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Abstract 

The 3Cat-2 nanosatellite payload includes, amongst other experiments, a Global 
Navigation Satellite System Reflectometry (GNSS-R) receiver. The payload captures 
GNSS data from the two channels of a Software Defined Radio (SDR) connected to two 
arrays of antennas (for direct and reflected signals). Raw data is stored in binary files by 
the payload computer which also processes them afterwards, all by means of the software 
described in this work. To do so it takes advantage of the capabilities of its ultra-low power 
ARM processor and a Linux OS. As a result, this system can create Delay Doppler Maps 
(DDM) using information from multiple GNSS constellations and stores them as small, 
compressed files that are a good compromise for the satellite’s tight link budget.  



 

 2 

 

 

 

 

 

 

 

  



 

 3 

Acknowledgements 

I would like to express my most sincere gratitude to my supervisor Adriano Camps for 
introducing me to the project topic and encouraging me to take this challenge. His 
mentorship during the learning process of this thesis, and his valuable insight to improve 
this report were key to finish this work successfully. It would not have been possible either 
without the fellows at Nanosatlab/RSLab and their help in those moments when I needed 
a push. I would also like to thank the people in Deimos and the Bexus 19 mentors for their 
insight during certain phases of development. Finally, my thanks to all my family for their 
support: this project is yours too.  



 

 4 

Revision history and approval record 

Revision Date Purpose 

0 26/08/2015 Document  creation 

1 28/08/2015 Document  revision 

   

   

 

Written by:  Reviewed and approved by: 

Date 28/08/2015 Date 28/08/2015 

Name Roger Olivé Name Adriano Camps 

Position Project Author  Position Project Supervisor 

  



 

 5 

Table of contents 

Abstract .............................................................................................................................. 1 

Acknowledgements ............................................................................................................ 3 

Revision history and approval record ................................................................................. 4 

Table of contents ................................................................................................................ 5 

List of Figures ..................................................................................................................... 8 

List of Tables .................................................................................................................... 10 

1. Introduction ................................................................................................................ 11 

2. Global Navigation Satellite Systems and Reflectometry ........................................... 14 

2.1. Global Navigation Satellite Systems .................................................................. 14 

2.1.1. GNSS signals .............................................................................................. 15 

2.1.1.1. Modulations .............................................................................................. 17 

2.1.1.2. Constellation codes .................................................................................. 19 

2.2. GNSS-Reflectometry .......................................................................................... 22 

2.2.1. Delay Doppler Maps ................................................................................... 23 

2.2.1.1. Signal strength and resolution .................................................................. 25 

2.2.1.2. Implemented DDM techniques ................................................................. 26 

2.2.2. Preceding instruments ................................................................................ 27 

3. Payload development ................................................................................................ 29 

3.1. Mission requirements ......................................................................................... 30 

3.1.1. Hardware requirements and constraints ..................................................... 30 

3.1.2. Scientific software functionality ................................................................... 30 

3.1.3. Deadlines .................................................................................................... 31 

3.2. Hardware platform .............................................................................................. 31 

3.2.1. Payload computer ....................................................................................... 31 

3.2.2. Software defined radio (SDR) ..................................................................... 33 

3.3. Software ............................................................................................................. 34 

3.3.1. Software components ................................................................................. 35 

3.3.1.1. Pictor: DDM generator .............................................................................. 36 

3.3.1.2. Scriba: SDR capture ................................................................................. 39 

3.3.1.3. Codegen library: PRN codes .................................................................... 41 

3.3.1.4. PNGmod library ........................................................................................ 41 

3.3.1.5. Auxilium: DDM library ............................................................................... 42 

3.3.1.6. FAPEC (Fully Adaptive Prediction Error Coder) compression integration 44 



 

 6 

4. Results ...................................................................................................................... 46 

4.1. DDM characterization ......................................................................................... 46 

4.1.1. DDM peak shape ........................................................................................ 46 

4.1.1.1. Conventional ............................................................................................. 47 

4.1.1.2. Interferometric ........................................................................................... 49 

4.1.2. DDM peak and noise levels ........................................................................ 52 

4.1.2.1. Peak power ............................................................................................... 52 

4.1.2.2. Noise level ................................................................................................ 53 

4.1.2.3. Peak to noise ratio .................................................................................... 54 

4.1.3. Time and frequency axis accuracy ............................................................. 55 

4.1.4. Clock leakage ............................................................................................. 56 

4.2. Software performance ........................................................................................ 56 

4.2.1. Computation time ........................................................................................ 56 

4.2.2. Compression ratio ....................................................................................... 58 

4.2.3. Power consumption .................................................................................... 59 

5. Budget ....................................................................................................................... 62 

6. Conclusions and future development ........................................................................ 63 

Bibliography ...................................................................................................................... 65 

Appendix: Payload scientific software manual and specification ...................................... 69 

1.1 Scriba: SDR binary acquisition software ............................................................ 69 

1.1.1 Introduction ................................................................................................. 69 

1.1.2 System requirements .................................................................................. 69 

1.1.3 Usage instructions ...................................................................................... 69 

1.1.3.1 File1A/2B ............................................................................................. 70 

1.1.3.2 args ...................................................................................................... 70 

1.1.3.3 secs ..................................................................................................... 70 

1.1.3.4 nsamps ................................................................................................ 70 

1.1.3.5 wirefmt ................................................................................................. 70 

1.1.3.6 rate ....................................................................................................... 70 

1.1.3.7 freq ....................................................................................................... 71 

1.1.3.8 gain ...................................................................................................... 71 

1.1.3.9 sync ..................................................................................................... 71 

1.1.3.10 subdev ................................................................................................. 71 

1.1.3.11 dilv ....................................................................................................... 71 



 

 7 

1.1.3.12 bw ........................................................................................................ 71 

1.1.3.13 channels .............................................................................................. 71 

1.1.4 Flowchart .................................................................................................... 71 

1.2 Pictor: DDM computation software ..................................................................... 73 

1.2.1 Introduction ................................................................................................. 73 

1.2.2 System requirements .................................................................................. 73 

1.2.3 Usage instructions ...................................................................................... 73 

1.2.3.1 OutPath ................................................................................................ 73 

1.2.3.2 --conventionalX, --interferometric (-CX,-I) ............................................ 74 

1.2.3.3 --satellites, --xsats ................................................................................ 74 

1.2.3.4 –fintermediate_x (-fix) .......................................................................... 75 

1.2.3.5 --fsamp (-fs) ......................................................................................... 75 

1.2.3.6 --fmasterclock (-fc) ............................................................................... 76 

1.2.3.7 --deltaf (-df) .......................................................................................... 76 

1.2.3.8 --dopplerbw (-dw) ................................................................................. 76 

1.2.3.9 --timesamp (-ts) ................................................................................... 76 

1.2.3.10 --timecoh (-tc) ...................................................................................... 76 

1.2.3.11 --cutsecs (-ct) ....................................................................................... 77 

1.2.3.12 --cutdoppler (-cd) ................................................................................. 77 

1.2.3.13 --cutcoherent (-cc) ............................................................................... 77 

1.2.3.14 --numddm (-n) ...................................................................................... 78 

1.2.3.15 --fnavigation (-fn) ................................................................................. 78 

1.2.3.16 --fileinput (-I) ........................................................................................ 78 

1.2.3.17 --binoutpath (-bn) ................................................................................. 78 

1.2.3.18 --partial (-p) .......................................................................................... 78 

1.2.4 Example commands ................................................................................... 79 

1.2.5 Output DDM format ..................................................................................... 80 

1.2.5.1 iTXt metadata ...................................................................................... 82 

1.2.6 Flowchart .................................................................................................... 83 

1.2.6.1 Top level .............................................................................................. 83 

1.2.6.2 Conventional processing ..................................................................... 84 

1.2.6.3 Interferometric processing ................................................................... 85 

Glossary ........................................................................................................................... 87 

  



 

 8 

List of Figures 

Figure 1: 3CAT-2 engineering model. The side on top is the antenna array used by the 
GNSS-R payload. ............................................................................................................. 11 

Figure 2: Gantt diagram of the project span ..................................................................... 13 

Figure 3: Artists’ views of the GPS (left) and Galileo (right) constellations, and their orbital 
planes. GPS is built using 4 orbital planes to offer worldwide coverage while Galileo is 
structured with 3 planes instead. ...................................................................................... 14 

Figure 4: Frequency plan and modulation schemes for the main GNSS systems [7] ...... 16 

Figure 5: Generation of a GPS C/A code [6] .................................................................... 18 

Figure 6: Ideal auto-correlation functions for different modulations [1] ............................. 19 

Figure 7: Generation of CB1I and CB2I codes [11] .......................................................... 20 

Figure 8: generation of tiered codes [12] .......................................................................... 21 

Figure 9: Geometry of a bi-static radar. θT is the transmitter’s look angle, and θR the 
receiver’s look angle.VT and VRare the respective velocity vectors, and δT, δR the velocity 
vectors’ angles. β = θT- θR is the scattering or bi-static angle and is used to perform target 
calculations. [13] ............................................................................................................... 22 

Figure 10: Rayleigh probability distribution function (PDF) for Ω = 0.7. [17] .................... 23 

Figure 11: Concept of delay-Doppler mapping [1] ............................................................ 25 

Figure 12: Acquisition and processing flow in conventional mode, where the input signal is 
correlated with a locally generated copy of the PRN. ....................................................... 26 

Figure 13: Acquisition and processing flow in interferometric mode. In interferometric mode, 
the PRN sequence containing the C/A code is replaced by another signal input coming 
from the SDR that gets the same capture & pre-processing treatment minus the frequency 
shift. .................................................................................................................................. 27 

Figure 14: Pictures of the griPAU (top), and PAU (bottom) instruments .......................... 28 

Figure 15: 3CAT-2 GNSS-R payload ................................................................................ 29 

Figure 16: DDM software components ............................................................................. 35 

Figure 17: Pictor flowgraph ............................................................................................... 37 

Figure 18: flow graphs of DDM_conventiona()l and DDM_interferometric() processing 
functions ........................................................................................................................... 38 

Figure 19: Example of an averaged DDM. A region akin to the part highlighted in red is 
preserved, along with its coordinates within the entire DDM. The rest can be discarded 
safely. ............................................................................................................................... 39 

Figure 20: Scriba flowgraph .............................................................................................. 40 

Figure 21: Hexadecimal view of the start of a PNG DDM. The highlighted area shows the 
UTF8 metadata stored in the iTXt field. ............................................................................ 42 

Figure 22: 1D C/A-only conventional DDM with Pin=-95 dBm. Top picture shows a zoomed 
part the DDM as is. The one in the middle is a 1D slice of the full DDM. Bottom picture 
shows a zoom of the peak. ............................................................................................... 47 



 

 9 

Figure 22: 1D C/A-only conventional DDM with Pin=-80 dBm. Top picture shows a zoomed 
part the DDM as is. The one in the middle is a 1D slice of the full DDM. Bottom picture 
shows a zoom of the peak. ............................................................................................... 48 

Figure 23: Example fragment of real Beidou B1I DDM data, with tcoh=1 ms and Nincoh=50
 .......................................................................................................................................... 48 

Figure 24: 1D slice of a C/A-only interferometric DDM. Top picture shows a zoomed part 
the DDM as is. The one in the middle is a 1D slice of the full DDM. Bottom picture shows 
a zoom of the peak after joining both extremes of the DDM. ........................................... 49 

Figure 25: 1D slice of a P-only interferometric DDM. Top picture shows a zoomed part the 
DDM as is. The one in the middle is a 1D slice of the full DDM. Bottom picture shows a 
zoom of the peak after joining both extremes of the DDM. .............................................. 50 

Figure 26: 1D slice of a P+CA interferometric DDM, showing its peak. Top picture shows 
DDM as is. Bottom picture shows a zoom of the peak after joining both extremes of the 
DDM. ................................................................................................................................ 51 

Figure 27: peak DDM level for different combinations of input power in dBm (series), 
coherent time (horizontal axis) and for 50 incoherent averages ....................................... 52 

Figure 28: Peak DDM level for different combinations of input power in dBm (series), 
coherent time (horizontal axis) and for 100 incoherent averages ..................................... 53 

Figure 29: DDM noise level for different combinations of input power in dBm (series), 
coherent time (horizontal axis) and for 50 incoherent averages ....................................... 53 

Figure 30: DDM noise level for different combinations of input power in dBm (series), 
coherent time (horizontal axis) and for 100 incoherent averages ..................................... 54 

Figure 31: DDM peak to noise ratio for different combinations of input power in dBm (series), 
coherent time (horizontal axis) and for 50 incoherent averages ....................................... 54 

Figure 32: DDM peak to noise ratio for different combinations of input power in dBm (series), 
coherent time (horizontal axis) and for 100 incoherent averages ..................................... 55 

Figure 33: stretched complete interferometric DDM with tcoh=0,819 ms and nincoh=50. 
One of the inputs is artificially offset 2048 samples, which puts it exactly at the center of 
the DDM. .......................................................................................................................... 56 

Figure 34: captures of different Doppler offsets on a C/A PRN 5 code emulated with the 
SMU arbitrary signal generator. From left to right, 1500 Hz to -1500 Hz in 500 Hz steps. -
3000 Hz correction included (0 Hz Doppler is the middle picture) .................................... 56 

Figure 35: Example of conventional DDM cuts with (49 dB gain top vs 47 dB gain bottom 
with clock leakage reduction. SMU Pin was -104 dBm,. Tcoh= 1.638 ms, Nincoh=50 and 
PRN=29 ............................................................................................................................ 56 

Figure 36: capture + processing time comparison for combinations of two incoherent times 
(50, 100 averages) with a selection of coherent integration times (in Gumstix Overo, 3CAT-
2 version of the instrument software) ............................................................................... 57 

Figure 37: DDM compression ratio for uncut DDMs previously introduced in section 4.1.2 
with tc=0.819, ti=50 .......................................................................................................... 58 

Figure 38: DDM compression ratio for cut DDMs previously introduced in section 4.1.2 with 
tc=0.819, ti=50 .................................................................................................................. 59 



 

 10 

List of Tables 

Table 1: Characteristics of the GPS and Galileo constellations [8] .................................. 17 

Table 2: code periods for Galileo frequencies of emission [12] ........................................ 21 

Table 3: Specification summary of Overo Ironstorm + Tobi expansion board .................. 32 

Table 4: comparison between selected popular software defined radio boards [24] ........ 33 

Table 5: Main DDM parameters adjustable by the user/orchestrator ............................... 34 

Table 6: comparison table for processing time in the Gumstix Overo using the first and last 
versions of the software .................................................................................................... 58 

Table 7: Peak and average power consumption of the payload computer and SDR ....... 60 

Table 8: processing payload price breakdown ................................................................. 62 

Table 9: development cost with simulated salary ............................................................. 62 

 

 

  



 

 11 

1. Introduction 
3CAT-2 is a six unit CubeSat scheduled for launch in Q1 2016. Its main objective is the 
demonstration of a novel dual-frequency and dual-polarization reflectometer (GNSS-R) for 
altimetry and scatterometry, as well as radio-occultations (GNSS-RO). 

Standard CubeSats are “inexpensive” research-oriented pico-satellites (< 1 kg) with the 
size of a 10 cm cube (one unit CubeSat) made of commercial off-the-shelf electronic 
components. Those satellites are making space research at reach of companies and 
universities that would not be able to afford access to space for their projects. 3CAT-2 will 
be one of the first six unit CubeSats (3x2 cubes) to be developed and its reflectometry 
(GNSS-R) payload will generate Delay Doppler Maps (DDM). DDMs are the time-domain 
correlation between two sequences of GNSS data (time axis) with different Doppler 
frequency shifts (frequency axis). They can be treated as images for purposes such as 
data compression. These “images” can be later post-processed to extract various types of 
scientific data related to various GNSS-R applications. 

 
Figure 1: 3CAT-2 engineering model. The side on top is the antenna array used by the GNSS-R payload. 

Computing a DDM, as it will be shown later, involves a lot of repetitive mathematical 
operations, mainly Fast Fourier Transforms (FFT), which can easily amount to thousands 
for just a single DDM. Also, those operations are applied to very long sequences of data, 
which further multiplies the computational power needed to complete them. On the other 
hand, since the instrument has to operate inside a nano-satellite (1-10 kg), it needs to be 
implemented using small, low-power components. 

The previous requirements impose very important challenges: without a proper balance 
between hardware choice, software optimization, and scientific ambition the instrument’s 
software can become too inefficient to perform any measurements successfully or 
unsustainable for the satellite size and power budget. 
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Also, the 3CAT-2 project strict deadlines are another important variable when taking 
decisions and deciding strategies in order to avoid delays as much as possible. 

At the moment of joining the team, GNSS-R techniques and DDMs specifically were 
already developed in mathematical terms [1] and demonstrated in various situations and 
implementations, like [2]. The novelty of this project (and 3CAT-2 by extension) lies in its 
reimplementation from scratch for a satellite payload, a field which is just taking its first 
baby steps. As it will be shown later, another strong point is the compatibility of this 
instrument with GNSS constellations beyond the GPS C/A codes. 

With the previous considerations in mind, the objectives of this work are: 

1. Assessment and adaptation of the requirements and specifications from the 
scientific team to fit the available resources and time. 

