Gs
1r,f . This value should be very close to an integer value due to precise phase observation. Hence,

simple rounding will yield required integer ambiguity.
This approach to calculate reference ambiguities is being tested at this moment.

4.2.2 Position

In this section we will explain how to calculate reference position and velocity at the receiver time tr
from the reference file provided by the simulator. This reference file contains position rrk , velocity
ṙrk and acceleration r̈rk of the simulated antenna at timek and time(k+1), where timek is smaller
than tr and time(k+1) is larger. First, we calculate the difference between timek and tr, and between
timek and time(k+1) by

δt = tr − timek
∆t = timek+1 − timek

(4.4)

For the reference files obtained from UNSW, ∆t is 1 s, δt is the receiver clock error and thus
at most 4 ms for the simulated data (see section 4.1). Next, we define the following parameters:

a = rrk
b = ṙrk

c =
3(rrk+1

− rrk)

(∆t)2
−

(ṙrk+1
+ 2ṙrk)

∆t

d =
2(rrk − rrk+1

)

(∆t)3
+

(ṙrk+1
+ ṙrk)

(∆t)2

(4.5)

By applying the parameters, a, b, c, d, we can obtain a reference position and velocity at tr:

rr(tr) = a+ bδt+ c(δt)2 + d(δt)3

ṙr(tr) = b+ 2cδt+ 3.0d(δt)2
(4.6)
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4.2.3 Attitude

If we denote attitude angles (heading, elevation, and bank) at time timek by ψk, θk, and φk, and
at time timek+1 by ψk+1, θk+1, and φk+1, respectively, then the required attitude angles at time tr
as follows:

ψ(tr) = ψk +
(ψk+1 − ψk)

∆t
δt (4.7)

θ(tr) = θk +
(θk+1 − θk)

∆t
δt (4.8)

φ(tr) = φk +
(φk+1 − φk)

∆t
δt (4.9)

4.3 Some feedback on the GPS data collected with the Namuru
receiver

In this section, some of the issues found with Namuru data are described.

4.3.1 Navigation files

Some of the navigation files obtained from UNSW contain wrong information. This might be an
issue of the conversion software used at UNSW to generate navigation files from Namuru data or
an internal problem of the receiver.
As an example, data from the navigation file UNSW_pt_1_rec_A_x_offset_1_237r.11N is included
in Figures 4.3 and 4.4. In these figures, the data from PRN22 and PRN4 is wrong respectively.
The Time of Clock (TOC) is wrong for both files (the year is given as 2006, while the scenario has
a date in 2011).

4.3.2 Erroneous pseudorange

Just after a GPS satellite is locked (most often the first epoch) or just before it is unlocked, pseudo-
range data with large errors are included in the observation files. This issue is under investigation.
Epochs with these erroneous pseudorange observations are excluded from the analysis

4.3.3 Cycle slips

In 14935 epochs there are 196 cycle slips on a single baseline of Namuru receivers, hence one in about
76 epochs. For the PROBA-3 mission analyzed in this report with Septentrio PolaRx2 receivers,
there are 4 cycle slips in 1500 epochs on a single baseline, hence one in every 375 epochs.

4.3.4 GPS Satellite Selection

Details of the satellite selection algorithm applied in the Namuru receiver are not available to our
workpackage. However data analysis show that the DOP values can become large in the analyzed
mission scenario. Visibility analyses as described in chapter 8 indicate that GPS satellite selection
with better geometry could be feasible and there might be room for improvement.
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Figure 4.3: Content of Navigation file: PRN22 data is wrong
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Figure 4.4: Content of Navigation file: the second data from PRN4 is wrong
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Chapter 5

Attitude Determination

This chapter presents the results of attitude determination using both the MC-LAMBDA followed
by recursive filtering (Section 5.2).

5.1 Attitude Results

We considered attitude determination of the first platform (Chapter 4). This nadir looking satellite
is equipped with three antennas/receivers forming the following antenna geometry

B0 =

[
1 0
0 1

]
[m] (5.1)

Full GPS constellation with L1 frequency was simulated for about eight hours resulting in 27962
epochs of data. Figure 5.1 shows the satellites availability (tracked by all three receivers) for a cutoff
elevation angle of 0◦. Intermittent poor satellite geometry (high PDOP value) can be observed that
may be due to changing satellite visibility for fast moving receivers and poor satellite availability
at regions close to polar (Figure 2.1(c)). The variation of satellite availability is shown in Figure
5.2. It also observed that on average the receivers missed four satellites (the number of simulated
GPS satellites minus the number of tracked GPS satellites by all three receivers).

Table 5.1 reports the single-frequency, single-epoch failure rate of MC-LAMBDA compared
with that of standard LAMBDA. As shown, the use of the known antenna geometry significantly
enhances the integer resolution capability.

5.2 Recursive Filtering

The epoch-by-epoch MC-LAMBDA attitude solution is further processed using a UKF filter Nadara-
jah et al. (2012c). We considered a constant velocity model for the attitude dynamics, Bar-Shalom
et al. (2001)

ξk = Fξk−1 + vk−1 (5.2)

LAMBDA MC-LAMBDA

Failure rate (%) 81.0 3.6

Table 5.1: Single epoch integer resolution success rate
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Figure 5.1: GPS satellite availability for a elevation cutoff angle of 0◦
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Figure 5.2: Variation of GPS satellite availability with latitude

where the state vector ξk =
[
ψk ψ̇k θk θ̇k φk φ̇k

]T
consists of attitude angles and angular rates,

and the state transition matrix F is given as

F = I3 ⊗
[

1 T
0 1

]
(5.3)

where T is the sampling interval. The process noise vk−1 has a zero mean normal distribution with
variance-covariance matrix Qvv,k−1, which is given as

Qvv,k−1 =

 σ2
ψ 0 0

0 σ2
θ 0

0 0 σ2
φ

⊗ [ T 3/3 T 2/2
T 2/2 T

]
(5.4)

with process noise standard deviations of σψ = 0.005◦s−
3
2 , σθ = 0◦s−

3
2 , and σφ = 0◦s−

3
2 (i.e., dead

reckoning filtering for elevation and bank). These choices can be justified by the very low variations
of elevation and bank angles for a nadir looking satellite.
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We used the fixed solution R̂(Ž) as the observation, (Nadarajah et al., 2012c), for which the
observational model is defined as

ζk = h(ξk) + wk (5.5)

with ζk given by vec
(
R̂(Ž)

)
at epoch k. The nonlinear observational function h(ξk) is defined

by (3.4), and the observation noise wk is assumed to have a zero mean normal distribution with
covariance matrix Qww,k, which is given by QR̂(Ž)R̂(Ž) at epoch k.

The recursive filter is initialized using attitude angular solutions for the first two epochs (two
point initialization Bar-Shalom et al. (2001)) giving the initial state ξ0|0 and its variance-covariance
matrix Q0|0. Based on the above dynamic and observational models, the recursive filter proceeds
as follows. In the time update step, the predicted state and its variance-covariance matrix at epoch
k are given as

ξk|k−1 = Fξk−1|k−1 (5.6)

Qk|k−1 = FQk−1|k−1F
T +Qvv,k−1 (5.7)

In the measurement update step with the nonlinear observational model, 2n+ 1 deterministic sam-
ples (sigma points), representing a normal distribution with mean ξk|k−1 and variance-covariance
matrix Qk|k−1, are generated as, Julier and Uhlmann (1997); Julier et al. (2000),

ξ0 = ξk|k−1 ω0 = κ
n+κ

ξi = ξk|k−1 +
(√

(n+ κ)Qk|k−1

)
i
ωi = 1

2(n+κ)

ξi+n = ξk|k−1 −
(√

(n+ κ)Qk|k−1

)
i
ωi+n = 1

2(n+κ)

(5.8)

where n is the dimension of ξk|k−1, κ ∈ R,
(√

(n+ κ)Qk|k−1

)
i

is the ith row or column of the

matrix square root of (n+κ)Qk|k−1, ωi is the weight, which is associated with the ith sigma point.
In this work, we take tuning parameter κ = 0.5. These sigma points are then propagated using the
nonlinear observation model

ζi = h(ξi), i = 0, . . . , 2n (5.9)

Based on these transformed sigma points, the predicted observational vector and its variance-
covariance matrices are computed as

ζk|k−1 =
2n∑
i=0

ωiζ
i (5.10)

Qζζ,k|k−1 =

2n∑
i=0

ωi(ζ
i − ζk|k−1)(ζi − ζk|k−1)T (5.11)

Qξζ,k|k−1 =

2n∑
i=0

ωi(ξ
i − ξk|k−1)(ζi − ζk|k−1)T (5.12)

Finally, the updated states and its variance-covariance matrix at epoch k are given as

ξk|k = ξk−1|k−1 +Wkνk (5.13)

Qk|k = Qk|k−1 −WkSkW
T
k (5.14)
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with Kalman gain matrix Wk = Qξζ,k|k−1S
−1
k , innovation vector νk = ζk − ζk|k−1, and innovation

variance-covariance matrix Sk = Qζζ,k|k−1 +Qww,k.
The attitude angular estimates obtained from the MC-LAMBDA epoch-by-epoch processing

and the UKF filtering are compared with the truth values obtained from the Spirent simulator.
Figures 5.3, 5.4, and 5.5 show the estimates for the attitude angles as a function of simulation time.
The red and blue lines correspond to the epoch-by-epoch MC-LAMBDA attitude solution and the
filtered attitude solution, respectively, while the true values from the Spirent simulator are given in
black. The angular error is defined as the estimate-minus-true value. It is observed that the spikes
in the attitude angular errors and the failed epochs in the epoch-by-epoch solution correspond to the
poor GPS satellite availabilities (high PDOP values). Figure 5.6 shows the effect of GPS satellite
geometry (PDOP value) on the epoch-by-epoch integer ambiguity resolution and on the angular
accuracy. For a small PDOP value (good GPS satellite geometry), we have a very low failure
fraction and also a small angular error. A large PDOP value, which occurs less frequently, results
in a high failure fraction and in a large angular error, and hence affects the overall performance.
Table 5.2 reports the mean values of the angular errors, while Table 5.3 reports the root mean
squared errors (RMSEs) for the estimates. The heading angle is estimated with highest precision.
Filtering significantly improves the accuracy of the elevation and bank estimates. This is due to
the use of the a priori knowledge of the attitude dynamics.
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Figure 5.3: Estimated heading angle and estimation error (estimate-minus-true value)
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Figure 5.4: Estimated elevation angle and estimation error (estimate-minus-true value)
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Figure 5.5: Estimated bank angle and estimation error (estimate-minus-true value)

Heading Elevation Bank

Epoch-by-epoch 0.09 -0.38 -0.25

Filtered 0.11 -0.17 -0.10

Table 5.2: Mean errors for attitude estimates [deg]
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Figure 5.6: Effect of GPS satellite availability on ambiguity resolution and angular accuracy

Heading Elevation Bank

Epoch-by-epoch 0.16 1.16 0.82

Filtered 0.15 0.39 0.26

Table 5.3: Root mean square errors (RMSEs) for attitude estimates [deg]
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Chapter 6

Absolute positioning

We will use the procedure described in section 4.2.2 to evaluate absolution position and velocity.
Figure 6.1 shows the absolute positioning and velocity errors in East North Up (ENU) coordinates
for the master antenna at the first platform. The same errors in Forward, Nadir and Right coordi-
nates are shown in Figure 6.2. The definition of this coordinates frame is shown in Figure 6.3, the
transformation is described in Appendix 8.5.
Figure 6.2 shows in increasing error in Forward direction which reset every once in while. In the
Nadir direction there is more or less constant offset. This last offset can be explained by the iono-
spheric delays on the observations. The time varying offset can be explained by the receiver time
offset, as will be demonstrated next.
Figure 6.4 shows on the left side both the receiver clock offset and the absolute positioning error
in Forward direction as function of time. On the right side of the same figure, the error in Forward
direction is shown as function of the receiver clock error. Figure 6.5 shows the absolute position
error in Forward direction as function of the error in the Right direction.
The spacecraft has a velocity of about 7.5 km/s in the simulated orbit, and therefore moves with
7.5 meter in 1 ms. When the time offset of the receiver reaches the maximum 4 ms, the position
error in Forward direction becomes about 30 meters (see left side of Figure 6.2). In the right side
of Figure 6.4, it can be observed that the relationship between clock error and position error in
Forward direction is linear. The same relationship was also discussed in Nakamura et al. (2004).
The large offset in Nadir direction for velocity in Fig. (6.2) is striking and to be investigated further.
As a reference, we also include data from the PROBA-3 mission analyzed in Buist et al. (2011c).
For these simulations, ionospheric delays were not included and the receiver clock offset was at
most 0.5 ms. Therefore in Nadir and Forward direction there is only a small offset (see Table 6.2).
Moreover note that there is no offset for the velocity estimation.

Table 6.1: Mean µ̂ and Standard deviation σ̂ for the absolute positioning Garada [mm]
µ̂ σ̂

Position [m]
Velocity
[m/s]

Position [m]
Velocity
[m/s]

Forward 16.63 -0.52 21.92 0.21
Nadir 0.02 -0.04 5.46 0.55
Right 6.54 3.51 24.79 0.73
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Figure 6.1: Absolute position and velocity errors in ENU coordinates

0 2000 4000 6000 8000 10000 12000 14000
−40

−30

−20

−10

0

10

20

30

40

Epoch [1sec]

A
bs

ol
ut

e 
P

os
iti

on
in

g 
E

rr
or

 [m
et

er
]

 

 

Forward Right Nadir

0 2000 4000 6000 8000 10000 12000 14000
−10

−8

−6

−4

−2

0

2

4

6

8

10

Epoch [1sec]

A
bs

ol
ut

e 
V

el
oc

ity
 E

rr
or

 [m
et

er
/s

ec
on

d]

 

 

Forward Right Nadir

Figure 6.2: Absolute position and velocity errors in FNR coordinates
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Figure 6.3: Definition of Forward, Nadir and Right (FNR) coordinates Frame
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Figure 6.4: Absolute position error in Forward direction and clock error
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Figure 6.5: Absolute position error in Forward direction as function of the error in Right direction

Table 6.2: Mean µ̂ and Standard deviation σ̂ for the absolute positioning PROBA-3 [mm]
µ̂ σ̂

Position [m]
Velocity
[m/s]

Position [m]
Velocity
[m/s]

Forward -0.38 -0.00 0.31 0.07
Nadir 1.02 -0.00 0.27 0.07
Right -0.03 -0.00 0.54 0.12
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Chapter 7

Relative positioning

7.1 Kinematic result

For relative positioning we will test the method described in Buist et al. (2011b). Figure 7.1
shows the error on the float and fixed baseline between the two platforms. The same results are also
shown in Figure 7.2 in a 3D plot. This figures shows clearly the relative geometry of the baseline
between the two platforms. The left side of the figures shows some float solutions that are far away
from the others, this is due to some erroneous data in the pseudorange observations as mentioned
in section 4.3.2.

The results are summarized in Table 7.1. The mean error µ̂ and standard deviation σ̂ on the
baseline estimate are 42 mm (float), 2.7 mm (fixed) and 1770 mm (float) and 1.56 mm (fixed)
respectively. So for the fixed solution, the mean of the error is almost zero and the standard devi-
ation is approaching the theoretical limit of GNSS relative positioning.
We will make use of the empirical failure rate defined as the percentage of occurrences that the
computed integer solution is not equal to the known true integer vector. We will analyze single
epoch, single frequency success rates as the most challenging application. The difference in per-
formance for the approaches for single epoch solutions, is a good indication of the strength of the
underlying models. The failure rate for this data was 82%.
For reference, this section contains also results, obtained from a hardware-in-the-loop experiment
for the PROBA-3 mission using Septentrio PolaRx2 receivers, which was described in detail in Buist
et al. (2011c). The results are summarized in Table 7.2. The mean error µ̂ and standard deviation
σ̂ on the baseline estimate are 1.7 mm and 1.6 mm for the fixed solution respectively. The float
solution is -32 mm and 370 mm respectively. So, the float solution of the Namuru receiver has a
five times larger standard deviation. The failure rate found in the PROBA-3 experiment was 15%
which as expected as the float solution is much more accurate.

Table 7.1: Mean µ̂ and Standard deviation σ̂ for the baseline estimate Garada [mm]
µ̂ σ̂

Float Fixed Float Fixed
42 2.7 1770 1.56

145



0 2000 4000 6000 8000 10000 12000 14000
−20

−15

−10

−5

0

5

10

15

20
Baseline 2

Epoch [1sec]

E
rr

or
 [m

et
er

]

0 2000 4000 6000 8000 10000 12000 14000
−0.2

−0.15

−0.1

−0.05

0

0.05

0.1

0.15

0.2
Baseline 2

Epoch [1sec]

E
rr

or
 [m

et
er

]

Figure 7.1: Float and fixed baseline solutions for the unconstrained baseline 2 as function of time
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Figure 7.2: Float and fixed baseline solutions for the unconstrained baseline 2

Table 7.2: Mean µ̂ and Standard deviation σ̂ for the baseline estimate PROBA-3 [mm]
µ̂ σ̂

Float Fixed Float Fixed
-31.98 1.70 370.38 1.62
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Baseline
Failure rate [%]

(C = 0) (C = 1)

1 0.79 0.19

3 0.81 0.19

4 0.76 0.16

Table 7.3: Hardware-in-the-loop simulation results Garada: single-frequency, single-epoch failure
rates for the constrained baseline using standard LAMBDA (C = 0), and C-LAMBDA (C = 1)

7.2 Attitude bootstrapped kinematic result

Next, the attitude bootstrapped relative positioning approach, as introduced in Buist et al. (2011b)
is tested.

As explained in section 4.1, we will use data from the same receiver, collected in different runs
of the same simulation. The clock errors obtained as part of absolute positioning are shown in
Figure 7.3 for the receivers forming baseline 1, 2 and 3. The figures contain the clock error of both
receivers and the difference between the two. As can be seen in these figures, the clock behavior
is the same (as expected as all data is collected with the same receiver) but the start time varies.
For the master antenna at the first platform, no data for the first receiver was obtained: therefore
the data from this receiver was not included in the next analysis. For the first platform at most
two receivers are applied, and three on the second.
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Figure 7.3: Clock error for the receivers forming baseline 1, 2 and 3

Figures 7.4 and 7.5, show the baseline estimation for the four constrained baselines. The failure
rates for these baseline are shown in Table 7.3, both for LAMBDA and C-LAMBDA.

Empirical ambiguity failure rates for the unconstrained baseline between the spacecraft are
shown in Table 7.4 as function of the number of constrained baselines applied in the solution. A
decrease in failure rate from 82% to 68% for the unconstrained baseline in this hardware-in-the-
loop experiment is observed. The failure rate becomes 60% for a unconstrained baseline solution
bootstrapped from the MC-LAMBDA results at both platforms.
Again the PROBA-3 results are included in Table 7.5 as reference: the empirical ambiguity failure
rates for this data on the in-between baseline is decreased from 15% to 9%.

147



0 2000 4000 6000 8000 10000 12000 14000

1.3

1.35

1.4

1.45

1.5

1.55

Baseline 1

Epoch [1sec]

B
as

el
in

e 
Le

ng
th

 [m
et

er
]

Figure 7.4: Fixed baseline solutions for the constrained baseline 1 as function of time
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Figure 7.5: Fixed baseline solutions for the constrained baseline 3 and 4 as function of time

#C 0 1 2 3

Failure rate [%] 0.82 0.78 0.70 0.68

Table 7.4: Hardware-in-the-loop simulation results Garada: single-frequency, single-epoch failure
rates for the unconstrained baseline b12 using standard LAMBDA (C = 0), and a bootstrapped
solution using constrained baselines with C is the total number of constrained baselines at the two
spacecraft

#C 0 1 2 4

Failure rate [%] 0.15 0.11 0.09 0.09

Table 7.5: Hardware-in-the-loop simulation results PROBA-3: single-frequency, single-epoch failure
rates for the unconstrained baseline b12 using standard LAMBDA (C = 0), and a bootstrapped
solution using constrained baselines with C is the total number of constrained baselines at the two
spacecraft
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Chapter 8

Discussion

In order to study the impact of different factors on GNSS positioning and attitude determination,
design computations were carried out for different scenarios. The key performance parameters are

• the number of visible satellites

• PDOP values

• ambiguity resolution success rate (single epoch)

The reference orbit of the Garada satellites is selected as described in section 4.1. Results will
presented for one day, using the current GPS almanac and assuming a full operational Galileo
system.

Analyses will be made to study the dependency on:

• System and frequency-choice

• Noise

• Baseline length (i.e. distance between satellites)

• Mask angle

• Orbit

Figure 8.1 shows the performance for the reference scenario with undifferenced standard deviations
of code and phase equal to 50 cm and 5 mm, respectively; cutoff angle of 15 degrees; short baseline
(ionosphere-fixed model). On the left the number of visible satellites with GPS and PDOP values
are shown (top), as well as the corresponding single epoch, single-frequency success rates. It can
be observed that the success rates show large variations as the Garada satellites are orbiting the
Earth, with low success rates when the number of visible satellites is low or the PDOP is high. With
GPS-Galileo receivers the situation can be improved: the larger number of satellites will result in
lower PDOPs and much higher single epoch, single-frequency success rates. The magenta asterisks
in the bottom panels indicate the times during the day that the Garada satellites are above the
Australian region.
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Figure 8.1: Top: PDOP and number of visible satellites. Bottom: Success rates. Magenta stars
indicate times where Garada satellite is above Australian region.
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Figure 8.2: Success rates for different noise values: undifferenced standard deviations of code and
phase are 50 cm and 0.5 cm (black), 100 cm and 0.5 cm (red), 30 cm and 0.3 cm (green).

8.1 Noise dependency

In order to study the impact of the noise characteristics of the GNSS receiver onboard the satellites,
the success rates have been computed with code and phase standard deviations equal to:

• 100 cm and 0.5 cm, respectively

• 50 cm and 0.5 cm, respectively (reference scenario)

• 30 cm and 0.3 cm, respectively

As described in Buist et al. (2011a), a code noise of around 90 cm can be expected for a spaceborne
receiver and for the Namuru receiver. Figure 8.2 shows the results for GPS (top) and GPS-
Galileo (bottom), both for the single-frequency (left) as the dual-frequency (right) case. Note that
the black graphs in the left panels correspond with those in Figure 8.1. Obviously, noise is an
important factor and the low noise scenario may result in much higher success rates, particularly
for the single-frequency GPS-Galileo scenario and the dual-frequency GPS-only scenario. With
dual-frequency GPS-Galileo the success rates will be close to 1 for all noise scenarios considered
here.
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Figure 8.3: Success rates for long baseline (ionosphere-weighted model) (red), and short baseline
(ionosphere fixed) (black).

8.2 Baseline length dependency

When two Garada satellites are in close proximity of each other (few kilometres), the influence
of the ionosphere can be neglected. However, for larger distances this is not the case. Therefore
a scenario has been considered where not the ionosphere-fixed (i.e. ionosphere absent) model is
used, but instead an ionosphere-weighted model is applied. This means that the uncertainty of the
ionosphere impact is taken into account depending on the baseline length. Results are shown in
Figure 8.3.

The ionospheric effect will generally result in much lower success rates, but with dual-frequency
GPS-Galileo successful ambiguity resolution is still feasible with one epoch of data.

8.3 Mask angle dependency

The GNSS satellite visibility on a orbiting platform may be influenced by obstructions on the
platform or due to the boresight angle of the GNSS antenna. In order to give an idea of the
potential impact of a higher mask angle on one side of the Garada satellites, PDOPs and number
of visible satellites are compared with the reference scenario. The top panels of Figure 8.4 are the
same as in Figure 8.1, but the bottom panels show the results with a mask angle of 30 degrees
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Figure 8.4: PDOP and number of visible satellites. Top: reference scenario; Bottom: mask angle
of 30 deg in one across-track direction.

on one side (across-track) of the Garada satellite. Clearly, this may have a severe impact for the
GPS-only case, with less visible satellites and high PDOP values. With GPS-Galileo the impact
will not be as severe, since many more GNSS satellites will be visible anyway.

8.4 Orbit dependency

In this report the semi-major axis and inclination of the Garada satellites was chosen equal to 7085.1
km and 98 degrees, respectively. Figures 8.5 shows the PDOPs and number of visible satellites for
different inclinations. Figure 8.6 shows the same but now with a semi-major axis of 6978 km. It
can be observed that satellite visibility and geometry will be slightly better for smaller inclination
angles. A lower altitude will not have a significant impact.
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Figure 8.5: PDOP and number of visible satellites. Semi-major axis 7058.14 km. Top: inclination
98 degrees (reference scenario); Center: inclination 75 degrees; Bottom: inclination 50 degrees.
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Figure 8.6: PDOP and number of visible satellites. Semi-major axis 6978 km. Top: inclination 98
degrees (reference scenario); Center: inclination 75 degrees; Bottom: inclination 50 degrees.
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8.5 GNSS receiver clock error

To investigate the influence of the GNSS receiver clock offset, we have requested UNSW to collect
data with an external reference clock connected to the receivers. As an external clock, the clock of
the GNSS simulator was applied, so in the next simulation results, both the receiver and simulator
make use of the same clock.
The results for absolute positioning using an external clock are shown in Figure 8.7, Figure 8.8,
Figure 8.9. For clarity the same scales for the axis are applied as in chapter 6.
If we compare these results with Figure 6.2, Figure 6.4, Figure 6.5 respectively, we notice that the
offset in Forward direction has disappeared. On the left side of Figure 8.7, only an offset in Nadir
direction is observed, due to the ionospheric delays on the observations.
So it can be concluded that indeed the large clock offset results in a bias error for positioning in
the Forward direction.
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Figure 8.7: Absolute position and velocity errors in FNR coordinates
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Figure 8.8: Absolute position error in Forward direction and clock error
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Figure 8.9: Absolute position error in Forward direction as function of the error in Right direction
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Appendix

The transformation matrix to the Local Horizon frame is defined:

RLHECI =


rr×ṙr
‖rr×ṙr‖ ×

rr
‖rr‖

− rr×ṙr
‖rr×ṙr‖
− rr
‖rr‖

 (8.1)

The local nadir (Nadir) is the direction towards the Earth’s center. The local horizon (Right) is
defined by the outer product of the position and velocity vectors. The Forward direction is Along
track the orbital plane. See also Fig. (6.3).
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Part VI

Experimental Analysis
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Chapter 1

Introduction

This part presents the results of the final task of WP6 on Formation Flying Algorithms. Aim
of this work package was to develop models, methods and algorithms for precise formation-flying
positioning and demonstrate the formation flying capabilities using the GNSS carrier phase based
positioning and attitude determination concepts. The algorithm development and implementation
aspects were completed in previous tasks. Hence, the goal of the final task was to demonstrate the
achievable accuracy for both relative positioning and attitude determination. For that purpose,
experimental data have been used, both from hardware-in-the-loop simulations with the Namuru
receiver (single-frequency GPS), as well as with other datasets to allow a performance assessment
including multi-frequency, multi-GNSS data from GPS, Galileo and Compass.

The scenario considered here is the problem of GNSS-based precise relative positioning of two (or
more) satellites in a formation, as well as GNSS-based attitude determination of the satellites. The
orientation of a body with respect to a given reference frame can namely be estimated by employing
a number of GNSS antennas onboard a satellite. The accuracy of the angular estimation depends
mainly on two factors: the quality of the GNSS observations and the baseline lengths. Often one
has no control over the latter, since the size and geometry of the platform limit the maximum
distance at which the antennas can be placed. Thus, the challenge of obtaining precise angular
estimates relies on obtaining accurate results from the available observations.

Fast and reliable carrier-phase ambiguity resolution is the key to precise positioning and attitude
determination. The carrier-phase observations are namely ’biased’ by an unknown integer number
of cycles, called the integer ambiguity, preceding the observed fractional phase. Once this integer
ambiguity is correctly resolved, the very high precision of the carrier-phase observations - a factor
100 better than the pseudorange observations - can be fully exploited.

A major contribution of this work has been the development and implementation of a modified
version of the standard LAMBDA method for integer ambiguity resolution, which exploits the
fact that the geometry of the multi-antenna configuration on-board the satellites is known. The
experimental results in this report confirm that with this new method the ambiguity resolution
performance is improved dramatically, which results in more precise and reliable attitude estimates.
The attitude angular accuracies have been further improved by employing recursive filtering to
at least 0.03 degrees with single-frequency GPS simulated Namuru data for the LEO scenario
considered here.

In addition, a relative positioning algorithm was developed - called attitude bootstrapping,
which benefits from the improved ambiguity resolution capability for the attitude determination.
It has been demonstrated that this results in very high precision results (sub-centimeter) with a
much higher availability.
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A last asset described and tested in this report is the incorporation of the so-called Detection-
Identification-Adaptation (DIA) procedure, which tests for outliers and carrier-phase cycle slips.
These may result in large errors in the estimated positions and attitude angles, and should therefore
be removed if possible. It has been shown that the implemented DIA procedure is indeed very
suitable for detecting and identifying anomalies that may be present in the data and adapting the
results to remove the impact of the anomalies.
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Overview

In this part we will describe the experimental analysis of GNSS attitude determination and at-
titude bootstrapped relative positioning. Our analyses include analysing Namuru data, attitude
robustness studies using multi-GNSS data, and testing the detection, identification, and adaptation
(DIA) procedure for quality control.

Chapter 2 is dedicated for testing Namuru data from a hardware-in-the-loop experiment. In the
first part, we analyse the single-frequency single-epoch attitude determination comparing the per-
formance of MC-LAMBDA with that of the standard LAMBDA. It also demonstrates that recursive
filtering can be used to further improve the attitude angular accuracies. The remaining section dis-
cusses the results of the attitude bootstrapping method for relative positioning between platforms.
It also demonstrates the improved performance attitude bootstrapping method over the standard
relative positioning using a receiver per platform.

Chapter 3 focuses on implementation and testing of the DIA procedure. The first section de-
scribes the implementation aspects of the DIA procedure and the next section discusses the testing
results using simulated outliers on top LEO data from the hardware-in-the-loop simulation with
Namuru receivers.

In Chapter 4, we demonstrate the multi-frequency, multi-system capability of the software de-
veloped in the previous quarters of the project. The improved solution availability and reliability
are demonstrated using a hardware-in-the-loop experiment and a real data campaign.
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Chapter 2

Namuru Data Analysis

This chapter deals with analyses of Low Earth Orbiting (LEO) data from the hardware-in-the-
loop experiment with the Namuru receiver conducted at UNSW. Analysis of LEO satellite attitude
determination is provided in Section 2.1, while Section 2.2 deals with relative positioning between
two LEO satellites. In the experiment, the NamuruV3.2Rx receiver was connected to a Spirent
GSS6560 simulator tracking GPS L1 signals. The simulated scenario is based on orbital parameters
of a LEO satellite as shown in Table 2.1. It consists of two satellites in formation: the second one
follows the first one with 100 m between satellite distance. Figure 2.1 shows the true trajectory of
the satellite. Both satellites are nadir looking and equipped with three antennas/receivers forming
the following antenna geometry

B0 =

[
1 0
0 1

]
[m] (2.1)

Full GPS constellation with L1 frequency was simulated for about eight hours resulting in 29085
epochs of data. Figure 2.2 shows the satellites availability (tracked by all three receivers) for a cutoff
elevation angle of 0◦.

2.1 Attitude Determination Using MC-LAMBDA

This section presents the results of attitude determination using MC-LAMBDA software imple-
mented in Nadarajah et al. (2012a). In the following, we demonstrate the improved ambiguity
resolution capability of the MC-LAMBDA over the standard LAMBDA method due to use of the
known antenna geometry. In addition, we evaluate attitude angular accuracies for epoch-by-epoch
processing and recursive filtering.

Table 2.2 reports the single-frequency, single-epoch success rate of MC-LAMBDA compared
with that of standard LAMBDA. As shown, the use of the known antenna geometry significantly

Semi major axis 7,058.14 km
Inclination 98.0443◦

Right ascension -90.046◦

Eccentricity 0
Mean anomaly 0◦

Argument of perigee 0 ◦

Table 2.1: Orbit specification for the simulated LEO satellites
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Figure 2.1: Satellite trajectory
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Figure 2.2: GPS satellite availability for a elevation cutoff angle of 0◦

enhances the integer resolution capability.
The attitude angular estimates obtained from the MC-LAMBDA epoch-by-epoch processing

and the recursive filtering (Nadarajah et al., 2012c) are compared with the truth values obtained
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LAMBDA MC-LAMBDA

Success rate (%) 95.6 100

Table 2.2: Single epoch integer resolution success rate

Heading Elevation Bank

Epoch-by-epoch 0.04 0.16 0.16

Filtered 0.02 0.03 0.03

Table 2.3: Root mean square errors (RMSEs) for attitude estimates [deg]

from the Spirent simulator. Figures 2.3, 2.4, and 2.5 show the estimates for the attitude angles
as a function of simulation time. The blue and green lines correspond to the epoch-by-epoch MC-
LAMBDA attitude solution and the filtered attitude solution, respectively, while the true values
from the Spirent simulator are given in red. The angular error is defined as the estimate-minus-
true value. The apparent gaps in the estimates are due to receiver resetting. Figure 2.6 shows the
effect of GPS satellite geometry (PDOP value) on the epoch-by-epoch integer ambiguity resolution
and on the angular accuracy. For a small PDOP value (good GPS satellite geometry), we have a
very low failure fraction and also a small angular error. A large PDOP value, which occurs less
frequently, results in a high failure fraction and in a large angular error, and hence affects the
overall performance. Table 2.3 reports the root mean squared errors (RMSEs) for the estimates.
The heading angle is estimated with highest precision. Filtering significantly improves the accuracy
of the elevation and bank estimates. This is due to the use of the a priori knowledge of the attitude
dynamics.
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Figure 2.3: Estimated heading angle and estimation error (estimate-minus-true value)

2.2 Relative Positioning Using Attitude Bootstrapping

This section presents the results of relative positioning using attitude bootstrapping software im-
plemented in Nadarajah et al. (2012a). In the following, we demonstrate the improved ambiguity
resolution capability of attitude bootstrapping over the standard LAMBDA method due to the
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Figure 2.4: Estimated elevation angle and estimation error (estimate-minus-true value)
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Figure 2.5: Estimated bank angle and estimation error (estimate-minus-true value)

use of the known platform antenna geometry. In addition, we evaluate between-platform baseline
accuracies for epoch-by-epoch processing.

As shown in Figures 2.7, 2.8, and 2.9, attitude bootstrapping (Buist et al., 2011b,d; Giorgi,
2011) improves the float solution by a factor of

√
3 (for three receivers per platform). Figure 2.10

shows the ratio-test results with fixed failure-rate for both the standard LAMBDA and attitude
bootstrapping methods. The ratio-test (Teunissen and Verhagen, 2009) tests the clossness of the
float solution to its nearest integer matrix. If it is not close enough, then the test leads to rejection
in favor of the float solution. Green line corresponds to critical value (µ) for Pf = 0.001 (the
fixed failure rate). Blue points correspond to epochs with correct fix, while red points correspond
to failed epochs. Since the strength of the underlying model changes from epoch to epoch, the
corresponding µ-values need to be changed to ensure the same fixed failure-rate. Furthermore, the
critical value µ is increased for attitude bootstrapping method, as the underlying model become
stronger. Hence, it improves the reliability of ambiguity resolution and success rate performance
(see Table 2.4). Ambiguity fixed relative positioning estimates are given in Figure 2.11. The
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Figure 2.6: Effect of GPS satellite availability on ambiguity resolution and angular accuracy

corresponding time series of position errors in ECEF coordinate system are given in Figures 2.12,
2.13, and 2.14 following 95 % confidence region (computed using formal standard deviations). As
mentioned before, the apparent gaps in the estimates due to receiver resetting. The variation of
position error in each ECEF component with latitude is due to the rotating local East-North-Up
frame. For example, the Z-compnent coincides with local Up component when LEO satellites are
in the polar region resulting in large errors in that direction. It coincides with the local North
component when LEO satellites are in the equator region resulting small errors in that direction.
Furthermore, as demonstrated in Table 2.5, attitude bootstrapping method improves the position
estimation accuracy (by a factor of

√
3 by using three receivers per platform).
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(b) Attitude bootstrapping

Figure 2.7: Float solution of X-component
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(b) Attitude bootstrapping

Figure 2.8: Float solution of Y-component
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(b) Attitude bootstrapping

Figure 2.9: Float solution of Z-component
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Figure 2.10: Ratio test

172



LAMBDA Attitude bootstrapping

Success rate (%) 96.0 98.5

Table 2.4: Single epoch integer resolution success rate
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Figure 2.11: Fixed relative position estimate
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18:00 21:00 00:00
−10

−5

0

5

10

25−Aug−2011

P
os

iti
on

 e
rr

or
 [m

m
]

 

 

18:00 21:00 00:00
−90

−60

−30

0

30

60

90

La
tit

ud
e 

[d
eg

]

Estimation error
95% confidence region

(b) Attitude bootstrapping

Figure 2.12: Fixed X-component estimate

Float Fixed

Standard LAMBDA 1.961 0.0035

Attitude bootstrapping 1.174 0.0021

Table 2.5: Root mean square errors (RMSEs) for baseline estimate [m]
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Figure 2.13: Fixed Y-component estimate
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Figure 2.14: Fixed Z-component estimate
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Chapter 3

Quality Control Using Detection,
Identification, and Adaptation (DIA)
Procedure

This chapter deals with implementation (Section 3.1) of DIA procedure outlined in Buist et al.
(2011b) and testing it with simulated outliers in Section 3.2.

3.1 Implementation Aspects of Recursive Filtering and DIA pro-
cedure

For simplicity of formulation, let us consider single baseline attitude determination with known
baseline length l; the time series of observed-minus-computed observations yk, k = 1, . . . with
unknown baseline parameter bk ∈ R3×1, and unknown ambiguity vector zk ∈ Znk×1 forms following
observation model:

E(yk) = Akzk +Gkbk, ‖bk‖ = l (3.1)

D(yk) = Qykyk (3.2)

where Ak and Gk are known design matrices of 2nk × nk and 2nk × 3. Let us define the combined
unknown vector xk = [zk,a

T bTk ]T , where zk,a consists of the union of ambiguities from current epoch
and previous epochs and related to zk as

zk = Skzk,a (3.3)

Furthermore, zk,a is divided into two groups: existing ambiguities zk,1 from previous epochs and
new ambiguities zk,2 at the current epoch such that

zk,a = [zk,1
T zk,2

T ]T (3.4)

xk = [xk,1
T xk,2

T ]T (3.5)

with xk,1 = zk,1 and xk,2 = [zk,2
T bk

T ]T . In the following, we used B-method of testing (Teunissen,
2001), where we fix the probability of false alarms (the level of significance) αo and the power of
test of both outlier and overall model tests (γo and γl), and consider same non-centrality parameter
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value for both tests. The critical value, κo, of outlier test and non-centrality parameters (λo and
λl) of the both tests are given as

κo = Nαo/2(0, 1) (3.6)

λl = λo = (κo +Nγo(0, 1))2 (3.7)

where Nα(0, 1) is the inverse cumulative distribution of zero-mean, unit variance normal distribu-
tion.

Recursive filtering and DIA procedure can be summarized as

1. Initialization: Initialize with the least squares solution at k = 1,

x̂1|1 =
(
BT

1Q
−1
y1y1

B1

)−1
BT

1Q
−1
y1y1

y1 (3.8)

P1|1 =
(
BT

1Q
−1
y1y1

B1

)−1
(3.9)

where B1 = [A1 G1]. Set k = k + 1 and go to 2.

2. Time update: Assuming no dynamic model for baseline parameter and constant ambiguities,
only propagate existing ambiguities (see, 3.5):

x̂k|k−1,1 = x̂k−1|k−1,1 (3.10)

Pk|k−1,1 = Pk−1|k−1,1 (3.11)

3. Measurement update:

(a) Construct the ambiguity transfer matrix Sk of (3.3)

(b) Construct observation matrix

Hk = [AkSk Gk] = [Hk,1 Hk,2] (3.12)

such that the observation model is given as

E(yk) = Hk,1xk,1 +Hk,2xk,2 (3.13)

(c) Compute the predicted residuals and associated variance-covariance matrix as

vk = yk −Hk,1x̂k|k−1,1 (3.14)

Qvkvk = Qykyk +Hk,1Pk|k−1,1Hk,1
T (3.15)

(d) Compute the Kalman gain Kk

Kk = Pk|k−1,1Hk,1
TQ−1

vkvk
(3.16)

(e) Compute the updated partial state vector corresponding to existing ambiguities and
associated variance-covariance matrix

x̂k|k,1− = x̂k|k−1,1 +Kkvk (3.17)

Pk|k,1− = Pk|k−1,1 − Pk|k−1,1Hk,1
TQ−1

vkvk
Hk,1Pk|k−1,1 (3.18)
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(f) Compute the estimates for new parameters using adaptation with following model

E(yk,2) = vk = Hk,2xk,2 (3.19)

D(yk,2) = Qvkvk (3.20)

resulting

x̂k|k,2− =
(
Hk,2

TQ−1
vkvk

Hk,2

)−1
Hk,2

TQ−1
vkvk

vk (3.21)

(g) Compute the new residual

vk+ = vk −Hk,2x̂k|k,2− (3.22)

4. Detection: Using local overall model (LOM)test

(a) Compute redundancy: ι = 2nk − nk,2
(b) Compute normalized LOM test statistics

LOM =
vTk+Q

−1
vkvk

vk+

ι
(3.23)

(c) Compute critical value of LOM test

κl = F1−γl(ι,∞, λl) (3.24)

where F1−γl(ι,∞, λl) is the inverse cumulative distribution F-distribution with ι and ∞
degrees of freedoms, and centrality parameter λl.

5. Iterative identification: Using data snooping (initialize the iteration p = 1)

(a) Initialize outlier gain matrix Cy = []

(b) Construct test matrix C = [AkSk Cp], whose columns are the candidates for the data
snooping. Here, AkSk is for phase outliers in cycles and Cp is for code outliers in meters

(c) Update the test matrix for adaptation due to estimation of new parameters x2
k with

design matrix Hk,2 (Teunissen, 1990b)

C = C −Hk,2

(
Hk,2

TQ−1
vkvk

Hk,2

)−1
Hk,2

TQ−1
vkvk

C (3.25)

(d) If LOM < κl go to Step 6; Otherwisen perform outlier test

i. Compute the outlier test statistics for each column of C

ti =
cTi Q

−1
vkvk

vk+√
cTi Q

−1
vkvkci

(3.26)

where ci is the ith column of C

ii. Find the maximizer as follows

j = arg max
i
|ti| (3.27)

(e) If |tj | ≥ κo
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i. Append cj to outlier gain matrix Cy

Cy = [Cy cj ] (3.28)

ii. Update the parameters as follows and go to Step 5d

LOM = LOM − (t2j − LOM)/(ι− p) (3.29)

κl = F1−γl(ι− p,∞, λl) (3.30)

C = C −
cjc

T
j

(cTjQ
−1
vkvkcj)

Q−1
vkvk

C (3.31)

p = p+ 1; (3.32)

6. Adaptation:

(a) Compute the estimates for new parameters and outliers with following model:

E(yk,∇) = vk = Hk,∇xk,∇ (3.33)

D(yk,∇) = Qvkvk (3.34)

where Hk,∇xk,∇ = [Hk,∇ xk,2Cy], and xk,∇ = [xTk,∇ ∇T
k ] with ∇k the outlier vector.

Estimates read

x̂k|k,∇ =
(
Hk,∇

TQ−1
vkvk

Hk,∇
)−1

Hk,∇
TQ−1

vkvk
vk (3.35)

Pk|k,∇ =
(
Hk,∇

TQ−1
vkvk

Hk,∇
)−1

(3.36)

(b) Compute the final estimate and associated variance-covariance matrix

x̂−k|k = Mk

[
x̂k|k,1−
x̂k|k,∇

]
(3.37)

P−k|k = Mk

[
Pk|k,1− 0

0 Pk|k,∇

]
MT
k (3.38)

where

Mk =

[
Ink,1 −KkHk,∇

0 Ink,2+n∇k

]
(3.39)

with nk,i the length of xk,i and n∇k the size of outlier vector.

(c) Rearrange the parameters such that the final float estimate x̂fk|k = [ẑTk|k b̂
T

k|k ∇̂
T

k|k,s ∇̂
T

k|k,p]
T

x̂fk|k = Tkx̂
−
k|k (3.40)

P fk|k = TkP
−
k|kT

T
k =


Qẑk|k ẑk|k Qẑk|k b̂k|k

Qẑk|k∇̂k|k,s
Qẑk|k∇̂k|k,p

Qb̂k|k ẑk|k
Qb̂k|k b̂k|k

Qb̂k|k∇̂k|k,s
Qb̂k|k∇̂k|k,p

Q∇̂k|k,sẑk|k
Q∇̂k|k,sb̂k|k

Q∇̂k|k,s∇̂k|k,s
Q∇̂k|k,s∇̂k|k,p

Q∇̂k|k,pẑk|k
Q∇̂k|k,pb̂k|k

Q∇̂k|k,p∇̂k|k,s
Q∇̂k|k,p∇̂k|k,p

(3.41)

where Tk is the permutation matrix, and ∇̂k|k,s and ∇̂k|k,p are estimates for phase and
code outliers.
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7. Constrained LAMBDA: Perform C-LAMBDA search x̂fk|k and P fk|k together with knowl-

edge of baseline length (Nadarajah et al., 2012a) resulting integer minimizer žk|k of C-
LAMBDA objective function.

8. Adaptation for cycle slip

(a) Compute ambiguity corrected phase outliers

∇̂k|k,s(žk|k) = ∇̂k|k,s +Q∇̂k|k,sẑk|k
Q−1
ẑk|k ẑk|k

(
ẑk|k − žk|k

)
(3.42)

Q∇̂k|k,s(žk|k)∇̂k|k,s(žk|k) = Q∇̂k|k,s∇̂k|k,s
−Q∇̂k|k,sẑk|kQ

−1
ẑk|k ẑk|k

Qẑk|k∇̂k|k,s
(3.43)

(b) Find the fixed phase outliers using LAMBDA method for the pair float solution pairs
∇̂k|k,s(žk|k), and Q∇̂k|k,s(žk|k)∇̂k|k,s(žk|k) resulting integer phase outliers ∇̌k|k,s(žk|k)

(c) Compare integer phase outliers for last w = 5 epochs and collect (slip) index of slips
that are constant at least for s = 3 epochs

(d) Using slip index construct transfer matrixRk that add slips to corresponding ambiguities.
That is final float estimate is given as

x̂k|k = Rkx̂
f
k|k (3.44)

Pk|k = RkP
f
k|kR

T
k (3.45)

which is to be propagated to next epoch.

9. Remove satellites: Remove ambiguities corresponding to satellites that have not been
tracked for three consecutive epochs and update state vector and associated variance-covariance
matrix accordingly.

10. Set k = k + 1 and go to Step 2

3.2 Testing with Simulated Outliers

We simulated observations and outliers to LEO scenario considered in Chapter 2 and test DIA
routines. We considered 32 outlier scenarios, which are summarized in Table 3.1 (The terms in
brackets refer to the number of outliers). Based on B-method of testing (Teunissen, 2001), we fixed
the false alarm probability of outlier test to αo = 0.001 and the power of test for both LOM and
outlier test to γo = γl = 0.8. For this setting, the average false alarm probability of LOM test is
αl = 0.123 during the period considered.

The DIA results and angular estimates with and without adaptaion are provided in Figures 3.1
– 3.32. First we considered single outliers (cases 1 - 9). A single code outlier of 1 m (case 1, Figure
3.1) cannot be detected as minimum detectable bias (MDB) is 3.4 m. Bias greater than MDB can
be detected and adapted (cases 2 and 3). As shown in Figure 3.3, single code outlier does not affect
carrier phase based final angular estimates even without adaptation. Single phase outliers (cases 4
- 6) can be detected and adapt (Figures 3.4 – 3.6. Failure to adapt results in huge angular error
at the epoch and false model error detection in the consecutive epochs. This effect gets worse as
the amplitude of the outlier increases. Single cycle slips (case 7 - 9) can be detected and adapted
(Figures 3.7 – 3.9). Failure to adapt results in continuous detection model errors and huge angular
errors at that epoch and consecutive epochs due to wrong ambiguity fixing.
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Figure 3.1: DIA results for case 1 of Table 3.1

Next, we tested the iterative DIA procedure for multiple outliers. As shown in Figures 3.10 –
3.18, multiple outliers of same type (cases 10 – 18) can be detected and adapted using the iterative
DIA procedure. Furthermore, 3.19 – 3.18 demonstrate that multiple outliers of mixed types (cases
19 – 32) can be detected and adapted. Note that failure to adapt these errors results in huge
angular errors.
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Outliers Description Results

case 1 Single code outlier with 1 m bias at epoch 400 (1) Figure 3.1
case 2 Single code outlier with 5 m bias at epoch 400 (1) Figure 3.2
case 3 Single code outlier with 20 m bias at epoch 400 (1) Figure 3.3

case 4 Single phase outlier with 1 cycle bias at epoch 400 (1) Figure 3.4
case 5 Single phase outlier with 5 cycle bias at epoch 400 (1) Figure 3.5
case 6 Single phase outlier with 20 cycle bias at epoch 400 (1) Figure 3.6

case 7 Single cycle slip of 1 cycle between epoch 400 and 500 (1) Figure 3.7
case 8 Single cycle slip of 5 cycles between epoch 400 and 500 (1) Figure 3.8
case 9 Single cycle slip of 20 cycles between epoch 400 and 500 (1) Figure 3.9

case 10 Two code outliers with 20 m biases at epoch 400 (2) Figure 3.10
case 11 Two code outliers with 5 and 20 m biases at epoch 400 (2) Figure 3.11
case 12 Three code outliers with 20 m biases at epoch 400 (3) Figure 3.12

case 13 Two phase outliers with 20 cycle biases at epoch 400 (2) Figure 3.13
case 14 Two phase outliers with 5 and 20 cycle biases at epoch 400 (2) Figure 3.14
case 15 Three phase outliers with 20 cycle biases at epoch 400 (3) Figure 3.15

case 16 Two cycle slips of 20 cycles between epoch 400 and 500 (2) Figure 3.16
case 17 Two cycle slips of 5 and 20 cycles between epoch 400 and 500 (2) Figure 3.17
case 18 Three cycle slips of 20 cycles between epoch 400 and 500 (3) Figure 3.18

case 19 A code outlier with 20 m bias and a phase outlier with 20 cycle bias at epoch 400
(2)

Figure 3.19

case 20 A code outlier with 5 m bias and a phase outlier with 20 cycle bias at epoch 400 (2) Figure 3.20
case 21 A code outlier with 20 m bias and a phase outlier with 5 cycle bias at epoch 400 (2) Figure 3.21

case 22 A code outlier with 20 m bias at epoch 400 and a cycle slip of 20 cycles between
epoch 400 and 500 (2)

Figure 3.22

case 23 A code outlier with 5 m bias at epoch 400 and a cycle slip of 20 cycles between
epoch 400 and 500 (2)

Figure 3.23

case 24 A code outlier with 20 m bias at epoch 400 and a cycle slip of 5 cycles between
epoch 400 and 500 (2)

Figure 3.24

case 25 A phase outlier with 20 cycle bias at epoch 400 and a cycle slip of 20 cycles between
epoch 400 and 500 (2)

Figure 3.25

case 26 A phase outlier with 5 cycle bias at epoch 400 and a cycle slip of 20 cycles between
epoch 400 and 500

Figure 3.26

case 27 A phase outlier with 20 cycle bias at epoch 400 and a cycle slip of 5 cycles between
epoch 400 and 500

Figure 3.27

case 28 A code outlier with 20 m bias and a phase outlier with 20 cycle bias at epoch 400,
and a cycle slip of 20 cycles between epoch 400 and 500 (3)

Figure 3.28

case 29 A code outlier with 5 m bias and a phase outlier with 5 cycle bias at epoch 400, and
a cycle slip of 5 cycles between epoch 400 and 500 (3)

Figure 3.29

case 30 A phase outlier with 20 cycle bias at epoch 400 and two cycle slips of 20 cycles
between epoch 400 and 500 (3)

Figure 3.30

case 31 A code outlier with 20 m bias at epoch 401 and a phase outliers with 20 cycle bias
at epoch 400, and a cycle slip of 20 cycles between epoch 400 and 500 (3)

Figure 3.31

case 32 A code outlier with 20 m bias at epoch 401, two phase outliers with 20 cycle bias
at epochs 400 and 402, and a cycle slip of 20 cycles between epoch 400 and 500 (4)

Figure 3.32

Table 3.1: Simulated outliers
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Figure 3.2: DIA results for case 2 of Table 3.1
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Figure 3.3: DIA results for case 3 of Table 3.1
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Figure 3.4: DIA results for case 4 of Table 3.1
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Figure 3.5: DIA results for case 5 of Table 3.1
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Figure 3.6: DIA results for case 6 of Table 3.1
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Figure 3.7: DIA results for case 7 of Table 3.1
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Figure 3.8: DIA results for case 8 of Table 3.1
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Figure 3.9: DIA results for case 9 of Table 3.1
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Figure 3.10: DIA results for case 10 of Table 3.1
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Figure 3.11: DIA results for case 11 of Table 3.1
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Figure 3.12: DIA results for case 12 of Table 3.1
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Figure 3.13: DIA results for case 13 of Table 3.1
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Figure 3.14: DIA results for case 14 of Table 3.1
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Figure 3.15: DIA results for case 15 of Table 3.1
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Figure 3.16: DIA results for case 16 of Table 3.1
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Figure 3.17: DIA results for case 17 of Table 3.1

189



0 500 1000
0

5

10

Epoch [sec]

LO
M

 te
st

LOM test  without adaptation

 

 

Test statistics
Critical value

0 500 1000
−0.5

0

0.5

Epoch [sec]

A
ng

ul
ar

 e
rr

or
 [d

eg
]

Angular error  without adaptation

0 500 1000
0

5

10

LO
M

 te
st

Epoch [sec]

LOM test  with adaptation

 

 

Test statistics
Critical value

0 500 1000
−0.5

0

0.5

Epoch [sec]
A

ng
ul

ar
 e

rr
or

 [d
eg

]

Angular error  with adaptation

Figure 3.18: DIA results for case 18 of Table 3.1
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Figure 3.19: DIA results for case 19 of Table 3.1
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Figure 3.20: DIA results for case 20 of Table 3.1
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Figure 3.21: DIA results for case 21 of Table 3.1
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Figure 3.22: DIA results for case 22 of Table 3.1
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Figure 3.23: DIA results for case 23 of Table 3.1
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Figure 3.24: DIA results for case 24 of Table 3.1
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Figure 3.25: DIA results for case 25 of Table 3.1
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Figure 3.26: DIA results for case 26 of Table 3.1
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Figure 3.27: DIA results for case 27 of Table 3.1
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Figure 3.28: DIA results for case 28 of Table 3.1
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Figure 3.29: DIA results for case 29 of Table 3.1
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Figure 3.30: DIA results for case 30 of Table 3.1
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Figure 3.31: DIA results for case 31 of Table 3.1
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Figure 3.32: DIA results for case 32 of Table 3.1
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Chapter 4

Static Analysis Using Multi-GNSS
Data

This chapter deals with testing and analysing using simulated data from a hardware-in-the-loop
experiment (Section 4.1) and real data from Curtin permanent stations (Section 4.2). These studies
include a robustness study of attitude determination under satellite deprived environments, namely,
satellite outage and open-pit. We evaluate the empirical instantaneous ambiguity success fraction
(relative frequency), which is defined as

success fraction =
number of correctly fixed epochs

total number of epochs
(4.1)

and ambiguity resolved angular accuracies (standard deviation).

4.1 GPS/Galileo Hardware-in-the-Loop Experiment

This section presents the analyses of full constellation data from a hardware-in-the-loop experiment
to demonstrate the improved availability of GPS-Galileo based attitude determination. We used the
Spirent GSS6700 multi-GNSS single-frequency simulator to generate GPS-Galileo L1-E1 signals,
which were tracked by Septentrio PolaRxSPRO receiver (Figure 4.1(a)). We considered a GPS
constellation of 32 satellites and a Galileo constellation of 27 satellites to reflect the operational
and the proposed missions, respectively. The simulated static platform is located at Perth, Australia
(32◦ S 116◦ E) and equipped with three antennas forming a planar array as shown in Figure 4.1(b)
for which the body frame coordinate matrix is given as

B0 =

[
1 0
0 1

]
[m] (4.2)

The experiment was run for six hours with a start time of Dec 14, 2011 00:00:00 (UTC). After
ignoring a few initial epochs due to cold-start of the receiver, we processed 20401 epochs of data
at a rate of 1 Hz. Figure 4.2 shows the satellite visibility (the sky-plots, the number of satellites,
and the PDOP values) during this period with an elevation cut-off angle of 10◦. On average, the
receiver tracked 10 GPS and 8 Galileo satellites reflecting satellite availabilities from prospective
full constellations.

We assume elevation dependent noise characteristics Euler and Goad (1991). That is, the
standard deviation of the undifferenced observable ς can be written as

σς(ε) = σς0

(
1 + aς0 exp

(
−ε
ες0

))
(4.3)
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(a) Hardware

N

ANT 1

1 m

1 m

ANT 2

ANT 3

(b) Antenna Geometry

Figure 4.1: Hardware-in-the-loop simulation set up: a) Spirent GSS6700 multi-GNSS single-
frequency simulator connected to Septentrio SEPT POLARXS receiver tracking GPS-Galileo L1-E1
signals b) simulated antenna geometry in the local body frame (forward-right-down with the origin
at ANT1)

System (Frequency) Code Phase
σp0
[cm]

ap0 εp0
[deg]

σφ0

[mm]
aφ0 εφ0

[deg]

GPS (L1) 30 0.3 20 1 0.3 20
Galileo (E1) 10 0.3 20 1 0.3 20

Table 4.1: Elevation dependent stochastic model parameters (4.3) for Septentrio receiver used in
the hardware-in-the-loop experiment

where ε is the elevation angle of the corresponding satellite, and σς0 , aς0 , and ες0 are the elevation
dependent model parameters. Stochastic model parameters for the elevation dependent model (4.3)
of the receiver are reported in Table 4.1. In the following sections, we discuss the results of single
epoch, single-frequency (L1-E1) processing under various satellite deprived environments. We use
the inter-system double differencing in all cases. Note that, ISBs are absent in this experiment as
the same receiver was used to collect the observations from all three antennas.

Satellite Outage

Satellite outages are simulated by arbitrarily removing a number of visible satellites. Table 4.2
reports the formal and empirical angular accuracies as well as the ambiguity success fraction of the
constrained MC-LAMBDA method compared to that of the standard LAMBDA method. The cases
with significant improvement are highlighted using bold text. Except for few severely deprived cases
(with very few satellites), the MC-LAMBDA method is capable of resolving the correct ambiguities
instantaneously with the success rate always better than (or equal to) standard LAMBDA method.
Improved performance of the MC-LAMBDA method compared to the standard LAMBDA method
is due to the use of the geometry constraints.

The formal standard deviations (terms in brackets) are well in line with the empirical standard
deviations confirming the assumed stochastic model parameters in Table 4.1. Slight degradation
of the angular accuracy with the number of satellites can be observed. Despite the slightly poor
satellite geometry (slightly higher PDOP values) of the Galileo-only cases (mG = 0), which leads
to poor success rate performance compared to that of the GPS-only cases (mE = 0), the angular
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Figure 4.2: Satellite visibility of GPS and Galileo constellations in the hardware-in-the-loop simu-
lation with 10◦ elevation cut-off
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mG mE (PDOP)
Success fraction

LAMBDA MC-LAMBDA
Angular standard deviation [deg]

Heading Elevation Bank

0

4 (5.21)
6 (2.73)
8 (2.13)
10 (2.08)

0.00
0.47
0.87
0.89

0.58
1.00
1.00
1.00

0.07(0.08)
0.06(0.07)
0.05(0.06)
0.05(0.06)

0.45 (0.49)
0.24 (0.28)
0.20 (0.23)
0.19 (0.22)

0.44 (0.49)
0.24 (0.28)
0.20 (0.23)
0.19 (0.22)

2
4 (4.91)
6 (2.45)

≥ 8 (1.99)

0.29
0.95
1.00

0.99
1.00
1.00

0.07 (0.07)
0.06 (0.06)
0.05 (0.05)

0.31 (0.33)
0.23 (0.24)
0.19 (0.21)

0.30 (0.31)
0.22 (0.24)
0.19 (0.21)

4

0 (5.44)
2 (3.69)
4 (2.35)

≥ 6 (1.78)

0.00
0.17
0.95
1.00

0.22
1.00
1.00
1.00

0.13 (0.11)
0.09 (0.08)
0.06 (0.06)
0.05 (0.05)

0.58 (0.55)
0.28 (0.28)
0.21 (0.21)
0.18 (0.18)

0.53 (0.50)
0.27 (0.27)
0.21 (0.21)
0.18 (0.18)

6

0 (2.70)
2 (2.40)
4 (1.87)

≥ 6 (1.49)

0.11
0.93
0.99
1.00

1.00
1.00
1.00
1.00

0.09 (0.08)
0.07 (0.06)
0.05 (0.05)
0.04 (0.04)

0.26 (0.23)
0.21 (0.20)
0.18 (0.18)
0.16 (0.16)

0.26 (0.24)
0.21 (0.20)
0.18 (0.18)
0.16 (0.16)

8
0 (2.04)

≥ 2 (1.52)
0.96
1.00

1.00
1.00

0.07 (0.06)
0.05 (0.05)

0.22 (0.20)
0.15 (0.15)

0.22 (0.20)
0.15 (0.15)

10
0 (1.86)

≥ 2 (1.44)
0.99
1.00

1.00
1.00

0.07 (0.06)
0.04 (0.04)

0.21 (0.19)
0.15 (0.15)

0.20 (0.18)
0.15 (0.15)

12
0 (1.85)

≥ 2 (1.43)
0.99
1.00

1.00
1.00

0.07 (0.09)
0.04 (0.04)

0.21 (0.20)
0.15 (0.15)

0.20 (0.20)
0.15 (0.15)

Table 4.2: Instantaneous single-frequency ambiguity success fractions (relative frequencies), and
empirical and formal (given in brackets) angular standard deviations (based on correctly fixed
epochs) for the hardware-in-the-loop experiment with simulated satellite outage (Here, ‘≥ s’ refers
to s or more satellites)

estimation accuracy of Galileo-only processing (mG = 0) is slightly better than that of GPS-only
processing (mE = 0). This is due to the Galileo observables having a slightly higher signal-to-noise
ratio (SNR) than that of GPS.

Open-pit

In this section, the impact of an open-pit environment, which is simulated using elevation masking,
is analyzed. Tables 4.3 and 4.4 report the ambiguity success fractions and the angular accuracies
for the simulated open-pits, thus clearly highlighting the benefit of using a combined system. That
is, the MC-LAMBDA processing of a combined GPS/Galileo system enables the availability of
instantaneous attitude solutions for an open-pit with up to 40 deg elevation masking.

4.2 GPS/Galileo/COMPASS Real Data Campaign

In this section the performance analyses of GPS/Galileo/COMPASS attitude determination are
presented. The data was collected from two TRM59800.00-SCIS antennas mounted on the roof
of the Bentley campus building 402 of Curtin University in Perth, Australia. As shown in Figure
4.3(a), they form a short baseline (B0 = 8.418 m, Figure 4.3(b)). These antennas are connected to
two TRIMBLE NETR9 GNSS receivers continuously tracking all available GNSS satellites.

Due to orbital parameters, co-visibility of Galileo experimental satellites does not exist for every
day and hence, we chose a unique period (May 17, 2012 between 22:54:36 and 23:59:35) having co-
visibility of all four Galileo experimental satellites and collected the data at a rate of 1 Hz. Figure
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Elevation Cut-off [deg] GPS only Galileo only GPS + Galileo
LAMBDA MC-LAMBDA LAMBDA MC-LAMBDA LAMBDA MC-LAMBDA

10 0.99 1.00 0.89 1.00 1.00 1.00
20 0.71 1.00 0.57 1.00 1.00 1.00
30 0.17 0.99 0.13 0.95 (0.94) 1.00 1.00
40 0.03 0.81 (0.70) 0.00 0.82 (0.30) 0.87 1.00
50 0.00 0.59 (0.06) 0.00 0.87 (0.06) 0.45 1.00 (0.67)
60 ∗ ∗ (0) ∗ ∗ (0) 0.20 1.00 (0.06)

Table 4.3: Instantaneous single-frequency ambiguity success fractions (relative frequencies) for the
hardware-in-the-loop experiment with simulated open-pit using elevation masking; For some cases,
only a fraction of epochs (given in brackets) were processed due to a lack of sufficient satellites for
positioning (requires at least four satellites)

Elevation
cut-off

GPS only Galileo only GPS + Galileo

[deg] Heading Elevation Bank Heading Elevation Bank Heading Elevation Bank

10 0.07 (0.06) 0.21 (0.19) 0.20 (0.18) 0.05 (0.06) 0.19 (0.22) 0.19 (0.22) 0.04 (0.04) 0.14 (0.13) 0.14 (0.14)
20 0.08 (0.07) 0.31 (0.28) 0.31 (0.28) 0.07 (0.07) 0.28 (0.32) 0.29 (0.32) 0.05 (0.05) 0.19 (0.19) 0.19 (0.19)
30 0.10 (0.09) 0.54 (0.47) 0.53 (0.48) 0.08 (0.10) 0.50 (0.58) 0.53 (0.61) 0.06 (0.06) 0.30 (0.30) 0.30 (0.30)
40 0.12 (0.11) 0.81 (0.72) 0.80 (0.72) 0.12 (0.14) 0.74 (0.86) 0.81 (0.95) 0.09 (0.09) 0.52 (0.52) 0.52 (0.53)
50 0.15 (0.14) 1.48 (1.31) 1.50 (1.35) 0.14 (0.15) 0.88 (0.98) 1.01 (1.16) 0.13 (0.13) 0.99 (0.99) 0.99 (1.01)
60 ∗ (∗) ∗ (∗) ∗ (∗) ∗ (∗) ∗ (∗) ∗ (∗) 0.13 (0.13) 1.75 (1.78) 1.77 (1.79)

Table 4.4: Empirical and formal (given in brackets) angular standard deviations [deg] for hardware-
in-the-loop experiment with simulated open-pit using elevation masking

(a) Antenna setup

CUT0

N

8.418 m

CUTA

(b) Antenna
geometry

Figure 4.3: Curtin GNSS antennas used for the real data campaign
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Figure 4.4: Satellite visibility of GPS (red), Galileo (blue), and COMPASS (yellow) constellations
for 10◦ elevation cut-off

System Frequency Code Phase
σp0
[cm]

ap0 εp0
[deg]

σφ0

[mm]
aφ0 εφ0

[deg]

GPS
L1
L2
L5

15 5 20
20 2 15
10 2 15

1 5 20
2 6 15
1 6 15

Galileo
E1
E5a
E5b

15 5 20
10 2 15
10 2 15

1 5 20
1 6 15
1 6 15

COMPASS
B1
B2
B3

20 5 15
20 5 15
20 5 15

1 5 15
2 5 15
3 5 15

Table 4.5: Elevation dependent stochastic model parameters (cf., equation 4.3) for Curtin GNSS
stations

4.4 shows the GPS/Galileo/COMPASS satellite visibility (the skyplot, the number of satellites, and
the PDOP value) during the period. The stochastic model parameters of the elevation dependent
model (4.3) for the receivers are reported in Table 4.5.

Our robustness analysis is based on single- (L1, E1, and/or B1), dual- (L1 and L2; E1 and
E5a; and/or B1 and B2), and triple- (E1, E5a, and E5b; and/or B1, B2, and B3) frequency
attitude determination under satellite outage by arbitrarily removing a number of visible GPS,
Galileo, and/or COMPASS satellites. Note that, for triple-frequency processing, we only considered
Galileo/COMPASS combination as the third frequency (L5) of GPS system is only available from
PRN 25 among the visible GPS satellites during the period considered. Figure 4.5 depicts the
variation of PDOP values with number of satellites under simulated satellite outage.

First we evaluate the empirical instantaneous ambiguity success fraction (relative frequency),
where the true ambiguities are computed using known antenna coordinates in WGS84 as the anten-
nas used in the real data campaign are part of Curtin’s permanent stations. However, only length
information is used for C-LAMBDA processing. Tables 4.6, 4.7, and 4.8 report the LAMBDA and
C-LAMBDA ambiguity success fractions for single-, dual-, and triple-frequency processing, respec-

204



0 2 4 6 8
1

1.5

2

2.5

3

3.5

4

4.5

5

Number of GPS satellites

P
D

O
P

 

 

# COMPASS satellites = 0
# COMPASS satellites = 2
# COMPASS satellites = 4
# COMPASS satellites = 6
# COMPASS satellites = 8

(a) Number of Galileo satellites = 0

0 2 4 6 8
1

1.5

2

2.5

3

3.5

4

4.5

5

Number of GPS satellites
P

D
O

P

 

 

# COMPASS satellites = 0
# COMPASS satellites = 2
# COMPASS satellites = 4
# COMPASS satellites = 6
# COMPASS satellites = 8

(b) Number of Galileo satellites = 2

0 2 4 6 8
1

1.5

2

2.5

3

3.5

4

4.5

5

Number of GPS satellites

P
D

O
P

 

 

# COMPASS satellites = 0
# COMPASS satellites = 2
# COMPASS satellites = 4
# COMPASS satellites = 6
# COMPASS satellites = 8

(c) Number of Galileo satellites = 4

Figure 4.5: PDOP values for simulated satellite outage
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(c) Number of Galileo satellites = 4

Figure 4.6: Heading standard deviations (based on correctly fixed epochs) for simulated satellite
outage: —— empirical and · · · · formal

tively. The benefits of using C-LAMBDA are highlighted using bold text. Using multi-frequency
processing, the C-LAMBDA method yields instantaneous attitude determination with as few as six
satellites from GPS, Galileo and/or COMPASS constellations.

Next we evaluate ambiguity resolved angular accuracies (standard deviation). Due to baseline
length and relatively poor precision of the second and third frequency observables (Table 4.5),
improvement of angular accuracies using multi-frequency precessing is not significant. Hence, only
the angular standard deviations for single-frequency processing are given in Figures 4.6 and 4.7. The
formal standard deviations (in dotted lines) are well in line with the empirical standard deviations
(in continuous lines) confirming the assumed stochastic model parameters in Table 4.5. A slight
degradation of the angular accuracy with the number of satellites can be observed.
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Number of satellites
(PDOP)

GPS Galileo COMPASS

Success fraction

LAMBDA MC-LAMBDA

0

0
4 (12.02)
6 (4.80)
8 (2.65)

2
4 (6.10)
6 (4.01)
8 (2.24)

4

0 (3.97)
2 (3.48)
4 (2.41)
6 (2.27)
8 (1.71)

0.00
0.21
0.63

0.10
0.80
1.00

0.01
0.50
0.90

0.33
0.92
1.00

0.00
0.01
0.40
0.94
1.00

0.08
0.42
0.97
1.00
1.00

2

0
4 (3.66)
6 (3.05)
8 (2.24)

2

2 (6.34)
4 (3.26)
6 (2.75)
8 (2.00)

4

0 (3.04)
2 (2.79)
4 (2.14)
≥ 6 (1.80)

0.01
0.47
0.89

0.32
0.95
1.00

0.00
0.28
0.91
1.00

0.28
0.88
0.99
1.00

0.11
0.42
0.92
1.00

0.88
0.96
1.00
1.00

4

0

0 (6.52)
2 (4.94)
4 (2.69)
6 (2.46)
8 (1.88)

2

0 (3.90)
2 (3.42)
4 (2.45)
6 (2.23)
8 (1.74)

4
0 (2.40)
2 (2.26)
≥ 4 (1.70)

0.00
0.01
0.39
0.92
1.00

0.08
0.34
0.90
1.00
1.00

0.07
0.30
0.84
0.99
1.00

0.72
0.93
1.00
1.00
1.00

0.81
0.92
1.00

1.00
1.00
1.00

6

0

0 (2.65)
2 (2.56)
4 (2.15)
≥ 6 (1.82)

2

0 (2.24)
2 (2.17)
4 (1.96)
≥ 6 (1.67)

4
0 (1.65)
2 (1.62)
≥ 4 (1.44)

0.09
0.35
0.90
1.00

0.78
0.91
1.00
1.00

0.65
0.86
0.99
1.00

0.99
1.00
1.00
1.00

0.98
0.99
1.00

1.00
1.00
1.00

8

0
0 (2.10)
2 (2.06)
≥ 4 (1.73)

2
0 (1.97)
2 (1.93)
≥ 4 (1.65)

4 ≥ 0 (1.42)

0.69
0.89
1.00

0.99
1.00
1.00

0.97
0.99
1.00

1.00
1.00
1.00

1.00 1.00

Table 4.6: Instantaneous single-frequency ambiguity success fractions (relative frequencies) for
simulated satellite outage (Here, ‘≥ s’ refers to s or more satellites)207



Number of satellites
(PDOP)

GPS Galileo COMPASS

Success fraction

LAMBDA MC-LAMBDA

0

0
4 (12.02)
≥ 6(4.80)

2
4 (6.10)
≥ 6 (4.01)

4
0 (3.97)
2 (3.48)
≥ 4 (2.41)

0.57
1.00

0.99
1.00

0.93
1.00

0.99
1.00

0.20
0.88
1.00

0.96
1.00
1.00

2

0
4 (3.66)
≥ 6 (3.05)

2
2 (6.34)
≥ 4 (3.26)

4
0 (3.04)
≥ 2 (2.79)

0.95
1.00

1.00
1.00

0.63
1.00

0.93
1.00

0.98
1.00

1.00
1.00

4

0
0 (6.52)
2 (4.94)
≥ 4 (2.69)

2
0 (3.90)
≥ 2 (3.42)

4 ≥ 0 (2.40)

0.56
0.94
1.00

0.99
1.00
1.00

0.99
1.00

1.00
1.00

1.00 1.00

≥ 6 ≥ 0 ≥ 0 (2.65) 1.00 1.00

Table 4.7: Instantaneous dual-frequency ambiguity success fractions (relative frequencies) for sim-
ulated satellite outage (Here, ‘≥ s’ refers to s or more satellites)

Number of satellites
(PDOP)

GPS Galileo COMPASS

Success fraction

LAMBDA MC-LAMBDA

0

0
4 (12.02)
≥ 6 (4.80)

2
4 (6.10)
≥ 6 (4.01)

4
0 (3.97)
2 (3.48)
≥ 4 (2.41)

0.82
1.00

0.99
1.00

0.98
1.00

1.00
1.00

0.33
0.97
1.00

0.95
1.00
1.00

Table 4.8: Instantaneous triple-frequency ambiguity success fractions (relative frequencies) for sim-
ulated satellite outage (Here, ‘≥ s’ refers to s or more satellites)
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(a) Number of Galileo satellites = 0
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(b) Number of Galileo satellites = 2
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Figure 4.7: Elevation standard deviations (based on correctly fixed epochs) for simulated satellite
outage: —— empirical and · · · · formal

209



210



Chapter 5

Conclusion

In this milestone report, we demonstrated the the formation flying capabilities using the GNSS
carrier phase based positioning and attitude determination concepts as the goal of the final task
of WP6 on Formation Flying Algorithms. For this purpose, the algorithm developed in previ-
ous tasks were rigorously tested with various data sets including data from hardware-in-the-loop
simulations with the Namuru receiver (single-frequency GPS), as well as with other datasets to
allow a performance assessment including multi-frequency, multi-GNSS data from GPS, Galileo
and Compass.

The major goal of the final task was to demonstrate the achievable accuracy for both relative
positioning and attitude determination using a modified version of the standard LAMBDA method
for integer ambiguity resolution, which exploits the fact that the geometry of the multi-antenna
configuration on-board the satellites is known. The experimental results in this report confirm
that with this new method the ambiguity resolution performance is improved dramatically, which
results in more precise and reliable attitude estimates. The attitude angular accuracies have been
further improved by employing recursive filtering to at least 0.03 degrees with single-frequency GPS
simulated Namuru data for the LEO scenario considered here. In addition, a relative positioning
algorithm was developed - called attitude bootstrapping, which benefits from the improved am-
biguity resolution capability for the attitude determination. It has been demonstrated that this
results in very high precision results (sub-centimeter) with a much higher availability.

Future work includes testing and performance assessment with multi-system data, multi-epoch
kinematic processing and extension to longer inter-platform distances taken into account the inher-
ent residual ionosphere delays.
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1. EXECUTIVE SUMMARY 
The Garada project is investigating the design of a satellite mission that uses a Synthetic Aperture 

Radar (SAR) as the primary imaging sensor. Work Package 7 “Satellite Orbit Models“ is focused on 

determining the optimum orbit for the mission and selecting the candidate launcher vehicle. This 

WP is led by Professor Chris Rizos and Research Associate Dr Li Qiao. This WP mainly supports and 

serves WP1 (Overall Design). 

Orbit modelling is a complex task as it involves trade-offs between different mission and user 

requirement parameters. During the mission analysis conducted in WP1, the application of the 

Garada mission has been defined as flood mapping, bio-mass estimation and soil moisture 

measurement. It has been concluded that the key application that could be provided to deliver 

significant benefit to Australia is soil moisture monitoring over an agricultural area (in particular the 

Murray Darling Basin – MDB). The payload requirements therefore relate primarily to soil moisture 

mapping. MDB is highlighted as a key area of interest as the area produces one third of Australia’s 

agricultural output. A coverage revisit interval of 2-3 days would be required to satisfy the mission 

goal. The payload will revisit the target area at the same time of day on subsequent passes in order 

to monitor the soil moisture content. Since the required SAR antenna is large in size, the mission has 

a big power budget requirement. This implies that maximum access to sunlight is a crucial orbit 

requirement. The Garada satellite will therefore be inserted into a dawn-dusk orbit where the 

satellite stays in sunlight on a continuous basis. 

To satisfy the mission requirements, a frozen, repeating, circular sun-synchronous orbit (SSO) is the 

best candidate orbit. The SSO is generally favoured for Earth observation satellites that need to be 

operated at a relatively constant altitude suitable for imaging/sensing instruments. The proposed 

Garada orbit is at an altitude of 612.98km with inclination 97.84 degrees. The orbit will repeat after 

89 revolutions in 6 days, completing 14 5 / 6Q    orbits per day. Since the soil moisture revisit 

requirement is 2-3 days, a two-satellite constellation is needed. It is desirable to place the Garada 1 

and Garada 2 satellites at the same altitude to double the revisit frequency, and to maximise 

consistent near-simultaneous coverage. Two 6-day repeat SSO satellites can meet the MDB 3-day 

revisit requirement.  

In reality the orbit will change from its nominal geometry due to a variety of orbital forces. Therefore 

WP7 analyses how much different the satellite trajectory will be relative to the reference orbit after 

a certain period of time. Sensitivity studies reveal that the Earth’s irregular gravity field has the 

largest impact on satellite orbital motion. The atmospheric drag is the second largest perturbing 

effect, affected by the space weather more than the satellite drag model. The above two orbital 

forces cause perturbations of a magnitude of tens of kilometres. The third body effect is relatively 

small, with a magnitude of some hundreds of metres. The solar radiation pressure effect has less 

than one hundred metres effect.  

Another WP7 task is the selection of the launch system to place the Garada satellite(s) into the 

desired orbit. Since Australia does not have any launch systems it is necessary to survey the 

international launch market and consider various candidate launcher options. The most important 

factors to be considered are reliability, performance, suitability, and price. Other factors include 

availability and schedule, technology transfer safeguards, customer-provider relationship and 

http://en.wikipedia.org/wiki/Earth_observation_satellite
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partnership, as well as terms and conditions. The large antenna of Garada drives the 

mission towards a launch vehicle of the size of a Falcon-9. Falcon-9 is a rocket-powered 

spaceflight launch system designed and manufactured by Space Exploration Technologies (SpaceX), 

headquartered in Hawthorne, California. The launch cost is estimated to be of the order of US$49-54 

million. The U.S. Delta IV-M and the European Ariane 5 could also be used to launch Garada, 

however with much higher launch cost (greater than US$100 million). Therefore the Falcon-9 is the 

favoured candidate for the launch system.  

http://en.wikipedia.org/wiki/Rocket_engine
http://en.wikipedia.org/wiki/Spaceflight
http://en.wikipedia.org/wiki/Launch_vehicle
http://en.wikipedia.org/wiki/SpaceX
http://en.wikipedia.org/wiki/Hawthorne,_California
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2. INTRODUCTION 
The Garada project is an Earth Observation Satellite design using Synthetic Aperture Radar (SAR) as 

the primary imaging sensor. In Phase 0 of this mission, precisely determining the user requirements 

is critical to the whole project as well as the satellite orbit, as the orbit design will be subject to the 

constraints of the requirements.  

In 2011, the application of the Garada mission had been defined as flood mapping, bio-mass 

estimation and soil moisture measurement by WP1. The three applications lead to different user 

requirements. Accordingly, to support WP1’s analyses, WP7 explored using a small satellite 

constellation to achieve hourly revisit, as well as the lifetime of small satellites, revisit performance 

with various orbit types and satellite formation stability (see reports TK7.1 and TK7.2).  

In early 2012, the key application was changed to soil moisture monitoring over an agricultural area 

(in particular the Murray Darling Basin – MDB). The payload requirements therefore relate primarily 

to soil moisture mapping. MDB is highlighted as a key area of interest as the area produces one third 

of Australia’s agricultural output. A coverage revisit interval of 2-3 days would be required to satisfy 

the mission goal. The payload revisits the target area at the same time of day on subsequent passes 

in order to monitor the soil moisture content. Since the user requirement is specified and 

unambiguous, the subsequent research in WP7 has focused on the soil moisture application. The 

three main tasks of Work Package 7 are listed as:  

1) To include a description of the soil moisture imaging requirements, and the analysis 

performed to select the final orbit parameters (see TK7.3). This task is performed by first 

analysing the mission, payload and satellite design requirements to determine if the mission 

is feasible. Trade-off studies are then performed in order to find a suitable orbit that satisfies 

the mission goals. The proposed Garada orbit is a circular, frozen repeating sun-synchronous 

(SSO), dawn-dusk orbit at an altitude of 613km and 6 days repeat cycle. A constellation of 

two 6-day SSO satellites could reduce the revisit time to 3 days. This SSO will satisfy the soil 

moisture application requirement; therefore it has been chosen as the preferred orbit for 

Garada.  

2) To perform the orbit perturbation sensitive study to form a baseline for the orbit force 

model (see TK7.4). This task investigates the orbit force models for the specified orbit. The 

task is performed by sensitivity analysis including gravity, atmospheric drag, solar radiation 

pressure, etc., and the ephemeris comparison. The objective is to determine the relative 

importance of each orbit force and calculate the magnitude of their impacts.  

3) To analyse how to choose the launch system to put Garada satellite(s) into the desired orbit 

( see TK7.5). The task investigates the launch vehicle selection to transport the Garada 

satellite into the desired orbit. The task is performed by presenting the launch vehicle 

selection criteria, and comparing the Garada mission characteristics to the candidate 

launcher performance. 

This final report assembles the previous work, organised in six sections with appendix. Section 1 is 

the executive summary for WP7. Section 2 summarises the research work and introduces the 

organisation of this report. Section 3 analyses the user requirements with respect to satellite orbits 
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design. Based on the requirements, Section 4 presents the methodology and process of 

orbit selection and determines the baseline of proposed orbit. Section 5 performs the 

sensitive study of the effect of various orbit forces on the orbit trajectory. Section 6 selects the 

candidate and back-up launcher vehicles based on the survey of the global launcher market. The 

appendix lists the launch vehicles in the global launch markets and the orbit lifetime analysis for 

small satellites.Equation Chapter 1 Section 1 
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3. MISSION APPLICATION REQUIREMENTS 

3.1. Soil Moisture Monitoring of Murray Darling Basin (MDB) 

It has been concluded that the key application that could be provided to deliver significant benefit to 

Australia is soil moisture monitoring over an agricultural area such as the Murray Darling Basin 

(MDB) (Figure 1). The payload requirements therefore relate primarily to soil moisture mapping. 

MDB is highlighted as a key area of interest as the area provides one third of Australia’s agricultural 

produce. A coverage revisit interval of 2-3 days would be required to satisfy the mission goal. The 

payload will revisit the target area at the same time of day on subsequent passes to determine the 

moisture content of the soil in the coverage area. Priority will be given to Australian target areas and 

Australian clients.  

The science requirements of soil moisture drive the selection of specific orbit parameters, which 

require: 1) same illumination for repetitive imaging, 2) revisit the target area during early morning, 

3) image at the same altitude, 4) sufficient ground resolution, and 5) revisit 2-3 days. Mapping these 

requirements to orbit characteristics, the desired orbit should be a circular, frozen repeating sun-

synchronous, dawn-dusk orbit. The revisit time can be achieved by designing a wider swath SAR and 

appropriate selection of the orbit repeating cycle. 

 
Figure 1 Murray Darling Basin. 

3.2. Power System Requirements  

The power subsystem requirements are not available at this stage. Since the required SAR antenna is 

large in size, the mission has a big power budget requirement, which implies maximum access to 

sunlight. Accordingly, the Garada satellite will be inserted into a dawn-dust orbit where the satellite 

stays in sunlight on a continuous basis. 

3.3. Orbit Lifetime 

The WP3.2 has established that the Garada SAR antenna will be very large. According to the latest 

satellite design from WP1, the gross mass is 2368.89kg and the height of Garada antenna is 15.6m 

when deployed and 7.8m when stowed. The diameter is 3.9m. The cross section is a trapezoid shape 

when deployed and a hexagon shape when stowed. An estimate of orbit life was performed using 
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the “lifetime analysis tool” in STK to corroborate this assumption. The lifetime until de-orbit 

was calculated to be approximately 88 years. According to WP1, the lifetime of the Garada 

mission is expected to be 5 years, and hence the mission lifetime doesn’t depend on the orbit 

lifetime; but it will mostly depend on the manoeuvring fuel and other factors.  
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4. ORBIT SELECTION FOR GARADA 
The orbit selection is almost entirely based on orbital mechanics. This section will provide some 

background on the subject, particularly the parameters that will be used to describe orbits.  

4.1. Orbit Definition 

The satellite orbit can be defined by the classical set of Keplerian parameters, referred to the vernal 

equinox inertial coordinates axes. In fact, the orbit modelling task is to find the optimal set of orbital 

parameters to meet the mission requirements. The six Keplerian parameters (2) are a  e i      

and v . v  varies with time and the others are considered constant for a given orbit for the purposes 

of orbit design/analysis. 

 

Figure 2  The Six Keplerian Elements[1]. 
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Figure 2 GARADA SSO design flow. 
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In the Garada design, the process could be presented by a simplified flow (see Figure 2). 

The choice of orbit plane is usually a compromise due to the balance of requirements. Till 

now, the lifetime and the coverage have been the two main issues. Illumination time is analysed 

briefly as the power supply requirements are not given. The ranges of original orbital altitude are 

determined according to the imaging performance, determined from WP 2. The coverage 

requirements are determined according to the mission overall design (WP 1).  

4.2. Orbit Type 

This section presents why choose repeating, frozen, sun-synchronous orbit for Garada mission. 

4.2.1. Sun-Synchronous Orbits 

The SSO is the most frequently used orbits for earth science missions [2]. The sun-synchronous orbit 

is generally favoured for Earth observation satellites that should be operated at a relatively constant 

altitude suitable for imaging/sensing instruments. Because of the deviations of the gravitational field 

of the Earth from that of a sphere that are quite significant at such relatively low altitudes, a strictly 

circular orbit is not possible. Very often a frozen orbit is selected that is slightly higher over the 

Southern Hemisphere than over the Northern Hemisphere.  

Through careful consideration of the orbit perturbation force due to the oblate nature of the 

primary body a secular variation of the ascending node angle of a near-polar orbit can be induced 

without expulsion of propellant. As a result the orbit perturbations can be used to maintain the orbit 

plane in, for example, a near-perpendicular (or at any other angle) alignment to the sun-line 

throughout the full year of the primary body. Such orbits are SSOs[3].SSOs are typically near-circular 

Low-Earth Orbits (LEOs). It is normal practice to design a LEO in which the orbit period is 

synchronised with the rotation of the Earth surface over a given period, and a repeating ground-

track is established. A repeating ground-track, together with the near-constant illumination 

conditions of the ground-track when observed from a SSO, enables repeat observations of a target 

over an extended period under similar illumination conditions[4]. 

The basic theory associated with how an orbital plane is perturbed as a result of the Earth’s 

equatorial bulge is explained below. This bulge creates an out-of-plane gravitational force on the 

orbit causing the orbit to gyroscopically precess. The operative equation describing the rate at which 

the line of nodes moves due to this bulge is given by: 

 2

2 2 3

3
( ) cos

2 (1 )

eaJ i
a e a


  


 (1) 

 
7

2
2 2

1 Re
10.00 ( ) cos

(1 )
i

e a
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When choosing
360

0.9856 /
365.242199

day
day


    i.e. the rate which equals that of the Earth moving on 

the orbit around the Sun, an SSO is obtained. Thus, at the equator, the satellite passes overhead at 

the same local time in each revolution. 

4.2.2. Circular and Frozen Orbit 

SAR is a powerful remote sensing tool that has useful characteristics such as day-night, all-weather 

operation and good resolution. To provide a reliable imagery from the side scan radar, the SAR has 

to be maintained at a constant altitude, which means the appropriate orbit should be 1) circular 

http://en.wikipedia.org/wiki/Earth_observation_satellite
http://en.wikipedia.org/wiki/Frozen_orbit
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orbit, i.e. its eccentricity 0e  and 2) in spite of Earth’s oblateness, the perigee remains fixed 

to a specific latitude. Consequently, the SAR candidate orbits are normally frozen and 

circular orbits.  

A frozen orbit is characterised by no long-term changes in the orbital eccentricity and the argument 

of perigee. The design of frozen orbits involves selecting the correct value of eccentricity and 

argument of perigee, for a given semi-major axis and orbital inclination, which satisfies the following 

system of non-linear perturbation equations: 

 
3

3 2 2

3

R3 5
(1 ) sin cos ( sin 1) 0

2 4

eqJde
e n i i

dt p
     (3) 

 
3 3
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To simplify the equations, the orbit can be frozen by satisfying the following equations: 

 
0

90

e






  
 (5) 

This is implemented in the orbit control software used for the European ERS-1, ERS-2 and NASA’s 

EOS satellite. Since the orbit is frozen, the perigee will not change and the altitude will be a function 

of latitude. This means that in spite of the Earth's oblateness, the perigee will remain fixed (in an 

average sense) at the northernmost latitude (essentially at the North Pole). It is noted that the 

electrical control is needed to maintain the frozen orbit and for inclination manoeuvre. 

4.2.3. Repeating Ground Track Orbit 

Repeating ground track is a useful characteristic that ensures that global coverage is complete and 

repeatable over a designated sampling period. Repeating orbit’s sub-satellite track forms a closed 

curve on the Earth's surface. The repeating ground track equation is:  

 
1 kM m

T M


  (6) 

For a circular orbit, N is the revolution of the orbit per day, which is given by: 

 ( )
m kM m
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   (7) 

T  is the duration between two contiguous  ascending nodes. For the SSO, T could be given by: 
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Most SAR applications have been based on a repeat-pass orbit scenario (Tsang and Jackson 2010). 

Numerator part of revolution M united in day is the orbit repeat cycle. It is the period of the repeat-

pass interferometry.  

http://en.wikipedia.org/wiki/European_Remote-Sensing_Satellite
app:ds:contiguous
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4.3. Classical and Perturbed Orbit 
Under the influence of the gravity pull of a large spherical body, the path in space followed 

by a satellite is a conic section with the central body at one focus. For remote sensing missions, a 

closed circular or elliptical orbit is favoured. 

The shape of the orbit is described by its semi-major axis a and eccentricity, e .The orbit orientation 

with respect to the Earth is given by the inclination i  (the angle between the orbit plane and the 

equator), the location of the ascending node   (the right ascension where the satellite crosses the 

equator heading north – RAAN), and the argument of perigee   (the angle in the direction of 

satellite motion between the ascending node crossing and the point of closest approach). In the 

absence of disturbing forces, the orbit shape and orientation are constant. 

The Earth is not a sphere but rather an oblate spheroid in which the radius at the equator is about 

21km greater than at the poles. The elliptical path followed by the satellite is perturbed because the 

Earth’s mass is not spherically symmetrical. The extra mass at the equator relative to the poles 

creates a torque on the satellite about the centre of the Earth, rotating the plane of the orbit about 

the polar axis. This results in a secular change in the location of the ascending node known as nodal 

regression. The regression rate of the orbit plane   depends mainly on the altitude and inclination: 

 
2

2 2 2 2

3
cos
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J n i
a e

  


 (10) 

where 

2J  coefficient describing Earth oblateness ( 31.08263 10 )  

R  the equatorial radius of Earth (approximately 6378.144km ) 

n  the angular speed of a circular orbit ( 3n a ) and the orbit period 2 n  

  the gravitational parameter of the Earth ( 5 3 23.986005 10 km s ) 

Equation (10) indicates that a SSO can be achieved by choosing the i  according to h : 
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Earth oblateness also causes the line of apsides connecting the perigee and apogee to rotate in the 

orbit plane. This secular change in perigee location is given by: 
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In addition to oblateness effects, the Earth’s northern and southern hemispheres are not equal 

causing a satellite to experience different forces during its orbit. The perturbation affects the 

argument of perigee at a rate that depends on the sine of  : 
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3J  coefficient describes the Earth’s north/south asymmetry ( 62.536414 10  ) 

The argument of perigee in a polar orbit moves through 360 over tens of days due to 2J , while the 

perturbation due to 3J  is considered long period. 3J  also causes a long period perturbation on the 

eccentricity given by: 
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The change in argument of perigee is undesirable in remote sensing missions – the 

platform altitude over a given site will change from pass to pass. In order to avoid this, a 

frozen orbit in which the eccentricity and perigee location are nearly constant has been proposed for 

a soil moisture monitoring mission. Equations (13) and(14) imply that an argument of perigee of 

90  results, i.e. sin 0  , where 0.00417807 /e s   is the angular speed of the Earth. 

4.4. Eccentricity, Perigee Location, Inclination and LTAN Selection 

Eccentricity ( e ), argument of perigee ( ) and inclination ( i ) are fixed by the requirements. 

4.4.1. Eccentricity 

A near-circular orbit is desired so that the antenna will view all areas of the Earth from 

approximately the same altitude, and thus with the same resolution and sensitivity. This implies a 

circular orbit. The secular and long period changes in eccentricity and argument of perigee are 

undesirable in extended remote sensing missions, otherwise the platform altitude over a given site 

will change from pass to pass. A frozen orbit in which the eccentricity and perigee location are nearly 

constant has been proposed for the Garada satellite orbit. An argument of perigee of 90  results in 

an e  of zero. Then an eccentricity is chosen so that   due to 
2J  and 

3J  is zero. The frozen 

eccentricity e in a polar orbit is approximately 0.001  – approximately a circular orbit and the altitude 

of the platform then defines the semi-major axis. 

4.4.2. Perigee Location 

In a circular orbit the location of closest approach is not defined. A frozen orbit about the Earth 

requires an argument of perigee of 90 . In this case 0   and there is no secular change in perigee 

location. 

4.4.3. Inclination 

Constant solar illumination at a target from one observation to the next is desired. The orbit that 

achieves this by maintaining a given sun orbit plane orientation is the SSO and is achieved by taking 

advantage of the Earth’s oblate shape. For a given altitude, the inclination can be selected so that 

the nodal regression is equal to the apparent motion of the sun about the Earth (about 1  per day, 

eastward). If a certain local time of node crossing is desired, the orbit plane is oriented with the sun 

accordingly. The Earth rotates 360 in about 23 56minh , or 15.042 / h . For LEOs, the sun-synchronous 

inclination is between 90and100 , satisfying the requirement to view the entire Earth. 

This constant sun orbit plane orientation varies throughout the year. The Earth’s orbit around the 

sun is not a circle and therefore the sun’s apparent motion is not constant, through the precession 

of the orbit plane. In the spring and autumn this difference amounts to about 2 , or 8min  of local 

time. Solar perturbation of the moon’s orbit around the Earth causes a slight change in the 

orientation of the Earth’s poles, contributing to variations in the sun orbit plane orientation with a 

period of 18.6 years, the combined effect amounting to about 4  twice each year.  

4.4.4. Equator Crossing Time 

As indicated in Section 3 the Garada satellite will be inserted into a dawn-dusk orbit in order to 

maximise solar power generation. Accordingly, the local time of node crossing (either ascending or 

descending) is specified. 

A SSO allows the selection of a desired platform equator-crossing time. The sun orbit plane 

orientation corresponding to this desired time will be maintained throughout the mission, though 

small orbit adjustments may be required. In circular, inclined orbits, each ascending equator crossing 
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occurs at the selected local crossing time and each descending crossing at this local time 

plus 12 hours. There are two options for the Garada orbit, the local time of ascending node 

(LTAN) is 6:00 in the morning or 18:00 toward evening.  

It is assumed that the Garada orbit’s LTAN is ascending at 6:00 in the morning, and descending at 

18:00 toward evening, as it will meet one of the user’s requirements that “6:00am is generally 

considered optimal for soil moisture monitoring, due to the thermal equilibrium between 

soil/air/vegetation and also the reduced capillary moisture raise in the top soil which happens during 

the night (explained by Dr. Rocco Panciera*)”.  

4.5. Orbit Altitude 

The orbital elements remaining to be selected are the altitude and node crossing location. For a 

repeating SSO, the choice of altitude determines the instrument coverage pattern and repeat cycle, 

instrument performance and satellite lifetime. Drag on the satellite determines the lower altitude 

bound, and launch vehicle capabilities and instrument performance set the upper bound. Other 

important altitude-dependent effects limiting the lower altitudes are atomic oxygen damage, wake 

currents, ionospheric plasma, and optical surface contamination. Natural ionising radiation is a 

significant constraint on higher altitudes. 

For the Garada mission, the antenna being design by the Astrium team has specified the altitude 

range of 580-660km. At this stage the primary limiting factors are the revisit performance rather 

than atmospheric drag and launch vehicle performance. The number of orbits completed per day Q  

influences the location and sequence of all ground traces: 

 
86400

Q
P

  (15) 
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Altitude h  of SSOs for Q  is given by: 

 
3

86400
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It shows the corresponding values of Q  and h  when Q  is set to integer. Since the radar specified 

orbit height range is from 580 to 660km, the I  value is 15. Q  is found by comparing the rotation of 

the Earth beneath the satellite with the motion of the orbit plane. In slightly less than 1 day the 

Earth rotates through 2  radians. In one orbit, the plane of the orbit moves eastward at the nodal 

regression rate . For SSOs   is set to the approximately 1 / day  eastward drift of the sun. To find 

the ground trace of the satellite, the rotation of the Earth is included to give the motion of the orbit 

plane relative to the Earth or longitude rate, positive west,   , where  is the Earth’s rotation 

rate ( 57.292115856 10 /rad s , approximately 360 / day ). The angle that the orbit plane rotates through 

in one orbit relative to the Earth is the longitude rate multiplied by the time from one ascending 

                                                           
*
 Rocco Pancier is a Super Science Fellow at Cooperative Research Centre for Spatial Information (CRC-SI). He is 

expertise in soil moisture remote sensing. The requirements for the soil moisture application in this report are 

based on discussions with Rocco Pancier. 
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node crossing to the next, referred to as the nodal period
nP . This angle is known as the 

fundamental interval S , where
nS P  . S is the longitude difference between one ground 

trace and the next.  

For a SSO the number of orbit revolutions completed in 1 day Q  is 2 S . To find the orbit giving a 

desired value of Q , the required nodal period is found using the relation: 

 2 /nP Q   (19) 

where 

 
2

2

2 2

3
[1 (4cos 1)]

2
n

R
P P J i

a
    (20) 

P is the classical orbit period 32 a  . The semi-major axis corresponding to this nodal period then 

yields the sun-synchronous inclination. 

Let Q be represented as:  

 ( )
K N

Q I
D D

   (21) 

where  

Q  orbits per day 

N  the number of orbits in the repeat cycle (i.e. number of revolutions to repeat) 

D  the number of days in the cycle 

The satellite is expected to repeat after a certain number of revolutions ( N ). An exactly repeating 

orbit, one in which the ground track of the satellite is retraced after a given period of time ( D ), is 

desired so that data can be consistently compared throughout the mission lifetime: 

 
360

eS P
Q




   (22) 

S  the fundamental interval at the equator 

 
S

Si
D

  (23) 

Si  S  is general divided into D  subintervals 

Altitudes in the range of 580 to 660 km of several SSOs for different repeat cycles are shown in Table 

1. Comparing columns D  and Si  indicates that fast repeating D requires a wider swath to cover the 

Si . 

Table 1 Sun-synchronous orbit altitude vs. repeat cycles. 
I  K  D  N  Q  h  [km] Si  [km] 

14 2 3 44 14.6667 665.964 910.7968 

14 3 4 59 14.7500 639.351 679.2382 

14 4 5 74 14.8000 623.503 541.5449 

14 5 6 89 14.8333 612.987 450.2816 

14 6 7 104 14.8571 605.500 385.337 

14 7 8 119 14.8750 599.898 336.7652 

14 8 9 134 14.8888 595.548 301.3162 

14 7 9 133 14.7777 630.536 301.3162 
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14 9 10 149 14.9000 592.074 268.9601 

14 9 11 163 14.8181 617.762 245.8593 

14 10 11 164 14.9090 589.234 244.3601 

14 11 12 179 14.9166 586.870 223.883 

14 10 13 192 14.7692 633.245 208.7243 

14 11 13 193 14.8461 608.953 207.6428 

14 12 13 194 14.9230 584.871 206.5725 

14 11 14 207 14.7857 628.022 193.5993 

14 13 14 209 14.9285 583.158 191.7467 

14 11 15 221 14.7333 644.654 181.3351 

14 13 15 223 14.8666 602.511 179.7088 

14 14 15 224 14.9333 581.675 179.7088 

14 13 16 237 14.8125 619.555 169.0931 

14 15 16 239 14.9375 580.378 167.6781 

 

4.5.1. Swath and SSO Repeating Cycle  

Orbit height

Incidence Angle

 
Figure 3 Geometry of swath, incidence angles and orbit height. 

 

Garada is a satellite with an L-band SAR which allows not only conventional stripmap and ScanSAR 

modes but also a Spotlight mode with electric beam steering. To cover wide areas, Garada has the 

capability to view wide incidence angles of 8 to 40+ degree with electric beam steering, and the left- 

or right-looking by satellite manoeuvre from nominal look direction of nadir-looking.  

 

The swath depends on altitude and tow incidence angles, referred to as inner incidence and outer 

incidence angles. Set the inner incidence angle to 8 degree (value from WP1); Figure 4 shows the 

swath with an outer incidence angle varying from 40 to 50 degree when the orbit height increases 

from 580 to 660km. The swath is in the range of 359.3 to 587.9km. Some of the values in Figure 4 

are listed in Table 2. The 40 degree outer incidence angle is intended for the soil moisture 

application. The outer incidence angle can extend to 50 degree for other applications. 
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Figure 4 Swath vs. incidence angles when the orbit height varying from 580 to 660km. 

 

Table 2 Swath [km] vs. out incidence angle at various orbit height (Inner Incidence angle = 8 deg). 

Outer incidence angles 

[deg] 

Orbit height [km]  

580 600 620 640 660 

40 359.397 370.366 381.253 392.058 402.783 

50 526.132 541.784 557.298 572.675 587.918 

 

4.5.2. Instrument Requirements and Orbit Selection 

One factor in determining the length of the exact repeat cycle for the Garada orbits is set by the 

imaging instrument’s swath. There are two options to choose for the orbit from Table 1:  

1) Instrument is able to image the entire Earth (capable of global coverage). 

Si  is the widest length between the two adjacent ground tracks. With the given swath, the quickest 

repeat cycle could be found by comparing the swath and Si . A 370.3km swath width is accessible at 

599.8km altitude. Compare the swath to the Si, the result is 8 implying that a minimum 8-day repeat 

is required to view the entire Earth. Thus, in this situation the altitude selection of SSOs is based 

entirely on just how wide the swath is. 

2) Instrument is able to image the entire target area (full coverage) 

The length between the two adjacent ground tracks varies with the latitude. Si  is the widest as it 

presents the length on the equator (latitude = 0 degree). The length at a given latitude 

is cos(latitude)Si  which is narrower than Si . Only covering the target area implies a shorter repeating 

cycle with gaps in the equatorial area. In this situation the altitude selection of SSOs must consider 

the target area location. 

Table 3 shows the coverage percentage over MDB with four SSO satellites. Because of the swath’s 

constraints, the fastest repeating cycle for MDB for complete coverage is 6 days.  

Table 3 SSOs and their coverage percentage over MDB. 

SSO repeat cycle [day] Height [km] MDB coverage 

6 612.987 100% 

5 623.503 96.15% 

4 639.351 78.70% 

3 665.964 56.21% 
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With incidence angle 8 and 40 degree, a 6-day SSO imaging of the entire MDB is possible, 

see Figure 5. With incidence angle 8 and 50 degree, a 6-day SSO could also achieve full 

coverage over the whole Australian region, see Figure 6. 

 
Figure 5 6-day SSO satellite’s coverage over MDB (Incidence angle is 8 and 40 degree). 

 

 
Figure 6 6-day SSO satellite’s coverage over the whole Australian region (antenna incidence angle is 8 and 50 degree). 

 

For the optimum 6-day repeating cycle SSO the inclination must then be 97.84 degree. It will repeat 

after 89 revolutions. It completes 14 5 / 6Q    orbits per day. The fundamental interval is 6 Si , or 

2701.7km at the equator, so that the second ascending orbit trace lies 5 Si  east of the first. In 

Figure 7, the location of the first six equatorial crossings is shown. Since the Q is not an integer, at 

least one orbit will cross in the interval between the first and second orbits. The fundamental 

interval is crossed once each day in a different location until after 6 days (89 orbits ) the first orbit 

trace is repeated and the cycle begins again. It also indicates that by choosing a different value for 

Q , a completely different ground trace sequence would result.  
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Figure 6 Ground track over 6 days. 

 

Day   1    6   5    4    3    2    1
 

Figure 7 Coverage pattern at the equator. 

 

Since the soil moisture revisit requirement is 2-3 days, one satellite could not achieve the goal and 

hence a satellite constellation is needed. It is desirable to place the Garada 1 and Garada 2 satellites 

at the same altitude (see Figure 8) to double the revisit frequency and to maximise consistent near-

simultaneous coverage. Two 6-day repeat SSO satellites can meet the MDB 3 day revisit requirement 

(see Figure 9). 
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Figure 8 Geometry of Garada 1 and Garada 2. 

 
Figure 9 Two 6-day SSO constellation coverage over MDB (antenna incidence angle is 8 and 40 degree). 

 

3) Instrument is able to image most of the target area (partial coverage) 

Table 3 shows that the minimum repeating cycle is 6 days to satisfy the requirement for full 

coverage of MDB. However this needs a minimum of two satellites in order to meet the 2-3 day 

revisit requirement. If accepting the assumption that “Less coverage with quick revisit is more 

suitable and would allow more accurate soil moisture predictions (explained by Rocco Pancier)”, the 

3-day SSO in Table 3 is the candidate orbit. It is possible to increase the revisit, but sacrificing full 

coverage (Figure 10). Before the launch of the second Garada satellite, the first Garada satellite 

could be put into the 3-day SSO to offer a quick revisit. Then Garada 1 satellite could transfer its 

orbit to a 6-day SSO and enable 3-day revisits in combination with the Garada 2 satellite.  

 
Figure 10 3-day SSO coverage over MDB. 
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4.6. Proposed Orbit Summary 

The proposed Garada orbit is a circular, frozen repeating sun-synchronous, dawn-dusk orbit, with an 

altitude of 613km and 6 days repeat cycle.  

The latest physical parameters from the satellite design study: 

 The gross mass is 2368.89kg 

 The height is 15.6m when deployed in the orbit and 7.8m when stowed in the launch vehicle 

 The diameter is 3.9m 

 Drag Area   3.92 = 15.21m2 

 Radiation Area   3.9*15.6m = 60.48m2 

Soil moisture requirements:  

 2-3 days revisit at the Murray Daring Basin 

 Partial access over the Murray Darling Basin 

 Image the soil at dawn and dusk 

Assumption: 

 A large power budget requirement 

The common characteristics of the proposed orbits are: 

 Circular orbit  

 Sun-synchronous, dawn-dusk  

 Local time of ascending node: 6:00 am 

 Longitude of first ascending node (decided by the ground station longitude ) 

 

Due to the large satellite size and mass design, it is proposed that the Garada 1 and 2 satellites be 

launched separately. A plan could be to launch Garada 1 into a 3-day SSO in Phase 1 before Garada 2 

is launched. Then transfer the Garada 1 satellite into a lower 6-day SSO after Garada 2 is inserted 

into orbit. In terms of the classical orbit elements (Epoch 28 Jun 2012 02:00), the orbit is defined in 

Table 4. 

Table 4 Garada satellite orbit characteristics. 

 Garada  1 Garada 2 

Phase 1 

(Before 

Garada 2 is 

launched) 

 Semi-major axis = 7044.1km 

 Height = 665.96km 

 Eccentricity ~=0 

 Inclination = 98.05 degree 

 Argument of perigee = 90 degree 

 RAAN = 7.31 degree 

 True anomaly (determined by the launch) 

 Number of revolutions to repeat 44 

 Approximate revolutions per day 14+2/3 

 

Phase 2 

(After 

Garada 2 is 

launched 

and Garada 

1 is transfer 

to 6-day 

SSO.) 

 Semi-major axis = 6991.12km 

 Height = 612.98 km 

 Eccentricity ~= 0 

 Inclination = 97.84 degree 

 Argument of perigee = 90 (frozen orbit) 

 RAAN = 7.31 degree 

 True anomaly (determined by the launch) 

 Approximate revolutions per day: 14+5/6 

 Number of revolutions to repeat: 89 

 Semi-major axis = 6991.12km 

 Height = 612.98 km 

 Eccentricity ~= 0 

 Inclination = 97.84 degree 

 Argument of perigee = 90 (frozen orbit) 

 RAAN = 7.31 degree 

 Garada 1’sTrue anomaly 

+180(determined by the launch) 

 Approximate revolutions per day: 14+5/6 

 Number of revolutions to repeat: 89 
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5. ORBIT FORCE ANALYSIS 
In the realistic word, the orbit will tend to diverge from its nominal position (the reference orbit) due 

to the orbital force. A simple example is that the atmospheric drag could reduce the velocity of the 

satellite and decay the orbit. How much difference will the satellite trajectory be away from the 

reference one due to various orbit forces? What are the motions of the satellite under the influence 

of orbit forces such as gravity, atmospheric drag, third body gravity, etc? Among these forces, which 

impact significantly and which can be ignored in an accepted accuracy? In order to answer these 

questions, it is required to build a proper orbit propagator for satellite. 

Generally, orbit propagator concerns the determination of the motion of a satellite over time. 

According to Newton laws, the motion of a body depends on its initial state and the force that act 

upon it over time. High fidelity propagators attempt to include all significant force models acting on 

the satellite; low fidelity propagators approximate the effects of some force while completely 

disregarding others. High fidelity propagators solve Newton’s laws suing numerical methods; low 

fidelity propagators tend to be analytic. Numerical propagator asks for more calculation 

requirement; analytic propagators are the fastest to use.  

There are some common propagators for use: TowBody, J2Pertubation, J4 Pertubation, SGP4 and 

HPOP. In order to decide which propagator is appropriate for Garada, this section analysis the 

characteristics of Garada orbit. As a Low Earth Orbit satellite, the atmospheric drag impacts on it 

significantly, thus TowBody, J2 and J4 Pertubation which do not model atmospheric drag or solar or 

lunar gravitational forces are not suitable. SPG4 propagation cannot support accurate orbit 

modelling analysis due to its simplified model. Therefore, HPOP is adequate as it is a high fidelity 

numerical integration propagator and the aforementioned forces can be included. Then the report 

uses the STK/HPOP tool to perform the sensitivity study which describes the orbit propagator 

performances contributed by each orbit force so that to obtain a baseline to propagate an orbit at a 

certain level of accuracy. 

The sensitivity study results reveal that the Earth’s gravity contributes the largest effect on satellite 

orbits. New updated gravity model causes limited difference, and the maximum degree and order is 

the main factor to be considered. Therefore, the gravity fields should not be truncated for precise 

operations. Solid tides and ocean tides contribute very small effects to orbits, and would be 

considered only for precise operations. The atmospheric drag is generally the second largest effect. 

The atmospheric drag is affected by the space weather more than that of the dag model. Therefore, 

it is important to model the space weather and choose an accurate space weather file. The above 

two forces are of a magnitude of decades of kilometres. The third body effect is relatively small with 

a magnitude of hundreds of metres. The solar radiation pressure effect is less than one hundred 

metres in the orbit repeat cycle. Integration contributes generally small unless the RK4(5) is chosen. 

5.1. Garada Orbit 

Garada orbit is a sun-synchronous orbit using the oblateness of the Earth's shape. An orbit that is 

close to being polar will be affected asymmetrically by the bulge at the equator. This asymmetry acts 

to slowly rotate the plane of the orbit about the axis of the Earth. When the inclination is suitably 

chosen, the motion of the orbit plane matches the motion of the sun across the sky. In other words, 

the plane of the orbit executes one full rotation about the axis of the Earth in one year. For these 

http://imagine.gsfc.nasa.gov/docs/dict_ei.html#inclination
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reasons, Garada orbit force model cannot be simplified as a two-body motion problem. The 

Earth oblateness is the main perturbation for Garada, represented by the dominant J2 non-

spherical term of the earth’s gravity field force.  

If only Earth gravity is considered, the Garada orbit will have an exact 6-day repeat ground track. STK 

generated 2D map of its ground track (ascending passes) is given as Figure 1. But in the real world, 

due to other perturbations such as atmospheric drag, the ground track could not maintain its 

repeating characteristic as shown in Figure 12. It can be seen that the second dominant perturbation 

for Garada is therefore the atmospheric drag. 

The baseline of the orbit force modelling is the Earth’s gravity field plus the atmospheric drag. Other 

perturbations, such as the high-order Earth gravity, the third body and the solar radiation pressure 

influences will be described in this section. 

 

 
Figure 11 STK generated image of Garada’s 6-day repeat ground track mission orbit. 

 

 
Figure 12 STK generated image of Garada’s 6-day ground track affected by atmospheric drag. 

 

5.2. High Precision Orbit Propagator 

For any space mission one of the fundamental questions is what observations and processes are 

needed to achieve a certain level of accuracy on a particular satellite, now and at a future time. This 

requires orbit propagation using accurate orbit modelling.  
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Table 5 is a list of propagators for satellites available with a short description of each. As 

discussed in 5.1, Earth gravity and atmospheric drag are the two basic perturbations for 

Garada orbit. Consequently, the two-body, J2 and J4 cannot provide sufficient accuracy as they do 

not model atmospheric drag or solar or lunar gravitational forces. SGP4 is a historical propagator. It 

considers secular and periodic variations due to earth oblateness, solar and lunar gravitational 

effects, gravitational resonance effects and orbital decay using a simple drag model. As the drag 

model is relatively simple the SPG4 propagation cannot support accurate orbit modelling analysis. 

The High-Precision Orbit Propagator (HPOP) uses numerical integration of the differential equations 

of motion to generate an ephemeris. Several different force modelling effects can be included, 

including a full gravitational field model (based upon spherical harmonics), third-body gravity, 

atmospheric drag and solar radiation pressure.  

Table 5 Common propagators and descriptions. 

Propagator Description 

Two Body Considers only the force of gravity from the earth, modelled as a point mass. 

J2 

Perturbation  

The J2 Perturbation (first-order) propagator accounts for secular variations in the orbit elements due to 

earth oblateness.  

J4 

Perturbation  

The J4 Perturbation (second-order) propagator accounts for secular variations in the orbit elements due 

to earth oblateness.  

HPOP The High-Precision Orbit Propagator (HPOP) can handle circular, elliptical, parabolic and hyperbolic orbits 

at distances ranging from the surface of the earth to the orbit of the moon and beyond.  

SGP4  The Simplified General Perturbations (SGP4) propagator, a standard AFSPACECOM propagator, is used 

with two-line mean element (TLE) sets.  

 

Because there are many parameter settings available for users, a precise description of the force 

model environment can be specified, and a highly precise orbit ephemeris can be generated. 

Different force model parameter settings make HPOP the most accurate STK propagator, however 

this high precision is not without costs: (1) the user is responsible for choosing force model settings 

appropriate to the situation being modelled; and (2) ephemeris generation takes more 

computational time and effort than analytical propagation (which simply evaluates a formula). 

5.3. The Standard HPOP Settings 
In order to compare the results while varying force model settings, the standard set of default 

parameters in Table 6 are used. The coordinate frame is always the J2000 frame. 

Table 6 Default settings for force model. 

Item Value 

Time Start Time: 20 Dec 2012 01:00:00.000 UTC 

Stop Time: 26 Dec 2012 01:00:00.000 UTC 

Elapsed Time: 6 days (equals the repeat cycle) 

Step Size: 60 sec 

Coordinate System J2000:X and Z axes point toward mean vernal equinox and mean rotation axes of earth 

at 1 January 2000 12:00 UTC. 

Orbit parameters 

(This propagator uses the 

orbital elements to set the state 

at epoch) 

Semi-major Axis: 6991.12km 

Eccentricity: 7.40217e-016 

Inclination:97.8436 deg 

Argument of Perigee: 0 deg 

RAAN:179.229 deg 

True Anomaly:2.48481e-017 deg 

Mass, drag area, radiation area Mass = 2368.89kg 

Drag Area   3.9
2
 = 15.21m2 

Radiation Area   3.9*15.6m = 60.48m2 

Central body Gravity WGS84_EGM96 21×21 

mk:@MSITStore:C:/Users/Lily/AppData/Local/Temp/stk%20(8).chm::/stk/vehSat_orbitProp_2bodyJ2J4.htm
mk:@MSITStore:C:/Users/Lily/AppData/Local/Temp/stk%20(8).chm::/stk/vehSat_orbitProp_2bodyJ2J4.htm
mk:@MSITStore:C:/Users/Lily/AppData/Local/Temp/stk%20(8).chm::/stk/vehSat_orbitProp_2bodyJ2J4.htm
mk:@MSITStore:C:/Users/Lily/AppData/Local/Temp/stk%20(8).chm::/stk/vehSat_orbitProp_2bodyJ2J4.htm
mk:@MSITStore:C:/Users/Lily/AppData/Local/Temp/stk%20(8).chm::/stk/vehSat_orbitProp_2bodyJ2J4.htm
mk:@MSITStore:C:/Users/Lily/AppData/Local/Temp/stk%20(8).chm::/stk/vehSat_orbitProp_HPOP.htm
mk:@MSITStore:C:/Users/Lily/AppData/Local/Temp/stk%20(8).chm::/stk/vehSat_orbitProp_msgp4.htm
mk:@MSITStore:C:/Users/Lily/AppData/Local/Temp/stk%20(8).chm::/stk/vehSat_orbitProp_msgp4TLESets.htm
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Solid Tide: Permanent tide only  

Use Ocean Tides: no 

Atmospheric Drag 
DC = 2.2 

Area/Mass Ratio  0.006m2/kg 

Atm. Density Model: jacchia Roberts 

SolarFlux/GeoMag 

Daily F10.7 150       Average F10.7 150 

Geomagnetic Index Kp 3.0 

Solar radiation pressure(SRP) Use Spherical Model 
RC = 1.0 

Area/Mass Ratio   0.026m2/kg  

SRP Model: Spherical  

Shadow Model: Dual cone  

Use Boundary Mitigation: No 

integrator RK7(8)  

Step Size Control: Relative error  

Error Tolerance:e-14 

Min Step Size: 1 sec 

Max Step Size: 86400 sec 

 

The orbit propagated results using default settings are ephemeris information in the format of the 

position and velocity in the J2000 coordinate system, marked as 0 0x y zr x y z v v v    .When 

changing the parameter settings, the propagated results are i x y z i
r x y z v v v    . The difference 

is used to investigate the influence:  

 
0ir r r    (24) 

 difference r   (25) 

The following section will study the differences due to such factors as central body gravity, 

atmospheric drag, solar radiation pressure, and third body gravity and propagator integration. 

5.4. Central Body Gravity 
The motion of a satellite is influenced by the gravity field of multiple bodies. For the Earth orbiting 

satellite, the central body is the Earth. The Earth oblateness’s, or bulge at the equator, causes a 

twisting force on satellite orbits that change various orbital elements over time. The central body 

gravity forces are mainly determined by gravity models, often defined in terms of series of spherical 

harmonic coefficients, with some maximum degree and order. Besides, the central body effect, 

gravity could also include solid tides and ocean tides.  

5.4.1. Gravity Models 

Gravity model is a file containing the central body geopotential model coefficients. Differences 

between gravity models are mainly reflected in their maximum degrees and orders. For example, 

EGM96 model contains a full set of coefficients to degree and order 360, namely 360×360; while the 

improved EGM2008 is 2159×2159. The standard setting of 21×21 may not be the most accuracy 

model but may be a suitable balance between the accuracy and the computational cost. If using the 

same coefficient degree and order, the differences between gravity models (listed in Table 7) are 

presented in Figure 13. It can be seen that the differences are relatively small, with 160m in 6 days 

(the orbit repeat cycle).  

 

mk:@MSITStore:C:/Users/Lily/AppData/Local/Temp/stk%20(8).chm::/hpop/hpop-06.htm
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Table 7 Gravity models. 

Gravity model Description 

EGM96 
Earth Gravitational Model 1996, a geopotential model of the earth consisting of spherical harmonic 

coefficients complete to degree and order 360. 

EGM2008 
This gravitational model is complete to spherical harmonic degree and order 2159, and contains 

additional coefficients extending to degree 2190 and order 2159. 

GGM01 

GRACE Gravity Model 01. This model is based upon a preliminary analysis of 111 days of in-flight 

data gathered during the commissioning phase of the Gravity Recovery And Climate Experiment 

(GRACE) mission, which was launched on March 17, 2002. 

WGS84_EGM96 Use the EGM96 coefficients with the WGS84 ellipsoid shape. 

WGS84 

The World Geodetic System is a standard for use in cartography, geodesy, and navigation. It 

comprises a standard coordinate frame for the earth, a standard spheroidal reference surface for 

raw altitude data, and a gravitational equipotential surface (the geoid) that defines the nominal sea 

level. 

GGM01C Improved earth gravity field model from GRACE. 

JGM3 
Joint Earth Gravity Modes denoted JGM1, JGM2, GUM3 developed by NASA’s Goddard Space Flight 

Center in cooperation with universities and private companies. 
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Figure 13 Differences vary with gravity model. 

 

5.4.2. Maximum Degrees and Orders 

The accuracy of a specific gravity model is determined by the maximum degree and the maximum 

order of geopotential coefficients to be included for central body gravity computations. The range of 

these values is from 0 to 90, depending on the gravity model. For instance, the standard gravity 

model in HPOP uses 21 ×21. Many applications use reduced gravity field orders to speed up 

computational processing. Figure 14-7 present the difference only considering the zonal harmonic 

terms, referred to as un-squared truncation. Figure 18-11 show the difference varying with the 

complete gravity field degree and order, referred to as squared truncation. Non-square truncations 

contribute half of the difference, and when the degree goes up to 7, the differences cannot be 

reduced significantly. While the complete gravity field is used, the 5×5 squared truncations are 

responsible for differences within 4000m in 6 days, the 12×12 and above make differences within 

4000m, and the 17×17 and above make differences within 1400m in 6 days.  

http://en.wikipedia.org/wiki/Geopotential_model
http://en.wikipedia.org/wiki/Spherical_harmonic
http://www.csr.utexas.edu/grace/
http://www.csr.utexas.edu/grace/
http://en.wikipedia.org/wiki/Cartography
http://en.wikipedia.org/wiki/Geodesy
http://en.wikipedia.org/wiki/Navigation
http://en.wikipedia.org/wiki/Cartesian_coordinates
http://en.wikipedia.org/wiki/Earth
http://en.wikipedia.org/wiki/Spheroid
http://en.wikipedia.org/wiki/Altitude
http://en.wikipedia.org/wiki/Gravitation
http://en.wikipedia.org/wiki/Equipotential_surface
http://en.wikipedia.org/wiki/Geoid
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Figure 14 Difference vs. gravity field with the non-square 

truncation (from 2×0 to 6×0). 
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Figure 15 Difference vs. gravity field with the non-square 

truncation (from 7×0 to 11×0). 

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

Time, min from Epoch/min

P
o
s
i.
D

if
fe

re
n
c
e
/m

 

 

12*0-21*21

13*0-21*21

14*0-21*21

15*0-21*21

16*0-21*21

 
Figure 16 Difference vs. gravity field with the non-square 

truncation (from 12×0 to 16×0). 
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Figure 17 Difference vs. gravity field with the non-square 

truncation (from 17×0 to 21×0). 
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Figure 18 Difference vs. gravity field degree and order 

(from 2×2 to 6×6). 
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Figure 19 Difference vs. gravity field degree and order 

(from 7×7 to 11×11). 
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Figure 20 Difference vs. gravity field degree and order 

(from 12×12 to 16×16). 
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Figure 21 Difference vs. gravity field degree and order 

(from 17×17 to 21×21). 
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5.4.3. Solid Tide 

The solid tide is the perturbation of the gravity field caused by the effects of solid tides. The standard 

setting includes only the permanent solid tides, which means includes only the permanent or time-

independent tidal contribution of the solid tide model. Besides the permanent solid tides, there are 

other solid tide modelling contributions. Figure 22 shows the differences between the non-solid 

tides, the full tides and the permanent solid tides.  
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Figure 22 Difference vs. solid tides. 

 

If the solid tides are not modelled, the differences are less than 60m in 6 days. If the full tides are 

modelled, the differences are within 30m in 6 days. This effect is much less, compared to the gravity 

models and degree/order settings.  

5.4.4. Ocean Tide 

Like the solid tide contribution, the ocean tide contribution is a time-consuming computation, as it 

computes geopotential variations of up to degree and order of 30, for over 200 tide constituents. 

Coefficients for the ocean tide model, based on the TOPEX mission, are provided in STK. The file 

contains over 1900 contributions to the geopotential field. The standard setting in HPOP is no ocean 

tides, as ocean tide influence is relatively small for most satellite orbit applications.  
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Figure 23 Difference vs. ocean tide. 

 



 

34 
 

V01_00                      Annex 7. Orbit Modelling and Analysis, Simulated Mission Planning              30
th

 June 2013 
 

The difference caused by ocean tides is less than 7m in 6 days, less than 1m in 1 day, as 

shown in Figure 23. Therefore, the ocean tides only need to be modelled in the case that 

the very precise force models (with error magnitude of <1 m) are required. 

5.5. Atmospheric Drag 

As discussed in Section 5.2, the atmospheric drag is the largest uncertainty when determining orbits 

of low altitude satellites. Figure 24 shows the differences when the atmospheric drag is not taken 

into account in the force model. The difference is 80km in 6 days, about 1500m in the first day. 
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Figure 24 Differences without atmospheric drag. 

 

The atmospheric drag is the most elusive of the force models. The drag force model provides a 

variety of options for modelling the atmospheric density used in the computation of atmospheric 

drag accelerations on the spacecraft. Consider the basic acceleration equation: 

 21

2

relD
drag rel

rel

vc A
a v

m v
   (26) 

where the density  typically depends on the atmospheric model and the space weather 

characteristics which are represented as three indices: Daily F10.7, Average F10.7 and Geomagnetic 

Index (Kp). 

5.5.1. Atmospheric Density Models 

Table 8 lists all the atmospheric density models provided in STK/HPOP, with a short description of 

each model.  

Table 8  Atmospheric density models. 

Model Description 

1976 Standard A table look-up model based on the satellite's altitude, with a valid range of 86km - 1000 km. 

Harris-Priester Takes into account a 10.7 cm solar flux level and diurnal bulge. Valid range of 0 - 1000 km. 

Jacchia 1970 The predecessor to the Jacchia 1971 model. Valid range is 90 km - 2500 km. 

Jacchia 1971 Computes atmospheric density based on the composition of the atmosphere, which depends on 

the satellite's altitude as well as a divisional and seasonal variation. Valid range is 100km - 2500 

km. 

Jacchia 1960 An earlier model by Jacchia that uses the solar cycle to predict a value for the F10.7 cm flux and 

accounts for the effects of the diurnal bulge. 

Jacchia-Roberts Similar to Jacchia 1971 but uses analytical methods to improve performance.  

