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1 - Introduction
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This document is a report on the validation and certification of SE-NAV, both theoretically and
phenomenologically, thanks to the expertise of OKTAL-SE, ONERA and GUIDE GNSS in this field. This study
and documentation are financed by Region Occitanie.

2 - Description of Sim3D / SE-NAV

SE-NAYV takes into account transmitters corresponding to one or more GNSS satellite constellations (GPS,
GLONASS, GALILEO, BEIDOU), as well as low-orbit constellations (such as the future LEO-PNT constellation)
and ground transmitters (Beacon or Jammer). SE-NAV's added value lies in its ability to simulate the
propagation channel realistically, taking into account the multipath created by the environment and/or the
object carrying the GNSS receiver.

2.1 - Deterministic simulator

SE-NAV simulates the propagation of radio navigation signals (L-band in particular) in constrained
environments. A constrained environment is an environment that interferes with signal propagation:
e By masking it (problem of system availability in these white zones).
e By creating multipaths (reflections, transmissions, diffractions). In navigation, multipaths reduce
localization accuracy by adding a (geometric) delay to the geolocation algorithm. Multipaths also
induce fading effects by interacting with each other.

SE-NAV uses a deterministic method, Ray Tracing, to determine the masking and compute the different
multipaths received by the receiver. OKTAL-SE has developed its own ray tracing engine using the
resources of the graphics card (no third-party libraries). The Ray Tracing method is coupled with Geometrical
Optics and the Uniform Theory of Diffraction to compute:

¢ Reflections on surfaces.

e Transmissions through walls.

o Diffractions on edges.

The maximum number of reflections and transmissions per multipath is theoretically unlimited. The maximum
number of diffractions is limited to one per multipath.

F302.002
Page: 3/23



Q) oscTar-s=e

Synthetic Environment

SE-NAV / Sim3D Validation report

Reference: MRKSE/346 — 2025.101/1

2.2 - Synthetic environment modeling

SE-NAYV uses Synthetic Environments to perform computations. These are realistic 3D models of:
e The geometry of buildings or objects.
e Material physics (in the case of SE-NAV, EM coefficients: permittivity, conductivity, building thickness,
etc.).

Synthetic environments can be divided into two categories:
e Geotypical environments: these models represent a realistic but not necessarily real environment (e.g.
a dense urban environment, a mountainous environment, etc.).
e Geospecific environments: these model a real environment (e.g. a district of New York City).

These environments are created using proprietary tools such as:
e SE-AGETIM-LIGHT: semi-automatic modeler for simplified creation of synthetic geotypical
environments.
e Plugin for the SketchUp modeler (https://www.sketchup.com/fr): this plugin converts any scene built
by the SketchUp modeler into the proprietary SE-NAV format.

2.3 - Propagation simulation
SE-NAYV integrates the CNES MSLIB library to compute satellite orthography from almanac data.

SE-NAV computes atmospheric crossing (ionosphere, troposphere) using classical theoretical models
(RTCA, Klobuchar, ...).

SE-NAYV uses synthetic environments (geometry and materials) to compute masking and multipath due to
the near environment. The software performs ray tracing, available in CPU and GPU versions, which is
combined with geometrical optics and uniform diffraction theory (UDT) to perform these computations. The
computation of reflection and diffraction coefficients is based on a physical characterization of the materials
(permittivity, conductivity, thickness) of the various scene elements (environment and moving entities). SE-
NAV also includes a model for calculating propagation through vegetation.

The physical models implemented in SE-NAV have been the subject of several validation campaigns in
partnership with GUIDE and SPIRENT. These validation activities have been the subject of publications
which are available on the OKTAL-SE website (http://www.oktal-se.fr/website/publications.php?topic=4).
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2.4 - SE-NAV output results

SE-NAV produces output in the form of:
e Scilab/Matlab file. For each multipath, SE-NAV return (among others):

o

O O O O O

Receive power

Phase shift

Geometric delay

Geometry (impact position - reflection points)
Doppler

Losses

e For each channel, SE-NAV returns (among other things):

@)
@)

Receive power (vector sum of incident fields)
Signal-to-noise ratio (C/NO)

¢ Availability and visibility maps (Figure 1 and Figure 2).

