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ABSTRACT 

The purpose of the AMSAT2020 Flight Software project, which is a continuation of the ESA ESEO 

AMSAT-UK / Surrey FUNcube-4 payload (flown in December 2019), is to explore different ways 

for implementing a ground to space ranging capability in real-time operating systems and the feasi-

bility of implementing it in the next FUNcube payload. This involves measurement and analysis of 

software thread behaviours, in both the satellite and the ground station, and making appropriate ad-

justments for deterministic ranging applications. This will allow for a new ranging experiment to be 

carried out with the payload, with the end purpose being to test the reliability and accuracy of using 

such a system in future missions. This experiment can provide a highly accurate and reliable way of 

determining future spacecraft orbit state vectors during the launch and early orbit phases (LEOP). 

After exploring several RF ranging methods and comparing their output against simulated orbital 

passes, it was determined that PN ranging is best suited for the job. A test framework was developed 

for hardware-in-the-loop testing and two applications, implementing transparent PN ranging, were 

developed for the Atmel UC3C-UK board. The first firmware was developed to run on bare-metal, 

while the second one – on top of FreeRTOS. The former managed to achieve a ranging resolution of 

19.341 km, while the latter achieved 29.98 km. The achieved resolutions were not satisfactory, thus 

it was concluded that more powerful hardware is needed for the FUNcube payload’s ranging func-

tionality. 
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ACRONYMS AND ABBREVIATIONS 

ADC Analogue-To-Digital Converter 

AFSK Audio Frequency-Shift Keying 

AMSAT Radio Amateur Satellite Corporation 

ASF Advanced Software Framework 

AWGN Additive White Gaussian Noise 

BPSK Binary Phase-Shift Keying 

CAN Controller Area Network 

CCSDS Consultative Committee For Space Data Systems 

CCT Command, Control And Telemetry 

CPU Central Processing Unit 

DAC Digital-To-Analogue Converter 

DC Direct Current 

DSP Digital Signal Processing 

ECSS European Cooperation For Space Standardization 

EPS Electrical Power System 

ESA European Space Agency 

ESEO European Student Earth Orbiter 

FFT Fast Fourier Transform 

GNU Gnu's Not Unix! 

GUI Graphical User Interface 

HAL Hardware Abstraction Layer 

I2C Inter-Integrated Circuit 

IDE Integrated Development Environment 

ISI Intersymbol Interference 

LEO Low Earth Orbit 

LEOP Launch And Early Orbit Phases 

LFSR Linear-Feedback Shift Register 

MCU Microcontroller Unit 

MEO Medium Earth Orbit 

NLFSR Nonlinear-Feedback Shift Register 

OBC Onboard Computer 

PN Pseudo-Noise 

PRF Pulse Repetition Frequency 

QPSK Quadrature Phase Shift Keying 

RF Radio Frequency 

RRC Root-Raised-Cosine Filter 

RTOS Real-Time Operating System 

SDR Software Defined Radio 

SEU Single-Event Upset 

SNR Signal-To-Noise Ratio 

SPS Sample Per Symbol 

SRAM Static Random-Access Memory 

SSO Sun-Synchronous Orbit 

T2B Weighted-Voting Balanced Tausworthe, Ν=2 

T4B Weighted-Voting Balanced Tausworthe 

TMR Triple Modular Redundancy 

WOD Whole Orbit Data 
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1 INTRODUCTION 

The purpose of this project is to explore different ways for implementing a ground to space ranging 

capability in real-time operating systems and the feasibility of implementing it in the real-time oper-

ating system used by the ESEO AMSAT-UK FUNcube payload  - FreeRTOS.  

 

To achieve this, first, simulation and evaluation of different ranging techniques will be explored. 

Then, a baseline bare-metal software implementation of the ranging functionality will be developed 

for the ESEO hardware. This will allow for an understanding of the key hardware delays and sam-

pling limitations. After that, the round-trip delays will be measured using a test ground station and a 

simulated ground to space ranging. The newly developed functionality will then be ported over as a 

FreeRTOS thread. After that, through an iterative process of debugging and software and hardware 

round-trip delay measurements a concept of a ‘ranging mode’, ensuring deterministic behaviour of 

the ranging thread, will be developed and implemented. Finally, the accuracy of the ranging system 

will be assessed to determine if it is accurate enough to be useful during future missions and if not 

suggestions will be made on how to be improved further in the future. 

1.1 Background and Context 

The development of the ESEO AMSAT-UK payload first started in 2008 with the development of an 

amateur communications payload. The payload was then re-evaluated and redesigned to comprise of 

a VHF transmitter and L-band receiver to reduce the payload mass [1]. The primary mission of the 

payload is to collect and transmit telemetry data to the ground via the 1.2k BPS and 4.8k BPS variable 

downlink BPSK baud rate, while also being able to receive telecommands via the 1.2k BPS AFSK 

baud rate. However, in case of a failure of the primary communication system, it must also serve as 

a redundant downlink for the other scientific payloads [1].  

An Atmega microprocessor was chosen to power the payload. While being the most powerful of its 

class, the development team still faced challenges in the implementation of the flight software, due 

to its limited capabilities [1]. Further challenges were faced due to the strict industry standards im-

posed by the European Cooperation for Space Standardization (ECSS), which are not suitable for 

academic space projects. Therefore, the project scored only 57% compliance with the original ECSS 

specifications. However, alternative, tailored, ECSS standards were available to follow such as the 

CubeSat standard, for which the payload scored compliance of 82% - a major improvement [2].  

Due to timing and resource management constraints imposed by ESA, a real-time operating system 

needed to be utilized, for which FreeRTOS was chosen and later further customized to fit the project 

needs [1]. The software was then divided into six distinct threads [3].  

Expanding the current payload functionality with a ground to space ranging mode will introduce a 
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new scientific experiment to be carried out with the payload. With the end purpose of the new exper-

iment being to test the reliability and accuracy of using such a system in future missions. If 

successful, this experiment can provide a highly accurate and reliable way of determining future 

spacecraft orbit state vectors during the LEOP, which in turn will ease the efforts required for the 

successful deployment of a new spacecraft. 

1.2 Objectives 

1. Simulate different ranging methods to explore the advantages and disadvantages of each. 

2. Using the ESEO hardware, develop a baseline bare-metal, software implementation for ground 

to space ranging to understand RF bandwidth and hardware sampling limitations, and measure 

key hardware delays. 

3. Detail the test framework for running real ranging code together with a notional ground station 

on a generic computer for easy development and round-trip demonstrations. 

4. Develop the baseline ranging code into a FreeRTOS thread and optimize the kernel, threads pri-

ority, and associated functions in the full system stack. Provide profiling and test measurements 

to determine RTOS impact and behaviour. 

5. Update the concept of operations and management for a ‘ranging mode’ and add the ranging 

thread in the full ESEO software stack and determine the impact and requirements for an inte-

grated ranging behaviour. Remeasure profiling and test measurements to understand final 

performance. 

6. Explore how to combine the ranging and telemetry information in one stream. 

1.2.1 Tasks 

1. Simulate different ranging methods to explore the advantages and disadvantages of each. 

- Use GNU Radio to simulate a phase-detection ranging. 

- Explore the phase-detection ranging accuracy with different settings and frequencies. 

- Use GNU Radio to simulate a pseudo-noise (PN) ranging. 

- Explore PN ranging with different code lengths and speeds 

2. Using the ESEO hardware, develop a baseline bare-metal, software implementation for ground 

to space ranging to understand RF bandwidth and hardware sampling limitations, and measure 

key hardware delays.  

-  Get familiar with the hardware. Read datasheets, manuals, and documentation.  

- Setup the cross-compiler toolchain and/or IDE. 
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- Research transparent and regenerative ranging techniques.  

- Decide which ranging method is better for the mission.  

- Develop the PN transmitter of the ground station  

- Develop the ranging transponder software which will run on the ESEO hardware  

- Develop tests to ensure the correct operation of the ranging functionality  

- Research ways to measure hey hardware delays.  

3. Detail the test framework for running real ranging code together with a notional ground station 

on a generic computer for easy development and round-trip demonstrations.  

- Setup a test ground station on a personal computer to ease the development process  

- Implement the transmit signal functionality  

- Introduce an artificial delay to simulate ground to space ranging  

- Measure the round-trip delay of the system  

4. Develop the baseline ranging code into a FreeRTOS thread and optimize the kernel, threads pri-

ority, and associated functions in the full system stack. Provide profiling and test measurements 

to determine RTOS impact and behaviour.  

- Port the baseline ranging code into a FreeRTOS thread  

- Measure round-trip hardware and software delays with only the ranging thread running  

- Repeat round-trip delay measurements with all threads present and provide code profiling to 

determine the RTOS and other threads impact and behaviour  

5. Update the concept of operations and management for a ‘ranging mode’ and add the ranging 

thread in the full ESEO software stack and determine the impact and requirements for an inte-

grated ranging behaviour. Remeasure profiling and test measurements to understand final 

performance.  

- Analyze the RTOS and thread impact to the ground to space ranging functionality (from the 

previous objective). Determine the requirements needed to achieve deterministic behaviour  

- Develop a ‘ranging mode’ which will be used when the ranging functionality needs to be 

used  

- Remeasure the round-trip hardware and software delays and re-profile the code to ensure a 

deterministic behaviour is present.  

6. Explore how to combine the ranging and telemetry information in one stream.  
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- Research into ‘PN ranging systems’ and ‘telemetry ranging’ for spacecraft applications  

- Research a way to implement it into the software stack 

1.3 Achievements 

Extensive research was done on radio frequency (RF) ranging techniques, which highlighted a few 

possible implementations. GNU Radio was used to simulate those techniques which helped to deter-

mine their (theoretical) accuracy, noise and error tolerance. Using phase detection, a ranging 

resolution of 25 km, with a sampling rate of 11 kHz and a bit per second rate (BPS) of 4800, was 

achieved. Furthermore, a custom Python application was written to simulate orbital passes and com-

pare their true distance with the measured by the method. However, this method was determined to 

be unreliable due to its zero tolerance to noise. Therefore, pseudo-noise (PN) ranging was tested and 

a resolution of 62.458 km was achieved with the same sampling rate and BPS. Furthermore, the 

method was proven to be very resilient to noise. Thus it was concluded that PN ranging is best suited 

for this particular ranging application. PN implementation feasibility and complexity was also ex-

plored and highlighted potential problem sources such as clock drift [4], computational complexity 

and low resolution. Further research was carried out on how to mitigate or minimize those problems. 

It was found that clock drift can be minimized by using telemetry ranging, which allows for more 

accurate spacecraft clock calibration, without requiring the spacecraft to have a high-frequency or 

high-quality oscillator. Furthermore, it was found that transparent PN ranging can significantly re-

duce the computational complexity of the ranging method, at the expense of accuracy. Moreover, 

although not used in this report, it was found that interpolation techniques can be used to introduce 

sub-chip precision in the PN ranging signal, which can improve resolution, at the expense of com-

putational complexity.  

After that, a test framework for hardware-in-the-loop testing was developed using a conventional PC 

running GNU Radio and two ranging loops. The first loop was comprised of a single cable and was 

used as a reference for the delay in the system, while the second loop implemented a hardware-int-

the-loop ranging loop. This allowed for the true hardware delay induced by the hardware-in-the-loop 

to be measured accurately. Finally, a bare-metal and FreeRTOS based ranging applications were de-

veloped and their ranging resolution was explored via the test framework. A resolution of 19.342 km 

and 29.98 km was achieved for the bare-metal and the FreeRTOS applications respectively. 

1.4 Overview of Dissertation 

This report will introduce the reader to the research done on the applicability of different RF ranging 

techniques for use in the ESEO AMSAT-UK FUNcube payload. Section 2 will go over the back-

ground of the project and will explore the theory behind several RF ranging methods. Section 3 will 

experiment with a couple of them and will explain more practically how each of them works by 
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showing some of the more important equations and an example GNU Radio flowchart. This section 

will also discuss each method’s advantages, disadvantages and applicability for the mission. Then 

Section 4 will develop a test framework for hardware-in-the-loop testing. Finally, Section 5 will ex-

plain the concepts behind the developed applications, it will use the test framework to assess the 

accuracy of the ranging system and will decide whether or not it is accurate enough to be used in a 

real mission. 
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2 BACKGROUND THEORY AND LITERATURE REVIEW 

This section will go over the work done by previous master students for the previous instalments of 

the ESEO mission, after which it will describe the requirements for the current mission and it will 

explore the theory behind several available methods to achieve them. 

2.1 ESEO FUNcube-4 Payload Hardware 

The payload consists of three main boards - a VHF transmitter, an L-band receiver, and a Command 

Control and Telemetry (CCT)/Electrical Power System (EPS) boards. The L-band and VHF boards 

are working on 1263.5 MHz and 145.895 MHz respectively [3]. The CCT/EPS board is comprised 

of a microprocessor, ADC, DAC, a dual redundant CAN bus controller, as well as power regulators 

and overvoltage protection. The  AT32UC3C microprocessor was chosen to power the board due to 

it being the most powerful microprocessor in its class, having a 66 MHz base clock frequency, 32 

KB of SRAM and 512 KB flash memory [1], [3].  

