engineering K\
proceedings MD\Py
Proceeding Paper

Performance Analysis of CUDA-Based Galileo Signal
Quality Monitoring ¥

Florian Binder I'*, Daniel J. Bauer 2, Thomas Pany 1

check for
updates

Academic Editor: Terry Moore
Published: 15 May 2025

Citation: Binder, F,; Bauer, D.J.; Pany,
T.; Schiiler, T. Performance Analysis of
CUDA-Based Galileo Signal Quality
Monitoring. Eng. Proc. 2025, 88, 54.
https://doi.org/10.3390/
engproc2025088054

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Torben Schiiler 2

Institute of Space Technology and Space Applications (ISTA), University of the Bundeswehr Munich,
Werner-Heisenberg-Weg 39, 85579 Neubiberg, Germany; thomas.pany@unibw.de

Geodaitisches Observatorium Wettzell, Bundesamt fiir Kartographie und Geodésie (BKG),
Sackenrieder-Strafle 25, 93444 Bad Kotzting, Germany; daniel. bauer@bkg.bund.de (D.].B.);
torben.schueler@bkg.bund.de (T.S.)

*  Correspondence: florian.binder@unibw.de

' Presented at the European Navigation Conference 2024, Noordwijk, The Netherlands, 22-24 May 2024.

Abstract: The aim of this study was to develop basic findings for a continuous Signal
Quality Monitoring system based on a measurement campaign. Four Galileo satellites
were repeatedly recorded, using a dish antenna, and their metrics were analyzed. Due to
the stable course, thresholds for the detection of threat models can be determined. These
values were tested against simulated signals and the sensitivity of the detection was found
to be satisfactory. Based on the convergence behavior of the data, a measurement duration
of 180-200 s can be recommended. Finally, the influence of the GPU and memory clock on
the performance of predefined conditions close to the receiver was tested. The core clock of
the GPU was identified as the bottleneck of the processing.
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1. Introduction

In an effort to monitor the integrity of Global Navigation Satellite Systems (GNSS),
the establishment of a continuous monitoring system is being sought in the public interest
to identify and address potential payload errors on the satellites as promptly as possible.
The GPS SV-19 event has shown that hardware wear and faults lead to a significant
deterioration in the performance of satellites in the navigation solution and should be the
subject of monitoring mechanisms [1]. Misleading effects on the signal, known as evil
waveforms (EWFs), have been part of major investigations and have led to the description
of three threat models (TMs) for the GPS L1 signal by the International Civil Aviation
Organization (ICAO) [2]. Using Signal Quality Monitoring (SQM), these errors can be
identified by testing metrics based on the correlator output against predefined thresholds.
The addition of newer signals and systems, making use of other modulation techniques
than the Binary Phase Shift Keying (BPSK), has been the subject of multiple studies [3,4].

The Federal Agency for Cartography and Geodesy (BKG) has been commissioned
to monitor GNSS activity. As part of this, a SQM monitoring system is being developed
in cooperation between the University of the Bundeswehr Munich (UniBW) and BKG,
making use of a dish antenna of the Geodetic Observatory Wettzell. The main focus is
the continuous monitoring of GPS and Galileo signals. The development of a software
toolchain for the automated processing of IF samples, making use of the UniBW’s software-
defined radio (SDR) MuSNAT [5], to determine [6] and analyze key SQM metrics has been
shown in previous studies, focusing on GPS L1 CA [7,8]. The application of ICAO-defined
TMs on synthetically generated signals was successfully tested against the algorithm.
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This paper presents the first results of a measurement campaign of selected Galileo
satellites for the E1 B signal. Repeated measurements of the same satellites over a two-week
time period with a dish antenna will be used to investigate the stability of the metrics
for the first time. To this end, signals will be recorded under close to ideal conditions
(high C/ Ny, isolated observations, low interference environment). The aim is to fixate per
satellite thresholds for continuous monitoring based on the means, taking into account a
fixed false alarm rate with the greatest possible sensitivity to EWF influence. Additionally, a
preliminary estimation of the lowest possible observation time is given. The applied threat
models are based on the ICAO definition, simplifying the digital distortion (TM-A) and
consequently TM-C. Finally, building on the previous study [8], the usage of the Graphics
Processing Unit (GPU) for the correlators is investigated on its dependence on the core and
memory clock. To this end, benchmarking in accordance with the guidelines set out in [9]
was conducted. The article finishes with a discussion and conclusion of the results and an
outlook for future work.