2. Choice of an equilibrated data capture and computing platform to implement the 
GNSS-R payload software on it. 

3. Design of a software to capture GNSS data and compute DDMs. This DDM 
computation software should accept parameters to tweak its output according to 
the needs of the scientific team. 

4. Extensive documentation of the software to facilitate its integration with the rest of 
the satellite and its maintenance.  

Chapter 2 details the theoretical concepts under use, beginning with an introduction to 
GNSS signals and constellations, as all the GNSS-R theory relies on their use. Next, it 
moves to the description of the GNSS-R theory that is implemented in this work. Chapter 
3’s first pages deal with the trade-offs in the instrument implementation and describe the 
hardware platform that has been chosen according to the requirements. Next, the bulk of 
the chapter details the structure of the implemented software. 

Setting realistic goals when planning the hardware and software is not necessary obvious 
due to the lack of previous experience in the field of satellites, and on-board software, and 
it has been an iterative process during development, with some adjustments and changes 
that are covered in the same section as well: a change of computer during development, 
different attempted strategies to optimize software performance are the main eventualities 
that appeared during the project lifespan, which obviously had a certain impact in the 
schedule. The biggest one was the optimization of the implemented algorithm to improve 
its initial implementation which, as shown in the Gantt diagram, had two phases: the first 
one (DSP, alluding to the use of a specialized DSP co-processor) in which the results were 
mixed, as explained in Chapter 3. In the second optimization phase, a different approach 
was used that ultimately led to better results. 

Finally, Chapter 4 presents some results of the characterization of the instrument (scientific 
performance, power consumption, time of execution…), Chapter 5 shows some estimated 
costs of development and 6 wraps up this report with some conclusions and possible future 
lines of work to iterate on what has been done up to this point. 
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Figure 2: Gantt diagram of the project span  
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2. Global Navigation Satellite Systems and Reflectometry 

As first mentioned in the introduction, the concept around which this Master Thesis project 
is built is the so-called Delay Doppler Map (DDM). DDMs are in turn the most complete 
form of observable that can be obtained in Global Navigation Satellite System 
Reflectometry (GNSS-R). Essentially, GNSS-R is a bistatic takes advantage of Global 
Navigation Satellite System (GNSS) signals such as GPS or Galileo for reflectometry 
purposes beyond their main goal (positioning services). 

In this section, all the previous concepts are described and expanded in order to put GNSS-
R into context and focuses specifically on the subject of this work: the on-board calculation 
of Delay Doppler Maps using limited computational resources. GNSS and GNSS signals 
in general are described using GPS, to get a good understanding of their structure, which 
is necessary to implement the instrument. The explanation makes special emphasis on the 
PRN codes employed by each constellation, since reproducing them turns to be a key part 
of the software project as it is presented in Chapter 3. Last, but not least, the concept of 
reflectometry and the different forms of GNSS-R is exposed. The Delay Doppler Map is 
dissected as well as its applications to Global Navigation Satellite Systems Reflectometers. 

2.1. Global Navigation Satellite Systems 
GPS (Global Positioning System) was the first operational Global Navigation Satellite 
System (GNSS) constellation and is nowadays the most widely used as well. Most GNSS 
implementations are composed by a large number of satellites orbiting the Earth surface, 
continuously transmitting signals that enable the user to determine its 3D position. In the 
case of GPS, these are at least 24 Medium Earth Orbit (MEO) satellites orbiting at an 
average height of 20200 km over the Earth’s surface. Galileo or GLONASS are other 
constellations using that kind of scheme, featuring 30 and 24 MEO satellites respectively. 

 
Figure 3: Artists’ views of the GPS (left) and Galileo (right) constellations, and their orbital planes. GPS is built 
using 4 orbital planes to offer worldwide coverage while Galileo is structured with 3 planes instead. 

Exceptions to this rule usually are smaller, regional GNSS systems such as China’s BeiDou 
[3] (specifically BeiDou-1), India’s IRNSS [4] (Indian Regional Navigation Satellite System), 
or the Japanese QZSS [5] (Quasi-Zenith Satellite System). BeiDou-1 employs a 
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combination of MEO and geostationary (GEO) satellites with the goal of offering regular 
service specifically in China. IRNSS combines 3 geostationary and 4 geosynchronous 
satellites for a similar purpose. QZSS uses just 3 satellites, each 120° apart, in highly 
inclined, slightly elliptical, geosynchronous orbits, whose ground traces are asymmetrical 
8-like patterns, designed to ensure that at least one is almost directly at an elevation of 60° 
or higher over Japan at all times. With those approaches, the amount of satellites needed 
to have a stable service across the desired region is greatly reduced with respect to global-
scale systems.  

In a next phase, BeiDou-2 will expand the current BeiDou-1 to offer worldwide positioning. 
In that phase, its space segment will be composed by 5 GEO satellites, 27 MEO satellites, 
and 3 IGSO (Inclined Geosynchronous Orbit) satellites.  

To understand the existence of such large satellite networks it is important to grasp the 
principle behind the positioning technology. In broad terms, the strategy to determine the 
position of a user using GNSS is measuring the delay between the emission of signals by 
satellites, and their reception time by the user. From there, the distance between a satellite 
and the receiver can be deduced. Measuring the delays of a minimum of four satellites a 
3D position problem can be solved, including the three geographical coordinates, as well 
as the receiver clock bias. Without clock bias and other error sources, the user position is 
determined from the intersection between the spheres of radii equating the measured 
distances, and with centers located at their respective satellite positions. The need to have 
4 visible satellites conditions the orbital planes of the constellations and therefore, the 
number of needed satellites depending on the approach. Having more visible satellites can 
help improving the intersection problem solving using the least squares method. The 
navigation message transmitted by each satellite includes information to correct/improve 
the result, as well as extra data useful for other interests. 

However, it is important to note that while GPS or other GNSS were created mainly with 
positioning in mind, and the navigation messages hold an important scientific value, neither 
positioning techniques, nor the modulated message contents are relevant to the DDM 
computation itself1. 

Still, the presence of multiple strategically-located satellites emitting on the same bands at 
any place and any time is what makes GNSS signals attractive for reflectometry, since it 
will reduce the revisit time. To understand why, it is necessary to review the properties of 
GNSS signals. Note that although the reflectometry instrument may not use all the 
mentioned constellations and/or all their emitted signals, all of them are potentially useful 
to perform the different forms of GNSS-R. 

2.1.1. GNSS signals 
GPS, the first Global Navigation Satellite System (GNSS) to be fully operational, was 
designed to allow multiple transmitters to operate using the same frequency (CDMA), while 
having tolerance to multipath and jamming. It also has a low power spectral density to 
minimize interference with other microwave systems, and allow accurate range detection 
by estimating the ionospheric delay [6]. Therefore, it is possible to discriminate between 
transmitters, and the desired resilience against jamming and multipath is achieved. There 

                                                 
1 Although they certainly can be useful to compute them in a smarter, more efficient way. Predicting the coordinates, 

movement, etc. of a satellite of interest can be used to avoid computing unnecessary parts or entire DDMs. 
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are three frequencies used by GPS in the L band: L1, L2, and L5. L1 (1575.42 MHz) is the 
most widely used, as it includes the open access messages used by civilian receivers. 

 
Figure 4: Frequency plan and modulation schemes for the main GNSS systems [7] 

Other GNSS constellations use L-band as well to emit their signals, employing their own 
modulations compatible with the other systems sharing the same frequency. Figure 4 
shows how the most crowded bands are E1/L1 and E5/L5, where most constellations are 
transmitting signals. Another frequency used by other constellations, but not GPS, is E6. 

Table 1 summarizes the main characteristics/differences between Galileo and GPS (the 
main focus of this work) to give an idea of the characteristics of this kind of signals. 
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Table 1: Characteristics of the GPS and Galileo constellations [8] 

 
Overlap is interesting from the point of view of implementing a GNSS-R instrument: with a 
single L1 capture, the instrument can take advantage of the GNSS signals from 3 different 
constellations. 

2.1.1.1. Modulations 

2.1.1.1.1. Pseudo-Random Noise (PRN) modulation 
There are different modulation approaches depending on the constellation, band and 
message. In most cases, a CDMA scheme is pursued so a single frequency can be used 
to receive the signal from any satellite of the space segment. The CDMA modulation is 
achieved by using spread spectrum techniques to extend the bandwidth of the navigation 
signal. The first and simplest technique used by older messages such as GPS C/A or P-
codes mixes the signal with a PRN which is different for each satellite of the constellation. 
PRNs have a much higher frequency than the symbols of the navigation signal (which are 
50 Hz for GPS) and auto-correlation/cross-correlation properties similar to Gaussian noise, 
while still being deterministic, and thus possible to regenerate locally. 

Considering the pure random sequence of chips2 (pulses) 𝑃𝑃(𝑡𝑡) with width 𝜏𝜏𝑐𝑐, and 𝑥𝑥𝑛𝑛 = ±1 
with equal probability: 

𝑃𝑃(𝑡𝑡) = � 𝑥𝑥𝑛𝑛 · ��
𝑡𝑡 − 𝑛𝑛 · 𝜏𝜏𝑐𝑐

𝜏𝜏𝑐𝑐
�

+∞

𝑛𝑛=−∞
 (1) 

Its auto-correlation resembles a triangle function 

𝑅𝑅𝑝𝑝(𝜏𝜏) ≈ Λ𝜏𝜏𝑐𝑐(𝜏𝜏) = � 1 −
|𝜏𝜏|
𝜏𝜏𝑐𝑐

, |𝜏𝜏| < 𝜏𝜏𝑐𝑐

0 , elsewhere.
 (2) 

The triangular auto-correlation property presented in Eqn. 2 enables the application of 
GNSS-R in its current form with C/A and P-signals, as it is used to detect the satellite 

                                                 
2 The term “chip” is used to highlight how, by contrast with a “bit”, the pulse does not carry any information. 
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emissions both before and after reflection on a surface. In other cases, the number of peaks 
/shape of the peaks varies (as presented in 2.1.1.1.2), but the main principle remains 
similar. 

Usually, PRNs are generated multiplying two Maximum Length Sequences (MLS) or 
Memory Codes.  

Figure 5 shows how MLS-based PRNs are generated for GPS C/A broadcasts. MLS are a 
type of pseudo-random binary sequence of length 2𝑛𝑛−1 generated using n-stage Linear 
Feedback Shift Registers (LFSR). The multiplication of G1 and G2 improves the cross-
correlation properties of the sequence, and the relative delay between them determines 
the satellite ID (identification number). To generate another ID PRN, the position of the 
connectors of the registers can be changed to different positions.  

 
Figure 5: Generation of a GPS C/A code [6] 

In the case of Memory Codes, they simply consist of previously generated pseudo-random 
sequences kept in a storage medium for use instead of generating them in real-time. 

2.1.1.1.2. Binary Offset Carrier (BOC) modulation 
An evolved version of PRN used in most recently deployed systems (Galileo and GPS M, 
L1C, L2C amongst others) are BOC modulations. Sine-phased and cosine-phased BOC 
signals are modulations generated multiplying a PRN by a subcarrier consisting of the sign 
of a sine or cosine respectively. The reason behind their adoption is mainly their increased 
accuracy as compared to regular PRN for the same bandwidth. They are usually referred 
to as 𝐵𝐵𝐵𝐵𝐵𝐵(𝑚𝑚,𝑛𝑛) where 𝑓𝑓𝑠𝑠 = 𝑚𝑚 · 1023 MHz, and 𝑓𝑓𝑐𝑐 = 𝑛𝑛 · 1023 MHz. 

As previously mentioned, in this case the shape is not a simple triangular form as in regular 
PRN modulations. In BOC, the autocorrelation function acquires the shape of an addition 
of triangles. The expressions for cosine and sine-phased versions can be put as[9]: 

𝑅𝑅𝐵𝐵𝐵𝐵𝐶𝐶𝑆𝑆(𝛼𝛼𝛼𝛼,𝑛𝑛)(𝜏𝜏) = ∆𝑡𝑡𝑐𝑐(𝜏𝜏)� (𝛼𝛼 − |𝑘𝑘|)[2 · 𝛿𝛿(𝜏𝜏 − 2𝑘𝑘) − 𝛿𝛿(𝜏𝜏 − 2𝑘𝑘 − 1) − 𝛿𝛿(𝑡𝑡 − 2𝑘𝑘 + 1)]
𝛼𝛼−1

𝑘𝑘=−𝛼𝛼+1
 (3) 

𝑅𝑅𝐵𝐵𝐵𝐵𝐶𝐶𝐶𝐶(𝛼𝛼𝛼𝛼,𝑛𝑛)(𝜏𝜏)

= ∆𝑡𝑡𝑐𝑐(𝜏𝜏)� (α − |k|)[6 · δ(τ − 2k) + δ(τ − 2k − 1) +  δ(t − 2k + 1) − 4δ �τ − 2k −
1
2
�

α−1

k=−α+1

− 4δ(τ − 2k +
1
2

)] 

(4) 

where 𝛼𝛼 = 𝑛𝑛/𝑚𝑚 is the symbol ratio, and 𝑡𝑡𝑐𝑐 = 𝜏𝜏𝑐𝑐 𝛼𝛼⁄ . 
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Figure 6 shows the absolute value of the autocorrelation functions for regular PRNs, as 
well as the different BOC modulations in use currently for infinite bandwidth signals. The 
advantage of using BOC modulations as compared to a non-multiplied PRN is evident: 
peaks in BOC-modulated signals are much narrower, thus leading to a higher resolution. 

 
Figure 6: Ideal auto-correlation functions for different modulations [1] 

2.1.1.2. Constellation codes 
Each available constellation emits (or will emit) at various frequencies one or more 
message types with different applications, which range from civilian or military positioning 
to safety-of-life services for aviation. In the next paragraphs, the approach used by the 
signals of each constellation is discussed. 

2.1.1.2.1. GPS codes (C/A, P, M codes) 
In the specific case of GPS, coarse acquisition or C/A codes are the PRN codes used for 
civilian purposes. For quick acquisition, they have just a 1 ms length (1023 chips). That 
translates to a 1.023 MHz chip rate, and a 2.46 MHz bandwidth. 

As previously shown in Figure 5, C/A codes are the result of a multiplication of two MLS 
called G1 and G2. In the GPS-L1 case 10-stage registers are used.  

GPS’ P (Precise) code is only for restricted/military use (encrypted with Anti-Spoofing to 
transform it into Y code). It is generated in a similar way to C/A and features a 10x chipping 
rate making it 10 times more accurate. It has a period of seven days. 

Traditionally, the C/A and P codes are modulated in-phase and quadrature on L1 following 
Eqn. 3 
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𝑆𝑆1(𝑡𝑡) =  �2 · 𝑃𝑃𝐶𝐶 𝐴𝐴⁄ 1
𝐷𝐷(𝑡𝑡) · 𝐵𝐵𝐶𝐶(𝑡𝑡) · cos(𝜔𝜔1 · 𝑡𝑡 + 𝜙𝜙1) + �2 · 𝑃𝑃𝑃𝑃1𝐷𝐷(𝑡𝑡) · 𝑃𝑃(𝑡𝑡) · sin (𝜔𝜔1 · 𝑡𝑡 + 𝜙𝜙1) (5) 

The same P/Y code present in L1 is broadcasted in L2 as well. No C/A code has been 
broadcasted in L2 traditionally. 

To modernize the system, in L1 and L2 an M (Military code) of restricted access was added, 
which improves the security against unauthorized access with respect to P(Y). L1C 
(Civilian) code is also being deployed with new satellites as a future improved replacement 
of C/A. Recently [10], civil GPS navigation has begun broadcast on L2C and L5 as well 
with variations of the same technology (with different codes, periods, data…). All the newer 
codes use BOC modulation instead of PRN. 

For the purposes of this project, all the explanations will refer mainly to L1 C/A, as it is the 
only open access code in production status. 

2.1.1.2.2. Beidou codes 
Beidou uses the same MLS system as GPS to generate its B1I/B2I (L1 and L5 frequencies 
respectively) open access PRN sequences, but with different G1 and G2 registers and 
varying the combinations to generate the codes, as presented in Figure 7. 

 
Figure 7: Generation of CB1I and CB2I codes [11] 

 

Other restricted signals are present in E1/L1, E5/L5 and E6. For the future third generation 
BeiDou, the use of BOC modulation is planned. Current signals do not use it. 

2.1.1.2.3. Galileo codes 
Galileo uses look-up tables (memory based approach) to store the PRN as compared to 
GPS shift registers. It employs tiered codes (Figure 8). Tiered codes are a combination of 
a medium length primary code with a smaller length secondary code. The lengths of 
primary and secondary codes used by Galileo are gathered in Table 2. E1-B is the only 
exception not employing a secondary code. Some of those primary and secondary codes 
are memory codes. Memory codes are not generated using linear feedback shift registers, 
which gives them the advantage of being harder to decode by unauthorized users. The 
tables of publicly available codes can be obtained from the Galileo Signal In Space 
Interface Control Document [12].  
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Figure 8: generation of tiered codes [12] 

Another important difference in Galileo is the use of BOC for better accuracy compared to 
GPS C/A. 

