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1 Introduction

The gSim Simulation Guide provides various simulation scenarios designed to show the
functionality, capabilities, and typical performance of gSim. These scenarios can serve as
a basis for developing custom simulations. They are available under the GPLv1 license on
the gSim website. The archive includes all necessary INI files, source files, and, optionally,
intermediate files and scripts for GNU Octave to prepare the data, execute the simulation
scenarios and analyze the results. Some Octave scripts are described directly in scenarios
subsections, the rest is introduced in Section 3. Additional details are provided in the scripts’

comments.
To successfully run the examples, you must:

Install gSim (see gSim Operation Manual [1])
e Install GNU Octave with mapping and related packages
e Unpack the examples archive file to a disk with enough space for the signal samples!
e Run gSim GUI, and select appropriate INI file
e Adjust in a chosen INI file
— the paths in [Folders Files| section
— Converter_ Uart_1, Converter_ Uart_1 in [System] section
e Run simulation with the help of Run All button or according to the instructions in

the scenario description

The scenarios are designed for BladeRF SDR unless explicitly mentioned. If the
user wants to change the SDR to HackRF, it is necessary to change SDR in [Sig-
nal Generator|, SDR_Type and adjust the sampling rate [Frequency|, Sampling_Rate
and set recommended GPS_L1_Frequency_Offset, GPS_L5_Frequency_Offset,
Galileo_E1_Frequency_Offset, and Galileo_E5A_Frequency_Offset for HackRF.

Before detailing individual simulation scenarios, we would like to introduce our favorite
test way-point Nizbor, Figure 1. Nizbor is a village located on the banks of the beautiful
Berounka River in central Bohemia. Within the village, there is a Celtic oppidum and a
castle is situated on a nearby hill. Adjacent to the castle, we have a waypoint with magical
coordinates 50°N, 14°E, which we call Nizbor.

LA 10-minute signal will take up 58 GB of disk space at the recommended settings.



Figure 1: Nizbor



2 Scenarios

This section outlines several scenarios. Before running any scenario, it is essential to properly
reset the GNSS receiver and clear the navigation data and time. Failing to do so may result
in the receiver being unable to calculate the position for various reasons. One significant issue
is time discontinuity, which is physically impossible in the real world, so the receiver may
not be able to respond to it. Moreover, problems may arise from network assistance (such as
AGPS or AGNSS) or integration with systems that provide a position or time different from
that of the GNSS simulator.

When running the simulation scenario, the user shall keep the following facts in mind:

e Even after performing a cold start (cold reset) on the receiver, it may not fully clear
all parameters, such as those related to the ionospheric model or the coefficients used
for GPS time-to-UTC or Galileo time-to-UTC conversion. If accurate parameters are
essential for the simulation, it is important to extend the simulation of the time needed
for reception and update of those parameters.

e When evaluating the height, it should be noted that gSim uses geodetic (reference
ellipsoid) height, while the navigation receivers usually provide both geodetic height
and height above the geoid (mean sea level - MSL). MSL differs from geoid height!
For example, the geoid height (above the reference ellipsoid WGS84) at the Nizbor
waypoint is, according to the Earth Gravitational Model EMG96, about 45.78 m. If
the height above Mean Sea Level (MLS) (height above Geoid) is 270 m, the height
above the ellipsoid (geodetic height) is approximately 315 m.

e The position measured by the receiver may differ slightly from the specified (requested)
position for several reasons. On the one hand, accuracy can be affected by simplified or
cost-effective signal generation methods, which introduces some losses. However, the
main source of the uncertainty appears in the tropospheric model. The tropospheric
modeling is slightly problematic as the tropospheric model is not specified in the ICD
documents.

2.1 Nizbor Demo

The Nizbor Demo is a default scenario for the gSim Demo version; see Operation Manual [1],
section Demo License. The scenario generates GPS L1, Galileo E1B, and E1C signals for
HackRF SDR. Signals are directly modulated to the carrier frequency, so there is no need to
use the gSim Converter. An attenuator with an attenuation of approximately 80 - 100 dB
is recommended to be inserted between the SDR and the GNSS receiver to set the signal
power to the appropriate level in the case of a direct cable connection between SDR and
GNSS receiver.