CIRA 1972 Empirical model of atmospheric temperature and densities as recommended by the Committee 

on Space Research (COSPAR). Similar to the Jacchia 1971 model but uses numeric integration 

rather than interpolating polynomials for some quantities. 
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MSIS 1986 Empirical density model developed by Hedin based on satellite data. Finds the total density by 

accounting for the contribution of N2, O, O2, He, Ar and H. 1986 version, valid range of 90-1000 

km. 

MSISE 1990 Empirical density model developed by Hedin based on satellite data. Finds the total density by 

accounting for the contribution of N2, O, O2, He, Ar and H. 1990 version, valid range of 0-1000 

km. 

NRLMSISE 2000 Empirical density model developed by the US Naval Research Laboratory based on satellite data. 

Finds the total density by accounting for the contribution of N2, O, O2, He, Ar and H. Includes 

anomalous oxygen above 500 km. 2000 version, valid range of 0-1000 km.  
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Figure 25 Differences vs. atmospheric density models. 

 

The two plots in Figure 25 show the differences varying with atmospheric density models when the 

solarFlux/geomag with the standard settings are used. The default model is Jacchia-Roberts. The left 

plot shows the differences varying with 1976 Standard, Harris Priester, Jacchia 1970, Jacchia1971 

and Jacchia1960. It can be seen that the 1976 Standard and Harris Priester do not agree with most of 

the models. The Jacchia 70, 71 and 60 are relatively old models compared to the models in the right 

figure. The newer models – CIRA1972, MSIS 1986, MSIS 1990 and NRLMSISE2000 – exhibit less 

difference. Using the newer models, the differences caused by the drag model selection is within 

10km in 6 days, about 2000m in one day. 

5.5.2. SolarFlux/GeoMag 

Solar flux file is a text file containing solar flux and geomagnetic indices. A flux file contains flux data 

(Ap, Kp, F10.7, and Average F10.7) for each date. The F10.7 index is a measure of the noise level 

generated by the sun at a wavelength of 10.7cm at the earth's orbit. The global daily value of this 

index is measured at local noon at the Pentictin Radio Observatory in Canada. Figure 26 presents the 

differences varying with F10.7 (assume Daily F10.7 = Average F10.7, the standard F10.7 value = 150).  

The geomagnetic index Kp is a quasi-logarithmic index of geomagnetic activity relative to an 

assumed quiet day curve for the recording site. Kp is a code from 0-9 that characterises magnetic 

activity (0 being the least active field and 9 the most active field) over a 3 hour period. Figure 27 

shows the differences vary with Kp (the stand Kp value =3). Figure 26 and Figure 27 verify that the 

atmospheric drag is quite sensitive to space weather with a significant difference, with a magnitude 

of kilometres.  

http://www.ips.gov.au/Main.php?CatID=8&SecID=2&SecName=The%20Sun%20and%20Solar%20Activity&SubSecID=2&SubSecName=Sunspots&LinkName=The%20Ten%20Centimetre%20Solar%20Radio%20Flux
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Figure 26 Differences vs. Ap F10.7. 
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Figure 27 Differences vs. geomagnetic index Kp. 

 

These data can also be input using the existing solar flux files. There are three types of solar flux files 

that can be used with STK: the Schatten Predicts, the Space Weather files and the FluxGeoMag. 

Schatten Predicts files are used for long-term predictions. The file contains predicted values of the 

monthly mean 10.7cm solar radiation flux (F10.7) and geomagnetic index (Ap). The Space Weather file 

contains daily observed solar flux and geomagnetic indices, and approximately 10 years of predicted 

data. The stkFluxGeoMag file has been replaced by the Space Weather format. Three files are 

selected for comparison: SolFlx_Schatten.dat, SpaceWeather-All-v1.2.txt and 

stkNewFluxGeoMag.fxm. Figure 28 shows the differences varying with the selected file where the 

standard one is SolFlxSchatten. It can be seen that the solar flux impacts the difference heavily with 

a magnitude of kilometres.  
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Figure 28 Difference vs. solarflux/geomag data. 

5.6. Third Body Gravity 

In addition to Earth gravity, the effects of gravity from a third body can be modelled. The ephemeris 

source for third bodies in HPOP will be inferred from the Gravitational Source settings.  

In general, the inclusion of solar and lunar third body gravity contributions for Earth orbiting 

satellites is sufficient for accuracy in the most demanding applications. The standard settings include 

moon and sun, Figure 29 shows the results of comparing the standard to the below settings: 1) 

moon only,2) sun only, 3) no third body, 4) with moon, sun and Jupiter, and 5) with moon, sun, 

Jupiter and Venus. Generally, as Garada is in Low Earth Orbit, the third body gravity forces make 
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differences within 600m in 6 days. From the aspect of third body influences, the moon has 

a larger impact than the sun, and the planets Jupiter and the Venus can be neglected.  
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Figure 29 Differences vs. third body gravity. 

5.7. Solar Radiation Pressure 

The solar radiation pressure is determined by the satellite area exposed to the sun, satellite solar 

radiation coefficient, radiation model and shadow model. Figure 30 verifies that the solar radiation 

pressure is relatively a small effect with the difference within 60m in 6 days. Shadow model is used 

to determine the lighting condition of the satellite. The types when shadow is used in STK are listed 

in Table 9 with short descriptions. The differences using shadow models are plotted in Figure 31. The 

standard setting for solar radiation pressure uses a dual cone solar radiation shadow.   
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Figure 30 Difference without solar radiation pressure. 

 
Table 9 Solar shadow model. 

Model Description 

None. Choosing this option turns off all shadowing of the satellite.  

Cylindrical 
The cylindrical model assumes the sun to be at infinite distance so that all light coming from the sun 

moves in a direction parallel to the sun to satellite vector. 

Dual Cone 

The dual cone model uses the actual size and distance of the sun to model regions of full, partial 

(penumbra) and zero (umbra) sunlight. The visible fraction of the solar disk is used to compute the 

acceleration during penumbra. 
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Figure 31 Differences vs. solar radiation settings. 

5.8. Propagator Integrator 

The integrator is configured by defining the formulation of the equations of motion and the 

numerical integration technique to be used during orbit propagation. Available integration 

techniques include the Runge-Kutta-Fehlberg method of order4-5 (RK 4(5)) and order7-8(RK 7(8)), 

the Burlirsch-Stoer method and the Gauss-Jackson method of order12. RK 4(5) has no error control 

for the integration step size; RK 7(8) has 8th order error control for the integration step size. RK7 (8) 

allows good accuracy but results in increased computational requirements for the HPOP model. RK4 

(5) has less computational requirement than RK7 (8), however its accuracy is significantly reduced.  
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Figure 32 Differences vs. integrator. 

 

In Figure 32, the left plot shows that RK 4(5) causes an increasing error up to 60km in 6 days, and 

less than 2km in 1 day. The right figure zooms in the differences caused by Burlirsch-Stoer and 

Gauss-Jackson which display quite small differences compared to RK 7(8). 
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5.9. Orbit Force Analysis Summary 
Based on the orbit force sensitivity study for Garada, the magnitude of each orbit force 

impacts in the orbit cycle and some conclusions can be drawn in Table 10. 

Table 10  The magnitude of the orbit force impacts 

Force Type/ Force parameters Error Magnitude Conclusions 

Central 

body 

graivity 

Gravity Model 160m The central body gravity contributes the 

largest effect on satellite orbits. New 

updated gravity model causes limited 

differences; and the maximum degree and 

order is the main factor to be considered. 

Therefore, the gravity fields should not be 

truncated for precise operations. Solid tides 

and ocean tides contribute very small effects 

to orbits, and would be considered only for 

precise operations. 

Degree and 

order 

2×2~6×6 12000m 

7×7~11×11 5000m 

12×12~16×16 4000m 

17×17~21×21 1400m 

Solid tides 60m 

Ocean tides 7m 

Atmospheric 

drag 

Drag model 12000m (the new 

models) 

The atmospheric drag is generally the 

second largest effect. The atmospheric drag 

is affected by the space weather more than 

that of the drag model. Therefore, it is 

important to model the space weather and 

to choose an accurate space weather file. 

Note that new Earth gravity models and new 

atmospheric models are continually being 

improved. 

Space weather file 35000m 

Third body gravity 600m The third body effect is of a magnitude of 

hundreds of metres in the orbit repeat cycle  

Solar radiation pressure  60m The solar radiation pressure is a small force. 

Propagator integrator 12000m (with RK4(5)) 

4.5m (without RK4(5)) 

Integration techniques contribute generally 

small errors to the propagation process 

unless the RK 4(5) is chosen. 
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6. LAUNCH VEHICLE SELECTION 
This section first presents the criteria to be used for evaluating launch vehicle options. The reference 

comes from two primary sources [5]. One source is the results of a user satisfaction survey 

conducted by a U.S. launch vehicle service provider. The other is derived from eight interviews of 

commercial communication satellite owners and operators. These sources identify the factors users 

considered most important in evaluating launch vehicles. While the particular requirements and 

resources of satellite owners and operators ultimately determine the launch vehicle selection, the 

survey reveals several common factors, with vehicle reliability, performance, suitability, and price 

topping the list. Other factors are availability and schedule, technology transfer safeguards, user 

relationship and partnership, as well as terms and conditions. The final decision must be made on 

the basis of not one but many factors, making trade-offs to achieve an optimal satisfaction of 

technical, programmatic, financial and contractual factors.  

According to WP1’s overall mission design and WP3’s antenna design, the Garada antenna will be 

very large, and this large antenna will drive the mission towards a launch vehicle with the size of a 

Falcon-9. This is therefore selected as the candidate launcher vehicle. Falcon-9 is a rocket-powered 

spaceflight launch system designed and manufactured by Space Exploration Technologies (SpaceX 

www.spacex.com), headquartered in Hawthorne, California. It can take a 7451kg payload into a 

600km sun-synchronous orbit. The launch cost is around US$49-54 million.  

Launch procurers rarely confine themselves to a single launcher but prefer to diversify their choices. 

Thus the Garada mission should consider backup launcher options. This section has sought other 

candidate launch vehicles listed in the “International reference guide to space launch systems (4th 

edition)”[11]. A Matlab-based software was developed for the orbit selection according to the 

Garada satellite dimensions: 1) diameter, 2) height, and 3) mass. The U.S. Delta IV-M and the 

European Ariane 5 could also be used to launch Garada. These two launchers have good reliability 

and performance; however their costs are much higher than the Falcon-9 (greater than US$100 

million). It should be noted that launch service prices depend on mission specific services and 

options, the terms and conditions of the contract (such as payment schedule, insurance, etc.), 

market conditions at the time of purchase, and a variety of other factors. Hence the price of a launch 

vehicle may be negotiated. China’s Long March rockets and Russian rockets are cheaper than 

American rockets, but certain payloads may not be permitted to be launched by China or Russia. The 

Falcon-9 comparably priced to the Chinese and Russian rockets, hence the Falcon-9 is the top 

candidate for the launch system. 

6.1. Launch Vehicle Selection Criteria 

While established launch companies in the United States, France, Russia, and China work to 

introduce increasingly capable versions of their rockets, new player such as Japan, India and Israel 

continue to make headway in the development of their own launchers. This section lists seven 

selection factors often used for launch system selection. 

6.1.1. Reliability of Launchers 

A launcher’s reliability should be such that there is a low risk of technical failure based on a history 

of prior mission success. This is one of the most important factors to be considered in evaluating a 

launch vehicle option.  

http://en.wikipedia.org/wiki/Rocket_engine
http://en.wikipedia.org/wiki/Spaceflight
http://en.wikipedia.org/wiki/Launch_vehicle
http://en.wikipedia.org/wiki/SpaceX
http://www.spacex.com/
http://en.wikipedia.org/wiki/Hawthorne,_California
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Launcher reliability is critical so as to maximise the chances that payloads will reach orbit. 

In the case of a new satellite venture, a launch failure could substantially delay the time for 

deployment and operation. For a commercial mission, technical conservatism typically prevails over 

other factors. For government or private technology demonstration missions whose failures would 

not significantly affect a program of business, there may be an inclination to weigh reliability and 

cost of launchers more equally. 

Users tend to place great emphasis on whether a launch vehicle is “proven”, that is, that it has a 

good record of launch successes. The success history of launcher components also needs to be 

considered as some indicated their willingness to fly payloads on new vehicle models using 

components with good records of success. It should be noted that of the world’s current launch 

vehicle families, 75% have had at least one failure in the first three flights.  

Choosing a vehicle with high reliability translates into reduced insurance rates for users.  

6.1.2. Performance and Suitability of Launchers 

Launch vehicle performance and suitability to carry the satellites is one of the most important 

factors in the evaluation of launchers.  

Performance of vehicle refers to its capability of lifting a certain payload mass to a desired altitude 

and its ability to insert it into the proper orbit. Launching a satellite into space but failing to deliver it 

into the correct orbit would effectively render it useless. Suitability refers to both the vehicle’s 

compatibility with various types of payloads and its payload margins. A vehicle with wide margins is 

often desirable because more changes can then be made to the satellite design without affecting the 

satellite’s ability to be transported on that vehicle. 

The payload weight a vehicle can carry is a big factor. For instance, paying for a large vehicle could 

offset the costs of having to miniaturise satellite components in order to ensure the satellite fits on 

smaller vehicles. 

6.1.3. Launcher Price 

The price of a launch vehicle is one of the main factors in launcher selection. In some cases launch 

prices are variable/uncertain and subject to negotiation. Launch service prices depend on mission 

specific services and options, the terms and conditions of the contract (such as payment schedule, 

issuance, etc.), market conditions at the time of purchase, and a variety of other factors. Therefore, 

price ranges shown in 8.1 should be considered as approximate values only. The responsible 

business development organisation should be contacted directly for price quotes.  

6.1.4. Availability and Schedule 

In some cases it is important to choose a launcher whose availability is compatible with the desired 

launch schedules. For instance the Garada mission has two satellites. If it is required to launch the 

two satellites within a short period of each other, it is important to find a launch provider (or 

providers) that could meet the requirements. Consideration includes which launch vehicles can 

launch several times per year or can meet a demanding timetable, whether to use more than one 

provider, and the turnaround times and abilities to satisfy owner’s requests to change a launch date. 

Considerations also include that some launcher providers sometimes give priority to government 

needs; and launching with other spacecraft has further cost saving potential. However launching 

single satellites has more control over launch schedule. 
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6.1.5. Technology Transfer Safeguards 

As the recommenced launch vehicle is the Falcon 9[6], the U.S technology transfer 

safeguards become a major factor in the evaluation of U.S. launch companies. Before a U.S. launch 

company can discuss the technical details of a business deal with a foreign satellite owner, it must 

obtain a marketing licence from the U.S. State Department. The launch company needs to get a 

government licence Technical Assistance Agreement to work with a foreign company on matters 

such as integrating the company’s payload onto the vehicle. These licences can take several months 

to procure. As a result working with a U.S. launch provider presents many difficulties for an overseas 

satellite owner. Whether the U.S. launch provider will be able to secure the appropriate licences and 

whether the licensing process will affect their ability to launch when desired needs consideration.  

6.1.6. User Relations and Partnerships 

The quality of the relationship established with a launch service provider also has an influence on 

vehicle selection. Professional providers will be sensitive and respond to the customer’s needs. It is 

critical that a good working relationship be established during both the negotiations and 

procurement stages. The ease of communications with launch providers over national and cultural 

divides is also important. Good rapport between the satellite’s manufacturer and potential launch 

provider is also desirable.  

Repeat business can enable both the satellite operator and launch provider to offer each other 

mutual benefits. Such partnerships can allow the partners to offer each other preferred prices for 

products and services. The potential for engaging in future collaborative work with the launch 

company is often a major consideration for satellite owners as well. 

6.1.7. Terms and Conditions 

Terms and conditions include issues such as payment schedule, payload integration and launch 

schedule, liability, and contract termination. The issue of liability is particularly important as satellite 

owners expect a launch company to share the financial risk associated with a launch failure. Some 

customers expect a launch company to offer a replacement launch at little or no cost, share in the 

loss of revenue due to their satellite’s inability to reach orbit, and/or shoulder the cost of higher 

insurance premiums on future launches.  

6.2. Satellite Launch System 

A launch system includes the launch vehicle, the launch pad/launch site and other infrastructure.  

6.2.1. Space Rocket Launch Sites 

Several countries have the capability to design and build satellites but are unable to launch them, 

instead relying on foreign launch services. Here is a list of countries with an independent capability 

to place satellite in orbit, including production of the necessary launch vehicle. These countries are 

Russian, U.S., France, Japan, China, U.K., India, Israel, Ukraine, Iran, South Korea and North Korea. 

Australia has developed her own launchers, but has not had a successful launch of SSO satellites. 

Garada will choose an overseas launch site. Figure 33 shows the space rocket launch sites over the 

world[7]: Cape Canaveral & Vandenberg (USA), Baikonur (administered by the Russian Federation), 

Plesetsk (Russia), Kourou (French Guiana), Tanegashima (Japan), Jiuquan and Xichang (China) and 

Sriharikota Island (India). 
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Figure 33 Space rocket launch sites. 

 

The initial inclination of an orbit is constrained to be greater than or equal to the launch latitude. It is 

easy to launch into an inclination higher than a launch site’s latitude. At the extremes, a launch site 

located on the equator can launch directly into any desired inclination, while a hypothetical launch 

site at the North or South Pole would only be able to launch into polar orbits. As the Garada satellite 

is intended for an SSO, it can in theory be launched from any launch site.  

6.2.2. Space Rocket Launch Vehicle 

Space launch vehicles can place a certain maximum payload mass into orbit at a given altitude. This 

payload mass consists of the spacecraft structure and systems, instruments, and on-board 

manoeuvring fuel. Appendix 8.1 lists the vehicles and their general performance characteristics such 

as payload mass to orbit, cost, first flight and launch site. There are total of 69 launchers listed and 

the U.S. has the largest number of launch vehicles (see Figure 34). 

 
Figure 34 Launch vehicle number of each space force. 

 

An important reference for the selection of launch system is the User’s Guide. It is a planning 

document which is provided for potential and current users, and is not intended for detailed design 

use. In general the document presents the frequently-reported characteristics of launch vehicles, 

including: 

1) History of the launch vehicle (the nation or space agency responsible for the launch, and 
the company or consortium that manufactures and launches the vehicle). 

2) Vehicle overview (structure, propulsion, avionics, etc.),  
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3) Facilities overview (headquarter, space launchpad, test facility, government 
outreach and legal affairs). 

4) General performance capability (performance capability for LEO/polar/SSO, separation 
accuracy, mission accuracy). 

5) General payload information (payload fairing description such as size and shape, 
separation, collision avoidance, payload thermal, humidity, cleanliness, launch and fight 
environments). 

6) Launch operations (launch control organisation, spacecraft transport to launch site, 
plans and schedules). 

7) Safety (safety requirements, hazardous system and waivers). 
 
Of the above seven points, 4) and 5) relate to the vital technical performance of the launch. 

6.2.3. Falcon-9 Performance 

Garada CAD modelling indicates that the satellite can be accommodated in a Falcon-9 launcher. It is 

a rocket-powered spaceflight launch system designed and manufactured by Space Exploration 

Technologies (SpaceX www.spacex.com), headquartered in Hawthorne, California. The base Falcon-9 

is a two-stage, LOX/RP-1 (Liquid oxygen/Rocket Propellant -1) powered launch vehicle. It is currently 

the only active rocket of the Falcon rocket family. Falcon-9 v1.0 is 54.3m in height, 3.6m in diameter 

and 333,400kg in mass. First launch of Falcon-9 was from Cape Canaveral on June 4, 2010. As of 

March 2013, SpaceX has made five launches of the Falcon-9 since 2010, and all five have successfully 

delivered their payloads to LEO. Five main characteristics of Falcon-9 are described in sections 1) to 

6). 

1) Reliability of Falcon-9 

After the successful launch of the CRS-2 mission on March 1, 2013, Falcon 9 v1.0 boasts a perfect 

record - five successful launches in five attempts. Future launches of the rocket will be in the v1.1 

configuration. Falcon-9 has triple redundant flight computers and inertial navigation, with a GPS 

overlay for additional orbit insertion accuracy [8]. 

2) Launch Vehicle Lift Capability of Falcon-9 

Figure 35 and Table 11 shows the performance for launching into an SSO. A typical payload in the 

Falcon-9 class is below 6800kg in LEO, while it is below 5300kg for an SSO. The Garada satellite mass 

is below 3000kg, and the Falcon-9 could launch 7451kg into a 600km SSO. Therefore Falcon-9 meets 

the launch requirements. 

 
Figure 35 Falcon 9 Block 2 performance for SSO. 

http://en.wikipedia.org/wiki/Rocket_engine
http://en.wikipedia.org/wiki/Spaceflight
http://en.wikipedia.org/wiki/Launch_vehicle
http://en.wikipedia.org/wiki/SpaceX
http://www.spacex.com/
http://en.wikipedia.org/wiki/Hawthorne,_California
http://en.wikipedia.org/wiki/Falcon_(rocket_family)
http://en.wikipedia.org/wiki/Triple_modular_redundancy
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Table 11 Falcon 9 Block 2 performance for SSO. 

 
 

3) Fairing Size of Falcon-9 

Garada antenna is about 4m in diameter and 15.6m in height. Due to the folding design, the height 

in the fairing is 7.8m. Figure 36 shows the standard Falcon-9 fairing, and the Garada satellite could 

be accommodated in this fairing. 

 
Figure 36 Falcon 9 standard fairing and dynamic envelop, metres [inches]. 

 

4) Acceleration and RF Environment of Falcon-9 

During flight, the payload will experience a range of axial and lateral accelerations. Axial acceleration 

is determined by the vehicle thrust history and drag, while maximum lateral acceleration is primarily 

determined by wind gusts, engine gimbal manoeuvres, first stage engine shutdowns, and other 

short-duration events. The design load factors provided are expected to be conservative for a 

payload with the following basic characteristics: a fundamental bending mode greater than 10Hz, a 

fundamental axial mode greater than 25Hz, and a mass between 1360 to 9070kg. Actual spacecraft 

loads, accelerations, and deflections are a function of both the launch vehicle and payload structural 

dynamic properties and can only be accurately determined via a coupled loads analysis. 

The Radio Frequency (RF) environment must be quiet enough to ensure that spacecraft materials or 

components sensitive to RF interference are compatible with both the launch pad environment and 
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the RF environment during flight. The spacecraft RF characteristics should satisfy the 

limitations shown in Figure 37. 

 
Figure 37 Falcon 9 worst case radiated environment. 

 

5) Launch Sites of Falcon-9 

As of November 2012, Launch Complex 40 at Cape Canaveral Air Force Station is the only active 

Falcon-9 launch site. A second site for polar-orbit launches is under development at SLC-4 of 

Vandenberg Air Force Base. A third site, intended solely for commercial launches, is currently being 

analysed, with possible locations in Texas, Florida and Puerto Rico [9]. 

6) Launch Integration Process of Falcon-9 

The standard launch integration process stars from contract signing. For Falcon-9, 18 months or 

more are typically required from contract to final launch. A standard launch process is shown below. 

 

Before launch 

18 months or 

more: 

Contract signing and authority to proceed: 

o Estimated payload mass, volume, mission, operations and interface 

requirement 

o Safety information 

o Mission analysis summary provided to the user 

16 months Final payload design, including: mass, volume, structural characteristics, mission, 

operations, and interface requirements 

4 months Payload readiness review for range safety: 

o Launch site operations plan 

o Hazard analyses 

3 months Verification: 

o Review of payload test data verifying compatibility with launch 

environments 

o Coupled payload and launch loads analysis completed 

o Mission safety approval 

http://en.wikipedia.org/wiki/Cape_Canaveral_Air_Force_Station_Space_Launch_Complex_40
http://en.wikipedia.org/wiki/Cape_Canaveral_Air_Force_Station
http://en.wikipedia.org/wiki/Vandenberg_AFB_Space_Launch_Complex_4
http://en.wikipedia.org/wiki/Vandenberg_Air_Force_Base
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4-6 weeks System readiness review 

Pre-shipment review  

Verify launch site, range, regulatory agencies, launch vehicle, payload, people and 

paper are all in place and ready to begin launch campaign 

2-4 weeks Payload arrival at launch location 

8-9 days Payload encapsulation and mate to launch vehicle 

7 days Flight readiness Review 

1 day Launch readiness review 

After launch 

4 hours Post launch reports (quick look) 

4 weeks Post launch report (final report) 

 

6.3. Backup Launch Vehicles 
Launch procurers rarely confine themselves to a single launcher, but prefer to diversify their choices. 

Thus, Garada mission will consider a backup launcher in spite of attractiveness of Falcon-9[10] which 

is recommend by Astrium. In order to find other candidate launch vehicles for the Garada mission, 

this section has studied launch vehicles listed in the “International reference guide to space launch 

systems (4th edition)”[11]. 

By comparison, U.S. Delta IV-M [12] and European Ariane 5 [13] are also capable of launching the 

Garada satellite(s). Delta IV Medium can lift 6832kg to an SSO, and the Ariane5G can lift 9500kg to 

an SSO. Both of these launchers have good reliability and performance, however the costs are higher 

than for the Falcon-9. The Delta IV-M costs US$138 million to launch up to 11700 kg to LEO, while 

the Ariane 5 costs US$180 million to launch up to 16000kg to LEO [14]. As mentioned in section 

6.1.3, the responsible business development organisation should be contacted directly for actual 

price quotes. 
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7. ANALYSIS TOOLS 
Satellite Tool Kit (STK) and MATLAB were used to plan and evaluate the satellite orbit.  

STK is a leading commercial off-the-shelf analysis tool used by the aerospace industry. Specifically, a 

scripting environment where Matlab and STK are used in combination was developed. Using the 

orbit propagator in the STK, coupled to a STK/Matlab interface, a software tool was developed to 

analyse the performance of the proposed orbit design. In this mode the STK software development 

kits are used as an “engine”. Matlab uses the COM interface capability of the STK/Integration 

module to send Connect commands directly to STK.  

All orbital calculations in Section 4 have been performed using Matlab software and verified using 

STK/Coverage. STK/Coverage analyses when and how well regions on or above the Earth’s surface 

are covered by mission assets (e.g. SAR). Simply, it determines which area on the ground can be seen 

from a satellite flying over terrain.The perturbation analysis tool used in Section 5 is STK/HPOP, 

which is one of the legacy programmes used to study orbit propagation. HPOP propagates the orbit 

by numerically integrating the equations of motion. HPOP allows various different force modelling 

effects to be included as well as permitting the use of different numerical integration algorithms. 

This sensitivity study describes the orbit propagator performance using different force modelling 

settings. This research reveals the differences contributed by each orbit force so that to obtain a 

baseline to propagate an orbit at a certain level of accuracy. In Section 6, Matlab-based software 

was developed for launcher vehicle selection according to the Garada satellite diameter, height and 

mass. 

One of the products of WP7 is a set of software tools which could be utilised in orbit modelling, 

coverage analysis, and launch vehicle selection, etc., for the future Earth satellite projects. 
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8. APPENDIX 

8.1. List of Launch Vehicles  

This list is re-organised from Reference [11]. 

Nation Vehicle 

Performance (kg) 
Cost 

(million) 

First 

Flight 
Launch Site(s) Leo 

Maximum 
SSO GTO 

Brazil 
VLS-1 380 80  $8 1997 Alcantara 

VLM 100 18  $4 TBD Alcantara 

China 

LM-

2C,2C/SD,2C/CTS 
4400 1600 1400 $20-25 1975 

Taiyuan 

Jiuquan 

Xichang 

LM-2E,2E/ETS 9500  3500 ? 1990 
Jiuquan 

Xichang 

LM-3 ? ? 1500 $35-40 1984 Xichang 

LM-3A 6000 ? 2600 $45-55 1994 Xichang 

LM-3B 11200 6000 5100 $50-70 1996 Xichang 

LM-3C 9100 ? 3800 ? ? Xichang 

LM-4B ? 2800 - $25-35 1999 
Taiyuan 

Jiuquan 

Europe 

Vega ? 1395 - $20 2006 CSG(Kourou) 

Ariane 5G ? 9500 6700 $125-155 1996 CSG(Kourou) 

Ariane 5ECA ? ? 10050 $125-155 2002 CSG(Kourou) 

Ariane 5ES ? ? 7575 $125-155 2005 CSG(Kourou) 

Ariane 5ECB ? ? 12000 $125-155 TBD CSG(Kourou) 

Japan 

H-IIA 202 9940 4350 4100 $70 2001 Tanegashima 

H-IIA 204 ? ? 5800 $83 ? Tanegashima 

M-V 1900 960 1280 $557 1997 Tanegashima 

India 

PSLV 3700 1350 1050 $15-17 1993 
Satish 

Dhawan 

GSLV Mark I 5000 2000 1900 $35 2001 
Satish 

Dhawan 

GSLV Mark II 5000 2000 2100 $35 2005? 
Satish 

Dhawan 

Russia 

Angara 1.1 2000 ? -- ? TBD Plesetsk 

Angara 1.2 3700 ? -- ? TBD Plesetsk 

Angara A3 14000 ? 2500 ? 2006 Plesetsk 

Angara A5 24500 ? 6400 ? 2600 Plesetsk 

Kosmos 3M 1500 775 -- $12 1967 
Plesetsk 

Kapustin, Yar 

Proton K/Block 

DM 
19760 3620 4930 Negotiable 1967 Baikonur 

Proton M/Breeze 

M 
21000 ? 5500 Negotiable 2001 Baikonur 

Rockot 1950 1000 -- $12-15 1994 Plesetsk 

Shtil-1 140 -- -- $1.4-2.1 1998 
Delphin 

Submarine 
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Shtil-2 220 200 -- 3-4.5 TBD 
Kalmar 

Submarine 

Volna 180 40 -- 1-1.5 2004 
Kalmar 

submarine 

Star-1 632 167 -- $9 1993 
Svobodny 

Plesetsk 

Strela 1560 700 1660 $10.5 2003 
Svobodny 

Baikonur 

Soyuz U 7000 4300 1660 $30-50 1973 
Baikonur 

Plesetsk 

Soyus FG 7000 4300 -- $30-50 2001 
Baikonur 

Plesetsk 

Molniya M 3700 1500 -- $30-40 1960 Plesetsk 

Dnepr-1 -- 300 -- $8-11 1999 Baikonur 

Ukraine 

Cyclone 2 3350 ? -- $20-25 1967 Baikonur 

Cyclone 3 4100 -- -- $20-25 1977 Blesetsk 

Cyclone 2K 2750 1500 ? ? 2004 Baikonur 

Cyclone 4 5860 3800 1560 ? 2006 Alcantara 

Zenit 2 13920 4900 -- ? 1985 Baikonur 

Zenit 3SL/3SLB -- -- 6066 Negotiable 1999 

See launch 

Odyssey, 

Baikonur 

USA 

Athena I 820 360 -- $40-50 1995 

Cape 

Canaveral, 

Kodiak 

Athena II 2065 1165 590 $40-50 1998 

Cape 

Canaveral, 

Kodiak 

Atlas IIAS 8618 -- 3179 Negotiable 1993 

Cape 

Canaveral, 

Vandenberg 

Atlas IIIA 8640 -- 4037 Negotiable 2000 
Cape 

Canaveral 

Atlas IIIB 10759 -- 4119 Negotiable 2002 

Cape 

Canaveral, 

Kodiak 

Atlas V 400 12500 -- 4950 Negotiable 2002 
Cape 

Canaveral 

Atlas V 500 20652 -- 8670 Negotiable 2003 
Cape 

Canaveral 

Delta II 5120 3186 1841 Negotiable 1990 

Cape 

Canaveral, 

Vandenberg 

Delta IV Medium 8870 6832 3934 Negotiable 2002 

Cape 

Canaveral, 

Vandenberg 

 Delta IV Medium+ 13327 10863 6400 Negotiable 2002 

Cape 

Canaveral, 

Vandenberg 
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Delta IV Heavy 23260 19665 12369 Negotiable 2004 

Cape 

Canaveral, 

Vandenberg 

Falcon I 668 408 -- $5.9 2004 

Cape 

Canaveral, 

Vandenberg 

Falcon V 5040 3173 1500 $12 2005 

Cape 

Canaveral, 

Vandenberg 

K-1 4600 1250 1570 $17 ? 

Woonera, 

Nevada Test 

Site 

Minotaur 607 317 -- $12-20 2000 
Vandenberg, 

Others 

Pegasus XL 443 190 -- $15-25 1994 

Vandenberg, 

Wallops, 

Cape 

Canaveral, 

Others 

Commercial 

Taurus 
1370 720 495 $25-47 1998 

Vandenberg, 

Others 

Taurus XL 1590 860 557 $25-47 2004 
Vandenberg, 

Others 

Titan II 1900 1100 -- $30-40 1988 Vandenberg 

Titan IVB 21680 -- -- $350-450 1997 
CapeCanavral, 

Vandenberg 

Space Shuttle 28800 -- -- $450-750 1981 
Kennedy 

Space Center 

Scorpius 314 125 -- $2.9 2006 
Vandenberg, 

Others 

Falcon 9 6620 5300 -- 
$ 49-54 

[15] 
2006 Vandenberg 

 

--: not applicable, not present 

? : information not available or data shown is uncertain 

Cost: launch service price or cost information was requested from the responsible organisation for 

each launch system. If the information was not provided, an estimated cost or price range is provide 

by the Office of the Federal Aviation Administration Associate Administrator for Commercial Space 

Transportation based on open source data. In some cases launch prices are too variable or too 

uncertain to provide an estimate, in which case only “negotiable” is indicated. Prices and costs are 

listed using the currency in which the value was originally quoted. A conversion to U.S. dollars is 

attempted if the values were not quoted in dollars.  

8.2. Small Satellite Orbit Lifetime Analysis 
As indicated in Section 2, WP7 studies the orbit lifetime analysis for small satellite as WP1 

considered using small satellite constellation for flood mapping. This section will describe the study 
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results. This section presents a definition of the magnitude of each of these factors, and 

attempts to estimate the uncertainty in lifetime.  

The prediction of satellite lifetimes depends upon a knowledge of the initial satellite orbital 

parameters, the satellite mass to cross-sectional area (in the direction of travel), and a knowledge of 

the upper atmospheric density and how this responds to space environmental parameters which 

must also be predicted. 

8.2.1. Method for Lifetime Prediction 

The reason for the computation of orbit lifetime is challenging as there is much uncertainty in the 

relevant parameters. STK is utilised to predict the satellite lifetime, based on examination of such 

issues as initial orbital parameters, atmospheric density model, and satellite physical characteristics 

such as drag coefficient, mass, area and solar flux. STK has lifetime commands that can be executed 

through connect. The lifetime module can be set up and perform calculations that predict the 

lifetime of a satellite. User inputs include the satellite's physical characteristics as well as solar flux 

and planetary geomagnetic index information. Note that vehicle attitude stabilisation is not 

considered in this research phase. 

8.2.2. Sensitivity of Lifetime to Design Parameters 

1) Sensitivity of lifetime to initial satellite orbital parameters 

The initial state of the satellite is described by Keplerian elements: semi-major axis of the orbit, 

eccentricity, orbital inclination, right ascension of the ascending node(RAAN), argument of perigee 

and mean anomaly (
ra ,

re ,
ri ,

r ,
r rM ,). The two orbital elements,

ra  and 
re  describe the size and 

shape of the orbit. The three elements
ri ,

r and 
r  describe the orientation of the orbit. The orbital 

element 
rM  describes the location of the satellite. 

Altitude is the main factor impacting lifetime as this parameter is closely related to atmosphere 

density. There are more air molecules near the surface of the Earth than higher in the atmosphere. 

Therefore, high altitude satellites have longer lifetime than lower altitude satellites. In Figure 38, as 

the satellite altitude changes from 400 to 600km, the lifetime increases from 2 to 20 years. 

The eccentricity affects the lifetime because it impacts on the altitude perigee and the atmospheric 

drag (see Figure 39). For the Garada Satellite Mission, the orbit is designed to be a circular Low Earth 

Orbit (LEO). The orbit eccentricity has to be controlled and kept close to 0.  
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Figure 38 Satellite lifetime vs. satellite altitude ra .  Figure 39 Satellite lifetime vs. eccentricity re  



 

53 
 

V01_00                      Annex 7. Orbit Modelling and Analysis, Simulated Mission Planning              30
th

 June 2013 
 

0 20 40 60 80 100 120 140 160 180
1.6

1.7

1.8

1.9

2

2.1
x 10

4

D
e
c
a
y
 o

rb
it
s

Satellite Inclination

Satellite life ime vs. Inclination 

0 20 40 60 80 100 120 140 160 180
2.8

3

3.2

3.4

3.6

3.8

D
e
c
a
y
 y

e
a
r

 
0 50 100 150 200 250 300 350 400

1.982

1.9825

1.983
x 10

4

D
e
c
a
y
 o

rb
it
s

Satellite RAAN (deg)

Satellite life ime vs. RAAN 

0 50 100 150 200 250 300 350 400
2

4

6

D
e
c
a
y
 y

e
a
r

 

Figure 40 Satellite lifetime vs. inclination
ri  Figure 41 Satellite lifetime vs. RAAN
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Figure 42 Satellite lifetime vs. argument of perigee. 
r  Figure 43 lifetime vs. mean anomaly

rM  

 

The orbit’s inclination ri  is the angle between the plane of the satellite orbit and the Earth’s 

equatorial plane. Inclination affects the lifetime as atmospheric density varies with latitude. 

However from the view of system design, inclination is selected to satisfy the coverage requirement. 

For instance, polar orbiting satellites which have an inclination of 90 degree provides a global view of 

Earth, and an orbit with approximately 57 degree inclination provides coverage of Australia and New 

Zealand. 

r , r  and rM  affect lifetime only slightly (shown in Figure 41, Figure 42, Figure 43, respectively) 

because they are elements that describe the angular position of the satellite and they do not affect 

the satellite’s altitude.  

2) Sensitivity of lifetime to satellite physical characteristics and solar flux 

LEO satellites have physical lifetimes determined almost entirely by their interaction with the 

atmosphere. 

The drag equation (27) essentially shows that the drag force on any object is proportional to the 

density of the fluid and proportional to the square of the relative speed between the object and the 

fluid. 

 
2

ˆ
2

d
d

v c A
v


 F  (27) 

http://en.wikipedia.org/wiki/Drag_%28physics%29
http://en.wikipedia.org/wiki/Force
http://en.wikipedia.org/wiki/Speed
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The drag coefficient 
dC  is a dimensionless quantity that is used to quantify the drag or 

resistance of an object in a fluid environment such as air or water. It is used in the drag 

equation, where a lower drag coefficient indicates the object will have less aerodynamic or 

hydrodynamic drag. The drag coefficient is always associated with a particular surface area usually 

called drag area, defined as the mean cross-sectional area of the satellite perpendicular to its 

direction of travel. Figure 44 and Figure 45 show the lifetime change with drag coefficient and drag 

area. When 
dC changes from 0.1 to 2.2 (for satellite drag coefficient, 

dC  usually taken to be between 

2.0 and 2.2), the lifetime reduces from 20 to 4 years. When the drag area varies from 20.1m  to 20.5m , 

lifetime reduces from 13 to 3 years. Results verify that lifetime is strongly related to drag coefficient 

and drag area.  
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Figure 44 lifetime vs. drag coefficient. Figure 45 lifetime vs. drag area. 
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Figure 46 lifetime vs. reflect coefficient. Figure 47 lifetime vs. mass. 
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Figure 48 Lifetime vs. sun area. Figure 49 Lifetime vs. density model. 

 

Mass to area ratio (mass to cross-sectional area in the direction of travel) directly affects the drag 

magnitude. Figure 47  shows that as the satellite mass changes from 30 to 50kg, the lifetime changes 

http://en.wikipedia.org/wiki/Dimensionless_quantity
http://en.wikipedia.org/wiki/Drag_%28physics%29
http://en.wikipedia.org/wiki/Drag_equation
http://en.wikipedia.org/wiki/Drag_equation
http://en.wikipedia.org/wiki/Aerodynamics
http://en.wikipedia.org/wiki/Hydrodynamics
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from less than 1 year to 1.4 year. In a real satellite system, the mass may be a function of 

time. That is, the mass of satellite will reduce over time due to fuel consumption. Note that 

the change of mass is not considered here. 

Sun area barely affects the lifetime of the satellite as shown in Figure 48; this indicates that radiation 

pressure effects can be neglected in orbit lifetime calculations. 

Figure 49 shows that the calculated lifetime varies with different atmospheric density model. The 

Jacchia 71 model has the shortest lifetime, while the Harris Priester model calculates the longest 

lifetime. In STK, the drag force model provides seven options for modelling the atmospheric density 

used in the computation of lifetime. These atmospheric density models are described in Table 8: 

3) Sensitivity of lifetime to area and altitude 

According to the single sensitivity study shown in the previous two sections, area and altitude are 

the two key factors for lifetime prediction. The satellite parameters used in the study are shown in 

Table 12. Lifetime with varying area from 0.2 to 1m2 and satellite altitude varying from 400 to 600km 

are plotted in Figure 50 and Figure 51 where the lifetime unit is orbits; Figure 52 and Figure 53 

where the lifetime unit is years.  

Table 12 The study satellite initial orbital parameters and physical characteristics. 

Inclination 60° Mass 40kg 

RAAN 0° DragCoeff  2.2 

Argument of Perigee 0° ReflectCoeff  1.1 

Eccentricity 0° SunArea  3.3 

Mean anomaly 0° Rotate On 
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Figure 50 3D plot of lifetime duration vs. drag area and 
altitude of satellite (lifetime unit is orbits). 
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Figure 51 Contour plot of lifetime duration vs. drag area 
and altitude of satellite (lifetime unit is orbits). 
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Figure 52  Lifetime duration vs. drag area and altitude of 
satellite (lifetime unit is years). 
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Figure 53 Contour plot of lifetime duration vs. drag area 
and altitude of satellite (lifetime unit is year). 
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2 Executive Summary 

This report presents the design drivers, trade-offs, analysis and baseline solution for the Garada 

AOCS. 

The key drivers in the design of the AOCS are: the large, variable and asymmetric inertias, which in 

turn drive the acquisition and safe mode strategies due to the potentially large gravity gradient 

disturbance torques which can be generated; the provision of a manoeuvre (slew) capability to 

enable sideways pointing; and normal mode performance which in turn drives the architecture. A 

view to exploiting heritage has been maintained in order to attempt to reduce costs. 

The key trade-offs and baseline solutions are: 

 A modified Bdot magnetic control strategy for acquisition and safe mode, which works with 

the gravity gradient disturbances; 

 A simple star tracker only normal mode solution (i.e. no gyro required) with reaction wheels 

for actuation; 

 A star tracker optical head configuration to allow continuous visibility. 

The baseline hardware solution for Garada consists of: 

 Star Tracker – a multiple optical head configuration which provides continuous coverage 

even in the event of a single failure to provide absolute attitude information during the 

nominal mission; 

 GNSS – provides orbital position to the on-board navigation and guidance functions; 

 Coarse Sun Sensors – provides a measure of the sun direction for use in sun acquisition, 

attitude anomaly detection and eclipse detection. 

 Magnetometer – provides measurement of the geomagnetic field as inputs to the magnetic 

control law. 

 Magnetorquer – provides simple and robust actuation using the geomagnetic field in 

acquisition and safe modes, and allows momentum management of the reaction wheels 

during the nominal mission; 

 Reaction Wheels – a set of 4 wheels (allowing for a single failure) provides the nominal 

control actuation during the nominal mission. 
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3 Introduction 

3.1 Purpose & Scope 

This document presents the design for the Garada Attitude and Orbit Control Subsystem (AOCS). 
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4 Applicable and Reference Documents 

AD01 Garada AOCS Requirements Specification 

AD02 Garada AOCS Assumptions 
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5 Abbreviations 

AOCS Attitude and Orbit Control Subsystem 

APE Absolute Performance (Pointing) Error 

APS Active Pixel Sensor 

ASM Acquisition and Safe Mode 

ASU Astrium Ltd 

CCD Charge-Coupled Device 

CESS Coarse Earth Sun Sensor 

CoM Centre of Mass 

CoP Centre of Pressure 

CSS Coarse Sun Sensor 

EU Electronic Unit 

FDIR Failure Detection, Isolation and Recovery 

LTAN Local Time of Ascending Node 

MTM Magnetometer 

MTQ Magnetorquer 

NM Normal Mode 

OCM Orbit Control Mode 

OH Optical Head 

PUS Packet Utilisation Service 

RW Reaction Wheels 

SEU Single Event Upset 

SI International System of Units 

STR Star Tracker 

TBC To Be Confirmed 

TBD To Be Determined 
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6 Drivers 

The main objective of the AOCS design has been to define a viable AOCS architecture meeting the 

platform requirements while identifying ways to maximize re-use of current AOCS elements in order 

to save cost. 

Two key areas of the Garada spacecraft are pointing performance and manoeuvre capability, i.e. 

between two different observing attitudes. 

In addition, due to the difference between the launch and operational configurations, the 

deployment strategy, which has to cope with widely varying inertias, is another key area. 

Some of the key considerations are indicated in the next section. 

6.1 Key Design Considerations 

o Acquisition and Safe Mode strategy: 

o Thruster-based or magnetic-based acquisition? 

o Sun pointing or earth pointing? 

o Can the same strategy be used for initial acquisition (off-launcher) and as a 

contingency mode? 

o Normal Mode architecture: 

o Gyroless (star tracker only) or gyros + star tracker? 

o Sensor configuration? 

o Actuator configuration? 

o Controller design? 

o Large, and varying, inertias: 

o The inertias are very large which affects: 

 Control design and performance 

 Acquisition and contingency mode strategies 

o The inertias vary between stowed and deployed 

 Can common elements between stowed and deployed be used? 

o Disturbance environment: 

o Which disturbances dominate and thus drive the design? 

o Manoeuvre capability: 

o Slews between nadir and sideways looking (plus for delta-V attitudes). 

6.2 Disturbance Environment 

The ability to predict the behaviour and control the attitude of the spacecraft requires and 

understanding of how environmental disturbance torques will influence the attitude of the 

spacecraft. The magnitude of these disturbance torques will drive the definition of the AOCS system. 

In particular the size of the disturbance torques experienced can influence the attitude acquisition 

strategy, actuator sizing, normal mode control design and tuning and the achievable performance in 

the normal mode. 

The following sections provide an estimate of the expected disturbance torques for two altitudes 

580 km and 630 km. 
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6.2.1 Atmospheric Drag 

The atmospheric drag on the spacecraft is strongly influenced by the density of the atmosphere 

which in turn varies significantly with orbit altitude and solar activity. For this assessment the 

atmospheric densities (from JB-2006) and shown in Table 6-1 were used, as illustrated in Figure 6-1. 

 

Table 6-1: Altitude profiles of total atmospheric density (JB-2006) 

 

 

Figure 6-1: Altitude profiles of atmospheric density (illustrated) 

The spacecraft geometry was considered to determine the spacecraft surfaces exposed to the 

atmosphere in the direction of travel, i.e. along the x-axis. 

In nominal attitude, the spacecraft cross-section along the velocity vector is approximately 6 m2. 

Given an offset between the Centre of Pressure (CoP) and Centre of Mass (CoM) of 0.2 m and a drag 

H (km) Low 
activity 

Moderate 
Activity 

High 
activity 

(long term) 

High 
activity 

(short term) 

560 1.96E-14 3.58E-13 1.52E-12 2.66E-12 

580 1.47E-14 2.71E-13 1.22E-12 2.18E-12 

600 1.14E-14 2.06E-13 9.82E-13 1.79E-12 

620 9.10E-15 1.57E-13 7.93E-13 1.48E-12 

640 7.41E-15 1.20E-13 6.43E-13 1.23E-12 
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coefficient Cd of 2.2, this generates drag forces, F, and torques, T, for the various atmospheres as 

shown in Table 6-2 using: 

  
 

 
      , 

     . 

Where  is the atmospheric density, A is the area, V is the spacecraft velocity and r is the CoP offset. 

 

Table 6-2: Drag Forces and Torques (generated perpendicular to the x-axis) 

6.2.2 Solar Radiation Pressure 

Solar radiation pressure on the spacecraft is strongly dependent on the spacecraft geometry and 

optical surface properties of the surface being illuminated. The radiation force is given generally by: 

                      
 

 
           . 

Where P is the mean momentum flux given by   
  

 
 (Fe is the solar constant and c is the speed of 

light), Ŝ is the unit vector from the spacecraft to the sun,  is the angle between Ŝ and Ĥ, the unit 

normal to the surface area being considered. The coefficients Cs and Cd are the fraction of incident 

radiation that is specularly and diffusely reflected respectively. Together with a further absorption 

coefficient Ca they sum to unity, i.e. Cs + Cd + Ca = 1. 

In nominal attitude, the forces and torques have been calculated for an offset between the CoP and 

CoM of 2.0 m along the x-axis, 0.1 m along the y-axis and 0.2 m along the z-axis which generates 

drag forces, F, and torques, T, for the winter solstice when the solar flux is close to maximum, and 

are shown in Table 6-3. 

 

Table 6-3: Solar Radiation Pressure Forces and Torques 

H (km) Low activity

Moderate 

activity

High activity 

(long term)

High activity 

(short term)

Force 580 0.01 0.10 0.47 0.84 mN

630 0.00 0.05 0.25 0.47 mN

Torque 580 0.00 0.02 0.09 0.17 mNm

630 0.00 0.01 0.05 0.09 mNm

SRP (winter 

solstice)

Force x 0.16 mN

y 0.00 mN

z 0.06 mN

Torque x 0.13 mNm

y 0.17 mNm

z 0.31 mNm
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6.2.3 Gravity Gradient 

The gravity gradient torque is influenced mainly by the spacecraft inertias and the orbit altitude. The 

torque is given by the expression: 

    
  

  
          . 

Where =GMearth, IG is the inertia matrix of the spacecraft, r0 is the distance from the spacecraft to 

the centre of the earth and z0 is the unit vector to nadir. 

The torques in the nominal, zero-roll, attitude are fairly small, as one axis of the spacecraft lies close 

to the nadir vector, i.e. a stable gravity gradient configuration. However, applying a 20 roll changes 

this and different gravity gradient torques are produced. Both scenarios are shown in Table 6-3. 

 

Table 6-4: Gravity gradient nominal torques 

In the extreme case of a tumbling spacecraft, say following an anomaly and safe mode transition, the 

gravity gradient torques can become transiently large. The magnitude of the maximum torques that 

can be developed are of the order as shown in Table 6-5 and . 

 

Table 6-5: Maximum gravity gradient torques in stowed case 

 

Table 6-6: Maximum gravity gradient torques in deployed case 

These potentially large gravity gradient torques do not have a bearing on the nominal mode design 

or configuration, however has significant bearing on the strategy to employ for initial acquisition and 

safe mode. 

  

roll 0 roll 20 roll 0 roll 20

Torque x >0.01 2.60 >0.01 2.70 mNm

y >0.01 >0.01 >0.01 >0.01 mNm

z >0.01 >0.01 >0.01 >0.01 mNm

580km 630km

580km 630km

max max

Torque x 1 1 mNm

y 98 100 mNm

z 97 99 mNm

580km 630km

max max

Torque x 4 4 mNm

y 101 103 mNm

z 97 99 mNm
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6.2.4 Magnetic 

Magnetic disturbance torques, T, acting on the spacecraft are described by the following equation: 

      

Where M is the magnetic moment of the spacecraft and B is the magnetic field of the earth, 

influenced primarily by the orbit altitude. For a residual magnetic dipole of 10 Am2 on each axis the 

torque generated are shown in 

 

Table 6-7: Magnetic moment nominal torques 

The maximum disturbance torque about any axis is therefore of the order of 8 mNm and 7 mNm for 

580 km and 630 km orbits respectively. 

6.2.5 Disturbance Summary 

It can be seen that the gravity gradient torques are by far and away the dominant disturbance and 

this will be reflected in the sizing of the actuators and in the strategy for initial acquisition and safe 

modes. 

roll 0 roll 20 roll 0 roll 20

Torque x 0.50 0.30 0.50 0.40 mNm

y 0.60 0.50 0.40 0.40 mNm

z 0.30 0.30 0.40 0.40 mNm

580km 630km
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7 Trade-Offs 

Given the nature of the Garada mission, a number of AOCS-level trade-offs can be performed. 

Section 5.1 indicated the main design issues and many of these for the trade-offs discussed below. 

7.1 Acquisition strategy 

The main choice for initial acquisition is between thruster-based and magnetic-based. The magnetic-

based solution uses only simple equipment and is robust, but has a longer duration acquisition and 

no guarantee of sun intrusion if sensitive instruments are on the spacecraft. A thruster-based 

solution requires an attitude control propulsion system, with added cost and complexity but 

acquires faster and adds robustness to sun intrusion. A summary of the trade-off issues is shown in 

Table 7-1. 

 

Thruster-based Magnetic-based 

Requires attitude control propulsion 

o Cost and complexity 

o Difficulty of accommodation 

 

Only requires simple and robust equipment 

o MTQ, MTM (+CSS/CESS) 

Expends propellant (requires additional 

propellant beyond that needed for delta-V.) 

 

Expends no consumables 

 

Shorter duration acquisitions 

o More robust to instrument sun 

intrusions 

o  

Longer duration acquisitions 

o Less robust to instrument sun intrusion 

o Power may be limited 

Large torques available 

o Less susceptible to disturbances 

Low control torques 

Susceptible to disturbances (e.g. gravity 

gradient) 

Table 7-1: Summary of acquisition strategy trade-offs 

The ideal solution is a magnetic-based acquisition. There are no instrument exclusions to consider, 

time is not a driver in acquisition and it is the most cost, mass and risk effective solution. 

However the magnetic solution is only appropriate if it operates effectively in the disturbance 

environment. Garada can generate large gravity gradient disturbance torques which would 

dominate the magnetic control. The standard magnetic control employed on many missions is Bdot 

where the spacecraft uses the measured geomagnetic field derivative to damp the spacecraft rates 

and subsequently achieve a stable attitude rotating at twice the orbital period, i.e. following the 

magnetic field. 
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In the case of Garada, this would not work well as the gravity gradient would dominate. Fortunately, 

there is a modification to the Bdot, as investigated on TerraSar-L which works with the gravity 

gradient to achieve a stable attitude rotating at once the orbital period. This modification allows the 

selection of a magnetic-based acquisition. 

7.2 Safe Mode Strategy 

Given that a magnetic-based acquisition has been selected, it follows that the contingency mode 

could use the same strategy. There are no additional driving constraints for Safe Mode – the 

conditions are the same although the inertias may be those deployed but the modified Bdot is 

tolerant to a large range of inertia and thus is also suitable for Safe Mode. 

7.3 Normal Mode Sensors 

The AOCS can use a gyro or fly a gyroless option. The simplest configuration is gyroless, using the 

star trackers, plus estimation, for attitude determination. The gyro option aims at enhancing the on-

ground stability restitution performances (where gyro data used on ground) and improving relative 

pointing error. Also in case of star tracker (STR) unavailability, the gyro data are also used in the on-

board AOCS loop to propagate the satellite attitude. Thus in the event of including a gyro, a hybrid 

gyro-stellar attitude estimation function is also selected. 

Although the inclusion of a gyro improves the pointing stability, this is usually only required for very 

high-precision missions. In the case of Garada, there are no stringent requirements on stability (RPE 

– Relative Pointing Error) that necessitates the inclusion of a gyro. 

The star tracker configuration, given the attitude domain of the Garada mission can be defined to 

avoid outages due to blinding, and thus guarantee at least one optical head is available during 

observations even in the event of a failure. Indeed modern Active Pixel Sensor STR are proving to be 

very robust to outages. 

The gyroless solution is therefore nominal baseline, and adding a gyro will increases cost – through 

from the procurement of the hardware until the final integration and testing. 

7.4 Normal Mode Actuators 

The normal mode actuators can be chosen between reaction wheels (RW) and control moment 

gyros (CMG). The CMG option is required for high agility mission. For lower agility needs the reaction 

wheel option is selected. 

The Garada mission has no performance requirements on agility, and indeed has a highly 

constrained attitude domain. During observations, the spacecraft is always close to nadir pointing. 

The AOCS uses a bang-bang acceleration guidance law to minimise slew duration. The sizing includes 

a tranquilization period of a few seconds in order to damp rate immediately after slew and start 

image acquisition with good performance. 

Thus, without any drivers, and also considering the increase in cost and complexity of CMGs, the RW 

are the baseline. In order to cope with a single wheel failure, a set of four wheels is required. 
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7.5 Star Tracker Configuration 

The STR configuration is discussed in Section 8.1. In summary STR configurations exists for any 

missions, with the main variable being the number of STR Optical Heads (OH). In any case of STR OH 

configuration, two Electronic Units (prime and redundant) in case of failure. 

7.6 Baseline 

In summary, the baseline from the trade-offs is: 

– Acquisition and Safe Mode: 

– Modified Bdot (TerraSAR-L) 

• Works with gravity gradient 

• No propellant usage 

• Simple and robust equipment 

• Serves as Safe Mode also 

– Normal Mode Sensors 

– Gyroless 

– Normal Mode Actuators 

– Reaction wheels (set of 4) 

– STR Configuration 

– Prime and redundant for sun-synchronous dawn-dusk orbit 

– Three OH for drifing orbit 

– Prime and redundant EU 
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8 Design 

8.1 Star Tracker Configuration 

The star tracker configuration is designed to allow availability of at least 1 optical head at all times 

even in the event of a failure. The orientation of the star tracker optical heads can easily be arranged 

to avoid earth blinding (note that star trackers are not used in initial acquisition or safe modes). As 

the roll of the spacecraft is restricted to less than 20, any star tracker boresight elevated above the 

nominal horizon by 20 plus the earth exclusion angle (30) will never nominally become earth 

blinded. This yields an angle above the horizon of 50, which is an angle from the spacecraft +z-axis 

of 116. This is illustrated in  

 

Figure 8-1: Star tracker alignment to avoid earth blinding. 

For a sun-synchronous daw-dusk (LTAN = 06:00), the star tracker configuration is straightforward. In 

nominal operations, one side of the spacecraft generally points towards the sun and the opposite 

side away from the sun. This gives a large envelope for aligning the star trackers that avoids both sun 

and earth blinding. In this particular case, as blinding is avoided, only two optical heads are required 

– prime and redundant. Two possible configurations are illustrated in Figure 8-2. 

 

Figure 8-2: Star Tracker configurations for sun-synchronous orbit. 

Should the orbit be a 42 inclination, then a different configuration is required. Due to the drifting 

orbit, there is a wide range of solar aspect angles. In fact the sun vector can lie anywhere in the –z 

    Alignment envelope

+Y                         -Y

20 deg roll

earth exclusion angle

Earth limb
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spacecraft hemisphere (plus a portion of the +z hemisphere) which means that a star tracker will 

become sun blinded at some time. However by using 3 optical heads, this allows a failure plus a 

single sun blinding whilst leaving an available optical head. To ensure that this is the case, the 

separation between the optical heads needs to be greater than the sun exclusion angle (40). 

Given the two constraints of optical head elevation and separation, there is an envelope available in 

which to mount the optical heads. Two potential options are shown below. The first aligns the star 

trackers in the same plane with a separation of between 60 (to avoid simultaneous sun blinding) 

and 64 (to avoid earth blinding). The second aligns the star trackers in a triangular configuration 

with a 60 separation between the optical heads. These are illustrated in  

 

Figure 8-3: Star tracker configuration for low-inclination orbit. 

Whilst the sun-synchronous solution would not be appropriate for a low-inclination orbit, the 

opposite is not the case. The three-head solution could be used for any orbit, and in the case of sun-

synchronous where blinding is avoided, two optical heads would always be available which increases 

the accuracy of the star tracker measurements. 

8.2 Reaction Wheel Configuration 

There are no hard requirements on manoeuvrability, however the assumption has been made to 

achieve a 20 slew about the x-axis in 120s, which is an artificial driver but is useful for enveloping 

analysis. This has to be achievable using only 3 out of 4 wheels to account for a failure. 

With a uniform tetrahedral configuration (i.e. equal torque in each axis), when all four wheels are 

acting with 200 mNm, a torque of 350 mNm can be achieved on each axis. This would result in a 20 

slew about the x-axis in 140 s. In the case of a wheel failure, the torque drops to 230 mNm with a 

corresponding slew time of 170 s. 

Modifying the 3-wheel case to provide sufficient torque about the x-axis results in a case where the 

wheel alpha angle is 30 and beta angle 27. (Note that there are a range of solutions which meet 

the criteria, this being one case. Thus there is flexibility to take into account other requirements or 

drivers.) 
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Figure 8-4: Tetrahedral wheel configuration 

8.3 Sun Sensor Configuration 

Although not used in nominal operations, a sun sensor can be used for attitude anomaly detection 

and to optimise the magnetically-controlled attitude to improve power generation on the arrays. 

For a sun-synchronous daw-dusk (LTAN = 06:00), the sun sensor configuration is straightforward. 

The sun sensor (internally redundant) is placed on the side of the spacecraft the always sees sunlight 

(approximately in the same direction as the arrays). This ensures continual sun visibility outside of 

eclipses. 

Should the orbit be a 42 inclination, then a different configuration is required. In order to cover the 

range of solar aspect angles multiple sun sensors can be fitted to cover the desired fields (note that 

sun sensor fields of view are available up to ±90). 

An alternative to multiple sun sensors is a Coarse Earth Sun Sensor (CESS). The sensor consists of six 

active CESS heads arranged orthogonally around the spacecraft. Each head has a hemi-spherical 

field-of-view and six thermistors mounted behind two different materials, three behind black OSR 

and three behind mirror (one pair is redundant). Using the temperature difference between the two 

materials the Sun and albedo flux can be derived, and using the measurements from the six heads it 

is possible to determine the state vectors. 

The ideal configuration of the CESS is with six heads mounted orthogonally, as illustrated in Figure 

8-5. In addition, the sensor heads must have a clear field of view with no spacecraft appendages 

impinging upon them. The fields of view of the sensor are required to overlap in order to ensure the 

correct operation of the system. If there is insufficient overlap, then there will be blind spots in the 

system. To date only systems with 90° overlap have been used. Given the monolithic external shape 

of the proposed Garada platform, ideal CESS head accommodation should be achievable. 

  
Zsat 

Xsat 

Ysat 

 

RW2 

RW1 

RW4 

RW3 
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Figure 8-5: CESS configuration 

 

8.4 Mode Architecture 

8.4.1 Initial Acquisition and Safe Mode 

Initial Acquisition & Safe Mode is a magnetic-based control mode. It is a variation of the b-dot 

controller employed on a range of Astrium spacecraft.  

Due to spacecraft configuration, the proposed solution, for acquisition, is based on a traditional 

“Bdot Law” with gravity gradient stabilization. The aim of this mode is to acquire an attitude where 

the gravity gradient, which is the main perturbation, is null. This allows minimizing the perturbation 

and fulfilling the performances requirements 

The modifications arise from the large gravity gradient disturbances generated from a spacecraft 

with the the Garada configuration, i.e. a large disparity between the inertias. In the standard b-dot, 

the spacecraft uses magnetorquers to remove the rates (measured by magnetometers) from the 

spacecraft and ultimately end up in a stable rotation at twice the orbit period aligning the spacecraft 

y-axis with the orbit normal. A small momentum bias is applied to the y-axis of the spacecraft to 

ensure that this condition is stable. 

However, because of the large gravity gradient of a “long, thin” spacecraft, the gravity gradient 

disturbance fights against the twice orbital period rate. Hence the magnetic control is modified to 

rotate only at orbital rate meaning one axis of the spacecraft naturally ends up earth pointing. This is 

then a safe stable attitude which can be used both pre- and post- deployment. 

This mode, as it is simple and robust is also used as the Safe Mode using the redundant equipment, 

or in the case of the reaction wheels, managing any failures. 
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8.4.2 Normal Mode 

Normal Mode is a classical gyroless-wheel mode, with GPS for navigation and guidance generation 

and MTQ for wheel momentum management. An onboard magnetic field model provides the input 

to the momentum management. This mode can be used pre- and post-deployment.as well as in 

between individual deployment segments.  

The baseline configuration and control (via magnetic off-loading) of the reaction wheels in NM has 

been optimized in order to minimize zero crossings and magnetorquers demands. The baseline 

configuration ensures no zero crossings while in steady state maintenance of operational attitudes 

(right & left looking) and with either all 4 wheels or 3 wheels (following a failure) active. 

8.4.3 Orbit Control Mode 

Orbit Control Mode is similar to Normal Mode. In the classic case, the reaction wheels are held at 

constant speed whilst the thrusters are used to deliver the delta-V manoeuvre and provide the 

attitude control. However in the case of Garada, there is no need for attitude control thrusters and 

therefore the option is for Orbit Control Mode to perform the delta-V burns open loop. This requires 

a single (a pair for redundancy) of delta-V thrusters. 

Thus when the delta-V thrusters operate open-loop with the AOCS providing attitude control with 

the reaction wheels, Orbit Control Mode and Normal Mode look the same with the possible 

exception of controller tuning and FDIR monitors (the hardware is the same). Thus these two modes 

can be rationalised into one single mode with submode tuning. 

There may be implications on when orbit manoeuvres can be performed, i.e. in the fully deployed 

state, and there may be constraints on the rate at which delta-V that can be delivered (disturbances 

will be absorbed by the wheels, constraining the integrated disturbances by the size of the wheels 

and the rate of magnetic momentum management.) However, this should be able to be managed 

operationally. 

Using no propellant for attitude control during delta-Vs will also reduce the amount of propellant 

needed, or allow more propellant for orbit correction. 

8.5 Hardware Architecture 

The Garada AOCS hardware consists of: 

• Star Tracker 

• GNSS 

• Coarse Sun Sensors 

• Magnetometer 

• Magnetorquer  

• Reaction Wheels (4) 

The hardware architecture is shown in Figure 8-6. 
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Figure 8-6: Hardware architecture 

8.5.1 Star Tracker 

The star tracker provides 3-axis attitude data in form of a quaternion. It is able to determine this 

data from a “lost in space” situation within a few seconds, and then provide a continuous tracking of 

the attitude. As a baseline, a star tracker with Active Pixel Sensor (APS) technology is adopted. This is 

the current state-of-the-art technology for modern star trackers, with a number of options available. 

APS-based star trackers have excellent radiation hardness and operational robustness, being more 

tolerant to Single Event Upsets (SEUs) and flare events than the classical CCD (Charge-Coupled 

Device) star trackers. They deliver high accuracy and high update frequency even in presence of 

significant angular rates, and provide robustness towards moon, or bright objects, blinding. The star 

tracker is not nominally intended to look at the sun, but exposure does not cause permanent 

damage. The use of multi-head star trackers, or running multiple individual star trackers mitigates 

the effect of blinding. 

Use of multiple observations, from skewed optical heads also provides improved 3-axis attitude 

performance. Since one optical head provides good performance around the axis perpendicular to 
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its line of sight and reduced one around that line, it is necessary to use at least two optical heads 

with different line of sights for fine pointing performance. However in the case of Garada, the 

pointing requirements can be met with a single optical head, and thus the star tracker configuration 

is driven by the orbit characteristics and the avoidance of blinding. For this reason, the preferred 

candidate is a three optical head Sodern Hydra. The configuration consists of 2 Electronic Units (EU) 

and 3 Optical Heads (OH) including baffle, all cross-strapped. The star tracker heads are oriented 

such that they are not blinded by the earth, even when sideways looking and that only one can be 

blinded by the sun (to avoid simultaneous blinding this angle must be larger than twice the sun 

exclusion angle) at any time. Even in the event of a failure, this still leaves a free optical heed. 

Alternative candidates for APS star trackers are Selex Galileo AA-STR and Jena Astro. 

 Sodern Hydra 

 Provides absolute attitude knowledge, plus angular rates 

 APS technology 

 Heritage – baseline for Astroterra, Seosat, S5p etc. 

 Good robustness to blinding, flares and high kinematics 

 High frequency update 

 Arcsec accuracy 

 Prime and redundant baseline – multiple OH as an option 

 1 OH = 1.25 kg, 1 EU = 1.75 kg, 10 W, c. (c. k€750-1000) 

 

Figure 8-7: Sodern Hydra 

8.5.2 GPS 

The GPS receiver provides the position of the satellite, the velocity and a time reference that is used 

to synchronize the on-board software. The GPS receiver is generally used in cold redundancy. The 

expected accuracy for a single frequency GPS receiver is about 10 m (3D, rms), 1 cm/s (3D, rms), and 

1 μs. An improvement by a factor of two is expected from the dual frequency GPS receivers. 

For the medium accuracy required on Garada, a single frequency GPS is sufficient. As the position 

errors dominate the velocity errors, only the effect of these errors on the pointing budget is 
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assessed. The typical error 10 m error is assumed to be equally split between all axes, resulting in a 

position error of 5.77 m about each axis. 

Potential GPS suppliers are Astrium, Thales and Ruag and of course opportunities for Australian 

industry. 

8.5.3 Sun Sensor 

A Sun sensor arrangement of sufficient FoV in hot redundant triplex is attractive on several fronts: 

inherited design from other projects, provides a means of measuring the sun direction fo optimising 

the attitude during acquisition, detecting eclipses on-board and fulfilling FDIR functionality. The 

alternative, attractive especially for a fixed, sun-synchronous dawn-dusk orbit (i.e. the spacecraft 

solar aspect angle is constrained), is a single internally redundant sun sensor. 

On Garada there is no driving requirement to have a particularly high accuracy Sun sensor, and so a 

coarse Sun sensor of the type shown in Figure 4-153 and Figure 4-154 below, which have been used 

in numerous missions, is deemed to be sufficient. Such Sun sensors are available from Bradford/TNO 

(i.e. the Coarse Sun Sensor, CSS) and Astrium (i.e. the BASS). 

 

Figure 4-153 Bradford/TNO CSS 

 

Figure 4-154 Example of Astrium BASS 

8.5.4 Reaction Wheels 

A cluster of four reaction wheels are used in Normal Mode to provide fine three-axis control and 
during other modes to provide momentum bias. The wheel sizing is selected to provide the optimum 
between control and momentum management – in the case of Garada this leads to large wheels 
because of the large inertias. The drivers behind the selection of the reaction wheels are: 

 Momentum storage: environmental torques lead to a gradual accumulation of angular 
momentum. Large momentum capacity wheels can absorb more momentum before 
momentum needs to be offloaded, or in the case of Garada when momentum offloading is 
inefficient because of the current configuration of the earth magnetic field. 
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 Torque demands: manoeuvres require a torque profile to slew the spacecraft. Generally, the 
larger the available torque, the quicker the slews, Although not a hard driver, the large 
inertias suggest large torque wheels. In addition, for high slew rates, large momentum 
capacity is also required (as momentum is transferred between spacecraft and wheels during 
slew). 

The reaction wheel configuration is a tetrahedral set of 4. All 4 wheels are operated in hot 
redundancy, with the capability to manage the mission in the event of a single wheel failure. With 4 
reaction wheels the AOCS is fully robust to one wheel failure. Momentum management using 
offloading via the magnetorquers and the earth magnetic field ensures the wheels are maintained 
within their optimal operating envelope, avoiding zero crossings and excessive speeds. 

Off-the-shelf wheels are available and the prime candidate are the Bradford W18. These wheels 
have significant heritage, flying on many European missions, provide > 200 mNm of torque and up to 
40 Nms of momentum storage. Alternative wheels are available form Rockwell Collins Dynamics or 
from US supplier Honeywell. 

 Bradford Engineering W18 

 Provides fine attitude control 

 Heritage – Extensive use on many missions 

 Range of characteristics available 

 Four wheel flight set 

 Internally redundant electronics 

 1 RWA =  4.9 kg, 1 WDE = 8.8 kg, ~ 15 W, c. k€1000-1500 

 

Figure 8-8 Bradford Engineering W18 reaction wheels and electronics 

8.5.5 Magnetometer 

The magnetometer is used during initial acquisition and safe mode to measure the earth magnetic 

field and thus calculate the optimum dipole direction for the magnetorquers. A magnetometer 

measures the magnetic field in three orthogonal axes. The magnetometer axis alignment accuracy is 

better than 1deg. The measurements accuracy better than 50 nT. 

By way of example previous Astrium missions have used magnetometers provided by a number of 

different suppliers: ZARM, Lusopace, Tamam and Billingsley. 

8.5.6 Magnetorquers 

It is proposed to employ three 400 Am2 magnetorquers, with each providing torque capability about 

a distinct spacecraft axis. Such magnetorquers have been used on Aeolus: three orthogonally 

mounted MT400-2-L magnetorquers manufactured by Zarm Technik GmbH. Each magnetorquer 
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consists of two simultaneous wound coils around a high permeability core material. Both coils are 

interfaced to the unit’s interface connectors without any cross coupling connections. The winding 

consists of a double Polyimide insulated high temperature copper wire. The coils are held by coil 

isolator plates mounted at the ends of the core. A cutaway view of a torquer is shown in Figure 4-

168 below and reveals the inherently simple design and limited amount of components. 

 

Figure 4-168 Magnetorquer Cut-Away View 

8.6 Normal Mode 

The purpose of Normal Mode is to provide: 

 Normal SAR operation in nadir pointing attitude (with optional steering law), 

 Sideways pointing SAR operation with roll of up to ±20, 

 Slew the spacecraft between the observational attitudes, 

 Optionally slew the spacecraft to place spacecraft into the requisite attitude to perform 

delta V manoeuvres. 

The Normal Mode controller has to ensure high pointing performance to meet the requirements. 

The nominal Norma Mode attitude is shown in Figure 8-9. 

 

Figure 8-9: Spacecraft in nominal attitude 
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8.6.1 Controller Design 

With the selected solution, i.e. star tracker only, typically a phase advance would be employed to 

give the requisite gain and phase margins with adequate performance. In the presence of significant 

flexible modes a more complex controller, for example with elliptical filters, may be employed 

however as Garada is a rigid structure with benign manoeuvring demands, a simple controller should 

be all that is necessary. A double phase advance may be employed to give more effective increase in 

phase at the necessary bandwidth, but again as Garada is not particularly challenging for AOCS 

controller design despite the large inertias and so the controller design is therefore not the critical 

aspect of the mission. 

The classical design is well suited for the Garada mission where a single design tuning for NM science 

observation, NM slews and Delta-V manoeuvres can be achieved with comfortable margins in 

stability and performance. However, as shown in the mode structure, slews and delta-Vs are treated 

within submodes and so different tuning, for example if the delta-V disturbance torques were 

excessively large, can be realised. 

8.6.2 RW Momentum Management 

As the spacecraft is controlled by means of a set of reaction wheels, external torques will cause the 

momentum stored in the RWs to vary, both in a secular and oscillatory fashion. Unless the wheels 

are suitably offloaded (i.e. have their momentum managed via the application of other external 

torques) they risk becoming saturated (i.e. exceeding the nominal maximum momentum capacity). 

Hence a reaction wheel offloading function shall be implemented to constrain the wheel momentum 

levels to lie within predefined ranges whilst the spacecraft is operating in Normal Mode. This is 

achieved by adopting a scheme similar to other missions whereby the momentum of each reaction 

wheel is controlled to a predetermined set point via the magnetorquers. 

The momentum management of the reaction wheels is proposed to be performed continuously 

using the magnetorquers (MTQ). The MTQ interacts with the earth magnetic field to produce an off-

loading torque. Determination of the magnetic field in the body axis is performed using an on-board 

model rather than the magnetometer which allows continuous use of the MTQ (i.e. not having to 

switch off to take a MTM reading). 

The offloading torque is delivered in the plane orthogonal to the magnetic field as the magnetic field 

direction is uncontrollable (T=MxB where T is the offloading torque, B is the earth magnetic field and 

M is the MTQ magnetic moment). The magnetic control law is a closed-loop proportional gain 

control on the excess momenta vector for the active wheels (measured relative to the set-point): 

       

Where T is the torque demand, k is the control gain and H is the momentum error. 

Considered as a closed-loop proportional gain controller, k is effectively a time constant for 

offloading the excess momenta. The larger the gain, the faster the offloading. However, if the gain is 

too high the MTQs are continuously saturated, which reduces the performance of momentum 

management and increases the power demands. 
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In reality, as the disturbances are relatively low and the MTQ rather large, the final value of the gain 

does not need to be finely tuned and a relatively coarse tuning is sufficient. (The optimal value of 

MTQ k cannot be tuned analytically due to the non-static nature of the geomagnetic field. Instead, 

an iterative tuning approach must be taken in which the value of the parameter is gradually varied 

and the effect on wheel momentum management is assessed.) 

The end result of this scheme is that the MTQ imparts a slowly varying continuous disturbance 

torque (which can be fed-forward to mitigate an attitude effect on the spacecraft) onto the 

spacecraft that is beneficial for managing the momentum of the wheels. The magnetorquers are 

driven independently from the attitude measurements, responding to errors in wheel momenta only 

( i.e. the magnetorquers do not respond to sensed attitude errors, only the reaction wheels do that). 

Thus the continuous management of the wheel momenta via the magnetorquers has negligible 

impact on the attitude behaviour of the spacecraft. 

8.7 Acquisition and Safe Modes 

The acquisition modes are designed for the inertia configuration of Garada. The control algorithm is 

the Astrium patented Bdot Law with gravity gradient Stabilization. The aim of this mode is to acquire 

an attitude where the gravity gradient, which is the main perturbation, is null The control 

sequencing is: 

The Bdot Law with Gravity Gradient Stabilization performs and achieve the following objectives: 

 Short term: loss of kinetic energy through a magnetic braking effect -> rate damping 

 Long Term: alignment of the internal angular momentum (disposed along the spacecraft 

pitch axis) with the orbit normal and s/c rotating at the orbital frequency around the orbit 

normal -> Nadir attitude  

The Astrium standard Bdot has been originally developed as an Astrium product. It is based upon a 

simple control law which consists in measuring the Earth magnetic field with a magnetometer, and 

performing with magneto-torquers the following command: M=-k Bdot(derivative expressed in a 

spacecraft frame), where M is the magnetic moment demand on the magnetorquers, k is a control 

gain and Bdot is the measurement of the geomagnetic field derivative in spacecraft frame. 

Furthermore, in order to set the spacecraft spin axis, an internal angular momentum H is produced 

using the reaction wheels. From initial launcher separation (or in case of failure), the main stages of 

this mode are: 

• Initially, when the spacecraft rotation rate is large, the magnetic control torque behaves as a 

damper. The spacecraft kinetic energy is dissipated and the angular rate reduced. 

• Then, the Bdot law induces the (re)alignment of the internal angular momentum (placed along 

the spacecraft pitch axis) with the magnetic field rotation rate, i.e. with the orbit normal. At the 

end of this dynamic phase (large angles, angular momentum re-orientation and Bdot damping), 

the spacecraft pitch axis is oriented towards the orbit normal. 

• In converged situation, when the spacecraft rotation rate is small, the control torque tends to 

make the satellite follow the magnetic field. The magnetic field having a bi-orbital component in 

the orbit plane, the satellite rotates at twice the orbital rate. 



 

28 

V01_00                                                          Annex 8. Orbit Control Analysis                                           30th June 2013 

The mode is fully autonomous (no position knowledge required), and is not limited in time (no 

propellant consumption), provided that solar arrays are adequately oriented. Furthermore, only the 

most reliable units are used (magnetometers, magneto-torquers and reaction wheels). In particular, 

STR and GPS  are not used. 

In a sun-synchronous dawn-dusk orbit, this strategy is particularly well suited as the sun direction 

and the orbit normal are approximately colinear. This alignment ensures a constant illumination of 

the solar array, as shown in Figure 8-10. 

 

Z 

Z 

Z 

Z 

Z 

Z 

Z 

Z 

Sun direction 

 

Figure 8-10: Bdot configuration 

The converged situation of this mode is a spacecraft rotating at twice the orbital rate around the 

orbit normal. In such an attitude, and due to the huge Garada inertia difference, the gravity gradient 

disturbance torque would dominate the control torque. Thus the traditional “Bdot law” cannot be 

used as is. Therefore, an alternative concept has to be defined. 

Instead of trying to control all disturbance torques and in particular the large gravity gradient 

torque, this new concept uses the gravity gradient for passive stabilisation. The classical “Bdot law” 

is then modified so that the spacecraft rotates at one time the orbital pulsation, and the gravity 

gradient passively stabilises the satellite along its lowest inertia axis as shown in Figure 8-11. 



 

29 

V01_00                                                          Annex 8. Orbit Control Analysis                                           30th June 2013 

 

Z 
Z 

Z 

Z 

Z 
Z 

Z 

Z 

Sun direction 

 

Figure 8-11: Modified Bdot configuration 

To define a new magnetic control with orbital rotation rate, the previous Bdot control law is biassed, 

to ensure a reference rotation rate at orbital rate. This is realised by subtracting the cross product of 

the reference rate (orbital rate) and the measured geomagnetic field vector. 

Thus the spacecraft will now rotate about the pitch axis, aligned with the orbit normal, at a mean 

rate of the orbital rate. 

8.8 FDIR 

The Garada FDIR design ensures the spacecraft is tolerant to all credible single point failures (SPF) 

and ensures the critical spacecraft survivability under all conditions. It uses two fundamental 

recovery strategies, switch to redundant equipment but continue the nominal mode (Redundancy 

Management FDIR level) or switch to Safe Mode (System Safety level) with scheduled operations 

stopped and the spacecraft in a stable safe state until ground intervenes. 

The FDIR is designed around a hierarchical architecture (illustrated in Figure 8-12): 

o At level 5, ground executes contingency recovery procedures (e.g. recover from Safe Mode). 

o At level 4, OBC Reconfiguration Modules oversee the health and function of the OBC and 

flight software by monitoring hardware alarm inputs and performing OBC reconfigurations 

and restart in response.  

o At level 3, the flight software monitors the health of the OBC and its own run time health 

through use of traps, alive flags and similar techniques and requests an OBC reconfiguration 

by the Reconfiguration Modules by setting a software alarm. 

o At level 2, the OBC SW monitors telemetry in the Global Data Pool to identify failures of 

units and subsystems and performs the necessary recovery actions. These will either be; 

o Fail Safe - on-board switch to redundancy plus a backup mode, with termination of 

scheduled activities. 

o Fail Operational - on-board switch to redundancy, with continuation of the 

scheduled mode and activities. 
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o At level 1, the units internally detect and react to failures (e.g. LCL trip, inputs majority 

voting). If a level 1 action impacts the unit function then a level 2 monitor is used to detect 

this. 

The monitoring and recovery actions utilise the following Packet Utilisation Standard (PUS) services: 

o PUS 12: On board monitoring, status and limit check monitoring of parameters stored in the 

Global Data Pool 

o PUS 5: Event reporting, to report nominal operations as well as anomalies, depending on the 

severity on-board action is required 

o PUS 19: Event & Actions, event detection triggering autonomous action execution 

o PUS 18: OBCP, On-Board Control procedures for FDIR. 

 

Figure 8-12: FDIR Strategy 
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9 Performance Assessment 

9.1 Normal Mode 

Simulations have been performed to assess the AOCS performance in Normal Mode. Data from a 

typical run is shown in Figure 9-1 and Figure 9-2. 

 

Figure 9-1: APE 

 

Figure 9-2: APE with bias removed 

Note that the performance on the three axes are different. This is due in a large part to the different 

performance of the star tracker between the transverse and longitudinal axes, plus the inertia 

configuration and controller tuning. 
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Also not that performance presented here is at AOCS level. System level (e.g. payload misalignment, 

structure thermo-elastic) have not been included. These elements are usually introduced at system 

level budgets (although it is possible to simulate these details with a detailed high-fidelity simulator). 

Quantitative results on the performance during Normal Mode are shown in Table 9-1. 

 

Table 9-1: APE results 

The good performance of the spacecraft is largely due to the high-quality star tracker. 

9.2 Initial Acquisition 

Simulations have been performed to assess the performance during initial acquisition. A typical 

acquisition sequence is shown in Figure 9-3 and Figure 9-4. 

 

Figure 9-3: Body rates during acquisition. 

Note how the body rates on the x and z axes converge towards zero, whilst the rate around the y 

axis converges to a mean of approximately -0.001/s, equivalent to orbital rate, as expected. The 
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Figure 9-4: Convergence angle (between y axis and anti-orbit normal) 

Note how the angle between the spacecraft y axis and the anti-orbit normal reduces towards zero, 

but during the course of this simulation never goes beyond 45. This is important because even at a 

relatively large angle to the sun, the array will begin to generate power, and even at a sun angle of 

31 (sun declination plus orbit inclination) the power availability is > 85%.  
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10 Conclusion 

This report has presented the design drivers, trade-offs, analysis and baseline solution for the 

Garada AOCS. A solution has been defined and presented that meets the Garada performance and 

functional requirements, whilst maintaining heritage to reduce cost. Due to the use of a standard 

high-accuracy multi-head star tracker, the nominal mission is robust and accurate. Simple and robust 

equipment can be used for acquisition and safe modes, which in turn reduces cost and risk – 

moreover a strategy can be utilised with heritage from previous activities. 

The key baseline solutions are: 

 A modified Bdot magnetic control strategy for acquisition and safe mode; 

 A simple star tracker only normal mode solution with reaction wheels for actuation; 

 A star tracker optical head configuration to allow continuous visibility. 

The baseline hardware solution for Garada consists of: 

 Star Tracker – a multiple optical head configuration providing continuous coverage; even in 

the event of a single failure to provide absolute attitude information during the nominal 

mission; 

 GNSS – provides orbital position to the on-board navigation and guidance functions; 

 Coarse Sun Sensors – provides a measure of the sun direction for use in sun acquisition, 

attitude anomaly detection and eclipse detection. 

 Magnetometer – provides measurement of the geomagnetic field as inputs to the magnetic 

control law. 

 Magnetorquer – provides simple and robust actuation using the geomagnetic field in 

acquisition and safe modes, and allows momentum management of the reaction wheels 

during the nominal mission; 

 Reaction Wheels – a set of 4 wheels (allowing for a single failure) provides the nominal 

control actuation during the nominal mission. 
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Executive Summary  

This industrialisation plan assesses the Garada tasks that can be performed by Australian 
industry, the skills that will be developed and the applicability of those skills to future space 
and earth observation projects.  The plan sets out how the Garada project can contribute to 
the objectives stated in the government’s Satellite Utilisation Policy through industry 
participation.  The policy aims are distilled into the following objectives that can be achieved 
through the Garada project: 

a. To increase Australia’s depth and breadth of SAR data analysis skills and the 
application of the data to the Australian community. 

b. To increase Australia’s small satellite skills to be able to design and develop small 
satellites. 

c. To increase Australia’s skills to be able to design and develop instruments for 
deploying on larger earth observation satellites. 

d. To increase the breadth of Australia’s skills to be able design, develop and operate the 
ground segment for Australian owned satellites.   

e. To increase Australia’s depth and breadth of skills in space engineering.   

The opportunities for Australian participation in the Garada space and ground segments are 
identified and examined.  By using the outputs from the Garada Capability Requirements 
Matrix, that identifies all the capabilities required to perform the Garada program, and the 
Australian Industry Capability Report, that details the current capabilities of Australian 
industry, academic and industrial organisations, candidates for Australian industry 
participation are identified.  The current capabilities of Australian industries to undertake this 
work are assessed and the major conclusions are: 

• For the Garada space segment the capabilities relating to the design and manufacture 
of a spacecraft are considered as occurring in four distinct tiers where: 

− Tier 1 is the major system integrators who sell whole spacecraft and systems. 

− Tier 2 is the companies that provide spacecraft subsystems. 

− Tier 3/4 is the component/parts suppliers to the tier 2 companies. 

There are no tier 1 or tier 2 companies operating in Australia.  However, industry, 
working with the specialist space integration and test capabilities at the Advanced 
Instrumentation Technology Centre (AITC) in Canberra has capabilities to operate at 
tier 3/4 in the areas of global navigation systems, communications, antennas, 
structures, mechanisms, actuators, electronic boards, harnesses, electronic modules 
and boxes, power supplies, RF components, and systems engineering.  

• For the ground segment, the Australian industry capability has much greater strengths 
in comparison to the space segment and, building on its strengths in satellite 
communication systems, has the skills to support the design, development and 
operation of the ground segment required for Garada. 

• For the value added processing and SAR application segment, where experts convert 
the SAR image data and raw data into value added products and apply them to 
clients’ needs.  Australia has strong capabilities developed over many years from 
interpreting and applying optical imagery from space.  However the complexity of 
understanding the imaging process for SAR is much greater than that for optical data 
and the expertise is not widely available.  Programs will be required to bridge the 
knowledge gap and disseminate the expertise more widely across industry, academia 
and government. 
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Surveillance through SAR also brings with it large quantities of data that need to be 
processed, stored, archived and distributed to users and researchers.  Australia has 
strong expertise in this area as evidenced by the The Research Data Storage 
Infrastructure Project, Australian National Data Service and Australian Square 
Kilometre Array Pathfinder programs. 

• Australian industry is well placed to support the legal, regulatory, insurance and 
project management requirements of Garada.  Whilst the required project 
management expertise is widely distributed across industry, the regulatory and 
insurance knowledge resides in a limited number of individuals but is nonetheless 
adequate to support a project the size of Garada. 

There are gaps in Australia’s capabilities and these need to be filled through programs of 
training and knowledge transfer from specialist overseas companies and space agencies.  
This report discusses how these capabilities can positively contribute to the Garada project 
and at the same time progress the achievement of the aims expressed in Australia’s Satellite 
Utilisation Policy.  Examples are given of secondment of personnel to the overseas prime 
contractor; undertaking training such as those offered by local and overseas universities; 
prime contractor subject matter experts resident on local engineering teams; participation in 
international earth observation initiatives and government investment in centres of 
excellence.  For each area of participation the skills developed and their applicability to 
future space and earth observation programs, are described. 

Also described is a nominal allocation of work between Australian and Foreign Industry; this 
is illustrated against a high level work breakdown structure for the Garada mission. 

The government’s Australian Industry Participation framework, that is based on giving 
Australian industry full, fair and reasonable opportunity to participate in government projects, 
is described and discussed.  The AIP provides an excellent framework and guidelines for the 
engagement of the Garada project with Australian industry.  A straw man Industry 
Participation Plan is provided in section 11 that shows how the AIP objectives can be 
achieved, outlines the actions required and provides a roadmap for implementation.  

It is concluded that participation in Garada by Australian industry will provide the 
fundamental skills for providing complete ground segments for large earth observation 
satellites as well as nanosats and microsats.  This will position industry well for working with 
the government to implement the upgrades resulting from the National Earth Observation 
from Space Infrastructure Plan.  By actively working with an overseas prime contractor on 
the Garada spacecraft, which may include seconding Australian engineers into the prime’s 
team, and undertaking work on subsystems, Australia will increase its capability to design 
and develop nanosats and small microsatellites.  Examples of the latter include the 
proposed:  Buccaneer 3U cubesat for Defence, Antarctic Broadband satellites for improved 
Antarctic communications; and 6U spacecraft for earth observation and scientific purposes.   

Application of the SAR processing and interpretation skills obtained through participation in 
Garada also has ongoing benefits to industry.  Applicability of these skills lies not only within 
the application to diverse solutions within Australia but also to regional neighbours.  As our 
northern neighbours lie in tropical areas with high cloud cover, the cloud penetrating 
capability of SAR provides more opportunity for the application of earth observation than 
optical sensors.  The use of SAR in these markets represents a strong area for growth for 
organisations skilled in the interpretation and application of SAR data from Garada and other 
spacecraft.  
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1. Scope 

This is the Project Industrialisation Plan for the Garada formation flying satellite based 
Synthetic Aperture Radar (SAR) system.  This plan is a deliverable under Garada Work 
Package 9- Industrialisation Analysis, deliverable TK 9.5 Project Industrialisation Plan.   

The Project Industrialisation Plan takes the outputs from the Capability Requirements Matrix 
(TK9.1) and Australian Industry Capability Report (TK9.2) along with the government’s 
Satellite Utilisation Policy and assesses the Garada tasks that can be performed by 
Australian industry, the skills that will be developed and the applicability of those skills to 
future space and earth observation projects.  The skill delta that exists between the current 
skillset in Australia and that required to undertake the tasks is assessed and a roadmap 
showing how this skill delta can be addressed is provided. 

1.1. Work Package Context 

The context of this document within WP 9 is illustrated in Figure 1: Work Package 9 Context. 

 

Figure 1: Work Package 9 Context 

1.2. Document Purpose  

The purpose of this document is to inform stakeholders how the Garada project can be 
implemented within Australian Industry and the applicability of the skills obtained through this 
participation to future space and earth observation projects.   

2. Referenced Documents, Definitions and Acronyms 

2.1. Referenced Documents 

 

Ref Document 
Identifier Title  Rev. Date 

1 2344DT 
00006 

Australian Industry Capability Report for 
Garada Formation Flying SAR System 

1 21 Dec 12 

2 DIISRTE, 
12/257 

Australia’s Satellite Utilisation Policy,  9 Apr 13 

3 2344DT 
00005 

Capability Requirements Matrix for the 
Garada Formation Flying Synthetic Aperture 
Radar System 

1 31 Mar 12 

4 DIISR 
11/144 

Principles for a National Space Industry Policy  Sep 12 
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Ref Document 
Identifier Title  Rev. Date 

5 2344DT000
010 

Garada Preliminary Ground Segment 
Architecture. 

1 21 Dec 

6  “04. 6U CubeSat as the Basis for a 
Sustainable Australian Space Program - 
Steven Tsitas[1].pdf”  ACSER UNSW  

 Jun 12 

7  http://www.abc.net.au/science/articles/2012/0
6/06/3519635.htm, Steven Tsitas, ACSER 
UNSW 

 06 Jun 12 

8  http://antarcticbroadband.com/about/   11 

9  Australian Industry Participation National 
Framework, Commonwealth of Australia. 

 April 01 

10  Australian Industry Participation Plans in 
Commonwealth Government Procurement, 
Department of Industry, Innovation, Science, 
Research and Tertiary Education. 

2.0 July 12 

11 2012-0224 Robust Imaging from Space, CTG Consulting 
for DIISRTE 

1.1 Aug 12 

12  Australia and SAR: A Road Map, John 
Richards, CRC for Spatial Information 

 2013 

13  TK1.2 Garada SAR Formation Flying 
Business Case for Implementation 

01_0
1 

31 Jan 12 

14 2344DT000
05 

TK 9.1 Capability Requirements Matrix for the 
Garada Formation Flying Synthetic Aperture 
Radar System 

1 31 Mar 
2012 

15 2344DT000
06 

TK 9.2 Australian Industry Capability Report 
for the Garada Formation Flying Synthetic 
Aperture Radar System 

1 21 Dec 
2012 

 

2.2. Definitions 

Small satellites <500kg are generally defined in terms of the launch mass.  The classes of 
small satellites referred to in this document are defined in Table 1. 
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Table 1: Satellite Class Definitions 

Satellite Class Mass Range 

Pico satellites < 1kg 

Nano satellites 1-10kg 

Micro satellites  10-100kg 

Mini satellites  100-500kg 

Satellites  >500kg 

 

2.3. List of Acronyms 

Abbreviation Expansion 

AIP Australian Industry Participation 

AIPP Australian Industry Participation Plan 

AIT Assembly Integration and Test 

AITC Advanced Instrumentation Technology Centre 

ANDS Australian National Data Service 

AOCS  Attitude and Orbital Control System 

AR Acceptance Review 

ASKAP Australian Square Kilometre Array Pathfinder 

CDR Critical Design Review 

CRCSI Cooperative Research Centre for Spatial Information 

CRR Customer Requirements Review 

DEM Digital Elevation Model 

DIISRTE Department of Industry, Innovation, Science, Research and 
Tertiary Education 

ECSS European Committee for Space Standardisation 

EGSE Electrical Ground Support Equipment 

EMI/EMC Electromagnetic Interference / Electromagnetic 
Compatibility  

EO  Earth Observation 

GNSS Global Navigation Satellite System 

HPA High Power Amplifier 

ICN Industry Capability Network 

ILS Integrated Logistics Support 
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Abbreviation Expansion 

IP Intellectual Property 

MDR Mission Definition Review 

MGSE Mechanical Ground Support Equipment 

NASA National Aeronautics and Space Administration 

NEOS IP National Earth Observations from Space Infrastructure 
Plan 

PDR Preliminary Design Review 

QR Qualification Review 

R&D Research and Development 

RDSI Research Data Storage Infrastructure 

RF Radio Frequency 

SAR Synthetic Aperture Radar 

SME Small / Medium Enterprise 

SRR System Requirements Review 

TERN Terrestrial Ecosystem Research Network 

UN United Nations 

V&V Verification and Validation 

WGS Wideband Global Satcom 

 

3. Background 

3.1. Garada Overview 

Garada is a proposed Australian led Formation Flying L-Band SAR satellite system that 
provides SAR imagery and interpreted data to primarily Australian end users for the 
purposes of soil moisture mapping, forest change detection, flood and disaster monitoring 
and bistatic research.  It is aimed primarily at civilian applications but may also support 
defence.   

The system comprises two identical satellites flying half an orbit apart in a sun synchronous 
orbit of 630km altitude.  The orbit repeat cycle of 6 days results in the whole of Australia 
being overflown every three days.  The main payload is a high resolution L band Synthetic 
Aperture Radar that has a resolution of 4-11m in range and 7m in azimuth.  A secondary 
payload is a Global Navigation Satellite System (GNSS) receiver designed to receive 
positioning and timing signals from multiple satellite navigation systems.  The satellite is 
intended to be launched from the, Falcon 9 class launch vehicle.  The design is based on 
Astrium’s Snapdragon configuration and TerraSAR-L experience.  The primary ground 
station for receiving the satellite data is located in Antarctica to provide good orbit coverage.  
The return of the received data to Australia uses the proposed Antarctic broadband link 
satellite data system (ref 5).  A secondary ground station in Tasmania provides additional 
orbit coverage and redundancy.  The mission and payload operations and payload data 
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processing are carried out in an operations centre located in Australia and staffed by 
Australian personnel. 

3.2. Training Program in SAR Technologies 

TK9.3 entitled a Training Program in SAR Technologies constituted a discrete deliverable in 
support of Garada Work Package 9 (WP9). It was agreed that the program would take the 
form of a one-day workshop aimed at imparting knowledge concerning Synthetic Aperture 
Radar (SAR) techniques, and further raising awareness of the applications and benefits of 
SAR remote sensing amongst the Australian Earth Observation community spanning 
Industry, Research and Government. 

The following is a summary of the planning and outcome of the SAR Workshop held at 
UNSW on 7 December 2011. BAE Systems was responsible for coordinating the workshop, 
with technical support from Astrium and logistic support from UNSW. 

3.2.1. Workshop Objectives 

The promulgated objectives of the workshop were as follows: 

• To provide expert presentations on SAR techniques covering fundamental principles, 
sensor systems, design considerations, application areas and the benefits of GPS 
formation-flying 

• To provide a forum for the exchange of information between SAR experts, technology 
providers and end users, particularly requirements relevant to the Garada SAR 
Formation Flying project 

• To facilitate relationships between consortium members and key stakeholders aimed 
at enhancing the outcomes of the Garada SAR Formation Flying project 

3.2.2. Workshop Audience 

The workshop was targeted at the following stakeholders: 

• SAR Subject Matter Experts (presentation delivery) 

• SAR / Earth Observation end users including the Bureau of Meteorology, CSIRO, 
Geoscience Australia, Defence and other government, research and industry 
organizations 

• Garada consortium members including engineering, research and management 
personnel 

• Other participants including research students 

3.2.3. Workshop Program 

The workshop program was split into tutorial and application themes covering the morning 
and afternoon sessions respectively. BAE Systems worked closely with David Hall and 
Martin Cohen at Astrium, and with Dr Nick Stacy at DSTO in respect to providing SAR 
subject matter expertise for the tutorial element. This theme was complemented by 
application-focussed presentations by Geoscience Australia, the Defence Imagery and 
Geospatial Organisation (DIGO) and UNSW. The workshop culminated in a guided 
discussion session facilitated by Astrium and supported by DSTO and UNSW panel 
members. A copy of the publicity flyer containing the workshop program is included in Annex 
B.  
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3.2.4. Workshop Outcome 

Following distribution of the flyer to a comprehensive mailing list and promotion via the 
Garada website, the SAR Workshop was successful in attracting ~75 participants from the 
Industry, Research and Government sectors. This was a significant achievement in respect 
to bringing together pre-eminent SAR system specialists and principal SAR end users 
spanning the Civil and Defence communities. In doing so, TK9.3 complemented the broader 
objectives of WP9 relating to enhancing involvement by Australian Industry and other 
stakeholders in a future Garada or other SAR mission focussed on meeting national needs.  

3.3. Capability Requirements Matrix 

Prior to undertaking the industrialisation planning for Garada, an analysis of the capabilities 
required to undertake all the work was performed.  This analysis resulted in publication of the 
report “TK9.1 Garada Capability Requirements Matrix”, ref 14.  A summary of this report is 
provided  in Annex C.  This annex lists the high level tasks required to develop, launch and 
operate the Garada System.   

The tasks are structured into a space segment, a launch service segment and a ground 
segment.  Within each segment there is a design and analysis activity to produce the 
requirements for the next tier and an integration and test activity to “build up” and verify the 
product from the lower tiers.  This process is repeated at each tier, down to the level of 
granularity necessary to define the required capabilities.  Tasks that are likely to involve 
significant development activities or significant modification of existing products (eg GNSS 
and SAR) are decomposed to a lower level than those that are likely to be reuse of an 
existing product with minor modifications, (eg structure, OBDH, AOCS etc).   

The required capabilities listed across the top of the matrix are broken down to a level of 
granularity required to support the identification of a unique or specialist capability required 
to undertake the Garada project. 

Each task is described in terms of the product scope it deals with and the work scope 
required to undertake the task.  By reading across the matrix, the capabilities required to 
perform the work are identified by an “x” in the relevant column.  Each of these capabilities is 
defined with the capability descriptions being detailed in ref 14. 

3.4. Australian Industry Capability 

3.4.1. Australian Industry Capability Report 

Also providing a key input into this report are the results of the Australian Industry Capability 
Report for Garada, TK9.2; ref 15, that was undertaken as part of the work package 9 
activities.  This report surveyed Australian organisations (including government and 
academia) and assessed their abilities to undertake the capabilities identified in the Garada 
Capability Requirements Matrix.  In fulfilling this, the report provided a snapshot of the 
capability of Australian organisations to undertake the work related to the Garada mission.  
Details of the capabilities by individual organisation are provided in ref 15 and are 
summarised in Table 2.   
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Table 2: Organisation Capability Summary 

Capability Area Capability Number of Organisations

Structure 1

Attitude and Orbital Control 1

Harness 0

OBDH 0

Communications 2

Thermal Control 0

Power (solar arrays, storage, and control) 0

On board computing 1

Propulsion 6

Science experiments 7

Space manufacturing 2

Telecommunications payloads 3

Remote sensing payloads 1

Instruments/sensors/mechanisms/components 9

Testing 8

Launch services 0

Satellite operator 3

Computer systems and software 20

Electronics 22

Ground operations 16

Ground support/infrastructure 14

Research and development 40

Ground Systems engineering 25

Ground instruments 3

Navigation services 19

Broadband services 13

Broadcasting 11

Environmental monitoring 16

Geospatial applications 66

Meteorology 3

Narrowband services (voice) 21

Consultancy 33

Financial 0

Insurance 1

Legal 10

Project management 28

Space education 40

Space policy 29

Organisation Type of Organisation Number of Organisations

Government 29

Academia 31

Industry 112

Association 14

Space Segment

Ground Segment

Downstream Services

Support Services

Organisation 
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3.4.2. Australian Industry Capability Conclusion 

The report concluded that two prime conclusions could be drawn.   

• Australia has limited capability in space systems.  Participation in the Garada space 
segment would largely be through specialist research; the supply of parts, 
components, and minor subsystems for the spacecraft; provision of specialist 
supporting services; and the provision of personnel to undertake technology transfer 
by participating in the design and AIT of the spacecraft with the prime contractor. 

• Australia has strong capability in ground systems and is capable of priming the ground 
segment and undertaking the design and development. 

In the area of space systems, whilst previously Australia had some capability within 
commercial industry this has largely disappeared over the last 15 years due to the lack of 
commercial opportunities and termination of the National Space Program.  Currently, 
Australia has no capabilities as a satellite integrator or satellite subsystem supplier for a 
spacecraft the size of Garada (3,000-4,000kg.)  Australia’s space systems capabilities are in 
the area of component suppliers.  Australia has areas of specialist capability that can be 
applied to spacecraft subsystems but there are few opportunities to do so.  The extra 
specialised production processes and testing required over and above that needed for 
commercial and military applications are not commercially viable.  However, this capability 
gap is being filled by the Government’s investment in the AITC at ANU in Canberra.  When 
completed in 2013, the AITC will provide science and industry with the capability to provide 
parts, components and small subsystems to the Garada spacecraft.  Australia will be able to 
undertake research, development and manufacture of subsystem components in the 
specialist areas of communications, antennas, GNSS, propulsion, instrumentation and other 
areas. 

Australia’s capabilities in the ground segment are strong.  It has capabilities across all of the 
key areas, the further downstream the capability, the stronger it is.  In the upstream area of 
satellite operation, currently only Optus has this capability.  This will be strengthened in the 
near future by the addition of Newsat and NBN Co who are both procuring satellites that will 
be operated in this country.  Ground station operation and the acquisition and processing of 
earth observation data has been undertaken by Geoscience Australia and commercial 
industry for many years.  With this background, Australia has the capability to prime the 
Garada ground segment and undertake the ground systems of ground station, mission 
operations, payload operations and data processing.   

Australia can also make a significant contribution in the specialist services sector.   Australia 
has law firms proficient in international and national space law as well as companies 
experienced in space insurance brokerage.   

4. Project Life Cycle Context 

This document provides a plan for Australian Industry to participate in the development, 
manufacture and operation of the Garada system.  In the context of the typical life cycle of 
space projects, this covers phases 0 to E where the phases are as described below. 

The life cycle of space projects is typically divided into 7 phases as follows: 

• Phase 0 ‐ Mission analysis/needs identification 

• Phase A ‐ Feasibility 

• Phase B ‐ Preliminary Definition 
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• Phase C ‐ Detailed Definition 

• Phase D ‐ Qualification and Production 

• Phase E - Utilisation 

• Phase F - Disposal 

Phases 0, A, and B are focused mainly on the elaboration of system functional and technical 
requirements and identification of system concepts to comply with the mission statement. 

Phases C and D comprise all activities to be performed in order to develop and qualify the 
space and ground segments and their products. 

Phase E comprises all activities to be performed in order to launch, commission, utilise, and 
maintain the orbital elements of the space segment and utilize and maintain the associated 
ground segment. 

Phase F comprises all activities to be performed in order to safely dispose of all products 
launched into space as well as the ground segment. 

Currently, Garada activities are being undertaken that are associated with the project Phase 
0 and Phase A scope.  This is being carried out under the Australian Space Research 
Program Funding Agreement ASRP5.  These activities comprise the following work 
packages: 

WP1 Space Systems Engineering and Radar Applications  

WP2 SAR Solution  

WP3 SAR System Analysis  

WP4 Bistatic Radar  

WP5 Prototype Receiver  

WP6 Formation Flying Algorithms  

WP7 Orbit Models  

WP8 Orbit Control Analysis  

WP9 Industrialisation Analysis  

WP10 Ground Segment Study.  

This Project  Industrialisation Plan under WP9 primarily covers the subsequent project 
phases B, C, D and E.   

5. Objectives 

This industrialisation plan is written with the aim of the Garada project contributing to the 
following objectives derived from references 2 and 13. 

a. To increase Australia’s depth and breadth of SAR data analysis skills and the 
application of the data to the Australian community. 
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b. To meet applicable objectives in Australia’s Satellite Utilisation Policy. (ref 2 and 
sections 6 and 10. 

c. To increase Australia’s small satellite skills to be able to design and develop small 
satellites. 

d. To increase Australia’s skills to be able to design and develop instruments for 
deploying on larger earth observation satellites. 

e. To increase the breadth of Australia’s skills to be able design, develop and operate the 
ground segment for Australian owned satellites.   

f. To increase Australia’s depth and breadth of skills in space engineering.   

6. Space Policy Considerations 

Australia aims to achieve ongoing cost effective access to the space capabilities on which it 
relies.  To this end, the government has produced a policy, known as Australia’s Satellite 
Utilisation Policy (ref 2), to express Australia’s space objectives.  This policy follows on from 
the Principles for a National Space Industry Policy published in 2011 (Ref 4).  The Satellite 
Utilisation Policy was issued by the Government on 9th April 2013.  It expands on the 
principles by providing specific statements of how each principle will be implemented.  In the 
policy, the government has not committed Australia to human spaceflight, domestic launch 
capabilities or exploration of other planets.  Instead it focuses on the space capabilities that 
Australia depends on.  Specifically earth observation, satellite communications and position, 
navigation and timing.  Australia’s participation in the Garada project needs to align with the 
aims expressed in the policy to contribute to Australia’s long term future in space. 

The policy aims relevant to Garada that are used to guide this plan are: 

• Prioritise research focused on earth observations from space, satellite communication 
and positioning, navigation and timing.  (Principle 1) 

• Build and retain high quality Australian space expertise. (Principle 6) 

• Ensure Australia has the infrastructure, capabilities and skills to access, process, 
store, integrate, use and distribute the data and information from space systems.  
(Principle 2) 

• Develop Australian systems, sensors, hosted payloads or (small) satellites.  (Principle 
2) 

• Facilitate academic, inter-government and industry exchanges with appropriate 
international partners.  (Principle 6) 

There are areas where it is strategically beneficial for Australian Industry to be involved.  
Participation in the development of sensors, instruments, payloads and the undertaking of  
satellite operation and data processing is of strategic benefit to industry.  Participation in the 
development of spacecraft platforms and platform subsystems that can be readily purchased 
from overseas suppliers is not of long term interest to industry.  A stated strategic aim of the 
Australian Government is to manage the risks of over dependence on international systems 
by developing Australian systems, sensors and hosted payloads.  Correspondingly, the most 
beneficial areas for industry participation in the Garada project are those relating to the 
spacecraft payload and sensor development, ground segment development and operation, 
and the downstream, value added interpretation and application of the SAR data. 
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7. Garada in Context of the Australian SAR Reports 

Two reports covering the future use of SAR imaging in Australia have been recently 
published by the CRC for Spatial Information (CRCSI).  “Robust Imaging from Space” by 
CTG Consulting (ref 11), and “Australia and SAR: A Road Map” (ref 12) by John Richards.  
The former assesses the need for the development and operation of a space based SAR 
imaging capability in Australia and identifies many opportunities for improvement in 
Australian SAR capabilities.  The latter report builds on the former and recommends a road 
map for an incremental cost effective strategy for Australia’s continued access to future SAR 
imagery.  The roadmap report (ref 12) describes the significant benefits the all weather, wide 
area imaging capability of SAR spacecraft bring to a wide range of applications.  To access 
this data,  Australia currently relies on the investments in SAR systems by other nations.  To 
continue to access SAR data, Australia needs to determine whether it can rely with 
confidence on overseas data providers for applications of national interest or whether it 
needs to secure future access by contributing to space and ground segment hardware.  The 
roadmap report discusses these options and describes the multiple choices that are 
available to Australia to continue as a user of SAR data.  The analysis is conducted across 
the three principal segments in the SAR value chain of space segment, ground segment and 
the value adding segment that converts and applies the SAR data to existing and innovative 
applications for clients.  These options and their advantages and disadvantages are 
summarised in Table 3 which is taken from the roadmap report.   

The roadmap report concludes that the best option for Australia is to proceed with Australian 
equity in another nation’s SAR spacecraft program, share the ground segment with the other 
nation and develop a skilled Australian SAR workforce that is able to interpret the SAR data 
and apply it to the multiple needs of Australian users.  Of the options available, this 
combination comes at a lower cost and risk and allows the development of Australian 
expertise, particularly in the value added segment.  These options are highlighted in yellow 
in Table 3 as the recommendations from the Road Map report.  The report concludes with a 
transition plan for moving from the current Australian skill base in SAR expertise to that 
required to support the recommended options. 

In contrast, Garada is a proposal for Australia to own, or have significant equity in, a 
specialised SAR spacecraft that is optimised to Australia’s needs, (ref 13).  Optimised in this 
context is in relation to the orbit to give full coverage of Australia with a 3 day revisit rate, and 
SAR performance to provide soil moisture measurements to the level of fidelity required for 
Australian farm management and strategic resource management.   These choices are 
highlighted in Table 3 in green.  This set of choices also requires a transition plan to move 
from the current Australian skill base to one that is able to support Garada and future 
programs. 

This document describes the realistic participation Australian industry could take in the 
Garada project, the longer term benefits to industry and Australia, and the roadmap to 
achievement. 
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Table 3: Participation Choices Available (from Ref 12) 

ID Choice Principal 
Advantages 

Principal 
Disadvantages 

Notes 

Space Segment 

SS1 Purchase of data as required Lowest cost Supply continuity not 
guaranteed, pricing not 
guaranteed 

 

SS2 Australian equity in another 
nation's future program 

Moderate cost, less 
compromise, may 
influence later 
specifications 

Lead time may be 
unacceptable 

Recommended choice in 
“Australia and SAR: A Road 
Map” 

SS3 Australian equity in another 
nation's current program 

Moderate cost, 
compromise, 
acceptable lead time 

Accept current 
specifications 

 

SS4 An Australian SAR on another 
nation's spacecraft 

Optimised instrument Moderately expensive, 
high risk, local skills 
needed, long lead time 

 

SS5 An Australian spacecraft or cluster Total design control Expensive, high risk, 
local skills needed, long 
lead time 

Garada solution 

Ground Segment 

GS1 Overseas ground segment Lowest cost Minimal control over 
acquisitions 

 

GS2 Shared ground segment Moderate cost, 
compromise 

May not be optimal Recommended choice in 
“Australia and SAR: A Road 
Map” 

GS3 Dedicated Australian ground 
segment 

Total design control Expensive, high risk, 
local skills needed, long 
lead time 

Garada solution 

Value Added Segment 

VAS1 Source expertise from overseas 
on fee for service 

Low cost No Australian skills 
development and thus no 
value added markets 

 

VAS2 Establish single expert agency Skilled Australians, 
best funded 

High risk, since 
investment in key people 
not spread 

Recommended choice in 
“Australia and SAR: A Road 
Map” 

VAS3 Establish several expert agencies Skilled Australians, 
risk spread 

Resources are spread; 
may offset by networking 

Garada solution 

Recommended choice in 
“Australia and SAR: A Road 
Map” 
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8. Australian Industry Participation in Garada 

8.1. Opportunities for Australian Industry Participation 

The capabilities required to undertake the Garada project are contained in the Garada 
Capability Requirements Matrix (ref 3).  This document lists the high level tasks required to 
develop, launch and operate the Garada System.  The tasks are structured into a space 
segment and a ground segment.  The space segment consists of a spacecraft, launch 
services and ground support equipment.  The ground segment incorporates the ground 
station, the satellite monitoring and control facility, data processing and distribution.  Within 
each segment there are design and analysis activities to produce the requirements for the 
next lower subsystem and an integration and test activity to “build up” and verify the product 
from the lower subsystems.  This process is repeated at each level, down to the degree of 
granularity necessary to define the required capabilities.  For each task, the capabilities 
required to undertake it are defined.   

Having identified all of the capabilities required to build and operate the Garada system, the 
current indigenous capabilities of Australian industries to undertake this work were assessed 
in the Australian Industry Capability Report (ref 1).   This report surveys Australian industries 
and assesses their capabilities with respect to the Garada project.  The major conclusions of 
this report are: 

• For the Garada space segment the capabilities relating to the design and manufacture 
of a spacecraft are considered as occurring in four distinct tiers where: 

− Tier 1 is the major system integrators who sell whole spacecraft and systems. 

− Tier 2 is the companies that provide spacecraft subsystems. 

− Tier 3/4 is the component/parts suppliers to the tier 2 companies. 

The report recognises that there are no tier 1 or tier 2 companies operating in 
Australia.  It concludes that industry, working with the specialist space integration and 
test capabilities at the Advanced Instrumentation Technology Centre (AITC) in 
Canberra has capabilities to operate at tier 3/4 in the areas of global navigation 
systems, communications, antennas, structures, mechanisms, actuators, electronic 
boards, harnesses, electronic modules and boxes, power supplies, RF components, 
and systems engineering.  

• For the ground segment, the report concludes that Australian industry capability has 
much greater strengths in comparison to the space segment and, building on its 
strengths in satellite communication systems, has the skills to support the design, 
development and operation of the ground segment required for Garada. 

• For the value added processing and SAR application segment, where experts convert 
the SAR image data and raw data into value added products and apply them to 
clients’ needs.  Australia has strong capabilities developed over many years from 
interpreting and applying optical imagery from space.  However the complexity of 
understanding the imaging process for SAR is much greater than that for optical data 
(ref 12) and the expertise is not widely available.  Programs will be required to bridge 
the knowledge gap and disseminate the expertise more widely across industry, 
academia and government. 

• Australian industry is well placed to support the legal, regulatory, insurance and 
project management requirements of Garada.  Whilst the required project 
management expertise is widely distributed across industry, the regulatory and 
insurance knowledge resides in a limited number of individuals but is nonetheless 
adequate to support a project the size of Garada. 
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There are gaps in Australia’s capabilities and these need to be filled through programs of 
training and knowledge transfer from specialist overseas companies and space agencies.  
The next section discusses how these capabilities can positively contribute to the Garada 
project and at the same time progress the achievement of the aims expressed in Australia’s 
Satellite Utilisation Policy.  Also described is a nominal allocation of work between Australian 
and Foreign Industry; this is further illustrated in Figure 2, that follows section 8.1, against a 
high level work breakdown structure for the Garada mission. 

8.1.1. Garada Space Segment 

8.1.1.1. Spacecraft 

Owing to the size of the SAR required to meet the Garada prime objectives, Garada will be a 
relatively large, 3,000kg spacecraft.  As there are no tier 1 or tier 2 companies operating in 
Australia at this level (ref 1), the project will need to be primed by an overseas company.  To 
minimise the risk and development cost, the prime will base the spacecraft on an existing 
platform.  However, there will still be significant development required for the SAR and 
Global Navigation Satellite Subsystem (GNSS) payloads and the integration of the payloads 
and platform.  There are no Australian companies that have developed and delivered space 
borne SAR systems so this task will likely be undertaken by an appropriately experienced 
overseas company with a successful track record in space borne SAR, most likely the 
spacecraft prime contractor.  The SAR itself is unique and although it will likely be based on 
existing proven systems, it will require bespoke development.  Candidate development items 
that match Australia’s indigenous capabilities include the SAR antenna panels, distributed 
power amplifiers and radiation hardened RF chips. 

The major platform systems, including the harness, structure, AOCS, power and thermal 
control are likely to be existing, proven products that require little development to meet 
Garada requirements.  There is correspondingly little role for Australian development 
activities and industry participation for these subsystems and no strategic imperative to be 
involved. 

An exception to this may be the communications system.  If the design analysis confirms Ka 
band as the waveband of choice for the spacecraft high speed downlink, there may be a 
reasonable amount of development required.  The Ka band is not currently used on many 
spacecraft.   Most existing earth observation spacecraft use the lower frequency X band, so 
the availability of existing mature communications subsystems for Garada is likely to be 
limited.  Potential development items that match Australian capabilities in this area include 
the antennas, antenna feeds and RF power amplifiers.  Development of these items is 
aligned with the main aims for Garada as the knowledge and experience gained from 
undertaking these activities are directly relevant to producing communications subsystems 
for small satellites.  

Build to print activities where Australian industry builds and tests a spacecraft item based on 
a proven set of drawings, processes and procedures supplied by the prime contractor are 
not seen as a viable activity for Australian industry to undertake.  Build to print was 
undertaken in the 90s for Australia’s communications satellites and included the manufacture 
of harnesses, electronic boxes, mechanisms and laser retro-reflectors.  In the case of 
Garada, the manufacture of a one off in an unproven Australian facility increases the risk and 
cost to the project and offers little return to Australian industry.  It also does not fulfil the aims 
in the Satellite Utilisation Policy. 

The other spacecraft payload, the GNSS, is an Australian designed navigation receiver that 
has been developed to receive the GPS L1, L5 and the future Galileo E1 and E5 navigation 
signals.  The use of carrier phase measurements allows higher accuracy positioning 
information to be obtained compared to conventional techniques.  The research and 
development of this receiver is being undertaken by the University of New South Wales and 
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the manufacture, qualification and test are candidates to be performed by industry as part of 
Project Garada. 

8.1.1.2. Launch 

The launch of the Garada spacecraft and insertion into sun synchronous orbit will be 
undertaken by an existing launch services provider.  These companies specialise in 
launching spacecraft.  They undertake the construction of the carrier rocket, assembly and 
stacking, payload integration and the conduct of the launch itself.  The launch services 
provider is usually contracted by the spacecraft prime contractor and works closely with them 
to integrate the spacecraft to the launcher.  There is little opportunity for Australian industry 
involvement in the launch itself, but Australian industry can be involved in the orbit 
sequencing, testing and commissioning of the spacecraft immediately after launch during the 
Launch and Early Orbit Phase of operations. 

8.1.1.3. Ground Support Equipment 

Ground Support Equipment consists of both Electrical Ground Support Equipment (EGSE) 
and Mechanical Ground Support Equipment (MGSE).  EGSE is used to integrate and test 
the electrical functions of individual spacecraft subsystems prior to integration and the 
complete spacecraft during the system integration and test phase.  MGSE includes jigs, 
fixtures, and packaging and handling equipment to support the assembly, integration and 
test of the spacecraft and its shipping to the launch service provider.  Some E/MGSE will 
exist within the spacecraft prime and other items can be procured off the shelf from specialist 
providers.  Nevertheless, new and modified E/MGSE will be required for Garada to support 
the newly developed items and these are good candidates to be undertaken by Australian 
industry. As the ground support equipment does not fly in space it is not required to be built 
to the same quality standards and processes.  This matches the capability of many 
Australian industries. 

8.1.2. Garada Ground Segment 

Australia has extensive experience in all facets of the required ground segment, from the 
design and installation of ground stations, satellite control and monitoring facilities, to the 
processing of the payload data.  Examples of these capabilities include Australian industry 
undertaking the design and installation of the 9m Earth observation satellite receiving station 
at Shoal Bay, Darwin as well as satellite transmit receive stations for the military including 
the 16m X/Ka band WGS teleport at Geraldton WA, land mobile and ship mobile satcom 
stations for the Australian Army and Navy.  Many teleports for civil communications have 
also been installed by Optus, Telstra, Newsat and NBNCo. 

The Optus satellite communications facility at Belrose, Sydney has housed the operations 
centre for Optus satellite services since 1985 and controls their current satellite fleet as well 
as providing launch support to foreign satellite operators.  It provides satellite and earth 
station monitoring, launch support, and telemetry tracking and command maintenance.  With 
these skills and the strong multidiscipline project management, hardware and software 
capabilities residing in the Australian defence and commercial industries, Australian industry 
is capable of priming the ground segment and undertaking the design, development, 
installation and commissioning of all ground subsystems. 

Surveillance through SAR also brings with it large quantities of data that need to be 
processed, stored, archived and distributed to users and researchers.  The quantities of data 
produced by Garada are described in reference 5 and will require data systems capable of 
handling petabytes of data.  Whilst these are large compared to optical data, Australia has 
the experience and capability to develop the infrastructure required.  Relevant capabilities 
that lead to this conclusion include: 
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a. The Research Data Storage Infrastructure Project (RDSI) is developing data 
infrastructures and services to handle the large volumes of research data generated in 
Australia and improve the availability of accessibility of the data to researchers.   

b. The Australian National Data Service (ANDS) is providing a framework for the 
planning, collection, analysis, and archiving of large amounts of data.  The processes, 
procedures, metadata tools and training produced by the ANDS are directly relevant to 
the management and handling of Garada data.   

c. The Terrestrial Ecosystem Research Network (TERN) developed in Australia is a 
national data infrastructure providing the capability for scientists to collect, store, share 
and integrate large volumes of ecosystems data across disciplines. 

d. The Australian Square Kilometre Array Pathfinder (ASKAP) project is developing 
computing, storage and distribution systems for handling the enormous data rates and 
quantities that will be produced by the operational array.  The Pawsey supercomputing 
centre is the largest processing and storage facility in Australia and far exceeds the 
capabilities required for Garada. 

8.1.3. Value Added Services 

The Australian Industry Capability Report for Garada (ref 1) surveys Australian 
organisational capabilities across the space, ground, support and downstream value added 
segments.  By far the strongest indigenous capability exists within the geospatial 
applications sector in value added services.  A highly skilled workforce exists across 
industry, academia and government for the processing and innovative application of optical 
earth observation imagery.  However, as described above, SAR image analysis skills are not 
so abundant.  To justify the high initial investment in a SAR space and ground segment, 
Australia needs a range of SAR image experts disseminated throughout the user and 
application community to enable the wealth of information available from SAR to be applied 
to Australia’s national interests.  As described in ref 12 this can be achieved through a 
phased and tiered program of investment in R&D centres to build expertise, cooperative and 
exchange programs to transfer relevant SAR processing and application skills from overseas 
to Australia, explore future benefits of SAR and derived products to Australia, and provide 
assistance for small businesses to establish value added agencies for SAR and integrate 
SAR data with their existing expertise in optical data.   
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Figure 2: Garada Australian Industry Involvement- Space Segment 
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Figure 3: Garada Australian Industry Involvement- Ground Segment and Applications 
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8.2. Australian Skills Developed and Applicability to Future Programs 

For each of the areas identified in section 8.2 as candidates for Australian industry 
participation, the skills developed and their applicability to future space and earth 
observation programs, as identified in the Satellite Utilisation Policy, are described in Table 
4.  Participation in Garada by Australian industry will provide the fundamental skills for 
providing complete ground segments for large earth observation satellites as well as 
nanosats and microsats.  This will position industry well for working with the government to 
implement the upgraces resulting from the National Earth Observation from Space 
Infrastructure Plan (NEOS-IP)1.  By actively working with a Tier 1 prime on the Garada 
spacecraft, which may include seconding Australian engineers into the prime’s team, and 
undertaking tier 3 work on subsystems, Australia will increase its capability to undertake tier 
1 and tier 2 roles on nanosats and small microsatellites.  Examples of the latter include the 
proposed:  Buccaneer 3U cubesat for Defence, Antarctic Broadband satellites for improved 
Antarctic communications (Ref 8); and 6U spacecraft for earth observation and scientific 
purposes (Refs 6 and 7). 

Future applicability of skills in the use and interpretation of SAR imagery lies not only within 
the application to diverse solutions within Australia but also to regional neighbours.  As our 
immediate neighbours lie in tropical areas with high cloud cover, the cloud penetrating 
capability of SAR provides more accessibility to space imaging than through conventional 
optical means.  The application of SAR to resource management requires skills that are in 
excess of those required for optical image interpretation.  The use of SAR in these markets 
is not as extensive as optical imagery and represents a strong area for growth for 
organisations skilled in the interpretation and application of SAR data. 

 

                                                      
1 NEOS-IP has been developed by Geoscience Australia and the Bureau of Meteorology but has not yet been released to industry. 
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Table 4: Australian Involvement and Skills Applicability 

Task Australian Industry Involvement  Australian Skills Developed  Applicability of Skills  

Risk and Safety 
Assessment 

Safety assessments and risk assessments during 
AIT, launch, in orbit and continuity of operations 

Risk and safety assessments applicable to 
earth observation satellites. 

Risk and safety assessments for future 
indigenous space programs 

Legal Advice on Australian legislation, UN space 
charters, international space law, technology 
transfer, export controls, launch liabilities. 

Application of existing skills and 
knowledge. 

Risk and safety assessments for future 
indigenous space programs 

Insurance Space insurance brokerage Application of existing skills and 
knowledge. 

Insurance for future indigenous space 
programs. 

Garada Systems 
Engineering 

Australian engineers participate with the 
engineering team at the overseas prime 
contractor.  Knowledge is gained in the 
requirements, standards, processes, and methods 
required for design, manufacture, integration and 
test of payloads, subsystems and spacecraft. 

Spacecraft and tier 2/3 subsystem design, 
manufacture, integrate and test.  SAR 
development and integration, processes, 
procedures and standards for spacecraft 
manufacture.   

Skills to undertake tier 1 and tier 2 design, 
manufacture and test eg: 

• Instruments for large spacecraft,  
• Complete nanosats and  
• Complete microsats.   

Spacecraft 
communications 
subsystem 

Design, development, qualification of Ka band 
antennas, feeds, power amplifiers. 

Ka antenna design, space materials and 
structures, high reliability, radiation 
hardened electronics.   

Communication and telemetry subsystems of 
nanosats and microsats. 

SAR Antenna Structure Design, development and qualification of L band 
antenna structure.  Work hand in hand with 
antenna designers. 

Stiff, lightweight structures for spacecraft.  
Materials and mechanisms. 

Deployable structures for nanosats. 

SAR Antenna RF 
Radiator 

Work with SAR prime contractor to undertake L 
band antenna array design, manufacture and test. 

Deployable SAR antennas with integrated 
RF drives.  