Table 2: code periods for Galileo frequencies of emission [12] 

 
 

2.1.1.2.4. The particular case of GLONASS 
GLONASS is the only system that uses Frequency Division Multiple Access (FDMA) 
instead of CDMA to differentiate the signals emitted by its space segment satellites. All 
satellites transmit the same standard-precision signal on a different frequency from a 15 
channel list around the central frequency of 1602 MHz. Each frequency slot is shared by 
two satellites in the same orbital plane, and half orbit separation between them, so there is 
no overlap in their coverage3. 

  

                                                 
3 A user may receive signal from one satellite of that frequency slot, but never both. If that was the case, there would be 

no way to distinguish between both. 
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2.2. GNSS-Reflectometry 
As the word itself indicates, reflectometry can be defined as a non-invasive technique that 
analyses the properties of a medium by using the reflections of electromagnetic waves in 
its surface. In the case of GNSS Reflectometry (abbreviated GNSS-R), the reflections of 
GNSS signals can be used to extract a wide range of scientific data for various uses.  

The system can be seen as a bi-static (actually a multi-static radar) that operates with 
transmitters of opportunity and where there is an important distance between the 
transmitters (Tx) and the receiver (Rx) (Figure 9). 

 
Figure 9: Geometry of a bi-static radar. 𝜃𝜃𝑇𝑇 is the transmitter’s look angle, and 𝜃𝜃𝑅𝑅 the receiver’s look angle.𝑉𝑉𝑇𝑇 
and 𝑉𝑉𝑅𝑅are the respective velocity vectors, and 𝛿𝛿𝑇𝑇 , 𝛿𝛿𝑅𝑅 the velocity vectors’ angles. 𝛽𝛽 = 𝜃𝜃𝑇𝑇 −  𝜃𝜃𝑅𝑅 is the scattering 
or bi-static angle and is used to perform target calculations. [13] 

 

Bi-static, or in general multi-static, radars have existed for a long time, actually due to 
technology limitations, radars were originally bi-static. Nowadays, most of the developed 
radar technology is based on mono-static radars (same/close Tx and Rx antennas). Still, bi-
static technology has had its moments to shine, such as in some military applications due 
to the impossibility to locate the receivers, and nowadays when using signals of opportunity 
like in GNSS-R. 

Depending on the application, GNSS-R instruments can have different modes: 

• Scatterometer: use of the scattered power amplitude, as originally proposed in 1998 
[14]. 

• Altimeter: use of the time delay between the direct and scattered signals, as proposed 
in 1993 [2]. 

• Synthetic aperture radar (SAR): when a whole Delay Doppler Map (DDM) is created 
to further extract information from it. It can be deconvolved to obtain a radar cross-
section density image or to perform Doppler altimetry, as proposed in 2011 [15]. 

Depending on the application, instruments have different requirements in terms of SNR, 
bandwidth, frequencies... 

From the three enumerated possibilities, SAR mode (the most complex version) is the one 
implemented in this project. Note that it can be used for scatterometry and altimetry as well.  
To measure DDMs a large number of complex correlators for each delay-Doppler bin are 
needed. Scatterometry and altimetry, on the other hand, just need a small number of 
correlators to measure a delay cut along the central Doppler frequency (waveform), or even 
a few delay lags around the waveform peak. 
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2.2.1. Delay Doppler Maps 
According to the mission objective, the main goal of the payload is to create Delay Doppler 
Maps (DDM) from GNSS-R data.  

A Delay Doppler Map is a 2D representation of the correlation level between two 
sequences as a function of relative time delay and frequency offset. It depicts the scattering 
coefficient in the delay-Doppler domain. DDM is the most complete observable that one 
can obtain when performing GNSS-R measurements. 

Since GNSS signals are weak, capturing the scattered signal for later correlation after 
hitting the Earth surface becomes even more difficult. For that reason, bi-static radars 
usually receive the scattered signal coming only from a limited angle around the nominal 
specular direction, the size of which depends on the roughness of the surface where the 
signal bounced. 

Rayleigh fading proposes a statistical model for the effect of a propagation environment on 
a radio signal suitable for tropospheric and ionospheric signal propagation. It assumes that 
the magnitude of a signal that passes through a transmission medium will vary according 
to a Rayleigh distribution [16] (Figure 10, Eqn. 6). 

where R is the random variable and  Ω = 𝐸𝐸(𝑅𝑅2). 

  
Figure 10: Rayleigh probability distribution function (PDF) for 𝛺𝛺 = 0.7. [17] 

Making use of this model, if the surface is flat and smooth the scale of the roughness is a 
lot smaller than a signal wavelength and the so-called Rayleigh parameter is much smaller 
than 1. That results in a specular and spatially coherent reflection. If those conditions are 
met, that signal can be used as a proxy of the direct signal. One assumes that the signal 
preserves coherence in phase. For coherent scattering, the size of the glistening zone 
(area around the specular zone from which the signal comes) is equal to the first Fresnel 
zone4. 

                                                 
4 Fresnel zones describe concentric ellipsoids centered on the direct transmission path of a signal with a certain phase 

shift. The first Fresnel zone contains signal with a phase shift of 0-90º. 

𝑝𝑝𝑅𝑅(𝑟𝑟) =
2𝑟𝑟
Ω
𝑒𝑒−𝑟𝑟

2/Ω, 𝑟𝑟 ≥ 0 (6) 
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On the other hand, if the roughness height becomes larger (comparable or larger than the 
wavelength) scattering becomes diffuse and comes from a much larger area (more than 
the first Fresnel zone). The specular component vanishes and the glistening zone becomes 
much wider, similar to an unfocused SAR. 

Another interesting case are specifically wind-driven sea waves, where the diffuse 
scattered signal is formed by quasi-specular reflections on the waves curved facets. 

Equation 7 describes the bi-static radar equation for the fully diffuse scattering case. It 
relates the ensemble mean of the correlation power as a function of the time delay and the 
frequency offset: 

𝐷𝐷𝐷𝐷𝐷𝐷 ≅ 〈|𝑌𝑌(𝜏𝜏, 𝑓𝑓)|2〉 = 𝜆𝜆2𝑇𝑇𝑖𝑖
2

(4𝜋𝜋)3 𝑃𝑃𝑡𝑡𝐺𝐺𝑡𝑡 ∬
𝐺𝐺𝑟𝑟

𝑅𝑅𝑡𝑡2𝑅𝑅𝑟𝑟2
𝜒𝜒2( 𝜏𝜏, 𝑓𝑓)𝜎𝜎0𝑑𝑑𝑆𝑆, (7) 

where: 

• 𝑇𝑇𝑖𝑖 is the coherent integration time, 
• 𝑃𝑃𝑡𝑡𝐺𝐺𝑡𝑡 represent the transmitters EIRP (Effective Isotropic Radiated Power), 
• 𝐺𝐺𝑟𝑟 is the receiver antenna gain pattern, 
• 𝑅𝑅𝑡𝑡 and 𝑅𝑅𝑟𝑟 are distances between the nominal specular point and the transmitter or 

receiver respectively, 
• 𝜒𝜒2 is the Woodward Ambiguity Function (WAF), as defined in Eqn. 8 

𝜒𝜒(𝜏𝜏, 𝑓𝑓𝐷𝐷) = 𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠 �
𝑓𝑓
𝑇𝑇𝑖𝑖
� · 𝐶𝐶𝐵𝐵𝐴𝐴(𝜏𝜏) (8) 

where ACF is a term that changes depending on the employed PRN type (regular 
PRN, BOC…). The WAF describes the range and Doppler selectivity of the 
coherent radar (impulse response). Finally, 

• 𝜎𝜎0 is the normalized bistatic cross section of the rough surface. 

The function in Eqn. 8 can be approximated by the correlation functions previously 
discussed in 2.1.1.1.1 and 2.1.1.1.2 depending on the modulation used in each case. 

However, that does not cover cases where the fully diffuse condition is not met. To obtain 
a DDM peak around the nominal specular point, the equation needs to be expanded 
multiplying Eqn. 7 by another term that represents a coherent reflection: the absolute value 
squared of the Fresnel reflection coefficient and a model for the loss of the spatial 
coherence due to the presence of weak roughness. 

〈|𝑌𝑌(𝜏𝜏, 𝑓𝑓)|2〉𝑠𝑠𝑝𝑝𝑠𝑠𝑐𝑐 =  |𝑌𝑌0(𝜏𝜏, 𝑓𝑓)|2|ℜ|2𝑒𝑒−8𝜋𝜋
2𝜎𝜎ℎ

2 cos2 𝜃𝜃𝜆𝜆2 (9) 

where 𝑌𝑌0  is the direct signal autocorrelation, ℜ is the Fresnel reflection coefficient and 

𝑒𝑒−8𝜋𝜋
2𝜎𝜎ℎ

2 cos2 𝜃𝜃
𝜆𝜆2 is the spatial coherence loss model. 

In the DDM, the WAF is close to unity within an area formed by the annulus zone and the 
Doppler zone and tends to zero outside that area. Similarly, there are certain surface 
contours for which the scattered signal acquires the same Doppler frequency shift. 
Geometrically, the boundaries of annulus zones are formed by the intersection of the equal 
delay ellipsoid, formed by GNSS signals, with the Earth’s surface. It is similar to a DDM 
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made by a regular unfocused SAR but with a more complex geometry due to bi-static 
geometry and the presence forward bi-static scattering instead of SAR’s backscattering. 

 
Figure 11: Concept of delay-Doppler mapping [1] 

Surface points that contribute most power to a DDM pixel have the largest size, making 
them the most suitable ones for measurements.  

Depending on the case of use, type of surface and its scattering model, there are different 
techniques to process the data and extract various scientific data that will not be discussed 
here as they go beyond the scope of this project. The information that can be extracted 
includes altimetry information, soil moisture and wind speed amongst others. 

2.2.1.1. Signal strength and resolution 
While Eqns. 7 and 9 describe ensemble averages, in real life incoherent integration5 is 
required to compensate for the poor signal-to-noise ratio (SNR) of the reflected signal. That 
noise is reduced with an increase in the number of averaged samples with a factor of 1/√𝑁𝑁 
in the regions of the DDM where noise is uncorrelated. This assumption is mostly true for 
every (τ, fd) point in space-borne conditions. 

As in most navigation receivers, reflectometers correlate during a short coherent amount 
of time, usually around 1 ms, and then perform incoherent averaging so as to reduce noise. 

When it comes to the coherent integration time, it is important to know the correlation time 
of the received signal, since it determines the coherent time chosen. If the coherent time is 
too small, the peak may not appear because the correlator output does not build up its full 
potential. Setting it too high may even reduce the peak’s amplitude due to spatial 
decorrelation effects. Then incoherent averaging is required to reduce the noise in the DDM. 

From a physical point of view, incoherent integration is needed in order to get a clear signal 
peak since the position of the peak varies during time. If the signal is not retracked the 
cross-correlation becomes blurred, an issue that is brought to an extreme case in this 
project since the instrument is to be boarded in a satellite moving at a very high speed (7.5 
km/s). The accentuation of that problem alone would be enough of a reason to apply some 
incoherent averaging. 

Other sources that contribute to the need of incoherent averaging are the presence of 
multiple scatterers over the surface with different phases producing speckle noise 
(multiplicative noise), that has a special prominence in the ocean. 

                                                 
5 Computing the average over a finite number of statistically independent samples of signal. 
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2.2.1.2. Implemented DDM techniques 
DDMs are then computed by performing several cross-correlations of two signals for a 
range of frequency shifts (to estimate and compensate the Doppler Effect between both). 
In GNSS-R, it is the GNSS signal reflected on the Earth’s surface against another signal, 
which can be another real GNSS capture or a locally generated code. 

There are several techniques depending on the choice of signals to correlate, and this 
project covers two of them. If the received reflected signal 𝑆𝑆𝑅𝑅 is correlated with a locally 
generated copy of a C/A code 𝑎𝑎  (Eqn. 10) it is called conventional GNSS-R. If the 
correlation of 𝑆𝑆𝑅𝑅 is with the direct6 (not reflected) version of the signal 𝑆𝑆𝐷𝐷 (Eqn. 11) it is 
interferometric GNSS-R: 

𝑌𝑌𝑐𝑐(𝑡𝑡, 𝜏𝜏, 𝑓𝑓𝑑𝑑) =  � 𝑠𝑠𝑅𝑅(𝑡𝑡′)𝑎𝑎∗(𝑡𝑡′ − 𝜏𝜏)𝑒𝑒−𝑗𝑗2𝜋𝜋(𝐹𝐹𝐶𝐶+𝑓𝑓𝑑𝑑)𝑡𝑡′𝑑𝑑𝑡𝑡′
𝑡𝑡+𝑇𝑇𝑖𝑖

𝑡𝑡
 (10) 

𝑌𝑌𝑖𝑖(𝑡𝑡, 𝜏𝜏, 𝑓𝑓𝑑𝑑) =  � 𝑠𝑠𝑅𝑅(𝑡𝑡′)𝑠𝑠𝐷𝐷 ∗(𝑡𝑡′ − 𝜏𝜏)𝑒𝑒−𝑗𝑗2𝜋𝜋(𝐹𝐹𝐶𝐶+𝑓𝑓𝑑𝑑)𝑡𝑡′𝑑𝑑𝑡𝑡′
𝑡𝑡+𝑇𝑇𝑖𝑖

𝑡𝑡
 (11) 

where 𝑡𝑡 is the initial time of integration, Ti is the coherent integration time, and 𝐴𝐴𝐶𝐶 the carrier 
frequency. 

In the computer, this correlation is calculated in practice by computing the Fourier transform 
of both signals and multiplying a channel with the Doppler estimation compensation by the 
complex conjugate of the remaining one. The result can be reverse-converted to time-
domain again in order to obtain the correlation. The entire capture and processing flow is 
sketched in Figs. 12 and 13 for conventional and interferometric modes respectively. If it is 
repeated for different Doppler frequency shifts, and those iterations are stacked a bi-
dimensional plot is obtained: the DDM. 
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Figure 12: Acquisition and processing flow in conventional mode, where the input signal is correlated with a 
locally generated copy of the PRN. 

                                                 
6 A reconstructed version of the signal can be used as well, in what is known as reconstructed GNSS-R. However, it is not 

covered here since it is not a scientific objective included in this Master Thesis work. 
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Figure 13: Acquisition and processing flow in interferometric mode. In interferometric mode, the PRN sequence 
containing the C/A code is replaced by another signal input coming from the SDR that gets the same capture 
& pre-processing treatment minus the frequency shift. 

However, as the reflected signal is even weaker in amplitude than the direct signal, the 
signal-to-noise ratio is very poor if no incoherent averaging (Eqn. 12) is performed, as 
anticipated in previous sections.  

〈�𝑌𝑌𝑐𝑐,𝑖𝑖(𝜏𝜏, 𝑓𝑓𝑑𝑑)�2〉 ≈
1
𝑁𝑁𝑖𝑖
� �𝑌𝑌𝑐𝑐,𝑖𝑖(𝑡𝑡𝑛𝑛, 𝜏𝜏, 𝑓𝑓𝑑𝑑)�2

𝑁𝑁𝑖𝑖

𝑛𝑛=1
 (12) 

2.2.1.2.1. Conventional versus interferometric GNSS-R 
For scatterometric applications, conventional GNSS-R is considered enough as the peak 
does not depend on the bandwidth of C/A signals. However, interferometric GNSS-R 
shows better correlation peaks (better resolution). That happens since conventional GNSS-
R is limited in bandwidth by the frequency of the PRN codes used (the public ones, with a 
coarser resolution). For altimetry, conventional mode’s bandwidth limitations make it 
unsuitable. Interferometric GNSS-R does not depend on the public availability of codes 
(any signal of opportunity can be used), making it better in terms of bandwidth and 
transmitted power thanks to the properties of the higher resolution encrypted codes (see 
section 2.1.1.1 for more information on pseudo-random sequences and modulations). 

Still, the direct signal has very poor SNR by itself. That means large up-looking antennas 
are needed in interferometric compared to conventional mode, where the use of a replica 
code gives a better (ideally infinite) SNR. Last, but not least, in conventional mode 
transmitters are separable by using the satellite’s specific code, giving a degree of flexibility 
not possible in interferometric mode. 

2.2.2. Preceding instruments 
There are multiple antecedents of GNSS-R instruments developed partially or totally by 
UPC that set the path to the system described in Chapter 3. The griPAU instrument was 
developed by UPC as a precursor of the PAU instrument, a secondary payload of the 
planned INTA Microsat-1. It lies within a 2 U 19’’ rack unit. griPAU had two receiving chains 
connected to a RHCP up-looking antenna and a LHCP down-looking antenna. Using a 
Virtex-4 FPGA it computed in hardware and in real time the complete DDM as a sequence 
of waveforms, with a size of 32x24 delay-doppler bins. The frequency steps and 
coherent/incoherent integration times were adjustable, with default Ti = 1 ms and Ni = 1000. 
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It also compensated automatically and dynamically the Doppler frequency shift and the 
delay.  