2. Data Acquisition and Methodology
2.1. Measurement Setup

The data collection for the measurement campaign took place from 1 March to
15 March 2024 at the Wettzell Geodetic Observatory of the BKG (Figure 1). During this
period, 4 Galileo satellites (PRN E08, E10, E21, and E26) were targeted at intervals of
1-4 days using the Christoph-Latsch Teleskop (CLT), recording the E1/L1 band for 5 min.
The telescope has a diameter of 5 m and, following analog filtering and signal amplification,
uses the IFEN SX3 frontend to secure the data in 2-bit real-valued IF samples. This ensured
a stable C/ N ratio of 70.5 & 0.3 dB-Hz of the derived data. To avoid interference from
other GNSS satellites, recordings were only carried out when a spatial angle of 3° was
clear of other GNSS space vehicles. Due to the combined use of the telescope for solar flux
observations and space weather events, recordings could only take place during at night.

(b)

Figure 1. Situation at Wettzell with (a) the CLT and (b) the remaining setup, including the IFEN SX3
frontend in the middle.
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2.2. Processing Chain

The recorded data were evaluated in post-processing using the MATLAB-based pro-
gram SiMAS (Signal Monitoring Analysis Software, compiled march 24), developed at the
UniBW. Figure 2 shows the flow chart of the software toolchain.

Post-processing

Results
(¢ \ :
SQM Tool Chain Metric Plots
(MATLAB-based) ]
[:’ Axtfile with flagged
: thresholds

i ( w |/ D
Recorded —=3 MuSNAT [ iDoalied A e with Recorded mean and

GPS/Galileo Dataset ‘ ‘ | metric values
variance database

Figure 2. SIMAS flowchart for post-processing of the recorded data.

The metadata of the IF (intermediate frequency) samples were evaluated by SIMAS
and the configuration was prepared for further processing in MuSNAT. The subsequent
processing used the Compute Unified Device Architecture (CUDA) framework on the GPU
for the correlation, which has already shown a significant improvement in runtime [8]. A
total of 37 correlator points C, with a spacing of 0.01023 chips were used and the various
metrics are developed. The Single Sided Ratio (SSR), Delta (D) and DoubleDelta (DD)
metrics were used in this study, normalized by Cy. These are defined as follows [7]:

Cro.01

R=—— 1
SS Cy (1)

C_0.01 — Cyo01
D = £=001 — tyo01 2
c, , (2)

(C_o02 — Ct002) = (C_y 01 — CHo01
oD — 0.02 - 0.01 ) . 3)
0

The C/ Ny dependence of the metrics was neglected in this study as this parameter
remains very stable due to the measurement setup. Finally, the metrics for each epoch were
stored in an ASCII-file, combined with a variety of tracking parameters like C/ Ny, Doppler,
Discriminator outputs of delay (DLL), frequency (FLL) and phase-lock loops (PLL), code-
minus-carrier (CMC) and others. The latter were used for the qualitative assessment of
the computations.

After completing the MuSNAT processing, the results were read back into SIMAS for
the analysis and visualization of the metrics. They were tested against stored thresholds
and flagged in an output file when crossing them.

2.3. Data Analysis

The error of the satellite payload would lead to a constant error influence on the
correlator, and thus also on the metrics formed. To determine this, it is crucial that the
mean values of the metrics of error-free measurements remain stable over time. The first
step was therefore to compare the periodic campaign results and assess their progression.
The quality of the evaluation was checked for correctness using the output information of
the MuSNAT processes.

Consequently, threshold values were formed over the longest common period Tj;ax
of the suitable measurements. The satellite specific threshold value uses the standard
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Volts

Correlation function

deviation oprN Metric Of the respective, suitable measurements and is scaled using the factor
n. Assuming a normal distribution, this is calculated by

-1
FPRN,metric( 0.5 * PrA )

OPRN jmetric

n==+ = const. = +4.584, 4)

-1
where FPRN,metric

metric, and prg = 4.563 x 107 is the false alarm probability, derived from a maximum false
alarm rate of 1 over 10 years with a assumed daily number of 60 observations, enabling

represents the inverse cumulative distribution function for each PRN and

the recording of every GPS and Galileo satellite for a single selected signal. To estimate the
minimum measurement time required, the 0pryn petric and means of the individual metrics
were determined for each measurement period T, € N in m seconds.

To test the sensitivity of these boundaries, signals with the ICAO described limitations
were generated using the UniBW signal generation Tool YaSST, as shown by [10]. The
effects on the Code and on the respective correlator output can be seen in Figure 3. For
the digital failure TM-A, a generalized lead/lag on every falling flank was assumed for
this study.