2.2 ESEO FUNcube-4 Payload Software 

The CPU controls four hardware interfaces – I2C bus, ADC, DAC, and a dual redundant CAN bus 

[3]. The I2C bus is responsible for the collection of the onboard sensor readouts and must be sampled 

every 5 seconds. The ADC must sample an Audio Frequency Shift Keying (AFSK) uplink signal at 

about 11 kHz, while the DAC must sample a 19.2 kHz Binary Phase Shift Keying (BPSK) downlink 

signal. The dual CAN bus interface provides a communication link with the rest of the satellite’s 

payloads and the satellite main OBC. It is critical to sample all of the hardware interfaces with the 

correct timings, otherwise, the payload will not be able to communicate properly. Furthermore, the 

payload must be able to respond to CAN messages fast enough, otherwise, the main OBC may decide 

to reset it. To ensure timing is handled correctly the AMSAT UK team decided to use a real-time 

operating system. Due to the small memory footprint and processor overhead, as well as the free 

license, the AMSAT-UK team decided to utilize the FreeRTOS [5] real-time operating system (more 

accurately referred to as a threading library) for the task [1]. The AMSAT UK team proceeded then 

to modify the FreeRTOS kernel, to provide a software triple modular redundancy (TMR), thus en-

suring that no single event upsets (SEUs) have occurred in the context stack that is being switched 

back on [1]. The payload software was then split into six threads – Can Open Thread, Downlink 

Thread, Uplink Thread, Telemetry Thread, Payload Data Transfer Thread, and Payload Operations 

Thread [3].  Due to the limited hardware resources available major software challenges were faced 

with the uplink and downlink signal samplings. While the CPU was capable of 15 MFLOPS, the 

initial implementation of the AFSK signal processing required 99% CPU utilization. However, by 

reducing the sampling rate and migrating from floating-point to fixed-point arithmetic, the AMSAT 

UK team was able to reduce the CPU usage to 28%, while keeping a 99% sampling success rate [1], 
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[3]. The BPSK downlink used two modes – one for whole orbit data (WOD) at 1.2 kHz and the other 

for scientific data at 4.8 kHz. Both of them suffered from spectral leakage due to intersymbol inter-

ference (ISI). Therefore, the use of a root-raised-cosine filter (RRC) was necessary. However, due to 

the limited hardware resources, the AMSAT UK team was forced to convert the filter into a lookup-

table instead of calculating it on the fly [1], [3]. Finally, with the use of software profiling, the AM-

SAT UK team managed to prove that all threads can run simultaneously, without interfering with 

each other and therefore proved the payload will work properly once put into orbit [1], [3]. 

2.3 New FUNcube-LX Mission 

The current FUNcube-LX mission requires ranging capabilities to be added in the same bandwidth 

with the uplink and downlink. To achieve this, this project must explore different ranging methods 

and compare them by their complexity, implementation feasibility and accuracy. Furthermore differ-

ent ranging settings, such as frequencies and bit (chip) rates, must also be explored to find the best 

achievable ranging resolution for the given hardware. Moreover, software profiling and fine thread 

tuning must also be done, to ensure deterministic ranging behaviour. This is important as the hard-

ware delays, occurring due to processing, both on the ground and the payload itself must be constant, 

accurately measured, and taken into account to minimize ranging errors. 

2.4 Ranging Methods 

Ranging methods can vary in terms of complexity and accuracy. This subsection will introduce in 

essence the working principles of different ranging methods. Both Amateur Radio (also known as 

Ham Radio) and industry-leading techniques, recommended by the Consultative Committee for 

Space Data Systems (CCSDS), will be presented. 

2.4.1  Types of  Ranging 

2.4.1.1 Regenerative ranging 

This type of ranging requires the spacecraft to demodulate and acquire the ranging code from the 

uplink signal by correlation with a locally generated PN replica. After the acquisition, the signal must 

be regenerated on the downlink. This can be seen in Figure 2.1. This type of ranging is typically used 

for low signal-to-noise ratio (SNR) missions, such as deep space missions [6]. 

2.4.1.2 Transparent ranging 

In contrast to regenerative ranging, with transparent ranging the spacecraft simply frequency-trans-

lates the uplink ranging signal on the downlink, effectively acting as a transponder. In other words, 

the ‘Spacecraft transmits’ signal in Figure 2.1 becomes an exact copy of the ‘Spacecraft receives’ 

signal in the same figure. This method is easier to implement, as the signal does not have to be 
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demodulated and then modulated again on the downlink. As a result, the same signal travels twice as 

big of a distance (to and from the transponder) which makes it noisier. Thus, this method requires 

high SNR and it is not suitable for missions where high accuracy is required [6]. 

 

 

Figure 2.1 Regenerative ranging. Image courtesy of [7]. 

2.4.2 Amateur Radio 

Ham radio ranging methods are in general simple and computationally light, however, not very ac-

curate and therefore are not suitable for some applications. They are primarily used for basic or 

hobbyist missions and non-mission-critical applications. 

2.4.2.1 Phase-detection ranging 

Phase detection is probably one of the easiest RF ranging techniques. Two in-phase sinusoidal signals 

with the same frequency are used, one of which is transmitted towards a target (a transponder), while 

the other is used as a reference. When the transmitted signal is received by the transponder, it is sent 

back towards the source. Depending on the distance between the two devices, when the transmitted 

signal is returned to the source (after a certain delay), it will be out of phase relative to the local 

reference signal. By knowing the frequency of the two signals, the phase difference between them 

can be translated into a round-trip distance, which can then be divided into two to calculate the actual 

distance between the source and the target.  

However, due to the periodicity of the signal, this technique will not work if the distance is greater 

than the wavelength of the signal. Furthermore, this technique is susceptible to noise and therefore 

not suitable for long-distance ranging or ranging in high noise environments (such as LEO). 

2.4.2.2 Single Pulse Ranging 

Instead of measuring the phase difference between two signals, a set of single pulses can be trans-

mitted and the round-trip time needed for them to return can be measured. There are a few limitations, 

however. The most important one is the pulse repetition frequency (PRF). The pulses must be spaced 

out far enough apart so that the time between adjacent pulses is greater than the round-trip delay, 

otherwise, the returning pulses will overlap, creating ambiguities. Another limitation is that only the 
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rising (or falling) edge of the pulse carries timing information. Therefore, the pulses need to be as 

short as possible, as longer pulses simply waste interim power. However, the shortest practical pulse 

duration depends on the channel bandwidth - 1 𝐵𝑎𝑛𝑑𝑤𝑖𝑡ℎ⁄  [8]. 

2.4.2.3 Pseudo Noise (PN) ranging 

The PN ranging concept builds on top of the phase-detection and single pulse ranging methods. Sim-

ilar to phase-detection, pseudo-noise ranging uses the phase shift between two signals to determine 

distance. However, instead of using a simple, sinusoidal, periodic signal, or a single pulse, a specially 

crafted PN sequence is used. Above all else, such sequences have one important property – low pe-

riodicity (and therefore low autocorrelation score when misaligned). The PN sequence resolves the 

overlapping ambiguity caused by the previous ranging techniques and thus allows for a continuous 

pulse transmission. This, in turn, provides a continuous supply of timing edges and therefore makes 

the most out of the available power and channel bandwidth [8]. To distinguish between the overlap-

ping PN sequences in a continuous transmission, a technique known as correlation is used. The 

simplest PN ranging sequences are simply Linear Feedback Shift Registers (LFSRs) [4], [9]. If 

greater cross-correlation properties are needed, then Gold codes can be created and used by exclu-

sive-or-ing two LFSR maximum length sequences (m-sequences) [4]. Another property of PN 

sequences is their tolerance to errors. Due to their low periodicity, even if one or more (depending 

on the length of the sequence) PN bits (chips) are corrupted when received, the overall signal corre-

lation remains low if the PN sequence is misaligned with the identical, locally generated one [8]. The 

minimum detectable distance, or resolution, of a PN ranging system, is simply the distance covered 

by a single bit (chip) of the PN sequence. However, according to [4] interpolation methods can be 

used to obtain sub-bit (sub-chip) accuracy. Note that the bits in PN sequences are referred to as ‘chips’ 

since no actual information is carried within each bit. 

2.4.3 CCSDS 

The CCSDS blue books provide recommendations for Space Data Systems. The “Pseudo-Noise (PN) 

Ranging Systems” blue book [6] recommends the “Weighted-voting Tausworthe” algorithm as a 

standard for PN generation for use with deep-space ranging systems. This algorithm uses a nonlinear-

feedback shift register (NLFSR). The two variations of the algorithm – T4B and T2B, both have a 

length of 1009470 chips but are designed for accuracy and fast acquisition time respectively. De-

signed for use with regenerative ranging systems, their acquisition times are 85.7s and 5.2s for the 

T4B and T2B algorithms respectively. For transparent ranging the T2B PN sequence is recommended 

by CCSDS. 

2.4.4 Telemetry Ranging 

Offered as a replacement to the more traditional two-way PN ranging, telemetry ranging does not 
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require the uplink ranging signal to be echoed to the downlink. Instead, the ranging information is 

acquired by utilizing the temporal properties of the downlinked telemetry. This eliminates the need 

for a separate downlink ranging signal, which allows for more power to be allocated for telemetry. 

Furthermore, combining the ranging information with telemetry allows for simultaneous ranging and 

high-speed telemetry throughout the duration of the pass. Moreover, telemetry ranging allows for 

more accurate spacecraft clock calibration and does not require the spacecraft to have a high-fre-

quency or high-quality oscillator [7]. 

Telemetry ranging can be used by industry and hobbyists alike, as it provides a simple, yet elegant 

ranging solution, which is capable of leveraging existing ground and space segments with little 

changes. Furthermore, this ranging technique is compatible with higher-order modulation schemes 

such as QPSK, and can easily be adapted for use with software-defined radios (SDRs) [10]. 

2.5 Summary 

All ranging methods have to balance between accuracy, range, and acquisition time (in the case of 

regenerative ranging systems). Due to the ESEO mission being in a circular Sun-synchronous orbit 

(SSO) with a height of 575km [11], the  T4B and T2B ranging methods recommended by CCSDS 

for deep-space ranging are not suitable for this ranging application because of their long chip se-

quences (1009470 chips), high acquisition times (> 5s) [6] and unacceptable range ambiguity (75710 

km) [4]. The rest of the discussed ranging methods are theoretically applicable. However, without 

simulation and real-world testing, it is difficult to say which method will be best suited for the job. 

External factors such as processing power and SNR play an important role in determining the effi-

ciency, accuracy, and applicability of each method. For example, the limited sampling frequency – 

11 kHz might not be suitable for some ranging methods and may need to be increased. Therefore, 

Section 3 will simulate both phase-detection and LFSR PN ranging methods and will compare them 

side by side. 
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3 RANGING EXPERIMENTS 

This chapter will present a couple of different RF ranging techniques. It will walk the reader through 

the important equations, show an example implementation flowchart in GNU Radio, and discuss the 

advantages and disadvantages of each technique. 

3.1 Phase Detection Method 

3.1.1 Important Equations 

Radio waves are essentially a form of electromagnetic energy, which propagates following basic 

wave theory. Travelling in a sinusoidal fashion, with the velocity of light (𝑐 [𝑚𝑠−1]), the distance 

from one wave peak to the next is called the wavelength (𝜆 [𝑚]) and it is a function of the wave’s 

frequency (𝑓 [𝐻𝑧]). The relation [12, p. 4] is as follows:  

 𝜆 =
𝑐

𝑓
 

where: 

𝑐 ≈ 2.998 × 108  𝑚𝑠−1 

(3.1) 

The sample per symbol rate (𝑠𝑠) [13] is the number of samples contained in each wavelength of a 

digitized wave. For example, if two samples are contained within each wavelength, then the overall 

sampling frequency (𝑓𝑠 [𝐻𝑧]) must be twice as big than the frequency (𝑓 [𝐻𝑧]) of the signal. Thus, 

the samples per symbol rate can be defined as: 

 
𝑠𝑠 =

𝑓𝑠

𝑓
  (3.2) 

Another important parameter is the phase difference [14] between adjacent samples. Let 𝑠𝑠 be a 

known and constant samples per symbol rate and assume that all samples are equally distributed 

throughout each wavelength of the signal. Then, the phase difference between adjacent samples (𝜑 

[𝑟𝑎𝑑])  can be defined by the following equation: 

 

 
𝜑 =

2𝜋

𝑠𝑠
 (3.3) 

The difference in radians between two adjacent samples (𝜑 [𝑟𝑎𝑑]) can also be viewed as the mini-

mum detectable phase difference (or phase shift). On the other hand, the wavelength (𝜆 [𝑚]) of the 

signal, by definition, is simply the distance the signal travels every 2𝜋 radians [12]. Thus, the differ-

ence in radians between two adjacent samples can also be seen as the minimum detectable distance 

(𝑑𝑚 [𝑚]) travelled by the signal and it can be calculated as:  
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 𝑑𝑚 =
𝜑

2𝜋
⋅ 𝜆 

But 𝜑 =
2𝜋

𝑠𝑠
 (Equation (3.3)). Thus 𝑑𝑚 can also be expressed as: 

𝑑𝑚 =
1

𝑠𝑠
⋅ 𝜆 

(3.4) 

The output of a fast Fourier transform (FFT) algorithm is comprised of frequency bins, each of which 

corresponds to a given frequency. For an input of a real time-domain signal, with a frequency (𝑓 

[𝐻𝑧]), sampling frequency (𝑓𝑠 [𝐻𝑧]) and an FFT size (𝑛), the FFT output spectrum consists of  𝑛 2⁄  

discrete frequency bins with a range from Direct Current (DC), or 0 Hz, to 
𝑓𝑠

2
⁄  Hz. Therefore, the 

frequency bin (𝑓𝑏) containing a certain frequency (range) can be calculated as follows [15]:  

 
𝑓𝑏 =

𝑓 ∙ 𝑛

𝑓𝑠
 (3.5) 

3.1.2 GNURadio Implementation 

The flowchart implementation is shown in Figure 3.1. As can be seen in the figure, the flowchart 

starts with a CPU generated sinusoidal signal source, which is then run through a throttle block, to 

reduce CPU usage. Note the value of the variable ‘samp_rate’. As stated by the ESEO AMSAT UK 

Payload team, a sampling frequency of 11 kHz is required for a decoding rate of 99% to be achieved 

[1]. However, this sampling frequency, combined with the available baseband frequencies (1.2 kHz 

and 4.8 kHz) [1], produces an irrational sample per symbol rate. To avoid spectral leakage when 

converting the signal to the frequency domain, the FFT algorithm requires the input data record frame 

to be free of abrupt discontinuities at its endpoints [15]. This can be achieved by ensuring that each 

data record frame contains an integer or a rational number of symbols. Therefore, Equation (3.2) was 

used to find a sampling frequency, which will produce an integer or rational sample per symbol rate 

for both 1.2 kHz and 4.8 kHz frequencies – 12 kHz. After that, the ‘Rational Resampler’ block was 

used to raise the sampling frequency by resampling at a rate of  12
11⁄  (specified by the ‘inter’ and 

‘deci’ variables). This brought the sample-per-symbol rates to 10 and 2.5 samples per symbol, which 

provided an FFT size of 60 samples is used, yields 6 and 24 samples per data record for the 1.2 kHz 

and 4.8 kHz signals respectively. After passing through the FFT algorithm, the corresponding fre-

quency bin of the baseband frequency must be extracted using Equation (3.5). In the flowchart, the 

‘bin_offset’ variable implements this equation and dynamically calculates the correct bin for a given 

frequency. To extract the given frequency bin for further processing, a ‘Keep M in N’ block is used, 

with the value of the ‘bin_offset’ variable as the ‘initial offset’ parameter. On the next step, the phase, 

or argument, of the complex signal is calculated via the ‘Complex to Arg’ block, using tan−1(
𝐼𝑚

𝑅𝑒
), 
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where Im and Re are the imaginary and real parts of the complex signal in the frequency bin respec-

tively. Finally, the phases of the reference and transmitted signals are subtracted from one another to 

calculate the phase difference between them. It is also worth noting that the ‘freq’ and ‘delay_sig’ 

variables are rendered as GUI range elements, to produce a dynamic simulation environment. The 

‘delay_sig’ variable holds an integer number, greater than 0, which is used as a parameter in the 

‘Delay’ block, to specify the delay (in samples) for the transmitted signal, while ‘freq’ is used to 

specify the frequency of the flowchart.  