Number of received
satellites
[0.00; 1.00(

[1.00;2.00(
[2.00;3.00
[3.00;4.00{
[4.00;5.00(
[5-00;6.00(
[6.00;7.00(
[7.00;8.00[
[8.00;9.00(
[9.00;10.00[
<0

>10

Figure 1 : SE-NAV map showing the number of satellites received
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3 - Effective validation work

This document is a validation report of the SE-NAV results, which will then be sent to the PosApp simulator.
This validation is carried out on two terrains, a hangar and a field area. The aim of this study is to provide a
limited amount of work (a few hours) for field modeling. Indeed, by spending more time modeling a terrain
more precisely, we could have results closer to reality. Rather, these results reflect an average level of
simulator performance, i.e. the level of performance that a conventional user might expect.

3.1 - Hangar

The first was a hangar. In fact, this type of building is easily found in suburban areas, and can lead to
multipath, due to their relatively high height, their proximity to the roadway, and their metal construction with
protruding edges.

We chose the BUT store in the Labege, France area.

Figure 3 : Labége area

The building is easy to model and is surrounded by a small road.
It will enable us to study a classic suburban area.

The method used to create this database will be called “geospecific’. A computer graphics designer will
model the entire area in 3D, using photographs and measurements taken on site, satellite photography and
the SketchUp 3D modeler.
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3.1.1 - Modeling choices

We got together with GUIDE GNSS to take measurements. OKTAL-SE took measurements of the terrain,
while GUIDE GNSS took GNSS and positioning measurements. In fact, their vehicle is fitted with GNSS
signal recording equipment, as well as an IMU system to establish a precise position. Signal recording
enables “Record and Playback”, i.e. replay of these signals through different GNSS receivers and in different
configurations: multi-frequency or not, multi-constellation or not, RTK or not, or various correction algorithms.

Two segments were recorded.

The 3D database was created in SketchUp by OKTAL-SE.
Starting from a georeferenced aerial photograph of the terrain, the buildings are placed and then modeled in
3D. Their dimensions will have been measured during the field campaign.
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s terrain is then exported in SDM format (3D format for OKTAL-SE products).
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This terrain can then be opened in SE-NAYV to prepare the scenario.
B8 sE-NAV - * - a 5%
File Edit Scheduler Tools Options Simulation Output Help

DEE ao[hmg « P> o (oow0n ]

el LRI LR KLY B

© €y Scenario

= &, Scene
% Receiver
 Camera

INAV\LIVRAISON_Certinav. ng\facade_04_retrait.png’ from (1380,1024) to (1024,1024) . El[—i

The vegetation and cars in the parking lot are then created using SE-NAV's scripting capabilities.
o ;

File !ﬂmmom Sl;lc::ln-m Help = : ‘
D@E e DO «> WO
o ] T e [ R@ -+ OEHF Y OQAN @ AMe =D

BIEIC - IE)
R - :

@2

Gz Sky_Reflecion_.pg' 2 |3

Then the user has to set the geo-reference in the database, and the date and time of the scenario.
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Finally, the user imports the ephemeris (satellite position and velocity at a given time) corresponding to the
scenario, as well as the receiver's trajectory.

|82 SE-NAV - D/Projets/C I_Certiney_ - 8 x|
File Edt Scheduler Tools Options Simulation Output Help

@R co DO WP WO
o nn-u_wr-—- h—!t!@@\&hu@*’@..nmn ok
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o Sy oo pg om 14150 0 120.128) | 3] (3

3.1.2 - Results

The measurement campaign has been realized twice, enabling us to analyze two sets of data, thus
strengthening the consistency of our analyses.

In each scenario, the car remains parked at the start of the trajectory, then makes three slow laps around the
store.

During the measurement campaigns, the GNSS signal was recorded, enabling us to replay the signal at will,
using several different receivers with different settings. As a result, simulation in a synthetic environment no
longer competes with, but rather complements, the “record and playback” approach.
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3.1.3 - SE-NAV analysis alone

We want to qualify the results of a classic SE-NAV computation, i.e. the computation of the Doppler shift
attenuations of each multipath. To do so, we're going to compare the results obtained by simulation with
those obtained by measurement.