The PAU is a hybrid total power radiometer and GNSS-R receiver that features two cold 
redundant receivers and is based on a similar Virtex-4 FPGA setup to the one of griPAU, 
with the capability to reconfigure the FPGA in-orbit. The board dimensions are single unit 
Eurocard (100 mm x 160 mm). The DDMs have a size of 4096x16 (time, Doppler axis 
respectively). The DDMs can be computed in near real time (1 second acquisition, 1 second 
data processing). 

 

 
Figure 14: Pictures of the griPAU (top), and PAU (bottom) instruments 
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3. Payload development 

The GNSS-R instrument is contained within a small box with a size roughly equivalent to 
the interior of three CubeSat units, forming an L shape. That box integrates all the 
necessary hardware including the antenna to capture direct signals but not the antenna 
array to capture the reflected GNSS signals, which is a separate panel covering one of the 
wide sides of the CubeSat (recall Figure 1). 

The box includes: 

• One embedded computer or payload computer with software to manage the whole 
instrument: scientific tasks, power management and communication/data 
transmission with the satellite’s on-board computer. It is also the computing platform 
of the payload. 

• Dual radio receiver board: to capture signals for reflectometry, specifically a 
software defined radio (SDR) as shown later. 

• Electrical power supply (EPS) board: supplies power to all the payload components 
with their required voltage, current… Components of the payload that are not used 
all the time can be selectively powered on and off by the payload computer through 
an I2C interface. 

• RF switching matrix: used to select different combinations/polarizations of incoming 
up/down signals to be used for either conventional or interferometric reflectometry, 
depending on the plans of the scientific team. 

 

 
Figure 15: 3CAT-2 GNSS-R payload 
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In the software front, the payload computer includes a software called the orchestrator 
which handles the top level decision making and communication with the satellite. 
Essentially, the orchestrator receives instructions to execute a “scientific mode”. Each 
mode has settings for the configuration of the switching matrix and various instructions for 
the DDM computation with different configurations specified by the scientific team. Also, 
the tasks are programmed at specific times to hit specific target regions on the surface of 
the Earth. During regular usage, the orchestrator powers on the receiver, configures the 
switching matrix, executes the scientific software with the selected mode’s settings at the 
specified time, transfers the results to the on-board computer, and goes back to low power 
mode until a new execution needs to take place. 

In this chapter, the implementation of the GNSS-R instrument’s scientific software is 
described. Since the antenna design, the integration inside the CubeSat, and the 
orchestrator software itself are not part of this Master Thesis it focuses only on the scientific 
software front and hardware decisions directly tied to it. 

3.1. Mission requirements 
In order to define the scope of the implemented reflectometry software, several 
requirements had to be taken into account during the different phases of this project. 

3.1.1. Hardware requirements and constraints 
From a hardware point of view, the main blocks required are those related to enabling the 
reflectometer itself: a dual receiver able to tune an arbitrary central frequency within the L 
band (1-2 GHz), and stream two synchronous recordings from both channels to the 
computer. In addition, the sample rate under those conditions should to be high enough to 
contain the chosen GNSS signal’s entire bandwidth. 

However, the CubeSat restrictions also determine the instrument’s viability: the power 
budget must be conservative since the available power is very limited. More power and/or 
computing time means less executions of scientific tasks and, ultimately, a decreased 
scientific output. If that was brought to an extreme (e.g. more power for an atomic task than 
the combined energy from the satellite batteries and solar panels) the instrument would 
become unviable. There is certain flexibility but, as a rule of thumb, a whole (big) CubeSat 
should always stay on single digit Watts when performing power intensive tasks. The core 
3CAT-2 without payloads can use between 1-7.5 W (7.5 W being approximate consumption 
during data transmission). 

Physical space is also a concern, since the whole satellite dimensions are 20x30x10 cm3 
and about half of it is already occupied by satellite subsystems7. Choosing parts with a 
limited physical footprint is an important part of the process. 

3.1.2. Scientific software functionality 
3CAT-2’s payload serves as a demonstrator of novel techniques in a context where their 
performance is relatively unknown. In this context, setting accurate scientific requirements 
is hard, since the objective itself is, at the end, a characterization one. Also, there are no 
other instruments in the same context that can be used as a direct benchmark of what one 
can or should aim to achieve under those conditions. 

                                                 
7 Core on-board computer (OBC), electrical power subsystem (EPS), harness, communications... 
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Therefore, the scientific requirements specifically are closer to a wish list than a 
requirement list: typical figures of merit (SNR, power…) do not have a hard minimum 
required performance value to meet. See Chapter 5 for characterization results of the 
instrument. The implementation is validated against the original Matlab prototype 
implementation. 

The instrument must be able to perform interferometric and conventional GNSS-R, with the 
possibility to repeat the DDM computation multiple times with different configurations using 
the same input data. The resolution and maximum, minimum limits in both time and 
frequency axis should be configurable, as well as the coherent and incoherent integration 
times. Also, the output size must be reduced as much as possible by means of compression 
and/or smartly discarding low-value information: the satellite e-link is expected to be 
operational during 10 minute periods max at under 100 kB/s bandwidth (optimistically), and 
that bandwidth is shared with bandwidth-hungry information that use most of it. 

For conventional mode there must be compatibility at least with GPS C/A signal and the 
possibility to calculate the DDM of both input channels (direct and reflected signals). 
Interferometric mode does not have those requirements as it cross-correlates both inputs 
directly (no PRN codes involved). 

Other secondary requirements are the possibility to compute DDMs consecutive in time, 
the addition of other constellations and signal types for conventional reflectometry and 
central frequency, as well as any extra optimizations to improve computing time. 

3.1.3. Deadlines 
As first shown in the Gantt diagram in chapter 1 (Figure 2), a basic demonstration 
reflectometry payload had to be functional during July 2014, in time for the Bexus 19 
stratospheric balloon experiments that took place the following October (although testing 
and debugging continued between those dates). The final version, with improved 
performance and expanded functionality, had to be ready in time for integration within 
3CAT-2 before August 2015. As seen later, those time constraints and the available 
development time played a big role in some project decisions so the planned 
milestones/deadlines could be met. 

3.2. Hardware platform 
At very high level, the components that directly interact with the open-loop acquisition and 
processing software are: 

• Payload computer: manager of the whole experiment and responsible for the DDM 
computing. It also configures a SDR and streams data from both inputs, as well as 
controls the switching matrix. 

• Software Defined Radio (SDR): it captures data from the antenna arrays to be be 
used for reflectometry. 

3.2.1. Payload computer 
The execution of the software is very demanding in terms of computational power because 
of the DDM processing and the real-time sampling requirements. 

During development there were various computer platforms under consideration. At the 
time of starting, the Portux G20 [18] was given as a previously fixed specification because 
of previous experience developing for it in 3CAT-1 (where it is the central computer of that 
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satellite), as well as its very low power consumption (170 mA at 5 V). Plus, it can run a 
complete Linux environment, which is necessary to interface the chosen SDR (see 3.2.2 
and 3.3.1.2). However, blocking limitations arose shortly after: slow USB connection (USB 
2.0 Full Speed8), and limited RAM were the main problems behind the platform change, 
but in general the processor under use and its platform are slow for the processing needs 
as well. 

There are plenty of compact, embedded ARM platforms with more or less reduced power 
consumption: one can find solutions based on the same processor with added High speed 
USB support [19] or alternatives with more powerful hardware, and the required 
connectivity at the expense of higher power consumption [20]. USB 3.0 to match the SDR 
capabilities was not feasible at the time since the standard was just being adopted by 
personal computers and some higher power embedded boards. It still needed some 
maturity to reach the massive segment of the low power embedded market. 

Finally, the selected unit is the Gumstix Overo Ironstorm module [20] with a Tobi [21] 
expansion board for various reasons: 

• Gumstix Overo computers have CubeSat flight heritage. [22] 
• Their power usage is very low (under 2 Watts total, see chapter 5) and the Ironstorm 

has a very small volume footprint. Those are crucial factors to help the final device 
fit into the 6 unit CubeSat and keep the power budget under control, all without the 
need to design custom boards for the computer itself. 

• Their Linux compatibility is needed to use the software defined radio drivers. 
• The DM3730 [23] system on chip (SoC) provides a high speed ARM core with a 

floating point unit, and a big pool of RAM needed to take advantage of the SDR 
during streaming and minimize the post-processing time. The Tobi expansion board 
exposes the high speed USB 2.0 connection needed to connect the SDR to it. Table 
3 summarizes the technical specifications of the Overo plus Tobi configuration most 
relevant to the payload. 

Table 3: Specification summary of Overo Ironstorm + Tobi expansion board 

Feature Info 

CPU ARM Cortex A8 up to 1 GHz 

DSP Coprocessor TMS320C64x+ up to 800 MHz 

RAM LPDDR 512 MB 

External storage Micro SD HC slot 

2x High speed USB Mini AB (High speed OTG compatible) + Standard A 
connectors 

 

                                                 
8 Limited to 12 Mb/s. Not to be mixed with USB 2.0 High speed, the fastest version of the stasndard reaching 480 Mb/s, 

which is enough to operate the SDR. 
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3.2.2. Software defined radio (SDR) 
In order to capture the raw signals for processing in circumstances where the requirements 
are not very static, a flexible RF front-end is necessary with adjustable central frequency, 
sampling rate, gain and resolution. 

Software Defined Radios provide this kind of flexibility as they offer a general purpose RF 
interface that can be programmed to tweak all of the mentioned parameters. The sampling 
process is handled automatically and the processing work is off-loaded to the computer. 

A considerable amount of options have flourished in the SDR market lately, with cost 
effective alternatives suitable for both professional and amateur users. Table 4 shows a 
comparison between some popular SDR models.  

Table 4: comparison between selected popular software defined radio boards [24] 

 
All of them are suitable from a spectral point of view to capture L band signals. Sample size 
is not a concern either since the resolution of amplitude information is not an important 
factor as long as frequency information can be decoded correctly. 

Bandwidth and sample rate ideally should be as high as possible to have the possibility to 
capture the signals with a wider spectrum. However, since the Gumstix CPU, and its USB 
2.0 interface [21] are a bottleneck for highest rates (see 3.2.1 and 3.3.1.2), those 
parameters become secondary when choosing 3CAT-2’s SDR. 

While full-duplex capabilities are not necessary (the payload only needs reception mode), 
the USRP B210 MIMO capabilities make it very interesting for its dual receiver mode, so 
all capture hardware is concentrated in a single board. Even though it is technically possible 
to use separate receivers for direct and reflected signals, that imposes added programming 
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difficulty, capture synchronization challenges and integration hurdles such as a likely 
increased power consumption or a bigger instrument harder to fit inside the satellite. Also, 
the product comes in a board-only fashion (without case), which can be a worry for people 
intending to use it as-is but in 3CAT-2 is a plus as it has to be integrated as part of a custom 
package anyway. 

For those reasons, the chosen model is the USRP B210 by Ettus Research [25]. Some 
details to note in the 3CAT-2 environment: 

• Always used in dual receiver mode (two simultaneous receiver channels) to make 
the setups shown in 2.2.1.2 possible. 

• Although its ADC is limited to 12 bits, streaming is done in 16 bit precision by default, 
and it has an option to stream at a lower 8 bit resolution. 

• Limited to USB 2.0 mode, meaning it can stream up to 8 MSps from both channels 
combined in 16 bit sample size mode, or 16 MSps in 8 bit mode. 

3.3. Software 
The DDM software is able to stream the input samples from the SDR, generate the DDMs 
and compress them so a payload orchestrator9  running on the same Gumstix computer 
can manage them later. It also accepts input parameters from the orchestrator to tweak the 
acquisition and creation of the DDM data, as summarized in Table 5. 

Table 5: Main DDM parameters adjustable by the user/orchestrator 

Parameter Default value 

Sampling frequency 5 Msps 

Master clock frequency 10 MHz 

Doppler resolution 500 Hz/pixel 

Doppler range in image +- 5000 Hz 

Coherent integration time 1 ms 

Incoherent integration time 50 coherent periods 

 

All the software is designed to run on a Yocto Project 1.6.2 [26] Linux OS with Python 2.7 
[27], the Numpy 1.7 [28] and FFTW 3 [29] libraries and the USRP Hardware Driver (UHD) 
3.7 [30]. The Yocto project allows to build custom Linux images directly from source and is 
specifically targeted to embedded systems. The USRP Hardware Driver is the driver 
needed to use the SDR through USB. FFTW 3 is used to compute FFT as part of the DDM 
computing. Numpy is a library for the Python language that eases mathematical operations 
with arrays. 

The main reason behind using Python and Numpy is flexibility and quick development time, 
which poses some advantages and disadvantages mainly attached to its nature as an 
interpreted language: 

                                                 
9 Scheduler of the scientific tasks. Program that controls the experiment, including the execution of the scientific software described 

here. 
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• Interpreted programming languages are slower than native software built from 
languages like C, C++ and consume more RAM. If abused or misused, execution 
time can easily increase by an order of magnitude. 

• However, interpreted code is easier to adapt/run in different operating systems 
and/or CPU architectures as long as they support the mentioned language and the 
desired libraries, thanks to the abstraction provided by the Python interpreter in this 
case. They are usually easier to use and debug as a result of that abstraction too. 

• A wide selection of highly optimized scientific and mathematical libraries is available. 
Those libraries extend Python to simplify the implementation of scientific and 
mathematical operations 10  and are usually made in native code for better 
performance. With a correct use, the execution time of the resulting software can 
get close to correctly optimized native code. 

• Python can be extended with custom native extensions (written in C, C++) to speed 
up bottlenecks if the developer feels that the available tools are not enough. Actually, 
Python is usually regarded as an excellent glue language: many developers write 
the key components of their software in C, and leave Python for the top level 
programming (gluing the parts), which calls native functions to perform atomic tasks 
that are time sensitive. 

External libraries aside, therefore, the result is a mix of Python and C++ code. The 
processing (DDM) portion of the software takes inspiration from the reference Matlab 
implementation developed internally in RSLab while the SDR capture has been developed 
following the documentation and examples from UHD developers. 

In order to cut development time and ensure a functional software by the Bexus 19 
experiment, the initial approach was writing a barebones DDM software including just the 
minimum functionality: conventional reflectometry using C/A signals and interferometric 
with basic configuration options. As much code as possible was Python to avoid 
development trouble specific to non-interpreted languages (cross-compiling, debugging of 
lower level code, pointers…), leaving C++ code just for tasks were it was the only possibility 
(specifically the SDR capture, see 3.3.1.2). In the second phase leading to 3CAT-2 the 
focus switched to optimization and expanded functionality (more constellations, processing 
and compression options). 

3.3.1. Software components 
The high level interaction of the software components is sketched in Figure 16.The scheme 
applies to any of the possible operation modes, interferometric or conventional. 

Pictor

codegen

pngmod

Scriba
Executable

Library
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auxilium FAPEC 
compressor

Call

Native

Python

 

Figure 16: DDM software components 

                                                 
10  Simplified handling of matrices, complex numbers. Also various operators including summation, subtraction, 

multiplication and division compatible with those new types, amongst other additions. 
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3.3.1.1. Pictor: DDM generator 
Pictor is the main program of the DDM scientific payload. All the scientific tasks can be 
performed through it using adequate arguments and it has a command line interface. See 
the appendix for a detailed description of all the options. 

It is implemented in Python and originally contained the DDM generation functionality not 
covered by Numpy. With time, as part of the 3CAT-2 work, DDM operations have been 
implemented in native code and Pictor has transitioned to a gluing role, where mostly it 
does: 

• Parsing of input arguments, implemented with Python’s argparse library. 
• Basic pre-processing of the input arguments and creation/management of file paths 

based on those input arguments. 
• Call of other Python-based libraries and external native programs performing 

different parts of the payload work. 
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Figure 17: Pictor flowgraph 

With those clarifications in mind, the execution flow of Pictor is shown in Figure 17. Green 
boxes represent steps implemented in native code. Yellow blocks are implemented in 
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Python libraries that will be detailed later. Brown blocks are Pictor functions detailed in 
Figure 18. In Figure 17, at the beginning the program will read the input arguments 
specifying the types of DDM to compute and whether it has to capture new raw files or load 
existing ones. If new captures are needed, Scriba is called (see 3.3.1.2) to capture new 
GNSS data. Finally, the captured or existing binary files are correlated as many times as 
desired in different modes following the same sequence inspired in figures 12 and 13. The 
flow graphs of each mode’s software implementation (DDM_conventional() and 
DDM_interferometric() functions) are presented in Figure 18. 
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Figure 18: flow graphs of DDM_conventiona()l and DDM_interferometric() processing functions 

Those similar flows can be summarized as: 

1. Only in conventional mode: creation of a PRN code sequence sampled at the same 
frequency as the input signal using the codegen library. 

2. Selection of the sample sets to be correlated and start offset. In conventional mode 
it is the PRN and each channel (two DDMs). In interferometric both channels are 
correlated between them (one DDM). 

3. Correlation, accumulation and normalization of the input samples. It generates 
different correlations for different Doppler shifts with the specified frequency 
resolution, following the processing chain described in figures 12 and 13. Those 
are stacked to form the rows of the output “picture”. At this point, the DDM itself 
can be considered as finished, and will resemble Figure 19. This step was first 
implemented in Python using Numpy for Bexus 19, but now is redone in C++. See 
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3.3.1.5 for details on the reimplementation. 
4. In the resulting 2D array, the peak position/pixel is detected. A sub-picture around 

it is preserved, along with the coordinates of that region in the original image. See 
Figure 19, where the process is illustrated. Depending on the aggressiveness of 
the cut, file size can be reduced by a factor of 100.  