 

Figure 3.1 GNU Radio flowchart implementation of phase-detection RF ranging. 

3.1.3 Results 

This section will explore the results for several sets of settings. Subsection 3.1.3.1 will present the 

results obtained from running the flowchart described in Section 3.1.2 and explain their meaning. On 

the other hand, Subsection 3.1.3.2 will introduce a custom written app that will explore the theoretical 

best-case phase-detection ranging scenario against a satellite orbit pass simulation. 

3.1.3.1 GNU Radio results 

Figure 3.2 and Figure 3.3 show the produced phase difference from a single sample delay between 

the transmitted and reference signals, which is the smallest detectable difference.  

Figure 3.2 shows a 1.2 kHz signal, sampled at 11 kHz, and then resampled to 12 kHz, or in other 

words sampled at 10 samples per symbol. Therefore, according to Equation (3.3), the smallest de-

tectable phase difference would be, as shown in the figure, 2𝜋
10⁄ 𝑟𝑎𝑑 . Furthermore, by utilizing 

Equation (3.1) and Equation (3.4), it can be found that the minimum detectable distance with this 

setup is about 25 km.  



Stanislav Dimov, AMSAT2020 Flight Software 

- 15 - 

 

Figure 3.2 1.2 kHz signal with a single sample delay. 

Similarly, Figure 3.3 shows a 4.8 kHz signal, with the same sampling and resampling frequency, and 

with a sample per symbol rate of 2.5. With this setup, the smallest detectable phase difference is 

2𝜋
2.5⁄ 𝑟𝑎𝑑, however, due to the wavelength (𝜆) of the wave being 4 times smaller compared to the 

previous case, the minimum detectable distance is again about 25 km. 

 

Figure 3.3 4.8 kHz signal with a single sample delay. 

3.1.3.2 Orbit pass simulation results 

A custom application was written to further visualize the results from Section 3.1.3.1. The source 

code for it is available in a version control repository [16]. Written in Python and using the Python 3 

Skyfield library [17], the app is capable of calculating orbital passes for any satellite, during any time 
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and over any place on Earth. It is also capable of comparing the distance output from the Skyfield 

library with the one calculated with the phase-detection ranging method.  

Figure 3.4 shows a 1.2 kHz, 10 samples-per-second ranging, while Figure 3.5 shows a 4.8 kHz, 2.5 

samples-per-second ranging. As can be seen on the figures, both range settings offer the same accu-

racy - a minimum of 97.334% for that particular pass. 

 

Figure 3.4 ISS (ZARYA) over Guildford on 13th of April 2020 with 1.2 kHz, 10 samples-per-second rangings. 

 

Figure 3.5 ISS (ZARYA) over Guildford on 13th of April 2020 with 4.8 kHz, 2.5 samples-per-second rangings. 

As an experiment, a third ranging setting was explored with a doubled sampling frequency - 24 kHz. 

The results of this experiment are shown in Figure 3.6. Having a baseband frequency of 1.2 kHz and 

a sample per symbol rate of 20, shortened the minimum detectable distance by half, however, the 

overall accuracy saw little improvement - less than 2%. Therefore, it was decided that the originally 
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chosen sampling frequency is sufficient for this ranging method. 

 

Figure 3.6 ISS (ZARYA) over Guildford on 13th of April 2020 with 1.2 kHz, 20 samples-per-second rangings. 

3.1.3.3 Conclusion 

The analysis of the results in Sections 3.1.3.1 and 3.1.3.2 discovered that the ranging accuracy does 

not depend on baseband frequency, provided that the sampling frequency is the same. Furthermore, 

it was discovered that the chosen sampling frequency of 11 kHz, which was then resampled to 12 

kHz provides high accuracy (above 97%), while higher sampling frequencies bring little to no im-

provement. Therefore, it was concluded that a sampling frequency of 12 kHz is sufficient for this 

ranging method. 

3.1.4 Limitations 

While it may be easy to implement, this method is far from perfect. First and foremost – due to the 

non-rational sample per symbol rate, the signal has to be interpolated from 11 kHz to 12 kHz. This 

may prove challenging to implement on an embedded system. Another problem is that due to the 

signal being simulated, there is absolutely no noise in it. This would not be the case in a real-world 

scenario. Having even small amounts of noise in the transmitted signal will always introduce abrupt 

discontinuities in the endpoints of the record frame of the FFT algorithm, which will introduce spec-

tral leakage [15] and thus, will significantly reduce the ranging accuracy. Furthermore, even with no 

noise, it is problematic to measure distance, due to the periodicity of the signal – a pure sinusoid. If 

‘𝑡’ is the transmitted signal delay (in samples) and ‘𝑠’ is the sample per symbol rate two problems 

can arise: 

1. When 0 < 𝑡 < 𝑠: 

In this case, the measured phase difference (𝜑) would be in the range of 0 ≥ 𝜑 ≥ −𝜋 for delays in 
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the range of 0 ≤ 𝑡 ≤
𝑠

2
 and in the range of −𝜋 ≤ 𝜑 ≤ 0 for delays in the range of 

𝑠

2
≤ 𝑡 ≤ 𝑠 . A visual 

representation of this can be observed by comparing the phases shown in Figure 3.3 and Figure 3.7. 

However, this can be accounted for, provided that the initial distance is known in advance along with 

whether the signal delay is increasing or decreasing. This is discussed in more detail in the next case.  

 

Figure 3.7 1.2 kHz signal with 9 samples delay. 

2. When 𝑡 > 𝑠: 

In this case, the phase difference would wrap around and repeat the cycle described in the previous 

case, effectively making it impossible to distinguish the delays bigger than 𝑠 from the ones smaller 

than 𝑠. This problem can be corrected to a certain extent by either using previously known orbit state 

vectors or by using a chopped rather than a continuous pulse with some pulse repetition frequency 

(𝑃𝑅𝐹 [𝐻𝑧]) to determine if the signal delay is increasing or decreasing.  

3.2 PN Correlation Method 

3.2.1 Important Equations 

When a communication channel is at baseband frequency [18], the signal frequency is equal to the 

chip rate (𝑝𝑟 [𝑏𝑝𝑠]). Thus, with the help of the sampling frequency (𝑓𝑠 [𝐻𝑧])  the samples per symbol 

rate (𝑠𝑠), defined in Equation (3.2) can also be defined as:  

 
𝑠𝑠 =  

𝑓𝑠

𝑝𝑟
 (3.6) 

Sometimes the magnitude of a complex signal is more important than the value of its components. 

By applying some simple trigonometry, the magnitude (𝑠𝑚) of the signal can be found by combining 
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its real (𝑠𝑟𝑒) and imaginary (𝑠𝑖𝑚) components in the following relation [18]: 

 
𝑠𝑚 = √𝑠𝑟𝑒

2 + 𝑠𝑖𝑚
2  (3.7) 

The time (𝑡𝑠 [𝑠]) required for a PN sequence to propagate through space is a function of its code 

length (𝑙 [chips]) and chip rate (𝑝𝑟  [𝑏𝑝𝑠]). The relation is as follows [8]: 

 
𝑡𝑠 =

𝑙

𝑝𝑟
 (3.8) 

According to [8], the time length of a PN sequence must be bigger than the round-trip delay of the 

signal. Therefore, by knowing the velocity of light (𝑐 [𝑚𝑠−1]), and by knowing (or defining) the 

maximum range distance (𝑑𝑟 [𝑚]) and chip rate (𝑝𝑟  [𝑏𝑝𝑠]), the minimum chip length of a PN code 

(𝑙𝑚𝑖𝑛  [𝑐ℎ𝑖𝑝𝑠]) can be found by using the following relation: 

 
𝑙𝑚𝑖𝑛 =  

2 ∙  𝑑𝑟  ∙  𝑝𝑟

𝑐
 

where: 

𝑐 ≈ 2.998 × 108  𝑚𝑠−1 

(3.9) 

The minimum detectable distance (𝑑𝑚 [𝑚]), also called the ranging resolution, without sub-chip pre-

cision, in a PN ranging system is the distance covered by a single chip [8]. Higher chip rates 

(𝑝𝑟 [𝑏𝑝𝑠]) have a better resolution as the time spent transmitting each bit is shorter, thus the distance 

covered by any single bit is smaller. By knowing the velocity of light (𝑐 [𝑚𝑠−1]), the minimum 

detectable distance without sub-chip precision can be calculated by: 

 
𝑑𝑚 =

1

𝑝𝑟
⋅ 𝑐 

where: 

𝑐 ≈ 2.998 × 108  𝑚𝑠−1 

(3.10) 

3.2.2 GNURadio Implementation 

The flowchart can be seen in Figure 3.8 and it is adapted from a GNU Radio example [19]. The 

flowchart starts with a PN vector source block. However, instead of being sampled at 11 kHz and 

then interpolated to 12 kHz (as the case was with the phase-detection method), the stream is directly 

sampled and throttled at 12 kHz, to create a rational sample per symbol ratio. The PN sequence is 

defined in binary format in the ‘PN’ variable. Each vector sample is then passed through a ‘Multiply 

Const’ and ‘Add Const’ blocks, to shift it from binary logic levels (0,1) to ±1 levels. After that, an 

‘Interpolating FIR Filter’ block is used to shape the signal with the help of an ‘RRC Filter Taps’ 

block. This way intersymbol interference (ISI) [20] is avoided. Note that the ‘eb’ variable is used to 
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set the excess bandwidth parameter of the ‘RRC Filter Taps’ block [21] and the ‘filt_delay’ variable 

is used to set the ‘Sample Delay’ parameter of the ‘Interpolating FIR Filter’ block [22]. The flowchart 

then proceeds with adding additive white Gaussian noise (AWGN) [23] via the ‘Channel Model’ 

block. Note that the ‘noise voltage’ and ‘taps’ parameters of the ‘Channel Model’ block are controlled 

via the ‘noise’ and ‘path_loss’ GUI range blocks respectively. The relationships between the GUI 

ranges and the block’s parameters can be found in the original GNU Radio example [19]. The ‘MPSK 

SNR Estimator’ block was added to calculate the SNR and tag the outgoing stream with it. Even 

though the block is advertised as not particularly accurate [24], and can over or underestimate SNR 

in certain scenarios (more on that to follow), it proved to work better than a more traditional SNR 

measuring combination consisting of a ‘Divide’, ‘Complex to Mag’ and ‘Log10’ block combination, 

which failed to settle down on a particular SNR value when tested. The most important part of the 

flowchart is the ‘Correlation Estimator’ block. It uses the ‘Modulate Vector’ block, which in turn 

uses the ‘PN_hex’ variable, to generate a replica of the PN sequence used to match against the in-

coming stream. Note that the ‘mark_delay’ variable is used to mark the delay (in samples) after the 

‘corr_start tag’ (produced by the ‘Correlation Estimator’ block), where to put the correlation infor-

mation tags. More information on that can be found in the ‘Correlation Estimator’ block’s 

documentation page [25].  Note that the last byte of chips of the PN sequences used in the simulation 

is padded with a leading zero bit. Therefore, the sequences are 2𝑛 chips long, instead of 2𝑛 − 1. This 

reduces their autocorrelation properties but its effect is negligible and inversely proportional to the 

PN code length. The padding is required due to a limitation of the ‘Modulate Vector’ block, which 

expects the PN sequence vector as a byte array (defined as the ‘PN_hex’ variable). The phase output 

of the ‘Correlation Estimation’ block is nulled as it is not important for this simulation. The correla-

tion output is connected to two ‘Time Sink’ blocks, one of which is used to display the components 

of the complex signal and the other its magnitude. Note that the magnitude, calculated by Equation 

(3.7), is left squared as this is both less computationally expensive and creates a bigger ‘gap’ between 

the misaligned and aligned correlation samples. Note also that the sample per symbol rate (SPS) 

variable is calculated by using the relationship described in Equation (3.6) but it is stripped of its 

floating-point part, as some of the blocks used in the flowgraph require an integer SPS value. This 

relationship is presented in Figure 3.9. The source code of this chart is available in a version control 

repository [26]. 
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Figure 3.8 GNU Radio flowchart implementation of PN ranging.  

 

Figure 3.9 Samples per symbol versus chip rate. 

3.2.3 Results 

Several different settings were used to test the PN codes strength against noise, as well as their rang-

ing accuracy. 

3.2.3.1 Chip rate choices 

The lower the SPS rate of a signal, the higher its BPS (and thus the better its ranging resolution as 

seen in Equation (3.10)), with the same sampling frequency (as seen in Equation (3.6)). Of course, 

the SPS minimum is still limited by the Nyquist criterion [27]. However, lowering the SPS also 

lowers the SNR of the signal. Thus, three different chip rates were chosen for testing – 1.2k BPS, 

2.4k BPS and 4.8k BPS, which with a sampling frequency of 11 kHz (used in the ESEO missions 

[1]) give 10, 5, and 2.5 SPS respectively. As stated in [1], [3], the 1.2k BPS and 4.8k BPS speeds are 

already used for whole orbit data (WOD) and scientific data respectively. The 2.4k BPS speed was 

included as a stepping stone between the other two chip rates. 
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Note that the previously used by the ESEO missions 11 kHz sampling rate and 4.8k BPS produce an 

SPS rate above the Nyquist limit. Thus, the ranging resolution can be further improved by introducing 

a higher BPS (5.5k BPS). However, for this simulation, the ranging resolution is not as important, 

therefore, the already used BPS speed of 4.8k BPS was used instead. 