Insufficiently shielded GNSS receivers can also receive enough signals through crosstalk
without SDR-receiver interconnection. Let us note that the signal generation with the help of
gSim Converter has no problem with such cross-talk as the SDR generates GNSS signals
on intermediate frequency. The properly shielded gSim Converter attenuates intermediate
signal and converts it to the navigation frequencies.

The simulation scenario is saved in gSimScenarios/NizborDemo folder.
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Figure 2: Horizontal Scatter Plot Variant 1, SDR BladeRF

Despite the Demo version being able to generate only a short simulation, which is sufficient
for a cold start and a several-second position fix, the user can test basic software features and
familiarize themselves with gSim control, the structure of the input, and intermediate files.

2.2 Nizbor BladeRF & Nizbor HackRF

Nizbor BladeRF and HackRF are static user position scenarios for gSim (commercial license)
that generate all supported signals. The scenario requires gSim Converter. The simu-
lation scenario is saved in gSimScenarios/Nizbor folder. In INIT folder there are two files
NizborBladeRF.ini and NizborHackRF.ini. The duration of the simulation is 30 minutes.

The position scatter plot can be drawn using GNSS evaluation software like uBlox u-centre
or third-party software. The example Octave script for plotting horizontal and 3D scatter
plots is described in section 3.

Figures 2, 3, 4, 5, 6, 7, 8, and 9 present horizontal and 3D scatter plots and position errors
measured by a uBlox EFK-F10N GNSS receiver. The scenario (length 1800 s, sampling
frequency 24 MHz) generation time on a PC with AMD Ryzen 9 7950X3D processor is 2121 s.
Signal replaying can be started during signal generation on a PC with sufficient performance.
Besides processor performance, disk throughput is also essential. Better experiences are
achieved with M2 SSD disks than with SATA SSD ones.

2.3 Navigation Message Update

The navigation message update scenarios present the response of the gSim and GNSS receiver
to the update of navigation messages and the increment of week number. The reference times
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Figure 9: 3D Position Error, SDR BladeRF

are automatically generated by a preprocessor (automatic mode). All scenarios simulate
static users at the Nizbor waypoint and generate all supported signals. The duration of
the simulations is 20 minutes. Simulations start 15 minutes before the navigation message
update to receive all navigation data items, including UTC and ionospheric data.

The simulation scenarios are saved in gSimScenarios/NizborDemo folder.

The preprocessor in automatic mode updates all navigation messages at midnight from
Saturday to Sunday. At that time, the week number will also be incremented. Updating to
the new ephemeris and week number should not cause a position jump; see Figure 10.

2.4 Manipulation with Navigation Message

As part of the navigation message manipulation, we will show the verification of the correction
capabilities of the linear block code (Hamming) in GPS L1. The code can detect two errors
and correct one error in the word. The methodology of the test is as follows. We will
choose a satellite at high elevation. In our case, SVID 8. We will open the file with its
navigation message, which we will manually edit. From ToW 102 s to the end of the file,
we will set the Alert Flag to 1 (1, ALERT - Alert Flag). From the same time (102 s) we
will introduce two errors in the channel by setting two bits of the Error word, for instance,
$E001000000010000000000000000000, Error Word for all messages from ToW 102 to ToW
150. From ToW 150 to ToW 204 we will introduce only one error.

The response of the receiver on the ALERT signal depends on the navigation message
decoding algorithm. The receiver can only detect the errors and discard incorrect words resp.
subframes or it can correct the errors.
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Figure 10: Position Transient caused by the week number increment and update GPS and
Galileo Navigation Messages

The simulation scenario, including generated constellations and navigation messages, is in the
folder NavMsgManipulation. The user must generate the satellite ranges and signal. Attention:
Do not generate the navigation messages as they overwrite already made modifications
described above!