TM-A distorted EIB+C Code (A = 01277 TM-B distorted E1B+C Code ( o = 0.8 Mnepers/second f; = 3 MHz ) TM.C distorted EIB+C Code (o = 0.8 f; = 3 MHz A = 0.12 7 )
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Figure 3. Threat model application in YASST for (a) TM-A (digital failure), (b) TM-B (analog failure),
and (c) TM-C (analog + digital failure), Top: Code distortion. Bottom: Effect on the correlator output.

To test the probability of detection, the metrics of the undistorted and the distorted
signal both follow the assumption that their distribution P is equal to those of the com-
puted values of PRN E26. This satellite was chosen as it features the most measurements
during the campaign. Testing the detection probability ppsesric threar Was then determined
as described in [11], with d being the difference in the metric means of the threat model
applied and the error-free, ideal, signal:

pMetric,threat(Tr P””) =P ( d(T) > ok U'PRN.Metric(T) | threat), (5)

Lastly, in [9] a comprehensive and sophisticated approach on benchmarking in relation
to GNSS processing is given and used to test the CUDA computation for effects on the Core
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or Memory Clock. For this, the MSI Afterburner software was used to overclock the GPU’s
(Nvidia GeForce RTX 4090) clocks and measure the computation rate in GSamples/second.

3. Results

The final list of recordings is presented in Table Al. After computation, the metric
outputs for each measurement are presented in Figure 4. During the evaluation, problems
with the configuration for high-energy signals became apparent. This could lead to false
detections in the signal acquisition and later nonsensical tracking in the spectrum. After
several iterations, a generally valid configuration was finally found.

Metrics for each observation conducted

Mar/01 Mar/01 Mar/02 Mar/04 Mar/04 Mar/04 Mar/05 Mar/05 Mar/05 Mar/06 Mar/06 Mar/07 Mar/07 Mar/O8 Mar/08 Mar/08 Mar/08 Mar/09 Mar/09 Mar/10 Mar/11 Mar/11  Mar/11  Mar/12 Mar/12 Mar/12 Mar/13 Mar/15 Mar/15 Mar/15
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Figure 4. All computed metrics for each conducted observation (see Table AT).

As becomes apparent, there are still some outliers in the results of E10 and E26 for
1 March. Upon further investigations, the tracking parameters show large errors during
PLL tracking, as seen on the doppler tracking in Figure 5. Even though this is still to be
sorted out, we will not use these two recordings for further evaluation.

Doppler Observation March/01 for E26 Doppler Observation March/05 for E26

1750 5435

1740

1730

1720

1710

5400 Switch to PLL from FLL

Switch to PLL from FLL

Figure 5. Doppler of E26 from (a) 01 March and (b) 05 March recordings.

The remaining 28 recordings were then cut to the least common observation time
(T =237 s) and the threshold parameters for each PRN were set (Table 1).
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Table 1. Set threshold parameters for each PRN.

PRN Mean (SSR; D; DD) o (SSR; D; DD)
0.9607 6.0795 x 10~4
E08 0.0153 9.7847 x 104
—0.0011 5.9318 x 10>
0.9589 51622 x 104
E10 0.0128 8.1115 x 10~*
—0.0008 8.8062 x 107>
0.96025 45905 x 104
E21 0.01501 7.2965 x 104
—0.0010 1.1329 x 10~*
0.96025 3.8578 x 10~*
E26 0.01481 6.1027 x 10~*
—0.0011 8.1315 x 107

In addition, the means were formed for shorter measurement periods T, (Figure 6)
and compared with the variance and the formed thresholds.

Scatter of Delta; (T') for E26

Scatter of SSF, (') for E26

%10 Scatter of DoubleDelta; (T') for E26

« Delta, (T) E26

80 100 120
Observation length T 8

(a)

140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 0 2 4 60

Observation length T [s

(b) (c)

Figure 6. Scatter of (a) SSR, (b) D, (c) DD means for observation length T,.

80 100 120
Observation length T

140 160 180 200

To determine the convergence behavior of the thresholds as a function of the observa-
tion time, the rate of change of oprN yetric(T) is determined (Figure 7). It is shown that a
stable estimate of the thresholds is possible after 150 s in the worst metric. Together with
the time required for processing, a future observation period of 180-200 s is recommended.

4105 Change of ossq of metric means for different T

S
0 20 40 60 8 100 120 140 160 180 200
Observation length T s

(b)
Figure 7. Convergence of (a) SSR, (b) D, (¢) DD 0pgrn metric(T) rate of change.