Using Equation (3.10), it can be calculated that the theoretical ranging resolution of the 1.2k, 2.4k 

and 4.8k BPS chip rates is 249.833, 124.916 and 62.458 km respectively. Furthermore, even the 

theoretical maximum BPS achievable with 11 kHz sampling rate – 5.5k BPS gives a resolution of 

54.39 km. This is suitable for simulation purposes but far from okay for any real-world ranging. 

Thus, the sampling rate will be raised in the next chapters of this report, to allow for better resolution. 

Furthermore, although not explored in this report, according to [4], interpolation techniques can be 

used to obtain sub-chip precision, which can help to improve the resolution even further. 

3.2.3.2 PN code choices 

Three PN gold code maximum length sequences (m-sequences) were generated using the Python 

PYLFSR module  [28] - 255, 511 and 1023 chips long. An example of PN gold sequence generation 

is shown in Figure 3.10. 

 

Figure 3.10 An example of PN gold sequence generation using Python PYLFSR module. 

Each sequence was generated by taking two LFSR maximum length sequences of the same length, 

which absolute cross-correlation is less than or equal to 2(𝑛+2) 2⁄ , where n is the size of the LFSR 

register. The sequences were then each translated into all of their relative positions (i.e. phases). The 

resulting phases were then exclusive-or-ed together to produce a set of 2𝑛 − 1 Gold sequences. Each 

balanced gold sequence of the set was then tested for its autocorrelation properties and the sequence 

with the highest zero-lag autocorrelation was chosen as a PN code [29], [30]. 

The reason for choosing the shortest code to be of length 255 chips was to serve as a reference to the 

system implemented for the Phase III ranging system [8]. On the other hand, the 1023 chip code was 

chosen as the maximum length sequence. That was in part because GPS satellites residing in medium 

Earth orbit (MEO) use similar 1023 chip Gold sequences [31], but mostly because the AMSAT UK 
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payload is limited by its maximum achievable BPS rate. Therefore, transmitting longer codes would 

make the transmission time too long (more than half a second for some chip rates). Long transmission 

times introduce ranging inaccuracies, because of the high speeds the satellite is moving at [8]. A 511 

chip code was also included in the tests as a stepping stone between the other two codes. 

Since the ESEO mission is in LEO, with the latest instalment having an altitude of 575km [11], it is 

safe to assume that even when performing ranging when the satellite is low above the horizon the 

ranging distance will never be longer than 2000-2500km. Therefore, by using Equation (3.9), with 

the highest achievable chip rate by the AMSAT UK payload – 4.8k BPS and a defined range ceiling 

of 2500km, it can be calculated that the minimum PN code length is 80 chips, which is way below 

the shortest code used for testing. Similarly, Equation (3.8) and Equation (3.9) can be used to find 

the maximum measurable distance with a certain chip length if needed. 

3.2.3.3 GNU Radio results 

Each of the three Gold PN codes was tested with each of the available chip rates, resulting in a total 

of nine test case setups. An example of the running GNU Radio flowchart is presented in Figure 3.11. 

 

Figure 3.11 Example of a running GNU Radio flowchart simulating PN ranging with a 255 chip code at 4.8k BPS. 

Left plot – correlation in a complex form with SNR tag; Right plot – correlation as magnitude. 

The results from the individual test cases can be summarised as: 

• Near ideal conditions:  

With path loss set to 0 dB and noise power set to -50 dB, results can be seen in Figure 3.12. In these 

conditions, as expected, all tests showed strong SNR and correlation amplitudes.  

An important side note is that the SNR shown in Figure 3.12 and Figure 3.13 was measured with the 
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help of the ‘MPSK SNR Estimator’ block, which is not particularly accurate [24] as mentioned pre-

viously, and can over or underestimate SNR in certain scenarios. For example, the SNR of the 1023 

chip code in Figure 3.12 is much lower compared with the SNR of the other two codes, which line 

up almost exactly. Even though the documentation of the block [24] states that the ‘SVR’ option 

should be used for measuring SNR of an AWGN, all options were tested, but all four of them pro-

duced similar results for the 1023 chip code. That may or may not be due to a bug in the particular 

block implementation. In any case, the SNR measurements must be taken with a grain of salt and 

must serve as a guide only. 

 

Figure 3.12 SNR and zero-lag correlation magnitude versus bitrate in near ideal conditions. Path loss = 0 dB; Noise 

power = -50 dB. 

• Noisy conditions:  

In this test path loss was set to 40 dB and noise power to -30 dB. Results can be seen in Figure 3.13. 

As can be seen in the figure both 255 and 511 chip codes are already pretty much unusable under 

these conditions if the chip rate is higher than 2.4k BPS. Further increase of path loss or noise power 

with 5 or more decibels made the PN code’s zero-lag correlation completely indistinguishable from 

the noise for all code lengths except for the longest one, and an increase over 15 decibels made all 

codes indistinguishable. However, the noise levels must be taken with a pinch of salt, due to the fact 

they are being simulated and also not measured very accurately [24]. Furthermore, as stated previ-

ously 1023 chip Gold sequences are being successfully used in MEO [31], thus it is reasonable to 

assume that the longest sequence (if not all) generated in this report is suitable for ranging in LEO. 
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Figure 3.13 SNR and zero-lag correlation magnitude versus bitrate in noisy conditions. Path loss = 40 dB; Noise power = 

-30 dB. 

3.2.3.4 Conclusion 

Analysing the data presented in Figure 3.12 and Figure 3.13 clearly shows that longer codes have 

higher zero-lag correlation properties and are more tolerant to noise. However, this comes at the 

expense of transmission times, as discussed previously. Lowering the SPS rate to the Nyquist limit 

[27] and thus raising the chip rate (as discussed in Subsection 3.2.3.1), can help to reduce those times 

and as shown in Equation (3.10) will improve ranging accuracy. However, a higher chip rate can also 

introduce a lower SNR, as seen in Figure 3.12. Furthermore, higher chip rate may require larger 

bandwidth due to the Shannon-Hartley theorem [32]. However, although not explored in this report, 

another possible way of increasing resolution is to obtain sub-chip precision with the help of inter-

polation [4]. 

The results obtained from the simulations show that the 1023 chip 1.2k BPS sequence produces the 

highest SNR, however, that may or may not be needed, depending on external factors such as 

weather, distance, other antennas in proximity etc. As previously discussed, shorter sequences and 

higher BPS rates produce better ranging resolutions. Thus, the shortest sequence and the highest BPS 

possible must be chosen when designing a real-world ranging system.  

3.2.4 Limitations 

This method is far from perfect. Not only it is harder to implement than other ranging methods, but 

it is also more computationally-intensive because it uses correlation. Therefore, a regenerative (or 

telemetry) ranging method may prove challenging to implement in some embedded systems. Fur-

thermore, in this simulation, the signal was sampled at 12 kHz instead of the original 11 kHz, for 

ease of implementation and to keep the sampling frequency the same between the tested ranging 
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methods. However, in the actual implementation, the signal may need to be interpolated, which can 

strain the MCU even greater. Moreover, achieving greater resolution will require raising the sampling 

frequency even further. Furthermore, although not explored in this report, interpolation of the signal 

may be needed in the future to allow for subsample precision accuracy [4]. Last but not least, prob-

lems such as clock drift [4] or non-deterministic behaviour of the delays caused by the onboard PN 

processing (especially for regenerative ranging systems), can introduce significant ranging errors. 

3.3 Summary 

Comparing the two methods proved that the PN ranging technique is the superior ranging method 

due to its high error and noise tolerance and continuous supply of timing edges. One drawback, 

however, is its implementational and computational complexity. Moreover, the best theoretical reso-

lution achieved during the simulations was 62.458 km. This is unacceptable for an LEO ranging 

mission. Therefore, the sampling frequency must be raised to achieve greater resolutions. Addition-

ally, although not explored in this report, interpolation techniques may need to be utilised in the 

future to achieve sub-chip precision and further improve resolution [4].  
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4 TEST FRAMEWORK 

Based on the ranging experiments discussed in the previous section, a test framework was developed 

consisting of a conventional PC running Linux and GNU Radio, and two independent ranging loops. 

The first loop is a simple cable loop, going from the PC’s audio-out to its audio-in. The second one 

implements a hardware-in-the-loop loop that connects the PC audio-out and audio-in through the 

development board, which is running the ranging firmware. Accompanying the test framework are 

also a couple of python scripts, which are used to generate the PN sequences as well as collect and 

plot the results of the flowchart, however, they will not be discussed here as they are not relevant to 

the ranging problem itself. All scripts and the flowchart are available in a version control repository 

[33]. 

4.1 Important Equations 

To calculate the time (𝑡𝑠 [𝑠]) it takes for a single chip to be transmitted with a given chip rate 

(𝑝𝑟 [𝑏𝑝𝑠]) an equation similar to Equation (3.8) can be used: 

 
𝑡𝑠 =  

1

𝑝𝑟
 

(4.1) 

The length in samples (𝑙𝑠 [𝑠𝑎𝑚𝑝𝑙𝑒𝑠]) of a given PN sequence can be calculated by knowing its length 

in chips (𝑙𝑐  [𝑐ℎ𝑖𝑝𝑠]) and samples per symbol rate (𝑠𝑠):  

 𝑙𝑠 =  𝑙𝑐  ∙  𝑠𝑠 (4.2) 

4.2 GNU Radio flowchart 

This flowchart uses the flowchart introduced in Section 3.2.2 as a base. However, due to the overall 

complexity of the chart, it was divided into four main regions, connected between each other through 

virtual sinks and sources where needed. The main regions are: 

4.2.1 Tunable parameters 

This region is shown in Figure 4.1.  

 

Figure 4.1 GNU Radio flowchart tunable parameters. 
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The different parameters are explained below: 

• samp_rate: The flowchart sampling rate. Should match the board sampling rate. 

• BPS: The PN bit (chip) per second rate. The bigger the rate the more accurate the ranging meas-

urement is (as each PN chip is narrower, and therefore covers less distance). However, this value 

must not be bigger than half the sampling rate to ensure that there are at least 2 samples per each 

symbol (SPS). 

• rrc_overhead: This parameter is tuned empirically and it is used to restore the sample offset 

introduced by the additional samples produced by the modulating FIR filter (discussed later in 

this chapter). Its value was found to be 12 when dealing with an SPS rate of 2. 

• PN: This parameter holds the PN sequence to be used for the ranging measurements. Note that 

the sequence must be padded to the nearest power of 2 due to limitations of one of the GNU 

Radio blocks. In other words, if the PN sequence is 63 bits (chips) long it must be padded to 64 

by adding and additional 0 chip before the last 7 chips. 

• PN_hex: Similarly to the PN parameter, this parameter holds the same PN sequence in hex rep-

resentation. Note that this representation must also include the padded chip as described for the 

PN parameter. 

4.2.2 PN Input-Output 

This region is shown in Figure 4.2.  

 

Figure 4.2 GNU Radio flowchart PN input-output. 

As can be seen in the figure, some of the virtual sink blocks are coloured in red, indicating an error. 

This is because they have the same block ID. This is intentional as the two block groups are used for 

different purposes but cannot be used together. The group on the right is only used to test the overall 

flowchart performance and output by simulating the board and cable loops in software. This is also 

why the blocks on the right have two delay blocks set up. This way the flowchart can be tested with 

different simulated delays. On the other hand, the block group on the left utilizes the audio source 

and sink blocks, which are used to route the PN sequences through the PC audio in and audio out 
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respectively. Note that both audio blocks use stereo audio channels to be able to route the PN se-

quence through both the cable and board loops simultaneously. Subsection 4.2.3.3 will go into why 

this is needed. Note also that both audio blocks use operating system dependant backends to route 

audio. For Linux, the most frequently used backend is PulseAudio, which can be selected by typing 

‘pulse’ in the audio block’s ‘device name’ parameter. An example of an audio sink block with such 

setup is shown in Figure 4.3. 

 

Figure 4.3 Example of setting up an 'Audio Sink' block under Linux in GNU Radio. 

4.2.3 Flowchart logic 

This is the most complex region, as it holds the logic used for the ranging. To better explain it, it is 

divided into four subregions: 

4.2.3.1 Objects and parameters 

 

Figure 4.4 GNU Radio flowchart objects and parameters. 
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The parameters and objects defined in Figure 4.4 are mostly the same as the ones described in Section 

3.2.2, except for a few new ones: 

• bps_to_us: Used to calculate the time it takes to transmit a single chip (in microseconds) using 

Equation (4.1). 

• vector_size: Used to calculate the size of the PN sequence in samples using Equation (4.2). 

4.2.3.2 PN generation and modulation 

This part of the flowchart is presented in Figure 4.5. 

 

Figure 4.5 GNU Radio flowchart PN Generation and modulation. 

Similarly to the flowchart described in Section 3.2.2, the PN sequence is generated by a ‘Vector 

Source’ and modulated by an ‘Interpolating FIR filter’ block. However, the noise simulation blocks 

have been removed and replaced with two ‘Virtual Sink’ blocks, one of which is also throttled. The 

difference between the two sink blocks is that the normal one is used to provide a connection with 

parts of the flowchart which require a non-throttled stream, while the throttled one is used to connect 

to blocks requiring throttled streams (such as plotting blocks). 

4.2.3.3 Signal correlation and loop delay calculation 

This region is shown in Figure 4.6 and is the one that differs the most compared with the flowchart 

presented in Section 3.2.2. 

 

Figure 4.6 GNU Radio flowchart signal correlation and loop delay calculation. 