The same method can be used to test the other signals encoded by a convolutional code. You
need to be aware that the error correction capabilities of a convolutional code are higher, and
the whole issue is more complex. In addition, Galileo has interleaving, which complicates the
test and result interpretation.

The scenario is provided with modified GPSL1_SV18.nms. The signal is generated by the
following steps:

Prepare simulation scenario according the instruction in Chapter 1

Run Preprocessor, and Navigation Messages Generator

In GPSL1_SV18.nms make proposed changes or take a file from scenario archive
Run Satellite Ranges Generator, and Signal Generator

Play the signal in a regular way

GUp W

2.5 Leap Second

LeapSecond scenario simulates the leap second insertion at midnight from 31. December
2024 (GPS week Number 2347, weekday 3) to 1. January 2025. The leap-second insertion
was achieved by modification of the GPS and Galileo Navigation Message constellation files.

In INT file there must be set proper simulation start time, in our case app. 15 minutes before

10



midnight from 31. December 2024 to 1. January 2025 (Simulation_Start_Time_of_Week
= 258300, Simulation_Start_Week_No = 2347 and Simulation_Duration = 1200)
to enable the receiver to receive a complete navigation message.

The next step is to run Preprocessor that generates GPS and Galileo navigation message
constellation files. After that, it is necessary to modify them.

In GPS nav_msgl.csv the following changes must be made:

1. Set Leap second reference Week Number WN_LSF of all satellites to 43 (2346 mod 256)
and L5_WN_LSF to 2347.

2. Set Leap second reference Day Number DN resp. ES_DN of all satellites to 3 (Tuesday).

3. Set Current or future leap second count Deltat_LSF resp. E5_Deltat_LSF to
Deltat_LS + 1 (in our case to 19).

In GPS _nav_msg2.csv it is necessary to properly set a number of leap seconds (Deltat_LS
= L5_Deltat_LS = Deltat_LSF = L5_Deltat_LSF = 19).

The Galileo constellation files Gal nav_msgl.csv and Gal_nav_msg2.csv need to be modified
similarly. In Gal nav_msgl.csv set EIB_WN_LSF = ESA_WN_LSF = 43, ETB_DN = E5A_DN
=3, E1B_Deltat_LS = E5A_Deltat_LS = 18, E1B_Deltat_LSF = E5A_Deltat_LSF =
19.

In Gal _nav_msgl.csv set E1B_Deltat_LS = E5A_Deltat_LS = E1B_Deltat_LSF =
E5A_Deltat_LSF = 19.

To simplify testing, the scenario is already delivered with the modified GPS nav_msgl.csv,
GPS nav_msg2.csv, Gal_nav_msgl.csv, and Gal nav_msg2.csv files. The Preprocessor
is disabled in INT file (Preprocessor_Command = 0), so the user must, after performing
the steps described in section 1, generate the signal by button Run All, and play the
generated signal as usual.

At midnight, the leap-second is inserted. The receiver should indicate the time 23:59:60; for
example, generate the following NMEA sentence:

$GNRMC,235960.00,A,5000.00018,N,01400.00008,E,0.000,311224,,, A, V*19

2.6 Multipath Error Envelope

Multipath propagation is one of the main sources of position errors. The receiver immunity
to the multipath errors is expressed as a multipath error envelope. It displays maximal
positive and negative pseudorange errors caused by one reflected signal. The test signal
consists of the Line of Sight (LOS) and one delayed reflected and phase-shifted signal. The
level of the reflected signal is expressed relative to the level of LOS signal by the parameter
SMR (Signal-to-Multipath power Ratio).

The proposed scenario tests the multipath error envelope of GPS L1 and Galileo E1B&C
channel (correlator) of dual frequency receiver that can record raw pseudoranges. The
principle of testing is straightforward. We add reflected signals to the GPS L1 and Galileo
E1B&C signals. The multipath error is evaluated relative to GPS L5 resp. Galileo E5A
signals that are not encumbered by multipath.

