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ABSTRACT 

The work included herein aims to detail the design, development and test of a communications pay-

load to be flown on the ESA ESEO mission. It achieves this through first researching into the standard 

ESA approach to software development for high reliability systems, drawing many quality and reli-

ability metrics from this. A finding from this research was that not all ESA methodologies could be 

used due to budget and resource constraints - leading to further exploration into mitigation techniques 

that could be used to obtain this reliability without the associated overhead. The main finding from 

this research being that test driven development is a potential candidate and will be trialled. 

Further research into ways of meeting ESA requirements was then performed with FreeRTOS and 

Percepio Tracalyser offering the tools and methods required for conformance. 

The main body of this report then goes on to look at the way in which the payload software system 

can be implemented using FreeRTOS to allow for CANopen and radio-frequency communications 

in compliance with the quality findings from the literature reviewed. A detailed look at the digital 

filtering performed on the radio-frequency output is then provided, with an emphasis being placed 

on ensuring algorithm optimisation. 

A section is presented on methodologies used to ensure that the system architecture could cope with 

the space environment, detailing features such as automatic temperature shut down, triple modular 

redundancy of critical data and also a watchdog strategy. 

The final part of this work is dedicated to proving that this design is capable of being used as a part 

of the overall satellite, ensuring it can cope with temperatures as well as on-board communications 

data rates. The ultimate finding being that the system performs well and will be capable of performing 

its mission. 
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1 INTRODUCTION 

1.1 Background and Context 

This is an industry linked project working with the European Space Agency (ESA) and the UK as-

sociation for Amateur Satellites (AMSAT-UK). Together these organisations are developing flight 

hardware and software for the European Student Earth Orbiter (ESEO) satellite. ESEO is a micro-

satellite mission to Low Earth Orbit (LEO); it will carry university developed payloads, the intention 

being giving students the exposure of working on an actual satellite. 

The deliverable of this project is a payload that will be flown on ESEO, referred to from here onwards 

as the AMSAT payload. The purpose of this payload is three-fold, the primary mission being the 

collection and transmission of telemetry and transponder data for collection by radio amateurs world-

wide. AMSAT is heavily involved with educational outreach, therefore the second aim of this mission 

is to enable students of all ages to receive personalised messages over radio frequency transmissions, 

thereby aiming to increase student interest is STEM subjects – these messages have been coined by 

AMSAT as ‘fitter messages’. The final mission objective is a redundant downlink for other scientific 

payload data from the satellite. All of these objectives are to be achieved through an L-Band channel 

with an adaptive data rate. 

ESEO is comprised of seven other payloads and a primary onboard computer (OBC), in order that 

the OBC may use this payload to downlink data, it is necessary for the project to develop a robust 

communications system between this payload and the rest of the satellite. ESA have specified that 

the required communications protocol is CANopen, with an additional application layer protocol 

operating above this. 

The ESEO project has been in development for several academic years and therefore multiple stu-

dents have contributed to progress the project to this point. For reasons discussed later, all software 

developed up to this point was discarded and only the hardware developed to date was used. All 

software developed during this project and described herein has been developed by the author of this 

report unless it is explicitly stated otherwise. Hardware development was beyond the scope of this 

MSc project. 
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1.2 Scope and Objectives 

The aim of this project was set forth through discussions between Surrey Space Centre, AMSAT UK 

and ESA regarding what is required from the payload: 

Delivery of a reliable and robust communications payload, capable of communications between 

a ground-station and the main ESEO OBC. 

In order to fulfil the aim of this project the objectives that must be completed are: 

1. Research into, and following of best software development practice for high reliability 

systems. 

2. Design a new software architecture targeting the ESEO mission. 

a. Including ADC and DAC handling for real-time RF communications. 

b. Including CAN bus communications for on-board data handling. 

3. Implementation of design according to new software architecture. 

a. CANopen Protocol in strict compliance with the specification laid forth by ESA 

b. On-board telemetry functionality to ensure system performance. 

c. Adaptive baud-rate RF communications.  

d. Radiation hardening features to ensure system integrity.  

4. Test and verify the above features in accordance with ESAs quality review processes. 

1.3 Achievements 

The primary achievement of this project is the successful design, development and test of a satellite 

payload that has been proven to be reliable enough to fly on an ESA satellite. 

Over the course of the development many individual achievements have contributed to this success, 

such as completion of uplink and downlink communications channels, and also development of a 

CANopen protocol stack. 

In addition to the required features of the project, development has also been pushed further with the 

opportunity being taken to trial a new innovative method of single event upset protection. 

 

  

http://www.cs.stir.ac.uk/~kjt/research/conformed.html


Peter J Bartram, ESEO Satellite Communications Payload 

- 18 - 

2 LITERATURE REVIEW 

2.1 Introduction 

“Developing and maintaining software in a disciplined way is a key to the success of any space 

mission. Failure to do this can result in expensive delays, and in the worst case in catastrophic fail-

ure. Following proper software standards is one of the ways of keeping software development under 

control and ensuring adequate quality.” – ECSS [1] 

Before a review of traditional literature is given in this report, a review of the project progress to date 

and the associated hardware and software developed is provided. The main literature review then 

begins by looking at the standards involved in delivering space qualified payloads in industry, spe-

cifically looking at the standards used throughout the European Space Agency. 

It then goes on to look at other approaches used across the general software industry and how they 

could be combined with the ESA methodology to produce the best possible approach for maximising 

quality. Real-time operating systems are then discussed along with the CANopen protocol. Finally, 

consideration is given to AMSAT tools and techniques used previously on comparable missions. 

2.2 ESEO Project Progress Review 

The ESEO project has been in development for several academic years and therefore multiple stu-

dents have contributed to progress the project to this point. This section of the report will perform a 

critical review of what has been done so far, this is necessary such that it can be combined with the 

findings of the literature review so as to best steer the project. This review will first look at the 

hardware aspects of the project before looking at the software that has been developed. 

There are three PCBs that make up the AMSAT payload. It can be seen in Figure 1 that one was 

developed at the University of Surrey and the other two were developed by AMSAT.  

This review will only examine the hardware that was de-

veloped at the University of Surrey. This PCB can be 

seen to have two distinct sections of functionality, the 

first is that of the ESEO power system which is respon-

sible for delivering the required power at the required 

voltage levels for all of the on board systems. 

The second section of functionality is that of Compu-

ting, Control and Telemetry. This section contains the 

core functionality of the project and is also responsible for telemetry collection, CANopen commu-

nications and also RF baseband encoding and decoding. The two AMSAT PCBs modulate and 

Figure 1 - Hardware System Diagram 
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demodulate the baseband and broadcast signals respectively. 

2.2.1 Microcontroller Evaluation 

At the start of the project a key area that needed to be evaluated was the performance of the CCT 

processor, it was necessary to prove that it was capable of handling all of the functionality expected 

of it. The processor on the CCT board is an Atmel AT32UC3C0512C. 

1. Analogue to Digital, and Digital to Analogue Conversions 

Data is to be transmitted by and received by this payload, therefore it will be necessary 

to perform conversions between analogue and digital signals. The devices used for this 

will be onboard the processor, therefore the sampling speeds needed to be evaluated, a 

summary of the results can be seen in Appendix 4. The key finding was that this processor 

would be able to perform the sampling at the required frequency. 

2. Processing Power and Memory Considerations 

It was difficult to say at the start of the project what the memory and processor require-

ments would be, however, a processor with the largest amount of memory available for 

its class had been selected, with 512kB ROM and 64kB of RAM. This processor has also 

been successfully used on comparable missions before. 

3. Flight Heritage 

The space environment poses more risk than the environment here on Earth, with consid-

erations such as vacuum, temperature change and radiation to take into account. One way 

of helping to ensure that the part being flown will operate in this environment is to select 

a part that has been flown before, this is known as flight heritage. The Atmel 

AT32UC3C0512C is the processor on the GOMSpace A3200 OBC [2] and the FunCube 

satellite, therefore it has this heritage – this increases the confidence that the part will 

operate successfully after commissioning. 

2.2.2 Power Supply Selection  

An evaluation of the performance of the power supply has highlighted an issue that will need to be 

addressed. The issue is that the PSU does not appear to be able to steadily provide the required current 

when a broadcast is being performed, this causes oscillations of the VDD power line to occur. The 

oscillations are not large enough to cause problems such as a brownout on their own, however, this 

VDD line is used as a reference voltage for the DAC. The end result is that the DAC output signal 

has an oscillation imposed on it. See Figure 2 for an image of this. 
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2.2.3 Present Software Development 

At the time of taking over the ESEO project there had been small amounts of software development 

across many aspects of the payload functionality. The developed software served well to prove the 

capabilities of the system and showed it would be possible to develop further on this platform. Con-

sideration was given to the following aspects of the software design. 

1. Architecture 

The current software developed has been done so in a ‘super loop’ architecture and as 

such does not make use of an operating system to ensure timing constrains and resource 

management are met. Error handling had not been considered in this preliminary software 

development either. 

2. Testing 

All software developed to date at the start of the project was not formally tested and as 

such could not be guaranteed to function as expected. 

3. Hardware Module Drivers 

All software developed interfacing with hardware had been done using the built in Atmel 

libraries, these libraries also had no evidence of formal testing and therefore would need 

to be evaluated on a case by case basis to ensure they are fit for use on a space mission. 

2.2.4 Project Review Summary 

The hardware platform at the project start looked capable of being used for development, however, 

there was a key issue with the PSU that needed to be addressed for the final flight hardware. This 

Figure 2 - DAC Signal Error Due to VDD Oscillations 



Peter J Bartram, ESEO Satellite Communications Payload 

- 21 - 

meant that the PCB would have to be redesigned and up-issued, but would be able to function as an 

engineering model.  

The previous software developed for the payload proved that it would ultimately be possible to use 

this platform effectively. However, the software was not suitable for developing further due to the 

architectural and testing concerns, therefore it was kept as a reference but was not placed on to the 

flight hardware. In addition to the previously discussed concerns, a strategy for handling errors 

needed to be implemented. This requirement was added to the requirements table in Appendix 3. 

2.3 European Cooperation for Space Standardization (ECSS) 

The ECSS are a committee made up of the European Space Agency, national space agencies and also 

commercial interests. The committee aims to provide a standardised set of rules detailing best prac-

tice across of range of space related disciplines, from project management through to software 

engineering. The ECSS divides its sets of rules into functional areas which are then provided as 

documents describing the standard, these are known as ‘books’. One of key interest for this project 

is ECSS-E40 and is the standard for software development. The ECSS-E40 looks at the entire soft-

ware development lifecycle, from requirements capture right through to verification and validation 

testing. 

2.3.1 Software Life Cycle  

The software life cycle is defined as the processes which are followed from the specification of soft-

ware, through development, right through to delivery of the product. 

The ECSS recommends a ‘waterfall’ approach [3] to this process whereby fixed phases of a devel-

opment follow one another, with what is known as a ‘stage gate’ review between them [4]. The 

purpose of the review is to ensure that all of the requirements of the current phase have been met 

before the project progresses to the next phase. This process whilst very effective at ensuring quality 

comes at the cost of a large amount of documentation overhead and also requires many review meet-

ings to sign off on the documentation at each stage. The standard ECSS-E40 software development 

phase recommends a total of seven review meetings for each software module, each with a set of 

documentation and software deliverables.  

This overhead is unacceptable for this development and a lack of peers working on the project means 

that reviews will be sparse – this will in turn mean that other methods for ensuring quality will have 

to be implemented.  

The step by step stage gate process means that testing is left until the end of the project, just before 

the ‘critical design review’, this has implications on software integration where multiple modules 

may have to be changed in order to correct a single bug. 



Peter J Bartram, ESEO Satellite Communications Payload 

- 22 - 

2.3.2 Real Time Design 

ECSS-E40 [3] section 5.5.2.5 details the requirements for real time software considerations, this 

consists of four key aspects each of which require justifying and documenting, these are: timing and 

synchronisation, mutual exclusion mechanisms, dynamic memory allocation and memory leakage 

considerations. 

All of the above aspects are critical to the successful execution of real-time software. 

In this case, special consideration should be given to timing requirements of RF signals, and mutual 

exclusion due to multiple data sources requiring simultaneous access to resources. 

The creation of this documentation is key to the successful implementation of the flight software and 

will have to be created as early into the project as possible. 

2.3.3 Interface Management 

ECSS-E40 [3] clearly states that all interfaces must be defined at the start of a project such that 

software can be written without having to request more information from other parties – this will 

ensure that both parties know specifically how their software should communicate with each other 

and also ensure that development can continue unimpeded once it begins. 

Following this rule will ensure smooth progression of development, and also reduce the chances of 

integration errors when the entire satellite is brought together. Therefore, all external interfaces in 

this development are to be specified upfront and in enough detail that no misinterpretation can occur. 

2.3.4 Testing 

ECSS-E40 [3] section 5.5-5.6 specifies that three levels of testing of a product are necessary to ensure 

functionality. Each level of testing gradually tests more and more of the finished spacecraft. 

The first level of testing is on a software module level and is intended to test a particular piece of 

software in isolation, these tests will also be written in software and will look at singular pieces of 

functionality such as values returned from functions. This is referred to as unit testing. 

The next level of testing proves the integration software with other units, be this other software units 

or actual hardware. Again, some of this testing can be done in software but the reliance on hardware 

for some aspects of testing means that some testing will be manual. 

Validation testing is the final piece of testing to be carried out and looks at the final deliverable as a 

whole – this testing involves actual use of the final product and should follow a closely guided pro-

cess to ensure test coverage. 

All three types of testing recommended here are relevant to this development and will be carried out 

to ensure quality. Integration and validation testing will likely be performed twice, once locally for 

the payload and then again by ESA when the satellite is put together. 
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2.3.5 Memory and Processor Tolerances 

ECSS-E40 [3] section 5.3.8.1 states that tolerances will be allowed on the memory and processor 

usage. The intention of this it two fold. The first intention is to allow for requirements change during 

the development process such that additional unconsidered development work can be carried out. 

Therefore the expected amount of memory and processing power in reserve drops as the project 

progresses, and the associated uncertainty drops. ECSS recommends CPU load and RAM tolerances 

of 50% at the preliminary design review stage, dropping to a 25% reserve by the critical design 

review stage. 

The second intention of these tolerances is to allow flexibility after commissioning of the system, 

thus enabling changes to be made to account for unpredictable events such as radiation damage of 

memory regions or unplanned firmware changes. 

Although there is no intention for the payload under development to be updated at runtime, radiation 

and other unpredictable events will occur, therefore total RAM and CPU usage should be closely 

monitored throughout the development process to ensure these events can be safely dealt with. 

2.3.6 ECSS Summary 

This development does not have the same resources as a typical ECSS project and it will therefore 

not be possible to rigorously follow all aspects of their recommendations. In addition, the ECSS 

framework is designed for large teams of engineers all contributing to a single development, this has 

wide reaching implications for source code management, due to multiple people making changes to 

the same code base. This development does not suffer this problem and therefore large aspects of the 

ECSS process are superfluous to requirements. 

Therefore only the previously discussed aspects of the ECSS standard that were deemed beneficial 

will be followed, with the ultimate intention being the creation of a lightweight process that will 

allow for rapid development whilst ensuring that software quality standards are kept high throughout. 

The lack of peer reviews process is of cause for concern for this development and extra consideration 

will have to be given to other methodologies that can be used to detect errors. 

In addition, the implications of leaving all of the testing until the end of the development adds risk 

to the project and testing should therefore be performed alongside generation of software where pos-

sible. 

2.4 Software Quality 

The previous discussion on ECSS concludes that software quality is of the highest importance for 
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space missions, it also concluded that due to resource constraints it would not be possible to strin-

gently follow the ECSS recommended development process. Therefore it is necessary to find other 

techniques of ensuring quality. 

2.4.1 Object Oriented Design 

Software by its nature is inherently complex, with many interacting parts coming together to perform 

the desired behaviour or task. Booch suggests that it is not possible for humans to hold all of the 

information related to software behaviour in their mind at once and that it is only the structure of a 

piece of complex software that allows its comprehension [5].  

He then goes on to suggest that a way of providing this structure is to split the code into functional 

objects that perform a specific task, each object then has an interface with other software modules. 

This allows each module to operate independently as a ‘black box’ and for the overall program struc-

ture to be understood based upon the interactions between these interfaces. 

By observing this practice of splitting code up into functional objects and tightly specifying interfaces 

between them it will be possible to increase the comprehension of the code, and will also make 

applying the module level testing recommended by ECSS possible. 

2.4.2 Unit Testing 

Unit testing is by definition the process of a developer writing additional software in the form of 

tests. These tests exercise possible execution paths through a piece of code and test the output be-

haviour is as expected [6]. The intention is to catch bugs and therefore improve the quality of software 

developed. 

Runeson says that Unit testing means testing the smallest separate module in the system [6], this 

means that the system must be modular in design, therefore it must be object oriented. 

The unit testing process does not specify when tests should be written, in the ECSS waterfall devel-

opment approach of testing these test would be written after the flight software has been completed. 

A study performed at Microsoft found that utilising a waterfall approach of writing tests after module 

development led to a 20.9% decrease in software bugs found during validation. This increase in 

quality came at a cost of a 30% longer development time to write the required tests. [7] 

Unit testing as a concept looks to be compatible with the needs of this project, although it appears 

that the development time will increase it will help alleviate some of the concerns associated with 

the lack of peer review of code previously discusses. It is vitally important that bugs are found before 

the payload is launched. The benefit of catching as much as 20.9% of bugs that could otherwise go 

undetected could be the difference between a successful mission and a catastrophic failure. 
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2.5 Test Driven Development (TDD) 

TDD defines a processes of writing unit tests that aims to ensure that the unit 

test coverage across code is as high as possible. An iterative approach to soft-

ware development is applied whereby code is constantly refactored to ensure 

that it is as functional and elegant as possible. The refactoring process is made 

possible by the safety net of having high unit test coverage, this gives confi-

dence that the refactoring process has not introduced any new bugs to the 

code [8]. The improved code coverage comes from the fact that a test is writ-

ten immediately prior to code being written, therefore for every line of 

production code that is written a test already exists. 

This process is in stark contrast to the ECSS recommended waterfall approach 

to software development and can be seen in Figure 3. 

 

A study carried out between Microsoft, IBM and North Carolina University 

looked at the reduction in pre-release defects of projects making use of the 

TDD design process. The study looked at four major projects within IBM 

and Microsoft, it looked at the number of pre-release defects between a project team using regular 

software development processes and using TDD. It also looked at the increase in release time. [9] 

The results of the study are summarised in Appendix 1. It can be seen that all teams experienced a 

reduction in defect density of 39-90% with an average of 67%. This is with an increase in develop-

ment time of 15-35% averaging 22%. 