We don't try to compare the delays of each multipath, as this observable is not directly and easily accessible
in the results of a receiver.

So, when we run the simulation, we can follow the car carrying the receiver and visualize the rays between
the satellites and the receiver. As a reminder, red rays are reflected, blue rays are diffracted, and green rays
are transmitted through vegetation (the color of the last interaction).

8% SE-NAV - Dy/Projets/Ci ON_Certinav_! 1_real.scnx - a X
File Edit Scheduler Tools Options Simulation Output Help
DEE o DBO «> > Mo =z

o T e Ll w[R@ - ¢ OFHF Y OANT @ A mi A

BELCTE 7/
l:x traj_butl.tjx aa H / ‘ / 8 Y

CLLLLLLLLLIN
SoeNOwAEWwN -

@)

| skyPlot | visbity = Heatmap | Axis  Multipath |

2024-03-15 16:48:50 Trace Loaded.
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8% SE-NAV - Dy/Projets/Cl ON_Certinav_1 1_real.scnx -
File Edit Scheduler Tools Options Simulation Output Help

DEFE o B0 €A
m=irine s —m e - ¢ OFRE Y 0443 @ N nes)d
BEICIHE \ ‘

|x Trajectory
5% Z traj_butl.trjx
1

L LLLLLLL L)
Som~owawN

=

Theot Dops
HDOP:0.974
VDOP:1.472
g  POOP:L765

:0.965
GDOP:2.012
TDOP:0.965
GDOP:2.012

Satelltes:
L0S:9
NLOS:0

2024-03-15 16:48:50 Trace Loaded.

82 SE-NAV - Dy/Projets/C! ON_Certinav. 1_realscnx = o X
File Edit Scheduler Tools Options Simulation Output Help

DEE DO «>H R (o
tor ] oo [t [boe | R@ -+ OBHF T OQAMTE N MmN
E@EEF

I x Trajectory
5% Z traj_butl.ujx

L LLLLLLLLIN
Som~uam s wN -

=

X ToOP:1.266
GDOP:2.519
Meas. Dops:
HDOP:0.974

VDOP:1.475
TDOP:0.967
GDOP:2.015

Satelltes:
L0S:8
NLOS:1

2024-03-15 16:49:50 Trace Loaded. @E

At the end of the scenario, result files are produced. After a few manipulations, you can compare the output
of SE-NAV
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&) Figure 7 - X

But 1
PRN: G27 Elevation: 65.05854000000001°

C/NO (dBHz) over time (TOW in s)

. RN | SLUN  I LIRS § (I
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Simulation
2300 4

2250 4
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2150 4

2100 4
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ilili' i|3|§| x=200616  y=23.5016

We can see that at high elevation, the G27 satellite undergoes very little power variation. Under these
conditions, the simulation easily reproduces the evolution of received power and the Doppler

&) Figure 3 - a X

But1
PRN: G10 Elevation: 42.49078°

o C/NO (dBHz) over time (TOW in s)

290400 290500 290600 290700 290800 290900 291000
Doppler frequency shift (Hz) over time (TOW in s)

Measure
3650 +  Simulation

290400 290500 290600 290700 290800 290900 291000

# € > $Q= x=290636  y=39.892
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&) Figure 6 - a X

u
PRN: G26 Elevation: 42.55981°

C/NO (dBHz) over time (TOW in s)

204

10

Y - ™ ™ v T ™
290400 290500 290600 230700 290800 290900 291000
Doppler frequency shift (Hz) over time (TOW in s)

* Measure
1650 4 +  simulation

—=1700 4

—-1750 4

—1800 -

—1850

290400 290500 290600 290700 290800 290900 291000

# €d #Q/=
The three stalls of satellites G10 and G26 are clearly visible here (they are located in the same area of the
sky) as you pass behind the BUT building:

8% SE-NAV - D/Projets/C ON_Certinav_1 1_real.scnx - o X
File Edit Scheduler Tools Options Simulation Output Help