Increased depth in existing skills for antenna 
design for aircraft mounted SAR. 

SAR Antenna Drive 
electronics 

Design, development, qualification of HPA chips 
and RF amplifier. 

RF space electronics design, manufacture 
and test for space based communication 
systems. 

Communication and telemetry subsystems of 
nanosats and microsats. 
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Task Australian Industry Involvement  Australian Skills Developed  Applicability of Skills  

GNSS Systems 
Engineering 

Academia undertakes:  Requirement analysis and 
system design 

Industry undertakes:  Supporting engineering 
reviews 

Integrated multisystem satellite navigation 
subsystems.  Front end and processing 
algorithms.   

Applicable to the systems engineering of 
instruments for nanosats and microsats. 

GNSS Antenna Academia undertakes:  Research and design.   
 
Industry undertakes: Manufacture and test 

Design, manufacture and test of multi 
GNSS antennas for spacecraft. 

Applicable to the orbital control system of 
nanosats and microsats. 

GNSS Receiver Academia undertakes:  Research and design.   
 
Industry undertakes: Manufacture and test 

RF and processing design, manufacture 
and test of electronic boards and multi 
GNSS for spacecraft.  Multi GNSS 
processing algorithms. 

Applicable to the orbital control system of 
nanosats and microsats. 

GNSS Integration and 
Test 

Industry: integrate and test Space electronics integration, qualification 
and test. 

The design, manufacture and test of complete 
nanosats and microsats and instruments for 
large spacecraft. 

Ground Support 
Equipment for 
Spacecraft 

Spacecraft overseas prime will specify the 
requirements.  Australian industry will undertake 
the design, development, manufacture and test.   
Industry works with spacecraft prime contractor to 
integrate the ground support equipment with the 
spacecraft. 

Electronic and mechanical equipment 
design, manufacture and test.  Knowledge 
of the special requirements and processes 
for interfacing EGSE and MGSE with 
spacecraft.  

The design, manufacture and test of support 
equipment for nanosats, microsats and 
instruments for large spacecraft. 

Ground Segment 
Systems Engineering  

Analyse, synthesise solutions, undertake trades, 
decompose and allocate requirements to lower 
level items.  Design physical and functional 
architectures and characteristics.  Verify that the 
ground segment conforms to the requirements.   

Systems engineering skills in EO satellite 
ground segment analysis and synthesis 

The system design of ground segments for 
future EO satellites. 
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Task Australian Industry Involvement  Australian Skills Developed  Applicability of Skills  

Ground Segment 
Mission Management 
and Data Processing 
Subsystem 

Design, development and commissioning of 
facilities, hardware and software to undertake the 
SAR Data Processing, SAR image interpretation, 
archiving, processing of customer requests, 
scheduling & prioritising of imaging activities. 
including R&D into soil moisture measurement, 
SAR calibration, flood outlines, land use, Digital 
Elevation Model (DEM) generation, and maritime 
applications. 

Skills in processing raw SAR data to end 
products including path image, single look 
complex, and map image.  Interpreting 
SAR data to produce end products 
including flood boundaries, oil slicks, 
forestry areas, land use states.  Data 
archiving and distribution, customer 
interfacing. 

Processing of raw data from EO SAR 
sensors, interpretation of SAR data to meet 
end user needs. 

Ground Segment 
Mission Control 
Subsystem 

Design, development and commissioning of 
facilities, hardware and software to undertake 
control of the Garada mission including attitude 
and orbital control, spacecraft commanding and 
control, telemetry analysis and reaction, and SAR 
control functions. 

Skills in satellite monitoring, and control 
software and hardware, mission operations 
rules, plans and procedures, control centre 
facilities.  Integration of mission and 
payload control software products. 

Skills in analysis, planning, scheduling and 
control of SAR payloads. 

Design of monitoring and control systems for 
future Australian EO satellites. 

Ground Segment 
Ground Station 
Subsystem 

Design, development and commissioning of 
facilities, hardware and software to undertake the 
RF transmission and reception to/from the space 
segment.  Includes telemetry, command, control 
and data links, ranging, and timing. 

Skills in telemetry and tele-command 
subsystems, antenna, satellite 
communications, ranging, timing, and 
station monitor and control subsystems. 

Design and development of ground stations 
for earth observation satellites. 

Ground Segment 
Support Subsystem 

Generation and provision of the test equipment, 
spares, operating and maintenance manuals and 
procedures, and operator and maintainer training 
required to support the ground segment. 

EO Satellite operations training and 
maintenance training and training aids. 

Support of satellite ground stations, 
computing equipment and software for 
satellite monitoring and control and payload 
data processing. 

Ground Segment 
Integration and 
Verification testing 

Integration and test of the ground segment 
including interfacing with the space segment. 

Integration of ground subsystems, ground 
systems testing.  Launch support, on orbit 
support. 

Integration and verification of ground systems 
for earth observation satellites including 
nanosats and microsats. 
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Task Australian Industry Involvement  Australian Skills Developed  Applicability of Skills  

Project Management Integration and test of the ground segment 
including interfacing with the space segment. 

Planning, cost, schedule, risk and 
configuration management of ground 
systems projects including interfacing with 
overseas primes. 

Project management of satellite and space 
ground segment projects. 

Mission Operations Mission analysis, simulation, planning, scheduling, 
monitoring and control, performance analysis. 

Mission planning and operation of earth 
observation satellites and payloads. 

Mission planning and operation of nanosats 
and microsats. 

Payload operations SAR operations analysis, planning, scheduling, 
calibration and control. 

Analysis, planning, scheduling, calibration 
and control of space borne SAR payloads. 

Analysis, planning, scheduling and control of 
Australian hosted payloads on overseas 
spacecraft. 

Payload Data 
Operations 

Payload data reception, processing, archiving and 
distribution of first order data products.   

 

Increases the existing skills in reception, 
processing, archiving, and distribution of 
SAR data.  SAR application specialists, 
wide availability of SAR expertise within 
industry, govt and academia. 

Reception, processing, archiving, and 
distribution of SAR data from existing and 
future foreign owned satellites.  Innovative 
application of SAR data to resolve customer 
problems. 

Value Added Processing Analysis of customer needs, algorithm 
development and refinement, data processing, 
data distribution, customer interfacing, user 
applications and services. 

Fusing of SAR and optical data.  
Generation of application specific products 
including soil moisture measurements, 
disaster management, biomass estimation, 
sea pollution monitoring. 

Innovative application of SAR to Australian 
customers’ needs.   Application of SAR to 
neighbouring countries.   

Integrated Logistics 
Support (ILS) 

System maintenance and obsolescence 
management, performance analysis and 
reporting, software development and validation. 

Application of existing Australian ILS skills, 
little development of new skills required. 

ILS support of Australian owned nanosats 
and microsats. 
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8.3. Capabilities Required for the Tasks 

The candidates for Australian industry involvement in the development, production and 
ongoing operation of Garada are described in Table 4.  The Australian industry 
involvement, the skills developed and the applicability of the skills to future Australian 
space projects is detailed for each candidate task.  The core capabilities to undertake 
many of the tasks already exist within Australian industry and require none or a minimal 
learning curve as a precondition to undertaking the task.  Some tasks, particularly those 
in the space segment, require skills that are not currently possessed by Australian 
industry, or exist in tiny pockets scattered throughout the aerospace industry.  From the 
Australian Industry Capability Report (ref 1), there is a skill delta between that which is 
required to undertake some tasks and that which currently exists.  This basic delta needs 
to be filled prior to Australian industry taking on the task and building on the skill to 
establish a core capability that can contribute to the indigenous development of scientific 
payloads and small Australian satellites.   

Australia had strong skills in SAR processing and interpretation in the 90’s, primarily 
driven by the ready accessibility of data from the ERS1 and ERS2 satellites for which 
Australia had an indigenous receiving station and a small financial investment in the 
spacecraft.  Australian industry also designed and manufactured a Fast Delivery 
Processor for the SAR data from ERS1 and ERS2.  Most of these skills have dissipated 
or not kept pace with recent developments (ref 12).  Australia’s earth observation skills, 
particularly outside of government agencies and research institutions, primarily focus on 
the analysis and application of satellite optical imagery.  SAR image analysis is more 
complex; the analyser needs a strong understanding of the scattering behaviour of the 
radar beam on the Earth’s surface which is a function of the surface materials, 
wavelength, look angle and other characteristics of the beam.  SAR data is used in a few 
state-wide monitoring programs but is not used operationally elsewhere (ref 11).  There 
is a skill delta not only in the processing and analysis of SAR imagery but also in the 
application of the technology to Australia’s national priorities;  eg soil moisture 
measurement from space is a technology that is in its infancy and requires research and 
development to produce the algorithms suitable for Australia and dissemination of the 
skills into the broader EO and agricultural communities.   

Table 5 lists the Australian skill delta for each of the tasks in Table 4 and, where a delta 
exists, describes means by which the difference can be addressed.  This can be through 
secondment of personnel to the overseas prime contractor; undertaking training such as 
those offered by local (eg satellite systems engineering at UNSW) and overseas 
universities; prime contractor subject matter experts resident on local engineering teams; 
participation in international earth observation initiatives and government investment in 
centres of excellence. 
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Table 5: Australian Skill Deltas 

Task Australian Industry Involvement  Australian skill delta Means of addressing  

Risk and Safety 
Assessment 

Safety assessments and risk assessments during 
AIT, launch, in orbit and continuity of operations 

None  

Legal Advice on Australian legislation, UN space 
charters, international space law, technology 
transfer, export controls, launch liabilities. 

None  

Insurance Space insurance brokerage None  

Garada Systems 
Engineering 

Participation in spacecraft system design with aim 
of acquiring the skills to undertake the system 
design on smaller spacecraft. 

Spacecraft systems 
engineering. 

Australian engineers participate with the engineering team 
at the overseas prime contractor.  Knowledge is gained in 
the requirements, standards, processes, and methods 
required for design, manufacture, integration and test of 
payloads, subsystems and spacecraft. 

Spacecraft 
communications 
subsystem 

Design, development, qualification of Ka band 
antennas, feeds, power amplifiers. 

Space materials, parts and 
processes, space 
environment. 

Work with spacecraft prime contractor to undertake 
training in space materials, parts, structures and 
processes.   Undertake external training courses such as 
those offered by Surrey University and University of South 
Hampton. 

SAR Antenna Structure Design, development and qualification of L band 
antenna structure for spacecraft.  Work hand in 
hand with antenna designers. 

Space materials, parts and 
processes, structures, 
space environment. 

Work with SAR prime contractor to undertake training in 
space materials, parts, structures and processes.   
Undertake external training courses such as those offered 
by Surrey University and University of South Hampton. 

SAR Antenna RF 
Radiator 

L band antenna array design, manufacture and 
test. 

Space materials, parts and 
processes, space 
environment. 

Work with SAR prime contractor to undertake training in 
space materials, parts and processes.   Undertake external 
training courses such as those offered by Surrey University 
and University of South Hampton. 

V02_00 Annex 9. Industrialisation Analysis 30th June 2013



UNCLASSIFIED  

Project Industrialisation Plan for the Garada Formation Flying Synthetic Aperture Radar System   
Doc. Id:  2344DT00007  Rev:  2 

 

 Uncontrolled when printed Page 34 of 52 
BAE Systems Confidential Information © BAE Systems 2012 All Rights Reserved 

The information contained in this document remains the property of, and may not be used, reproduced or disclosed in part or in whole except as authorised by BAE Systems Australia Limited, ABN 29 008 423 005 

UNCLASSIFIED  

    

Task Australian Industry Involvement  Australian skill delta Means of addressing  

SAR Antenna Drive 
electronics 

Design, development, qualification of HPA chips 
and RF amplifier.   

Space materials, parts and 
processes, space 
environment. 

Work with spacecraft prime contractor to undertake 
training in space materials, parts and processes.   
Undertake external training courses such as those offered 
by Surrey University and University of South Hampton. 

GNSS Systems 
Engineering 

Academia undertakes:  Requirement analysis and 
system design 

Industry undertakes:  Supporting engineering 
reviews 

None 

 

 

GNSS Antenna Academia undertakes:  Research and design.   
 
Industry undertakes: Manufacture and test 

Manufacture of space 
qualified hardware. 

Secondments of engineers and manufacturing personnel 
to spacecraft prime contractor.  Training in space 
manufacturing quality and accreditation processes through 
ESA or other space agencies. 

GNSS Receiver Academia undertakes:  Research and design.   
 
Industry undertakes: Manufacture and test 

Manufacture of space 
qualified hardware. 

Secondments of engineers and manufacturing personnel 
to spacecraft prime contractor.  Training in space 
manufacturing quality and accreditation processes through 
ESA or other space agencies. 

GNSS Integration and 
Test 

Industry: integrate and test None  

Ground Support 
Equipment for 
Spacecraft 

Spacecraft overseas prime will specify the 
requirements.  Australian industry will undertake 
the design, development, manufacture and test.   
Industry works with spacecraft prime contractor to 
interface the ground support equipment with the 
spacecraft. 

None  

Ground Segment 
Systems Engineering  

Analyse, synthesise solutions, undertake trades, 
decompose and allocate requirements to lower 
level items.  Design physical and functional 
architectures and characteristics.  Verify that the 
ground segment conforms to the requirements.   

None  
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Task Australian Industry Involvement  Australian skill delta Means of addressing  

Ground Segment 
Mission Management 
and Data Processing 
Subsystem 

Design, development and commissioning of 
facilities, hardware and software to undertake the 
SAR Data Processing, SAR image interpretation, 
archiving, processing of customer requests, 
scheduling & prioritising of imaging activities. 
including R&D into soil moisture measurement, 
SAR calibration, flood outlines, land use, Digital 
Elevation Model (DEM) generation, and maritime 
applications. 

None  

Ground Segment 
Mission Control 
Subsystem 

Design, development and commissioning of 
facilities, hardware and software to undertake 
control of the Garada mission including attitude 
and orbital control, spacecraft commanding and 
control, telemetry analysis and reaction, and SAR 
control functions. 

Spacecraft mission control 
skills possessed by Optus 
and will shortly be acquired 
by Newsat and NBNCo.  
Required to be 
disseminated. 

Training at MCS software provider eg Integral Systems. 

Training at spacecraft prime and Optus satellite control in 
Australia. 

Ground Segment 
Ground Station 
Subsystem 

Design, development and commissioning of 
facilities, hardware and software to undertake the 
RF transmission and reception to/from the space 
segment.  Includes telemetry, command, control 
and data links, ranging, and timing. 

None  

Ground Segment 
Support Subsystem 

Generation and provision of the test equipment, 
spares, operating and maintenance manuals and 
procedures, and operator and maintainer training 
required to support the ground segment. 

V&V of spacecraft software.   Training at spacecraft prime in the validation and 
acceptance of the spacecraft subsystem software from 
suppliers.  Participation as part of the software integration 
and test team during AIT at the prime. 

Ground Segment 
Integration and 
Verification testing 

Integration and test of the ground segment 
including interfacing with the space segment. 

None  

Project Management Integration and test of the ground segment 
including interfacing with the space segment. 

None  
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Task Australian Industry Involvement  Australian skill delta Means of addressing  

Mission Operations Mission analysis, simulation, planning, scheduling, 
monitoring and control, performance analysis. 

None  

Payload operations SAR operations analysis, planning, scheduling, 
calibration and control. 

SAR operations and 
calibration 

Undertake training at SAR prime contractor.  Australian 
engineers resident at SAR prime during design phase for 
SAR operational knowledge transfer. 

Payload Data 
Operations 

Payload data reception, processing, archiving and 
distribution of first order data products.   

SAR processing specific to 
the Garada SAR 

Secondment of engineers into the prime contractor’s SAR 
design team to learn SAR data streams and first order 
processing.  Prime contractor SAR engineers resident in 
Australia during phase C/D. 

Value Added Processing Analysis of customer needs, algorithm 
development and refinement, data processing, 
data distribution, customer interfacing, user 
applications and services. 

SAR processing, fusing of 
SAR and optical data.  
Generation of application 
specific SAR products  

Creation of a national centre of SAR expertise, cooperative 
programs with overseas space agencies and universities.   

Integrated Logistics 
Support (ILS) 

System maintenance and obsolescence 
management, performance analysis and 
reporting, software development and validation. 

None  

V02_00 Annex 9. Industrialisation Analysis 30th June 2013



UNCLASSIFIED  

Project Industrialisation Plan for the Garada Formation Flying Synthetic Aperture Radar 
System   
Doc. Id:  2344DT00007  Rev:  2 

 

Uncontrolled when printed  Page 37 of 52 
BAE Systems Confidential Information © BAE Systems 2012 All Rights Reserved 
The information contained in this document remains the property of, and may not be used, reproduced or disclosed in part or in whole except as authorised by 

BAE Systems Australia Limited, ABN 29 008 423 005 

UNCLASSIFIED  

    

9. Roadmap 

The roadmap for Australian industry involvement is shown in Figure 4 and Figure 5 against a 
backdrop of the project’s major phases and reviews.   

Figure 4 illustrates the roadmap for the space and ground segments.  This follows the route 
of identifying the key strategic interests of Australia, in terms of supporting future space 
instruments, cubesats and microsats, and illustrates how the capabilities and skills obtained 
through Garada activities map into this strategy.  It can be seen how the key skill deltas 
required for Garada to undertake the niche Australian space capabilities described in section 
8.3 are fulfilled early in the project by collaboration with the space segment prime.  This early 
training and knowledge transfer allows Australian industry to support the key phases C/D of 
the project.   

Figure 5 illustrates the roadmap for the downstream value added services.  Early focus is 
made on the up skilling of the Australian EO workforce to develop the use of existing SAR 
technologies and make them more widely available within the EO community.  As the SAR 
skill base develops and broadens, the application to unique Australian tactical and strategic 
issues will grow and demonstrate the strengths of the all-weather, wide area imaging 
capabilities of SAR.  Australian participation with the SAR designers in the early stages of the 
SAR development allows the core processing algorithms that are uniquely required for the 
Garada SAR to be developed prior to their productionisation and deployment in phase D of 
the ground segment.  Development of specific algorithms to undertake the core applications 
of Garada, such as soil moisture measurement, are commenced early in the lifecycle through 
Australian R&D and evaluated using data from forthcoming L Band SARs; eg SAOCOM and 
PALSAR.  This program of integrated activities ensures Australia is able to maximise the 
value of its investment in the Garada program both during the design / development and 
ongoing operation. 
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Figure 4: Industrialisation Roadmap, Space and Ground Segments 
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Figure 5: Industrialisation Roadmap, Value Added Segment 
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10. Australia’s Satellite Utilisation Policy 

A brief description of Australia’s Satellite Utilisation Policy is provided in Section 5.  In that 
section the high level aims from the Satellite Utilisation Policy that are applicable to Garada 
are described.  The Garada mission and the Australian involvement in the mission need to be 
congruent with these aims to achieve long term strategic benefits for Australia.  Potential 
tasks for Australian industry involvement are detailed in section 8.1.  The contribution each of 
the Garada tasks makes towards the achievement of these high level policy aims is shown in 
Table 6: Achievement of Policy Aims Through Garada Industrial Involvement.  Table 7 lists 
the policy aims referenced in Table 6.   
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11. Australian Industry Participation Plans 

11.1. Introduction 

The Australian government has effected a nationally consistent approach to maximise 
Australian Industry Participation (AIP) in government investment and procurement projects.  
This framework aims to recognise the benefits to the economy of local industry participation 
and consists of a set of objectives, principles and strategies designed to strengthen local 
industry participation.  The framework is based on giving Australian industry full, fair and 
reasonable opportunity to participate in government projects.  All projects exceeding $20m 
are now required to have an Australian Industry Participation (AIP) plan to be compiled and 
approved.  The Garada mission has a scope comprising the development, manufacture and 
launch of two spacecraft; design and development of ground facilities for the monitoring and 
control of the spacecraft, reception, processing and distribution of payload data; and ongoing 
operation for seven years.  The mission and individual segments will all exceed the threshold 
of $20m and will require AIP plans to be compiled and approved.   

A summary of the requirements of an AIP plan is provided in Annex 1.  An outline of a 
Garada plan that fulfils these requirements showing how AIP objectives can be achieved is 
provided in the following section.   

12. Outline Australian Industry Participation Plan 

12.1. Communication Strategy 

The tier 1 contractors will require an effective communication strategy for the early 
identification of opportunities for Australian industry and the transfer of information regarding 
these opportunities to Australian industry.  This needs to be done not only for the prime 
contractor but also for all subcontractors and suppliers.  To support this, the organisations will 
need to actively seek information on Australian industry.  Identifying and encouraging new 
suppliers is an important part of the AIP strategy. 

Strategies that could be taken to communicate and increase opportunities for Australian 
industry include: 

12.1.1. Websites 

Use of a dedicated project website that is easily accessible from the prime’s main corporate 
website to detail the project, the opportunities available to Australian industry, the capabilities 
required and how interested industries can respond to the opportunities.  Undertake the 
sending of regular newsletters to everyone who registers notifying of new opportunities and 
the release of new work packages. 

12.1.2. Industry Capability Network 

The Industry Capability Network (ICN) is a business network that introduces Australian and 
New Zealand companies to projects.  It offers a new business source for suppliers and a 
search service for buyers.  Projects can be registered with the ICN and provided with their 
own dedicated web page.  The ICN can be used to communicate upcoming procurement and 
contracting opportunities that suppliers can search and browse.  The site can also serve as a 
web portal to enable prospective suppliers to register expressions of interest or download 
tender requirements.  The ICN supports supplier “pull” and buyer “push”.  In the latter, 
automatic notifications are sent to registered suppliers when new work packages are listed.  
The ICN has offices in each state and can assist in matching required products and services 
to local industry capabilities. 
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12.1.3. Industry Bodies 

Industry bodies such as the Space Industry Association of Australia and Spatial Industries 
Business Association can help identify capable Australian companies who are able to supply 
goods and services to the project throughout all tiers of supply and all phases of the project.   

These industry bodies can also help disseminate information about the project to relevant 
Australian companies and advise on the business culture of the industry. 

To ensure comprehensive coverage of appropriate industries, adjacent industry bodies 
should be covered as well.  Adjacent bodies that could help with the identification of capable 
companies and dissemination of information include the Australian Industry and Defence 
Network, Defence Industry Association, Surveying and Spatial Sciences Institute, Australian 
Spatial Information Business Association Limited, and Engineers Australia, 

12.1.4. Public Roadshows 

To increase awareness in the available opportunities, public briefings can be held across the 
country to brief interested parties on the opportunities available for Australian industry and 
information on how the industries can seek further details and respond to the opportunities.  
Notices of briefings can be placed in the public notices sections of major national 
newspapers, industry journals and publicised on corporate websites. 

12.1.5. Approved Suppliers 

To aid the accreditation of new companies, an Approved Suppliers guide can be published 
that provides information on the criteria a company must meet to be able to supply to the 
project and how a prospective supplier can obtain this accreditation.   

12.2. Opportunities through all tiers of supply and all stages 

As described in section 8.1.1.1 the spacecraft industry operates through many tiers and the 
best opportunities for Australian industry involvement in the space segment are at the lowest 
tiers of components and parts suppliers.  Such opportunities are unlikely to be direct suppliers 
into the Tier 1 company but suppliers somewhat down the subcontracting chain.  The AIP 
plan commitments will need to cascade down to the lower level suppliers.  This can be done 
by specifying in tender documents that successful suppliers will need to engage with and 
involve Australian industry at all tiers of the supply chain.  The tender assessment process 
will assess the AIP to determine the Australian involvement to meet the strategic interests.  
Tier 2 and Tier 3 AIP strategies will need to be described, and a weighting allocated in the 
assessment process based on the perceived risk.  It can be emphasised to the Tier 1 
tenderers that heavy weighting will be allocated to the flow down of AIP for strategic 
capabilities during the competitive tender assessment process.  (Refer section 10 for more on 
Garada strategic capabilities flowing from the Satellite Utilisation Policy) 

Where Tier 1 companies procure work with established suppliers to source mature qualified 
subsystems with established pedigrees on previous programs, there can be great reluctance 
to change the suppliers of even low level components and parts due to the perceived 
reliability and performance risk such a change would entail.  In these cases, which usually 
involve the occasional supply of low volume items, the cost to Australian industry to 
undertake the supply and the long term benefits that would result are probably not sufficient 
to make it worthwhile.  Nonetheless, the example of the Australian semiconductor company 
Silana shows that it is still possible for an Australian supplier to penetrate spacecraft global 
supply chains with a niche product, in this case radiation hardened semiconductors. 
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12.3. Standards to be used in the project 

Suppliers offering opportunities to Australian industry will need to specify the standards that 
will be applied when undertaking the project.  If in house or proprietary standards are used, 
especially in the case of spaceflight componentry and systems, these need to be detailed and 
the process for accreditation to these standards explained.  If international standards are 
used, such as NASA or European ECSS standards and processes, details of accreditation 
that are acceptable to the customer organisation will need to be provided.  Suppliers offering 
opportunities for non spaceflight componentry should incorporate Australian standards into 
the design of the product to ensure maximum opportunities for Australian industry to 
participate. 

12.4. Potential supplier assessment process. 

After receiving registrations of interest from prospective suppliers via roadshows, web portals 
or industry associations it is necessary to assess the suitability of each supplier.  At a 
roadshow it is possible to have the buyers’ specialists meet with prospective suppliers and 
have a short, 5 – 15 minutes, interaction.  Other suppliers can be sent a standard form and 
asked to undertake a self assessment followed up by a live discussion.  From this information 
initial filtering of companies can take place to generate a short list of candidates.  This can be 
followed up by a full on site assessment.  This assessment is undertaken by specialists in 
each relevant area and will typically assess the potential supplier for: 

i. Technical capability to provide the product or service; eg machining, plating, 
fabrication, wiring, coating, design, testing, etc. 

ii. Business systems 

iii. Management of IP 

iv. Quality system 

v. Continuous improvement of processes and product 

vi. Configuration management 

12.5. Opportunities for Australian involvement in global supply chains 

A key long term goal of Australian Industry Participation is the sustainment of capability 
through the integration into global supply chains.  Due to the small size of the indigenous 
market, Australian industry is characterised by low volume, high quality SME niche suppliers.  
It is also characterised by a lack of vertical integration and geographical separation of SMEs.  
A small or medium sized company located in Perth wishing to supply to the space segment 
may have its design and development team in Perth using the manufacturing and test 
facilities at the AITC in Canberra and conducting EMI/EMC testing in Melbourne.  This makes 
it harder to compete with overseas suppliers who have all the facilities in house.    

The space segment does not offer many opportunities for Australian industry to be integrated 
into global supply chains of the major players.  The space industry is characterised by the 
supply of high cost, low volume, high reliability, space environment qualified systems and 
components.  The cost of gearing up the design, processes and facilities required to meet 
these requirements for such low quantities is often uneconomic when starting from scratch.  
Supply of products into this specialist area becomes feasible when it is a by-product of 
another mainstream activity.  Silanna Semiconductor sells Silicon on Sapphire radiation hard 
computer chips to the space industry for use on satellites and deep space probes.  However, 
they have not set up a Silicon-on-Sapphire design and manufacturing facility because that 
process is radiation hard.  But rather its lower intrinsic capacitance enables low noise, high 
isolation, high RF performance devices to be achieved.  The radiation hardness that makes 
them attractive to space use is essentially a by-product of the use of a substrate with high 
insulating capabilities.  There may be other niche products in Australian industry that could 
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follow a similar course but these are expected to be the exception rather than the rule.  One 
with potential is the space qualified GPS receiver and multi GNSS receiver being developed 
by NZ industry in conjunction with the University of New South Wales.   

The earth observation satellite ground segment is a similar area of low demand.  
Understandably, specialist receivers, antennas, modems, and general purpose computing 
equipment are no longer produced by Australian industry.  Niche Australian suppliers of 
custom antenna feeds and waveguides exist and they have potential to infiltrate global supply 
chains, though the volume can be expected to be low.   

The downstream value added chain of application of SAR to resource management and the 
interpretation of the data to apply to specialist applications has potential for application to 
markets outside of Australia.  These capabilities could be of value to the larger tier 1 suppliers 
wishing to offer a highly vertically integrated product to customers. 

13. Contract Models 

As described in Ref 1, the Australian Industry Capability Report for Garada, there are no 
Australian companies capable of undertaking the development and manufacture of the 
spacecraft required to fulfil the Garada mission.  These Tier 1 companies are system 
integrators who design, integrate, and sell whole space systems to end users.  This tier is 
dominated by a few very large companies from the US and Europe.  These companies 
include Boeing, Lockheed Martin, Northrop Grumman, Space Systems Loral, Orbital 
Sciences Corporation, Ball Aerospace, MacDonald Dettwiler, EADS Astrium, and Thales 
Alenia.  In contrast, the ground segment and ongoing operations execution are well within the 
capabilities of Australian industry.   

A possible contract model is illustrated in Figure 6.  In this model a Garada prime contractor, 
an overseas Tier 1 company that would also undertake the development and supply of the 
spacecraft, takes responsibility for the supply of both the space and ground segments.  The 
ongoing operation of the mission is contracted separately by the Commonwealth.  R&D 
activities of GNSS development and soil moisture algorithm research that are the speciality of 
Australian academic institutions are funded directly by the Commonwealth in the early part of 
the project.  This allows the R&D work of Australian institutions to continue independent of 
the selection and contracting of the prime contractor.  Deliverables from these activities would 
be provided to the prime as customer furnished equipment and information.   

An alternative model, illustrated in Figure 7, has the contracting of the space segment, launch 
services and ground segment separately.  This has the potential to have lower upfront 
contracting costs, and greater freedom and control over the selection of Australian industry, in 
exchange for the customer managing the interfaces between the segments and carrying the 
associated risks.   

In both these contracting models, the Tier 1 contractors for the space and ground segments 
will be responsible for providing Australian Industry Participation plans.  The contractors will 
be required to provide an AIC plan that explores all opportunities for Australian involvement, 
commensurate with project cost, risk and alignment with the expressed objectives in 
Australia’s Satellite Utilisation Policy.  They will also be responsible for flowing the 
requirement for AIP plans to their major suppliers.  Whilst the responsibility for identifying the 
areas of Australian industry participation that fit with the final solution concept for Garada will 
be the domain of the Tier 1 contractors, Australian suppliers need to identify opportunities 
and market themselves to the primes.  Likely opportunities for Australian participation that 
can be concluded from the design studies conducted in the Phase 0 activities and the 
capabilities of Australian industry identified in the Australian Industry Capability Report (Ref 1) 
are described in section 8.   
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Figure 6: Candidate Contract Model for Garada Mission 
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Figure 7: Alternative Contract Model for Garada Mission 
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Table 6: Achievement of Policy Aims Through Garada Industrial Involvement 

Garada Australian Industry Involvement Task Policy Aims Addressed 

a b c d e 

Legal, Insurance, Risk and Safety  x    

Garada Systems Engineering x x   x 

Spacecraft communications subsystem x x  x x 

SAR Antenna Structure x x  x x 

SAR Antenna RF Radiator x x  x x 

SAR Antenna Drive electronics x x  x x 

GNSS Systems Engineering x x  x  

GNSS Antenna x x  x  

GNSS Receiver x x  x  

GNSS Integration and Test. x x  x  

Ground Support Equipment for Spacecraft x x  x x 

Ground Segment Systems Engineering  x x   x 

Ground Segment Mission Management & Data Processing Subsystem x x    

Ground Segment Mission Control Subsystem x x    

Ground Segment Ground Station Subsystem x x    

Ground Segment Support Subsystem x x    

Ground Segment Integration and Verification Testing x x    

Project Management x x    

Mission Operations x x x   

Payload Operations x x x   

Payload Data Operations x x x   

Integrated Logistics Support x x x   

Value Added Processing x x x  x 

Table 7: Policy Aims Applicable to Garada 

a Prioritise research focused on earth observations from space, satellite communication and 
positioning, navigation and timing.  (Principle 1) 

b Build and retain high quality Australian space expertise. (Principle 6) 

c Ensure Australia has the infrastructure, capabilities and skills to access, process, store, integrate, 
use and distribute the data and information from space systems.  (Principle 2) 

d Develop Australian systems, sensors, hosted payloads or (small) satellites.  (Principle 2) 

e Facilitate academic, inter-government and industry exchanges with appropriate international 
partners.  (Principle 6) 
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Annex A The Australian Industry Participation Framework 

1. The Australian Industry Participation Framework  

1.1. Background to the Australian Industry Participation Framework. 

Australia has effected a nationally consistent approach to maximise Australian Industry 
participation in government investment and procurement projects.  This framework 
recognises the benefits to the economy of local industry participation and consists of a set of 
objectives, principles and strategies designed to strengthen industry participation.  The 
framework is based on giving Australian industry full, fair and reasonable opportunity to 
participate in government projects. 

i. Full : Australian industry has the same opportunity afforded to other global supply chain 
partners to participate in all aspects of a project (eg. design, engineering, project 
management, professional services, IT architecture);  

ii. Fair : Australian industry is provided the same opportunity as global suppliers to 
compete on projects on an equal and transparent basis, and 

iii. Reasonable : government tenders are free from non-market burdens that might rule out 
Australian industry and are structured in such a way as to provide Australian industries 
the opportunity to participate in government projects. 

The Government has identified four strategic approaches to give effect to the framework.  
These are supported by policies and programs that work to maximise opportunities for 
Australian industry and encourage the development of strategic alliances.  The strategic 
approaches are: 

a. Encouraging industry to meet world’s best practice through capability building 

The Government is setting out to encourage industry to increase its capabilities and 
achieve world’s best practice by building strategic alliances, improving access to 
competitive infrastructure, encouraging innovation and the uptake of technology and 
skills. 

b. Early identification of opportunities for Australian industry participation, both 
domestically and overseas 

The government aims to give valuable benefits to industry by acquiring timely 
information about emerging opportunities, both domestically and overseas.  Early 
identification of potential projects improves the prospects for involving Australian 
industry capability and ongoing participation in global supply chains. 

c. Promoting Australian Capability and Integrating Industry into Global Supply Chains 

The Government undertakes marketing and promotion of Australian industry capability 
domestically and overseas through marketing campaigns, direct marketing and the use 
of industry capability databases and other relevant sources to enhance the prospects 
of Australian industry penetrating global supply chains. 

d. Enhancing Project Facilitation and Australian Industry Participation 

The Government requires companies involved in Australian projects to undertake 
Australian Industry Participation Plans (AIPPs).  These offer the bidder an opportunity 
to familiarise itself with Australian capability, identify qualified suppliers and to secure 
valuable support for the project from industry.  AIPPs also enable bidders to 
demonstrate a commitment to the principle of full, fair and reasonable opportunity.  The 
Government is looking for an AIPP to include: 
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• a recognition of the importance of Australian participation in local and 
overseas projects and an acknowledgment of the value of exploring 
ongoing opportunities for Australian industry participation; 

• a commitment to work constructively with Australian industry and the 
Industrial Supplies Office network to identify and develop options for 
increasing Australian industry participation in the project; 

• a communication strategy that provides for: 

− early identification of opportunities for Australian participation; and 

−  effective transfer of information on opportunities for Australian industry 
participation through all tiers of supply (eg. along sub-contracting 
chains); 

• a commitment to develop and structure tenders for the supply of goods 
and services to the prime to provide full, fair and reasonable opportunity 
for Australian industry participation; 

• support for the integration of Australian industry into global supply chains; 
and 

• a recognition of the economic impacts of a project on Australian industry 
(eg. employment, skills transfer, strategic alliances and regional 
development) and the need for communication of these impacts. 

1.2. Application to Procurements 

On 28 July 2009, the Australian Government released its Australian Government 
Procurement Statement. In this Statement, the Australian Government announced it would 
strategically apply the Australian Industry Participation (AIP) National Framework (as 
described above) to large Commonwealth procurements (generally over $20 million), by 
requiring potential suppliers to prepare and implement AIP Plans.  This policy has applied 
from 1 January 2010.  This policy will consequently apply to the future procurement of the 
Garada mission by the Australian Government. 

By applying the AIP National Framework to Commonwealth procurements the government is 
aiming at increasing the opportunities for Australian Small and Medium sized Enterprises 
(SMEs) to participate in major Commonwealth procurement activities.  The AIP plan is a 
mechanism for potential suppliers to familiarise themselves with Australian SME capability 
and identify qualified suppliers.  The AIP plan can also give Australian SMEs access to new 
opportunities, strategic partnerships and international supply chains. 

1.3. When an AIP Plan is Required 

The general guideline given by the Department of Industry, Innovation, Science, Research 
and Tertiary Education (DIISRTE) is that AIP plans are required for tenders valued at $20m 
or more, though the final decision will be made by DIISRTE. 

Once it is determined that an AIP plan is required, potential suppliers are required to submit 
an approved AIP plan as part of the tender response.  Achieving an approved AIP plan 
requires it to be submitted to DIISRTE and a certificate of approval received prior to the 
submission of the tender response.  Failure to submit an approved AIP plan will result in 
exclusion from the tender evaluation process.  On award of the contract, the successful 
tenderer will then be contractually obliged to implement their approved AIP plan.  During 
contract execution the contractor will be required to supply regular (usually annually but could 
be more frequent) implementation reports to DIISRTE. 
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2. AIP Plan Content 

The objective of an AIP plan is to: 

• demonstrate how the organisation will provide full, fair and reasonable opportunity to 
Australian industry to supply goods and services to the project; and  

• endeavour to maximise opportunities for Australian industry to participate in all aspects 
of the project. 

An AIP Plan outlines the actions an organisation will take to provide Australian industry with 
full, fair and reasonable opportunity to participate in the project.  The AIP Plan has to cover 
off  the criteria described in the following paragraphs.  To meet these criteria, organisations 
need to outline specific activities they intend to undertake to provide Australian industry, with 
full, fair and reasonable opportunity. 

2.1. Opportunities for Australian industry 

The plan provides detail on the goods and services to be procured for the project, an 
indication of expected areas of opportunity for Australian suppliers, and an estimate of the 
percentage of Australian industry value added for the project. 

2.2. Communication strategy 

The plan is required to provide detail on the organisation’s communication strategy for the 
early identification of opportunities for Australian industry and the communication of 
information on opportunities for Australian industry through all tiers of supply (e.g. along sub-
contracting chains). 

This must include detail on how the organisation will actively seek information on Australian 
industry capability and communicate opportunities to potential suppliers. 

2.3. Opportunities through all tiers of supply and in all stages of the project 

The plan is to describe strategies to include Australian industry through all tiers of supply and 
all stages of the project (i.e. through phases A to E).  It must also explain the process and 
criteria to assess potential suppliers. 

2.4. Opportunities for longer-term participation 

The plan needs to transcend the project itself and describe opportunities for longer-term 
participation by Australian industry, including how the project will work with suppliers to 
encourage capability development and integration into global supply chains. 

2.5. Procedures and resources 

The internal procedures, resources and systems in place to monitor the implementation of the 
AIP Plan are required to be described in the plan. 
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Annex B Training Program in SAR Technologies Program 
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Task
ID # Task Name Product Description

(the scope of the items the task is concerned with)
Workscope Description 
(work to be performed for the task)

1 Garada Implementation
1.1 Systems Engineering Garada Mission The Garada mission across all phases of its lifecycle. Finalise customer needs, mission analysis and modelling, regulatory compliance, identify performance drivers, constraints, 

operational scenarios; analyse and select final solution; write mission description document, trade off report, technical 
requirement specification, interface requirements document; support of engineering reviews including: mission definition 
review, preliminary requirement review, preliminary design review, critical design review, qualification review, acceptance 
review, operational readiness review.

1.2 Space Segment
1.2.1 Systems Engineering Space Segment Systems Engineering of the space segment. CD1
1.2.2 Spacecraft
1.2.2.1 Platform
1.2.2.1.1 Systems Engineering spacecraft platform Systems Engineering of the platform subsystem. CD1
1.2.2.1.2 Structure The structural body of the spacecraft to which the harness and other subsystems and payloads are mounted.   

It is designed to take all loadings encountered during transportation, handling, testing, pre launch, launch, and 
operation activities and withstand the effect of material degradation in both the terrestrial and space 
environments.

CD1, CD2

1.2.2.1.3 Attitude and Orbital Control The AOC subsystem consists of sensors, control algorithms and actuators (thrusters, torquers etc.) to control 
the correct orientation of the spacecraft with respect to the earth and sun; to manoeuvre it into its operational 
orbit after launch and to maintain the spacecraft within its orbit during its operational lifetime including 
formation flying, conjunction avoidance and de-orbit.

CD1, CD2

1.2.2.1.4 Harness The spacecraft wiring and backplanes for the distribution of power and data between the spacecraft 
subsystems.

CD1, CD2

1.2.2.1.5 OBDH The On-board Data Handling subsystem that carries and stores data between the spacecraft subsystems and 
the ground segment via the communications subsystem for telemetry, tracking, command and payload data

CD1, CD2

1.2.2.1.6 Communications The on-board spacecraft communication subsystem that manages the RF link to the ground segment for 
telemetry, tracking, command and payload data.

CD1, CD2

1.2.2.1.7 Thermal control The thermal control system consists of sensors, algorithms and heaters to maintain the on-board equipment 
in the correct temperature range during its life to guarantee optimal performance when the equipment is 
operating and to avoid damage when equipment is not operating.

CD1, CD2

1.2.2.1.8 Power
1.2.2.1.8.1 Solar Array The cells, array, structure, deployment and control mechanisms for the spacecraft solar array. CD1, CD2
1.2.2.1.8.2 Power storage The batteries or other electrical energy storage devices, battery management electronics and battery thermal 

control.
CD1, CD2

1.2.2.1.8.3 Power regulation and control The electronics to perform conditioning, regulation, control and distribution of the spacecraft power. CD1, CD2
1.2.2.1.9 Integrate and test Platform integration and test procedures and results Integration, development, qualification and acceptance testing of the platform subsystems into the platform system.
1.2.2.2 Payload
1.2.2.2.1 SAR
1.2.2.2.1.1 Systems Engineering SAR payload Systems engineering of the SAR payload CD1
1.2.2.2.1.2 Antenna
1.2.2.2.1.2.1 Structure The SAR antenna structure to accommodate the drive electronics, RF radiator, feed networks and 

deployment and control mechanisms and sensors.
CD2
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Task
ID # Task Name Product Description

(the scope of the items the task is concerned with)
Workscope Description 
(work to be performed for the task)

1.2.2.2.1.2.2 RF radiator The RF radiating and receiving elements of the antenna. CD2
1.2.2.2.1.2.3 Drive electronics The SAR drive electronics including HPA chips, LNAs, Tx phase shifters, solid state switchers, Rx phase 

shifters, Receive gain control, interface and control electronics.
CD2

1.2.2.2.1.3 Central Electronics The SAR timing generator, reference oscillator, Tx signal generator and amplification chain, receive chain, 
interface to the OBDH.

CD2

1.2.2.2.1.4 Global Navigation Satellite Subsystem
1.2.2.2.1.4.1 Systems Engineering GNS Systems engineering of the GNS subsystem CD1
1.2.2.2.1.4.2 Antenna The GNS system antennas. CD2
1.2.2.2.1.4.3 Receiver The GNS receiver and interface card. CD2
1.2.2.2.1.4.4 Integrate and Test GNS subsystem integration and test procedures and results Integration, development, qualification and acceptance testing of the GNS card and antennae
1.2.2.2.1.5 Integrate and Test SAR payload integration and plans, procedures and results Integration and testing of the SAR payload and the GNS card into the SAR system.
1.2.2.3 Assembly, Integration and Test
1.2.2.3.1 Assembly Spacecraft integration plans, procedures and results Assembly of the subsystems into the spacecraft system.
1.2.2.3.2 Integration Spacecraft integration plans, procedures and results. Integration of the subsystems into the spacecraft systems, integration of spacecraft into launcher mount, integration of space 

segment with the ground segment;  functional testing using integration test threads and ground support equipment.

1.2.2.3.3 Test
1.2.2.3.3.1 Qualification Testing Spacecraft qualification test plans, procedures and results Undertake testing and analysis to verify that the spacecraft conforms to the specified requirements.
1.2.2.3.3.2 Acceptance Testing Satellite acceptance test plans, procedures and results. Undertake testing to demonstrate that the delivered spacecraft conforms to the specified requirements.
1.2.3 Ground Support Equipment
1.2.3.1 Platform All mechanical (MGSE) and electrical (EGSE) ground equipment required to support the assembly, integration 

and test of all models of the platform including subsystems within the platform.  Includes jigs and fixtures, 
interface simulators, data recorders, analysis tools.

CD3

1.2.3.2 Payload All MGSE and EGSE ground equipment required to support the assembly, integration and test of all models of 
the payload.  Includes jigs and fixtures, interface simulators, data recorders, analysis tools.

CD3

1.2.3.3 Spacecraft All MGSE and EGSE ground equipment required to support the assembly, integration and test of all models of 
the spacecraft.  Includes jigs and fixtures, interface simulators, data recorders, analysis tools.

CD3

1.3 Launch Service Segment
1.3.1 Launch vehicle selection Selection of the launch vehicle for the Garada spacecraft. Selection of launch vehicle considering lift capacity, maximum altitude, orbit inclination, vibration environment etc. 
1.3.2 Payload integration Interfacing of all Garada Spacecraft to the launch vehicle. Spacecraft to launcher interface design, manufacture and test.  
1.3.3 Pre launch Pre launch activities for the Garada spacecraft. Integration of spacecraft to launcher.
1.3.4 Launch Launch services agreement and launch of Garada spacecraft. Spacecraft launch and deployment into orbit.
1.4 Ground Segment
1.4.1 Systems Engineering Ground Segment Systems engineering of the ground segment. CD1
1.4.2 Mission Management and Data Processing Subsystem Facilities, hardware and software to undertake the SAR Data Processing, SAR image interpretation, archiving, 

processing of customer requests, scheduling & prioritising of imaging activities.
CD3

1.4.3 Mission Control Subsystem Facilities, hardware and software to undertake control of the Garada mission including attitude and orbital 
control, spacecraft commanding and control, telemetry analysis and reaction, and SAR control functions.

CD3

1.4.4 Ground Station Subsystem Facilities hardware and software to undertake the RF transmission and reception to/from the space segment.  
Includes telemetry, command, control and data links, ranging, and timing.

CD3

1.4.5 Support Subsystem The test equipment, spares, operating and maintenance manuals and procedures, and operator and 
maintainer training required to support the ground segment.

CD3

1.4.6 Integration and Verification testing Integration and test of the ground segment including interfacing with the space segment. Integration of the subsystems comprising the ground segment and integration of the ground segment with the space segment.  
Verification of the ground segment including functionality and interfaces, subsystem testing, segment integration testing and 
operations validation testing.

1.5 Project Management Project and commercial management of the Garada system development, including space and ground 
segments and launch and deployment.

Workscope planning and implementation, configuration and information management, cost and schedule management, risk 
management, commercial management.

2 Garada Operation
2.1 Mission Operations The operational Garada system. Mission analysis, simulation, planning, scheduling, monitoring and control, performance analysis.
2.2 Payload operations The operational Garada system. SAR operations analysis, planning, scheduling and control.
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ID # Task Name Product Description

(the scope of the items the task is concerned with)
Workscope Description 
(work to be performed for the task)

2.3 Payload Data Operations The operational Garada system. Payload data reception, processing, archiving, distribution.  Customer interfacing, user services.
2.4 Integrated Logistics Support Maintain and upgrade the ground segment. System maintenance and obsolescence management, performance analysis and reporting, software development and 

validation.
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Task
ID # Task Name

1 Garada Implementation
1.1 Systems Engineering Garada Mission

1.2 Space Segment
1.2.1 Systems Engineering Space Segment
1.2.2 Spacecraft
1.2.2.1 Platform
1.2.2.1.1 Systems Engineering spacecraft platform
1.2.2.1.2 Structure

1.2.2.1.3 Attitude and Orbital Control 

1.2.2.1.4 Harness

1.2.2.1.5 OBDH

1.2.2.1.6 Communications

1.2.2.1.7 Thermal control

1.2.2.1.8 Power
1.2.2.1.8.1 Solar Array
1.2.2.1.8.2 Power storage

1.2.2.1.8.3 Power regulation and control
1.2.2.1.9 Integrate and test
1.2.2.2 Payload
1.2.2.2.1 SAR
1.2.2.2.1.1 Systems Engineering SAR payload
1.2.2.2.1.2 Antenna
1.2.2.2.1.2.1 Structure

Required Capability  (the capabilities required to undertake the work scope for the product)
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Task
ID # Task Name

1.2.2.2.1.2.2 RF radiator
1.2.2.2.1.2.3 Drive electronics

1.2.2.2.1.3 Central Electronics

1.2.2.2.1.4 Global Navigation Satellite Subsystem
1.2.2.2.1.4.1 Systems Engineering GNS 
1.2.2.2.1.4.2 Antenna
1.2.2.2.1.4.3 Receiver
1.2.2.2.1.4.4 Integrate and Test
1.2.2.2.1.5 Integrate and Test
1.2.2.3 Assembly, Integration and Test
1.2.2.3.1 Assembly
1.2.2.3.2 Integration

1.2.2.3.3 Test
1.2.2.3.3.1 Qualification Testing
1.2.2.3.3.2 Acceptance Testing
1.2.3 Ground Support Equipment
1.2.3.1 Platform

1.2.3.2 Payload

1.2.3.3 Spacecraft

1.3 Launch Service Segment
1.3.1 Launch vehicle selection
1.3.2 Payload integration
1.3.3 Pre launch
1.3.4 Launch
1.4 Ground Segment
1.4.1 Systems Engineering Ground Segment
1.4.2 Mission Management and Data Processing Subsystem

1.4.3 Mission Control Subsystem

1.4.4 Ground Station Subsystem

1.4.5 Support Subsystem

1.4.6 Integration and Verification testing

1.5 Project Management

2 Garada Operation
2.1 Mission Operations
2.2 Payload operations

Required Capability  (the capabilities required to undertake the work scope for the product)
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Executive Summary 

This Ground Segment Definition Report summarises the work performed by BAE Systems in 
undertaking Work Package 10: Ground Segment Definition for the Garada SAR mission.  
This work was undertaken in conjunction with work package 9: Garada Industrialisation 
Analysis.  During the course of WP10: Ground Segment Definition, five reports were 
delivered:   

i. TK10.1 Operational Concept Document 

ii. TK10.2 Functional Performance Specification 

iii. TK10.3 Preliminary Ground Segment Architecture 

iv. TK10.4 Ground Segment ROM Cost Estimate 

v. TK10.5 Ground Segment Definition Report. 

Together, these reports establish the user needs and provide a definition, analysis, 
requirements, preliminary architecture, candidate solutions and ROM costing for the ground 
segment to support Garada. 

For the Garada mission the ground segment provides monitoring and control of the 
spacecraft, processing and archiving of the SAR data, and interfacing to end users who 
request and consume the SAR data and its derived products.  The architectural design 
decomposed the ground segment to the following systems: 

• Mission Control System (MCS) 

• Mission Management and Data Processing System (MMDPS) 

• Ground Station System (GSS) 

• Ground Communications System (CS) 

• Support System (SS) 

The Mission Control System is responsible for the control of the SAR payload, the monitoring 
and control of the spacecraft, and the monitoring and control of the ground station.  It is 
based on an array of COTS hardware computing platforms running COTS based software 
solutions for the satellite command,  control and monitoring.  Bespoke software is required to 
be developed to interface the COTS software products to the Garada system and for the 
mission specific functionality of ground station control, SAR management, application specific 
databases and the MCS simulator.  

The Mission Management and Data Processing System provides the SAR operations and 
data processing and archiving to generate and exploit the SAR products.  It provides the 
interface to the end users, receives data requests and delivers end products.  Its 
implementation is based on COTS computing platforms running mainly bespoke software.  
Development activities are required for the software for processing the SAR echo data, which 
is matched specifically to the Garada SAR, into imagery.  The SAR products require further 
processing to produce the end products of soil moisture contours, and flood, forest, and oil 
slick outlines required by the end users.  These processes require further software to be 
developed to implement the complex algorithms required.   

The Ground Station System provides the communications link to the spacecraft in orbit.  The 
system is located remotely from the MCS at a geographical location that optimises the 
contact time with the spacecraft.  The station is remotely operated and controlled and in 
normal use, operates unmanned.  Considerable analysis and trade studies were undertaken 
to determine the optimum location of the ground stations.  The National Earth Observations 
from Space Infrastructure Plan (NEOS-IP) discussion papers proposes the upgrade of 
Australia’s three high data rate receiving stations to six with the addition of three new sites in 
North Eastern Australia, Western Australia and Antarctica.  The assessment of the coverage 
of Garada from these sites, existing Australian receiving sites and other locations was 
undertaken.   

It was concluded that a combination of a new ground station at Mawson in the Antarctic and 
the existing TERSS station at Hobart offers the best coverage for the Garada mission.  The 
combination of Hobart with Mawson, due to their southerly locations and east-west spacing, 
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offer access to 80% of the orbits of the polar orbiting spacecraft.  The Hobart station will 
require upgrading to handle the higher data rates of Garada and S-band telemetry and 
telecommands.  A new ground station will need to be established at Mawson station in the 
Antarctic, consistent with NEOS-IP discussion paper intent.  The two ground stations at 
different geographical locations provide redundancy and diversity as well as increased orbital 
coverage. 

The return of the data from the Antarctic station to Australia is planned to be implemented 
through the proposed Antarctic Broadband system which has been initially funded by an 
Australian Space Research Program (ASRP) grant.  The existing TDRSS satellite system and 
the forthcoming Inmarsat Global Xpress series of broadband satellites are also possibilities 
for the Antarctic link. 

The Kongsberg Satellite Services (KSAT) operated ground station in the Svalbard 
archipelago in the Arctic was the best location examined, with nearly complete orbital 
coverage.  Whilst outsourcing the ground station to KSAT is an option for Garada, the 
Mawson / Hobart combination is baselined due to its reuse of existing assets and consistency 
with the discussion papers for the National Earth Observations from Space Infrastructure 
Plan. 

Detailed analysis and trade studies were also undertaken on the spacecraft to ground link 
design to handle the high data rate of the SAR instrument.  These are provided in the 
Preliminary Ground Segment Architecture report and are updated in section 18 of this 
document with the results of the spacecraft communications trade studies.  It is concluded 
that a dual wide band data link using the full bandwidth of the X band allocation will provide 
the data rate required and provide compatibility with existing ground stations in other 
countries to maximise the opportunities for export sales of the SAR data. 

The Communications System provides the interconnections between the systems.  It handles 
all voice and data communications between the ground systems and between the ground 
segment to the outside world.  The National Broadband Network provides the main high 
speed data link to transport the data between ground systems geographically separated 
within Australia and from the MMDPS to customers.   

The Support System provides hardware and software maintenance and upgrades to the 
ground segment.  It also undertakes spacecraft flight software updates to be uploaded to the 
Garada spacecraft.  It is built around the use of existing COTS hardware and software tools 
and requires little development activities.  

The ground segment also includes an operations segment which is comprised of the trained 
staff who operate the ground segment and the plans and procedures required to undertake 
the mission preparation and operations.  For Garada these teams will typically involve the 
following types of people: 

• Operations managers 

• Spacecraft operators 

• SAR operators 

• Mission planners 

• Flight dynamics engineers 

• Ground system operators 

• SAR payload exploitation personnel; eg scientific and algorithm experts, end user 
liaison staff, product generation support staff, and calibration experts. 

• Ground system maintenance engineers. 

Details of the skills and training required to support Garada operations in Australia are 
discussed in TK9.5: Garada Industrialisation Plan, where a roadmap is also provided.  It is 
concluded that Australia is well capable of priming the ground segment and undertaking the 
ongoing operation and maintenance of the Garada system. 

A decomposition of the ground segment work was undertaken and a Work Breakdown 
Structure (WBS) generated.  From this, parametric estimating techniques were used to 
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provide a Rough Order of Magnitude (ROM) costing for a ground segment that meets the 
Ground Segment Functional Performance Specification based on the architectural solution 
described in the Preliminary Ground Segment Architecture document.  The costing is 
provided in the Garada Ground Segment ROM Cost Estimate report and the reader is 
referred to that document for full details of the costing and scope.  From the WBS an 
indicative schedule for the ground segment was also derived.  A total duration of 69 months is 
required, comprising the following major activities: 

• Phase A, Mission and operational analysis, conceptual design:-  9 months 

• Phase B, Preliminary design: 12 months 

• Phase C, Detailed design: 12 months 

• Phase D, Production, AIT and Verification: 36 months 
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1. Scope 

This is the Ground Segment Definition Report for the ground segment of the Garada 
formation flying satellite based Synthetic Aperture Radar (SAR) system.  This document is a 
deliverable under Garada Work Package 10- Ground Segment Definition, deliverable TK 10.5 
Ground Segment Definition Report.   

1.1. Work Package Context 

The context of this document within WP 10- Ground Segment Study, is illustrated in Figure 1: 
Work Package 10.5 Context. 

 

Figure 1: Work Package 10.5 Context 

1.2. Document Purpose  

The purpose of this document is to inform stakeholders of the role, requirements, 
functionality, architectural design and ROM costing of the ground segment of Garada.  It 
summarises the detailed analysis that has been performed and captured in the reports 
TK10.1, 10.2, 10.3, and 10.4. 

2. Referenced Documents and Acronyms 

2.1. Referenced Documents 

 

Ref Document 
Identifier Title  Rev. Date 

1 2344DT00009 TK 10.2 Functional Performance 
Specification for the Ground Segment of 
the Garada Formation Flying Synthetic 
Aperture Radar System 

1 29 Jun 12 

2 2344DT00010 TK 10.3 Preliminary Ground Segment 
Architecture for the Garada Formation 
Flying Synthetic Aperture Radar System 

1 21 Dec 12 

3 2344DT00008 TK 10.1 Operational Concept Document 
for the Garada Formation Flying Synthetic 
Aperture Radar System 

1 31 Mar 12 

4 2344DT00007 TK 9.5 Project Industrialisation Plan for 
the Garada Formation Flying Synthetic 
Aperture Radar System 

2 30 Jun 13 

5  TK1.4 Thermal Requirements and 
Baseline Model, Spacecraft 
Communications System Report, Antenna 
Trade-off Report 

V01_
00 

31 Mar 13 
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Ref Document 
Identifier Title  Rev. Date 

6 GAR-TA-ASU-
SY-001 

Garada – SAR Payload Preliminary 
Thermal Analysis. 

1.1 15 Jan 13 

7 2344DT00006 TK 9.2 Australian Industry Capability 
Report for the Garada Formation Flying 
Synthetic Aperture Radar System 

1 21 Dec 12 

8 DIISRTE, 
12/257 

Australia’s Satellite Utilisation Policy  9 Apr 13 

9 2344DT00011 TK 10.4 Garada Ground Segment ROM 
Cost Estimate 

1 28 Mar 13 

10 ISBN 978-1-
921954-40-5 

“Continuity of Earth Observation Data for 
Australia” , 2011. Geoscience Australia, 
Commonwealth of Australia. 

 2011 

11  Garada Mission Baseline V01_
00 

1 Aug 
2012 

12  Garada Objective System Requirements 
Baseline 

V01_
00 

30 Aug 
2012. 

 

2.2. List of Acronyms 

Abbreviation Expansion 

ACM Adaptive Coding and Modulation 

AIT Assembly Integration and Test 

AOCS Attitude and Orbital Control System 

AR Acceptance Review 

ASRP Australian Space Research Program 

BoM Bureau of Meteorology 

CDR Critical Design Review 

CoC Certificate of Conformance 

COTS Commercial Off The Shelf 

CRR Customer Requirements Review 

CS Communications System 

CSCI Computer Software Configuration Item 

CSIRO Commonwealth Scientific and Industrial Research 
Organisation 

DCCEE Department of Climate Change and Energy Efficiency 

DIDS Data Item Description Sheets 

DSTO Defence Science and Technology Organisation 
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Abbreviation Expansion 

EO Earth Observation 

EOL End Of Life 

ESA European Space Agency 

FPS Functional Performance Specification 

GA Geoscience Australia 

GNSS Global Navigation Satellite System 

GSS Ground Station System 

GST Goods and Services Tax 

HWCI Hardware Configuration Item 

ICD Interface Control Document 

IF Intermediate Frequency 

IFCI International Forest Carbon Initiative 

IRD Interface Requirements Document 

IT Information Technology 

KSAT Kongsberg Satellite Services AS 

LCM Life Cycle Management 

LEOP Launch and Early Orbit Phase 

LNA Low Noise Amplifier 

LTAN Local Time Ascending Node 

MCS Mission Control System 

MDB Murray Darling Basin 

MDR Mission Definition Review 

MMDPS Mission Management and Data Processing System 

NBN National Broadband Network 

NEOS-IP National Earth Observations from Space Infrastructure 
Plan 

NEST Next ESA SAR Toolbox 

OCD Operational Concept Document 

OEM Original Equipment Manufacturer 

OQR Operations Qualification Review 

ORR Operational Readiness Review 

PDR Preliminary Design Review 

PHAR Preliminary Hazard Analysis Report 

PHS&T Packaging, Handling, Transportation and Storage 

V01_00 Annex 10. Ground Segment Definition 30th June 2013



UNCLASSIFIED  

Garada Ground Segment Definition Report 
 

Doc. Id:  2344DT00012  Rev:  1 
 

 Uncontrolled when printed Page 13 of 47 
BAE Systems Confidential Information © BAE Systems 2013 All Rights Reserved 
The information contained in this document remains the property of, and may not be used, reproduced or disclosed in part or in whole except as authorised 

by BAE Systems Australia Limited, ABN 29 008 423 005 

UNCLASSIFIED  

    

  

Abbreviation Expansion 

PRF Pulse Repetition Frequency 

QPSK Quadrature Phase Shift Keying 

QR Qualification Review 

R&D  Research and Development 

RF Radio Frequency 

RFI Radio Frequency Interference 

ROM Rough Order of Magnitude 

RPS Radiation Protection Standard 

SAR Synthetic Aperture Radar 

SLOC Source Lines of Code 

SME Subject Matter Expert 

SRR System Requirements Review 

SS Support System 

TDRS Tracking and Data Relay Satellite 

TERSS Tasmanian Earth Resources Satellite Station 

TOPS Terrain Observation by Progressive Scan 

TT&C Telemetry, Tracking and Command 

UNSW University of New South Wales 

V&V Verification and Validation 

WBS Work Breakdown Structure 

WP Work Package 

 

3. Garada Overview 

Garada is a proposed Australian led Formation Flying L-Band Synthetic Aperture Radar 
(SAR) satellite system that provides SAR imagery and interpreted data to primarily Australian 
end users for the purposes of soil moisture mapping, forest change detection, flood and 
disaster monitoring and bistatic research.  It is aimed primarily at civilian applications but may 
also support defence.   

The system comprises two identical satellites flying half an orbit apart in a sun synchronous 
orbit of 630km altitude.  The orbit repeat cycle of 6 days results in the whole of Australia 
being overflown every three days.  The main payload is a high resolution L band Synthetic 
Aperture Radar that has a resolution of 4-11m in range and 7m in azimuth.  A secondary 
payload is a Global Navigation Satellite System (GNSS) receiver designed to receive 
positioning and timing signals from multiple satellite navigation systems.  The Garada 
spacecraft are designed to be launched from the SpaceX Falcon 9 launch vehicle.  The 
satellites are based on Astrium’s Snapdragon configuration and TerraSAR-L experience.  The 
primary ground station for receiving the satellite data is located in Antarctica and uses the 
proposed Antarctic broadband link to return the data to Australia or an equivalent capability.  
A secondary ground station in Tasmania provides additional orbit coverage and redundancy.  
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The mission and payload operations and payload data processing are carried out in Australia 
by Australian personnel. 

4. Project Life Cycle Context 

This document provides the Ground Segment Definition for the Garada mission.  In the 
context of the typical life cycle of space projects, this covers phases 0 to E where the phases 
are as described below. 

• Phase 0 ‐ Mission analysis/needs identification 

• Phase A ‐ Feasibility 

• Phase B ‐ Preliminary Definition 

• Phase C ‐ Detailed Definition 

• Phase D ‐ Qualification and Production 

• Phase E - Utilisation 

• Phase F - Disposal 

Phases 0, A, and B are focused mainly on the elaboration of system functional and technical 
requirements and identification of system concepts to comply with the mission statement. 

Phases C and D comprise all activities to be performed in order to develop and qualify the 
space and ground segments and their products. 

Phase E comprises all activities to be performed in order to launch, commission, utilise, and 
maintain the orbital elements of the space segment and utilize and maintain the associated 
ground segment. 

Phase F comprises all activities to be performed in order to safely dispose of all products 
launched into space as well as the ground segment. 

Currently, Garada activities are being undertaken that are associated with the project Phase 
0 and Phase A scope.  This is being carried out under the Australian Space Research 
Program Funding Agreement ASRP5.  These activities comprise the following work 
packages: 

WP1 Space Systems Engineering and Radar Applications  

WP2 SAR Solution  

WP3 SAR System Analysis  

WP4 Bistatic Radar  

WP5 Prototype Receiver  

WP6 Formation Flying Algorithms  

WP7 Orbit Models  

WP8 Orbit Control Analysis  

WP9 Industrialisation Analysis  

WP10 Ground Segment Definition.  

This Ground Segment Definition Report under WP10 covers the ground segment work that 
would be undertaken in phases A, B, C, and D as described in this document.   

5. Mission Objectives 

The primary aim of the Garada mission is to utilise a space-borne L band Synthetic Aperture 
Radar instrument to provide benefits to Australian agricultural, land management, and 
emergency management communities.  In particular, the Garada mission covers the following 
applications: 
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• Frequent soil moisture measurements of the Murray Darling Basin in Australia by 
analysing the returns from the SAR. 

• Forestry change in Australian and regional forests. 

• Flood monitoring along the east coast of Australia. 

• Land use classification and mapping by the provision of SAR imagery to the 
Australian land management and geospatial communities. 

• Provision of SAR imagery to foreign countries on an opportunity basis. 

These aims are achieved by utilising two spacecraft equipped with a high resolution L band 
SAR in a sun synchronous orbit.  A single spacecraft gives a 6 day repeat cycle, decreasing 
to 3 days for a dual spacecraft solution.  Data is downloaded via a high bandwidth link to a 
primary ground station located in Australian Antarctic Territory and sent to Australia via a 
wideband satellite data link.  Processing of the data is performed in an Australian data 
processing and distribution centre.  An additional ground station located in south eastern 
Australia provides backup to the main ground station and access to a small number of 
additional orbits.   

6. Operational Concept 

6.1. Justification for Capability 

Satellite based SAR data is currently used in Australia for a wide range of applications 
including modelling climate, mapping of forests, responding to disasters, biomass monitoring, 
locating mining and energy resources, topographic data mapping, weather and climate, 
ocean wave height assessment, flood assessment and monitoring, ocean oil slick monitoring, 
research and monitoring international agreements.  To support these applications, Australia is 
reliant on data from foreign satellites made available through intergovernmental agreements 
and commercial contracts with overseas jurisdictions.   

The satellites Australia currently relies on are approaching end of life and although future 
missions are planned by foreign countries, there are currently no formal arrangements in 
place for Australia to receive the data from the sensors that will be carried on missions 
planned during the next decade.  (Ref 10) 

Reliance on foreign data sources for SAR data has inherently several limitations and risks: 

a. Incomplete spatial coverage and resolution for Australian areas of interests. 

b. Non optimised system design that does not meet Australia’s needs. 

c. Cessation of the service, access rights or increased cost. 

d. Low priority in requesting operating modes and surveillance of areas of interest to 
Australia.   

As an increasing number of land, water and disaster management solutions become 
dependent on SAR data, these risks increase.  An Australian owned and operated satellite 
SAR system will considerably mitigate or eliminate these risks and provide Australian 
programs, both civil and defence, with priority access to high quality SAR data into the future. 

6.2. Garada Users 

The Garada System will be owned and operated by the Australian Government and will 
service a wide variety of end users.  End users of Garada products will be: 

a. Australian Government, non-Government and commercial organisations.    

b. Foreign governments and commercial organisations, subject to appropriate inter 
government agreements. 

c. Australian Department of Defence, subject to appropriate security requirements.   

The organisations that are expected users of the end products of the Garada System are 
listed in Table 1:  Garada End Users.  (Ref 2) 
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Table 1:  Garada End Users 

Customer Customer Application 

Department of Climate Change and Energy 
Efficiency 

Forestry Change 

Department of Agriculture, Fisheries and 
Forestry 

Soil moisture mapping in Murray 
Darling region 

Murray Darling Basin Authority Flood mapping to determine extent of 
water in the Murray Darling Basin 

Border Protection Command Strategic surveillance of Australia’s 
surrounds 

Bureau of Meteorology Flood mapping 

Emergency Management Australia Flood & Disaster Monitoring 

State emergency management and state 
emergency services 

Flood & Disaster Monitoring 

Marine Environment Division of Australian 
Maritime Safety Authority 

Disaster Monitoring 

University of New South Wales Bistatic research 

The Garada products will be made accessible to users via the Australian National Broadband 
Network (NBN). 

6.3. Integration with Australia’s Existing Earth Observation System 

The Garada system is an adjunct to the current system within Australia of acquiring earth 
observation data.  It is designed to supplement the earth observation data products acquired 
from overseas systems with data specifically targeted to Australia’s needs.  It is important that 
Garada integrate virtually seamlessly with the current earth observation system to minimise 
the costs through additional staffing, training, facilities and infrastructure. 

The existing system for accessing satellite based earth observation data both optical and 
SAR relies on the sharing of data from foreign owned earth observation satellites through 
intergovernmental agreements or commercial contracts with overseas agencies.   

Satellite missions inherently have a finite life and new agreements and contracts have to be 
negotiated to ensure continued access to data.  Whilst new earth observation missions are 
planned there is no guarantee they will provide the data coverage Australia requires or that 
acquisition agreements will be ratified.  The reliance on foreign sources of SAR data has 
several risks as detailed in section 6.1:   

The Garada system will mitigate or eliminate these risks as follows: 

a. The system will be optimised specifically for coverage of Australian areas of interest. 

b. The system will be designed so that key performance parameters, such as waveband, 
resolution, revisit time and latency, are optimised to meet the needs of Australia’s end 
users. 

c. As owner and operator of the system, Australia will not be subject to access rights 
negotiated with foreign owners and will have a known end of life that is determined by 
the life of the system not intergovernmental agreements. 

d. As the owner of the system, Australia will set the priorities for use of the system and 
will not be subject to the requirements of other countries taking precedence. 

V01_00 Annex 10. Ground Segment Definition 30th June 2013



UNCLASSIFIED  

Garada Ground Segment Definition Report 
 

Doc. Id:  2344DT00012  Rev:  1 
 

 Uncontrolled when printed Page 17 of 47 
BAE Systems Confidential Information © BAE Systems 2013 All Rights Reserved 
The information contained in this document remains the property of, and may not be used, reproduced or disclosed in part or in whole except as authorised 

by BAE Systems Australia Limited, ABN 29 008 423 005 

UNCLASSIFIED  

    

  

The Satellite Utilisation Policy (ref 8) nominates the Australian government agencies 
responsible for earth observations from space as Geoscience Australia (GA), Bureau of 
Meteorology (BoM) and CSIRO.  GA provides geoscientific advice and information to 
government, industry and the community; BoM utilises space observations for weather 
forecasting and CSIRO uses space observations to support space science research.  The 
application of existing SAR data to the end uses targeted by Garada are primarily managed 
through GA.  SAR data from foreign owned and operated EO systems is provided to GA 
through intergovernmental agreements or on a commercial basis.  GA processes and 
interprets the data and applies it to the end use to support government objectives.  GA also 
provides the data, at various levels of processing, to commercial EO service providers on a 
commercial basis.  

The Garada system is designed to have minimal impact on Australia’s current EO customers’ 
processes and systems.  Garada data will be provided to customers in standard formats 
allowing many aspects of the customer’s current EO SAR processing, analysis, archiving and 
distribution systems to be reused.  Figure 2 illustrates how the Garada system will integrate 
into the existing Earth Observation (EO) supply and processing system.  In effect, Garada 
becomes another source of SAR data in the existing system, though one of high quality and 
high availability, that can be targeted specifically to Australia’s end users’ needs.  As a 
government owned system Garada will provide its data to GA free of charge and to non-
government bodies on a commercial basis.   
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Figure 2: Garada Integration into Existing System 
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7. Usage Scenarios 

The primary usage scenario of the Garada system is the request from, and the supply of data 
to, an end user.  This may be for new data or a request to access archive data.  It may be an 
ongoing request to provide SAR data from an area over a period of time, or a specific request 
for limited temporal and spatial data.  In all cases the scenario is triggered by a request from 
an end user for specific data and follows the abbreviated description below: 

1. A request is received from a customer for new or archived data.   

2. All requests are logged and assessed for validity.   

3. The requests are prioritised and details provided for actioning.  
Prioritisation of requests is performed in accordance with an acquisition 
priority.  Examples of priority are: flood and disaster management 
requests take priority over research requests etc. 

4. For archived data, the data is recovered from the SAR archive, and 
processed to the level specified by the customer. 

5. For new data, the SAR on board the satellite is commanded to scan the 
required area at the necessary time using the appropriate modes.   

6. The acquired raw data is stored on board until the satellite is within range 
of a ground station.  The data is then transmitted to the ground station 
whilst the spacecraft is in access range. 

7. The raw data is processed to the level specified by the customer, 
packaged in the requisite format and the resulting product delivered to the 
customer.    

8. The customer is invoiced if payment is required. 

9. All acquired raw data and all processed products are archived. 

Further less frequently used usage scenarios are explored in ref 3.  From these usage 
scenarios and the end user applications described in Table 1, key end user common scenario 
parameters were identified as described in Table 2.  These parameters form a key input to 
the requirements of the ground segment. 

 

Table 2: Common Scenario Parameters 

Parameters Details 

Update Frequency The time between imaging of the same scene.  This may vary from 
hours, days, weeks or months. 

Latency The time between the scene being imaged and the data being 
made available to the customer. 

Resolution The ability of the sensor to distinguish two closely spaced objects 
as two rather than one object. 

Data type Different degrees of processing can be conducted on the acquired 
SAR data to create different products in accordance with customer 
needs.  These products can include: 

Raw data.  The unprocessed matrix of echos as received from the 
sensor.  The customer will require SAR processing capabilities to 
use this product. 

Path image.  A processed image that is aligned parallel to the 
satellites orbit path.  Lat and Long positional information is added to 
the data. 

Single Look Complex:  is stored in slant range.  It is also corrected 
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Parameters Details 
for satellite reception errors and includes latitude and longitude 
information.  It retains the original phase and amplitude information.  
It cannot be directly viewed as an image. 

Map Image:  An image oriented with north up and corrected to a 
map projection. 

Multi look image: An image where independent images of the same 
area are averaged to reduce speckle. 

Data format  The format and containers for the deliverable data.  In most cases 
these will be in accordance with standard industry requirements. 

Interpreted data In most cases the SAR map image is not directly usable by the 
customer and requires further interpretation to deduce the 
information required.  This interpretation may be undertaken by the 
customer but in many cases the customer requires the 
interpretation to be performed by the Garada system so they can 
act on it directly.  The Garada system should interpret the data to 
provide the identification of soil moisture content, flood boundaries, 
and clear cut forestry areas. 

Area The area to be scanned. 

Location The location in the world. 

8. Constraints and Requirements  

High level constraints or limitations in how the mission system satisfies the operational 
requirements were derived in the Operational Concept Document (ref 3) from the described 
operational concept and mission objectives as follows: 

a. Development of hardware and software shall be kept to a minimum and 
maximum use made of existing proven hardware and software. 

b. Existing regulatory requirements shall be met. 

c. To minimise development and operating costs, existing infrastructure shall be 
used where possible. 

d. Standard data formats shall be used to allow maximum use of existing COTS 
products in the Garada system and minimise the impact on existing customers 
systems. 

e. To accommodate possible future applications the system shall be designed to 
allow for the separation of data and data processing into classified and 
unclassified classes. 

Detailed requirements were derived, within the above constraints, from the OCD (ref3), the 
draft Garada Mission Baseline (ref 11) and the draft Garada Objective System Requirements 
Baseline (ref 12) and published in the Functional Performance Specification for the Ground 
Segment (ref 1).   

9. Mission Segments  

The Garada mission is composed of a space segment and a ground segment.   

The space segment is comprised of the Garada spacecraft, the ground support equipment for 
the spacecraft and the launch services.  The space segment is not covered in detail in this 
document. 
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The Garada ground segment is composed of two main segments: 

• The ground segment comprising all ground systems that are used to support the 
preparation activities leading up to mission operations, the conduct of operations 
themselves and all post–operational activities. 

• The operations segment comprising the organisation of human resources 
undertaking the mission preparation and mission operations tasks. 

The context of the ground segment in the Garada system is shown in Figure 3. 
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Figure 3: Ground Segment Context Diagram 

10. Specification Tree 

The high level Garada mission requirements are described in the “Garada Objective System 
Requirements Baseline” (Ref 12).  These requirements are decomposed to requirements for 
the ground segment described in the “Functional Performance Specification for the Ground 
Segment of the Garada Formation Flying Synthetic Aperture Radar System” (Ref 1) and are 
decomposed to requirements for the space segment described in the “Space Segment 
Functional Performance Specification” delivered as part of the Garada final report.   

The specification hierarchy is illustrated in Figure 4.  Further decomposition of the 
requirements from the segment specifications will be undertaken in the next phase of the 
project.  The set of ground segment requirements will be decomposed into system 
specifications for each of the ground segment systems, which in turn will be decomposed into 
requirements for individual hardware and software configuration items.  The interface 
between the space and ground segments will be described in the “Space Segment to Ground 
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Segment Interface Requirement Document (IRD)”.  The interfaces between the ground 
segment systems will be described in the “Ground Systems IRD” and the Ground Segment 
external interfaces will be captured in the “Ground Segment External Interface IRD”.  

 

 

 

Figure 4: Top Level Specification Tree 

11. Space Segment 

The Garada spacecraft is comprised of: 

• The platform including the attitude and orbital control system, the thermal control 
system, the electrical power system, the data handling system, the propulsion 
system and the communication system. 

• The payload comprising 

o An L band Synthetic Aperture Radar (SAR), and   

o A high precision Global Navigation Satellite System (GNSS) receiver. 

The SAR payload is optimised for soil moisture and deforestation monitoring using 
measurements in the L band.  The SAR is equipped with a large (15.5m x 3.9m) rigid antenna 
structure using deployable panels and distributed power amplifiers.  The large antenna size is 
the key to defining the performance of the SAR and its ability to suppress ambiguities.  High 
ambiguity suppression is required to obtain the level of radiometric accuracy needed for 
accurate soil moisture determination and to support the use of quad polarisation 
measurements.  The nominated antenna is the largest that can fit within the fairing of a 
Falcon 9 launch vehicle.  The key SAR performance parameters are listed in Table 4. 

The Garada spacecraft reside in a sun synchronous 630km orbit with an 89 orbit, six day 
repeat cycle.  The orbit is designed to enable the spacecraft to observe the earth at 6:00am 
local time.  They receive commands from the ground segment and send telemetry to the 
ground segment via an S band link.  High data rate SAR data is received by the ground 
segment via a dual X band link.  Orbital parameters for the spacecraft are listed in Table 3. 
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Table 3:  Garada Orbit Parameters 

 

 

Table 4:  SAR Parameters 

 
 

The Garada space segment consists of two spacecraft.  In the two spacecraft mission the 
second spacecraft is identical to the first and offset by half an orbit to provide a three day 
repeat cycle.   

12. Ground Segment 

12.1. Ground Segment Systems 

The Garada ground segment provides monitoring and control of the spacecraft and the 
interface between the end users and the Garada system.  The Garada ground segment 
consists of the following top level systems:  

• Mission Control System (MCS) 

• Mission Management and Data Processing System (MMDPS) 

• Ground Station System (GSS) 

• Ground Communications System (CS) 

• Support System (SS) 

Orbit Parameters 

Nominal Height 630 km 

Type Sun-synchronous 

Orbits per repeat 89 

Repeat period 6 days 

LTAN 6 am 

Inclination 97.9° 

Orbit duty cycle > 4% 

 

SAR Parameters 

Radar frequency 1218 – 1297 MHz 

Band L-band 

Wave length 0.23 m 

PRF 1400 – 2500 Hz 

Polarisation Single, quad, compact 

Operating modes Stripmap, TOPS ScanSAR 

Look direction Left and Right (tbc) 

Antenna width 3.9 m 

Antenna length 15.5 m 

Range resolution 4m  - 11m  (single look) 

Azimuth resolution 7 m (single look, stripmap) 
 

60 m – 100m TOPS ScanSAR 
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Under the main operating scenario, data requests from external users are received by the 
Mission Management and Data Processing System, converted to requests for SAR surveys 
or archive data and, in the case of new data, provided to the Mission Control System.  
Specific satellite and SAR control commands are generated and transmitted to the satellite 
via the Ground Station System.  The SAR on board the satellite scans the designated area in 
the required mode, stores the data and transmits it to the ground station when in range.  The 
raw SAR data is provided to the Mission Management and Data Processing System where it 
is processed to create the final product required by the customer. 

The ground segment consists of existing and bespoke systems interconnected by high speed 
data links.  An overview of the Garada ground segment architecture is shown in Figure 5. 
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Figure 5: Overview of Garada Ground Segment Architecture 

The Garada System is composed of Garada controlled elements as well as external 
elements.   

External Ground Segment Elements include: 

i. Providers of earth observation data 

Existing providers of geospatial information such as providers of maps and 
satellite visual and multi spectral imagery.  This information is used to 
incorporate into Garada generated products to improve the usability of the SAR 
products to the end users. 
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ii. Conjunction Assessment Service 

The conjunction assessment service tracks all objects in orbit around the earth 
including active and inactive satellites, discarded space debris such as spent 
rocket stages and debris resulting from satellite collisions and destructive tests.  
The service performs conjunction assessments and generates warning alerts, 
supports avoidance manoeuvring planning and RFI mitigation with other 
spacecraft.   

iii. Platform and Payload Prime Contractors 

The platform and payload prime contractors provide patches for the spacecraft 
on board software, provide housekeeping data recorded during spacecraft 
Assembly, Integration and Test (AIT) activities to support the AIT of the Ground 
Segment, and assist in the diagnosis of problems during spacecraft 
commissioning and operation. 

iv. National Broadband Network (NBN) 

The NBN provides the main high speed data communication links between sites 
in Australia. 

v. Antarctic Broadband 

The Antarctic broadband link provides a relatively high speed data link from 
Antarctica to the Australian mainland to support the transfer of data from the 
primary ground station located on the Antarctic coast.  The link is planned to be 
implemented through the proposed Antarctic Broadband system which has been 
initially funded by an Australian Space Research Program (ASRP) grant.  The 
existing TDRS satellite system and the forthcoming Inmarsat Global Xpress 
series of broadband satellites are also possibilities for the Antarctic link. 

vi. Existing Australian Ground Station 

The existing Tasmanian Earth Resources Satellite Station (TERSS) located at 
Hobart, forms part of the Garada ground architecture.  It provides a backup 
facility to the main ground station in Antarctica and, being located considerably 
further east of Mawson and Casey, can access additional orbital passes.  The 
TERSS will be required to be upgraded with high speed modems and S band 
capability to support Garada. 

12.2. Mission Control System 

The Mission Control System is responsible for the control of the SAR instrument, the 
monitoring and control of the spacecraft, and the monitoring and control of the ground station.   
The MCS receives spacecraft telemetry from the ground station and provides control 
commands to the ground station for transmission to the spacecraft. SAR control is 
undertaken in accordance with operating requests received from the Mission Management 
and Data Processing System.  The MCS manages all housekeeping for the spacecraft 
(orbital and attitude control, power management etc) and ensures the SAR is operated at the 
correct times in the appropriate modes to fulfil a customer request. It also plans for and 
manages the collisions risks of the spacecraft using data provided by an external conjunction 
assessment service. 

The MCS supports the following: 

• Mission analysis 

• Mission operations preparation 

• Mission planning and scheduling 

• Spacecraft monitoring and control 

• Spacecraft orbit and attitude monitoring and control 

• Conjunction management 

• On‐board software maintenance and management 
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• Spacecraft Telemetry, Tracking and Command (TT&C) data archiving 

• Spacecraft performance analysis and reporting 

• SAR command generation 

• Time management between the space and ground systems 

• GSS monitoring and control 

• Simulation and training of spacecraft operators 

• Network management and scheduling 

• Network reporting 

12.3. Mission Management and Data Processing System 

The MMDPS provides the SAR operations and data support to generate and exploit the SAR 
products.  It provides the interface to the end users, receives data requests and delivers end 
products.  It provides the high level mission management and sets goals and policies that 
govern the other systems. 

The MMDPS supports the following: 

• Mission management 

• Configuration management (space segment, ground segment, mission 
information); 

• User services 

• Financial management and accounting 

• SAR operations analysis 

• SAR operations planning and scheduling 

• SAR operations control 

• SAR data processing 

• SAR data archiving 

• SAR calibration 

• SAR Data product delivery 

• SAR Performance analysis and reporting 

• SAR algorithm tuning and development, verification and validation 

• GNSS monitoring, analysis and calibration 

12.4. Ground Station System (GSS) 

The GSS provides the communications link to the spacecraft in orbit.  It houses the dual feed 
tracking antenna for payload data downloads and TT&C transmission and reception from the 
spacecraft.  The system is located remotely from the MCS at a geographical location that 
optimises the contact time with the orbiting spacecraft.  It is remotely operated and controlled 
and in normal use, operates unmanned.  Two ground stations at different geographical 
locations are used to provide redundancy, diversity and increased orbital coverage.  All 
communication between the GSS and the MCS is via the ground Communications System.  
The Ground Station supports the following: 

• Telemetry reception, storage and distribution; 

• Telecommand transmission; 

• Tracking, ranging, Doppler and meteorological data acquisition; 

• Station monitoring and control 

• Payload data reception 

• Data distribution 

V01_00 Annex 10. Ground Segment Definition 30th June 2013



UNCLASSIFIED  

Garada Ground Segment Definition Report 
 

Doc. Id:  2344DT00012  Rev:  1 
 

 Uncontrolled when printed Page 27 of 47 
BAE Systems Confidential Information © BAE Systems 2013 All Rights Reserved 
The information contained in this document remains the property of, and may not be used, reproduced or disclosed in part or in whole except as authorised 

by BAE Systems Australia Limited, ABN 29 008 423 005 

UNCLASSIFIED  

    

  

12.5. Communications System 

The Communications System provides the interconnections between the systems.  It handles 
all voice and data communications between the ground systems and between the ground 
systems to the outside world.  It provides the interfacing to the NBN that is used to transport 
the data between ground systems geographically separated within Australia.  It also provides 
the interfacing to the Antarctic Broadband communications link that provides a broadband 
data link between Australia and the ground station located in Antarctica.  The 
Communications System supports the following: 

• Inter system voice and data communications  

• Voice and data communications with outside world 

• Backup communications 

• Internet access 

• Network monitoring  

• Network trend analysis 

12.6. Support System 

The Support System provides hardware and software maintenance and upgrades to the 
ground segment.  It undertakes spacecraft flight software updates in accordance with 
software change requests from the MCS and undertakes verification and validation activities 
on the ground and flight software.   It supports the following: 

• System maintenance 

• Configuration management of ground segment hardware and software 

• Spacecraft and ground segment software maintenance, verification and validation 

13. Operations Segment 

The Operations Segment is comprised of the trained staff who operate the ground segment 
and the plans and procedures required to undertake the mission preparation and operations.  
For Garada these teams will typically involve the following types of people: 

• Operations managers 

• Spacecraft operators 

• SAR operators 

• Mission planners 

• Flight dynamics engineers 

• Ground system operators 

• SAR payload exploitation personnel; eg scientific and algorithm experts, end user 
liaison staff, product generation support staff, and calibration experts. 

• Ground system maintenance engineers. 

Training of the operations personnel and the addressing of skill deltas is addressed in the 
Project Industrialisation Plan (ref 4). 

14. Ground Segment Locations 

14.1. Existing Australian Ground Receiving Stations 

Australia currently has three earth observation ground receiving stations with antennas 
greater than 8m and communication link bandwidths greater than 100Mbps.  Their location 
and capabilities are listed in Table 5 and illustrated in Figure 6. 
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Table 5: Existing EO Ground Receiving Stations, >8m Antenna 

Facility Location Agencies Communications 
Bandwidth 

Capabilities 
(Downlink) 

IFCI Darwin NT DCCEE 800Mbps X 

Alice Springs Alice Springs 
NT 

GA >100Mbps, 
(currently being 

upgraded to 
800Mbps) 

X, L Polar, S, 
TDRSS 

TERSS Hobart, Tas CSIRO, GA, 
BoM, University 

of Tasmania. 

>100Mbps X 

 

 

Figure 6: Existing Australian High Bandwidth Earth Observation Receiving Stations 

 

The National Earth Observations from Space Infrastructure Plan (NEOS-IP) discussion 
papers (ref 5) propose the upgrade of Australia’s three high data rate receiving stations to six 
with the addition of three new sites in North Eastern Australia, Western Australia and 
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Antarctica.  The assessment of the coverage of Garada from these sites is detailed in 
reference 2 Annex D and reference 2 section 16.3.   

Figure 7 shows the number of orbits out of the 89 in the 6 day repeat cycle that are 
accessible from each location.  It is concluded that a combination of a new ground station at 
Mawson in the Antarctic and the existing station at Hobart offers the best coverage for the 
Garada mission.  The combination of Hobart with Mawson, due to their east-west spacing, 
offers access to an additional 12 orbits per repeat cycle than that from Mawson alone.  The 
combination of the two locations gives 79% coverage (70/89 orbits).  The Hobart station will 
require upgrading to handle the higher data rates of Garada and S band telemetry and 
telecommands.  A new ground station will need to be established at Mawson station in the 
Antarctic, consistent with NEOS-IP discussion paper intent. 

The Antarctic ground station will require the establishment of a broadband link to provide a 
high speed data link from Antarctica to the Australian mainland.  Existing data links to 
Antarctica do not have the capacity to handle the volume of data that will be received from 
Garada.  The link is planned to be implemented through the proposed Antarctic Broadband 
system which has been initially funded by an Australian Space Research Program (ASRP) 
grant.  The existing TDRS satellite system and the forthcoming Inmarsat Global Xpress series 
of broadband satellites are also possibilities for the Antarctic link. 

Australia’s subantarctic station on Macquarie Island in the southern ocean is located east of 
Tasmania, south of New Zealand and approximately halfway between Australia and 
Antarctica.  Owing to this more southerly and easterly location, in combination with Mawson it 
gives better access than the Mawson / Hobart combination at 89% coverage (79/89 orbits).  
However, as Macquarie Island requires a new ground station to be installed, and with the 
difficulties in returning the data to Australia, the Mawson / Hobart combination is preferred. 

The present receiving station at Alice Springs, if updated to S band transmission as well as 
the existing S band reception, and high data rate reception, can serve as a backup to Hobart 
and Mawson if there are failures or weather outages at these sites. 

The Kongsberg Satellite Services (KSAT) operated ground station in the Svalbard 
archipelago in the Arctic is the best location examined; 80/89 orbits have accesses greater 
than 360 seconds and 100% of orbits have access times greater than 300 seconds.  Whilst 
outsourcing the ground station to KSAT is an option for Garada, the Mawson / Hobart 
combination is baselined due to its reuse of existing assets and consistency with the 
discussion papers for the National Earth Observations from Space Infrastructure Plan. 

The orbits accessible from Svalbard, Mawson and Hobart are illustrated as ground tracks in 
Figure 8. 
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Figure 7:  Accessible Orbits 

 

Figure 8: Orbits Accessible from Mawson, Hobart and Svalbard 
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14.2. Garada Ground Segment Locations 

The ground segment will be located at three major sites.  The Mission Control System and 
Mission Management and Data Processing System have close interaction and similar 
physical needs.  They are collocated on the same site, preferably within the one building.  
This can be located anywhere in Australia that has access to high speed broadband 
communications and the team of operating personnel.  For the purposes of this report, 
Canberra has nominally been chosen.   

The Ground Station System is split over two sites, a south easterly Australian site at the 
existing TERSS ground receiving station near Hobart, and an Antarctic ground receiving 
station located at Australia’s most westerly Antarctic base, Mawson station.  The 
Communication System uses communication infrastructure external to the Garada project, 
primarily the proposed Antarctic Broadband satellite network, the NBN, and public accessible 
voice and data infrastructure.  This infrastructure is geographically dispersed across the 
Garada ground systems.   

The main components of the Support System will be located with the MCS and MMDPS, with 
which much of the software development will be associated.  The remaining components will 
be located at the Mawson base to maintain the ground Station there. 

The Ground Segment locations are illustrated in Figure 9. 

Ground Station

Mawson Station

Ground Station

Hobart

MCS/ MMDPS

Canberra

 

Figure 9: Ground Segment Locations 

 

14.3. Support of Mission Phases 

The mission is broken down into the following phases: 
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Launch and Early Orbit Phase (LEOP):  expected duration 2 weeks covering launch, 
separation, orbit injection, safe pointing mode acquisition, S band link acquisition and initial 
spacecraft checkout. 

Commissioning Phase :  expected duration 6 weeks covering spacecraft nominal operations 
and checkout, verification of the GNSS, activation and checkout of the SAR. 

SAR Calibration Phase:   expected duration 4 weeks covering calibration of the SAR in all 
modes. 

Operational Phase:   expected duration 60 months minimum covering tasking of the SAR 
and downloading and processing of SAR data. 

Decommissioning Phase:  covering deorbiting of the spacecraft, decommissioning of the 
ground segment and archiving of all spacecraft and payload data. 

The ground segment is required to support all phases of the mission.  The spacecraft will be 
operated from a single ground station during all mission phases except for LEOP during 
which other ground stations may support the acquisition of S band data.  Another ground 
station located in Australia, or elsewhere in the world, will provide backup of S band 
communications in the case of a failure of the main ground station.  The ground segment will 
be compatible with the download of payload data from other ground stations such as existing 
Australian ground stations and other international ground stations. 

15. Mission Planning 

15.1. Flight Operations Planning 

The planning of spacecraft operations is based on the mission plan which is specified by the 
mission planning team based on the prioritised data collection schedules, payload calibration 
requirements and spacecraft maintenance requirements (eg software uploads, orbital 
manoeuvres).   

The flight operations planning covers the following activities: 

i. Routine commanding and monitoring of the spacecraft platform and payloads. 

ii. Commanding of the SAR to survey the required area in the required modes. 

iii. Downloading of SAR data from memory during passes over the ground station. 

iv. Planning and execution of manoeuvres for orbit corrections and collision 
avoidance. 

v. Platform and payload calibration and maintenance activities. 

vi. Planning of spacecraft operations and configuration during eclipse periods. 

Flight operations planning is performed by the personnel in the operations segment using the 
capabilities of the Mission Control System. 

15.2. Data Processing Planning 

The processing of the SAR data is primarily data driven; ie the availability of the data triggers 
the processing.  In the Garada system there is no real time broadcast of the SAR data.  The 
data is stored on board the spacecraft and downloaded to the ground station on the next 
accessible pass.  For the majority of orbits the download of the data will take place within 80 
minutes of collection.  Increased delays will occur for orbits that do not overfly the primary or 
secondary ground stations and hence require downloading of data on subsequent orbits.  
Delays will also be incurred where there is a malfunction of the on board or on ground 
communications systems.   

For normal operation, no near real time processing of the data is required.  The data products 
are processed after each pass.  Quick look products of lower resolution that require 
significantly less computational time will be used to confirm the quality of the acquired data.   
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Planning input to the data processing activity of acquisition, download and calibration 
schedules, and customer delivery schedules will be provided by the operations team in the 
MCS and customer services team in the MMDPS. 

15.3. Collection Activity Planning 

The collection activity planning generates the high level SAR data collection schedules.  The 
bulk of the data collection is performed to the requirements of the long term acquisition plan.  
These requirements are interleaved with requests to support calibration activities and user 
community requests.  The policies that govern data collection are set by the Garada 
Management Board and are implemented within the MMDPS.  Refer reference 3. 

16. Data Processing 

16.1. Telemetry Reception 

Telemetry data will be downloaded each pass over each ground station via one S band 
channel.  The telemetry data will contain: 

i. Real time telemetry data downlinked during the pass 

ii. Telemetry data recorded during the entire orbits since last telemetry download 

iii. SAR data required to support calibration 

16.2. Telemetry and Telecommands Archiving and Retrieval 

Received telemetry is both stored at the receiving ground station and transmitted in real time 
to the MCS.  In the case of malfunctioning communications links from the MCS to the ground 
station the stored data is sent to MCS on request when the link is restored.  All telemetry 
received at the MCS is archived in the spacecraft database.  Telemetry data will be stored as 
raw data and all attributes and calibration data required to interpret the telemetry data will 
also be stored.  The archived data will be available to all ground segment systems that 
require this data. 

Telecommands are archived at the MCS and at each ground station along with their 
transmission records and acknowledgement.  Retrieval of the records can be undertaken by 
the MCS on specifying which data to retrieve and the time window for data retrieval. 

16.3. Payload Data Reception 

The RAW SAR and GNSS data will be recorded on board the spacecraft during the orbit and 
downloaded from memory during the pass over the ground station.  Approximately 12 of the 
orbits can be accessed from both the Hobart and Mawson ground stations.  In the case of 
dual access, the data will be downloaded at the Hobart ground station.  This reduces the 
volume of data to be transferred over the Antarctic broadband link.  The data provided during 
each pass will be the data collected since the previous pass.  When there are malfunctions of 
the spacecraft data link during download resulting in missing data, the MCS will request a 
deferred download of the missing data.   

All payload data is stored at the receiving ground station and sent to the MMDPS on request.  
Nominally the data received during one orbital pass is sent to the MMDPS prior to the next 
orbital pass.  Time tagged telemetry data describing the spacecraft parameters including orbit 
and attitude at the time of collection are sent to the MMDPS by the MCS.  The MMDPS 
archives this data along with the raw SAR data. 

16.4. SAR Data Processing 

The raw SAR data downloaded from the spacecraft will be provided to the MMDPS along with 
the corresponding spacecraft telemetry data.  The following data products will be generated 
and archived in the MMDPS as required by end users: 
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Level 0   The RAW SAR data after decryption and before unpacking associated with 
auxiliary data including satellite data (trajectory, attitude, position, payload 
status) and calibration data required to produce the other products. 

Level 1A  Single look complex slant product consisting of RAW data in the slant range 
azimuth projection, calibrated and containing in phase and quadrature data. 

Level 1B  Detected Ground Multi-look product obtained by detecting, multi looking and 
projecting the single look complex data onto a rectangular ground grid. 

Level 1C  Geocoded product obtained by projecting the 1A product onto a regular grid in a 
chosen cartographic reference system.  The surface is the earth ellipsoid. 

Level 1D  As per level 1C, but with a digital elevation model used to approximate the real 
earth surface. 

Level 2  Georeferenced product forming a map image and interpreted data. 

Level 0 products are processed within the duration of one orbit before the next download 
starts.  Quicklook products- low resolution level 1 products, are processed within the duration 
of one orbit to confirm the quality and calibration of the radar data.  Level 1 products are 
generated after the receipt of the Level 0 product in accordance with the end user priorities. 

All products and associated data are archived in the MMDPS. 

 

17. Interfaces 

17.1. Interface Definitions 

The ground segment interfaces are illustrated in Figure 10 and summarised in reference 2.  
Work on the detailed design of the interfaces has not commenced and will be part of the 
phase B activities.  The transfer of data across the interfaces will mainly be performed by the 
exchange of computer files via network connections.  The main exceptions are: 

i. Interfacing to the Garada spacecraft will be performed through RF connections.   

ii. Transfer of data from the customer will be via a web interface. 

iii. The delivery of final products to the end users will be via the internet or on 
physical media. 

iv. Voice communications will be via the public switched telephone network. 

The interfaces will be described in the following documents, refer Figure 4: 

a. Interfaces to the space segment are described in the “Space Segment to 
Ground Segment Interface Requirements Document” 

b. Interfaces to external entities ie entities not belonging to the space segment, are 
described in the “Ground Segment External Interface Requirements Document”. 

c. Interfaces internal to the ground segment are described in the “Ground Systems 
Interface Requirements Document.” 
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Figure 10: Ground Segment Interfaces 
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18. Communications System Update 

The following paragraphs update the information provided in reference 2 annex C, and 
reference 2 annex D. 

The ground segment communications system design has been iterated based on the design 
trades undertaken by the spacecraft communication systems designers and described in 
reference 5.  The communications system’s bandwidths, bitrates, EIRP, and antenna size 
trades undertaken for the X, Ku and Ka bands detailed in the Ground Segment Architecture 
Report (ref 2) have been used as the basis for the design trades of the spacecraft 
communications system.  In reference 5 an additional criterion is taken into account, that of 
using the spacecraft to image other countries for the public good and commercial imaging.  
This is considered to be both politically and commercially desirable to strengthen the case 
for Garada.  This criterion drives a derivation of a new requirement for the data 
communications system, that of compatibility with existing ground station infrastructure in 
other countries.  A further requirement is introduced for the spacecraft communications 
system to use the maximum bitrate available from commercially available transmitters.   

The first of these requirements leads to the conclusion that as X band has been used in 
every earth observation spacecraft launched to date, there is an existing ground 
infrastructure supporting X band communications.  To ensure compatibility with this 
infrastructure, X band is nominated for the Garada data communications system.   

To support the latter requirement for the selected communications band, reference 2 
nominates the use of the Surrey Satellite Technology XTx400 X Band transmitter.  A 
maximum data rate of 500Mbps and 8PSK 5/6 TCM encoding can be supported by this 
transmitter.  Two of these can be operated through separate antennas with opposite 
polarisations to give a combined data rate of 1,000Mbps.  This becomes the new baseline 
for the communications system data rate. 

The maximum time the spacecraft can spend imaging during an orbit is related to the duty 
cycle that the spacecraft can support (it is also dependent on whether the imaging is toward 
or away from the sun).  The duty cycle is determined by the power and thermal constraints of 
the spacecraft.  Reference 2 examines the power consumption of the spacecraft and 
concludes that due to the large surface area of the solar panels, the power system will 
support a duty cycle of 100%; ie continuous operation of the SAR.  The thermal modelling 
performed by Astrium and detailed in TK3.4 “Thermal Analysis” (ref 6), shows that, for a first 
iteration, 20 mins or 21% duty cycle is possible.  This is for the best case of imaging away 
from the sun.  For imaging towards the sun, a SAR operational limit of three orbits is 
imposed due to the higher temperatures incurred at the equipment shelves.  The maximum 
data that can be downloaded is then set by the lesser of: 

i. The total data given by the product of the download data rate, access time and 
number of accesses per orbit  

ii. The data acquired for a 21% duty cycle. 

The Garada system is designed for a polar ground station to provide the maximum number 
of orbits that can be accessed during the full orbital complete cycle.  In the baseline design 
the number of accesses per orbit is one. 

The payload data download rate for the Garada spacecraft has been baselined at 
1000Mbits/sec. The DVB RCS S2 FEC codec which enables Adaptive Coding and 
Modulation (ACM) has been chosen as the optimal codec for the payload data link.  Refer 
reference 2 annex A.  The minimum required modulation and coding schemes vary from the 
8/9 QPSK for 1000Mbps in the K and Ka band to 4/5 QPSK that is required to achieve 
500Mbps in the 375MHz bandwidth for each of two transmitters in the X band.  Table 6 
summarises the bitrates for different modulation and coding schemes for a 640MHz IF 
bandwidth. 

If K or Ka band are used, the first 5% of elevation will be run with the slower ½ QPSK codec 
with lower Eb/No to allow signal acquisition in the higher atmospheric attenuations that occur 
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at these low elevation angles.  The transmission will switch to a 3/4 QPSK or faster codec at 
the higher elevations where there is less attenuation and more power is available. 

Table 6: Achievable Codec Bitrates for a single channel 

 
Name Bitrate for 

640MHz IF 

bandwidth 

(max 

channel 

capacity) 

Mbps 

Bitrate 

for X 

band 

Mbps 

 

(375MHz 

BW) 

Bitrate 

for K 

and Ka 

band 

Mbps 

 

(1.5GHz 

BW) 

Comment 

QPSK DVB S2 (LDPC) 1/2 532 312 532  

QPSK DVB S2 (LDPC) 2/3 710 416 710  

QPSK DVB S2 (LDPC) 3/4 801 470 801  

QPSK DVB S2 (LDPC) 4/5 855 501 855 Required for 500Mbps in 

X band 

QPSK DVB S2 (LDPC) 5/6 887 520 887  

QPSK DVB S2 (LDPC) 8/9 952 558 952 Required for 1000Mbps in 

K and Ka band 

8PSK DVB S2 (LDPC) 2/3 1,065 624 1,065  

8PSK DVB S2 (LDPC) 3/4 1,199 703 1,199  

8PSK DVB S2 (LDPC) 5/6 1,334 782 1,334  

8PSK DVB S2 (LDPC) 8/9 1,425 835 1,425  

 

Astrium has provided the bit rate of the SAR for the primary and other operational modes in 
Ref 6.  The SAR bit rate required to support the primary application of monitoring the Murray 
Darling Basin soil moisture is 290Mbps based on 4I and 4Q sampling for each polarimetric 
channel and a spatial resolution of 1000m.  For high resolution quad polar observations in 
stripmap mode with 6mx8m resolution, a 730Mbps bit rate is required.  Single polar 
operational modes have much lower bit rates and allow longer swath lengths as detailed 
below. 

Using a minimum access time of 360 seconds (ref 2 Annex A) the data quantities and swath 
lengths for the SAR primary application and high resolution sampling modes are shown in 
Table 8 and summarised in Table 7.  The quantities are calculated using a 2% data framing 
overhead. 

For quad polar stripmap mode the swath length and surveillance time could be increased to 
8,400km and 1,222 seconds by the use of additional ground stations to give multiple 
accesses per orbit.  These ground stations would be required to be located near the earth’s 
poles to maximise the number of orbits that can have multiple accesses.  Additional ground 
stations will not increase the surveillance time for the other SAR operational modes as the 
system is limited by the spacecraft dwell time rather than the amount of data that can be 
downloaded in one access period.   
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Table 7:  SAR Operating Modes and Acquired Data 

Mode SAR data 
rate 

Mbits/sec  

Swath 
Width 

Swath 
Length  

Km 

Spatial 
Resolu-

tion 

m 

Surveillance 
Time 

(secs) 

Dwell 
Time 

% 

Data 
Acquired  

Gbytes 

Download 
rate 

Mbits/sec 

Quad polar 
wide swath 
(MDB mode) 

290 377 8,400 1,000 1,222 21% 45 1,000 

Quad polar 
stripmap 

730 50 3,300 6 x 8 485 8% 45 1,000 

Single polar 
wide swath 

156 958 8,400 180 1,222 21% 24 540 

Single polar 
strip map 

190 50 8,400 6 x 8 1,222 21% 30 540 
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Table 8: SAR Data and Swath Lengths 

 
 

 

 

19. Ground Segment Implementation 

The solution baselined from this study implements the functionality described in the 
preliminary architecture document (Ref 2).  Key elements of each subsystem implementation 
are summarised below. 

19.1. Ground Station System 

19.1.1. New Ground Station 

The new ground station is based on an 8m antenna with pedestal and equipment cabin with 
the following capabilities: 

i. X band feed and block down converter 

ii. High data rate receiver 

iii. Data Encryption 

iv. S band feed 

Swath 

Length

km

Surveilance  

Time

Sec

Dwell 

Time

%

Surveilan

ce  Time

Sec

Dwell 

Time

%

Data 

Acquired 

Gbytes

Payload 

bit rate 

during 

download

Mbits/sec

Data 

Acquired 

Gbytes

Payload 

bit rate 

during 

download

Mbits/sec

Data 

Acquired 

Gbytes

Payload 

bit rate 

during 

download

Mbits/sec

Data 

Acquired 

Gbytes

Payload 

bit rate 

during 

download

Mbits/sec

10            1                     0.0% 1 0% 0                1                0                3                 0               1                 0                 1                 

1,000      146                2.5% 146 3% 5                120            14              301             4               78               3                 64               

1,500      218                4% 218 4% 8                179            20              451             5               117             4                 96               

2,000      291                5% 291 5% 11             239            27              602             7               157             6                 129             

2,500      364                6% 364 6% 13             299            34              752             9               196             7                 161             

3,000      437                8% 437 8% 16             359            41              903             11            235             9                 193             

3,330      485                8% 485 8% 18             398            45              1,002         12            261             10               214             

4,000      582                10% 582 10% 22             478            54              1,204         14            313             12               257             

5,000      728                13% 728 13% 27             598            68              1,505         18            392             14               322             

6,000      873                15% 873 15% 32             717            81              1,806         21            470             17               386             

6,300      917                16% 917 16% 34             753            85              1,896         22            493             18               405             

7,000      1,019            18% 1019 18% 38             837            95              2,107         25            548             20               450             

8,000      1,164            20% 1164 20% 43             956            108           2,408         28            627             23               515             

8,400      1,222            21% 1222 21% 45             1,004        114           2,528         30            658             24               540             

9,000      1,310            23% 1310 23% 48             1,076        122           2,709         32            705             26               579             

9,600      1,397            24% 1397 24% 52             1,148        130           2,889         34            752             28               617             

10,000    1,455            25% 1455 25% 54             1,196        135           3,010         35            783             29               643             

11,000    1,601            28% 1601 28% 59             1,315        149           3,311         39            862             32               707             

11,700    1,702            29% 1702 29% 63             1,399        158           3,521         41            916             34               752             

12,000    1,746            30% 1746 30% 65             1,435        163           3,612         42            940             35               772             

13,000    1,892            33% 1892 33% 70             1,554        176           3,912         46            1,018         38               836             

14,000    2,037            35% 2037 35% 75             1,674        190           4,213         49            1,097         41               900             

15,000    2,183            38% 2183 38% 81             1,793        203           4,514         53            1,175         43               965             

16,000    2,328            40% 2328 40% 86             1,913        217           4,815         56            1,253         46               1,029         

17,000    2,474            43% 2474 43% 91             2,033        230           5,116         60            1,332         49               1,093         

18,000    2,619            45% 2619 45% 97             2,152        244           5,417         63            1,410         52               1,158         

20,000    2,910            50% 2910 50% 108           2,391        271           6,019         70            1,567         58               1,286         

Single polar wide 

swath

Quad polar wide 

swath

Quad polar strip 

map

Single polar strip 

map

MDB 
mode 

Limited 
by duty 
cycle 
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v. S band  block up / down converter 

vi. S band modem 

vii. Antenna tracking and control computer 

viii. Ground station server 

ix. Interface to NBN 

All items are Commercial Off The Shelf (COTS) with the exception of the software running 
on the ground station server which will be a development item. 

19.1.2. Updated Existing Ground Station 

It is assumed that the upgrade of the existing TERSS X band earth observation ground 
station in Tasmania will require the replacement of the baseband componentry to meet the 
higher data rate requirements of Garada.   

19.2. Mission Control System (MCS) 

The MCS is based on an array of COTS hardware computing platforms running COTS 
based software solutions for the satellite command control and monitoring.  Bespoke 
software is required to be developed to interface the COTS software products to the Garada 
system and for the mission specific functionality of ground station control, SAR management, 
application specific databases and the MCS simulator.  

19.3. Mission Management and Data Processing System (MMDPS) 

The MMDPS uses COTS computing platforms running mainly bespoke software.  This 
system has the largest amount of software development in the ground segment.  The most 
significant item to be developed is the software for processing the SAR echo data into 
imagery.  Astrium has advised that the detailed format of the raw SAR data, which contains 
echo data plus orbit and AOCS data, will be specific to the Garada SAR, requiring the 
development of a custom data interface.  The mathematical processing kernel is matched to 
the SAR data streams and, whilst components of the processing kernel can be purchased, 
the advice received from DSTO based on their experience with airborne SARs, is that 
significant coding of complex algorithms is required.   

The output side of the SAR data processing system processes the SAR value matrix of 
complex radar reflectivity with associated metadata to produce the single look complex slant 
range images, multi look detected slant range images and other products.  This is quite 
specific to the Garada SAR and again, will require significant software development effort. 

The ortho-rectification and terrain correction processing which ortho-rectifies the image onto 
a standard map projection is planned to be undertaken with custom software using available 
production utilities such as the Next ESA SAR Toolbox (NEST). 

The SAR products require further processing to produce the end items of soil moisture 
contours, and flood, forest, and oil slick outlines specified in the Functional Performance 
Specification (Ref 1).  These processes require software to be developed to implement the 
complex algorithms required.  The development of the algorithms themselves is not included 
as part of the ROM scope.  These R&D tasks are allocated to the University research 
organisations in the Garada Project Industrialisation Plan (Ref 4). 

Other bespoke software is required for the spacecraft and payload command and telemetry 
simulations, the payload data interface server, and calibration workstation. 

19.4. Communications System (CS) 

The Communications System solution is based on interfacing to two prime data networks for 
the transmission of data between systems and between the segment and external agencies.    

i. The NBN is used for sending data within Australia.  This high speed network 
based on the use of a high speed terrestrial fibre backbone between the major 
cities will be fully operational within the timeframe of Garada. 
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ii. The proposed Antarctic Broadband Network for data communications between 
Australia and a ground station in Antarctica.  This relatively low speed but high 
availability link is based on the use of small satellites in an inverse Molniya orbit 
over the Australian Antarctic Territory.  This project has completed a definition 
study and demonstration of significant hardware, but there are presently no 
plans to fund the implementation.  Should an alternative network be used it is 
expected to use a similar IP protocol and the changes to the ground segment 
interface will not be a significant cost driver to the ROM estimate. 

20. ROM Costing 

A Rough Order of Magnitude (ROM) costing was undertaken for the ground segment and 
reported in TK 10.4 Garada Ground Segment ROM Cost Estimate (ref 9).  The ROM cost is 
for a ground segment that meets the Ground Segment Functional Performance Specification 
(Ref 1) based on the architectural solution described in the Preliminary Ground Segment 
Architecture Document (Ref 2).   

20.1. Work Scope 

The ROM cost covers the design, development, production and verification of the ground 
segment for Garada including: 

i. The delivery, installation and on site verification of the ground systems. 

ii. Integrated logistics support including operation and maintenance manuals, and 
the preparation of training courses for operators and maintainers. 

iii. Operations engineering covering the analysis, concept development, data 
production and data validation for operations. 

iv. Project management, engineering management, configuration management, 
and quality management to support the above. 

During the ground segment costing process it was necessary to limit some specific items 
from the scope of the costing.  These were: 

i. Design for Antarctic environment & installation of a ground station in Antarctica.  
The costing is for installation into an Australian location. 

i. Building civil infrastructure for the MCS, MMDPS, SS and CS. 

ii. Spacecraft hardware for the flight software Verification and Validation  (V&V) 
environment. 

iii. Research into processing algorithms. 

iv. Spacecraft hardware for ground systems and operational data verification. 

v. Operations execution for the spacecraft’s operational life including: operations 
teams build up and training, provision of spares to support ongoing operations, 
and ongoing engineering support to operations. 

The assumptions for the ground segment are described in reference 9. 

20.2. Ground Segment ROM Price 

A Rough Order of Magnitude (ROM) price for undertaking the Garada ground segment was 
derived by BAE Systems using parametrics as $87m ex GST.  The costing is provided in Ref 
9 and the reader is referred to that document for full details of the costing and scope.   The 
ROM price is intended to be used for budgetary purposes only and to inform stakeholders of 
the approximate cost of implementing a ground segment for the Garada Mission. 

21. Ground Segment Schedule 

The indicative schedule for the ground segment is shown in Figure 11.  This shows a total 
duration of 69 months, broken down as follows: 
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• Phase A, Mission and operational analysis, conceptual design:-  9 months 

Requirements from the ground segment and operations customers are analysed to 
identify and characterise the ground segment in terms of operational feasibility, 
expected performance, reliability, availability, maintainability and safety.  Operational 
constraints are also evaluated.  This phase culminates in the Customer Requirements 
Review (CRR) where the completeness of the customer requirements, operations 
concept and ground segment baseline are reviewed. 

• Phase B, Preliminary design: 12 months 

This phase refines the ground segment baseline, confirms its ability to meet the 
ground segment requirements and defines the ground segment baseline.  Preliminary 
Interface Control Documents (ICDs) and system specifications are produced.  A 
System Requirements Review (SRR) is held during this phase and a Preliminary 
Design Review (PDR) at the end of the phase.   

• Phase C, Detailed design: 12 months 

The ground segment design is completed to the level of individual subsystems and 
production commenced.   The operations organisation is defined and the production of 
mission operations data is commenced.  Phase C is concluded by a Critical Design 
Review (CDR). 

• Phase D, Production, AIT and Verification: 36 months 

All ground systems are manufactured or procured and integrated into an operational 
ground segment.  Operations data production is completed and validated.  The ground 
segment AIT concludes with an Acceptance Review (AR) and a Qualification Review 
(QR).  The validation of operations data concludes with an Operations Qualification 
Review (OQR). 
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Figure 11: Indicative Ground Segment Schedule 
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22. Summary Work Breakdown Structure 

A detailed Work Breakdown Structure (WBS) for the Garada ground segment was generated to 
support the capability requirements analysis undertaken as part of the Garada Industrialisation 
analysis and expanded to support the generation of the ROM pricing.  The full WBS is provided 
at Annex A to ref 9.  A summary of the WBS is provided in Annex A.  The WBS breaks down 
the work to the individual ground segment subsystems, integrates these as subsystems and 
integrates and tests the subsystems to create the segment.  The work at the subsystems is 
supported by segment level systems engineering, integration and test and project 
management. 

23. Conclusion 

The Garada Work Package 10 for the ground segment definition has been completed with a 
thorough analysis and definition that meets all of the objectives of the work package.  The next 
steps include the completion of the phase 0 activities and the undertaking of phase A activities.  
This includes: 

i. Refining the mission analysis, completing the mission description document, and 
holding a Mission Definition Review. 

ii. Deriving the ground segment customer requirements and mission operations 
concept.  Undertaking requirements and design engineering to refine the ground 
segment requirements.  Generating the ground systems requirements along with 
engineering, AIT and verification plans. 

iii. Holding a Customer Requirements Review. 

The work undertaken for the Garada ground segment definition has general applicability to 
other next generation earth observation spacecraft, both SAR and optical.  Whether receiving 
and processing data from foreign owned spacecraft to progress Australia’s national interest, or 
operating a wholly Australian owned spacecraft.  The work on the ground station capabilities, 
locations, high data rate downlinks and data processing is aligned with the intents of the 
NEOS-IP and applicable to future programs. 
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Annex A:  Summary Ground Segment Work Breakdown 

Table 9: Summary Ground Segment Work Breakdown 

 
1 Garada Space Segment 

2 Garada Ground Segment      

2.1    Ground Segment       

2.1.1     Ground Segment Definition   

2.1.1.1        Ground Segment engineering planning 

2.1.1.1.1         Ground segment engineering plan 

2.1.1.1.2         Ground segment AIT plan 

2.1.1.1.3         Ground segment verification plan 

2.1.1.2        Ground Segment requirements engineering 

2.1.1.2.1         Requirement analysis 

2.1.1.2.2         Ground segment requirements specification 

2.1.1.3        Ground Segment design engineering 

2.1.1.3.1         Ground segment design analysis 

2.1.1.4        Ground Systems requirements engineering 

2.1.1.4.1         Ground systems specifications 

2.1.1.5        Interface definition 

2.1.1.5.1         Internal interface definition 

2.1.1.5.2         External interface definition 

2.1.2     Ground Segment Production   

2.1.2.1        Ground Station System #1 

2.1.2.1.1         Specify   

2.1.2.1.2         Design   

2.1.2.1.3         Antenna and payload data receiver 

2.1.2.1.4         S Band Transmitter & receiver 

2.1.2.1.5         Cryptographic module 

2.1.2.1.6         Ground Station Server 

2.1.2.1.7         Mounting and interconnection Hardware   

2.1.2.1.8         Integrate and test 

2.1.2.1.9         Antarctic Design 

2.1.2.1.10         Antarctic Installation 

2.1.2.2        Ground Station System #2 (upgrade existing ground station 

2.1.2.3        Mission Control System 

2.1.2.3.1         Specify   

2.1.2.3.2         Design   

2.1.2.3.3         MCS Ground Station Monitoring and Control 

2.1.2.3.4         MCS Spacecraft Management 

2.1.2.3.5         MCS Communication System Monitoring and Control 

2.1.2.3.6         MCS Simulator 

2.1.2.3.7         Interface software CSCI 

2.1.2.3.8         Network    

2.1.2.3.9         Office Furniture 
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2.1.2.3.10         Integrate 

2.1.2.3.11         Test   

2.1.2.4        Mission Management and Data Processing System 

2.1.2.4.1         Specify   

2.1.2.4.2         Design   

2.1.2.4.3         Calibration workstation 

2.1.2.4.4         Payload data interface server 

2.1.2.4.5         SAR database server 

2.1.2.4.6         SAR archive server 

2.1.2.4.7         Data processing workstation 

2.1.2.4.8         L2 processing workstation 

2.1.2.4.9         Interpretation workstation 

2.1.2.4.10         Web server 

2.1.2.4.11         Customer Management Workstation 

2.1.2.4.12         Network    

2.1.2.4.13         Office Furniture 

2.1.2.4.15         Integrate   

2.1.2.4.16         Test   

2.1.2.5       Communications System 

2.1.2.5.1         Specify   

2.1.2.5.2         Design   

2.1.2.5.3         External  interfaces 

2.1.2.5.4         NBN interface 

2.1.2.5.5         Antarctic broadband interface 

2.1.2.5.6         Integrate and Test 

2.1.2.6        Support System   

2.1.2.6.1         Ground software development and V&V 

2.1.2.6.2         Flight software V&V environment 

2.1.2.6.3         Hardware Maintenance 

2.1.3     Ground Segment AIT   

2.1.3.1       Integration   

2.1.3.2       Integration Testing   

2.1.3.3       Verification   

2.1.4     Enabling Products     

2.1.4.1       Software development environments 

2.1.4.2       Enabling Products CSCI 

2.1.4.2.1         Satellite telemetry simulator 

2.1.4.2.2        SAR data simulator 

2.1.4.4       Integration laboratory 

2.1.4.5       Special to task test tools 

2.1.5     Systems Engineering support   

2.1.6     Integrated Logistics Support   

2.1.6.1       Logistics support planning 

2.1.6.2       Logistics support analysis 
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2.1.6.3       Support Elements Deployment 

2.1.6.3.1         Training   

2.1.6.3.2         Spares provisioning 

2.1.6.3.3         Support equipment 

2.1.6.3.4         Support facilities 

2.1.6.3.5         PHS&T   

2.1.6.3.6         Software support provisions 
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1. Preface  

 
This annex contains four documents: 

1. The Objective System Requirements Baseline (OSRB). This was the first system-wide 

requirements compilation prepared for the Garada Synthetic Aperture Radar (SAR) project. 

It was intended to function as the starting point for the acquisition of a space system, in a 

future phase, capable of performing the Garada mission. It contains requirements at three 

levels:  

a. The customer performance specifications (Level 1 requirements). Since no actual 

Garada customer exists, these were established based on projected system 

performance and potential user needs as determined from interviews. 

b. Top-level system technical requirements (Level 2T). These were derived from Level 1 

using engineering knowledge of space systems, results of Garada analyses, and 

inputs from Garada team members. 

c. Legal and policy requirements applicable to the Garada system (Level 2P). These 

consist of international space agreements, radio frequency regulations, and other 

regulatory matters. 

2. The System Level Functional Performance Specification (SLFPS). This system-wide document 

was completed as the final performance specification at the end of the Garada program. It is 

similar in scope to the OSRB, but contains additional requirements that emerged as the 

baselining process proceeded during the program.  

3. The Space Segment Functional Performance Specification (SSFPS). This requirements 

document was prepared by UNSW. The primary approach for preparing this requirements 

deck was familiarity with space systems performance. Significant input was received from 

EADS Astrium, who provided a generic radar satellite functional performance specification as 

a template. TK 10.2 was also used to generate requirements for the space segment, by 

identifying space segment-ground segment interfaces. 

4. The Ground Segment Functional Performance Specification (GSFPS). This requirements 

document was prepared as TK10.2 Functional Performance Specification by BAE Systems, 

and is the functional specification for the ground system down to the subsystem level. It is 

included in this Annex for completeness. 

This requirements set is of the maturity that would be expected after the initial requirements 

generation process by a systems engineering team. The next step in an actual spacecraft acquisition 

would be requirements validation, which entails discussions between the systems engineering team 

and the design team. Ultimately, the goal would be to conduct a System Requirements Review with 

the spacecraft customer. 

It is important to note that this requirements set was derived without the specific algorithm for soil 

moisture measurement having been selected. The actual specification of soil moisture-related 

requirements (e.g. SAR parameters, look angles, calibration procedures, orbits) should be 

determined in coordination between the spacecraft/SAR design team and the development team for 

the soil moisture algorithms. 
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Graphically, the hierarchy of the documents in the requirements set is shown below: 
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OBJECTIVE SYSTEM REQUIREMENTS BASELINE 

3. Introduction 

 
The Garada SAR Formation Flying project was a Phase 0 design study funded by the Australian Space 

Research Program (ASRP). The mission baseline for the Garada SAR Formation Flying mission is 

described in [1]. To implement that mission, an objective Garada system would be designed and 

built. This document contains the highest 3 levels of requirements for that objective system, and the 

level 4 requirements for the SAR sensor. Incorporated in the current baseline are the sensor-centric 

performance requirements of [2]. The performance embodied in [2] is critical to achieving the 

system objectives, but there are numerous other system-level properties that must be captured and 

incorporated in an eventual system design. Those form the balance of the present document. 

4. Background 

 
At the time the business case described in [3] was being prepared, the Garada SAR Formation Flying 

mission had examined applications in flood monitoring, forest change detection and high spatial 

resolution soil moisture mapping, all using spaceborne Synthetic Aperture Radar (SAR). In the 

ensuing months, development of requirements, specifications and designs have concentrated on the 

soil moisture application.  

The Garada team committed to developing the objective system requirements baseline using 

standard systems engineering procedures for space systems. This activity had several benefits to the 

project: 

 It ensured that the 11 work packages of the Garada project are working to common 

objectives. 

 It facilitated communication among Garada team members at multiple organizations. 

 It assisted in the development of a risk reduction plan for subsequent phases, which was 

submitted as part of the final Garada report. 

Were a SAR spacecraft program to commence in the out-years, requirements definition would be 

one of the first activities to undertake. In a typical spacecraft program, higher level requirements are 

developed in the first 1-3 months, and reviewed with the customer at the System Requirements 

Review. But in no sense are the requirements “complete” or “fixed” at that point. Requirements for 

subsystem and component performance begin to be specified then. Trade studies, risk reduction 

activities, and other analyses proceed throughout the preliminary design phase, and may have 

significant impacts on the requirements baseline. Requirements evolve iteratively, as improved 

understanding of performance limitations ramifies to the various parts of the system. Approval of 

the system requirements baseline is typically an exit criterion of the Preliminary Design Review. 

Changes to the requirements baseline during the detailed design phase are uncommon but can be 

accepted with the approval of design leads, the program manager, and the system engineer. 
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5. Applicable Documents 

 
[1] Garada Mission Baseline, 1 August 2012 

[2] Garada Requirements Summary, 1 August 2012 

[3] TK 1.2 Garada SAR Formation Flying Business Case for Implementation, 31 January 2012 

[4] Garada proposal, “Earth Environment Monitoring Using Formation Flying SAR (EERMUFFS),” 

March 2010 

[5] TK 10.1 Operational Concept Document, 31 March 2012 

[6] ASRP Guidelines, October 2009 

[7] Australian Government Information Security Manual, September 2012, 

http://www.dsd.gov.au/publications/Information_Security_Manual_2012_Controls.pdf?&updatedN

ov12  

[8] TK 1.1 User Requirements, Risk Analysis, Mission Baseline Report, 6 July 2011 

[9] TK 3.3 SAR System Specification Final Issue, 30 June 2012 

[10] TK 2.2 SAR Hardware and Methods Description and Specification, 30 September 2011 

[11] TK 10.2 Ground Segment Functional Performance Specification, 29 June 2012 
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6. Objective System Requirements Baseline 

 
Continued Garada research activities may impact the requirements baseline, particularly at the 

lower (more detailed) levels. However, the higher level requirements can be considered relatively 

stable, in that (1) the mission has been defined, and many requirements derived from that; (2) 

sensor requirements have been laid out for a plausible approach, around which many other of the 

high level requirements have been defined; and (3) many drivers of the high level requirements, 

such as policies, international agreements and national needs, are largely stable. 

At the present time, one area of uncertainty that affects lower level requirements is the 

development of algorithms for the extraction of soil moisture levels from SAR radar data. The 

Garada team enlisted an advisory group of Australian experts in this area. Their analysis of the 

problem at hand contributed to the maturity of the requirements baseline, particularly at the 

subsystem level.  