 

The most appropriate aspect of this study is the data relating to the IBM development as it was a 

driver development and was therefore most similar to the payload. This development had the lowest 

benefits overall with a 39% reduction in bugs, this however is still an 18% reduction over the Mi-

crosoft study using waterfall development techniques alongside unit testing. 

This data shows that provided the extra 22% development time is available to the project then TDD 

is a viable method for ensuring the quality and functionality of the final deliverable. 

2.5.1 Embedded Test Driven Development 

TDD requires that the previously discussed micro-cycle of writing a test, running all existing tests, 

updating the code and then rerunning all of the tests again be executed every minute or so, this means 

that the process must be as fast as possible. It is not acceptable for the tests to take more than a few 

seconds to run and in addition it is important that the test running process is integrated into the code 

compilation process such that it runs automatically when a build is started. [10] 

Figure 3 - TDD Flow Chart 
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The required speed of this process means that it is unacceptable to be running the tests on the hard-

ware platform as the time to download onto the target is in the order of magnitude of ten seconds. 

Therefore an alternative method of running the code under test must be found. The problem with this 

is that of the linker requiring hardware specific function calls being available in order to generate an 

output successfully, therefore a mocking framework will have to be used to allow the code to be 

compiled to run elsewhere than the final target. [11] 

One such framework is the Fake Function Framework [12]. This framework allows for hardware or 

operating system specific function calls to be faked so that the compiler is not aware that the code is 

being built for a different target. In addition to this, the framework offers functionality for recording 

the values passed into the faked functions and also for controlling the values returned during testing. 

This will enable unit testing to be performed more effectively and also allow for development of 

code away from the target hardware, making the development process easier and faster. 

2.5.2 Test Harnesses 

TDD requires that a test harness be used, this harness is responsible for running tests and reporting 

the results of them in a way that can be human interpreted. There are many test harnesses available, 

one widely used for embedded testing is Google’s Google Test harness [13]. Google Test integrates 

with all IDEs, and provides results as shown in Appendix 6. 

2.5.3 Software Quality Summary 

The field of embedded software development best practices has a lot of tools and techniques available 

to help improve the quality of the developed software. The best technique appears to be Test Driven 

Development for which there are free tools available that can be used in this project. 

The research into TDD suggests that it will be possible to use this process to achieve some of the 

benefits that the ECSS review process aims to achieve but without the associated overhead or re-

sources. However, the increased development time associated with TDD must be considered in the 

project planning. 

It must also be stated that the TDD process is not a replacement for integration and validation testing 

which must also be performed to ensure overall quality and functionality. 

2.6 Real Time Operating Systems (RTOS) 

As discussed in Section 2.3.2 it is a requirement that consideration be given to timing requirements 

and mutual exclusion techniques in the design of space embedded systems. 

The way to achieve this is through the use of an RTOS. An RTOS offers similar functionality to a 
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regular operating system, except that there is an emphasis on low latency meaning rigorous time 

constrains can be met [14]. This is in contrast to a typical operating system such a Linux that cannot 

meet these real-time constrains. 

2.6.1 Multitasking 

At the heart of a RTOS is the scheduler, this is 

responsible for controlling when threads are al-

lowed to run, the scheduler selects which thread 

is allowed processor time based upon the relative 

priorities of the threads and when they were last 

allowed to execute [15]. The result of this can be 

seen in the diagram above whereby each task runs at a specific point in time, this will be essential to 

ensure that the payload being developed can perform real time operations such as the encoding of 

data in time to be transmitted. 

2.6.2 Resource Management 

In an application with multiple threads accessing shared resources it is essential that the access to 

these resources is managed such that access is only granted to a single thread at a time, failure to do 

so can lead to corruption of data and undefined behaviour. 

The method through which this is achieved is via the use of a semaphore. A semaphore can be thought 

of as a container of tokens, when an application encounters a piece of resource managed code it has 

to make an operating system call to request a token from the semaphore. If a token is available then 

the thread making the request is given the token and can therefore continue and make use of the 

resource, once it is finished with the resource it makes another call to return the token. If no token is 

available at the time of the request being made, the thread will be suspended until a token becomes 

available for it to use [16]. A semaphore containing a single token is called a mutex. This functionality 

means it is possible to fulfil the ECSS requirement of resource management and mutual exclusion. 

2.6.3 RTOS Selection 

There are many RTOSs available, each with a different set of functionality. The requirements of a 

RTOS for this development are that it is free, has a small memory footprint, has space heritage and 

a port to the AVR32 processor range is available. Several RTOSs were examined, a comparison can 

be seen in Appendix 2. It can be seen that both Micrium OS and FreeRTOS meet all of the require-

ments of this project. FreeRTOS however can be seen to have a smaller memory footprint as it can 

be recompiled specifically for the target application with features enabled or disabled to reduce its 

Figure 4 - RTOS Timing Diagram 
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size [15]. The minimum RAM usage is 236 bytes [17], making it suitable for low specification em-

bedded processors such as the one to be flown on ESEO. 

FreeRTOS also has space heritage having successfully flown on PICASSO [18] and UKube-1.  

The Cubesat Space Protocol has also been ported onto FreeRTOS. [19] 

2.6.4 FreeRTOS Tools and Percepio Tracalyser  

The previous discussion on ECSS determined that it will be necessary to observe the memory and 

processor usage of the system such that requirements about memory and CPU reserves can be met. 

FreeRTOS offers this information through a Run Time Statistics thread, this will allow for the col-

lection of data relating to performance and ensure that the reserve values are not exceeded. In addition 

to the tools built into FreeRTOS there is also a suite of tools available that allows for more detailed 

runtime data to be collected, this suite has been developed by Percepio and offers precise timing 

diagrams – these can be used to prove the behaviour of the system is as expected before launch. [20] 

This will be invaluable in proving the aforementioned reserve values for RAM and processor usage. 

2.7 CAN Bus and CANopen 

The ESEO mission consists of a primary OBC and eight payloads, it is essential that all payloads can 

communicate with this OBC. To achieve this task, the CAN physical and data link layer protocol was 

selected by ESA, along with the CANopen application layer protocol. 

The CAN Bus data link layer protocol operates through the use of Transmit Process Data Objects 

(TPDOs) and Receive Process Data Objects (RPDOs), collectively these channels are called CAN 

Object IDs (COBIDs). TPDOs and RPDOs are assigned to CAN devices on the network, devices 

are then only allowed to communicate over their specific COBIDs. 

The CAN Bus and CANopen protocols are widely used protocol for safety applications [21], such as 

within the automotive industry thus packet length is kept deliberately short with a maximum of eight 

bytes of data being sent in each packet [22]. The implementation on this satellite will be operated 

over a dual redundant CAN bus in accordance with the ESA CAN specification provided [23]. 

At the centre of the application layer CANopen protocol is the CAN Object Dictionary; the CAN 

OD is a register map that holds all data that can be written or read via the CANopen protocol. Each 

item within the table has a specific ID used for accessing it, this is called the Object Dictionary Index. 

Each element within this table also has a configurable permission associated with it that sets the 

element access rights to read, write, or read/write, this is to help prevent erroneous writes causing 

data corruption. 
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2.8 CAN Process Data Object (PDO) 

As specified by the ESA CAN requirements document for ESEO, CAN PDO is the primary commu-

nication protocol used internally on the satellite, it is a specific part of the CANopen standard used 

for reading or writing a CAN OD register. The CAN PDO protocol follows a producer-consumer 

design pattern whereby the OBC is the producer and the AMSAT payload is the consumer, the pro-

ducer sends a PDO to the consumer who then consumes the object and issues a response to the 

producer. The CAN PDO packet format can be seen below.  

 

 

 

 

 

The index field is the CAN OD Index to be accessed, and the sequence number is used in the response 

to the producer such that responses to multiple reads from a single register can be distinguished from 

one another. 

2.9 Amateur Satellite (AMSAT) Network 

AMSAT are a global group of radio amateurs and as previously mentioned are responsible for ac-

quiring the payload space on the ESEO mission. One of the key factors in AMSAT being able to 

acquire payload space is their global network of amateur ground-stations, comprised of over 1000 

worldwide, this network can be offered for data collection to the host satellite. Therefore in order to 

make use of this network it was necessary to conform to certain AMSAT standards such that the 

ground-stations can-not only receive the transmissions but also decode the information contained 

within them. This meant that the downlink frequency had to be fixed in the VHF spectrum at a fre-

quency of 145 MHz and use an AMSAT specified forward error correction (FEC) methodology. 

2.10 AO-40 Forward Error Correction 

In order to use the AMSAT ground-station network it is necessary to conform to the AO-40 standard 

of FEC, this is a widely used method of forward error correction within the amateur satellite com-

munity.  

Please see Appendix 16 for a diagram illustrating the following explanation. The AO-40 FEC process 

makes use of two Reed Solomon encoders, the output of which is then fed into a Viterbi encoder. 

The whole process take a 256 byte frame and increases its size to 650 bytes. 

Figure 5 - CAN PDO Packet Format 
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The additional data sent as a part of the packet means that transmission errors can be detected and 

corrected at the ground station, typically this process can fully correct a packet containing 15% erro-

neous data [24]. This means that 780 bit errors can be corrected in a single 5200 bit (650 byte) packet. 

If no FEC were used, and instead a CRC was added to the packet, then a single bit error in transmis-

sion would invalidate the packet and cause it to be discarded by the ground-station. 

2.11 Literature-Review Summary 

It is clear from the literature reviewed so far that the key to delivering a high quality payload is the 

application of a clearly defined development process. The ECSS process was explored as a possibility 

and whilst it was too resource intensive to fully implement for an MSc project, it did highlight key 

areas that need to be defined. These areas included interfaces with other software, timing considera-

tions, resource management and also redundancy of memory and processor cycles. 

The requirements specified regarding interface definition are clear and therefore all interfaces with 

external modules will be clearly defined up front. The research into RTOSs shows that through the 

use of an RTOS it will be possible to address the timing and resource managements requirements 

laid out by ECSS. It also shows that by selecting FreeRTOS it is possible to use a suite of tools to 

further prove that these requirements have been met.  

The ECSS literature also highlighted that for larger projects an intensive review process normally 

takes place, this will not be possible on this project and this needs to be compensated for. The research 

into TDD then shows that it is possible to apply specialised software development techniques to 

mitigate some of the risks associated with the reduced review process. Research into the applicability 

of TDD for embedded systems then proved that it was possible to apply the TDD techniques to this 

project and that there are tools available to make this possible. 

In addition, an analysis of the work done to date on this project has been performed with the key 

finding that the hardware is of sufficient quality to function as an engineering model but that all 

software developed to date will have to be replaced. It is also believed that the processor selection 

will be capable of performing the tasks required of it. 

Overall, the author is confident that through the application of the techniques and technology re-

viewed it will be possible to ensure the quality of the final deliverable of this project. A summary of 

the requirements generated as a result of this literature review can be found in Appendix 3. 
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3 IMPLEMENTATION 

This section of the report focuses on the implementation of the system as a whole, from the overall 

architecture through to all major functional sections. It concludes by looking at what has been done 

to ensure that the system is able to function reliably within the space environment. 

3.1 System Architecture 

A key finding of the literature review was that FreeRTOS is a viable option for meeting the timing 

and resource management requirements of this project, and was thus adopted for use. This made it 

possible to separate the functionality of the satellite into FreeRTOS threads such that the processor 

could run them in isolation from, and in parallel to, each other. 

In order to represent this functional divide this report will also divide the threads and therefore func-

tionality into separate sections. This first section introduces the overall architecture of the system and 

the threads themselves. 

 

Figure 6 - Overall Software System Architecture 
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It was deduced that the optimal divide between functional areas was achieved by splitting the satellite 

operations up into six threads, these are: Satellite Operations, CANopen, Telemetry, Payload Data 

Transfer, Downlink and Uplink. The functionality of each thread is discussed in detail in the relevant 

sections, however, in order to ensure data could be passed between them it was necessary to define 

each inter-thread communications method. 

The architecture diagram shown in Figure 6 shows the six threads that make up the system. It also 

shows the way in which data is passed between the threads, either through shared memory or 

through a FreeRTOS queue, it can be seen that there are only two data queues used within the sys-

tem and only two mutexs providing protected shared memory access. 

This system simplicity has been achieved through using the CAN Object Dictionary, discussed 

fully in Section 3.3, as the main database that all data is routed through.  

On the architecture diagram, green boxes represent data inputs or outputs with the three data inputs 

being the CAN bus, uplink and telemetry collection. Each of these data inputs originate in a differ-

ent thread but all need to be routed to the main satellite database, in order to achieve this in the 

most processor effective way a FreeRTOS queue was used.  

This meant that data could be pushed onto this queue as it was collected and could then be ex-

tracted by the CANopen thread when it was scheduled turn to run. The use of a queue ensured that 

data was moved around the satellite in a thread safe manner but also that no delays occurred due to 

multiple threads trying to access the database simultaneously and having to wait until another 

thread had released its database access semaphore. 

The use of a single queue is not suitable for requesting data from a database, as each thread re-

questing data would require its own queue. This would impose a 3kB RAM overhead, for this 

reason and also to ensure the fastest read access to the database it was decided that read operations 

would be done through shared memory access.  

To ensure that multiple thread accessing shared memory did not cause data corruption, it was es-

sential that a semaphore was used to prevent multiple threads accessing data at the same time.  

The same strategy of queued data input and shared data output was used for the payload data 

thread, again to ensure data integrity and rapid access. 

3.1.1 Memory Map 

A key decision that had to be made at the start of the project was that of where the various sections 

of code and data would reside in the program memory. It was decided it would be advantageous to 

separate program memory from areas of memory that would be used at runtime, this is to ensure 

that program memory does not become overwritten at run time and also so that regions containing 

program memory can be locked by the memory management unit to protect them against accidental 
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corruption, this is discussed fully in Section 3.2.1. 

The microcontroller used has 512kB of flash memory available to be used, there were four major 

sections to allocate, these can be seen in Figure 7 and also in the memory map table in Appendix 

33.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Satellite Operations 

The overall intended purpose of this satellite has already been discussed in the background section 

of this report, however, in order to achieve these goals satellite operating modes had to be put into 

place, along with default values for these operating modes to assume on start-up, long term non-

volatile memory storage was also a requirement. In addition to this, the satellite operations thread 

includes the sampling of whole orbit data. These operational modes have all been fully developed 

but do not contribute in their own right to the fulfilment of the aims and objectives of this project, 

however, they do offer a deeper understanding of the satellite behaviour and a detailed description of 

these modes has therefore been included in Appendix 32. 

3.2.1 Flash Write Reliability 

One key aspect of satellite operations is ensuring that default operational values, such as transmis-

sion mode after start up, can be updated from the ground and will be retained over a system reset. 

For a full list of the values that are stored in long term memory, see Appendix 25. 

In order to make long term storage possible it was necessary to use the processors on-board flash 

memory controller, however making use of this flash had operational considerations. 

Figure 7 - Flash Memory Map 
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The primary consideration is that if using the on-board flash controller, is it possible for a single 

event upset to cause the write operation to overwrite part of the flash containing program data? 

This would cause catastrophic and unrecoverable mission failure and under normal conditions 

could be caused by a single event upset corrupting an address to be written. The AT32UC3C offers 

a means of preventing write operations to entire memory regions through a number of fuses that are 

configured when the program is downloaded to the target, by making use of these, the entire pro-

gram memory region was locked for writing at run-time – this ensures mission failure will not 

occur due to flash program data corruption. The flash region between addresses 0x00000 and 

0x35000 was permanently locked thereby protecting program data and the filter lookup tables dis-

cussed later. 

Another potentially mission threatening consideration is that of what will happen if a power cycle 

occurs midway through a write to the flash – it was necessary to ensure that in the event of this oc-

curring that the processor could recover into a known state. It is for this reason that two copies of 

non-volatile data were kept in separate regions and a process was followed for ensuring that one of 

these would always be in an operational state. The process developed worked by ensuring that at 

least one of these sections was always valid, even when an update was being performed, therefore 

if a power cycle were to occur mid-update then at least a single uncorrupted copy would still re-

main. In addition to this strategy, a fall-back mechanism has been implemented such that  should 

somehow the processor end up with two invalid regions then the default values will revert back to 

those at launch. The implementation of both of these strategies will ensure that default values are 

correctly stored under all operating conditions. 

The final consideration for flash utilisation is that of hardware lifetime. Flash devices have a maxi-

mum number of erase / write cycles, for the AT32UC3C this number is 100,000 cycles guaranteed 

under normal operating conditions. It was therefore necessary to be able to control the rate at which 

the processor updated the non volatile variables and by extension, used these cycles. 

ESA have specified a normal mission phase maximum of 5 years, therefore it was a requirement 

that the 100,000 write cycles were not exceeded within this time period. 

This means that the maximum flash update rate is given by: 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑈𝑝𝑑𝑎𝑡𝑒 𝑅𝑎𝑡𝑒 =  
𝑀𝑖𝑠𝑠𝑖𝑜𝑛 𝐿𝑖𝑓𝑒 𝑇𝑖𝑚𝑒

𝐸𝑟𝑎𝑠𝑒 / 𝑊𝑟𝑖𝑡𝑒 𝐶𝑦𝑐𝑙𝑒𝑠
=
157.68 × 106 𝑆𝑒𝑐𝑜𝑛𝑑𝑠

100,000 𝐶𝑦𝑐𝑙𝑒𝑠
= 1576 𝑆𝑒𝑐𝑜𝑛𝑑𝑠 

This is ~26 minutes, therefore, for system simplicity, an initial flash updated rate of 30 minutes was 

implemented. However, a configurable update rate was added to the CAN OD, this is such that 

once the satellite has been commissioned and it is established that the system is not rapidly reset-

ting, it will be possible to change the flash update rate. This update rate will be limited to a value 

between 30 minutes and 2 hours, thereby extending the satellite operational lifetime capacity, in 
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theory, to 20 years. 

The space environment is not the expected operating conditions for flash memory and devices suf-

fer degradation due to charge deposition on the floating gate of the device, a NASA study has 

shown that a total ionising dose of 10 kRads is enough to cause failure when writing to a Samsung 

flash memory device [25], this is another reason that the flash update rate should be minimised as 

much as possible. 

3.2.2 Satellite Operations Summary 

The operating modes developed herein, and in the Appendix, enable the payload to be used as fre-

quently as possible while at the same time ensuring that battery usage during eclipse times is kept to 

a minimum, this will help prolong the overall lifetime of the satellite as a whole. 

Heavy consideration has also been given to flash memory operations with multiple strategies being 

employed to ensure that the longevity of the payload is not compromised through improper usage or 

single event effects. 