11
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Figure 11: Delay and Doppler frequency shift of the reflected signal to the LOS signal

The script MultipathEnvelope.m adds one GPS L1 resp. Galileo E1B&C reflected signal
(Figure 11) into the selected range file and saves the results to the same file. The reflected
signal is switched on with the time delay defined by variable stime. The delayed start is
needed for the receiver to obtain the initial fix and the position to settle down. The initial
delay of the reflected signal in stime is equal to the delay of the LOS signal and slowly
increases with the rate defined by variable mDelRate [i s/s]. The reflected signal can be
affected by a slight Doppler shift specified by a variable mDoppler [Hz] to the LOS signal
frequency.

To be able to compare raw pseudoranges on L1 and L5 frequencies without various de-
lay biases, it is necessary to eliminate group delays of the satellites and ionospheric
and tropospheric delays. The ionospheric and tropospheric models must be disabled
(Iono_Model = @and Tropo_Model = @) in INI File, and the satellite group delays (T_GD,
L5_T_GD, L5_ISC_L1CA, L5_ISC_L2C, L5_ISC_L5I5, L5_ISC_L5Q5, E1B_BGD_E1_E5A,
ES5A_BGD_E1_E5A and ETB_BGD_E1_E5B) in the source constellation files must be cleared
(set to 0). It is also necessary to allow the generation of the first reflected signal of GPS L1
(GPS_L1_Multipath = 2) and Galileo E1 (Galileo_E1_Multipath = 2). Note that
these modifications have already been made in the provided Multipath Envelope Scenario.

The simulation scenario is run by the following steps:

Execute the procedure described in chapter 1

Run Preprocessor, Navigation Messages Generator and Ranges Generator
Run Octave Script Multipath_ Envelope.m, select one or more high-elevation GPS and
Galileo satellites. The range file is modified immediately after selection confirmation.
e Run Signal Generator

12
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Figure 12: GPS L1 C/A Multipath Error

e Play the signal and record the receiver output (UBX RAWX messages)
e Analyze receiver data by ProcMultipathFEnvelope.m

The multipath error was analyzed on GPS SV 18 and Galileo SV 13. The resulting errors are
shown in Figures 12 and 13. The multipath error envelope is an upper and lower envelope of

plotted curves.

The measurement is affected by a residual DC bias, which is approximately 7.5 m for L1 -
L5 and 5.5 m for E1 - E5A. These biases are likely caused by a receiver. Fortunately, these
biases can be measured with the help of other high-elevation satellites that are not affected
by multipath propagation. Figures 14 and 15 show such biases measured using GPS SVID
23 and Galileo SVID 15 satellites.

2.7 Reflected Signal Test

The aim of ReflectedSigTest scenario is to verify the proper function of the first and second
reflected signal generators. Satellite signals are first (first 100 seconds) generated by the
direct (LOS) signal generator, the first reflected signal generator generates the second 100
seconds, then 100 seconds are generated again by the direct signal generator, followed by
100-second section generated by the second reflected signal generator. Finally, 100 seconds
are generated by the direct signal generator.

The test executes as follows: Read INI file and modify it. Generate constellations using a Pre-
processor, navigation messages (Navigation Messages Generator), and satellite ranges
(Satellite Ranges Generator). Modify satellite ranges by a script ReflectedSigTest.m. The
script shifts the generation of some sections to the first and second reflected signal generators.

13
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Figure 15: Galileo E1C - E5A mutual delay

Run the Signal Generator and play the signal.

The navigation receiver should operate uninterruptibly. In the 100-second boundaries, a short
signal outage can occur as the script ReflectedSigTest.m does not add additional samples

before and after the switching time.

2.8 Dynamic Stress

Satellite signal tracking loops are feedback systems that use detectors with S-curve char-
acteristics (DLL) or periodic characteristics (PLL and FLL). Such tracking loops have a
finite hold and pull-in range. Loops can lose synchronization or slip during dynamic stress.
In addition, dynamic stress causes tracking errors. The tracking error depends on the loop
bandwidth and loop order. The next receiver subsystem sensitive to dynamic stress is the

position filter.