The final version of the requirements baseline is at approximately the state of maturity expected for 

a spacecraft System Requirements Review. Some of the Garada work packages yielded more 

detailed understanding of projected performance; this improved the validity and stability of the 

requirements baseline. 
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6.1. Requirements structure 
 

 

6.2. Level 1 Requirements 

Level 1 requirements are essentially the customer expectations for the performance of the system. 

Since the customer for Garada is hypothetical at this point, several steps have been taken to 

baseline a reasonable set of Level 1 requirements: 

 Interviews of potential end users, such as those identified in [5] and [8] 

 Maintaining consistency with the ASRP guidelines and the proposed research 

 Establishment of a User Advisory Group, whose requirements for SAR data are 

representative of a scientific customer 

 Incorporation of Level 1 requirements that are typical for other space systems 

NOTE: for all levels of requirements, some numerical values still await the results of analysis. Those 

are denoted either by a variable label such as XX, or by TBD (to be determined). 
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No. Requirement Reference 

1.1 

The Garada system shall be capable of obtaining radar 
measurements reflected from the Earth at a rate sufficient to fulfill 
the data needs of the soil moisture and forest biomass user 
communities. 

[4] 

1.2 
The Garada system shall support the measurement of various 
properties of and conditions on the Earth's surface through post-
processing of its received radar signals. 

[4] 

1.3 
The Garada system shall provide a radar data stream of known 
characteristics. 

[9] 

1.4 
The Garada spacecraft shall test the ability to obtain data on various 
properties of and conditions on the Earth’s surface through 
exploitation of received GNSS signals in a bistatic mode. 

[4] 

1.5 
The Garada system shall distribute data to end users for post-
processing. 

[5] 

1.6 
The Garada system shall support the diffusion of knowledge to the 
agricultural sector and to environmental agencies and organizations. 

[6] 

1.7 
The Garada system shall be capable of altering its operations to 
facilitate the imaging and interferometric use of its radar data. 

[5] 

1.8 
The Garada system shall maintain a data archive capable of 
retaining all data received for the life of the mission. 

[5] 

1.9 
The Garada system shall consider both single-spacecraft and  multi-
spacecraft solutions. 

[4] 

1.10 
The Garada on-orbit mission lifetime shall be no less than YY years 
and features that support continued operations beyond YY years if 
the space segment health permits. 

[6] 

1.11 
The Garada system shall be designed to collect data on Australia as 
the primary area of interest. 

[6] 

1.12 
The Garada system coverage requirement shall be capable at a 
minimum of full radar coverage of the Murray Darling Basin every 
three days if two spacecrafts are in orbit. 

[5], [6] 

1.13  

The Garada spacecraft shall incorporate light-weight and low-
cost satellites, advanced technologies and techniques to the 
maximum extent practicable to provide the equivalent 
capabilities of conventional satellite designs.  

[10]  

1.14  
The Garada spacecraft shall use Australian capabilities, 
products and expertise to the maximum extent possible.  

[6]  

1.15 
The Garada system design basis shall be the measurement of soil 
moisture data. 

[3] 

1.16 
The latency of Garada data from on-orbit collection over Australia to 
delivery to a near-real-time user within Australia using the National 
Broadband Network shall be no more than HH hours. 

[5], [6] 

1.17 
The Garada system shall support the collection and dissemination of 
data in areas of the world beyond Australia on an ad hoc basis. 

[6] 
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1.18 
The Garada system shall provide satellite based SAR and GNSS 
reflectometry data to users via the National Broadband Network. 

[5], [6] 

1.19 
The Garada system shall maintain an effective cyber security 
posture. 

[7] 

1.20 The Garada system shall support measurements of forest biomass.  

1.21  
The Garada system shall support assessment of climate change 
effects and the efficacy of climate change interventions that are 
related either to soil moisture or to biomass. 

 

1.22  
The Garada system shall support interferometric imaging, for such 
applications as forestry, elevation maps, coherent change detection, 
and deformation detection. 

 

1.23 The Garada system design shall include a cost-benefit metric. [6] 

1.24 
The Garada system shall include features to mitigate the effect of 
terrestrial sources of radio frequency interference in the radar 
signal. 

 

1.25 The Garada system shall have a design availability in excess of AA %.  

1.26 
The Garada system design shall incorporate the best practices of the 
aerospace industry for safety and reliability. 

 

1.27 
The Garada system shall implement a capability for onboard orbit 
determination. 

[4] 

1.28 
The Garada system shall incorporate information obtained from 
conjunction assessment services to enable safe operation in the 
event of a predicted conjunction. 

 

1.29 
The average time from data collection to download of data from the 
spacecraft shall be no greater than two orbit periods. 

 

 

6.3. Level 2 Technical Requirements 

There are two distinct sets of Level 2 requirements. The set in this section contains the technical 

requirements that apply to the system as a whole. The other Level 2 requirements, called “policy,” 

are explained and listed in the next section. 

Derivation of Level 2 Technical from Level 1 requirements requires engineering interpretations of 

the Level 1 performance expectations. Engineering experience and knowledge are used to assign 

technical approaches for achieving that performance, i.e., the Level 2 Technical requirements. 

 

No. Requirement Reference Flowdown 

2T.1 
The Garada system will be based on satellite in low Earth 
orbit. 

 1.1 

2T.2 
The primary Garada system sensor shall be Synthetic 
Aperture Radar (SAR).  1.1 

2T.3 The Garada spacecraft shall provide for data downlink at [5] 1.5 
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least once per orbit after collecting data on  the Australian 
land mass. 

2T.4 The Garada spacecraft orbit will be a six day repeat orbit.  1.1 

2T.5 
The Garada system shall establish interfaces with the data 
customers for receiving of requests for data. 

[5], [6] 1.5, 1.6 

2T.6 
The Garada system shall establish interfaces with the data 
customers for delivery of data. 

[5], [6] 1.5, 1.6 

2T.7 
The Garada system shall support upgrading selected 
spacecraft software while on orbit. 

 1.7 

2T.8 
The Garada system shall enable modifications to ground-
based processing software for implementing new 
applications. 

 1.7 

2T.9 
The Garada system shall include the capability of automatic 
archiving of downlinked radar data. 

[5] 1.8 

2T.10 
The Garada system shall include sufficient number of 
spacecraft in appropriate orbits to achieve complete 
imaging of the Murray Darling Basin every three days. 

 1.12 

2T.11 

The Garada system shall implement a risk reduction 

program to qualify light-weight materials and low-cost 

components for incorporation into the spacecraft design. 

 
1.13 

2T.12 
The Garada system shall use a quad polarization L band 
radar. 

 1.15 

2T.13 
The Garada system shall employ processing techniques for 
radar data that maximize the accuracy of soil moisture 
estimates. 

 1.15 

2T.14 
The Garada system shall be designed with an Australian 
ground station as the primary downlink site. 

 1.16 

2T.15 
The Garada system shall include the option of downlinking 
data to ground stations outside of Australia. 

[5], [6] 1.16 

2T.16 
The Garada system shall establish an interface for receiving 
requests for Garada data from users worldwide. 

 1.17 

2T.17 
The Garada system shall establish a communication 
interface for worldwide delivery of processed Garada data. 

 1.17 

2T.18 
The Garada spacecraft shall incorporate onboard navigation 
using GNSS signals. 

[4] 1.27 

2T.19 
The Garada system shall incorporate features intended to 
preclude malicious interference with spacecraft command 
and control. 

[7] 1.19 

2T.20 

The Garada system design shall incorporate features 
intended to identify and/or prevent tampering with or 
malicious corruption of downlinked data received from the 
spacecraft. 

[7] 1.19 

2T.21 The Garada system design shall incorporate features [7] 1.19 
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intended to identify and/or prevent malicious corruption of, 
or introduction of malicious code into, data delivered to 
users. 

2T.22 
The Garada System design shall implement applicable 
portions of the Australian Government Information and 
Communications Technology Security Manual (ISM). 

[7] 1.19 

2T.23 
The Garada system shall provide for internal calibration of 
the SAR sensor. 

[9] 1.2, 2T.1 

2T.24 
The Garada system shall provide for external calibration of 
the SAR sensor. 

[9] 1.2, 2T.1 

2T.25 

The design basis of the Garada system shall incorporate a 
cost-benefit metric that accounts for improvements to 
Australian agriculture and environmental restoration in 
addition to system cost. 

[6] 1.23 

2T.26  
The Garada system shall process raw data from the 
spacecraft and provide usable data to end users. 

 1.6 

2T.27 
The Garada system shall respond to commands that alter 
the mode, operating parameters and data collection area of 
the SAR sensor. 

 1.7, 1.17 

2T.28 
The Garada system design shall utilise components that 
support an on-orbit operational lifetime of YY years 

 1.10 

2T.29 

The Garada Ground Segment shall contain processors and 
interfaces for post-processing of SAR data to produce maps 
of soil moisture and forest biomass. 

 1.2 

2T.30 

The Garada system shall include GNSS circuitry antenna and 
processors for the reception and measurement of bistatic 
GNSS signals. 

 1.4 

2T.31 

The Garada Ground Segment shall support applications that 
convert radar data to maps and other formats for various 
users. 

 1.6 

2T.32 

The Garada Ground Segment shall be able to update its 
software for imaging and interferometric applications of its 
radar data. 

 1.7 

2T.33 

The Garada system shall be able to control and determine 
orbit position with sufficient accuracy and repeatability to 
support interferometric radar applications. 

 1.7 

2T.34 
The Garda system shall have support for formation flying in 
multi-spacecraft solution.  1.9 

2T.35 

The Garada system segments shall incorporate components 
and operating procedures that lead to a design lifetime no 
less than YY years. 

 1.10 

2T.36 
The Garada system shall include spacecraft consumables to 
support mission lifetime of no less than YY years.  1.10 

2T.37 
The Garada system shall have solar arrays that support 
mission lifetime of no less than YY years.  1.10 

2T.38 

The Garada system shall have the capability to avoid space 
debris collision to support an on-orbit mission lifetime of no 
less than YY years. 

 1.10 
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2T.39 
The Garada system shall prioritise the collection of data on 
Australia.  1.11 

2T.40 

The Garada System shall be capable of restricting its 
transmissions to prevent unacceptable interference with RF-
sensitive equipment, such as the Deep Space Network site 
at Tidbinbilla. 

 1.11 

2T.41 

The Garada System ground station shall be sited such as not 
to require simultaneous SAR operation and downlink when 
collecting data over Australia. 

 1.11 

2T.42 
The Garada sensor shall support full coverage of the Murray 
Darling basin area from a six-day repeat orbit.  1.12 

2T.43 

The Garada spacecraft shall incorporate components 
produced by Australian capabilities, products and expertise 
to the maximum extent possible. 

 1.14 

2T.44 

The choice of ground station location for the Garada system 
shall support delivery of data to an Australian user in no 
more than HH hours. 

 1.16 

2T.45 
The Garada system shall be capable of collecting data over 
areas outside Australia on ad hoc basis.  1.17 

2T.46 
The Garada system shall incorporate commands for 
collecting data on areas other than Australia when required.  1.17 

2T.47 
The Garada system shall be able to collect SAR data on at 
least 3,000 kilometres along each orbit.  1.17 

2T.48 

The Garada system shall be able to downlink SAR data of at 
least 3,000 kilometres in a single pass over the ground 
station. 

 1.17 

2T.49 

The Garada system shall be capable of preventing the 
operation of malicious command that may deteriorate the 
functionality of the spacecraft. 

 1.19 

2T.50 

The Garada system shall provide high level of data security 
to prevent it being corrupted or altered during data delivery 
to its end user. 

 1.19 

2T.51 
The Garada system shall be capable of preventing any 
unauthorised use of the spacecraft.  1.19 

2T.52 
The Garada sensor shall be capable of transmitting and 
receiving signals that can detect changes to forest biomass.  1.20 

2T.53 
The Garada system shall support the transmission of 
relevant data to forest biomass users.  1.20 

2T.54 

The Garada system data archive shall support long-term 
data comparisons for climate change assessment and 
interventions. 

 1.21 

2T.55 
The Garada system shall be capable of orbit control 
precision that supports interferometric imaging.  1.22 

2T.56 

The Garada system shall support transmission of 
interferometric data relevant to forestry, elevation maps, 
coherent change detection and deformation detection. 

 1.22 

2T.57 

The Garada system shall have the capability to filter out out-
of-band radio frequency to mitigate any possible 
interference to the radar signal. 

 1.24 

2T.58 
Garada system shall have the capability to localise sources 
of in-band radio frequency interference.  1.24 
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2T.59 

The Garada system shall have equipment capable of failure 
identification, detection and recovery to minimising system 
downtime when it occurs. 

 1.25 

2T.60 
The Garada system components shall support a combined 
availability higher than AA%  1.25 

2T.61 

The Garada system design and manufacturing shall be 
executed by credible aerospace industry to ensure its safety 
and reliability. 

 1.26 

2T.62 

The Garada system components shall be tested in 
compliance with an Assembly, Integration and Verification 
(AIV) plan prepared prior to assembly and launch to ensure 
its safety and reliability in Operational Phase. 

 1.26 

2T.63 
The Garada system data archive shall be interfaced with the 
Australian National Data Service.  1.8 

 

6.4. Level 2 Policy Requirements 

Spacecraft operations are governed by a number of international treaties and conventions. In 

addition, spacecraft must comply with some aspects of Australian law. There are also policies of the 

Australian Government that must be incorporated into the requirements. All of these, and some 

others, are at Level 2 because they affect the entire system, but are not at the level of customer 

performance requirements. 

Because they originate from laws, treaties, etc. rather than from customer performance 

expectations, Level 2 Policy requirements do not necessarily flow down from Level 1. 

Lest there be any doubt, Level 2 Policy requirements can have significant impacts on the technical 

design of the system. One example is the requirement for a deorbit capability if the orbit lifetime 

exceeds 25 years, embodied in a United Nations convention. This impacts at least the propulsion 

system of the spacecraft. Another example is the frequency allocation for radar measurements 

provided by the International Telecommunications Union. Reference [9] contains an analysis of how 

this allocation affects radar resolution.  

No. Requirement Reference Flowdown 

2P.1 

The Garada spacecraft shall comply with the Treaty on 
Principles Governing the Activities of States in the 
Exploration and Use of Outer Space, including the Moon and 
Other Celestial Bodies. 

[5]  

2P.2 
The Garada spacecraft shall comply with the Convention on 
International Liability for Damage Caused by Space Objects. 

[5]  

2P.3 
The Garada system shall comply with the Convention on 
Registration of Objects Launched into Outer Space. 

[5]  

2P.4 
The Garada spacecraft shall comply with the UN Declaration 
of Legal Principles Governing the Activities of States in the 
Exploration and Use of Outer Space. 

[5]  
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2P.5 
The Garada spacecraft shall comply with the UN Principles 
Relating to Remote Sensing of the Earth From Outer Space. 

[5]  

2P.6 

The Garada spacecraft shall comply with the UN Declaration 
on International Cooperation in the Exploration and Use of 
Outer Space for the Benefit and in the Interest of All States, 
Taking into Particular Account the Needs of Developing 
Countries. 

[5] 1.17 

2P.7 
The Garada spacecraft shall comply with the “Radio 
Regulations Edition of 2008”, International 
Telecommunication Union. 

[5]  

2P.8 
The Garada system shall comply with the Commonwealth of 
Australia Space Activities Act 1998. 

[5]  

2P.9 
The Garada spacecraft shall comply with the Commonwealth 
of Australia Radiocommunications Act 1992. 

[5]  

2P.10 
The Garada System design will support ownership and 
operation by the Australian Government. 

[5]  

2P.11 
The Garada System shall comply with the Australian 
Government Information Security Manual. 

[7] 1.19 

 

6.5. Level 3 Requirements 

The Garada system has been divided, for the purpose of establishing requirements, into two major 

divisions:  

 The space segment, which includes:  

o The spacecraft delivered to orbit, with sensors and all internal subsystems; 

o  Mechanical and electrical ground support equipment; and   

o Launch activities, which include the launch vehicle, spacecraft/launch vehicle 

integration, launch procedures, and range activities.  

 The ground segment, which includes 

o A Ground Station System (GSS) that undertakes the reception of payload and 
telemetry data and the transmission of command data to the Garada Spacecraft; 

o A Mission Control System (MCS) that undertakes the monitoring and control of the 
spacecraft and payloads, operations planning and scheduling, and GSS monitoring 
and control; 

o A Mission Management and Data Processing System (MMDPS) that undertakes the 
calibration and processing of the SAR and GNSS payloads, interpretation of imagery, 
receiving of customer requests and distribution of processed products to customers. 
This also includes any requirements on the processing algorithms and systems 
associated with determination of soil moisture levels from radar data; 

o A Communications System (CS) that handles all voice and data communications 
between the systems and with the outside world; and 

o A Support System (SS) that provides hardware and software maintenance and 
upgrades to the Ground Segment. 
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Derivation of Level 3 requirements from higher levels requires an engineering understanding of 
the capability of various alternatives to achieve the higher level requirements. This engineering 
understanding resides within the Garada team, supplemented by consultations with outside experts 
when required. Through this process, Level 3 requirements will continue to evolve for all system 
segments during the remainder of the project. For that reason, references and flowdowns for Level 
3+ will be incorporated in a subsequent version of this document. 

6.5.1. Level 3 Space Segment requirements (3.1.x) 

No. Requirement Reference Flowdown 

3.1.1 
The Garada space segment shall support orbit maintenance 
with a LTAN variation of no more than TBD and an altitude 
variation of no more than TBD km. 

  

3.1.2 Orbit maintenance of the Garada spacecraft shall support 
the mission design lifetime. 

  

3.1.3 The Garada space segment shall be capable of independent 
determination of orbital parameters. 

  

3.1.4 
The Garada space segment shall be capable of collecting 
data in areas other than Australia as long as electrical power 
and data capacity do not preclude it. 

  

3.1.5 
The Garada space segment shall support the launch, 
operation, calibration, and commanding of a SAR sensor that 
is optimized for soil moisture measurements. 

  

3.1.6 
The Garada orbits shall support imaging the entire MDB at 1 
km (multilooked) resolution every 2 weeks in Quad Pol and 
every 3 days in Dual Pol. 

  

3.1.7 The Garada space segment shall support obtaining radar 
returns from the Earth’s surface at high spatial resolution. 

  

3.1.8 

The Garada orbits shall provide for the same azimuth angle 
of data collection (a pass made in ascending node must be 
revisited by an ascending node pass, a descending node pass 
must be revisited by a descending node pass) with elevation 
angle differences of no more than 5°. 

  

3.1.9 

The Garada orbit shall provide for data collection at 6 AM 
[due to the thermal equilibrium between soil/air/vegetation, 
the capillary moisture raise in the top soil layer, and the 
minimum of Faraday rotation in the ionosphere]. 

  

3.1.10 
The radar duty cycle of the Garada spacecraft shall be no 
less than that required to cover the longest linear dimension 
of the entire Murray-Darling basin. 

  

3.1.11 The Garada space segment shall provide the capability of 
controlled deorbit at end of mission. 

  

3.1.12 The Garada space segment shall receive uplinked commands 
in encrypted form. 

  

3.1.13 The Garada space segment shall provide for encryption of its 
downlink. 
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3.1.16 The Garada space segment shall be compatible with the 
Falcon 9 launch vehicle of Space Exploration Corporation. 

  

3.1.17 The Garada space segment shall be compatible with the 
Delta IV Medium launch vehicle of the Boeing Corporation. 

  

3.1.18 
The Garada space segment shall be capable of delivering all 
spacecraft required to meet data collections requirements in 
1 or 2 launches. 

  

    

3.1.19 
The Garada space segment design shall consider proposed 
secondary payloads to the extent that they will not 
jeopardize the primary mission. 

  

3.1.20 
The Garada space segment shall support an operational 
mode of two spacecraft operating in formation (close 
proximity) to evaluate bistatic radar operation. 

  

3.1.21 
The Garada space segment shall support the periodic 
adjustment of orbits for the performance of interferometric 
imaging. 

  

 

6.5.2. Level 3 Ground Segment requirements (3.2.x) 

A highly detailed requirements development process for the ground segment has been documented 

in [11]. Additional high level requirements having been identified since its production, some 

reconciliation with the present baseline will be conducted in due course. That reconciliation will take 

the form of an update to [11] and updates of this document. 

No. Requirement Reference Flowdown 

3.2.1 
The Garada ground segment shall provide for the downlink 
of the data volume supporting reimaging the entire MDB at 
1 km (multilooked) resolution every 2 weeks in Quad Pol. 

  

3.2.2 
The Garada ground segment shall provide for the downlink 
of the data volume supporting reimaging the entire MDB at 
1 km (multilooked) resolution every 3 days in Dual Pol 

  

3.2.3 

The Garada ground segment shall provide for the downlink 
of the data volume generated by imaging a swath of 3,000 
km each orbit in high resolution (250m multilooked) in Quad 
Pol 

  

3.2.4 The Garada ground segment shall support the external 
calibration of the SAR sensor. 

  

3.2.5 The Garada ground segment shall include a data archive 
capability for all downlinked radar data. 

  

3.2.6 The Garada ground segment shall provide for data   
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dissemination to end users. 

3.2.7 The Garada ground segment shall provide for receipt of data 
requests from customers. 

  

3.2.8 The Garada ground segment shall transmit encrypted 
commands to the spacecraft. 

  

3.2.9 The Garada ground segment shall decrypt the downlink from 
the spacecraft. 

  

3.2.10 The Garada ground segment shall include cyber intrusion 
detection features. 

  

3.2.11 

The Garada ground segment shall be designed such that 
uplink and downlink can be provided by existing fixed 
Australian ground sites in addition to dedicated Garada 
ground stations. 

  

3.2.12 The Garada ground segment shall support the distribution of 
data to users via the National Broadband Network. 

  

 

6.5.3. Soil Moisture Data Processing requirements  

Requirements for data post-processing will be included in the Mission Management and Data 

Processing System of the Ground Segment, to the extent that such processing is considered part of 

the Garada system. It is envisioned that much of that processing will be performed by users to whom 

data is provided, but who are outside the system proper. These requirements will evolve 

significantly as the Garada team interacts with its user advisory group of soil moisture measurement 

experts. 

No. Requirement Reference Flowdown 

 
The Garada system shall support one or more computational 
algorithms that can estimate soil moisture content from SAR 
radar returns. 

  

 
The Garada system shall include processes for minimizing 
the effects of vegetation in the determination of soil 
moisture. 

  

 
The Garada system shall include processes for minimizing 
the effects of surface roughness in the determination of soil 
moisture. 

  

 The Garada system shall include processes for minimizing 
the effects of dew in the determination of soil moisture. 

  

 
The Garada system shall include processes for compensation 
for Faraday rotation of polarization vectors in the 
ionosphere. 
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6.6. Level 4 and 5 Requirements 

Levels 4 and 5 requirements for the Garada system are still largely under development. However, 

two subsystems—the ground segment and the space-based SAR sensor—have been considered in 

relative detail. Again, Level 4 and 5 requirements are only beginning to be defined at this stage, and 

it is anticipated that this list will expand considerably through the remainder of the project. 

6.6.1. Level 5 SAR Sensor Requirements (4.1.x) 

No. Requirement Reference Flowdown 

5.1.1 

The radar shall operate in the L band [to minimize the 
contributions of surface roughness and overlying vegetation 
to the radar echo, and yet take advantage of the larger 
bandwidth allocation in L band compared to P band]. 

[2]  

5.1.2 

The radar design shall be based on coherent quad 
polarization operation to allow for correction of Faraday 
rotation in the ionosphere, in support of soil moisture 
measurement from space. 

[2]  

5.1.3 The radar shall provide a stripmap mode with ability to 
resolve 250m parcels after multilooking. 

[2]  

5.1.4 The radar shall provide a scanSAR mode with ability to 
resolve 1000m parcels after multilooking. 

[2]  

5.1.5 
The Garada radar shall provide a radiometric resolution 
capable of distinguishing a TBD% difference in reflectivity 
between two parcels of multilooked pixels. 

[2]  

5.1.6  
The Garada radar design shall be capable of segmented 
operation (left-right, or other segmentation approaches) to 
support investigations of its use in other applications. 

  

5.1.7  

The Garada radar design thermal baseline shall be anti-Sun-
looking 6 AM passes, but shall include Sun-looking passes 
when necessary to avoid imaging when the nadir is over 
water. 

  

    

6.6.2. Ground segment Level 4+ requirements 

The Garada team, specifically BAE Systems, have developed an extensive requirements set for the 

ground segment. Those requirements are listed in [11] and will not be repeated here. 
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7. Future development of system requirements baseline 

 
Systems engineering best practices for the development of requirements baselines can follow 

different paths. If there is a customer with clear objectives in mind, the requirements flow from 

those objectives by the application of engineering expertise in the different disciplines. Another 

approach is to begin with an initial “straw man” design, a “technology push” approach so to speak. 

The latter approach is being pursued in the Garada project. Through the various analyses, trade 

studies, design team interactions, collaborations with other experts, and literature searches, a set of 

requirements will emerge. The SAR system described in [9], and being further developed by Garada 

team analyses, is a portion of that initial “straw man” design. The process will result in a well-

engineered, self-consistent requirements baseline, through Level 4. 

One aspect of the “straw man” design that has shifted markedly since the beginning of the project 

was the importance of formation flying for the required performance. The present mission 

requirement, with two spacecraft on opposite sides of an orbit ring, does not require precision 

formation flying.  However, some potential users are still interested in a bistatic mode of operation. 

Accordingly, requirements are being developed for a formation flying phase to investigate this 

mode; this phase would likely occur near the end of the operational mission. 

  



SYSTEM LEVEL FUNCTIONAL PERFORMANCE SPECIFICATION

ID Function and Performance Specification Type Traceability Issue to Resolve

SLFPS-43 1 Scope Heading

SLFPS-44 1.1 Identification Heading

SLFPS-45 This is the System Level Functional Performance Specification (FPS) for the Garada Synthetic Aperture 

Radar (SAR) Formation Flying   system. This document will be included in the Garada final report to be 

delivered to Australia Space Research Program (ARSP). This document is derived from Garada 

Objective System Requirements Baseline (OSRB), Astrium Preliminary Spacecraft Requirements 

Specification (SRS) and TK 10.2 Functional Performance Specification.

Information

SLFPS-46 1.2 System Overview Heading

SLFPS-47 Garada, funded under the Australian Space Research Program (ASRP), is a collaborative space 

engineering research project at the Australian Centre for Space Engineering Research. Garada is 

investigating the design of a low cost L-Band Formation Flying SAR satellite system for monitoring 

regional deforestation and forest degradation, soil moisture mapping, flood and disaster monitoring. 

Consortium members include the University of New South Wales, EADS Astrium, Curtin University of 

Technology, TU Delft, BAE Systems and General Dynamics Corporation.

Information
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ID Function and Performance Specification Type Traceability Issue to Resolve

SLFPS-48 This System Level functional performance specification contains the highest level technical 

requirements on the system. Those requirements must flow down to either the Garada System 

Ground Segment, Space Segment or both. Separate functional performance specifications for the 

Ground and Space Segments will contain more detailed requirements.

The Ground Segment consists of:

1. Ground Station System (GSS)

2. Mission Control System (MCS)

3. Mission Management and Data Processing System (MMDPS)

4. Communications System (CS)

5. Support System (SS)

The Space Segment is comprised of sixteen subsystems:

I. Spacecraft Bus and Structure (SBAS)

II. SAR Sensor (SAR)

III. Electrical Power Subsystem (EPS)

IV. Attitude Determination and Control System (ADACS)

V. Command and Data Handing (CADH)

VI. Onboard Orbit Determination (OOD)

VII. Harness (HAR)

VIII. Tracking, Telemetry and Control (TTAC)

IX. GNSS Reflectometry Sensor (GNSS-R)

X. Propulsion (PROP)

XI. High Bandwidth Downlink (HBDL)

XII. Launch Services (LS)

XIII. Mechanical and Electrical Ground Support Equipment (MGSE/EGSE)

XIV. Support for Formation Flying (SFF)

XV. Thermal Management (TM)

XVI. Fault Identification (FI)

Information

SLFPS-49 The Garada Space Segment is composed of one spacecraft or two separate but identical spacecraft, 

flying in tandem in the same orbital plane  and housing the identical SAR imaging instrument. 

Information
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ID Function and Performance Specification Type Traceability Issue to Resolve

SLFPS-50 The L-band radars are downward looking Synthetic Aperture Radar Instruments.  Information

SLFPS-51 When assigned, the Garada Spacecraft contractor will be responsible for In-Orbit Delivery (IOD) of the 

Garada Spacecraft against the Garada Spacecraft requirements. Implicit in this is the responsibility of 

the Garada Spacecraft contractor to source an appropriate Launch Service.  

Information

SLFPS-52 When assigned, the Garada System Prime Contractor is responsible for the verification (against the 

Garada Operational and Performance Requirements or System Specification) and delivery (IOD of the 

whole Garada System to the Customer) at ‘level 0’, the Garada System. When assigned, the Garada 

Spacecraft Prime Contractor would be responsible for the verification (against the Garada Spacecraft 

Requirements Spec) and delivery (again IOD, but to the Garada System prime) at ‘level 1’, the Garada 

Spacecraft.

Information

SLFPS-53 1.3 Document Overview Heading

SLFPS-68 This document specifies the system level requirements for the Garada System. Information

SLFPS-54 2 Applicable Documents Heading

SLFPS-55 2.1 Normative References Heading

SLFPS-56 Garada Spacecraft - Ground Segment Interface Control Document (ICD) Requirement Prepare during design 

phase

SLFPS-57 Garada Spacecraft - Launch Vehicle Interface Requirements Specification Requirement Prepare during design 

phase

SLFPS-58 2.2 Informative References Heading

SLFPS-59 Garada System Design and Interface Document Requirement Prepare during design 

phase

SLFPS-60 Prime Launch Vehicle User Manual (Falcon 9) Requirement

SLFPS-61 Backup Launch Vehicle User Manual (Delta IV) Requirement

SLFPS-62 International Telecommunications Union (ITU) RR-98 Radio Regulations, Article S5, Section IV Requirement

SLFPS-63 International Space Debris Safety Requirements, W.Flurry Requirement
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ID Function and Performance Specification Type Traceability Issue to Resolve

SLFPS-64 2.3 Standards Heading

SLFPS-65 European Co-operation for Space Standardisation (ECSS) Space Engineering - System Engineering Requirement

SLFPS-66 Metallic Materials and Elements for Aerospace Vehicle Structures Requirement

SLFPS-67 ECSS Space Engineering - Thermal Control Requirement

SLFPS-136 2.4 Garada Documents Heading

SLFPS-137 Garada Mission Baseline Information

SLFPS-138 Garada Requirements Summary Information

SLFPS-139 TK 1.2 Garada SAR Formation Flying Business Case for Implementation Information

SLFPS-140 TK 10.1 Operational Concept Document Information

SLFPS-141 Australian Government Information Security Manual Information

SLFPS-142 TK 3.3 SAR System Specification Final Issue Information

SLFPS-143 TK 2.2 SAR Hardware and Methods Description and Specification Information

SLFPS-144 TK 10.2 Ground Segment Functional Performance Specification Information

SLFPS-114 2.5 Australian Standards Heading

SLFPS-115 AS 1319:1994 - Safety Signs for the Occupational Environment Requirement

SLFPS-116 AS 1657:1992 - Fixed platforms, walkways, stairways and ladders - Design, construction and 

installation

Requirement

SLFPS-117 AS/NZS 1680:2006 - Interior and workplace lighting Requirement

SLFPS-118 AS/NZS 1768:2007 - Lightning protection Requirement

SLFPS-119 AS/NZS 2211.2:2006 - Safety of laser products - Safety of optical fibre communication systems (OFCS) Requirement

SLFPS-120 AS 4024.1604:2006 - Safety of machinery Part 1604: Design of controls, interlocks and guarding - 

Emergency stop - Principles for design

Requirement

SLFPS-121 AS 4024.1702:2006 - Safety of machinery Part 1702: Human body measurements – Principles for 

determining the dimensions required for openings for whole body access into machinery.

Requirement

SLFPS-122 AS 4024.1904:2006 - Safety of machinery Part 1904: Displays, controls, actuators and signals - 

Indication, marking and actuation - Requirements for visual, auditory and tactile signals

Requirement
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ID Function and Performance Specification Type Traceability Issue to Resolve

SLFPS-123 AS/NZS 3000:2007 - Wiring Rules Requirement

SLFPS-124 AS/NZS 3100:2009 - Approval and test specification - General requirements for electrical equipment Requirement

SLFPS-125 AS/NZS 4443:1997 Office Panel Systems— Workstations Requirement

SLFPS-126 AS/NZS 5070.1:2008 - Siting and operation of radio communications facilities - General guidelines for 

fixed, mobile and broadcasting facilities including fixed location satellite earth stations independent of 

the operating frequency

Requirement

SLFPS-127 AS/NZS 60950.1:2011 - Information technology equipment - Safety - General requirements 

Requirement

Requirement

SLFPS-128 AS/CA S003.1:2010 Requirements for Customer Access Equipment for connection to a 

Telecommunications Network

Requirement

SLFPS-129 2.6 Other Documents Heading

SLFPS-130 Ozone Protection and Synthetic Greenhouse Gas Management Act 1989 Requirement

SLFPS-131 DEF(AUST)5168 The climactic and environmental conditions affecting the design of military materiel. Requirement

SLFPS-132 DI-IPSC-81431A Data Item Description: System/Subsystem Specification (SSS) (10 JAN 2000) Requirement

SLFPS-133 ISO/IEC 15445:2000 Information technology -- Document description and processing languages -- 

HyperText Markup Language (HTML)

Requirement

SLFPS-134 NOHSC:2011 (1994) - Preparation of Material Safety Data Sheets Requirement

SLFPS-135 OH&S (Safety Standards) Regulations 1994. Requirement

SLFPS-37 3 Requirements Heading

SLFPS-38 3.1 Required States and Modes Heading

SLFPS-39 3.2 System Capability Requirements Heading

SLFPS-40 3.2.1 Customer Level Requirements Heading

SLFPS-13 The Garada system shall support the measurement of various properties of and conditions on the 

Earth's surface through post-processing of its received radar signals.

Requirement OSRB v02_00 1.2

SLFPS-22 The Garada system shall distribute data to end users for post-processing. Requirement OSRB v02_00 1.5
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ID Function and Performance Specification Type Traceability Issue to Resolve

SLFPS-14 The Garada system shall support the diffusion of knowledge to the agricultural sector and to 

environmental agencies and organizations.

Requirement OSRB v02_00 1.6

SLFPS-1 The Garada system shall be capable of altering its operations to facilitate the investigation of potential 

new applications of its radar data.

Requirement OSRB v02_00 1.7

SLFPS-15 The Garada system shall maintain a data archive capable of retaining all data received for the life of 

the mission.

Requirement OSRB v02_00 1.8

SLFPS-2 The Garada system shall be designed to collect data on Australia as the primary area of interest. Requirement OSRB v02_00 

1.11

SLFPS-5 The Garada system coverage requirement shall be capable at a minimum of full radar coverage of the 

Murray Darling Basin every three days.

Requirement OSRB v02_00 

1.12

SLFPS-6 The Garada system shall enable the measurement of soil moisture data that is relevant to agricultural 

and environmental concerns of Australia. 

Requirement OSRB v02_00 

1.15

SLFPS-20 The latency of Garada data from on-orbit collection over Australia to delivery to a near-real-time user 

within Australia using the National Broadband Network shall be no more than HH hours.

Requirement OSRB v02_00 

1.16

SLFPS-3 The Garada system shall support the collection and dissemination of data in areas of the world 

beyond Australia on an ad hoc basis.

Requirement OSRB v02_00 

1.17

SLFPS-4 The design basis of the Garada system shall incorporate a cost-benefit metric that accounts for 

improvements to Australian agriculture and environmental restoration in addition to system cost.

Requirement OSRB v02_00 

1.18

SLFPS-9 The Garada system shall maintain an effective cyber security posture. Requirement OSRB v02_00 

1.19

SLFPS-25 The Garada system shall support measurements of forest biomass.  Requirement OSRB v02_00 

1.20

SLFPS-26 The Garada system shall support assessment of climate change effects and the efficacy of climate 

change interventions that are related either to soil moisture or to biomass.

Requirement OSRB v02_00 

1.21

SLFPS-27 The Garada system shall support interferometric imaging , for such applications as forestry, elevation 

maps, coherent change detection, and deformation detection.

Requirement OSRB v02_00 

1.22

SLFPS-28 The Garada system shall ensure that its end-to-end processes result in timely delivery of data to time-

sensitive users within Australia. 

Requirement OSRB v02_00 

1.23
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ID Function and Performance Specification Type Traceability Issue to Resolve

SLFPS-29 The Garada system shall have a design availability in excess of TBD %. Requirement OSRB v02_00 

1.24

SLFPS-30 The Garada system design shall incorporate the best practices of the aerospace industry for safety 

and reliability.

Requirement OSRB v02_00 

1.25

SLFPS-93 The Garada system shall consider both single-spacecraft and multi-spacecraft solutions. Requirement OSRB v02_00 1.9

SLFPS-94 The Garada on-orbit mission lifetime shall be no less than YY years. Requirement OSRB v02_00 

1.10

SLFPS-95 The Garada spacecraft shall incorporate light-weight and low-cost satellites, advanced technologies 

and techniques to the maximum extent practicable to provide the equivalent capabilities of 

conventional satellite designs.

Requirement OSRB v02_00 

1.13

SLFPS-96 The Garada spacecraft shall use Australian capabilities, products and expertise to the maximum 

extent possible.

Requirement OSRB v02_00 

1.14

SLFPS-108 The Garada system shall be capable of obtaining radar measurements reflected from the Earth at a 

rate sufficient to fulfill the data needs of the soil moisture and forest biomass user communities.

Requirement OSRB v02_00 1.1

SLFPS-109 The Garada spacecraft shall carry equipment for obtaining data on various properties of and 

conditions on the Earth’s surface through exploitation of received GNSS signals in a bistatic mode.

Requirement OSRB v02_00 1.4

SLFPS-110 The Garada system shall provide a radar data stream of known characteristics. Requirement OSRB v02_00 1.3

SLFPS-41 3.2.2 System Technical Requirements Heading

SLFPS-21 The Garada system design basis shall be the measurement of soil moisture data. Requirement OSRB v02_00 

2T.2

SLFPS-23 The Garada system shall provide satellite based SAR data to users via the National Broadband 

Network.

Requirement OSRB v02_00 

2T.4

SLFPS-16 The Garada system shall establish interfaces with the data customers for receiving of requests for 

data.

Requirement OSRB v02_00 

2T.5

SLFPS-17 The Garada system shall establish interfaces with the data customers for delivery of data. Requirement OSRB v02_00 

2T.6

SLFPS-18 The Garada system shall include the capability of automatic archiving of downlinked radar data. Requirement OSRB v02_00 

2T.7
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ID Function and Performance Specification Type Traceability Issue to Resolve

SLFPS-10 The Garada system design shall incorporate features intended to identify and/or prevent tampering 

with or malicious corruption of downlinked data received from the spacecraft.

Requirement OSRB v02_00 

2T.10

SLFPS-11 The Garada system design shall incorporate features intended to identify and/or prevent malicious 

corruption of, or introduction of malicious code into, data delivered to users.

Requirement OSRB v02_00 

2T.11

SLFPS-19 The Garada System design shall implement applicable portions of the Australian Government 

Information and Communications Technology Security Manual (ISM).

Requirement OSRB v02_00 

2T.12

SLFPS-31 The Garada system shall process raw data from the spacecraft and provide usable data to end users.  Requirement OSRB v02_00 

2T.16

SLFPS-32 The Garada system shall respond to commands that alter the mode,  operating parameters and data 

collection area of the SAR sensor. 

Requirement OSRB v02_00 

2T.17

SLFPS-33 The Garada system design shall support an on-orbit operational lifetime of YY years, and features that 

support continued operations beyond YY years if the space segment health permits.

Requirement OSRB v02_00 

2T.18

SLFPS-34 The Garada system shall support upgrading selected spacecraft software while on orbit. Requirement OSRB v02_00 

2T.19

SLFPS-35 The Garada system shall incorporate information obtained from conjunction assessment services to 

enable safe operation in the event of a predicted conjunction.

Requirement OSRB v02_00 

2T.20

SLFPS-36 The average time from data collection to download of data from the spacecraft shall be no greater 

than two orbit periods.

Requirement OSRB v02_00 

2T.21

SLFPS-69 The Operational Phase for the Garada spacecraft shall commence on System Handover to the 

Customer, and conclude with the start of the Disposal Phase of the Garada spacecraft.

Definition Astrium SRS 

5.1.3.5

SLFPS-70 The Garada spacecraft shall provide the capability to be commanded from the ground. Requirement Astrium SRS 

5.3.1

SLFPS-71 The Garada System shall support monitoring spacecraft data in real-time when in contact with the 

spacecraft.

Requirement

SLFPS-72 The Garada System Processor shall be capable of generating interferometric image products by 

imaging an area of ground with overlapping swaths acquired from different ground tracks.

Requirement Astrium SRS 

5.4.1
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ID Function and Performance Specification Type Traceability Issue to Resolve

SLFPS-73 The Garada System shall provide a Data Quality Check Product for each raw data set, which shall 

contain at least:

a) Raw data statistics (including downlink quality).

b) Doppler centroid, ambiguity number.

c) Auxiliary data (i.e. instrument mode, antenna pattern).

d) Geographic localisation, incidence angle range, incidence angle and sensor look angle at centre of 

raw data set.

e) Chirp replica power.

Requirement Astrium SRS 

5.4.1

SLFPS-74 The Data Quality Check Product shall be available within 3 days (TBD) to allow 

compensation/rescheduling of subsequent observations in case of unsatisfactory expected basic 

product quality.

Requirement Astrium SRS 

5.4.1

SLFPS-75 The Garada System Processor shall generate a Browse Image for all the acquired SAR data after 

reception of the SAR raw data.

Requirement Astrium SRS 

5.4.1

SLFPS-76 Ground Processed products shall be available in various range and azimuth multilooking variants. Requirement Astrium SRS 

5.4.1

SLFPS-77 For all the Basic Products, the system shall provide for online checks to verify that there have been no 

system malfunction. Supported online checks shall include:

a) raw data analysis( to check for transmission errors and presence of an echo)

b) auxiliary data check ( to monitor instrument and platform data)

c) visual check (quick check for gross errors such as: incomplete images, generally not in good focus, 

absence of ghosting and banding, absence of visible artefacts)

Requirement Astrium SRS 

5.4.1
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ID Function and Performance Specification Type Traceability Issue to Resolve

SLFPS-78 The system shall provide for Offline Quality Control. Supported offline quality control checks shall 

include the ability to: 

a) monitor the instrument performance (e.g. antenna elevation/azimuth gain pattern, resolution , side-

lobes, integrated side-lobes).

b) analyse in detail a sample of images of reference areas (e.g. correctness of image format and 

ambiguity ratio, phase errors, co/cross polar isolation)

c) investigate the trend analysis of Basic Quality parameters (e.g. are values within expected range, 

are parameters fluctuation within expected range, is there an identifiable trend) 

d) investigate reported anomalies

Requirement Astrium SRS 

5.4.1

SLFPS-79 The Garada spacecraft and its respective Garada Ground Processor shall support the generation of the 

following Basic Products:

1. Basic Products based on SAR images and quality data obtained by processing of Garada Stripmap 

and ScanSAR Mode

2. Basic Products based on SAR images and quality data obtained by processing of Garada Low 

Resolution Mode

3. Multi-band based on SAR images and quality data obtained by processing of Garada Stripmap Mode

Requirement Astrium SRS 

6.1.1

SLFPS-80 In Stripmap Mode the Garada Spacecraft and Garada Ground Processor shall support the generation 

of Basic Products with reduced range resolution by:

• switching of the chirp-bandwidth (instrument)

• reduction of processing bandwidth (ground processor)

Reduced range resolution shall be selectable in at least 3 steps.

Requirement Astrium SRS 

6.1.2

SLFPS-81 Each data acquisition (scene) shall be assigned onboard with a unique identification number (ID). Requirement Astrium SRS 

6.2.5
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SLFPS-82 The Garada system shall ensure the availability of the following timing information for processing of 

SAR raw data:

• Onboard Time (OBT), synchronised to GPS time (HK data stream)

• Garada instrument time in the datation of SAR packets (synchronised to GPS time, SAR Data stream)

• Event report regarding the synchronisation event OBT – GPS also including the values of OBT and 

GPS time (HK data stream)

• Event reports regarding the synchronisation event Garada instrument time – GPS also including the 

values of instrument and GPS time (HK data stream)

Requirement Astrium SRS 

6.2.6

SLFPS-83 The Garada system shall establish a high  bandwidth data downlink of no less than 700 Mbps. Requirement Astrium SRS 7.2

SLFPS-84 For uplink and downlink communications with the dedicated Garada ground stations, the Garada 

spacecraft shall be equipped with a TTAC system operating in the S-Band range.

Requirement Astrium SRS 7.2

SLFPS-85 Deleted

SLFPS-86 The Garada system shall establish the  following link margin and bit error rate for the high bandwidth 

downlink:

Up-link margin                                            3db

Maximum up-link bit error rate                  10
-7

Down-link margin                                       3db

Maximum down-link bit error rate             10-6

Requirement Astrium SRS 7.3

SLFPS-88 Garada measurement data, orbit and ephemeris data and auxiliary data shall be transmitted to 

ground with either a telemetry, tracking and control downlink or a high data rate communications 

system.

Requirement Astrium SRS 7.4

SLFPS-89 Deleted

SLFPS-90 Deleted

SLFPS-92 The Ground Support Equipment (GSE) items shall be capable of supporting System Validation Tests via 

external communications channels to the Ground Segment without prevention of local monitoring of 

operations.

Requirement Astrium SRS 8.5
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SLFPS-101 The Garada system shall provide for internal calibration of the SAR sensor. Requirement OSRB v02_00 

2T.13

SLFPS-102 The Garada system shall provide for external calibration of the SAR sensor. Requirement OSRB v02_00 

2T.14

SLFPS-104 The Garada system design shall incorporate features intended to preclude malicious 

interference with spacecraft command and control.

Requirement OSRB v02_00 

2T.9

SLFPS-111 The Garada system shall provide for data downlink at least once per orbit after collecting data on the 

Australian land mass.

Requirement OSRB v02_00 

2T.3

SLFPS-112 The Garada system shall be capable of downlinking data to ground stations outside of Australia. Requirement OSRB v02_00 

2T.8

SLFPS-113 The Garada system shall implement a capability for onboard orbit determination. Requirement OSRB v02_00 

2T.15

SLFPS-105 The Garada system shall incorporate onboard navigation using GNSS signals. Requirement OSRB v02_00 

2T.18

SLFPS-42 3.2.3 System Legal and Policy Requirements Heading

SLFPS-24 The Garada system shall comply with the Convention on Registration of Objects Launched into Outer 

Space.

Requirement OSRB v02_00 

2P.3

SLFPS-7 The Garada system shall comply with the Commonwealth of Australia Space Activities Act 1998. Requirement OSRB v02_00 

2P.8

SLFPS-8 The Garada System design will support ownership and operation by the Australian Government. Requirement OSRB v02_00 

2P.10

SLFPS-12 The Garada System shall comply with the Australian Government Cyber Security Strategy. Requirement OSRB v02_00 

2P.11

SLFPS-87 The Consultative Committee for Space Data Systems (CCSDS) protocol for packetised commanding 

and telemetry shall be implemented.

Requirement Astrium SRS 7.3

SLFPS-91 The measurement data stream shall be compliant with the CCSDS standard. Requirement Astrium SRS 7.4

SLFPS-97 The Garada system shall comply with the Treaty on Principles Governing the Activities of States in the 

Exploration and Use of Outer Space, including the Moon and Other Celestial Bodies.

Requirement OSRB v02_00 

2P.1
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SLFPS-98 The Garada system shall comply with the Convention on International Liability for Damage Caused by 

Space Objects.

Requirement OSRB v02_00 

2P.2

SLFPS-99 The Garada system shall comply with the UN Declaration of Legal Principles Governing the Activities 

of States in the Exploration and Use of Outer Space.

Requirement OSRB v02_00 

2P.4

SLFPS-100 The Garada system shall comply with the UN Declaration on International Cooperation in the 

Exploration and Use of Outer Space for the Benefit and in the Interest of All States, Taking into 

Particular Account the Needs of Developing Countries.

Requirement OSRB v02_00 

2P.6

SLFPS-103 The Garada system shall comply with the UN Principles Relating to Remote Sensing of the Earth From 

Outer Space.

Requirement OSRB v02_00 

2P.5

SLFPS-106 The Garada system shall comply with the “Radio Regulations Edition of 2008”, International 

Telecommunication Union.

Requirement OSRB v02_00 

2P.7

SLFPS-107 The Garada system shall comply with the Commonwealth of Australia Radiocommunications Act 

1992.

Requirement OSRB v02_00 

2P.9

SLFPS-145 3.3 Segment External Interface Requirements Heading

SLFPS-146 3.3.1 Interface Identification and Diagrams Heading

SLFPS-147 3.3.1.1 Interface Diagram Heading

SLFPS-148 The Garada System external interfaces are TBD. Requirement TK. 10.2 FPS Prepare system 

external interface 

drawing during design 

SLFPS-149 Deleted
SLFPS-150 Deleted

SLFPS-151 Deleted

SLFPS-152 Deleted

SLFPS-153 Deleted

SLFPS-154 3.3.1.3 Customer Interfaces Heading

SLFPS-155 3.3.1.3.1 E07 Requests for Data Heading

SLFPS-156 Requests from the customer shall be received electronically and shall be in the format specified by the 

Ground Segment design contractor.

Requirement TK. 10.2 FPS

SLFPS-157 Requests shall contain at a minimum, the area to be scanned, data type, data format, SAR mode, 

interpretation, date and time of scan.

Requirement TK. 10.2 FPS
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SLFPS-158 3.3.1.3.2 E09 Data Products Heading

SLFPS-159 Data products shall be provided electronically. Requirement TK. 10.2 FPS

SLFPS-160 3.3.1.3.3 E08 Invoicing and Payment Heading

SLFPS-161 Invoicing and payment shall be in formats specified by the Garada Program. Requirement TK. 10.2 FPS

SLFPS-162 Deleted
SLFPS-163 Deleted

SLFPS-164 Deleted
SLFPS-165 Deleted

SLFPS-166 3.3.1.6 E04 Email and Web Access Heading

SLFPS-167 The interface with the internet shall be a minimum of 10Mbps upload and download. Requirement TK. 10.2 FPS

SLFPS-168 3.3.1.7 E06 Public Web Access Heading

SLFPS-169 Access to the Ground Segment public web site shall be in accordance with ISO/IEC 15445:2000. Requirement TK. 10.2 FPS

SLFPS-170 3.3.1.8 E10 Earth Observation Data Heading

SLFPS-171 The Garada System shall receive earth observation data from external databases in the following 

formats:

a) GeoTiff,

b) CCRS,

c) CEOS,

d) EOSAT,

e) Fast7a and

f) HDF

Requirement TK. 10.2 FPS

SLFPS-172 3.3.1.9 Conjunction Assessment Service Heading

SLFPS-173 Interface E02 Orbital data shall be provided as NORAD two line element sets. Requirement TK. 10.2 FPS

SLFPS-174 Interface E03 Conjunction assessment data shall be in vendor format. Requirement TK. 10.2 FPS

SLFPS-175 3.3.1.10 E11 Flight Software Vendors Heading

SLFPS-176 Flight software shall be provided in vendor format with, at a minimum, documentation that describes 

the configuration and use of the software.

Requirement TK. 10.2 FPS

SLFPS-177 3.3.1.11 E12 Ground Software Vendors Heading
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SLFPS-178 Ground software shall be provided in vendor format with, at a minimum, documentation that 

describes the configuration and use of the software.

Requirement TK. 10.2 FPS

SLFPS-179 3.3.1.12 E13 Launch Services Heading

SLFPS-180 The interface of the ground segment to launch services shall be in accordance with the requirements 

of the launch service provider.

Requirement TK. 10.2 FPS

SLFPS-181 3.3.2 Interface to GFE Heading

SLFPS-182 Not applicable. Advice TK. 10.2 FPS

SLFPS-183 3.4 System Internal Interface Requirements Heading

SLFPS-184 The internal interface requirements are TBD. Requirement TK. 10.2 FPS

SLFPS-185 3.5 System Internal Data Requirements Heading

SLFPS-186 The internal data requirements will be determined during the system design phase and specified in 

the requirements specifications for system components.

Advice TK. 10.2 FPS Prepare system 

internal interface 

drawing during design 

SLFPS-187 3.6 Adaptation Requirements Heading

SLFPS-188 Not applicable. Advice TK. 10.2 FPS

SLFPS-189 3.7 Safety Requirements Heading

SLFPS-190 3.7.1 General Heading

SLFPS-191 All of the  personnel access ways shall conform to AS 4024.1702. Requirement TK. 10.2 FPS

SLFPS-192 The Garada facilities shall comply with AS 1657. Requirement TK. 10.2 FPS

SLFPS-193 The noise levels within the occupied areas of Garada facilities shall not exceed the levels specified in 

NOHSC:2009 (2004).

Requirement TK. 10.2 FPS

SLFPS-194 Garada program Computer workstations shall comply with the requirements of AS/NZS 4443. 

Requirement

Requirement TK. 10.2 FPS

SLFPS-195 The Light levels within the inhabited areas of the Garada program shall conform to those 

recommended in AS/NZS 1680.

Requirement TK. 10.2 FPS

SLFPS-196 3.7.2 Electrical Safety Heading

SLFPS-197 The installation and earthing for all  electrical equipment including racks, cabinets and associated 

equipment shall conform to the requirements of AS 3000.

Requirement TK. 10.2 FPS
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SLFPS-198 All Garada equipment that is capable of being connected to the 230/400V AC mains supply shall 

comply with the requirements of AS3100.

Requirement TK. 10.2 FPS

SLFPS-199 All Garada equipment that is capable of being connected to the 230/400V AC mains supply shall 

comply with the requirements of AS60950.1.

Requirement TK. 10.2 FPS

SLFPS-200 The Garada facilities shall protect personnel, equipment and facilities against direct and conducted 

effects of lightning in accordance with AS/NZS 1768.

Requirement TK. 10.2 FPS

SLFPS-201 Fibre systems used in the Garada system shall meet the requirements of AS/NZS 2211.2. Requirement TK. 10.2 FPS

SLFPS-202 3.7.3  Mechanical Safety Requirements Heading

SLFPS-203 Deleted

SLFPS-204 Deleted

SLFPS-205 Deleted

SLFPS-206 Deleted

SLFPS-207 Deleted

SLFPS-208 Deleted

SLFPS-209 Where guarding is used as a control measure in the Garada system it shall be designed and installed in 

accordance with AS 4024.1601.

Requirement TK. 10.2 FPS

SLFPS-210 Safety related human-machine interfaces that are part of the Garada system shall conform to the 

applicable requirements of AS 4024.1904.

Requirement TK. 10.2 FPS

SLFPS-211 Deleted

SLFPS-212 3.7.4 Hazardous Materials Heading

SLFPS-213 Substances that are listed in Schedule 1 of the Ozone Protection and Synthetic Greenhouse Gas 

Management Act 1989 shall not be used in the Garada system.

Requirement TK. 10.2 FPS

SLFPS-214 For all Hazardous Substances incorporated into the Garada system, full details shall be provided to the 

Commonwealth in the format of a Material Safety Data Sheet in accordance with NOHSC: 2011 

(1994).

Requirement TK. 10.2 FPS

SLFPS-215 Garada equipment containing dangerous materials shall be labeled in accordance with AS 1216. Requirement TK. 10.2 FPS

SLFPS-216 3.7.5 Signage Heading
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SLFPS-217 The Garada system shall include danger, caution and warning signs fixed to equipment to advice of 

specific hazards such as high voltage, high temperature and radiation in accordance with AS 1319 – 

1994.

Requirement TK. 10.2 FPS

SLFPS-218 3.7.6 Radiation Hazard Heading

SLFPS-219 Deleted

SLFPS-220 3.7.7 Power Protection Heading

SLFPS-221 The Garada system shall be protected against damage caused by excessive current. Requirement TK. 10.2 FPS

SLFPS-222  The Garada system shall be protected against damage caused by short circuit at all antenna ports, 

audio connections and control connections.

Requirement TK. 10.2 FPS

SLFPS-223 3.8 Security and Privacy Requirements Heading

SLFPS-224 All Garada workstations shall have access requiring user login and password. Requirement TK. 10.2 FPS

SLFPS-225 Users shall be granted permissions to access Garada applications and capabilities based on their role. Requirement TK. 10.2 FPS

SLFPS-226 The Garada system shall have a capability for an operator to manage user access and permissions. Requirement TK. 10.2 FPS

SLFPS-227 The Garada system shall detect and prevent unauthorised access on the external data interfaces. Requirement TK. 10.2 FPS

SLFPS-228 3.9 System Environment Requirements Heading

SLFPS-229 3.9.1 Mainland Australia and Tasmania Location Heading

SLFPS-230 The Garada system shall operate within specification, without any degradation in performance when 

exposed to the maximum operational wind velocity of 20 m/s for a ten minute mean at ten metre 

height.

Requirement TK. 10.2 FPS

SLFPS-231 The Garada system shall survive without damage or permanent deformation when exposed to a three 

second gust of wind with a velocity of up to 69 m/s.

Requirement TK. 10.2 FPS

SLFPS-232 The Garada system shall operate within specification, excluding G/T, when exposed to an ambient 

temperature range of 5 degrees to +50 degrees Celsius in direct sunlight with solar radiation of 1.02 

kW/m2.

Requirement TK. 10.2 FPS
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SLFPS-233 The Garada system shall operate within specification, excluding G/T, when exposed to an ambient 

temperature range of 5 degrees to +50 degrees Celsius with a relative humidity of 95% (non-

condensing).

Requirement TK. 10.2 FPS

SLFPS-234 The Garada system shall survive without damage or permanent deformation when exposed to an 

ambient temperature range of 0 to +55 degrees with a relative humidity of 95%.

Requirement TK. 10.2 FPS

SLFPS-235 The Garada system shall operate within specification, excluding G/T, when exposed to driving rain of 

up to and including 50 mm/hr at a wind velocity of 20 m/s for a ten minute mean at ten metre height.

Requirement TK. 10.2 FPS

SLFPS-236 The Garada system outdoor equipment shall remain free from water ingress during driving rain of up 

to and including 200 mm/hr under wind conditions up to a three second gust of wind with a velocity 

of up to 69 m/s.

Requirement TK. 10.2 FPS

SLFPS-237 3.9.2 Locations outside of Mainland Australia and Tasmania Heading

SLFPS-238 For locations outside of mainland Australia and Tasmania the climatic conditions described in 

DEF(AUST)5168 shall be used as guidelines for determining the environmental requirements for 

operation and survival.

Requirement TK. 10.2 FPS

SLFPS-239 3.10 Computer Resource Requirements Heading

SLFPS-240 Each computer processor installed in the Garada system shall use a maximum of 50% processor 

capacity.

Requirement TK. 10.2 FPS

SLFPS-241 Each computer processor installed in the Garada system shall use a maximum of 50% of processor 

memory capacity.

Requirement TK. 10.2 FPS

SLFPS-242 Each computer processor installed in the Garada system shall use a maximum of 50% of input/output 

capacity.

Requirement TK. 10.2 FPS

SLFPS-243 3.11 System Quality Factors Heading

SLFPS-244 3.11.1 Availability Heading

SLFPS-245 The combined availability of the Garada system shall be better than 99%. Requirement TK. 10.2 FPS

SLFPS-246 Deleted

SLFPS-247 3.11.2 Maintainability Heading

SLFPS-248 All components of the Garada system designated as Line Replaceable Units (LRUs) shall be removable 

and restorable without the need to remove other LRUs.

Requirement TK. 10.2 FPS
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SLFPS-249 All cable terminations to the Garada system modules designated as LRUs shall be capable of 

disconnection and reconnection without the need to disturb third party cables.

Requirement TK. 10.2 FPS

SLFPS-250 All cable terminations to Garada system modules designated as LRUs shall be capable of 

disconnection and reconnection without the need to cut cable securing straps.

Requirement TK. 10.2 FPS

SLFPS-251 3.12 Design and Construction Constraints Heading

SLFPS-252 The Ground Segment shall use COTS hardware. Requirement TK. 10.2 FPS

SLFPS-253 Ground Segment payload data processing shall be based on COTS software. Requirement TK. 10.2 FPS

SLFPS-254 To minimise Garada system development and operating costs, existing infrastructure shall be used 

where possible.

Constraint TK. 10.2 FPS

SLFPS-255 Where data formats are not specified here, standard industry data formats shall be used where 

possible.

Constraint TK. 10.2 FPS

SLFPS-256 To accommodate possible future applications the Garada system shall be designed to allow for the 

separation of data and data processing into classified and unclassified classes.

Requirement TK. 10.2 FPS

SLFPS-257 In the Garada system, it shall be possible to test new ground-based algorithms in parallel with the 

operation of existing algorithms.

Constraint TK. 10.2 FPS

SLFPS-258 Garada system data processing chains shall be modular to allow modification of processing algorithms 

and upgrade of the hardware.

Constraint TK. 10.2 FPS

SLFPS-259 3.13 Personnel-related Requirements Heading

SLFPS-260 Software and hardware user manuals shall be electronically accessible from the computer 

workstations.

Requirement TK. 10.2 FPS

SLFPS-261 Software applications shall have context sensitive help available to the operator. Requirement TK. 10.2 FPS

SLFPS-262 3.14 Training-related Requirements Heading

SLFPS-263 The requirements for a simulator to support  operational training are TBD. Advice TK. 10.2 FPS Develop requirements 

for operator simulator 

training during design 

SLFPS-264 3.15 Logistics-related Requirements Heading

SLFPS-265 TBD Advice TK. 10.2 FPS Develop during design 

phase

SLFPS-266 3.16 Other Requirements Heading
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SLFPS-267 Not applicable. Advice TK. 10.2 FPS Develop during design 

phase

SLFPS-268 3.17 Packaging Requirements Heading

SLFPS-269 TBD Advice TK. 10.2 FPS Develop during design 

phase

SLFPS-270 3.18 Precedence and Criticality of Requirements Heading

SLFPS-271 Order of precedence: In the event of a conflict between the text of this specification and the 

references cited herein, the text of this specification takes precedence. Nothing in this specification, 

however, supersedes applicable laws and regulations unless a specific exemption has been obtained.

Requirement TK. 10.2 FPS

SLFPS-272 4 Qualification Provisions Heading

SLFPS-273 5 Requirements Traceability Heading

SLFPS-274 Traceability to parent specifications is not mandatory for system level requirements. Where 

applicable, traceability to other project documents is indicated with the requirement.

Advice TK. 10.2 FPS

SLFPS-275 6 Notes Heading

SLFPS-276 6.1 Abbreviations and Acronyms Heading
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SLFPS-277 ADACS   Attitude Determination and Control Subsystem

ASRP   Australian Space Research Program

BIT   Built In Test

CADH   Command And Data Handling

CCRS   Canadian Centre of Remote Sensing

CCSDS   Consultative Committee for Space Data Systems

CEOS   Committee on Earth Observation Satellites

COTS   Commercial Off The Shelf

CS   Communication Subsystem

EGSE   Electrical Ground Support Equipment

EOSAT   Earth Observation Satellite picture data format

EPS  Electrical Power Subsystem

FDIR  Fault Detection, Identification and Reporting subsystem

FPS   Functional Performance Specification

FTP   File Transfer Protocol

GFE   Government Furnished Equipment

GNSS   Global Navigation Satellite System

GNSS-R   GNSS Reflectometry payload

GS   Ground Segment

GSE  Ground Support Equipment

GSS   Ground Station Subsystem

HAR    Harness

HBDL   High Bandwidth Down Link subsystem

HDF   Hierarchical Data Format

LEOP   Launch and Early Orbit Phase

LHCP   Left Hand Circular Polarised

LRU   Line Replaceable Unit

Information TK. 10.2 FPS
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SLFPS-277 

(cont'd.)

MCS   Mission Control Subsystem

MGSE   Mechanical Ground Support Equipment

MMDPS  Mission Management and Data Processing Subsystem

NOHSC   National Occupational Health and Safety

OFCS   Optical Fibre Communication Systems

OOD Onboard Orbit Determination Subsystem

OSRB   Objective System Requirements Baseline

PAWS   Public Accessible Web Site

PROP   Propulsion subsystem

RHCP   Right Hand Circular Polarised

SAR   Synthetic Aperture Radar

SDS   Signal Distribution Subsystem

SFF   Support for Formation Flying subsystem

SRS Spacecraft Requirement Specification

SS   Support Subsystem

SSS   System/Subsystem Specification

TBC   To Be Calculated

TBD   To Be Determined

THM   Thermal Management subsystem

TTAC   Tracking, Telemetry And Control subsystem

TLE   Two Line Element

V&V   Verification and Validation

Information
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SSFPS-96 1 Scope Heading

SSFPS-97 1.1 Identification Heading

SSFPS-98 This is the Space Segment Functional Performance Specification (FPS) for the 

Garada Synthetic Aperture Radar (SAR) Formation Flying   system. This document 

will be included in the Garada final report to be delivered to Australia Space 

Research Program (ARSP). This document is derived from Garada Objective System 

Requirements Baseline (OSRB), Astrium Preliminary Spacecraft Requirements 

Specification (SRS) and TK 10.2 Functional Performance Specification.

Information

SSFPS-99 1.2 System Overview Heading

SSFPS-100 Garada, funded under the Australian Space Research Program (ASRP), is a 

collaborative space engineering research project at the Australian Centre for Space 

Engineering Research. Garada is investigating the design of a low cost L-Band 

Formation Flying SAR satellite system for monitoring regional deforestation and 

forest degradation, soil moisture mapping, flood and disaster monitoring. 

Consortium members include the University of New South Wales, EADS Astrium, 

Curtin University of Technology, TU Delft, BAE Systems and General Dynamics 

Corporation.

Information
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SSFPS-101 The Garada System is comprised of a Ground Segment and a Space Segment.

The Ground Segment consists of:

1. Ground Station System (GSS)

2. Mission Control System (MCS)

3. Mission Management and Data Processing System (MMDPS)

4. Communications System (CS)

5. Support System (SS)

This FPS specifies the requirements for the Space Segment.

The Space Segment is comprised of three systems:

A. Spacecraft which consist of fourteen subsystems

i. Spacecraft Bus and Structure

ii. SAR Sensor

iii. Power

iv. Harness

v. Fault Identification

vi. Onboard Orbit Determination

vii. Reflectometer

viii. Tracking, Telemetry and Control

ix. Attitude Determination and Control

x. Command and Data Handling

xi. Propulsion

xii. Thermal Management

xiii. High Bandwidth Downlink

xiv. Formation Flying

B. Launch Services including launch vehicle and relevant requirements

C. Ground Support Equipment including mechanical and electrical support 

equipment.

The Space Segment diagram is shown in OSRB Section 5.1 Requirements Structure.

Information

SSFPS-102 The Garada Space Segment is composed of one spacecraft or two separate but 

identical spacecraft, consisting of the Garada Spacecraft and the Garada Spacecraft 

flying in tandem in the same orbital plane  and housing the identical SAR imaging 

instrument. 

Information
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SSFPS-103 The L-band radars are downward looking Synthetic Aperture Radar Instruments.  Information

SSFPS-104 When assigned, the Garada Spacecraft contractor will be responsible for In-Orbit 

Delivery (IOD) of the Garada Spacecraft against the Garada Spacecraft 

requirements. Implicit in this is the responsibility of the Garada Spacecraft 

contractor to source an appropriate Launch Service.  

Information

SSFPS-105 When assigned, the Garada System Prime Contractor is responsible for the 

verification (against the Garada Operational and Performance Requirements or 

System Specification) and delivery (IOD of the whole Garada System to the 

Customer). When assigned, the Garada Spacecraft Prime Contractor would be 

responsible for the verification (against the Garada Spacecraft Requirements Spec) 

and delivery (again IOD, but to the Garada System prime).

Information

SSFPS-106 1.3 Document Overview Heading

SSFPS-107 This document specifies the space segment requirements for the Garada Space 

Segment. The overall requirements structure is shown in OSRB Section 5.1 

Requirements Structure.

Information

SSFPS-108 2 Applicable Documents Heading

SSFPS-109 2.1 Normative References Heading

SSFPS-110 Garada Spacecraft - Ground Segment Interface Control Document (ICD) Information Astrium SRS 2.1 Develop during design

SSFPS-111 Garada Spacecraft - Launch Vehicle Interface Requirements Specification Information Astrium SRS 2.1 Develop during design

SSFPS-170 Garada Spacecraft Statement of Work Information Astrium SRS 2.1 Develop during design

SSFPS-171 Garada Spacecraft Environment and Test Specification Information Astrium SRS 2.1 Develop during design
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SSFPS-172 Garada Spacecraft Product Assurance (PA) Requirements Specification Information Astrium SRS 2.1 Develop during design

SSFPS-173 Garada Spacecraft Management Requirements Information Astrium SRS 2.1 Develop during design

SSFPS-112 2.2 Informative References Heading

SSFPS-113 Garada System Design and Interface Document Information Astrium SRS 2.2 Develop during design

SSFPS-114 Prime Launch Vehicle User Manual (Falcon 9) Information Astrium SRS 2.2

SSFPS-115 Backup Launch Vehicle User Manual (Delta IV) Information Astrium SRS 2.2

SSFPS-116 International Telecommunications Union (ITU) RR-98 Radio Regulations, Article S5, 

Section IV

Information Astrium SRS 2.2

SSFPS-117 International Space Debris Safety Requirements, W.Flurry Information Astrium SRS 2.2

SSFPS-174 System Design Development & Assembly, Integration and Verification Plan Information Astrium SRS 2.2 Develop during design

SSFPS-175 Spacecraft Statement of Compliance to TOPR Information Astrium SRS 2.2 Develop during design

SSFPS-176 L-band Instrument Performance Compliance against TOPR 3/C Information Astrium SRS 2.2 Develop during design

SSFPS-177 ‘Handbook of Radar Scattering Statistics for Terrain’, Ulaby and Dobson, Artech 

House, 1989

Information Astrium SRS 2.2

SSFPS-178 ‘Microwave Remote Sensing’, Ulaby, Volume I Information Astrium SRS 2.2

SSFPS-179 ‘Prediction of Attenuation by Rain’, R. Crane, IEEE Trans. On Comm., Vol. COM-29, 

No.9 Sep.1980

Information Astrium SRS 2.2

SSFPS-180 ‘Radar Principles, Technology and Applications’, Byron Edde, PTR Prentice Hall, 

1993

Information Astrium SRS 2.2

SSFPS-181 Garada Spacecraft Product Tree Information Astrium SRS 2.2 Develop during design

SSFPS-182 Garada Spacecraft Interface Control Document (ICD) Information Astrium SRS 2.2 Develop during design

SSFPS-118 2.3 Standards Heading
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SSFPS-119 European Co-operation for Space Standardisation (ECSS) Space Engineering - 

System Engineering

Requirement Astrium SRS 2.3

SSFPS-120 Metallic Materials and Elements for Aerospace Vehicle Structures Requirement Astrium SRS 2.3

SSFPS-121 ECSS Space Engineering - Thermal Control Requirement Astrium SRS 2.3

SSFPS-523 2.4 Garada Documents Heading

SSFPS-524 Garada Mission Baseline Information

SSFPS-525 Garada Requirements Summary Information

SSFPS-526 TK 1.2 Garada SAR Formation Flying Business Case for Implementation Information

SSFPS-527 TK 10.1 Operational Concept Document Information

SSFPS-528 Australian Government Information Security Manual Information

SSFPS-529 TK 3.3 SAR System Specification Final Issue Information

SSFPS-530 TK 2.2 SAR Hardware and Methods Description and Specification Information

SSFPS-531 TK 10.2 Ground Segment Functional Performance Specification Information

SSFPS-501 2.5 Australian Standards Heading

SSFPS-502 AS 1319:1994 - Safety Signs for the Occupational Environment Requirement

SSFPS-503 AS 1657:1992 - Fixed platforms, walkways, stairways and ladders - Design, 

construction and installation

Requirement

SSFPS-504 AS/NZS 1680:2006 - Interior and workplace lighting Requirement

SSFPS-505 AS/NZS 1768:2007 - Lightning protection Requirement

SSFPS-506 AS/NZS 2211.2:2006 - Safety of laser products - Safety of optical fibre 

communication systems (OFCS)

Requirement

SSFPS-507 AS 4024.1604:2006 - Safety of machinery Part 1604: Design of controls, interlocks 

and guarding - Emergency stop - Principles for design

Requirement

SSFPS-508 AS 4024.1702:2006 - Safety of machinery Part 1702: Human body measurements – 

Principles for determining the dimensions required for openings for whole body 

access into machinery.

Requirement

SSFPS-509 AS 4024.1904:2006 - Safety of machinery Part 1904: Displays, controls, actuators 

and signals - Indication, marking and actuation - Requirements for visual, auditory 

and tactile signals

Requirement

SSFPS-510 AS/NZS 3000:2007 - Wiring Rules Requirement
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SSFPS-511 AS/NZS 3100:2009 - Approval and test specification - General requirements for 

electrical equipment

Requirement

SSFPS-512 AS/NZS 4443:1997 Office Panel Systems— Workstations Requirement

SSFPS-513 AS/NZS 5070.1:2008 - Siting and operation of radio communications facilities - 

General guidelines for fixed, mobile and broadcasting facilities including fixed 

location satellite earth stations independent of the operating frequency

Requirement

SSFPS-514 AS/NZS 60950.1:2011 - Information technology equipment - Safety - General 

requirements Requirement

Requirement

SSFPS-515 AS/CA S003.1:2010 Requirements for Customer Access Equipment for connection 

to a Telecommunications Network

Requirement

SSFPS-516 2.6 Other Documents Heading

SSFPS-517 Ozone Protection and Synthetic Greenhouse Gas Management Act 1989 Requirement

SSFPS-518 DEF(AUST)5168 The climactic and environmental conditions affecting the design of 

military materiel.

Requirement

SSFPS-519 DI-IPSC-81431A Data Item Description: System/Subsystem Specification (SSS) (10 

JAN 2000)

Requirement

SSFPS-520 ISO/IEC 15445:2000 Information technology -- Document description and 

processing languages -- HyperText Markup Language (HTML)

Requirement

SSFPS-521 NOHSC:2011 (1994) - Preparation of Material Safety Data Sheets Requirement

SSFPS-522 OH&S (Safety Standards) Regulations 1994. Requirement
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SSFPS-1 3 Requirements Heading

SSFPS-2 3.2.1 Segment Requirement (SEGR) Heading

SSFPS-701 The environment within the space segment spacecraft bus envelopes shall support 

the continuous operation of all subsystems.

Requirement Thomas Cooney 

Garada Module 

Requirements

SSFPS-684 The Garada space segment shall provide the capability of controlled deorbit at end 

of mission.

Requirement OSRB v02_00 3.1.11

SSFPS-682 The Garada space segment shall provide for data collection at 6 AM [due to the 

thermal equilibirum between soil/air/vegetation, the capillary moisture raise in the 

top soil layer, and the minimum of Faraday rotation in the ionosphere].

Requirement OSRB v02_00 3.1.9

SSFPS-681 The Garada orbits shall provide for the same azimuth angle of data collection (a 

pass made in ascending node must be revisited by an ascending node pass, a 

descending node pass must be revisited by a descending node pass) with elevation 

angle differences of no more than 5°.

Requirement OSRB v02_00 3.1.8

SSFPS-677 The Garada space segment shall be capable of collecting data in areas other than 

Australia as long as electrical power and data capacity do not preclude it.

Requirement OSRB v02_00 3.1.4

SSFPS-675 Orbit maintenance of the Garada space segment shall support the mission design 

lifetime.

Requirement OSRB v02_00 3.1.2

SSFPS-674 The Garada space segment shall support orbit maintenance with a LTAN variation 

of no more than TBD and an altitude variation of no more than TBD km.

Requirement OSRB v02_00 3.1.1

SSFPS-948 The requirements for a simulator to support SS operational training are TBD. Requirement TK10.2 (Derived)

SSFPS-946 To the extent possible, data processing chains shall be modular to allow 

modification of processing algorithms.

Requirement TK10.2 (Derived)

SSFPS-945 The total availability of the Space Segment shall be greater than TBD %. Requirement TK10.2 (Derived)
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SSFPS-944 Each computer processor used in the Space Segment shall use a maximum of TBD 

% of input/output capacity.

Requirement TK10.2 (Derived)

SSFPS-943 Each computer processor used in the Space Segment shall use a maximum of TBD 

% of processor memory capacity.

Requirement TK10.2 (Derived)

SSFPS-942 Each computer processor used in the Space Segment shall use a maximum of TBD 

% processor capacity.

Requirement TK10.2 (Derived)

SSFPS-941 The Garada space segment shall operate within temperature range of TBD. Requirement TK10.2 (Derived)

SSFPS-939 The Space Segment shall detect and prevent unauthorised access of external data 

interfaces.

Requirement TK10.2 (Derived)

SSFPS-938 The interface of the space segment to launch services shall be in accordance with 

the requirements of the launch service provider.

Requirement TK10.2 (Derived)

SSFPS-937 The Garada space segment shall receive software maintenance and enhancement 

for all space segment flight software uploaded from the Ground Station.

Requirement TK10.2 (Derived)

SSFPS-936 After space segment launch, the Garada space segment shall interact with the 

Ground Segment for configuration management of all space segment software.

Requirement TK10.2 (Derived)

SSFPS-935 The Garada space segment shall be capable of implementing flight software 

updates.

Requirement TK10.2 (Derived)

SSFPS-934 The Garada space segment shall be capable of operation without connectivity with 

the ground for a period of at least TBD days.

Requirement TK10.2 (Derived)

SSFPS-928 The Garada space segment shall transmit in the frequency range from TBD GHz to 

TBD GHz to the GSS.

Requirement TK10.2 (Derived)

SSFPS-922 The Garada space segment shall support high bandwidth downlink to ground 

station(s) supporting the Garada program.

Requirement TK10.2 (Derived)

SSFPS-920 The Garada space segment shall provide orbit parameters computed onboard to 

the Ground Segment.

Requirement TK10.2 (Derived)

SSFPS-917 The Garada space segment shall implement interface “E14 Beacon” with the 

ground segment.

Requirement TK10.2 (Derived)

SSFPS-915 The Garada space segment shall implement interface “E15 Telecommands” with 

the ground segment.

Requirement TK10.2 (Derived)
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SSFPS-913 The Garada space segment shall implement interface “E17 Telemetry” with the 

ground segment.

Requirement TK10.2 (Derived)

SSFPS-909 The Garada space segment shall implement interface with GSS for E16 Payload 

Data.

Requirement TK10.2 (Derived)

SSFPS-906 The Garada space segment shall implement interface “E16 Payload Data” with the 

ground segment.

Requirement TK10.2 (Derived)

SSFPS-899 The Garada space segment shall support automatic tracking by, and link 

establishment with, the Ground Segment.

Requirement TK10.2 (Derived)

SSFPS-896 The Garada space segment shall support the upgrades of selected flight software 

over the life time of space segment.

Requirement TK10.2 (Derived)

SSFPS-893 The Garada space segment shall support GNSS performance monitoring, calibration 

and verification.

Requirement TK10.2 (Derived)

SSFPS-890 The Garada space segment shall support GNSS reflectometry measurements. Requirement OSRB 

SSFPS-886 The Garada space segment shall support monitoring of SAR performance from the 

ground.

Requirement TK10.2 (Derived)

SSFPS-881 The Garada space segment shall support SAR calibration manoeuvres. Requirement TK10.2 (Derived)

SSFPS-877 The Garada space segment shall support internal and external SAR calibration. Requirement TK10.2 (Derived)

SSFPS-876 The Garada space segment shall be capable of collecting data such as time, orbit 

details, calibration data and deliver it to Ground Station via TTAC.

Requirement TK10.2 (Derived)

SSFPS-871 The Garada space segment shall support initiation of downlink immediately upon 

completion of a SAR data collection period.

Requirement TK10.2 (Derived)

SSFPS-854 The Garada space segment shall support transmission of raw SAR data to the 

Ground Segment.

Requirement TK10.2 (Derived)

SSFPS-848 The Garada space segment shall provide all data to the Ground Segment necessary 

for SAR operations planning.

Requirement TK10.2 (Derived)

SSFPS-846 The Garada space segment shall provide the health information of communication 

system and status to Ground Station. 

Requirement TK10.2 (Derived)

SSFPS-843 The Garada space segment shall allow the operator to configure and manage its 

communication system from Ground Station.

Requirement TK10.2 (Derived)

 
V01_00

                                                        51 
Annex 11. Detailed Requirements Analysis of the Garada Mission

 
30th June 2013



ID Function and Performance Specification Type Traceability Issue to Resolve
SSFPS-839 The Garada space segment shall support the orbiting of two space segment in close 

formation. 

Requirement TK10.2 (Derived)

SSFPS-838 The space segment shall operate in accordance to command received from Ground 

Station.

Requirement TK10.2 (Derived)

SSFPS-837 The Garada space segment shall have the capability to receive all telecommands 

via scheduled uplinks.

Requirement TK10.2 (Derived)

SSFPS-831 The Garada space segment shall implement the telecommand set as defined in 

TBD.

Requirement TK10.2 (Derived)

SSFPS-827 The Garada space segment shall operate SAR sensor as commanded. Requirement TK10.2 (Derived)

SSFPS-826 The Garada space segment shall provide SAR data to Ground Station via High 

bandwidth downlink for post-processing.

Requirement TK10.2 (Derived)

SSFPS-823 The Garada space segment shall be capable of having onboard software updated 

via uplink.

Requirement TK10.2 (Derived)

SSFPS-822 The Garada space segment shall contain an interface for software update with 

Ground Station

Requirement TK10.2 (Derived)

SSFPS-821 The Garada space segment shall provide all status information and system data to 

Ground Station.

Requirement TK10.2 (Derived)

SSFPS-818 The Garada space segment shall maintain communication with Ground Station and 

sequencing power back on to the various subsystems to resume the mission during 

recovery from safe mode.

Requirement TK10.2 (Derived)

SSFPS-815 The Garada space segment shall provide diagnostic data to Ground Station for 

recovery analysis.

Requirement TK10.2 (Derived)

SSFPS-811 The Garada space segment onboard data system shall respond to ground 

commands.

Requirement TK10.2 (Derived)

SSFPS-806 The Garada space segment power system shall respond to ground commands. Requirement TK10.2 (Derived)

SSFPS-798 The Garada space segment communication systems shall respond to ground 

commands.

Requirement TK10.2 (Derived)

SSFPS-795 The Garada space segment shall maintain UTC reference for time and allow the 

synchronisation of UTC reference time distributed by Ground segment via uplink.

Requirement TK10.2 (Derived)
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SSFPS-794 The Garada space segment shall posses satellite time reference which can be 

obtained using free running counter from a given epoch.

Requirement TK10.2 (Derived)

SSFPS-793 The Garada space segment shall maintain a satellite time reference which can be 

downlinked by requesting time reports from the satellite.

Requirement TK10.2 (Derived)

SSFPS-778 The Garada space segment segment shall provide measurements of subsystem 

physical parameters to FDIR as required for health, status, and fault detection.

Requirement TK10.2 (Derived)

SSFPS-775 The Garada space segment shall provide health and status information to the 

ground.

Requirement TK10.2 (Derived)

SSFPS-768 The Garada space segment shall respond to attitude correction commands from 

the ground.

Requirement TK10.2 (Derived)

SSFPS-765 The Garada space segment shall transmit instantaneous space segment attitude to 

the ground.

Requirement TK10.2 (Derived)

SSFPS-757 The Garada space segment shall respond to orbit correction commands from 

Ground station.

Requirement TK10.2 (Derived)

SSFPS-756 The Garada space segment shall have the capability to compare the actual orbit 

and desired orbit to determine if orbital correction manoeuvre is required but shall 

not perform autonomous manoeuvres.

Requirement TK10.2 (Derived)

SSFPS-752 The Garada space segment shall support tracking and ranging from the ground. Requirement TK10.2 (Derived)

SSFPS-748 The Garada space segment shall generate orbital elements determined at  space 

segment.

Requirement TK10.2 (Derived)

SSFPS-747 The Garada Space Segment shall support the interface of the Ground Segment with 

launch services.

Requirement TK10.2 (Derived)

SSFPS-744 The Space segment interfaces shall be implemented as described in this para and in 

accordance with Paras 3.3 and 3.4.

Requirement TK10.2 (Derived)

SSFPS-740 The Space segment shall consist of no more than two space segment. Requirement TK10.2 (Derived)

SSFPS-738 The Garada space segment shall support the continuous operation of MCS, GSS and 

CS.

Requirement TK10.2 (Derived)

SSFPS-333 The Garada space segment shall contain an onboard GPS used for orbit localisation 

and clock reference.

Requirement Astrium SRS 6.2.6
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SSFPS-248 The Garada shall be capable of producing:

a) a single Basic Product at any position along track;

b) a single Basic Product at discrete positions across track.

Spacing of these positions shall be not larger than three quarters (TBD) the swath 

width applicable to that incidence angle.

Requirement Astrium SRS 5.4.1

SSFPS-348 The Garada Spacecaft Platform shall provide:

• electrical power;

• thermal control of the whole space segment;

• operational access (command, control and monitoring);

• attitude and orbit control;

• S-band RF up-and downlink;

• structural support.

Requirement Astrium SRS 6.2.9

SSFPS-125 The Garada space segment shall be designed to be compatible with Falcon 9 as a 

prime launch vehicle.

Requirement Astrium SRS 5.1.1.1

SSFPS-127 The Garada space segment shall be designed to be compatible with Delta IV as a 

backup launch vehicle.

Requirement Astrium SRS 5.1.1.1

SSFPS-129 The Garada space segment shall be designed to be compatible with the constraints 

of the respective launch service providers for both the prime and the backup 

launch vehicle.

Requirement Astrium SRS 5.1.1.1

SSFPS-132 The Garada space segment shall have an in-orbit lifetime after IOD of TBD years. Requirement Astrium SRS 5.1.2

SSFPS-141 The Garada space segment shall be compliant with the System Design 

Development & Assembly, Integration and Verification (DD&AIV) Plan  when 

developed.

Requirement Astrium SRS 5.1.3.4

SSFPS-184 Fixed high-level command structures established as Macro-Commands expanded 

on-board shall be used for commanding of the Garada space segment.

Requirement Astrium SRS 5.3.1 "Macro-Commands" 

must be defined in 

design phase

SSFPS-214 The Garada space segment shall perform a check-out of essential functions during 

switch-on.

Requirement Astrium SRS 5.3.2
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SSFPS-218 The Garada space segment shall automatically monitor all switch on/off cycles for 

all items with limited switch on/off capabilities.

Requirement Astrium SRS 5.3.2

SSFPS-219 The Garada space segment shall provide the capability for status monitoring from 

the ground.

Requirement Astrium SRS 5.3.3

SSFPS-223 The Garada space segment shall support monitoring of spacecraft subsystems and 

resources at the ground segment.

Requirement Astrium SRS 5.3.3

SSFPS-224 It shall be possible to dump all Garada space segment software to the Ground 

Segment.

Requirement Astrium SRS 5.3.3

SSFPS-228 It shall be possible to provide monitoring data in real-time during ground contact of 

the Garada space segment.

Requirement Astrium SRS 5.3.3

SSFPS-243 The Garada space segment design shall accommodate a data acquisition schedule 

update once per day (TBD).

Requirement Astrium SRS 5.4.1

SSFPS-244 The minimum required along track gaps when switching to different product types 

or incidence angles shall not exceed 30 km.

Requirement Astrium SRS 5.4.1

SSFPS-245 The average number of Garada data acquisitions to be acquired per orbit (one day 

averages) are TBD.

Requirement Astrium SRS 5.4.1

SSFPS-246 The worst case number of Garada data acquisitions to be acquired per orbit 

(expected as a worst case to occur within three consecutive orbits per day), within 

the daily envelope are TBD.

Requirement Astrium SRS 5.4.1

SSFPS-269 space segment-level requirements on calibration are TBD. Requirement Astrium SRS 5.4.1

SSFPS-274 A Garada space segment design shall assume a single Data Reception Ground 

Station located in Australia.

Requirement Astrium SRS 5.4.2

SSFPS-275 The Garada space segment design shall enable accommodation of additional 

ground receiving stations.

Requirement Astrium SRS 5.4.2

SSFPS-276 The Garada space segment design shall preclude unauthorized direct access to the 

space segment.

Requirement Astrium SRS 5.4.2

SSFPS-311 Redundancies shall be implemented as required to achieve the required reliability. Requirement Astrium SRS 6.2.2

SSFPS-315 The Garada space segment shall be designed such that its consumables will last for 

mission life + 1.5 years after IOD.

Requirement Astrium SRS 6.2.3

SSFPS-338 The reference time for Garada space segment operation shall be GPS time. Requirement Astrium SRS 6.2.6
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SSFPS-388 All elements of Garada space segment design, function, performance and 

operation shall be formally and systematically verified for compliance with the 

requirements.  The verification effort shall be documented.

Requirement Astrium SRS 8.1

SSFPS-404 The Garada space segment and the Ground Support Equipment (GSE) design shall 

also allow operations in hazardous environments.  The design shall therefore 

consider launch site safety regulations.

Requirement Astrium SRS 8.3.2

SSFPS-441 Antenna pattern verification shall be measured on different antenna integration 

levels to the maximum extent practicable. Complementary tests shall be 

undertaken to supplement performance predictions which can only be performed 

by analysis. 

Requirement Astrium SRS 8.3.4

SSFPS-539 The PFM, actually the flight model, shall be used to complete the qualification and 

acceptance programme.

Requirement Astrium SRS 8.4.3

SSFPS-540 The PFM shall support as a minimum the following tests:

• Electrical Integration

• Functional and performance tests

• Alignment, leakage and mass properties tests

• Shock, acoustic and thermal tests

• Ground Segment compatibility tests

• EMC and EMI tests

• Deployment test

Requirement Astrium SRS 8.4.3

SSFPS-473 The total Garada space segment dry mass shall comply with the margins defined as 

follows:

up to PDR        after PDR to CDR        after CDR to QR        after QR to FAR

15%                    7.5%                                4%                                  1%

Requirement Astrium SRS 9.2
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SSFPS-474 The total Garada space segment power consumption shall comply with the margins 

defined as follows:

up to PDR        after PDR to CDR        after CDR to QR        after QR to FAR

30%                    15%                                 10%                                4%

Requirement Astrium SRS 9.2

SSFPS-477 For any on-board processor, the peak maximum processor usage shall comply with 

the margins defined below.

up to PDR        after PDR to CDR        after CDR to QR        after QR to FAR

50%                    50%                                 75%                                75%

Requirement Astrium SRS 9.2

SSFPS-478 For any on-board processor, the free RAM margin shall comply with the margins 

defined below.

up to PDR        after PDR to CDR        after CDR to QR        after QR to FAR

40%                    40%                                 25%                                25%

Requirement Astrium SRS 9.2

SSFPS-479 The Garada space segment overall dimensions inclusive launch adapter and 

dispenser shall comply with the fairing clearance requirements of the prime and 

back-up launcher candidates.

Requirement Astrium SRS 9.3

SSFPS-481 The Garada space segment mass properties shall comply with the requirements 

imposed by the prime and back-up launcher candidates.

Requirement Astrium SRS 9.4

SSFPS-483 The safety factors defined below shall be used for mechanical design.

Item                                                                                    Yield        Ultimate        Buckling

Metallic materials                                                         1.25          1.5                    2

Unconventional materials (non-metallic)          1.5             2                       2

Inserts and joints                                                          1.5              2                       -

Requirement Astrium SRS 9.5.2
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SSFPS-484 For the purpose of safe preliminary dimensioning and in the absence of test and 

flight information based on coupled analysis with the launcher, the following 

design loads have to be used.  The loads shall cover the expected design loads of 

Falcon 9, Delta IV.  The overall structure loads are to be applied to the equipped 

Garada space segment, acting at the centre of gravity of the individual units and 

items.  The masses are to be multiplied by the factors of Section 9.2 (System 

Margins). The Garada space segment is considered to be rigid supported at the 

interface to the launcher.

Requirement Astrium SRS 9.5.3

SSFPS-485 Worst case combination of the axial and lateral loads of each load case a and b 

shall be considered. X is the distance in x direction from the separation plane 

measured in meter.  The design loads for the antenna, the tank and the equipment 

panels are to applied for these items and at the interface to the overall structure.  

The loads are not to be combined with the overall structure loads.

 

DESIGN LOADS                                                          Axial [g]                    Lateral [g]

Overall Structure              load case a                ± 9.4                            ± (0.7 + 0.28* X)

                                                 load case b                ± 5.5                            ± (1.9 + 0.76 * 

X)

SAR Antenna                      load case a                 ± 12.0                         ± (1.0 + 0.4 * X)

                                                 load case b                ± 8.0                            ± (3.0 + 1.2 * 

X)

Tank Interface                    load case a                12.0                             3.0 

                                                 load case b                8.0                               6.0 

Equipment Panel              load case a                16.0                             8.0 

                                                 load case b                8.0                               16.0 

Requirement Astrium SRS 9.5.3 These are generic and 

should be compared to 

requirements of the 

launch vehicle user 

handbook.
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SSFPS-487 In-Orbit Loads                                             Axial(Flight) [g]            Lateral[ g]

Configuration type snapdragon          0.01                                    0.01

Requirement Astrium SRS 9.5.3

SSFPS-489 Hoisting of the entire Garada space segment and the L SAR front-end must be 

possible. Specific hoisting points are to be foreseen. The maximum specified 

masses are to used. Loads are to be superimposed.

Direction                    Static acceleration [g]

Vertical                       -1.0  ± 2.0

Horizontal                 ± 0.5

Requirement Astrium SRS 9.5.3

SSFPS-493 In-orbit Frequency 

SAR Antenna              >2 Hz (TBD)

Solar Array                  1.0 Hz

Other items                2.0 Hz

Requirement Astrium SRS 9.5.5

SSFPS-495 Where possible the ESA ECSS Standards for hardware, software , GSE, tools, 

processes and procedures shall be applied in the Garada space segment system 

design, development and qualification.

Requirement Astrium SRS 9.7

SSFPS-496 The design of the Garada space segment shall have a configuration modularity, 

flexibility and adaptability in order to enable the Customer to integrate new 

partners, which would supply or operate parts of the Garada space segment.

Requirement Astrium SRS 9.8

SSFPS-497 The Garada space segment hardware and software shall be developed, integrated 

and tested using the ECSS standards.  

Requirement Astrium SRS 10.1

SSFPS-498 The Garada space segment and related GSE shall comply to the relevant launch 

authority safety requirements.

Requirement Astrium SRS 10.2

SSFPS-59 3.2.1.1 Data Products Heading

SSFPS-60 The space segment design shall include a description of all data types, formats, 

modes, operational requirements and restrictions to obtain each type, and 

implications on space segment lifetime and other effects of each data collection 

process.

Requirement
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SSFPS-226 The Garada space segment monitoring data shall be composed by fixed high-level 

formats.

Requirement Astrium SRS 5.3.3

SSFPS-247 The Garada shall be capable of producing, consistent with elevation angle limits, 

duty cycle, … swath width :

a) a single Basic Product at any position along track;

b) a single Basic Product at discrete positions across track.

Spacing of these positions shall be not larger than three quarters (TBD) the swath 

width applicable to that incidence angle.

Requirement Astrium SRS 5.4.1

SSFPS-256 The Data Quality Check Product shall be available within TBD days  to allow 

compensation/rescheduling of subsequent observations in case of unsatisfactory 

expected basic product quality.

Requirement Astrium SRS 5.4.1

SSFPS-299 The degradation in basic product Noise Equivalent Sigma Zero during the space 

segment lifetime shall be less than 1 dB (TBD).

Requirement Astrium SRS 6.1.5

SSFPS-300 The degradation in basic product Relative Radiometric Accuracy Error during the 

Garada space segment lifetime shall be less than 0.5 dB (TBD).

Requirement Astrium SRS 6.1.5

SSFPS-301 The degradation in basic product Radiometric Stability Error during the Garada 

space segment lifetime shall be TBD.

Requirement Astrium SRS 6.1.5

SSFPS-302 The degradation in basic product DTAR during the Garada space segment lifetime 

shall be less than 3 dB (TBD).

Requirement Astrium SRS 6.1.5

SSFPS-350 The Garada Spacecaft Platform be capable of producing a Basic Product at any 

point on the Earth's surface within TBD km of the radii point, consistent with power 

and thermal limitations.

Requirement

SSFPS-61 3.2.1.2 Space Segment Operation Heading

SSFPS-62 Each space segment will be designed for an operational lifetime of YY years. Requirement

SSFPS-63 The SB, EPS, ADACS, C&DH, TT&C, TPS, and PROP subsystems will operate 

continuously when the space segment are on orbit, subject to safe mode 

considerations.

Requirement

SSFPS-64 The SAR, AODS, GNSS-R, and HCDL shall operate intermittently as required for data 

collection, transmission to the ground segment, and power management.

Requirement
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SSFPS-160 The Garada space segment shall be able to operate autonomously in any transfer 

orbit, for up to 7 days.

Requirement Astrium SRS 5.3.1

SSFPS-187 It shall be possible to execute a pre-programmed command schedule for Garada 

space segment space segment operation.

Requirement Astrium SRS 5.3.1

SSFPS-239 The mean (average over one day) measurement time per orbit shall be at least:

- Multi-Band Strip Map Mode (L-quad)         TBD s

- Strip Map Mode (L-quad)                                 TBD s

Requirement Astrium SRS 5.4

SSFPS-240 The peak load case in terms of accumulated measurement time per orbit shall be at 

least:

- Multi-Band Strip Map Mode (L-quad)   TBD s

- Strip Map Mode (L-quad)                           TBD s

Requirement Astrium SRS 5.4

SSFPS-241 The reference load shall be a sustained peak load over three consecutive orbits 

within one day whilst maintaining average load case data volume when averaging 

over the entire day.

Definition Astrium SRS 5.4

SSFPS-242 The space segment shall be capable of measuring, storing and transmitting the 

reference data load.

Requirement

SSFPS-308 The design availability of acquisition time of the Garada space segment shall be > 

99% (TBD).  This shall exclude time needed for satellite maintenance like orbit 

corrections, Garada calibration etc.  Only those scheduled observation time-outs 

shall count, which are not caused by erroneous operation or operation of the 

satellite system beyond the specified performance range.

Requirement Astrium SRS 6.2.1

SSFPS-313 The Garada space segment shall be designed for a nominal lifetime of TBD years 

after IOD.

Requirement Astrium SRS 6.2.3

SSFPS-65 3.2.1.3 Mission Phases Heading
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SSFPS-133 The Garada space segment shall be compatible with the following mission phases:

– Development and Integration Phase

– Launch and Early Orbit Phase

– Commissioning Phase

– Operational Phase

– Disposal Phase

taking into account of the constraints induced by the launcher and the number as 

well as visibility of ground stations.

Requirement Astrium SRS 5.1.3.1

SSFPS-135 The development and integration phase shall cover the following subphases:

• the development, integration, testing and verification of Space Segment and 

Ground Segment;

• the system engineering and operational validation;

• the launch campaign.

Requirement Astrium SRS 5.1.3.2

SSFPS-136 The Garada space segment be compatible with a Launch and Early Orbit Phase 

(LEOP) that includes the following events:

• Pre-Launch.

• Launch, from the launch itself until the separation of the Garada space segment 

from launcher.

• Station Acquisition.

• Mechanical, electrical configuration of Garada space segment consistent with 

start of commissioning.

Requirement Astrium SRS 5.1.3.3

SSFPS-142 The Operational Phase for the Garada space segment shall commence on System 

Handover to the Customer, and conclude with the start of the Disposal Phase of 

the Garada space segment.

Definition Astrium SRS 5.1.3.5

SSFPS-146 The Disposal Phase shall occur at the end of the Garada space segment operational 

lifetime.

Definition Astrium SRS 5.1.3.6

SSFPS-148 During the Disposal Phase the Garada space segment shall be made safe by 

disposing of all remaining on-board fuel.

Requirement Astrium SRS 5.1.3.6

SSFPS-150 During the Disposal Phase the Garada space segment shall comply with 

international space debris safety requirements.

Requirement Astrium SRS 5.1.3.6
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SSFPS-151 System imaging performance requirements shall not be applicable during the 

Disposal Phase.

Requirement Astrium SRS 5.1.3.6

SSFPS-66 3.2.1.4 Number of space segment Heading

SSFPS-67 The space segment shall consist of one or two spacecraft in a 6 AM-6 PM sun 

synchronous orbit of 630 km altitude.

Requirement

SSFPS-68 3.2.1.5 States and Modes Heading Astrium SRS Required states and 

modes must be defined 

in design phase

SSFPS-137 The Commissioning Phase shall bring the Garada spacecraft into a fully operational 

state for which the performances and measurement quality are known and 

controlled. The following specific activities shall be included (TBD):

• Verification of the space segment (operational modes including Safe mode, and 

verification of the redundancy), verification of space segment status for operability 

and integrity of Platform Subsystems.

• Calibration of SAR Instrument.

• Verification of SAR Instrument performance characterisation and measurements, 

including Basic Products and optimisation of Ground Processor.

• Demonstration of lifetime by verification of availability of resources (e.g. power, 

propellant) at Beginning-of-Life (BOL).

Requirement Astrium SRS 5.1.3.4

SSFPS-200 The control of Garada space segment mode transitions shall be consistent with the 

requirement on minimum along track gaps between basic products defined in 

Section 5.4.1 (Measurement Data Acquisition).

Requirement Astrium SRS 5.3.1

SSFPS-217 After switch-off the Garada space segment shall be in a state which enables a 

normal switch-on.

Requirement Astrium SRS 5.3.2

SSFPS-283 The Garada space segment shall be capable of acquiring SAR raw data in Stripmap 

Mode.

Requirement Astrium SRS 6.1.2

SSFPS-284 In Stripmap Mode the Garada space segment shall be capable of operating in quad 

or dual polarisation, selectable in-orbit.

Requirement Astrium SRS 6.1.2
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SSFPS-285 All Garada Stripmap Mode Basic Products shall be optionally available as part of 

combined Garada/Garada products.

Requirement Astrium SRS 6.1.2

SSFPS-287 In Stripmap Mode the Garada space segment and Garada Ground Processor shall 

support the generation of Basic Products with reduced range resolution by:

• switching of the chirp-bandwidth (instrument)

• reduction of processing bandwidth (ground processor)

Reduced range resolution shall be selectable in at least 3 steps.

Requirement Astrium SRS 6.1.2

SSFPS-347 In order to simplify Garada space segment operation from ground, the space 

segment mode structure defined in Table 6.2 1 shall be implemented: 

Nominal Mode                         Characteristics

Off-Mode (OFF)                       all equipment off

Launch Mode (LAU)                PCDU on and battery charging enabled

Initialisation Mode (INIT)    boot and initialisation of OBDH

Safe Mode (SAF)                      essential function with minimum power dissipation 

on, instrument switched off, AOCS shall be in Coarse Attitude Mode (CAM)

Stand-by Mode (SBY)            mainly thermal control is active, instrument is partly 

switched on (STY), AOCS shall be in Coarse Attitude Mode (CAM)

Transfer Mode (TRF)               active for orbit transfer and orbit maintenance, 

instrument is in its STANDBY mode, AOCS shall be in Orbit Correction Mode (OCM)

Nominal Mode (NRM)           full performance operation of the space segment and 

instrument, AOCS shall be in Fine Attitude Mode (FAM)

Table 6.2 1  space segment Modes (TBC)

Requirement Astrium SRS 6.2.8
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SSFPS-353 The following mode structure shall be implemented for the Garada:

Nominal Modes                Characteristics

OFF                                         All units are off

STANDBY                              Activated are 

                                                 -  ICU (for acquisition of commands) and

                                                 -  IPDU (for acquisition of control signals from ICU)

                                                     The instrument will be in this mode only at the 

beginning of the mission and under non-nominal operating conditions

PAUSE                                  Activated are units which

                                                      -  need to achieve and maintain defined operational 

temperatures

                                                         (with extended time required for this goal)

                                                      -  need to be loaded with initial software / data

                                                      A downlink of data may be commanded (X-band 

Downlink Unit to be activated).   The instrument will remain in this mode during 

the majority of the mission.

READY                                   All units are activated. Parameters for imaging are 

loaded and any operational mode can start immediately. Previously acquired image 

data is stored.

                                                Downlink of selected image data (scenes) may be 

commanded.

                                                All operational modes will be entered and returned to 

via this mode.

Imaging Modes 

    - STRIPMAP                    Acquisition of SAR data from a single swath, either dual 

pol or quad pol

Requirement Astrium SRS 6.2.10

SSFPS-69 3.2.1.6 External Interfaces Heading

SSFPS-70 The space segment shall interface with the launch vehicle from launch vehicle 

integration through on-orbit delivery.

Requirement Launch Vehicle User 

Manual

SSFPS-71 The space segment shall interface with the ground segment from on-orbit delivery 

through disposal.

Requirement GSFPS
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SSFPS-72 The space segment shall support a formation flying phase. Requirement

SSFPS-357 For nominal operation the following ground station characteristics shall be 

assumed for telemetry and commanding (TTAC) and for the acquisition of high rate 

measurement data:

Communications             TTAC                                     High Rata Data Acquisition

Station                                 TBD                                       TBD

Downlink

Frequency Range           2200 – 2400 MHz                7500-8400 MHz OR TBD

Polarisation                      RHCP and LHCP                  RHCP or LHCP

Axial Ratio                         TBD [dB]                               TBD [dB]

G/T @ 5 deg elevation  22.6 [dB/K]                          > 34.5 [dB/K] (7.5-8.0 GHz)

                                                                                                > 35.0 [dB/K] (8.0-8.4 GHz)

Minimum elevation, at which reception is possible

                                                5°                                            5° (TBC)

Uplink

Frequency Range            2025 – 2120 MHz                 -

Polarisation                       RHCP or LHCP                      -

Axial Ratio                         TBD [dB]                                 -

EIRP                                      64 [dBW] @ 2025 MHz       -

Requirement Astrium SRS 7.2

SSFPS-369 Garada measurement data, orbit and ephemeris data and auxiliary/auxiliary data 

shall be transmitted to ground with a high data rate communications system using 

the following frequency range and bandwidth:

X-band                     8.025 – 8.400 GHz   OR .......... 

Bandwidth               > 300 MHz

Table 7.4 1 Data Downlink Frequencies

Requirement Astrium SRS 7.4

SSFPS-381 Deleted

SSFPS-382 Deleted

SSFPS-383 Deleted
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SSFPS-385 Deleted

SSFPS-387 The space segment shall not produce detectable emissions in the Radio Astronomy 

bands as follows:

Frequency Band [MHz]                  Allocated Service

1400 - 1427                                          Earth exploration by space segment (passive)

1660 - 1660.5                                       Radio Astronomy

2655 - 2670                                          Radio Astronomy

2670 - 2690                                          Radio Astronomy

4800 - 4990                                          Radio Astronomy

4990 - 5000                                          Radio Astronomy

10.60 - 10.68                                        Radio Astronomy

10.68 - 10.70                                        Radio Astronomy

15.35 - 15.40                                        Space Research (passive)

18.60 - 18.80                                        Space Research (passive)

21.20 - 21.40                                        Space Research (passive)

22.41 - 21.50                                        Space Research (passive)

23.60 - 24.00                                        Space Research (passive)

31.30 - 31.50                                        Space Research (passive)

36.00 - 37.00                                        Space Research (passive)

Requirement Astrium SRS 7.7
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SSFPS-3 3.2.2 Spacecraft Bus and Structure (SBAS) Heading

SSFPS-940 The Garada spacecraft shall have structural analysis to determine the structural 

requirements, especially vibration during launch.

Requirement TK10.2 (Derived)

SSFPS-779 The Garada spacecraft bus and structure shall provide measurements of subsystem 

physical parameters to FDIR as required for health, status, and fault detection.

Requirement TK10.2 (Derived)

SSFPS-486 Worst case combination of the axial and lateral loads of each load case a and b 

shall be considered. X is the distance in x direction from the separation plane 

measured in meter.  The design loads for the antenna, the tank and the equipment 

panels are to applied for these items and at the interface to the overall structure.  

The loads are not to be combined with the overall structure loads.

 

DESIGN LOADS                                                          Axial [g]                    Lateral [g]

Overall Structure              load case a                ± 9.4                            ± (0.7 + 0.28* X)

                                                 load case b                ± 5.5                            ± (1.9 + 0.76 * 

X)

SAR Antenna                      load case a                 ± 12.0                         ± (1.0 + 0.4 * X)

                                                 load case b                ± 8.0                            ± (3.0 + 1.2 * 

X)

Tank Interface                    load case a                12.0                             3.0 

                                                 load case b                8.0                               6.0 

Equipment Panel              load case a                16.0                             8.0 

                                                 load case b                8.0                               16.0 

Requirement Astrium SRS 9.5.3 These are generic 

loads, compare to 

launch vehicle user 

manual during design 

phase.

SSFPS-488 In-Orbit Loads                                             Axial(Flight) [g]            Lateral[ g]

Configuration type snapdragon          0.01                                    0.01

Requirement Astrium SRS 9.5.3
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SSFPS-490 Hoisting of the entire Garada spacecraft and the L SAR front-end must be possible. 

Specific hoisting points are to be foreseen. The maximum specified masses are to 

used. Loads are to be superimposed.

Direction                    Static acceleration [g]

Vertical                       -1.0  ± 2.0

Horizontal                 ± 0.5

Requirement Astrium SRS 9.5.3

SSFPS-491 The following stiffness requirements shall be applied to hard mounted condition in 

launch configuration. 

STIFFNESS REQUIREMENT                Axial                    Lateral

S/C                                                             ≥ 35 Hz (TBD)     ≥ 10 Hz (TBD) 

SAR Antenna (stowed)                      ≥ 45 Hz (TBD)     ≥ 25 Hz (TBD) 

Tile                                                             ≥ 100Hz               ≥ 85 Hz 

Tanks                                                         ≥ 60 Hz (TBD)     ≥ 60 Hz (TBD)

Equipment Panels                               ≥ 40 Hz (TBD)     ≥ 40 Hz (TBD)

Secondary Items                                  ≥ 80 Hz (TBD)     ≥ 80 Hz (TBD)

Requirement Astrium SRS 9.5.5
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SSFPS-4 3.2.3 SAR Sensor (SAR) Heading

SSFPS-703 Integrated circuits used in the SAR sensor shall be commercial off-the-shelf. Requirement Thomas Cooney 

Garada Module 

Requirements

SSFPS-699 The Garada radar design thermal baseline shall be anti-Sun-looking 6 AM passes, 

but shall include Sun-looking passes when necessary to avoid imaging when the 

nadir is over water.

Requirement OSRB v02_00 5.1.7

SSFPS-698 The Garada radar design shall be capable of segmented operation (left-right, or 

other segmentation approaches) to support investigations of its use in other 

applications. 

Requirement OSRB v02_00 5.1.6

SSFPS-697 The Garada radar shall provide a radiometric resolution capable of distinguishing a 

TBD% difference in reflectivity between two parcels of multilooked pixels.

Requirement OSRB v02_00 5.1.5

SSFPS-696 The radar shall provide a scanSAR mode with ability to resolve 1000m parcels after 

multilooking.

Requirement OSRB v02_00 5.1.4

SSFPS-695 The radar shall provide a stripmap mode with ability to resolve 250m parcels after 

multilooking.

Requirement OSRB v02_00 5.1.3

SSFPS-694 The radar design shall be based on coherent quad polarization operation to allow 

for correction of Faraday rotation in the ionosphere, in support of soil moisture 

measurement from space.

Requirement OSRB v02_00 5.1.2

SSFPS-693 The radar shall operate in the L band [to minimize the contributions of surface 

roughness and overlying vegetation to the radar echo, and yet take advantage of 

the larger bandwidth allocation in L band compared to P band].

Requirement OSRB v02_00 5.1.1

SSFPS-692 The Garada space segment shall support the periodic adjustment of orbits for the 

performance of interferometric imaging .

Requirement OSRB v02_00 3.1.21

SSFPS-683 The radar duty cycle of the Garada spacecraft shall be no less than that required to 

cover the longest linear dimension of the entire Murray-Darling basin.

Requirement OSRB v02_00 3.1.10

SSFPS-680 The Garada space segment shall support obtaining radar returns from the Earth’s 

surface at high spatial resolution.

Requirement OSRB v02_00 3.1.7
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SSFPS-679 The Garada orbits shall support imaging the entire MDB at 1 km (multilooked) 

resolution every 2 weeks in Quad Pol and every 3 days in Dual Pol.

Requirement OSRB v02_00 3.1.6

SSFPS-678 The Garada space segment shall support the launch, operation, calibration, and 

commanding of a SAR sensor that is optimized for soil moisture measurements.

Requirement OSRB v02_00 3.1.5

SSFPS-907 SAR shall provide radar data to Onboard Data handling CADH. Requirement TK10.2 (Derived)

SSFPS-887 The Garada spacecraft shall provide parameters to CADH and FDIR for performance 

assessment.

Requirement TK10.2 (Derived)

SSFPS-878 SAR shall enable periodic recording of the transmit waveform. Requirement TK10.2 (Derived)

SSFPS-875 The Garada spacecraft shall be capable of providing data in sub-kilometre parcels, 

comprised of 25*25 multilooks.

Requirement TK10.2 (Derived)

SSFPS-870 SAR shall produce data of sufficient accuracy to identify:

a) Outlines of water bodies,

b) Outlines of forests,

c) Outlines of clear cut forests,

d) Soil moisture contours.

Requirement TK10.2 (Derived)

SSFPS-869 SAR shall be capable of providing Raw Data sufficient to create these products:

a) Single Look Complex,

b) Path Image,

c) Map Image,

d) Multi Look.

Requirement TK10.2 (Derived)

SSFPS-863 The Garada spacecraft shall be able to obtain squinted data up to a squint angle of 

DD degrees.

Requirement TK10.2 (Derived)

SSFPS-861 SAR shall obtain data in SAR scanSAR mode. Requirement TK10.2 (Derived)

SSFPS-859 SAR shall obtain data in SAR stripmap mode. Requirement TK10.2 (Derived)

SSFPS-850 The Garada spacecraft shall have modes for internal and external calibration. Requirement TK10.2 (Derived)

SSFPS-849 The Garada SAR shall carry the equipment necessary to conduct SAR calibration 

upon command.

Requirement TK10.2 (Derived)
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SSFPS-828 The Garada spacecraft SAR sensor shall operate in accordance with commands 

from Ground Station when in operational mode

Requirement TK10.2 (Derived)

SSFPS-780 The Garada SAR sensor shall provide measurements of subsystem physical 

parameters to FDIR as required for health, status, and fault detection.

Requirement TK10.2 (Derived)

SSFPS-731 The following test programme on a flight representative SAR Instrument 

Demonstrator (elegant breadboard) is defined below: 

        Test / Measurement

        Electrical I/F test (internal and external I/F)

        Comprehensive functional test

        Comprehensive performance test (CPT)

        Complementary EMC test

        Column level pattern verification

Table 8.3 2 Instrument  Level Demonstrator Tests

Requirement Astrium SRS 8.3.4

SSFPS-732 The integrated instrument shall be verified for correct operation in all modes and 

with the defined individual functions in the specified manner.

Requirement Astrium SRS 8.3.4

SSFPS-733 The integrated instrument shall be verified for correct operation in all modes and 

with the defined individual functions in the specified manner with selected 

combinations of nominal and redundant units. 

Requirement Astrium SRS 8.3.4

SSFPS-734 Planarity and orientation of the SAR antenna support structure shall be measured 

after final mechanical assembly.  Deviations shall be compensated by shimming.  

After mounting of all antenna panels, a check of the final alignment of the radiating 

elements shall be performed.

Requirement Astrium SRS 8.3.4

SSFPS-735 The integrated SAR instrument shall be verified for correct performance of the 

specified parameters.  Data for the characterisation of the instrument performance 

will be recorded in the frame of a characterisation test performed within selected 

operationally and thermally stabilised operating states.

Requirement Astrium SRS 8.3.4
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SSFPS-736 The integrated instrument shall be verified (in specific modes) for selected 

emission levels and for correct operation under Electro-Magnetic Compactibility 

(EMC) conditions which cannot be verified on unit level.

Requirement Astrium SRS 8.3.4

SSFPS-434 The integrated instrument shall be verified for correct operation in all modes and 

with the defined individual functions in the specified manner.

Requirement Astrium SRS 8.3.4

SSFPS-436 The integrated instrument shall be verified for correct operation in all modes and 

with the defined individual functions in the specified manner with selected 

combinations of nominal and redundant units. 

Requirement Astrium SRS 8.3.4

SSFPS-123 The centre co-ordinate of the imaged area shall be selectable at time of order 

placement.

Requirement Astrium Def 3.1-12

SSFPS-124 The maximum deviation of any desired centre co-ordinate to a realisable centre co-

ordinate of a basic product shall not exceed a fraction of the across-track product 

size.

Requirement Astrium Def 3.1-12

SSFPS-138 Calibration of SAR Instrument and verification of SAR Instrument performance 

characterisation and measurements, including Basic Products and optimisation of 

Ground Processor shall be conducted during the commissioning phase of Garada 

spacecraft.

Requirement

SSFPS-144 During the Operational Phase the SAR instrument shall operate with nominal 

performance, except during attitude adjustment and major orbit manoeuvres.

Requirement Astrium SRS 5.1.3.5

SSFPS-145 During the Operational Phase periodic calibration / validation of data and basic 

products shall be undertaken.

Requirement Astrium SRS 5.1.3.5

SSFPS-152 System imaging shall not be operational during the Disposal Phase. Requirement

SSFPS-268 The system shall provide for periodic calibration / validation of data (TBD) during 

the Operational Phase.

Requirement Astrium SRS 5.4.1 Detailed procedures for 

calibration and data 

validation must be defined 

during design phase.
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SSFPS-278 The Garada spacecraft and its respective Garada Ground Processor shall support 

the generation of the following Basic Products:

1. Basic Products based on SAR images and quality data obtained by processing of 

Garada Stripmap and ScanSAR Mode

2. Basic Products based on SAR images and quality data obtained by processing of 

Garada Low Resolution Mode

3. Multi-band based on SAR images and quality data obtained by processing of 

Garada Stripmap Mode

Requirement Astrium SRS 6.1.1

SSFPS-281 The average number of Garada raw data acquisitions per orbit (one day average) 

shall be TBD.

Requirement Astrium SRS 6.1.1 Define during design phase

SSFPS-282 The worst case number of Garada raw data acquisitions per orbit within the daily 

envelope shall be TBD.

Requirement Astrium SRS 6.1.1 Define during design phase

SSFPS-286 For Garada Stripmap Quad Polarisation Basic Products, assuming the nominal back-

scattering model in the imaged swath and at the nadir region, the width of the area 

where nadir ambiguity artefacts exceed the power of the nominal image shall not 

exceed  (TBD).

Requirement Astrium SRS 6.1.2
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SSFPS-290 The Garada shall be capable of generating and providing L-band Quad-polar 

Stripmap (L_Q/SM) Basic Products as specified below:

Product type identifier             L_Q/SM

                                          Product Characteristics

Radar band                               L         

Polarisation                             Quad polarisation  (or circular, TBD)

Product coverage                  along track:  free selectable  

                                                      across track: > 40 km   

                                      Product Quality Characteristics

Data collection incidence angle range                     10 deg to 40 deg  

Minimum swath overlap( in across track 25 % min.)            10 km   

Full performance incidence angle range                20 deg to 32 deg  

Geometric resolution along track                              <5 m           

Geometric resolution ground range @ 20° const. BW          < 9.0 m 

Ambiguity ratio DTAR (Beginning of life)                     < -17 dB 

                                 DTAR (End Of Life)             < -14 dB  

Sidelobe ratio    ISLR                                                        < -13 dB      

NE SZ @ 9 m across track res., BOL                             < -30 dB    

NE SZ @ 9 m across track res., EOL                             < -29 dB   

Radiometric stability BOL                                              < 0.5 dB  

                                            EOL                                              < TBD dB  

Pixel localisation accuracy RMS                                  < 4.5m 

Relative radiometric accuracy BOL                            < 0.5 dB   

                                                             EOL                             < 1 dB   

Absolute radiometric accuracy                                   < 1.5 dB       

Inter-channel phase accuracy                                     < 10 degrees    

Inter-channel radiometric accuracy                         < 0.5 dB    

Requirement Astrium SRS 6.1.2 These are generic 

requirements that should be 

adjusted in coordination with 

soil moisture algorithm 

developers.
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SSFPS-291 The Garada shall be capable of generating and providing L-band Dual-polar 

Stripmap (L_D/SM) Basic Products as specified herein:

Product type identifier                    L_D/SM

                                                Product Characteristics

Radar band                                      L                      

Polarisation                                    Dual polarisation    

Product coverage                         along track:   free selectable      

                                                             across track: > 60 km          

                                          Product Quality Characteristics

Data collection incidence angle range              15 deg to 60 deg          

Minimum swath overlap( in across track 25 % min.)         15 km    

Full performance incidence angle range           20 deg to 45 deg     

Geometric resolution along track                         < 5 m      

Geometric resolution ground range @ 20° const. BW      < 9.0 m    

Ambiguity ratio DTAR (BOL)                                    < -17 dB       

                                 DTAR (EOL)                                    < -14 dB      

Sidelobe ratio    ISLR                                                   < -13 dB      

NE SZ @ 9 m across track res.), BOL                      < -30 dB    

NE SZ @ 9 m across track res.), EOL                      < -29 dB       

Radiometric stability BOL                                        < 0.5 dB        

                                            EOL                                        < TBD dB      

Pixel localisation accuracy RMS                            < 4.5m     

Relative radiometric accuracy BOL                      < 0.5 dB   

                                                             EOL                      < 1 dB      

Absolute radiometric accuracy                            < 1.5 dB    

Dynamic Range (point targets)                            > 60 dB       

Dynamic Range (distributed target)                  NESZ to NESZ + TBD dB   

Requirement Astrium SRS 6.1.2 These are generic 

requirements that should be 

adjusted in coordination with 

soil moisture algorithm 

developers.

SSFPS-292 The Multi-Band Strip Map Product shall utilise Garada Stripmap image components 

in combination with data components from other sources.

Requirement Astrium SRS 6.1.3
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SSFPS-293 Generation of Multi-Band Strip Map Products shall be feasible from components 

employing any polarisation mode or resolution specified for the respective band as 

long as located within the full performance incidence angle range of both 

components.

Requirement Astrium SRS 6.1.3

SSFPS-294 The Garada shall be capable of generating and providing Multi-Band Strip Map 

Basic Products as specified herein:

Product Components                                       L_Q/SM

                                                                                   L_D/SM

Temporal separation                                       < 15 minutes      

Incident angle difference                              < 0.5°       

Product coverage                                              40 Km   

Co-registration accuracy L_D/S    along         <2.5 m     

                                                                  across        <4.5 m       

Co-registration accuracy L_Q/SM    along      <2.5 m       

                                                                      across     <4.5 m     

Requirement Astrium SRS 6.1.3 These are generic 

requirements that should be 

adjusted after consultation 

with soil moisture algorithm 

developers.

SSFPS-295 Low-resolution products in Garada and its combination shall be derived from 

Instrument data when operating in Scan-SAR Mode.

Requirement Astrium SRS 6.1.4
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SSFPS-296 The Garada shall be capable of generating and providing L-band Dual 

(L_D)/ScanSAR (SC) Basic Products as specified herein:

Product type identifier                       L_D/SC_200

                                                    Product Characteristics

Radar band                                             L           

Polarisation                                           Dual polarisation   

Product coverage                                along track: free selectable    

                                                                    across track: > 200 km     

                                               Product Quality Characteristics

Data collection incidence angle range            20 deg to 60 deg     

Full performance incidence angle range       23 deg to 45 deg   

Geometric resolution along track                     30 m      

Along looks                                                                > 2       

Geometric resolution ground range                30 m     

Across looks                                                               > 4             

Ambiguity ratio DTAR (BOL)                               < -17 dB      

                                 DTAR (EOL)                               < -14dB     

Sidelobe ratio    ISLR                                              < -13 dB         

NE SZ @ 45, BOL                                                      <-28 dB        

NE SZ @ 45°, EOL                                                     < -27 dB    

Relative radiometric accuracy                          < 1.3 dB          

Dynamic Range (point targets)                        > 54 dB        

Requirement Astrium SRS 6.1.4 These are generic 

requirements that should be 

adjusted after consultation 

with soil moisture algorithm 

developers.
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SSFPS-297 The Garada shall be capable of generating and providing L-band Dual 

(L_D)/ScanSAR (SC) Basic Products as specified herein:

Product type identifier                        L_D/SC_100

                                                      Product Characteristics

Radar band                                                L          

Polarisation                                              Dual polarisation      

Product coverage                                   along track:  free selectable      

                                                                       across track: > 100 km

                                                 Product Quality Characteristics

Data collection incidence angle range            20 deg to 60 deg     

Full performance incidence angle range        20 deg to 45 deg      

Geometric resolution along track                      30m         

Along looks                                                                 > 2        

Geometric resolution ground range                30m      

Across looks                                                               > 4      

Ambiguity ratio DTAR (BOL)                                < -17 dB   

                                 DTAR (EOL)                                < -14 dB       

Sidelobe ratio ISLR                                                  < -13 dB      

NE SZ @ 45°,  BOL                                                     < -28dB    

NE SZ @ 45°,  EOL                                                      < -27dB     

Relative radiometric accuracy BOL                   < 1.3 dB          

                                                             EOL                    < 1.8 dB  

Dynamic Range (point targets)                           < 54 dB       

Requirement Astrium SRS 6.1.4 These are generic 

requirements that should be 

adjusted after consultation 

with soil moisture algorithm 

developers.

SSFPS-303 The Garada spacecraft shall be capable of operating in a repeat-pass INSAR mode 

at L-band.

Requirement Astrium SRS 6.1.6

SSFPS-305 Phase stability of the instrument and the SAR processor shall be such as to 

maintain instrument and processor-induced phase errors to less than 10 degrees 

(TBD) across an individual scene. Note that the phase error excludes any absolute 

or relative phase errors caused by propagation or ground motion effects.

Requirement Astrium SRS 6.1.6
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SSFPS-306 Stereo pairs shall be acquired with a minimum of 10 degrees difference in 

incidence angle, within a range of 20 to 45 degrees incidence angle, from the same 

viewing direction (i.e. both ascending or both descending swaths).

Requirement Astrium SRS 6.1.6

SSFPS-328 It shall be possible to disable the SAR data compression function. Requirement Astrium SRS 6.2.5

SSFPS-329 SAR data compression shall have the minimum possible loss consistent with 

productivity and downlink requirements.

Requirement Astrium SRS 6.2.5

SSFPS-340 The Garada spacecraft shall provide the following timing information for processing 

of SAR raw data:

• Onboard Time (OBT), synchronised to GPS time (HK data stream)

• Garada instrument time in the datation of SAR packets (synchronised to GPS 

time, SAR Data stream)

• Event report regarding the synchronisation event OBT – GPS also including the 

values of OBT and GPS time (HK data stream)

• Event reports regarding the synchronisation event Garada instrument time – GPS 

also including the values of instrument and GPS time (HK data stream)

Requirement Astrium SRS 6.2.6

SSFPS-351 The Garada spacecraft instrument complement shall include an L-band SAR and a 

GNSS reflectometry instrument.

Requirement Astrium SRS 6.2.10

SSFPS-354 The Garada instrument shall operate in the frequency between 1.215 to 1.300 GHz 

with a chirp bandwidth of 55 MHz.

Requirement Astrium SRS 6.2.10
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SSFPS-355 The Garada Instrument shall be able to operate in the following polarisation:

• Dual polarisation, i.e. either HH+HV or VV+VH

• Quad polarisation, i.e. HH+HV , VV+VH

Requirement Astrium SRS 6.2.10 In the design phase, specify 

Instrument Performance 

Requirements: ability to 

detect inteference, 

frequency stability, relative 

phase error between 

radiating element, power 

limit, beam pointing error, 

failed element tolerance 

(achieve required 

performance with XX% 

failed), surface figure 

tolerance (maybe), received 

signal detectability, element 

noise figure.

SSFPS-356 The Garada shall operate in the frequency range between 1.215 to 1.300 GHz, 

(with a centre frequency of 1.2575 GHz), with a chirp bandwidth of 55 MHz.

Requirement Astrium SRS 7.1

SSFPS-442 Antenna pattern verification shall be measured on different antenna integration 

levels to the maximum extent practicable. Complementary tests shall be 

undertaken to supplement performance predictions which can only be performed 

by analysis. 