WOD has also been implemented with a strategy allowing for a high resolution of sampling to take 

place whilst also ensuring that all of this data can be downlinked. 

3.3 Controller Area Network Open (CANopen) Flight Software Design 

The seven other payloads on the CAN bus are simply slaves to the main OBC, however, as will be 

discussed, the AMSAT payload is also required by ESA to operate as a master such that scientific 

payload data can be collected from other payloads on the bus for transfer to the ground via the L-

Band downlink channel. 

3.3.1 CAN Data Link Layer 

As previously discussed the CAN data link layer protocol operates through the use of TPDOs and 

RPDOs. The AMSAT payload is configured to operate as a master as well as a slave and therefore  

had eight TPDOs to transmit over and ten RPDOs to receive from, meaing eighteen separate com-

munications channels needed to be configured and managed in order to achieve full satellite 

communications. 

3.3.2 CAN Object Dictionary (CAN OD) 

As discussed in the literature review the CAN OD is central to the CANopen protocol. The decision 

was made that register access to the CAN OD would be treated the same for requests received via 

the CAN bus and via the uplink. Therefore all data that required external access, be that locally on 

the host satellite or from the ground had to reside in the OD. This made the OD the single most 
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important element architecturally to the software design, with all data being stored in or routed 

through it. A full list of the CAN OD specification provided to ESA can be seen in Appendix 23 and 

24. Looking at these tables it can be seen that the CAN index 0x10 has the tag 

AMS_OBC_RFMODE. It can also be seen that this field contains all of the RF modes for the satellite, 

therefore by writing to this register via the CAN bus or the uplink a user can control the satellite into 

the desired RF mode. Equally, a user could read this register to determine the RF mode of the satellite. 

3.3.3 CAN Process Data Objects (CAN PDO)  

The CAN PDO protocol has been implemented both as a master and slave in the AMSAT payload, it 

is used in slave mode to allow the main ESEO OBC control over the payload, but it is also used as a 

master to acquire scientific payload data. However, in order to perform scientific payload data trans-

fers another application layer protocol had to be defined on top of CANopen to manage the file 

transfer itself. 

3.3.4 New Scientific Payload Data Transfer Protocol Development 

In order to ensure overall system simplicity, a very simple payload data transfer protocol was de-

signed from first principles to operate over CAN PDO, this protocol needed to allow for rapid transfer 

of data from payloads to the AMSAT payload, and simultaneously allow for the primary OBC to 

retain ultimate control over the transfer. Please refer to Appendix 31 for a full detailed explanation 

of this protocol, and an accompanying flow diagram.  

In order that the primary OBC retains ultimate control over the CAN bus, the protocol requires the 

OBC to grant the AMSAT payload permission to act as a master on the bus, this permission is valid 

for 1 second, or for a total payload download of 2kB of data, whichever occurs sooner. Once the 

permission expires the AMSAT payload must pause the transfer until it is reauthorized to act as a 

master. Data transfer from the other payloads is then performed via the use of CANopen PDO pack-

ets, this data is immediately stored locally in a queue. The data is later extracted and stored in non-

volatile flash memory by the payload data thread discussed later in Section Error! Reference source 

not found.. 

3.3.5 Network Management (NMT) 

As previously discussed the CAN bus is operated over a duel redundant system with separate physical 

wiring, this is done to ensure that a single failure of connectors or nodes does not disable all satellite 

bus communications. This is done in accordance with the ESA standard for CANopen redundancy, 

ECSS-E-ST-50-15-V8 [23], it operates in a cold redundant fashion whereby a single bus is used until 

a fault is detected, only then will traffic switch over to the redundant bus. 
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In order to conform to the ESA standard it was necessary for the AMSAT payload to produce CAN-

open heartbeat packets and broadcast these on the bus once every second, the main OBC monitors 

these heartbeats to ensure that all active payloads are producing a heartbeat. If the main OBC de-

cides that there is not a fault on the bus based upon the heartbeats that it receives then it will 

respond with a heartbeat of its own on the same bus, this heartbeat indicates that this is the active 

bus. If an OBC heartbeat is not received within 20 seconds then all payloads including the AMSAT 

payload are required to switch across to the redundant bus and start producing heartbeats.  

The OBC will then be monitoring for heartbeats on this bus, once it has determined that this bus is 

stable, it will again begin producing heartbeats to mark this as the active bus. By following the ESA 

guidelines for bus redundancy it is felt that even in the event of a bus failure the OBC will be able 

to detect the problem. In addition, each payload will automatically reconfigure itself to the new bus 

such that operations can continue while the problem on the primary bus is remedied. 

3.3.6 ESA CANopen Emulator Testing 

CANopen was the first piece of functionality developed within this project and as such it served as 

a proof of the effectiveness TDD process which was applied throughout the CAN development. This 

process led to the development of approximately 200 individual test cases, each proving the func-

tionality of a specific piece of code. Results of this can be seen in Appendix 6. 

ESA provided an emulator for the CAN bus and CANopen protocols, whilst the overall functionality 

was severely limited it did allow the heartbeat and CAN PDO functionality to be tested. 

This was where the benefits of using the TDD approach could clearly be seen; when the emulator 

was delivered the CANopen code had already been developed and it was expected than there would 

be an integration period to fix interfacing issues between the payload and the emulator, however due 

to the tests put in place, the AMSAT payload functioned fully with the emulator immediately. 

 

 

 

 

 

 

 

 

 

 

 Figure 8 - Initial ESA CANopen Emulator Testing with Development Board 
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3.3.7 CANopen Summary 

The CAN Bus protocol has proven itself to be highly reliable for both safety critical and space based 

systems, resulting in it being adopted for widespread use within ESA. This has led to further refine-

ment of the use of the protocol through the ESA CAN specification, allowing developers to learn 

from the mistakes made in previous missions. It is felt that having followed the redundancy methods 

outlined in this specification it will allow for bus failure without compromising the overall satellite 

communications, thereby maximising the chance for mission success. 

The CANopen protocol is large and as such there were many opportunities for the creation of bugs 

within the source code, however, the TDD process was deployed throughout the development with 

the end results being that the payload could immediately communicate with the emulator when it 

was delivered. This was a strong indication early on in the project development that the TDD process 

would allow for the benefits predicted by the literature review findings. 

In addition to the CANopen protocol being developed an application layer protocol has been devel-

oped ensuring the reliable and carefully managed transfer of data from other payloads, again, this 

has been fully tested through the TDD process. 

3.4 Telemetry Flight Software Design 

In order to ensure the satellite is performing optimally, determine any problems in orbit, and to en-

sure that the satellite is not performing in a way that could cause potential damage to itself it is 

necessary to collect telemetry data, this data is often referred to as housekeeping data. 

This housekeeping data comes in three forms on the CCT board, voltages, currents and tempera-

tures, it is felt that by monitoring these values it is possible to fulfil the requirements stated above. 

However, in addition to these values being collected on the CCT board, it was also a requirement 

that data be collected from the BPSK transmitter, and the FM receiver PCBs. These readings in-

cluded performance information such as Doppler shift and forward / reflected RF power, this 

allows for run-time diagnostics of the payload communications system. 

See Appendix 34 for table containing the full telemetry data collected. 

3.4.1 I2C Data Collection 

As previous discussed, telemetry data can take many forms and can therefore be obtained from 

many sources. Even though the data that each telemetry point represents may be different, ulti-

mately they can be obtained in the same way, this is because each of the hardware boards has been 

designed to provide telemetry points in the form of analogue voltages. Each board then has an indi-

vidual analogue to digital converter (ADC) that is responsible for measuring the telemetry 
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representative voltages and providing the processor access to that data over an I2C bus. As will be 

discussed in Section 3.5 it is possible to downlink telemetry data at a rate of 5 seconds, therefore 

this is the rate at which all three of the I2C devices are sampled. 

Through the use of a ten bit ADC and an internally regulated reference voltage of 2.048V it is possible 

for temperature to be measured to within a single degree Celsius of accuracy over the temperature 

range -25 ºC to 70ºC. 

3.4.2 Telemetry Summary 

The selection of telemetry points chosen combined with their accuracy of measurement means that 

it will be possible to perform run-time diagnostics of the processing, power and communications 

systems on the satellite once it is in orbit, thereby maximising the chances of any problems being 

detected and increasing the possibility of mitigation of mission critical failures. 

3.5 Downlink Flight Software Design 

The primary mission of this payload is the collection and transmission of telemetry data to the 

ground. However, in the event of failure of the primary communications system, this payload must 

also act as a redundant downlink option for transfer of scientific data from other scientific payloads. 

Therefore it was necessary for the payload to be able to transfer telemetry and scientific data reliably, 

without error and at a rate that allows for scientific data to be transferred in a ‘reasonable’ time period. 

3.5.1 AO-40 Forward Error Correction 

As discussed previously it is necessary to conform to the AO-40 FEC protocol in order to use the 

AMSAT ground-station network. AMSAT have a C implementation of the AO-40 standard which 

has been used heavily on previous missions such as FunCube [26]. This library was taken and mod-

ified before being adopted into the source code for the payload. The practical implication of using 

this library was that the data size limit of a single packet was 256 bytes, the overall transmitted data 

size would be increased to 650 bytes, and the processor would have to be able to cope with the 

mathematically intensive Reed Solomon and Viterbi processes. 

3.5.2 Data Rates 

As previously discussed there are two different operating modes for this payload, telemetry mode 

and scientific data transfer mode. Telemetry data is 54 bytes in size whereas payload data can range 

anywhere up to 64kB in size. It can clearly be seen that the transmission requirements for these two 

modes are vastly different. 
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Historically AMSAT have transmitted telemetry at 1.2 kbps which allows for continuous transmis-

sion of telemetry, WOD and fitter messages over a two minute period, therefore it was decided that 

this data rate would also be implemented on the ESEO payload as the standard downlink data rate. 

Payload data could also have been transferred at this data rate, however, assuming ideal ground-

station pass conditions and allowing for AO-40 FEC overheads it would mean that a transfer could 

be achieved in 1109 seconds, or approximately 18 minutes. This is longer than a LEO ground-station 

pass and led to the data rate being deemed as unacceptable. 

This led to the proposal of the introduction of a 4.8 kbps data rate for scientific payload data trans-

fer, this in turn meant that it would be possible to complete a 64kB transfer in 277 seconds, or 

approximately four minutes – within the limits of a single LEO ground-station pass. In reality it is 

unlikely that this transfer time will be achieved due to link budget losses, however it does serve as 

an indication of transfer time orders of magnitude. Therefore, it became a requirement of this pro-

ject to ensure that both of these data rates could be achieved and to allow for dynamic adaptation 

between them. 

3.5.3 Packet Transmission Time 

In 1.2 kbps transmission mode it takes 4.3 seconds to transmit a single AO-40 encoded packet con-

taining 256 B of data, therefore it was decided that a preamble of 0.7 seconds would be used to take  

the total transmission time for 256 B of data to 5 seconds. It is also for this reason that telemetry is 

sampled at a rate of once every five seconds, such that new telemetry is included in every packet. In 

4.8 kbps mode it takes 1.25 seconds to transmit a single AO-40 encoded packet as the preamble is 

reduced to 0.175 seconds, meaning four packets can be sent in five seconds. 

3.5.4 Telemetry Packet Format 

It was necessary to carefully define the format of a telemetry packet such that the payload could 

encapsulate the required data correctly, and in turn ensure that the ground-station could correctly 

decode the data. 

The AMSAT network communicates with multiple satellites, therefore it was a requirement that the 

ESEO payload identifies itself as a part of any packets it transmits. In addition to this, the payload 

has a selection of different packet types it can send, therefore it is necessary for the packet to contain 

meta-data indicating which packet format it conforms to, this is referred to as the frame ID. 
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All of this is achieved through the first two bytes of each packet transmitted being configured to 

contain this information, the exact byte formats can be seen in Figure 9, the divide of fields across 

the two bytes is for backwards compatibility with other satellites.  

There are 24 frame types that are transmitted on a recurring transmission schedule that takes ex-

actly two minutes to complete. This transmission schedule can be seen in Appendix 17. Each 

packet transmitted contains real time telemetry as indicated by the RTT label in the transmission 

schedule table and Figure 10, however, there is also a 200 byte data slot in each packet. This slot is 

used to transmit either WOD or fitter messages depending on the frame number. 

 

  

 

 

 

 

 

 

3.5.5 Modulator Hardware Input 

The AMSAT modulator PCB discussed in Section Error! Reference source not found. will take a 

baseband signal and use it to modulate a carrier wave through phase-shift key (PSK) modulation. 

The AMSAT PCB offers an interface to the balanced mixer input of its PSK modulator through a 

DC coupled link which connects to the DAC output of the processor. Therefore, modulation of the 

VHF carrier wave is achieved through baseband waveform generation via the DAC to drive the 

PSK modulator. The specification provided by AMSAT has stated that the peak to peak voltage val-

ues for this baseband signal must be limited to 0.8V. 

Figure 9 – New Telemetry Packet Header Format 

Figure 10 - Overall Telemetry Packet Format 



Peter J Bartram, ESEO Satellite Communications Payload 

- 42 - 

3.5.6 Binary Phase Shift Key 

There are several different types of PSK modulation which vary depending on the number of bits 

represented by a single symbol transmitted. Two different types of PSK will be discussed here Binary 

PSK (BPSK) and Quadrature PSK (QPSK). Both techniques achieve encoding of data by modulating 

the phase of a carrier wave. BPSK encodes a single bit per symbol whereas QPSK encodes two bits 

per symbol [27]. Two constellation diagrams are shown in Appendix 14, and are used here to show 

the state of the carrier wave phase that represents a particular symbol to be transmitted. It can be seen 

that the BPSK signal has the maximum possible phase shift difference per symbol (0º to 180º), mean-

ing that the symbols are as uniquely defined as possible. Having the maximum possible phase shift 

per symbol means that data can be more reliably decoded over a lossy link. 

QPSK however has half the phase difference per symbol (90º) of BPSK but also encodes twice the 

number of bits per symbol. Therefore, QPSK can achieve twice the bit rate of BPSK for a given baud 

rate. Given an expected bit error rate of 10−4 a QPSK signal needs to have an extra 4 dB signal to 

noise ratio per bit at the ground-station in order to be decoded successfully when compared to an 

equivalent BPSK signal [28]. Therefore the two modulation techniques have a trade-off between the 

total potential data throughput of QPSK and the reliability of BPSK. It was decided that due to the 

low data rates required for downlinking of data, and also due to the highly lossy nature of satellite 

links the reliability of BPSK was of most importance and was therefore selected for use. 

The equation describing a BPSK signal is given by: [28] 

𝑆(𝑡) = 𝐴(𝑡) 𝑐𝑜𝑠[2𝜋𝑓𝑐 + 2𝜋(𝑚 − 1)]   

Where m = 0 or 1, 𝑓𝑐 = Carrier frequency and A = Gain. 

3.5.7 Sampling Rate 

Once the two data transmission rates were known along with the modulation scheme it was neces-

sary to make decisions about the rate at which the DAC would output samples to the modulator, 

this is known as the DAC sampling rate. 

The ratio of the sampling rate to the BPSK baud rate is the number of DAC output samples repre-

senting a single symbol, and is referred to as the DAC oversampling rate. Theoretically it is 

possible to reconstruct a DAC output waveform perfectly so long as the oversampling rate is equal 

to the Nyquist frequency, i.e twice the highest frequency component [29]. However, sampling at 

this rate means that the closest signal harmonics image will be present at twice the signal frequency 

[30], this puts severe requirements on the roll-off of the hardware anti-aliasing filter in order to stop 

transmission of these higher frequency components. Therefore, it was decided that oversampling 

would be applied to reduce the requirements on this filter. Traditional systems such as CD players 
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use an oversampling rate of 2, 4 or 8 times the Nyquist frequency [30], therefore this served as a 

starting point from which to evaluate the performance at these rates. 

In order to increase software design simplicity it was decided that a single DAC sampling rate would 

be used for both transmission modes. A sampling rate of 19.2 ksps was used, meaning the 1.2 kbps 

and 4.8 kbps signals were oversampled at eight times and twice the Nyquist frequency respectively. 

Refer to Appendix 15 for an image showing the DAC output waveform for a 4.8 kbps signal over-

sampled at twice the Nyquist frequency. It is possible on this image to see the points at which the 

DAC is being updated (circled in black), however, it can also be seen that a hardware RC filter net-

work is filtering between these points causing the capacitor charge / discharge curve present. The 

validity of the choice of sampling rate was later confirmed when the transmitted spectrum was ana-

lysed in Section 3.5.12. 

Another consideration was that of the trade-off between sampling rate impact on waveform quality 

and the processor cycles available to perform other operations between samples. A sampling rate of 

19.2 ksps allowed for 3125 processor operations to be performed between each sample, allowing for 

data to be encoded and delivered to the DAC at the correct time. 

3.5.8 Digital Signal Modulation 

In order to prove that the AMSAT modulator was working correctly first a digital output signal was 

fed from the DAC into the modulator, this signal was then fed into a spectrum analyser. 

The resultant frequency domain plot of this experiment can be seen in Figure 11. 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 - Unfiltered Transmission Spectrum (Frequency (Hz) vs Amplitude (dBs)) 
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It can clearly be seen that in addition to the modulated signal centred at 145.93 MHz there are also 

harmonic images spaced on either side at 1.2 kHz intervals. These images represent radio energy 

being used to produce frequencies that are not useful in terms of decoding and that can also poten-

tially bleed into other transmission channels - this was unacceptable and the harmonics therefore 

had to be removed. The cause of these extra transmission frequencies was the digital nature of the 

signal being fed into the modulator, this meant that in addition to the 1.2 kHz desired signal, addi-

tional frequencies were being fed into the modulator. Fourier series states that an infinite number of 

harmonic sinusoidal signals are contained within a truly digital signal, these extra sinusoids are be-

ing modulated and giving rise to the unwanted images being transmitted. Therefore it was 

necessary to filter the digital output signal before it was fed into the modulator, a process referred 

to as pulse shaping. 

3.5.9 Pulse Shaping 

There most common pulse shaping algorithm used in radio communications is the Raised Cosine 

Filter (RCF) and is described by the equations below: 

𝐻𝑅𝐶𝐹(𝑓) =  

{
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Through the use of Matlab is was possible to plot the frequency responses and thereby prove that the 

filter design was fit for purpose; the frequency response graphs can be seen in Figure 12 and Figure 

13. The minimum bandwidth required to transmit a continuous pulse train is equal to half of the baud 

rate, this is why the frequency responses can be seen to start falling off just before this value. [31] 

 

  

Figure 12 - 1.2 kHz Raised Cosine Filter Frequency Response 
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The frequency response graphs predict an attenuation at the minimum bandwidth value of 10 dB for 

the 1.2 kHz signal and an attenuation of 5 dB for the 4.8 kHz signal. 