5. The cut version is compressed without losses and saved using the pngmod library 
or FAPEC. 

 
Figure 19: Example of an averaged DDM. A region akin to the part highlighted in red is preserved, along with 
its coordinates within the entire DDM. The rest can be discarded safely. 

 

3.3.1.2. Scriba: SDR capture 
The acquisition program is called Scriba and uses UHD (USRP Hardware Driver) [30], the 
open source driver for the USRP devices. UHD is a C++ library/user space driver that can 
be used in custom source code to interface the SDR. Scriba also uses the Boost C++ 
libraries to implement argument parsing and other minor details. For more details on the 
program interface, take a look at the appendix. 
The execution of the acquisition software comprises the following steps: 

1. A configuration phase where the streaming setup is done, including the constant 
settings presented in table III, as well as the sampling frequency and master clock 
frequency11. In Figure 20, the entire Scriba execution is presented, including a more 
detailed view on the configured parameters and the order in which they are set. 
The bitrate is set to 8 bits per phase/quadrature value instead of standard 16 as the 
extra precision is not necessary to extract the frequency information of the signal. 
That allows higher sampling frequencies and better usage of the available USB 
bandwidth. 
Internal testing has shown that 5 Ms/s is the highest sampling rate at which the 
payload computer can stream reliably. At least, the sampling rate should match the 
Nyquist rate of the chosen constellation, and band, but higher rates may help 
improving the measurements under certain circumstances. 

2. Creation of the streaming channels themselves using the configuration and a buffer 
array per channel that will be emptied as it gets filled by UHD with samples from the 
SDR. 

3. When the streaming is triggered, the buffers’ complex samples are stored within an 
array in RAM. 

4. When the streaming is terminated after the specified time, the samples in RAM are 
written to two binary files: one per channel. Those files data will be used to compute 
the DDMs and can be used as many times as desired, saved for later use or 
immediately discarded after DDM computing, which might be desirable to save 
storage space. 

5. The channels/communications are closed and the program finishes. 

                                                 
11 Real frequency of operation of the software defined radio. If a lower sampling frequency is specified, it is resampled to 

match the requested rate. 
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Figure 20: Scriba flowgraph 

All samples are always stored to RAM first because writing to the SD card is slower than 
the rate at which the samples are transferred through the USB interface12. As RAM is much 
faster it makes sense to use it so the sampling rate can be raised without encountering 
buffer overflows. DM3730’s LPDDR RAM can reach 200 MT/s, which is enough to handle 
the incoming (8+8) bit 16 MS/s. 

It is also very important to have very high, if not complete, ARM CPU availability when 
streaming because of the amount of data being transferred. Otherwise, the computer may 
not be able to clear the buffer before it fills like when the destination write speed is too low. 
Background processes have to be kept at a minimum, no active processes must be present 
and the CPU must be always clocked at 1 GHz to have consistent success. This last 

                                                 
12 The maximum speed of a high-end UHS-II bus is 300 MB/s, but minimum guaranteed speeds for a UHS Speed Class 

3 SD card falls to 30 MB/s. 
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requirement can be enforced using the cpufreq component of the Linux kernel to set the 
performance CPU profile: 
$echo performance > /sys/devices/system/cpu/cpu0/cpufreq/scaling_governor 
 

Scriba is interfaced by Pictor using the os Python library. Its checkcall() function allows the 
Python script to run a shell command (in this case, run Scriba) and catch if the execution 
has ended abnormally, which is useful for error handling. 

3.3.1.3. Codegen library: PRN codes 
The codegen block is a python library that computes vectors containing PRN code 
sequences and is used for conventional mode processing. It can reproduce open codes for 
the various registry or table based constellations mentioned in section 2.1.1. Codes of the 
requested time length are recreated at their native chip rates following the corresponding 
ICD guidelines (function getCode()); next they are resampled to match the incoming signal 
sampling frequency (function digitizg()). There are different getCode implementations, one 
for each constellation and band. 
Planned support includes: 

- GPS L1CA and L5I/Q 
- Beidou B1I 
- Galileo E1B/C, E5AI/Q, E5BI/Q 

When required, the corresponding BOC modulation is applied after resampling the signal 
to make the recreated signal ready for correlation. 

3.3.1.4. PNGmod library 
The png format is suitable for the mission objectives since it provides lossless compression 
and can store single channel 16 bit grayscale pictures, the minimum pixel depth for storage 
of DDM data with enough resolution. Its compression rate is highly dependent on noise 
however, as the results in section 4.2.2 show. 
Pngmod is the library that generates the png output files. It is based on pypng [31], a third 
party Python library with minor code changes to include DDM metadata using png 
specification’s iTxt field [32]. Pypng is one of the few Python libraries that support saving 
in 16 bit grayscale png format, that being the main reason for its use in the project. The 
Pictor function png_save() prepares saves the DDM making use of pypng/pngmod calls: 

• The png.Writer() constructor function sets the properties of the png image. 
• The png.write() function available in the created object saves an array passed as 

an argument to a given file descriptor. 

3.3.1.4.1. iTxt metadata 
The iTXt field is used to save several parameters computed during Pictor run time that can 
be useful when performing post-processing on each DDM. The included figures are either 
impossible or inconvenient to deduce from the barebones picture. 

They are saved as UTF8 text and are preceded by a tag and a = sign to make the 
information easier to the eye while potentially enabling automated parsing. They are always 
sorted in the same way, and the list of parameters is the same for both conventional and 
interferometric DDMs. The separation between fields is done with spaces. 

The list of tags/fields is: 
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• samp_freq: containing the sampling frequency assumed during processing. 
• Dopper_resolution: the Doppler step between pixels in the vertical axis. 
• Doppler_max_min: Doppler sweep. 
• Coherent_mseconds: coherent integration time in milliseconds. 
• Numavg: Number of averaged DDMs (incoherent integration) 
• T0: offset from beginning of the used input binary files. 
• Im_max: Absolute pixel maximum of the original not normalised DDM. 
• Im_min: Absolute pixel minimum of the original not normalised DDM. 
• T_min: position of the leftmost preserved pixel column.  
• T_max: position of the rightmost preserved pixel column. 
• d_min: position of the bottom preserved pixel row. 
• d_max: position of the top preserved pixel row. 
• \end: signals the end of metadata. 

 
Figure 21: Hexadecimal view of the start of a PNG DDM. The highlighted area shows the UTF8 metadata stored 
in the iTXt field. 

3.3.1.5. Auxilium: DDM library 
Auxilium is a custom “assistant” Python library developed for 3CAT-2’s version of Pictor. It 
includes C/C++ replacements for key parts of the DDM processing algorithm originally 
implemented in Python/numpy within the conventional and interferometric functions. 

There were various alternatives considered during development to push performance 
beyond what Python and numpy can offer. Various libraries have been considered and/or 
tested: 

• DSP co-processor libraries: the DM3730 [23] system on chip includes a Texas 
Instruments fixed point DSP coprocessor to accelerate repetitive and intensive 
operations like Fourier Transforms. DSPLink [33] is a driver that allows control of 
the coprocessor from the Linux system on the main processor, so certain tasks can 
be delegated to it. When writing the algorithm code, there are various optimized 
mathematical libraries to handle complex operations efficiently like DSPLIB [34] or 
IQMath [35], amongst others. 

• OpenCV (Open Source Computer Vision Library) [36]: an open source computer 
vision and Machine learning software library, with interfaces available for different 
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architectures (CPU, GPU, specialized coprocessors...) and operating Systems 
(Linux, Windows, Mac, Android). Features relevant to this project include methods 
to do advanced math operations with n-dimensional arrays/matrices (sum, 
multiplication, FFT…). 

• FFTW 3 (Fastest Fourier Transform in the West) [29]: a C subroutine library to 
compute the discrete Fourier Transform. It outperforms both OpenCV and Numpy, 
making it attractive for FFT computing. 

However, those libraries cannot be used as is in a Python program. To interface them the 
alternatives under scrutiny were:  

• Using existing premade Python modules that interface with optimized libraries like 
OpenCV (cv2) or FFTW (pyfftw). 

• Interfacing those libraries or others with custom Python modules, which can be 
faster than using general purpose interfaces for those components or the only way 
to do so. Some tools that can assist on it are Cython or Boost.Python. 

• Writing an external program that performs the desired operations using whatever 
libraries that are necessary (similarly to Scriba integration). 

With those considerations in mind, demonstrations of various combinations were attempted 
to see the achieved performance: 

a) A barebones DDM computation was implemented in C for the DSP coprocessor as 
a standalone program in a way that could be easily invoked from Pictor. However, 
with this low level alternative the achieved results relative to the effort were 
underwhelming, with low performance compared to other alternatives (including 
Numpy). Mostly, it was due to buffer/RAM management, which was harder and 
more time consuming than expected, and debugging difficulties in general. As a 
result, the DSP coprocessor approach was abandoned. 

b) OpenCV Python API (cv2). While some progress was made in that front with little 
time, an unreported ugly bug in the API showed up. To the day of writing this report, 
it is still pending official acknowledgement in the bug tracker by the developers13. 
Since the situation did not inspire a lot of confidence in the tool, and the few tests 
made until that point did not show meaningful performance improvements, OpenCV 
was discarded as well. 

c) A version of Pictor replacing Numpy’s fft functions with pyfftw [37] (FFTW 3) was 
written. The performance improvements were fairly important in this case, as FFTW 
is known to be faster than the fft algorithm implemented in Numpy [38]. Also, it was 
an easy change since pyfftw provides drop-in replacements for numpy fft functions. 
However, there was still some room for improvement, as the overhead of pyfftw is 
still important compared to a custom approach since it has to fit generic usage 
cases. Also, FFTW alone does not cover all the intensive parts of the DDM 
computation. 

d) Finally, a more direct interface with FFTW was attempted by writing a custom 
Python assistance library in C++, with some help of the Boost.Python library. Not 
only FFT methods, but other parts of the DDM algorithm were rewritten. With that 
partial rewrite, performance improvements are visible already compared to pyfftw. 

While c) did provide a good fallback in case d) was not finished on time for integration, the 
latter arrived to the final version of the software as the Auxilium library. Therefore, the final 
                                                 

13 http://code.opencv.org/issues/4364 
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software will benefit from the extra performance that the d) approach brings compared to 
c). 

Auxilium takes advantage of the Boost.Python [39] library to make the custom native 
methods that can be called from Python. Boost.Python libraries are compiled like regular 
C++ libraries with a C++ compiler like g++. The Boost.Numpy [40] library has been used to 
have C++ support for Numpy ndarray objects and fftw++ [41] provides an easy C++ 
interface for FFTW 3. Fftw++ has been slightly modified to make it able to operate using 
float precision instead of double precision math, to make operations faster since the extra 
precision is not needed. Other functionality such as the support for complex variables and 
array management/operations is covered by common/standard C/C++ libraries. 

The re-implemented operations, used specifically to do parts of Figure 18’s flow include: 

• FFT (auxilium.fft()): regular Fast Fourier Transform of a sequence. 
• Multiple FFT (auxilium.mfft()): computes the FFT of the rows of a given 2D array. 
• FFT setup (auxilium.fft_setup()): does some required preparation tasks needed one 

time per execution to perform calls to fft() successfully. 
• MFFT setup (auxilium.mfft_setup()): does some required preparation tasks needed 

one time per execution to perform calls to mfft() successfully. 
• Complex frequency shift (auxilium.expgen()): generates a 2D array with different 

frequency complex exponentials. Each row, multiplied by a sequence in a sample 
by sample basis, shifts that other sequence by a different frequency amount 
(needed to reproduce the Doppler axis, see step 3 in 3.3.1.1). 

• 1D by rows of 2D multiplication (auxilium.1dx2d()): used to apply the frequency 
shifts in expgen() to the sequence to correlate. 

• Correlation (auxilium.mcorr()): performs the correlation operations using fft and mfft 
functions. 

• DDM normalization (auxilium.norm()): normalizes a DDM matrix to a 16 bit integer 
scale and returns the normalized matrix and the values corresponding to the top 
and bottom of the scale. 

Ideally, in the future, a single call should encapsulate all the DDM computation so Pictor 
only has to call a single function that encapsulates the entire native DDM computation, 
which is planned for next updates. 

3.3.1.6. FAPEC (Fully Adaptive Prediction Error Coder) compression integration 
The FAPEC compressor, by courtesy of DAPCOM Data Services, is an alternative 
compression software designed for space applications that claims better performance than 
the standard currently used in space communications (CCSDS 121.0) and better handling 
of outliers or noise in the data. For instance, compared to the popular GZIP compression 
(which is used extensively in Linux systems and has a nice compression/performance ratio), 
FAPEC produces 3.5 compression ratio compared to GZIP’s 2.5 and compresses three 
time faster on average. [42] In the case of DDMs, it can produce files around 20% smaller 
than the equivalent PNG when applied to DDMs in lossless mode. Check section 4.2.2 for 
a detailed breakdown on compression performance. 

The algorithm is included in 3CAT-2’s version of the payload software as an external binary 
that is called from Pictor to compress the raw DDM. Also, the project’s version is specifically 
optimized for 16 bit files. Interfacing is similar to Scriba’s, with a subprocess.checkcall() 
function call containing the console command to process a previously saved 
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uncompressed binary DDM. FAPEC format is implemented inside Pictor as the 
save_fapec() function. 

 The many options provided by the compressor and decompressor programs include: 

• Toggle between little and big Endian files. Depending on the file type and/or 
computer architecture, bytes in a file may be written with different bit ordering: from 
most to least significant or from least to most significant. FAPEC assumes little 
endian since it is the most common case. Setting a wrong endianness decreases 
the performance of the algorithm and usually produces compression ratios smaller 
than 1 (compressed file bigger than the input file). 

• Precompression algorithm filter order. By default, FAPEC uses a first order filter to 
compress files. However, it is possible to force first to fourth order filters. The higher 
the order is, the smaller a file should be at the expense of increased compression 
time. 

• Lossy. The 3CAT-2 version incorporates an option for compression with losses by 
discarding the amount of least significant bits that the user specifies, which further 
decreases the output file size (up to 4 compression ratio for DDM matrices in lossy 
mode, as shown in 4.2.2). 

Header. The user can tell the program to save some bytes at the beginning of the file 
without compression. This is used to make a custom header with the metadata that can be 
read without the need of performing decompression and to save it from being corrupted by 
the lossy mode, which would treat that information like DDM data bytes.The same 
metadata as in PNG mode (3.3.1.4.1) is stored uncompressed in the first 32 bit binary 
words of the Fapec output. Two extra words are added at the beginning of the file: the 
number of 32 bit values stored in the header (including itself) and the Pictor version that 
generated the compressed file. 

Nº parameters 
N (32 bits) 

Version 

(32 bits) 

Parameter 1 

(32 bits) 

… Parameter N-1 

(32 bits) 

Parameter N 

(32 bits) 

Compressed 
data (rest of 
file) 

 

It is important to note that the decompressor has to be invoked with the same parameters 
as the compressor to produce a meaningful uncompressed output. Therefore, it has to 
know beforehand how the file has been compressed. The version word at the beginning 
of the header is meant to reassure that. If newer versions introduce variations to that 
structure, the raised version can be associated to a potential improved header structure.  
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4. Results 

With a working DDM software ready for integration, it is time to characterize the instrument 
and obtain relevant performance metric out of it. First, the scientific results with real DDMs 
and their characteristics are analysed. In the second part, the performance of the software 
in terms of power and execution time are detailed. 

4.1. DDM characterization 
To characterize the DDMs, a SMU-200A arbitrary signal generator was used to generate 
artificial GPS signals. From those sample captures, conventional and interferometric DDMs 
were computed to extract the results presented in the next paragraphs. 

The Doppler axis maintains the same settings across all the tests in terms of dynamic range 
and resolution: from +4500 to -5000 Hz around the chosen central frequency in 500 Hz 
steps. The time axis depends on the coherent integration time set for each test, but the 
sampling frequency is always set as 5 MSps. 

4.1.1. DDM peak shape 
The main purpose of a DDM observable is obtaining peaks to be used for further analysis 
with the best possible power and SNR. Because of the differing properties of conventional 
and interferometric DDMs, different examples for DDM type are evaluated. 

The SMU device can simulate accurately any C/A code. Therefore, performance for any 
C/A code can be easily assessed for conventional mode. That is not the case for other 
codes or constellations, since they are not disclosed publicly or the SMU under use simply 
lacks the functionality to reproduce the signals. However, it can generate signals 
resembling the spectrum of a P code, which can be useful to evaluate performance in 
interferometric mode in a more realistic way than just using C/A code simulation. 
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4.1.1.1. Conventional 
The conventional DDMs below are samples for PRN 5, taken with tcoh=0,819 ms and 
Tincoh=50 averages. Its coherent integration time coupled with a 5 MSps frequency in the 
time axis and the -5000 to +4500 Hz in 500 Hz steps in the other axis gives an output image 
of 4098x20 pixels (before choosing to preserve only the region of the peak). 