Requirement Astrium SRS 8.3.4

SSFPS-494 In-orbit Mechanical Frequency 

SAR Antenna              >2 Hz (TBD)

Solar Array                  1.0 Hz

Other items                2.0 Hz

Requirement Astrium SRS 9.5.5
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SSFPS-5 3.2.4 Electrical Power Subsystem (EPS) Heading

SSFPS-949 The Garada spacecraft electrical subsystem shall be capable of supporting data 

collection in areas other than Australia.

Requirement

SSFPS-816 The Garada EPS shall provide sufficient power to account for attitude changes for 

SAR operation and thermal management.

Requirement TK10.2 (Derived)

SSFPS-808 The Garada EPS shall provide real time information of power generated from solar 

arrays and power consumption to TTAC.

Requirement TK10.2 (Derived)

SSFPS-807 The Garada spacecraft shall respond to ground commanded mode changes. Requirement TK10.2 (Derived)

SSFPS-781 The Garada electrical power subsystem shall provide measurements of subsystem 

physical parameters to FDIR as required for health, status, and fault detection.

Requirement TK10.2 (Derived)

SSFPS-213 The Garada spacecraft shall perform an automatic switch-on after connection to 

electrical power.

Requirement Astrium SRS 5.3.2

SSFPS-475 The total Garada spacecraft power consumption shall comply with the margins 

defined as follows:

up to PDR        after PDR to CDR        after CDR to QR        after QR to FAR

30%                    15%                                 10%                                4%

Requirement Astrium SRS 9.2
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SSFPS-6 3.2.5 Attitude Determination and Control System (ADACS) Heading

SSFPS-923 The Garada spacecraft shall support antenna pointing with an accuracy no worse 

than 1 degree.

Requirement TK10.2 (Derived)

SSFPS-908 The Garada ADACS shall provide attitude information to CADH for implementing 

interface “E16 Payload Data.”

Requirement TK10.2 (Derived)

SSFPS-900 The Garada ADACS shall provide attitude information to CADH to support 

autonomous tracking during ground station passes.

Requirement TK10.2 (Derived)

SSFPS-882 The Garada ADACS shall support SAR calibration manoeuvres. Requirement TK10.2 (Derived)

SSFPS-872 In conjunction with HBDL, the Garada spacecraft shall be capable of pointing to 

Ground Segment so as to initiate downlink immediately upon completion of SAR 

operation.

Requirement TK10.2 (Derived)

SSFPS-867 The Garada ADACS shall determine attitude with sufficient accuracy to support SAR 

georegistration with an accuracy of one pixel.

Requirement TK10.2 (Derived)

SSFPS-865 The Garada ADACS shall determine attitude with sufficient accuracy for 

interferometric processing of SAR images.

Requirement TK10.2 (Derived)

SSFPS-817 The Garada ADACS shall remain active during safe mode and to enable maintaining 

communication with Ground Station.

Requirement TK10.2 (Derived)

SSFPS-782 The Garada ADACS shall provide measurements of subsystem physical parameters 

to FDIR as required for health, status, and fault detection.

Requirement TK10.2 (Derived)

SSFPS-770 The ADACS subsystem shall execute commands received for attitude correction. Requirement TK10.2 (Derived)

SSFPS-769 The Garada spacecraft shall respond to attitude correction commands from the 

ground.

Requirement TK10.2 (Derived)

SSFPS-766 The Garada spacecraft shall determine instantaneous spacecraft attitude and 

provide it to TTAC.

Requirement TK10.2 (Derived)

SSFPS-758 The Garada spacecraft shall respond to orbit correction commands from Ground 

station.

Requirement TK10.2 (Derived)

SSFPS-745 The Garada spacecraft shall have the capability to perform manoeuvre once the 

collision risk is accessed via Conjunction Assessment Service.

Requirement TK10.2 (Derived)
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SSFPS-743 The Garada spacecraft shall have an operational mode where all equipment is 

operational.

Requirement TK10.2 (Derived)

SSFPS-742 The Garada spacecraft shall have a self-test mode for pre-launch testing where the 

equipment undertakes self-test.

Requirement TK10.2 (Derived)

SSFPS-345 For nominal operation the Garada spacecraft shall be right looking as defined in 

Section 3.1.2 (Reference Frames).

Requirement Astrium SRS 6.2.7

SSFPS-346 The Garada spacecraft shall support yaw steering in order to compensate the 

Doppler shift of ground targets resulting from the rotation of the Earth.

Requirement Astrium SRS 6.2.7 During design, 

requirements should be 

added for attitude 

determination accuracy, 

attitude control 

accuracy, and jitter.

SSFPS-391 The verification of the in-orbit spacecraft Centre of Mass (CoM) position shall be 

based on a CoM analysis. In addition, the Moments of Inertia (MoI), shall be 

analysed. The accuracy of the analysis shall be 5% (TBD).

Requirement Astrium SRS 8.3.1
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SSFPS-393 In order to predict the pointing, pointing stability, and pointing knowledge in-orbit 

performance, an alignment analysis shall be performed, considering the following 

effects:

• Alignment measurement error

• Build-up of assembly tolerances

• Personnel error

• 0g/1g variation

• In-orbit thermo-elastic distortion

The alignment analysis shall be conducted at least for the following equipment:

• alignment between SAR antenna reference frame and the star tracker 

boresight(s)

• alignment between the star trackers and the spacecraft build reference system

• alignment between thrusters and the spacecraft build reference system

• alignment between the RF downlink antenna and the spacecraft build reference 

system

Requirement Astrium SRS 8.3.1

SSFPS-395 The geo-location knowledge accuracy shall be supported by OOD performance 

analysis.  This analysis shall include GPS position errors, star sensor errors, 

alignment errors between star sensor and SAR Antenna, SAR Antenna pointing 

errors and timing errors (TBD).

Requirement Astrium SRS 8.3.1

SSFPS-426 The CoM-requirement shall be verified by a balance test campaign consisting of 

combined static/dynamic measurement and trimming (TBC).  The spacecraft shall 

be:

• fully flight representative (except final balance masses)

• the mass of the hydrazine in the tank shall suitably be simulated.

The influence of variable configuration items shall be tested.

After installation of the final balance masses, the result of final balancing (position 

of the CoM and the orientation of the S/C principal axes) shall be verified by a 

second test run (TBC).

Requirement Astrium SRS 8.3.3
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SSFPS-7 3.2.6 Command and Data Handing (CADH) Heading

SSFPS-686 The Garada space segment shall provide for encryption of its downlink. Requirement OSRB v02_00 3.1.13

SSFPS-947 To the extent possible, data processing chains shall be modular to allow 

modification of processing algorithms.

Requirement TK10.2 (Derived)

SSFPS-931 The Garada CADH shall be capable of implementing telecommands received from 

TTAC.

Requirement TK10.2 (Derived)

SSFPS-910 The Garada CADH shall control HBDL for implementing interface “E16 Payload 

Data.”

Requirement TK10.2 (Derived)

SSFPS-902 The Garada spacecraftC&DH shall support HBDL antenna pointing for link 

establishment.

Requirement TK10.2 (Derived)

SSFPS-901 The Garada CADH shall process attitude signals to support automatic link 

establishment with the Ground Segment.

Requirement TK10.2 (Derived)

SSFPS-898 The Garada spacecraft shall support upgrades of selected hosted applications. Requirement TK10.2 (Derived)

SSFPS-897 The Garada spacecraft shall validate the new software before updating the 

systems.

Requirement TK10.2 (Derived)

SSFPS-888 The Garada CADH shall store SAR performance data and deliver SAR performance 

parameters to TTAC.

Requirement TK10.2 (Derived)

SSFPS-883 The Garada CADH shall execute SAR calibration manoeuvre commands. Requirement TK10.2 (Derived)

SSFPS-873 The Garada spacecraft shall be capable of storing data from multiple SAR 

operations periods such that no data is lost from a single period of GS 

unavailability.

Requirement TK10.2 (Derived)

SSFPS-864 The Garada spacecraft shall record and downlink data in SAR squinted mode. Requirement TK10.2 (Derived)

SSFPS-862 The Garada spacecraft shall support collection of SAR data in scanSAR mode. Requirement TK10.2 (Derived)

SSFPS-860 The Garada spacecraft shall support collection of SAR data in stripmap mode. Requirement TK10.2 (Derived)

SSFPS-856 The Garada spacecraft shall retain raw SAR data in memory until receipt of signal 

indicating error-free reception of data on the ground.

Requirement TK10.2 (Derived)
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SSFPS-855 The Garada spacecraft shall store raw SAR data from time of collection to time of 

downlink. 

Requirement TK10.2 (Derived)

SSFPS-851 The Garada spacecraft shall perform calculations required for internal and external 

calibration.

Requirement TK10.2 (Derived)

SSFPS-836 The Garada CADH shall verify commands received and only implement validated 

commands.

Requirement TK10.2 (Derived)

SSFPS-833 The Garada spacecraft shall generate acknowledgements of received 

telecommands.

Requirement TK10.2 (Derived)

SSFPS-832 The Garada spacecraft shall implement the telecommand set as defined in TBD. Requirement TK10.2 (Derived)

SSFPS-829 The Garada CADH shall send detailed control signals to SAR in response to 

commands.

Requirement TK10.2 (Derived)

SSFPS-824 The Garada CADH shall implement uplinked software changes. Requirement TK10.2 (Derived)

SSFPS-813 The Garada CADH shall store all data received onboard and deliver it to Ground 

Station for post-processing. 

Requirement TK10.2 (Derived)

SSFPS-812 The Garada CADH shall respond to ground commanded mode changes by 

generating corresponding commands to other subsystems.

Requirement TK10.2 (Derived)

SSFPS-801 The Garada CADH shall respond to the commands given by Ground Station. Requirement TK10.2 (Derived)

SSFPS-799 The Garada CADH shall generate signal to acknowledge command received from 

Ground Station.

Requirement TK10.2 (Derived)

SSFPS-796 3.2.6: The Garada CADH shall collate and archive the status of the satellite time 

service and then downlink the information to Ground Segment.

Requirement TK10.2 (Derived)

SSFPS-783 The Garada spacecraft Command and Data Handing  shall provide measurements 

of subsystem physical parameters to FDIR as required for health, status, and fault 

detection.

Requirement TK10.2 (Derived)

SSFPS-774 The Garada spacecraft shall have the capability to reject attitude correction 

telecommands that are not validated.

Requirement TK10.2 (Derived)

SSFPS-771 The Garada spacecraft shall interpret attitude correction commands received from 

the ground, and send proper control signals to ADACS to execute them.

Requirement TK10.2 (Derived)
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SSFPS-763 The Garada spacecraft shall have the capability to reject orbit correction 

telecommands that are not validated.

Requirement TK10.2 (Derived)

SSFPS-759 The Garada spacecraft shall interpret orbit correction commands received from the 

ground, and send proper control signals to ADACS and PROP to execute them.

Requirement TK10.2 (Derived)

SSFPS-161 In the absence of commands and predicted orbit positions, the Garada spacecraft 

shall be able to operate autonomously for 7 days without the need for ground 

intervention (applicable after Low Earth Orbit Phase).

Requirement Astrium SRS 5.3.1

SSFPS-162 The Garada spacecraft shall provide the capability to be commanded from the 

ground.

Requirement Astrium SRS 5.3.1

SSFPS-165 The Garada spacecraft shall perform a verification of all commands with respect to 

the correctness of the command layout and parameters.

Requirement Astrium SRS 5.3.1

SSFPS-166 Commands which fail command verification by the Garada spacecraft shall not be 

executed.

Requirement Astrium SRS 5.3.1

SSFPS-167 The Garada spacecraft shall not execute commands that jeopardise its health or 

safety except  well-identified critical commands.

Requirement Astrium SRS 5.3.1 During design phase, select 

specific commands with 

spacecraft operational 

safety implications for 

addition of safeguards.

SSFPS-168 The Garada spacecraft shall provide a capability for manual command override. Requirement Astrium SRS 5.3.1

SSFPS-169 The execution of critical commands by the Garada spacecraft shall be secured by 

specific safety mechanisms.

Requirement Astrium SRS 5.3.1 Define critical commands 

during design phase

SSFPS-183 Fixed high-level command structures established as Macro-Commands expanded 

on-board shall be used for commanding of the Garada Spacecraft.

Requirement Astrium SRS 5.3.1 Define macro-commands 

during design phase

SSFPS-185 All Garada spacecraft commands shall automatically be distributed to the function 

responsible for execution.

Requirement Astrium SRS 5.3.1

SSFPS-186 It shall be possible to execute a pre-programmed command schedule for Garada 

spacecraft space segment operation.

Requirement Astrium SRS 5.3.1
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SSFPS-188 Garada spacecraft functions shall be executed either by:

a) verified command; or

b) by autonomous operation.

Requirement Astrium SRS 5.3.1

SSFPS-190 It shall be possible to enable/disable all Garada spacecraft autonomous functions 

by dedicated command.

Requirement Astrium SRS 5.3.1

SSFPS-191 The spacecraft shall provide a capability to modify Garada spacecraft parameters 

used in the on-board software by dedicated command.

Requirement Astrium SRS 5.3.1

SSFPS-192 The spacecraft shall provide a capability to patch Garada spacecraft on-board 

software by dedicated command.

Requirement Astrium SRS 5.3.1

SSFPS-193 Conflicting commandings to the Garada spacecraft shall not be executed. Requirement Astrium SRS 5.3.1 During design phase, 

identify potential 

command conflicts and 

implement deconfliction 

methodology.

SSFPS-196 The Garada spacecraft measurement data streams shall be encrypted. Requirement Astrium SRS 5.3.1

SSFPS-197 It shall be possible to modify the encryption keys (TBD) used for the Garada 

spacecraft measurement data streams.

Requirement Astrium SRS 5.3.1

SSFPS-198 The encryption level on the Garada spacecraft measurement data streams shall be 

(TBD).

Requirement Astrium SRS 5.3.1

SSFPS-201 The Garada spacecraft shall be capable to store on-board the volume of acquired 

instrument data compatible with the reference measurement scenario for two 

orbits.

Requirement Astrium SRS 5.3.1

SSFPS-205 The Garada spacecraft shall have a capability to assign priority to the data received 

onboard.

Requirement

SSFPS-212 The Garada spacecraft buffers shall have the capacity to store commands and 

predicted orbit positions for at least 24 hours.

Requirement Astrium SRS 5.3.1

SSFPS-215 The Garada spacecraft shall provide the capability to perform a detailed check-out 

by commanding.

Requirement Astrium SRS 5.3.2

SSFPS-216 The Garada CADH subsystem shall be capable of shifting into and out of safe mode 

by commanding.

Requirement Astrium SRS 5.3.2
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SSFPS-221 It shall be possible to monitor the completion status of all commands to the Garada 

spacecraft.

Requirement Astrium SRS 5.3.3

SSFPS-225 The spacecraft shall store onboard a history of all Garada spacecraft events 

(nominal and non-nominal) and transmit on command.

Requirement Astrium SRS 5.3.3

SSFPS-227 The monitoring data from the Garada spacecraft shall be acquired and recorded 

onboard over the complete orbit.

Requirement Astrium SRS 5.3.3

SSFPS-235 The Garada spacecraft shall be capable of handling pre-programmed time-

scheduled command sequences for a duration of seven days ahead of time.

Requirement Astrium SRS 5.3.5

SSFPS-236 The Garada spacecraft shall be capable of executing commands at each position in 

the orbit for execution at later designated times.

Requirement Astrium SRS 5.3.5

SSFPS-237 The Garada spacecraft shall be capable of handling deletion of single commands 

from a pre-programmed time-tagged sequence.

Requirement Astrium SRS 5.3.5

SSFPS-253 Deleted

SSFPS-277 The on-board mass memory shall be organised such, that stored data can be 

downlinked with priority.

Requirement Astrium SRS 5.4.2

SSFPS-320 Each data acquisition (scene) shall be assigned onboard with a unique identification 

number (ID). The Garada spacecraft shall attach the ID numbers, which will be up-

linked by the Ground Segment, to the measurement data.

Requirement Astrium SRS 6.2.5

SSFPS-322 The high rate data stream shall contain all relevant data required for on-ground 

processing of measurement data, i.e. instrument source packets including 

measurement data and auxiliary data.

Requirement Astrium SRS 6.2.5

SSFPS-323 The measurement data streams shall be encrypted. Requirement Astrium SRS 6.2.5

SSFPS-324 It shall be possible to modify the used encryption keys (TBC). Requirement Astrium SRS 6.2.5

SSFPS-325 The encryption level shall be (TBD). Requirement Astrium SRS 6.2.5

SSFPS-326 The Garada spacecraft shall be designed to have an on-board storage and 

compression (if needed) capability in compliance with the worst case measurement 

(load) scenario as defined in Section 3.2 (Assumptions) and the available contact 

time per pass over the X-band acquisition station as defined in Section 3.2 and the 

down-link capability as specified in Section 7.4 (X-Band Downlink Interface).

Requirement Astrium SRS 6.2.5
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SSFPS-334 The Garada spacecraft shall store GPS raw data every 30s (TBD) and shall include 

them in the Housekeeping Data stream.

Requirement Astrium SRS 6.2.6

SSFPS-336 The Garada spacecraft shall be capable of correcting for each scene the 

commanded start time of data acquisition (correction of along-track error). The 

error of the corrected start time shall be in compliance with the required 

Spacecraft position accuracy. The CADH subsystem shall collate necessary 

information.

The correction of the start time shall be computed from:

• the commanded start time and

• the predicted orbit position received from the ground and stored onboard the 

spacecraft and from

• actual orbit data obtained by precise in-orbit determination.

Requirement Astrium SRS 6.2.6

SSFPS-342 The Garada spacecraft shall provide the following timing information for processing 

of SAR raw data:

• Onboard Time (OBT), synchronised to GPS time (HK data stream)

• Garada instrument time in the datation of SAR packets (synchronised to GPS 

time, SAR Data stream)

• Event report regarding the synchronisation event OBT – GPS also including the 

values of OBT and GPS time (HK data stream)

• Event reports regarding the synchronisation event Garada instrument time – GPS 

also including the values of instrument and GPS time (HK data stream)

Requirement Astrium SRS 6.2.6
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SSFPS-8 3.2.7 Onboard Orbit Determination (OOD) Heading

SSFPS-676 The Garada space segment shall be capable of independent determination of 

orbital parameters.

Requirement OSRB v02_00 3.1.3

SSFPS-921 The Garada OOD shall provide TLE data computed onboard to TTAC via CADH. Requirement TK10.2 (Derived)

SSFPS-894 The Garada OOD shall generate parameters required for GNSS performance 

monitoring.

Requirement TK10.2 (Derived)

SSFPS-891 The Garada OOD shall generate parameters required for GNSS calibration. Requirement TK10.2 (Derived)

SSFPS-868 The Garada OOD shall provide sufficient accuracy to support SAR georegistration 

with an accuracy of one pixel. 

Requirement TK10.2 (Derived)

SSFPS-866 The Garada OOD shall provide sufficient accuracy to support interferometric 

processing of SAR images. 

Requirement TK10.2 (Derived)

SSFPS-840 The Garada spacecraft onboard orbit determination shall support the flying of two 

spacecrafts in close formation. 

Requirement TK10.2 (Derived)

SSFPS-797 The Garada TTAC shall provide satellite time reference to assist onboard 

determination of time-varying orbital elements.

Requirement TK10.2 (Derived)

SSFPS-784 The Garada spacecraft OOD shall provide measurements of subsystem physical 

parameters to FDIR as required for health, status, and fault detection.

Requirement TK10.2 (Derived)

SSFPS-764 The Garada spacecraft shall support the generation of two line element set data 

describing spacecraft's orbit.

Requirement TK10.2 (Derived)

SSFPS-754 The Garada spacecraft shall support onboard computation of orbital elements for 

tracking purposes.

Requirement TK10.2 (Derived)

SSFPS-751 OOD shall provide relevant data to support spacecraft tracking by Ground Station. Requirement TK10.2 (Derived)

SSFPS-749 The Garada spacecraft shall provide GNSS data and/or computed orbital elements 

to the GS via the TTAC interface. 

Requirement TK10.2 (Derived)

SSFPS-746 The Garada spacecraft shall perform orbit determination to assist Conjunction 

Assessment Service via the GS.

Requirement TK10.2 (Derived)
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SSFPS-344 The Garada instrument on-board time resolution shall be better than 1µs. Requirement Astrium SRS 6.2.6

SSFPS-153 Unless explicitly defined otherwise, the reference orbit of the Garada spacecraft 

shown below shall be used:

Orbital Element                            Value                                       Remark

Number of orbits per day           14 + 5/6                                  6 days repetition cycle, 

nodal period 5824.72 s

Semi-Major Axis [km]                  6991.124                                Altitude at equator 

612.987 km

Inclination [°]                                97.8436                                  Sun-synchronous orbit

Eccentricity                                    < 0.001                                    Frozen orbit

Argument of Perigee [°]                ± 90                                         Frozen orbit

Local Time ascending node [h]   06:00 or 18:00 ± 15 min     Dawn-Dusk Orbit. 

Separation < 15 mn (Right Asc. Of Asc Node: 88.856 deg)

Requirement Astrium SRS 5.2

SSFPS-154 The Garada spacecraft shall maintain its orbit over the whole mission lifetime 

within the following tolerances:

• Accuracy of mean local solar time of ascending node crossing:         ± TBD min

• Accuracy of ground track distance:                                                            ± TBD km

Requirement Astrium SRS 5.2

SSFPS-155 The manoeuvre strategy shall take into account the availability, the lifetime, and 

the orbit accuracy requirements to ensure adequate propellant remains at end of 

mission.

Requirement Astrium SRS 5.2

SSFPS-157 When the Garada spacecrafts are in orbit the following relative orbit tolerances 

shall be maintained:

• Mean local solar time of ascending node crossing:             ± TBD s.

• Ground track distance:                                                                ± TBD km

Requirement Astrium SRS 5.2

SSFPS-158 The Garada spacecraft shall be capable to perform TBD times debris avoidance 

manoeuvres during the in-orbit lifetime, each consisting of manouevres of no more 

than TBD km.

Requirement Astrium SRS 5.2
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SSFPS-304 The Garada spacecraft shall ensure that the orbit can be maintained to a repeating 

accuracy of less than 1km horizontal deviation, and that knowledge of the orbit 

deviation is provided to an accuracy of better than 35 metres (TBD).

Requirement Astrium SRS 6.1.6

SSFPS-330 The Garada spacecraft shall be capable of performing in-orbit determination of the 

spacecraft position. The accuracy of in-orbit determination shall be sufficient to 

fulfil the localisation requirements for basic products.

Requirement Astrium SRS 6.2.6

SSFPS-331 Garada spacecraft position data obtained by in-orbit determination shall be:

• used for in-orbit correction of start time of data acquisition, see below

• included in the X-band down-link data stream to be used for geo-coding of Basic 

Products

• included in the Housekeeping Data stream

Requirement Astrium SRS 6.2.6

SSFPS-332 The Garada spacecraft shall contain an onboard GPS used for orbit localisation and 

clock reference.

Requirement Astrium SRS 6.2.6

SSFPS-337 The Garada spacecraft shall be capable of correcting for each scene the 

commanded start time of data acquisition (correction of along-track error). The 

error of the corrected start time shall be in compliance with the required 

Spacecraft position accuracy. The OOD subsystem shall support these corrections.

The correction of the start time shall be computed from:

• the commanded start time and

• the predicted orbit position received from the ground and stored onboard the 

spacecraft and from

• actual orbit data obtained by precise in-orbit determination from the OOD 

subsystem.

Requirement Astrium SRS 6.2.6
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SSFPS-89 3.2.8 Harness (HAR) Heading

SSFPS-700 The Spacecraft harness shall provide all connectivity required by the Harness Table. Requirement 3.2.7 Harness Harness table to be 

developed in design phase.

SSFPS-785 The Garada spacecraft Harness shall provide measurements of subsystem physical 

parameters to FDIR as required for health, status, and fault detection.

Requirement TK10.2 (Derived)

SSFPS-536 The harness layout of the bench test and/or electrical model shall be 

representative of the flight hardware.

Requirement Astrium SRS 8.4.2
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SSFPS-10 3.2.9 Tracking, Telemetry and Control (TTAC) Heading

SSFPS-685 The Garada space segment shall receive uplinked commands in encrypted form. Requirement OSRB v02_00 3.1.12

SSFPS-932 The Garada TTAC  shall receive telecommands from GSS in S band. Requirement TK10.2 (Derived)

SSFPS-930 The Garada spacecraft shall transmit telemetry data to the ground in S band. Requirement TK10.2 (Derived)

SSFPS-929 The Garada TTAC shall be capable of transmitting telemetry data in S band to 

Ground Station System.

Requirement TK10.2 (Derived)

SSFPS-919 The Garada spacecraft shall provide telemetry data to support the tracking of 

Garada spacecraft.

Requirement TK10.2 (Derived)

SSFPS-918 The Garada TTAC shall implement interface “E14 Beacon” with the ground 

segment.

Requirement TK10.2 (Derived)

SSFPS-916 The Garada TTAC shall implement interface “E15 Telecommands” with the ground 

segment.

Requirement TK10.2 (Derived)

SSFPS-914 The Garada TTAC shall implement interface “E17 Telemetry” with the ground 

segment.

Requirement TK10.2 (Derived)

SSFPS-904 The Garada TTAC shall be capable of automatic link establishment with the Ground 

Segment.

Requirement TK10.2 (Derived)

SSFPS-903 The Garada TTAC shall provide a tracking beacon signal. Requirement TK10.2 (Derived)

SSFPS-895 The Garada TTAC shall transmit GNSS parameters required for performance 

monitoring.

Requirement TK10.2 (Derived)

SSFPS-892 The Garada TTAC shall transmit GNSS parameters required for calibration. Requirement TK10.2 (Derived)

SSFPS-889 The Garada TTAC shall transmit SAR performance parameters on command and 

during each downlink period.

Requirement TK10.2 (Derived)

SSFPS-884 The Garada TTAC shall receive commands for SAR calibration manoeuvres. Requirement TK10.2 (Derived)

SSFPS-879 The Garada TTAC shall transmit internal calibration parameters when required. Requirement TK10.2 (Derived)

SSFPS-857 The Garada spacecraft shall receive uplinked commands for downlink of raw SAR 

data.

Requirement TK10.2 (Derived)
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SSFPS-852 The Garada spacecraft shall transmit parameters impacting SAR operations. Requirement TK10.2 (Derived)

SSFPS-847 The Garada TTAC shall provide spacecraft and SAR status data to Ground Station. Requirement TK10.2 (Derived)

SSFPS-844 The Garada TTAC shall be configurable via ground command. Requirement TK10.2 (Derived)

SSFPS-835 The Garada spacecraft shall transmit telecommand acknowledgments. Requirement TK10.2 (Derived)

SSFPS-834 The Garada spacecraft shall receive the telecommand set. Requirement TK10.2 (Derived)

SSFPS-830 The Garada TTAC shall receive uplinked SAR commands and pass to CADH. Requirement TK10.2 (Derived)

SSFPS-825 The Garada TTAC shall receive software updates and pass to CADH. Requirement TK10.2 (Derived)

SSFPS-814 The Garada TTAC shall receive ground commanded CADH mode changes. Requirement TK10.2 (Derived)

SSFPS-809 The Garada spacecraft shall receive ground commanded EPS mode changes, and 

shall transmit real time solar array performance.

Requirement TK10.2 (Derived)

SSFPS-803 The Garada spacecraft shall receive ground commanded communication mode 

changes.

Requirement TK10.2 (Derived)

SSFPS-802 The Garada spacecraft shall respond to the ground commanded mode changes. Requirement TK10.2 (Derived)

SSFPS-800 The Garada TTAC shall transmit acknowledgements of ground commands. Requirement TK10.2 (Derived)

SSFPS-786 The Garada spacecraft TTAC shall provide measurements of subsystem physical 

parameters to FDIR as required for health, status, and fault detection.

Requirement TK10.2 (Derived)

SSFPS-776 The TTAC subsystem shall support downlink of real time health and status data to 

Ground Station.

Requirement TK10.2 (Derived)

SSFPS-772 The Garada spacecraft shall receive attitude correction commands from the 

ground.

Requirement TK10.2 (Derived)

SSFPS-767 The Garada spacecraft shall transmit instantaneous spacecraft attitude to Ground 

Station. 

Requirement TK10.2 (Derived)

SSFPS-760 The Garada spacecraft shall receive orbit correction commands from the ground. Requirement TK10.2 (Derived)

SSFPS-755 The Garada spacecraft shall generate tracking data to assist computation of orbital 

elements.

Requirement TK10.2 (Derived)
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SSFPS-753 The Garada spacecraft shall generate signals that support tracking and ranging from 

the ground.

Requirement TK10.2 (Derived)

SSFPS-750 The Garada spacecraft shall transmit onboard-computed orbital elements to the 

ground.

Requirement TK10.2 (Derived)

SSFPS-739 The Garada spacecraft shall communicate with Ground Segment to support the 

operation of MS, GSS and CS. 

Requirement TK10.2 (Derived)

SSFPS-220 The Garada spacecraft shall carry equipment to provide the capability for status 

monitoring from the ground.

Requirement

SSFPS-229 The Garada spacecraft shall carry equipment to support real-time monitoring 

during contact with ground station.

Requirement

SSFPS-363 The TTAC baseband interface shall have the following characteristics:

Garada TTAC Baseband Interface  Uplink Command                        Downlink 

Telemetry

Access Control                                      CCSDS Spacecraft ID                   -

Data Format                                           Non-Return-to-Zero-Level (NRZ-L) Non-Return-

to-Zero-Level (NRZ-L)

Data Rate                                                4 kbit/s                                             32 kbit/s for 

real-time telemetry

                                                                                                                                1 Mbit/s 

for playback telemetry

Subcarrier Frequency                      16 kHz                                                  -

Subcarrier Modulation                    BPSK                                                    -

Data Encoding                                     -                                                             Reed 

Solomon 

                                                                                                                            (only if 

required for link margin)

Requirement Astrium SRS 7.3 These are representative 

requirements that should 

be reviewed during the 

design phase in 

conjunction with the 

Ground Segment 

designer.

SSFPS-194 The Garada spacecraft TT&C protocols shall be according to the Consultative 

Committee for Space Data Systems (CCSDS) standards. 

Requirement Astrium SRS 5.3.1

SSFPS-195 The Garada spacecraft Telecommand link shall provide a function for the 

authentication of the sender (TBD).

Requirement Astrium SRS 5.3.1
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SSFPS-206 The availability of Garada spacecraft tasking via the TTAC to the spacecraft OBDH 

shall be 99.9%.

Requirement Astrium SRS 5.3.1

SSFPS-208 The Garada spacecraft shall be designed such in the Operational Phase the control 

can be performed via a single TTAC station.

Requirement Astrium SRS 5.3.1

SSFPS-210 When a viable link is established, the Garada spacecraft shall be able to receive and 

process a continuous up-link of telecommand packets at the nominal up-link rate.

Requirement Astrium SRS 5.3.1

SSFPS-318 On request the Garada spacecraft shall transmit via S-band real-time telemetry all 

logged housekeeping data.  Telemetry data shall be provided such that complete 

and unambiguous assessment of the Spacecraft / Garada status and performance is 

possible.

Requirement Astrium SRS 6.2.4

SSFPS-319 The Garada spacecraft shall provide the following data sets in fixed format:

• Real-time housekeeping measurement and status information (real time 

telemetry format) through the TT&C channel during Garada spacecraft visibility

• On-board stored real-time housekeeping measurement and status information 

(real time telemetry format), which comprises all data back to the last ground 

contact

• On-board stored history of significant nominal and non-nominal events within the 

Garada spacecraft (history report format). The on-board buffer shall be 

dimensioned to store history information worth 24 hours.

• Memory dump data of on-board software code, software coded parameters and 

data tables, which are not made available through the parameterised 

housekeeping telemetry (processor dump format).

Requirement Astrium SRS 6.2.4
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SSFPS-358 For nominal operation the following ground station characteristics shall be 

assumed for telemetry and commanding (TTAC) and for the acquisition of high rate 

measurement data:

Communications             TTAC                                     High Rata Data Acquisition

Station                                 TBD                                       TBD

Downlink

Frequency Range           2200 – 2400 MHz                7500-8400 MHz OR --------

Polarisation                      RHCP and LHCP                  RHCP or LHCP

Axial Ratio                         TBD [dB]                               TBD [dB]

G/T @ 5 deg elevation  22.6 [dB/K]                          > 34.5 [dB/K] (7.5-8.0 GHz)

                                                                                                > 35.0 [dB/K] (8.0-8.4 GHz)

Minimum elevation, at which reception is possible

                                                5°                                            5° (TBC)

Uplink

Frequency Range            2025 – 2120 MHz                 -

Polarisation                       RHCP or LHCP                      -

Axial Ratio                         TBD [dB]                                 -

EIRP                                      64 [dBW] @ 2025 MHz       -

Table 7.2 1 Ground Station Characteristics

Requirement Astrium SRS 7.2 These are representative 

requirements that should 

be reviewed during the 

design phase in 

conjunction with the 

Ground Segment 

designer.

SSFPS-360 For uplink and downlink communications with the dedicated Garada ground 

stations, the Garada spacecraft shall be equipped with a TTAC system operating in 

the S-Band range and applying the following frequencies:

            

Uplink              2.025 – 2.110 GHz

Downlink        2.200 – 2.290 GHz

Requirement Astrium SRS 7.3
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SSFPS-362 The TTAC baseband interface shall have the following characteristics:

Garada TTAC Baseband Interface  Uplink Command                        Downlink 

Telemetry

Access Control                                      CCSDS Spacecraft ID                   -

Data Format                                           Non-Return-to-Zero-Level (NRZ-L) Non-Return-

to-Zero-Level (NRZ-L)

Data Rate                                                4 kbit/s                                             32 kbit/s for 

real-time telemetry

                                                                                                                                1 Mbit/s 

for playback telemetry

Subcarrier Frequency                      16 kHz                                                  -

Subcarrier Modulation                    BPSK                                                    -

Data Encoding                                     -                                                             Reed 

Solomon 

                                                                                                                                (only if 

required for link margin)

Requirement Astrium SRS 7.3 These are representative 

requirements that should 

be reviewed during the 

design phase in 

conjunction with the 

Ground Segment 

designer.

SSFPS-365 The TTAC subsystem shall be designed to ensure the following link margin and bit 

error rate for the ground station characteristics and elevation:

Up-link margin                                                    3db

Maximum up-link bit error rate                   10-7

Down-link margin                                             3db

Maximum down-link bit error rate             10
-6

Requirement Astrium SRS 7.3 These are representative 

requirements that should 

be reviewed during the 

design phase in 

conjunction with the 

Ground Segment 

designer.
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SSFPS-11 3.2.10 GNSS Reflectometry Sensor (GNSS-R) Heading

SSFPS-787 The Garada spacecraft GNSS-R shall provide measurements of subsystem physical 

parameters to FDIR as required for health, status, and fault detection.

Requirement TK10.2 (Derived)

SSFPS-335 The Garada spacecraft shall include two downward looking GNSS antennas capable 

of receiving right-hand and left-hand circularly polarized GNSS signals.

Requirement Section 3.2.1 SSFPS-

890

SSFPS-339 The Garada spacecraft shall include a GNSS receiver separate from that used for 

OOD, which shall be capable of determining the GNSS signal amplitude received by 

the two downward-looking GNSS antennas.

Requirement Section 3.2.1 SSFPS-

890

SSFPS-341 The amplitudes measured by the GNSS-R receiver shall be included in the sensor 

data for transmission to the ground via the HBDL.

Requirement Section 3.2.1 SSFPS-

890
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SSFPS-12 3.2.11 Propulsion (PROP) Heading

SSFPS-788 The Garada spacecraft propulsion shall provide measurements of subsystem 

physical parameters to FDIR as required for health, status, and fault detection.

Requirement TK10.2 (Derived)

SSFPS-773 The Garada spacecraft shall have sufficient consumables to support attitude 

correction for period no lesser than spacecraft mission lifetime. 

Requirement TK10.2 (Derived)

SSFPS-762 The Garada spacecraft shall have sufficient consumables to support orbital 

correction for period no lesser than spacecraft mission lifetime. 

Requirement TK10.2 (Derived)

SSFPS-761 The Garada spacecraft shall respond to orbit correction commands from Ground 

station.

Requirement TK10.2 (Derived)

SSFPS-140 Demonstration of lifetime by verification of availability of propellant at Beginning-

of-Life (BOL) shall be conducted during the commissioning phase of Garada 

spacecraft.

Requirement

SSFPS-149 The Garada spacecraft shall be capable of disposing of all remaining on-board fuel 

during the Disposal Phase.

Requirement

SSFPS-156 The propulsion required to conduct manoeuvring strategy shall take into account of 

the availability, debris avoidance, orbit accuracy, and the lifetime requirements.

Requirement

SSFPS-159 The Garada spacecraft shall have sufficient propellant to performance TBD times 

debris avoidance manoeuvres at the beginning of Operational Phase, with each 

consisting of manoeuvres of no more than TBD km.

Requirement

SSFPS-314 The Garada spacecraft shall be designed such that its consumables will last for 

mission life plus 1.5 years after IOD.

Requirement Astrium SRS 6.2.3

SSFPS-476 On all orbit maintenance manoeuvres a margin of 2.0 on the required velocity 

change shall be applied to propellant calculations.

Requirement Astrium SRS 9.2

SSFPS-730 The total propellant budget must include the ability to lower altitude at end of 

mission such that natural decay will take less than 20 years.

Requirement OSRB 2P.X 
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SSFPS-13 3.2.12 High Bandwidth Downlink (HBDL) Heading

SSFPS-933 The Garada HBDL shall transmit its payload data to GSS in X band. Requirement TK10.2 (Derived)

SSFPS-927 The Garada spacecraft shall have a maximum sidelobe level of not greater than 

TBD dB compared to the main beam.

Requirement TK10.2 (Derived)

SSFPS-926 The Garada spacecraft shall have an antenna pointing accuracy of no worse than 1 

degree RMS. 

Requirement TK10.2 (Derived)

SSFPS-925 The Garada spacecraft shall provide a minimum EIRP of TBD dBW. Requirement TK10.2 (Derived)

SSFPS-924 The Garada spacecraft shall provide Left Hand Circular Polarised (LHCP) and Right 

Hand Circular Polarised (RHCP) signals in the appropriate communication band. .

Requirement TK10.2 (Derived)

SSFPS-912 The Garada HBDL shall implement interface “E16 Payload Data” with the ground 

segment.

Requirement TK10.2 (Derived)

SSFPS-911 The Garada HBDL shall downlink payload data to GSS. Requirement TK10.2 (Derived)

SSFPS-905 The Garada HBDL shall be capable of automatic link establishment with the Ground 

Segment.

Requirement TK10.2 (Derived)

SSFPS-885 The Garada spacecraft shall downlink SAR data to Ground Station. Requirement TK10.2 (Derived)

SSFPS-880 The Garada HBDL shall transmit recorded transmit waveforms along with SAR data. Requirement TK10.2 (Derived)

SSFPS-874 In conjunction with ADACS, the Garada spacecraft shall be capable of pointing to 

Ground Segment so as to initiate downlink immediately upon completion of SAR 

operation.

Requirement TK10.2 (Derived)

SSFPS-858 The Garada HBDL shall be capable of downlinking 2,000 km of raw quad polar SAR 

data to Ground Station in one pass.

Requirement TK10.2 (Derived)

SSFPS-845 The Garada HBDL shall be configurable via ground command. Requirement TK10.2 (Derived)

SSFPS-804 The Garada spacecraft shall respond to the ground commanded mode changes. Requirement TK10.2 (Derived)

SSFPS-789 The Garada HBDL shall provide measurements of subsystem physical parameters to 

FDIR as required for health, status, and fault detection.

Requirement TK10.2 (Derived)
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SSFPS-374 The HBDL subsystem shall be designed to ensure the following link margin and bit 

error rate for the ground station characteristics and elevation as assumed in 

Section 7.2 (Ground Station Interface).

Down-link margin                                      3db

Maximum downlink bit error rate      10-6

Requirement Astrium SRS 7.4 These are typical 

requirements which 

should be reviewed 

during the design phase 

in conjuction with the 

Ground Segment 

designer. 

SSFPS-371 The high rate data baseband interface shall have the following characteristics:

High Rate Data Baseband            Down-link Telemetry

Data Format                                      NRZ-L

Modulation                                       QPSK

Maximum Data Rate                      2 * 150 MBPS 

Encoding                                            Reed Solomon

                                                              (233,32) Block Code

Table 7.4 2 High Data Rate Baseband Interface

Note: Forward Error Correction (FEC) shall be implemented to ensure the required 

bit error rate.

Requirement Astrium SRS 7.4 These are typical 

requirements which 

should be reviewed 

during the design phase 

in conjuction with the 

Ground Segment 

designer. 

SSFPS-199 The Garada spacecraft shall provide a capability to downlink measurement data in 

a prioritised order.

Requirement Astrium SRS 5.3.1

SSFPS-202 The average time from measurement to download from the Garada spacecraft 

shall be less than two orbit periods.

Requirement Astrium SRS 5.3.1

SSFPS-203 The on-board stored data volume compatible with the reference measurement 

scenario shall be transferred from the Garada spacecraft to the Ground Segment 

within 24 hours after the measurement.

Requirement Astrium SRS 5.3.1

SSFPS-204 The download sequences shall download highest priority data from the Garada 

spacecraft first.

Requirement Astrium SRS 5.3.1
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SSFPS-207 The availability to down-link successfully all Garada spacecraft telemetry data from 

the spacecraft mass memory to the spacecraft control entry point shall be TBD.

Requirement Astrium SRS 5.3.1

SSFPS-209 The availability of high-bandwidth downlink when a ground station is accessible 

shall be at least TBD%

Requirement

SSFPS-252 The Garada Spacecraft Ground Processor shall provide a Data Quality Check 

Product for each raw data set, which shall contain at least:

a) Raw data statistics (including downlink quality).

b) Doppler centroid, ambiguity number.

c) Auxiliary data (i.e. instrument mode, antenna pattern).

d) Geographic localisation, incidence angle range, incidence angle and sensor look 

angle at centre of raw data set.

e) Chirp replica power. The HBDL shall support transmission of this data.

Requirement Astrium SRS 5.4.1

SSFPS-270 For the calculation of the amount of high rate data received per orbit and for the 

dimensioning of the onboard mass memory onboard the spacecraft, the contact 

times assumed shall be 6 minutes for Australian ground stations.

Requirement Astrium SRS 5.4.1

SSFPS-271 The data downlink volume shall be > 98% (TBD) of the maximum required data 

downlink time.

Requirement Astrium SRS 5.4.2

SSFPS-272 The system design shall avoid simultaneous acquisition and downlinking of 

measurement data.

Requirement Astrium SRS 5.4.2

SSFPS-309 The downlink time of the Garada spacecraft shall not exceed 0.995 (TBD) of the 

scheduled downlink time.

Requirement Astrium SRS 6.2.1

SSFPS-327 The Garada spacecraft shall be designed to have an on-board storage and 

compression (if needed) capability in compliance with the worst case measurement 

(load) scenario as defined in Section 3.2 (Assumptions) and the available contact 

time per pass over the X-band acquisition station as defined in Section 3.2 and the 

down-link capability as specified in Section 7.4 (X-Band Downlink Interface).

Requirement Astrium SRS 6.2.5

 
V01_00

                                                        106 
Annex 11. Detailed Requirements Analysis of the Garada Mission

 
30th June 2013



ID Function and Performance Specification Type Traceability Issue to Resolve
SSFPS-368 Garada measurement data, orbit and ephemeris data and auxiliary/auxiliary data 

shall be transmitted to ground with a high data rate communications system using 

the following frequency range and bandwidth:

X-band                     8.025 – 8.400 GHz   OR .......... 

Bandwidth               > 300 MHz

Requirement Astrium SRS 7.4 These are typical 

requirements which 

should be reviewed 

during the design phase 

in conjuction with the 

Ground Segment 

designer. 

SSFPS-372 The high rate data baseband interface shall have the following characteristics:

High Rate Data Baseband            Down-link Telemetry

Data Format                                      NRZ-L

Modulation                                       QPSK

Maximum Data Rate                      2 * 150 MBPS 

Encoding                                            Reed Solomon

                                                              (233,32) Block Code

Note: Forward Error Correction (FEC) shall be implemented to ensure the required 

bit error rate.

Requirement Astrium SRS 7.4 These are typical 

requirements which 

should be reviewed 

during the design phase 

in conjuction with the 

Ground Segment 

designer. 

SSFPS-375 The X-band communication system shall be designed to ensure the following link 

margin and bit error rate for the ground station characteristics and elevation as 

assumed in Section 7.2 (Ground Station Interface).

Down-link margin                                      3db

Maximum downlink bit error rate      10
-6

Requirement Astrium SRS 7.4 These are typical 

requirements which 

should be reviewed 

during the design phase 

in conjuction with the 

Ground Segment 

designer. 

SSFPS-386 Deleted
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SSFPS-14 3.2.13 Launch Services (LS) Heading

SSFPS-690 The Garada space segment design shall consider proposed secondary payloads to 

the extent that they will not jeopardize the primary mission. 

Requirement OSRB v02_00 3.1.19

SSFPS-689 The Garada space segment shall be capable of delivering all spacecraft required to 

meet data collections requirements in 1 or 2 launches.

Requirement OSRB v02_00 3.1.18

SSFPS-688 The Garada space segment shall be compatible with the Delta IV Medium launch 

vehicle of the Boeing Corporation.

Requirement OSRB v02_00 3.1.17

SSFPS-687 The Garada space segment shall be compatible with the Falcon 9 launch vehicle of 

Space Exploration Corporation.

Requirement OSRB v02_00 3.1.16

SSFPS-126 The Falcon 9 shall be the prime launch vehicle. Requirement

SSFPS-128 The  Delta IV shall be the backup launch vehicle Requirement

SSFPS-130 The Garada spacecraft shall be designed to be compatible with the constraints of 

the respective launch service providers for both the prime and the backup launch 

vehicle.

Requirement

SSFPS-131 The Garada spacecraft shall be launched in a window which is TBD. Requirement Astrium SRS 5.1.1.2

SSFPS-134 Deleted

SSFPS-378 The spacecraft shall be designed in terms of mass and volume for compatibility 

with at least 2 alternative launcher types available in the time frame anticipated for 

launch vehicle integration.

Requirement Astrium SRS 7.5

SSFPS-380 The Garada spacecraft shall be the only primary payload of the selected launch 

vehicle.

Requirement Astrium SRS 7.5
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SSFPS-390 The objectives of the Garada spacecraft performance verification process are 

subdivided in two areas ' Pre-Launch and Post-Launch (TBC) Verification ' and they 

shall be:

Pre-Launch Verification

– to demonstrate the qualification of design and performance, as meeting all 

specified requirements at all levels (from lower to system level);

– to ensure that the flight hardware and software are free from workmanship 

defects and accepted for flight;

– to predict flight variations and provide data for calibration, in-flight performance 

verification and ground processor initialisation;

– to verify tools, procedures and personnel necessary to support the system 

ground and flight operations;

– to confirm system integrity and quality of performance after certain stages in the 

project life cycle.

Post–Launch Verification ( i.e. Spacecraft In Orbit Delivery acceptance ), TBC

– to demonstrate Spacecraft performance (e.g. AOCS, pointing, power, timing, 

thermal, data handling, etc.) meets its in-orbit specification (including in-orbit 

accuracy);

– calibration of SAR Instrument;

– to demonstrate that the SAR Instrument measurement and characterisation 

performance are within specification;

– to verify the system design driven basic products and the related performance of 

GS SAR processing as well as the in-flight calibration.

Requirement Astrium SRS 8.1

SSFPS-449

SSFPS-451

SSFPS-480 The Garada spacecraft overall dimensions inclusive launch adapter and dispenser 

shall comply with the fairing of the prime and back-up launcher candidates.

Requirement Astrium SRS 9.3

SSFPS-482 The Garada spacecraft mass properties shall comply with the requirements 

imposed by the prime and back-up launcher candidates.

Requirement Astrium SRS 9.4
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SSFPS-492 The stiffness requirements are valid in hard mounted condition in launch 

configuration.  The masses are to be multiplied by a safety factor of TBD.

STIFFNESS REQUIREMENT                Axial                    Lateral

S/C                                                             ≥ 35 Hz (TBD)     ≥ 10 Hz (TBD) 

SAR Antenna (stowed)                      ≥ 45 Hz (TBD)     ≥ 25 Hz (TBD) 

Tile                                                             ≥ 100Hz               ≥ 85 Hz 

Tanks                                                         ≥ 60 Hz (TBD)     ≥ 60 Hz (TBD)

Equipment Panels                               ≥ 40 Hz (TBD)     ≥ 40 Hz (TBD)

Secondary Items                                  ≥ 80 Hz (TBD)     ≥ 80 Hz (TBD)

Requirement Astrium SRS 9.5.5 Launch Configuration 

Stiffness Requirements 

to be reverified by 

checking launch vehicle 

user manuals
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SSFPS-73 3.2.14 Mechanical and Electrical Ground Support Equipment 

(MGSE/EGSE)

Heading

SSFPS-790 The Garada spacecraft MGSE/EGSE shall provide measurements of subsystem 

physical parameters to FDIR as required for health, status, and fault detection.

Requirement TK10.2 (Derived)

SSFPS-163 The Garada spacecraft shall have support equipment necessary for assembly, test, 

and launch operations phases.

Requirement

SSFPS-238 The Garada spacecraft shall be capable of being monitored on-ground for the 

status of the on-board scheduler for pre-programmed command sequences.

Requirement Astrium SRS 5.3.5

SSFPS-249 Deleted

SSFPS-251 The Garada Spacecraft Ground Processor shall provide a Data Quality Check 

Product for each raw data set, which shall contain at least:

a) Raw data statistics (including downlink quality).

b) Doppler centroid, ambiguity number.

c) Auxiliary data (i.e. instrument mode, antenna pattern).

d) Geographic localisation, incidence angle range, incidence angle and sensor look 

angle at centre of raw data set.

e) Chirp replica power. The Ground Support Equipment shall support testing this 

capability.

Requirement Astrium SRS 5.4.1

SSFPS-259 Deleted
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SSFPS-279 The Garada spacecraft and its respective Garada Ground Processor shall have 

mechanical and electrical equipment to support the generation of the following 

Basic Products:

1. Basic Products based on SAR images and quality data obtained by processing of 

Garada Stripmap and ScanSAR Mode

2. Basic Products based on SAR images and quality data obtained by processing of 

Garada Low Resolution Mode

3. Multi-band based on SAR images and quality data obtained by processing of 

Garada Stripmap Mode. The Ground Support Equipment shall support pre-launch 

testing of this capability.

Requirement

SSFPS-288 Deleted

SSFPS-405 The Garada Spacecraft and the Ground Support Equipment (GSE) design shall also 

allow operations in hazardous environments.  The design shall therefore consider 

launch site safety regulations.

Requirement Astrium SRS 8.3.2

SSFPS-460 The Ground Support Equipment (GSE) items shall be capable of supporting System 

Validation Tests via external communications channels to the Ground Segment 

without prevention of local monitoring of operations.

Requirement Astrium SRS 8.5

SSFPS-462 The design lifetime of the GSE items shall be at least 10 years (TBD). Requirement Astrium SRS 8.5

SSFPS-465 The GSE design shall take into account the requirements of the facilities as 

appropriate.

Requirement Astrium SRS 8.6

SSFPS-499 The Garada spacecraft and related GSE shall comply to the relevant launch 

authority safety requirements.

Requirement Astrium SRS 10.2
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SSFPS-74 3.2.15 Support for Formation Flying (SFF) Heading

SSFPS-691 The Garada space segment shall support an operational mode of two spacecraft 

operating in formation (close proximity) to evaluate bistatic radar operation .

Requirement OSRB v02_00 3.1.20

SSFPS-842 SFF shall establish a data link between two spacecraft to support the orbiting of 

two spacecraft in close formation.

Requirement TK10.2 (Derived)

SSFPS-841 SFF shall establish data link between two spacecrafts to achieve precise relative 

navigation.

Requirement TK10.2 (Derived) This requirement may be 

lifted if the performance 

of individual OOD 

subsystems is predicted 

to provide the required 

relative precision.

SSFPS-791 The Garada Support for Formation Flying shall provide measurements of subsystem 

physical parameters to FDIR as required for health, status, and fault detection.

Requirement TK10.2 (Derived)

SSFPS-741 Deleted
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SSFPS-75 3.2.16 Thermal Management (TM) Heading

SSFPS-702 The thermal control subsystem shall maintain the environment within the 

spacecraft bus within the range -40°C to 85°C.

Requirement Garada T/R Module 

design project

Reverify temperature 

range after selection of 

components

SSFPS-819 The Garada Thermal Management shall provide thermal information to CADH for 

recovery analysis.

Requirement TK10.2 (Derived)

SSFPS-810 The Garada Thermal Management shall provide real time temperature reading of 

all subsystems to Ground Station.

Requirement TK10.2 (Derived)

SSFPS-792 The Garada spacecraft Thermanl Management shall provide measurements of 

subsystem physical parameters to FDIR as required for health, status, and fault 

detection.

Requirement TK10.2 (Derived)

SSFPS-392 The thermal analysis shall be based on a thermal mathematical model (TMM) with 

a minimum of 200 nodes, which shall allow for the prediction of the temperature 

at each equipment temperature reference point (TRP).

The TMM shall be verified and correlated using equipment and system level test 

results. The thermal analyses shall cover the whole variety of environmental and 

operational conditions during spacecraft life from launch to end of life.

Requirement Astrium SRS 8.3.1

SSFPS-950 The thermal management subsystem shall maintain all electronic components 

containing integrated circuits between -15C and +60C (TBD).

Requirement Garada T/R Module 

design project

Reverify temperature 

range after selection of 

components
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SSFPS-90 3.2.17 Fault Detection, Isolation and Recovery (FDIR) Heading

SSFPS-853 The Garada spacecraft shall measure all spacecraft and payload parameters that 

could impact SAR operations planning. 

Requirement TK10.2 (Derived)

SSFPS-820 The Garada FDIR shall provide all subsystem health information to CADH. Requirement TK10.2 (Derived)

SSFPS-805 The Garada spacecraft shall provide all subsystem health information to TTAC for 

relay to Ground Station 

Requirement TK10.2 (Derived)

SSFPS-777 The Garada spacecraft shall generate health and status information. Requirement TK10.2 (Derived)

SSFPS-211 The Garada spacecraft shall incorporate a capability to: 

• detect malfunctions;

• perform pre-programmed corrective actions;

• provide reports of malfunctions and corrective actions.

Requirement Astrium SRS 5.3.1

SSFPS-222 The Garada spacecraft shall provide sufficient monitoring data to analyse the 

health status and to detect, isolate and recover failures.

Requirement Astrium SRS 5.3.3

SSFPS-231 The Garada spacecraft shall be capable to detect, identify and recover single 

selected failures which violate the Garada spacecraft availability w.r.t. the mission 

scenario defined in Section 6.2.1 (Spacecraft Functional and Performance 

Requirements - Availability) autonomously. All other failures shall be handled by 

operator intervention.

Requirement Astrium SRS 5.3.4

SSFPS-232 All autonomous Garada spacecraft failure detection, identification and recovery 

strategies shall be pre-programmed.

Requirement Astrium SRS 5.3.4

SSFPS-233 The identification of Garada spacecraft failures shall be possible down to a level 

compatible with reconfiguration at the lowest switchable redundancy level.

Requirement Astrium SRS 5.3.4

SSFPS-234 All autonomous Garada spacecraft failure detection, isolation and recovery 

activities shall be reported in an event history.

Requirement Astrium SRS 5.3.4

SSFPS-312 Reconfiguration after any failure of the Spacecraft to full performance of the space 

segment shall be possible within TBD hours.

Requirement Astrium SRS 6.2.2

SSFPS-384 FDIR data shall be encrypted to prevent cyber intrusion. Requirement Astrium SRS 7.6
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SSFPS-418 The Mission Sequence Test (MST) shall demonstrate that the complete system is 

working properly during a simulation of a typical mission operation phase.

The satellite shall be operated in all modes and the related sub-modes and it shall 

be possible to execute all mode transitions, either initiated by command or 

triggered by the on-board FDIR.  Operation of the instrument is only required on a 

functional level.

Requirement Astrium SRS 8.3.3

SSFPS-470 Single point failures, defined as a single part or unit failure which could cause 

permanent loss of the mission, shall be precluded.  All unavoidable single point 

failures, such as deployable structures, and RF feeds shall be identified as a critical 

item.

Requirement Astrium SRS 9.1

SSFPS-471 Redundancies shall be implemented to eliminate critical modes, avoidable single 

point failures and achieve the required reliability.

Requirement Astrium SRS 9.1

SSFPS-472 Redundancies shall be physically separated to prevent failure propagation from the 

nominal to the redundant path.

Requirement Astrium SRS 9.1
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SSFPS-541 3.3 Segment External Interface Requirements Heading

SSFPS-542 3.3.1 Interface Identification and Diagrams Heading

SSFPS-543 3.3.1.1 Interface Diagram Heading

SSFPS-544 The Space Segment external interfaces are shown in Figure TBD. Requirement TK. 10.2 FPS Interface diagram must 

be developed in design 

phase.

SSFPS-545 3.3.1.2 Spacecraft Interfaces Heading

SSFPS-546 3.3.1.2.1 E14 Beacon Heading

SSFPS-547 3.3.1.2.2 E15 Telecommands Heading

SSFPS-548 3.3.1.2.3 E16 Payload Data Heading

SSFPS-549 3.3.1.2.4 E17 Telemetry Data Heading

SSFPS-550 3.3.1.3 Customer Interfaces Heading

SSFPS-551 3.3.1.3.1 E07 Requests for Data Heading

SSFPS-552 Requests from the customer shall be received electronically and shall be in a 

format specified by the Ground Segment contractor.

Requirement TK. 10.2 FPS

SSFPS-553 Requests shall contain at a minimum, the area to be scanned, data type, data 

format, SAR mode, interpretation, date and time of scan.

Requirement TK. 10.2 FPS

SSFPS-554 3.3.1.3.2 E09 Data Products Heading

SSFPS-555 Data products shall be provided electronically. Requirement TK. 10.2 FPS

SSFPS-556 3.3.1.3.3 E08 Invoicing and Payment Heading

SSFPS-557 Invoicing and payment shall be in vendor format. Requirement TK. 10.2 FPS

SSFPS-558 3.3.1.4 E01 Mains Power Heading

SSFPS-559 Not applicable. Requirement TK. 10.2 FPS

SSFPS-560 3.3.1.5 E05 Voice Comms Heading

SSFPS-561 Not applicable. Requirement TK. 10.2 FPS

SSFPS-562 3.3.1.6 E04 Email and Web Access Heading

SSFPS-563 Not applicable. Requirement TK. 10.2 FPS

SSFPS-564 3.3.1.7 E06 Public Web Access Heading

SSFPS-565 Access to the Ground Segment public web site shall be in accordance with 

ISO/IEC 15445:2000.

Requirement TK. 10.2 FPS

SSFPS-566 3.3.1.8 E10 Earth Observation Data Heading
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SSFPS-567 Not applicable. Requirement TK. 10.2 FPS

SSFPS-568 3.3.1.9 Conjunction Assessment Service Heading

SSFPS-569 Interface E02 Orbital data shall be provided as NORAD two line element sets. Requirement TK. 10.2 FPS

SSFPS-570 Interface E03 Conjunction assessment data shall be in vendor format. Requirement TK. 10.2 FPS

SSFPS-571 3.3.1.10 E11 Flight Software Vendors Heading

SSFPS-572 Flight software shall be provided in vendor format with, at a minimum, 

documentation that describes the configuration and use of the software.

Requirement TK. 10.2 FPS

SSFPS-573 3.3.1.11 E12 Ground Software Vendors Heading

SSFPS-574 Not applicable. Requirement TK. 10.2 FPS

SSFPS-575 3.3.1.12 E13 Launch Services Heading

SSFPS-576 The interface of the space segment to launch services shall be in accordance 

with the requirements of the launch service provider.

Requirement TK. 10.2 FPS

SSFPS-577 3.3.2 Interface to GFE Heading

SSFPS-578 Not applicable. Advice TK. 10.2 FPS

SSFPS-579 3.4 System Internal Interface Requirements Heading

SSFPS-580 The internal interface requirements shall be determined during the system 

design phase and specified in the requirements specifications for system 

components. This shall include the preparation of a space segment internal 

interface diagram.

Requirement TK. 10.2 FPS

SSFPS-581 3.5 System Internal Data Requirements Heading

SSFPS-582 The internal data requirements shall be determined during the system design 

phase and specified in the requirements specifications for system components.

Advice TK. 10.2 FPS

SSFPS-583 3.6 Adaptation Requirements Heading

SSFPS-584 Not applicable. Advice TK. 10.2 FPS

SSFPS-585 3.7 Safety Requirements Heading

SSFPS-586 3.7.1 General Heading

SSFPS-587 All of the space segment assembly, integration and test personnel access ways 

shall conform to AS 4024.1702.

Requirement TK. 10.2 FPS
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SSFPS-588 The space segment assembly, integration and test facility shall comply with AS 

1657.

Requirement TK. 10.2 FPS

SSFPS-589 The noise levels within the occupied areas of the space segment assembly, 

integration and test facility shall not exceed the levels specified in NOHSC:2009 

(2004).

Requirement TK. 10.2 FPS

SSFPS-590 The space segment design, assembly, integration and test facility Computer 

workstations shall comply with the requirements of AS/NZS 4443. Requirement

Requirement TK. 10.2 FPS

SSFPS-591 The  Light levels within the inhabited areas of the space segment design, 

assembly, integration and test facilities shall conform to those recommended in 

AS/NZS 1680.

Requirement TK. 10.2 FPS

SSFPS-592 3.7.2 Electrical Safety Heading

SSFPS-593 The installation and earthing for all  electrical equipment including racks, 

cabinets and associated equipment shall conform to the requirements of AS 

3000.

Requirement TK. 10.2 FPS

SSFPS-594 All equipment in the space segment design, assembly, integration and test 

facilities that is capable of being connected to the 230/400V AC mains supply 

shall comply with the requirements of AS3100.

Requirement TK. 10.2 FPS

SSFPS-595 All equipment in the space segment design, assembly, integration and test 

facilities that is capable of being connected to the 230/400V AC mains supply 

shall comply with the requirements of AS60950.1.

Requirement TK. 10.2 FPS

SSFPS-596 The space segment design, assembly, integration and test facilities shall protect 

personnel, equipment and facilities against direct and conducted effects of 

lightning in accordance with AS/NZS 1768.

Requirement TK. 10.2 FPS

SSFPS-597 Fibre systems used in the space segment design, assembly, integration and test 

facilities shall meet the requirements of AS/NZS 2211.2.

Requirement TK. 10.2 FPS

SSFPS-598 3.7.3 Space Segment Facility Mechanical Safety 

Requirements

Heading

SSFPS-599 Not applicable. Requirement TK. 10.2 FPS

SSFPS-600 Not applicable. Requirement TK. 10.2 FPS

SSFPS-601 Not applicable. Requirement TK. 10.2 FPS

SSFPS-602 Not applicable. Requirement TK. 10.2 FPS
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SSFPS-603 Not applicable. Requirement TK. 10.2 FPS

SSFPS-604 Not applicable. Requirement TK. 10.2 FPS

SSFPS-605 Where guarding is used as a control measure in the space segment design, 

assembly, integration and test facilities it shall be designed and installed in 

accordance with AS 4024.1601.

Requirement TK. 10.2 FPS

SSFPS-606 Safety related human-machine interfaces that are part of the space segment 

design, assembly, integration and test facilities shall conform to the applicable 

requirements of AS 4024.1904.

Requirement TK. 10.2 FPS

SSFPS-607 Not applicable. Requirement TK. 10.2 FPS

SSFPS-608 3.7.4 Hazardous Materials Heading

SSFPS-609 Substances that are listed in Schedule 1 of the Ozone Protection and Synthetic 

Greenhouse Gas Management Act 1989 shall not be used in the space segment 

design, assembly, integration and test facilities.

Requirement TK. 10.2 FPS

SSFPS-610 For all Hazardous Substances incorporated into the space segment design, 

assembly, integration and test facilities, full details shall be provided to the 

Commonwealth in the format of a Material Safety Data Sheet in accordance with 

NOHSC: 2011 (1994).

Requirement TK. 10.2 FPS

SSFPS-611 The space segment design, assembly, integration and test facilities equipment 

containing dangerous materials shall be labeled in accordance with AS 1216.

Requirement TK. 10.2 FPS

SSFPS-612 3.7.5 Signage Heading

SSFPS-613 The space segment design, assembly, integration and test facilities shall include 

danger, caution and warning signs fixed to equipment to advice of specific 

hazards such as high voltage, high temperature and radiation in accordance with 

AS 1319 – 1994.

Requirement TK. 10.2 FPS

SSFPS-614 3.7.6 Radiation Hazard Heading

SSFPS-615 Not applicable. Requirement TK. 10.2 FPS

SSFPS-616 3.7.7 Power Protection Heading

SSFPS-617 The space segment design, assembly, integration and test facilities shall be 

protected against damage caused by excessive current.

Requirement TK. 10.2 FPS
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SSFPS-618 During assembly, integration and test, the space segment shall be protected 

against damage caused by short circuit at all antenna ports, audio connections 

and control connections.

Requirement TK. 10.2 FPS

SSFPS-619 3.8 Security and Privacy Requirements Heading

SSFPS-620 All space segment design, assembly, integration and test facility workstations 

shall have access requiring user login and password.

Requirement TK. 10.2 FPS

SSFPS-621 Users shall be granted permissions to access space segment capabilities based 

on their role.

Requirement TK. 10.2 FPS

SSFPS-622 Not applicable. Requirement TK. 10.2 FPS

SSFPS-623 Not applicable. Requirement TK. 10.2 FPS

SSFPS-624 3.9 System Environment Requirements Heading

SSFPS-463 Appropriate facilities shall be selected to support the Assembly, Integration and 

Verification (AIV) programme at all levels.

Requirement Astrium SRS 8.6

SSFPS-464 Special facility requirements, if needed, shall be identified early in the 

programme.

Requirement Astrium SRS 8.6

SSFPS-468 Suitable storage facilities shall be provided for the Garada spacecraft at all stages 

throughout the verification programme.

Requirement Astrium SRS 8.6

SSFPS-469 The conditions required during storage of the Garada spacecraft are TBD. Requirement Astrium SRS 8.6

SSFPS-625 3.9.1 Mainland Australia and Tasmania Location Heading

SSFPS-626 Not applicable. Requirement TK. 10.2 FPS

SSFPS-627 Not applicable. Requirement TK. 10.2 FPS

SSFPS-628 Not applicable. Requirement TK. 10.2 FPS

SSFPS-629 Not applicable. Requirement TK. 10.2 FPS

SSFPS-630 Not applicable. Requirement TK. 10.2 FPS

SSFPS-631 The space segment HBDL  shall support operation when the ground station is 

exposed to driving rain of up to and including 50 mm/hr at a wind velocity of 20 

m/s for a ten minute mean at ten metre height.

Requirement TK. 10.2 FPS

SSFPS-632 Not applicable. Requirement TK. 10.2 FPS

SSFPS-633 3.9.2 Locations outside of Mainland Australia and Tasmania Heading

SSFPS-634 Not applicable. Requirement TK. 10.2 FPS
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SSFPS-635 3.10 Computer Resource Requirements Heading

SSFPS-636 Each computer processor used in the Space Segment shall use a maximum of 

50% processor capacity.

Requirement TK. 10.2 FPS

SSFPS-637 Each computer processor used in the Space Segment shall use a maximum of 

50% of processor memory capacity.

Requirement TK. 10.2 FPS

SSFPS-638 Each computer processor used in the Space Segment shall use a maximum of 

50% of input/output capacity.

Requirement TK. 10.2 FPS

SSFPS-639 3.11 System Quality Factors Heading

SSFPS-310 From the time the Garada spacecraft has been handed over to the primary 

customer of Garada (IOD), the probability of survival due to random failure 

causes (non-environmental) for the Garada Spacecraft shall not be less then 0.8 

(TBD) after 5 years.

Requirement Astrium SRS 6.2.2

SSFPS-317 The Garada spacecraft shall be designed to allow for an on-ground storage in a 

controlled environment of 2 years after the Flight Acceptance Review without 

the need for maintenance.

Requirement Astrium SRS 6.2.3

SSFPS-459 The requirements for spares at the spacecraft-level are TBD. Requirement Astrium SRS 8.4.4

SSFPS-737 System quality factors shall support a spacecraft operational lifetime of TBD 

years.

Requirement

SSFPS-394 In order to verify compatibility with the selected launchers and to support 

structural verification by testing, the following structural analyses shall be 

performed:

I. Satellite - Launcher Coupled Dynamic Analysis (LCDA) to verify that

   • the natural frequency requirement of the satellite is met

   • the dynamic coupling of the launcher, the satellite and units on the satellite 

is acceptable

II. Satellite Dynamic Analysis to verify that 

   • the natural frequency requirements are met

   • the structure is capable to withstand the launch loads.

III. Stress analysis for all load carrying elements

IV. Vibration Test Prediction

V. Impact Assessment of Launch Adapter interface loads and stresses

Requirement Astrium SRS 8.3.1

 
V01_00

                                                        122 
Annex 11. Detailed Requirements Analysis of the Garada Mission

 
30th June 2013



ID Function and Performance Specification Type Traceability Issue to Resolve

SSFPS-411 For verification of the integration workmanship, a sine sweep test shall be 

performed in the given order:

(1) Alignment Check

(2) Low Level Resonance Search

(3) Acceptance Level Sine Sweep Test

(4) Low Level Resonance Search

(5) Abbreviated Functional Test

(6) Alignment Check

(7) Visual Inspection

The satellite configuration shall be fully flight-representative (launch 

configuration). The satellite shall be tested together with the flight 

representative launcher adapter, if existing. The satellite shall be attached to the 

launcher adapter via its regular interface.

For each Spacecraft axis the test shall start with a low level run as basis for the 

definition of potential notches (shaker input reduction in certain frequency 

range(s)) such that satellite or unit limit loads are not exceeded and for the 

definition of pilot and abort accelerometer channels and their response limits.

For the acceptance run, the test loads and duration shall be as agreed with the 

launcher authority.  Units powered during launch shall also be powered during 

vibration testing and monitored for failures or intermittent operation.  After the 

acceptance run the low level run shall be repeated. The comparison of both low 

Requirement Astrium SRS 8.3.3

SSFPS-413 After successful performance of the vibration test sequence, all launcher adapter 

and spacecraft pyros (if existing) shall be fired with flight representative 

charge/timing.  Units which are powered on during Spacecraft separation shall 

be shock tested in the powered on state.

After the shock tests a visual inspection of the complete spacecraft shall be 

performed to identify any structural, thermal or other hardware 

failure/degradation.

Requirement Astrium SRS 8.3.3
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SSFPS-415 An Acoustic Noise Test shall be performed on satellite level to certify system 

workmanship and verify system integrity (visual inspection) and functional 

performance in launch configuration.  Test levels and durations shall be agreed 

with the launcher authority.

After the acoustic tests a visual inspection of the complete spacecraft shall be 

performed to identify any structural, thermal or other hardware 

failure/degradation.

Requirement Astrium SRS 8.3.3

SSFPS-640 3.11.1 Availability Heading

SSFPS-641 The combined availability of the space segment shall be better than 99.85% over 

areas to be scanned.

Requirement TK. 10.2 FPS

SSFPS-642 Not applicable. Requirement TK. 10.2 FPS

SSFPS-643 3.11.2 Maintainability Heading

SSFPS-644 Not applicable. Requirement TK. 10.2 FPS

SSFPS-645 Not applicable. Requirement TK. 10.2 FPS

SSFPS-646 Not applicable. Requirement TK. 10.2 FPS

SSFPS-647 3.12 Design and Construction Constraints Heading

SSFPS-648 The Space Segment design shall consider the use COTS hardware for the SAR 

system and other subsystems where the impact on reliability can be tolerated.

Constraint TK. 10.2 FPS

SSFPS-649 Not applicable. Constraint TK. 10.2 FPS

SSFPS-650 To minimise Ground Segment development and operating costs, the Space 

Segment design shall be compatible with existing ground infrastructure  where 

possible.

Constraint TK. 10.2 FPS

SSFPS-651 Where data formats are not specified here, standard industry data formats shall 

be used where possible.

Constraint TK. 10.2 FPS

SSFPS-652 To accommodate possible future applications the Space Segment shall be 

designed to allow for the separation of data and data processing into classified 

and unclassified classes.

Requirement TK. 10.2 FPS

SSFPS-653 In the MCS and MMDPS, it shall be possible to test new algorithms in parallel 

with the operation of existing algorithms.

Constraint TK. 10.2 FPS

SSFPS-654 Not applicable. Constraint TK. 10.2 FPS
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SSFPS-655 3.13 Personnel-related Requirements Heading

SSFPS-656 Software and hardware user manuals shall be electronically accessible from the 

computer workstations.

Requirement TK. 10.2 FPS

SSFPS-657 Software applications shall have context sensitive help available to the operator. Requirement TK. 10.2 FPS

SSFPS-658 3.14 Training-related Requirements Heading

SSFPS-659 The Space Segment development shall support development of a simulator to 

support GS operational training.

Advice TK. 10.2 FPS

SSFPS-660 3.15 Logistics-related Requirements Heading

SSFPS-661 To be developed in the design phase. Advice TK. 10.2 FPS

SSFPS-662 3.16 Other Requirements Heading

SSFPS-663 Not applicable. Advice TK. 10.2 FPS

SSFPS-664 3.17 Packaging Requirements Heading

SSFPS-665 To be developed in the design phase. Advice TK. 10.2 FPS

SSFPS-666 3.18 Precedence and Criticality of Requirements Heading

SSFPS-667 Order of precedence: In the event of a conflict between the text of this 

specification and the references cited herein, the text of this specification takes 

precedence. Nothing in this specification, however, supersedes applicable laws 

and regulations unless a specific exemption has been obtained.

Requirement TK. 10.2 FPS

SSFPS-668 4 Qualification Provisions Heading
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SSFPS-389 The objectives of the Garada spacecraft performance verification process are 

subdivided in two areas ' Pre-Launch and Post-Launch (TBC) Verification ' and 

they shall be:

Pre-Launch Verification

– to demonstrate the qualification of design and performance, as meeting all 

specified requirements at all levels (from lower to system level);

– to ensure that the flight hardware and software are free from workmanship 

defects and accepted for flight;

– to predict flight variations and provide data for calibration, in-flight 

performance verification and ground processor initialisation;

– to verify tools, procedures and personnel necessary to support the system 

ground and flight operations;

– to confirm system integrity and quality of performance after certain stages in 

the project life cycle.

Post–Launch Verification ( i.e. Spacecraft In Orbit Delivery acceptance ), TBC

– to demonstrate Spacecraft performance (e.g. AOCS, pointing, power, timing, 

thermal, data handling, etc.) meets its in-orbit specification (including in-orbit 

accuracy);

– calibration of SAR Instrument;

– to demonstrate that the SAR Instrument measurement and characterisation 

performance are within specification;

– to verify the system design driven basic products and the related performance 

of GS SAR processing as well as the in-flight calibration.

Requirement Astrium SRS 8.1

SSFPS-399 The Garada spacecraft shall be tested on-ground in accordance with the test 

requirements specification.

Requirement Astrium SRS 8.3.2

SSFPS-400 The structure and modularity of Garada spacecraft tests shall allow the transfer 

of test results from lower to higher level for tests of the same nature.

Requirement Astrium SRS 8.3.2

SSFPS-401 The Garada spacecraft shall be designed to include sufficient test points to allow 

all the Garada spacecraft functional and performance tests.

Requirement Astrium SRS 8.3.2

SSFPS-402 The use of special tools and equipment for testing and measurement shall be 

avoided as far as possible.

Requirement Astrium SRS 8.3.2
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SSFPS-403 The time for the Garada spacecraft unit integration, hardware replacement or 

test shall be minimised by adequate means.

Requirement Astrium SRS 8.3.2

SSFPS-406 Critical Garada Spacecraft alignments shall be identified at an early stage in the 

verification programme.

Requirement Astrium SRS 8.3.2

SSFPS-407 The Garada spacecraft-level test programme shall comprise the functional and 

environmental tests as defined below: 

      Test / Measurement

(1)  Electrical I/F Test

(2)  Comprehensive Performance Test (CPT)

(3)  Sine Sweep Test

(4)  Separation Shock Test

(5)  Acoustic Noise Test

(6)  Integrated System Test (IST)

(7)  Mission Simulation Test (MST)

(8)  Abbreviated Function Test (AFT) (multiple)

(9)  RF Compatibility Test X- and S- band (suitcase only)

(10)  EMC/EMI Test

(11)  TB/TV Test

(12)  Mass property measurement and balance

(13)  Alignment measurement

(14)  Leakage Test

(15)  Bonding Measurement

(16)  Deployment Test

(17)  System Validation Test

Requirement Astrium SRS 8.3.3

SSFPS-409 The electrical interface testing shall be performed during electrical integration of 

units at system level. The wiring attachment, electrical connection, shielding 

grounding in/output circuit characteristics and in/output functional checks shall 

be performed according to the unit specific requirement. The bonding 

requirements shall be verified.

Requirement Astrium SRS 8.3.3
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SSFPS-410 For verification of the integration workmanship, a sine sweep test shall be 

performed in the given order:

(1) Alignment Check

(2) Low Level Resonance Search

(3) Acceptance Level Sine Sweep Test

(4) Low Level Resonance Search

(5) Abbreviated Functional Test

(6) Alignment Check

(7) Visual Inspection

The satellite configuration shall be fully flight-representative (launch 

configuration).  The satellite shall be tested together with the flight 

representative launcher adapter, if existing.  The satellite shall be attached to 

the launcher adapter via its regular interface.

For each Spacecraft axis the test shall start with a low level run as basis for the 

definition of potential notches (shaker input reduction in certain frequency 

range(s)) such that satellite or unit limit loads are not exceeded and for the 

definition of pilot and abort accelerometer channels and their response limits.

For the acceptance run, the test loads and duration shall be as agreed with the 

launcher authority.  Units powered during launch shall also be powered during 

vibration testing and monitored for failures or intermittent operation.  After the 

acceptance run the low level run shall be repeated.  The comparison of both low 

Requirement Astrium SRS 8.3.3

SSFPS-412 After successful performance of the vibration test sequence, all launcher adapter 

and spacecraft pyros (if existing) shall be fired with flight representative 

charge/timing.  Units which are powered on during Spacecraft separation shall 

be shock tested in the powered on state.

After the shock tests a visual inspection of the complete spacecraft shall be 

performed to identify any structural, thermal or other hardware 

failure/degradation.

Requirement Astrium SRS 8.3.3
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SSFPS-414 An Acoustic Noise Test shall be performed on satellite level to certify system 

workmanship and verify system integrity (visual inspection) and functional 

performance in launch configuration.  Test levels and durations shall be agreed 

with the launcher authority.

After the acoustic tests a visual inspection of the complete spacecraft shall be 

performed to identify any structural, thermal or other hardware 

failure/degradation.

Requirement Astrium SRS 8.3.3

SSFPS-416 The Integrated System Test (IST) shall verify the correct performance of the 

satellite in all operational modes and with all individual functions in the specified 

manner.  All instrument modes will be executed with Tx amplitudes set to zero 

(i.e. antenna not radiating).  The antenna Tx and Rx characteristics can be tested 

using the calibration mode. 

The IST shall be repeated during TV/TB test.

Requirement Astrium SRS 8.3.3

SSFPS-417 The Mission Sequence Test (MST) shall demonstrate that the complete system is 

working properly during a simulation of a typical mission operation phase.

The satellite shall be operated in all modes and the related sub-modes and it 

shall be possible to execute all mode transitions, either initiated by command or 

triggered by the on-board FDIR.  Operation of the instrument is only required on 

a functional level.

Requirement Astrium SRS 8.3.3

SSFPS-419 The Abbreviated Functional Test (AFT) shall contain a concise subset of the IST.  

It shall serve as a go/no go check of the satellite and its components after each 

transport, during the environmental test program and after integration on the 

launcher.  The test shall be performed at nominal system conditions only, 

alternating between main and redundant chains.

Requirement Astrium SRS 8.3.3

SSFPS-420 The RF Compatibility Test shall verify that the uplink (S-Band only) and down-link 

characteristics of the satellite and the ground stations used during LEOP and in 

the operational phase of the mission are compatible.  For these tests, an S-Band 

RF Compatibility Tester (RFCT) and a X-Band RFCT, respectively, shall be used.

Requirement Astrium SRS 8.3.3
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SSFPS-422 Conducted Emission/Conducted Susceptibility shall be verified prior to final 

closure of the spacecraft interior with panels / thermal H/W in electrically flight 

configuration.  Radiated Emission / Radiated Susceptibility shall be verified with 

a completely integrated satellite in a dedicated EMC chamber.  It shall be verified 

that pyro squibs (if applicable) will not unintentionally be ignited.

Requirement Astrium SRS 8.3.3

SSFPS-423 A thermal balance and vacuum test (TB/TV test) shall be performed including a 

TB part to verify the thermal design and a TV part with a hot and cold IST and 

MST, to verify satellite function and performance under thermal vacuum 

conditions.  Since RF radiation is not possible within the TV chamber, the Garada 

instrument shall be operated in its calibration mode.  For the TV cold and hot 

phases, the S/C temperature level shall be adjusted such that at least one of S/C 

internal units is at its acceptance temperature limit, when performing the IST 

and MST.

Requirement Astrium SRS 8.3.3

SSFPS-425 The CoM-requirement shall be verified by a balance test campaign consisting of 

combined static/dynamic measurement and trimming (TBC).  The spacecraft 

shall be:

• fully flight representative (except final balance masses)

• the mass of the hydrazine in the tank shall suitably be simulated.

The influence of variable configuration items shall be tested.

After installation of the final balance masses, the result of final balancing 

(position of the CoM and the orientation of the S/C principal axes) shall be 

verified by a second test run (TBC).

Requirement Astrium SRS 8.3.3

SSFPS-427 A System Validation Test shall be performed, which repeats the Mission 

Sequence Test, but with the satellite operated via the Mission Operation Centre 

instead of the Central Check-Out Equipment.  This System Validation Test (SVT) is 

under responsibility of the customer.

Requirement Astrium SRS 8.3.3
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SSFPS-428 The following test programme on a flight representative SAR Instrument 

Demonstrator (elegant breadboard) is defined below: 

        Test / Measurement

        Electrical I/F test (internal and external I/F)

        Comprehensive functional test

        Comprehensive performance test (CPT)

        Complementary EMC test

        Column level pattern verification

Requirement Astrium SRS 8.3.4

SSFPS-429 The instrument level FM test programme shall comprise the tests defined below: 

        Test / Measurement 

        Electrical I/F test (internal and external I/F)

        Comprehensive functional test

        Test of redundant functions

        Antenna planarity and alignment

        Comprehensive performance test (CPT) and instrument characterisation 

        Complementary tests of performance parameters (supported by analysis)

Requirement Astrium SRS 8.3.4

SSFPS-430 The testing of internal and external electrical interfaces shall be performed 

during electrical integration of units at the instrument level.  The wiring 

attachment, electrical connection, shielding grounding in/output circuit 

characteristics and in/output functional checks shall be performed according to 

the instrument interface requirement.  The bonding requirements shall be 

verified.

Requirement Astrium SRS 8.3.4

SSFPS-433 The integrated instrument shall be verified for correct operation in all modes 

and with the defined individual functions in the specified manner.

Requirement Astrium SRS 8.3.4
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SSFPS-435 The integrated instrument shall be verified for correct operation in all modes 

and with the defined individual functions in the specified manner with selected 

combinations of nominal and redundant units. 

Requirement Astrium SRS 8.3.4

SSFPS-437 Planarity and orientation of the SAR antenna support structure shall be 

measured after final mechanical assembly.  Deviations shall be compensated by 

shimming.  After mounting of all antenna panels, a check of the final alignment 

of the radiating elements shall be performed.

Requirement Astrium SRS 8.3.4

SSFPS-439 The integrated SAR instrument shall be verified for correct performance of the 

specified parameters.  Data for the characterisation of the instrument 

performance will be recorded in the frame of a characterisation test performed 

within selected operationally and thermally stabilised operating states.

Requirement Astrium SRS 8.3.4

SSFPS-443 The integrated instrument shall be verified (in specific modes) for selected 

emission levels and for correct operation under Electro-Magnetic Compactibility 

(EMC) conditions which cannot be verified on unit level.

Requirement Astrium SRS 8.3.4

SSFPS-445 The functional performance test on unit/system level shall include verification of 

the unit function and specified performance parameters.

Requirement Astrium SRS 8.3.5

SSFPS-446 The electrical I/F test shall include measurement/application of voltages, 

impedance, frequencies, pulses and wave forms at the electrical interfaces of 

the unit as far as appropriate.  The data output shall be compared with the 

specified requirements.

Requirement Astrium SRS 8.3.5

SSFPS-448 Sine and random vibration tests shall be conducted on all units to verify their 

acceptability for the Garada spacecraft verification programme.  The test loads 

and duration shall be derived from an Garada spacecraft structural analysis 

enveloping all potential launcher candidates and shall include sufficient margin.  

Units powered during launch shall also be powered during vibration testing and 

monitored for failures or intermittent operation.  The sine test is not required for 

units with already proven design according to the Garada spacecraft test loads.  

A full functional test shall precede and follow the vibration tests.

Requirement Astrium SRS 8.3.5

 
V01_00

                                                        132 
Annex 11. Detailed Requirements Analysis of the Garada Mission

 
30th June 2013



ID Function and Performance Specification Type Traceability Issue to Resolve

SSFPS-450 Shock test requirements are TBD.  Nevertheless, each unit supplier shall agree to 

the applicability of an envelope over all launcher/satellite separation shock 

spectra.

Requirement Astrium SRS 8.3.5

SSFPS-452 Unit thermal acceptance tests may be performed in vacuum or ambient 

pressure, depending on the unit vacuum sensitivity.

Requirement Astrium SRS 8.3.5

SSFPS-454 In general, for qualification of electronics and structural parts, temperature 

cycling tests under vacuum are required.

Requirement Astrium SRS 8.3.5

SSFPS-454 In general, for qualification of electronics and structural parts, temperature 

cycling tests under vacuum are required.

Requirement Astrium SRS 8.3.5

SSFPS-457 Each electrical equipment shall be subjected to a conductive EMC test according 

to MIL-STD 462 D. Prior to performance of the conducted emission and 

susceptibility test, DC isolation and bonding shall be measured.

Requirement Astrium SRS 8.3.5

SSFPS-532 For system design qualification and flight acceptance, the following models shall 

be prepared:

• Structure Model (StM)

• Electrical Model or Test Bench (TbH)

• Protoflight Model (PFM)

Requirement Astrium SRS 8.4

SSFPS-533 The StM shall support qualification tests of the satellite structure. Requirement Astrium SRS 8.4.1

SSFPS-534 The StM shall support as a minimum the following major tests:

• Static Test (Structure only)

• Fit check

• Mass Properties and alignment

• Leakage (if applicable)

• Modal survey

• Sine Vibration

• Acoustic Vibration

Requirement Astrium SRS 8.4.1

SSFPS-537 The Electrical Model shall be used to qualify by test the electrical design of the 

satellite, its operational and functional interfaces and the system checkout 

including software and data base.

Requirement Astrium SRS 8.4.2
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SSFPS-538 The Electrical Model shall support as a minimum the following  tests:

• Electrical integration

• Functional tests

• Ground Segment preliminary compatibility tests

Requirement Astrium SRS 8.4.2

SSFPS-466 The use of a particular facility must in no way result in unacceptable degradation 

of the test article or invalidation of the verification results.

Requirement Astrium SRS 8.6

SSFPS-467 Facilities shall be selected, accounting for the physical size of the Garada 

spacecraft and Instrument in a deployed configuration.

Requirement Astrium SRS 8.6

SSFPS-500 All parts (mechanical and electrical), materials and processes shall be selected to 

fulfil the performance, lifetime and reliability requirements in the orbit 

environment of the Garada spacecraft.

Requirement Astrium SRS 10.3

SSFPS-669 5 Requirements Traceability Heading

SSFPS-670 Traceability to parent specifications is not applicable to system level 

requirements. Where applicable, traceability to other project documents is 

indicated with the requirement.

Advice TK. 10.2 FPS

SSFPS-671 6 Notes Heading

SSFPS-672 6.1 Abbreviations and Acronyms Heading
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SSFPS-673 ADACS   Attitude Determination and Control Subsystem

ASRP   Australian Space Research Program

BIT   Built In Test

CADH   Command And Data Handling

CCRS   Canadian Centre of Remote Sensing

CEOS   Committee on Earth Observation Satellites

COTS   Commercial Off The Shelf

CS   Communication Subsystem

EGSE   Electrical Ground Support Equipment

EOSAT   Earth Observation Satellite picture data format

EPS  Electrical Power Subsystem

FDIR  Fault Detection, Identification and Reporting subsystem

FPS   Functional Performance Specification

FTP   File Transfer Protocol

GFE   Government Furnished Equipment

GNSS   Global Navigation Satellite System

GNSS-R   GNSS Reflectometry payload

GS   Ground Segment

GSE  Ground Support Equipment

GSS   Ground Station Subsystem

HAR    Harness

HBDL   High Bandwidth Down Link subsystem

HDF   Hierarchical Data Format

LEOP   Launch and Early Orbit Phase

LHCP   Left Hand Circular Polarised

LRU   Line Replaceable Unit

MCS   Mission Control Subsystem

MGSE   Mechanical Ground Support Equipment

Information
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SSFPS-673 

cont'd.

MGSE   Mechanical Ground Support Equipment

MMDPS  Mission Management and Data Processing Subsystem

NOHSC   National Occupational Health and Safety

OFCS   Optical Fibre Communication Systems

OOD Onboard Orbit Determination Subsystem

OSRB   Objective System Requirements Baseline

PAWS   Public Accessible Web Site

PROP   Propulsion subsystem

RHCP   Right Hand Circular Polarised

SAR   Synthetic Aperture Radar

SDS   Signal Distribution Subsystem

SFF   Support for Formation Flying subsystem

SRS Spacecraft Requirement Specification

SS   Support Subsystem

SSS   System/Subsystem Specification

TBC   To Be Calculated

TBD   To Be Determined

THM   Thermal Management subsystem

TTAC   Tracking, Telemetry And Control subsystem

TLE   Two Line Element

V&V   Verification and Validation

Information
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GSFPS-39 1 Scope Heading  

GSFPS-40 1.1 Identification Heading  

GSFPS-525 This is the Ground Segment Functional Performance Specification (FPS) for the Garada Formation Flying 

Synthetic Aperture Radar (SAR) system. The document is a deliverable under Garada Work Package 10- 

Ground Segment Study, deliverable TK 10.2 Functional Performance Specification.  The document has been 
prepared in accordance with DI-IPSC-81431A.    It has been prepared using the DOORS 9.3 requirements 

management tool. 

Information  

GSFPS-41 1.2 System Overview Heading  

GSFPS-526 Garada, funded under the Australian Space Research Program (ASRP), is a collaborative space engineering 

research project at the Australian Centre for Space Engineering Research. Garada is investigating the design 
of a low cost L-Band Formation Flying SAR satellite system for monitoring regional deforestation and forest 

degradation, soil moisture mapping, flood and disaster monitoring.  Consortium members include the 

University of New South Wales, EADS Astrium, Curtin University of Technology, TU Delft, BAE Systems and 
General Dynamics Corporation. 

Information  
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GSFPS-647 The Garada System is comprised of a Ground Segment and a Space Segment.   

The Space Segment consists of: 

i)     Two spacecraft with each comprising of a satellite platform with Synthetic Aperture Radar (SAR) and 
Global Navigation Satellite System (GNSS) payloads. 

ii)    Electrical Ground Support Equipment. 

iii)   Mechanical Ground Support Equipment 

iv)   Launch Services 

This FPS specifies the requirements for the Ground Segment. 

The Ground Segment is comprised of five systems:  

a)   A Ground Station System (GSS) that undertakes the reception of payload and telemetry data and the 
transmission of command data to the Garada Spacecraft. 

b)   A Mission Control System (MCS) that undertakes the monitoring and control of the spacecraft and 

payloads, operations planning and scheduling, and GSS monitoring and control. 

c)    A Mission Management and Data Processing System (MMDPS) that undertakes the calibration and 

processing of the SAR and GNSS payloads, interpretation of imagery, receiving of customer requests and 
distribution of processed products to customers. 

d)   A Communications System (CS) that handles all voice and data communications between the systems 

and with the outside world. 

e)   A Support System (SS) that provides hardware and software maintenance and upgrades to the Ground 

Segment. 

The Ground Segment context is shown in Figure 1. 

Information  

GSFPS-42 1.3 Document Overview Heading  

GSFPS-524 This document specifies the system level requirements for the Garada Ground Segment.  Figures are located 
at the end of the document. 

Information  

GSFPS-43 2 Applicable Documents Heading  
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GSFPS-551 2.1 Australian Standards Heading  

GSFPS-560 AS 1319:1994 - Safety Signs for the Occupational Environment Requirement  

GSFPS-561 AS 1657:1992 - Fixed platforms, walkways, stairways and ladders - Design, construction and installation Requirement  

GSFPS-559 AS/NZS 1680:2006 - Interior and workplace lighting Requirement  

GSFPS-554 AS/NZS 1768:2007 - Lightning protection Requirement  

GSFPS-563 AS/NZS 2211.2:2006 - Safety of laser products - Safety of optical fibre communication systems (OFCS) Requirement  

GSFPS-556 AS 4024.1604:2006 - Safety of machinery Part 1604: Design of controls, interlocks and guarding - Emergency 

stop - Principles for design 

Requirement  

GSFPS-568 AS 4024.1702:2006 - Safety of machinery Part 1702: Human body measurements – Principles for 

determining the dimensions required for openings for whole body access into machinery. 

Requirement  

GSFPS-567 AS 4024.1904:2006 - Safety of machinery Part 1904: Displays, controls, actuators and signals - Indication, 
marking and actuation - Requirements for visual, auditory and tactile signals 

Requirement  

GSFPS-555 AS/NZS 3000:2007 - Wiring Rules Requirement  

GSFPS-570 AS/NZS 3100:2009 - Approval and test specification - General requirements for electrical equipment Requirement  

GSFPS-557 AS/NZS 4443:1997  Office Panel Systems— Workstations Requirement  

GSFPS-571 AS/NZS 5070.1:2008 - Siting and operation of radio communications facilities - General guidelines for fixed, 

mobile and broadcasting facilities including fixed location satellite earth stations independent of the operating 

frequency 

Requirement  

GSFPS-562 AS/NZS 60950.1:2011 - Information technology equipment - Safety - General requirements Requirement  

GSFPS-573 AS/CA S003.1:2010   Requirements for Customer Access Equipment for connection to a Telecommunications 

Network 

Requirement  

GSFPS-553 2.2 Other Documents Heading  

GSFPS-564 Ozone Protection and Synthetic Greenhouse Gas Management Act 1989  Requirement  

GSFPS-566 DEF(AUST)5168   The climactic and environmental conditions affecting the design of military materiel.   Requirement  
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ID Function and Performance Specification Type Traceability 

GSFPS-565 DI-IPSC-81431A  Data Item Description: System/Subsystem Specification  (SSS) (10 JAN 2000) Requirement  

GSFPS-574 ISO/IEC 15445:2000  Information technology -- Document description and processing languages -- 

HyperText Markup Language (HTML)    

Requirement  

GSFPS-558 NOHSC:2011 (1994) - Preparation of Material Safety Data Sheets Requirement  

GSFPS-714 OH&S (Safety Standards) Regulations 1994. Requirement  

GSFPS-44 3 Requirements Heading  

GSFPS-45 3.1 Required States and Modes Heading  

GSFPS-69 The required states and modes are listed separately under each system. Information  

GSFPS-46 3.2 System Capability Requirements Heading  

GSFPS-70 3.2.1 Segment Requirements Heading  

GSFPS-71 3.2.1.1 Data Request Policy Heading  

GSFPS-75 The Ground Segment shall establish a Data Request Policy that defines the terms for a valid customer 

request. 

Requirement  

GSFPS-72 The Data Request Policy shall define criteria including who can request data, what data can be requested, 
compliance with Australian and International rules and regulations, data to be available to the public and 

priorities for customer requests. 

Requirement  

GSFPS-76 The Ground Segment shall receive and evaluate requests from external agencies for changes to the Data 
Request Policy. 

Requirement  

GSFPS-77 The Ground Segment shall review and maintain the Data Request Policy throughout the life of the project. Requirement  

GSFPS-79 3.2.1.2 Segment Operation Heading  

GSFPS-80 The MCS, GSS and CS shall operate continuously.   Requirement  

GSFPS-631 The SS hardware maintenance shall support the continuous operation of the MCS, GSS and CS. Requirement  

GSFPS-81 The MMDPS shall operate 10 hours a day, seven days a week.   Requirement  
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ID Function and Performance Specification Type Traceability 

GSFPS-82 3.2.1.3 Mission Phases    Heading  

GSFPS-83 The GS shall support the following mission phases:   

a) Pre Launch 

b) Commissioning   

c) Nominal operation   

d) End of life.   

Requirement  

GSFPS-84 3.2.1.4 Number of Spacecraft   Heading  

GSFPS-85 The Ground Segment shall support two Garada spacecraft in a 630km sun synchronous polar orbit.   Requirement Garada TK1.2, Garada Business 

Case for Implementation, V 
01_01, Para 4. 

SAR Payload Specification, Issue 

1, table 2-2. 

GSFPS-86 3.2.2 Mission Control System (MCS)   Heading  

GSFPS-87 3.2.2.1 States and Modes   Heading  

GSFPS-94 The MCS shall have an off state where all equipment is powered off.   Requirement  

GSFPS-93 The MCS shall have an on state where all equipment is powered on.   Requirement  

GSFPS-92 The MCS shall have a self-test mode where the equipment undertakes self-test.   Requirement  

GSFPS-91 The MCS shall have an operational mode where all equipment is operational.   Requirement  

GSFPS-90 The MCS shall automatically transition into self-test mode at power on of the equipment.   Requirement  

GSFPS-89 The MCS shall automatically transition from self-test mode to operational mode on the successful conclusion 
of self-test.   

Requirement  

GSFPS-88 The MCS transitions from on to off state and off to on state shall be by manual intervention from an 

operator.   

Requirement  

GSFPS-95 3.2.2.2 MCS Interfaces     Heading  
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GSFPS-615 The MCS interfaces shall be implemented as described in this para and in accordance with Paras 3.3 and 3.4. Requirement  

GSFPS-96 3.2.2.2.1 External     Heading  

GSFPS-650 The MCS shall interface with the Conjunction Assessment Service via the CS.  Requirement  

GSFPS-666 The MCS shall interface with the Launch Services via the CS. Requirement  

GSFPS-101 3.2.2.2.2 Internal Heading  

GSFPS-110 The MCS shall interface to the GSS via the CS.    Requirement  

GSFPS-104 The MCS shall interface to the MMDPS via the CS.     Requirement  

GSFPS-718 The MCS shall interface to the SS. Requirement  

GSFPS-719 The MCS shall interface to the CS. Requirement  

GSFPS-111 3.2.2.3 Spacecraft Orbit Monitoring and Control     Heading  

GSFPS-112 The MCS shall support spacecraft tracking by Doppler measurements from the ground as well as GNSS data.  Requirement  

GSFPS-108 The MCS shall receive tracking and ranging data from the GSS via the CS.   Requirement  

GSFPS-123 The MCS shall analyse the spacecraft positional and tracking data and determine the orbital elements 

describing the spacecraft’s orbit.    

Requirement  

GSFPS-122 The MCS shall analyse the spacecraft orbit and determine any orbit correction maneuvers required.  Requirement  

GSFPS-121 The MCS shall prepare orbit correction telecommands.    Requirement  

GSFPS-612 The orbit correction telecommands shall be validated by an operator prior to sending to the GSS to be 

uploaded during subsequent spacecraft passes. 

Requirement  

GSFPS-120 The MCS shall generate two line element set data describing each spacecraft's orbit.    Requirement  

GSFPS-119 The MCS shall transmit the two line element set data to the GSS.    Requirement  

GSFPS-118 The MCS shall generate pass prediction ephemeris data.   Requirement  

GSFPS-668 The MCS shall provide the two line element set data to the conjunction assessment service. Requirement  
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GSFPS-117 The MCS shall transmit pass prediction data to the GSS for transmission to the spacecraft.  Requirement  

GSFPS-116 The MCS shall determine future orbit predictions.      Requirement  

GSFPS-115 The MCS shall provide future orbit predictions to the conjunction assessment service.     Requirement  

GSFPS-114 The MCS shall receive spacecraft conjunction risk and threat assessments from the conjunction assessment 
service.     

Requirement  

GSFPS-113 The MCS shall analyse spacecraft conjunction risk and threat assessments, and recommend to the operator 

orbital corrections to minimise the risk of collisions.  

Requirement  

GSFPS-124 3.2.2.4 Spacecraft Attitude Monitoring and Control     Heading  

GSFPS-128 The MCS shall determine the attitude of the spacecraft.  Requirement  

GSFPS-127 The MCS shall determine any attitude correction that is required for the spacecraft.  Requirement  

GSFPS-126 The MCS shall prepare attitude correction telecommands.   Requirement  

GSFPS-613 The attitude correction telecommands shall be validated by an operator prior to sending to the GSS to be 
uploaded during subsequent spacecraft passes. 

Requirement  

GSFPS-129 3.2.2.5 Spacecraft Monitoring      Heading  

GSFPS-139 The MCS shall receive spacecraft telemetry in real time from the GSS.    Requirement  

GSFPS-138 The MCS shall receive from the GSS, spacecraft telemetry that has been stored at the GSS.    Requirement  

GSFPS-137 The MCS shall display the telemetry parameters on monitors in tabular form and as mimic diagrams.   Requirement  

GSFPS-136 The MCS shall use colour to indicate the status of each telemetry parameter as in range or out of range.     Requirement  

GSFPS-135 The MCS shall have alarms for key telemetry parameters.     Requirement  

GSFPS-134 The MCS shall provide programmable thresholds for spacecraft parameter alarms.     Requirement  

GSFPS-133 The MCS shall analyse the telemetry and report abnormal or potentially abnormal conditions.   Requirement  

GSFPS-132 The MCS shall automatically analyse essential satellite data upon receipt from the GSS.     Requirement  
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GSFPS-131 The MCS shall be able to automatically trigger sequences of pre stored commands for routine operations or 
for contingency recovery after analysis of the telemetry data.     

Requirement  

GSFPS-541 3.2.2.6 Spacecraft Management Heading  

GSFPS-130 The MCS shall undertake time management of the spacecraft, the GSS and the MCS.   Requirement  

GSFPS-545 The MCS shall manage the spacecraft communications. Requirement  

GSFPS-548 The MCS shall manage the spacecraft power. Requirement  

GSFPS-547 The MCS shall manage the spacecraft thermal control. Requirement  

GSFPS-549 The MCS shall manage the spacecraft on board data handling. Requirement  

GSFPS-651 The MCS shall manage the spacecraft recovery from safe mode. Requirement  

GSFPS-652 Note:  Recovery from safe mode may involve reestablishing communications, downloading diagnostic data, 
sequencing power and root cause analysis. 

Advice  

GSFPS-716 The MCS shall analyse spacecraft status and determine any changes required to spacecraft software. Requirement  

GSFPS-98 The MCS shall provide spacecraft flight software update requests to the Support System.     Requirement  

GSFPS-97 The MCS shall receive spacecraft flight software from the Support System.     Requirement  

GSFPS-717 The MCS shall upload to the spacecraft and confirm correct operation of spacecraft software. Requirement  

GSFPS-542 3.2.2.7 SAR Management Heading  

GSFPS-166 The MCS shall receive requests for SAR data collection from the MMDPS.     Requirement  

GSFPS-165 The MCS shall generate the SAR work program for acquiring the requested data.     Requirement  

GSFPS-103 The MCS shall receive calibration and calibration maneuver requests from the MMDPS via the CS.     Requirement  

GSFPS-715 The MCS shall generate the SAR work program for performing the SAR calibration.    Requirement  

GSFPS-164 From the work program the MCS shall generate the telecommands for the SAR.     Requirement  

GSFPS-614 The SAR telecommands shall be validated by an operator prior to sending to the GSS to be uploaded during 

subsequent spacecraft passes. 

Requirement  
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GSFPS-140 3.2.2.8 Spacecraft Telecommands     Heading  

GSFPS-150 Note: telecommands are sent to the satellite to adjust its attitude or position in its orbit, manage on board 
equipment or program the payloads.     

Advice  

GSFPS-667 The MCS shall implement the telecommand set as defined in TBD. Requirement  

GSFPS-148 The MCS shall have a capability for operators to create, edit and validate telecommand procedures.     Requirement  

GSFPS-147 The MCS shall verify the procedures for correct procedural syntax.     Requirement  

GSFPS-146 The MCS shall validate the procedures for correct spacecraft and payload operation.     Requirement  

GSFPS-145 The MCS shall create telecommand sequences from the telecommand procedures.     Requirement  

GSFPS-144 The MCS shall have a capability for an operator to enter and edit telecommand sequences.     Requirement  

GSFPS-143 The MCS shall verify the telecommand sequences.     Requirement  

GSFPS-142 The MCS shall send telecommand sequences to the GSS.    Requirement  

GSFPS-141 The MCS shall schedule the transmission of telecommands from the GSS to the spacecraft.     Requirement  

GSFPS-191 3.2.2.9 Operations Planning     Heading  

GSFPS-194 The MCS shall undertake planning and scheduling of spacecraft operations based on mission and payload 

operation plans provided by the MMDPS and the needs of spacecraft management. 

Requirement  

GSFPS-193 The MCS shall report on the timely execution of the operations and any deviations including ground and 
spacecraft anomalies.     

Requirement  

GSFPS-645 The MCS shall provide spacecraft and payload status to the MMDPS to support SAR and mission planning. Requirement  

GSFPS-192 The MCS shall provide operations planning and scheduling tools integrated with the telemetry analysis and 
command generation tools.   

Requirement  

GSFPS-151 3.2.2.10 Spacecraft Database Heading  

GSFPS-153 The MCS shall have a Spacecraft Database to permanently store spacecraft and MCS data.    Requirement  

GSFPS-161 The MCS shall store all telemetry downloaded from the spacecraft in the Spacecraft Database.     Requirement  
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GSFPS-160 The MCS shall store all telecommands uploaded to the spacecraft in the Spacecraft Database.     Requirement  

GSFPS-640 The MCS shall store all telecommand acknowledgments from the spacecraft. Requirement  

GSFPS-159 The MCS shall store all GSS status data in the Spacecraft Database.     Requirement  

GSFPS-158 The MCS shall store all GSS control commands and acknowledgments in the Spacecraft Database.     Requirement  

GSFPS-157 The MCS shall have tools for querying the Spacecraft Database and filtering, analysing and reporting the 
telemetry data.     

Requirement  

GSFPS-156 The MCS shall generate reports summarising the behaviour of each item of equipment on the spacecraft.     Requirement  

GSFPS-155 The MCS shall undertake trend analysis on the received spacecraft telemetry.     Requirement  

GSFPS-154 The MCS shall provide trend analysis reports on the spacecraft telemetry.    Requirement  

GSFPS-162 Note these reports would include parameters such as operating time, predicted operating time, faults, 
spacecraft orbital characteristics and trends etc.     

Advice  

GSFPS-167 3.2.2.11 GSS Monitoring and Control     Heading  

GSFPS-168 The MCS shall receive GSS status data in real time from the GSS.      Requirement  

GSFPS-184 The MCS shall receive from the GSS, GSS status data that has been stored at the GSS.     Requirement  

GSFPS-183 The MCS shall display the GSS status data on monitors in tabular form and as mimic diagrams.     Requirement  

GSFPS-182 The MCS shall use colour to indicate the status of each parameter of GSS status data as in range or out of 
range.     

Requirement  

GSFPS-181 The MCS shall have alarms for key GSS status data parameters.     Requirement  

GSFPS-180 The MCS shall provide programmable thresholds for GSS parameter alarms.   Requirement  

GSFPS-179 The MCS shall have tools for querying the Spacecraft Database and filtering, analysing and reporting the GSS 

status data.     

Requirement  

GSFPS-178 The MCS shall generate reports summarising the behaviour of each item of equipment in the GSS      Requirement  

GSFPS-177 The MCS shall undertake trend analysis on the received GSS data.     Requirement  
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GSFPS-176 The MCS shall provide GSS trend analysis reports.     Requirement  

GSFPS-175 The MCS shall enable the operator to enter control commands for the GSS      Requirement  

GSFPS-173 The MCS shall verify GSS control commands prior to sending.     Requirement  

GSFPS-172 The MCS shall send GSS control commands to the Ground Station.     Requirement  

GSFPS-171 The MCS shall schedule GSS control commands for execution by the GSS.      Requirement  

GSFPS-170 The MCS shall receive GSS control command acknowledgments from the Ground Station.     Requirement  

GSFPS-186 The MCS shall display GSS control command acknowledgments to the operator.     Requirement  

GSFPS-185 The MCS shall have an operator enabled capability to automatically generate control commands in response 
to out of range conditions. 

Requirement  

GSFPS-188 3.2.2.12 Formation Flying   Heading  

GSFPS-189 The MCS shall support the orbiting of two spacecraft in close formation.     Requirement  

GSFPS-190 3.2.2.13 Network Management     Heading  

GSFPS-198 The MCS shall provide operator controls for configuring and managing the Communication System.    Requirement  

GSFPS-197 The MCS shall display and log the status of the Communication System.     Requirement  

GSFPS-196 The MCS shall display and log the performance of the networks in the Communication System.     Requirement  

GSFPS-195 The MCS shall determine and display the predicted availability of the networks in the Communication System. Requirement  

GSFPS-199 3.2.2.14 Spacecraft and Ground Segment Simulator    Heading  

GSFPS-202 The MCS shall incorporate a simulator that simulates the MCS and the behaviour of the spacecraft. Requirement  

GSFPS-201 The spacecraft simulator shall enable the following:       

i) Testing and verification of the ground segment prior to launch of the spacecraft.     

ii) Generation of flight operating procedures.     

iii) Training of ground segment personnel in spacecraft operations, spacecraft contingency and 
recovery procedures, and spacecraft special operations; eg eclipse, LEOP and commissioning.     

Requirement  
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GSFPS-200 Note, the spacecraft simulator may also be designed to perform the flight software V&V capability.    Advice  

GSFPS-203 3.2.3 Mission Management and Data Processing System (MMDPS) Heading  

GSFPS-204 3.2.3.1 States and Modes     Heading  

GSFPS-212 The MMDPS shall have an off state where all equipment is powered off.   Requirement  

GSFPS-218 The MMDPS shall have an on state where all equipment is powered on.     Requirement  

GSFPS-217 The MMDPS shall have a self test mode where the equipment undertakes self test.     Requirement  

GSFPS-216 The MMDPS shall have an operational mode where all equipment is operational.     Requirement  

GSFPS-215 The MMDPS transition from self test mode to operational mode shall be automatic on the successful 
conclusion of self test.     

Requirement  

GSFPS-214 The MMDPS transition into self test mode shall be automatic after entering on state.     Requirement  

GSFPS-213 The MMDPS transition from on to off state and off to on state shall be by manual intervention from an 

operator.   

Requirement  

GSFPS-219 3.2.3.2 MMDPS Interfaces     Heading  

GSFPS-616 The MMDPS interfaces shall be implemented as described in this para and in accordance with Paras 3.3 and 

3.4. 

Requirement  

GSFPS-617 3.2.3.2.1 External Interfaces Heading  

GSFPS-220 The MMDPS shall interface with the customer via the CS. Requirement  

GSFPS-223 The MMDPS shall interface with existing earth observation data providers via the CS.     Requirement  

GSFPS-641 The MMDPS Public Accessible Web Site shall interface to the public via the CS. Requirement  

GSFPS-618 3.2.3.2.2 Internal Interfaces Heading  

GSFPS-222 The MMDPS shall interface to the MCS via the CS. Requirement  

GSFPS-227 The MMDPS shall interface to  the GSS via the CS. Requirement  

GSFPS-643 The MMDPS shall interface to the SS. Requirement  
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GSFPS-228 3.2.3.3 Requests for Data      Heading  

GSFPS-669 The MMDPS shall receive requests for new data and existing data from the customer.     Requirement  

GSFPS-231 The MMDPS shall log all requests for data.     Requirement OCD iss1, Para 3.4.2.1. 

GSFPS-235 The MMDPS shall validate each request for data for conformance with the Customer Request Policy.     Requirement OCD iss1, Para 3.4.2.1. 

GSFPS-234 The MMDPS shall confirm that correct payment has been received for each validated request.     Requirement OCD iss1, Para 3.4.2.1. 

GSFPS-233 The MMDPS shall prioritise each customer request in accordance with the Customer Request Policy.     Requirement OCD iss1, Para 3.4.2.1. 

GSFPS-230 The MMDPS shall prioritise requests for interpreted data separately to the priority for acquiring the related 

raw data.     

Requirement OCD iss1, Para 3.4.2.3. 

GSFPS-236 3.2.3.4 SAR Operations Planning     Heading  

GSFPS-642 The MMDPS shall receive spacecraft and SAR Status data from the MCS via the CS. Requirement  

GSFPS-240 The MMDPS shall undertake SAR operations planning and scheduling based on      

a) The prioritised and validated customer requests for new data.     

b) SAR calibration requirements     

c) Any other SAR operational requirements.     

d) Spacecraft and SAR status. 

Requirement  

GSFPS-239 The MMDPS shall provide the SAR operations schedule to the MCS.    Requirement  

GSFPS-238 Note:  The MMDPS is responsible for the SAR payload; it provides its recommended operations plan and 
schedule for SAR operation to the MCS.  The MCS incorporates this into the satellite operations schedule.    

Advice  

GSFPS-251 3.2.3.5 Receipt of Raw SAR Data     Heading  

GSFPS-252 The MMDPS shall provide the operator with a list of data files stored at the GSS.      Requirement  

GSFPS-253 On operator request, the MMDPS shall download raw SAR data from the GSS.     Requirement  

GSFPS-254 The MMDPS shall store all raw SAR data received from the GSS to permanent non-volatile storage.     Requirement  

GSFPS-255 3.2.3.6 Processing of Data     Heading  
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GSFPS-632 The MMDPS shall process data from the SAR stripmap operational mode. Requirement Garada TK 2.3 SAR Processor 
Performance Requirements V 

1.0 31 Mar 12.  Para 3.4 

GSFPS-633 The MMDPS shall process data from the SAR scansar operational mode. Requirement Garada TK 2.3 SAR Processor 
Performance Requirements V 

1.0 31 Mar 12.  Para 3.4 

GSFPS-637 The MMDPS shall process data from the SAR squinted operational mode. Requirement Garada TK 2.3 SAR Processor 

Performance Requirements V 

1.0 31 Mar 12.  Para 3.6 

GSFPS-636 The MMDPS shall perform temporal interferometry processing of multiple SAR images. Requirement Garada TK 2.3 SAR Processor 

Performance Requirements V 

1.0 31 Mar 12.  Para 3.5 

GSFPS-638 The MMDPS shall register multiple images with each other with an accuracy of one pixel. Requirement Garada TK 2.3 SAR Processor 

Performance Requirements V 
1.0 31 Mar 12.  Para 3.3 

GSFPS-639 The MMDPS shall process multilook SAR data. Requirement Garada TK 2.3 SAR Processor 

Performance Requirements V 
1.0 31 Mar 12.  Para 3.2 

GSFPS-258 The MMDPS shall process the Raw Data to create the following processed products:     

a) Single Look Complex,      

b) Path Image,      

c) Map Image,  

d) Multi Look.    

Requirement OCD Iss1, Para 3.4.1 

GSFPS-257 When requested by the customer, the MMDPS shall overlay SAR imagery on existing map data or earth 

observation imagery sourced from the customer or external providers as requested by the customer.     

Requirement OCD Iss1, Para 3.4.2.3 
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GSFPS-256 The MMDPS shall package the processed data in the following file formats as requested by the customer:     

a) GeoTiff,      

b) CCRS,      

c) CEOS,      

d) EOSAT,      

e) Fast7a,  

f) HDF.     

Requirement OCD Iss1, Para 3.4.1 

GSFPS-264 The MMDPS shall interpret SAR imagery to produce the following products:     

a)     Outlines of water bodies,     

b) Outlines of forests,     

c) Outlines of clear cut forests,     

d) Ocean oil slick outlines,     

e) Soil moisture contours. 

Requirement OCD Iss1, Para 3.4.2.3 

GSFPS-263 Note: the interpretation of the imagery may be undertaken automatically or by a subject matter expert. Advice  

GSFPS-262 The MMDPS shall meet the processing and interpreting times specified in Table 1: Processing Times and 

Accuracy.     

Requirement OCD Iss1, Table 5 

GSFPS-261 The MMDPS shall meet the accuracy of processed data specified in Table 1: Processing Times and Accuracy.   Requirement OCD Iss1, Table 5 
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GSFPS-259 Table 1: Processing Times and Accuracy 

  

Product Processing plus 

interpreting time 

Accuracy of 

Outline 
Boundary 

Flood outlines to support 
disaster management 

Less than one hour 5m 

   Oil slicks Less than three hours 5m 

All other products No better than two business 

days. 

NA 

   

Requirement OCD Iss1, Table 5 

GSFPS-265 The MMDPS shall process the data to create single look complex, path image and map image products before 

the next data downlink.   

Requirement  

GSFPS-266 3.2.3.7 User Services    Heading  

GSFPS-267 The MMDPS shall provide the following data to users:  Raw SAR data, processed SAR data, interpreted SAR 

data, and ancillary satellite and payload data required to process SAR data; eg time, orbit details, calibration 
data, etc.     

Requirement  

GSFPS-270 The MMDPS shall have a secure web site for delivery of data products to the customer.     Requirement  

GSFPS-271 Customer access to the MMDPS secure site shall be password protected.     Requirement  

GSFPS-269 The MMDPS shall restrict customer access to the secure web site to the products purchased by the customer.     Requirement  

GSFPS-268 The MMDPS shall undertake customer account management including ordering, invoicing and payment 

receipt.     

Requirement  

GSFPS-671 The MMDPS shall send invoices, receipts and confirmation of orders to the customer.     Requirement  

GSFPS-672 The MMDPS shall receive payments from the customer.     Requirement  

GSFPS-242 3.2.3.8 Public Accessible Web Site (PAWS)     Heading  
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GSFPS-243 The MMDPS shall provide a web site accessible by the public.     Requirement OCD iss1, Para 5.1.2.4. 

GSFPS-250 The MMDPS shall place on the PAWS the data that has been assessed to be available to the public in 

accordance with the Customer Request Policy.     

Requirement  

GSFPS-249 The data on the PAWS shall be indexed and searchable on the following: type of product, time and date of 
acquisition, and location.     

Requirement  

GSFPS-248 The PAWS shall have sample sets of imagery available for download.     Requirement  

GSFPS-247 The PAWS shall have an automated system for the purchase of data.     Requirement  

GSFPS-244 The PAWS shall enable purchased data to be directly downloaded to the customer’s computer.         Requirement  

GSFPS-246 The PAWS shall enable requests to be made for data that is not publicly available on the PAWS.      Requirement  

GSFPS-245 The PAWS home page shall include general mission information, querying service, browsing service, 

conditions of use and ordering service.     

Requirement  

GSFPS-274 3.2.3.9 Indexing and Archiving  Heading  

GSFPS-280 The MMDPS shall archive all raw SAR data and processed data to a permanent archive on site.     Requirement  

GSFPS-275 The MMDPS shall archive all raw SAR data and processed data to a permanent archive off site.     Requirement  

GSFPS-279 The MMDPS shall index all raw SAR data received from the GSS, using, at a minimum, time and date of 
acquisition, surveyed area, SAR Mode.       

Requirement  

GSFPS-278 The MMDPS shall index all processed data using as a minimum, type of product, time and date of acquisition, 

surveyed area, requesting customer.     

Requirement  

GSFPS-277 The MMDPS shall enable an operator to interrogate the indices and retrieve the data.     Requirement  

GSFPS-276 During the mission and up to 10 years after launch, the MMDPS shall be capable of providing users with the 

archived data and processed products.     

Requirement  

GSFPS-282 3.2.3.10 SAR Calibration     Heading  

GSFPS-283 The MMDPS shall perform SAR calibration parameter generation and verification.     Requirement  

GSFPS-610 The MMDPS shall determine SAR calibration maneuvers required to undertake SAR calibration. Requirement  
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GSFPS-611 The MMDPS shall provide SAR calibration maneuver requests to the MCS as part of the mission operations 
schedule. 

Requirement  

GSFPS-284 3.2.3.11 SAR Monitoring  Heading  

GSFPS-285 The MMDPS shall monitor SAR performance parameters.   Requirement  

GSFPS-287 (These could be direct from the telemetry or calculated after processing of the SAR data.) Advice  

GSFPS-288 The MMDPS shall evaluate the SAR performance parameters against established quality criteria.     Requirement  

GSFPS-286 The MMDPS shall perform trend analysis on the SAR performance parameters and identify trends that show 

performance degradation. 

Requirement  

GSFPS-289 The MMDPS shall provide the details of the SAR performance and trends to the Support System for further 

analysis and corrective action.       

Requirement  

GSFPS-291 3.2.3.12 GNSS Calibration and Processing     Heading  

GSFPS-292 The MMDPS shall perform GNSS calibration parameter generation and verification.  Requirement  

GSFPS-293 3.2.3.13 GNSS Monitoring.   Heading  

GSFPS-294 The MMDPS shall monitor GNSS performance parameters.   Requirement  

GSFPS-298 (These could be direct from the telemetry or calculated after processing of the GNSS data.)     Advice  

GSFPS-297 The MMDPS shall evaluate the GNSS performance parameters against established quality criteria.     Requirement  

GSFPS-296 The MMDPS shall perform trend analysis on the GNSS performance parameters.      Requirement  

GSFPS-295 The MMDPS shall provide the details of the GNSS performance to the Support System for further analysis and 

corrective action.       

Requirement  

GSFPS-299 3.2.3.14 Mission Planning & Scheduling Heading  

GSFPS-303 The MMDPS shall undertake mission planning and scheduling.  Requirement  

GSFPS-306 The MMDPS shall provide the mission planning schedule to the MCS.     Requirement  

GSFPS-305 Note:  The MMDPS is responsible for the overall mission planning; it provides the mission plan to the MCS.  
The MCS incorporates this into the overall satellite operations schedule.     

Advice  
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GSFPS-720 3.2.3.15 Enhancements  Requirement  

GSFPS-721 The MMDPS shall provide enhancement requests for the MMDPS software to the SS. Requirement  

GSFPS-722 The MMDPS shall receive and validate MMDPS software from the SS. Requirement  

GSFPS-308 3.2.4 Ground Station System (GSS)  Heading  

GSFPS-313 3.2.4.1 States and Modes     Heading  

GSFPS-315 The GSS shall have an off state where all the equipment is powered off.     Requirement  

GSFPS-322 The GSS shall have an on state where all the equipment is powered on.     Requirement  

GSFPS-321 The GSS shall have a standby state where only the equipment required to control the GSS power, send status 
data to the MCS, and receive commands from the MCS is on.       

Requirement  

GSFPS-320 The GSS shall have an automatic mode for operating without local or remote operator intervention.    Requirement  

GSFPS-319 In automatic mode the GSS shall configure, track and establish a communications link to and from the 

Garada spacecraft.     

Requirement  

GSFPS-318 The GSS shall have a local mode providing, at a minimum, control of azimuth and elevation from within the 

Ground Station.     

Requirement  

GSFPS-316 In local mode the GSS shall disable automatic operation of the antenna.     Requirement  

GSFPS-317 The GSS shall have a remote mode for operation from a remote location.     Requirement  

GSFPS-314 The GSS shall have a self test mode where the equipment performs power on BIT.     Requirement  

GSFPS-323 The GSS transition between states and modes shall be as per Figure 2. Requirement  

GSFPS-324 3.2.4.2 GSS Interfaces     Heading  

GSFPS-619 The GSS interfaces shall be implemented as described in this para and in accordance with Paras 3.3 and 3.4. Requirement  

GSFPS-620 3.2.4.2.1 External Interfaces Heading  

GSFPS-325 The GSS shall implement interface "E16 Payload Data" with the spacecraft. Requirement  

GSFPS-334 The GSS shall implement interface "E17 Telemetry" with the spacecraft. Requirement  
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GSFPS-333 The GSS shall implement interface "E15 Telecommands" with the spacecraft. Requirement  

GSFPS-723 The GSS shall implement interface "E14 Beacon" with the spacecraft. Requirement  

GSFPS-327 The GSS shall implement interface "E01 Mains Power" with the national grid.     Requirement  

GSFPS-621 3.2.4.2.2 Internal Interfaces Heading  

GSFPS-332 The GSS shall interface with the MCS via the CS.   Requirement  

GSFPS-331 The GSS shall interface with the MMDPS via the CS. Requirement  

GSFPS-309 3.2.4.3 Location and Operation   Heading  

GSFPS-311 The GSS shall be remotely located from the other ground systems.     Requirement  

GSFPS-310 In all modes other than local mode, the GSS shall operate unattended.     Requirement  

GSFPS-601 3.2.4.4 Mechanical Requirements Heading  

GSFPS-349 The GSS shall incorporate an Antenna Stow function to park and lock the antenna.     Requirement  

GSFPS-345 The GSS shall be capable of driving the antenna to the stow position in wind speeds of up to 36 m/s.     Requirement  

GSFPS-346 The GSS shall automatically initiate the Antenna Stow function once the external wind speed has exceeded a 

preconfigured value.     

Requirement  

GSFPS-603 The GSS antenna shall be capable of a minimum elevation range of -3° to 93°. Requirement  

GSFPS-602 The GSS antenna shall be capable of a minimum azimuth range of ±390°. Requirement  

GSFPS-343 Note:  This implies that the GSS antenna shall be capable of being pointed to any position in the upper 
hemisphere.     

Advice  

GSFPS-604 Hand cranking for both antenna azimuth and elevation shall be provided. Requirement  

GSFPS-335 3.2.4.5 Tracking   Heading  

GSFPS-336 The GSS shall be capable of tracking passes that pass over its zenith     Requirement  

GSFPS-350 The GSS shall be capable of tracking passes at elevation angles at least as low as 5 degrees.     Requirement  
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GSFPS-342 The GSS shall be capable of tracking the Garada Spacecraft at an altitude 600 km or greater.     Requirement  

GSFPS-341 The GSS shall be capable of program tracking using Two Line Element (TLE) set data.     Requirement  

GSFPS-340 The GSS shall be capable of being automatically switched between program tracking and autotracking using 

a programmable signal strength threshold.     

Requirement  

GSFPS-607 The GSS shall be capable of being remotely switched between program tracking and autotracking.     Requirement  

GSFPS-338 The GSS shall provide a configurable “search” procedure to assist in the acquisition of signals.     Requirement  

GSFPS-339 The GSS shall provide local control of antenna azimuth and elevation.     Requirement  

GSFPS-330 The GSS shall send antenna tracking and ranging data to the MCS via the CS. Requirement  

GSFPS-351 3.2.4.6 RF Requirements  Heading  

GSFPS-352 Note:  These requirements are for the reception, in Australia, of data from spacecraft Radarsat-1, Radarsat-2, 
Landsat-5, Landsat-7, Landsat Data Continuity Mission, Terra, Aqua, Sentinel series and ERS-2.  These 
requirements need to be confirmed for operation with the Garada spacecraft.     

Advice  

GSFPS-358 The GSS shall have a minimum G/T, measured at the output of the Signal Distribution System (SDS) for both 

the Left Hand Circular Polarised (LHCP) and Right Hand Circular Polarised (RHCP) signal, of  34.0 dB/K under 
the following conditions:     

a. 5° elevation with no terrestrial obstructions;     

b. At all frequencies between  8.025 GHz to 8.400 GHz;     

c. Under clear sky conditions with 7.5 g/m3 water vapour; and     

d. At an ambient temperature of 23C.     

Requirement  

GSFPS-357 The GSS Antenna System shall employ simultaneous reception of both LHCP and RHCP signals.     Requirement  

GSFPS-356 The receive frequency range of the GSS Antenna System shall be from 8.025 GHz to 8.400 GHz inclusive.     Requirement  

GSFPS-355 The overall GSS Antenna System gain (including antenna, LNA, BDC and cable losses) shall be such that at 

zenith, Garada presents a signal level of -10 dBm +/-3dB at the SDS under clear sky conditions.     

Requirement  

GSFPS-354 The GSS antenna shall have a maximum sidelobe level for angles greater or equal to 100 λ/D or 1 degree, 
whichever is smaller; not greater than -14.0 dB compared with the peak of the main beam.     