 

3.5.10 Convolution Filtering 

Digital filters can be applied at run-time in either the time or frequency domain, if they are to be 

applied in the frequency domain then it is a requirement to convert the time domain output signal 

into its frequency domain representation, multiply it with the frequency response and then convert it 

back into the time domain. This can be done using techniques such as the Fast Fourier Transform, 

this technique however is computationally expensive and it is therefore more computationally effi-

cient to instead convolve the output signal with the impulse response of the filter to generate the 

filtered waveform. Convolution in the time domain being equivalent to multiplication in the fre-

quency domain. Impulse responses for both data rate filters were generated and can be seen in 

Appendix 11 and 12. 

Convolution as a process requires multiplication and accumulation of the output signal with the filter 

impulse response coefficients, therefore it is possible to calculate the processing requirements. As-

suming 133 filter coefficients and a DAC sampling rate of 19.2 kHz it would require 5.1 × 106  

floating point operations per second (FLOPS) in order to perform the required filtering. The 

AT32UC3C processor is capable of performing 15 MFLOPS meaning that the filtering alone would 

require ~35% of the overall processing power, this was unacceptable and an alternative method had 

to be found. Therefore it was decided that every possible output value for the filter would be calcu-

lated and stored in a lookup table in the processors flash memory, the filtering algorithm can then 

simply perform a lookup from this table to determine the filtered output values to send to the DAC. 

This brought the total processor usage down to less than 0.01%. However, this processing power 

reduction was achieved at a cost of 32kB of non-volatile memory. 

Figure 13 – 4.8 kHz Raised Cosine Filter Frequency Response 
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3.5.11 DAC Output 

Two options were evaluated for driving the DAC output, interrupts on their own, and DMA driven 

interrupts. In order to ensure the accurate timing requirements it was necessary to drive the DAC 

through the use of hardware interrupts, these were configured to trigger at the sampling rate of 

19200 Hz. Due to the use of FreeRTOS there are short periods of time that interrupts are disabled 

altogether, if the DAC is required to generate an output at this point in time then it will be delayed, 

this will in turn cause jitter in the sampling frequency, to avoid this it was desirable to reduce the 

interrupt frequency as much as possible. To achieve this the on-board DMA module was used, this 

allowed for a single symbol worth of DAC outputs to be provided at once, thereby reducing the in-

terrupt frequency, by the oversampling rate, back down to the signal baud rate – 1.2 kHz or 4.8 

kHz. Ultimately the use of this method reduced the chances of sampling jitter occurring by the 

oversampling rate being applied. 

3.5.12 Filtering Results 

The time domain results of the filtering process for the 1.2 kHz signal and 4.8 kHz signals can be 

seen in Figure 14 and Figure 15 respectively, and the frequency domain results in Figure 16 and 

Figure 17. The oscilloscope time domain representations of the 1.2 kHz signal can be seen to contain 

less high frequency components than the 4.8 kHz signal as the waveform is more sinusoidal, with 

less sharp edges, this was expected and was due to the difference in oversampling rates for the two 

output baud rates. 

       
 

Looking at the frequency domain representations taken after the signal has been transmitted over 

VHF, it can be seen that the oversampling and filtering process was sufficient to remove all of the 

unwanted high frequency components, with the next harmonic image being 35dBs below the modu-

lated signal. In contrast the 1.2 kHz signal can be seen to be 45dBs below the modulated signal, again 

this improvement is due to the difference in oversampling rates. 

Figure 14 - Filtered 1.2 kHz DAC Output Figure 15 - Filtered 4.8 kHz DAC Output 
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The highlighted area in the centre of each image shows the baud rate of each signal, by looking at 

this is can be seen that the 1200 Hz signal is attenuated by 10 dBs at the cut off frequency whereas 

the 4800 Hz signal is attenuated by 5 dBs, these values are as predicted by the frequency response 

graphs discussed earlier. 

3.5.13 Downlink Summary 

In this section a detailed breakdown of the telemetry packet data format has been given such that 

both satellite and ground-station are able to meaningfully communicate, in addition a schedule has 

also been specified such that WOD and user fitter messages can be transmitted every two minutes. 

A method for forward error correction has then been examined with the findings that it will allow for 

data to still be successfully received even if there are a high percentage of bit transmission errors, 

thereby ensuring packet loss is reduced and maximising useful bandwidth utilisation. This FEC tech-

nique has then been ported onto the processor and used successfully. 

Once all of the digital data had been encoded and was ready to be sent, a comparison of RF trans-

mission techniques was performed with the finding that BPSK is the best candidate. Testing then 

revealed that it would be necessary to perform filtering on the BPSK modulating baseband signal to 

remove harmonic images from the modulated transmission. A filtering methodology has then suc-

cessfully been used to remove these unwanted frequencies, in addition, this has been done in such a 

way that the total processor usage is less than 0.1%. 

 

Figure 16 - Filtered 1.2 kHz Frequency Spectrum  

(Frequency (Hz) vs Amplitude (dBs)) 

 

Figure 17 - Filtered 4.8 kHz Frequency Spectrum  

(Frequency (Hz) vs Amplitude (dBs)) 
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3.6 Payload Data Flight Software Design 

As discussed in Section 3.3 and Section 3.5, the AMSAT payload can request scientific data from 

other payloads which is then passed to the payload data thread to be stored in non-volatile memory 

such that it can later be downlinked when in range of a ground-station. The payload data thread is 

also responsible for managing which data has been received on the ground, and which data is to be 

sent, this is achieved through the use of holemaps. 

3.6.1 Payload Data Storage 

As previously discussed, there is a limit of 100,000 erase / write flash cycles for this device.  

As flash is to be used for payload data storage this cycle limit is also applicable. However, unlike the 

default values being written to flash, the rate at which a payload data transfer occurs cannot be throt-

tled as the request is made by the satellite primary OBC and therefore cannot be controlled. 

As previously calculated the maximum flash usage rate is approximately 26 minutes to allow for a 5 

years mission life time, it is however possible that the payload is required to write scientific data to 

flash more frequently than this, therefore a strategy to ensure satellite longevity was required. The 

strategy implemented was that of making equal use of four times more flash than was required to 

store the data. This meant that each individual flash cell would only be used every four payload 

transfers, thereby quadrupling the theoretical flash lifetime and allowing for payload transfers to be 

made every seven minutes without compromising the minimum mission lifetime of five years. 

3.6.2 Payload Data Transfer Integrity 

It is essential that scientific payload data reaches the ground correctly and in its entirety, such that 

the data can be usefully interpreted. Thus, due to the nature of satellite communication links being 

lossy due to Doppler shift, ranging and multi-path effects, it is essential that there is a feedback 

system such that operators on the ground can confirm with the satellite the correct receipt of data 

packets. Traditional systems in communications for doing this are systems such as the Transmission 

Control Protocol (TCP), however, TCP requires that acknowledgements be sent in real time before 

further data is sent [32]. This is an ineffective strategy when there are multiple ground-stations con-

figured to receive data but relatively few configured to uplink acknowledgement data. Therefore a 

different strategy was required. Saratoga is a protocol developed at the University of Surrey [33] for 

this exact purpose and met all of the requirements for this project, these being guaranteed data trans-

fer, no timeouts for acknowledgements and effective use of the downlink channel [34]. Saratoga has 

not been implemented in its entirety, however, a reduced implementation based upon Saratoga prin-

ciples has been implemented.  
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Figure 18 - Holemap Data Transfer Protocol - Initial Conditions 

 

 

 

 

 

 

 

 

 

 

      Figure 19 - Holemap Data Transfer Protocol - Half of Packets Transferred 

 
 

 

 

 

 

 

 

 

       

       Figure 20 - Holemap Data Transfer Protocol - Transfer Complete 
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The protocol implemented works through the use of holemaps to acknowledge packets, and the 

process is illustrated in Figure 18 through to Figure 20. 

A holemap is simply an acknowledgement packet that is uplinked to the payload, it contains within 

it data that informs the payload which packets of payload data have been received on the ground. 

In the example shown a single byte is used as a holemap, with each bit within it representing the fact 

that a specific packet has been received on the ground. In the top most image it can be seen that the 

holemap is comprised of zero bit values, thereby indicating that no packets have been received by 

the ground-station, this is the initial transfer condition for payload data. In this state the payload will 

cyclically transmit packets 1-8, thereby making maximum use of the bandwidth. 

In the central image it can be seen that several bits are now set to one, this indicates that the packets 

they represent have been received and indicates that the payload can stop transmitting them. Under 

these conditions the payload would then only continuously transmit packets 1, 3, 5 and 7. Thereby 

transmitting the remaining packets twice as often and again maximising the downlink bandwidth 

utilisation. 

In the final image it can be seen that the payload data transfer to ground is now complete, at this 

point the stored payload data is marked as having been received and the payload will return to telem-

etry broadcast mode. 

The AMSAT payload has a maximum scientific data transfer size of 64 kB, with each 252 B packet 

being represented by a single bit, the end result being that the maximum holemap size is 32 B. 

3.6.3 Payload Data Conclusions 

AMSAT data transfer from other payloads was an important ESA requirement and as such needed to 

be implemented in such a way that data integrity is guaranteed, it is strongly felt that this has been 

achieved through the use of holemaps. Not only has this requirement been met but it has been met in 

such a way that the downlink channel bandwidth usage is maximised, whilst reliance on uplink data 

is kept to a minimum, thereby increasing the overall autonomy of the satellite. In addition to this, 

methods have been implemented to ensure that the option is there for this data transfer capability to 

be used consistently by the primary OBC without risking the operational lifetime of the satellite, 

thereby increasing the usefulness of the AMSAT payload to the overall mission. 

3.7 Uplink Flight Software Design 

In addition to the requirement for the payload to be able to downlink telemetry it was also a require-

ment that the payload could be controlled via telecommand, meaning an uplink channel was required. 

The AMSAT uplink PCB will demodulate a Frequency Modulated (FM) signal and present the de-

coded signal to the ADCs on the processor, this signal is referred to as the audio signal. The audio 
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signal is then sampled by the ADCs on the processor such that the incoming data stream can be 

decoded in software. 

3.7.1 Audio Signal 

It was necessary to select a modulation strategy that could be decoded in real-time by an embedded 

processor with constrained memory and processor cycles available. In addition to this, the output of 

the AMSAT FM circuit is AC coupled to the ADCs, this meant that a sinusoidal signal would have 

to used, such that the signal could pass through to the ADCs. For these reasons Audio Frequency 

Shift Key (AFSK) was selected for use. 

3.7.2 Multimon 

Multimon is a software library used for decoding AFSK signals, there is a C implementation available 

for use for free online [35]. This free implementation is what the uplink decoder is based upon, how-

ever this library is not designed to operate on an embedded processor and as such required heavy 

modification before it could be used. In its original format the multimon library could be used to 

reliably decode received AFSK signals on the target processor, however, to achieve this it used 95% 

of the total processors cycles - as measured by FreeRTOS tools. 

3.7.3 Sampling Rate 

The multimon AFSK library makes use of 1.2 kHz and 2.2 kHz waveforms to represent a mark and 

a space respectively. This means that the processor was required to sample at a fast enough rate in 

order to be able to determine the difference between these two waveforms. The default sampling 

rate of the multimon decoder was 22 kHz, or 10 times faster than the highest frequency contained 

within the audio signal. As previously discussed a signal must be sampled at twice the highest fre-

quency component in order to be fully reconstructed meaning that it was necessary to sample at a 

rate of 4.4 kHz. Testing was done at this rate with the findings that only 40% of packets were suc-

cessfully decoded, this is believed to be due to sampling jitter and also due to the imperfections in 

the multimon decoding algorithm, this is fully discussed in the testing section of this report.  

Thus the sampling frequency was systematically increased with the findings that a sampling rate of 

8.8 kHz allowed for a decoding rate of 70%, in order to reach a decoding rate of 99% the rate was 

increased to 11 kHz. This represented a halve in the sampling frequency originally used in the li-

brary and brought the overall processor usage down from 95% to 45%, a large reduction in 

processor cycles but still insufficient to abide by the ECSS processor usage standards when other 

threads are considered, thus further reduction was necessary. 
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3.7.4 Multimon Fixed vs Floating Point Operations 

The multimon library operates through the use of floating point mathematics whereas the inputs pro-

vided from the ADC are in fixed point form. On embedded processors floating point operations 

typically take much longer than fixed point operations. Thus, in order to improve the performance of 

the multimon library, it was converted to operate using fixed point, the final result of which being 

that the overall processor usage for decoding was reduced to 28%. This is within the usage boundaries 

laid out by ECSS and was therefore deemed as acceptable. 

3.7.5 AFSK Encoder 

In order to prove the behaviour of multimon with the above changes a software test harness was 

created using C++, a bespoke AFSK encoder was then developed within the harness, this encoder 

took a binary input stream and created an AFSK signal at the correct rate for the multimon decoder 

sampling frequency. The use of this test harness meant that the library functionality could be tested 

without having the hardware present and without an RF commanding chain to send AFSK packets 

to the payload, this allowed for the library to be tested in isolation from the rest of the system. 

 

 

Figure 21 shows the digital input signal to the encoder and the output AFSK signal fed into the li-

brary to be demodulated, scaled to the range of the sampling ADC. The encoded signals shown 

were correctly decoded by the modified multimon library in the test harness, this showed that the 

new library was ready to trial on the target processor. 

Figure 21 - AFSK Encoder Input vs Encoder Output 
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3.7.6 Uplink Data Decoding 

The output of the multimon library is a continuous stream of demodulated bits, in order to make use 

of this it was necessary to keep a fixed size history of these bits in memory and to extract the required 

data from this stream in real-time. This meant that it was necessary to define a packet format and to 

include a specific sequence that indicated the start of a packet. 

3.7.7 Packet Format 

The packet format developed would need to allow for single CAN OD writes as well as large block 

writes for fitter messages and holemaps. The following packet format was decided upon. 

It can be seen that at the start of the packet there is a field called the ‘CCSDS Sync Vector’, this is a 

specific sequence of bits that indicates the start of a packet, this is the recommended bit sequence 

from the Consultative Committee for Space Data Systems (CCSDS) [36]. 

The next field contains the packet size, this indicates the size of all data included after this field, 

excluding the CRC, and is used for verification of the data being received. 

Following this is the CAN OD address for the data in the data field to be written to, followed by a 

variable length field for the data itself. Finally a 16 bit CRC code is used to ensure the packets va-

lidity. Therefore is can be seen that a maximum of 28 bytes make up a single packet, with typical 

packets being 12 bytes long. The packet length is deliberately limited such that the chances of an 

error occurring during transmission are reduced. 

3.7.8 Uplink Front-End 

To enable control of the payload an AFSK encoder front-end was developed by Dr Chris Bridges, 

this front-end allows for users to simply select the command that they wish to send to the satellite 

and for the audio tone to be generated and played out of the computer audio socket. 

Please see Appendix 26 for an image of this piece of software. 

3.7.9 Uplink Summary 

This section has looked at the adaptation of a free AFSK decoding library from one that utilises 95% 

of the available processor cycles down to one that uses only 28%, this has been done through under-

standing of the system and making software procedural and sampling rate changes. The end result 

Figure 22 - Uplink Packet Format 
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being a library that conforms to the ECSS standards. In addition, an AFSK encoder has been suc-

cessfully developed for use in a software test harness, proving the functionality of the modified 

library but also once again showing the power of the test driven development process, allowing for 

the library to be tested without hardware being present and ensuring a successful decoding rate of 

99%. 

Finally a simple bespoke packet format has been presented allowing for meaningful communications 

between the payload and the ground. 

3.8 System Reliability 

As previously discussed, the space environment contains highly energetic particles that will come 

into contact with sensitive regions of the processor, this can lead to charge being deposited in gate 

or substrate regions, ultimately causing single event effects. Modelling of this radiation environ-

ment is beyond the scope of this project, however, SEUs will occur and their effects needed to be 

mitigated where possible. 

3.8.1 Triple Modular Redundancy (TMR) 

TMR is the name given to the technique of using three copies of a piece of data to ensure that a sin-

gle event upset has not been suffered since the data was stored in memory.  

Using TMR, when data is read, a comparison of the three copies is performed and a majority vote 

held on what the data should be. If an SEU has occurred in a single copy then it will be detected by 

the voting process and the erroneous copy corrected. This process will ensure that data held in 

memory can be read correctly, provided that only a single copy is corrupted. Ensuring that only a 

single copy becomes corrupted can be achieved through memory scrubbing of TMR regions, this is 

discussed later. 

A key area in RAM for the AMSAT payload is the CAN OD, all satellite data is stored in, and ac-

tioned from here. Thus any SEUs that occur in this region could have the effect of changing the 

satellite operating mode, or even the default operating mode on satellite start up. Therefore, the 

CAN OD has been protected by a TMR strategy whereby all reads and writes are triplicated and 

compared to ensure that data corruption does not occur. The memory overhead associated with this 

triplication was 1.5kB of RAM which was deemed acceptable to provide this critical protection. 

3.8.2 Memory Scrubbing 

Memory scrubbing refers to the process of periodically going through memory and correcting for 

any single event upsets that may have occurred, this technique has been combined with the TMR 

technique to ensure the data integrity of the CAN OD. It is essential that the frequency that memory 
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scrubbing is performed at ensures that only a single copy of the TMR data can statistically become 

corrupted, therefore the CAN OD is scrubbed every 5 minutes.  

3.8.3 Stack Based TMR 

TMR is an effective strategy for ensuring detection of SEUs, the problem with TMR is ensuring all 

critical program variables are checked immediately before being used by the program. 

In order for this to be performed under normal conditions in software it would mean additional 

code being present every time that a variable is used, whilst this is possible it would make code 

more difficult to read and understand, and could therefore lead to other developer errors. 

Therefore a novel technique for protecting active memory was developed for this project that 

makes use of FreeRTOS’s architecture itself to offer protection. 

As a program is executing and functions are called, the associated variables need to be stored in 

memory, this area of memory is called the stack and also contains all program return addresses to 

be branched to by the processor at the termination of a function. Corruption of these return ad-

dresses from SEUs would mean the processor would branch to a random memory region on 

completion of a function call - causing undefined behaviour or a system crash. FreeRTOS operates 

by maintaining a separate stack for each thread, this stack makes up what is referred to as the 

threads context, when a context switch is made FreeRTOS is simply halting execution with the cur-

rent thread’s stack and replacing it with another thread’s stack to be executed. It is this context 

switch that has been exploited to provide TMR to all stack variables and return addresses. Through 

triplication of each thread’s context stack within FreeRTOS, and modification of the FreeRTOS 

kernel it was possible to perform TMR on each stack at the point that every context switch is made. 