Note that the virtual source and sink blocks in the figure above are set up to work specifically with 

the board loop of the flowchart, however, an identical region with those blocks set up to work with 

the cable loop also exists. This is intentional because of the results obtained from the initial ranging 
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tests. During the initial testing, only a single loop was used, and the two ranging measurements (one 

with just a cable loopback and one through the development board) were done sequentially (one after 

the other). Data was collected for each loop individually for a given number of repetitions, to mini-

mize the error caused by the non-real-time behaviour of the PC. Furthermore, each iteration was set 

to last for 10 seconds, with the data obtained from the first few seconds after the flowchart start being 

discarded, to eliminate the non-linear start-up behaviour of GNU Radio, which can be seen in the 

flame graph in Figure 4.8. As the flame graph shows during the first few seconds of running the 

flowchart, the GNU Radio framework is calling hundreds of modules, needed to initialize the chart. 

Thus, the results obtained during that time are likely to be incorrect. After the data for both loops was 

obtained, the delay difference between them was calculated and plotted. However, the non-real-time 

nature of the PC operating system proved to be too unreliable for obtaining accurate results. This is 

shown by the low convergence present in the plot in Figure 4.7. As can be seen in the figure the 

highest sample delay occurrence is at 1 sample, but it presents barely above 10% of the results. 

Moreover, other sample delays have relatively high occurrence percentage as well. Overall the plot 

looks somewhat ‘noisy’ and does not show a reliable latency statistics. 

 

Figure 4.7 GNU Radio flowchart single loop results. 
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Figure 4.8 GNU Radio flowchart flame graph showing the first 20 seconds after running. 

To combat this, the flowchart was changed to feature two independent loops which can run simulta-

neously with the help of the stereo audio blocks described in Section 4.2.2. This allowed for the chart 

to ‘auto-calibrate’ itself on the fly by measuring and calculating the delay difference between the 

loops with each sample (this will be explained in further detail in Subsection 4.2.3.4). 

As seen in Figure 4.6, the flowchart starts with a ‘Virtual Source’ block, which takes its sample 

stream from one of the ‘Virtual Sink’ blocks described in Section 4.2.2. The stream is then converted 

to a complex one via the ‘Float to Complex’ block, to be compatible with the ‘Correlation Estimator’ 

block’s input. Then, similarly to the flowchart in Section 3.2.2, the phase output of the ‘Correlation 
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Estimation’ block is nulled as it is not needed and the correlation output is connected to a ‘Complex 

to Mag^2’ block where its magnitude is calculated as per Equation (3.7). After that, the stream is 

forked and connected to a ‘Virtual Sink’ block for plotting purposes. The stream then continues to a 

‘Skip Head’ block, which uses the ‘vector_size’ and ‘rrc_overhead’ variables introduced in Sections 

4.2.3.1 and 4.2.1 respectively to calculate the initial number of samples to be dropped to align the 

stream to have an initial delay of zero samples. The next step is the ‘Stream to Vector’ block, which 

packs each PN sequence into a separate vector (i.e. it splits the stream into sample chunks of size 

‘vector_size’). After that, the sample vector is passed to the ‘Argmax’ block, which identifies the 

index of the sample in the vector with the highest correlation magnitude and outputs it to a ‘Vector 

Sink’ block for further processing via its ‘max_vec’ output. Note that the ‘max_inp’ output of the 

‘Argmax’ block is nulled as it is not needed. Due to the properties of PN sequences, the sample with 

the highest correlation peak in any sample vector is guaranteed to be produced due to the aligned 

autocorrelation of the PN sequence. Therefore, the index of that sample represents the delay, in sam-

ples, of the given loop.  

4.2.3.4 Delay difference calculation 

The final and probably the simplest subregion is shown in Figure 4.9.  

 

Figure 4.9 GNU Radio flowchart delay difference calculation. 

It takes the output from the ‘Argmax’ blocks of the two loops, described in Subsection 4.2.3.3, and 

subtracts the cable loop delay from the board loop delay, assuming that the board loop delay is bigger 

(due to hardware delays of the board). It then passes the result to a ‘Virtual Sink’ which can then be 

used to plot or log each sample difference. 

4.2.4 Data Output 

This region is used to display or log ranging data and part of it is shown in Figure 4.10. 

As can be seen in the figure, the right block column can be used to log every PN delay value to a 

file-like object using the ‘File Sink’ block. Note that even though this block is capable of outputting 

to UNIX pipes, during the performance testing of the chart it was found that writing to files is faster 

and more reliable, which is why the block is set to write to a file instead.  
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Figure 4.10 GNU Radio flowchart data output. 

On the other hand, the left column can be used to visualise different ranging metrics using the GNU 

Radio GUI backend - QT. Note that Figure 4.10 is not showing every block used to create the plotting 

capability as that consists of over 30 blocks and does not need a detailed explanation here but is 

available in a version control repository [33]. In short - the flowchart is capable of plotting the raw 

signals as a function of time along with the autocorrelation peaks and ranging delay data of the PN 

sequences for each of the two ranging loops. An example of this is shown in Figure 4.11 and Figure 

4.12. More information on the plotting functionality will be shown in Section 5. 

 

Figure 4.11 Generated and ranging loop PN sequence data as a function of time. 
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Figure 4.12 PN autocorrelation peaks as a function of time along with ranging delay data. 

Also, note that it is strongly recommended to disable all chart plotting functionality and close all 

other applications that might be running on the same PC while running the ranging benchmarking 

(i.e. while logging flowchart the results to a file). The chart GUI and/or other PC software take addi-

tional CPU time and can mess up the loop measurements, especially on low-end systems.  

4.3 Flowchart calibration 

As mentioned previously, the flowchart features two independent ranging loops. The first loop is just 

a cable loop, which is used as a delay reference. The second loop is used for hardware-in-the-loop 

ranging. Thus, the true hardware delay is then calculated by calculating the difference between the 

two ranging loops, as described in Subsection 4.2.3.4. For this to work, however, calibration must be 

performed first to tune the ‘rrc_overhead’ parameter as described in Section 4.2.1. This is done by 

selecting the right column block group in Figure 4.2 as described in Section 4.2.2. After that, the 

flowchart should be started. Then, the user must navigate to the ‘Outputs correlation’ tab of the GUI. 

If not properly calibrated the correlation peaks in this tab will be misaligned, as in Figure 4.12. If this 

is the case, the ‘rrc_overhad’ parameter value must be changed and the flowchart must be restarted. 

The process should then be repeated until the correlation peaks overlap perfectly, and the chart dis-

plays a constant delay of 0 samples/microseconds, as shown in Figure 4.13. After that, the flowchart 

is calibrated and can be switched back to the left column block group, shown in Figure 4.2.  
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Figure 4.13 Calibrated flowchart, showing overlapping PN autocorrelation peaks as a function of time along with rang-

ing delay data. 

4.4 Summary 

The developed flowchart was influenced by the results obtained in Section 3 and thus was built on 

top of the PN ranging flowchart developed in Section 3.2.2. Initially, the developed flowchart fea-

tured a single ranging loop, similar to the chart it was based upon and was used to measure delay by 

sequentially measuring the delays of a reference cable loop against a hardware-in-the-loop loop. 

However, during testing, it was found that the non-real-time nature of the PC operating system is too 

unreliable for obtaining accurate ranging results. Therefore, the flowchart was upgraded to feature 

two simultaneous and independent of each other ranging loops. One of the loops was to be connected 

through just a cable and was to be used as a reference point, for the other loop which was set to be 

used as a hardware-in-the-loop loop. This allowed the chart to ‘auto-calibrate’ itself on the fly by 

taking the delay difference between the loops as the true delay measurement. Furthermore, to increase 

expandability and allow for easier comprehension the flowchart was divided into several distinct 

regions, with each region serving a specific purpose.   
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5 HARDWARE IN THE LOOP EXPERIMENTS 

This section will give an overview of the development board, as well as its advantages and disad-

vantages. It will also present the physical layout of the ranging experiments and the developed 

applications as well as the obtained results from them. 

5.1 Development Board 

The development evaluation kit board UC3C-EK [34], used in previous iterations of the ESEO mis-

sion, was again chosen for this project. There were two major reasons for making this choice. The 

first reason was flight heritage – the board was tested to work, the MCU it uses is known to work in 

space, and its features were studied and known by the previous mission instalments, which allowed 

to not spend time on researching new compatible hardware. The second reason was that using the 

same hardware should allow for easier integration with the already existing firmware. 

5.2 Development Board Limitations 

Selecting the UC3C-EK board for this iteration of the project does not come without its limitations. 

The first and probably biggest limitation of this board is the limited or sometimes completely lacking 

support. Being an old design, this board is no longer supported by the manufacturer [34]. This trans-

lates to limited documentation and an outdated software development framework, both of which were 

noticeable during development. The former was noticed while consulting the datasheet for the 

AT32UC3C0512C chip [35], which sometimes lacked detailed information about the chip hardware, 

and required further investigation of example projects and Google searching to find (or better under-

stand) the needed information. The outdated software development framework, however, was 

especially noticeable while trying to develop the ranging firmware for the board [36]. The Atmel 

Advanced Software Framework (ASF) was sometimes found to have misleading API documentation, 

which required investigation of the framework code itself. Moreover, it was once even found to out-

right miss two essential API calls in its hardware abstraction layer (HAL) for disabling the chip’s 

DAC interface. Thankfully, by investigating the ASF DAC enabling API calls and consulting with 

the chip’s datasheet it was easy enough to implement the calls in the user code. Another limitation of 

this board is its incompatibility with the latest versions of FreeRTOS. The last officially supported 

version for this board is FreeRTOS version 7.0.0, which was released back in 2011 [37]. During the 

firmware development, it was found that the code can benefit from the introduction of ‘task notifi-

cations’ in later versions of the real-time operating system because they can be used as binary 

semaphores and according to the FreeRTOS documentation are 45% faster than traditional binary 

semaphores (which are implemented internally as queues), and use less RAM [38]. An attempt was 

made to unofficially update the RTOS to later versions (including the latest version at the time – 

version 10.3.1) which support task notifications but was unsuccessful as it resulted in compilation 



Stanislav Dimov, AMSAT2020 Flight Software 

- 38 - 

errors. Based on the errors received, the reason was narrowed down to be due to an incompatible, or 

old, version of the Newlib library [39] included in the AVR toolchain. An attempt was also made to 

update the AVR toolchain [40] that comes with the Atmel Studio IDE, but a quick Google search 

revealed that the latest version was from 2014 and was already installed. All of this made the migra-

tion to newer versions of FreeRTOS pretty much impossible. Last but not least, the relatively low 

spec hardware present on the board made it impossible to develop a regenerative ranging firmware 

without making unacceptable compromises with the ranging resolution. As proven by previous iter-

ations of the ESEO mission [1], the board hardware is only powerful to allow for sample 

demodulation at up to 4800 BPS. This would give a theoretical resolution of about 62.458 km (as 

calculated in Subsection 3.2.3.1), which is not practical at all. Therefore, considering the board hard-

ware limitations, combined with the tight development time window it was decided against the 

implementation of a regenerative ranging firmware.   

5.3 Experiment Setup 

 

Figure 5.1 Experiment setup. 

As described in Section 4, the test framework consists of a Linux PC, running GNU Radio and two 

independent ranging loops, connected to the PC through a stereo 3.5 mm audio jack. One of the loops 

is a reference loop, used to measure the delay in the system and cables. It comes from the PC’s audio-

out jack and enters through the PC’s audio-in jack. It is connected through the right audio channel 
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(the green cable in Figure 5.1). The left audio channel is used for the hardware-in-the-loop loop. It 

also comes from the PC’s audio-out jack and enters through its audio-in jack but it is connected 

through the ADC and DAC ports of the development board, visible in Figure 5.1.  

The PN sequence used is a 512 chip gold code (the same code that was generated for the simulation 

in Section 3.2) as it was found that 512 chip code is a good compromise between PN transmission 

time and correlation peak magnitude. Figure 5.2 shows part of the generated PN sequence data in 

software and the data returning through the two audio loops as a function of time. 

 

Figure 5.2 Generated PN sequence and audio loop sequence data as a function of time. 

Figure 5.3 shows the same three PN sequence datas but stacked on top of each other and aligned 

using the calculated PN autocorrelation delays. This is done to allow the user to easily compare the 

different signals and check if they are (mostly) aligned and similar to each other. Doing so can help 

while troubleshooting problems with the flowchart or the firmware. Notice that in Figure 5.3 even 

though the sequences are aligned in time, they do not overlap (completely). This is to be expected 

due to the non-real-time behaviour of the ground station as well as the noise induced from the DAC 

and ADC conversions at the start and end of the audio loops. Figure 5.4 on the other hand, shows the 

software simulated equivalent of the audio loops, explained in Section 4.2.2. Because they are sim-

ulated, the loops lack noise and are not influenced by the non-real-time nature of the ground station, 

which allows the stacked signals to overlap perfectly, as seen in the figure. Note that even though in 

reality the signals do not overlap perfectly, the PN sequences still work perfectly fine, due to their 

noise resilience, as described in Subsection 2.4.2.3. 
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Figure 5.3 Generated PN sequence and audio loops stacked on top of each other. 

 

Figure 5.4 Generated PN sequence and simulated audio loops stacked on top of each other. 



Stanislav Dimov, AMSAT2020 Flight Software 

- 41 - 

5.4 Important Equations 

The chip’s hardware has an interesting way of storing the timing information for the DAC and ADC 

interrupts (i.e. how many times per second they should run). Therefore, extra thought must be given 

when setting up sampling rates for both modules, as not every sampling rate is possible and some 

sampling rates may result in sample drifting due to rounding errors. 