The receiver behavior under dynamic stress is tested using the DynamicStress scenario. The
user position (motion) file is generated using DynamicStress.m Octave script; see Figure 16.
The user moves to the east at a constant speed of 1 m/s. In the North-South direction, the
user performs the harmonic movement with a period of 20 s. The amplitude is 0 m in the
first 100 seconds. Then, the amplitude grows exponentially.

The receiver measurement was registered and processed by ProcSim.m. The script reads .ubx
with the measurement and compares it with the generated user position file. The results are

shown in Figure 17.
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2.9 Long Simulation - Lucky Quatrefoil

The simulator can typically generate scenarios up to 3600 seconds long. A longer simulation
can be realized by connecting two or more parts.

An example of a two-hour simulation is in the LongSimulation folder. It is a moving user
simulation. The user trajectory is a quatrefoil, see Figure 18 with a midpoint on Nizbor
waypoint and a radius of 10 km. During the first hour, the user draws northeast and southeast
leaves. The southwest and northwest leaves are drawn in the second hour.

Let us note that a quatrefoil is an abnormal palmately folded clover leaf (Trifolium), which
has one extra leaf compared to a trifoliate leaf. Four-leaf clovers occur in a ratio of roughly
1:10,000 in the clover population. Tradition associates finding a four-leaf clover with good
luck.

The user position is generated by a script LongSim.m. The script generates quatrefoil2_1.1lh,
quatrefoil2_ 1.xyz, quatrefoil2 2.1lh, quatrefoil2 2.xyz user position files. These files are saved
in UserPosition folder. The simulation scenario contains three INI Files, quatrefoil2 1.ini,
quatrefoil2 2.ini and quatrefoil  Run.ini. The Simulation_Start_Time_of_Week of the
first file is set to 3600 s, while the Simulation_Start_Time_of_Week of the second file is
set to 7200 s. The third INI file serves for replaying the resulting file only.

To demonstrate the concatenation of the signal, the trajectory of the quatrefoil is absolutely
exceptional. The first sample of the first hour signal (quatrefoil2 1.024) starts exactly at
the midpoint and ends one sample before the midpoint. The same is true for the second hour
signal (quatrefoil2 1.b24), where the first sample starts exactly at the midpoint, and the
last one ends one sample before reaching the midpoint.

17
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Figure 18: Lucky Quatrefoil trajectory

For this to be the case, the first user position file (quatrefoil2_1.1lh) sample needs to be
generated 100 ms before the midpoint; the second must be right at the midpoint, and 36002
was again in the midpoint. Then, two more samples must follow. The second hour user
position file (quatrefoil22.1lh) is generated in a similar way.

The scenario is generated using the following steps:

e Select quadrefiol2_ 1.ini in gSimGUI, modify it according to the instructions in Chapter
1, and press Run All button. gSim generates navigation messages and satellite
positions scenarios for the first and second hours, GPS L1 & L5 and Galileo E1B &
E5A navigation messages for the first hour, satellite ranges also for the first hour, and
first-hour signal samples quatrefoil2 1.024

Select quadrefiol2_ 2.ini, modify it, and press Run All butten. gSim skips Prepro-
cessor as Preprocessor is disabled by Preprocessor_Command = 0. gSim will
use constellation files generated in previous steps and generate navigation messages,
satellite ranges, and signal samples quatrefoil2 2.b24 files for the second hour.

Go to the Sig folder. Concatenate quatrefoil2 1.b24 and quatrefoil2 2.024 files to qua-
trefoil.b24 for example by Linux command cat filequatrefoil2 1.b24 filequatrefoil2 2.b24
» quatrefoil.b24

Set quadrefiol Run.ini, modified it and run replaying by Play Generated Signal
button

The receiver measurements were recorded and compared with the generated user position
file. The results are displayed in Figure 19. The measurement was processed by script
ProcLongSim.m. The script first read the UBX file with the receiver position measurement,
and both generated user position files (for the first and second hours). Then, the generated

18
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Figure 19: Lucky Quatrefoil GNSS receiver position Error in ENU Coordinates

user positions are interpolated to the time instances of GPS receiver measurement. The
results are transformed to the local coordinates (ENU), compared, and plotted position
errors.