This timing is important because it ensures that all stack variables and return addresses are verified 

before being used, thereby ensuring that any SEUs present are corrected just before being used. 

This means that TMR is provided when it is required and only to the variables that require it. This 

strategy only offers protection to stack based variables and will not offer any protection to heap 

based variables such as the CAN OD. 

The efficacy of this technique is inversely proportional to the percentage of time the thread is run-

ning, as it will not protect against SEUs that occur in a threads stack after a context switch has been 

made and that thread is running. Therefore for this system, the technique will protect against 72% - 

99% of SEUs depending on the thread in question and all without any modifications to the program 

source code itself. 

Monitoring of the number of SEUs detected by this technique is being perform by the payload, 

therefore after launch it will be possible to prove the effectiveness of this technique with real on-

orbit data received as a part of the satellite telemetry package. The location of the satellite at the 
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time of the detection will also be known, providing additional data on the orbital locations of SEEs 

occurring. 

3.8.4 Watchdog Strategy 

TMR and memory scrubbing reduce the statistical chance of a SEU causing a functional problem, 

however, functional errors will still occur, therefore it is essential that the processor can detect 

when this has happened and reset the system, this is achieved through the use of a watchdog timer. 

The AT32UC3C processor offers a configurable watchdog timer that must be serviced within a 

given period, else the processor will perform a reset. As the AMSAT payload is made up of multi-

ple threads it was necessary to implement a method of ensuring that if a single thread crashed then 

the watchdog would be triggered. The was achieved through each thread providing a heartbeat to 

the satellite operations thread at a thread specific interval, if this heartbeat was not detected then it 

was assumed that the thread had crashed and if this could not be corrected, the watchdog would 

then be triggered. This strategy ensures that all threads are being actively monitored and a failure in 

one of them will be detected and appropriate action taken. In addition, the host satellite can also 

perform a full power reset of the payload, thereby clearing any single event latch-ups that could be 

causing a system problem. 

Finally a command watchdog has also been implemented, therefore if a configurable period of time 

has passed without an uplink command being received then the processor will automatically restart. 

This means that any problems with the uplink will cause an eventual reset, as otherwise in the event 

of an uplink error it would not be possible to trigger a reset remotely without making a request to 

ESA who could then action the request via the primary OBC. 

3.8.5 Temperature Shut Down Mode 

It is essential that electronics stay within their specified operating temperature range such that long 

term damage is not caused by temperature peaks, therefore it was necessary to take action if a tem-

perature peak is detected on any of the PSUs, RF amplifiers or the processor. 

At 50ºC the payload will switch into low power telemetry mode such that operators on the ground 

can see that safe mode has been triggered, then at 70ºC the payload will change into receive only 

mode thereby reducing the heat produced by the RF downlink power amplifiers. This strategy will 

ensure that all that can be done to reduce the temperature is being done and will also ensure satel-

lite operators are aware of the present situation. 

In order to account for the possibility of the satellite average running temperature being higher than 

modelled it is possible to disable this shut down mode such that the payload cannot end up in a 

state whereby it cannot transmit. 
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3.8.6 FreeRTOS 9.0 

During the development of this payload FreeRTOS released version 9.0, this version of FreeRTOS 

allowed for an important issue to be remedied. The problem with previous versions of FreeRTOS is 

that they all use dynamic memory allocation. Use of dynamic memory allocation is dangerous if 

not properly managed, allows for different types of software bugs to be present and is strongly ad-

vised against in NASAs safety critical software development guide [37]. Making the switch across 

to version 9.0 has ensured that these guidelines are followed and that the possibility of dynamic 

memory allocation errors has been removed. 

3.8.7 System Reliability Conclusions 

The space environment offers many challenges such as SEEs and heating issues due to the vacuum. 

Consideration has been given to these challenges in this section, with the standard technique of TMR 

being used to ensure that the main operational database of the satellite is protected. It has also covered 

development of a novel method of using TMR to allow for non-code-invasive checking of all stack 

based variables, thereby offering a high level of statistical protection against SEUs. In addition, the 

raw statistical data from the technique is downlinked regularly by the payload and will serve to prove 

its validity for use in future missions. Ultimately is has been accepted that SEEs will occur and will 

not be mitigated by the strategies put into place, however, in order to deal with this eventuality a 

watchdog has been implemented to ensure that if the system cannot recover then a reset is performed. 

It is felt that through the use of these mitigation and recovery strategies the payload has been given 

the maximum opportunity for mission success possible without the use of radiation hardened com-

ponents or redundant processors.  
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4 TESTING 

Understanding and testing of any system is key to ensuring long term successful operation and 

finding bugs. This section focuses on the testing methodologies used through-out this project and 

also details the profiling of the processor and software system architecture. 

4.1 Tracalyser 

Tracalyser is a tool developed by Percepio in conjunction with FreeRTOS, it operates as a part of the 

operating system and allows for the recording of all system events, such as task switches and system 

interrupts. Tracalyser is provided as a generic platform that the user can adapt to the processor they 

are operating on, this was done for the AVR32 as a part of this project and allowed for snapshot 

recordings of the system to be taken. Tracalyser also provides a tool for visualising this data, allowing 

the performance of the system to be observed at a level of detail which otherwise would not be 

possible. 

4.2 Processor Performance 

Through the use of Percepio Tracalyser it was possible to critical evaluate the performance of the 

processor when operating. A key finding of the literature review was that average processor usage 

should be kept to below 50% to allow for peaks in required processing power. 

It was expected that the uplink thread would consistently use the highest processor percentage, the 

operations performed in this thread however are a repetitive mathematical process and will there-

fore always require the same amount of processing time. It was then expected that the downlink 

thread would create large spikes in processor usage as the periodic FEC process is mathematically 

intensive. It was essential to ensure that the processor could cope with both the background pro-

cessing requirements and also with the peaks demands in processing power. 

Figure 23 - Processor Usage Graph (Processor Usage (%) vs Time (s)) 
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Figure 23 is taken from Tracalyser, each thread is represented by a different colour. It can be seen 

that approximately 25% of processor cycles are spent running the uplink thread, it can also be seen 

that this percentage only varies slightly with time. 

It can also be seen that the downlink thread requires the most processing power, however, it only 

requires this power when it is performing FEC on a packet to be transmitted – once every 1.25 sec-

onds when operating at the maximum downlink baud rate.  

The processing power required to perform FEC reaches 100% which would typically be cause for 

concern in a system, however, through the use of Tracalyser it was possible to ensure that Fre-

eRTOS was allowing for pre-emptive multitasking to take place and thereby ensuring that all 

threads and interrupts were still executing at the required time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24 is a timing execution diagram, it shows when threads are executing and for how long, 

this diagram covers the same period of time that the uplink thread is performing FEC and causing 

100% usage of the processor in Figure 23. It can be seen that although the downlink thread is con-

suming most of the processor cycles the other system threads are still being allowed to run 

correctly. This means that through the use of FreeRTOS the overall system performance can still be 

guaranteed even with the processing power peak requirements imposed by the use of mathemati-

cally intensive FEC techniques. The full timing diagram can be used to determine that the time 

required under normal processor loading conditions to perform FEC of a single packet is 80 ms, 

whereas the requirement when operating at the maximum baud rate is 1.25 seconds, therefore it 

would be possible for this processor to operate at a higher downlink baud rate. 

Figure 24 - Timing Diagram at 100% Processor Usage 
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4.3 Sampling Interrupt Performance 

There are two system interrupts used for sampling, one for sampling the incoming AFSK uplink 

signal and one for providing samples to the BPSK downlink modulator. The performance of the 

uplink and downlink channels is heavily dependent the timing of these interrupts, sampling at the 

incorrect point in time will cause distortions to the signals received and transmitted [38], degrading 

the overall performance of the system - therefore it was essential to prove the timing of these inter-

rupts and also to quantify any sampling period jitter. 

 

 

Figure 25 and Figure 26 show both sampling interrupts, the downlink sampling ISR can be seen to 

be sampling at approximately 10% of the speed of the uplink sampling ISR, 1.2 kHz and 11 kHz 

respectively. The execution period of both interrupts can also be seen to be different, 30 us for the 

downlink ISR and 15 us for the uplink. 

When the analysis of the processor performance was carried out the system was operating as in 

Figure 25, whereby at time 442.8 ms two interrupts occur at the same time, this has caused the up-

link sampling ISR to have to wait for the downlink ISR to finish, this in turn caused a delay in 

execution of 30 us which equated to 33% of the uplink sampling period. This jitter will have the 

effect of preventing the signal being decoded at the Nyquist frequency and cause the sampling rate 

relative to the highest frequency baseband component to require increasing. Once this problem had 

been observed it was possible to make changes to the operation of the system to help counteract 

this problem, this can be seen in Figure 26. This was achieved through enabling nested interrupts, 

Figure 25 - Timing Diagram without Nested Interrupts Figure 26 - Timing Diagram with Nested Interrupts 
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thereby allowing the uplink ISR to interrupt the downlink ISR, and meaning that the downlink ISR 

would instead become jittered if both interrupts occurred at the same time. 

Due to the slower sampling rate of the downlink and the shorted period of the uplink ISR this re-

sulted in a sampling jitter of only 1.8% of the sampling frequency in 1.2kbps mode and 7.2% in 

4.8kbps mode. 

The ratio of the two sampling rates determines the rate at which simultaneous interrupts will occur. 

𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 𝑟𝑎𝑡𝑖𝑜 =
𝑈𝑝𝑙𝑖𝑛𝑘 𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

𝐷𝑜𝑤𝑛𝑙𝑖𝑛𝑔 𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦
=
11050

1200
= 9.2  

 

Simultaneous interrupts occur at the lowest integer multiple of 9.2 that is also an integer itself, 

therefore every 46 uplink samples and every 5 downlink samples, this was also observed in the full 

Tracalyser timing diagram. 

Empirically it was determined that this was the optimal solution. Reduction of the sampling rate 

ratio to 9.1 and increase in the ratio to 9.3 both doubled the period between sample jitter occurring, 

however, it also caused consecutive samples to be jittered. This was deemed to be more of a risk for 

packet loss as both of these samples are likely to be a part of a single symbol. If future work were 

to be performed increasing the downlink baud rate then a key area of consideration would be the 

frequency of interrupt collision and the associated jitter. 

4.4 Verification and Validation 

Verification and validation are both requirements put forward for ensuring software quality by the 

ECSS software development guidelines ECSS E40 [3]. Validation deals with ensuring that the 

product has been built correctly whilst verification ensures that the correct product has been built – 

ensuring it meets the design requirements. ECSS E40 states that validation must be performed by 

the design engineer whereas verification is to be performed by an independent party, therefore veri-

fication testing of this product will be performed by AMSAT before payload delivery and then 

again by ESA when the payload is integrated. This meant that the ECSS requirement for product 

verification had been met. 

4.4.1 Validation 

It was still a requirement that the system be validated before being delivered for verification, there-

fore a formal test strategy needed to be implemented. There were two aspects to this strategy, the 

first aspect was discussed heavily in the literature review and was Test Driven Development. TDD 

was implemented across the development of all software modules to ensure that the overall test 
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coverage at a micro level was as high as possible. Overall 589 individual test cases were written to 

prove the functional level operation of the software. As an indication to the amount of testing this 

represents, the total number of functional lines of code written was 9200, whereas the number of 

lines of test code written was 10500. Therefore it can be seen just the amount of importance that 

has been given to ensuring the system operation on this micro level through-out the development. 

After unit testing the ECSS E40 requires that integration testing be performed, this is to ensure that 

interfaces between unit tested software modules behave as expected, this testing can again be per-

formed in software with test cases being used, or ideally performed with real hardware and 

interfaces connected. 

4.4.2 Integration Test Harness 

It was decided that integration testing would be performed with real hardware configured, therefore 

a test harness was developed, a photo of this test harness set-up can be seen in Figure 27. 

It makes use of a handheld UHF walkie-talkie to provide an uplink signal, a FunCube Dongle to 

receive the BPSK downlink and a CANopen emulator, in addition a separate piece of software was 

used to drive each, with the CANopen emulator software being developed purely for this purpose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Uplink Transmitter Downlink Output Antenna Ground-station Software 

Uplink Input Antenna FunCube Dongle and Antenna 

Figure 27 – Payload Integration RF Test Harness Setup 
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4.4.3 Uplink Integration Testing 

The first piece of integration testing performed was that of proving the uplink channel was operat-

ing as expected. The uplink channel contains a packet counter that can be used to determine how 

many packets have successfully been received. This was used in conjunction with the uplink soft-

ware and walkie-talkie to perform uplink testing; a total of 10,000 packets were sent consecutively 

to the payload, the payload received 9904 of these packets successfully, meaning that the uplink 

was capable of decoding 99% of packets successfully under laboratory conditions.  

4.4.4 Downlink Integration Testing 

In order to prove the functionality of the downlink channel a FunCube Dongle and the associated 

FunCube Dashboard were used, the dashboard contains an AO-40 decoder and can provide a bit 

error rate for individual decoded packets. Testing was performed at the highest possible baud rate, 

4.8kbps, and over a period of 30 minutes the bit error rate of all packets received was logged, it can 

be seen from the image in Appendix 30 that not a single bit error occurred during this test period. 

4.4.5 CANopen Stress Testing 

The CAN bus driver and associated CANopen code needed to be stress tested to ensure that it 

would be capable of performing the scientific payload data transfers required of it. The maximum 

number of packets received per second associated with this transfer is 512, therefore the system 

was designed to be able to process 1024 packets per second to allow a safety factor of 2. 

The stress testing aimed to ensure that the system could cope with this level of CANopen traffic, 

the following tests are based upon CANopen PDO reads and writes being performed at the packet 

rate specified for 1 minute.  

Table 1 - CANopen Stress Testing Results 

Packets Sent 

Per Second 

Total Packets 

Sent 

Packets Received Packets 

Dropped 

    

500 30000 30000 0 

1000 60000 60000 0 

1500 90000 56641 33359 

 

It can be seen from the above test results that the system is capable of dealing with double the data 

rates required by the rest of the satellite, but by design it will start dropping packets above this 

packet rate figure. 
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4.4.6 Soak Testing 

A key quality metric of any satellite system is the ability to function without operator intervention 

for a prolonged period of time. This meant that soak testing was an essential part of the verification 

process. This testing was performed over a week long period and ensured that telemetry readings 

were downlinked for the duration of the week and also that no resets occurred during this period. 

It is expected that AMSAT will also perform longer duration soak testing when the flight model is 

developed. 

4.5 Temperature Calibration 

Temperature of electronics is of key concern on a satellite as each component has a specified opera-

tional range that it must remain within, therefore it was necessary to calibrate the telemetry ADC 

readings for these telemetry points. This was achieved through the use of a temperature chamber 

and pre-calibrated thermocouples, this meant that an accurate temperature reading could be taken 

whilst the ADC outputs were simultaneously read. Performing this operation at fixed temperature 

intervals it was then possible to linearly interpolate between these points to determine the tempera-

ture represented by all ADC readings. See Appendix 27 for an image of the experimental setup, it 

can be seen that a CANopen device is being used to extract the ADC data from the processor, in ad-

dition, it can also be seen that there are three thermocouples attached to the device, these were 

placed physically as close to the on-board temperature measurement devices such that it could be 

ensured that calibration readings were taken as the specific locations reached the desired tempera-

ture. 

See Appendix 28 for the results of this experiment. It can clearly be seen that all of the ADC meas-

urements taken decrease with time, this is precisely what was expected and allowed for 

interpolation between the measured points to be performed, and therefore for the raw telemetry 

data to be correctly interpreted. 

This calibration process also followed the ESA temperature testing profile and therefore served to 

prove that the payload could cope with the temperatures expected to be experienced in space. 

In addition, temperature cut out testing was performed with a Halogen lamp, the experimental setup 

can be seen in Appendix 29 and proved the transmitter switched into low power mode correctly 

when the unit exceeded 50ºC. 

4.6 Testing Summary 

A key finding of the literature review was to carefully manage the processor usage to allow for un-

expected peaks in demand. This has been achieved through the use of Percepio Tracalyser allowing 
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for precise measurement of processor usage and thereby proving that the average background pro-

cessor usage is kept well below the recommended 50%. The processor thread execution has also been 

proven, with the findings that even during periods of peak processor demand the operating system is 

capable of providing pre-emptive multi-tasking and ensuring that all threads run when expected, 

thereby proving the system capability of handling tasks such as FEC. It was also found that the pro-

cessor usage indicated that it would be possible to operate this payload over a higher baud rate than 

4.8 kbps, with a recommendation that 9.6 kbps functionality would be worthy of further research. In 

addition, a final memory usage analysis highlighted that 17 kB of memory remained, thereby abiding 

by the ECSS regulations on memory usage. 

Tracalyser has also highlighted its own effectiveness by allowing it to visually be seen during testing 

that the interrupt priority configuration meant that the uplink sampling ISR was being jittered by 

33%, this could not have been found without this tool. Once this issue had been identified it was then 

possible to make configurational changes to the system to correct this fault, improving the overall 

system performance. This problem could have been found sooner and therefore had positive reper-

cussions on sampling rates if Tracalyser had been used from the start of the project, therefore it is the 

recommendation of the author that tools for testing are utilised from the start of the project to max-

imise their potential benefit. 

ESA provides a clear divide between the verification and validation processes and specifies the re-

quirements for each process. The TDD process discussed in the literature review meets all of the 

requirements for the micro-level testing required by ECSS E40 and therefore mean that only final 

integration testing was required, this has been performed with in depth system testing ensuring that 

the payload can handle what is required of it, and also attempting to ensure that it will operate effec-

tively for the duration required of it. It is felt that the overall amount of testing and assurance done 

on this payload is high for the mission profile being that this is a secondary payload. It is also believed 

that the assurance process followed will ensure the effective and long term operational success of 

this mission. 

Preliminary verification testing performed by AMSAT over the period of a day only highlighted a 

single non-critical bug being present in the entire code base, this once again serves to prove just how 

effective the TDD process has been in ensuring overall system quality.  
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5 CONCLUSION 

5.1 Summary 

It is felt that a great deal has been achieved throughout the course of this project, with an entire 

satellite payload software system having been designed, developed and tested over the period of the 

year. This has involved research and development in a vast number of areas ranging from digital 

filter design, through to forward error correction techniques, and through to development of an in-

dustrial standard communications stack in the form of CANopen. A summary of the project 

progression can be seen in Figure 28. 

 

Figure 28 - Project Before and After Summary 

Not only has a software system been created, but through research into best practise software devel-

opment techniques for terrestrial system it has been developed in a way that has maximised software 

quality, and this can be seen through the successful verification and validation testing performed on 

the system. 
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In addition the opportunity has been taken to trial a new radiation hardening method meaning that 

despite being an amateur payload intended for educational outreach, it will also provide useful radi-

ation data that can be used to inform future satellite missions. 