Requirement  
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GSFPS-353 The GSS antenna pointing accuracy shall be ±0.1° RMS or better when subjected to wind speeds up to and 
including 20 m/s.     

Requirement  

GSFPS-359 3.2.4.7 Telemetry Data     Heading  

GSFPS-361 The GSS shall receive telemetry data from the Garada spacecraft in S band.     Requirement  

GSFPS-363 The GSS shall transmit telemetry data received from the spacecraft to the MCS in real time.     Requirement  

GSFPS-362 The GSS shall store telemetry data received from the Garada spacecraft.     Requirement  

GSFPS-360 The GSS shall transmit stored telemetry data to the MCS when commanded by the MCS.     Requirement  

GSFPS-364 3.2.4.8 Command Data     Heading  

GSFPS-365 The GSS shall receive telecommand data from the MCS.  Requirement  

GSFPS-369 The GSS shall transmit telecommands to the Garada Spacecraft in S band.     Requirement  

GSFPS-368 The GSS shall transmit telecommand data to the Garada Spacecraft in accordance with the telecommand 

schedule.     

Requirement  

GSFPS-367 When no communication link with the Garada spacecraft is established, the GSS shall store received 

telecommand data and transmit the data when the spacecraft data link is established.     

Requirement  

GSFPS-366 The transmission of telecommands by the GSS shall be possible at all times when communication links with 
the spacecraft are established independently of telemetry or payload data reception.     

Requirement  

GSFPS-370 3.2.4.9 Payload Data Heading  

GSFPS-371 The GSS shall receive payload data from the Garada Spacecraft in X band.     Requirement  

GSFPS-374 The GSS shall store payload data received from the Garada spacecraft.     Requirement  

GSFPS-373 The GSS shall transmit stored payload data to the MMDPS when commanded by the MMDPS.     Requirement  

GSFPS-372 The GSS shall be able to transmit all received payload data to the MMDPS within 30 minutes of being 

commanded by the MMDPS.      
Requirement  

GSFPS-375 3.2.4.10 Remote Monitoring and Control     Heading  
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GSFPS-606 The GSS shall be capable of remote operation to configure, track and establish a communications uplink and 
downlink with the spacecraft. 

Requirement  

GSFPS-328 The GSS shall receive GSS control commands from the MCS via the CS.    Requirement  

GSFPS-376 For the GSS, at a minimum, it shall be possible to control and status the following:    

a) Antenna,     

b) Each LRU,     

c) The GSS voltage, current and power,     

d) Each LRU power,     

e) GSS mode and state in accordance with GSS states and modes transition definition,     

f) Internal cabin temperature where the equipment is installed.     

Requirement  

GSFPS-378 At a minimum, the following GSS parameters shall be remotely monitored:    

a) External temperature, humidity, wind speed and air pressure.     

b) Built in test status by LRU.  (ie pass fail for each LRU)     

c) The parameter status of the built in tests, pass fail status and pass fail limits. (Report the 
actual result of the measured parameters for each LRU test to enable a remote operator to determine 

the reason for the test fail).     

d) Antenna park and lock status     

Requirement  

GSFPS-329 The GSS shall send GSS parameter data to the MCS via the CS.   Requirement  

GSFPS-377 If loss of power to all or any part of the GSS occurs, on restoration of power the GSS shall return to a fully 

operational and remotely controllable state without local operator intervention.     

Requirement  

GSFPS-609 On restoration of power the GSS Antenna System shall return to a fully operational and remotely controllable 

state without local operator intervention except in the case where the Antenna System was under local 

control at the time when power was lost. 

Requirement  

GSFPS-600 The GSS shall incorporate an anemometer that is capable of measuring wind speeds of up to at least 88 m/s. Requirement  
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GSFPS-379 The GSS shall display inside the cabin, the current wind speed.     Requirement  

GSFPS-608 Remote monitor, control and fault indication shall be provided within the GSS  Requirement  

GSFPS-347 The GSS shall be capable of remotely activating the antenna stow and lock function.     Requirement  

GSFPS-344 The GSS shall require operator intervention to release the Antenna from the stow position once the stow 
routine has been initiated.  Operator intervention may be remote or local. 

Requirement  

GSFPS-380 3.2.4.11 Built In Test     Heading  

GSFPS-381 The GSS shall perform Power On BIT that is initiated at power on.     Requirement  

GSFPS-390 The GSS shall perform continuous BIT that runs in the background during operation.      Requirement  

GSFPS-389 The GSS shall perform operator initiated BIT on request from the operator.  (The operator may be remote or 

local).     

Requirement  

GSFPS-388 The GSS continuous BIT shall not run when receiving or transmitting data to or from the spacecraft.    Requirement  

GSFPS-387 GSS BIT shall diagnose faults to LRU level.     Requirement  

GSFPS-386 GSS BIT shall include a test that tests the receive processing chain by externally exciting the antenna.     Requirement  

GSFPS-385 GSS BIT shall include a test that confirms correct operation of the receive processing chain by externally 

receiving a transmission from the antenna.     

Requirement  

GSFPS-384 The results of all GSS BIT tests shall be recorded in a BIT log.     Requirement  

GSFPS-382 The GSS BIT logs shall be viewable by a local operator.     Requirement  

GSFPS-391 3.2.4.12 Logging     Heading  

GSFPS-392 The GSS shall have a GSS database to permanently store GSS data.     Requirement  

GSFPS-402 The GSS database shall be comprised of non volatile memory.     Requirement  

GSFPS-401 The GSS shall store all GSS monitored parameters and BIT logs in the GSS database.      Requirement  

GSFPS-400 The GSS shall store all GSS commands received from the MCS and their acknowledgment status in the GSS 

database.     

Requirement  
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GSFPS-399 The GSS shall have a GSS spacecraft database to store spacecraft data.     Requirement  

GSFPS-398 The GSS spacecraft database shall be comprised of non volatile memory.     Requirement  

GSFPS-397 The GSS shall store all transmitted spacecraft telecommands in the GSS spacecraft database.     Requirement  

GSFPS-396 The GSS shall store logs of when each telecommand was transmitted and acknowledgment of response in the 
GSS spacecraft database.     

Requirement  

GSFPS-395 The GSS shall store all received spacecraft telemetry in the GSS spacecraft database.     Requirement  

GSFPS-394 The GSS shall store all received spacecraft data in the GSS spacecraft database.     Requirement  

GSFPS-393 The GSS spacecraft database shall store the data for a minimum of 12 months.  Requirement  

GSFPS-654 When the GSS spacecraft database is 80% full, the GSS shall send a warning message to the MCS. Requirement  

GSFPS-405 When the GSS spacecraft database is full, the oldest entries shall be overwritten.     Requirement  

GSFPS-404 The GSS database shall be remotely downloadable from the MCS.     Requirement  

GSFPS-403 The GSS spacecraft database shall be remotely downloadable from the MCS and MMDPS.     Requirement  

GSFPS-406 3.2.4.13 Electrical Requirements     Heading  

GSFPS-408 The GSS shall operate on 230/400 VAC, 50 Hz 3-phase mains power.     Requirement  

GSFPS-407 The GSS shall have an Uninterruptible Power Supply (UPS) capable of maintaining mission critical operation 

of the Antenna System (including slewing and tracking) for not less than 30 minutes.   

Requirement  

GSFPS-655 The GSS shall have an emergency power system capable of powering all functionality in the GSS for not less 

than 48 hours. 

Requirement  

GSFPS-656 After a failure of the mains power supply the GSS shall automatically switch over to the emergency power 
system within 15 minutes. 

Requirement  

GSFPS-409 3.2.5 Communication System (CS)     Heading  

GSFPS-411 3.2.5.1 States and Modes     Heading  

GSFPS-412 The CS shall have an on state where all equipment is powered on and is operational.     Requirement  
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GSFPS-414 The CS shall have a self test state where all equipment undergoes BIT and all comms channels are tested for 
key performance parameters including max data rate and round trip response time.     

Requirement  

GSFPS-413 The CS transitions between the on state and the self test state shall be by operator command from the MCS.    Requirement  

GSFPS-415 3.2.5.2 Interfaces     Heading  

GSFPS-622 The CS interfaces shall be implemented as described in this para and in accordance with Paras 3.3 and 3.4. Requirement  

GSFPS-626 3.2.5.3 External Interfaces Heading  

GSFPS-673 The CS shall implement interface "E02 Orbital Data" with the Conjunction Assessment Service. Requirement  

GSFPS-674 The CS shall implement interface "E03 Conjunction Assessment" with the Conjunction Assessment Service. Requirement  

GSFPS-675 The CS shall implement interface "E04 Email and web access" with the internet. Requirement  

GSFPS-677 The CS shall implement interface "E05 Voice Comms" with the public phone network. Requirement  

GSFPS-676 The CS shall implement interface "E06 Public Web Access". Requirement  

GSFPS-679 The CS shall implement interface "E07 Requests for Data" with the customer. Requirement  

GSFPS-681 The CS shall implement interface "E08 Invoicing and Payments" with the customer. Requirement  

GSFPS-680 The CS shall implement interface "E09 Data Products" with the customer. Requirement  

GSFPS-678 The CS shall implement interface "E10 EO Data" with external EO providers. Requirement  

GSFPS-628 3.2.5.4 Internal Interfaces Heading  

GSFPS-416 The CS shall interface with the GSS.  Requirement  

GSFPS-423 The CS shall interface with the MCS.     Requirement  

GSFPS-421 The CS shall interface with the MMDPS.     Requirement  

GSFPS-419 The CS shall interface with the SS.     Requirement  

GSFPS-425 3.2.5.5 Data Communications     Heading  

GSFPS-430 The CS shall provide two way data communications between the GSS and the MCS.     Requirement  
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GSFPS-429 The CS shall provide two way data communications between the GSS and the MMDPS.     Requirement  

GSFPS-428 For the GSS/MCS data link, the CS shall have a prime communication channel and a backup communication 

channel.     

Requirement  

GSFPS-683 For the GSS/MMDPS data link, the CS shall have a prime communication channel and a backup 
communication channel.     

Requirement  

GSFPS-427 The CS shall automatically switch to the backup communication channel when the prime communication 

channel is not available.     

Requirement  

GSFPS-646 The CS shall enable a MCS operator to manually switch between the prime and backup communication 

channels. 

Requirement  

GSFPS-684 The CS shall provide two way data communications between the MMDPS and the MCS.   Requirement  

GSFPS-685 The CS shall provide two way data communications between the SS and the MMDPS. Requirement  

GSFPS-686 The CS shall provide two way data communications between the SS and the MCS. Requirement  

GSFPS-431 3.2.5.6 Voice Communications     Heading  

GSFPS-682 The CS shall provide voice communications between each system and the public telephone network. Requirement  

GSFPS-433 The CS shall provide voice communications between each system.      Requirement  

GSFPS-432 Note: this may be implemented via an internal communication network or the public telephone network.     Advice  

GSFPS-434 3.2.5.7 Internet     Heading  

GSFPS-435 The CS shall interface to the Internet for the purposes of email, general web access, the MMDPS public web 
server, and delivery of data products to customers.     

Requirement  

GSFPS-436 3.2.5.8 Network Monitoring and Reporting    Heading  

GSFPS-437 The CS shall monitor the network for availability and performance.   Requirement  

GSFPS-442 The CS shall provide network monitoring reports to the MCS.     Requirement  

GSFPS-441 The CS shall perform trend analysis on the monitored parameters.     Requirement  

GSFPS-440 The CS shall provide trend analysis reports to the MCS.     Requirement  
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GSFPS-439 The CS shall send CS self test reports to the MCS.     Requirement  

GSFPS-687 3.2.6 Support Subsystem Heading  

GSFPS-688 3.2.6.1 Interfaces Heading  

GSFPS-689 3.2.6.1.1 External Interfaces Heading  

GSFPS-691 The SS shall implement interface "E12 Ground software update requests and deliveries" with the ground 

software suppliers. 

Requirement  

GSFPS-692 The SS shall implement interface "E11 Flight Software update requests and deliveries" with the flight 
software suppliers. 

Requirement  

GSFPS-690 3.2.6.1.2 Internal Interfaces Heading  

GSFPS-693 The SS shall interface with all ground systems for the purposes of receiving software and hardware 
maintenance requests. 

Requirement  

GSFPS-695 The SS shall interface with all ground systems for the purpose of providing software and hardware 

maintenance. 

Requirement  

GSFPS-697 3.2.6.2 Configuration Management Heading  

GSFPS-701 The SS shall undertake configuration management of all ground segment hardware and software. Requirement  

GSFPS-700 After spacecraft launch, the SS shall undertake configuration management of all spacecraft software. Requirement  

GSFPS-699 Note: Configuration management includes configuration status accounting and change management. Advice  

GSFPS-702 3.2.6.3 Software Maintenance Heading  

GSFPS-711 The SS shall receive requests for software maintenance and enhancements from other ground systems. Requirement  

GSFPS-703 The SS shall provide software maintenance and enhancements for all ground segment software. Requirement  

GSFPS-704 The SS shall provide software maintenance and enhancements for all spacecraft flight software that is 
uploadable from the ground. 

Requirement  

GSFPS-705 The SS shall undertake verification and validation on all software changes. Requirement  

GSFPS-706 3.2.6.4 Hardware Maintenance Heading  
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GSFPS-708 The SS shall receive requests for hardware maintenance and upgrades from the ground segment. Requirement  

GSFPS-710 The SS shall undertake hardware maintenance and upgrades for the ground segment. Requirement  

GSFPS-48 3.3 Segment External Interface Requirements Heading  

GSFPS-49 3.3.1 Interface Identification and Diagrams Heading  

GSFPS-444 3.3.1.1 Interface Diagram Heading  

GSFPS-445 The Ground Segment external interfaces are shown in Figure 3. Requirement  

GSFPS-446 3.3.1.2 Spacecraft Interfaces Heading  

GSFPS-454 3.3.1.2.1 E14 Beacon Heading  

GSFPS-458 TBD Requirement  

GSFPS-455 3.3.1.2.2 E15 Telecommands Heading  

GSFPS-461 TBD Requirement  

GSFPS-457 3.3.1.2.3 E16 Payload Data Heading  

GSFPS-459 TBD Requirement  

GSFPS-456 3.3.1.2.4 E17 Telemetry Data Heading  

GSFPS-460 TBD Requirement  

GSFPS-462 3.3.1.3 Customer Interfaces Heading  

GSFPS-463 3.3.1.3.1 E07 Requests for Data Heading  

GSFPS-464 Requests from the customer shall be received electronically and shall be in vendor format. Requirement  

GSFPS-536 Requests shall contain at a minimum, the area to be scanned, data type, data format, SAR mode, 

interpretation, date and time of scan.   

Requirement OCD iss1, para 3.4.1 

GSFPS-529 3.3.1.3.2 E09 Data Products Heading  

GSFPS-465 Data products shall be provided electronically.   Requirement  
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GSFPS-530 3.3.1.3.3 E08 Invoicing and Payment Heading  

GSFPS-531 Invoicing and payment shall be in vendor format. Requirement  

GSFPS-451 3.3.1.4 E01 Mains Power Heading  

GSFPS-466 The Ground Segment shall interface with an external power supply meeting the requirements of AS 60038 
and AS/NZS 3000.    

Requirement  

GSFPS-467 3.3.1.5 E05 Voice Comms Heading  

GSFPS-468 The Ground Segment interface with the public telephone network shall be in accordance with AS/CA 
S003.1:2010.     

Requirement  

GSFPS-534 3.3.1.6 E04 Email and Web Access Heading  

GSFPS-535 The interface with the internet shall be a minimum of 10Mbps upload and download. Requirement  

GSFPS-469 3.3.1.7 E06 Public Web Access Heading  

GSFPS-470 Access to the Ground Segment public web site shall be in accordance with ISO/IEC 15445:2000. Requirement  

GSFPS-471 3.3.1.8 E10 Earth Observation Data Heading  

GSFPS-472 The Ground Segment shall receive earth observation data from external databases in the following formats:     

a) GeoTiff,      

b) CCRS,      

c) CEOS,      

d) EOSAT,      

e) Fast7a and      

f) HDF     

Requirement  

GSFPS-473 3.3.1.9 Conjunction Assessment Service Heading  

GSFPS-474 Interface E02 Orbital data shall be provided as NORAD two line element sets.     Requirement  

GSFPS-528 Interface E03 Conjunction assessment data shall be in vendor format. Requirement  
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GSFPS-475 3.3.1.10 E11 Flight Software Vendors     Heading  

GSFPS-476 Flight software shall be provided in vendor format with, at a minimum, documentation that describes the 

configuration and use of the software. 

Requirement  

GSFPS-532 3.3.1.11 E12 Ground Software Vendors Heading  

GSFPS-533 Ground software shall be provided in vendor format with, at a minimum, documentation that describes the 

configuration and use of the software. 

Requirement  

GSFPS-477 3.3.1.12 E13 Launch Services     Heading  

GSFPS-478 The interface of the ground segment to launch services shall be in accordance with the requirements of the 
launch service provider.    

Requirement  

GSFPS-50 3.3.2 Interface to GFE Heading  

GSFPS-480 Not applicable. Advice  

GSFPS-51 3.4 System Internal Interface Requirements Heading  

GSFPS-629 The internal interface requirements will be determined during the system design phase and specified in the 

requirements specifications for system components.    

Requirement  

GSFPS-52 3.5 System Internal Data Requirements Heading  

GSFPS-479 The internal data requirements will be determined during the system design phase and specified in the 

requirements specifications for system components.    

Advice  

GSFPS-53 3.6 Adaptation Requirements Heading  

GSFPS-481 Not applicable. Advice  

GSFPS-54 3.7 Safety Requirements Heading  

GSFPS-580 3.7.1 General Heading  

GSFPS-583 All of the GSS personnel access ways shall conform to AS 4024.1702. Requirement  

GSFPS-582 The GSS shall comply with AS 1657. Requirement  
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GSFPS-581 The noise levels within the occupied areas of the GS shall not exceed the levels specified in NOHSC:2009 
(2004). 

Requirement  

GSFPS-599 The GS Computer workstations shall comply with the requirements of AS/NZS 4443. Requirement  

GSFPS-596 The GS Light levels within the inhabited areas shall conform to those recommended in AS/NZS 1680. Requirement  

GSFPS-482 3.7.2 Electrical Safety     Heading  

GSFPS-483 The installation and earthing for all GS electrical equipment including racks, cabinets and associated 

equipment shall conform to the requirements of AS 3000.  

Requirement  

GSFPS-658 All GS equipment that is capable of being connected to the 230/400V AC mains supply shall comply with the 
requirements of AS3100. 

Requirement  

GSFPS-659 All GS equipment that is capable of being connected to the 230/400V AC mains supply shall comply with the 
requirements of AS60950.1. 

Requirement  

GSFPS-598 The GSS shall protect personnel, equipment and facilities against direct and conducted effects of lightning in 

accordance with AS/NZS 1768.  

Requirement  

GSFPS-575 Fibre systems used in the GS shall meet the requirements of AS/NZS 2211.2. Requirement  

GSFPS-485 3.7.3 GSS Mechanical Safety Requirements     Heading  

GSFPS-486 Emergency stops, with a key release facility, shall be provided at the GSS Antenna and on all access 

platforms.   

Requirement  

GSFPS-493 On activation of a GSS emergency stop, all drive motion shall be inhibited.     Requirement  

GSFPS-492 On activation of a GSS emergency stop the antenna shall be held in position.     Requirement  

GSFPS-491 Visual indication of GSS emergency switch status shall be available at the switch.     Requirement  

GSFPS-490 GSS Emergency stop switches shall be positioned for easy access and for non-hazardous operation.     Requirement  

GSFPS-489 Design and installation of emergency stop switches in the GSS shall conform to the applicable requirements 

of AS 60204.1 Section 10.7 Emergency stop devices and AS 4024.1604.     

Requirement  

GSFPS-488 Where guarding is used as a control measure in the GSS it shall be designed and installed in accordance with 
AS 4024.1601.     

Requirement  
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GSFPS-487 Safety related human-machine interfaces that are part of the GSS shall conform to the applicable 
requirements of AS 4024.1904.     

Requirement  

GSFPS-579 On failure or deactivation of the control system and/or loss of power, the antenna shall not “back drive” (i.e. 

no azimuth or elevation movement will occur) as a result of the effects of static or imposed (e.g. wind) load. 

Requirement  

GSFPS-494 3.7.4 Hazardous Materials Heading  

GSFPS-495 Substances that are listed in Schedule 1 of the Ozone Protection and Synthetic Greenhouse Gas Management 
Act 1989 shall not be used in the GS. 

Requirement  

GSFPS-576 For all Hazardous Substances incorporated into the GS, full details shall be provided to the Commonwealth in 

the format of a Material Safety Data Sheet in accordance with NOHSC: 2011 (1994). 

Requirement  

GSFPS-660 The GS equipment containing dangerous materials shall be labeled in accordance with AS 1216.  Requirement  

GSFPS-577 3.7.5 Signage Heading  

GSFPS-578 The GS shall include danger, caution and warning signs fixed to equipment to advice of specific hazards such 

as high voltage, high temperature and radiation in accordance with AS 1319 – 1994.  

Requirement  

GSFPS-661 3.7.6 Radiation Hazard Heading  

GSFPS-662 The GSS shall have a mechanically keyed interlock that prohibits transmission when the key is removed.  Requirement  

GSFPS-663 3.7.7 Power Protection Heading  

GSFPS-664 The GS shall be protected against damage caused by excessive current.  Requirement  

GSFPS-665 The GSS shall be protected against damage caused by short circuit at all antenna ports, audio connections 
and control connections.  

Requirement  

GSFPS-55 3.8 Security and Privacy Requirements Heading  

GSFPS-498 All Ground Segment workstations shall have access requiring user login and password.     Requirement  

GSFPS-497 Users shall be granted permissions to access ground segment capabilities based on their role.     Requirement  

GSFPS-496 The MCS shall have a capability for an operator to manage user access and permissions.     Requirement  

GSFPS-657 The GS shall detect and prevent unauthorised access on the external data interfaces. Requirement  
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GSFPS-56 3.9 System Environment Requirements Heading  

GSFPS-594 3.9.1 Mainland Australia and Tasmania Location Heading  

GSFPS-593 The GSS shall operate within specification, without any degradation in performance when exposed to the 

maximum operational wind velocity of 20 m/s for a ten minute mean at ten metre height. 

Requirement  

GSFPS-592 The GSS shall survive without damage or permanent deformation when exposed to a three second gust of 

wind with a velocity of up to 69 m/s. 

Requirement  

GSFPS-591 The GSS shall operate within specification, excluding G/T, when exposed to an ambient temperature range of 
5 degrees to +50 degrees Celsius in direct sunlight with solar radiation of 1.02 kW/m2. 

Requirement  

GSFPS-590 The GSS shall operate within specification, excluding G/T, when exposed to an ambient temperature range of 

5 degrees to +50 degrees Celsius with a relative humidity of 95% (non-condensing). 

Requirement  

GSFPS-589 The GSS shall survive without damage or permanent deformation when exposed to an ambient temperature 

range of 0 to +55 degrees with a relative humidity of 95%. 

Requirement  

GSFPS-588 The GSS shall operate within specification, excluding G/T, when exposed to driving rain of up to and 
including 50 mm/hr at a wind velocity of 20 m/s for a ten minute mean at ten metre height. 

Requirement  

GSFPS-587 The GSS outdoor equipment shall remain free from water ingress during driving rain of up to and including 

200 mm/hr under wind conditions up to a three second gust of wind with a velocity of up to 69 m/s. 

Requirement  

GSFPS-595 3.9.2 Locations outside of Mainland Australia and Tasmania Heading  

GSFPS-499 For locations outside of mainland Australia and Tasmania the climatic conditions described in DEF(AUST)5168 

shall be used as guidelines for determining the environmental requirements for operation and survival. 

Requirement  

GSFPS-57 3.10 Computer Resource Requirements Heading  

GSFPS-500 Each computer processor used in the Ground Segment shall use a maximum of 50% processor capacity.       Requirement  

GSFPS-502 Each computer processor used in the Ground Segment shall use a maximum of 50% of processor memory 

capacity.     

Requirement  

GSFPS-501 Each computer processor used in the Ground Segment shall use a maximum of 50% of input/output capacity.       Requirement  

GSFPS-58 3.11 System Quality Factors Heading  
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GSFPS-503 3.11.1 Availability Heading  

GSFPS-504 The combined availability of the MCS, CS and the GSS shall be better than 99.85%.       Requirement  

GSFPS-505 The availability of the MMDPS shall be better than 99.85%.   Requirement  

GSFPS-506 3.11.2 Maintainability Heading  

GSFPS-507 All components of the Ground Segment designated as Line Replaceable Units (LRUs) shall be removable and 
restorable without the need to remove other LRUs.     

Requirement  

GSFPS-509 All cable terminations to the Ground Segment modules designated as LRUs shall be capable of disconnection 

and reconnection without the need to disturb third party cables.     

Requirement  

GSFPS-508 All cable terminations to Ground Segment modules designated as LRUs shall be capable of disconnection and 

reconnection without the need to cut cable securing straps.     

Requirement  

GSFPS-59 3.12 Design and Construction Constraints Heading  

GSFPS-510 The Ground Segment shall use COTS hardware.        Constraint OCD iss1, Para 3.6 

GSFPS-512 Ground Segment payload data processing shall be based on COTS software.     Constraint OCD iss1, Para 3.6 

GSFPS-538 To minimise Ground Segment development and operating costs, existing infrastructure shall be used where 
possible. 

Constraint OCD iss1, Para 3.6 

GSFPS-539 Where data formats are not specified here, standard industry data formats shall be used where possible. Constraint OCD iss1, Para 3.6 

GSFPS-540 To accommodate possible future applications the Ground Segment shall be designed to allow for the 

separation of data and data processing into classified and unclassified classes. 

Requirement OCD iss1, Para 3.6 

GSFPS-511 In the MCS and MMDPS, it shall be possible to test new algorithms in parallel with the operation of existing 

algorithms.     

Constraint  

GSFPS-513 Ground Segment data processing chains shall be modular to allow modification of processing algorithms and 
upgrade of the hardware.     

Constraint  

GSFPS-60 3.13 Personnel-related Requirements Heading  

GSFPS-516 Software and hardware user manuals shall be electronically accessible from the computer workstations.     Requirement  
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GSFPS-515 Software applications shall have context sensitive help available to the operator.     Requirement  

GSFPS-61 3.14 Training-related Requirements Heading  

GSFPS-537 The requirements for the simulator to support GS operational training are listed under the MCS in para 3.2. Advice  

GSFPS-62 3.15 Logistics-related Requirements Heading  

GSFPS-518 Not applicable. Advice  

GSFPS-63 3.16 Other Requirements Heading  

GSFPS-519 Not applicable. Advice  

GSFPS-64 3.17 Packaging Requirements Heading  

GSFPS-520 Not applicable.   Advice  

GSFPS-65 3.18 Precedence and Criticality of Requirements Heading  

GSFPS-523 Order of precedence: In the event of a conflict between the text of this specification and the references cited 

herein, the text of this specification takes precedence. Nothing in this specification, however, supersedes 
applicable laws and regulations unless a specific exemption has been obtained. 

Requirement  

GSFPS-66 4 Qualification Provisions Heading  

GSFPS-521 TBD Requirement  

GSFPS-67 5 Requirements Traceability Heading  

GSFPS-522 Traceability to parent specifications is not applicable to system level requirements.  Where applicable, 

traceability to other project documents is indicated with the requirement. 

Advice  

GSFPS-68 6 Notes Heading  

GSFPS-527 6.1 Abbreviations and Acronyms Heading  

GSFPS-648 ASRP Australian Space Research Program 

BIT Built In Test 

Requirement  
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CCRS Canadian Centre of Remote Sensing 

CEOS Committee on Earth Observation Satellites 

COTS Commercial Off The Shelf 

CS Communication System 

EOSAT Earth Observation Satellite picture data format 

FPS Functional Performance Specification 

FTP File Transfer Protocol 

GFE Government Furnished Equipment 

GNSS Global Navigation Satellite System 

GS Ground Segment 

GSS Ground Station System 

HDF Hierarchical Data Format 

LEOP Launch and Early Orbit Phase 

LHCP Left Hand Circular Polarised 

LRU Line Replaceable Unit 

MCS Mission Control System 

MMDPS Mission Management and Data Processing System 

NOHSC National Occupational Health and Safety 

OFCS Optical Fibre Communication Systems 

PAWS Public Accessible Web Site 

RHCP Right Hand Circular Polarised 

SAR Synthetic Aperture Radar 

SDS Signal Distribution System 
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SS Support System 

SSS System/Subsystem Specification 

TBD  To Be Determined 

TLE Two Line Element 
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Figure 1: Garada System Context 
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Figure 2: GSS States and Modes Transitions 
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Figure 3: External Interfaces 
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REPORT BACKGROUND AND SUMMARY 

 
The purpose of the Garada User Advisory Group’s (UAG) study into the soil moisture application was 

to determine a theoretical baseline of requirements for any future Australian sensor. This short 

summary introduces the report “Basis of an Australian Radar Soil Moisture Algorithm Theoretical 

Baseline Document” where the issues are thoroughly investigated. In what follows, references to a 

specific, numbered paragraph of the above mentioned report are specified with the number of the 

paragraph in parentheses. 

Timely knowledge of soil moisture content on a national level has important social, economic and 

environmental consequences, especially in the Murray Darling Basin area of Australia. Such coverage 

within short periods of time is only possible through a dedicated spaceborne mission and Synthetic 

Aperture Radar (SAR) is the best candidate sensor. This is because it is an active sensor and 

measurements can be made in all weather conditions and at any time of day. Also, the spatial 

resolution is better than for passive radiometer sensors (at the expense of worse radiometric 

accuracy) (1.1.3). 

It is shown in the report that the best SAR mission for soil moisture is a fully polarimetric P, L or S 

band SAR sensor while the minimum requirement is for a dual polarised (HH and VV) or compact 

polarimetric L-band system (transmit circular, receive linear). The Garada mission therefore qualifies 

as among the most able of current or planned SAR missions for soil moisture extraction. 

A sensor with carrier frequency between 1 and 5 GHz (into which L band falls) has the maximum 

sensitivity to soil moisture (1.3.3). Relatively long microwave wavelengths are preferred since lightly 

vegetated areas can be considered as bare soil for the purposes of extracting soil moisture. 

Moreover, L-band is a protected band, meaning interference will be minimal (1.3.5). In fact, the 

Garada SAR instrument is designed to work within a designated International Telecommunication 

Union frequency band, for minimal interference. 

In terms of the orbit requirements, the best mission for soil moisture has a dawn-dusk sun-

synchronous orbit. A dawn-dusk sun-synchronous orbit is such that the satellite will image a certain 

area of the earth at the same local time. Typically the ascending pass (moving from southern to 

northern latitudes) will be at dawn (6 am) and the descending pass (moving oppositely) will be at 

dusk (6 pm). The orbit is such that the solar panels on the satellite will have continuous illumination 

from the sun, meaning more power will be generated so a greater number of acquisitions can be 

taken. The 6 am overpass minimises the atmospheric effects of the ionosphere on the polarisation of 

the electromagnetic radiation and thus is optimal for soil moisture extraction (2.3.8). 

The orbit selection also affects the revisit time. This is the minimum period of time such that the 

ground track of the satellite repeats. A relatively short revisit time is preferred for continuous soil 

moisture monitoring and a requirement on the resolution of 50 metres is derived. This is both to 

differentiate the capabilities of an Australian spaceborne SAR from the forthcoming SAR missions of 

other countries, but more importantly, to address the specific needs of Australian users who would 

depend on a soil moisture product. The forthcoming spaceborne soil moisture missions considered 

include SAOCOM, ALOS 2 and SMAP and their soil moisture solutions are discussed in detail. 

The spatial resolution requirements will vary according to the application. The applications 

considered include climate modelling, weather forecasting, flood forecasting, broad-acre farming 
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and irrigation management. The most stringent requirement is for a 50 metre spatial 

resolution for irrigation management (1.4.1). This becomes the driver for all subsequent 

requirements. A 50m spatial resolution will also likely be beneficial in environmental protection 

applications, where for example it can discriminate moisture levels as a function of distance from a 

river. 

The report considers the various soil moisture extraction algorithms in order to determine a 

baseline. There are two broad classes of soil moisture algorithms, the snap-shot based ones and the 

time-series based ones (3.1.1). Within these categories, there are further divisions, empirical, semi-

empirical and theoretical among them. Each may have analytical, ie. closed form or numerical 

solutions. (3.1.2). The snap-shot based algorithms require only a single image. 

A time series approach to soil moisture extraction is recommended. This means that multiple images 

at different times are used to determine the changes in soil moisture levels of the scene (4.1.1). 

Using images of the same scene from different times allows the phase changes to be measured. The 

working assumption is that the parts of the image that show changes are related to soil moisture 

content, while the relatively static parts of the image relate to soil texture and roughness, as well as 

to topography (4.1.1). Thus, measuring the decorrelation between two images allows the soil 

moisture content to be determined. 

Soil moisture is expected to effect polarisation because it changes the conductivity of the soil. The 

time series approach can be combined with full polarimetric operation in order to extract 

information about the dominant scattering mechanisms. Polarimetric operation of the SAR refers to 

using information about the polarisation of the electromagnetic returns additionally to the phase 

and amplitude of the received echo. The polarisation information can be exploited to give 

information about the dominant scattering mechanisms of a scene. 

Important to the soil moisture application is the need for good radiometric calibration. Calibrating 

the SAR sensor is needed in order to extract an absolute volumetric soil content from the data (or 

better yet, the dielectric constant that is related to the soil moisture content). Calibration can be 

done either using passive corner reflectors (which are ground based and reflect the incoming signal 

strongly) or active transponders. A study of calibration demands, especially relating to multiple 

spaceborne sensors (ie. relative calibration) is described (7.2.4). 

An analysis of the error budget pertaining to soil moisture retrieval is given. The following are 

considered: SAR instrument noise, calibration error, physics model error, ancillary data error, 

conversion error from dielectric constant to volumetric soil moisture, effect of scaling and scene 

heterogeneity. 

Finally the algorithms for extracting soil moisture from SAR data are investigated. Recommendations 

are given on the best algorithms and the validation procedures. The latter include airborne and field 

studies to be conducted prior to deployment of the SAR mission. Quality control in the form of post 

launch validation of the algorithms and their accuracy is recommended. This will involve in-situ soil 

moisture measurements using probes. 

In conclusion, the following report is a comprehensive study of state of the art methods relating to 

soil moisture extraction from radar data and its recommendations are highly relevant to a future 

Australian soil moisture SAR mission, such as studied in the Garada program. 
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PREFACE 

This report constitutes the basis for an Algorithm Theoretical Baseline Document (ATBD) of a radar‐
based soil moisture mission for Australia. 

This document draws heavily upon material provided in the report  

M.L.  Williams,  A.  Mitchell  and  A.K.  Milne  (2013)  Soil  moisture  retrieval  using  satellite 
synthetic  aperture  radar  (SAR):  Review  of  relevant  soil moisture  retrieval  algorithms  and 
recommendations for a SAR soil moisture sensor and algorithm, 105pp. 

prepared by Horizon Geoscience Consulting  (HGC)  for Prof. Walker. The original report  is available 
upon request. HGC staff have been working in close collaboration with Prof Walker and Dr Panciera 
as  part  of  a  User  Advisory  Group  (UAG)  for  soil  moisture  estimation  from  radar  during  the 
preparation  of  their  report. While  this  report  does  not  necessarily  reflect  the  views  of HGC,  the 
outcome  of  this  collaboration  has  culminated  in  the  present  document.    Some material  has  also 
been sourced from the report 

Tanase,  M.  and  Panciera,  R.  (2011)  Towards  operational  monitoring  of  key  climate 
parameters from synthetic aperture radar. Research Plan. Cooperative Research Center for 
Spatial Information (CRC‐SI) / The University of Melbourne. 
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EXECUTIVE SUMMARY 

 The preferred radar mission design for soil moisture mapping would be a fully polarimetric 
S‐,  L‐,  P‐band  system  so  as  to  cover  the  full  range  of  conditions  ranging  from  bare  to 
forested, while the minimum mission would be a dual polarized (HH and VV) or compact 
polarimetric  (providing  the  current  knowledge  gaps  on  compact  polarimetry  techniques 
can be filled) L‐band system. 

 Important  factors  to  consider  in  the  design  are  RFI  mitigation  and  Faraday 
rotation/ionospheric correction.  A 6AM overpass time would be expected to minimize the 
Faraday and ionospheric effects.  

 An exact orbit repeat with 2‐3 day revisit is needed to meet the requirements of most soil 
moisture applications and retrieval algorithms. A constellation of satellites will be required 
to achieve this, and thus  inter‐sensor calibration will be critical  for the time‐series based 
retrieval algorithms that are proposed.  Use of Gallium Nitride (GaN) technology and SCan 
On  REceive  (SCORE)  operation with  digital  beam  forming will  help  limit  the  number  of 
satellites required to achieve this temporal repeat requirement. 

 Presuming the minimum mission with a 2‐3day exact orbit repeat is adopted, a 50m spatial 
resolution  of  the  derived  soil moisture  product would  be  required  to  set  an Australian 
radar soil moisture mission apart from the capabilities of other existing and/or near‐term 
missions, such as Sentinel, SAOCOM and TanDEM‐L.  Moreover, the 50m resolution would 
be required to address issues in relation to irrigation scheduling.  If this resolution and/or 
temporal  repeat  are  not  achievable,  then  the  possibility  of  partnering with  one  of  the 
proposed missions should be explored. 

 A  time‐series  soil moisture  retrieval algorithm  is  recommended, making use of  frequent 
radar observations to distinguish backscatter changes due to soil moisture dynamics from 
those due to changes in surface roughness and vegetation, together with decomposition of 
fully‐polarimetric observations to determine dominant scattering mechanisms within each 
cell. 

 Attention  to  the  retrieval  algorithms,  related  ancillary  information  and  calibration 
methodologies will be required before committing to a final system design, particularly  if 
compact polarimetric mode  is  to be  adopted.    This would  require dedicated pre‐launch 
airborne  field  campaigns  that  closely mimic  the  specifications  of  the  proposed mission 
design.  Careful attention to post‐launch algorithm validation and final algorithm selection 
should also be included as a fundamental component of any radar soil moisture mission for 
Australia. 
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1. INTRODUCTION 

1.1. Overview 

1.1.1. Knowledge of the spatial and temporal distribution of soil moisture is critical for economic, 
social and environmental planning in a water‐constrained future.  Such information can only 
be provided on a national basis using remote sensing. 
 

1.1.2. While most applications require absolute soil moisture content on a near‐daily repeat, the 
spatial resolution requirements are highly dependent on the application. 
 

1.1.3. Microwave remote sensing  is the only approach to have all‐weather observing capabilities, 
and  to have a  response  that  is directly affected by  the water  content  in  the near‐surface 
layer of soil.   Moreover, radar (active microwave)  is required to achieve spatial resolutions 
that  are  better  than  the  10’s  km  spatial  resolution  provided  by  radiometer  (passive 
microwave) sensors. 
 

1.1.4. In  this  report,  soil moisture will be understood  as  the water  content  in  the  top  5cm  soil 
surface  layer, measured  in terms of volumetric units  [vol/vol].   While soil water content  is 
often referred to in terms of “relative wetness”, it is only an “absolute soil moisture content” 
that can be directly measured and traced against calibration standards using volumetric field 
measurements.  
 

1.1.5. The  absolute  soil moisture  value  typically  has  a  dynamic  range  from  close  to  zero,  to  as 
much as 0.5 vol/vol in sandy soils; clay soils have a lower dynamic range. 
 

1.2. Importance of Soil Moisture 

1.2.1. About 70% of the Earth is covered with water, 97% of which is oceans. Heating of oceans by 
the  Sun  keeps  the  Earth's water  in  a  continuous  circulation  from  the  atmosphere  to  the 
Earth  and  back  again  through  condensation,  evapotranspiration,  and  precipitation 
processes. Some of the precipitation that falls onto the land infiltrates into the ground. 
 

1.2.2. The water  in the unsaturated or “vadose zone” of the  land surface  is usually referred to as 
soil moisture. The thickness of this zone extends from the soil surface to as much as a few 
hundred  metres  below  the  surface  in  some  regions,  depending  on  soil  thickness  and 
groundwater table depth. 
 

1.2.3. Although the water held by soils is a small fraction of the Earth's water budget, soil moisture 
plays an  important  role  in  the water  cycle  since  it  controls  the proportion of  rainfall  that 
percolates,  runs off, or evaporates  from  the  land,  thus  influencing plant growth and  flood 
magnitudes.  Moreover, it affects the evapotranspiration that then impacts the precipitation 
variability within a region (Koster et al., 2004). 
 

1.2.4. Importantly,  the near‐surface  layer of soil moisture  that can be observed by satellites  i)  is 
what  has  the  greatest  impact  on  flood  events,  and  ii)  can  be  combined  with  model 
predictions  to  estimate  root  zone  soil  moisture  requirements  for  agricultural  and 
meteorological applications. 
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1.3. Soil Moisture Measurement Approaches 

1.3.1. In‐situ measurements of soil moisture are sparse and their values are only representative of 
small areas, since soil moisture  temporal and spatial variation  is  large.   Such soil moisture 
networks are also expensive to install and maintain.  However, several data bases exist, such 
as  the  Global  Soil Moisture  Data  Bank  (Robock  et  al.,  2000)  and  the  International  Soil 
Moisture Network (Dorrigo et al., 2011), based on a networks ranging from small research 
watershed  to  national  coverage.   Unlike  the United  States, Australia  has  no  national  soil 
moisture observing network. 
 

1.3.2. Many model based  soil moisture products exist,  such  as  the Australian Water Availability 
Project  (http://www.eoc.csiro.au/awap),  but  these  typically  provide  information  only  on 
wetness  in  the  climatology  of  the  model,  meaning  that  values  are  not  easily  used  in 
applications.  Moreover, they are typically un‐validated. 
 

1.3.3. The  alternative  to  these  approaches  is  remote  sensing, with  the  capability  to  provide  an 
absolute  soil  moisture  value  over  large  areas  on  a  regular  repeat  cycle.  However,  the 
sensitivity  to  soil moisture content  is highly dependent on  the operating  frequency of  the 
remote sensing system. The maximum sensitivity  to soil moisture  is achieved  in  the  lower 
range  of  microwave  frequencies  (Ulaby  et  al.,  1986),  which  goes  from  1  to  5  GHz 
(wavelength from 30 cm to 5 cm, respectively).  
 

1.3.4. Land surfaces are a mixture of soil, water, and air particles. At microwave  frequencies  the 
real part of dry soil and water dielectric constants are approximately 4 and 80, respectively 
(Jackson  &  Schmugge,  1989).  Thus  soil  moisture  can  be  estimated  from  this  contrast 
between the dielectric constant of water and soil particles. 
 

1.3.5. Many works  in the scientific  literature conclude that microwave radiometry at L‐band (1.4‐
1.427 GHz)  is optimal to estimate soil moisture, not only because  it  is very sensitive to soil 
moisture,  but  also  because  i)  it  provides  all‐weather  coverage,  since  the  atmosphere  at 
microwave  frequencies  may  be  considered  nearly  transparent,  ii)  vegetation  is  semi‐
transparent, which  allows  observations  of  the  underlying  layers,  and  iii)  it  is  a  protected 
band  (Eagleman & Lin, 1976; Wang & Choudhury, 1981; Jackson & Schmugge, 1991, 1995; 
Kerr et al., 2000).  
 

1.3.6. Radiometry  (passive)  and  radar  (active) microwave  remote  sensing  differ  primarily  in  the 
source  of  electromagnetic  energy  used.  Passive  sensors  record  the  emission  from  the 
ground at microwave  frequencies. Active microwave sensors,  including Synthetic Aperture 
Radar  (SAR),  transmit and  receive pulses of microwave energy, and  record  the  time delay 
(distance) and intensity (backscatter) of the echoed signal. 

 
1.3.7. Radiometers employ very large antennas to measure the typically weak signal from thermal 

emission. Technical  limitations on the antenna size yield a  large beam width and thus poor 
spatial resolution (Lillesand and Kiefer, 1994). Despite their poor spatial resolution, they are 
less affected by vegetation and surface roughness than radars, making them the preferred 
option for dedicated soil moisture missions to date.  
 

1.3.8. Active sensors can resolve objects at much finer spatial resolutions than passive systems, but 
the  data  are  much  more  difficult  to  interpret  due  to  their  high  sensitivity  to  surface 
roughness, topography and vegetation effects.  
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1.3.9. The intended application of the data will determine the most suitable system. The utility of 
active microwave sensors (Ulaby et al, 1976, 1978, 1996; Wang et al. 1986; Rombach, 1997) 
and radiometers (Jackson, 1993; Wigneron, 1998; Du et al., 2000) for soil moisture content 
retrieval has been  successfully demonstrated  in many  studies. Real‐aperture  radar  spatial 
resolution  is determined by  the pulse  length and antenna beam width, both a  function of 
antenna length. By increasing the length of the antenna, finer spatial resolution is achieved. 
The  technical  limitations  imposed on antenna  length  to achieve  the desired resolution are 
circumvented by  coherent processing of  a  large number of  return  signals  along  the  flight 
direction, simulating a large antenna, or synthetic aperture, in a method first propose by Carl 
Wiley in 1951, and first implemented as a Synthetic Aperture Radar (SAR) by the University 
of Michigan in 1953 (Barbier, 1996).   

 
1.3.10. Although arguments can be made for more accurate passive microwave retrieval (Moran et 

al., 2006),  the  requirements  for  spatial  resolution and  coverage  for applications  requiring 
reliable soil moisture data can sometimes only be met using active sensors. It is noted that 
NASA’s  Soil Moisture  Active  Passive  (SMAP) mission  plans  to  use  a  combination  of  low 
resolution passive microwave radiometry and higher resolution active SAR  to measure soil 
moisture at moderate (10km) resolution.  
 

1.3.11. While passive microwave soil moisture missions have a 0.04 vol/vol accuracy  target,  radar 
products struggle to achieve a 0.06 vol/vol accuracy. 
 

1.4. Soil Moisture Applications and their Requirements 

1.4.1. Soil  moisture  must  necessarily  be  obtained  at  high  accuracy  for  use  in  hydrologic  and 
meteorological  models  (0.04  vol/vol;  Wigneron  et  al.,  2000).  The  soil  moisture  user 
community has differing needs in terms of spatial resolution, but almost all require a 2‐3day 
temporal repeat (Kerr et al., 2001).   Missions referred to below are described  in Section 2.  
The spatial resolution requirements are as follows: 

 

1.  Climate modelling.   Most  climate models  are  run with  a  spatial  resolution  of  50km  or 
larger with global  coverage. Several existing missions are already providing data  including 
SMOS (40km), ASCAT (50km), AMSR (50km) and SMAP (40, 10, 3km). 

 

2. Weather  forecasting.   Weather  forecast models  are  now  being  run  at  relatively  high 
spatial  resolution  when  compared  with  climate  modelling,  typically  on  order  of  10km.  
However,  the global coverage  requirement  is  relaxed  for  this application; such models are 
typically run  for the entire Australian continent and/or over regions encompassing each of 
the Australian capital cities.  Several existing missions are and/or will be able to provide this 
data globally including SMAP (3 and 10km) and ASAR (1km). 

 

3. Flood forecasting.  Flood forecast models are run on catchment scale, typically on order of 
a few thousand square kilometres.  Consequently they have a spatial resolution requirement 
on  order  of  1‐10km.    Several missions  will  be  able  to  provide  this  resolution  or  better 
globally within the next few years, including SMAP (3km) and ASAR (1km).  Others are likely 
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to be able to provide this data regionally if appropriate negotiations are undertaken, such as 
SAOCOM (250m) and possibly TanDEM‐L (250m). 

 

4. Broad‐acre farming.  Soil moisture information for farm management, in terms of what to 
plant and when, is done on the paddock scale, typically on order of 1km for crops like wheat, 
canola and corn etc.  Several missions will be able to meet this requirement including ASAR 
(1km),  SAOCOM  (250m??)  and  possibly  Tandem‐L  (250??m).  There  are  also  downscaled 
products emerging  from  SMOS  and AMSR, by  combining  the passive microwave products 
with  thermal  images.  Examples  include  DisPATCH  from  SMOS,  with  a  1km  or  better 
resolution (Merlin et al., 2012). 

 

5. Irrigation management.  Most irrigation in Australia is done using centre‐pivot (on order of 
50‐100m radius), travel irrigators (on order 50m wide) or using flood irrigation bays (typically 
not more than about 50m wide and several hundred meters long).  To be useful for irrigation 
scheduling, there is a requirement that the resolution be significantly smaller than the size of 
these management units, on order of 10m.   At  the very  least a 50m  resolution would be 
required.    There  are  no  satellite missions  currently  able  to meet  the  radar  radiometric 
accuracy  required  for  soil moisture monitoring  at  50m  resolution.    The  closest would  be 
thermal derived indices which are limited to clear sky conditions and can be complicated to 
interpret. 

 

6. Other: There are multiple other incidental uses and users to those identified above.  Some 
of these include vector borne diseases, flood plain management, and bushfire risk, but each 
of fall  into one of the main spatial resolution requirements  identified above.   There  is  little 
justification  for spatial  resolutions  that  fall between  the 10‐50m and 1km scales  identified 
above. 

 

1.5. Basis of Soil Moisture Measurement Using Radar 

Overview 

1.5.1. Radar backscatter from natural terrain  is determined by direct and direct‐reflected surface 
and volume  scattering by both  soil and vegetation  (see Figure 1.1). The magnitude of  the 
various  backscatter  contributions  is  highly  dependent  on  soil  roughness,  vegetation 
structure and both soil and vegetation dielectric properties (i.e., water content).  
 

1.5.2. The electric field scattered by a rough surface, such as that between moist soil and air, can 
be described  in terms of the surface  fields  (at the soil/air  interface). The surface  fields are 
determined by the surface shape, the incident field strength, the direction and polarization 
of  the  incident  field,  and  the  dielectric  constant  of  the  material.  Radar  backscatter 
measurements are measurements of  the  strengths of  scattered electric  fields. Thus  radar 
backscatter from rough soil surfaces depends on these same factors. 
 

1.5.3. The potential of microwave remote sensing for the measurement of soil moisture  is based 
on the large contrast between the dielectric properties of liquid water and those of dry soil.  
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Figure 1.1. Three scattering mechanism (from SMAP ATBD L2/3_SM_A Data Products). 

 
 

1.5.4. Soil  moisture  may  therefore  be  estimated  using  active  microwave  remote  sensing  by 
measuring  radar  backscatter  signals  from  soil  surfaces,  inverting  these  signals  to  yield 
estimates of dielectric constant, and converting these into estimates of soil moisture.  
 

1.5.5. Surface properties including roughness and vegetation cover complicate the retrieval of soil 
moisture and must necessarily be compensated. Roughness can affect backscatter as much 
as,  or more  than,  soil moisture  (Altese  et  al.,  1996, Wutherich,  1997)  and  there  are  no 
simple or straightforward correction methods (Jackson et al., 1996).  
 

Dielectric Constant  

1.5.6. The relative dielectric constant is the dielectric constant value relative to that of free space, 
and is a measure of a material’s ability to sustain an electric polarisation. When a dielectric 
material  is  placed  between  the  plates  of  a  capacitor,  the  static  electric  field  strength  is 
decreased and the dielectric constant gives the magnitude of the electric field relative to the 
value it would have in the absence of any medium (Frölich, 1949). The relationship is usually 
described in terms of the electric displacement, D, the electric field E and the polarization, P: 
 

PEED  4       (Eq. 1) 

 
1.5.7. For a periodic electric field the dielectric constant is a complex quantity which gives both the 

reduction in magnitude and the phase of the electric field relative to the field in the absence 
of the dielectric.  
 

1.5.8. Water (e.g. free moisture in a soil) is a polar liquid and therefore a dielectric material. Water 
molecules  carry  an  electrical  polarisation,  and  may  undergo  rotations  and  be  further 
polarised in the presence of electric fields at microwave frequencies. The complex dielectric 
constant of a dielectric material such as water  is given by the Fourier‐Laplace transform of 
the response of the polarization of water to the electric field (Frölich, 1949). The polarization 
response  function  can  be modelled  so  as  to  describe  both  the  contribution  to  dielectric 
polarization  from  electronic  polarizability,  and  the  contributions  from  molecular 
reorientations in polar fluids such as water (Powles et al., 1987;1988).  
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1.5.9. The  imaginary part of  the complex dielectric constant  is proportional  to  the energy  loss  in 
dielectrics.  The  real  and  imaginary  parts  vary  with  frequency  and  are  not  entirely 
independent  if the relationship between the displacement and the electric field strength  is 
linear (Frölich, 1949).  
 

1.5.10. Soil, being a mixture of soil particles, air and both bound and free water (Ulaby, Moore and 
Fung, 1986a) is a dielectric material that displays a strong dependence of dielectric constant 
on volumetric soil moisture (mv).  
 

1.5.11. Dry soil, irrespective of frequency, exhibits a real part of the dielectric constant ε' between 2 
and 5, and an  imaginary part ε'' < 0.05 (Dobson and Ulaby, 1986). For water at 1 GHz ε'  is 
around 80 and ε'' around 4 (Ulaby et al., 1986). As the water fraction increases in the soil, so 
does  the  amount of  free water  that  is  able  to move  freely  around  the  soil particles,  and 
consequently the soil dielectric constant increases (Topp, 1992). As a result of adding water 
to dry soil,  the value of ε' can  increase  to 20 or greater  (Schmugge, 1983). This difference 
can be exploited in microwave imaging to estimate mv.  
 

 

Figure 1.2 Illustration of the response of the real (ε') and imaginary (ε'') parts of the dielectric response to 
volumetric soil moisture content at four microwave frequencies (Ulaby et al., 1986a). 

 
1.5.12. Figure  1.2  illustrates  the  changing  value  of  the  dielectric  constant  with  increasing  soil 

moisture and the response at different microwave frequencies. As the frequency increases, 
ε' decreases and ε''  increases with  increasing soil moisture  (Fig. 1, Ulaby et al., 1986). The 
dielectric constant is affected by the observation frequency and soil properties including soil 
type, soil water state (whether bound to soil particles or freely occurring), soil temperature, 
texture and salinity (Schmugge, 1983; Engman and Chauhan, 1995; Ulaby et al., 1986a). 
 

1.5.13. The conversion of an estimate of soil dielectric constant  into a soil moisture estimate  is a 
stage common to most soil moisture retrieval algorithms. This requires a model describing 
the dependence of soil moisture on dielectric permittivity. 
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1.5.14. The  semi‐empirical  dielectric  mixing  model  of  Dobson  et  al.  (1985)  gives  the  dielectric 
constant as a function of soil temperature, moisture, texture, and observation frequency, for 
both  the  real  and  imaginary  parts  of  the  dielectric  constant,  and  is  valid  for  frequencies 
between 1.4 and 18 GHz. At  frequencies  less  than 4GHz,  the mixing model does not  fully 
account for the dielectric properties of bound water at low soil moisture contents. 
 

1.5.15. Peplinski et al. (1995) extended the semi‐empirical dielectric mixing model of Dobson et al. 
(1985) to be valid over the whole range of frequencies between 0.3 and 18 GHz. The model 
of Peplinski et al. (1995) is a popular soil‐water‐air dielectric mixing model as it represents a 
practical compromise between the complexity of theoretical modelling and the simplicity of 
empirical models.  It  also  has  validity  over  a wide  range  of  observation  frequencies  and 
accounts for the significant factors of soil texture and temperature. Dielectric mixing models 
are discussed in more detail in the report. 
 

1.5.16. Mironov (2004) is often being used in place of the models from Peplinski and Dobson due to 
the fact it works better for sandy soils. 

 

Surface Roughness 

1.5.17. Without  accurate  information  on  surface  roughness,  the  retrieval  of  soil  moisture  with 
single‐wavelength, single‐pass SAR  is not possible (Moran et al., 2006; Walker et al., 2004). 
However, the effects of roughness and soil moisture are separable at low frequency (L‐band) 
for  bare  soil  surfaces  when  fully  polarimetric  SAR  data  are  available  (Hajnsek,  2002). 
Additionally  topographic  information  is  required  for  incidence  angle  corrections;  such 
information  is  available  from  InSAR,  fully  polarimetric  PolSAR,  and  other  sources.  In  any 
event,  repeated  measurements  of  surface  roughness  and  fine  resolution  topographic 
information are required.  
 

1.5.18. Surface roughness  is not an  intrinsic property of “random” rough surfaces (commonly used 
to describe soil surfaces and in the modelling of backscatter). Both frequency and incidence 
angle determine how “rough” any surface appears to be, so that any description of a surface 
as  rough  or  smooth  must  be  qualified  by  reference  to  the  illuminating  (microwave) 
radiation. A surface that appears rough at X‐band may appear smooth at L‐band or P‐band, 
and  at  grazing  incidence  and  scattering  angles  all  surfaces  begin  to  appear  smooth.  The 
distinction between  rough  and  smooth,  although  somewhat poorly defined,  is  important, 
since  only  for  smooth  surfaces  may  the  effects  of  surface  roughness  and  dielectric 
permittivity upon backscatter be de‐coupled (Hajnsek et al., 2002, 2003a/b; Williams, 2008).  
 

1.5.19. As  wavelength  increases,  soil  surfaces  appear  increasingly  smooth,  and  ground‐volume 
scattering  can  increase  in  significance  as  the  specular  field  increases.  Ground‐volume 
scattering  is  influenced  by  ground moisture  content,  and  the  contribution  to  backscatter 
from ground‐volume  interactions can be estimated using polarimetry (Hajnsek et al., 2009) 
and polarimetric SAR interferometry (Cloude and Williams, 2005; Neumann et al.  2010). 

 
1.5.20. Surface  roughness may  vary more  over  time  and  space  in managed  ecosystems  such  as 

cropland, as compared to natural ecosystems and dense forest. The consistent row structure 
of crops creates a periodic pattern that complicates the interpretation of data (Beaudoin et 
al.,  1990,  Giacomelli  et  al.,  1995).  Surface  roughness  of  paddocks  will  likely  change  in 
imagery  acquired  on  sequential  satellite  passes  with  a  revisit  time  of  30  days  or more 
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(Wutherich,  1997).  Data  acquired  from  different  satellite  orbit  tracks  may  incur  large 
differences  in  view  angle,  and  so  surface  roughness  may  change  with  respect  to  field 
direction (Wutherich, 1997). 

 
1.5.21. Past backscatter modelling was  limited  in that models were  invalid outside their roughness 

domains, with approximations applicable either  to smooth or  rough surfaces  (Tsang, Kong 
and Shin, 1985; Ogilvy, 1991; Thorsos and  Jackson, 1991). These  limitations were  in  large 
part  relaxed with  the development of  the  Integral  Equation Method  (IEM)  for  calculating 
surface backscatter coefficients, although even this model was generally applied to surfaces 
characterized by a single‐scale roughness, described by the two classical parameters of root 
mean square (RMS) height and “correlation length”. It has been observed that natural rough 
surfaces are not single‐scale, but multi‐scale (Davidson et al., 1998, 2000) and the  IEM has 
been  adapted  to  use multi‐scale  correlation  functions  (Manninen  1997).  The multi‐scale 
nature  of  naturally  rough  soil  surfaces  has  serious  implications  for  the  estimation  of 
correlation  lengths:  correlation  length  estimates  vary  according  to  the  size  of  the  area 
sampled.  If  forward modelling  is used  in a soil moisture retrieval algorithm, consistency of 
sampling area should be maintained. 
 
 

Vegetation Scattering 

1.5.22. Vegetation  cover  absorbs  and  scatters  some  of  the  incident  radiation,  and  in  so  doing, 
reduces  the  sensitivity  of  the  microwave  signal  to  soil  moisture  content.  Absorption  is 
influenced  both  by  the  vegetation water  content  (Schmugge,  1985)  and  the  structure  of 
vegetation  since  the  effective  dielectric  constant  of  a  random  medium  contains  a 
contribution from the spatial correlation of the local dielectric constant in mean field theory 
(Frisch, 1968). 
 

1.5.23. The amount of scattering  is determined by canopy structure and geometry  (van de Griend 
and Engman, 1985), as well as the water content and biomass of the vegetation. The effect 
of  vegetation  is  also dependent on  radar  imaging parameters  including wavelength,  view 
angle  and  polarisation  (Ulaby  et  al.,  1986).  The  effect  of  vegetation may  be  reduced  by 
increasing the wavelength of observation (Brown et al., 1992; van Zyl, 1993). Schmulluis and 
Furrer (1992) obtained good results over crops using L‐band. Shorter wavelength C‐ and X‐
band  data  are more  sensitive  to  vegetation  cover,  although  there  is  a  greater  chance  of 
penetration when vegetation is dry (Brown et al., 1992).  
 

1.5.24. Grassland areas can be problematic, with  large volumes of moist  leaf  litter that masks the 
relationship between backscatter and soil moisture (Sano et al., 1998). According to Ulaby et 
al.  (1996),  active microwave  remote  sensing  has  demonstrated  potential  to measure  the 
volumetric moisture content of the near‐surface soil layer with an RMS error of 0.035 vol/vol 
at low frequencies (e.g., <2 GHz) providing the vegetation cover is less than 15cm. 
 

1.6. Review of Radar Requirements for Soil Moisture Measurement 

1.6.1. A number of  studies have  addressed  radar optimal  sensor  configuration  for  soil moisture 
retrieval.  
 

1.6.2. Due to the sensitivity of the backscattering coefficient to surface roughness and vegetation 
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cover,  and  the differing effect of  various  combinations of  frequency  and  incidence  angle, 
there has been a great deal of discussion in the literature about an “optimum” configuration 
for active microwave remote sensing with satellites. The recommendations that have been 
made  in  literature  differ  from  one  researcher  to  the  next,  so  a  brief  review  of  the 
recommendations that have been made is presented below.  
 

1.6.3. Soil moisture measurement using active microwave remote sensing observations is difficult 
due  to  the competing effects of  soil moisture content and  surface  roughness.  It has been 
noted by Chen et al. (1995) that the  larger the  incidence angle the  larger the sensitivity to 
soil moisture content, but because of  the  increasing  influence of surface  roughness,  there 
must  be  a  compromise.  As  frequency  is  increased  the  active microwave  remote  sensor 
becomes more sensitive to surface roughness for all soil moisture conditions and sensitivity 
to soil moisture content decreases. 
 

1.6.4. To minimise  the  roughness effects  that may often dominate  the active microwave  remote 
sensing data  in agricultural fields (e.g., Koolen et al., 1979; Beaudoin et al., 1990), an early 
scatterometer  study  by  Ulaby  et  al.  (1978)  suggested  that  the  optimum  parameters  are 
frequencies from 4 to 5GHz with HH polarisation having an incidence angle between 7° and 
17°  from  nadir.  This  agrees  closely with  the  recommendation made  earlier  by Ulaby  and 
Batliva (1976) who suggested that optimum parameters are a frequency of 4GHz with HH or 
VV polarisation having  an  incidence  angle between 7°and 15°  from nadir,  for bare  fields. 
Operation of a SAR at such  low  incidence would of course require enhanced bandwidth  in 
order to maintain range resolution. 
 

1.6.5. Altese et al.  (1996) have  shown  that  the effect of  surface  roughness on backscattering  is 
minimised  by  a  sensor  configuration  having  an  incidence  angle  of  around  20°  and 
observation  frequency  between  4.5  and  7.5GHz.  Altese  et  al.  (1996)  also  found  that  the 
effect  of  roughness  correlation  length  l  on  backscattering  was  less  than  for  surface 
roughness,  with  its  effect minimised  at  an  incidence  angle  around  30°  and  observation 
frequency  less  than 6GHz. However, Beaudoin et al.  (1990) have  shown  that a  significant 
effect  on  backscattering  can  be  expected  from  the  periodic  rows  of  row  crops  at  all 
incidence  angles except  around 5°, with  a maximum effect  in  the  range of 25°  to 40°.  In 
addition, Dobson and Ulaby (1986) have suggested that the orbital sensor  intended for soil 
moisture sensing should have an orbital inclination greater than 15° from polar orbit in order 
to minimise the effects of row direction at most latitudes. 
 

1.6.6. Soil moisture estimates with C‐band SAR data have been found to be better at both high and 
low  incidence  angles  rather  than  using  a  single  incidence  angle  (Srivastava  et  al.,  2003, 
Baghdadi et al. 2006). 
 

1.6.7. Although roughness effects can be minimised by using a sensor with a low incidence angle, 
this  configuration of  look  angle  is  very unlikely on  a  spacecraft  system,  as  the  resolution 

decreases  with  decreasing  incidence  angle  according  to  sin/1   (Autret  et  al.,  1989). 
Therefore,  if a  low  incidence angle  is not acceptable, Autret et al.  (1989) suggest  that  the 
best  configuration  for  soil moisture measurement  requires  the  simultaneous  use  of  two 
polarisations (HH and VV) with an incidence angle greater than 35°.  
 

1.6.8. To minimise  the  effect  of  vegetation  on  soil moisture  sensing, Dobson  and Ulaby  (1986) 
concluded  that  the  optimum  parameters  should  be  frequencies  of  less  than  6GHz  and 
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incidence angles of less than 20°. Using these observation parameters, both direct scattering 
by  the  vegetation  and  the effective  attenuation  loss  related  to  the  two‐way  transmission 
through  the  canopy  are  minimised.  At  higher  incidence  angles,  the  backscattering 
contribution of the canopy increases and is dominated by the return from vertically aligned 
stalks and cobs, whereas  leaves dominate the canopy  loss component. Of course this early 
study was conducted  long before the potential of SAR polarimetry to separate the various 
scattering mechanisms was fully appreciated. 
 

1.6.9. It has also been noted that the co‐polarised measurements of  o
hh  and  o

vv , and their linear 

combinations, are the best choice for estimation of soil moisture content, as they are most 
sensitive to soil moisture changes and least sensitive to calibration accuracy and vegetation 
cover  (Shi  et  al.,  1997).  The  influence  of  surface  roughness  can  be minimized  using,  for 
example, the co‐polarized HH/VV ratio (Chen, 1995). Furthermore, co‐polarised channels can 
be  calibrated  directly  with  passive  targets  like  corner  reflectors,  while  cross‐polarised 
channel calibration relies upon measurements made on the co‐polarised channels (van Zyl, 
1990),  and  is  hence  less  accurate. Dubois  et  al.  (1995a)  have  noted  that  to  achieve  0.04 
vol/vol accuracy in soil moisture content requires a 0.5dB accuracy of the relative calibration 
and 2dB accuracy in the absolute calibration.  
 

1.6.10. For  ERS, which  operated  at  a  characteristic  incidence  angle  of  23°  (VV  polarisation  and 
frequency of 5.3 GHz/C‐band),  the  roughness and vegetation effects would be minimised. 
Soil moisture inversion from ERS data for regions with short vegetation cover (plant biomass 
less than 1 kg m‐2) appeared possible to Dobson (Dobson et al., 1992), although it should be 
stressed that this study was theoretical and considered only one characteristic soil surface.  

 
1.6.11. An understandable rule of thumb  is that soil moisture retrieval  is  improved by using more 

than one measurement. For example multi‐frequency measurements of σ° provided better 
estimates of soil moisture over those derived from single frequencies (Rao et al., 1993).  
 

1.6.12. A  consensus  derived  from  the  literature  would  indicate  that  low  incidence  angles,  long 
wavelengths (L‐band) and single HH or multiple polarizations, including quad‐polarimetry or 
compact‐polarimetry are  the pre‐eminent  sensor configurations  required  for  soil moisture 
estimation. 
 

2. REVIEW OF SATELLITE SOIL MOISTURE MISSIONS 

2.1. Overview  

2.1.1. For  the  purpose  of  this  review,  the  emphasis  of  the  discussion  is  on  space‐borne  active 
microwave remote sensing for soil moisture content estimation, although some mention  is 
made to the role of passive microwave remote sensing.  
 

2.1.2. Despite  the  recent  losses  of  PALSAR  and  ENVISAT  SAR  sensors,  SAR  systems  are  on  the 
increase,  and  new  SAR missions will mean  that  SAR  data  is more widely  available.  Some 
characteristics of past,  contemporary  and planned  satellite  Synthetic Aperture Radars  are 
summarized in Table 2.1.  
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forecasting  (Kerr et al., 2001;2010). SMOS provides a global  revisit  time of 3 days, and  its 
only payload is an L‐band 2D imaging radiometer. The spatial resolution is of 35 – 50km and 
the incidence angle range of 0 – 50°. The “Disaggregation based on Physical And Theoretical 
scale Change” (DisPATCh) model (Merlin et al., 2012)  is being used to disaggregate the  low 
resolution  SMOS  soil moisture product  to high  resolution  (1km),  thus  allowing  the use of 
SMOS data across small scale applications. DisPATCh uses as  input the evaporative fraction 
of each 1km pixel derived  from spectral data obtained  from MODIS  (Moderate Resolution 
Imaging Spectroradiometer), which implicitly takes into account the moisture distribution at 
the  1km  scale.  This model  has  been  developed  using  data  from  the OzNet  soil moisture 
network (www.oznet.org.au; Smith et al., 2012). 

 
2.1.8. The Soil Moisture Active Passive  (SMAP) mission  is a  joint effort of NASA’s  Jet Propulsion 

Laboratory (JPL) and Goddard Space Flight Center (GSFC). The target launch date is October 
2014  (Entekhabi  et  al.  2010).  SMAP  development  is  drawing  on  the  heritage  of  the 
Hydrosphere State  (Hydros) mission  (Entekhabi et al. 2004). SMAP will provide 3km radar‐
only soil moisture product, considered a research product, as well as 40km radiometer only 
and 10km active‐passive downscaled products. 

 
2.1.9. The  Advanced  Microwave  Scanning  Radiometer  ‐  Earth  Observing  System  (AMSR‐E), 

operated  by  JAXA  and  onboard  NASA's  Aqua  satellite  operated  at  6  dual  polarized 
frequencies, centred at 6.9, 10.6, 18.7, 23.8, 36.5 and 89.0 GHz (Draper et al., 2009). AMSRE‐
E has been in orbit since 2002, but routine observations ceased in October 2011. The spatial 
resolution  of  each  individual  band  ranged  between  5.4  and  56  km.  Global  soil moisture 
measurements  were  available  every  2  days  (Njoku  et  al.,  2003).  The  Global  Change 
Observation Mission 1st – Water  (GCOM‐W1), a  continuation of AMSR‐E, was  launched  in 
May  2012.  The  GCOM  comprises  two  satellites,  GCOM‐W,  a microwave  radiometer,  for 
observing  water  circulation  changes  and  GCOM‐C,  a  multi‐channel  optical  imager,  for 
monitoring  climate  changes. The Advanced Microwave Scanning Radiometer 2  (AMSR2)  is 
onboard GCOM‐W1. Like  its predecessor, AMSR2 uses six frequencies ranging from 7 to 89 
GHz. Each scan observes an area of approximately 1,450 km, so providing coverage of 99% 
of earth’s surface  in 2 days. GCOM‐W1  is the  first of three planned missions, which would 
extend AMSR measurements out for the next 15 years. 
 

2.1.10. The Advanced SCATterometer (ASCAT) on board Metop‐A was launched in October 2006 and 
it’s  the  successor  to  the  ERS1  and  ERS2  scatterometers.  ASCAT  is  a  real  aperture  radar 
operating at 5.255 GHz (C‐band) and using vertically polarised antennas. Two sets of three 
antennas measure  the electromagnetic backscatter  in  two 500 km wide  swaths, one each 
side of the satellite ground track. Soil wetness  is retrieved from ASCAT scatterometer data 
using the TU Wien change detection method (Wagner et al. 1999a,b,c; Wagner and Scipal, 
2000;  Wagner  et  al.,  2003).  Since  December  2008  the  European  Organization  for  the 
Exploitation of Meteorological  Satellites  (EUMETSAT) has been disseminating global 25km 
ASCAT  surface  soil wetness  data  in  near  real‐time  (within  135min  after  sensing)  over  its 
broadcast system EUMETCast.  

 
2.1.11. Hornacek   et al.  (2012) suggested  that ESA’s proposed Sentinel‐1 system,  the successor to 

ENVISAT ASAR, could be used to provide an operational service to derive 1km soil wetness 
data using  change detection algorithms developed and demonstrated with ENVISAT ASAR 
Global Monitoring mode, and  in  the ASCAT. The Sentinel‐1 mission  consists of  two polar‐
orbiting C‐Band SAR satellites designed to map the European land mass once every four days 
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in  interferometric wide swath mode (IWS), and the global  land surface once every 12 days 
(MacDonald,  Dettwiler  and  Associates  Ltd,  2011).  It  is  expected  that  Sentinel‐1A will  be 
launched mid‐2013 and Sentinel‐1B about 18 to 24 months later.  

 
2.1.12. SAOCOM  (Spanish  for  Argentine  Microwave  Observation  Satellite)  is  a  planned  Earth 

observation  satellite  constellation  of  the  Argentine  Space  Agency 
(www.conae.gov.ar/eng/satelites/saocom.html). Originally  launch was announced  for 2010 
(1A) and 2011 (1B), but delays have pushed the launch dates back (tentatively) towards 2014 
and 2015  respectively  for 1A and 1B  satellites.  SAOCOM 2A and 2B  satellites are due  for 
launch  in  2019  and  2020  respectively.  Those  two  satellites  along  with  four  X‐band  SAR 
equipped  COSMO‐SkyMed  satellites  from  the  Italian  Space  Agency  ASI  would  form  the 
Italian‐Argentine  System  of  Satellites  for  Emergency Management  (SIASGE)  constellation. 
While SAOCOM is not planned to provide data over Australia, it may be possible to partner 
with them to get downloads for Australia. 
 

2.1.13. There  is  also  the  proposed  TanDEM‐L  of  DLR  (the  German  Aerospace  Center),  an 
interferometric L‐band sensor for measuring dynamic earth processes (Moreira et al., 2011), 
but this  is still at the conceptual phase. The mission concept comprises two satellites flying 
in  close  formation,  with  PolInSAR  and  single‐  and  repeat‐pass  interferometric  imaging 
modes.  The  design  of  TanDEM‐L  will  facilitate  systematic  observation  of  above  ground 
biomass,  earth  surface  deformation,  snow  and  ice  movements,  changes  in  surface  soil 
moisture and land use, and ocean surface currents. As this mission is still in the conceptual 
phase, it may be possible for Australia to become a partner on this mission. 
 

2.1.14. Due to funding cuts, the DESDynl (Deformation, Ecosystem Structure, and Dynamics of  Ice) 
mission of NASA  is on  indefinite hold. The mission was  scheduled  for  launch  in 2017, and 
featured  a  ~10m  resolution  L‐band  SAR  system  with multiple  polarizations.  Repeat‐pass 
InSAR  would  have  been  used  for  surface  deformation  and  ice  sheet  dynamics 
measurements,  and  PolSAR  for  biomass  estimation  and  spatial  variability  of  ecosystem 
structure. The DESDynI  radar employs  a novel  imaging  technique  called  “SweepSAR”  that 
allows wide  swath  (~240km)  imaging  at  full  resolution  and  full polarization  (Rosen  et al., 
2011). As in the case of TanDEM‐L, it may be possible for Australia to become a partner on 
this mission should the funds become available in the future. 

 
2.1.15. Technical  specifications  of  these  and  other  satellite  missions  relevant  for  soil  moisture 

applications  are  provided  in  Table  2.2.  Further  information  is  provided  in  the  following 
Sections. 

 
2.1.16. Any  soil  moisture  mission  for  Australia  would  need  to  differentiate  itself  from  the 

capabilities of these existing and anticipated missions. 
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Table 2.2. Technical specifications of satellite missions relevant to soil moisture applications (SP: HH or HV or VH or VV, DP: HH+HV or VV+VH, QP: HH+HV+VH+VV, CL: RH+RV or 
LH+LV). 

Sensor 
Freq. 

Band 

Orbit 

 

Incidence 
Angle (o) 

NESZ 
Rad. 

Stability 
Swath 
(km) 

Spatial 
resolution 

Imaging modes 
Soil moisture 

dedicated (Y/N) 
Single/Const

ellation 
Launch / Notes 

 

BIOMASS 

 

432 ‐ 438 
MHz 

(6MHz) 

672 km, sun‐
synch, 17day RC 

26‐33  ‐27dB  0.35dB  40 – 60  ‐  ‐  N  Single 

Space Object 
Tracking System 
Interference 

limits operation 

PALSAR II 

1257.5MHz 

(24,42MHz 
FP) 

628 km, sun‐
synch, 

14 day RC 

8‐70  ‐28dB  0.2dB  50 – 70  ‐ 

Spotlight 

Stripmap 

ScanSAR 

N  Single 

Aug. 2013 

GaN, up/down 
chirp 

TerraSAR‐L 
1.2575GHz 

(80MHz max) 

630km, sun‐
synch, 14 day 

RC 
20‐45  ‐30dB  ‐  40 – 70  ‐  ‐  N  Single 

Concept, DLR, 
designed for 
repeat‐pass 

IFSAR 

NovaSAR 
3.2GHz 

(25MHz) 

580 km, 

sun‐synch, 
16‐34  ‐  ‐  15 – 20  ‐  ‐  N  Single 

Concept, 
SSTL/ESA, not 
yet approved 

Sentinel‐1 

 

5.410GHz 

(30MHz) 

Near polar 
sun‐synch, 
693km 

12‐day, 175 
orbit repeat 

cycle 

3‐6 days 
Europe 

6‐12 days 
Global 

31‐46 

23‐37 

20‐47 

20‐47 

‐22dB 
< 1dB 

(3sigma) 

>250 

20(x20) 

>80 

>410 

 

5mx20m 

5mx5m 

5mx5m 

20x40m 

C‐band (5410MHz) 
Dual(HH+HV,VV+VH) 

Single (HH, VV) 

Dual(HH+HV,VV+VH) 

Dual(HH+HV,VV+VH) 

N  2 sat 

Mid. 2013 (1A) 
2015 (1B) 

12 day RC for a 
single satellite 

SMAP  1.26GHz  670km,  40  ‐30dB  0.5dB  1000  1‐3km L‐band VV, HH, HV Y  Single  Oct. 2014 
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(15kHz)  sun‐synch 

2‐3 days 

40km L‐band radiometer 

SAOCOM 
1.275GHz 

(21 MHz) 

Sun‐synch 

620 km 

97.89° 

16 days (1 Sat) 

8 days (Const) 

17‐50 

17.6‐47 

17.6‐49 

‐35dB  0.25dB 

20‐40 

100‐150 

220‐350 

10m 

30‐50m 

50‐100m 

Stripmap SP/DP 

TopSAR narrow SP/DP/QP 

TopSAR wide SP/DP/QP/CL 

 

Y  4 sat 

1A 2014‐2019 

1B 2015‐2020 

2A 2015‐2020 

2B 2016‐2021 

TanDEM‐L  ‐  ‐  ‐  ‐  ‐  ‐  ‐  PolInSAR  Y  2 sat  2019 

GCOM‐W1 

(AMSR‐2) 
 

700 km 

2 days RC 
55 ‐  ‐  1450  3‐ 35km 

14 channels, 6 freq, dual pol 

(7.3, 10.65, 18.7, 23.8, 36.5, 89 
GHz) 

Y  Single  2012 

SMOS  1.413 GHz 

Sun‐Synch 

756 km 

32.5° 

3 days 

 

0 ‐ 50 ‐  ‐  1000 
 

35‐50km 

2D Imaging Radiometer (H and 
V pol) 

Y  Single  2009 

AMSR‐E 

 
6.9‐89 GHz 

705 km 

47.4° 

2 days 

 

55  ‐  ‐  1445 
5.4 – 
56km 

 

12 channels, 6 freq, dual pol 

(6,9, 10.6, 18.7, 23.8, 36.5, 89.0 
GHz) 

 

Y  Single  2002‐2011 
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2.2. Sentinel  

2.2.1. The Sentinel series is being developed by the European Space Agency (ESA) for continuation 
of  operational  applications  using  C‐band  SAR  (MacDonald,  Dettwiler  and  Associates  Ltd, 
2011).  The  Sentinels  constitute  the  first  series of operational  satellites  responding  to  the 
Earth  Observation  needs  of  the  European  Union  (EU)  —  ESA  Global  Monitoring  for 
Environment  and  Security  initiative.  ESA  is  currently  undertaking  the  development  of  3 
Sentinel mission families. Each Sentinel is based on a constellation of 2 satellites in the same 
orbital plane, which allows to fulfil the revisit and coverage requirements, and to provide a 
robust and affordable operational service. 
 

2.2.2. Sentinel‐1 has been designed  to address primarily medium  to high  resolution applications 
through  a main mode  of  operation  that  features  both  a wide  swath  (250  km)  and  high 
geometric (5 m × 20 m) and radiometric resolution. Over sea–ice and polar zones or certain 
maritime  areas,  an  extra‐wide  swath  mode  may  be  used  to  satisfy  the  observation 
requirements  of  certain  service  providers  (e.g.  sea–ice monitoring),  in order  to  ensure  in 
particular wider  coverage and better  revisit  time by  sacrificing geometric and  radiometric 
resolution. 
 

2.2.3. The Sentinel‐1 mission consists of two polar‐orbiting C‐Band SAR satellites designed to map 
the European land mass once every four days in interferometric wide swath mode (IWS) and 
the global land surface once every 12 days using the 2 satellite constellation. 
 

2.2.4. Based on Sentinel‐1 acquisition modes, Table 2.3 outlines the anticipated science products:   
 

Table 2.3. Anticipated science products from Sentinel‐1 (MacDonald, Dettwiler and Associates Ltd, 2011). 

Acquisition 
mode 

L1 
product 

Resolution class  L2 product  L2  product 
component 

StripMap (SM)  SLC    OCN  OSW,  OWI, 
RVL 

GRD  FR. HR, MR     

Interferometric 
Wide  Swath 
(IW) 

SLC    OCN  OWI, RVL 

GRD  HR, MR     

Extra  Wide 
Swath (EW) 

SLC    OCN  OWI, RVL 

GRD  HR, MR     

Wave  Mode 
(WV) 

SLC    OCN  OSW, RVL 

GRD  MR     

 

(L1 Product types include SLC: Single‐Look Complex, and GRD: Ground Range Multi‐look Detected. Product 
resolutions include FR: Full Resolution, HR: High Resolution, MR: Medium Resolution. L2 Product types include 
OCN: Ocean. L2 Product Components include OSW: Ocean Swell spectra, OWI: Ocean wind field, and RVL: 

Radial Surface Velocity). 

 
2.2.5. Sentinel‐1 level 1 products will contribute to a range of operational applications including oil 

spill  and  ship  detection,  arctic  sea  ice  mapping,  land‐surface  motion  detection,  forest 
monitoring, and soil wetness estimation. 
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2.2.6. Sentinel‐1  level  2  products  will  contribute  to  numerical  weather  predication  and  wave 
forecasting and modelling. 

 
2.2.7. It  is expected  that Sentinel‐1A will be  launched mid‐2013 and Sentinel‐1B about 18  to 24 

months later.  
 

2.3. SMAP  

2.3.1. SMAP sensor and algorithms are being designed to meet the Level 1 requirements  for soil 
moisture  which  state  “…  The  baseline  science  mission  shall  provide  estimates  of  soil 
moisture in the top 5cm of soil with an error of no greater than 0.04 vol/vol (one sigma) at 
10km  spatial  resolution  and  3‐day  average  intervals  over  the  global  land  area  excluding 
regions of snow and ice, frozen ground, mountainous topography, open water, urban areas, 
and  vegetation  with  water  content  greater  than  5kg/m2  (averaged  over  the  spatial 
resolution scale)…” 
 

2.3.2. The SMAP  instrument  incorporates an L‐band radar and an L‐band radiometer that share a 
single feed horn and parabolic mesh reflector. The reflector is offset from nadir and rotates 
about the nadir axis, providing a conically scanning antenna beam with a surface  incidence 
angle  of  approximately  40°.  The  provision  of  constant  incidence  angle  across  the  swath 
simplifies the data processing and enables accurate repeat‐pass estimation of soil moisture 
(and  freeze/thaw)  change.  The  6m  diameter  reflector  yields  a  3dB  antenna  footprint  of 
40km for the radiometer and 1km for the radar.  
 

2.3.3. The goal is to combine the attributes of the radar and radiometer observations (in terms of 
their spatial resolution and sensitivity to soil moisture, surface roughness, and vegetation) to 
estimate soil moisture at a resolution of 10km, and  freeze‐thaw state at a resolution of 1‐
3km. A radar‐only soil moisture product will have a 3km spatial resolution.     
 

2.3.4. SMAP  planned  data  products  are  listed  in  Table  2.4.  Level  1B  and  1C  data  products  are 
calibrated  and  geo‐located  instrument measurements  of  surface  radar  backscatter  cross‐
section and brightness temperatures derived from antenna temperatures. Level 2 products 
are geophysical  retrievals of soil moisture on a  fixed Earth grid based on Level 1 products 
and  ancillary  information;  the  Level  2  products  are  output  on  half‐orbit  basis.  Level  3 
products are daily composites of Level 2 surface soil moisture and  freeze/thaw state data. 
Level  4  products  are  model‐derived  value‐added  data  products  that  support  key  SMAP 
applications and more directly address the driving science questions. 
 

2.3.5. The  10‐km  soil moisture  requirement will  be met  for  SMAP  by  combining  the  radar  and 
radiometer measurements  in  an  algorithm  that optimizes  the high‐resolution  attribute of 
the  radar  with  the  higher  accuracy  attribute  of  the  radiometer,  as  described  in  the 
L2_SM_AP ATBD (Seung‐bum Kim et al., 2012). 
 

2.3.6. The 3‐km radar‐only soil moisture product (L2_SM_A)  is considered a research product for 
SMAP and is not expected to be as accurate as either the 40km radiometer only (L2_SM_P) 
or  active‐passive  downscaled  (L2_SM_AP)  SMAP  data  products,  especially  under  more 
densely vegetated conditions  (~3‐5kg/m2). The SMAP mission has  targeted 0.06 vol/vol as 
the L2_SM_A accuracy goal, for vegetation water contents up to 5 kg/m2. It is acknowledged 
that this may not be feasible at the higher vegetation amounts. 

 
V01_00

                                            22 
 Annex 12. Basis Of An Australian Radar Soil  
Moisture Algorithm Theoretical Baseline Document

 
30th June 2013



           Basis of an ATBD for a radar soil moisture mission 
23 

 

 

2.3.7. The  3‐km  radar  only  product  is  currently  considering  a  range  of  retrieval  algorithm 
approaches, as described in the L2_SM_A ATBD. 

 
2.3.8. The  SMAP  radiometer  measures  the  four  Stokes  parameters  that  characterize  the 

polarization  state  of  the  microwave  radiation  at  1.41GHz.  The  third  Stokes  parameter 
measurement  can  be  used  to  correct  for  possible  Faraday  rotation  caused  by  the 
ionosphere, although such Faraday rotation  is minimized by the selection of the 6am/6pm 
sun‐synchronous SMAP orbit (Yueh, 2000; Freeman and Saatchi, 2004). 
  

2.3.9. At L‐band anthropogenic Radio Frequency Interference (RFI), principally from ground‐based 
surveillance  radars,  can  contaminate  both  radar  and  radiometer  measurements.  The 
measurements  of  the  SMOS  mission  indicate  that  in  some  regions  RFI  is  present  and 
detectable. The SMAP radar and radiometer electronics and algorithms have been designed 
to include features to mitigate the effects of RFI.  
 

2.3.10. To combat RFI the SMAP radar utilizes selective filters and an adjustable carrier frequency in 
order to tune the pre‐determined RFI‐free portions of the spectrum while in orbit. The SMAP 
radiometer  will  implement  a  combination  of  time  and  frequency  diversity,  kurtosis 
detection,  and  use  of  fourth  Stokes  parameter  thresholds  to  detect  and where  possible 
mitigate RFI effects. 

 

Table 2.4. Anticipated SMAP Data Products 

 

 

2.4. SAOCOM 

2.4.1. SAOCOM  (SAtélite  Argentino  de  Observación  COn  Microondas,  Spanish  for  Argentine 
Microwaves Observation Satellite)  is a planned Earth observation  satellite  constellation of 
the Argentine Space Agency (Comisión Nacional de Actividades Espaciales) CONAE. SAOCOM 
is  a  joint proposal by CONAE, Argentina  and  ISA,  Italy,  for  a 4  satellite  constellation with 
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application  in  soil  moisture  mapping.  It  is  anticipated  that  observations  acquired  by 
SAOCOM  will  contribute  to  agricultural,  hydrological  and  health  applications,  natural 
resource management and disaster monitoring and management.    
 

2.4.2. The SAOCOM  series are Argentina's  first Remote Sensing mission  carrying  instruments on 
board which operate at microwave wavelengths,  including an L‐band  full polarimetric SAR 
and a thermal infrared camera. Four satellites are planned, SAOCOM 1A, 1B, 2A and 2B. Each 
will be equipped with an L‐band full polarimetric SAR. Each weighs 1600 kg and their main 
purpose  will  be  monitoring  for  the  prevention  of  disasters.  The  first  two  satellites  are 
currently under simultaneous development.  
 

2.4.3. Originally launch was announced for 2010 (1A) and 2011 (1B) but delays and further delays 
have pushed the  launch dates back tentatively towards 2014 and 2015 respectively  for 1A 
and  1B  satellites.  SAOCOM  2A  and  2B  satellites  are  due  for  launch  in  2019  and  2020 
respectively.   
 

2.4.4. Along  with  four  X‐band  SAR  equipped  COSMO‐SkyMed  satellites  from  the  Italian  Space 
Agency  ASI,  SAOCOM will  form  the  Italian‐Argentine  System  of  Satellites  for  Emergency 
Management (SIASGE) constellation. 
 

2.4.5. The  L Band  SAR will operate  at 1.275 GHz  and will be  right‐observing  (with possible  left‐
observing capability) from a frozen, quasi‐circular, sun‐synchronous orbit at 620 km altitude. 
The satellite will have a 16 day revisit time, with an 8 day revisit for the twin‐constellation 
(1A and 1B). SAR imagery will have 10–100 m resolution, in 30–350 km swath widths at 20‐
50°  incidence with anticipated  radiometric accuracy of 0.25 dB  (full mission) and 0.05 dB 
(within a scene). 
 

2.4.6. Available  polarization  modes  include  single  (HH  or  VV),  double  (HH/HV  or  VV/VH), 
quadrupolar (HH, HV, VH and VV) and Compact mode Circular‐Linear (CL‐POL) whereby the 
system transmits one circular polarization (right or left) and receives two linear polarizations 
simultaneously (RH and RV or LH and LV). 
 

2.4.7. SAOCOM  1A  operation modes  include  stripmap,  TOPSAR  (narrow  and wide)  in  all  linear 
polarization modes, TOPSAR Narrow  linear polarization modes,  and  a  technological mode 
TOPSAR  Wide  CL‐POL  (designed  exclusively  for  soil  moisture  assessment  in  the  Pampa 
Húmeda region). 
 

2.4.8. Despite  advances  in  sensors  and methodologies,  the development of  robust methods  for 
estimating  surface  soil  moisture  has  been  problematic.  Consequently,  many  different 
techniques and algorithms have been developed  for  soil moisture  content  retrieval, using 
various modes of SAR measurements.  

 
2.4.9. The coverage by SAOCOM will be  limited, as  it  is not  intended to be a global mission.   The 

baseline acquisitions will include a large part of Europe for exclusive use by ASI (Italian Space 
Agency),  and Argentina/South America  for exclusive use by CONAE. Acquisitions by other 
users and for other parts of the world will need to be negotiated. 
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3. APPROACHES TO RADAR SOIL MOISTURE RETRIEVAL USING SNAP‐SHOT ALGORITHMS 

3.1. Overview 

3.1.1. A standard approach to biophysical parameter retrieval, such as soil moisture inversion, is to 
interpret the measured signals at the time of measurement using models: fitting the model 
signal by varying the model parameter values (of which soil moisture is one).  This process is 
referred to here as snap‐shot algorithms, and  is distinct from others that use two or more 
acquisitions that are distributed through time. 
 

3.1.2. Snap‐shot  models  for  surface  backscatter  may  be  divided  into  several  categories: 
theoretical, empirical or  semi‐empirical, with  analytical or numerical  solution  approaches. 
They may also  include single polarisation or polarimetric solutions.  In each case the nature 
of  the  random  rough  surface must  be  specified,  along with  the  imaging  parameters.  The 
parameters  include  (soil) dielectric constant, wavelength, polarisation and  incidence angle. 
The  surface  description  is  often  limited  to  two  parameters,  RMS  surface  height  and 
correlation  length, which are not always  sufficient  to describe natural  surfaces due  to  the 
multi‐scale nature of roughness (Davidson et al., 1998/2000, Manninen, 1997). 

 
3.1.3. The  use  of  such  single‐scale  models  to  recover  soil  moisture  from  multi‐scale  natural 

surfaces  often  leads  to  retrieval  ambiguities.  Thus,  while  theoretical  models  may  have 
justification from the point of rigour, in practice their use may be limited by the availability 
of proper surface descriptions, or their ease of application.  
 

3.1.4. Surface roughness and correlation may be  inverted at  the same  time as soil moisture, but 
only  if  supported  by  multi‐frequency  or  polarisation  measurements,  and  providing  the 
roughness  conditions  meet  the  validity  constraints  of  the  model.  In  general  a  priori 
information on the surface properties  is required, making soil moisture retrieval over  large 
areas problematic. Additionally, even when  surface  information  is available,  its  limitations 
do not permit the full description of the surface properties, and the restrictive assumptions 
made when deriving analytic backscatter expressions imply that they can seldom be used to 
invert data to a high degree of accuracy when measured over natural surfaces. 
  

3.2. Bare Surfaces using Numerical Surface Backscatter Models  

3.2.1. Numerical methods  include Method of Moments  (MoM)  (Tsang et al. 2001),  the Extended 
Boundary  Condition  Method  (EBCM)  (Kuo  and  Moghaddam  2007),  the  finite  element 
method  (Lawrence  et  al.,  2010;  Lou  et  al.,  1991)  and  the  finite  difference  time  domain 
method (Chan et al. 1991). 
 

3.2.2. “Fast” methods  to  further  improve  computational  efficiency  have  also  been  developed, 
including  the  Sparse  Matrix  Canonical  Grid  (SMCG)  method  (Johnson  et  al.  1996),  the 
Physical Based Two Grid (PBTG) method (Li and Tsang 2001), and the multilevel UV method 
(Tsang et al. 2004). Fully 3D  simulations of Maxwell equations  (where  the height  function 
z=f(x,y)  of  the  rough  surface  varies  in  both  horizontal  directions)  are  required  to  predict 
realistic surface behaviours.  
 

3.2.3. The 3D full wave method of moments simulations based on the “Numerical Maxwell Model 
in 3 Dimensions” simulations (NMM3D) began in the mid‐1990’s (Tsang et al. 1994; Tsang et 
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al.  2001).  The  NMM3D  of  the  Univ. Washington  (UW)  was  selected  as  the  benchmark 
forward model for the bare surface class for SMAP and was used to compute L‐band 40° 3‐D 
surface  backscattering  for  200  cases  including  varying  surface  RMS  heights,  correlation 
lengths, and soil permittivities for co‐polarization (Huang et al. 2010) and cross‐polarization 
(Huang and Tsang 2012).  
 

3.2.4. Numerical methods, which avoid approximations beyond  those used  to model  the surface 
topographies but  require Monte Carlo  simulations and much greater computational costs, 
have also been employed by SMAP researchers to obtain bare surface scattering predictions. 
 

3.2.5. The  numerical  calculations  were  used  to  create  interpolation  tables  (or  “data  cubes”) 
wherein interpolated values are within 0.2 dB of the original data values. The maximum RMS 
height considered  for SMAP was 0.21 wavelength  (ks=1.32 which  is about 5cm at L band, 
where k and s are the wave number and RMS height) so that the cases simulated and the 
interpolations used can be applied to cover a wide range of interests.  
 

3.2.6. These results were compared with the Dubois empirical model (Dubois et al. 1995), SPM, KA, 
and AIEM. In parallel, a group  in the Univ. Michigan Group used a stabilized EBCM method 
(Duan and Moghaddam 2011) and computed results up to ks=1. Results of the UW NMM3D 
look‐up  tables  were  compared  with  field  measurements  of  co‐  and  cross‐polarized 
backscattering (Oh et al. 1992). The field data included measurements of soil permittivities, 
RMS heights, and correlation  lengths  (which  latter should be used subject  to  the previous 
caveats  regarding  natural  surfaces).  The  soil  surface  correlation  functions  were  also 
measured and found best matched by exponential correlation functions. These ground truth 
parameters  were  simulated  with  NMM3D  using  the  exponential  correlation  function 
description.  Comparison  of  NMM3D  predictions  and  measured  data  shows  that  good 
agreement is achieved. The cross polarization results of NMM3D are also in good agreement 
with experimental data. 
 

3.2.7. For  both  non‐woody  and woody  vegetation  on  vegetated  surfaces  the  primary  approach 
utilized was a “discrete scatterer” approximation (Lang and Sidhu 1983; Tsang et al. 2000), in 
which  each  vegetation  object,  such  as  a  cylinder  or  disk,  is  assumed  to  scatter 
independently.  Scattered  fields  calculated  in  the mean  field model  from  each  vegetation 
component are summed and averaged over size and orientation distributions in a coherent 
model that accounts for vegetation structure.  
 

3.2.8. A first order iterative solution of the radiative transfer equation (Karam et al. 1992; Tsang et 
al. 1985)  yields  similar predictions but neglects  a  coherent double bounce effect.  Several 
variations  of  the  discrete  scatterer model  exist  (Arii  et  al.  2010;  Chauhan  et  al.  1994), 
depending on the fidelity with which the vegetation‐ground interaction term is treated, the 
number  of  vegetation  layers  included,  the  method  utilized  to  compute  scattering  from 
vegetation and surface components, and the approach used for estimating attenuation. 
 

3.2.9. A notable example of a coherent SAR simulation model for forests, suitable for frequencies 
between L‐band and P‐band,  is PolSARproSIM  (Williams, 2006, earth.eo.esa.int/polsarpro). 
Although  restricted  to  simulation  of  forests,  the  software  has  been  used  widely  to 
demonstrate the utility of various biophysical parameter retrieval algorithms because of  its 
high  fidelity  and  proper  inclusion  of  important  scattering  mechanisms  and  their  inter‐
dependence.  
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3.3. Bare Surfaces using Theoretical Surface Backscatter Models 

3.3.1. In  principle,  if  the  surface  topography  and  surface  fields  (e.g.,  roughness  and  dielectric 
constant) are known, backscatter  from a  surface  can be  calculated  through application of 
the  Stratton‐Chu  integral  (see  e.g.  Ulaby  et  al.,  1982), which  is  an  analytical  solution  of 
Maxwell’s equations, and embodies Huygen’s principle for a rough surface. In practice exact 
analytical  solutions  are  intractable,  and  full  numerical  solutions  are  computationally 
expensive, although increasingly accessible.  
 

3.3.2. Despite complexity hurdles  theoretical models may be preferred over empirical and  semi‐
empirical models as the models are valid for a range of different sensor configurations, and 
incorporate directly the effect of surface parameters on backscatter response (Altese et al., 
1996). Theoretical models,  for  the most part, describe  the general  trend  in backscattering 
coefficient with  changes  in  surface  roughness  (including  RMS  surface  height,  correlation 
function and correlation length) and soil moisture. However, the complexity of some of the 
models  and  the  restrictive  assumptions  of  their  simplifications  may  limit  their  use  for 
inversion  as  a  result  of  failure  to  meet  validity  ranges  or  lack  of  agreement  with 
experimental observations (Oh et al., 1992; Dubois and van Zyl, 1994; Dubois et al., 1995b). 
This is often bacause knowledge of surface roughness is required for soil moisture inversion, 
and incomplete knowledge of surface statistical description can have profound implications 
for backscatter predictions. 
 

3.3.3. As a result of the complexity of the surface scattering problem a number of approximations 
were developed  that yielded simplified expressions  for surface backscattering coefficients. 
These  simplifying  approximations were  restricted  for use  to  those  surfaces  for which  the 
simplifying assumptions were valid.  
 

3.3.4. For example  the Small Perturbation Method  (SPM) describes  the scattering of waves  from 
slightly  rough  surfaces  (Rice,  1963).  The  SPM  assumes  that  surface  variations  are much 
smaller  than  the  incident wavelength  (recall  that  surface  “roughness”  is wavelength  and 
incidence  angle  dependent).  The  SPM  solves  for  the  surface  fields  in  the  Stratton‐Chu 
equation using  a  series  expansion which  is  truncated on  the  assumption of  small  surface 
slope. The zeroth‐order solution is just that which would be observed for a perfectly smooth 
surface.  The  first‐order  solution,  the  most  commonly  discussed,  provides  a  simple 
expression  for backscatter, but predicts no depolarization  in the backscatter direction; this 
deficiency is corrected in the second‐order solution. The SPM has been used to study rough 
surface scattering for surfaces with small height variation compared to the wavelength and 
with slope smaller than unity. The SPM  (or Bragg model) has also been adapted  for use  in 
what is effectively a “two‐scale” approach for use with polarimetric SAR data: discussion of 
this methodology is left to a later section. 
 

3.3.5. The Kirchhoff Approach (KA) and the Physical Optics Method (POM) use the “tangent plane 
approximation” to represent the surface fields on a rough surface as those that would exist 
on  the  tangent plane at  that point. The  local Fresnel reflection coefficients  (which depend 
upon the dielectric permittivity through the soil composition and water content) are used to 
calculate  the  tangent  fields.  Given  a  surface  correlation  function  it  is  possible  to  derive 
tractable  analytic  expressions  for  backscatter  in  the  KA.  These  are  of  limited  validity 
however, and the KA can only be used to study backscatter from surfaces with large radius 
of curvature (relative to the wavelength of the incident radiation). For a full discussion of the 
ranges of validity of the SPM and KA the reader  is referred to Thorsos and Jackson (1991). 
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The  Geometrical  Optics  (GO)  solution  is  a  high‐frequency  asymptotic  solution  to  the  KA 
diffraction  integrals derived using  the method of  stationary phase  (Tsang, Kong and  Shin, 
1985).  
 

3.3.6. The use of  integral equations  in  the  study of  surface  scattering  is by no means new  (e.g. 
Morse and Feshbach, 1953). The  Integral Equation Method  (IEM) of Fung and Chen  (1992) 
united both KA  and  SPM models  in  an  attempt  to extend  their  applicability over  a wider 
range  of  roughness  conditions  and  frequencies.  Although  it  contains  a  number  of 
approximations (Fung, 1994), the IEM demonstrates the capacity to describe backscattering 
behaviour of a randomly rough bare surface over wide ranges of roughness and correlation 
length  for  Gaussian  and  exponentially  correlated  surfaces,  and  takes  both  single  and 
multiple surface scattering into account through the use of tangential surface field estimates 
that extend beyond  the use of Fresnel  reflection coefficients  in  the KA. The  IEM has been 
employed to model backscatter from multi‐scale surfaces more representative of real rough 
surfaces (Manninen, 1997), but the range of validity of the IEM in the multiscale formulation 
is not yet clear. 
 

3.3.7. Perhaps because of its wide range of validity the IEM has become arguably the most widely 
used radar backscatter model and has been  found to be particularly suitable  for retrieving 
soil moisture  from single‐wavelength, single‐pass SAR measurements. However,  in all such 
cases, an a priori measure of surface roughness was required  (e.g., Tansey and Millington, 
2001).  
 

3.3.8. Altese et al. (1996) used an approximate version of the IEM, valid for surfaces with small to 
moderate  roughness  (Appendix A Table A.1). Only  the  single  scattering  component of  the 
IEM was considered and only the real part of the relative dielectric constant was used, with 
the assumption that the surface correlation  function  is  isotropic and could be represented 
by either Gaussian or exponential models. 
 

3.3.9. As a result of successful applications of the  IEM to soil moisture retrieval, there have been 
numerous  refinements,  improvements,  and  additions  to  the  IEM  that  will  certainly 
encourage  its continued use. To  reduce  the complexity of  the  IEM application, algorithms 
have  been  developed  based  on  fitting  of  IEM  numerical  simulations  for  a wide  range  of 
surface  roughness  and  soil moisture  conditions  (Chen  et  al.,  1995;  Shi  et  al.,  1997).  The 
results  are  a  look‐up  table  of  IEM  simulations  that  serve  to  directly  relate  SAR  surface 
backscattering coefficient to theoretical model predictions over bare and sparsely vegetated 
surfaces with known radar parameters. These simplified IEM‐based algorithms require fewer 
parameters and are much easier to use with remotely sensed data. 
 

3.3.10. Another critical refinement of  IEM was  the  incorporation of vegetation backscatter effects 
into  the  soil moisture  inversion  algorithm.  The  original  IEM was  developed  for  bare  soil 
conditions  only,  although  the  retrieval  algorithm  performed  well  for  sparsely  vegetated 
areas. Bindlish and Barros (2001) formulated an IEM vegetation scattering parameterization. 
They  reported  that  the  application  of  the modified  IEM  led  to  an  improvement  in  the 
correlation coefficients between ground‐measured and SAR‐derived soil moisture estimates 
from 0.84 to 0.95. The  incorporation of vegetation scattering may expand  IEM applications 
to moderately vegetated sites and improve applications in arid and semiarid regions where 
soil moisture  is  so  low  that  the  soil  contribution may  be  equal  to  the magnitude  of  the 
vegetation contribution. 
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3.3.11. The IEM model has also been refined to include a penetration depth model (Boisvert et al., 
1997).  Studies  have  reported  problems  in  IEM‐based  soil  moisture  retrieval  due  to  an 
increase in the penetration depth of the incident wave when the soil moisture was low (e.g., 
Wiemann, 1998). As a  result, modelled  soil moisture could not be compared with ground 
measurements because  the  IEM did not account  for  the  fact  that microwave penetration 
exceeded the layer where the soil moisture was measured (Wiemann, 1998). Boisvert et al. 
(1997)  offered  three  approaches  to  refine  the  IEM  to  account  for  variations  in  beam 
penetration depth. They reported  that  the correction allowed reliable comparisons among 
different  SAR  configurations  and  took  into  account  the  daily  variations  in  the  beam 
penetration with soil moisture.  
 

3.3.12. Semi‐empirical calibration of the IEM model has been proposed and applied to compensate 
for the uncertainty in the effect of the correlation length on the backscatter. As correlation 
length is not only the least accurate but also the most difficult to measure of the parameters 
required  in  the model,  it  is proposed  that  it be  replaced by  a  calibration parameter  that 
would  be  estimated  empirically  from  experimental  databases  of  radar  images  and  field 
measurements (Baghdadi et al., 2004) 
 

3.3.13. The general consensus of studies using SAR measured backscattering coefficient with radar 
backscatter models  is  that  the  retrieval  of  soil moisture  with  single‐wavelength,  single‐
incidence,  single‐pass  SAR  data  is  not  possible  without  information  about  the  surface 
roughness. The results also demonstrate the need  for continuous measurement of surface 
roughness and fine‐resolution information about surface topography, if soil moisture is to be 
monitored  accurately  with  single‐wavelength  SAR  data. When  SAR  data  with  consistent 
ground  truth  information  are  available,  it  is  possible  to  test  the many  existing  retrieval 
algorithms  and  select  those  that  perform  best with  the  available  sensor  data.  This  is  an 
approach to be recommended. 
 

3.4. Bare Surfaces using Empirical Scattering Models 

3.4.1. The most widely published empirical models  apply  simple  linear  regression  techniques  to 
SAR  backscatter  and  observed  soil moisture  (Bernard  et  al.,  1986;  Bruckler  et  al.,  1988; 
Ragab, 1995). Bruckler et al. (1988) applied a simple second order regression equation:  
 

σ°dB = a.mv + b   (Eq. 2) 

 
where mv  is  the volumetric soil moisture and a and b are empirical  regression coefficients 
and σ°dB is the backscattering coefficient in decibels. Dobson and Ulaby (1986) determined, 
unsurprisingly  perhaps,  that  the  “a”  and  “b”  coefficients  were  dependent  on  surface 
roughness and soil “texture” respectively.     
 

3.4.2. Some  of  the  limitations  inherent  to  empirical models  include  the  requirement  of  a  large 
number  of  experimental  observations  for  statistical  robustness  (Oh  et  al.,  1992),  validity 
over  a  narrow  range  of  imaging  (frequency,  incidence  angle,  polarization)  and  soil 
(roughness  and  moisture)  parameters  (Walker,  1999),  and  poor  extrapolation  to  areas 
outside  of  those  used  in model  development  (Chen  et  al.,  1995;  Dubois  et  al.,  1995b). 
However Oh et al.  (1992) suggest that empirical backscatter models have advantages over 
theoretical models since many natural surfaces do not meet the validity requirements of the 
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models, and those that do yield poor results against experimental observations.       
 

3.4.3. In  the  1990’s,  more  advanced  empirical  non‐linear  regression  models  were  developed 
(Appendix A Table A.2), including Oh’s model (Oh et al., 1992) and the Dubois‐van Zyl model 
(Dubois and van Zyl, 1994; Dubois et al., 1995a,b). 
 

3.4.4. The  empirical  model  developed  by  Oh  et  al.  (1992)  employed  polarimetric  backscatter 
measurements  acquired  using  a  truck‐mounted  scatterometer  (LCX  POLARSCAT).  Full 
polarimetric data were collected at X‐, C‐ and L‐band frequencies over a 10 – 70° incidence 
angle  range,  and  for  a  variety  of  soil  roughness  and moisture  conditions.  The  reference 
ground  data  comprised  measurements  of  RMS  height,  correlation  length  and  dielectric 
constant over a finite area.  
 

3.4.5. The model was developed using  the magnitudes of  the measured data. Good  agreement 
between measured and modelled data was achieved within the ranges 0.1 ≤ ks ≤ 6, 2.5 ≤ kl ≤ 
20 and 0.09 ≤ mv ≤ 0.31, where k is the wave number, s is soil RMS height, l is soil correlation 
length, and mv  is the moisture content The model was  inverted to predict RMS height and 
moisture content from multi‐polarized radar data 
 

3.4.6. Dubois et al. (1995b) developed an empirical model for estimation of soil moisture and RMS 
height  using  radar  data  also  acquired  by  truck‐mounted  scatterometers  (LCX  POLARSCAT 
and RASAM). The Dubois algorithm was optimised for bare soil surfaces and requires 2 co‐
polarized measurements at a frequency between 1.5 and 11 GHz. Best results are obtained 

under the conditions kh ≤ 2.5, mv ≤ 0.35 vol/vol and  ≥ 30° (incidence angle).  
  

3.4.7. Excluding  use  of  the  HV  backscatter  in  retrieval models  has  been  shown  to  reduce  the 
sensitivity of the algorithm to cross‐talk and system noise, simplify calibration, and increase 
robustness when vegetation is present (Dubois et al., 1995b), although cross‐talk is generally 
lower than ‐20dB so this is not a significant issue. Since it is designed for bare soil surfaces, 
the algorithm underestimates soil moisture and overestimates RMS height  in the presence 
of dense vegetation (NDVI > 0.4). A simple criterion based on the σ°HV/σ°VV ratio  is used to 
identify areas where  inversion of  the model  is not affected by vegetation.  It  is noted here 
that the HV backscatter is now reintroduced into the algorithm as an aid to classifying land 
cover, a theme that will be apparent in other work. Inversion accuracy was assessed using in 
situ measurements and the scatterometer data, as well as SIR‐C and AIRSAR data, and found 
to be < 0.042 vol/vol soil moisture. 
 

3.5. Bare Surfaces using Semi‐Empirical Scattering Models 

3.5.1. Semi‐empirical  backscatter models might  be  considered  an  improvement  over  empirical 
backscatter models as they either i) originate from a theoretical model and use simulated or 
experimental data to simplify the model, or ii) use simulated data from a theoretical model 
to  develop  an  empirical  one  that  models  backscatter  response  over  a  wider  range  of 
conditions  (Walker,  1999).  Semi‐empirical  models  tend  not  to  incur  the  site‐specific 
limitations  often  found with  empirical models. Model  parameter  details  are  provided  in 
Appendix A Table A.3. 
 

3.5.2. Oh  et  al.  (1994)  developed  a  semi‐empirical  backscatter  model  based  on  available 
theoretical models (SPM and KA) and extensive experimental observations collected from a 
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truck‐mounted multi‐frequency (X‐, C‐ and L‐band), polarimetric scatterometer. Backscatter 
measurements were obtained over  a  20  –  70°  incidence  angle  range, with  10°  steps  and 
under a variety of soil moisture and roughness conditions. The model is an extension of their 
previous  empirical model  (Oh  et  al., 1992)  and  includes  the magnitude  and phase of  the 
backscatter.  The  co‐polarization  ratio  (σ°HH/σ°VV),  cross‐polarization  ratio  (σ°HV/σ°VV)  and 
degree of correlation for co‐polarization phase difference were found to be most sensitive to 
surface parameters.  
 

3.5.3. Chen  et  al.  (1995)  developed  a  semi‐empirical  backscatter  model  based  on  the  single 
scattering  terms  of  the  IEM.  The  model  is  based  on  multiple  linear  regression  of  IEM 
simulated data. The model proved a  simple and  successful  tool  for  retrieving of bare  soil 
moisture with known radar parameters.    
 

3.5.4. Another  semi‐empirical  backscatter  model  based  on  the  single‐scattering  IEM  was 
developed  by  Shi  et  al.  (1997).  The  algorithm was  applied  to  quad‐polarized  backscatter 
measurements acquired at L‐band by  the AIRSAR and SIR‐C  instruments. Good agreement 
was  found  between  the  single‐scattering  IEM  simulations  and  L‐band  backscatter  over  a 
wide  range  of  soil  moisture  and  roughness  conditions  (Shi  et  al.,  1997).  Co‐polarized 
backscatter  and  ratios  showed  the  greatest  sensitivity  to  soil moisture  variation,  as  one 
might  expect,  confirming  the  significance  of  the  approach  adopted  by  Dubois.  Model 
inversion  of  co‐polarized  AIRSAR  and  SIR‐C  backscatter  measurements  over  bare  and 
sparsely  vegetated  fields  resulted  in  soil  moisture  and  surface  roughness  RMSE  of 
0.034vol/vol and 1.9dB respectively.  
 

3.5.5. The  algorithm  is  expected  to  not  incur  the  same  site‐specific  limitations  typical  of  an 
empirical model derived  from a  limited observation set, as  the  regression was based on a 
large dataset simulated for a wide range of surface parameters and at fine  intervals (Shi et 
al., 1997). However, further testing of the algorithm at other sites with ground and SAR data 
is  required  to  assess  its wider  application.  Further  improvement  of  the  algorithm would 
require consideration of vegetation effects.    
 

3.5.6. Moran  et  al.  (2000)  used  the  difference  in  wet  and  dry  season  ERS  backscatter 
measurements to normalize the effects of roughness and topography. Moran indicates that 
the effects of non‐dense vegetation (on the change signal) were found to be negligible for 
identical  sensor  configurations and  could be  ignored  (Dobson et al., 1992;  Lin and Wood, 
1993; Demircan et al., 1993; Dubois et al., 1995b; Chanzy et al. 1997). Moran also noted that 
in many areas vegetation is too dense to be able to monitor soil moisture with only C‐band 
wavelength (Wever and Henkel, 1995; Wang et al., 1996). 
 

3.5.7. Quesney et al. (2000) applied standard radar equations to estimate soil moisture content at 
accuracies of ±0.04‐0.05 vol/vol using ERS measurements. Site selection was guided by an 
existing  vegetation  classification  and  in  situ  measurements  which  helped  identify  low 
biomass  vegetation.  First  order  radiative  transfer  modelling  was  used  to  correct  the 
backscatter  response  for  the  effect  of  vegetation.  Sites  were  classified  according  to 
roughness based on furrow direction as observed by the radar. Empirical relationships were 
then derived between radar backscatter and in situ soil moisture for each class and applied 
to all target sites in the ERS image. It was concluded that the same algorithm was applicable 
to wheat  fields  throughout November  to August, excluding May and  June  (Quesney et al., 
2000).   
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3.5.8. It is noted that although radiative transfer modelling may be appropriate at C‐band for low 
biomass vegetation,  radiative  transfer models often  contain  inappropriate approximations 
for extinction coefficients, and cannot be readily used to model backscatter when vegetation 
structure  is  important.  For  such  instances  coherent  backscatter  modelling  is  more 
appropriate. 
 

3.6. Vegetated Surfaces   

3.6.1. In areas with denser vegetation, the vegetation component has to be taken into account by 
the retrieval algorithm in order to obtain accurate estimates of soil moisture. Consequently, 
the effect of vegetation volume scattering has to be quantified and removed from the total 
backscatter in order to estimate the surface component, which used in subsequent steps for 
the  retrieval  of  the  parameters  of  interest.  Estimating  the  vegetation  volume  scattering 
component also allows for a more accurate retrieval of the vegetation characteristics (e.g., 
biomass, height, etc.).  
 

3.6.2. Simple  empirical  models  have  been  developed  based  on  the  increase  of  the  radar 
backscattering coefficient with biomass according to observational data (Ulaby et al., 1986). 
The model parameters are highly specific to a single plant structural type (i.e., monospecies 
plant population) and  sensor  characteristics  (frequency, polarization and  incidence angle), 
strongly limiting their application to large areas. 
 

3.6.3. In  theoretical models  of  radar  scattering,  the  vegetation  canopy  is  normally  treated  as  a 
uniform  layer  of  some  specified  height  containing  a  random  distribution  of  scatterers 
(Attema  and Ulaby,  1978;  Eom  and  Fung,  1984;  Fung  and Ulaby,  1978;  Karam  and  Fung, 
1988; Lang and Sidhu, 1983; Tsang and Kong, 1981; Tsang et al. 2000). The advantage of the 
discrete  approach  is  that  the  results  are  expressed  in  terms  of  quantities  such  as  plant 
geometry and orientation  statistics  that are easily  related  to  the biophysical properties of 
individual plants and can be measured objectively. This generally involves a large number of 
structural  parameters.  Two  major  challenges  are  encountered  when  modelling  the 
backscatter behaviour of a vegetation canopy. The first relates to the difficulties in specifying 
model  parameters  that  adequately  describe  the  canopy.  The  second  relates  to  the 
mathematical  complexity  in  resolving  the  inverse  problem  due  to  the  large  number  of 
variables and parameters, which makes their inversion difficult (Lang and Sahel, 1985). This 
is the motivation for the semi‐empirical models. 

 
3.6.4. The basic approach  for semi‐empirical modelling of  the vegetation scattering  is  the Water 

Cloud Model  (WCM). Basic  conceptual  assumptions  in  the WCM  approach  include:  i)  the 
vegetation  is  represented  as  a homogeneous horizontal  cloud of  identical water  spheres, 
uniformly distributed  throughout  the space defined by  the soil surface and  the vegetation 
height; ii) multiple scattering between the canopy and the soil can be neglected; iii) the only 
significant variables are the height of the canopy layer and the cloud density, with the latter 
assumed to be proportional to the volumetric water content of the canopy. In this context, 
the WCM represents the power backscattered by the whole canopy as the  incoherent sum 
of  the  contribution of  the  vegetation and  the  contribution of  the underlying  soil which  is 
attenuated by the vegetation layer. 
 
 
 

 
V01_00

                                            32 
 Annex 12. Basis Of An Australian Radar Soil  
Moisture Algorithm Theoretical Baseline Document

 
30th June 2013



           Basis of an ATBD for a radar soil moisture mission 
33 

 

 

3.6.5. In WCM models, the canopy is represented by “bulk” variables such as leaf area index (LAI) 
or total water content, and because of the parsimonious use of parameters, these models 
can be easily inverted. 
 

3.6.6. Once  the model  is  parameterized  it  is  possible  to  estimate  the  relative  contributions  of 
vegetation and surface to the total backscatter and, subsequently, to retrieve soil moisture 
from the surface component using bare surface models (Dubois et al. 1995; Fung et al. 1992; 
Oh, 2004). 
 

3.6.7. Most semi‐empirical models used  for soil moisture and/or vegetation parameters retrieval 
(Bindlish and Barros 2001; Gherboudj et al., 2011; Santoro et al., 2002) are based on  the 
WCM.  The models  differ  in  the way  the  vegetation  is  parameterized,  ranging  from  crop‐
specific  parameterization  (Attema  1978;  Gherboudj  et  al.,  2011)  to  more  general 
relationships for a variety of vegetation types (Bindlish and Barros 2001).  
 

3.6.8. The  strong  sensitivity of  the WCM parameters  to  changes  in  canopy  structure  (i.e.,  land‐
cover type) restricts a generalized approach. However,  in principle,  it should be possible to 
develop a unique set of parameters  for each class of vegetation  (defined by  its geometric 
structure). 
 

3.6.9. The WCM  in  its  original  form  ignores multiple  scattering within  the  vegetation  layer  and 
scattering  between  the  vegetation  and  soil  is  ignored.  The  reduced  attenuation  at  low 
frequencies  (L‐band)  could  increase  soil‐vegetation  interaction  for  crops  with  significant 
returns  from  stems  (e.g.,  corn),  in which  case  the  soil‐vegetation  backscatter  should  be 
accounted for. 

 

3.7. PolSAR and PolInSAR Observations 

3.7.1. The application of fully polarimetric SAR (PolSAR) and compact polarimetry for soil moisture 
retrieval  has  also  been  investigated.  Measurement  of  polarimetric  parameters  such  as 
coherence (γ), entropy (H), and alpha angle (α) have been used to study the dependence of 
the polarimetric  signature on  land  cover  changes  and on  surface parameters  such  as  soil 
moisture and  surface  roughness  (Barrett et al. 2009). The key advantage of PolSAR  is  the 
capacity  to measure  the  full  suite of  polarimetric  attributes pertaining  to  a  target. While 
previous spaceborne SARs have operated in a single fixed polarisation for both transmission 
and reception  (e.g., Radarsat‐1, ERS‐1 & 2), more recent SARs operate with dual  (ENVISAT 
ASAR)  or  fully  (Radarsat‐2,  TerraSAR‐X)  polarimetric  capabilities.  This  facilitates 
measurement  of  a  target’s  scattering  amplitudes  in  all  combinations  of  the  two  linear 
polarisations: SHH, SHV, SVH and SVV. Full measurement of  the scattering matrix  in any single 
(e.g.  linear) basis permits the construction of the scattering matrix  in any polarization basis 
and permits a full description of the target backscattering characteristics at the observation 
frequency.  
 

3.7.2. For monostatic observation SHV = SVH  for  reciprocal  scatters, and  is a valid assumption  for 
most natural targets. Under reciprocity, the Sinclair/Jones scattering matrix (the set of four 
scattering amplitudes)  can  then be expressed as a  three‐vector,  the Pauli vector, and  the 
average of the outer product of this vector forms the 3 x 3 polarimetric coherency matrix. 
For fully developed speckle the coherency matrix represents all the information required for 
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a full description of the polarimetric clutter distribution for distributed targets, such as bare 
soil surfaces or crop fields etc. 
 

3.7.3. Polarimetric  signatures  can  provide  detailed  information  on  different  scattering 
mechanisms. Compared  to  single‐channel  SAR,  the benefits of  improved data quality  and 
accuracy  of  results  afforded  by  polarimetry  are  significant  (Barrett  et  al.  2009).   As with 
single‐channel SAR, the presence of vegetation is a significant inhibitor to accurate retrieval 
of  soil moisture,  but multichannel  polarimetric  SAR  data  offer  increased  ability  to  both 
detect and compensate  for the effects of overlying vegetation on the observed signal  (e.g. 
Dubois use of HV for vegetation discrimination). 
 

3.7.4. Compensation  for  vegetation  effects has been  tackled  in  two main  approaches,  including 
target  decomposition  algorithms  and  polarimetric  SAR  interferometry  (PolinSAR).  Target 
decomposition aims to deconstruct the backscattered signal  into the various combinations 
of  scattering  contributions  within  each  resolution  cell.  A  detailed  review  of  available 
decomposition algorithms  is found  in Cloude and Pottier (1996) and Lee et al. (2004).   The 
two most widely used decomposition  theorems are  the Freeman decomposition  (Freeman 
and Durden, 1998) and  its variations, and the Cloude‐Pottier or eigenvector decomposition 
(Cloude and Pottier, 1996, 1997). 
 

3.7.5. The Cloude‐Pottier decomposition uses  the diagonalisation of  the  coherency matrix  (T)  to 
represent  the  backscattered  signal  as  the  sum  of  three  scattering mechanisms.  The  first 
component  is  attributed  to  surface  scattering  and  the  second  and  third  components 
represent  contributions  from  secondary  or  multiple  scattering  terms  (such  as  direct 
vegetation  and  ground‐vegetation  scattering).  Following  decomposition,  a  number  of 
models can be applied to quantitatively estimate soil moisture and surface roughness using 
the  surface  scattering  term.  The  extended  Bragg  or  X‐Bragg model  (Hajnsek,  2001)  is  an 
extension of the Small Perturbation Model (SPM), which assumes reflection symmetry and 
takes  into account cross‐polarisation and depolarisation effects. Good agreement between 
inverted and ground measurements was demonstrated in Hajnsek et al. (2003b, 2009) using 
the  X‐Bragg  model.  Several  studies  have  also  demonstrated  the  retrieval  of  surface 
parameters from the derived entropy (H), anisotropy (A) and alpha angle (α) of the Cloude‐
Pottier decomposition.  
 

3.7.6. Anisotropy was found to be sensitive to surface roughness (Hajnsek et al., 2002; Cloude et 
al.,  2000),  while  the  entropy  and  alpha  angle  parameters  were  effective  in  estimating 
surface  soil moisture  (Allain  et al. 2003).    The utility of  the entropy/alpha decomposition 
model was extended by Cloude  (2007)  in a dual polarized version which expanded  its use 
beyond that of fully polarimetric data. In a simulation study it was demonstrated (Williams, 
2008)  that  compact polarimetry  can be  combined with  the X‐Bragg model  to  retrieve  soil 
moisture  and  roughness  values  for  bare  soil  surfaces  that  are  in  accordance with  values 
recovered through the use of full polarimetry. 
 

3.7.7. The  inclusion  of  polarimetric  phase  information  in  the  form  of  complex  correlation 
coefficients  has  also  demonstrated  sensitivity  to  surface  parameters. Mattia  et  al.  (1997) 
found  a  significant  relationship  between  the  circular  polarisation  coherence  (γRRLL)  and 
surface  roughness while minimising  the  impact  of  the  dielectric  constant.  Similar  results 
were achieved by Hajnsek et al. (2003), Schuler et al. (2002) and Malhotra et al. (2003). 
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3.7.8. Similarly,  Hajnsek  et  al.  (2002)  found  high  correlation  between  the  linear  polarisation 
coherence  γ(HH+VV)(HH‐VV)  (Hajnsek, 2001) and  surface  roughness and  its  independence  from 
soil  moisture  content.  Cloude  and  Corr  (2002)  applied  polarimetric  backscattering 
coefficients  and  developed  a  new  ratio  for  soil moisture  estimation  that  is  insensitive  to 
variations in surface roughness.  
 

3.7.9. More  recently,  attempts  have  been  made  to  exploit  the  characteristic  polarimetric 
signatures  of  different  scattering mechanisms  to  aid  retrieval  of  soil moisture  from  soils 
under vegetation (Hajnsek et al., 2009). L‐band PolSAR images permitted the decomposition 
of  the  scattering  signature  into  canonical  scattering  components  and  their quantification: 
primarily  into direct, volume and soil‐vegetation terms. Simple canonical scattering models 
were  used  to  decompose  the  polarimetric  signature  into  these  components  in  a manner 
similar to that used for forest discrimination. Five different decomposition approaches using 
different models for the individual scattering contributions were investigated and validated, 
with  each  yielding  a  similar  level  of  performance.  The  study  indicated  that  the  X‐Bragg 
model (Hajnsek et al., 2003) showed a clear performance advantage at L‐band since  it was 
able  to  better model  increased  cross‐polar  return  from  agricultural  fields,  due  to  surface 
scatter  rather  than  volume  scatter.  The  work  also  indicated  that  signatures  were more 
reliable for mature crops, and that soil moisture estimation was possible from both direct‐
surface and surface‐volume scattering components as theory suggests. 
 

3.7.10. The combination of polarimetric SAR with SAR interferometry (PolInSAR) has potential to aid 
soil  moisture  inversion  below  forests.  In  their  study  Cloude  and  Williams  (2005a/b) 
decomposed  the  polarimetric  coherency  into  volume  and  surface  (direct‐ground  and 
ground‐volume) terms, and indicate that for L‐band observation of forests, the separation of 
these  terms  using  PolSAR  alone  can  be  unreliable. Using  PolInSAR  the  surface‐to‐volume 
scattering  ratio may  be  estimated  and  related  to  soil moisture,  since  increasing  the  soil 
moisture  increases  the  surface  reflectivity  and  enhances  both  direct‐surface  and  surface‐
volume  scattering.  The  study  showed,  using  robust  forward  modelling,  that  whilst  the 
polarimetric entropy and HH backscatter were  insensitive  to  soil moisture  changes below 
forests,  a  new  polarimetric  parameter,  the  Negative  Alpha  Value,  showed  strong 
dependence upon  soil moisture. The  technique was applied  to  L‐band airborne  SAR data, 
with  retrieved  soil  moisture  values  for  forested  areas  found  to  be  consistent  with  soil 
moisture measurements from nearby open ground. The theory was expanded (Neumann et 
al., 2010) and used with airborne L‐band SAR data to recover forest parameters, but not soil 
moisture. The technique has not been tested with satellite SAR data. 
 