Starting with the ADC clock frequency (𝐴𝐷𝐶𝑓 [𝐻𝑧]), internally it set to the ADC config register 

(𝐴𝐷𝐶𝑐𝑓𝑔) with the help of a predefined, by the ASF framework, ‘ADC startup time’ (𝐴𝐷𝐶𝑠𝑡). It is 

important to note that all variables must be integers and bigger than 0. The documentation of the 

method implementing this can be found in [41]. Inside the method, the following equation is used: 

 
𝐴𝐷𝐶𝑐𝑓𝑔 =  𝐴𝐷𝐶𝑠𝑡 ∙  

𝐴𝐷𝐶𝑓

32000 ∙ 1000
 

(5.1) 

Equation (5.1) can easily be inverted in such a way that will ensure the  𝐴𝐷𝐶𝑐𝑓𝑔 variable is always 

integer, and will therefore not be rounded and cause drift. The equation is presented below: 

 
𝐴𝐷𝐶𝑓 = 𝐴𝐷𝐶𝑚𝑢𝑙  ∙  

32000 ∙ 1000

𝐴𝐷𝐶𝑠𝑡
  

where: 

𝐴𝐷𝐶𝑚𝑢𝑙 – arbitrary multiplier, > 0 

(5.2) 

The 𝐴𝐷𝐶𝑠𝑡 is defined to be 1000 microseconds by the ASF framework [42], and for the 

AT32UC3C0512C chip, the maximum ADC clock frequency (𝐴𝐷𝐶𝑓_𝑚𝑎𝑥 [𝐻𝑧]) must not be bigger 

than 1.5 MHz (for a desired ADC resolution of 12 bits) [35]. Therefore, by knowing the variable 

limits, the maximum integer multiplier (𝐴𝐷𝐶𝑚𝑢𝑙_𝑚𝑎𝑥) can be found to be 46, which would make the 

maximum achievable stable ADC clock frequency (𝐴𝐷𝐶𝑓_𝑚𝑎𝑥 [𝐻𝑧]) 1.472 MHz: 

 
𝐴𝐷𝐶𝑚𝑢𝑙_𝑚𝑎𝑥 =  𝐴𝐷𝐶𝑓_𝑚𝑎𝑥  ∙  

𝐴𝐷𝐶𝑠𝑡

32000 ∙ 1000
 

(5.3) 

Moving onto the ADC sampling rate (𝐴𝐷𝐶𝑠 [𝐻𝑧]), hardware-wise that is realised by an internal in-

teger timer counter integrated into the ADC module, which for the AT32UC3C0512C chip is 17bit 

long [35]. The counter is incremented with each ADC clock cycle. Once the preset value (𝐴𝐷𝐶𝑡𝑐) is 

reached the timer will be reset on the next ADC clock cycle and the sample interrupt handler will be 

called [35]. Therefore, the sampling rate depends on the ADC clock frequency (𝐴𝐷𝐶𝑓 [𝐻𝑧]) by the 

following equation: 

 
𝐴𝐷𝐶𝑠 =  

𝐴𝐷𝐶𝑓

𝐴𝐷𝐶𝑡𝑐 + 1
  

(5.4) 

The DAC prescaler frequency (𝐷𝐴𝐶𝑝𝑠𝑐𝑘 [𝐻𝑧]), is set internally to the DAC timing control register 
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(𝐷𝐴𝐶𝑡𝑐𝑟)  by taking into consideration the peripheral bus frequency (𝑃𝐵𝑓 [𝐻𝑧]). The documentation 

of the method implementing this can be found in [43]. The following equation is used: 

 
𝐷𝐴𝐶𝑡𝑐𝑟 = 31 −   𝑐𝑙𝑧 (

𝑃𝐵𝑓

𝐷𝐴𝐶𝑝𝑠𝑐𝑘
) 

where: 

𝑐𝑙𝑧 – returns the number of leading zeros 

(5.5) 

For the AT32UC3C0512C chip, the DAC timing control register is 3 bit long [35], therefore the ASF 

documentation [44] recommends the DAC prescaler frequency to be at least 500 kHz. Furthermore, 

to prevent drift, the user must ensure the division inside the ‘clz’ function will return an integer result, 

as otherwise, the result will be rounded. 

Similarly to the ADC sampling rate, the DAC sampling rate (𝐷𝐴𝐶𝑠 [𝐻𝑧]) is also implemented with 

an internal integer timer counter (𝐷𝐴𝐶𝑡𝑐), which for the AT32UC3C0512C chip is 8 bit long [35]. 

The timer counts down to 0, with a frequency dependent on the DAC prescaler (𝐷𝐴𝐶𝑝𝑠𝑐𝑘 [𝐻𝑧]), after 

which it calls the sample interrupt handler [35]. The documentation of the method implementing this 

can be found in [45]. The following equation is used, where all variables must be integer and bigger 

than 0: 

 
𝐷𝐴𝐶𝑠 =  

𝐷𝐴𝐶𝑝𝑠𝑐𝑘

𝐷𝐴𝐶𝑡𝑐
 

(5.6) 

5.5 Bare-metal Firmware Implementation 

This section will go over the basic structure of the bare-metal ranging firmware, the low-level drivers 

developed for communication with the hardware and will introduce and explain the different config-

uration settings available. After that, it will present the results obtained with a couple of different 

settings. Note that the complete code is available in a version control repository [36]. 

5.5.1 Firmware Overview 

The purpose of this firmware is to identify the absolute minimum hardware delay possible. Thus, to 

keep things as simple as possible, a transparent ranging approach was used for the bare-metal firm-

ware. To achieve this, a simple infinite loop was defined, in which two newly developed driver 

modules (uplink and downlink) were called repeatedly. The drivers are described in Section 5.5.2. 

This way, the moment a sample (or multiple samples, depending on the particular settings used) is 

available for consumption from the uplink driver, it is saved into a temporary buffer, which is then 

passed to the downlink driver for transmission. Although not very practical, this way presented the 

absolute minimum hardware delay possible. The firmware is presented visually in a simplified code 

block diagram in Figure 5.5. 
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Figure 5.5 Bare-metal code block diagram. 

5.5.2 Low-Level Drivers API Overview 

5.5.2.1 Downlink Driver 

Consists of two modules – a HAL DAC module and a downlink module, connected between each 

other with a simple array queue (discussed in Subsection 5.5.2.3).  

a)  DAC HAL Module 

This module is used to abstract away the communication with the chip’s hardware by implementing 

a set of methods - ‘init’, ‘start_tx’, ‘stop_tx’, ‘disable’ and ‘reset’. During initialization, it requires a 

pointer to an array queue (that contains the samples for transmission), and the values to be set for the 

DAC prescaler and sampling rate, which can be calculated using Equations (5.5) and (5.6) respec-

tively. After initialization, the module can be started via the ‘start_tx’ method, which will enable the 

DAC interrupts, which in turn will immediately start taking samples from the queue and sending 

them through the DAC. Analogously, calling the ‘stop_tx’ method will disable the DAC interrupts, 

which will stop the module. It is also worth noting that the module will automatically stop itself (just 

as it will if the ‘stop_tx’ method has been called) in case it detects that the array queue, used to feed 

the DAC, has become and stayed empty for more than 1 consecutive DAC interrupt event. This 

ensures that the DAC hardware will not generate an ‘underrun’ error, which will otherwise need to 

be cleared by writing to the DAC ‘status clear’ register [35]. For the module to be started again, the 

user needs to simply reload the queue with new data and call the ‘start_tx’ method. The ‘disable’ 

method is similar to the ‘stop_tx’ method, however, it also resets the module state and will, therefore, 

require a new call to the ‘init’ method before the module can be started again. The last method is the 

‘reset’ method, which simply combines the calls to the ‘disable’ and ‘init’ methods of the module. 

This method can be useful if an SEU has occurred and the module needs to be quickly reset. Finally, 

it is worth mentioning that the number of samples taken out from the array queue with each DAC 

interrupt event is configurable via a configuration setting before compilation. Setting it to a high 

number of samples will increase the interval between adjacent DAC interrupt calls but will also in-

crease the time spent in handling each interrupt, which may cause the controller to miss other hard 

real-time events or interrupts. 
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b) Downlink Module 

This module acts as a wrapper around the HAL module, described previously. Similarly to it, it also 

presents 5 standard API methods – ‘init’, ‘start’, ‘stop’, ‘disable’ and ‘reset’. Note that the ‘init’ 

method still requires values for the DAC prescaler and sampling rate, which can be calculated using 

Equations (5.5) and (5.6) respectively. However, because it is acting as a higher-level wrapper, this 

module also defines several additional API methods and manages the array queue used to hold the 

samples for the DAC. The additional API methods are ‘status’, ‘tx_samples’ and 

‘get_buffer_free_space’. The ‘status’ method can be called to return the current status of the down-

link module. Several statuses are possible: 

•  NOT_INITIALIZED: The ‘init’ method has not been called or has failed. 

• STOPPED: The module is currently stopped and not transmitting samples. 

• BUFFER_FULL: The array queue is full (can happen if written to with a higher frequency than 

the configured DAC sampling rate). 

• ACTIVE: The module is operating nominally. 

• FAILURE: The module has failed (probably due to SEU) and needs to be reset via the ‘reset’ 

method. 

The ‘tx_samples’ method can be used to feed new samples to the array queue and allows for dynamic 

(or in other words variable) number of samples to be passed to it at once. This method will also take 

care of calling the HAL module’s ‘start_tx’ method if needed. Finally, the ‘get_buffer_free_space’ 

method will simply return the free space available in the array queue. This method can be called 

immediately before calling ‘tx_samples’ to ensure that the user code will not try to feed more samples 

than the currently available space as doing so will cause the ‘tx_samples’ method to return an error. 

Finally, it is also worth noting that the size of the array queue of the module is configurable via a 

configuration setting before compilation. 

5.5.2.2 Uplink Driver 

Pretty much identical to the downlink driver in Subsection 5.5.2.1, the uplink driver also consists of 

two modules –a HAL ADC module and an uplink module, connected between each other with a 

simple array queue (described in Subsection 5.5.2.3). 

a) ADC HAL Module 

Analogously to the DAC HAL module in Subsection 5.5.2.1, this module also abstracts away the 

communication between the chip’s hardware by implementing a set of methods - ‘init’, ‘start’, ‘stop’, 

‘disable’ and ‘reset’. All API methods have pretty much identical behaviour to the methods defined 

in the DAC HAL module, with a few exceptions. The ‘init’ method requires values for the ADC clock 
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frequency and sampling rate, which can be calculated using Equations (5.2) and (5.4) respectively, 

and a pointer to an array queue. However, since this module will be receiving samples, it will write 

new samples to the queue instead of reading from it. Furthermore, since the analogue samples never 

actually end (there is always a value to be read from the ADC input), this module will never be at 

risk of raising an ‘underrun’ error as the DAC HAL one is. This means that in contrast to DAC HAL 

module, once this module is turned on via the ‘start’ method it will stay on and continue to push 

samples to the queue until the ‘stop’ method has been called by the user. This probably raises the 

question of what happens if the queue fills up? Well, since the sample reading cannot stop, if the 

module detects that the queue has filled up it will automatically delete (pop) the oldest sample present 

in the queue, to free space for the new one. This process will repeat each time the module needs to 

write a new sample to the queue but detects there is no free space in it. The logic behind this is that 

if the user code has not bothered to read the samples from the queue for so long that it has caused it 

to fill up, then probably the oldest samples still present in it are not that important (anymore), and 

the information present in the samples to be written carries newer and more important information. 

To prevent this from happening the user code must ensure to read the queue on time (with a frequency 

bigger than or equal to the configured ADC sampling frequency) and save the information in a dif-

ferent place if needed. 

b) Uplink Module 

Analogously to the downlink module in Section 5.5.2.1, this module acts as a wrapper to the ADC 

HAL module. Similarly to it, it also presents 5 standard API methods – ‘init’, ‘start’, ‘stop’, ‘disable’ 

and ‘reset’. Note that the ‘init’ method still requires values for the ADC clock frequency and sampling 

rate, which can be calculated using Equations (5.2) and (5.4) respectively. Note also that since this 

module is also acting as a higher-level wrapper to the HAL module, it also manages the array queue 

used to store the incoming samples. Because of that, and similarly to the downlink module, it also 

defines a few additional API methods – ‘status’, ‘rx_samples’ and ‘get_buffer_current_sample_size’. 

The ‘status’ method returns the current status of the module. Several statuses are possible: 

• NOT_INITIALIZED: The ‘init’ method has not been called or has failed. 

• STOPPED: The module is currently stopped and not transmitting samples. 

• BUFFER_EMPTY: The array queue is currently empty (can happen if read with a higher fre-

quency than the configured ADC sampling rate). 

• ACTIVE: The module is operating nominally. 

• FAILURE: The module has failed (probably due to SEU) and needs to be reset via the ‘reset’ 

method. 

The ‘rx_samples’ method can be called to receive (pop) samples from the array queue and allows for 



Stanislav Dimov, AMSAT2020 Flight Software 

- 46 - 

dynamic (or in other words variable) number of samples to be taken from it at once. Finally, the 

‘get_buffer_current_sample_size’ method can be called to check the number of samples currently 

available in the queue. Analogously to the downlink module, it is recommended to call the 

‘get_buffer_current_sample_size’ method immediately before calling the ‘rx_samples’ method to en-

sure that the user code will never ask for more samples than are currently available as doing so will 

cause the ‘rx_samples’ method to return an error. Finally, it is worth mentioning that the array queue 

size is configurable via a configuration parameter before compilation. 

5.5.2.3 Array Queue 

Both the uplink and downlink drivers required a way to ‘buffer’ samples temporarily to work effi-

ciently. Multiple methods were considered and tried before coming to the final implementation, but 

all of them were either not efficient enough (in terms of speed and code density) or relied on other 

libraries (such as FreeRTOS). To be suitable, the communication method needed to be light (in terms 

of space), simple and fast. Moreover, it needed to be as independent as possible from external librar-

ies (ideally written in ANSI C), in order to be easily portable and independent of the user code and/or 

OS.  

At first, this was achieved through simple static arrays, managed by the uplink and downlink mod-

ules. However, while efficient and light this method was not very flexible. For example with this 

method, the downlink module required the buffer to be empty before the user code can add more 

samples. Therefore, a better solution was needed.  The code was then improved to feature double 

buffers, the second of which was significantly smaller and was exclusively used to hold the currently 

transmitted/received samples. This gave the drivers greater flexibility, but at the expense of speed, as 

two buffers needed to be managed and copied from/to one another. The code was then improved 

again to use FreeRTOS queues, which allowed the drivers to be flexible and (relatively) fast in han-

dling samples, but at the expense of portability, as now they depended on external library – 

FreeRTOS. This was unacceptable, especially in a ‘bare-metal’ firmware. Therefore, yet another so-

lution was needed. Multiple queue implementations were found online, however, all of them were 

too complex and packed features that were not needed, such as dynamic memory allocation.  