Please see Appendix 7 for the full details and explanation of project planning. It is felt that this project 

has been approached in a professional manner, with regular communications with ESA to confirm 

design decisions and agree on interfaces. The project plan developed has been followed, albeit with 

slight changes due to requirement drift, with the use of Bit Bucket to ensure the back-up of code, and 

the visibility of project progression. Also, project risks have been mitigated through their upfront 

identification. 

In summary this project has resulted in the creation of a software system for a payload of high enough 

quality and functionality to be placed on an ESA satellite. 

5.2 Evaluation 

In order to quantitatively evaluate the overall success of this project it is necessary to evaluate the 

project’s success in fulfilling both the individual objectives and the overall aim laid out at the begin-

ning of the project.  

Research into, and following of best software development practice for high reliability systems. 

 

The overruling theme running throughout this project has been the maximisation of the quality of 

software developed, this can be seen through the literature review, into the development of the soft-

ware itself and finally in the testing performed. The research into ECSS standards has highlighted 

the lengths that are gone to when ensuring mission success within ESA. 

The literature review then formulated a development process that could try to achieve some of ESAs 

goals without the overheads. Moving through to the development section of the project the lessons 

learnt from the literature review were adopted with test driven development being used successfully 

across development of all software modules, and with FreeRTOS being used to create a reliable sys-

tem architecture. Finally, validation and verification of software has been performed to ensure the 

system reliability. 

Overall it is felt that this objective has been strongly met but the ultimate proof of this wont come 

until the payload is launched into space and is operational. 

The techniques relating to test driven development used have been seen time and time again through-

out this project to improve the software quality and reduce the number of bugs present in code before 

validation. Therefore it is felt that this process would be a valuable addition to any future satellite 

development and could be integrated into the ECSS product development lifecycle for larger scale 
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projects, thereby further increasing the reliability of these mission. 

Design a new software architecture targeting the ESEO mission. 

1. Including ADC and DAC handling for real-time RF communications. 

2. Including CAN bus communications for on-board data handling. 

 

The research done in the literature review led to the finding that FreeRTOS would allow for timing 

and resource management constraints to be met for this project, therefore the system architecture 

developed centred around its use. This allowed for functional areas of software to be split into dif-

ferent threads, thereby following best practice software design techniques. The testing done on the 

system as a whole then proved that even during peak processing demands it was possible to meet the 

system timing constraints. Consideration was then given to the driving of the system interrupts. The 

interrupt architecture was then refined further in the testing section of the report. The final result of 

the architecture developed was a processor usage below the ECSS requirements that was also capable 

of meeting all timing constants. Overall it is felt that a suitable system level architecture was designed 

that allowed for all payload requirements to be met, this has been proven through the successful 

integration and stress testing of the system. 

Implementation of design according to new software architecture. 

1. CANopen Protocol in strict compliance with the specification laid forth by ESA. 

 

The design of the CANopen protocol was one of the more challenging aspects of this project, the 

protocol itself is large and no prior communications protocol experience was had by the author, there-

fore a lot of concepts had to be learnt as the protocol was being developed, this has led to a much 

greater understanding of the concepts associated with a reliable communications protocol for safety 

critical systems. An especially important lesson learnt was the communications redundancy method-

ology used by ESA, it is believed that the redundancy techniques used in this development will be 

equally applicable to other systems. 

Despite the challenges associated with CANopen there was sufficient literature on the CANopen 

protocol itself for them to be overcome and for the protocol to be developed in compliance with the 

specification provided by ESA.  

Testing was then performed on this protocol to ensure that it was capable of coping with the required 

CAN bus traffic. The above reasons mean that it is felt that the requirement for development of a 

CANopen protocol in compliance with ESA’s specification has been strongly met and that the pro-

tocol has been developed to a point worthy of delivery to ESA and for satellite integration. 
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Implementation of design according to new software architecture. 

2. On-board telemetry functionality to ensure system performance. 

 

Collection of telemetry data was one of the more straight forward project elements and has been 

achieved through the use of an I2C ADC. This collection of data allows for diagnostic knowledge of 

the on-board power system, the communications system and also for collection of key component 

temperatures. It is felt that these telemetry points are sufficient to allow for run-time remote debug-

ging of the system. In addition, monitoring of several temperatures is being performed to ensure that 

the satellite longevity is not at risk due to temperature spikes, turning off components responsible for 

high levels of heat generation if necessary. Thus, it is felt that the requirement for on-board telemetry 

collection has been completely satisfied. 

 

Implementation of design according to new software architecture. 

3. Adaptive baud-rate RF communications.  

 

The single most challenging aspect of this project for the author has been the RF communications 

element as no prior RF development experience was had, therefore all of the concepts and methods 

were new. Major problems were encountered during the downlink filtering stage of development 

with several months being spent working on this aspect alone, the problems encountered were re-

solved through consultation with AMSAT exerts on software defined radio, and also through the 

development of Matlab based filtering methods so that concepts could be tested away from the target 

hardware. The main lesson being learnt from this is that expert advice can quickly highlight areas 

that are most likely to be causing problems, thereby allowing for a much faster resolution. The final 

result of this challenging project aspect being a vastly improved knowledge of digital filtering which 

can be seen in the final filtering implementation. 

Resolution of the filtering issues led to a system capable of both 1.2kbps and 4.8 kbps downlink 

communications, this when coupled with autonomous data modes resulted in a system capable of 

adapting its baud rate based upon the type of data being transmitted. 

In addition to creation of filtered BPSK signals digital aspects of satellite downlink communications 

were examined and implemented, such as creation of packet formats, and importantly forward error 

correction techniques. This exposure has highlighted the techniques and methodologies that can be 

used to enable satellite communications over a link that would otherwise not be suitable. 

In addition to the downlink of data, an AFSK uplink library has been taken and adapted to allow for 

the reliable uplink of data, thereby allowing for telecommand being sent to the satellite. Again, no 

prior knowledge of this type of decoding was known, therefore all concepts learnt were new, increas-

ing the student’s knowledge of RF demodulation to the point where the library could be modified for 

efficiency.  
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Overall, it is felt that not only has this objective been completely fulfilled but also that the most has 

been learnt from this section of the project, beginning with no RF knowledge and ending with a 

communications system being developed. 

 

Implementation of design according to new software architecture. 

4. Radiation hardening features to ensure system integrity. 

 

The use of radiation hardened components was not an option for the budget of this mission so other 

techniques had to be examined. Standard industry techniques were found and implemented such as 

the user of triple modular redundancy and memory scrubbing to protect the important areas of satel-

lite data. In addition to this a novel technique was developed by combining this new found TMR 

knowledge with the author’s knowledge of operating system kernel behaviour, the end result being a 

technique offering stack variables a high percentage of protection but also collecting the statistical 

data associated with the technique such that its efficacy can be established for use in future missions. 

Finally a watchdog strategy has been implemented to ensure that in the failure of the mitigation 

strategies implemented the processor will automatically reset. 

Through the use of several overlapping techniques it is believed that the payload has been hardened 

as much as possible given the time and budget constraints. 

 

Test and verify the above features in accordance with ESAs quality review processes. 

 

Testing has played a major part in this project from the beginning through to the end due to the TDD 

process being followed. This has ensured that the ECSS validation testing section could be fulfilled 

with only some further integration testing - which has been demonstrated to have been performed in 

the testing section. Also verification testing is going to be performed by AMSAT to ensure that the 

correct features have been implemented, this completes the ESA quality review process adopted for 

use. 

 

Delivery of a reliable and robust communications payload, capable of communications between a 

ground-station and the main ESEO OBC. 

 

Overall it is felt that the project aim has been completely realised through the completion of the 

previously discussed objectives, with a payload ready for satellite integration and fully capable of bi-

directional communications between ground-station and satellite having been developed.  

As a final summary, the author is very happy with the way that the project has progressed with many 

challenges being overcome and even more having been learnt. 
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5.3 Future Work 

Although a lot has been achieved over the course of this project, it will not be finished until the final 

engineering model is complete and integrated with the ESEO satellite. It is the intention of the author 

to be involved with this process, beginning with integration of the engineering model taking place 

with ESA in Italy during September 2016. 

A key part of the work moving forward will be the continued testing of the functionality of the pay-

load produced, with the intention of finding any bugs that could compromise the mission. Long 

distance testing of the uplink and downlink will be an important part of this process to try to best 

simulate the free space losses experienced in space. 

Another aspect of potential future work for similar missions going forward would be research into 

implementing a higher downlink data rate for telemetry and scientific data on the same processor - 

as the testing section of this report strongly showed this would be possible. Longer term, after launch, 

scientific data will be received on the frequency of single event effects caught by the stack based 

TMR strategy leading to a proper analysis of the techniques effectiveness. Longer term still, after 

mission completion it will be possible to fully judge how effective the software development lifecy-

cle used for this project was and make recommendations about the effectiveness of TDD in particular. 

Percepio have requested that this project can be used as a case study to show how their tools have 

contributed to the successful development of the payload, therefore this case study will be developed 

during September 2016 and a video interview provided for use on their website. 

Finally, an abstract was submitted to an IEEE call for papers and has been accepted for inclusion in 

the IEEE Aerospace Conference 2017. The paper will justify all major design considerations for the 

AMSAT payload as a part of the ESEO mission, and also aims to highlight difficulties involved in 

collaborating on an international project.  
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APPENDIX 1 – TEST DRIVEN DEVELOPMENT STUDY RE-

SULTS SUMMARY 

Table 2 – Test Driven Development Study Results 

Performance  

Metric: 

IBM: 

Drivers 

Microsoft: 

Windows 

Microsoft: 

MSN 

Microsoft: 

Visual 

Studio 
     

Defect density with regular 

processes 

W X Y Z 

Defect density with TDD 0.61W 0.38X 0.24Y 0.09Z 

Release time increase with 

TDD (%) 

15-20% 25-35% 15% 20-25% 
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APPENDIX 2 – RTOS COMPARISON 

Table 3 - Real Time Operating System Comparison Table 

RTOS RAM ROM Cost AVR32 

Port  

Real-time Tracalyser 

       

MicriumOS 1kB 6-24kB Free Yes Yes Yes 

FreeRTOS 256B 5-10kB Free Yes Yes Yes 

SMX RTOS 4kB 15-55kB Free No Yes No 
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APPENDIX 3 – CAPTURED REQUIREMENTS 

Table 4 - Captured Requirements from Literature Review 

Requirement 

Number 

Requirement Description 

  

1 Define external interfaces fully at project start. 

2 Consider task timing implications fully at project start. 

3 Consider resource management and access at project start. 

4 Consider redundancy of RAM at project start and throughout. 

5 Consider redundancy of CPU cycles at project start and throughout. 

6 FreeRTOS will be used for this development. 

7 Further investigation into FreeRTOS Percepio tools must be performed. 

8 Further investigation into available TDD tools and process to be performed. 

9 Application of TDD throughout the project. 

10 Implementation of an error handling strategy. 
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APPENDIX 4 – PROCESSOR SUMMARY 

Table 5 - Processor Functionality Requirements Summary 

 

Functionality Required Sampling 

Frequency 

Part Part Sampling 

Frequency 

    
RF Transmit 19.2kHz DAC 1.5MHz 

RF Receive 11kHz ADC 1.5Mhz 
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APPENDIX 5 – CANOPEN PACKET TRANSMISSION 

 

Figure 29 - Image Showing CANopen Packet Transmission 
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APPENDIX 6 – CANOPEN UNIT TEST RESULTS 

 

 

 

 

 

Figure 30 - Test Results Proving CANopen Functionality 

  



Peter J Bartram, ESEO Satellite Communications Payload 

- 81 - 

APPENDIX 7 – PLANNING 

In order to ensure the completion of the project within the required deadlines a project plan was 

developed early on in the project, this took into account all work that needed to be completed on the 

payload before it was suitable for flight, this can be seen in Appendix 8. 

An estimated time value was added against each task, a pessimistic value was used here so that 

estimations would indicate the project ending later than it actually would, this takes into account risk 

associated with individual tasks. 

It can be seen from the project Gantt chart in Appendix 9  that the project was expected to be com-

pleted on the 10th of August, this was within the university project constrains and was therefore 

acceptable. 

The nature of this project however meant that requirements were always subject to change and ad-

aptations had to be made as the project progressed, with some additional tasks being required and 

other tasks being removed. Overall the project did not fall behind schedule however as an engineering 

model deemed ready to be delivered to ESA was finished on the 12th August, within two days of the 

predicted end date. It is believed that the pessimistic estimates for individual tasks given helped 

ensure that an unrealistic level of software features was not agreed to be developed, thereby limiting 

the project scope and ensuring that the core feature set was delivered on time. 

 

In parallel to the project plan, a risk analysis was performed at the project start, this aimed to capture 

risks and put into place mitigation strategies for if they were to occur, this can be seen in Appendix 

13. Several of these risk did in-fact occur and having the mitigation strategy in place ensured that the 

project could continue in the most effective way possible. A key example of this is the expert help 

provided by AMSAT to aid in the development of the RF features 

 

Another tool heavily used throughout the project was Bit Bucket [39]. Bit Bucket is an industry 

standard cloud based source code version control and redundancy tool. Through the use of Bit 

Bucket it allowed for redundancy in the event of digital media storage failure and also allowed for 

a detailed log of the addition of features to be kept through their journaling system. Thereby allow-

ing for project progress to be tracked, this can be seen in Appendix 10 where a graph of addition of 

software features can be seen. This graph clearly shows software features being completed through-

out the year, apart from during exam periods, with the largest drive being over the summer 

trimester.  
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APPENDIX 8 – TASK LIST 

Table 6 - Original Project Task List 

Task Name Duration 
CANopen 3.5 days 

   NMT heartbeat broadcast after bus switch 0.5 days 

   Payload data transfer writing to memory. 0.5 days 

   Bus error condition handling. 0.5 days 

   Collection of all housekeeping data and collation into the SDO transfer packet. 0.5 days 

   Mechanism for getting the SDO HK packet from the OD into a packet for transfer. 0.5 days 

   Holemap - add a mechanism for writing a holemap into the CANOD. 0.5 days 

   Holemap - add a mechanism for getting a holemap from the OD. 0.5 days 

RF Section 7.5 days 

   Transmit driver code porting 1.5 days 

   BPSK output filtering 1.5 days 

   Receive driver code porting. 2.5 days 

   Receive application code porting. 0.5 days 

   Routing, verification and handling of incoming packets 0.5 days 

   Conformance to the FC packet format - creation of a generic packet generator to 

use throughout the system. 
0.5 days 

Operating Modes 15.5 days 

   Transparent mode 4.5 days 

    Add functionality for extracting data from the OD and putting it into a FC packet. 1.5 days 

    Add in functionality for when this data should be transferred to ground. 0.5 days 

   Payload data transfer mode with FLASH. 1.5 days 

   Add in functionality to extract data from FLASH and transfer it into a FC packet. 0.5 days 

    Add in management for the downlink. 1 day 

Flash Memory Storage 2.5 days 

   - Creation of a queue that will write to FLASH. 0.5 days 

   - Mechanism for avoiding bad memory regions. 1 day 

   - Flash check method? Write to all locations and read back? Scans for errors. 1 day 

Error Handling Strategy 9.5 days 

   There are branches to while(1)s for some exceptions at present - needs changing. 0.5 days 

   Implementation 1.5 days 

   Testing 2.5 days 

Total for All Tasks: 25 days 
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APPENDIX 9 – GANTT CHART 
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Figure 31 - Original Project Plan Gantt Chart
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APPENDIX 10 – BIT BUCKET FEATURE ADDITION GRAPH 

 

 

Figure 32 - Bit Bucket Graph of Software Features Committed per Month 
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APPENDIX 11 – 1.2 KHZ FILTER IMPULSE RESPONSE 

 

 
Figure 33 - 1.2 kHz Filter Impulse Response 
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APPENDIX 12 – 4.8 KHZ FILTER IMPULSE RESPONSE 

 

Figure 34 - 4.8 kHz Filter Impulse Response 
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APPENDIX 13 – RISK ANALYSIS 

Table 7 - Risk Analysis Summary 

Risk Probability 

(1-5) 

Impact  

(1-5) 

Mitigation 

    

Hardware failure. 2 5 Development boards are available to 

continue the development on until de-

velopment hardware is fixed. 

Lack of knowledge in 

specialist RF area. 

4 4 Help is available from AMSAT and 

this has been discussed before this 

point. 

Tasks overrunning. 2 3 All tasks have been overestimated so 

the overall time is likely to balance out 

but the project plan will have to be 

closely monitored to ensure progress 

is as expected. 

ESA communications 

slow the project pro-

gress. 

4 2 Contact on issues should be made as 

quickly as possible. 

If contact holds up the project then an 

independent decision will be made and 

added to the user guide. 

Lack of resources on 

processor 

1 4 Certain features and modes are super-

fluous to strict requirements and 

therefore an analysis of what function-

ality could be cut from the final 

deliverable will have to be made. 