 

 

 
Figure 22: 1D C/A-only conventional DDM with Pin=-95 dBm. Top picture shows a zoomed part the DDM as is. 
The one in the middle is a 1D slice of the full DDM. Bottom picture shows a zoom of the peak. 
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Figure 23: 1D C/A-only conventional DDM with Pin=-80 dBm. Top picture shows a zoomed part the DDM as is. 
The one in the middle is a 1D slice of the full DDM. Bottom picture shows a zoom of the peak. 

Note that the horizontal axis is in samples, with a 5Msps sampling frequency. In 
conventional C/A DDMs, the peak has a width around 10 samples in both examples 
(relatively wide because of the PRN chip rate), and also a clear triangular shape like it was 
anticipated in chapter 2. Higher power affects the peak height but not so much its width. 

While it cannot be replicated in a controlled environment and thus it will not be analysed in 
depth, similar results have been obtained for Beidou codes when capturing real signal (with 
slightly narrower peaks due to the higher chip rate of B1I signals). 

 
Figure 24: Example fragment of real Beidou B1I DDM data, with tcoh=1 ms and Nincoh=50 
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4.1.1.2. Interferometric 
The evaluated inteferometric DDMs are samples for PRN 5 (C/A code) and use the SMU 
pseudo-P generator for P code, taken with Pin=-95 dBm, tcoh=1,638 ms and Nincoh=50 
averages. The higher coherent time causes the size of the DDM to double in the time axis 
(8192x20 pixels). 

 

 

 
Figure 25: 1D slice of a C/A-only interferometric DDM. Top picture shows a zoomed part the DDM as is. The 
one in the middle is a 1D slice of the full DDM. Bottom picture shows a zoom of the peak after joining both 
extremes of the DDM. 
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In this case, as will happen for all the interferometric DDMs seen here, the peak is divided 
in two parts situated at the extremes of the DDM, so it has to be reconstructed joining both 
sides to see it complete. In Figure 24 it is visible how the peak width and shape are similar 
to the conventional DDM of Figure 22. It is expected since it correlates two signals only 
with C/A signal present, no other codes. 

 

 

 
Figure 26: 1D slice of a P-only interferometric DDM. Top picture shows a zoomed part the DDM as is. The one 
in the middle is a 1D slice of the full DDM. Bottom picture shows a zoom of the peak after joining both extremes 
of the DDM. 

That changes in Figure 25, where the peak becomes much sharper and thin because it 
correlates only the pseudo-P code: thanks to its 10x higher chip rate the resolution of the 
DDM peak increases as well, becoming as narrow as 2-3 samples. In this case, the 
available sampling frequency limits partially the benefit of that increased resolution. 
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Figure 27: 1D slice of a P+CA interferometric DDM, showing its peak. Top picture shows DDM as is. Bottom 
picture shows a zoom of the peak after joining both extremes of the DDM. 

Finally, a more realistic mix is presented in Figure 26, where bot C/A and pseudo-P codes 
are emitted by the SMU. The peak width becomes similar to the C/A only interferometric 
example in Figure 24 but it shows a better SNR compared to the C/A-only case and 
specifically a better resolution in the frequency axis (see top 2D representation in the same 
figure). 
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4.1.2. DDM peak and noise levels 
Different input power levels (-104dBm to -80 dBm) were set and directly fed to the SDR for 
capture (no antennas in between) while maintaining a configuration of C/A satellites. 

The next figures show peak, noise level and peak to noise level ratio values. Those have 
been computed for Nincoh=50 and Nincoh=100. Each point is the average of 40 repetitions 
on the same simulated environment. During this test, the SDR internal amplifier gain was 
set at 47 dB. 

4.1.2.1. Peak power 

 
Figure 28: peak DDM level for different combinations of input power in dBm (series), coherent time (horizontal 
axis) and for 50 incoherent averages 
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Figure 29: Peak DDM level for different combinations of input power in dBm (series), coherent time (horizontal 
axis) and for 100 incoherent averages 

4.1.2.2. Noise level 

 
Figure 30: DDM noise level for different combinations of input power in dBm (series), coherent time (horizontal 
axis) and for 50 incoherent averages 
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Figure 31: DDM noise level for different combinations of input power in dBm (series), coherent time (horizontal 
axis) and for 100 incoherent averages 

 

4.1.2.3. Peak to noise ratio 

 
Figure 32: DDM peak to noise ratio for different combinations of input power in dBm (series), coherent time 
(horizontal axis) and for 50 incoherent averages 
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Figure 33: DDM peak to noise ratio for different combinations of input power in dBm (series), coherent time 
(horizontal axis) and for 100 incoherent averages 

There are a few outlier values despite the averaging, but some patterns appear. The peak 
levels seem to double in linear scale (3 dB difference) with coherent averaging and scale 
less but also improve with more incoherent averaging. The only exception to that is the 
lowest input level (-104 dBm) whose DDMs did not scale with incoherent averaging. It was 
expected since that power level is too low and the obtained DDMs were just noise. 
Somewhere between -101 and -104 dBm lies the threshold at which the SDR is not capable 
of detecting the signal with its current configuration. 

Another point to note is that for higher tested input powers, both noise and peak levels tend 
to stagnate, which may be attributable to the SDR hardware design. 

When it comes to noise, reviewing the concepts in chapter 2, it does scale with √𝑁𝑁 as 
expected with incoherent averaging: comparing the same configurations in the 50 and 100 
figures, the noise changes around 1.5 dB, which fits the expected outcome. 

The peak to noise ratio offers an alternate view on said results, to see how the combination 
of both changes pays off to make the peaks more visible as the measurement conditions 
improve.  

4.1.3. Time and frequency axis accuracy 
The DDM peak can appear in arbitrary coordinates in both frequency and time axis. In the 
time axis the interest is offset between the peaks detected in each channel so the main 
potential issue is synchronization between channels, which is easily addressed looking at 
interferometric mode DDMs (see 4.1.1.2): since the same signal is fed to both channels, 
the relative delay should ideally be zero and the peak appear at the extremes of the DDM 
(half on each side). In practice, it always appears in the first sample. 

When simulating a time offset of half a second with Pictor, the algorithm also responds as 
expected in interferometric mode: figure X shows how with a 2048 sample offset between 
inputs, in a 4096 samples DDM the peak lies exactly in the middle of the DDM. 
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Figure 34: stretched complete interferometric DDM with tcoh=0,819 ms and nincoh=50. One of the inputs is 
artificially offset 2048 samples, which puts it exactly at the center of the DDM. 

On the other side, errors in the frequency axis are a real concern, since the SDR LO will 
never tune at the exact desired frequency and it is important to hit the right spot in order to 
compute the peak successfully. Fortunately, the error is very systematic: peaks always 
appear with a +3000 Hz offset using the flight SDR when computing conventional DDMs. 
Therefore, the error is compensated by subtracting 3000 Hz by software when defining the 
Doppler axis. 

Figure 34 shows captures of the same PRN with different frequency offsets emulated 
thanks to the SMU. As the pictures show, after applying the -3 KHz correction, the 0 Hz 
case is centered in the vertical axis. The other offsets are spaced uniformly between them, 
with the peak moving one pixel up or down in each step14 (expected considering the 500 
Hz resolution). 

       
Figure 35: captures of different Doppler offsets on a C/A PRN 5 code emulated with the SMU arbitrary signal 

generator. From left to right, 1500 Hz to -1500 Hz in 500 Hz steps. -3000 Hz correction included (0 Hz 
Doppler is the middle picture) 

4.1.4. Clock leakage 
Clock leakage can be problematic when setting the SDR internal amplifier to high gains. 
Because it implements a homodyne receiver instead of a heterodyne one, the vulnerability 
becomes higher. The USRP B210 amplifier can add up to 73 dB and the higher the gain 
the higher are the chances the clock impacts the SNR of the DDM for lower coherent times 
and/or powers (see, for instance, Figure 35). 

 

 
Figure 36: Example of conventional DDM cuts with (49 dB gain top vs 47 dB gain bottom with clock leakage 

reduction. SMU Pin was -104 dBm,. Tcoh= 1.638 ms, Nincoh=50 and PRN=29 

After some trial and error, with a 47 dB SDR gain the leakage becomes almost invisible for 
any conventional DDM. In interferometric DDMs the signals are too low at that power to 
generate DDMs, so leakage is not an issue and it did not show up in other higher power 
tests either. 

4.2. Software performance 

4.2.1. Computation time 
The combined processing and computation times scale in a predictable way in Figure 36: 
after the boundary where a segment has a power of two length (i.e. 0.819 ms coherent 
time) the processing time makes a jump because the next power of two has to be used to 

                                                 
14 Even though it is hard to see in the report image that it is one pixel because of the blurring due to zoom blurring: recall that each 

picture is only 20 pixels tall. 
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perform the Fourier Transforms efficiently (limitation of the FFT algorithm). Because the 
length of the FFT computations stays flat for all the coherent time intervals within two power 
of two boundaries, the processing times for all those coherent times tends to be very similar 
as well. Overall, the processing time doubles when switching from one power of two to the 
next. When doubling the incoherent time, the times double as well, which makes sense: it 
is comparable to doing two separate DDMs with half the incoherent integration time and 
making the average of both. 

 
Figure 37: capture + processing time comparison for combinations of two incoherent times (50, 100 

averages) with a selection of coherent integration times (in Gumstix Overo, 3CAT-2 version of the instrument 
software) 

While the time devoted to acquisition cannot vary much when changing the hardware since 
it is bound to real time streaming, the time spent performing processing tasks differs notably 
when switching from desktop grade hardware to the Overo’s ARM Cortex A8. In  the DDM 
processing times (no capture) in the Gumstix are compared for the first and last versions 
of Pictor. The computation of a conventional DDM with 1 ms coherent time and 50 
incoherent averages was chosen for the comparison. The sampling frequency is the default 
5Msps. Similar computation times can be assumed for interferometric DDMs. 
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Table 6: comparison table for processing time in the Gumstix Overo using the first and last versions of the 
software  

Integration 
time (ms) 

Bexus (v1) 3CAT-2 (v2) 

0.819 * 50 1 min 11 s 

1 * 50 1 min 50 s 18 s 

1.638 * 50 1 min 57 s 19 s 

2 * 50 3 min 50 s 37 s 

3 * 50 3 min 55 s 38 s 

3.276 * 50 4 min 39 s 

Even though the differences would not very important in a desktop CPU thanks to sheer 
computing power, in the Gumstix Overo’s ARM CPU an important gap between versions 
appears. Initially, the Bexus version lacked some generic code optimizations (mainly 
related to the avoidance of pure Python loops), and did not employ a specialized FFT library 
or custom C libraries (it used Numpy’s implementation instead). 

4.2.2. Compression ratio 
Employing the same sources used in section 4.1.2, sample compression ratios have been 
extracted to evaluate the advantages and disadvantages of the different alternatives: 
formats, the need or not to discard noisy fragments and so on. Figures 37 and 38 present, 
as an example, ratios corresponding to conventional DDMs with different input signal 
powers (to reflect the degradation as the SNR becomes weaker) and coherent time=0,819 
ms. The cut DDMs are 100x20 pixels. 

 
Figure 38: DDM compression ratio for uncut DDMs previously introduced in section 4.1.2 with tc=0.819, ti=50 
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Figure 39: DDM compression ratio for cut DDMs previously introduced in section 4.1.2 with tc=0.819, ti=50 

Obviously, discarding most of the DDM is the most effective strategy to decrease file size 
but the compression algorithms offer quite straightforward conclusions as well: PNG 
compression does save some bytes but its effectivity is very limited and soon fades when 
the DDM becomes noisy. Lossless FAPEC offers a clearly better compression and the ratio 
resists much better the decreasing SNR. Plus, if the team can afford the lost precision, 
truncating the 8 least significant bits the compression ratio can be triplicated. Couple that 
with the cut reduction and a 160x ratios become possible (~1 kB DDM), which is much 
more downlink-friendly than the original uncompressed 160kB data matrix. 

4.2.3. Power consumption 
The power consumed by the DDM payload is far from negligible. The measurements 
presented in were done before integration with other elements of the satellite, with the 
Gumstix Overo + Tobi and SDR supplied by separate power supplies at their standard 
working voltages. All the measurements except the power up one are with the Gumstix 
Overo configured at its maximum 1 GHz frequency, which will be set during data capture 
and DDM computing. 
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Table 7: Peak and average power consumption of the payload computer and SDR 

Environment Peak consumption 

Gumstix (5V) SDR (6V) 

P (Watts) I (mA) P(Watts) I (mA) 

Power up process 2.5 500 0.215 43 

Idle (Wireless on) 2.55 510 0.215 43 

Idle (Wireless off) 2.025 405 0.215 43 

Idle SDR image loaded 
(Wireless off) 

1.775 355 2.16 36015 

Acquisition (Wireless off) 2.45 490 2.058 343 

Processing (Wireless off) 2.55 510 1.878 313 

 

Environment Average consumption 

Gumstix (5V) SDR (6V) 

P (Watts) I (mA) P(Watts) I (mA) 

Power up process 1.9 380 0.2 40 

Idle (Wireless on) 2.5 500 0.2 40 

Idle (Wireless off) 1.93 386 0.2 40 

Idle SDR image loaded 
(Wireless off) 

1.75 350 2.1 313 

Acquisition (Wireless off) 2 400 2.058 343 

Processing (Wireless off) 2.25 450 1.878 313 

It is clear that the Gumstix power consumption is the less predictable one. At power up, 
when no power saving features are being used, the board consumes almost two Watts with 
occasional peaks reaching 2.5 Watts. While idle, if 1 GHz is forced, the consumption stays 
around 2 Watts when wireless communications are manually disabled, similarly to when 
raw data is being acquired. Interestingly, a power consumption decrease of 0.18 W was 
observed in idle conditions after setting up the SDR, which is the reason for its inclusion as 
a separate case in the table. The maximum consumption understandably happens under 
the conditions that put a bigger stress to the CPU itself, when performing DDM 
computations. 

                                                 
15 Appears when the system is idle only before first acquisition. After first acquisition the SDR idle power lowers to the 

value presented in the average power table. 
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The SDR behaves in a much different way, for better or worse. Its consumption stays in a 
very contained 0.2 W before the first use after the payload power up. That can be attributed 
to its internal FPGA being turned off since no logic has been loaded to it yet. However, 
there is a big power jump after the FPGA is set up and turned on, reaching its peak 2.16 
W. That consumption decreases during and after the first data acquisition. As the tables 
show, power peaks are almost inexistent, with very stable consumption during each phase 
of operation of the payload. 

Those results lead to some conclusions or needs to take into account when planning the 
payload tasks and more specifically the order in which they are performed: 

• The time between SDR setup and the first raw data capture should be kept to a 
minimum to avoid useless power consumption because of the FPGA being turned 
on prematurely. 

• Related to the previous point, it is important to avoid the highest consumption 
scenario: when the FPGA is loaded but no capture has been done yet. It would add 
an unnecessary struggle to the satellite batteries and the EPS in general. 

• It is probably best to do acquisition last before payload shutdown and process the 
captured files during the next payload cycle whenever it is possible. 

• While the 1 GHz CPU clock speed is needed to perform DDM-related tasks, it 
should be lowered to the minimum if not needed for anything else to save power. 
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5. Budget 

To reproduce a prototype of the capture and computing platform (not accounting work 
outside the umbrella of this report like integration, antenna…) the main expenses are the 
purchase of SDR and Gumstix Overo hardware, with the prices in Table 8. It applies to 
both the balloon and satellite versions. 

Table 8: processing payload price breakdown 

COMPONENT COST 

USRP B210 SDR KIT WITH USB 3 CABLE 1208,80 € 

GUMSTIX OVERO IRONSTORM 179 $ 

GUMSTIX TOBI   70 $ 

16 GB UHS II SD CARD 32 € 

 

Overall, during development at least two units of each were purchased for redundancy, 
as well as some other hardware needed for development, which has been done as a part 
time work. A rough estimation is given in Table 9. 

Table 9: development cost with simulated salary 

CONCEPT UNITS/HOURS UNIT/HOUR 
COST 

TOTAL EUR 

USRP B210 SDR KIT WITH USB 3 CABLE 2 1208,80 € 2417.6 € 

GUMSTIX OVERO IRONSTORM 3 179 $ 578.6 €* 

GUMSTIX TOBI 3 70 $ 226.27 €* 

16 GB UHS II SD CARD 3 32 € 96 € 

POWER ADAPTER FOR GUMSTIX OVERO 2 10 $ 21.54 €* 

USB TYPE A TO USB MINI B CABLE 2 8 $ 17.22 €* 

ETHERNET CABLE 2 8 $ 17.22 €* 

DEVELOPMENT TIME 20 h x 4 weeks x 16 
months 

8 €** 10240 € 

TOTAL   13614.45 € 

* For components bought in pack at the Gumstix Web Store 1.123 euro to dollar ratio is 
assumed and 21% VAT is added to the TOTAL EUR column, since it is not included in 
the official price before import. 