This is when the idea of a statically allocated array queue was born. The queue ‘library’ was to com-

prise of nothing more than a pointer to a statically allocated array and a few ‘wrapper’ methods 

treating it as a queue. Thus, a simple ‘array_queue_t’ type was written hold the state of a given queue, 

and few simple API methods were implemented – ‘init’, ‘push’, ‘remove’ (acting as either push or 

pop, depending on a flag in the method arguments), ‘reset’, ‘empty’, ‘full’, ‘size’ and ‘free_space’.  

Most of the API is pretty self-explanatory. The only method worth mentioning is the ‘init’ method as 

it requires the user code to provide it with a statically allocated queue handle (‘array_queue_t’), a 

static sample array and the array size. After that, the user code must provide the queue’s handle to 
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the methods of the library, along with any other arguments that may be required by the specific 

method.  

After the initial troubleshooting, the queue worked perfectly. However, one limitation remained – the 

queue was not thread-safe. This was needed as not only the drivers could have been called by differ-

ent threads (assuming an implementation on a non-bare-metal firmware), but because the ADC and 

DAC interrupts themselves were acting as ‘threads’. For example, even on a bare-metal firmware, a 

situation can occur where user code is trying to pop a sample from the queue, but in the process of 

doing so, an interrupt occurs, which pushes/pops a sample to/from it (or vice-versa). This can cause 

undefined behaviour. Therefore, at first, it was considered to add additional code to the queue, which 

will disable all interrupts while pushing and popping samples and enable them after that. However, 

this change was rejected for several reasons. First – the queue would have no prior knowledge of the 

interrupt state. If called from an ISR, all interrupts would have already been disabled, so enabling 

them at the end of the call can cause unexpected behaviour. Of course, this can be prevented by 

developing additional methods for calling from an ISR (or adding ISR argument flags in the existing 

methods), but this would add additional and unnecessary complexity. The second reason is that in-

terrupt disabling and enabling is hardware-specific, and usually requires writing directly to a register 

or calling a HAL method. In either case, including such code in the queue would hurt its portability. 

Therefore, it was decided to leave this limitation and make the code using the queue to handle it. 

5.5.3 Ranging Results 

Two experiments were conducted. The first one used the 11025 Hz ADC sampling rate, previously 

used for communication, while the second one used the maximum achievable by the hardware sam-

pling rate – 31 kHz. Note that even though [1] states the sampling frequency to be 11 kHz, close 

inspection of the ESEO code [46] revealed that the actual sampling frequency is 11025 Hz. When 

higher than 31 kHz sampling rates were tested, it was found that the time between adjacent ADC and 

DAC interrupts was so small, that they started to constantly overlap, which prevented the firmware 

from functioning properly. This can be seen in Figure 5.6, where a test with 32 kHz sampling rate is 

run and the GNU Radio flowchart ‘detects’ negative delay, which is of course – impossible and is 

caused by the PN sequence wrapping around due to the high delay induced by the board. 

Setting the flowchart to output PN sequences at the given sampling rates was fairly straightforward, 

however, due to the limitations of the microcontroller hardware (presented in Equations (5.2) and 

(5.4)), the sampling rates on it were 11025.21 Hz and 31 kHz for the first and second test respectively. 

To maximise the ranging resolution (as described in Equation (3.10)), the BPS rate for both tests was 

chosen to be the highest rate which satisfies the Nyquist criterion [27]. By taking into account the 

chosen sampling rates and using Equation (3.6), the BPS rates were calculated to be 5512 BPS and 

15.5k BPS, which gave a theoretical ranging resolution of about 54.39 km and 19.342 km for the 
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first and second ranging test respectively.  

Furthermore, due to the slightly different sampling rates with some settings, as well as the small but 

unavoidable timing errors in both the non-real-time PC ground station and the controller hardware, 

slightly different PN autocorrelation peak magnitudes were expected. 

 

Figure 5.6 Bare-metal negative ranging latency test at 16k BPS with a single sample transfer. 

5.5.3.1 5.512k BPS 

a) Ranging Results With Single Sample Transfer 

As seen in Figure 5.7, the autocorrelation peaks of both loops are easily distinguishable, and as ex-

pected, the additional processing happening on the board introduces an additional delay of 3 samples 

or about 544 microseconds (as shown in the figure). Figure 5.9 shows a sample delay distribution 

over 1000 ranging iterations, with each iteration continuing for 10 seconds. As can be seen in the 

figure, the delay is pretty much constant, which ensures the deterministic behaviour of the board 

firmware. 
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Figure 5.7 Bare-metal ranging latency test at 5512 BPS with a single sample transfer. 

b) Ranging Results With Dual Sample Transfer 

The previous test showed the deterministic behaviour of the board when operating in a transparent 

ranging mode (i.e. repeating each sample the same way it receives it). As stated in Section 5.2, the 

board is not powerful enough for regenerative ranging. However, as a proof of concept, the firmware 

behaviour was tested with dual samples transfers, as such will be required if regenerative ranging is 

to be implemented in the future (on different hardware). The dual sample transfer was implemented 

by simply increasing the temporary buffer size, described in Section 5.5.1, to 2 and setting the drivers 

to sample and transmit the ranging data samples in pairs via the drivers ‘rx_samples’ and ‘tx_sam-

ples’ API methods, described in Section 5.5.2. The resulting autocorrelation peaks for both loops can 

be seen in Figure 5.8. Note that overall delay for both loops is different than the one in Figure 5.7, 

this is to be expected due to the non-RTOS nature of the PC operating system and does not affect the 

tests, as the relative delay between the loops remains constant. As can be seen in Figure 5.8 the peaks 

are still clearly distinguishable, however, waiting for 2 samples before retransmission introduces 

bigger processing delays. Of course, the processing delay itself is not important, as long as it is de-

terministic. Thus, the sample delay distribution over 1000 iterations, with each iteration continuing 

for 10 seconds, was plotted and as seen in Figure 5.9 it shows a deterministic behaviour, similarly to 

the single sample transfer test. 
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Figure 5.8 Bare-metal ranging latency at 5512 BPS with dual sample transfer. 

 

Figure 5.9 Bare-metal ranging latency distribution at 5512 BPS with single and dual sample transfer. 

5.5.3.2 15.5k BPS 

a) Ranging Results With Single Sample Transfer 
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Similarly to the results in Subsection 5.5.3.1,  the autocorrelation peaks were still clearly distinguish-

able (shown in Figure 5.10), however, due to the higher BPS, the delay induced by the board was 

shorter. Also similarly to the results in Subsection 5.5.3.1, the same 1000 iterations test was run and 

the sample distribution plot was again proven to be deterministic, which can be seen in Figure 5.12. 

 

Figure 5.10 Bare-metal ranging latency at 15.5k BPS with single sample transfer. 

b) Ranging Results With Dual Sample Transfer 

As can be seen in Figure 5.11, the delay induced by the additional processing on the board has in-

creased slightly due to the dual sample transfer mode, similarly to the results in Subsection 5.5.3.1. 

However, Figure 5.12 shows the sample delay distribution over 1000 iterations, as with previous 

tests. An interesting thing to note is that while the biggest peak is shown to be at 4 samples, there is 

also a secondary peak at 3 samples containing more than 40% of all measurements. While lower than 

the primary peak, the secondary peak is much higher than the secondary peaks of the other tests. The 

reason for this is not immediately apparent, however, the induced non-real-tme behaviour is likely 

due to interrupt overlapping (or nesting). However, this needs to be confirmed via profiling, which 

was not possible due to the strict development schedule. In any case, this confirms again that a 31 

kHz sampling rate with 15.5k BPS rate is the absolute limit of what the hardware is capable of. 

Moreover, the non-real-time behaviour shown in the plot shows that lower rates are needed for de-

terministic ranging applications. 
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Figure 5.11 Bare-metal ranging latency at 15.5k BPS with dual sample transfer. 

 

Figure 5.12 Bare-metal ranging latency distribution at 15.5k BPS with single and dual sample transfer. 



Stanislav Dimov, AMSAT2020 Flight Software 

- 53 - 

5.6 FreeRTOS Firmware Implementation 

This section will go over the basic structure of the FreeRTOS ranging firmware and will explain why 

a new firmware had to be developed from scratch instead of just upgrading the firmware written for 

the previous iterations of the ESEO mission [46]. After that, it will present the results obtained with 

a couple of different settings. Note that the complete code is available in a version control repository 

[36]. 

5.6.1 Firmware Overview 

5.6.1.1 Original ESEO firmware 

Initially, the original ESEO code was investigated to evaluate the feasibility of if serving as a foun-

dation to the ranging firmware. However, it was quickly discovered that it was not designed with 

good flexibility in mind. For example, the modulation and demodulation tasks were found to be 

responsible for communication with the hardware (DAC and ADC) itself. This can be seen in the 

over-simplified code block diagram shown in Figure 5.13. 

 

Figure 5.13 ESEO code block simplified diagram. Dashed patterns represent “possible” connections/tasks. 

The tasks had hardcoded sampling rates and only allowed for switching between two hardcoded BPS 

modes (1.2k and 4.8k) during modulation or demodulation. This close coupling eliminates the flexi-

bility given by the low-level drivers discussed in Section 5.5.2, which allow for enabling and 

disabling of the hardware, as well as specifying different, almost arbitrary, sampling rates at runtime. 

It was possible to leave the original firmware intact and simply develop a separate ranging task, 

which would have integrated the newly developed low-level drivers as well. However, doing so 

would have resulted in code duplication, reduced flexibility, and most importantly – it could have 

introduced undefined behaviour, as both the original modulation and demodulation tasks, as well as 

the new ranging task, would have the ability to control the DAC and ADC hardware. Furthermore, 

the original modulation and demodulation tasks were found to be closely coupled with other onboard 

tasks such as CAN, Telemetry, Payload Operations etc., which require additional hardware that was 

not available during the firmware development. Thus, it was decided that modifying the original 
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firmware would take too much time and could introduce bugs, which cannot be tested for and de-

tected due to the missing hardware required for some of the tasks.  

5.6.1.2 Ranging firmware 

To accommodate the new ranging functionality, while leaving a way for adding the existing firmware 

capabilities with as little modifications as possible, a new firmware code block diagram was devel-

oped, shown in Figure 5.14. 

 

Figure 5.14 Ranging firmware code block diagram. Dashed patterns represent “possible” connections/tasks. 

As can be seen in the figure, this firmware simply builds on top of the previously discussed in Section 

5.5.1 bare-metal firmware, by replacing the ‘simple infinite loop’ with a FreeRTOS layer. In contrast 

to the original ESEO firmware, shown in Figure 5.13, the new ranging firmware leaves the low-level 

drivers independent of the FreeRTOS layer and introduces strict levelling, with lower levels having 

higher priority. Doing so encourages the loose coupling between the drivers and the RTOS layer, by 

forcing the RTOS to use the driver API calls to manage hardware. This allows for both layers to be 

more or less independent of each other, and easily migrated to new hardware or RTOS. 

As stated previously, the ranging firmware implements a levelled structure, with lower levels having 

higher priority. Thus, in ‘level 0’ the interrupts used by the low-level drivers are set to have higher 

priority than the FreeRTOS tick interrupt, as they occur more frequently and are crucial for the proper 

functioning of the ‘Ranging’ task. In ‘level 1’ all three tasks have the same priority. This may seem 

counter-intuitive at first as having multiple tasks with the same (or lower) priority than the ‘Ranging’ 

task will cause interference with the ranging functionality. However, in reality, this is not a problem, 

as when the ‘Ranging’ task is running only tasks with lower priority (i.e. higher level) than it are 

allowed to run. This behaviour is managed by the ‘Control’ task, which is running at all times. The 
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‘Control’ task communicates with the ‘Modulation’, ‘Demodulation’, ‘Ranging’ and other tasks via 

FreeRTOS queues.  

5.6.1.3 Normal mode 

Under normal operation, the ‘Control’ task has the ‘Ranging’ task disabled to prevent it from con-

suming/sending samples from/to the low-level drivers and consuming CPU time. This is done via a 

binary semaphore, which the ‘Control’ task ‘takes’ and the ‘Ranging’ task ‘waits’ for indefinitely 

(which internally disables the task). Binary semaphores are used due to the lack of  ‘task notifications’ 

as discussed in Section 5.2.  The ‘Control’ task also communicates with the ‘Modulation’ and ‘De-

modulation’ tasks via shared FreeRTOS queues and it is responsible for distributing the data coming 

from the ‘Demodulation’ task to other tasks as well as passing data coming from other tasks to the 

‘Modulation’ task.  

5.6.1.4 Ranging mode and Transparent Ranging 

After reading the demodulated data, coming from the ‘Demodulation’ task, the ‘Control’ task should 

ideally be passing it along to a ‘Command decoding’ task which can talk back to the ‘Control’ task 

to tell it to change modes, do science, collect telemetry etc. However, for this ranging concept demon-

stration, such a task was not implemented to save development time. Instead, the ‘Control’ task 

simply ‘detects’ a ‘ranging start’ packet by waiting for a certain time. 

After receiving a ‘ranging start’ packet, the ‘Control’ task proceeds to disable the ‘Modulation’ and 

‘Demodulation’ tasks and enables the ‘Ranging’ task. As with the ‘normal mode’ discussed in Sub-

section 5.6.1.3, this is also done via binary semaphores due to the lack of  ‘task notifications’ as 

discussed in Section 5.2.  