Debug hardware fail-

ure 

1 5 It has been discussed that if this were 

to happen a replacement could be 

sourced quickly. 
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APPENDIX 14 – CONSTELLATION DIAGRAMS 

 

BPSK     QPSK 

 

 

 

 

 
Table 8 - BPSK Phase Shift Bit Representation 

Phase Shift Bits Represented 

  

0º 0 

180º 1 

Table 9 – QPSK Phase Shift Bit Representation 

Phase Shift Bits Represented 

  

0º 00 

90º 01 

180º 10 

270º 11 

0º 180º 

Figure 35 - BPSK Constellation Diagram 

0º 

270º 

180º 

90º 

Figure 36 - QPSK Constellation Diagram 
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APPENDIX 15 – 19200 HZ SAMPLING DAC 4K8 OUTPUT 

Figure 37 - DAC Waveform Output at 4.8 kHz 
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APPENDIX 16 – AO-40 ENCODING PROCESS  

Figure 38 - AO-40 Encoding Process Flow Diagram 
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APPENDIX 17 – TELEMETRY TRANSMISSION SCHEDULE 

Table 10 - Telemetry Transmission Schedule 

Frame Contents Frame Type  Frame ID 

   

RTT1 + Fitter Message 1 FM1 01 

RTT2 + Whole Orbit Data 1 WO1 02 

RTT1 + Whole Orbit Data 2 WO2 03 

RTT2 + Whole Orbit Data 3 WO3 04 

RTT1 + Whole Orbit Data 4 WO4 05 

RTT2 + Whole Orbit Data 5 WO5 06 

RTT1 + Fitter Message 2 FM2 07 

RTT2 + Whole Orbit Data 6 WO6 08 

RTT1 + Whole Orbit Data 7 WO7 09 

RTT2 + Whole Orbit Data 8 WO8 10 

RTT1 + Whole Orbit Data 9 WO9 11 

RTT2 + Whole Orbit Data 10 WO10 12 

RTT1 + Fitter Message 3 FM3 13 

RTT2 + Whole Orbit Data 11 WO11 14 

RTT1 + Whole Orbit Data 12 WO12 15 

RTT2 + Whole Orbit Data 13 WO13 16 

RTT1 + Whole Orbit Data 14 WO14 17 

RTT2 + Whole Orbit Data 15 WO15 18 

RTT1 + Fitter Message 4 FM4 19 

RTT2 + Whole Orbit Data 16 WO16 20 
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APPENDIX 18 – COMMON TELEMETRY SECTION 

 Table 11 - Common Telemetry Section in RTT1 and RTT2 

Data Type Data Channel Name 

  

UNSIGNED8 EPS DC/DC Converter output voltage (10b) 

UNSIGNED8 EPS DC/DC Converter output current (10b) 

UNSIGNED8 EPS DC/DC Converter temperature (10b) 

UNSIGNED8 EPS Enclosure temperature (10b) 

UNSIGNED8 CCT Processor temperature (10b) 

UNSIGNED8 EPS 3.3 V Voltage (10b) 

UNSIGNED8 EPS 3.3 V Current (10b) 

UNSIGNED8 EPS 6 V Voltage (10b) 

UNSIGNED8 EPS 6 V Current (10b) 

UNSIGNED8 EPS 9 V Voltage (10b) 

UNSIGNED8 EPS 9 V Current (10b) 

UNSIGNED8 VHF transmitter forward power 

UNSIGNED8 VHF transmitter reflected power 

UNSIGNED8 FM power amplifier temperature (10b) 

UNSIGNED8 BPSK power amplifier temperature (10b) 

UNSIGNED8 BPSK power amplifier current (10b) 

UNSIGNED8 BPSK 3.3V supply current (Osc + driver amp) 

UNSIGNED8 L-Band transponder receiver RSSI  (10b) 

UNSIGNED8 L-Band command receiver RSSI (10b) 

UNSIGNED8 L-Band command receiver Doppler (10b) 

UNSIGNED8 L-Band CMD receiver oscillator temperature (10b) 

UNSIGNED24 Sequence number 

UNSIGNED8 Last Command 

UNSIGNED3 

 

RF Mode: 

0x00: Receive only, with data collection 

0x01: Low power BPSK 1k2 telem mode 

0x02: High power BPSK 1k2 telem mode 

0x03: Low power transponder mode 

0x04: High power transponder mode 

UNSIGNED2 Data Mode: 

0x00: AMS + ESEO data mode at 1k2 (default) 

0x01: AMS + ESEO data + Payload mode at 4k8 

BIT Payload Transfer Status: 

0x00: Get data from payload 

0x01: Downlink data to ground 

UNSIGNED3: 

BIT 

BIT 

BIT 

FM Transponder Status: 

In eclipse mode 

Autonomous mode A or B set active 

CTCSS detect enabled  

BIT Auto safe mode set  

BIT In Safe mode (over temperature protection - Traco) 
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APPENDIX 19 – RTT1 TELEMETRY SECTION 

Table 12 - Telemetry Unique to RTT1 Packet (All data provided by the OBC) 

Data Type Data Channel Name 

  
UNSIGNED16  PMM_VOLTAGE_SP1_STRING_1  

Solar panel voltage for eclipse detection 

UNSIGNED16 PMM_VOLTAGE_SP2_STRING_1 

UNSIGNED16 PMM_VOLTAGE_SP3_STRING_1 

UNSIGNED8  OBD_MODE 

0x00: OBDH power up 

0x01: AOCS initialization 

0x02: AOCS damping 

0x04: AOCS normal SUN 

0x08: AOCS normal ECLIPSE 

0x10: Safe mode S1: minor main bus power down 

0x20: Safe mode S2: sever main bus power down 

0x40: Safe mode S3: major main bus power down 

UNSIGNED20 OBD_EQUIPMENT_STATUS: 

0: TMTC main ON/OFF 

1: TMTC redundant ON/OFF 

2: Power Management Unit main ON/OFF 

3: Power Management Unit redundant ON/OFF 

4: Sun sensor main ON/OFF 

5: Sun sensor redundant ON/OFF 

6: Earth sensor ON/OFF 

7: Magnetometer main ON/OFF 

8: Magnetometer redundant ON/OFF 

9: Magnetic Torquer main ON/OFF  

10: Magnetic Torquer redundant ON/OFF  

11: Momentum Wheel main ON/OFF  

12: Momentum Wheel redundant ON/OFF  

13: TRITEL ON/OFF  

14: Langmuir Probe ON/OFF  

15: uCAM ON/OFF  

16: De-orbit mechanism ON/OFF  

17: AMSAT-UK ON/OFF (Always on) 

18: S-Band ON/OFF  

19: GPS receiver ON/OFF  

UNSIGNED8  OBD_WD_RESET_COUNT 

REAL32 ACS_OMEGA_P (Roll, deg/s) 

REAL32 ACS_OMEGA_Q (Pitch) 

REAL32 ACS_OMEGA_R (Yaw) 

UNSIGNED8 STX_TEMP_4 (S-band Amplifier temperature) 
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APPENDIX 20 – RTT2 TELEMETRY SECTION 

Table 13 - Telemetry Unique to RTT2 Packet (All data provided by the OBC) 

 

 

  

DATA TYPE

  

DATA CHANNEL NAME 

  
REAL32 Orbital Position X Coordinate 

REAL32 Orbital Position Y Coordinate 

REAL32 Orbital Position Z Coordinate 

UNSIGNED16  PMM_AMSAT_CURRENT (16b) (AMSAT Switch current) 

UNSIGNED8 MWM_VOLTAGE (Momentum wheel Measured DC-link voltage) 

UNSIGNED16 MWM_CURRENT (Momentum wheel Measured current) 

UNSIGNED16 MWM_OMEGAMESURED (Measured rotation speed) 

SIGNED16 MPS_HPT01 (High Pressure Transducer measures tank pressure) 

SIGNED12 PMM_TEMP_SP1_SENS_1 (Temp. of the solar panel 1) 

SIGNED12 PMM_TEMP_BP1_SENS_1 (Temp. of battery pack 1) 
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APPENDIX 21 – CTCSS AUTONOMOUS MODE  

 

  

Figure 39 - CTCSS Autonomous Mode Development Flow Chart 
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APPENDIX 22 – WHOLE ORBIT DATA (WOD) 

Table 14 - Whole Orbit Data - Sampled Data 

Data Source Data Size Data Channel 

   

AMSAT  

EPS 

UNSIGNED8 

UNSIGNED8 

UNSIGNED8 

UNSIGNED8 

UNSIGNED8 

UNSIGNED8 

UNSIGNED8 

UNSIGNED8 

UNSIGNED8 

UNSIGNED8 

UNSIGNED8 

A: DCDC Converter temp. 

B: Enclosure temp. 

C: Inductor temp  

D: DCDC Supply Current  

E: DCDC Supply Voltage  

F: Transponder amp. supply voltage  

G: BPSK amp. supply voltage  

H: 3V3 Current  

I: 6V Current  

J: 9V Current  

K: Processor Temp.  

AMSAT 

L-RECEIVER 

UNSIGNED8 

UNSIGNED8 

UNSIGNED8 

UNSIGNED8 

L-Band transponder RSSI freq.  

L-Band command Doppler  

L-Band command RSSI  

L-Band command oscillator temp.  

AMSAT  

VHF TRANSMITTER 

UNSIGNED8 

UNSIGNED8 

UNSIGNED8 

UNSIGNED8 

UNSIGNED8 

UNSIGNED8 

A: BPSK PA temp.  

B: Forward power  

C: Reverse power  

D: BPSK PA Current  

E: FM PA Current  

F: FM PA temp. 

AMSAT  

CCT 

UNSIGNED8 

UNSIGNED8 

UNSIGNED8 

UNSIGNED16 

UNSIGNED8 

UNSIGNED16 

Command Watchdog time remaining (hours) 

No. of uplink packets received  

RAM Memory Error Count 

ESEO Master, CANopen Transactions (32b) 

AMS Master, Payload Number (4b), 

AMS Master, CANopen Transactions (32b) 

ESEO CAN 

(EPS) 

SIGNED8 

SIGNED8 

SIGNED8  

SIGNED8  

SIGNED8 

SIGNED8 

Solar panel 1 temperature 

Solar panel 2 temperature 

Solar panel 3 temperature 

Battery pack 1 current 

Battery Bus Voltage 

Battery Bus Current 

ESEO CAN 

(ADCS) 

SIGNED24 

 

Absolute angular rotation. 
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APPENDIX 23 – CAN OBJECT DICTIONARY DEFINITIONS 

 
Table 15 - CAN Object Dictionary Definitions Delivered to ESA 

Label Data type Description 
Default 
value 

Monitor 
range 

Monitor action Scaling Units 

AMS_OBC_RFMODE UNSIGNED3 
 

RF Mode: 
0x00: Receive only, with data collection 
0x01: Low power BPSK telem mode 
0x02: High power BPSK telem mode 
0x03: Low power transponder mode 
0x04: High power transponder mode 
0x05: Autonomous Mode  

0x01 during 
eclipse and 
0x02 during 
sunlight. 

   N/A 

AMS_OBC_RFMODE_DEF UNSIGNED3 RF Mode Default     N/A 

AMS_OBC_DATAMODE UNSIGNED2 Data Mode: 
0x00: AMS + ESEO at 1k2 
0x01: AMS + ESEO + Payload at 4k8 

0x00    N/A 

AMS_OBC_DATAMODE_DEF UNSIGNED2 Data Mode Default 0x00    N/A 

AMS_OBC_PAYLOAD_FTP UNSIGNED32 CANopen FTP Mode: 
Byte 3: Unused 
Byte 2: Active Payload ID 
Byte 0-1: Sequence Number 

  From: CANopen Document: 
AS\12_0005\SYS\PLA\OBDH\AR-
06 
 

 N/A 

AMS_OBC_HM_INDEX UNSIGNED8 Holemap Index     N/A 

AMS_OBC_HM_REGISTER UNSIGNED32 Holemap Register     N/A 

AMS_OBC_FM_SLOT UNSIGNED2 Fitter Message Slot   ASCII Text. Not part of HK data.  N/A 

AMS_OBC_FM_INDEX UNSIGNED8 Fitter Message Index   ASCII Text. Not part of HK data.  N/A 

AMS_OBC_FM_REGISTER UNSIGNED32 Fitter Message Register   ASCII Text. Not part of HK data.  N/A 

AMS_OBC_ECLIPSE_THRESH UNSIGNED8 Set Eclipse Threshold Value     N/A 

AMS_OBC_ECLIPSE_PANELS UNSIGNED3 Set Eclipse Detection Panels 
0x1 X, 0x2 Y, 0x4 Z 

b111 to use 
3 panels 

   N/A 

AMS_OBC_ECLIPSE_MODE BOOLEAN Autonomous Eclipse Mode Select: 
A = 0x0, B = 0x1 

0x0  Described in AMS EIDB Doc  N/A 

AMS_OBC_ECLIPSE_MODE_DEF BOOLEAN Autonomous Eclipse Mode Select De-
fault 

0x0    N/A 

AMS_OBC_CTCSS_MODE BOOLEAN CTCSS Mode Select: 
ON = 0x0, OFF = 0x1 

ON    N/A 

AMS_OBC_AUTO_SAFE_MODE BOOLEAN Autodetect Safe Mode (on/off) ON    N/A 
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AMS_OBC_DEBUG_INDEX UNSIGNED8 Debug Index     N/A 

AMS_OBC_DEBUG_REGISTER UNSIGNED32 Debug Register     N/A 

AMS_OBC_FRAME UNSIGNED8 Get Frame ID (0-23)     N/A 

AMS_OBC_SEQNUM UNSIGNED24 Sequence Number     N/A 

AMS_OBC_LC UNSIGNED8 Get Last Uplink Command   Please report to AMS Team if col-
lected. 

 N/A 

AMS_OBC_HB_WDT UNSIGNED8 Set Heartbeat Watchdog Timer 10    Seconds 

AMS_OBC_LC_WDT UNSIGNED8 Set Last Command Watchdog Timer 120    Hours 

AMS_OBC_TEMP_PROT BOOLEAN Check ON = 0x0, OFF = 0x01 ON    N/A 

AMS_OBC_P_UP UNSIGNED32 Uplink packet counter   Please report to AMS Team if col-
lected. 

 N/A 

AMS_OBC_P_UP_DROPPED UNSIGNED32 Failed uplink packet counter   Please report to AMS Team if col-
lected. 

 N/A 

AMS_OBC_P_DOWN UNSIGNED32 Downlink packet counter     N/A 

AMS_OBC_CAN_STATUS UNSIGNED32 ESEO Master, CANopen Transactions 
(32b) 

    N/A 

AMS_OBC_CAN_PL UNSIGNED4 AMS Master, Payload Number (4b)     N/A 

AMS_OBC_CAN_PL_STATUS UNSIGNED32 AMS Master, CANopen Transactions 
(32b) 

    N/A 

AMS_OBC_MEM_STAT_1 UNSIGNED32 RAM Read/Write/ECC Checks   Please report to AMS Team if col-
lected. 

 N/A 

AMS_OBC_MEM_STAT_2 UNSIGNED32 FLASH Read/Write/ECC Checks   Please report to AMS Team if col-
lected. 

 N/A 

AMS_OBC_FLASH_RATE UNSIGNED32 FLASH Save Rate 30    Minutes 

AMS_EPS_DCDC_V UNSIGNED8 EPS DC/DC Converter output voltage 
(10b) 

    V 

AMS_EPS_DCDC_I UNSIGNED8 EPS DC/DC Converter output current 
(10b) 

730  Estimated value: 730 – TBC  mA 

AMS_EPS_DCDC_T UNSIGNED8 EPS DC/DC Converter temperature 
(10b) 

  If > 70°C, set mode to LOW POWER 

(0x01) AMS_OBC_RFMODE 

If > 90°C, set mode to RECEIVE 

ONLY (0x00) AMS_OBC_RFMODE 

 degC 

AMS_EPS_ENC_T UNSIGNED8 EPS Enclosure temperature (10b)     degC 

AMS_EPS_CCT_T UNSIGNED8 CCT Processor temperature (10b)     degC 

AMS_EPS_3V3_V UNSIGNED8 EPS 3.3 V Voltage (10b)     V 

AMS_EPS_3V3_I UNSIGNED8 EPS 3.3 V Current (10b)     mA 

AMS_EPS_6V_V UNSIGNED8 EPS 6 V Voltage (10b)     V 

AMS_EPS_6V_I UNSIGNED8 EPS 6 V Current (10b)     mA 
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AMS_EPS_9V_V UNSIGNED8 EPS 9 V Voltage (10b)     V 

AMS_EPS_9V_I UNSIGNED8 EPS 9 V Current (10b)     mA 

AMS_VHF_FP UNSIGNED8 VHF transmitter forward power     mW 

AMS_VHF_RP UNSIGNED8 VHF transmitter reflected power     mW 

AMS_VHF_FM_PA_T UNSIGNED8 FM power amplifier temperature (10b)   If > 70°C, set mode to LOW power 

(channel AMS_OBC_RFMODE) 

 degC 

AMS_VHF_FM_PA_I UNSIGNED8 FM power amplifier current (10b)     mA 

AMS_VHF_BPSK_PA_T UNSIGNED8 BPSK power amplifier temperature 
(10b) 

  If > 70°C, set mode to LOW power 

(channel AMS_OBC_RFMODE) 

 degC 

AMS_VHF_BPSK_PA_I UNSIGNED8 BPSK power amplifier current (10b)     mA 

AMS_VHF_BPSK_I UNSIGNED8 BPSK 3.3V supply current (Osc + driver 
amp) 

    mA 

AMS_L_RSSI_TRANS UNSIGNED8 L-Band transponder receiver RSSI  (10b)     dBm 

AMS_L_RSSI_COMMAND UNSIGNED8 L-Band command receiver RSSI (10b)     dBm 

AMS_L_DOPPLER_COMMAND UNSIGNED8 L-Band command receiver Doppler 
(10b) 

    Hz 

AMS_L_T UNSIGNED8 L-Band CMD receiver oscillator temper-
ature (10b) 

    degC 

AMS_OBC_HK_OBC_1 UNSIGNED8 
 

OBD_MODE 
 

0x00 
 

No monitor-
ing required 

To be sent from primary OBDH to 
the AMSAT OBC for downlinking 
via regular frames; where availa-
ble. Taken from AS-12_0005-SYS-
PLA-OBDH-AR-03.pdf 

  

AMS_OBC_HK_OBC_2 UNSIGNED32 OBD_EQUIPMENT_STATUS  0x00000005   

AMS_OBC_HK_OBC_3 
 

UNSIGNED8 
 

OBD_WD_RESET_COUNT  
-  

0   

AMS_OBC_HK_OBC_4 UNSIGNED8 STX_TEMP_4 N/A   

AMS_OBC_HK_AOCS_1 REAL32 ACS_OMEGA_P  No monitor-
ing required 

To be sent from primary OBDH to 
the AMSAT OBC for downlinking 
via regular frames; where availa-
ble. Taken from AS-12_0005-SYS-
PLA-OBDH-AR-03.pdf  

  

AMS_OBC_HK_AOCS_2 REAL32 ACS_OMEGA_Q    

AMS_OBC_HK_AOCS_3 REAL32 ACS_OMEGA_R    

AMS_OBC_HK_AOCS_4 REAL32 ACS_ORBIT_x    

AMS_OBC_HK_AOCS_5 REAL32 ACS_ORBIT_y    

AMS_OBC_HK_AOCS_6 REAL32 ACS_ORBIT_z    

AMS_OBC_HK_AOCS_7 REAL32 ACS_ORBIT_Vx    

AMS_OBC_HK_AOCS_8 REAL32 ACS_ORBIT_Vy    

AMS_OBC_HK_AOCS_9 REAL32 ACS_ORBIT_Vz    

AMS_OBC_HK_AOCS_10 UNSIGNED16 MWM_VOLTAGE 2500    

AMS_OBC_HK_AOCS_11 UNSIGNED16  MWM_CURRENT 200    

AMS_OBC_HK_AOCS_12 SIGNED32 MWM_OMEGAMESURED 640000    

AMS_OBC_HK_AOCS_13 UNSIGNED16   MPS_HPT01 0   

AMS_OBC_HK_EPS_1 SIGNED16  PMM_TEMP_SP1_SENS_1  250   
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AMS_OBC_HK_EPS_2 SIGNED16 PMM_TEMP_SP2_SENS_1  250 No monitor-
ing required  