The signals are concatenated in time of week 7200 s. From Figure 20, it is clear that no
position step or position loss was detected, so the files are correctly connected.

2.10 LEO orbit

The gSim can simulate signals for LEO satellites. The special Space version (dual-use goods)
is required for these scenarios. According to European legislation, the standard commercial
license has a speed limit set to 590 m/s.

The trajectory leo.zyz (Figure 21) is generated using the Octave script LEQorbit.m. The
trajectory calculation uses numerical integration of the satellite’s motion equations in the
Earth-Centered Earth-Fixed (ECEF) coordinate frame. The initial vector was measured by
the piNAV L1 GPS receiver on the Lucky 7 CubeSat [2, 3].

g¢Sim Space was tested using a piNAV GPS receiver developed by Pavel Kovar. This receiver
provides positional data and additional supporting information using the NMEA protocol,
which is enhanced by three custom messages: $PSLSP, $PSLSV, and $PSLSS.

e The first message, $PSLSP, delivers GPS time and the position vector in the Earth-
Centered, Earth-Fixed (ECEF) coordinate frame.

e The second message, $PSLSV, carries GPS time and the velocity vector in ECEF.

e The final message, $PSLSS, indicates the receiver status.
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Figure 20: Lucky Quatrefoil GNSS receiver position Error in ENU Coordinates
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Figure 21: 24-hour LEO satellite trajectory with highlighted one-hour simulated part
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The receiver features a satellite trajectory propagator, which enables dead reckoning naviga-
tion when satellite signals are lost.

It is important to note that this receiver is primarily used in unstabilized CubeSats, which
slowly rotate in most cases. This rotation can lead to frequent outages of GPS signals. In
addition, GPS signal outages may occur due to jamming in certain problematic areas.

To decode the $PSLSP message, we developed an Octave function named PSLPS dec.m.
The Octave script ProcLEO.m is used to analyze the position errors of the piNAV receiver,
as illustrated in Figure 22.

The figure also demonstrates the capability to control the level of the signal with built-in
gSim Converter attenuators. At 2100 s, the GPS signal was attenuated, causing the
receiver to lose satellites. The position was then estimated by the position propagator based
on the last valid positions and speeds. Once the signal was restored, the receiver began to
receive satellites again and recalculated its position.
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Figure 22: piNAV L1 ECEF Position Errors and number of the satellites used for PVT
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3 Processing software for Data Analyses

This section outlines selected Octave scripts and functions for advanced simulation and
GNSS receiver data processing that were not described or not sufficiently covered in the
simulation scenarios, as they are applicable to more scenarios. Scripts are richly commented
on. It should be noted that Octave scripts are not perfect and are strictly for demonstration
purposes. They do not handle incorrect input data, the figure range is set automatically.
Some variables are set by default. The settings may not be appropriate for general data,
especially for shorter ones.

3.1 UBX Messages Decoder

The UBX Messages Decoder UBX RAWX LLH dec.m is an Octave function for reading and
decoding the UBX file. The function can decode UBX-RXM-RAWX and UBX-NAV-POSLLH

messages.

3.2 piNAV $PSLSP Decoder

PSLSP_dec.m is an Octave function for reading and decoding the NMEA $PSLSP extending
messages of piNAV L1 CubeSat GPS receiver.

3.3 Position Scatter and Position Error

Script Scatter Plot.m draws two versions of horizontal scatter, 3D position scatter,
East North Up (ENU), and horizontal and 3D position errors. The data is read using
UBX RAWX LLH decoder.m. The user position is then transformed from geodetic coordi-
nates to the local using a mapping package. The reference position (point) is set by variables
ref lat0, ref lon0, ref h0. The display range (limits) is set by variables disp_ start and
dips_end.

The examples of the script outputs are in Figures 2, 3, 4, 5, 6, 8, and 9.
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