Doing so leaves the ‘Ranging’ task with direct access to the low-level drivers and makes it the sole 

consumer and supplier of samples. This improves latency and leaves the ‘Ranging’ task free to con-

duct ‘transparent’ (or even ‘regenerative’,  if the hardware allows) ranging. However, this is also 

inherently dangerous as it can leave the satellite stuck in ‘ranging mode’ and prevent it from receiving 

new commands. To combat this safety measures were implemented. As stated previously, the ‘Con-

trol’ task keeps running (with lower priority) during the ranging mode. During this mode, its job is 

waiting for one of two things to happen - either for the ‘Ranging’ task to signal ‘end of ranging’ (due 

to a command from the ground station, timeout or another event) via the shared FreeRTOS queue 

between the tasks or for a preset ‘ranging timeout’ in the ‘Control’ task to occur. Either one of these 

events would cause the ‘Control’ task to ‘take’ the binary semaphore of the ‘Ranging’ task, which 

would disable it. After that, the ‘Control’ task would proceed to enable again the ‘Modulation’ and 

‘Demodulation’ tasks, restoring the ‘normal mode’ operation. 
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5.6.1.5 Regenerative and Telemetry Ranging Infeasibility 

Lower priority tasks, such as the ‘Control’ task are only allowed to run while higher priority tasks 

are waiting (i.e. being suspended/disabled) for an event to occur. Thus, for lower priority tasks to be 

allocated CPU time, higher priority tasks, such as the ‘Modulation’, ‘Demodulation’ and ‘Ranging’ 

tasks must be suspended while waiting for the DAC and ADC modules. This is not a problem if the 

required task suspend time is bigger than 1 millisecond, as the built-in FreeRTOS ‘vTaskDelay’ 

method can be called to do just that. However, due to the internal FreeRTOS task delay implementa-

tion, the method is unable to provide delays of less than 1 millisecond, which are required by the 

‘Ranging’ task.  

To work around this problem, a new module was developed, which utilized one of the controller’s 

hardware timers. The new module used interrupts to ‘release’ a binary semaphore every time the 

interrupt was called. This allowed the ‘Ranging' task to be suspended (i.e. wait for the semaphore to 

be released) while waiting for new samples, for a given interval of microseconds, after each ranging 

loop. This, in turn, gave the ‘Control’ task time to execute. The minimal delay possible was found to 

be about 30 microseconds, as any less than that caused the timer interrupt to be called too often and 

interfere with the DAC, ADC and FreeRTOS tick interrupts, while the maximum delay was limited 

by the 16-bit hardware timer counter.  

Having a few tens to a couple of hundreds of microseconds (depending on the sampling rate), be-

tween each ranging loop is not a lot, and even at the maximum CPU clock speed achievable by the 

AT32UC3C0512C chip leaves time for no more than a few hundred CPU instructions to be executed. 

This massively limits what the controller can do during that time and completely rules out the possi-

bility of implementing a ‘regenerative’ ranging, as this would require demodulation and modulation 

of the samples, generation of a PN replica on board and acquisition of the signal. In fact, it pretty 

much limits the ‘Control’ task to just waiting for one of the two events described in Subsection 5.6.1.4  

to occur. Most importantly it also makes it impossible to run a separate ‘Telemetry’ task in parallel 

to the ‘Contol’ task, to collect telemetry, and thus to do telemetry ranging. 

5.6.2 Ranging Results 

As with the results in Section 5.5.3, two experiments were conducted. The first one used again the 

standard 11025 Hz ADC sampling rate, previously used for communication, while the second one 

used the maximum achievable by the hardware sampling rate with FreeRTOS – 20 kHz. When higher 

than 20 kHz sampling rates were tested, it was found that the time between the adjacent ADC, DAC, 

FreeRTOS tick and microsecond delay timer interrupts were so small, that they started to constantly 

overlap, which prevented the firmware from functioning properly. This can be seen in Figure 5.15, 

where a test with 21 kHz sampling rate is run and the GNU Radio flowchart ‘detects’ negative delay, 

which is of course – impossible and is caused by the PN sequence wrapping around due to the high 
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delay induced by the board.  

Similarly to the results Section 5.5.3, setting the flowchart to output PN sequences at the given sam-

pling rates was fairly straightforward, however, due to the limitations of the microcontroller hardware 

(presented in Equations (5.2) and (5.4)), the sampling rates on it were 11025.21 Hz and 20 kHz for 

the first and second test respectively. 

To maximise the ranging resolution (as described in Equation (3.10)), the BPS rate for both tests was 

chosen to be the highest rate which satisfies the Nyquist criterion [27]. By taking into account the 

chosen sampling rates and using Equation (3.6), the BPS rates were calculated to be 5512 BPS and 

10k BPS, which gave a theoretical ranging resolution of about 54.39 km and 29.98 km for the first 

and second ranging test respectively.  

Furthermore, due to the slightly different sampling rates with some settings, as well as the small but 

unavoidable timing errors in both the non-real-time PC ground station and the controller hardware, 

slightly different PN autocorrelation peak magnitudes were expected. 

 

Figure 5.15 FreeRTOS negative ranging latency test at 10.5k BPS with a single sample transfer. 

5.6.2.1 5.512k BPS 

a) Ranging Results With Single Sample Transfer 

As can be seen in Figure 5.16, the results are pretty much identical to the equivalent, bare-metal 
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ranging latency test shown in Figure 5.7. Even with the additional RTOS layer, and the two additional 

(FreeRTOS tick and microsecond delay) interrupts running, the autocorrelation peaks are still easily 

distinguishable. Furthermore, even the processing delay induced by the board is the same as with the 

bare-metal test. This last point is further confirmed by the sample distribution plot shown in Figure 

5.18, which as with the previous tests is showing a sample delay distribution of 1000 ranging itera-

tions, with each iteration continuing for 10 seconds. As can be seen in the plot there is a strong 

convergence (about 99%) present at a delay of 3 samples. This shows the real-time behaviour of the 

firmware and proves its reliability. 

 

Figure 5.16 FreeRTOS ranging latency test at 5512 BPS with a single sample transfer. 

b) Ranging Results With Dual Sample Transfer 

As with previous tests, dual sample transfer was attempted as well, the results of which are shown in 

Figure 5.17. Unsurprisingly, the correlation peaks were still clearly distinguishable, similarly to the 

equivalent bare-metal test shown in Figure 5.8. However, the sample distribution plot, shown in Fig-

ure 5.18, shows a different picture. As can be seen in the plot, attempting a dual sample transfer mode 

results in an almost 50/50 split in the sample delay distribution. This shows that even at a relatively 

low BPS speed, the CPU is overloaded by the additional processing required by the RTOS layer (and 

the additional interrupts required for it). This firmware behaviour is not suitable for a deterministic 
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ranging application and once again proves the infeasibility of implementing a regenerative or telem-

etry ranging with this hardware. 

 

Figure 5.17 FreeRTOS ranging latency test at 5512 BPS with a dual sample transfer. 

 

Figure 5.18 FreeRTOS ranging latency distribution at 5512  BPS with single and dual sample transfer. 
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5.6.2.2 10k BPS 

a) Ranging Results With Single Sample Transfer 

As can be seen in Figure 5.19, the autocorrelation peaks are distinguishable, as with the other tests, 

however,  the sample delay distribution plot, shown in Figure 5.21, has a stronger secondary peak 

(about 20%), compared to the same plot for the 5512 BPS test in Figure 5.18. This shows that an 

increase in the non-real-time behaviour in the firmware is present. Of course, this is to be expected 

as the time between adjacent interrupts is lower, due to the higher sampling rate. However, this must 

be taken into consideration if a deterministic ranging system is to be built. 

 

Figure 5.19 FreeRTOS ranging latency test at 10k BPS with a single sample transfer. 

a) Ranging Results With Dual Sample Transfer 

Similarly to the single sample transfer test, a dual sample transfer test is shown in Figure 5.20. How-

ever, even though the autocorrelation peaks are distinguishable, the sample distribution plot shown 

in Figure 5.21, shows a relatively equal primary and secondary sample delay peaks, and thus, a strong 

non-real-time behaviour, similar to the plot in Figure 5.18. This proves once again, that in dual sam-

ple transfer mode, the CPU becomes overloaded by the additional processing required by the RTOS 

layer (and the additional interrupts required for it). Moreover, as with the 5512 BPS test, this firm-

ware behaviour is not suitable for a deterministic ranging application and proves once more the 

infeasibility of implementing a regenerative or telemetry ranging with this hardware. 
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Figure 5.20 FreeRTOS ranging latency test at 10k BPS with a single sample transfer. 

 

 

Figure 5.21 FreeRTOS ranging latency distribution at 10k  BPS with single and dual sample transfer. 
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5.7 Summary 

The primary reason the UC3C-EK board [34] was chosen for this project was its flight heritage, 

obtained during previous ESEO missions, which meant that its performance and reliability was 

known, which in turn allowed to not spend time in researching new compatible hardware. However, 

it was quickly discovered that the board has two major limitations. First, this board is no longer 

supported by the manufacturer [34]. This translated into limited documentation and an outdated soft-

ware development framework, both of which were noticeable during the firmware development. 

Second, the board hardware was found to not be powerful enough for achieving a good ranging 

resolution, with the best resolution achieved being 19.342 and 29.98 km for the bare-metal and Fre-

eRTOS versions of the firmware respectively. All attempts for achieving higher ranging resolutions 

through an increase of the sampling rate were met with either non-real-time (and thus not determin-

istic) behaviour or a complete failure to work. This further proved the limitations of the hardware. In 

the end, it was concluded that more powerful hardware is needed.  
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6 FUTURE PLAN 

The work carried out in this report concluded that RF PN ranging, despite its flaws, is the best RF 

ranging method for this project. However, both the bare-metal and FreeRTOS firmware implemen-

tations, developed in Section 5, showed that the chosen hardware is not powerful enough for the 

development of an accurate ranging system as the best ranging resolutions achieved were 19.342 and 

29.98 km respectively. Thus, a faster hardware solution must be found and the current firmware 

implementations must be ported to it. A possible replacement may be the ESP32 MCU by Espressif 

Systems [47]. It offers ECC support and a dual-core CPU, with DSP instruction support, capable of 

running at up to 240 MHz per core. Having two physical cores will allow true parallelism to be 

achieved which will be especially useful for ranging applications. For example, one core can be 

allocated solely to ranging while the rest of the ESEO firmware (CAN, telemetry, payload operations 

etc.) can be run on the other core. Furthermore, the MCU features integrated dedicated WiFi and 

BLE modules, capable of sampling at 2.4 GHz. In theory, it should be possible to convert those 

modules for sampling at baseband or even passband as well. After the new hardware is chosen, the 

applications must be improved to support regenerative ranging. After that, they should be further 

improved to support telemetry ranging, as discussed in Section 2.4.4. Moreover, if the ranging reso-

lution is still not accurate enough with the new hardware, a further attempt of improving it can be 

made by using interpolation techniques to obtain sub-chip precision [4]. The next task would be the 

improvement of the GNU Radio flowchart, developed in Section 4, which needs to be updated to 

support full ranging pass simulations, by introducing artificial delays in the flowchart based on an 

orbit pass model generated by the python Skyfield library [17], similarly to the application developed 

in Subsection 3.1.3.2.  After the ranging firmware is completed it must be merged with the rest of the 

ESEO code [46]. Furthermore, a set of unit and integration tests must be developed and code profiling 

should be done to ensure correct firmware behaviour is present.  
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7 CONCLUSION 

The work carried out in this report explored several methods for radio frequency (RF) ranging and 

built a proof of concept ranging system. 

Section 2 went over the history of the ESEO mission and its current goal – to explore ways to develop 

an RF ranging system. Furthermore, it gave an in-depth explanation of the theory behind four differ-

ent RF ranging techniques - Phase Detection, Single Pulse, Pseudo Noise (PN) and Telemetry 

ranging. It also explained the differences between telemetry and regenerative ranging and gave an 

overview of their advantages and disadvantages. 

Section 3 tested several ranging techniques by simulating them in software via GNU Radio and con-

cluded that despite its increased complexity, the PN ranging method is the best ranging method due 

to its high error and noise tolerance and continuous supply of timing edges. However, it also con-

cluded that the 4800 bit per second (bps) rate used for high-speed communication in previous 

instalments of the mission is not enough to provide accurate ranging measurements, as it had a the-

oretical ranging resolution of about 62.458 km.  

Section 4 developed a PN ranging test framework based on the results obtained in Section 3. Initially, 

the developed framework featured a single ranging loop and was used to measure delay by sequen-

tially measuring the delays of a reference cable loop against a hardware-in-the-loop loop. However, 

during testing, it was found that the non-real-time nature of the PC operating system is too unreliable 

for obtaining accurate ranging results. Therefore, the flowchart was upgraded to feature two simul-

taneous and independent of each other ranging loops. One of them was to be connected through just 

a cable and was to be used as a reference point, for the other loop, which was set to be used as a 

hardware-in-the-loop loop. This allowed the chart to ‘auto-calibrate’ itself on the fly by taking the 

delay difference between the loops as the true delay measurement. Furthermore, to increase expanda-

bility and allow for easier comprehension the flowchart was divided into several distinct regions, 

with each region serving a specific purpose.  

Section 5 went over the reasons for choosing the UC3C-EK board [34] as a development board and 

developed two separate ranging applications for it – bare-metal and with FreeRTOS. However, it 

quickly discovered that the board has two major limitations. First, this board is no longer supported 

by the manufacturer [34], which translated into limited documentation and an outdated software de-

velopment framework, both of which were noticeable during the firmware development. Second, the 

board hardware was found to not be powerful enough for achieving a good ranging resolution, with 

the best resolution achieved being 19.342 and 29.98 km for the bare-metal and FreeRTOS versions 

of the firmware respectively. All attempts for achieving higher ranging resolutions through an in-

crease of the sampling rate were met with either non-real-time (and thus not deterministic) behaviour 
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or a complete failure to work. This further proved the limitations of the hardware and concluded that 

more powerful hardware is needed. 

Several objectives were also identified for future improvement. First and foremost, more powerful 

hardware must be found, for which the ESP32 MCU [47] was pointed out as a possible replacement 

as it featured a dual-core CPU, capable of running at up to 240 MHz, and a dedicated WiFi and BLE 

modules which may be able to be used for baseband sampling. After that, it was concluded that the 

developed applications in Section 5 must be ported to the new chosen hardware and new regenerative 

and telemetry ranging applications must be developed. After that, the test framework developed in 

Section 4 must be upgraded to support full ranging pass simulations, by introducing artificial delays 

in the flowchart based on an orbit pass model generated by the Python Skyfield library [17], similarly 

to the application developed in Subsection 3.1.3.2. Finally, the newly developed ranging firmware 

must be merged with the existing ESEO code [46] and a set of unit and integration tests must be 

written to ensure a correct firmware behaviour is present. 
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