To be sent from primary OBDH to 
the AMSAT OBC for downlinking 
via regular frames; where availa-
ble. Taken from AS-12_0005-SYS-
PLA-OBDH-AR-03.pdf  

  

AMS_OBC_HK_EPS_3 SIGNED16 PMM_TEMP_SP3_SENS_1  250   

AMS_OBC_HK_EPS_4 SIGNED16 PMM_CURRENT_BP1 300   

AMS_OBC_HK_EPS_5 SIGNED16 PMM_CURRENT_BP4 300   

AMS_OBC_HK_EPS_6 SIGNED16  PMM_TEMP_BP1_SENS_1 250    

AMS_OBC_HK_EPS_7 UNSIGNED16 PMM_AMSAT_CURRENT 290   

AMS_OBC_HK_EPS_8 UNSIGNED16 PMM_VOLTAGE_MB 22200   

AMS_OBC_HK_EPS_9 UNSIGNED16 PMM_VOLTAGE_SP1_STRING_1    

AMS_OBC_HK_EPS_10 UNSIGNED16 PMM_VOLTAGE_SP2_STRING_1    

AMS_OBC_HK_EPS_11 UNSIGNED16 PMM_VOLTAGE_SP3_STRING_1    
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APPENDIX 24 – CAN OBJECT DICTIONARY MAPPING 

Table 16 - CAN Object Dictionary Mapping Delivered to ESA 

Address Type 
Byte 3 Byte 2 Byte 1 Byte 0 

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 

0x00 GET 0x00 0x00 0x00 NODE ID 

0x01 SETT Don’t care DAYS PAST J2000 

0x02 SETT MILLISECONDS OF DAY 

0x10 GET/SET Unused  AMS_OBC_RFMODE (3b) 

0x11 GET/SET Unused  AMS_OBC_RFMODE_DEF (3b) 

0x12 GET/SET Unused  AMS_OBC_DATAMODE (2b) 

0x13 GET/SET Unused  AMS_OBC_DATAMODE_DEF (2b) 

0x14 GET/SET AMS_OBC_PAYLOAD_FTP 

0x15 GET/SET Unused AMS_OBC_HM_INDEX 

0x16 GET/SET AMS_OBC_HM_REGISTER 

0x17 GET/SET Unused AMS_OBC_FM_SLOT (2b) 

0x18 GET/SET Unused AMS_OBC_FM_INDEX 

0x19 GET/SET AMS_OBC_FM_REGISTER 

0x1A GET/SET Unused AMS_OBC_ECLIPSE_THRESH 

0x1B GET/SET Unused AMS_OBC_ECLIPSE_PANELS (3b) 

0x1C GET/SET Unused AMS_OBC_ECLIPSE_MODE (1b) 

0x1D GET/SET Unused AMS_OBC_ECLIPSE_MODE_DEF 
(1b) 

0x1E GET/SET Unused AMS_OBC_CTCSS_MODE (1b) 

0x1F GET/SET Unused AMS_OBC_AUTO_SAFE_MODE 
(1b) 

0x20 GET/SET Unused AMS_OBC_DEBUG_INDEX 

0x21 GET/SET AMS_OBC_DEBUG_REGISTER 

0x22 GET/SET Unused AMS_OBC_FRAME 

0x23 GET/SET Unused AMS_OBC_SEQNUM 

0x24 GET/SET Unused AMS_OBC_LC 

0x25 GET/SET Unused AMS_OBC_HB_WDT 

0x26 GET/SET Unused AMS_OBC_LC_WDT 

0x27 GET/SET Unused AMS_OBC_TEMP_PROT (1b) 

0x28 GET/SET AMS_OBC_P_UP 

0x29 GET/SET AMS_OBC_P_UP_DROPPED 
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0x2A GET/SET AMS_OBC_P_DOWN 

0x2B GET/SET AMS_OBC_CAN_STATUS 

0x2C GET/SET Unused AMS_OBC_CAN_PL (4b) 

Address Type 
Byte 3 Byte 2 Byte 1 Byte 0 

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 

0x2D GET/SET AMS_OBC_CAN_PL_STATUS 

0x2E GET/SET AMS_OBC_MEM_STAT_1 

0x2F GET/SET AMS_OBC_MEM_STAT_2 

0x30 GET / SET AMS_OBC_FLASH_RATE 

0x31 GET Unused AMS_EPS_DCDC_V 

0x32 GET Unused AMS_EPS_DCDC_I 

0x33 GET Unused AMS_EPS_DCDC_T 

0x34 GET Unused AMS_EPS_ENC_T 

0x35 GET Unused AMS_EPS_CCT_T 

0x36 GET Unused AMS_EPS_3V3_V 

0x37 GET Unused AMS_EPS_3V3_I 

0x38 GET Unused AMS_EPS_6V_V 

0x39 GET Unused AMS_EPS_6V_I 

0x3A GET Unused AMS_EPS_9V_V 

0x3B GET Unused AMS_EPS_9V_I 

0x3C GET Unused AMS_VHF_FP 

0x3D GET Unused AMS_VHF_RP 

0x3E GET Unused AMS_VHF_FM_PA_T 

0x3F GET Unused AMS_VHF_BPSK_PA_T 

0x40 GET Unused AMS_VHF_BPSK_PA_I 

0x41 GET Unused AMS_VHF_BPSK_I 

0x42 GET Unused AMS_VHF_FM_PA_I 

0x43 GET Unused AMS_L_RSSI_TRANS 

0x44 GET Unused AMS_L_RSSI_COMMAND 

0x45 GET Unused AMS_L_DOPPLER_COMMAND 

0x46 GET Unused AMS_L_T 

0x47 SET Unused OBD_MODE / ._OBC_1 

0x48 SET OBD_EQUIPMENT_STATUS / AMS_OBC_HK_OBC_2 

0x49 SET Unused OBD_WD_RESET_COUNT / ._3 

0x4A SET Unused STX_TEMP_4 / ._OBC_4 

0x4B SET ACS_OMEGA_P (4B) / AMS_OBC_HK_AOCS_1 

0x4C SET ACS_OMEGA_Q (4B) / AMS_OBC_HK_AOCS_2 
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0x4D SET ACS_OMEGA_R (4B) / AMS_OBC_HK_AOCS_3 

0x4E SET ACS_ORBIT_x (4B) / AMS_OBC_HK_AOCS_4 

0x4F SET ACS_ORBIT_y (4B) / AMS_OBC_HK_AOCS_5 

Address Type 
Byte 3 Byte 2 Byte 1 Byte 0 

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 

0x50 SET ACS_ORBIT_z (4B) / AMS_OBC_HK_AOCS_6 

0x51 SET ACS_ORBIT_Vx (4B) / AMS_OBC_HK_AOCS_7 

0x52 SET ACS_ORBIT_Vy (4B) / AMS_OBC_HK_AOCS_8 

0x53 SET ACS_ORBIT_Vz (4B) / AMS_OBC_HK_AOCS_9 

0x54 SET Unused MWM_VOLTAGE (2B) / AMS_OBC_HK_AOCS_10 

0x55 SET Unused MWM_CURRENT (2B) / AMS_OBC_HK_AOCS_11 

0x56 SET  MWM_OMEGAMESURED (4B) / AMS_OBC_HK_AOCS_12 

0x57 SET Unused MPS_HPT01 (2B) / AMS_OBC_HK_AOCS_13 

0x58 SET Unused PMM_TEMP_SP1_SENS_1 (2B) / AMS_OBC_HK_EPS_1 

0x59 SET Unused PMM_TEMP_SP2_SENS_1 (2B) / AMS_OBC_HK_EPS_2 

0x5A SET Unused PMM_TEMP_SP3_SENS_1 (2B) / AMS_OBC_HK_EPS_3 

0x5B SET Unused PMM_CURRENT_BP1 (2B) / AMS_OBC_HK_EPS_4 

0x5C SET Unused PMM_CURRENT_BP4 (2B) / AMS_OBC_HK_EPS_5 

0x5D SET Unused PMM_TEMP_BP1_SENS_1 (2B) / AMS_OBC_HK_EPS_6 

0x5E SET Unused PMM_AMSAT_CURRENT (2B) / AMS_OBC_HK_EPS_7 

0x5F SET Unused PMM_VOLTAGE_MB (2B) / AMS_OBC_HK_EPS_8 

0x60 SET Unused PPM_VOLTAGE_SP1 / AMS_OBC_HK_EPS_9 

0x61 SET Unused PPM_VOLTAGE_SP2 / AMS_OBC_HK_EPS_10 

0x62 SET Unused PPM_VOLTAGE_SP3 / AMS_OBC_HK_EPS_11 
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APPENDIX 25 – FLASH STORAGE FIELDS 

Table 17 - CAN Object Dictionary Fields Stored in Non-Volatile Memory 

CAN OD Name Data Type 

  

AMS_OBC_RFMODE_DEF UINT3 

AMS_OBC_DATAMODE_DEF UINT1 

AMS_OBC_ECLIPSE_THRESH UINT16 

AMS_OBC_ECLIPSE_MODE_DEF UINT16 

AMS_OBC_SEQNUM UINT24 

AMS_OBC_FLASH_RATE UINT32 
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APPENDIX 26 – UPLINK COMMAND FRONT-END 

 

Figure 40 - Uplink Command Satellite Control Panel 
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APPENDIX 27 – TEMPERATURE CALIBRATION SETUP 

 

  

Figure 41 - Temperature Calibration Experiment Setup in Temperature Chamber 
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APPENDIX 28 - TEMPERATURE CALIBRATION RESULTS 

Table 18 - Temperature Calibration Results Table 

Temperature 

(ºC) 
PSU Structure CPU 

FM 

PA 

BPSK 

PA 

FM  

Oscillator 

       

-17.7 906 908 921 847 893 910 

-15 887 894 905 826 864 896 

-10 846 858 862 769 817 798 

-5 818 818 830 697 783 813 

0 743 768 771 619 726 704 

5 674 706 710 533 661 629 

10 616 653 655 391 517 555 

15 554 591 592 361 457 491 

20 499 517 521 261 386 422 

25 485 517 521 326 490 517 

30 483 478 467 284 454 475 

35 436 428 417 222 402 422 

40 376 365 348 84 273 295 

45 323 322 306 306 243 264 

50 237 256 260 259 228 249 
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APPENDIX 29 – TEMPERATURE CUT-OFF TEST SETUP 

 
Figure 42 - Halogen Lamp Temperature Testing 
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APPENDIX 30 – 4.8KBPS DOWNLINK ERROR RATE 

 

Figure 43 - 4.8 kbps Downlink Error Rate Graph over 30 Minutes 
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APPENDIX 31 – PAYLOAD DATA TRANSFER PROTOCOL 

EXPLANATION 

Please see Figure 45 for a flow diagram of the behaviour below. 

In order to allow for the primary OBC to retain ultimate control over the transfer, there is a single 

register in the AMSAT CAN OD at index 0x14. When this register is written to with a valid payload 

number the AMSAT payload is placed into a master mode of operation whereby it is allowed to 

transfer a maximum of 2kB of data from the payload number specified over the next second. This 

allows the AMSAT payload master control of the CAN bus only for a very limited period of time. 

Then, to allow the AMSAT payload to download data from the scientific payloads, each is required 

to implement the registers shown in Figure 44, these are used to control the data transfer protocol 

implemented. Once the AMSAT payload has been authorised to transfer data by the main OBC it 

performs a read request via the PDO protocol to address 0x00 of the payload being downloaded from, 

this request will return a value indicating how much data that payload has available to transfer. The 

AMSAT payload will then alternately make PDO requests to the data 1 (address 0x01) and data 2 

(address 0x02) registers which will be updated after each read request to contain the data required to 

be transferred, this process will continue until the all data is transferred or the 2kB limit is reached, 

in which case another command must be received from the OBC in order to continue with the transfer 

process. 

The reason that two registers are used instead of one is because then it is possible for the slave de-

vice to update data register 1 after a read to data register 2 and vice versa. 

The effect this has is that that in the event of a transmission failure the data in each register will 

persist until a read of the other register is performed, therefore, the AMSAT payload can re-request 

data from either register, thereby ensuring that transmission failures can be accounted for.  

 

 

Figure 44 - Payload Data Transfer Protocol Access Register Map 
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Figure 45 - Payload Data Transfer Protocol Functionality Flow Diagram 
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APPENDIX 32 - SATELLITE OPERATING MODES 

There are six satellite operating modes, these are controllable via the CAN OD field 0x10 described 

in Appendix 23. These operating modes are receive only, low power telemetry, high power teleme-

try, low power transponder, high power transponder and autonomous modes. 

Low and high power telemetry modes transmit telemetry with a variable power level configured to 

save the overall satellite power. 

Low and high power transponder modes allow for radio amateurs to uplink audio signals to the sat-

ellite, these signals are then broadcast back out by the satellite to be picked up by other amateurs. 

There are two autonomous modes that can be selected between via the CAN OD, these are referred 

to as eclipse detect mode and CTCSS mode. 

1. Eclipse Detect Mode.  

The power available on a satellite is provided via solar panels and only a finite amount is 

able to be stored in a battery. In LEO a satellite experiences ~16 eclipses a day, this means 

that the battery alone is responsible for providing power during that eclipsed period, it 

also means that the permitted depth of battery discharge allowed to ensure operational 

lifetime is between 15 and 25% [40]. Causing power usage during eclipse to have to be 

closely controlled. Therefore to help ensure the payload can be powered up as much as 

possible an eclipse detection mode was put into place. This mode causes the satellite to 

broadcast on high power telemetry mode during sunlight and to then switch to receive 

only mode in eclipse – with the exception that if a 67 Hz Continuous Tone-Coded Squelch 

System (CTCSS) signal is detected then the satellite will switch into transponder mode 

until the signal is lost. This will allow for power to be conserved but also to allow for 

limited usage during eclipse. 

Eclipse detection was achieved through solar panel voltage measurements provided by 

the host satellite with a hysteresis period of 20 seconds between eclipse and sunlight being 

implemented to ensure that satellite did not oscillate between sunlit and eclipse mode 

when passing over the terminator. 

2. Continuous Tone-Coded Squelch System (CTCSS) Mode 

The telemetry and transponder downlink channels both operate at the same frequency 

and therefore cannot operate at the same time. In order to ensure that both can be used 

by amateurs around the globe it was necessary to implement an autonomous mode 

whereby the satellite would broadcast high power telemetry for the duration of the orbit 

but then switch into transponder mode if a CTCSS signal was received, it would then 

remain in transponder mode until the tone was lost for 20 seconds or the tone had been 
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received for a maximum of five minutes.This ensured that telemetry transmissions 

would not be lost for more than five minutes at a time if someone wished to use the sat-

ellite for transponder operations. 

A flow chart used to design the CTCSS mode software state machine is included in Ap-

pendix 21. 

Regular sampling and transmission of WOD is essential to ensure knowledge of the true operation 

of the satellite over the whole orbit, this is because telemetry data is collected in real time but cannot 

always be downlinked as such due to lack of proximity to a ground station. Therefore WOD is col-

lected over the duration of an orbit and then continuously transmitted. This data remains active for 

the duration of an orbit with the oldest data being replaced by new data every time a WOD sample 

is taken. 

As discussed in Section 3.5.4 there are 200B available in 20 out of 24 downlink packets for WOD, 

this means that every full transmission sequence there are 4000B available for WOD to be transmit-

ted. Therefore it is necessary for an entire orbits worth of WOD to not exceed 4000B. 

The duration of an orbit in LEO depends on the specific altitude of the satellite, this attitude is still 

unknown for this mission as a launch has not yet been confirmed. However, in accordance with 

ESA regulations, the satellite will have to re-enter naturally within 25 years, this places an upper 

limit on the orbital altitude of approximately 700 km depending on the satellite mass to surface area 

ratio [41]. 

Using Kepler’s third law it is possible to calculate the orbital period at this altitude 

𝑇 = √
4𝜋2𝑎3

𝜇
 = 5926 seconds = 98 minutes 

This tell us for how long a period we need to store WOD, for system simplicity, a history of WOD 

was kept for 100 minutes. 

The data selected to be sampled for WOD is included in a table in Appendix 22 and came to a total 

of 38 bytes per sample, this meant that it was possible to sample at a rate of one sample a minute for 

the 100 minutes duration and reach a total WOD size of 3800B, this falls within the 4000B permitted. 

All WOD samples are taken at the prescribed time from the CAN OD and are stored in RAM in a 

circular buffer that, if the buffer is full, will overwrite the oldest sample with the latest. 
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APPENDIX 33 – MEMORY MAP TABLE 

Table 19 - Flash Memory Address Table 
Memory Contents Memory Required Start Address End Address 
    

Program data 180kB 0x00000 0x2CFFF 

Filter Look-up Tables 32kB 0x2D000 0x35000 

Default Values 1kB 0x3C400 0x3C7FF 

Payload Data 270kB 0x3C800 0x80000 

 

  



Peter J Bartram, ESEO Satellite Communications Payload 

- 116 - 

APPENDIX 34 - TELEMETRY DATA POINTS 

Table 20 - Telemetry Data Points Table 

Telemetry CAN ID Channel Description 
  

AMS_EPS_DCDC_V DC-DC Converter voltage 

AMS_EPS_DCDC_I DC-DC Converter current 

AMS_EPS_DCDC_T DC-DC Converter temperature 

AMS_EPS_ENC_T Enclosure temperature 

AMS_EPS_CCT_T Processor temperature 

AMS_EPS_3V3_V 3V3 switch-mode power supply voltage 

AMS_EPS_3V3_I 3V3 switch-mode power supply current 

AMS_EPS_6V_V 6V switch-mode power supply voltage 

AMS_EPS_6V_I 6V switch-mode power supply current 

AMS_EPS_9V_V 9V switch-mode power supply voltage 

AMS_EPS_9V_I 9V switch-mode power supply current 

AMS_VHF_FP Transmitted forward RF power 

AMS_VHF_RP Transmitted reflected RF power 

AMS_VHF_FM_PA_T FM power amplifier temperature 

AMS_VHF_FM_PA_I FM power amplifier current 

AMS_VHF_BPSK_PA_T BPSK power amplifier temperature 

AMS_VHF_BPSK_PA_I BPSK power amplifier current 

AMS_VHF_BPSK_I BPSK circuit total current 

AMS_L_RSSI_TRANS Received signal strength indication for transponder 

AMS_L_RSSI_COMMAND Received signal strength indication for command uplink 

AMS_L_DOPPLER_COMMAND Doppler shift  

AMS_L_T Command oscillator temperature 
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APPENDIX 35 - POSTER 

Figure 46 - Poster 