3.7.11. Quite  recently,  a  simplified  distorted‐Born Approximation model  for  scattering  of  P‐band 
microwaves by forests was used to recover both forest biophysical parameters (RMS height 
and biomass) and  soil moisture  (My‐Linh Truong‐Loi et al., 2012). The algorithm  took  into 
account three significant low‐frequency scattering components: volume, double‐bounce and 
surface, and  the  inversion process used  the Levenberg‐Marquardt non‐linear  least‐squares 
method  to  estimate  the  structural  parameters.  The  results  showed  that  the  inversion 
process had a root‐mean‐square error lower than 0.05 vol/vol for soil moisture, 24Mg/ha for 
biomass  and  0.49cm  for  roughness,  considering  a  soil moisture  of  0.4  vol/vol,  roughness 
equal to 3cm and biomass varying from 0 to 500Mg/ha with a mean of 161Mg/ha. This work 
suggests that P‐band observation may be suitable for retrieval of soil moisture. 
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4. APPROACHES TO RADAR SOIL MOISTURE RETRIEVAL USING TEMPORAL ALGORITHMS 

4.1. Change Detection Approaches 

 
4.1.1. Change detection  approaches  rely on  the  assumption  that  extraneous  surface properties, 

including  for  example,  soil  texture,  roughness  and  vegetation,  exhibit  gradual  or  limited 
change over time, and so any change observed is assumed to originate from a change in soil 
moisture (Engman, 1990; Engman and Chauhan 1995). 
 

4.1.2. This approach affords high potential for operational monitoring of soil moisture using single‐
wavelength/single‐polarisation,  repeat  SAR  observations  (Engman,  1994). Multi‐temporal 
observations  can  be  used  to  minimise  the  effect  of  vegetation  and  roughness  and  so 
maximise  the  sensitivity  of  backscatter  to  changes  in  soil moisture  (Moran  et  al.,  2006). 
Naturally many studies have attempted to exploit data from available SAR systems which in 
the past has generally meant C‐band, and in some cases L‐band. 
 

4.1.3. The  main  drawback  of  change  detection  approaches  is  that  they  provide  relative  soil 
moisture change, in the form of an index of “wetness” between two extremes (wet and dry), 
rather than an absolute soil moisture estimation in terms of volume of water per volume of 
soil. 
 

4.1.4. Wagner and Scipal (2000) used a multi‐year time‐series of ERS scatterometer images with a 
spatial resolution of 50km to develop a  library of backscatter behaviour for each pixel. The 
behaviour  of  σ°  with  incidence  angle  over  time  was  used  to  determine  roughness  and 
vegetation, and normalize σ° to a reference  incidence angle of 40°. Relative soil wetness  is 
then  estimated  by  comparing  σ°  to  reference  backscatter  values  for  wet  and  dry  soil 
conditions. 
 

4.1.5. Wickel et al. (2001) used 10 RADARSAT images acquired over 1 month to monitor changes in 
soil moisture  in  fields  of wheat  stubble.  All  images were  first  corrected  for  variations  in 
incidence angle. Fields with significant temporal variation in roughness were then identified 
and  excluded.  A  multi‐temporal  regression  of  day‐to‐day  differences  in  backscattering 
coefficient and soil moisture was calculated, and achieved a strong correlation (r2 = 0.89). 
 

4.1.6. Lu  and Meyer  (2002)  trialled  a  similar  approach but  incorporated both  SAR  intensity  and 
phase  information to  initially discriminate changes  in soil moisture from changes  in surface 
roughness. Changes in soil moisture were detected ranging from 0.05 ‐ 0.2 vol/vol.   
 

4.2. Time‐series Approaches 

4.2.1. Time  series approaches differ  from change detection  techniques  in  that  they make use of 
the temporal  information to constrain the retrieval of a time series of absolute volumetric 
soil  moisture  rather  than  a  “wetness  index”.  This  is  done  by  selecting  an  opportune 
observation  window  so  that  the  other  factors  affecting  the  backscatter  (roughness  and 
vegetation)  can be  considered  constant,  and either  ignored  all  together or  retrieved  as  a 
constant value over the observation window, depending on the method. 
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4.2.2. Balenzano  et  al.  (2011)  investigated  the  use  of  dense  time‐series  C‐  and  L‐band  SAR, 
acquired by DLR's E‐SAR airborne system to map temporal changes in soil moisture content 
in  cropland area. A  soil moisture  retrieval algorithm was proposed  to  transform  temporal 
series  of  backscatter  ratios  between  subsequent  days  into  soil moisture  content  values. 
Under  the  simplifying  assumption  that  the  backscatter  response  is  just  due  to  ground 
response attenuated by vegetation canopy  (i.e., volume scattering was not dominant) and 
that  roughness surface  is unchanged,  it was  found  that  the  ratios between backscatter on 
subsequent  days  was  a  simple  and  effective  technique  of  decoupling  vegetation  and 
roughness effects from changes in soil moisture.  
 

4.2.3. The  results  demonstrate  the  capacity  to  retrieve  soil moisture  over  the  entire  growing 
season for crops that are relatively insensitive to volume scattering (winter wheat at C‐band 
or winter rape (canola) at L‐band for example), with accuracies of 0.05–0.06 vol/vol.  Under 
these circumstances, systematic retrieval of soil moisture would first require a classification 
step  to  identify  crop  classes  whose  backscatter  is  not  dominated  by  volume  scattering. 
Extension of the method to multi‐polarized data such as  for the SMAP mission  is currently 
underway. 
 

4.2.4. Kim et al.  (2011) used  time‐series co‐polarised  (HH and VV) backscatter measurements  to 
retrieve soil moisture and roughness. The approach was based on  inversion of a numerical 
model (Maxwell Model in 3 Dimensions, NMM3D) for bare soil using a pre‐computed lookup 
table  (LUT) of σ° derived  from numerical Maxwell model simulations. Surface roughness  is 
assumed  constant  over  the  time‐series  and  so  only  one  surface  roughness  RMS  height 
estimate  is  retrieved,  highly  reducing  the  number  of  retrieved  variables  and  therefore 
making use of temporal information to constrain the soil moisture retrieval. This approach is 
the basis of  the baseline  radar algorithm  implemented  for  the SMAP mission  (see Section 
6.4).  
 

4.2.5. An RMS error of 0.044  vol/vol for soil moisture was achieved, with a correlation coefficient 
of  0.89  between  estimated  and  in  situ  data  (Kim  et  al.,  2011).  The  relative  accuracy  of 
surface roughness estimates was found to be 10 – 30 % of in situ measurements.  
 

4.2.6. Kim et al. (2011) indicated that application of the time‐series method could be extended to 
vegetated  surfaces by  including more dimensions  in  the  look‐up‐table,  such as vegetation 
water content. Initial results show high accuracy estimates of soil moisture content,  largely 
attributed to  inclusion of the time‐series  information which helps mitigate attenuation and 
surface scattering from the vegetation layer.  
 

4.2.7. Pierdicca  et  al.  (2010)  demonstrated  the  retrieval  of  soil moisture  content  over  cropland 
using  multitemporal  radar  (AirSAR  C‐band)  and  optical  (Landsat)  images.  The  approach 
corrects for  incremental vegetation effects and  incorporates multi‐temporal data within an 
inversion model based on the Bayesian maximum posterior probability estimator. 
 

4.2.8. The vegetation correction models the variation of that part of the backscattering coefficient 
due to soil properties as a linear function of the variations with respect to the first time step 
of the measured backscatter and biomass (Pierdicca et al. 2010).   
  

4.2.9. There  was  good  correlation  between  measured  and  modelled  soil  moisture  content 
(correlation coefficient of 0.72, RMSE = 0.036 vol/vol). This presents a reasonable estimation 
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given the presence of dense canopy cover. Model performance was  improved using multi‐
temporal data as opposed to a single radar acquisition (Pierdicca et al. 2010).   

 

4.3. Principal Components Analysis 

4.3.1. Principal  Components  Analysis  (PCA)  is  an  established  image  transformation  technique 
whereby  a  highly  correlated, multi‐dimensional  dataset  is  reduced  and  transformed  to  a 
limited  set  of  uncorrelated  bands/variables.  PCA  linearly  transforms  the  data  into  a  new 
coordinate system, with the axes placed orthogonal to each other (Verhoest et al., 1998). In 
so doing, the useful components of the data are separated  from the noise, and significant 
spatial patterns in the data are enhanced (Barret et al., 2009). The first principal component 
(PC)  contains  the  largest percentage of  the  total  variance, and hence highest  information 
content.  
 

4.3.2. The PC method  is entirely different  from any other method described  in  that  it does not 
provide an absolute soil moisture or a soil wetness value, but rather a “saturation potential 
index” based on an assumption of terrain‐dominated soil moisture distribuion along a slope 
(at steady‐state). This might be a useful method for providing approximate,  large scale soil 
moisture  wetness  information  long  after  rainfall  events  (where  soil  moisture    patterns  
“tends”  to  follow  the  terrain elevation). However  it  is  currently of  little  value when high‐
resolution soil moisture dynamics need to be monitored.  
 

4.3.3. Verhoest et al.  (1998) applied PCA to a winter time‐series of 8 ERS‐1/2  images acquired  in 
Belgium and found that soil moisture could be separated from other influential factors such 
as topography and land cover. Effects due to local incidence angle (LIA), land cover and soil 
moisture were isolated in the first 3 PCs.  
 

4.3.4. The first PC (PC1) accounted for 76.6 % of the total variance, the second PC (PC2) 6.6 %, the 
third PC (PC3) 5.9 %, and the remaining PCs < 4 %.  
 

4.3.5. PC2 revealed a strong spatial structure, with the highest values clustered along the drainage 
network (Figure 4.1). Comparison with a drainage map derived from a digital soil map of the 
catchment revealed that poorly drained soils in the valley correspond well with areas of high 
PC2 values (Verhoest et al., 1998). This suggested the radar was responding to soil moisture 
as determined by the drainage characteristics of the basin. 
 

4.3.6. PC1 correlated well with LIA derived  from a catchment DEM,  indicative of the  influence of 
topography on total variance. PC3 correlated well with Landsat derived land cover, indicative 
of the influence of land cover and land use on the radar response. 
 

4.3.7. Further  research  will  require  testing  the  robustness  of  the  approach  using  non‐winter 
images and other test sites.  
 

4.3.8. Kong  and  Dorling  (2008)  applied  PCA  to  12  multi‐temporal  ASAR  wide  swath  images 
acquired  over  a  2‐year  period  (150m  resolution)  and  demonstrated  potential  for  routine 
monitoring  of  soil moisture  throughout  the  agricultural  growing  season  and  at  different 
levels of roughness and vegetation cover. ASAR VV polarization was selected due to greater 
capacity for penetration of vegetation compared to HH. Of ASAR's imaging modes, the wide 
swath mode presents the best compromise due to high temporal revisit capability (3‐5 days) 
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and extensive coverage (400 x 400 km).     
 

4.3.9. PC1 contained the largest percentage of total variance (41.7 %). PC2 contained 14.7 % of the 
total  variance,  and  was  found  to  be  positively  correlated  with  dry  days  and  negatively 
correlated with wet days. High PC2 values were located near watercourses with sandy soils, 
and low PC2 values were found on up slopes with clay soils. The spatial patterns in the PCA 
were consistent with soil moisture and rainfall‐runoff dynamics in the catchment (Kong and 
Dorling, 2008). 
 
 

 

Figure 4.1 Relationship between PCA and soil moisture: a) Second PC image derived from ERS‐1/2 data, and b) 
Catchment drainage map (Verhoest et al., 1998). 

 

4.4. Interferometric Techniques 

4.4.1. Repeat  pass  interferometry  (InSAR)  was  initially  developed  for  topographic  mapping 
purposes. InSAR exploits the phase information of the signal to calculate the interferometric 
coherence between 2 or more  SAR  images, providing  complementary  information  to  that 
obtained in the amplitude (Barrett et al., 2009). The phase difference calculated from 2 SAR 
images with  slightly different  imaging  geometries  can be used  to  generate  a DEM of  the 
surface.  
 

4.4.2. The  application  of  InSAR  to  estimating  the  change  in  soil  moisture  has  yielded  some 
promising  results.  Previous  studies  have  demonstrated  a  correlation  between 
interferometric  coherence  and  relative  soil moisture  (Borgeaud  et  al.,  1996; Wegmüller, 
1997; Lu and Meyer, 2002; Zhang et al., 2008). The combination of coherence and amplitude 
may improve the estimation of surface parameters (Ichoku et al., 1998).    
 

4.4.3. Phase decorrelation of the signal occurs due to changes in viewing geometry (baseline) and 
change in surface scattering between two image acquisitions (i.e., temporal change, Zebker 
and Villasenor, 1992). Furthermore, both lab and field experiments have demonstrated that 
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changes in soil moisture lead to decorrelation (Nesti et al., 1998; Luo et al., 2001; Srivastava 
and Jayaraman, 2001). Temporal decorrelation is sensitive to the sensor wavelength, and so 
temporal effects are greater at C‐band than L‐band (Zebker and Villasenor, 1992). 
 

4.4.4. Hajnsek  et  al.  (2002,  2003)  used  the  decorrelation  caused by  the  additive  signal‐to‐noise 
ratio  (γSNR)  in  two  single‐pass  interferometric  images  (thereby  avoiding  temporal 
decorrelation)  to  extract  surface  parameters  (soil moisture  and  surface  roughness),  and 
found high  sensitivity of  interferometric coherence  to  soil moisture variations, particularly 
for low roughness values.  
 

4.4.5. Topographic variations and surface displacement also contribute  to  InSAR phase shifts. By 
subtracting two interferograms, these two components can be separated out in the process 
of Differential Interferometry (DInSAR). There are only few studies on the use of DInSAR for 
estimation of  soil moisture  (Gabriel et al., 1989; Nolan et al., 2003a,b; Hajnsek and Prats, 
2008).  
 

4.4.6. The  interferometric  approach  has  the  potential  to  detect  line‐of‐sight  surface  height 
variation on the order of millimetres. However, since a surface generally shrinks as it dries, 
and  the  microwave  penetration  depth  also  increases,  topographic  phase  changes  can 
potentially be confused with those due to soil moisture.  
 

5. SUMMARY OF APPROACHES TO RADAR SOIL MOISTURE RETRIEVAL 

5.1. Statistical Methods 

5.1.1. These methods include approaches such as linear regression. 

PROS: Simple; do not require a priori knowledge of surface conditions. 

CONS:  Require  observation  data  to  train  the method;  cannot  be  adapted  to  conditions 
different than the training data. 

 

5.2. Model Inversion Methods 

5.2.1. These  methods  include  approaches  such  as  empirical,  semi‐empirical  and  theoretical 
models. 

PROS:  Depends  on  parameters  which  can  be  related  (more  or  less  directly)  to  surface 
physical properties. 

CONS: Validity is restricted to the conditions used for model development. Models must be 
validated  against  a wide  range  of  field  data.  Choice  of model  requires  terrain  scattering 
characterization. 

 

5.3. Data Cube Methods 

5.3.1. These  methods  include  the  computation  of  data  cubes  using  highly  complex  numerical 
models that cannot be easily inverted. 
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PROS: Detailed simulation of scattering across a wide range of conditions can be included.  

CONS: Numerical models are complex with many parameters and with high computational 
burden,  but  the  use  of  pre‐computed  data  cubes  reduces  the  burden. Models must  be 
validated against a wide range of field data. 

5.4. Polarimetric Methods 

5.4.1. These methods include the use of data with multiple polarisations. 

PROS: Requires no or limited a priori knowledge of surface conditions; can provide ancillary 
estimates  of  surface  parameters  other  than  soil  moisture  (e.g.,  roughness).  Provides 
additional  information  for  land  cover  scattering  classification  for  inversion model  choice, 
permits  separation  of  scattering  mechanisms  and  isolation  of  surface  backscattering 
components, particularly when combined with interferometry, provides better separation of 
the  effects of  surface  roughness  from  soil moisture,  even with dual  (HH,VV) polarimetry, 
provides observables sensitive to soil moisture and invariant to LOS rotation. 

CONS: Requires proper radar cross‐channel amplitude and phase calibration accuracy. 

 

5.5. Interferometric Methods 

5.5.1. These methods include the use of interferometric analysis using two images observed from 
slightly  different  vantage  points,  either  from  the  same  pass  or  from  a  repeat  pass  in  a 
different orbit. 

PROS: Requires no or limited a priori knowledge of surface conditions; can provide ancillary 
estimates of  surface parameters other  than  soil moisture  (e.g.,  roughness);  is  sensitive  to 
even weak ground scattering under vegetation cover. 

CONS:  Requires  fine  radar  cross‐channel  amplitude  and  phase  calibration  accuracy when 
used polarimetrically. Repeat  coherence  affected by  temporal decorrelation e.g.  changing 
Faraday rotation between observations.  

 

5.6. Change Detection Methods 

5.6.1. These methods  typically  include use of a  long  time  sequence of observations  for a  single 
polarisation  combination  to determine maximum and minimum  values  that  represent  the 
wet and dry extremes. These are then used to interpolate intermediate values. 

PROS: Require limited a priori knowledge of surface conditions. 

CONS: Provides relative soil wetness rather than absolute soil moisture; requires stability of 
surface conditions (i.e., scattering mechanism) during the observation period. 

 

5.7. Time Series Methods 

5.7.1. These methods include the use of fully polarimetric data across a sequence of dates, ideally 
representing a variation in moisture conditions over a relatively short period of time. 
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PROS: Any method capable of yielding a soil moisture estimate from a single observation can 
be  incorporated  into  a  time‐sequence  method.  Requires  limited  a  priori  knowledge  of 
surface  conditions;  can  provide  ancillary  estimates  of  surface  parameters  other  than  soil 
moisture (e.g., roughness).   

CONS:  Requires  stability  of  surface  conditions  during  the  observation  period  if  constant 
roughness is to be assumed during the observation window, although this assumption is not 
essential (see Section 7). 

 

6. CURRENT METHODS PROPOSED FOR RADAR SOIL MOISTURE RETRIEVAL 

6.1. SMAP Radar Soil Moisture Retrieval Algorithms 

6.1.1. The  SMAP mission  is  expected  to  provide  a  3km  spatial  resolution  soil moisture  product 
globally with a 3 day  repeat. The SMAP  satellite  is  currently  carrying  several optional  soil 
moisture algorithms for its radar products, according to its radar‐only ATBD (L2_SM_A, Kim 
et al., 2012). It is not expected to make a final choice until some point after launch, when it 
is had the opportunity to conduct some initial validation studies 
 

Snap Shot Retrieval 

6.1.2. The  SMAP  radar  has  three  L‐band measurement  channels  (HH,  VV,  HV)  from which  soil 
moisture can be estimated using a single acquisition. The estimation of soil moisture  is an 
inversion  of  forward models  facilitated  by  the  data  cubes.  The  estimation  is  challenging, 
because there are many parameters in the forward models that are unknown (or uncertain) 
a priori (e.g., s, εr, l and VWC), and must therefore be estimated as part of the retrieval, or 
be provided through ancillary data. 
 

6.1.3. SMAP researchers believe that soil moisture retrievals are insensitive to errors in knowledge 
of  the  correlation  length  over  a wide  range  of  soil moisture,  roughness,  and  correlation 
lengths  (Kim  et  al.  2012b).  An  exponential  correlation  function  that  describes  empirical 
measurements (Mattia et al. 1997; Shi et al. 1997) has been chosen, and is not considered as 
an unknown during the retrieval. 
 

6.1.4. With  three measurement  channels,  the  largest  number  of  free  parameters  that  can  be 
estimated  is  three.  For  SMAP,  the  three  parameters  chosen  are  dielectric  constant 
(equivalently, soil moisture), soil surface roughness height, and vegetation water content.  
 

6.1.5. The impact of vegetation structure is accounted for by development of separate models for 
different  land  cover  classes:  evergreen,  deciduous  broadleaf,  and  needle  forests; mixed 
forests; closed and open shrub lands; woody savannahs; savannahs; grasslands; wheat/rice; 
corn/soybean  croplands;  cropland/natural  vegetation  mosaics;  and  barren  or  sparsely 
vegetated areas. 
 

6.1.6. The  complexity  of  the  non‐linear  forward  models  precludes  a  closed‐form  analytical 
solution. Direct numerical  inversion of a complicated forward model  is also not feasible for 
global soil moisture retrieval at 3 km resolution. However, a lookup table representation of a 
complicated  forward model was  demonstrated  to  be  an  accurate  and  fast  approach  for 
retrieval (Kim et al. 2012b). Because the SMAP radar has three measurement channels, and 

 
V01_00

                                            42 
 Annex 12. Basis Of An Australian Radar Soil  
Moisture Algorithm Theoretical Baseline Document

 
30th June 2013



           Basis of an ATBD for a radar soil moisture mission 
43 

 

 

three  primary  retrievables  (dielectric  constant,  surface  roughness,  and  vegetation  water 
content),  the  forward  models  can  be  pre‐computed  for  a  given  land  surface  class,  for 
discrete values covering the full range of the three parameters, and represented as a “data 
cube”  (Kim  et  al.  2012a;  van  Zyl  2011). Merits  of  the  data  cube  search  are  summarized 
below:  
 

 avoid numerical or analytical inversion that is often not feasible for a sophisticated 
forward model  (Moghaddam et al. 2000); 
 

 achieve the same inversion accuracy as the numerical or analytical inversion by 
adopting a fine interval for the data cube axis, as demonstrated in van Zyl (2011); 
 

 conveniently replace and update a forward model while retaining the same 
retrieval formulae. 

 
6.1.7. One  vegetation  axis  represents  the  vegetation  structure  and  dielectric  properties  by  an 

allometric  equation  relating  volume  to  weight  of  the  vegetation.  The  representation  of 
vegetation  effects  is  clearly  a  simplification,  considering  that  numerous  vegetation 
parameters produce different backscatter coefficients. However, the axis dimension cannot 
be too large, and for “snapshot” retrieval options the dimension cannot exceed the number 
of  independent  observations.  This  simplification will  result  in  errors  in  the  soil moisture 
retrieval. 
 

6.1.8. Only  the  real  part  of  the  complex  relative  permittivity  is  used,  to  keep  the  number  of 
unknowns  to  3.  It  is  assumed  that  the  imaginary  part  of  the  dielectric  constant  can  be 
directly  related  to  the  real  part  for  specific  soil  texture  information.  The  results  remain 
dependent on both real and imaginary parts of the permittivity, particularly for cases when 
the real part of the soil dielectric constant is less than 5.  

 
6.1.9. The data  cube  for  the  grass  surface, developed by  the Univ. Washington,  is  shown  as  an 

example in Figure 6.1. The data cube has the NMM3D simulation for the surface backscatter 
and the Body of Revolution model for vegetated contributions.  

 

 

 

Figure 6.1 Data cubes of 0 (backscattering coefficient) for a grassy surface (units dB m
2/m2). The ks axis ranges 

from 0.03 to 1.1, the real part of permittivity axis from 3 to 30, and the vegetation water content (VWC) from 0 
to 3kg/m2. 

 
6.1.10. The snapshot retrieval over the pasture surface was  found to be poor, showing a retrieval 

error of 0.105 vol/vol, which indicates that effects of the overlying vegetation have not been 
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properly  compensated.  The  evaluation  results  suggest  the  limited  applicability  of  the 
snapshot retrieval. 
 

6.1.11. The SMAP algorithm research team report that a new algorithm to estimate bare surface soil 
moisture using dual‐polarization L‐band backscattering measurements, proposed  in Sun et 
al.  (2009),  is being adapted  for  snapshot  retrieval over vegetated  surfaces. This algorithm 
uses a semi‐empirical model to describe the backscattering coefficients as a product of two 
functions: a dielectric function that reflects the soil moisture  information approximated by 
the polarization magnitudes as described by the Small Perturbation Model at L‐band, and a 
roughness  function  that  describes  the  overall  effects  of  the  surface  roughness  at  the 
different  polarizations.  The  relationship  between  the  HH  and  VV  surface  roughness 
parameters  is  required  for  the  algorithm  to  be  of  use.  Estimates  of  the  HH  VV  surface 
roughness parameter have been obtained using AIEM forward modelling for a wide range of 
soil moisture and surface roughness conditions.  
 

6.1.12. Initial versions of all of the 16 data cubes are currently available, but with limited validation 
using existing in situ observations. Because “forward model” error is a key concern for SMAP 
radar  soil moisture  retrievals,  validation  of  the  data  cubes will  continue  throughout  the 
calibration validation period.  
 

6.1.13. The  backscatter  coefficients  of  data  cubes  do  not  include  the  “Kp”  noise; multiplicative 
Gaussian  random noise with  a magnitude of 0.9 dB  (1‐sigma)  is  anticipated  that  includes 
speckle (0.7dB), relative calibration error (0.35dB), and contamination from radio frequency 
interference  (0.4dB). Application of  the noise‐free data cubes  to  the noisy SMAP data will 
result in retrieval errors and the errors are included in the retrieval error budget. 
 

Time‐series Retrieval 

6.1.14. The  SMAP  baseline  approach  (Kim  et  al.  2012a,b)  is  a multichannel  time‐series  retrieval 
algorithm  that  searches  for  a  soil  moisture  solution  such  that  the  difference  between 
computed and observed backscatter is minimized in the least squares sense.  
 

6.1.15. The  algorithm  retrieves  s,  and  then  the  real  part  of  dielectric  constant  (εr),  using  a  time 
series  of  N  co‐polar  backscatter  measurements.  There  are  thus  2N  independent  input 
observations  and  N+1  unknowns,  consisting  of  N  εr  values  and  one  s  value  (since  s  is 
presumed not to change over the period of the 2N observations). The VWC  is permitted to 
vary throughout the time series. 

 
6.1.16. The  least‐square minimization  of  the  cost  function  is  implemented  using  forward model 

lookup tables or “data cubes”, which are interpolated values of forward model outputs for a 
wide range of soil moisture, RMS height and VWC values.  
 

6.1.17. Vegetation effects are  included by selecting the forward model’s σ° at the VWC  level given 
by an ancillary source, or using the SMAP radar HV measurements. 
 

6.1.18. Another  change  detection  approach  is  also  under  development  (Kim  and  van  Zyl,  2009). 
After  the  SMAP  radar  data  are  accumulated  for  a moderate  time  period,  nominally  six 
months,  an  expression  will  be  derived  to  relate  the  backscattering  cross  section  to  soil 
moisture. This expression will depend on  the biomass  level, and  the cross‐polarization will 
be used  to compensate  the biomass variation over  time: how  this will be  implemented  is 
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being studied.  
 

6.1.19. Hajnsek  (2009)  and  Neumann  (2010)  have  already  indicated  how  to  isolate  volume 
scattering  from  fully  polarimetric  L‐band  data. Woodhouse  (2010)  has  used  the  PolInSAR 
ground‐to‐volume scattering ratio to estimate biomass, and My‐Linh Truong‐Loï (2012) has 
demonstrated  recovery  of  soil  moisture  and  forest  parameters  using  a  model‐based 
approach with L‐band quad‐pol data. It is likely that these approaches will also be tested. 
 

6.1.20. In  addition  to  the  use  of  time‐series  observations  coupled  with  large‐scale  forward 
modelling exercises and  field  testing,  the SMAP algorithm developers are also considering 
use of  the  change detection method employed  for ASCAT data  (Wagner et al. 1999a/b/c; 
Wagner and Scipal, 2000; Wagner et al., 2003). 
 

6.1.21. The proposed time series SMAP soil moisture retrieval algorithm flow (L2_SM_A, Kim et al., 
2012) is presented in Figure 6.2.  
 

6.1.22. The portion of the flowchart through the  land surface classification  is the  initial processing 
done as a precursor to the actual retrievals. The L2_SM_A processor reads in 1km resolution 
σ° from the SMAP L1C_S0. The 1km data in natural units are aggregated onto the  km EASE 
grid, during which various quality flags are applied. Three quality flags are derived using the 
3 km σ°: freeze‐thaw state (see L3_FT_A ATBD), radar vegetation index, and transient water 
body. Static and dynamic ancillary data are sampled for each pixel of the L2_SM_A product. 
The  σ° values  from  the past  time are  sampled and used by  the  time‐series algorithm. For 
each 3 km pixel,  land cover class  information  is obtained  from  the mostly annual ancillary 
data.  The  land  cover  information  allows  the  choice of  an  appropriate data  cube  for each 
pixel. The  retrieval over  the different  land cover classes  is  spatially assembled  to create a 
half‐orbit output, followed by the conversion from the dielectric constant to soil moisture. 
 
 

Algorithm Evaluation 

6.1.23. Preliminary  field  tests have  used  two  data  sets.    The  first  test data were measured  by  a 
truck‐mounted  scatterometer  at  1.25GHz  and  40°  incidence  angle  over  four  bare  surface 
sites during a two‐month period, with up to 11 temporal samples per site (Oh et al. 2002). 
The  second  test data were  collected by  the airborne Passive/Active  L‐band  Sensor  (PALS) 
instrument at 1.26GHz at the incidence angle centred at 38° during the 1999 Southern Great 
Plains  (SGP99)  experiment  over  the  Little Washita Watershed  near  Chickasha, Oklahoma 
(Jackson and Hsu 2001; Njoku et al. 2002).  
 

6.1.24. The snapshot  retrieval algorithm was  tested with  the  two sets of  field campaign data and 
showed that the bare surface retrieval had an RMSE of 0.055 vol/vol. It was also found that 
the retrieval error increased for larger soil moisture.  
 

6.1.25. The  time  series  interpolation  tables or  “data  cubes”  generated  for  SMAP  have  also been 
tested against  field observations  in order  to provide estimates of accuracy  for subsequent 
soil moisture retrievals. 
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Figure 6.2 Proposed SMAP soil moisture retrieval algorithm L2_SM_A (Kim et al., Algorithm Theoretical Basis 
Document SMAP L2 & L3 Radar Soil Moisture (Active) Data Products). 

 
 

6.1.26. The VWC  varied  from  site  to  site between 0.16 and 2.5kg/m2. Temporally  the  roughness, 
correlation  length  and  VWC  remained  constant  throughout  the  test  periods.  The  bare 
surface retrieval has an RMSE of 0.044 vol/vol after compiling the retrievals over the 4 in situ 
locations. The time‐series retrieval over the pasture surface has an RMSE of 0.054 vol/vol. 
The slightly larger error for the pasture surface may reflect the effect of vegetation.  
 

6.1.27. For each  field of  the 1999 Southern Great Plains  (SGP99) experiment, a constant offset  in 
terms of dB was estimated  to minimize  the difference between observed backscatter and 
predicted backscatter using  the  time  series of  co‐pol backscatter observations. The SMAP 
research  team  considered  this  to  be  associated with  a  bias  in  the  data  cube  predictions 
associated  with  the  vegetation  scatterer  density.  The  existence  of  this  bias  is  of  some 
concern as it might suggest a systematic error in the forward modelling process. 
 

6.1.28. That  new  soil  moisture  algorithms  for  general  or  global  retrievals  are  still  under 
development at this stage speaks  loudly to the difficulty of designing a single algorithm to 
work for a wide range of natural soil conditions. 
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6.2. Sentinel‐1 Soil Wetness Retrieval Algorithms 

6.2.1. The Sentinel‐1 mission is expected to provide a 1km spatial resolution soil wetness product 
globally with a 6 day  repeat.   A number of  institutes worldwide are engaged  in algorithm 
development, which has  focussed on  adaption of  the  TU Wien  change detection method 
that has been applied to ASAR (Hornacek et al., 2012a). 

 
 

Change Detection Retrieval 

6.2.2. The improved temporal and radiometric resolution (0.05 ‐ 0.07dB when aggregated to 1km) 
and  Interferometric Wide Swath (IWS)  imaging mode afforded by Sentinel‐1 are key to the 
potential for global monitoring of surface soil wetness. 
 

6.2.3. The TU Wien method to be used was originally developed for ERS scatterometer data, and 
later adapted to MetOp ASCAT and ENVISAT ASAR data  (Hornacek et al. 2012b). The basic 
idea  behind  the  change  detection  algorithm  is  to  attribute  natural  surface  backscatter 
changes  over  short  timescales mainly  to  variations  in  soil moisture, while  assuming  that 
vegetation or surface roughness are assumed to be constant or only slowly varying (Kim and 
Van Zyl, 2009). 
 

6.2.4. The algorithm is as follows: 
 

σ°(mv,t) = σ°dry(θchar) + Sms(t)    (Eq. 3) 

 

where  σ°(mv,t)  are  backscatter  measurements  in  dB,  σ°dry(mv  char)  is  the  dry  reference 
backscatter at characteristic  local  incidence angles, and ms(t)  is the surface soil moisture at 
time t.  
 

6.2.5. Surface soil water saturation is thus retrieved by: 

ms(t) = [σ°( mv,t) ‐ σ°dry(mv char) ]/ S  (Eq. 4) 

         
6.2.6. The sensitivity S to changes  in surface soil moisture  is estimated by the observed dynamic 

range  σ°wet(mv  char)  ‐  σ°dry(mv  char)  of  backscatter  measurements  at  the  location  under 
consideration, where σ°wet(mv char) is the wet reference at θchar. 
  

6.2.7. The respective references with respect to characteristic  incidence angle could be obtained 
and  stored  per  gridpoint  of  a  global  grid  at  1km  resolution  (Hornacek  et  al.,  2012).   HH 
polarisation  is preferred due  to greater penetration of vertically oriented vegetation  (e.g., 
grasses and crops). 
  

6.2.8. Retrieval  error  is  determined  by  the  noise  of  the  IWS mode  and  uncertainties  in model 
parameters. 
  

6.2.9. The proposed near  real  time soil wetness processor  (S2M‐NRT)  is  illustrated  in Figure 6.3. 
Requisite  pre‐computed  model  parameters  corresponding  to  the  input  1  minute  DEM‐
geocoded  IWS mode  ground‐range multi‐look  detected  (GRD)  slice  at  1km  resolution  are 
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identified. Requisite model parameter tiles are mosaicked and resampled to the grid of the 
input geocoded slice. Using the input backscatter and reference measurements, surface soil 
water saturation is computed for every pixel of the input slice.  
 

6.2.10. A binary mask  (flag  image)  is  also  generated  as  an  indication of  the  reliability of  the  soil 
wetness product. Certain  land cover classes are  flagged as they are not suited to retrieval. 
These  include  urban,  evergreen  broadleaf  forest,  water  bodies,  barren  or  sparsely 
vegetated,  snow  or  ice.  Pixels  are  also  masked  if  temporal  correlation  between  DEM‐
geocoded backscatter at 1km and aggregated coarser scale measurements (25km) lies below 
a defined threshold.  
 

6.2.11. The Institute of Photogrammetry and Remote Sensing (IPF), TU Vienna, has, through the ESA 
DUE  TIGER  SHARE  project,  developed  operational  processing  chains  for  deriving  1km 
resolution soil wetness products using ENVISAT ASAR ScanSAR data. The method is similar to 
that described above for use in Sentinel‐1 using HH polarisation data (Pathe et al., 2009).     
   
 

 
 

Figure 6.3 Processing chain of the proposed NRT soil wetness processor (S2M‐NRT; Hornacek et al., 2012). 
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6.2.12. The model  is quite simple  in that all model parameters are derived directly from the ASAR 
time‐series for each pixel (Wagner et al., 2009).  
  

6.2.13. Demonstration of the method over a 181,182km2 area (697 ASAR GM images) in Oklahoma 
revealed  that  the  retrieval  error was dominated by  the high noise  level of  the ASAR GM 
backscatter measurements  (1.2dB).   Comparison against 1km aircraft data  showed almost 
no skill at less than 10km spatial resolution (Mladenova et al., 2011). 
 

6.2.14. The  improved  spatial,  temporal  and  radiometric  resolution  of  Sentinel‐1  IW  mode  and 
addition of cross‐polarised channels (HV or VH) should make for a straightforward transfer 
of the ASAR GM change detection method to Sentinel‐1, with some improvements (Wagner 
et al., 2009).  

 
6.2.15. Doubkova  et  al.  (2012)  evaluated  the  ASAR  GM  soil  wetness  error  product  using 

independent soil wetness estimates derived by the grid‐based landscape hydrological model 
(AWRA‐L),  part  of  the Australian Water Resources Assessment  system  (AWRA).  Predicted 
and computed RMSE showed a high  level of spatial and quantitative agreement. The RMSE 
was predicted within  accuracy of 0.04  vol/vol of  saturated  soil moisture over 89% of  the 
Australian continent (Doubkova et al., 2012). The error estimates promote confidence in the 
retrieval error model and derived error estimates.  
 

6.2.16. Given  the similar configuration of ASAR GM and Sentinel‐1,  it would appear  that a similar 
retrieval error estimation method can be applied (Doubkova et al., 2012). With the improved 
radiometric resolution of Sentinel‐1, soil moisture estimation errors are likely to be an order 
of magnitude less than ASAR GM however.  
 

Time‐Series Retrievals 

6.2.17. Balenzano et al. (2012) applied the "Soil MOisture retrieval from multi‐temporal SAR data" 
(SMOSAR) algorithm to dense time‐series ASAR data acquired over study sites  in Germany 
and  Italy.  SMOSAR was developed within  the  framework of  the ESA GMES  Sentinel‐1  soil 
moisture algorithm development project.  
  

6.2.18. The SMOSAR algorithm demonstrates  the capacity  to monitor  soil moisture  in agricultural 
landscapes  throughout  the growing season  for crops not dominated by volume scattering. 
This  is  achieved  through  inversion  of  temporal  changes  of  radar  backscatter,  rather  than 
absolute backscatter values (Balenzano et al., 2012). 
 

6.2.19. Given a dense time‐series of SAR data (revisit time of 6‐12 days), the SMOSAR algorithm  is 
applied  under  the  assumption  that  the  backscatter  change  between  two  acquisitions  is 
largely related to the change  in soil moisture, rather than a temporal change  in vegetation 
biomass or surface roughness (typically incurred over a few weeks). 
     

6.2.20. The prototype processing chain for SMOSAR is shown in Figure 6.4. Dense time‐series single 
or dual polarised C‐band SAR  images are  transformed  into  time‐series  soil moisture maps 
over agricultural sites. Ancillary land cover and soil textural information are required. Overall 
accuracy, and accuracy as a function of spatial resolution, polarisation and site location, are 
computed. 
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Figure 6.4 Prototype SMOSAR processing chain (Balenzano et al., 2012). 

 

6.2.21. Soil moisture  can  be  retrieved with  an  accuracy  of  0.05  vol/vol  at  HH  polarisation.  The 
results support the future use of time‐series Sentinel‐1 data for soil moisture estimation at 
high spatial resolution.   

 

Artificial Neural Network and Bayesian Retrievals 

6.2.22. Paloscia et al.  (2012) proposed  two approaches  to soil moisture  retrieval  in  light of  future 
Sentinel‐1  acquisitions  and  near  real  time  processing.  The  first  approach  was  based  on 
Artificial Neural Network  (ANN)  retrieval  from  sing acquisitions, and  represented  the best 
compromise  between  retrieval  accuracy  and  processing  time.  The  second  approach was 
based  on  Bayesian  Maximum  Probability  (MAP)  using  multi‐temporal  processing,  which 
allowed for increased retrieval accuracy at the cost of processing time. 
  

6.2.23. The ANN comprised a  feed‐forward multilayer perceptron with  two hidden  layers. Archive 
bare soil backscatter and ground measurements available  from previous experiments, and 
data simulated using the IEM and Oh models were used to train the ANN. Input parameters 
included  randomly  variable  incidence  angle  (20‐50°),  standard  deviation of  soil  height  (1‐
3cm),  correlation  length  (4‐8cm)  and  dielectric  constant  (5‐45).  Around  10,000  iterations 
were run to produce a set of backscattering coefficients for each soil parameter set.  
 

6.2.24. Vegetation effects were  taken  into account by  simulating  the backscatter as a  function of 
soil backscatter and the VWC using the Water Cloud Model. VWC was related to NDVI using 
a  semi‐empirical  relationship.  The  model  was  iterated  10,000  times  to  obtain  a  set  of 
backscattering coefficients for each soil and vegetation parameter set. This dataset was used 
to  train a new ANN. An RMSE of 0.0093 vol/vol was obtained  for HH polarisation. Worse 
results were obtained using VV polarisation, with an RMSE of up to 0.029 vol/vol.  
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6.2.25. In the case of dual polarisation images, and in the absence of NDVI, the ratio between cross‐ 
and co‐polarised backscattering coefficients (polarisation ratio, PR) showed good sensitivity 
to vegetation. Re‐training  the ANN  resulted  in an RMSE of 0.013 vol/vol  for  retrieved  soil 
moisture.  
 

6.2.26. Using  the  Bayesian  approach,  time‐series  radar  data  was  integrated  with  the  retrieval 
algorithm  based  on  Bayesian  Maximum  Posterior  Probability  (MAP)  statistical  criterion 
(Paloscia et al., 2012). A quality index was computed for each soil moisture estimate  in the 
process. A  simulation was  run  comprising  input  time‐series backscatter measurements of 
bare  soil  derived  from  Oh's  model,  randomly  variable  soil  moisture  and  speckle  noise 
derived  from multi‐looking.  Both  RMSE  and  R2 were  significantly  improved  using  a  time‐
series of around 4 ‐ 6 images.  
 

6.2.27. Pierdicca  and  Pulvirenti  (2012)  outline  an  operational  system  for  implementation  of  the 
multi‐temporal MAP algorithm, as illustrated in Figure 6.5.          

 

 

Figure 6.5 Processing chain for multi‐temporal MAP algorithm (Pierdicca and Pulvirenti, 2012). 

 

6.3. SAOCOM Soil Moisture Retrieval Algorithms 

6.3.1. The SAOCOM mission is expected to provide a 700m spatial resolution soil moisture product 
for  select  regions  on  an  operational  basis with  a  6  day  repeat.   However,  little  detail  is 
available on the SAOCOM retrieval algorithm, and there are no ATBD’s in the public domain.   
 

6.3.2. The contributions to backscattering coefficient from soil permittivity, surface roughness and 
vegetation  cover  at  specific  incidence  angles  and wavelength  (L‐band) will  be  developed 
from  field experiments over  the Pampa’s  region.  Simulations will be performed using  the 
Peplinsky‐Dobson and Topp’s dielectric models (Frulla et al., 2011). 
 

6.3.3. Similarly  to  SMAP, numerical  forward models will be used  in  the  simulations  to  generate 
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data cubes for each vegetation type. The more robust algorithms are expected to be those 
that use co‐ (HH and VV) and cross‐polarized (HV) backscattering coefficients. For bare soil 
or low vegetated surfaces the data cubes flatten to planes (Frulla et al., 2011). In such cases 
SAOCOM analysis will apparently use only  the backscattering coefficient  from  the  two co‐
polar inputs, although there are good arguments for using cross‐polar returns, since co‐polar 
ratios are terrain‐orientation dependent, whereas coherency matrix element ratios are line‐
of‐sight  rotation  independent  (Hajnsek et al., 2003; Williams, 2008;  Lee et al., 2000). The 
proposed architectural design of the SAOCOM soil moisture processor is presented in Figure 
6.6 (Frulla et al., 2011). 
   
 

 

Figure 6.6 Architectural design of SAOCOM soil moisture product retrieval (Frulla et al., 2011). 

 

7. RADAR SOIL MOISTURE RETRIEVAL ALGORITHM RECOMMENDATION 

7.1. Overview 

7.1.1. For soil moisture retrieval, microwave remote sensors are clearly preferred over optical and 
thermal sensors, as they are  largely unaffected by cloud cover, haze, rainfall, and aerosols, 
and  respond  to  the  soil properties even  in  the presence of vegetation,  rather  than  simply 
vegetation colour or temperature.  
 

7.1.2. In order  to  achieve  spatial  resolutions better  than 10’s  km,  radar  rather  than  radiometer 
approaches are required.  However, radar is more affected by soil roughness and vegetation 
than radiometers, typically resulting in a lower accuracy for derived soil moisture content. 
 

7.1.3. The  higher  spatial  resolution  of  radar  as  compared  to  radiometers  yields  challenges  to 
achieve high temporal repeats from a single satellite.  The use of multiple satellites results to 
achieve  temporal  repeat  requirements  can  result  in  calibration  challenges,  especially  for 
time‐series  and  change  detection  approaches, where  high  relative  calibration  accuracies 
between the multiple sensors is required. 
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7.1.4. A major  limiting  factor  in  the quantitative estimation of  soil moisture  is  separation of  the 
individual  scattering effects  from  surface  roughness and vegetation. Moreover,  the  return 
signal is not only a function of the physical and electrical properties of the target, but also of 
the wavelength, polarisation and incidence angle of the radar sensor. 
 

7.1.5. Several general conclusions can be drawn from the preceding review. 

 

7.2. General Observations 

7.2.1. Forward modelling has a role to play  in soil moisture retrieval algorithm development, but 
only when supported by  field campaigns. Of  the  tractable approximate  theoretical models 
available,  the  IEM offers  the widest  range of validity and  can be used  to help generate a 
database of backscattering coefficients characterised by surface roughness and soil moisture 
values.  Numerical  surface  scattering  calculations  have  an  additional  role  to  play  in  this 
regard. Models must properly account for the true multi‐scale nature of  i) natural surfaces 
and ii) artificial surfaces such as ploughed fields. The models must also account for both the 
attenuation  due  to  vegetation  and  the  scattering  by  vegetation  over  a  wide  range  of 
frequencies. 
 

7.2.2. If radar is to be used on an operational scale for soil moisture mapping, then soil roughness 
parameterization  through  in situ measurement  is not an option. This can be circumvented 
using techniques that either i) do not require information on surface roughness (e.g., change 
detection techniques), or ii) characterize the surface roughness (e.g., time‐series techniques, 
polarimetry, multi‐angle viewing, laser scanning). 
 

7.2.3. Frequency  choice  is  important,  and  high  frequencies  (C‐band,  X‐band  or  higher)  are  not 
appropriate for direct retrieval of soil moisture (although they may have a partial role in land 
cover  discrimination  in  a  retrieval  algorithm)  since  the  backscatter  at  these  frequencies 
shows  significant  dependence  upon  surface  roughness  and  is  strongly  influenced  by 
vegetation. At  lower  frequencies  (L‐band and perhaps S‐band, although  little experimental 
evidence  is available for S‐band), the surface roughness effects on backscattering decouple 
from soil moisture effects, and the impact of vegetation on the signal decreases, making soil 
moisture  retrieval more  reliable.  At  even  lower  frequencies  (P‐band  and  lower),  surface 
backscattering coefficients decrease and RFI become more prevalent. This reduces signal to 
noise,  and  impedes  biophysical  parameter  recovery.  Furthermore,  for  space‐based 
observation, the effects of Faraday rotation are increasingly important at lower frequencies, 
and this introduces another source of error into soil moisture retrieval algorithms. However, 
for heavily  vegetated  areas,  for example below dense  forests, P‐band may offer  the only 
option  for  soil  moisture  retrieval.  For  moderately  vegetated  areas  L‐band  is  most 
appropriate. 
 

7.2.4. Multichannel  data  yield  better  results  than  single  channel  observations.  If  only  single 
channel  polarization  data  are  available  then  HH  may  be  preferred  as  it  appears  more 
sensitive to soil moisture. However, with only a single polarization channel it is not possible 
to separate the effects of soil moisture and roughness without multi‐temporal observations, 
and  only  then with  the  assumption  of  constant  soil  roughness.  At minimum  one would 
anticipate measurement  of  both  HH  and  VV  linear  polarization  scattering  amplitudes.  A 
system designed for dual co‐polar operation, that can transmit and receive in both H and V 
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polarizations,  is  inherently capable of fully polarimetric (FP) operation (although there may 
be associated design  costs  for FP). Full polarimetric operation  is  required  for polarimetric 
calibration  even  if  only  the  co‐polar  channels  are  to  be  used  in  soil moisture  retrieval. 
However quad polarization (FP) operation is recommended over dual co‐polar operation as 
it  permits  better  soil/vegetation  discrimination  and  correction  for  terrain  slope  effects. 
Measurement  of  the  full  complex  scattering  matrix  in  any  polarization  basis  permits 
synthesis of the scattering matrix  in all polarization bases and makes accessible algorithms 
that use (for example) linear polarization scattering amplitudes from measurements of (say) 
circular scattering amplitudes. If fully polarimetric operation represents too high a cost, then 
hybrid “compact” polarimetric modes (in particular transmit circular, receive linear H and V) 
offer an advantage over  traditional dual polarimetric systems which  record a co‐polar and 
cross‐polar return, which latter is low for rough surfaces. 
 

7.2.5. Terrain effects have received little attention in the literature, yet it is clearly understood that 
terrain  slope  alters,  and  mixes,  the  scattering  amplitudes  (Lee  et  al.,  2000).  If  fully 
polarimetric data are used  to  recover  Line of Sight  (LOS)  rotation  independent quantities, 
such  as  polarimetric  coherency matrix  eigenvalues,  and  soil moisture  content  retrieval  is 
based on these, then terrain slope effects can be safely  ignored. However,  if only co‐polar 
channels  are  to  be  employed  then  terrain  slope must  be  accounted,  in  addition  to  local 
incidence angle, which  is  itself  LOS  rotation  independent. How  this may best be achieved 
without  measuring  the  response  in  the  full  polarimetric  basis  would  be  the  subject  of 
additional research. 
 

7.2.6. Multi‐temporal  data  lead  to  improvements  in  the  performance  of  soil moisture  retrieval 
algorithms over that observed with single acquisition data. Repeat observation  intervals on 
the order of 2‐3 days or less are desirable. Whilst multi‐temporal, single polarization channel 
data may permit change detection of soil moisture content, this  is only possible with some 
underlying  assumption  regarding  soil  roughness  stability.  In  general, multi‐temporal  data 
incur  variation  in  local  incidence  angle  at  the  pixel  level.  Corrections  for  incidence  angle 
effects are  indicated  for multi‐temporal data, and such corrections are best achieved with 
multi‐channel polarimetry. 

 

7.2.7. The inversion of soil moisture content from multichannel and multi‐temporal signals can be 
achieved  through  the use of  trained neural networks or  look‐up  tables constructed with a 
combination of  forward modelling and observation.  In order  to use  these approaches  the 
land cover must first be categorised  into classes wherein the scattering effects of overlying 
vegetation  can  be  quantified  and  corrected,  at  wavelengths  for  which  the  effects  of 
vegetation are not severe. Data cube construction and/or neural network training must be 
done for each of the classes, and the forward and/or numerical models used must be of high 
fidelity,  capable of accurately predicting  the effects of  combined  soil  surfaces and a wide 
variety  of  vegetation,  under  different  conditions,  imaged  at  different  frequencies, 
polarizations, resolutions and incidence angles. 
 

7.2.8. Scale is still an issue using radar, which at low resolution can compound the effects of multi‐
scale  processes,  e.g.,  topography,  surface  roughness  and  soil  moisture  variations  and 
vegetation  effects  at  different  spatial  resolutions.    It  is  difficult  to  characterise  surface 
roughness  at  “field”  scales  because  of  spatial  variations/spatial  heterogeneity  of  soil 
parameters, in addition to the fact that soil surface characteristics may be non‐stationary or 
self‐similar,  thus presenting  a  limitation  to bio‐physical parameter  retrieval using  satellite 
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imagery.  At  large  scales  or  low  resolutions,  pixel  values  are  averages  and  local  surface 
roughness  and  soil  moisture  variability  are  obscured,  which  is  limiting  for  hydrological 
applications.  Further  studies  are  needed  on  the  application  of  filtering  and  averaging 
techniques to address the scale issue. 
 

7.2.9. Active microwave  remote  sensing with  SAR  is  capable of providing much  finer  resolution 
than passive microwave remote sensing. However passive microwave measurements are not 
redundant, and can be used to  i) constrain soil moisture content retrievals based on active 
measurements,  and  ii)  provide  estimates  of  the  Faraday  rotation  angle  to  correct  fully 
polarimetric  SAR measurements  at  lower  (L‐band  and  below)  frequencies. Although  total 
electron content (TEC) estimates, and hence Faraday rotation estimates, are available from 
different sources, correction of the effects of Faraday rotation is only possible (without the 
need  for  additional  targets)  if  the  complete  scattering  matrix  is  measured.  Compact 
polarimetric modes, in particular transmit single circular and receive dual linear modes, are 
attractive  since  they  imply  enhanced  swath  coverage  and  reduced  power  requirements. 
Estimation  and  correction  of  Faraday  rotation  for  compact  polarimetric  SAR  appears 
possible,  but    requires  three  different  target  types  and  orientations,  and  places  strict 
requirements  on  the  transmit  channel  imbalance  which  cannot  be  corrected  after 
transmission. 
 

7.2.10. Based  on  the  preceding  literature  review  and  case  studies,  and  the  general  observations 
listed  above,  the  following  recommendations  for  a  soil moisture  retrieval  algorithm  are 
made. 

 

7.3. Algorithm Recommendations 

7.3.1. A  combination  of  fully‐polarimetic,  passive  and  active  microwave  remote  sensing  is 
recommended: with  synthetic  aperture  radar  operating  at  S‐band  to  L‐band  for  bare  soil 
surfaces,  at  L‐band  for moderately  vegetated  areas,  and  between  L‐band  and  P‐band  for 
forests. Bandwidth and other SAR system design considerations are the subject of Section 8. 
If constraints prohibit the use of fully polarimetric data then compact polarimetric operation 
should be considered with circular transmit and linear receive combinations. 
 

7.3.2. The algorithms should closely follow those proposed for SMAP and SAOCOM missions, and 
combine multi‐temporal observations at  intervals of 2‐3 days  in order  to properly  sample 
the dynamics of soil moisture variation. 
 

7.3.3. The channel backscatter complex amplitudes should be measured and  if required adjusted 
for terrain slope either estimated through polarimetry, or using the best available DEM and 
knowledge of the imaging geometry. 
 

7.3.4. The  SAR  instrument  requires  careful  calibration.  The  data  calibrations,  radiometric  and 
polarimetric,  should be  validated using  external  targets  and monitored  regularly.  Faraday 
rotation  should  be  estimated  for  each  observation  and  correction made  for  this  in  the 
scattering (and emission) amplitudes. 
 

7.3.5. The  measured  scattering  amplitudes  should  be  converted  to  backscattering  coefficients 
using  the  best  available  DEM.  These  in  turn  should  be  subject  to  terrain  illumination 
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correction, which  should  in  addition  generate  a  local  incidence  angle  layer.  Polarimetric 
coherency matrices  should  be  estimated  from  single  look  complex  data  along  with  the 
backscattering  coefficients,  as  soil moisture  retrieval will  use  these where  available.  The 
information derived  from decomposition of  the coherency matrix could be used  in several 
ways: i) un‐supervised classification of land surface scattering mechanism for each pixel, for 
pre‐classification of  land cover and categorization of retrieval cases  (e.g., agricultural  land, 
urban areas, water bodies); ii) aid the selection of the appropriate forward modelling hyper‐
cubes  based  on  vegetation  structure  information;  iii)  direct  estimation  of  vegetation 
parameter  inputs  of  the  hyper‐cubes,  such  as  vegetation water  content, mean  angle  of 
scatterer orientation or  scatterer density,  iv) detect  sudden  surface  changes  (e.g.,  tillage, 
harvest)  that  could  be  disruptive  to  the  accurate  retrieval  of  surface  parameters,  and  v) 
direct inversion of soil moisture and surface roughness for bare surfaces, and from corrected 
coherency matrix information for vegetated surfaces. 

 
7.3.6. Observations  and  all  available  auxiliary  data  should  be  used  to  recover  land  cover 

classifications  for selected scattering classes  in order  that  the effects of vegetation on  the 
returned  signal may  be  estimated  and  corrected.  This  stage  could  involve  decomposition 
techniques that affect an estimation of vegetation cover simultaneously with the estimation 
of  the  surface  contribution  to polarimetric  coherency. These  techniques  are model‐based 
and will require considerable development, particularly in the case of forested areas. 
   

7.3.7. Forward modelling and field observation should be used to create data (hyper) cubes, which 
now  include  the  variation  in  both  (terrain  normalized)  backscattering  coefficients  and 
quantities  derived  from  the  polarimetric  coherency  matrices.  The  hyper‐cubes  will 
characterize the variation of these observables in terms of, as a minimum, soil permittivity, 
roughness (ks), vegetation (vector of attenuation and scattering parameters) and  incidence 
angle.  Interpolation  can  be  achieved  by  fitting  suitable  parametric  hyper‐surfaces  to  the 
hyper‐cube information. For surface scattering, Advanced Integral Equation Model (AIEM) or 
numerical models are preferable since they do not require approximate parameterization or 
tuning parameters inherent to empirical or semi‐empirical models. For vegetation, coherent 
scattering models are preferred over radiative transfer models.  
 

7.3.8. Volumetric soil moisture could be used rather than soil dielectric permittivity. However, the 
permittivity, being a more fundamental physical property, is preferable as it is independent 
of soil compositional properties, therefore reducing the number of axes of the data hyper‐
cube.  
 

7.3.9. It  is envisioned that data hyper‐cubes will be generated  independently from the actual soil 
moisture processor, although  there  is  likely  to be  some  feedback between  the essentially 
independent development processes, particularly  regarding  the  interface  to  the  reference 
set.  As  long  as  the  interface  format  is  maintained,  data  hyper‐cubes  may  be  updated, 
perhaps using improved forward modelling. Updated hyper‐cubes can then be used with the 
existing soil moisture processor. 
 

7.3.10. Hyper‐cubes  are  required  for  each  of  the  selected  vegetation  scattering  class  (i.e.  land 
surface  class  with  distinctive  scattering  behaviour)  and  each  sensor  configuration 
(frequency, polarization, incidence angle).  Data hyper‐cubes for a variety of land covers and 
crop  types have already been produced  for  the SMAP and SAOCOM missions. Such cubes 
require testing for vegetation conditions typical of Australia, or any other area outside the 

 
V01_00

                                            56 
 Annex 12. Basis Of An Australian Radar Soil  
Moisture Algorithm Theoretical Baseline Document

 
30th June 2013



           Basis of an ATBD for a radar soil moisture mission 
57 

 

 

areas  of  interest  to  SAOCOM  and  SMAP  against which  those models  have  been  tested. 
Additional data hyper‐cubes will be  required  for  the  land  covers of  interest not matching 
those already studied, and for polarimetric observables beyond the channel backscattering 
coefficients not yet considered in the SMAP and SAOCOM methodologies.  
 

7.3.11. Soil permittivity  retrieval  shall be performed by minimizing a  cost  function  (e.g. weighted 
sum of squares of differences between measured and  interpolated observables) using  the 
time series of multi‐channel observations in a least squares process. Where the data permit 
direct retrieval of soil permittivity and roughness estimates (e.g. Dubois HH, VV and XBragg 
full‐pol)  these may  be  combined with  those  recovered  from  the  hyper‐cubes  in  the  cost 
function.  Soil  permittivity  estimates  from  SAR  at  fine  resolutions may  be  constrained  to 
agree (closely if not precisely) with coarse resolution estimates from passive remote sensing. 
 

7.3.12. If fully‐polarimetric SAR data are available, surface parameters such a surface roughness and 
vegetation water content can be retrieved at each time‐step together with permittivity (ie., 
unconstrained retrieval). Since in general the time‐scale of the changes in surface roughness 
and vegetation is longer than that of soil moisture, a possible alternative approach is that of 
assuming  constant  vegetation  and  surface  roughness  conditions  during  the  observation 
window, so that any changes in backscatter can be attributed to soil moisture changes (plus 
a  random  component  due  to  the  radar measurement  error).   Only  one  value  of  surface 
roughness  and  vegetation  parameter(s)  are  then  retrieved  over  a  defined  observation 
window,  together  with  a  time‐series  of  soil  permittivity  (ie.,  constrained  retrieval).  This 
approach has two main advantages: i) it does not require fully polarized scattering matrix at 
each  and  every  time‐step,  since  soil  permittivity  can  be  derived  from  compact  or  dual‐
polarimetric  observations  under  the  assumption  of  constant  surface  roughness  and 
vegetation, and  ii)  the  time‐series  information helps  reduce  the  impact of  the backscatter 
measurement error which would affect  the  retrieval at  individual  time  steps, because  the 
value of roughness and vegetation parameters are chosen to minimize,  in the  least‐square 
sense,  the  difference  between  simulated  and  observed  SAR  parameters  at  all  time‐steps 
within the observation window. Therefore it is applicable to a mission design which involves 
frequent (e.g., 2‐3 days) dual‐polarized acquisitions with less frequent (e.g., 1‐2 weeks) fully‐
polarized acquisitions.  
 

7.3.13. The drawback of the constrained retrieval option is that changes in surface conditions within 
this window  (e.g.,  tillage, harvest, vegetation growth) will deteriorate  the performance of 
the approach.  In such a case by constraining surface roughness and vegetation parameters 
to  fixed,  but  possibly  erroneous,  values,  further  error  is  introduced  into  soil  moisture 
estimates. Unconstrained retrieval of roughness and vegetation status conducted in parallel 
with  constrained  retrieval might, however,  indicate where  the  approximation of  constant 
soil  roughness/vegetation  is  valid  so  that  advantage  might  be  taken  of  any  accuracy 
improvements in soil moisture estimates that use this assumption. 
 

7.3.14. Abrupt  changes,  such  as  tillage  and  harvest,  should  be  detected  to  correctly  position 
observation windows, whether using  the constant or variable  roughness assumptions, and 
this  implies sampling on time  intervals short enough to permit wide sample windows over 
anticipated  time  intervals  between  abrupt  changes.  Sampling  at  full‐channel  capacity, 
coupled to retrieval without the assumption of constant surface roughness, should be robust 
to abrupt changes that do not alter soil moisture, but of course abrupt changes are likely to 
be followed by soil moisture changes, for example harvesting will tend to dry the soil in the 
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absence of precipitation, and this is an argument for ensuring the capability to detect abrupt 
changes through frequent sampling. 
 

7.3.15. Slower changes such as vegetation growth will be more difficult to detect. Again polarimetric 
analysis  might  be  helpful  in  this  sense.  However,  it  is  suggested  that  an  optimized 
observation window should be selected to minimize these changes. The optimization of the 
observation window is a developmental task. 
 

7.3.16. Note that whilst full‐polarimetry is optimal, it does come at a cost, both in power and swath 
width, and therefore coverage. Thus, whilst the optimal SAR sensor would be capable of fully 
polarimetric operation,  it may be desirable  to operate  the  sensor  in  compact or dual‐pol 
modes  for  some  portions  of  the  observation  cycle. Operation  below  full‐polarimetry will 
however incur a risk (discussed in following sections) in the estimation and correction for the 
effects of Faraday rotation, and this will have an impact upon both the accuracies of the soil 
moisture retrievals, and the land cover scattering class classifications. 
 

7.3.17. The computational cost of minimizing the cost function will depend on both the number of 
dimensions  of  the  data  cube  and  the  resolution  at  which  the  hyper‐surfaces  are 
interpolated.  Hyper‐cubes with  higher  dimensionality  can  be  generated  to  include  other 
surface  or  vegetation  factors  known  to  impact  the  backscatter  (e.g.,  surface  correlation 
length,  soil  texture/composition,  vegetation  height  or  structural  parameters,  with  the 
caveats (see earlier) regarding the non‐stationary nature of surfaces and the correct choice 
of multi‐scale correlation lengths with regard to observation resolution). This could result in 
improved  soil moisture  retrievals,  provided  there  are  sufficient  independent  observables 
from multi‐channel  (e.g. polarimetic,  incidence angle diverse, ancillary) data, but a higher 
computational  cost  of  the  search  algorithm.  Soil  permittivities may  be  converted  to  soil 
moisture  estimates  using  a  dielectric model  appropriate  to  the  soil  types  in  the  area  of 
interest and which best fits the field data for the area of  interest (e.g. Peplinski, 1995 with 
later corrections).   
 

7.3.18. Land cover classification  for each observation yields a  land cover time series which can be 
used  to  determine  the  correct  hyper‐cube  set  and  retrieval  model  for  polarimetric 
coherency work. The  land  cover will be used  to determine which method will be used  to 
separate  the  bare‐soil  contribution  to  observed  signals.  For  bare  surfaces  the  extended 
Bragg model can be used with full‐ or compact‐polarimetric data, or the Dubois model with 
dual, HH and VV data,  to  recover soil permittivity and roughness estimates directly. These 
estimates could be used to optimise the hyper‐cube inversion, and/or as a component of the 
cost function. For moderately vegetated areas, L‐band polarimetric data can be analysed in 
terms of a  Freeman‐Durden  type decomposition  to  yield  the bare‐surface  contribution  to 
the polarimetric coherency, which can then be used with the extended Bragg model, and the 
hyper‐cubes as described above. For forested areas the use of P‐band data is recommended 
in a manner similar to that suggested for the L‐band data in moderately vegetated areas. 
 

7.3.19. It  should  be  highlighted  that,  particularly  in  the  case  of  agricultural  crop  with  strong 
phenological dynamics,  the  relative strengths of  the scattering mechanisms change during 
the  vegetation‐growing  cycle,  and  depending  on  it,  the  relationship  between  the  various 
scattering components and soil moisture will vary. This behaviour  is the underlying reason 
that the land cover classification is divided into separate vegetation scattering classes, rather 
than simply by crop species, since a crop may be classified  in a variety of scattering classes 
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throughout the growing season. The choice of retrieval algorithm, or set of hyper‐cubes, will 
depend upon the scattering vegetation class, and not the crop species or class. 
 

7.3.20. Having  SAR  observations  available  at  fixed  incidence  angle would  reduce  the  number  of 
variables and simplify the inversion problem. The local incidence angle is highly important in 
determining backscatter properties. Whilst a  repeat orbit could  limit  the variation of  local 
incidence  angle  for  any  particular  point,  it  could  not  ensure  the  same  incidence  angle 
everywhere due  to  terrain  variations. Thus  the  soil moisture  inversion algorithm must be 
able to accommodate different  incidence angles. Waiting for an orbit to be repeated could 
place a limit on the frequency of observation, and on the versatility of the system. Incidence 
angle diversity at a single site could be seen as advantageous  in  the same way  that other 
multi‐channel approaches have been shown to be advantageous. Thus, both algorithm and 
system design should consider  incidence angle variation and not be constrained to a single 
incidence angle. 
 

7.3.21. A  fixed  azimuth  view  angle  between  subsequent  SAR  observations  is  important  for  time 
series  and  change  detection  algorithms,  and  for  agricultural  fields  where  returns  are 
influenced  by  azimuthal  surface  asymmetries  (e.g.,  periodic  crop  rows,  plant  rows)  that 
cause changes in backscatter and polarimetric coherency matrix with azimuthal angle.  This 
implies an exact repeat orbit for each overpass. 
 

7.3.22. It  is  crucial  to highlight  that  the  application of  fully‐polarimetric  coherency matrix, whilst 
providing  additional  information  on  terrain  orientation  and  vegetation  cover,  implies 
stringent,  additional  requirements  for  the  polarimetric  calibration  of  the  SAR  system.  In 
particular, accurate calibration of  the cross‐talk, channel  imbalance and  relative phase are 
essential.  Polarimetric  decomposition  techniques  are  sensitive  to  system  noise,  and 
therefore  good  Signal‐to‐Noise  Ratio  (SNR)  is  required,  together with  noise  filtering  and 
suppression techniques which preserve the polarimetric  information content of the data.  . 
Accurate external polarimetric  calibration permitting  the use of polarimetric  techniques  is 
possible,  even  in  the  presence  of  Faraday  rotation,  and  the  suppression  of  noise  in 
polarimetric data can be undertaken using standard tools. 

 

7.3.23. Performance  of  the  algorithm  should  be  optimised  during  the  development  phase  and 
repeatedly monitored thereafter to ensure stability using additional field data. The algorithm 
performance will vary with vegetation cover but should achieve  (in  the presence of 0.5dB 
noise) a retrieval error better than 0.06 vol/vol for vegetation water content up to 2kg/m2 
and  soil  moisture  content  up  to  0.4  vol/vol.  Performance  will  depend  upon  scale  and 
resolution of  the desired product.    It  is  important  that  a  spatially  and  temporally  varying 
error estimate be provided together with the reported soil moisture. 
 

7.3.24. As satellites can only directly measure the near‐surface layer of soil at discrete instances  in 
time, and there is a need for continuous soil moisture data over the root zone,  land model 
data assimilation approaches to providing such a product should also be developed. 
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8. SYSTEM SPECIFICATIONS 

8.1. Overview 

8.1.1. The various candidate algorithms  for applying  radar data  to  soil moisture estimation have 
uncertainties and  limitations. Some of the algorithms  involve temporal change approaches 
rather  than  snap‐shot  algorithms.  Final  algorithm  selection  will  impose  differing 
requirements  on  the  orbit  and  calibration  requirements.  Consequently,  any  new mission 
should plan around  the most conservative  requirements  (full polarimetric capability, exact 
orbit  repeat,  minimum  spacecraft  dependent  calibration  differences,  etc.)  to  provide 
greatest flexibility in the algorithm selection right up to and even after launch. 
 

8.1.2. The ultimate design of any orbital SAR mission is the result of a number of compromises. For 
example  higher  resolution  demands  greater  bandwidth  and  transmitted  power,  or 
improvements  in azimuth resolution require higher pulse repetition frequencies that result 
in smaller possible swath widths (the theoretically achievable SAR azimuth resolution is one 
half of the antenna length independent of altitude). 
 

8.1.3. A complete system design for even a single SAR system  is beyond the scope of the current 
task,  and  recommendations  have  been  made  for  essentially  three  or  at  least  two  SAR 
systems:  S‐band/L‐band  for  bare  surfaces,  L‐band  for  vegetated  surfaces  and  P‐band  for 
forested surfaces. 

 
8.1.4. Rather than attempt a SAR design exercise, the  following discusses relevant parameters of 

SAR  systems  and  their  relationships,  and  comments  on  the  probable  values  of  these 
parameters  based  on  existing  or  conceived  SAR  systems,  particularly  those  that may  be 
suited to soil moisture retrieval. 
 

8.1.5. The process of  task‐dependent SAR‐system design  is one  that should be conducted at  the 
start of any SAR‐project.  
 

8.2. SAR System Design Considerations 

8.2.1. The design of SAR a system is dependent on the application for which it is intended; in this 
case  soil moisture  retrieval.  Typically,  the  specifications  provided  to  the  design  engineer 
would include: 
  Ground range and azimuth resolution 
  Incidence angle range 
  Desired swath width 
  Wavelength 
  Polarizations 
  Sensitivity, expressed as Noise Equivalent Sigma Zero (NESZ) 
  Radiometric accuracy, expressed as Signal‐to‐Noise Ratio (SNR) 
 

8.2.2. The recommendations of the previous Section  indicate a preference for multiple frequency 
band  operations,  polarimetric  operation,  2‐3  day  repeat  observation,  with  wide  area 
coverage at good resolution, national coverage, a requirement for topographic information, 
and ultimately soil moisture information retrieval at scales of 1km or better, according to the 
application.   
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Resolution Requirements 

8.2.3. Based on the preceding recommendations it is anticipated that the SAR soil moisture system 
be capable of ground resolutions of the order of 10m or better.  

 
8.2.4. This  figure  may  seem  excessively  fine  given  the  suggestion  that  soil  moisture  product 

resolution of only order of 1km  is  required  for most  applications. However,  for  irrigation 
scheduling pixel sizes of less than 100m resolution will be required. At a resolution of 17m in 
range and 9m azimuth  (azimuth  resolution  is generally  finer  than  range  resolution), 100m 
resolution only represents around 65 independent backscatter samples.  

 
8.2.5. For  fully  developed  speckle  single  look  complex  SAR  pixel  backscatter  cross  sections  are 

exponentially distributed. N independent samples yield an estimate of the mean backscatter 

cross  section  with  error  N/1   of  the  mean  (radiometric  accuracy).  Quoted  accuracy 

requirements  from  the  literature  generally  indicate  less  than  0.5dB  uncertainty  in  the 
absence of noise. A 0.5dB error corresponds to an uncertainty of ~12% of the mean, or an 
independent sample size of ~67. A 0.3dB error requirement on estimates of backscattering 
coefficient corresponds  to an  independent  sample  size of ~195, or a  resolution of around 
10m  in ground  range and 5m  in azimuth  if  the  soil moisture product  resolution  is around 
100m. Note that the above calculation is valid when the system SNR ratio is high, i.e., when 
it is determined primarily by the number of looks and is not limited by the SNR (this may not 
be true  for smooth and/or dry bare surfaces, particularly  for HV measurements). Low SNR 
will  increase  the number of  independent  samples  required  to  achieve  the  same  accuracy 

according to  N/1 *(1+1/SNR) 

 

8.2.6. Slant  range  resolution  is  given  by BcRs 2/ , where  c  is  the  speed  of  light  and  B  is  the 

frequency  bandwidth.  Ground  range  resolution  depends  upon  incidence  angle     and  is 

given by  sin2/ BcRg  . Azimuth resolution can be approximated by half the real aperture 

length (i.e. half the length of the antenna)  2/DAz  if the sampling rate is sufficient. Thus 

requirements  on  resolution  translate  into  bandwidth  and  antenna  length  requirements. 
Given our two examples of ~18m (range) by 9m (azimuth) or 10m (range) by 5m (azimuth) 
this suggests that the bandwidth (which must be contained in legal limits) at a nominal 45° 
incidence should be between respectively 12MHz and 21MHz and the antenna length should 
be between respectively 18m and 10m, for a S‐, L‐ or P‐band system. 
 

8.2.7. PALSAR II, SMAP and SAOCOM all suggest antenna areas of the order of 30m2, with antenna 
lengths of around 10m. NovaSAR appears to have a rather small antenna, even taking  into 
account the higher frequency. Aside from BIOMASS, which suffers severe Tx restrictions at P‐
band, and SMAP which reports a rather low bandwidth and resolution, reported SAR system 
bandwidths are of the order of 21MHz or higher. It is noted that Tx restrictions are possible 
at S‐band that could restrict the reported NovaSAR bandwidth and limit its range resolution. 
 

8.2.8. It  should be noted  that a bandwidth of 21MHz will ensure  the  resolution  requirement at 
satisfied  at  angle  equal  or  higher  than  45°,  while  for  lower  incidence  angle  the  range 

resolution will increase according to   sin2/ BcRg   
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Orbit Properties 

8.2.9. The orbital velocity can be approximated by 

 

)( hR
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      (Eq. 5) 

 

where G is the universal gravitational constant (G ≈ 6.67384 × 10‐11 m3 kg‐1 s‐2),   M   
is the Earth mass (M ≈ 5.9736 × 1024 kg, GM ≈ 3.986 × 1014 m3 s‐2), R is the Earth radius (R ≈ 
6.371 × 106 m), and h is the satellite altitude.  

 
8.2.10. As satellite altitude increases, orbital speed decreases and the satellite has further to go to 

complete the orbit. The period is the distance travelled in an orbit divided by the speed, i.e.  

 




33 )(
2

)(
2

hR

GM

hR
T







  (Eq. 6) 

 

8.2.11. Since  the Nyquist azimuthal sampling  rate must be such  that pulses are separated by  less 
than half the antenna  length along‐track, so the PRF  is related to the satellite altitude. The 
SNR  is  also  related  to  the  satellite  altitude,  and  is  better  for  lower  orbits, which  in  turn 
implies increased PRFs and hence thinner swaths. The achievable pulse power depends also 
upon SAR  technology and pulse duration. Gallium Nitride  technology permits greater peak 
pulse powers. Longer pulses affect the PRF and range ambiguity design space. 
 

8.2.12. Over  the observed  range of satellite altitudes  from Table 2.2  it can be calculated  that  the 
orbital  velocity  varies  from  roughly  7.6km/s  (period  1.57h)  at  500km  altitude  down  to 
7.5km/s (period 1.64h) at 700km altitude. Lower altitudes yield improved SNR or a reduction 
in power  for  fixed SNR, but also mean  increased atmospheric  friction and a need  to carry 
and use more fuel to maintain orbit over the intended lifetime of the sensor. 
 

8.2.13. A  near‐polar  (orbital  inclination  between  96.5°  and  102.5°),  sun‐synchronous  orbit  will 
permit near‐global coverage and can be selected to have repeat ground‐track characteristics 
that appear to be desirable for the soil moisture retrieval task.  
 

8.2.14. Sun‐synchronous orbits exploit  the orbit perturbation  caused by  the Earth's non‐spherical 
gravitational field. By choosing the correct inclination and altitude of the satellite orbit, the 
right ascension of the ascending node can be made to process at the same rate as the Earth 
revolves around the Sun, in a sun‐synchronous orbit. It is an orbit for which the plane of the 
satellite orbit is always the same in relation to the Sun. It can also be defined an as orbit for 
which the satellite crosses the equator at the same local time each day. 
 

8.2.15. A sun‐synchronous orbit is not fixed in space. It must move 1° per day to compensate for the 
Earth's revolution around the Sun. Since the Earth makes one revolution (360°) around the 
Sun  per  year,  it  is  possible  to  calculate  the  rate  of  change  of  the  Sun's  right  ascension: 
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0.9856473°/solar day. The sun‐synchronous design equation is  
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    (Eq. 7) 

where  i  is the inclination angle,   is the orbital rate of the Earth (0.9856473°/solar day), a  

is the semi‐major axis,  e  is the orbital eccentricity,  2J  is the coefficient for the second zonal 

term,  eqR  is the Equatorial radius of Earth, and   is the gravitational constant of the Earth. 

 

8.2.16. Whilst the repeating ground track governing equation is  
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    (Eq. 8) 

where K   is the number of orbits in repeat cycle, N    is  the number of days  in  repeat  cycle, 

e   is  the    inertial  rotation  rate of  the Earth,    is  the argument of perigree perturbation, 

and M  is the  mean anomaly perturbation. 

 

8.2.17. These  two  equations  form  a  non‐linear  pair  that  requires  solution  using  numerical 
techniques  to estimate  the Kozai mean  semi‐major axis and orbital  inclination of  the  sun‐
synchronous orbit with the chosen repeating ground‐track criteria. 
 

8.2.18. Such modelling  is beyond  the  scope of  the present  task. However  it  is noted  that  repeat‐
cycle periods quoted in Table 2.2 range between 12 and 17 days. The stated optimum repeat 
time is 2‐3 days. Based on this evidence alone one might conclude that multiple satellites are 
required to achieve the desired repeat observation rate. However, detailed modelling of the 
possibilities is required before one would be able to draw such a conclusion. 

 

Incidence Angles 

8.2.19. Low  incidence  angles were  seen  to  be  desirable  from  the  point  of  view  of  soil moisture 
retrieval,  but  low  incidence  angle  implies  poor  resolution  in  the  range  direction,  and 
therefore reduced sample size and increased uncertainty in soil moisture estimation. There 
is also a connection between antenna size and wavelength that limits the range of possible 
incidence angles (measured at the ellipsoid) and affects achievable swath width. 

 

8.2.20. The  range of  incidence angles  reported  in Table 2.2  is anywhere between 8 and 70°.   The 
SMAP mission  is being designed  to operate above 40°, even  though  the algorithm  review 
suggested that lower incidence angles are to be preferred.  

 
8.2.21. For a  spherical Earth approximation  swath width  for  incidence angles  in  the  range 20‐45° 

and altitudes between 500‐700km are in the range of 280‐375km.  
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Sensitivity 

8.2.22. The radar equation, also known as the radar range equation, is the fundamental equation of 
radar. For a SAR system a useful version of  the radar equation  is  the single‐look signal  (or 
clutter) to noise ratio (SNR or CNR) (e.g. Ulaby et al., 1982): 
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     (Eq. 9) 

 

where  avgTxP   is the average transmitted power,     is the radiation efficiency,  A   is  the 

antenna  area, 
2

 4


 A

G    is  the  antenna  gain,     is  the  carrier  frequency,  Rg   is  the 

ground range resolution,  o  is the backscattering coefficient,  sR  is the range (slant range), 

Bk  is the Boltzmann’s constant,  sysT   is  the system equivalent noise  temperature,  sV   is  the 

satellite speed, and L  are the losses (e.g. electronic, signal processing, atmospheric etc.) 

 

8.2.23. The  sensitivity  is  usually  defined  in  terms  of  NESZ.  This  is  defined  as  the  clutter  level 
(backscattering  coefficient)  that  produces  a  received  power  equal  to  the  thermal  noise 
power, and is found by setting the CNR equal to unity in the previous equation, i.e. 
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     (Eq. 10) 

 

8.2.24. Reported NESZ values for the systems listed in Table 2.2 are in the range ‐22dB to ‐35dB. 
 

8.2.25. For an average power of 700W, antenna gain of 34dB (typically over 30dB for space‐borne 
SAR), L‐band wavelength of 24cm, ground‐range  resolution of 10m, slant  range of 840km, 
system temperature of 580K, losses of 7dB and orbital speed of 7.6km/s the NESZ value is ‐
29.3dB, which is squarely in the reported range. 
 

8.2.26. Operating at lower altitude, increasing average Tx power and antenna size and efficiency will 
all  serve  to  improve  the NESZ and  improve  the  sensitivity of  the  system. For example, an 
increase  of  average  transmission  power  to  2000W  in  the  previous  calculation  yields  a 
decrease in NESZ to ‐33.9dB, again within the reported range. 

 

The “Mythical” Minimum Antenna Area 

8.2.27. The titular description acknowledges the study by Freeman et al. (2000) which showed that 
the  following  arguments  really  only  apply  if  the  SAR  system  design  is  constrained  for 
maximum swath width as well as finest resolution. 
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8.2.28. Start by noting that the maximum illuminated swath on the ground has width  
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    (Eq. 11) 

where R is the mid‐swath slant range,  elD  is the width of the antenna in elevation, and    is 

the incidence angle. 

 

8.2.29. To avoid velocity ambiguity a SAR must have a PRF of at  least twice the velocity divided by 

the antenna  length:  (min)//2 azsazs VDVPRF  . With a 10m  long antenna and a speed of 

7.6km/s the minimum PRF is around 1.5KHz.  
 

8.2.30. For  short  pulses,  the  requirement  for  range  unambiguous  operation  (inside  the  desired 

swath) implies that  IPPCRcR nearfar  /2/2  where  PRFIPP /1  is the inter‐pulse period 

and  the  slant  ranges mark  the near and  far  limits of  the desired  swath. Thus  the desired 

swath in slant range is bounded by  PRFcIPPcRRW nearfars 2/2/ )(  .  

 

8.2.31. Or to put it another way the PRF has an upper bound of )(2/ nearfar RRcPRF  .  

 

8.2.32. So  PRFcWs 2/  and  (min)/ azsVPRF  so  that  (min))2/( azss VcW  or  sazs VcW 2// (min)  . 

Note that for Low Earth Orbit (LEO) satellites the value of  Vc 2/ is nearly constant at 2 × 104.  

 

8.2.33. Given that the slant range swath  is related to the ground range swath by  sings WW  , a 

constraint on the antenna area can be obtained as: 
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and thus  
tan

4

c

RV
A s
eff  . 

 

8.2.34. This bound on  the effective antenna area  effA  applies only when  the SAR design  requires 

maximum swath width and minimum (finest) azimuth resolution. However may SAR systems 
have been operated with effective antenna areas less than this by operating with a PRF less 
than the nominal Doppler bandwidth, and recording returns over a desired swath width that 
is less than the maximum swath width (Freeman, 2000).  
 

8.2.35. Although  SAR  antennas may be  smaller  in  area  than  this  constraint  implies  this does not 
mean  that  SAR  antennas  can  be  arbitrarily  small.  The  size  of  the  antenna  has  significant 
impact on the gain and therefore on the SNR which must be taken  into account. The brief 
discussion  presented  here  is  no  substitute  for  a  rigorous  treatment  of  the  calculation  of 
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range and azimuth ambiguity levels, which must be considered in a robust design process.  
 

8.2.36. There  is recent  interest  in  the use of multi‐channel SAR systems  that,  for example, have a 
single  Tx module  and multiple  Rx modules  that  are  designed  to  overcome  the minimum 
antenna  area  constraint  (Ma,  2011; Wang,  2012).  In  such  systems  a  small  Tx‐aperture  is 
implemented  to  illuminate  a  wide  area  and  the  Rx  antenna  is  split  into  multiple  sub‐
apertures with independent receiver channels. Since each individual antenna does not meet 
the minimum antenna area constraint, range and/or Doppler ambiguities  inevitably pollute 
the  recorded echoes. However coherent processing  in either  the  temporal or  the Doppler 
domains  that  combine  the  aliased  signals  received  by  all  sub‐apertures  enables  a  single 
output signal free of ambiguities. 
 

8.2.37. Nevertheless we can be guided by the constraint which can be used to yield an indication of 
the anticipated antenna size. For an L‐band system with a mid‐swath range of 800km and a 
mid‐swath incidence of 45° the minimum effective antenna area is around 20m2. Note that 
the effective area  is usually related to the actual area by an efficiency constant so that the 
actual area  is greater. Taking  into account  the efficiency  factor,  this estimate  is consistent 
with  the  antenna  areas  reported  in  Table  2.2.  For  S‐band  the  antenna minimum  area  is 
reduced to approximately 8m2. The NovaSAR antenna area  is reported at 3m2, so that one 
might  anticipate  NovaSAR  will  employ  multi‐channel  techniques  and/or  have  a  desired 
swath  less  than  maximum.  At  P‐band  the  antenna  area  constraint  yields  an  estimated 
effective area of 60m2, in keeping with the BIOMASS sensor actual reported antenna area. 

 

Ambiguities 

8.2.38. The previous criterion on antenna size provides only around 6dB suppression for ambiguous 
targets at the edge of the swath. This level of suppression applies also in azimuth (Doppler) 
where  the  Nyquist  sampling  rate  does  not  entirely  prevent  spectrum  components  from 
being aliased into the main part of the spectrum. For the given range and azimuth antenna 
patterns  the  PRF  should  be  selected  to  yield  low  range  and  azimuth  ambiguity  noise 
contributions.  
 

8.2.39. The Doppler processing bandwidth is bounded by the PRF. Using less than the full bandwidth 
can  help  filter  out  significant  Doppler  spectrum  aliased  into  the main  Nyquist  window, 
permitting improved ambiguities noise levels at the cost of azimuth resolution.  
 

8.2.40. The  integrated  ambiguity  to  signal  ratio  (ASR)  is  written  as  a  function  of  fast  time,  or 
equivalently the cross‐track position  in the  image. Evaluation of the expression for the ASR 
requires knowledge of the two‐dimensional antenna pattern, and of the target reflectivity to 
be formulated in terms of the Doppler frequency and the time delay.  
 

8.2.41. This  information  is unavailable  and  estimation of  the ASR  for  the proposed  soil moisture 
retrieval  SAR  system  lies  beyond  the  task  description.  However  the  ambiguities  are 
important  and  it  is  possible  to  comment on what  the  likely  ambiguity  levels will  be.  The 
following  is  a  very  brief  discussion  of  the  origin  of  azimuth  and  range  ambiguities  in  a 
conventional  SAR.  The  advent  of  SMART  SAR  systems  with  SCan  On  Receive  (SCORE) 
algorithms will affect the expressions for ambiguities given here. Once again it is completely 
beyond the bounds of this task to give a full SAR system design. 
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8.2.42. It  is  noted  that  the  total  integrated  ambiguity  ratio  for  the  proposed  BIOMASS  P‐band 
system is of the order of ‐20dB. Younis et al. (2010) have proposed a SMART X‐Band SAR that 
uses SCORE and report RASR below  ‐40dB and AASR values below  ‐40dB rising to  ‐20dB at 
near  range.  DLR  have  also  proposed  that  the  Tandem‐L  system  will  have  RASR  values 
typically  between  ‐50dB  and  ‐40dB  across  a  350km  swath  in  fully‐polarimetric  strip‐map 
operation  (with  a  bandwidth  of  85MHz,  orbit  altitude  of  760km,  repeat  cycle  of  8  days, 
incidence angles between 26.3 and 46.6°, average Tx power of 96W and a PRF of 2.365kHz). 
 

8.2.43. It  is  anticipated  that  a  soil‐moisture  SAR  system  designed  to  detect  low  backscattering 
coefficients  from  dry,  smooth  surfaces  will  require  a  design  that  permits  a  low  total 
ambiguity. 

 

Azimuth Ambiguity 

8.2.44. The  ratio of  the ambiguous signal  to  the desired signal, within  the SAR correlator azimuth 
processing  bandwidth,  is  commonly  referred  to  as  the  azimuth  ambiguity  to  signal  ratio 
(AASR).  The  integrated  AASR  can  be  estimated  using  the  following  equation  (Curlander, 
1991): 
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  (Eq. 13) 

 

where 
2G   is  the  two‐way  far  field antenna power pattern  in which  it  is assumed  that  the 

scene  reflectivity  is  uniform  and  that  the  antenna  pattern  is  separable  in  elevation  and 
azimuth.  
 

8.2.45. With  this equation  the AASR  is  typically  found  to be of  the order of  ‐20dB. At  this  value 
ambiguous signals may still be observed  in  images where bright ambiguities coincide with 
regions of low backscattering coefficient. 

 

Range Ambiguity 

8.2.46. Range ambiguities arise when echoes  from preceding and  succeeding pulses arrive at  the 
antenna  simultaneously  with  the  desired  return.  For  space‐borne  radars,  where  several 
inter‐pulse periods elapse between transmission and reception of a pulse, range ambiguities 
can be significant.  
 

8.2.47. Ambiguous signals arriving at time  it do so from ranges given by 
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where the  integer  j  is zero for the desired pulse.   The  integrated range ambiguity to signal 
ratio (RASR) is obtained by taking the ratio of integrated power of the range ambiguities to 
the desired pulse returns. The definition of the RASR as a function of slant range is given by 
(Curlander, 1991): 
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  (Eq. 15) 

 

where  ij  is the incidence angle for the jth ambiguity, and  ij  is the beam angle for the same 

ambiguity. 

8.2.48. Generally  the  RASR  is  lower  than  the  AASR,  although  the  two may  have  commensurate 
values.  

 

Polarization 

8.2.49. The  recommendation  for  soil moisture  is  at minimum  dual‐polarization  (HH  and VV)  and 
preferably  full‐polarization  or  failing  that  compact‐polarimetry  (transmit  circular,  receive 
linear orthogonal).   For space‐borne SAR a single‐polarization on‐transmit offers  twice  the 
swath width  compared  to  full  polarization.  This  is  linked  to  SAR  system  design  issues  as 
previously  discussed:  full‐polarimetric  operation  requires  two  Tx  pulses  of  orthogonal 
polarizations  and  therefore  doubles  the  required  PRF,  which,  as  per  the  preceding 
discussion,  implies a reduction  in swath width, for example the ALOS PALSAR, swath width 
reduced from 70km for the dual‐pol (HH, HV) mode to 30km for the full polarization mode.  
 

8.2.50. Note that dual‐polarization (HH and VV, dual‐like polarization) also implies a doubling of PRF 
and  therefore  offers  no  advantage  over  full‐pol  operation  beyond  system  processing 
bandwidth considerations, and actually risks reduced calibration accuracy. 
 

8.2.51. The reduced swath‐width in full‐polarization mode has a detrimental impact on revisit times. 
A  compact‐polarimetric  mode  where  the  transmit  polarization  is  circular,  and  the  only 
constraint  on  the  two  receiving  polarizations  is  independence,  has  advantages  for  SAR 
system design. The choice of the polarizations of the two receive channels is not significant 
as  any  polarization  on‐receive  can  be  synthesized  from  two  orthogonal  polarization 
measurements.  
 

8.2.52. At  a  low  frequency  (L‐band  or  lower,  S‐band  doesn’t  suffer  so  much  from  ionospheric 
effects) where  the  ionosphere has a  significant effect,  the  circular  transmit polarization  is 
the  only  sensible  option,  as  it  provides  an  effective  constant  polarization  as  seen  by  the 
scattering surface: an essential condition for a meaningful multi‐temporal analysis.  

 
8.2.53. The  pseudo‐covariance matrix  for  Tx‐circular  Rx‐orthogonal  compact  polarimetry  is  very 

similar to the full polarimetric covariance matrix, and carries much the same information for 
soil moisture retrieval. Reconstruction of the cross‐polarized backscattering coefficient from 
compact  polarimetry  has  been  shown  to  have  very  low  sensitivity  to  Faraday  rotation, 
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suggesting that land cover scattering class separation essential to the correct application of 
retrieval algorithms would be possible  for  compact‐polarimetric operation  (Dubois, 2008). 
However  there has been  some  evidence  to  suggest  that HV  reconstructed  from  compact 
polarimetry data is not entirely reliable. 
 

8.2.54. A  procedure  has  been  developed  to  correct  for  the  ionospheric  effects  in  compact 
polarimetry mode and the technique appears robust (Dubois, 2008). The calibration of CTLR 
(Circular  Tx,  Linear Rx)  compact  polarimetry  SAR  data  has  been  addressed  quite  recently 
(Chen,  2011)  indicating  that  this  can  be  achieved  through  a  combination  of  passive  and 
active polarimetric calibration targets and Total Electron Content (TEC) measurements from 
the Global Navigation Satellite System. It has also been proposed that the Faraday rotation 
angle can be estimated  from  raw SAR data obtained  in  full‐polarimetric mode  from a  few 
pulses, and that the CP–mode Faraday rotation correction is possible if the angle is known. 
 

8.2.55. Thus  CTLR  compact‐polarimetric  mode,  having  been  recommended  for  soil  moisture 
retrieval, offers a significant advantage  for SAR system design as  it preserves swath width 
and reduces the revisit interval and appears to present little risk for calibration.  
 

8.2.56. However  a  full  analysis  of  the  impact  of  the  use  of  compact  polarimetric mode  SAR  as 
opposed to full polarimetric mode for soil moisture retrieval should be undertaken for those 
algorithms accessible  to  the compact polarimetric mode data. For example,  the effects of 
terrain slope on compact polarimetry data are not fully understood, and the implications for 
antenna design must be  investigated.  It  is noted  that  the design of  compact polarimetric 
mode  is compatible with full polarimetric mode so that compact polarimetric mode can be 
integrated  readily with  full  polarimetric  architectures.  Thus,  having  compact  polarimetric 
mode  as  an  option  on  an  otherwise  full  polarimetric  mode  system  would  give  the 
opportunity of enhanced system performance without additional risk. 
 
 

Faraday Rotation 

8.2.57. Faraday  rotation  is mentioned  in  the  previous  discussion  and  a  brief  description  is  given 
here.  
 

8.2.58. As  microwave  radiation  propagates  through  the  ionosphere,  the  linearly  polarized  field 

components are rotated by an angle   (Faraday rotation), depending on the geomagnetic 
field and  the  ionospheric electron  content. The  Faraday  rotation angle may be expressed 
approximately as 

 

   seccos13557 2
of BNf

  (Eq. 16) 

where   is the rotation angle in degrees,  f  is  the  radio  frequency  in  GHz,  fN   is  the 

ionospheric total electron content (TEC) in TEC units, where 1 TECU = 1016 electrons m‐2,  oB

is  the Earth’s magnetic  field  in Tesla,     is  the angle between  the magnetic  field and  the 
wave propagation direction, and     is  the angle between  the wave propagation direction 

and the vertical to the Earth’s surface. 
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8.2.59. The angular brackets denote an average of  the enclosed quantities along  the path of  the 
wave. The TEC is significantly affected by the solar radiation. The global TEC measurements 
performed by a network of GPS  receivers have  shown  significant  temporal and  latitudinal 
variations. In the equatorial and mid‐latitude areas, the TEC varies from a few TECU at night 
to as high as 60 TECU at noon, while  the TEC has  less  temporal  variation with a nominal 
value of about 20 TECU in the polar regions. By assuming a typical worst‐case geometry (  = 

45o,   = 0o) and a high‐latitude value of  oB  = 5.44 ×10‐5 at 300 km altitude near the peak of 

the electron density, an upper bound estimate  for     in degrees at 1.4GHz  for a  satellite 
operating above the ionosphere is 

 

  = 0.53 fN   (Eq. 17) 

 

8.2.60. Therefore, the Faraday rotation at a frequency of 1.4GHz can be as low as a few degrees at 
night and as high as 20 to 30° at noon local time. 
 

8.2.61. Farady  rotations  of  a  few  degrees  are  thought  acceptable  in most  applications  but  will 
obviously have an effect on soil moisture retrievals which depend at a minimum on the two 
co‐polar scattering amplitudes which are mixed by the rotation according to: 
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  (Eq. 18) 

 

8.2.62. Freeman (Freeman, 2004a,b) developed a method for estimation and correction of Faraday 
rotation effects using  fully‐polarimetric SAR data. More  recently Meyer and Nicoll  (Meyer, 
2008) demonstrated prediction, detection and correction of Farady rotation in ALOS PALSAR 
fully‐polarimetric data. 
 

8.2.63. My‐Linh  Truong‐Loi  et  al  (2009)  have  presented  an  estimation  procedure  for  Faraday 
rotation with  compact polarimetry mode SAR which  relies on  the  scattering properties of 
bare  surfaces.  The  selection  of  the  bare  surfaces  was  based  on  a  new  parameter,  the 
conformity  coefficient  computed  from  compact  polarimetry measurements  shown  to  be 
Faraday  rotation  invariant.  Once  estimated,  the  Faraday  rotation  can  be  corrected  in 
compact  polarimetry  mode  SAR  data  by  applying  a  simple  rotation  matrix  to  the  two‐
component compact polarimetry mode scattering vector.  

 
8.2.64. My‐Linh Truong‐Loi et al (2009) estimate the HH and VV backscattering coefficients from the 

compact  polarimetry  mode  measurements  over  bare  soil  surfaces  and  estimated  soil 
moisture  using  the  Dubois  et  al.  (1995)  algorithm.  The  results  obtained  using  compact 
polarimetry were shown  to be  in good agreement with  those obtained  from  the standard 
Dubois et al. algorithm using  fully polarimetric data. This  suggests  that,  for  soil moisture, 
compact  polarimetry  mode  SAR  can  be  used  instead  of  HH  and  VV  dual‐polarized 
measurements, obtained from full‐polarimetric SAR.  
 

8.2.65. Thus  it  is  anticipated  that  by  operating  in  either  full‐polarimetric  or  TCRL  compact 

 
V01_00

                                            70 
 Annex 12. Basis Of An Australian Radar Soil  
Moisture Algorithm Theoretical Baseline Document

 
30th June 2013



           Basis of an ATBD for a radar soil moisture mission 
71 

 

 

polarimetric mode it will be possible to both estimate and correct for the effects of Faraday 
rotation, and ultimately estimate soil moisture. 

 

8.3. Summary 

8.3.1. A  full  SAR  system  design was  beyond  the  scope  of  the  current  task. We  have  reported 
relevant  SAR  system  design  parameters  for  proposed  systems  and  discussed  the  likely 
location of the SAR system in the parameter space for a SAR that will be capable of providing 
soil moisture estimates. 

 

9. ACCURACY AND FURTHER CONSIDERATIONS 

This section discusses accuracy estimates  for  the  recommended soil moisture  retrieval algorithms. 
The risks, special cases (i.e., vegetation and terrain effects) and ancillary data requirements for soil 
moisture  retrieval are also  considered. Future R&D  requirements  to  improve or  calibrate/validate 
algorithms and an operational system are also discussed.  

 

9.1. Accuracy Assessment 

9.1.1. Since  it  is not possible  to assess  the  SAR  system accuracy without a detailed  SAR  system 
design,  it  is  not  possible  to  make  an  unambiguous  determination  of  the  proposed  soil 
moisture  retrieval  algorithm(s)  presented  here.  Even were  the  SAR  system  design  to  be 
available there are many factors that will affect the overall accuracy of the algorithm, such 
as the fidelity of the data‐cubes to be employed in the inversion process, that are impossible 
to  assess,  and  the  obscurity  of  which  prevent  a  meaningful  assessment  of  algorithm 
performance  or  accuracy.  Modelling  of  the  overall  soil  moisture  algorithm  accuracy  is 
beyond the scope of the current task. 
 

9.1.2. The error budget  for  the  soil moisture  retrieval  from a SAR  system will  include  the  items 
listed  in Table 9.1. An estimate of the error associated with each  item will strongly depend 
on system design and it is outside the scope of the present task. 
 

9.1.3. It is possible however to report those accuracies either observed or predicted for existing or 
proposed methods and to suggest that these should be used to bound the desired retrieval 
accuracy of the proposed algorithm. 
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Table 9.1 Main component of the soil moisture Error Budget for a SAR mission for soil moisture retrieval. 

SAR noise 
(Radiometric accuracy + Noise Equivalent Sigma Zero) 

Calibration Error 

physics modeling error 

Ancillary data error 
(vegetation, soil texture, soil temperature) 

Conversion error from dielectric constant to soil moisture 

Effect of scaling and scene heterogeneity 

 
 

9.1.4. Clearly  algorithm  performance  will  vary  according  to  terrain,  local  incidence,  vegetation 
cover,  ionospheric conditions over the period of observation etc. Whatever the conditions, 
Walker  and Houser  (Walker,  2004)  reported  that  near‐surface  soil moisture  observations 
must have an accuracy better than 0.05 vol/vol to positively  impact soil moisture forecasts 
and  that  satisfying  the  spatial  resolution  and  accuracy  requirements  was  much  more 
important  than  repeat  time. The previous section suggested  that  if  the SAR system meets 
the desired resolution requirements then uncertainties of less than 0.3dB should be possible 
in  the  estimation  of  backscattering  coefficients  (ignoring  DEM  area  and  incidence  angle 
errors).  Furthermore uncertainty  in  co‐polar backscattering  coefficients due  to  calibration 
errors should be of the same order of magnitude, and the SAR system NESZ should be small 
enough so as not to present an issue for accuracy. Dubois et al (Dubois, 1995) reported that 
using their technique, an error of 0.5dB in relative calibration between HH and VV channels, 
commensurate  with  that  estimated  here,  corresponds  to  a  3.5%  error  in  soil  moisture 
retrieval at 45°  incidence. Reported calibration and stability errors  for  the HH/VV  ratio  for 
ALOS  PALSAR  for  example  are  only  a  fraction  of  a  dB, which  suggests  that, without  any 
additional  sources  of  errors,  uncertainties  of  the  order  of  0.05  vol/vol  in  soil  moisture 
retrieval are feasible. 
 

9.1.5. The algorithm proposed in this document follows closely that proposed for the SMAP radar‐
only retrieval. The major difference is in SAR resolution. The SMAP mission has targeted 0.06 
vol/vol as the accuracy goal of the radar‐only 3km product, for vegetation water contents up 
to 5kg/m2 (though it is acknowledged that this may not be feasible at the higher vegetation 
amounts,  considering  the  challenge  of  radar  soil  moisture  retrieval  in  the  presence  of 
roughness and vegetation). Assuming a level of noise commensurable with that suggested in 
this  document  (0.5dB  or  13%  of  the  mean),  synthetic  studies  indicate  a  soil  moisture 
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accuracy  of  the  time  series  algorithm  (with  constant  roughness)  better  than  0.06  vol/vol 
mostly  for  VWC  up  to  2kg/m2  and mv  up  to  0.4  vol/vol  over  simulated  grass  and  corn 
surfaces Generally  the  soil moisture  retrieval  error  increases with VWC.  The Monte‐Carlo 
0.5dB  noise  simulation  results were made with  6  time‐series  records  corresponding  to  a 
period of 18 days considering planned SMAP’s 3‐day repeat cycle. These estimates did not 
include  the accuracy of  the hyper‐cube modelling, nor errors due  to  the  conversion  from 
dielectric constant to soil moisture. The VWC error was set to 20%. 
 

9.1.6. Assessment done with truck‐mounted scatterometer data and in‐situ measurements, which 
does include hyper‐cube modelling and dielectric conversion errors, indicate a soil moisture 
accuracy of 0.044 vol/vol and 0.054 vol/vol  respectively  for bare  surface and pasture. The 
VWC varied from site to site between 0.16 and 2.5kg/m2. The roughness, correlation length, 
and  VWC  remained  temporally  constant  throughout  the  test  periods.  The  SMAP  team 
suggested that the error over the grass is likely due to uncertainty of the forward modelling 
of the vegetation scattering.  
 

9.1.7. The retrieval accuracy will improve when using longer time‐series, provided these are short 
enough  to  not  include  significant  changes  in  surface  conditions  (e.g.,  harvest,  tillage, 
vegetation growth). 
 

9.1.8. The  analysis  on  system  requirements  presented  in  Section  8  suggests  the  soil moisture 
retrieval accuracies predicted for SMAP should be possible at spatial resolutions of 3km for a 
SAR matching the SMAP specifications, and at considerably finer spatial resolutions for SAR 
systems with wider bandwidths (at least 21MHz) provided NESZ and calibration accuracy are 
tuned so that the overall measurement error is within 0.5dB at the desired spatial resolution 
of soil moisture retrieval. 
 

9.1.9. Regarding  the  feasibility of a  frequent  revisit  time of 2‐3 days, a  suitable SAR  system has 
already been proposed in PALSAR II which it is anticipated will provide 42MHz bandwidth for 
fully‐polarimetric operation over a 50km wide  swath with a  repeat  interval of 14 days. A 
constellation of  at  least  four  such  SAR  systems might be  required  to  address  the desired 
repeat‐cycle.  The  preceding  analysis  suggested  that  the  proposed  SMART  SAR  TanDEM‐L 
system will have a 350km swath in fully‐polarimetric strip‐map operation with a bandwidth 
of 85MHz, orbit altitude of 760km,  repeat  cycle of 8 days, and  incidence angles between 
26.3 and 46.6°. A constellation of three TanDEM‐L type satellites would appear to satisfy the 
repeat‐cycle requirements at the same time providing the fine spatial resolution required to 
achieve SMAP retrieval accuracy at 1km resolution. 
 

9.1.10. Uncertainty  due  to  physical  modelling  error  will  depend  on  the  model  chosen.  As  an 
example, model assessment undertaken by the SMAP team using numerical (NMM3D) and 
semi‐empirical  (Dubois)  models  and  measurement  data  for  bare  surfaces  indicate  an 
expectable  Root  Mean  Square  difference  between  field‐observed  and  model‐simulated 
backscattering  coefficients  of  1.4dB  (NMM3D)  and  1.9dB  (Dubois).  Field  studies  have 
generally found semi‐empirical models (Oh, Dubois) to have a variable accuracy within 0.5‐
3dB  at  L‐band  depending  on  surface  conditions.  Since  the  sensitivity  of  backscattering 
coefficient  to  soil moisture  observed  in  field  studies  is  in  the  range  0.1‐0.6dB/(%vol/vol) 
(Narayan et al., 2004), the impact of the model uncertainty on soil moisture retrieval could 
be significant especially on wet conditions (>30%vol/vol), due to a certain saturation of the 
backscattered signal to soil moisture. This stresses the importance of the development and 
validation of accurate hyper‐cubes as a development task. 
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9.1.11. Errors due  to ancillary data will  strongly depend on  the  source of  the data  selected  for a 
processor and therefore it is not possible to comment on the accuracy of each ancillary data 
set here. Nevertheless,  it can be anticipated  that, assuming  that as a minimum a dual‐pol 
channel system  is available so that surface roughness can be retrieved, the main source of 
ancillary  data  error will  be  that  on  the Vegetation Water  Content. Analysis  by  the  SMAP 
team  indicates  that,  even  with  a  VWC  error  of  20%  the  0.06  vol/vol  error  should  be 
achievable.  
 

9.1.12. Using  the  best  current  dielectric model,  the  conversion  from  dielectric  constant  to  soil 
moisture is accurate to about 0.02 vol/vol (Mironov et al. 2009). This would minimally affect 
the total error budget when added to the total error by root‐square‐sum. Errors in ancillary 
information  on  soil  texture  and  soil  temperature  will  also  affect  the  conversion  to  soil 
moisture. However, these will be of second order relatively to the sources of error discussed 
in  earlier  sections,  provided  that  reasonable  estimate  for  such  quantities  can  be  derived 
from ancillary sources of data. 
 

9.1.13. Very little research has gone into assessing the error associated to the scene heterogeneity 
for retrieval of soil moisture  from SAR. Low resolution SAR observations  like that of SMAP 
exacerbates this problem which introduces uncertainty due to speckle beyond that modelled 
using theoretical clutter distributions for homogeneous areas. By moving to finer resolution 
such obstacles may be largely overcome if the resolution of the final product is close to the 
spatial scale of the land cover. 
 

9.1.14. NASA  has  recently  proposed  an  airborne  P‐band  system  (AirMOSS)  for  root  zone  soil 
moisture  retrieval  (Chapin,  2012). Having  an  airborne  system  circumvents  the  bandwidth 
and  Faraday  rotation  issues  to  which  a  space‐borne  P‐band  SAR  is  subject.  NASA  has 
estimated  that  their  system  should permit estimation of  soil moisture below mixed  forest 
(using the data‐cube approach) with an error of 0.05 vol/vol provided that calibration errors 
are less than 0.5dB. 
 

9.1.15. It  should  however  be  stressed  again  that  a  full‐system  design  and  analysis  must  be 
undertaken before any concrete conclusions can be drawn as to the ultimate performance 
of the combined SAR and soil‐moisture retrieval system. 

 

9.2. Risks and Special Cases for Soil Moisture Retrieval  

9.2.1. There  are  a  number  of  factors which  can  have  a  detrimental  effect  upon  soil moisture 
estimation or which  requires  special attention.  If  these  issues are not addressed  then  the 
range of application of the proposed soil moisture retrieval algorithm may be limited to bare 
soils or soils without substantial vegetation cover. 

 

Dew 

9.2.2. A strong recommendation has been made by Simmonds et al. (2004) that SAR observations 
for soil moisture retrieval should be made between the hours of 6AM and 9AM. Moreover, 
all  current  satellites  for measuring  soil moisture  have  used  a  6AM  overpass  time.  Their 
stated  reason  was  that  during  this  time  surface  soil moisture  better  reflects  the  water 
content of the underlying soil, and soil moisture gradients are at a minimum. However, this 
overpass time is likely to result in data acquisition under the presence of dew on the ground 
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in many instances, which forms generally between the hours of 6AM and 8AM.  
 

9.2.3. In  an  earlier  paper  Riedel  et  al.  (2001)  reported  that  the  effects  of  dew  on  L‐band 
backscatter  and  quantities  derived  from  polarimetric  decompositions  were  largely 
unaffected  by  dew,  but  in  a  later  paper  De  Jeu  et  al.  (2005)  report  that  the  L‐band 
Microwave  Polarization  Difference  Index  (MPDI)  shows  marked  diurnal  variations  they 
associate  with  dew.  If  the MPDI  shows  variations  then  it  is  expected  that  the  co‐polar 
backscattering  coefficients may  also  exhibit  such  variations, which  in  turn will  affect  soil 
moisture estimates. Conversely,  it has been suggested  that water on  leaves  is only affects 
microwave data when  there  is a  complete  film of water; wate droplets do not affect  the 
microwave  response  (Kerr, Personal Communication). Since  this  issue  is not  fully  resolved 
and  there  appears  to  be  no  strategy  for  dealing  with  early  morning  dew  on  soils  and 
vegetation, this factor is identified as a risk to be mitigated through further study.  
 

9.2.4. Data  acquisition  during  or  shortly  after  rainfall  is  likely  to  have  a  similar  effect  on  the 
microwave data and  its  subsequent  interpretation as dew, as both  result  in water on  the 
vegetation. 

 

Deserts 

9.2.5. While most often dry, deserts are subject to a periodic rainfall. Moreover, dew forms in the 
desert but evaporates  rapidly. The  sudden variation of water  content  in a desert and  the 
rapid evaporation of water  could  imply more  frequent  revisit  times  than  those proposed, 
and  adequate  modelling  of  evaporation  to  ensure  proper  soil  moisture  estimates. 
Furthermore, dry sandy soils permit deep penetration of microwaves, with scattering arising 
from  substantial  depths,  which  could  easily  confuse  soil  moisture  retrieval  algorithms 
designed to interpret backscatter signals arising from homogeneous soil surfaces. Thus, soil 
moisture retrieval over desert environments warrants further study. 

 

Vegetation 

9.2.6. Overlying  vegetation  both  scatters  microwave  energy  back  towards  the  radar,  and 
attenuates  the  energy  reaching  the  soil  surface.  The  attenuation may  vary  according  to 
polarization. In addition, microwave energy is scattered forward from the vegetation to the 
soil  surface,  and  then  returns  to  the  radar.  These  effects  interfere  significantly with  the 
direct‐surface backscatter, which underlies soil‐moisture  retrieval algorithms. Dubois et al. 
(1995) found the effects to be significant for vegetation with NDVI > 0.4.  
 

9.2.7. The soil‐surface/vegetation scattering mechanism carries information on soil roughness and 
moisture  content.  Polarimetry  can  be  used  to  separate  the  scattering  mechanisms  and 
therefore  has  the  potential  to  extract  soil  moisture  information  in  the  presence  of 
vegetation.  Hajnsek  et  al.  (2009)  have  demonstrated  that  polarimetric  decomposition 
techniques  can  be  used  in  this  fashion,  and  have  demonstrated  soil‐moisture  retrieval 
accuracies of 0.01 vol/vol  for soils below vegetation and crops. This  is  in comparison with 
the  same  techniques  for  bare  surfaces  which  yielded  accuracies  of  0.08  vol/vol.  The 
techniques work best with mature crops and vegetation and the studies were conducted at 
L‐band.  
 
 

 
V01_00

                                            75 
 Annex 12. Basis Of An Australian Radar Soil  
Moisture Algorithm Theoretical Baseline Document

 
30th June 2013



           Basis of an ATBD for a radar soil moisture mission 
76 

 

 

9.2.8. Whilst their work suggests that polarimetric techniques are valuable in extending the range 
of terrain type over which soil moisture can be retrieved using SAR, there exists no specific 
or universal algorithm. Thus, vegetation with a NDVI > 0.4 represents a risk for soil moisture 
retrieval that should be mitigated through further research, perhaps using airborne system 
studies that mirror the required imaging geometries of proposed space‐borne systems.  

 

Forests 

9.2.9. Microwave attenuation in forests starts to fall‐off dramatically only below L‐band, although 
there  is  some  fall  in  forest  attenuation  between C‐band  and  L‐band. Whilst  some direct‐
ground and ground‐volume returns may be present at L‐band, they are generally masked by 
direct‐volume returns to the extent that, as has been suggested, soil moisture retrieval over 
forests at L‐band is not practicable. However, it is fair to say in general that forests are to P‐
band SAR what crops are to L‐band SAR. Thus the polarimetric SAR and PolInSAR techniques 
that  can  be  employed  at  L‐band  to  separate  scattering mechanisms  over  crops  could  be 
employed to P‐band data over forests. 
   

9.2.10. Whilst a comparable analysis to the L‐band crop case has yet to be undertaken at P‐band, 
My‐Linh Truong‐Loï et al. (2012) have recently developed a simplified distorted‐Born model 
for  forest backscatter and applied  it to P‐band airborne SAR data over  forests. They  found 
soil moisture  retrieval accuracy of 0.05 vol/vol below  forests, and at  the  same  time were 
able to recover soil roughness and forest biomass values. Thus, there is clear potential for P‐
band  to yield  soil moisture estimates under  forests and  thereby  increase  further  the area 
accessible to soil moisture retrieval from radar. P‐band satellite SAR data are necessarily low 
bandwidth  and  subject  to  Faraday  rotation.  Thus,  although  the  potential  exists  there 
remains much work to be done to reach the  level of an operational soil‐moisture retrieval 
algorithm for forested areas.  

 

Snow 

9.2.11. Although covered in snow, underlying soil may be wet, or indeed frozen. The SMAP mission 
baseline requirements call for SMAP to provide measurements of surface freeze/thaw state 
for areas north of 45° north  latitude. The retrieval of  landscape freeze/thaw state relies on 
analysis of time series radar backscatter for identification of temporal changes in backscatter 
associated with differences in the aggregate landscape dielectric constant that occur as the 
landscape  transitions  between  predominantly  frozen  and  non‐frozen  conditions.  This 
technique assumes  that  the  large changes  in dielectric constant occurring between  frozen 
and non‐frozen conditions dominate the corresponding backscatter temporal dynamics. This 
is generally valid during periods of  seasonal  freeze/thaw  transitions  for most areas of  the 
cryosphere.  
 

9.2.12. For  bare  soils  covered  in  dry  snow  microwave  penetration  is  good  and  backscatter  is 
representative of the surface backscatter. When the snow melts,  from the  inside out,  free 
water  exists  in  a  complex  arrangement  above  the  soil  surface  and  backscatter  can  be 
strongly  influenced by the wet snow  layer. Areas classified as thawed by SMAP and/or the 
algorithm proposed  in  this work, can be subject  to wet‐snow scattering. Thus a wet snow 
class  is required for the data‐cube based  inversion procedure and substantial effort will be 
required to generate this information.  
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9.2.13. In the case of SMAP, flags for frozen soil and/or snow will be used to mask areas where soil 
moisture  retrieval  will  not  be  attempted.  For  Australia,  snow  coverage  is  limited  to  a 
relatively  small  area  in  the  alpine  area  between  Canberra  and Melbourne,  and  parts  of 
Tasmania.  Frozen soil is not expected to be an issue for Australia. 

 

Steep Terrain  

9.2.14. Multichannel data have been proposed for soil moisture retrieval, and at a minimum this is 
the dual co‐polar channel (HH and VV) data.  If terrain  is tilted  in azimuth then the  local H‐
polarization direction  is  rotated about  the  radar  line of sight and  the HH and VV  received 
signals  are mixtures  of  HH  and  VV  local  scattering  amplitudes.  To  see  this,  imagine  the 
extreme  case whereby  the  terrain  is  tilted  90° without  altering  the  antenna  orientation. 
Locally H becomes V and vice‐versa, so  that an algorithm using HH and VV backscattering 
coefficients  will  have  its  inputs  reversed  and  soil  moisture  retrievals  will  be  incorrect 
(probably failing the VV > HH filter stage).  
 

9.2.15. In order to correctly recover the local HH and VV backscattering coefficients from which the 
soil moisture must be estimated, two things are needed: i) an estimate of the terrain slope 
and ii) the full scattering matrix which enables the line of sight basis rotation to be reversed. 
This  implies  full‐polarimetric  operation;  the  terrain  slope  may  be  estimated  from  full‐
polarimetric SAR data, but an accurate DEM and accurate geo‐referencing are an alternative.  
 

9.2.16. This  is  not  a  severe  issue  for  essentially  flat  terrain,  but  for  steep  terrain  it  becomes  a 
significant  problem.  If  the  chosen  solution  does  not  employ  a  fully‐polarimetric  SAR,  for 
example  if  compact  polarimetry  is  chosen,  then  additional  research  will  be  required  to 
develop an algorithm that yields accurate soil moisture estimates for steep terrain. 
 

9.2.17. One  particular  risk  associated with  terrain  slope  is  the  presence  of  steep  regular  facets, 
typical in tilled agricultural fields. These can determine a strong backscattering signal due to 
a coherent backscattering component, which  surface  scattering models are not  trained  to 
take into account. This can saturate the signal and completely mask the soil moisture effect 
on the backscattering coefficient. This effect is strongly dependent on incidence and azimuth 
angle,  and  it  peaks when  the  radar  line  of  sight  is  specular  to  the  facets.  Therefore,  the 
comparison of observations at different  incidence angle will be useful  to  reveal and avoid 
such cases. 

 

Water Bodies 

9.2.18. Water  bodies,  including  farm  dams,  flood  irrigation  and  ponded  water  following  heavy 
precipitation can all have a significant impact on radar backscatter response. Consequently, 
these,  in  addition  to  rivers,  lakes  etc. need  to be  identified,  and  either masked  from  the 
retrieval or a correction procedure developed. 

 

Radio Frequency Contamination 

9.2.19. Contamination  of  the measured  backscattering  by  illegal  out‐of‐band  transmissions  from 
other devices, or by legal transmissions from other devices operating in the same or similar 
waveband can significantly degrade the quality of the data, rendering it useless.  While this 
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is not expected to be a major problem for data over Australia, its on‐board identification and 
mitigation should be given careful consideration at the sensor design stage. 
 

9.3. Ancillary Data Requirements 

9.3.1. Based  on  the  algorithm  recommendation  presented  in  previous  sections,  this  section 
provides a list of the ancillary data sets (other than SAR observations) which will be required 
in order  to derive a  soil moisture product  from  SAR observation using  the  recommended 
algorithms. Indication of the most likely sources of such data is also provided. 
 

9.3.2. Ancillary  data  required  for  such  a mission  fall  into  two  categories  –  static  ancillary  data 
which do not change during the mission and dynamic ancillary data which require periodic 
updates ranging from seasonally to daily. Static data include parameters such as permanent 
masks  (land / water /  forest / urban / mountain), elevation and derived slope, permanent 
open water  fraction, and soils  information  (primarily sand and clay  fraction). The dynamic 
ancillary data include land cover, precipitation, effective soil temperature, vegetation water 
content and dynamic water. 
 

9.3.3. Factors to consider when selecting adequate sources of ancillary data are inherent accuracy 
and  impact  on  the  soil moisture  retrieval  accuracy,  latency,  spatial  resolution,  temporal 
resolution, and coverage. 

 

Static Ancillary Data 
9.3.4. Knowledge of local topography is needed to interpret and correct SAR observations for local 

incidence  angle  and  reverse  the  line‐of‐sight  basis  rotation.  The  terrain  slope  may  be 
estimated from fully‐polarimetric SAR data, but an accurate surface Digital Elevation Model 
(DEM)  is an alternative. Due to the strong  impact of  incidence angle on the backscattering 
coefficients, a DEM  should be available at  resolution not  lower  than  that of  the  final  soil 
moisture product. Geoscience Australia and CSIRO Land & Water have recently released an 
improved version of the Shuttle Radar Topography Mission (SRTM) DEM mission covering all 
of  Australia  at  30  and  90 metres.  The  near  future will  also  see  the  availability  of  high‐
resolution (~12m) global DEM from the TerraSAR‐X/TanDEM‐X mission. High‐resolution DEM 
from existing LiDAR coverage is a possibility for local areas. 

 
9.3.5. Information  on  high‐level  land  use  is  useful  to  drive  the  selection  of  retrieval  cases  (i.e., 

agricultural  areas,  forest,  bare  soils,  inland  water  bodies,  ocean  etc.)  and  the 
flagging/masking of special cases (permanent snow, permanent water bodies, etc). Land use 
information  from  global  (e.g., MODIS  IGBP  Land  Cover  500m,  ECOCLIMAP)  and  national 
(National Dynamic Land Cover Dataset 2000‐2008 250m) products, could be useful for such 
tasks.   

 
9.3.6. It must be highlighted that, due to their static nature, the  land cover data sets mentioned 

are  unable  to  reflect  changes  in  scattering mechanism  associated  to  plant  phonological 
dynamics which  can determine  changes  in  the applicable physical model  (or hyper‐cube). 
While  they  provide  some  distinction  between  different  crop  types,  they  might  not  be 
sufficient  to  discern  differences  in  scattering mechanism  required  to  achieve  a  good  soil 
moisture accuracy. Thus, land information is also required as a dynamic data set. 
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9.3.7. Soil  textural  information  (in  particular  sand  and  clay  fraction  and  soil  bulk  density)  is 
required  for  the  conversion  of  the  dielectric  constant  or  soil  permittivity  output  of  the 
retrieval algorithms into a volumetric soil moisture value. Accurate soil textural information 
is costly and difficult to obtain over large areas. Moreover, the impact of the uncertainty in 
soil texture on the soil moisture retrieval is of second order relatively to other major sources 
of  error  (i.e.,  SAR measurement  error,  scattering model  error). As  a  reference,  the  same 
value  of  dielectric  constant will  result  in  soil moisture  values  varying  of  as much  as  0.03 
vol/vol and 0.06 vol/vol for an estimation error in sand fraction of respectively 20% and 45%. 
Therefore available global, national or regional databases are considered suitable sources of 
textural  information  (e.g.,  Harmonized  World  Soil  Database,  Australian  Bureau  of  Rural 
Science) where direct observations are not available. 

 

Dynamic Ancillary Data 

9.3.8. Information on Vegetation Water Content (VWC), the main vegetation parameter affecting 
microwave  scattering  and  attenuation, may be derived  from  global products.   Vegetation 
indices  such as Normalized Difference Vegetation  Index  (NDVI) and Normalized Difference 
Water  index  (NDWI) have been used  for  such a  task  in  the past  (mostly  from MODIS and 
AVHRR  global  product).  Such  products  have  spatial  (250m‐1km)  and  temporal  (10  days  ‐ 
1month) resolutions suitable to characterize vegetation dynamics.   

 
9.3.9. An alternative for VWC estimation adopted by the SMAP mission is to derive VWC estimate 

from  a  Radar Vegetation  Index  (RVI)  obtained  from  a  combination  of  SAR  backscattering 
coefficients (HH, VV, HV). RVI or any other parameter based on the radar backscatter should 
correlate with the vegetation water more strongly than the optical/infrared NDVI or NDWI, 
because fundamentally optical radiation cannot penetrate vegetation canopies while the L‐
band microwave signal can. Furthermore the RVI  is concurrent with the radar observation. 
However,  further  research  is  needed  to  demonstrate  the  robustness  of  the  relationship 
between RVI and VWC. 

 
9.3.10. Surface temperature information is required since it affects the conversion of the dielectric 

constant or soil permittivity output of the retrieval algorithms into a volumetric soil moisture 
value. However, contrary to passive microwave soil moisture retrieval where temperature is 
crucial  in determining  the microwave emission,  the  impact of soil  temperature on  the soil 
reflectivity  (hence on  the  SAR  soil moisture  retrieval)  is of  second order  relative  to other 
factors.    The  SMAP mission  will  use  temperature  data  from  global  weather  forecasting 
models, and that would be appropriate for the required use in a radar mission. 
 

9.3.11. As  indicated above,  information on the dynamic nature of  land cover  is also  important  for 
soil  moisture  retrieval.  Earlier  sections  have  outlined  that  polarimetric  analysis  should 
complement  the use of static  land cover  to discern separate vegetation scattering classes, 
rather  than  simply  vegetation  classes,  to overcome  this  limitation. Thus,  the  capability  to 
derive  this  information directly  from  the  radar data  itself  in  a  semi‐automated  fashion  is 
highly desirable. 

 

9.4. The Way Forward: R&D Requirements  

9.4.1. Current advances in RF technology mean that design of SAR systems is beginning to focus on 
Smart Multi  Aperture  Radar  Techniques  (SMART).  SMART  SAR  systems  employ multiple 
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elevation and/or azimuth channels combined with Digital Beam‐Forming  (DBF) capabilities 
that  permit  the  synthesis  of  multiple  receiver  apertures,  which  in  turn  permit  greater 
flexibility  in  choice  of  system  parameters  such  as  pulse  repetition  frequency  (PRF)  and 
antenna size.  
 

9.4.2. Thus for a given geometric resolution, SMART SAR systems may have wider swaths, higher 
SNR  and  lower  ASR,  than  traditional  SAR  systems.  These  are  all  key  quantities  for  SAR 
systems that enable improvement of performance. For example, increased swath widths can 
be used to reduce the revisit times and enable more frequent observations.  
 

9.4.3. SMART  SAR  technology may  not  however  overcome  the maximum  echo window  length 
limitation  of  monostatic  pulsed  SAR  systems,  which  arises  through  their  inability  to 
simultaneously  transmit and  record echoes. For a given Pulse Repetition  Interval  (PRI)  the 
transmit duty cycle thus limits the duration of ground echo reception, and imposes either a 
restriction on  the maximum swath width  (single swath operation mode) or causes gaps  in 
the  coverage  (multi‐swath mode). Reducing  the duty  cycle mitigates  this effect. However, 
for a  fixed peak power  this  is at  the expense of  the  reduced average  transmit power, and 
SNR.  Advances  in  efficiency  through  Gallium  Nitride  (GaN)  technology  allow  handling 
significantly higher amounts of peak power. Thus GaN is an attractive solution for increasing 
the echo window length without sacrificing average transmit power and hence SNR. 

 

Algorithm Development 

9.4.4. Clearly, the proposed algorithms are currently  limited  in area of application and additional 
algorithm development  is  implied. The  following are suggestions  for some of  the  research 
and development activities which  should precede  the  implementation of a SAR‐based  soil 
moisture  monitoring  system.  In  the  following  discussion,  areas  to  be  considered  are 
Australian, but more generally  the areas will  include anywhere soil moisture retrievals are 
required for global hydrological and climatological modelling. 