DEE ce DB D WP W Ho |
wm;mmw‘“c:'mt‘::m Beacons | DJ@@@"*"L;'@ *,d“nt'@mmo—:“

BEIEx]E
|x Trajectory
5% & aj butl jx

CLLLLLLLLL]
SoeNO W EWN

3

| SkyPlot | visbilty = Heatmap | Axis  Multpath
Sky Plot

GDOP:2.201
Meas. Dops:
HDOP:0.974

2024-03-15 17:41:10 Trace Loaded.
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But1
PRN: G18 Elevation: 33.49313°

C/NO (dBHz) over time (TOW in s)

204

10

290400 290500 290600 290700 290800 290900 291000
Doppler frequency shift (Hz) over time (TOW in s)

~1625 +  Measure

Simulation
-1650
-1675 4
—1700 4
-1725 4
—1750 4

-1775

290400 290500 290600 290700 290800 290900 291000

ﬂl(‘" iQE\ x=200721  y=154926

For the G18 satellite, the stalls are not reproduced.
When you look at why on the simulation, you realize that beam masking is a matter of millimeters.

B8 SE-NAV - D/Projets/C! ON_Certinav_1 1_real.scnx - a X
File Edit Scheduler Tools Options Simulation Output Help
DEE oo BB «P> Mo  CEE
| T | orvtors [ poone | xR@ -+ O[FHE Y OQART B N MmN

BIEIENE

[x Trajectory
traj_butl.tx

ax 4
@1
@2
@3
©a
®s
@6
e
@s
®s
@

10

| SkyFlot | visbilty =~ Heatmap | Axs  Multipath |

[zrmwo215 a7 e onse. e T
This underlines the importance of building heights, which are not so easy to acquire precisely.
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&) Figure 4 - a X

But1l
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C/NO (dBHz) over time (TOW in s)

20

10 T T T
290400 290500 290600 290700 290800 290900 291000

Doppler frequency shift (Hz) over time (TOW in s)

+ Measure
+  Simulation

4380

4360
4340

4320 v ,F,\\
4300 W e 3
~ ¥ . .,
4280 R T o
4260 7 4 )
4240 4 ‘E‘f'w\

4220

290400 290500 290600 290700 290800 290900 291000

#l€/d +Q)=| ——

For G21, the low elevation of the satellite makes it difficult to reproduce the high variability of received power,
due to the lack of detail on our horizon scene, and the impact of tropospheric attenuation, which is poorly
estimated in SE-NAV (the model used is still fairly simple).

More or less the same phenomena were observed during the second session of the measurement campaign
(see appendix).

In conclusion, the results are very satisfactory, but this was to be expected, given the simplicity of the scene.
It would be interesting to push the simulation a little further by choosing scenes with more complex
geometry.
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3.2 - Countryside

For our second terrain, we chose to model a country road, in the middle of hills, alternating between open
terrain and forest cover, which allowed us to drive on a fairly long carriageway.

This variety is interesting because it will enable us to test the quality of our vegetation model for the first time.
We'll be modeling this terrain with vegetation. This terrain will enable us to study a typical hilly rural area.

The method used to create this database will be called “generated”. Unlike the Hangar, the area to be

modeled here is much larger. We'll be using OKTAL-SE's terrain generator, SE-AGETIM-LIGHT. Based on

photographic, altimetric and planimetric data (buildings, roads, vegetation), SE-AGETIM-LIGHT generates a

3D database, where aerial photography is plotted on the 3D terrain, and building bases are extruded to give

them shape. Vegetation and roads are also integrated into the generated terrain.
N 7 > N < . -

»

POUVOURVELE

ES'COTEAUX
/

. - ’
PONKDES'DEMOISEL LES

\

Rechbusqlie ¢ 28k

Figure 4 : Pechbusque, France area

3.2.1 - Modelling choices

Data were acquired on the same day and under the same conditions as for the first database. Only one
segment was recorded.
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We use QGIS to search, select and download the various layers we need to generate the terrain.