** Simulated salary assuming ETSETB/UPC official salary for paid student internships, 
overheads not included16  

                                                 
16 http://www.etsetb.upc.es/info_sobre/rel_empreses/Cooperacio_educativa.html (in Catalan) 

http://www.etsetb.upc.es/info_sobre/rel_empreses/Cooperacio_educativa.html
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6. Conclusions and future development 

In this project, a GNSS-R instrument for integration as a CubeSat satellite has been 
implemented: appropriate hardware has been chosen (a Gumstix with a Tobi extension 
board as payload computer, an Ettus Research B210 Software Defined Radio) and an 
optimized software to capture and process raw data with those components way has been 
developed successfully and is ready for integration with the rest of the CubeSat. 

The instrument is able to perform both conventional and interferometric mode DDMs with 
arbitrary parameters: coherent, incoherent times, offset in frequency axis, resolution are 
some of the main parameters that are tweakable in the final software. Also, coherent mode 
can be used with multiple constellations (GPS C/A, Beidou B1I) and is being expanded to 
use different types of Galileo open signals. 

Internal testing of the instrument with simulated and real signals seems to validate that the 
instrument is operating as intended: conventional and interferometric DDMs show sharp 
peaks under reasonable conditions (input power levels, relative delays between channels) 
and can be computed within reasonable time frames (less than half a minute for average 
cases), which helps control the overall power consumption. More importantly, the peaks 
seem to show the expected shapes: tests made with BeiDou and GPS C/A signals/codes 
in conventional mode show a single triangular shape surrounded by varying levels of noise 
that increase or decrease as expected with different coherent and incoherent integration 
times. 

Regarding compression, PNG offers a valid royalty-free lossless compression method that 
is certainly better than having no compression in place. However, the ratios are usually 
small, and fade when the data is noisy. FAPEC, on the other hand, offers a good 
compression ratio even in noisy files using lossless mode that is vastly improved if the user 
is willing to enable the lossy mode of the compressor. 

As future work, while the DDM software is functional, it still has room for improvement: 
there is the possibility to add support for more constellations in conventional mode. It is 
also possible to further improve performance by replacing more Python code and/or 
improving existing C code specific to the processing software. Ideally, the entire 
conventional/interferometric DDM routines should become encapsulated C functions 
without Python dependencies to further speed them up, as now they still have important 
dependencies on Python. 

For potential future uses of the software beyond 3CAT-2, it would be desirable to provide a 
more intuitive user interface beyond the basic command line in case it has to be employed 
directly by human users. Also, decoding of DDMs for further analysis can be done with a 
basic Matlab/Python script but for user friendliness it would be desirable to provide a more 
complete tool to process and present the files to the user. Last, but not least, there may be 
the possibility to improve performance with the existing hardware when capturing so the 
sampling frequency can be improved (8 MSps) and better resolution DDMs can be obtained 
as a result. However, that frequency increase would come with a catch: DDM processing 
times would likely double. 

For development of new instruments, there is also the idea of taking advantage of the RTL-
SDR [43] project to develop low cost, small sized conventional GNSS-R instruments. RTL-
SDR is a software project that enables the use of certain USB DVB-TV decoders based on 
the Realtek RTL2832U chip as low cost SDR devices. The developers claim reliable 
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streaming up to 2.56 MSps [43], potentially enabling the use of those dongles to capture 
signals with lower chip rates (i.e. GPS C/A, Galileo E1B) since they usually can tune 
frequencies up to around 1.7 GHz, sometimes even reaching 2 GHz in select models. 
Those TV tuners can be bought for around 20 € and could fit inside a single unit CubeSat 
provided that miniaturization of other components reach a sweet spot. If that was the case, 
there would be a good foundation to develop a smaller sized GNSS-R satellite. 
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Appendix: Payload scientific software manual and specification 

1.1 Scriba: SDR binary acquisition software 

1.1.1 Introduction 
Scriba is a small C++ program needed by the payload computer of ³CAT-2 to stream 
samples from the Ettus USRP B210 [RD.28] software defined radio. It is able to receive 
samples coming from two simultaneous RF inputs and save them to different binary files. 
Those files can be read by another program at a later point (usually Pictor) to extract 
scientific data (Delay Doppler Maps, etc…). 

1.1.2 System requirements 

Component name Version Comments 

UHD [RD.29] 3.7.x SDR driver. 3.8 breaks 
some methods. 

Boost [RD.30] >=1.46 C++ libraries needed by 
UHD & Scriba 

Table 6-1: system requirements of Scriba 

• Make sure the Gumstix Overo CPU power profile is set to performance mode before 
using it. Otherwise, the program is prone to crash mid-capture. 

• For the same reason, minimise the number of simultaneous tasks/programs when 
running Scriba. 

• In normal conditions, it is not necessary to use Scriba independently and/or 
manually. Pictor can call it by itself, as it will automatically generate the right list of 
parameters to perform the desired capture. 

1.1.3 Usage instructions 
Scriba is a command line tool that accepts several input arguments to tweak the behaviour 
during its execution. Below is shown the help message obtained running scriba --help: 
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Scriba Allowed options: 
  --help                            help message 
  --file1A arg (=outbuffered1A.bin) name of the uplooking file to write binary  
                                    samples to 
  --file2B arg (=outbuffered2B.bin) name of the downlooking file to write  
                                    binary samples to 
  --args arg                        single uhd device address args 
  --secs arg (=1.5)                 number of seconds in the future to receive 
  --nsamps arg (=10000)             total number of samples to receive 
  --wirefmt arg (=sc16)             wire format (sc8 or sc16) 
  --rate arg (=6250000)             rate of incoming samples 
  --freq arg (=0)                   RF center frequency in Hz 
  --gain arg                        gain for the RF chain 
  --sync arg (=now)                 synchronization method: now, pps, mimo 
  --subdev arg                      subdev spec (homogeneous across  
                                    motherboards) 
  --dilv                            specify to disable inner-loop verbose 
  --bw arg                          daughterboard IF filter bandwidth in Hz 
  --channels arg (=0)               which channel(s) to use (specify "0", "1",  
                                    "0,1", etc) 
 
    This is a demonstration of how to receive aligned data from multiple channels. 
    This example can receive from multiple DSPs, multiple motherboards, or both. 
    The MIMO cable or PPS can be used to synchronize the configuration. See --sync 
 
    Specify --subdev to select multiple channels per motherboard. 
      Ex: --subdev="0:A 0:B" to get 2 channels on a Basic RX. 
 
    Specify --args to select multiple motherboards in a configuration. 
      Ex: --args="addr0=192.168.10.2, addr1=192.168.10.3"  

1.1.3.1 File1A/2B 
• Absolute or relative path to output files. 
• If not specified, it defaults to the paths stated in scriba –help 

1.1.3.2 args 
• Used to specify certain special parameters specific to a USRP board model. 
• The master clock rate is passed using “args” 

o --args=”master_clock_rate=<freq>” 
o Where <freq> is replaced by the desired frequency as an integer. 

1.1.3.3 secs 
• Number of seconds to wait before triggering sampling. 
• Units: seconds 
• If not specified, it defaults to the what is stated in scriba --help 

1.1.3.4 nsamps 
• Exact number of samples to stream for each channel before ending execution. 
• Units: samples 
• If not specified, it defaults to the what is stated in scriba --help 

1.1.3.5 wirefmt 
• Number of bits used to save the amplitude of each sample. 
• Units: bits per sample. Expressed as a string. 
• Sc8 reduces the precision but allows higher sample rates than sc16. 
• For 3CAT-2, sc8 should be used to maximise bandwidth. 
• If not specified, it defaults to the what is stated in scriba --help 

1.1.3.6 rate 
• Sampling rate. It must be an exact multiple/fraction of the master clock frequency. 
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• Units: samples per second. 
• If not specified, it defaults to the what is stated in scriba --help 

1.1.3.7 freq 
• Central frequency tuned by the SDR. 
• Units: Hz 
• If not specified, it defaults to the what is stated in scriba --help 

1.1.3.8 gain 
• Gain added to sampled input with the built-in amplifier. 
• Units: dB 
• If not specified, it defaults to the what is stated in scriba --help 

1.1.3.9 sync 
• Choses the synchronisation method. 
• Useful especially when multiple USRPs are operating simultaneously in a 

synchronised way. 
• Not useful in 3CAT-2. Inherited from original sample program. Just leave the default. 
• If not specified, it defaults to the what is stated in scriba --help 

1.1.3.10 subdev 
• Specifies the devices of the board that are being used to operate. 
• String parameter (no units). 
• For 3CAT-2 payload’s SDR: --subdev=”A:A A:B” 

o Selects channel A from device A (A:A) and channel B from device A (A:B). 
• No default if not specified. It is a mandatory argument. Without a correct --subdev 

the program will not work as it will not know which inputs it has to listen to. 

1.1.3.11 dilv 
• Disable verbose mode. 
• Unless when debugging, it should be always included. 
• If not specified, it outputs various verbose useful for debugging. 
• If --dilv is not added, the program can become much slower. On Gumstix, that 

mostly means a crash due to a buffer overflow. 

1.1.3.12 bw 
• Specify manually an IF daughterboard filter bandwidth. 
• Units: Hz 
• If not specified, the bandwidth is selected automatically by UHD. 

1.1.3.13 channels 
• List of channels to use. 
• Possibilities are 0, 1 or 0 and 1. 
• For 3CAT-2 both should be always included to have the two desired input streams. 

o --channels=”0,1” 
• If not specified, it defaults to the what is stated in scriba --help 

1.1.4 Flowchart 
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Parse input arguments

Start Scriba

Create USRP device 
with args (args)

Select subdevices
(subdev)

Set sample rate
(rate)

Set central frequency
(freq)

Get real sample rate

Get real central 
frequency

Set gain
(gain)

Get real gain

Set IF f ilter bw
(bw)

Get real bandwidth

Set physical inputs  to 
RX2 for each channel

Set clock sync
(sync)

Set bits/sample
(wirefmt)

Set up streaming
(secs, nsamps)

Allocate RAM buffers 
for incoming samples

Stream samples to 
RAM buffers

Dump RAM buffers to 
binary files

(File1A,File2B)

End

 
Figure 6-1: Scriba flowchart 

• The words between parentheses symbolise the step in which relevant input 
arguments are used to modify the capture process. 

• The intermediate streaming step to RAM before writing the files is to compensate 
for the slowness of the SD card. 

• Because all the streaming is done to RAM before writing the files, the two 
captures need to be smaller than the available RAM 

o Be careful when setting the capture length (nsamps) 
• Any of the Set/get blocks can return an error and end the program before 

streaming. 
• Streaming will end prematurely if a bottleneck prevents a sample from reaching 

RAM on time. 
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1.2 Pictor: DDM computation software 

1.2.1 Introduction 
Pictor is the Python script that computes the Delay Doppler Maps in the payload computer. 
It can be used just to compute the observables from pre-existing binary captures or to 
automatically capture, then process the saved signals. To implement the second usage 
case it calls the Scriba software behind the scenes for capture purposes, then proceeds to 
process the binary files in the same way. See Top level under the Detailed description 
section for more details. 

1.2.2 System requirements 
The requirements of Scriba apply to the capture functionality. For the processing section, 
the requirements are gathered below: 

Component name Version Comments 

Python 2.7.x Higher versions (3.0 and 
onwards) are not 
supported 

Numpy [RD.31] 1.7.0 Python numeric library 
Table 6-2: system requirements of Pictor 

1.2.3 Usage instructions 
In the current version 1.5, Pictor has to be interfaced as a command line tool with various 
positional and optional arguments. All the configuration/options need to be passed through 
those command line arguments. Optional arguments fall back to default values or 
behaviours if they are missing when running the program. 
usage: pictor [-h] [-fs FSAMP] [-fc FMASTERCLOCK] [-df DELTAF] [-dw DOPPLERBW] 
              [-ts TIMESAMP] [-tc TIMECOH] [-ct CUTSECS] [-cd [CUTDOPPLER]] 
              [-cc [CUTCOHERENT]] [-n NUMDDM] [-fn FNAVIGATION] 
              [-i FILEINPUT FILEINPUT] [-bn BINOUTPATH BINOUTPATH] [-C] [-CB] 
              [-CE1B] [-CE1C] [-I] [-p] [-sv SATELLITES [SATELLITES ...]] 
              [-svb BEIDOUSATS [BEIDOUSATS ...]] 
              [-sve1b E1BSATS [E1BSATS ...]] [-sve1c E1CSATS [E1CSATS ...]] 
              [-fi FINTERMEDIATE [FINTERMEDIATE ...]] 
              [-fib FINTERMEDIATE_BEIDOU [FINTERMEDIATE_BEIDOU ...]] 
              [-fie1b FINTERMEDIATE_E1B [FINTERMEDIATE_E1B ...]] 
              [-fie1c FINTERMEDIATE_E1C [FINTERMEDIATE_E1C ...]] 
              OutPath  

1.2.3.1 OutPath 
As it can be seen from the help excerpt, the only positional argument (compulsory) is 
OutPath. It is the file path used to give name to the output DDMs. Because Pictor generally 
produces more than one file, OutPath is altered with a unique predictable suffix for each 
output DDM file resulting from the same run. 

The format of the final path string in conventional mode is: 

OutPath_ddmtype_channel_repetition_constellationPRN.png 

The format of the path string for interferometric stripes out some useless fields: 

OutPath_ddmtype_repetition.png 
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Where: 

• Ddmtype can be conventional or interferometric 
• Antenna is one of the SDR channels (up1A or down2B) 
• Repetition is the “position” when multiple DDMs consecutive in time are calculated 

from the same sample signals (if 3 consecutive DDMs are computed they are 
numbered from 0 to 2). 

• Constellation reflects the kind of code against which the correlation has been made 
(L1CA, B1I, E1B, E1C) 

• PRN is literally the PRN number of the chosen constellation against which the 
correlation has been made. 

Example: 

If OutPath= “/science/test/fileprefix” and Pictor is configured to output one conventional 
GPS L1CA DDMs for PRN number 3 and 14, the output files will be: 

• /science/test/fileprefix_conventional_up1A_0_L1CA3.png 
• /science/test/fileprefix_conventional_down2B_0_L1CA3.png 
• /science/test/fileprefix_conventional_up1A_0_L1CA14.png 
• /science/test/fileprefix_conventional_down2B_0_L1CA14.png 

1.2.3.2 --conventionalX, --interferometric (-CX,-I) 
This “family” of options acts as Booleans. When one is specified, its associated form of 
processing will be performed to the captured/loaded sources of data. As of Pictor 1.5 the 
possibilities are: 

• --conventional or -C GPS L1CA 
• --conventionalB or -CB Beidou B1I 
• --conventionalE1B or -CE1B  Galileo E1B 
• --conventionalE1C or -CE1C  Galileo E1C 
• --interferometric or –I  Interferometric processing 

Other characteristics: 

• Usage: -CX (-C or –CB and so on) 
• No units (no value associated to the parameter) 
• Multiple processing types can be specified for a same capture (ie -C –CB 

simultaneously) 
• IMPORTANT: make sure that the central frequency (--fnavigation, -fn) of the 

processed files matches the constellations you are trying to detect. 
• If you try to process from the same file for instance, E1B and B1I signals, you are 

probably doing it wrong. Still, Pictor will not prevent you from trying such thing. 

1.2.3.3 --satellites, --xsats 
This “family” of options is used to pass lists of PRN numbers for a single constellation. As 
such, they are only used in conventional modes and only affect the processing phase. The 
variants are: 

• --satellites or -sv GPS L1CA 
• --beidousats or -svb Beidou B1I 
• --e1bsats or -sve1b  Galileo E1B 
• --e1csats or -sve1c Galileo E1C 
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Characteristics: 

• Usage: -svx PRN1 PRN2 … PRNn (replace svx by sv, svb and so on) 
• PRN are unsigned integers within the range of each constellation. 

o Example: L1CA ranges from 1 to 32, E1B ranges from 1 to 50. 
• Multiple -svx lists can be passed if you are trying to correlate different constellations 

at the same time. 
• If an -svx list of PRN IDs is specified but its corresponding conventional mode is 

NOT, the list will be ignored. 
o Example: specifying –C –sv 1 2 3 will try to perform L1CA conventional 

mode for satellite IDs (PRN) 1 2 and 3. Specifying –sv 1 2 3 will result in no 
DDM output. 

• IMPORTANT: make sure that you use the –svx variant corresponding to the 
conventional mode you are using! See 1.2.3.2 for more details on that. Otherwise, 
you will get the default arbitrary selection of DDMs. 

• IMPORTANT: make sure to match an –svx list with an –fiintermediate_x list of the 
same length and order for the same constellation, even if the Doppler is zero for 
any or all the PRNs. See 1.2.3.4 for more details. 

1.2.3.4 –fintermediate_x (-fix) 
Used to change the centre of the Doppler (vertical) axis in the DDM. By default, the centre 
of the image in the vertical axis represents 0 Doppler. fintermediate can move the value to 
an arbitrary positive or negative value. 

An individual Doppler centre must be specified for each conventional DDM type and PRN. 
Be careful to use the version suited for the constellation you are evaluating: 

• --fintermediate or -fi GPS L1CA 
• --fintermediate_beidou or -fib Beidou B1I 
• --fintermediate_e1b or –fie1b  Galileo E1B 
• --fintermediate_e1c or –fie1c  Galileo E1C 

Characteristics: 

• Usage: -fix VALUE1 VALUE2 … VALUE N 
• Units: Hertz 
• Signed number, accepting decimals 
• Default: vector of three zeros (-fix 0 0 0) 
• IMPORTANT: make sure that you use the –fix variant corresponding to the 

conventional mode you are using! See 1.2.3.2 for more details on that. Otherwise, 
you will get the default values. 