 
9.4.5. Testing of available hyper‐cubes computed for the SMAP and SAOCOM missions should be 

undertaken where they are considered potentially suitable to scattering classes  in areas of 
interest.  

 
9.4.6. Additional development and validation of hyper‐cubes for terrain scattering conditions not 

computed for SMAP but considered necessary for areas of interest should be undertaken. 
 
9.4.7. Optimization between dimensionality of  the hyper‐cubes  (i.e. additional parameters  in  the 

forward  model)  and  relative  improvement  in  soil  moisture  retrieval  against  increased 
computational cost should be addressed. 
 

9.4.8. Evaluation of the time‐series algorithm with assumption of constant surface roughness over 
different in situ data and for different land cover classes should be performed. 
  

9.4.9. Use  of  polarimetric  decomposition  to  distinguish  between  different  land  cover  scattering 
types  and  in particular  crop  types with different plant  structure  for pre‐classification  and 
selection of hyper‐cubes should be undertaken. In particular this investigation should focus 
on the use of compact polarimety in addition to full polarimetry. 
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9.4.10. Use of polarimetric SAR (PolSAR) and polarimetric‐interferometric SAR (PolInSAR) to derive 
agricultural crop structural parameters to drive forward modelling in hyper‐cubes should be 
investigated, particularly for compact polarimetry over full polarimetry considerations. 

 
9.4.11. A full analysis of the impact of the use of compact polarimetry mode SAR as opposed to full 

polarimetry mode  for soil moisture  retrieval  is needed.  In particular,  the ability  to  recover 
terrain slope to correct for line of sight polarization rotation and the feasibility of correcting 
vegetation  effects  using  a  compact  polarimetric  SAR  system,  and  the  implications  for 
antenna design should be undertaken for L‐band and S‐band. 

 
9.4.12. The use of compact polarimetric and full polarimetrec PolSAR to detect and flag changes in 

surface  conditions  and  the  evolution  of  crop  phenological  state  (e.g.,  tillage,  harvest, 
vegetation growth) should be developed. 

 
9.4.13. A study is recommended to consider the impact of changes in surface conditions, both slow 

(e.g.  vegetation  growth)  and  fast  (e.g.,  tillage,  harvest,  vegetation  growth)  to  the  soil 
moisture accuracy under the assumption of constant surface roughness and vegetation. This 
is needed to determine the optimal length of the observation window.  

 
9.4.14. The question of soil moisture retrieval below forests should be addressed through a program 

of high‐fidelity modelling of full polarimetric and compact polarimetric PolSAR and PolInSAR 
forest returns at P‐band, coupled to analysis of existing and newly acquired P‐band SAR data 
sets.  The  latter,  through one of  the  several P‐band  airborne  systems  currently operating, 
such  as  DLR’s  F‐SAR, ONERA’s  SETHI  and  JPL/FEDI’s  GeoSAR,  or  indeed  NASA’s  AirMOSS 
when available. Comparisons of  simplified DBA model‐based  retrievals against PolSAR and 
PolInSAR decomposition methods should be undertaken. Data cube generation  for P‐band 
SAR over forests will be required, and particular scattering classes of interest will be tropical 
forests and Eucalypt savannahs. 
 

9.4.15. If a decision  is  to be made  to move  forward with a SAR system  for soil moisture retrieval, 
then SAR system designs should be commissioned that will address the optimal SAR system 
design  for  the chosen  resolution of  final soil moisture product both  for  the L‐band and P‐
band  SAR  systems,  and perhaps  an  S‐band  system  if  this  is  to be  considered.  The design 
should  include the use of GaN technology and SCORE operation using digital beam forming 
to  optimise  coverage,  and  thereby  reduce  the  number of  satellites  required  to meet  the 
frequent repeat‐cycle conditions. 
 

9.4.16. Scale  is  still an  issue using  satellite SAR. Depending on  the  resolution of  the  required  soil 
moisture  product,  the  scale  of  observation  can  compound  the  effects  of  multi‐scale 
processes, e.g., topography, surface roughness, soil moisture variations and mixed scattering 
mechanisms. Further studies are needed on the application of spatial filtering and averaging 
techniques to address the scale issue. 

 
9.4.17. If a design with early morning (6:00AM ‐ 8:00AM) overpass times is selected, investigations 

on the feasibility of correction for, or at least flagging of, dew presence would improve the 
quality  of  the  soil moisture  product.  Similarly,  the  impact  of  rain  droplets  on  vegetation 
surfaces needs to be better understood. 
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10. CALIBRATION AND VALIDATION 

10.1. Overview 

10.2.1. The satellite calibration and validation requirements are an important yet often undervalued 
component of most satellite missions.  This activity should be considered in several stages: 
 

 Pre‐launch algorithm validation 

 Post‐launch satellite calibration 

 Post‐launch algorithm validation 

 Validation of derived products 

10.2.2. While considerable work has been undertaken already on developing soil moisture retrieval 
algorithms using radar, a lot of this work has been undertaken for landscape conditions and 
management  practices  that  are  considerably  different  to  those  of  Australia.   Moreover, 
existing  data  sets  are  not  appropriate  for  testing  of  algorithms  such  as  the  time‐series 
candidate algorithm proposed here, as they have been undertaken for only short durations 
exhibiting a limited range of soil moisture conditions. 
 

10.2.3. The back‐bone of any long‐term satellite algorithm validation study is the requirement of a 
soil  moisture  monitoring  network.    Unlike  the  United  States  and  Europe,  there  is  no 
operational soil moisture network in Australia.  However, there are two research networks; 
CosmOz and OzNet.   

 
10.2.4. While the CosmOz network has broad Australian coverage (Figure 10.1), these are individual 

stations in predominantly coastal grassland environments.  The cosmos sensors used by this 
network measure  cosmic  rays, which  are  then  related  to  the  soil moisture  a  calibration 
equation  (Franz  et  al.,  2013).    The  nature  of  this measurement  approach  results  in  an 
average soil moisture  for an area of approximately 300m radius.   While this measurement 
scale eliminates many of the point‐to‐pixel issues related to soil moisture measurement, the 
spatial  resolution may  be  too  large  for  radar‐based  soil moisture missions,  especially  if 
targeting 50m  rather  than 1km scales.   Moreover,  the measurement corresponds  to a soil 
layer  thickness of approximately  the  top 30cm, while  the  soil moisture  from L‐band  radar 
corresponds much more  closely  to a  top 5cm  layer.   Consequently,  these data are better 
suited  for  root‐zone  soil  moisture  retrieval  validation  using  the  surface  soil  moisture 
observations. 

 
10.2.5. The  OzNet  soil  moisture  monitoring  network  has  coverage  only  for  the  Murrumbidgee 

Catchment of Australia  (Figure 10.2).   However,  it has a  total of 64  soil moisture  stations 
distributed in both “dense” and “sparse” network arrangements (Smith et al., 2012).  It was 
established with satellite validation specifically in mind, and has been used to support both 
of  the  current  dedicated  soil  moisture  missions  that  are  based  on  passive  microwave 
technology; SMOS (Peischl et al., 2012) and SMAP (Panciera et al., 2013).  Importantly, each 
of  the monitoring  stations make  soil moisture measurements of  the  top 5cm, and  studies 
have been undertaken at many of the sites to understand the relationship with soil moisture 
in  the  surrounding  area.    These  sites  are  distributed  across  a  diversity  of  landscape 
conditions,  including  many  of  the  dominant  crops  and  management  practices  used  in 
Australia.  
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10.2.6. Although  it  is recommended that any dedicated satellite soil moisture mission for Australia 
should have national coverage, the Murray Darling Basin is clearly a very important region of 
Australia,  and  its  diversity  represents  most  of  the  dominant  landscape  conditions  and 
management  practices  of  Australia.    Moreover,  the  Murrumbidgee  Catchment  itself  is 
representative of climate, landscape, and management practices across much of the Murray 
Darling Basin.   Together with  the existing backbone of OzNet  soil moisture  infrastructure, 
this makes it an ideal candidate for any future satellite validation studies that would support 
a  radar‐based  soil moisture mission  for Australia.    The  three CosmOz  sites  located  in  the 
Murrumbidgee Catchment would also be valuable for validation studies of derived products 
such as root‐zone soil moisture. 
 
 

 

Figure 10.1 Locations of comisc ray soil moisture sensors installed as part of the CosmOz network 
operated by CSIRO (http://cosmoz.csiro.au/cosmoz/). 
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Figure 10.2 Locations of soil moisture monitoring stations installed as part of the OzNet operated jointly by 
Monash University and the University of Melbourne (http://www.oznet.org.au/; Smith et al., 2012). 

 

10.3. Pre‐launch Algorithm Validation 

10.3.1. Based on experience and extensive review of the literature, a range of algorithms have been 
selected  for  further  consideration.    These  algorithms  require  further  development  and 
validation prior to launch of any dedicated Australian radar soil moisture mission, for a range 
of reasons: 
 

 They have been developed under landscape conditions and land management practices 

that are not necessarily representative of those in Australia. 

 The soil moisture, vegetation and roughness conditions have often been for limited 

ranges as compared to those that will be encountered in large scale application. 

 The Australian experiments conducted to date have been for relatively short periods of 

time, which is particularly limiting for testing of time‐series and temporal‐change 

approaches. 

 Most soil moisture experiments, including those recently undertaken in Australia, have 

been for relatively flat terrain.   

10.3.2. Consequently,  available  data  sets  need  to  be  extended  to  include moderate  topographic 
relief  such as  is  characteristic of much of  the western  slopes of eastern Australia, and be 
conducted  for  a  range of  vegetation  types  and  soil moisture  conditions  representative of 
Australia, extending over a modest time period. 

 
10.3.3. The  pre‐launch  validation  studies  have  two  main  requirements;  i)  ground‐based  data 

including  soil  moisture  content,  surface  rough  characteristics,  and  extensive  vegetation 
characterisation for a range of  land cover types, and  ii) polarimetric radar backscatter data 
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at  L‐band over a  long period of  time and with  revisit  frequency  suitable  for  soil moisture 
monitoring (2‐3 days). 

 
10.3.4. North American experiments for radar algorithm development have extended for as long as 

8‐weeks, with data collection on a 2‐3day repeat  (eg. SMAPVEX12).    It  is proposed that  to 
cover the short comings of existing data sets for Australia, an airborne field experiment be 
conducted for at minimum a 3‐month duration.  The period September to December is most 
likely  to  capture  the dynamics  from wet  to dry  and bare  soil  to mature  crops, being  the 
spring growing season. 

 
10.3.5. Soil moisture varies  significantly  from day‐to‐day, while vegetation and  soil characteristics 

change on much longer timescales unless altered by human intervention.  Consequently, it is 
recommended  that  sites be chosen around existing  soil moisture monitoring  stations, and 
that these be expanded to “core” sites, by having a minimum of three soil moisture sensors 
across  each  radar  footprint  under  study.    Vegetation  and  soil  characteristics  would  be 
monitored on a  fortnightly basis, or earlier  if necessary.   Addition of a webcam will assist 
with monitoring of human intervention, especially in cropped fields, allowing timely ground 
sampling  of  vegetation  and  surface  roughness.    The  in‐situ  ground monitoring would  be 
supplemented by intensive sampling on several occasions throughout the campaign, so as to 
fully understand the point‐to‐pixel scaling of these core sites.  

 

10.3.6. It  is  recommended  that  there  be  at  least  two  replicates  of  the  core  sites  selected  to 
represent each  landscape type, with not more than 20 core sites  in total.   These core sites 
would also  form  the back‐bone of post‐launch validation studies as described below.    It  is 
proposed  that  given  the  network  of  existing  sites,  their  characteristics  and  site  logistics, 
these core sites be located in the Coleambally, Maroondah, and Kyeamba areas. 
 

10.3.7. At the present time there are no satellites that can provide the data needed for pre‐launch 
algorithm  development  and  validation.    The  only  satellite  with  an  L‐Band  sensor  and 
Australian coverage  in the  immediate  future will be ALOS‐2, and this has a 14 days repeat 
cycle.    Soil moisture  algorithm  development  requires  exact  orbit  repeat  with  a  2‐3days 
interval over a time frame of several months.  Consequently, airborne L‐band sensors will be 
required to provide a suitable radar data set. 
 

10.3.8. While there are several airborne L‐Band radar systems available world‐wide, including UAV‐
SAR and PALS in the United States, these are in high demand for supporting the science and 
satellite missions of their respective countries.   The  likelihood of having them deployed to 
Australia  for  a minimum  3‐month  duration  experiment would  be  highly  unlikely,  and  the 
costs would be  significant.   Moreover, Australia has  recently acquired  its own airborne  L‐
Band radar capability; the Polarimetric L‐band Imaging Synthetic aperture radar (PLIS). 
 

10.3.9. The PLIS  (Figure 10.3) has  full polarimetric and  single‐pass  InSAR capabilities.    It has been 
used  in  several  Australian  soil moisture  experiments  of  one  to  three weeks  duration,  in 
support  of  the  SMAP  mission;  the  Soil  Moisture  Active  Passive  Experiments  –  SMAPEx 
(Panciera et al., 2013). 
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as  the  SAR  data will  be  used  for  scientific  purposes  by  a  global  community  of  earth  and 
climate scientists.  

 
10.4.2. Australia  is a very suitable site  for calibration targets, having wide  flat areas of  low clutter 

over which to deploy suitable targets. However it is advisable to have calibration sites close 
to the equatorial regions where TEC is the lowest, and the expansive regions of the Amazon 
rainforest  provide  (mostly)  stable  reference  targets.  In  addition,  other  countries  already 
operate SARs in the bands considered and have established calibration sites and procedures 
that could be of use. A complete plan  for calibration and stability studies,  including  target 
design, manufacture  and  deployment  is  beyond  the  scope  of  the  current  document,  but 
should be included as part of the SAR system design. 
 

10.4.3. The  calibration  technique  chosen will  depend  upon  system  choice, with  a  risk  associated 
with compact polarimetry mode. 
 

10.4.4. Without  full  polarimetry  operation,  there  is  a  risk  of  greater  uncertainty  in  soil moisture 
retrieval  because  the  system may  not  yield  calibrated  data.  Even  if  a  fully  polarimetric 
calibration solution is recovered, it will only work properly when applied to fully polarimetric 
data.  

 

10.5. Post‐launch Algorithm Validation 

10.5.1. The post‐launch validation will need to establish that the soil moisture product(s) meet the 
agreed criterion of the mission (see discussion in Section 2).  There may be staged criterion 
requirements, according to beta version, provisional version, and validated version. 
 

10.5.2. Ongoing maturity of the “validated” version is also to be expected over time.  Consequently, 
there  is a  requirement  for  long‐term benchmarks  that can be used  to verify both product 
improvements resulting from algorithm upgrades, as well as product stability due to possible 
sensor degradation. 

 
10.5.3. The complete validation strategy for the post‐launch phase should include: 

 Field experiments 

 Core sites 

 Sparse networks, and 

 Other products. 

10.5.4. Field experiments in the post‐launch phase would be primarily ground‐based.  These would 
involve  intensive point‐based soil moisture monitoring across satellite pixels that represent 
the range of landscapes and management practices that dominate in Australia.  These focus 
fields  would  be  co‐located  with  the  soil  moisture  network  stations,  giving  further 
understanding of  the point‐to‐pixel  relationships of  those sites.   These experiments would 
also put a significant emphasis on the ancillary data requirements of soil moisture retrieval 
from  radar,  including soil  texture, soil  roughness  root mean square height and correlation 
length, vegetation water content, and vegetation structural parameters.  Other techniques, 
such as high‐resolution airborne passive microwave retrievals, could be used to supplement 
this validation, allowing validation across a greater number of pixels than would otherwise 
be possible using ground measurements alone (Walker et al., 2012).  The field experiments 
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will  yield  the most  reliable data  for  validation of  satellite  retrievals, but will be  limited  in 
time and space, as these are resource intensive.  The field experiments should be conducted 
as early  following  launch as possible, and should capture as  large a range of moisture and 
vegetation conditions as possible.  Consequently, these would typically be conducted during 
the September to December growing season.  
 

10.5.5. Core  sites provide  the opportunity  for multiple  in‐situ  soil moisture  stations  across  single 
satellite footprints that represent the diversity of Australian conditions.  Having multiple soil 
moisture stations in each footprint will further help to alleviate point‐to‐pixel uncertainties.  
It is recommended that there be several replicates of each landscape condition represented, 
limited  to  not more  than  about  20  different  fields.    These  sites  should  be  built  off  the 
backbone of existing sites in both crop and grassland areas, representing flat and moderate 
topography.  The core sites will provide a long‐term reference for validation of the satellite 
derived  surface  soil moisture  content with  a high degree of  confidence, but will  lack  the 
associated  ancillary  data  of  field  experiments,  and will  represent  only  a  small  number  of 
pixels across the full spatial domain.  These core sites should be operated for the duration of 
the mission. 

 
10.5.6. Sparse networks allow for more satellite pixels to be monitored, yielding a greater diversity 

of  landscape  conditions  in  the  validation  than  from  core  sites  alone,  but with  significant 
uncertainty  in the point‐to‐pixel scaling of the measurements.   All sites with a top 5cm soil 
moisture value, traceable calibration standards, and latency of less than a month should be 
included  in  this  comparison.    However,  the  current  understanding  is  that  this would  be 
limited primarily  to  the  stations  that are already  included  in OzNet, unless  the Bureau of 
Meteorology (or similar) were to add soil moisture monitoring capabilities to their automatic 
weather stations, as recommended by the WMO.  These sparse network sites should also be 
operated for the duration of the mission. 

 
10.5.7. Other  products  should  also  be  used  as much  as  possible,  to  further  extend  the  spatial 

validation  through  time, and  thus provide greater  confidence  in  the derived  soil moisture 
products.  Such products include soil moisture estimates from other satellites and hydrologic 
models.    However,  all  other  satellites  with  coverage  of  Australia  have  a  coarser  spatial 
resolution and/or are based on sub‐optimal retrieval algorithms. Consequently, comparisons 
with  SMOS  and/or  SMAP,  for  example, would  require  aggregation  to  scales  ranging  from 
3km  to 40km.   Likewise, models are  typically  run on spatial  resolutions greater  than 1km, 
and  due  to  limitations  in  soil  properties  and  meteorologic  forcing  data,  have  limited 
predictive skill at estimating soil moisture patterns at less than about 10km. 
 

10.6. Validation of Derived Products 

10.6.1. It is anticipated that higher‐order products will be derived from any L‐band radar mission for 
Australia.   While these may  include vegetation and  landuse mapping, flood  inundation, fire 
front monitoring and so forth, the most relevant here is root‐zone soil moisture retrieval. 
 

10.6.2. Satellite  remote  sensing  of  soil  moisture  only  provides  direct  information  on  the  top 
approximately 5cm deep layer of soil.  However, numerous studies (eg. Walker 1999; Walker 
et al., 2004) have demonstrated the ability to derive soil moisture information over the root‐
zone  through  the  process  of  “assimilating”  the  surface  observations  into  a  soil moisture 
prediction model. 
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10.6.3. Both the SMOS and SMAP missions plan to have what is called a Level 4 product; an estimate 
of  the  root‐zone soil moisture content  from assimilating  the satellite surface soil moisture 
observations into a land surface model. 

 
10.6.4. Soil moisture prediction models suffer from i) poor inputs of atmospheric forcing data such 

as  precipitation,  ii)  inaccurate  estimates  of  soil  hydraulic  parameters,  and  iii)  miss‐
representation of the physical processes that redistribute the water within the soil column.  
However,  if  the correlation between  the errors  in  the models estimate of soil moisture at 
the  surface  and  at deeper depths  is  known,  then  the  corrections  at  the  surface,  through 
comparison  with  satellite  observations  of  surface  soil  moisture,  can  be  propagated 
throughout the soil column (Walker et al., 2001).  

 
10.6.5. The problem  is that models are often a poor representation of reality, meaning that there 

can be large biases between model predictions at different soil depths, and between model 
predictions and observations (De Lannoy et al., 2006).   Consequently, efforts are underway 
to  both  improve  the  physical  realism  of  these models,  and  to  better  understand  how  to 
account for bias in data assimilation. 

 
10.6.6. Both  the CosmOz and OzNet  stations provide  soil moisture  information at deeper depths 

(30cm for CosmOz and 90cm for OzNet), which should be used for validation of any derived 
root‐zone  soil moisture  product.   Data  from OzNet  sites  are  already  being  used  for  pre‐
launch SMAP validation studies utilising surface soil moisture data from SMOS. 

 

11. CONCLUDING SUMMARY 

11.1.1. This  report has  considered past, present and proposed methods of  soil moisture  retrieval 
using SAR data and has presented recommendations for satellite SAR systems that could be 
used for soil moisture recovery over bare and vegetated surfaces and under forests. 
 

11.1.2. The properties of SAR systems that could satisfy the soil moisture retrieval processes have 
been considered and,  in  the absence of specific system design constraints, considered  the 
probable occupation volumes of these SAR systems in the vast SAR design space. 
 

11.1.3. Without  specific  guidance  on  choices  of  antenna  design,  RF  technologies  and  preferred 
resolution  of  the  final  soil moisture  product,  it  is  not  possible  to  generate  a  SAR  system 
design, which in any case cannot be derived without sophisticated modelling. If the process 
begun  here  is  to move  forward,  then  the  next  stage will  involve  some  specific  decisions 
being made as to what areas are of primary  interest, and what final products are required, 
so that full system designs can be commissioned.  
 

11.1.4. Being the stated position of the authors that they have not been tasked to comment on any 
existing  SAR  system  designs,  it  is  not  assumed  that  any  suitable  designs  already  exist, 
particularly at S‐band or P‐band. 
 

11.1.5. The  requirement  for  2‐3  day  repeat  observation  does  tend  to  imply  a  constellation  of 
satellites  rather  than a  single  satellite. However  this  conclusion must be  justified  through 
detailed modelling before  it should be accepted, and  in particular  the number of  required 
satellites in the constellation should be established. 
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11.1.6. The  use  of  multiple  (not  necessarily  identical)  satellites  should  not  complicate  the 
radiometric and polarimetric calibration procedures since these are well established. Nor  is 
there necessarily a requirement to calibrate one satellite against another, since each may be 
calibrated absolutely through the use of active and passive targets, although the existence of 
multiple  observations  of  stable  targets  will  afford  the  opportunity  of  establishing  the 
stability of each sensor. However, the use of a time‐series soil moisture retrieval algorithm 
will  require  a  tight  tolerance  on  relative  calibration  performance  between  constellation 
sensors. 
 

11.1.7. In addition to the need to commission a complete SAR system design based on the chosen 
soil moisture product parameters, there is much work to be done to establish the algorithm 
for  retrieval  of  soil  moisture  below  heavily  vegetated  and  forested  surfaces. 
Recommendations  for  future  work  that  would  serve  to  establish  algorithms  for  these 
problematic terrain types have been given. 
 

11.1.8. Finally  the need  for  strategies  for  calibration,  validation  and monitoring, both of  the  SAR 
sensor  radiometry  and  polarimetry  as  well  as  of  the  retrieval  algorithms,  has  been 
highlighted.  These will require substantial effort, careful planning and extended execution.  
The outline for such a program has been provided.   
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APPENDIX A. SOME SIGNIFICANT MODEL PARAMETERS 

 

Table A.1. Model parameters.  Theoretical backscatter models. 

Model and 
author(s) 

Formulation Model parameters 

Approximate 
version of IEM 

(Altese  et  al. 
1996) 

  

 

 

 

 

 

 

 

 

fpq Kirchhoff coefficient  

Fpq complementary field coefficient  

Rv and Rh vertical and horizontal Fresnel reflection 
coefficients  
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R0 Fresnel reflection coefficient at nadir 

εr relative dielectric constant  

k0 free space wave number  

kz0 z component of free space wave number 

kx0 x component of free space wave number  

σ RMS surface height (cm) 

l correlation length (cm) 

μr relative magnetic permeability  

W
n  roughness  spectrum of  surface  related  to nth 

power of 2 parameter surface correlation function 

(,)  by  the  Fourier  transformation,  and  is 

usually  simplified  to  a  single  parameter  isotropic 
case  

 

Table A.2 Model parameters. Empirical backscatter models. 

Model and author(s) Formulation  Model parameters 

Oh’s model  

(Oh et al. 1992) 

 

 

 

 

 

 

 

 

 

 incidence angle (deg.) 

v Vertical Fresnel reflectivity  

h Horizontal Fresnel reflectivity 

0 Fresnel reflectivity at nadir 

r Dielectric constant relative to free space 
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Table A.3 Model parameters. Semi‐empirical backscatter models. 

Model and 
author(s) 

Formulation Model parameters 

Shi  et  al. 
(1997) 

 

 

 

 

 

 

 

 

 

Where:  

W  roughness  spectrum  related  to  one‐parameter 

surface correlation function   

J0() Bessel function to zeroth order  

k0 free space wave number  

kx0 x component of free space wave number  

 incidence angle (deg.) 

apq and bpq empirically derived coefficients  

αpq approximation of parameter Ipq in IEM  

Rv and Rh vertical and horizontal Fresnel reflection 
coefficients  

εr relative dielectric constant  

‐  By  using  2  polarisation  measurements  and 
rearranging  the  above  equations,  the  roughness 
parameter SR was eliminated to obtain:  
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‐  This  equation  is  used  to  solve  for  the  dielectric 
constant of the near‐surface soil layer from vv and 
hh polarisation observations. The base equation  is 
then  used  to  solve  for  the  surface  roughness 
parameter. 

Where:  
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APPENDIX B. ACRONYMS 

 

AASR  Azimuth ASR  MPDI  Microwave Polarisation Difference Index 

AIRSAR  Airborne Synthetic Aperture Radar  NAFE  National Airborne Field Experiment 

ALOS  Advanced Land Observation Satellite  NASA  National Aeronautics and Space 
Administration 

AMSR‐E  Advanced Microwave Scanning Radiometer ‐ 
Earth Observing System 

NDVI  Normalized Difference Vegetation Index 

ANN  Artificial Neural Network  NDWI  Normalized Difference Water Index 

ARD  Annotated Raw Data  NESZ  Noise Equivalent Sigma Zero 

ASAR  Advanced Synthetic Aperture Radar  NMM3D  Numerical Maxwell Model in 3 Dimensions 

ASAR  Advanced Synthetic Aperture Radar  OSSE  Observing System Simulation Experiment 

ASCAT  Advanced SCATterometer  OzNet  Australian Hydrological Monitoring Network 

ASI  Agenzia Spaziale Italiana  PALS  Passive/Active L‐band Sensor 

ASR  Ambiguity to Signal Ratio  PALSAR  Phased Array L‐band SAR 

ASR  Ambiguity to Signal Ratio  PBTG  Physical Based Two Grid 

AWRA  Australian Water Resources Assessment 
system 

PCA  Principal Components Analysis 

CONAE  Comisión Nacional de Actividades Espaciales  PLIS  Polarimetric L‐band Imaging Synthetic 
aperture radar 

COSMOS  Campaign for validating the Operation of 
SMOS 

PLMR  Polarimetric L‐band Multibeam Radiometer 

CosmOz  Australian National Cosmic Ray Soil Moisture 
Monitoring Facility 

PolInSAR  Polarimetric Interferometric SAR 

CP  Compact Polarimetry  PolSAR  Polarimetric SAR 

DBF  Digital Beam Forming  POM  Physical Optics Method 

DEM  Digital Elevation Model  PR  Polarisation Ratio 

DESDynl   Deformation, Ecosystem Structure, and 
Dynamics of Ice 

PRF  Pulse Repetition Frequency 

DiSPATCh  Disaggregation based on Physical And 
Theoretical scale Change 

PRI  Pulse Repetition Interval 

EASE  Equal‐Area Scalable Earth grid  RFI  Radio Frequency Interference 

EKF  Extended Kalman Filter  RMS  Root Mean Square 
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ENVISAT  ENVironmental SATellite  RMSE  Root Mean Square Error 

ERS  European Remote Sensing  SA  Strategic Applications 

ESA  European Space Agency  SAOCOM  SAtélite Argentino de Observación COn 
Microondas 

EUMETSAT  European Organisation for the Exploitation 
of Meteorological Satellites 

SAR  Synthetic Aperture Radar 

FP  Full Polarimetry  SCORE  Scan On Receive algorithm 

GCOM  Global Change Observation Mission  SLC  Single Look Complex 

GMES  Global Monitoring for Environment and 
Security 

SM  Soil Moisture 

GPS  Global Positioning System  SMAP  Soil Moisture Active Passive 

GSFC  Goddard Space Flight Center  SMAPEx  Soil Moisture Active Passive Experiment 

IEM  Integral Equation Method  SMART  Smart Multi Aperture Radar Techniques 

INA  Instituto Nacional del Agua  SMC  Soil Moisture Content 

InSAR  Interferometric SAR  SMCG  Sparse Matrix Canonical Grid 

INTA  Instituto Nacional de Tecnología 
Agropecuaria 

SMOS  Soil Moisture and Ocean Salinity 

IWS  Interferometric Wide Swath  SMOSAR  Soil MOisture retrieval from multi‐temporal 
SAR data 

JAXA  Japan Aerospace Exploration Agency  SMP  Soil Moisture Processor 

JPL  Jet Propulsion Laboratory  SNR  Signal to Noise Ratio 

KA  Kirchhoff Approach  SPM  Small Perturbation Model 

LIA  Local Incidence Angle  TDR  Time Domain Reflectometry 

L‐MEB  L‐band microwave emission of the biosphere 
model 

TEC  Total Electron Content 

LOS  Line Of Sight  TMI  TRMM Microwave Imager 

LUT  Look‐Up Table  TRMM  Tropical Rainfall Measuring Mission 

MAP  Bayesian Maximum Posterior Probability  VWC  Vegetation Water Content 

MODIS  Moderate Resolution Imaging 
Spectroradiometer 

WCM  Water Cloud Model 

 

 
V01_00

                                            109 
 Annex 12. Basis Of An Australian Radar Soil  
Moisture Algorithm Theoretical Baseline Document

 
30th June 2013



30th June 2013 

 

 

 

 

 

 

 

 

 

SAR Formation Flying 
 

Annex 13. Garada Project 
Publications, Presentations 

and Publicity 
Document Version: V01_00 

 

James Carrapetta 

Australian Centre for Space Engineering Research (ACSER) 

University of New South Wales, Sydney, 2052, Australia 

 

Revision History 

Version No. Date Author Description of Change 
V01_00 30th June 2013 James Carrapetta Initial Release 

 

  



 

2 
 

V01_00                     Annex 13. Garada Project Publications, Presentations and Publicity              30
th

 June 2013 
 

1. Table of Contents 
 

1. Table of Contents ............................................................................................................................ 2 

2. Book Chapters ................................................................................................................................. 3 

3. Refereed Journals Articles .............................................................................................................. 3 

4. Refereed Conference Papers .......................................................................................................... 3 

5. Abstract-Refereed Conference Papers ........................................................................................... 5 

6. Non-Refereed Conference Papers .................................................................................................. 6 

7. Non-Refereed Magazine Articles .................................................................................................... 9 

8. Opinion Pieces................................................................................................................................. 9 

9. Invited Lectures ............................................................................................................................... 9 

10. Presentations ............................................................................................................................ 10 

11. Media Articles ........................................................................................................................... 12 

 

 



 

3 
 

V01_00                     Annex 13. Garada Project Publications, Presentations and Publicity              30
th

 June 2013 
 

2. Book Chapters 
 

Shivaramaiah, N.C., & Dempster, A.G., 2012. Baseband Hardware Designs in Modernised GNSS 

Receivers, chapter in Global Navigation Satellite Systems - Signal, Theory and Applications, ISBN 

978-953-307-843-4, edited by Global Navigation Satellite Systems - Signal, Theory and 

Applications, InTech, Rijeka, Croatia, pp33-52 

3. Refereed Journals Articles 
 

Li, Y., Glennon, E., Li, R., Jiao, Y., & Dempster, A.G., 2012. Development of a spaceborne GPS 

receiver for precise relative navigation of formation flying small satellites, Lecture Notes in 

Electrical Engineering, vol 161, 2012, pp 467-476 

Ta, T.H., Shivaramaiah, N.C., Dempster, A.G., & Presti, L.L., 2012. Significance of cell-correlation 

phenomenon in GNSS matched filter acquisition engines, IEEE Transactions on Aerospace and 

Electronic Systems, vol 48, no 2, Article number 6178061, pp 1264-1286 

Wu, J. & Dempster, A.G., 2011.  The BOC-Gated-PRN, A Multipath Mitigation Technique for 

BOC(n,n) Waveforms.  IEEE Transactions on Aerospace and Electronic Systems, vol 47, no 2, pp 

1136 - 1153 

Wu, J. & Dempster, A.G., 2011.  Strobe Correlators" using "W2-pulses.  Signal Processing, vol 92, 

no 5, ISSN 0165-1684 http://dx.doi.org/10.1016/j.sigpro.2011.10.017 

Wu, J. & Dempster, A.G., 2011.  Unambiguous Double Delta Discriminator for sine-phased 

BOC(n,n) receiver.  Journal of GPS, Vol 10, No. 2, ISSN 1446-31561 

Wu, J. & Dempster, A.G., 2011.  Tailored spreading symbols in ‘Strobe Correlators’ using ‘W2-

pulses’.  Signal Processing, doi:10.1016/j.sigpro.2011.10.017 

Wu, J., & Dempster, A.G., 2012. Code Tracking Variance Analysis for GNSS Receivers with 

"Strobe Correlators, IEEE Transactions on Aerospace & Electronic Systems, vol. 48, no 3, 

pp.2760-2782 

4. Refereed Conference Papers 
 

Cheong, J.W., 2011.  Towards multi-constellation collection detection of weak signals: A comparative 
experimental analysis.  Proc. ION-GNSS, Portland, Sept 21-23, 

Cheong, J.W., Dempster, A.G., & Rizos, C., 2011.  Hybrid of collective detection with conventional 
detection for weak signal acquisition.  IGNSS Symp., Sydney, Australia,15-17November,paper90, 
http://www.ignss.org/Conferences/PastPapers/2011ConferencePastPapers/2011PeerReviewedPape
rs/tabid/108/Default.aspx. 



 

4 
 

V01_00                     Annex 13. Garada Project Publications, Presentations and Publicity              30
th

 June 2013 
 

Cheong, J.W., Wu, J., Dempster, A.G., & Rizos, C., 2011.  Efficient implementation of collective 
detection.  IGNSS Symp., Sydney, Australia, 15-17 November,paper91, 
http://www.ignss.org/Conferences/PastPapers/2011ConferencePastPapers/2011PeerReviewedPape
rs/tabid/108/Default.aspx. http://ipin2011.dsi.uminho.pt/PDFs/Shortpaper/33_Short_Paper.pdf 

Choudhury, M., Wu, J., Cheong, J., Dempster, A.G., 2013, Initial test results of Namuru multi GNSS 
spaceborn receiver, International GNSS Society Symp., 16-18 July, Gold Coast, Australia. 

Gauthier, J.P. & Dempster, A.G., 2012. Attitude Measurement Errors in Bistatic SAR, Proc IGARSS, 
IEEE, Munich. 

Giorgi, G., Buist, P.J., Teunissen, P.J.G., Verhagen, S., 2011. GNSS-based Attitude Determination: 
Aerospace and Formation Flying, 'Inside GNSS', July/ August issue 2011 

Glennon, E.P., Parkinson, K., Mumford, P.J., Shivaramaiah, N.C., Dempster, A.G., Jiang, Y. & Wang, 
J., 2011.  A-RAIM vs. R-RAIM: A Comparative Study, IGNSS Conf., Sydney, Australia, 15-17 November. 

Jiao, Y., Li, Y., Wang, J., Zhou, H., & Rizos, C, 2011. High accuracy single point positioning method 
with prediction mode, International Global Navigation Satellite Systems Society, IGNSS Symposium 
2011, November 2011, University of New South Wales, Sydney, NSW, Australia 

Jiao, Y., Li, Y., Wang, J., Zhou, H., 2011. Relative positioning method of using single-frequency 
ionosphere-free model for formation flying missions, Journal of National University of Defense 
Technology, 

Jiao, Y., Li, Y., Wang, J., Zhou, H., & Rizos, C., 2011.  An accurate single point positioning method 
with prediction mode for LEO satellites.  IGNSS Symp., Sydney, Australia,15-17November, paper46, 
http://www.ignss.org/Conferences/PastPapers/2011ConferencePastPapers/2011PeerReviewedPape
rs/tabid/108/Default.aspx. 

Li, B., Zhang, J., Mumford, P. & Dempster, A.G., 2011.  How good is Assisted GPS?  Proc IGNSS 2011, 
Sydney, 15-17 Nov 

Li, R., Jiao, Y., Li, Y. & Rizos, C., 2011.  Simulation platform for relative navigation using GPS carrier 
phase measurements for satellite formation flying missions.  IGNSS Symp., Sydney, Australia, 15-
17November,paper41, 
http://www.ignss.org/Conferences/PastPapers/2011ConferencePastPapers/2011PeerReviewedPape
rs/tabid/108/Default.aspx. 

Nadarajah, N., Teunissen, P.J.G., Odijk, D., 2011. GNSS-based attitude determination for remote 
sensing platforms, ACRS-2011, Taipei, Taiwan, 2-7 October 2011 

Nadarajah, N., Teunissen, P.J.G., Verhagen, S., Buist, P.J., Steigenberger, P., 2012. Instantaneous 
attitude determination using COMPASS/BeiDou-2 regional navigation satellite system, Proceedings 
of the 6th ESA Workshop on Satellite Navigation User Equipment Technologies (NAVITEC'12) 

Parkinson, K.J., Mumford, P.J., GlennonN, E.P., Shivaramaiah, N.C., Dempster, A.G., & Rizos, C., 
2011.  A low cost Namuru V3 receiver for spacecraft operation.  IGNSS Symp., Sydney, Australia, 15-
17 November, paper 72, 
http://www.ignss.org/Conferences/PastPapers/2011ConferencePastPapers/2011PeerReviewedPape
rs/tabid/108/Default.aspx. 

Qiao, L., Rizos, C., Dempster, A.G. & Tsitas, S., 2011.  Design and analysis of satellite orbits for the 

http://www.ignss.org/Conferences/PastPapers/2011ConferencePastPapers/2011PeerReviewedPapers/tabid/108/Default.aspx
http://www.ignss.org/Conferences/PastPapers/2011ConferencePastPapers/2011PeerReviewedPapers/tabid/108/Default.aspx
http://ipin2011.dsi.uminho.pt/PDFs/Shortpaper/33_Short_Paper.pdf
http://www.ignss.org/Conferences/PastPapers/2011ConferencePastPapers/2011PeerReviewedPapers/tabid/108/Default.aspx
http://www.ignss.org/Conferences/PastPapers/2011ConferencePastPapers/2011PeerReviewedPapers/tabid/108/Default.aspx


 

5 
 

V01_00                     Annex 13. Garada Project Publications, Presentations and Publicity              30
th

 June 2013 
 

Garada mission.  IGNSS Symp., Sydney, Australia, 15-17 November, paper52, 
http://www.ignss.org/Conferences/PastPapers/2011ConferencePastPapers/2011PeerReviewedPape
rs/tabid/108/Default.aspx. 

Qiao, L., Rizos, C., Dempster, A.G., 2013. Impact of Orbit Dynamics on GPS-based Satellite Orbit 
Determination. International Global Navigation Satellite Systems Society IGNSS Symposium 2013 
(IGNSS 2013), Gold Coast, Australia,16-18 July, 2013 

Sarwar, A., Glennon, E.P., & Rizos, C., 2011.  Proposing a multi-GNSS Assisted GNSS: Concept & 
Performance.  IGNSS Symp., Sydney, Australia, 15-17 November, paper51, 
http://www.ignss.org/Conferences/PastPapers/2011ConferencePastPapers/2011PeerReviewedPape
rs/tabid/108/Default.aspx. 

Teunissen, P.J.G., Nadarajah, N., Giorgi, G., Buist, P.J., 2011. Low-Complexity Instantaneous GNSS 
Attitude Determination with Multiple Low-Cost Antennas, ION-GNSS-2011, Portland, Oregon, United 
States, 19-23 September 2011 

Verhagen, S., Teunissen, P.J.G., 2012. Ambiguity resolution performance with GPS and Compass for 
LEO formation flying, Advances in Space Research, DOI: 10.1016/j.asr.2013.03.007 

Wu, J., Lei, B., Dempster A. G., Rizos, C., 2013, QZSS LEX Receiver Design, International GNSS Society 
Symp., 16-18 July, Gold Coast, Australia. 

Yu, K., Rizos, C., & Dempster, A.G., 2011.  Sea state estimation using data collected from low-
altitude airborne experiments.  11th Australian Space Science Conf., Canberra, Australia, 26-29 
September. 

Yu, K., Rizos, C., & Dempster, A.G., 2011.  Sea surface roughness estimation using signals from 
multiple GPS satellites.  IGNSS Symp., Sydney, Australia, 15-17 November,paper156, 
http://www.ignss.org/Conferences/PastPapers/2011ConferencePastPapers/2011PeerReviewedPape
rs/tabid/108/Default.aspx. 

Yu, K., Rizos, C., & Dempster, A.G., 2012.  Sea surface wind estimation based on GNSS signal 
measurements.  IEEE Int. Geoscience & Remote Sensing Symp. (IGARSS), Munich, Germany, 22-27 
July, 2587-2590. 

Yu, K., Rizos, C., & Dempster, A.G., 2012.  Sea surface altimetry based on airborne GNSS signal 
measurements.  International Archives of the Photogrammetry, Remote Sensing & Spatial 
Information Sciences, Volume I-7, XXII Int. Society for Photogrammetry & Remote Sensing Congress, 
Melbourne, Australia, 25 Aug - 1 September, 347-352. 

Zhang, S., Zhang, K., Wu, S. & Li, B., 2011.  Network-based RTK Positioning Using Integrated GPS and 
GLONASS Observations, IGNSS Symp, Sydney, Australia, 15-17 Nov 

5. Abstract-Refereed Conference Papers 
 

Al-Shaery, A., Lim, S., & Rizos, C., 2011.  Assessment of network-based positioning performance 
using GPS alone versus GPS and GLONASS combined.  24th Int. Tech. Meeting of the Satellite Division 
of the U.S. Inst. of Navigation, Portland, Oregon, USA, 20-23 September, 2341-2349. 

http://www.ignss.org/Conferences/PastPapers/2011ConferencePastPapers/2011PeerReviewedPapers/tabid/108/Default.aspx
http://www.ignss.org/Conferences/PastPapers/2011ConferencePastPapers/2011PeerReviewedPapers/tabid/108/Default.aspx
http://www.ignss.org/Conferences/PastPapers/2011ConferencePastPapers/2011PeerReviewedPapers/tabid/108/Default.aspx
http://www.ignss.org/Conferences/PastPapers/2011ConferencePastPapers/2011PeerReviewedPapers/tabid/108/Default.aspx


 

6 
 

V01_00                     Annex 13. Garada Project Publications, Presentations and Publicity              30
th

 June 2013 
 

Cheong, J.W., Wu, J., Dempster, A.G., & Rizos, C., 2012.  Assisted-GPS based snap-shot GPS receiver 
with FFT-accelerated collective detection: Time synchronisation and search space analysis.  25th Int. 
Tech. Meeting of the Satellite Division of the U.S. Inst. of Navigation, Nashville, Tennessee, USA, 18-
21 September, 2357-2370. 

Cheong , J. W., Li, L., Wu J. Dempster, A.G. 2013,  Application of Collective Detection in Spoofing 
Scenarios, International GNSS Society Symp., 16-18 July, Gold Coast, Australia. 

Choudhury, M., Wu, J., Shivaramaiah, N.C., & Dempster, A.G., 2012.  Development of a software 
GNSS receiver with carrier-phase output.  12th Australian Space Science Conf., Melbourne, Australia, 
24-27 September. 

Parkinson K, Mumford, P., Glennon E., Shivaramaiah, N. C. & Dempster, A. G., 2011.  A Low cost 
Namuru V3 receiver for Spacecraft operations, IGNSS Symposium, Sydney, Australia, 15-17 Nov 

Qiao, L., Rizos, C., & Dempster, A.G., 2011.  Satellites formation orbit design and determination for 
the Australian Garada project.  24th Int. Tech. Meeting of the Satellite Division of the U.S. Inst. of 
Navigation, Portland, Oregon, USA, 20-23 September, 1075-1081. 

Qiao, L., Rizos, C., & Dempster, A.G., 2012.  GNSS/star sensor integrated orbit and attitude 
determination system for Garada mission.  25th Int. Tech. Meeting of the Satellite Division of the U.S. 
Inst. of Navigation, Nashville, Tennessee, USA, 18-21 September, 685-692. 

Shivaramaiah, N. C., Mumford, P. & Parkinson K., 2011.  Baseband Hardware Design for Space-
grade Multi-GNSS Receivers, International GNSS Symposium, Sydney, 15-17 Nov. 

Shivaramaiah, N.C., Dempster, A.G., & Rizos, C., 2011.  On efficient wideband GNSS signal design.  
ION Int. Tech. Meeting, San Diego, California, USA, 24-26 January, 1163-1172. 

Shivaramaiah, N. C. & Dempster, A. G., 2011.  Cognitive GNSS Receiver Design: Concepts and 
Challenges, ION GNSS 2011', Portland, OR, Sep 19-23 pp 2782-2789 

Wu, J. and Dempster A. G.  (2011). Data compression for Assisted-GPS signal processing. 
Proceedings of the 24th International Technical Meeting of The Satellite Division of the Institute of 
Navigation (ION GNSS 2011), September 20 - 23, 2010 

Wu, J., Shivaramaiah, N. C. & Dempster, A. G., (2011).Development of a GNSS software receiver 
platform. IGNSS Symp., Sydney, Australia, 15-17 November, paper 55, 
http://www.ignss.org/Conferences/PastPapers/2011ConferencePastPapers/2011NonReviewedPape
rs/tabid/109/Default.aspx. 

Wu, J., Choudhury, M., Cheong, J.W., Shivaramaiah, N.C., & Dempster, A.G., 2013,   Galileo IOV 
Satellites Receiver Development, International GNSS Society Symp., 16-18 July, Gold Coast, Australia. 

Yu, K., Rizos, C., & Dempster, A.G., 2012.  Error analysis of sea surface wind speed estimation based 
on GNSS airborne experiment.  25th Int. Tech. Meeting of the Satellite Division of the U.S. Inst. of 
Navigation, Nashville, Tennessee, USA, 18-21 September, 1941-1946. 

6. Non-Refereed Conference Papers 
 



 

7 
 

V01_00                     Annex 13. Garada Project Publications, Presentations and Publicity              30
th

 June 2013 
 

Alam, N., Yu, K., & Dempster, A., 2012. On the achievable accuracy for estimating the 
ocean surface roughness using multi-GNSS bistatic radar. 12th Australian Space Science 
Conference (ASSC) 2012., Melbourne, Australia, 24-27 September. 

Alam, N., Yu, K., & Dempster, A., 2012. Cramer-Rao lower bound for ocean surface 
roughness estimation using multi-GPS bistatic radar, Australian Space Science Conference 

Choudhury, M., Glennon, E., Dempster, A.G. & Mumford, P., 2012. Characterization of the 
Namuru V3.2 Spaceborne GPS Receiver, Proc ASSC, Melbourne, Australia, 24-27 Sep. 

Choudhury, M., Cheong, J.W., Wu, J., Shivaramaiah, N.C., & Dempster, A.G., 2013. Initial 
Test Results of Namuru Dual-GNSS Spaceborne Receiver. IGNSS Symposium., Outrigger 
Gold Coast, Australia, 16-18 July, 2013. 

Dempster, A. G., Tsitas, S., Middleton, R., Cohen, M., 2011. “Garada” SAR Formation 
Flying: an Australian Space Research Program Project, 4th International Conference on 
Spacecraft Formation Flying Missions & Technologies (SFFMT 2011), St-Hubert, Québec, 18-
20 May 2011  

Lei, B., Wu, J., Dempster, A.G., & Rizos, C., 2013. QZSS LEX Receiver Design, International 
GNSS Society Symp., 16-18 July, Gold Coast, Australia. 

Nadarajah, N., Teunissen, P.J.G., Raziq, N., 2012. Instantaneous GPS-Galileo Attitude 
Determination: Single-Frequency Performance Under Satellite-Deprived Environments, 
submitted to IEEE Transaction on Vehicular Technology 

Nadarajah, N., Teunissen, P.J.G., Buist, P.J., 2012. Attitude determination of LEO satellites 
using an array of GNSS sensors, submitted to IEEE Fusion, 2012 

Nadarajah, N., Teunissen, P.J.G., Raziq, N., 2012. Instantaneous GPS-Galileo Attitude 
Determination: Single-Frequency Performance Under Satellite-Deprived Environments, 
under second review for IEEE Transaction on Vehicular Technology 

Nadarajah, N., Teunissen, P.J.G., 2012. Instantaneous GPS/COMPASS/Galileo Attitude 
Determination: A Robustness Analysis under Constrained Environment, to be presented in 
ION Pacific PNT 2013 

Parkinson, K.J., Glennon, E.P., Dempster, A.G. & Rizos, C., 2011.   Improving GNSS 
antennas using Electromagnetic Band Gap structures.  Proc IGNSS 2011, Sydney, 15-17 Nov 

Parkinson, K.J., Glennon, E.P., Shivaramaiah, N.C., Dempster, A.G. & Rizos, C., 2013, 
Namuru GNSS Receiver Development at UNSW, IGNSS Symposium., Outrigger Gold Coast, 
Australia, 16-18 July. 

Qiao, L., Rizos, C., & Demspter, A.G., 2012.  Satellites orbit design for the Australian 
Garada project.  12th Australian Space Science Conf., Melbourne, Australia, 24-27 
September. 

Qiao, L., Glennon, E., Dempster, A.G., Chaoui. S., 2013. Using Cubesats as Platforms for 
Remote Sensing With Satellite Navigation Signals. International Geoscience and Remote 
Sensing Symposium (IGARSS 2013), Melbourne, Australia 21-26 July 2013. 

Wang, T., Su, C., Dempster A.G., et al, 2013. A novel micro-deformation monitoring system 
for large scale structure. 33rd IEEE International Geoscience and Remote Sensing 



 

8 
 

V01_00                     Annex 13. Garada Project Publications, Presentations and Publicity              30
th

 June 2013 
 

Symposium., Melbourne, Australia,21-26 July 

Wang, T., Zhang H., Yang L.S., Dempster A.G., et al, 2013. Landslide monitoring system 
based on spread-spectrum continuous wave radar, 2013. 33rd IEEE International 
Geoscience and Remote Sensing Symposium., Melbourne, Australia,21-26 July  

Wang, T., Wu Q., Dempster A.G., et al, 2013. A Novel Deformation Monitoring System 
Based on Pseudolite Technology. International Global Navigation Satellite Systems Society 
Symposium, Outrigger Gold Coast, Australia,16-18 July 

Wu, J., Shivaramaiah, N.C. & Dempster A. G., 2011.   Development of a GNSS Software 
Receiver Platform.  Proc IGNSS 2011, Sydney, 15-17 Nov 

Wu, J., Choudhury, M., Cheong, J.W., Shivaramaiah, N.C. & Dempster A., 2013, Galileo 
IOV Satellites Receiver Development, International GNSS Society Symp., 16-18 July, Gold 
Coast, Australia. 

Yang, Y., Li, Y., Rizos, C., Demspter, A.G., & Yue, X., 2012.  Relative navigation architecture 
for near earth multiple spacecraft missions using GNSS measurements.  12th Australian 
Space Science Conf., Melbourne, Australia, 24-27 September. 

Yang, Y., Yue, X., Li, Y., Dempster, A.G., & Rizos, C., 2012.  CubeSail for near-earth object 
observation.  12th Australian Space Science Conf., Melbourne, Australia, 24-27 September.  

Yang.Y., Li Y., Dempster, A.G., & Rizos, C., 2013. Ionospheric path delay modelling for 
spacecraft formation flying. International Global Navigation Satellite Systems Society IGNSS 
Symposium, Outrigger Gold Coast, Qld Australia, 16-18 July. 

Yu, K., Rizos, C., & Dempster, A.G., 2012.  Performance of GNSS-based altimetry using 
airborne experimental data.  Workshop on Reflectometry using GNSS and Other Signal of 
Opportunity (GNSS+R), West Lafayette, Indiana, USA, 10-11 October, procs published at 
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6408261&tag=1. 

Yu, K., Rizos, C., & Dempster, A.G., 2012.  “Forest change detection based on GNSS signal 
strength measurements,” submitted to 2013 IEEE International Geoscience and Remote 
Sensing Symposium (IGARSS), Melbourne, Australia, 21-26 July 2013 

 

  



 

9 
 

V01_00                     Annex 13. Garada Project Publications, Presentations and Publicity              30
th

 June 2013 
 

7. Non-Refereed Magazine Articles 
 

Dempster, A., 2011.  Why Have GPS on Satellites? Position, no 56, pp 16-18 

Zhang, J., Li, B., Dempster, A.G., & Rizos, C., 2011.  Evaluation of high sensitivity GPS receivers.  

Coordinates, 7(3), 7-12. 

8. Opinion Pieces 
 

Dempster, A., 2010.  “Australia's space star is looking brighter”, The Sydney Morning Herald.      
http://www.smh.com.au/opinion/politics/australias-space-star-is-looking-brighter-20101123-
1851b.html 

Dempster, A., 2012. Australia’s satellite scarcity leaves us vulnerable, ABC The Drum, 7 August, 
http://www.abc.net.au/unleashed/4179922.html 

Roesler, G., 2013. “A satellite to save Australia? We should have one of those”, The 
Conversation. http://theconversation.com/a-satellite-to-save-australia-we-should-have-one-of-
those-13770 

9. Invited Lectures 

 

Dempster, A., 2011.  ACSER: A New Opportunity for Australia's Future in Space? IEEE Geoscience 
and Remote Sensing Society ACT&NSW Chapter Presentation, UNSW, 5 July 

Dempster, A., 2011.  Garada: SAR Formation Flying, Progress in Radar Research (PIRR 2011), 
Adelaide, 5-6 May 

Dempster, A., 2011.  A Remote Sensing Satellite for Australia? NewSat Satellite Seminar and 
Teleport Tour, NewSat Teleport, Perth, 19 April 

Dempster, A., 2012. Current & Future Activities at ACSER, American Institute of Aeronautics and 
Astronautics, Sydney University, 12 March. 

Dempster, A., 2013. The Garada SAR Formation Flying Project. Australian Space Development 
Conferences (ASDC), Adelaide Hilton, July 8-10 2013  

Glennon, E.P., & Rizos, C., 2011.  Multi-GNSS Carrier Phase Measurements: A Receiver Designer’s 
Perspective.  Pres. General Assembly Int. Union of Geodesy & Geophysics (IUGG) “Earth on the 
Edge: Science for a Sustainable Planet”, Melbourne, Australia, 28 June – 7 July. 

Rizos, C., 2011.  GNSS as an Atmosphere and Sea Surface Observing Technology: Prospects and 
Plans, Promises and Challenges.  Pres. at the Int. Workshop on GNSS Remote Sensing for Future 
Missions & Sciences, Shanghai, P.R. China, 7-9 August. 

http://www.abc.net.au/unleashed/4179922.html
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10. Presentations 
 

Alam, N., 2012. On the achievable accuracy for estimating the ocean surface roughness using 

multi- GNSS bistatic radar. 12th Australian Space Science Conf., Melbourne, Australia, 24-27 

September. 

Buist, P.J., Verhagen, S., Giorgi, G., Teunissen, P.J.G., Nadarajah, N., 2011. “GNSS-based 

Formation Flying – Functional Model for the GARADA project”. IUGG in Melbourne, Australia, 28 

June - 7 July 2011 

Buist, P.J., Teunissen, P.J.G., Verhagen, S., Giorgi, G., 2011. “GNSS-based Relative Positioning 

and Attitude Determination for a SAR Formation Flying Mission”, AOGS 2011 organized by Asia 

Oceania Geosciences Society Taipei, Taiwan, 8- 12 August 2011 

Buist, P.J., Teunissen, P.J.G., Verhagen, S., 2011. “GNSS-based Relative Positioning and Attitude 

Determination for a Formation Flying Mission”, Delft Nanosatellite Symposium, Delft University 

of Technology, 1 September 2011 

Glennon, E., 2011. "A GPS Receiver Designed for CubeSat Operation", Australian Space Sciences 

Conference, 26-29 September 2011, Canberra, ACT 

Mumford, P., 2012. Development of a software GNSS receiver with carrier-phase output. 12th 

Australian Space Science Conf., Melbourne, Australia, 24-27 September. 

Nadarajah, N., Teunissen, P.J.G., Odijk, D., 2011. “GNSS-based attitude determination for 

remote sensing platforms”, ACRS-2011, Taipei, Taiwan, 2-7 October 2011 

Qiao, L., 2011. “Design and Analysis of Satellite Orbits for the Garada Mission”, in IGNSS 
Symposium 2011, 15-17 November, Sydney, Australia  

Qiao, L., 2012. Satellites Orbit Design for the Australian Garada Project. 12th Australian Space 
Science Conf., Melbourne, Australia, 24-27 September. 

Sobhanmanesh, F., 2012. Performance evaluation of SAR raw data compression methods in 

presence of non-ideal channel characteristics. 12th Australian Space Science Conf., Melbourne, 

Australia, 24- 27 September. 

Teunissen, P.J.G., Nadarajah, N., Giorgi, G., Buist, P.J., 2011. “Low-Complexity Instantaneous 

GNSS Attitude Determination with Multiple Low-Cost Antennas”, ION-GNSS-2011, Portland, 

Oregon, United States, 19-23 September 2011 

Tsitas, S., 2011. "Garada: SAR Formation Flying", 11th Australian Space Sciences Conference, 26-

29 September 2011, Canberra, ACT 

Tsitas, S., 2012. Garada SAR formation flying requirements, space system baseline and 
spacecraft design. 12th Australian Space Science Conf., Melbourne, Australia, 24-27 September. 

Wu, J., 2011. “Development of a GNSS software receiver platform”. IGNSS Symp. 2011, 15-17 
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November, Sydney, Australia  

Yang, Y., 2012. Relative navigation architecture for near earth multiple spacecraft missions using 
GNSS measurements. 12th Australian Space Science Conf., Melbourne, Australia, 24-27 
September. 

Yu, K., Rizos, C., & Dempster, A.G., 2011. "Sea surface roughness estimation using signals from 
multiple GNSS satellites". IGNSS, UNSW, Sydney, NSW, November 2011  

Yu, K., 2012. “Sea surface wind speed estimation based on GNSS signal measurements”, poster 
presentation at IEEE International Geoscience & Remote Sensing Symposium (IGARSS), Munich, 
Germany, 24 July 2012. 

Yu, K., 2012. “Sea Surface altimetry based on airborne GNSS signal measurements”, oral 
presentation at the International Society for Photogrammetry & Remote Sensing (ISPRS) 
Congress, Melbourne, Australia, 28 August 2012. 

Yu, K., 2012. “Sea surface altimetry using airborne Lidar data and GNSS signal measurements”, 
invited oral presentation in the Department of Electrical & Computer Systems Engineering at 
Monash University, Melbourne, Australia, 31 August 2012. 

Yu, K., 2012. ‘Performance of GNSS-based altimetry using airborne experimental data’, 
Workshop on Reflectometry Using GNSS and Other Signals of Opportunity, Purdue University, 
West Lafayette, Indiana, USA, 10 October 2012 

Yu, K., 2012. ‘GNSS Reflectometry’, GNSS Remote Sensing Workshop, University of New South 
Wales, 5 December 2012 

Yu, K., 2012. ‘GNSS Based Sea State Estimation’, GNSS Remote Sensing Workshop, University of 
New South Wales, 5 December 2012 

11. Workshops 

 
“GPS Workshop”, 6th- 8thAugust 2012. Hanoi, Vietnam   

"GNSS Signals and Receivers", 27th August 2012. Beijing, China 

“Disaster Management Workshop”. 6th December 2011. University of New South Wales, Sydney, 
Australia. http://www.acser.unsw.edu.au/events.html 

“Garada SAR Workshop”. 7th December 2011. University of New South Wales, Sydney, Australia. 
http://www.acser.unsw.edu.au/events.html 

“GNSS Remote Sensing Workshop”. 5th December 2012. University of New South Wales, Sydney, 
Australia. http://www.acser.unsw.edu.au/events.html 

“GNSS Position Calculations”, 9th - 14th September 2013. Hanoi, Vietnam   
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12. Media Articles 
 

23rd November 2010, Sydney Morning Herald. Australia's space star is looking brighter. 

http://www.smh.com.au/opinion/politics/australias-space-star-is-looking-brighter-20101123-

1851b.html 

22nd July 2011, The Drum ABC. Small space has a big future. 

http://www.abc.net.au/unleashed/2806192.html 

16th August, GPS World. The Role of GNSS in SAR Formation Flying. 

http://www.gpsworld.com/tech-talk-blog/the-role-gnss-sar-formation-flying-11984 

8th June 2012. Breakfast on Radio Adelaide. Australia’s place in the great space race. 

http://radioadelaidebreakfast.wordpress.com/2012/06/08/australias-place-in-the-great-space-

race/ 

11th July 2012. ABC Adelaide Radio. Professor Andrew Dempster interviewed on GPS Technology. 

http://www.garada.unsw.edu.au/res/ABC%20Adelaide_Andrew%20Dempster.mp3 

7th August 2012. The Drum ABC. Australia's satellite scarcity leaves us vulnerable. 

http://www.abc.net.au/unleashed/4179922.html 

14th January 2013. Microwave Journal. BAE Systems Australia tackles new space challenge. 

http://www.microwavejournal.com/articles/18966-bae-systems-australia-tackles-new-space-

challenge 

7th March 2013. The Conversation. Explainer: what is GPS? http://theconversation.com/explainer-

what-is-gps-12248 

9th April 2013. UNSW Uniken. The case for space. http://uniken.unsw.edu.au/features/case-space 

9th April 2013. The Sydney Morning Herald. The need for an Australian space program. 
http://media.smh.com.au/news/science/the-need-for-an-australian-space-program-4174256.html 

9th April 2013. SBS World News Australia. Australia enters space race. 
http://www.youtube.com/watch?v=B4g1KcuWamE&feature=youtu.be 

9th April 2013. SBS World News Australia. Australia joins the space race. 

http://www.youtube.com/watch?v=aMR2TNjzhR4&feature=youtu.be 

12th April 2013. ABC Science. Space policy small step for Australia. 

http://www.abc.net.au/science/articles/2013/04/12/3735745.htm#.UbkT7_k3Dng 

30th April 2013. The Conversation. A satellite to save Australia? We should have one of those. 

http://theconversation.com/a-satellite-to-save-australia-we-should-have-one-of-those-13770 

30th May 2013. UNSW Engineers (Page 8). The New Digital World. 
http://www.eng.unsw.edu.au/sites/default/files/unsw_engineers/unsw_engineers_issue_27.pdf 
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1st June 2013. The Sydney Morning Herald. Cost in space: funding halt leaves satellites up in air. 
http://www.smh.com.au/technology/sci-tech/cost-in-space-funding-halt-leaves-satellites-up-in-
air-20130531-2nh62.html#ixzz2W3IdpDfV 

6th June 2013. UNSW Newsroom. NASA-bound graduate solves satellite circuitry. 
https://newsroom.unsw.edu.au/news/science-technology/nasa-bound-graduate-solves-satellite-
circuitry 

6th June 2013. Electronics News. Satellite circuit board opens doors to NASA. 
http://www.electronicsnews.com.au/news/satellite-circuit-board-opens-doors-to-nasa 

7th June 2013TechWorld. UNSW graduate develops satellite circuit board. 
http://www.techworld.com.au/article/464080/unsw_graduate_develops_satellite_circuit_board/ 

12th June 2013. PCB Design 007. Student Develops Hardware for New Satellite System. 
http://www.pcbdesign007.com/pages/zone.cgi?a=92598&artpg=1 
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2. Preface 

The following interviews were conducted by Dr. Gordon Roesler of ACSER during the 

systems engineering requirements definition process. They serve to identify a wide variety 

of uses to which Garada data could potentially be put. They also validate certain top-level 

user requirements, such as data timeliness and resolution. 
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3. Data system manager, Bureau of Meteorology 

Go to the MDBA website and look up “Environmental Assets.” This is where wetlands and 

other areas are listed. 

It sounds like Garada could help us to determine where the water is, and how it gets there, 

on some time basis. 

We mainly rely now on stream gages. 

Idea: might be useful to combine your data with a digital elevation model. These have been 

obtained via LIDAR with great accuracy (~1 cm) in some areas. 

The Environmental Water Holder is in SEWPaC. Recovered water is spent in accordance with 

recommendations. MDBA recommends environmental assets for application of the water. 

[Environmental assets are explained in Appendix A of the Proposed Basin Plan.][Hydrological 

modeling issues are described in Section 10.3 of the document Environmentally Sustainable 

Levels of Take, http://www.mdba.gov.au/draft-basin-plan/supporting-documents/mdba-

eslt/ch10 ] 

BOM’s responsibilities under the Water Act 2007 are to provide up-to-date streamflow data 

to state databases. 

[From the BOM weibsite: 

“Under Part 7 of the Water Act 2007 , the Bureau of Meteorology is required to collect, 
hold, manage, interpret and disseminate Australia's water information. Section 126 of the 
Act places an obligation on persons specified in the Regulations to give certain water 
information to the Bureau.  

“The Bureau's responsibilities under the Water Act 2007 include: 

 issuing national water information standards 
 collecting and publishing water information  
 conducting regular national water resources assessments 
 publishing an annual National Water Account 
 providing regular water availability forecasts 
 giving advice on matters relating to water information 
 enhancing understanding of Australia's water resources.”] 

He suggests going to the BOM website, looking at rainfall maps in the Basin for Jan-Feb 

2012, when there was significant rainfall and flooding. Where did the water go? Which 

floodplains were wetted? What was the extent of inundation? 

The water holder can direct water to environmental uses by means of channels, gates, 

weirs, etc. 

Certain ‘overbank flows’ are required in certain areas. Why every year? Why 4,000 GL/year?  

http://www.mdba.gov.au/draft-basin-plan/supporting-documents/mdba-eslt/ch10
http://www.mdba.gov.au/draft-basin-plan/supporting-documents/mdba-eslt/ch10
http://www.comlaw.gov.au/Series/C2007A00137
http://www.comlaw.gov.au/Series/C2007A00137


 

5 
V01_00                                                       Annex 14. Interviews with Potential Soil Moisture Data Users                               30

th
 June 2013 

 

An example of how planning and modeling can assist in efficient use of 

environmental flows: the Perricoota-Kondrook(?) area. Providing water via a circuitous 

route required 60 GL. Creating a small channel with a regulating gate reduced/would reduce 

the required flow to 2 GL. 

Parliamentary inquiries. 

Lower Murrumbidgee floodplain has been denied water since the 1950’s. That water used 

to grow ibis rookeries, etc.  

Mimmie-Caira floodplain. 

Extensive plains: where does the water go? How does it get there? 

Water for Rivers program. Yanco Creek. 1000 ML/day wasn’t reflected in water balance. 

Losses. They built an extensive, computationally intensive hydrologic model. Takes many 

expensive computers to run. This kind of model could be validated, or an empirical model 

created. 

There are also conventions on wetland preservations such as JAMBA, CAMBA and 

ROKAMBA. These are bilateral agreements for the protection of migratory birds. Garada 

data could be helpful in understanding the state of wetlands for compliance. He 

recommends contacting Richard Kingsford Smith of UNSW, an authority on wetland birds. 

Garada data could also be used to improve water models. When there are flooding events, 

no one knows where the water goes.  

There are groundwater-dependent ecosystems.  

Garada could help with outcomes aligned with threatened species, particularly birds.  

Combining Garada data with a digital elevation model and streamflow data, a hydraulic (as 

opposed to hydrologic) model could be generated. Either the Garada data could be used to 

validate the model, or an empirical model could be prepared on the basis of the data. 

Water quality is another area that might benefit from the data. 

Yet another application: groundwater. Ground water recharge/ water accession to 

groundwater not understood. Models not very sophisticated. BOM is currently working this 

problem—National Groundwater Information System, Groundwater Dependent Ecosystems 

Atlas. These projects are just getting underway.  Some groundwater is exceptionally deep 

[300-400m]. 
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4.  Principal Irrigation Designer, Adelaide, SA 

Interviewee’s customers fall into two categories: 

 Government, which is modernizing some irrigation delivery systems; the goal is to 

improve water efficiency. Company’s work is delivery network modernization and 

efficiency improvement. 

 Large agribusinesses, particularly in the design of microirrigation systems. [Note 

pertaining to resolution: A typical “valve area,” that is, the area whose irrigation is 

controlled by a single valve, is 2-10 hectares.] 

 

USE OF GARADA INFORMATION IN AGRICULTURE (“TACTICAL”) 

Irrigators require soil moisture information at depths of 10-30 cm (up to 60 cm in the case of 

tree crops). The use of large numbers of soil moisture sensors to help with irrigation 

decisions has increased across many crops (vegetables, tree crops). Various websites have 

information to help farmers make irrigation decisions. Various organizations contribute to 

irrigation decision-making, including: 

 Local weather stations 

 Agronomic consulting companies 

 Inputs from BOM 

He does not believe that these services make use of the local soil moisture probes, but isn’t 

sure. 

Each state has a Department of Prime Industries, which might be interested in the soil 

moisture maps for long-term prognoses.  

BOM is currently mapping all of the rivers of the MDB, including installing real-time 

flowmeters. This is primarily for flood prevention. Interviewee would expect that there was 

a correlation between the measured flows and soil moisture. 

All water users including urban are required to make inputs to BOM for the National Water 

Account. BOM is developing a very large water model intended to include all sources and 

uses.  

Some uses that interviewee thought of for the very shallow soil moisture measurements 

that Garada could conceivably provide include: 

 Leak detection 

 Moisture from irrigation in progress or very recent irrigation 

 Identifying infiltration problems (rapid decrease in surface moisture) 
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USE OF GARADA INFORMATION FOR MDB MANAGEMENT (“STRATEGIC”) 

Interviewee’s view of the irrigators’ view of the MDB Plan:  

1. Irrigation has seen significant reform in the past 10-15 years, meaning significant 

improvement in water use efficiency. 10-15 years ago, an example usage rate might 

have been 15 ML/hectare/year would be required for citrus crops; today such figures 

are frequently halved.  

2. It is not the amount of water used, it is how the water is used that is important. 

Fixating on a certain percentage as a blanket reduction is inappropriate. 

3. Irrigators do not believe that the environmental community has the same level of 

sophisticated control and efficiency of water use. If they were granted 3.5 thousand 

ML of water to improve the environment, how would it be used? Could the same 

improvement be achieved with a smaller amount of water? How is the improvement 

measured?  

4. Some of the events decried by the environmental community, such as blackwater 

events, have been caused by them. Example: Wakool River kills of Murray cod. 

5. Therefore, from the irrigators’ point of view, the environmental side should be 

required to demonstrate reliable and measurable improvement with a given amount 

of water returned, and then the amounts could be increased. 

 

Possibly the environmental side is the MORE NEEDY customer for Garada-derived soil 

moisture data: 

 Don’t have a network of sensors comparable to the irrigators’ moisture probes 

 Have a wider variety of territory to cover and less opportunity to access it 

 

Example of data use for environmental assessment: measure moisture levels in wetlands 

over time, measure apparent change of wetlands boundaries. 

Could Garada also be used to determine river height accurately? The gaging stations being 

emplaced by BOM provide height data as well as flows, but they are very sparse. If the river 

heights as well as soil moisture could be measured, a better model of water availability 

might be developed. 

In some ways the environmental and irrigation activities are interrelated. Garada data might 

reveal inefficiencies in delivery networks, e.g. the creation of “miniature wetlands” where 

there are leaks. When such areas have occurred in the past, environmentalists have NOT 

wanted the leaks mitigated, but rather requested that the wet areas be maintained. 

Surface water and groundwater are related by infiltration. The MDB plan treats surface 

water and groundwater as separable, but this is an approximation. 
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5. Senior environmental scientist, state government 

His group consists of 77 staff working on soil, vegetation, testing, modeling, etc. They 

provide decision support.  

In the past they typically used point data and extrapolated. The world is moving toward 

remote sensing, continuous data. They need better spatial coverage in general. 

They are now getting traction on what are the key datasets that are showstoppers. They 

have a very big push going on in vegetation mapping—pattern recognition, etc.  

Tension between people working on production and people working on conservation. 

Their biggest tools are for land management. In [state] they have management issues. The 

maps are static and old. Land management usually is intimately related to land cover; they 

need to be more dynamic. 

Land cover is not necessarily green. Fractional cover can prevent erosion. 

All their work now is reactive. They want to move to the responsive (predictive?) side. 

They want to be able to send messages like, “Move your animals…”  

They see soil moisture as a tool that would allow them to be more responsive. The #1 

application is for land management. 

Example: 2 paddocks, 2 different land holders, same conditions: why fluctuating, one 

overworked… 

Responsive products are their direction for future research, with universities, etc. 

People looking at conservation want to know that their interventions are having a payoff. 

Another important area: climate change adaptation. Modeling skills needed—within our 

reserves and landscapes, which are the critical areas? “Adaptation work” 

Soil moisture is a key driver of “tipping points”—when land becomes unproductive and/or 

habitat, etc., vanishes. 

In remote sensing, there is an argument over which sensors to use. Some applications 

relatively static, e.g. vegetation mapping, detecting clearing. There resolution of a few 

meters every 7-14 days is adequate. Whereas looking at dust and ground cover, every 3 

days is important; using a different satellite, only get 20 km pixels. Pass times are important. 

Dust has public health impacts: respiratory conditions. 

The key objective is to empower land management with knowledge—want to make 

decisions before rather than reacting after. 

Ground cover important for retaining moisture. 
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The agriculture in Australia is changing. They are using European farming practices, 

farming on top 2cm of topsoil.  Australian farmers are the most water-efficient in the world. 

Everything we do is about soil moisture retention. Farmers use satellite info, they are very 

advanced. 

The Murray-Darling Basin is one of the world’s food bowls.  Every time we hit a tipping 

point, the recovery is so long…If you can stop an area from crashing*, it has tremendous 

value. Australia has the most variable climate; so there is EVEN MORE need to be 

responsive. Australia hasn’t really been around long enough to know what “normal” is. 

Average rainfall is 550mm, but it is shifting from winter to summer. 

Need to empower farmers with responsive knowledge. 

*Crashing: when farmers walk off the farm. 

When they do walk off and lock the paddock gate, the land doesn’t just revert to a pristine 

environment. Weeds are the result. The Government is saddled with a weed management 

issue. 

Justifications for Garada/soil moisture measurements: 

 Food security 

 Responsiveness 

 Empowering farmers with information 

Australian farmers are efficient because they are adaptive. Garada would allow them to look 

over the whole catchment, not just their paddocks, for a bigger picture, to see what’s going 

on around them. 

Paranoia—farmers think America is watching what they are doing and adjusting the price—

probably some of that. 

Carbon: in soils = volatile, can only count what’s in the root zone = permanent. Soil moisture 

helps, but above-ground carbon is volatile, only root zone is stable. 

There is some study that says if farmers could just increase the amount of carbon in the root 

zone, perennial plants, fungi develops, biomass is altered, stable carbon is stored. Carbon 

problem solved. 
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6. Senior environmental scientist, Australian Government 

The MDB has 40% of Australian agricultural production. 

There are a number of international icon sites in the MDB. There is an obligation to the 

United Nations under the Ramsaar convention. 

Their uses of remote sensing include: 

 Hydrological modeling 

 Environmental modeling 

 Water accounting 

 Information collated by ABS: national accounts in water, land, vegetation, 

environmental 

Draft basin plan is in Parliament 

Next year will come the implementation plan. Will employ various remote sensing 

techniques: vegetation, water, land use change, socioeconomic change. 

Also link with compliance—assurance regime 

 Condition of vegetation over time 

 Patterns and trends of change 

Other ways of monitoring soil moisture: 

 Other satellites—but they are not the full solution 

 Hyperspectral, multispectral, if funding permits—e.g. MODIS for vegetation 

(greenness) 

 Want to find alternative sources 

Three levels of requirements: 

 Basin-wide 

 Catchment level (23 catchments) 

 Environmental assets (26,000) 

o Icon sites 

o Vegetation patches (eucalyptus, red gum,…) 

Link each site into trends and changes (go upward in the list) 

[Agency] wants to be users of remote sensing data, not interested in data management. Will 

enter into agreements for sharing data. 

National Computing Infrastructure in Canberra. 
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Interested in information and knowledge, not data. Not clear where we will be 

sitting, requirements not developed yet. They are being developed to look at vegetation 

accounts. 

BOM is doing water accounting and remote sensing.  

GA is doing remote sensing, has a groundwater group. 

Objective of basin plan is Sustainable Diversion Limits. 

There is a group at [agency] whose job is water accounting. Another: regulatory affairs. 

[Agency] is working on scoping requirements. Not formal yet. 
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7. Soil scientist, state government 

Within the [state office], responsible for soil erosion assessments and forecasts. 

Australia currently uses the Australian Water Availability Product from CSIRO. This is an 

input to state’s models. [State] is also currently working on a wind erosion product, being 

developed by the University of South Queensland. 

A method was developed to calculate soil moisture in the early 2000’s, which has never 

been updated or improved.  

The current numerical model uses environmental conditions (soil type and characteristics, 

rainfall, solar irradiation, etc.) to calculate soil moisture. That is the current input layer. They 

would like to move to a remote sensing input layer. 

AWAP is currently under evaluation. It came out of the former Environmental Mechanics 

group at CSIRO, who are modelers. It is probably a hybrid model. 

CSIRO and BOM have a suite of met-type products of which AWAP is one.  

One thing being looked at is runoff—what changes to be expected in water available to 

streams. 

There is a large project in Australia called Terrestrial Ecosystem Research Network—it is 

intended to consolidate all the layers of remote sensing products. It is heavily funded, 

Australia’s largest portal for this kind of data.  

There are lots of groups in TERN. Probably the relevant one is AusCover, which is the surface 

data group. TERN might also have a microclimate/micrometeorology group. TERN grew out 

of AusFlux, which has some very heavily instrumented sites for calibration.  

For soil erosion, they are interested in the moisture of the top millimeter of soil. This is 

where adhesion from moisture influences wind erosion. Their models are currently highly 

unresponsive, because they use moisture to 5-10 cm depth, which does not change rapidly 

with solar irradiance. Whereas it is known that in a few hours the sun can dry the top 

millimeter and erosion will occur.  

Very little calibration data for soil moisture vs. wind erosion. They have been getting some 

from time domain reflectometry. 

Rule of thumb: most erosion after midday. Last Friday there was a major erosion event at 10 

AM. The biggest dust storms usually occur at dawn. The emission is usually midday to 

midnight. 

Fractional ground cover is a MODIS data product. They look at photosynthesis bands, non-

photosynthesis bands, bare ground.  
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This is also a horizontal measurement—no structure, don’t know how high the 

vegetation is. High dead grass is very effective at preventing soil wind erosion, 1 cm grass 

less so. They do not have a good handle on the structure of vegetation in Australia. They 

need to know the zero displacement : the height above ground where V=0. Forests: ZD is 

several meters; 50 cm grass, about 2 cm; bare surfaces, small fractions of a millimeter. 

Ground cover is a single indicator, the most robust for predicting erosion. Fractional cover is 

important when evaluating carbon storage. It also affects biodiversity. 

As resources (e.g. ground cover) decrease with climate change, they are looking for 

indicators of how these parameters might change. 

They develop soil moisture maps. They have been looking at the last 3-6 months and trying 

to determine how big a deficit exists in soil water availability. Using historical data, they are 

assessing how much water is NOT in the system. It appears that there will be a big deficit 

going into this summer, both of water and biomass (?) 

Soil moisture is a critical indicator of what’s going on.  As antecedent water increases, there 

is also increased risk of soil erosion from WATER. Soil moisture is also critical for flood 

prediction. 

This is not done much in Australia, hard to calibrate. They typically use 10km data, it is 

scarce.  

A colleague is looking at water movement across the landscape, water balance on the 

surface. There was also someone in the Department of Primary Industries but he is 

presently on leave. 

Another knowledge gap is to locate where stony surfaces are—covered in either rock or 

gibber. These are not well mapped in Australia. Can Garada help with this? (I speculated: 

possibly may be able to tell from quality of echo returns in individual images; also perhaps 

could make some deductions from speckle.) 

Another colleague in their group was previously doing his PhD on trying to map stony 

surfaces. They are not necessarily bad from a soil erosion point of view—bare rock is a non-

eroding surface. This is a data gap at the national level. 

Another question: canopy cover. They are looking at it down to 10-20%. (I speculated that 

biomass measurements would be more accurate at low cover levels than full canopy.) 

Does Garada measure woody or total biomass? (Don’t know.) 

Carbon accounting—need to understand biomass production from each season. 

Ground cover is important for agricultural production predictions. Number of tons of grass 

per hectare determines what the stocking rate is, how long the ground can hold cattle. Non-

woody vegetation cover is important here. Currently this is a modeled product. Example: 
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range lands with 2T grass per hectare—cattle can only reside 3-4 months rather 

than entire season.  

Ground cover is important for protection; biomass for production. 

In central NSW, they have used the water spreading methodology. In areas of low rainfall, 

carefully constructed banks are used to catch water and distribute more evenly. Remote 

sensing data could help to determine moisture response before and after implementing 

such earthworks. This method was popular in the ‘80s, and caused more problems than 

solutions. But at a recent conference, he learned that the methods have improved, and 

people are more choosy about where to use it. “Irrigating with natural water.” Intercept 

water before it gets to the lowest point; spill water evenly over the banks. Must grade with 

great care. In the past, there was human error; now laser levelers allow the needed 

precision. Look at pre- and post-investment in contour banks. 

Water ponding is another approach—an earthen ring on flat ground. It traps water, which 

then diffuses into the soil. It has been used 30-40 years. It is driven by production; it also has 

massive carbon storage capacity. 

Effect of climate change: if there are more days of dryness and less vegetation, there will be 

more erosion. There is no clear idea of how ground cover will change with climate. 
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What value can be placed on 
information about Australia’s 
environment? What is the 
value of information about 
climate change? About 
our natural resources?

The story of  Australia is a 
story of  resilient people and 
abundant resources, including 
farmlands, natural wonders 
and iconic sites. All these 
resources are under complex 
and increasing pressures. 
Changing climate, increased 
demand, growing population, 
and economic competition are 
stressing our land, our farms, 
and our flora and fauna.

At the nexus of  these 
challenges is a single 
fundamental resource: fresh 
water. It is increasingly in 
demand for human use and 
agriculture. Our wetlands have 
an undiminished need for 
water to maintain their vitality. 
The distribution of  water in 
Australia is changing: rains 
come more in summer, less 
in winter. As climate changes, 
the amount and distribution of  
available water will change. 
No one yet knows how. 

Our team at the University of  
New South Wales has been 
developing a way of  measuring 
Australia’s water. It will produce 
far more data, faster and 
more reliably, than any other 

method. The measurements 
will be made from space—
providing priceless 
information to Australian 
dryland farmers, irrigators, 
ecologists, meteorologists, 
climatologists, land use 
planners, graziers, naturalists 
and policy makers. Better 
water-influenced decisions 
will be possible, and long-
term trends detected earlier.

Storing carbon is one of  
the most effective means 
of  responding to climate 
change—removing it from 
the atmosphere in a stable 
way. One of  the best places 
to store carbon is in the 
root zone of  forests. The 
system we have designed 
will accurately measure the 
growth of  forests, and help 
monitor the effectiveness of  
carbon storage schemes. 

Please continue reading as 
we discuss the water-centric 
climate challenges Australia 
faces, and how our team’s 
research has found a new 
approach to understanding and 
reacting to these challenges.

PROFESSOR ANDREW 
DEMPSTER 
Director, Australian Centre for 
Space Engineering Research

Better Understanding 
our Continent

2



Australia’s water assets include lakes, rivers, streams, reservoirs, and the underground water 
table. But there is more: additional water is found in the soils, right at the surface. This is a 
highly significant resource – there is as much water in the uppermost layer of  Australia’s soils 
as in all our lakes, rivers and reservoirs. It is also the most crucial to plant life – this is the 
water that plants actually consume.

In addition to the obvious importance to irrigated farming, moisture in the soil has many other 
far-reaching impacts.

• Soil moisture drives the weather. High 
moisture in soil heated by the sun increases 
the chance of cloud formation.

• It is a critical factor in determining wind 
erosion, the source of the huge dust storms 
that plague Australia. Advance warning of  
dust storm conditions will help protect people 
with respiratory conditions.  Knowledge of  
soil moisture can improve the success of  
ground cover planting programs for dust 
mitigation.

• Soil moisture is critical for minimising water 
erosion of  soils, by watering the plants that 
stabilise the soils against erosion.

• Soil moisture is a key to effective land 
use planning. Long term changes to soil 
moisture can force unwanted change; 

awareness of soil moisture trends can allow 
for orderly transitions and protect livelihoods. 
Today, most land use planning maps are 
static and outdated; real-time knowledge 
of soil moisture can make advice more 
responsive.

• Soil moisture is the key to the health of  
Australia’s unique ecologies, including 
our wetlands, forests and iconic sites. 
The effectiveness of water diversion for 
ecological health and restoration is highly 
dependent upon the existing soil moisture 
levels.

• It is critical for broad acre farming and 
grazing. Soil moisture determines, for 
instance, how long a grazier may use a 
particular paddock before having to move 
stock.

Water in Australia’s soil – the invisible resource



Water in Australia’s soil – the invisible resource • Soil moisture is a key driver for “tipping 
points” in agricultural settings. If  moisture 
falls below a certain level, a farm may 
simply become unsustainable. Only weeds 
will remain.

• Soil moisture determines the success 
of carbon storage initiatives. Carbon 
stored in the root zones is not volatile, so it 
represents a permanent form of storage. To 
use this storage technique effectively, water 
must be conserved in the root zone.

It is difficult to think of a single environmental 
variable more influential to the overall health 
of  Australia’s economy, agriculture, population 
and environment. The importance of this 
invisible resource to Australia cannot be 
overstated! Yet, to date, there are very few 
tools for measuring and monitoring this 
resource, and certainly none that can survey 
the entire nation.
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Where is Australia’s water?

All across the continent, we measure how 
much rain falls on Australian soils. But where 
does it go? How much remains in the soils? 
How will it affect our weather?

The importance of  accounting for Australia’s 
water is embodied in the National Water 
Account, being assembled by the Bureau 
of  Meteorology. This effort grew from the 
National Water Initiative of  2004, which has 
these important stated objectives:
• Increase the productivity and efficiency of  

water use
• Service rural and urban communities
• Return all systems to environmentally 

sustainable levels of  extraction
• Provide greater certainty for investment 

and the environment
• Underpin the capacity of  Australia’s water 

management regimes to deal with change 
responsively and fairly

One of  the key criteria for including a water 
asset in the National Water Account is that 
“the item’s volume can be quantified with 
representational faithfulness.”

That is very difficult to do for soil moisture.

But it is an asset we must understand.  In 
just the top 10 centimetres is as much 
water as in all of  Australia’s lakes, rivers 
and reservoirs. This “moisture bank” is so 
important that the CSIRO has initiated the 
Australian Water Availability Project. Its aim 
is “to monitor the state and trend of  the 
terrestrial water balance of  the Australian 
continent, using model-data fusion methods 
to combine both measurements and 
modelling.”  

Developing a real-time, nationwide 
system to measure soil moisture will 
improve weather forecasting, agriculture, 
and natural resource management.

Image: CSIRO



Weather pictures from space are so common 
today that we can all recognise them: tropical 
cyclones; bands of  clouds sweeping across 
the country. Meteorologists rely on these 
images to make forecasts, and we see them on 
the TV news every night. 

Weather is all about the atmosphere – winds, 
clouds, temperature, pressure and humidity. 
But the soils have a kind of  “weather” too – the 
amount of  moisture they hold. 

Like the weather, soil moisture data must be 
measured from space: Australia is so large, 
it would be impossible to cover even a small 
fraction using aircraft and sensors on the 
ground. Satellites circle the earth at a speed of  
seven kilometres a second. With this capability, 
Australia could measure the moisture in all of  
our 7.6 million square kilometres every week. 
With two satellites, we can monitor especially 
sensitive areas, such as the Murray-Darling 
Basin, every three days. 
 
As a project under the Australian Space 
Research Program, managed by the 
government’s Space Policy Unit, our UNSW-led 
team has designed the same kind of  always-
available, easy-to-understand system for 
measuring water in Australia’s soils as we have 
today for the weather. The result is the Garada 
satellite system.  

A Weather Satellite for the Soil
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With this satellite in operation, the people who 
need to understand soil moisture—natural 
resource managers, farmers, graziers, land use 
planners, dust condition monitors, ecologists, 
geoscientists, meteorologists—will be able to 
read the information just as easily as if  it was a 
satellite picture on TV. 

The satellite will sweep the soil with a radar 
beam, measuring fine details. This radar beam 
will scan a swath three hundred kilometres 
wide to determine: how the moisture has 
changed, how much of  the last rainfall was 
absorbed, how the edges of  wetlands have 
expanded or shrunk, how newly planted ground 
cover has improved moisture retention, where 
thunderstorms might arise, how ground water 
supplies are being recharged, how excavated 
earth piles might slide. 

Interested users will be able to count on getting 
their moisture data on time, as promised. 
The National Broadband Network will have 
the capacity to provide the information to all 
Australian users.

This very capable satellite has a large number 
of  other uses, such as measuring the growth 
of  forests, monitoring damage from bushfires 
and floods, creating high precision elevation 
maps, monitoring erosion, and even detecting 
ships at sea. These applications are available to 
governments and industry internationally, and 
can be used as a revenue stream.



Our Technical Team

This soil moisture monitoring project, officially 
titled the Garada Synthetic Aperture Radar (SAR) 
Formation Flying Spacecraft project, is funded in 
part by the Australian Space Research Program 
(ASRP). It is a collaborative project led by the 
University of New South Wales with five other 
partners, all of  whom are world-class in their 
particular fields, and each providing funding that 
matches the government funding.

UNSW has Australia’s largest engineering faculty 
which leads three ASRP projects and is a partner 
in two others. UNSW hosts Australia’s largest 
group of  satellite navigation researchers and is 
developing a strong team in satellite systems 
and remote sensing. EADS Astrium provide 
specialist satellite systems engineering expertise 
to the consortium, exploiting their heritage and 
experience in SAR spacecraft. BAE Systems 
Australia provides a detailed ground segment 
study and Australian industry capability report.

Curtin University and Delft University of 
Technology bring some of  the world’s best 
expertise in high-precision positioning for 
satellites applied to formation flying algorithms. 
General Dynamics (NZ) has designed a world 
first FPGA-based multi-Global Navigation 
Satellite System receiver. 

The project consortium links Australia’s leading 
satellite navigation researchers with key local 
and international industry partners to build new 
national capabilities in state-of-the-art earth 
observation from space.  These capabilities will 
have regional and global applications measuring 
the moisture in Australia’s soils.



 

Space Attracts our Best and Brightest

Thomas Cooney’s final year research project 
was to design a signal processing board for the 
satellite’s radar antenna. He worked with the 
radar designers at Astrium in the UK to identify all 
requirements, then designed the board. When built, 
the board was successful on the first try. Thomas has 
finished his degree and is working for an Australian 
biotechnology company. 

What were some of the activities you were 
involved in within the project? 

“My job was to design and test an innovative circuit 
board that processes radar signals going in either 
direction (transmitting and receiving) from the 
spacecraft. This new circuit board will ultimately 

allow the radar to produce more images. I had to determine the exact requirements for the 
circuit board and which components were already available without export control issues. I 
then created the circuit schematic and produced a printed circuit board design which was 
manufactured, tested and worked.” 

Would you want to do more work on a space program some day?

“My interest has always been in electronics, and certainly there’s a lot of  electronics in space 
engineering. I’ve received a great electrical engineering education from UNSW, which can be 
applied to many fields. If  in the future there ever is a space program in Australia, I would be 
very interested.”

For this work, Thomas Cooney was awarded the 2012 VSSEC-NASA Australian Space Prize 
and will be attending the NASA Academy at Ames in 2013. 

George Constantinos performed the structural 
analysis for the spacecraft. It had to be strong and 
stiff  enough to survive the shaking and vibration of  
the rocket launch. George used the training he had 
received to perform a complete structural study. 
George is now in an internship with a European 
satellite manufacturer.

What were some of the activities you were 
involved in within the project?

“When you launch a satellite, it’s so violent that 
damage could occur to your spacecraft. My job was 
to ensure that whatever we sent up would meet the 
launch requirements—that the satellite would survive 
the launch. I used a technique called finite element 
analysis. It is a method of  simulating the vibrations 

and shaking of  the launch. You assign material properties to the three-dimensional model in 
a computer. Then you simulate the launch conditions—you vibrate it, you shake it, and apply 
forces.”

What is the dream career accomplishment for you?

“I’d like to see moving around in space done with ease, interplanetary or even interstellar. 
I’d like to help make access to space more routine.  It’s so easy to do intercontinental travel 
today—space travel should be like that. There are so many resources and opportunities we 
could utilize out there.” 8



The Innovation Connection

Australia is a world leader in the operation 
and control of  satellites, and communication 
with them, in their orbits. Australia is also a 
world leader in processing massive amounts 
of  data from space—particularly scientific 
imagery of  Earth. This is exactly the kind of  
data the new Garada system will generate. 

Many other capabilities are present in 
Australia in small companies. They would 
receive a boost through participation in the 
spacecraft development. So in creating the 
system, we build on Australian capabilities, 
and we build up Australian capabilities.

Clearly, the information product will be 
critical for our sensitive environment and 
our farms—some of  Australia’s most 
important resources. We believe that 
embarking on this project will develop yet 
another Australian resource: our high-tech 
workforce. As many other nations have done, 
we can use this project to inspire young 
people to pursue careers in engineering 
and science. At the same time, we will be 
creating new companies and organizations, 
or helping them grow, with new, exciting job 
opportunities in Australia. 

Other economic sectors will also benefit, 
when these trained, motivated and 
experienced Australians spread their 
expertise throughout the economy. This will 
fuel the climate of  innovation so important to 
a bright Australian future.

Our Australian Industry Capabilities Survey 
identified, by name and product line, 
each Australian manufacturer or firm with 
engineering capability that could add value 
to projects such as this one. If  Australia were 
to commit to enhancing this industrial base, 
in a short time the economy would gain a 
space engineering sector. This would have 
a strong market worldwide, and attract our 
brightest engineering graduates.

The important environmental data we will 
produce will be needed by other nations, not 
just Australia. This will deepen our bonds 
with our Asian neighbours. As water is a 
critical resource for Australia, so it certainly 
is for China and India. In an international 
partnership, our neighbours’ resources 
will be protected and enhanced. It also 
represents an opportunity for technology 
cross-fertilisation and exchange. This 
will strengthen Australia during the Asian 
Century, and further opportunities to use the 
growing Australian expertise will emerge.



A Path To the Future

Within a generation or two, the global 
economy will expand into the solar system. 
Nations that develop expertise in space 
systems will  benefit most from this new 
interplanetary activity. Also, if  the right 
approaches are taken, using resources in 
space can protect Earth’s environment as 
well. 

Building a large, capable satellite is an 
expensive undertaking. A significant 
commitment from the national government 
would be required over several years. 
Building this new monitoring system for 
Australia’s resources will also be technically 
challenging. Some of  the technologies we 
will require are beyond anything that can 
be found in Australia today. Our Australian 
Industry Capabilities Survey identified the 
Australian industries that can be called upon 
to contribute their expertise. 

But the importance of  finding moisture in 
Australia is critical to our sustainability, to 
the protection  of  unique habitats, and to 
maintaining our agricultural productivity. 
To address the technical challenges, some 
near-term investments can improve the 
maturity of  the technologies, as well as 
providing competence and experience to 
Australian high-tech businesses. 

We are producing a “risk reduction plan” 
for the Government. This will assist in 
evaluating the commitment required in order 
to provide Australia with these important new 
capabilities.

Where Can I Learn More?

The point of  contact for developing and 
implementing this capability is Professor 
Andrew Dempster, Director of  the Australian 
Centre for Space Engineering Research. His 
email address is a.dempster@unsw.edu.au  

For technical information on the Garada 
satellite design, visit the website at  
www.garada.unsw.edu.au
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“Intuition can only take us so far.  To make truly great decisions about our essential 
water resources, farmers and ecologists, climatologists and policy makers need to 
know where the water is and how its distribution is changing.  The only conceivable 
way to monitor this is from space.”
                                   Alan Finkel, AM, FTSE
                                   Chancellor, Monash University
                                   Founder, Cosmos and G: The Green Lifestyle Magazines
 
“Australia’s critical dependence on a meagre supply of water is evident to all. 
Measurement of water from space is a bold and appropriate step for continued 
economic vitality and environmental stability. Furthermore, investment in space 
systems will establish a high productivity industry for future economic growth, one 
which attracts the brightest and most innovative of our graduates.”
                                   Fred Hilmer, AO
                                   Vice Chancellor, University of New South Wales
                                   Former Chair, National Competition Policy  Review Committee 

“One of greatest challenges for managing rivers and wetlands is understanding the 
patterns of flow and moisture and how they change with natural and human impacts. 
This satellite platform can potentially make a big difference, given we have to work at 
such large landscape scales.”
                                   Richard Kingsford, PhD
                                   Professor of Environmental Science, UNSW
                                   Director, Australian Wetlands & Rivers Centre

A Project of the Australian Space Research Program
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Abbreviation Expansion 

ACSER Australian  Centre for Space Engineering Research 

AITC Advanced  Instrumentation Technology Centre 

ANU Australian  National University 

AOCS Altitude  Orbit Control System 

ASRP Australian  Space Research Program 

AWAP Australian Water Availability Project 

C&DH Command and Data Handling 

CONOPS Operational  Concept Document  

COTS Commercial  Off The Shelf 

CS Communications  System 

CSC China  Scholarship Council 

CSIRO Commonwealth Scientific and Industrial Research Organisation 

DIA Detection-Identification-Adaptation 

DSTO Defence  Science and Technology Organisation 

EERMUFFS 
Earth  Environment Remote Monitoring Using Formation Flying 
SAR 

EIRP Effective  Isotropic Radiated Power 

ENAC École Nationale de l'Aviation Civile 

EO Earth  Observation 

EOL End Of  Life 

ESA European  Space Agency 

FPS Functional  Performance Specification 

GLONASS 
Global  Navigation Satellite System (Operated by Russian 
Aerospace Defence Forces) 

GNSS Global  Navigation Satellite System 

GNSS-R Global  Navigation Satellite System Reflectometry  
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GPS Global  Positioning System 

GSS Ground  Station System 

HBDL High Bandwidth Downlink 

ICD Interface  Control Document 

IF Intermediate  Frequency 

IFP Image  Formation Processor 

LEOP Launch  and Early Operation Phase 

MCS Mission  Control System 

MDB Murray  Darling Basin 

MLI Multi  Looked Intensity 

MMDPS Mission  Management and Data Processing System 

Namuru 
Navigational Apparatus Made at UNSW for Reconfiguration by 
Users 

NASA National Aeronautics and Space Administration 

NBN National Broadband Network 

NEOS-IP National  Earth Observation from Space Infrastructure Plan  

NICTA National ICT Australia 

NZ New  Zealand 

R&D Research  and Development 

REDD Reducing  Emissions from Deforestation and Forest Degradation 

RF Radio  Frequency 

ROM Rough  Order of Magnitude 

SAR Synthetic  Aperture Radar 

SLC Single  Look Complex 

SS Support  System 

SSH Sea  Surface Height 
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SSO Sun-Synchronous  Orbit 

SSTL Surrey Satellite Technology Ltd 

STK Satellite  Tool Kit 

T&C Telemetry  and Command 

TRL Technology  Readiness Level 

UAG User  Advisory Group 

UAV Unmanned  Aerial Vehicle 

UK United  Kingdom 

UNSW University  of New South Wales 

WP Work  Package 

 

 


	REVISION HISTORY
	CONTACT DETAILS
	PREFACE
	EXECUTIVE SUMMARY
	TABLE OF CONTENTS
	1. INTRODUCTION
	2. THE GARADA TEAM
	3. PROJECT TECHNICAL OVERVIEWS
	3.1. Mission concept and requirements
	3.2. Radar concept
	3.3. Radar system specification
	3.4. Bistatic radar and GNSS reflectometry
	3.5. Developing a satellite navigation receiver for the space mission
	3.6. Formation flying algorithms for multi-satellite missions
	3.7. Orbit modelling and analysis, mission planning
	3.8. Orbit control
	3.9. Industrialization analysis
	3.10. Ground segment Definition
	3.11. Data processing for soil moisture measurements
	3.12. Systems engineering

	4. OPERATIONAL SCENARIO: A DAY IN THE LIFE OF GARADA
	5. OTHER ACHIEVEMENTS OF THE GARADA PROGRAM
	6. MOVING FORWARD: TECHNOLOGY MATURITY, OPPORTUNITIES AND RISK REDUCTION
	7. CONCLUSIONS
	8. REFERENCES
	9. ANNEXES: DETAILED TECHNICAL WORK PACKAGE REPORTS
	Annex 1. Mission Concept and Requirements
	1. Table of Contents
	2.  Evolution of Supported Applications
	3.  Mission Concept
	3.1.  Summary
	3.2.  L-Band
	3.3.  Quad-polarisation
	3.4.  Spatial resolution of 7-10 m stripmap, 60-100 m ScanSAR
	3.5.  Incidence angle range of 8 -40  for soil moisture, 8 -50  supported
	3.6.  SAR antenna size 15.5m x 3.9m, “Snapdragon” spacecraft design and Falcon 9 launch (Delta IV-M backup)
	3.7.  Two spacecraft half an orbit out of phase at 630 km altitude, 6 day repeat SSO with 6 am LTAN, left and right looking SAR
	3.8.  Circuit based microchip amplifiers for radar signal amplification

	4. Requirements
	5. References

	Annex 2. Radar Concept
	 Acknowledgements 
	Executive Summary
	Introduction
	Evolution of the Work Package
	SAR Hardware Solution
	Hardware RF Front End Design
	SAR Software Solution
	Conclusion

	Annex 3. Radar System Specification
	SAR Payload Specification
	SAR Payload Preliminary Thermal Analysis

	Annex 4. Bistatic Sensor Experiment
	1. Table of Contents
	4.1 First Airborne Experiment and Sea Surface Height Estimation
	4.1.1 Sea Surface Height Calculation
	4.1.2 Relative Delay Estimation Methods
	4.1.3 Proposed SSH Estimation Methods
	Power-Ratio Concept
	Proposed SSH Estimation Method
	Algorithm Complexity Reduction
	Calibration

	4.1.4 Airborne Experiment
	4.1.5 Data Processing and Delay Waveform Generation
	4.1.6 Lidar Data and GNSS Signal Relative Delay Estimation Error Statistics
	Mean Sea Level and Wave Statistics
	Peak Power Based Relative Delay Measurements and Error Statistics

	4.1.7 SSH Estimation Results
	Measured Power Ratio Statistics
	Joint Power-Ratio and SSH Estimation

	4.1.8 Concluding Remarks
	4.2 Second Airborne Experiment and Sea Surface Wind Speed Estimation
	4.2.1 Modelling and Theoretical Waveforms
	Sea Wave Spectrum
	Sea Surface Scattering
	Reflected Signal Power

	4.2.2 Second Low-Altitude Airborne Experiment
	4.2.3 Data Processing
	Problem with the Software Receiver
	Delay Waveform and Delay-Doppler Waveform

	4.2.4 Near Sea Surface Wind Speed Retrieval
	4.2.5 Summary
	4.3 Third Airborne Experiment and Forest Abnormal Condition Detection
	4.3.1 Third Low-Altitude Airborne Experiment
	4.3.2  Data Processing and Preliminary Results
	Received Signal Power

	4.3.3 Summary
	4.4 Fourth Airborne Experiment for Soil Moisture Estimation
	4.4.1 Overview of GNSS-Based Soil Moisture Estimation
	4.4.2 Airborne Experiment Design
	SMAP and SMAPEx
	Experimental Site Selection

	4.4.3 Airborne Experiment
	4.4.4 Initial Data Processing Results
	4.4.5 Summary
	4.5. Initial Design of GNSS Bistatic Receiver
	4.5.1 Brief Description of the Hardware Receiver
	4.5.2 Signal Processor
	Architecture of Signal Processor
	Principle of the Signal Processor
	Signal Processing Flow Chart
	Selection of DDM Parameters
	Issues Related to Front-ends

	4.5.3 Summary
	References

	Annex 5. Developing a Satellite Navigation Receiver for the Space Mission
	TABLE OF CONTENTS
	TABLE OF CONTENTS (DETAILED)
	1 Executive Summary
	2 Introduction and GNSS Receiver Overview
	3 Design and Development Methodology
	4 Test methodology
	4.1 Development of the Test tools
	4.2 Test Equipment
	4.2.1 Hardware requirement
	4.2.2 Software requirement
	4.2.3 TestScripts’ Input file requirement:

	4.3 Test cases for functional test
	4.3.1 Test cases
	4.3.2 Folder structure of test cases
	4.3.3 Hardware Setup for case 1 to case 4:
	4.3.4 Hardware Setup for case 5: Relative PPS test between two Namuru boards

	4.4 Test procedure: CASE_1
	4.4.1 Introduction
	4.4.2 Base spacecraft test
	4.4.3 Rover spacecraft test

	4.5 Test procedure: CASE_2
	4.5.1 Introduction
	4.5.2 Base spacecraft test
	4.5.3 Rover spacecraft test

	4.6 Test procedure: CASE_3
	4.6.1 Introduction
	4.6.2 Test setup

	4.7 Test procedure: CASE_4
	4.7.1 Introduction
	4.7.2 Stationary test

	4.8 Position Computation
	4.8.1 Absolute Position
	4.8.1.1 Test procedure for CASE_1
	4.8.1.2 Test procedure for CASE_2
	4.8.1.3 Test procedure for CASE_3
	4.8.1.4 Test procedure for CASE_4
	4.8.2 Absolute position acceptance
	4.8.3 Relative position for Namuru V2.4 and V3.2
	1.1
	4.8.3.1 Test procedure for CASE_1
	4.8.3.2 Test procedure for CASE_2
	4.8.3.3 Test procedure for CASE_3
	4.8.4 Relative position acceptance

	4.9 Relative position for Namuru V3.3
	4.9.1 Test procedure for CASE_1
	4.9.2 Test procedure for CASE_2
	4.9.3 Test procedure for CASE_3
	4.9.4 Relative position acceptance

	4.10 Test procedure: CASE_5 Relative PPS test
	4.10.1 Test procedure
	4.10.2 Acceptance Test data

	4.11 PPS test between Namuru and truth for Case 1 and Case 2
	4.11.1 Acceptance Test data

	4.12 Test methodology for identifying receiver’s performance
	4.12.1 Test Equipment
	4.12.1.1 Hardware requirement
	4.12.1.2 Software requirement
	4.12.1.3 TestScripts’ Input file requirement:
	4.12.1.4 Test case for performance test
	4.12.1.5 Test cases
	4.12.1.6 Hardware Setup for all cases:

	4.13 Test procedure: Cold start test
	4.13.1 Introduction
	4.13.2 Test procedure
	4.13.3 TTFF identification

	4.14 Test procedure: Warm start test
	4.14.1 Introduction
	4.14.2 Test procedure
	4.14.3 TTFF identification

	4.15 Test procedure: Hot start test
	4.15.1 Introduction
	4.15.2 Test procedure
	4.15.3 TTFF identification

	4.16 Cold start TTL
	4.17 Warm start TTL
	4.18 Hot start TTL
	4.19 Acquisition Sensitivity
	4.20 Tracking Sensitivity

	5 Prototype Receiver Hardware Designs
	a. Namuru V3.2 hardware
	b. Namuru V3.1 hardware
	c. Namuru V3.3 and V3.4 Hardware
	d. Lego receiver setup

	6 Space-certifiable receiver hardware design strategies used
	6.1 Oscillator
	6.2 Power supplies
	6.3 Latch-up protection and recovery
	6.4 Construction
	6.5 Shielding

	7 FPGA-based Multi-GNSS Baseband Logic Design
	7.1 Baseband module overview
	7.2 Baseband and processor interface
	7.3 Garada baseband signal processor features and Summary

	8 Multi-GNSS signal processing and the development of  Matlab based Receiver
	8.1  Development considerations
	8.1.1 PRN code generation
	8.1.2 Integration time
	8.1.3 Message decoding
	8.1.4 System time differences

	8.2 PERFORMANCE ILLUSTRATIONS
	8.2.1 The GUI
	8.2.2 Acquisition module
	8.2.3 Tracking module
	8.2.4 Positioning module
	8.2.5 Inference
	8.2.6 Real Galileo in Orbit Signal Processing

	8.3 GNSS Data Processing and Measurements Output in RINEX 3.0 Format
	8.3.1 Software Receiver Components
	8.3.2 Test setup

	8.4 Results
	8.4.1 Parallel processing
	8.4.2 Acquisition
	8.4.3 Tracking - Rinex 3.0 output
	8.4.4 Position test

	8.5 Concluding remarks

	9 Firmware development and debugging
	9.1 Galileo E1 Firmware Architecture Overview
	9.2 Software Version Control
	9.3 Galileo Firmware-Baseband Interface
	9.4 Galileo Signal Processing Module
	9.5 Galileo E1-C Secondary Code Tracking
	9.6 Galileo Measurement Processing Module
	9.6.1 Pseudorange Measurement
	9.6.2 Carrier Phase Measurement

	9.7 Satellite selection
	9.8 Satellite Visibility Prediction for Galileo Channels
	9.8.1 Expanding the memory database for the Galileo satellite set selection

	9.9 Satellite Visibility Prediction Results for GPS and Galileo Channels
	9.10 EPH and ALM data base update
	9.11 Integrated Position Calculation
	9.12 Report update- through UART PC interface
	9.13 Debugging Methodologies
	9.13.1 USB Interface for Firmware Debugging

	9.14 MATLAB Scripts for Pseudorange and Carrier Phase Analysis
	9.14.1 RtkLib for Carrier Phase Analysis


	10 Test Result
	10.1.1 Namuru V3.2 GPS space-borne receiver Experiment Result
	10.1.1.1 CASE 1: Error-free position testing along with PPS test
	10.1.1.1.1 Absolute positions:
	10.1.1.1.2 Carrier phase position
	10.1.1.1.3 PPS test


	10.1.2 Receiver Performance
	10.1.2.1 Cold start TTFF
	10.1.2.2 Warm start TTFF
	10.1.2.3 Hot start TTFF
	10.1.2.4 Cold start TTL
	10.1.2.5 Warm start TTL
	10.1.2.6 Hot start TTL
	10.1.2.7 Acquisition Sensitivity
	10.1.2.8 Tracking Sensitivity

	10.1.3 Namuru V2.4 dual-GNSS space-borne receiver Experiment Result
	10.1.3.1 CASE 1: Error-free position testing along with PPS test
	10.1.3.1.1 Absolute position
	10.1.3.1.2 Carrier phase positioning


	10.1.4 Namuru V3.3 dual-GNSS space-borne receiver’s experiment result
	10.1.4.1 CASE 1: Error-free position testing along with PPS test
	10.1.4.1.1
	10.1.4.1.2 Absolute position
	10.1.4.1.3 Carrier phase positioning



	11 GNSS receiver operation and Environmental testing at DLR
	11.1 Outline
	11.2 Operational Issues
	11.3 Flight model tests
	11.3.1 Visual inspection
	11.3.2 Functional test
	11.3.3 Vibration test
	11.3.4 Functional re-test
	11.3.5 Thermal vacuum test
	11.3.6 Functional re-test
	11.3.7 EMC test
	11.3.8 Functional re-test
	11.3.9 Radiation test
	11.3.10 Functional re-test
	11.3.11 Hardware-in-the-loop test

	11.4 Our tests
	11.5 Concluding remarks

	12 Namuru Receiver Command and Reports
	12.1 Serial Port Communications
	12.2 Reports
	12.3 NMEA Standard
	12.4 Description of the commands
	12.4.1 AAM Command and Report
	12.4.2 ACK Report
	12.4.3  ALM Command and Report
	12.4.4 ALM Command and Report for GNSS
	12.4.5 CFG Command and Report
	12.4.6  CHN Report
	12.4.7  CHN Report for GNSS
	12.4.8 CLN Command
	12.4.9  DBG Report
	12.4.10 ECI Command and Report
	12.4.11 EUD/EPL Command and Report
	12.4.12 EUD Command and Report for GNSS
	12.4.13 FWV Report
	12.4.14  GPQ Command
	12.4.15  GGA Command and Report
	12.4.16  GRS and RRR Reports
	12.4.17  GSA Report
	12.4.18  GSA Report for Galileo only
	12.4.19 GSV Report
	12.4.20  ION Command and Report
	12.4.21  NAV Report
	12.4.22  OBS Report
	12.4.23 OBS Report for GNSS
	12.4.24  PPS Report
	12.4.25  RTC Report
	12.4.26  SEL Command and Report
	12.4.27 SPT Command and Report
	12.4.28  STK Report
	12.4.29  TCO Command and Report
	12.4.30  TIM Command and Report
	12.4.31  TLE Commands and Reports
	12.4.32  UTC Command and Report
	1.1.1 Fields
	12.4.33  VTG Report
	12.4.34  XYZ Report
	12.4.35 ZDA Command and Report
	12.4.36  UALM Command and Report
	12.4.37 UEUD Command and Report


	13 Field Upgrade of the Namuru Receiver Firmware and Logic
	13.1 Bootloader Requirements
	13.2 Bootloader Operation
	13.2.1 BOOT Command
	13.2.2 CNFG Command and Report
	13.2.3 COPY Command
	13.2.4 CRCI Command
	13.2.5 CRCP Command
	13.2.6 EXEC Command
	13.2.7 FPGA Command
	13.2.8  PROG Command
	13.2.9 READ Command
	13.2.10 TEST Command
	13.2.11 Reprogramming the A3 FPGA

	13.3 Reprogramming the GPS Firmware

	14 Conclusion and Future Work
	15 References

	Annex 6. Formation Flying Algorithms for Multi-Satellite Missions
	I Introduction
	1 Work package overview

	II Functional Model
	1 Introduction
	2 Formation flying missions
	2.1 ETS-7
	2.2 GRACE
	2.3 PRISMA
	2.4 TR-X/TD-X

	3 GNSS Observations
	3.1 Observation equations
	3.2 Phase Wind-up Effect

	4 Range rate and Doppler shift
	4.1 Doppler observations
	4.1.1 Byproduct of tracking loop
	4.1.2 Differencing of carrier phase observations

	4.2 Modeling of the derivative of the topocentric distance with respect to time

	5 Functional Model
	5.1 Undifferenced equations
	5.2 Single difference equations
	5.3 Double difference equations
	5.4 Functional model for one receiver with multi-antennas

	6 Atmospheric model
	6.1 Ionospheric model
	6.1.1 Background
	6.1.2 Ionosphere-fixed Model (=0)
	6.1.3 Ionosphere-float Model (=)
	6.1.4 Ionosphere-weighted Model (0<<)

	6.2 Redundancy of the ionosphere float and fixed models
	6.2.1 Ionosphere-fixed model
	6.2.2 Ionosphere float model


	7 Summary

	III Stochastic Model
	1 Introduction
	2 GNSS signals
	3 Stochastic model
	3.1 Space GNSS Receivers and their Typical Noise Values: Literature Study
	3.2 Analysis of Thermal noise on Space GNSS Receivers

	4 Evaluating the noise characteristics
	4.1 Method 1: Analysis of Least-squares Residuals of Geometry-based model
	4.1.1 Least-squares residuals
	4.1.2 Residual Statistics
	4.1.3 Time correlation of residuals

	4.2 Method 2: Least-Squares Variance Component Estimation
	4.2.1 Single GPS frequency, code and carrier phase observation

	4.3 Method 3: Geometry Free Analysis
	4.4 Discussion

	5 Preliminary analysis of Namuru data
	5.1 Data format
	5.2 Absolute positioning
	5.3 Results of Method 3 for Namuru data
	5.4 Discussion


	IV Algorithm development
	1 Introduction
	2 Relative positioning
	2.1 Linearization errors
	2.2 Functional model
	2.3 Relative positioning
	2.3.1 Standard Model using Code and Carrier Observations
	2.3.2 Model using Code, Carrier and Doppler Observations

	2.4 Doppler Observations
	2.5 Proposed approaches for relative positioning

	3 GNSS-Based Attitude Determination
	3.1 GNSS Attitude Model
	3.1.1 Float solutions:
	3.1.2 Ambiguity resolution:
	3.1.3 Fixed solution:

	3.2 Hardware-in-the-loop Experiment for Namuru receivers

	4 Attitude bootstrapped relative positioning
	4.1 Theory
	4.2 Setup of Field Experiment
	4.3 Results from field experiment

	5 Kalman filter versus other recursive approaches
	5.1 Bayesian Filter
	5.2 Introduction of the (Extended) Kalman filter
	5.2.1 Kalman filter
	5.2.2 Extended Kalman filter

	5.3 Other estimation techniques
	5.3.1 Unscented Kalman Filter (UKF)
	5.3.2 Particle Filter (PF)
	5.3.3 Gaussian Mixture Filter
	5.3.4 Recursive and Batch Least Squares

	5.4 Trade-off

	6 Batch filter
	6.1 Single (Unconstrained) Baseline
	6.2 Multibaseline model
	6.2.1 Unconstrained model
	6.2.2 Constrained model


	7 Data Quality Control
	7.1 Detection
	7.2 Identification
	7.3 Adaptation

	8 Multi-frequency, multi-constellation aspects
	8.1 GPS/Galileo Observations
	8.2 Single differencing
	8.3 System-specific double-differencing
	8.4 Inter-system double-differencing
	8.4.1 Unknown ISB
	8.4.2 Known ISB



	V Analysis impact of configuration design
	1 Introduction
	2 Mission Design
	3 Antenna Configuration Design
	3.1 GNSS-Based Attitude Determination
	3.1.1 Float solutions:
	3.1.2 Ambiguity resolution:
	3.1.3 Fixed solution:

	3.2 Baseline Geometry
	3.2.1 Ambiguity Resolution
	3.2.2 Attitude Determination
	3.2.3 Examples


	4 Hardware in the loop simulation setup
	4.1 Scenario
	4.2 Reference data
	4.2.1 Ambiguities
	4.2.2 Position
	4.2.3 Attitude

	4.3 Some feedback on the GPS data collected with the Namuru receiver
	4.3.1 Navigation files
	4.3.2 Erroneous pseudorange
	4.3.3 Cycle slips
	4.3.4 GPS Satellite Selection


	5 Attitude Determination
	5.1 Attitude Results
	5.2 Recursive Filtering

	6 Absolute positioning
	7 Relative positioning
	7.1 Kinematic result
	7.2 Attitude bootstrapped kinematic result

	8 Discussion
	8.1 Noise dependency
	8.2 Baseline length dependency
	8.3 Mask angle dependency
	8.4 Orbit dependency
	8.5 GNSS receiver clock error


	VI Experimental Analysis
	1 Introduction
	2 Namuru Data Analysis
	2.1 Attitude Determination Using MC-LAMBDA
	2.2 Relative Positioning Using Attitude Bootstrapping

	3 Quality Control Using Detection, Identification, and Adaptation (DIA) Procedure
	3.1 Implementation Aspects of Recursive Filtering and DIA procedure
	3.2 Testing with Simulated Outliers

	4 Static Analysis Using Multi-GNSS Data
	4.1 GPS/Galileo Hardware-in-the-Loop Experiment
	4.2 GPS/Galileo/COMPASS Real Data Campaign

	5 Conclusion


	Annex 7. Orbit Modelling and Analysis, Simulated Mission Planning
	1. EXECUTIVE SUMMARY
	2. INTRODUCTION
	3. MISSION APPLICATION REQUIREMENTS
	3.1. Soil Moisture Monitoring of Murray Darling Basin (MDB)
	3.2. Power System Requirements
	3.3. Orbit Lifetime

	4. ORBIT SELECTION FOR GARADA
	4.1. Orbit Definition
	4.2. Orbit Type
	4.2.1. Sun-Synchronous Orbits
	4.2.2. Circular and Frozen Orbit
	4.2.3. Repeating Ground Track Orbit

	4.3. Classical and Perturbed Orbit
	4.4. Eccentricity, Perigee Location, Inclination and LTAN Selection
	4.4.1. Eccentricity
	4.4.2. Perigee Location
	4.4.3. Inclination
	4.4.4. Equator Crossing Time

	4.5. Orbit Altitude
	4.5.1. Swath and SSO Repeating Cycle
	4.5.2. Instrument Requirements and Orbit Selection

	4.6. Proposed Orbit Summary

	5. ORBIT FORCE ANALYSIS
	5.1. Garada Orbit
	5.2. High Precision Orbit Propagator
	5.3. The Standard HPOP Settings
	5.4. Central Body Gravity
	5.4.1. Gravity Models
	5.4.2. Maximum Degrees and Orders
	5.4.3. Solid Tide
	5.4.4. Ocean Tide

	5.5. Atmospheric Drag
	5.5.1. Atmospheric Density Models
	5.5.2. SolarFlux/GeoMag

	5.6. Third Body Gravity
	5.7. Solar Radiation Pressure
	5.8. Propagator Integrator
	5.9.  Orbit Force Analysis Summary

	6. LAUNCH VEHICLE SELECTION
	6.1. Launch Vehicle Selection Criteria
	6.1.1. Reliability of Launchers
	6.1.2. Performance and Suitability of Launchers
	6.1.3. Launcher Price
	6.1.4. Availability and Schedule
	6.1.5. Technology Transfer Safeguards
	6.1.6. User Relations and Partnerships
	6.1.7. Terms and Conditions

	6.2. Satellite Launch System
	6.2.1. Space Rocket Launch Sites
	6.2.2. Space Rocket Launch Vehicle
	6.2.3. Falcon-9 Performance

	6.3. Backup Launch Vehicles

	7. ANALYSIS TOOLS
	8. APPENDIX
	8.1. List of Launch Vehicles
	8.2. Small Satellite Orbit Lifetime Analysis
	8.2.1. Method for Lifetime Prediction
	8.2.2. Sensitivity of Lifetime to Design Parameters


	9. References

	Annex 8. Orbit Control Analysis
	1 Table of Contents
	2 Executive Summary
	3 Introduction
	3.1 Purpose & Scope

	4 Applicable and Reference Documents
	5 Abbreviations
	6 Drivers
	6.1 Key Design Considerations
	6.2 Disturbance Environment
	6.2.1 Atmospheric Drag
	6.2.2 Solar Radiation Pressure
	6.2.3 Gravity Gradient
	6.2.4 Magnetic
	6.2.5 Disturbance Summary


	7 Trade-Offs
	7.1 Acquisition strategy
	7.2 Safe Mode Strategy
	7.3 Normal Mode Sensors
	7.4 Normal Mode Actuators
	7.5 Star Tracker Configuration
	7.6 Baseline

	8 Design
	8.1 Star Tracker Configuration
	8.2 Reaction Wheel Configuration
	8.3 Sun Sensor Configuration
	8.4 Mode Architecture
	8.4.1 Initial Acquisition and Safe Mode
	8.4.2 Normal Mode
	8.4.3 Orbit Control Mode

	8.5 Hardware Architecture
	8.5.1 Star Tracker
	8.5.2 GPS
	8.5.3 Sun Sensor
	8.5.4 Reaction Wheels
	8.5.5 Magnetometer
	8.5.6 Magnetorquers

	8.6 Normal Mode
	8.6.1 Controller Design
	8.6.2 RW Momentum Management

	8.7 Acquisition and Safe Modes
	8.8 FDIR

	9 Performance Assessment
	9.1 Normal Mode
	9.2 Initial Acquisition

	10 Conclusion

	Annex 9. Industrialization Analysis
	Annex 10. Ground Segment Definition
	Annex 11. Detailed Requirements Analysis of the Garada Mission
	1. Preface
	Objective System Requirements Baseline
	3. Introduction
	4. Background
	5. Applicable Documents
	6. Objective System Requirements Baseline
	6.1. Requirements structure
	6.2. Level 1 Requirements
	6.3. Level 2 Technical Requirements
	6.4. Level 2 Policy Requirements
	6.5. Level 3 Requirements
	6.5.1. Level 3 Space Segment requirements (3.1.x)
	6.5.2. Level 3 Ground Segment requirements (3.2.x)
	6.5.3. Soil Moisture Data Processing requirements

	6.6. Level 4 and 5 Requirements
	6.6.1. Level 5 SAR Sensor Requirements (4.1.x)
	6.6.2. Ground segment Level 4+ requirements


	7. Future development of system requirements baseline
	System Level Functional Performance Specification
	Space Segment Functional Performance Specification
	Ground Segment Functional Performance Specification

	Annex 12. Basis Of An Australian Radar Soil Moisture Algorithm Theoretical Baseline Document
	REPORT BACKGROUND AND SUMMARY
	PREFACE
	EXECUTIVE SUMMARY
	1. INTRODUCTION
	1.1. Overview
	1.2. Importance of Soil Moisture
	1.3. Soil Moisture Measurement Approaches
	1.4. Soil Moisture Applications and their Requirements
	1.5. Basis of Soil Moisture Measurement Using Radar
	1.6. Review of Radar Requirements for Soil Moisture Measurement

	2. REVIEW OF SATELLITE SOIL MOISTURE MISSIONS
	2.1. Overview
	2.2. Sentinel
	2.3. SMAP
	2.4. SAOCOM

	3. APPROACHES TO RADAR SOIL MOISTURE RETRIEVAL USING SNAP‐SHOT ALGORITHMS
	3.1. Overview
	3.2. Bare Surfaces using Numerical Surface Backscatter Models
	3.3. Bare Surfaces using Theoretical Surface Backscatter Models
	3.4. Bare Surfaces using Empirical Scattering Models
	3.5. Bare Surfaces using Semi‐Empirical Scattering Models
	3.6. Vegetated Surfaces
	3.7. PolSAR and PolInSAR Observations

	4. APPROACHES TO RADAR SOIL MOISTURE RETRIEVAL USING TEMPORAL ALGORITHMS
	4.1. Change Detection Approaches
	4.2. Time‐series Approaches
	4.3. Principal Components Analysis
	4.4. Interferometric Techniques

	5. SUMMARY OF APPROACHES TO RADAR SOIL MOISTURE RETRIEVAL
	5.1. Statistical Methods
	5.2. Model Inversion Methods
	5.3. Data Cube Methods
	5.4. Polarimetric Methods
	5.5. Interferometric Methods
	5.6. Change Detection Methods
	5.7. Time Series Methods

	6. CURRENT METHODS PROPOSED FOR RADAR SOIL MOISTURE RETRIEVAL
	6.1. SMAP Radar Soil Moisture Retrieval Algorithms
	6.2. Sentinel‐1 Soil Wetness Retrieval Algorithms
	6.3. SAOCOM Soil Moisture Retrieval Algorithms

	7. RADAR SOIL MOISTURE RETRIEVAL ALGORITHM RECOMMENDATION
	7.1. Overview
	7.2. General Observations
	7.3. Algorithm Recommendations

	8. SYSTEM SPECIFICATIONS
	8.1. Overview
	8.2. SAR System Design Considerations
	8.3. Summary

	9. ACCURACY AND FURTHER CONSIDERATIONS
	9.1. Accuracy Assessment
	9.2. Risks and Special Cases for Soil Moisture Retrieval
	9.3. Ancillary Data Requirements
	9.4. The Way Forward: R&D Requirements

	10. CALIBRATION AND VALIDATION
	10.1. Overview
	10.3. Pre‐launch Algorithm Validation
	10.4 Post-Launch Satellite Calibration
	10.5. Post‐launch Algorithm Validation
	10.6. Validation of Derived Products

	11. CONCLUDING SUMMARY
	REFERENCES
	APPENDIX A. SOME SIGNIFICANT MODEL PARAMETERS
	APPENDIX B. ACRONYMS

	Annex 13. Garada Project Publications, Presentations and Publicity
	1. Table of Contents
	2.  Book Chapters
	3. Refereed Journals Articles
	4. Refereed Conference Papers
	5. Abstract-Refereed Conference Papers
	6. Non-Refereed Conference Papers
	7. Non-Refereed Magazine Articles
	8. Opinion Pieces
	9. Invited Lectures
	10. Presentations
	11. Workshops
	12. Media Articles

	Annex 14. Interviews with Potential Soil Moisture Data Users
	2. Preface
	3. Data system manager, Bureau of Meteorology
	4.  Principal Irrigation Designer, Adelaide, SA
	5. Senior environmental scientist, state government
	6. Senior environmental scientist, Australian Government
	7. Soil scientist, state government

	Annex 15. Finding Australia’s Invisible Resource
	Annex 16. List of Acronyms