The subsequent test of the defined thread models, including the selected thresholds,
proves to be successful for most parameters. The detection of TM-B works with a probability
bordering on certainty with a chosen f; of 1 MHz and damping factor = 0.8 Mnepers x s~ L.
TM-A is sensitive up to a A lead/lag of 0.04 T (percentage of chip) in the individual metrics,

subsequently dropping to below 50% probability. Figure 8 shows the detection probability
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for TM-A with a delta lag of 0.06. TM-C behaves as expected as a combined error influence
with high sensitivity, especially with larger analog failure.

Probability of TM-A detection(A = 0.0677) for E26 using SSR. only
1

085 ,-"/

08

A 075

07T

0.85

0.6

055

05 L L L L L L L L
20 40 80 80 100 120 140 160 180
Observation length T [s

Figure 8. Detection probability for TM-A for E26, only using SSR for each T,.

The results of the benchmarking, as shown in Figure 9, are determined by consecutive
additions to the clock and by using the mean observation of the sample processing rate. The
core clock shows a least squares adjusted trend of 0.095222 GSamples x s~ 'MHz !, while
adding to the memory clock only results in a trend of 0.0047759 GSamples x s~ !MHz !,
indicating a main dependency of the core clock for GPU-bound processing.

Performance development by Overclocking Core Clock only Performance development by Overelocking Memary Clock only
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Figure 9. Effect of overclocking on (a) core clock and (b) memory clock.

4. Discussion and Conclusions

Due to the false detection in two cases, the evaluated data show the need to obtain a
robust and fine-tuned configuration for evaluating these high-energy signals. The remain-
ing results show a good and stable performance in the metrics and allow for the setting of
PRN specific thresholds. Tests against simulated EWFs show a satisfactory sensitivity of
the solution, but need to be further developed and researched in the future. In addition
to the inclusion of tracking parameters, a consideration of the metrics in relation to each
other and the creation of new metrics using all available correlator points is planned. An
in-depth look at the definition and simulation of possible threat models for Galileo E1B, as
well as for other non-BPSK signals, should be considered.

The runtime estimation for Galileo E1B still needs to be compared with other signals
for monitoring in order to define a refined measurement strategy for continuous monitor-
ing. Further data should be used to test the assumptions made in this study under real
conditions, which is why the medium-term recording of continuous measurement series
is desired.

For future development, the outsourcing of computationally intensive processes to
the GPU will be further promoted in order to carry out a systematic evaluation without
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the risk of race conditions. The detected positive effect on the GPU core clock provides
conclusions about the bottlenecks of the GPU.
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Appendix A

Table Al. Recordings conducted at the Geodetic Observatory Wettzell.

PRN

Date—Starting Time Length (min)

(SVID) Color of Recording in UTC of Recording Azimuth/Elevation
4 March 2024—05:40 5 ~120°/32°
5 March 2024—18:25 5 ~108°/34°
N ;
arc : ~{N° o
(GSAT0208) 9 March 2024—23:30 5 ~59° /54°
12 March 2024—19:13 5 ~135° /45°
15 March 2024—05:45 5 ~306°/30°
1 March 2024—20:05 5 ~300°/27°
4 March 2024—17:25 5 ~260° /25°
E10 7 March 2024—19:50 5 ~96° /59°
(GSAT0224) 8 March 2024—22:35 5 ~306° /45°
10 March 2024—16:55 5 ~54° /67°
11 March 2024—20:11 5 ~300°/42°
2 March 2024—16:52 5 ~315°/30°
5 March 2024—18:05 5 ~224°/32°
e z s
arc : ~193°/28°
(GSAT0215) 12 March 2024—17:45 5 ~273°/38°
13 March 2024—05:45 5 ~60°/51°
15 March 2024—16:33 5 ~240° /48°
1 March 2024—19:45 5 ~95°/22°
4 March 2024—17:05 5 ~70°/26°
5 March 2024—18:40 5 ~283°/50°
6 March 2024—23:55 5 ~312°/32°
E26 8 March 2024—17:13 5 ~282°/71°
(GSAT0203) 9 March 2024—23:40 5 ~265°/63°
11 March 2024—18:15 5 ~83°/37°
11 March 2024—18:37 8% ~91°/29°
12 March 2024—19:44 5 ~296° /39°
15 March 2024—17:10 5 ~269°/37°

* Observations conducted in a potentially challenging environment/geometry.
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