 

1.2.3.5 --fsamp (-fs) 
To modify the sampling frequency when capturing or to assume when loading the contents 
of a binary capture. Consequently, it affects both acquisition (Scriba) and processing (it 
determines with the coherent time (see 1.2.3.10) the time axis length and resolution). In 
case fsamp is modified when capturing, make sure to modify fmasterclock as well. See 
1.2.3.6 for details. 

• Usage: -fs VALUE 
• Units: samples per second 
• Only integer values 



 

 76 

• Default: 5000000 

1.2.3.6 --fmasterclock (-fc) 
This parameter affects only the capture process via Scriba. The master clock frequency 
can affect the real sampling frequency during the capture process. The sampling frequency 
has to be an exact fraction of the master clock frequency in order to capture at the exact 
desired sampling rate. If you choose a sampling frequency other than the default one, make 
sure to modify this parameter as well in the sampling phase. Not necessary if only 
processing. 

• Usage: -fc VALUE 
• Units: Hertz 
• Only integer values 
• Default: 5000000 

1.2.3.7 --deltaf (-df) 
Parameter to specify the resolution in the vertical (Doppler) axis. That is, the absolute 
frequency shift between pixels. It affects all the computed DDMs. Deltaf and dopplerbw 
(see 1.2.3.8) define the number of pixels in the vertical axis. Affects only processing. 

• Usage: -df VALUE 
• Units: Hertz 
• Supports integer values 
• Default: 500 

1.2.3.8 --dopplerbw (-dw) 
Parameter to specify the upper and lower limits of the DDM’s Doppler axis around the 
specified central (-fi) value. Affects only processing. 

• Usage: -dw VALUE 
• Upper limit = fi+VALUE 
• Lower limit = fi-VALUE 
• Units: Hertz 
• Supports integer values 
• Default: 500 

1.2.3.9 --timesamp (-ts) 
Parameter to specify the number of coherent DDMs used to perform incoherent integration. 
It affects both the acquisition (Scriba) and processing phases. During acquisition it modifies 
the sampling duration to get the needed number of samples. For processing it alters the 
number of averaged DDMs. 

• Usage: -ts VALUE 
• Units: none, number of DDMs 
• Only integer values 
• Default: 50 

1.2.3.10 --timecoh (-tc) 
Parameter to specify the number of samples/time used for coherent integration (for each 
individual correlation). Therefore, it determines the length in the time axis of the DDM. 
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• Usage: -tc VALUE 
• Units: milliseconds. It is automatically converted to samples according to the 

sampling rate (-fsamp, see 1.2.3.5). 
• Decimals values are supported. 
• Default: 1 

1.2.3.11 --cutsecs (-ct) 
Parameter to discard a specified amount of time at the beginning of both input files when 
processing. 

• Usage: -ct VALUE 
• Units: milliseconds. It is automatically converted to samples according to the 

sampling rate (-fsamp, see 1.2.3.5). 
• Integer values only. 
• Default: 0 

1.2.3.12 --cutdoppler (-cd) 
Parameter to cut the resulting DDM around its peak value in the frequency (Doppler) axis 
only if specified. When the parameter does not appear, no cut is performed in that axis. 
When added without a value, the default cut is performed. When added with a specific 
value, the cut is performed at +-VALUE offset.  

• Possible usages: 
o -cd 
o -cd VALUE 

• Units: pixels 
• Upper cut: +VALUE or upper limit of the picture (if peak offset with respect to upper 

border < VALUE). 
• Lower cut: -VALUE or the lower limit of the picture (if peak offset with respect to 

lower border < VALUE). 
• Integer values only. 
• Default if no VALUE is specified: 50 

1.2.3.13 --cutcoherent (-cc) 
Parameter to cut the resulting DDM around its peak value in the time axis only if specified. 
When the parameter does not appear, no cut is performed in that axis. When added without 
a value, the default cut is performed. When added with a specific value, the cut is performed 
at +-VALUE offset.  

• Possible usages: 
o -cc 
o -cc VALUE 

• Units: pixels 
• Left cut: +VALUE or left limit of the picture (if peak offset with respect to left border 

< VALUE). 
• Right cut: -VALUE or the right limit of the picture (if peak offset with respect to right 

border < VALUE). 
• Integer values only. 
• Default if no VALUE is specified: 50 
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1.2.3.14 --numddm (-n) 
Specify how many averaged DDMs consecutive in time must be computed. This parameter 
affects acquisition and processing, as it will capture data for the amount of time needed to 
compute the n number of DDMs.  

• Usage: -n VALUE 
• Units: number of DDMs 
• Unsigned integer values only. 
• Default: 1 

1.2.3.15 --fnavigation (-fn) 
To modify the central frequency when capturing (Scriba) fnavigation must be used. This 
option is necessary to capture binary inputs suitable for certain constellations operating in 
frequencies other than L1/E1, which is the default setting when –fnavigation is not added 
as an input argument. Otherwise, the processing will return only noise for that constellation. 

• Usage: -fn VALUE 
• Units: Hz 
• Only unsigned integer values 
• Default: 1575420000 (L1/E1 frequency) 

1.2.3.16 --fileinput (-I) 
Fileinput enables Pictor to use pre-existing binary sample files stored in an arbitrary place 

of the file system instead of capturing. Bear in mind, this does NOT guarantee that 
processing will be performed on those files. As when using just-captured files, if no 
processing mode is specified (see 1.2.3.2), Pictor will load the files, then do nothing 
and exit normally. 

• Usage: -I PATH1 PATH2 
• Can be an absolute or relative path. 
• Both PATH1 and PATH2 are needed if the option is used. 

1.2.3.17 --binoutpath (-bn) 
Binoutput enables Pictor to specify arbitrary paths to write the files captured and/or 
processed during that execution. If the option does not appear, standard paths are used 
and the files are overwritten every time. Bear in mind, this does NOT guarantee that 
processing will be performed on those files. As when using standard paths, if no processing 
mode is specified (see 1.2.3.2), Pictor will capture and save the binaries, then do nothing 
and exit normally. 

IMPORTANT: If -I is used to load pre-existing paths, binoutpath is overridden and no 
capture is done. 

• Usage: -bn PATH1 PATH2 
• Can be an absolute or relative path. 
• Both PATH1 and PATH2 are needed if the option is used. 

1.2.3.18 --partial (-p) 
Partial allows you to save a non-averaged DDM. The one that falls in the middle of the 
chosen timeframe will be preserved. 
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• Usage: -p 
1.2.4 Example commands 
Acquisition + conventional GPS processing (-C) and interformetric processing (-I). 5 MHz 
sampling frequency (-fc, -fs)17, 50 incoherent averaging (-ts), 0.81 ms coherent time (-tc). 
Conventional mode applied to satellites 1,2,3,4,5 (-sv). Image cut activated (-p): 

python pictor.pyc /path/to/output/directory/ -C -I -fc 5000000-fs 
5000000 -ts 50 -tc 0.81 -sv 1 2 3 4 5 -p 

 

Acquisition + conventional GPS processing (-C) and interformetric processing (-I). 5 MHz 
sampling frequency (-fc, -fs), 50 incoherent averaging (-ts), 0.81 ms coherent time (-tc). 
Conventional mode applied to satellites 1,2,3,4,5 (-sv). Image cut activated (-p). Capture 
data and compute 7 ddm groups consecutive in time (-n option): 

python pictor.pyc /path/to/output/directory/ -C -I -fc 5000000-fs 
5000000 -ts 50 -tc 0.81 -sv 1 2 3 4 5 -p -n 7 

 

Acquisition + conventional Beidou processing (-CB) and interformetric processing (-I). 5 
MHz sampling frequency (-fc,-fs), 50 incoherent averaging (-ts), 0.81 ms coherent time (-
tc). Conventional Beidou mode applied to satellites 1,2,3,4,5 (-svb). Central frequency 
manually set to the Beidou B1 frequency. Image cut activated (-p): 

python pictor.pyc /path/to/output/directory/ -CB -I -fc 5000000-fs 
5000000 -ts 50 -tc 0.81 -svb 1 2 3 4 5 -fn 1561098000 -p 

 

Acquisition + conventional GPS processing (-C) without interferometric (no -I). 5 MHz 
sampling frequency (-fc-fs), 50 incoherent averaging (-ts), 0.81 ms coherent time (-tc). 
Conventional mode applied to satellites 1,2,3,4,5 (-sv). Image cut activated (-p): 

python pictor.pyc /path/to/output/directory/ -C -fc 5000000-fs 5000000 -
ts 50 -tc 0.81 -sv 1 2 3 4 5 -p 

 

                                                 
17 The ‘‘fc’’ parameter is the frequency of the master clock of the 
SDR. The sampling frequency ‘‘fs’’ always has to be an exact 
multiple/fraction of the master clock frequency in order to have 
perfect decimation/interpolation. 
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Acquisition + interferometric processing (-I) and no conventional, either GPS or Beidou (no 
-C or -CB). 5 MHz sampling frequency (-fc,-fs), 50 incoherent averaging (-ts), 0.81 ms 
coherent time (-tc). Image cut activated (-p): 

python pictor.pyc /path/to/output/directory/ -I -fc 5000000-fs 5000000 -
ts 50 -tc 0.81 -sv 1 2 3 4 5 -p 

 

Conventional GPS processing (-C) and interformetric processing (-I) from already existing 
binary files (binup and bindown, -i parameter). 5 MHz sampling frequency (-fc,-fs), 50 
incoherent averaging (-ts), 0.81 ms coherent time (-tc). Conventional mode applied to 
satellites 1,2,3,4,5 (-sv). Image cut activated (-p): 

python pictor.pyc /path/to/output/directory/ -i /path/to/binup 
/path/to/bindown -C -I -fc 5000000-fs 5000000 -ts 50 -tc 0.81 -sv 1 2 3 
4 5 -p 

 

Capture without processing and custom binary files (with enough length for 50 sequences 
averaging (-ts), each coherent sequence of 0.81 ms (-tc) and sampled at 5 MHz (-fc)): 

python pictor.pyc . -bn /path/to/binup /path/to/bindown -fc 5000000-fs 
5000000 -ts 50 -tc 0.81 

 

Acquisition with custom binary paths (binup and bindown, -bn parameter) + conventional 
GPS processing (-C) and interformetric processing (-I). 5 MHz sampling frequency (-fc,-fs), 
50 incoherent averaging (-ts), 0.81 ms coherent time (-tc). Conventional mode applied to 
satellites 1,2,3,4,5 (-sv). Image cut activated (-p): 

python pictor.pyc /path/to/output/directory/ -bn /path/to/binup 
/path/to/bindown -C -I -fc 5000000-fs 5000000 -ts 50 -tc 0.81 -sv 1 2 3 
4 5 -p 

1.2.5 Output DDM format 
The default and for now only supported output format for Pictor are regular 16 bit grayscale 
PNG images without alpha channel. UTF8 metadata with DDM information is embedded 
using the iTXt PNG tag, which is part [RD.26] of the PNG standard. 

• Each PNG file hosts a single DDM. A command that generates multiple DDMs will 
generate multiple PNG files following the naming convention exposed in 1.2.3.1. 

• Each pixel is a position of the DDM matrix. 
• Stored matrix is normalised between the DDM maximum and minimum: 

o 216 − 1 = 𝑚𝑚𝑎𝑎𝑥𝑥 (𝐷𝐷𝐷𝐷𝐷𝐷) 
o 0 = 𝑚𝑚𝑠𝑠𝑛𝑛 (𝐷𝐷𝐷𝐷𝐷𝐷) 
o The scaling of data when normalising between those limits is linear. 
o Min and max are stored in iTXt, so the normalisation can be undone on 

ground (3.5.1). 
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• X axis is time 
o 1/fs resolution 
o Begins at t=cutsecs 
o Ends at t=cutsecs+timecoh 

• Y axis is Doppler 
o Deltaf resolution 
o Bottom border represents –dopplerbw+fintermediate 
o Upper border represents +dopplerbw+fintermediate 
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1.2.5.1 iTXt metadata 
The iTXt field is used to save several parameters computed during Pictor run time that can 
be useful when performing post-processing on each DDM. The included figures are either 
impossible or inconvenient to deduce from the barebones picture. 

They are saved as UTF8 text and are preceded by a tag and a = sign to make the 
information easier to the eye and better for automated parsing. They are always sorted in 
the same way, and the list of parameters is the same for both conventional and 
interferometric DDMs. The separation between fields is done with spaces. 

The list of tags/fields is: 

• samp_freq: containing the sampling frequency assumed during processing (-
fsamp). 

• Dopper_resolution: the Doppler step between pixels in the vertical axis (-deltaf). 
• Doppler_max_min: Doppler sweep 
• Coherent_mseconds: coherent integration time in milliseconds (-tc). 
• Numavg: Number of averaged DDMs (incoherent integration, -ts) 
• T0: offset from beginning of the used input binary files (-ct). 
• Im_max: Absolute pixel maximum of the original not normalised DDM. 
• Im_min: Absolute pixel minimum of the original not normalised DDM. 
• T_min: position of the leftmost preserved pixel column. 
• T_max: position of the rightmost preserved pixel column. 
• d_min: position of the bottom preserved pixel row. 
• d_max: position of the top preserved pixel row. 
• \end: signals the end of metadata. 

 

 
Figure 6-2: hexadecimal view of the beginning of an example Pictor PNG output 

 



 

 83 

1.2.6 Flowchart 

1.2.6.1 Top level 
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Figure 6-3: main flowgraph of Pictor 
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• Red boxes symbolise flows described in next diagrams. 
• Green box symbolises the call of an external program (Scriba) to do the requested 

part of the work. 
• Dashed lines between conventional constellations indicate that the same flow 

applies to whatever number of constellations are included in the final software. 

1.2.6.2 Conventional processing 
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Open input file, 
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convert and save 

one non-averaged 
DDM to PNG or 

FAPEC

 
Figure 6-4: conventional processing flowgraph 

• Yellow boxes represent functions performed by classes other than the main 
“processing” class. 

o PRN code sequences: codegen class 
o Save to PNG: pngmod (an internally modified version of PyPNG) [RD.27] 

 FAPEC support is pending. Not included yet. 
• The correlation (green box) is, as of now, performed in Python using numpy, but 

may be delegated to an external, more efficient C program in the future (reason 
why it is presented in green in the diagram). 

• This flow is repeated for all the list of specified PRNs (-svX), specified number of 
consecutive DDMs for each PRN (-n). 
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• If –n is specified, in successive iterations the point where the first batch of data 
starts is modified.  

• The “discard the rest” step is performed only if requested with the –cd and –cc 
arguments. 

• Note that the non-averaged option is –p. 

1.2.6.3 Interferometric processing 
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Figure 6-5: interferometric processing flowgraph 

• Yellow boxes represent functions performed by classes other than the main 
“processing” class. 

o PRN code sequences: codegen class 
o Save to PNG: pngmod (an internally modified version of PyPNG) [RD.27] 

 FAPEC support is pending. Not included yet. 
• The correlation (green box) is, as of now, performed in Python using numpy, but 

may be delegated to an external, more efficient C program in the future (reason 
why it is presented in green in the diagram). 

• This flow is repeated for all the specified number of consecutive DDMs for each 
PRN (-n). 
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• If –n is specified, in successive iterations the point where the first batch of data 
starts is modified.  

• The “discard the rest” step is performed only if requested with the –cd and –cc 
arguments. 

• Note that the non-averaged option is –p. 
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Glossary 

BOC: Binary Offset Carrier 

CDMA: Carrier Division Multiple Access 

DDM: Delay Doppler Map 

DFT: Discrete Fourier Transform 

DSP: Digital Signal Processor 

EIRP: Equivalent Isotropically Irradiated Power 

EPS: Electrical Power Subsystem 

FDMA: Frequency Division Multiple Access 

FFT: Fast Fourier Transform 

FPGA: Field Programmable Gate Array 

GEO: Geostationary Earth Orbit / Geosynchronous Equatorial Orbit 

GNSS: Global Navigation Satellite System 

GNSS-R: Global Navigation Satellite System Reflectometry 

GNSS-RO: Global Navigation Satellite System Radio Occultations 

GPS: Global Positioning System 

griPAU: GPS reflectometer instrument for PAU 

IRNSS: Indian Regional Satellite System 

IGSO: Inclined Geosynchronous Satellite Orbit 

LFSR: Linear Feedback Shift Register  

LHCP: Left Hand Circular Polarization 

LO: Local Oscillator 

MEO: Middle Earth Orbit 

MLS: Maximal Length Sequence 

OBC: On-board Computer 

PAU: Passive Advanced Unit for ocean monitoring 

PRN: Pseudo-Random Noise 

QZSS: Quasi-Zenith Satellite System 

RHCP: Right Hand Circular Polarization 

SAR: Synthetic Aperture Radar 

SNR: Signal to Noise Ratio 

WAF: Woodward Ambiguity Function 
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