Q "pechbusque —QGIS - o X
Project Edt View Loyer Seftings Plugins Vector Baster Dotobsse Web Mesh Progessing Help

IpERR® ORI PRA. . Ba PO ¥ o=
BQRV.ZREBE B O ; we qusgy @ QAR ~HO B

-GR- 0 LOF ¢
Browser

oeyY®eo
[ Favortes

» (1% Spatial Bookmarks

» [ Project Home

> [@] Home

[ cacon
[ oA am)
'y R o

vAwT S =)

~ v ) 80T 3-3 GPKG_LAMB93 D031-ED2023-06-15
v zone.de_vegetation

~ (vl {0 80T 3-3.6PKG_LAMBY3_D031-£02023-06-15
Vv voie_nommee

~ V] ) BOT_3-3.GPKG_LAMBS3_D031-ED2023-06-15
v/ [T bati2

» [ 69 batiment
v VB orthoPatch20cm

W attipatch
¥ Modele Numérique de Terrain issu du RGEALTI
& Google Satcllite

Statistics

> saruent

abc -

Statistic Value

Q

Seicid fesures only
Coordrate | s74831,627256¢ Y Scoe 115000+ gk Moonifer| 100% 2| Rotaton | 0.0° 2|V Render Wiowiaven @

The various layers selected all come from IGN, French geographic institute:
e Aerial photography: BD ORTHO®
e Altimetry: RGE ALTI®
e Planimetry: BD TOPO®

QGIS allows us to overlay these layers, edit them, and download only the areas of interest to us.
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We then import these layers into SE-AGETIM-LIGHT, OKTAL-SE's software for generating 3D terrain.
s R

1AEHQQQQ &k @E=

Atumetry | Photography  Plasimetry

_o | o |

[Current coormates

[ 3

Mouse poston

xport [T —

vpune [ : ongtuce [
T ax
Mesage e [irscs =] Aotane [1ocs =) 4] 8 4] 8]

Message detads: Info 0 - Trace 0 - Waring 0 - Eror 0 - Ftal 0

Generation consists of creating 3D buildings, roads and vegetation from the planimetric map.

The base generated with vegetation blocks:

8% SE-NAV - D/Projets/CERTINAV/LIVRAISON Certinav_19102023/pb_block_real.scnx

= a x
File Edit Scheduler Tools Options Simulation Output Help
DEE B «>»Ho
) s = R B@ - OPH* Y OANT @ Amc
BIEIExIE
‘ Trajectory a

& & waj_pb_realrjx
D1

5566656606
irOrit=guit=drirginit

3
[«

2024-03-14 18:16:19 Trace Loading 'C: (_64_2024_
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As before, all that remains is to enter the georeference in the database, and the date and time of the
scenario. We then import the ephemeris corresponding to the scenario, as well as the receiver's trajectory.

3.2.2 - Results

We apply the same method as for the hangar. We can see that the planimetric source data (road layout) and
the reference trajectory match well, which reassures us as to the quality of the source data.

8% SE-NAV - Dy/Projets/CERTINAV/LIVRAISON_Certinav_19102023/pb_block_real scrx * - 8 X
File Edit Scheduler Tools Options Simulation Output Help
™y % o (rerereT )
DEE co DB €M K (izaes ]
Browser | Trajectories | Constellations | Beacons \ & e B
— xR@ - +OEHP Y OQATL B Ame A
@ sconaric R T
= &, Scene \ \
% Receiver RN
& N ford ON
® Camera N\

SkyPlot | visbiity =~ Heatmap | Axis  Multipath
Sky Plot. G

Satelites:
L0S:10
NLOS:0

o rom ra0y o 22 [ 3] [ Y <

3-15 16:45:03 Info Scaling image 'C:\0K' /_64_2024_
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s SE-NAV - D/Projets/CERTINAV/LIVRAISON_Certinav_19102023/pb_block_real.scnx * = a X
File Edit Scheduler Tools Options Simulation Output Help

DFE e DO «Dw-i‘

Browser | Trajectorles | Constellations  Beacons. NI@ \v rakl ) " o - Propertes @
— 5 R@ - P O[EHE T OQREE N MmN S T
) Scenario \ /
= &, Scene f Transformation Geometry (1) Model (4)
¥ Receiver <

& M ford \ ol KD

® Camera Ubrary modei D{ford ]

Role carner e

Device offset X (m) 0 ¥ (m) 0.5 Z(m) 1.75

SkyPlot | visbilty = Heatmap | Axs Mulipath
Sky Pht

Theor. Dops
HDOP:0.838
VDOP:1.404

TDOH 90
GDOP:1.885
Satelites:
L05:10
NLOS:0
[3:1516:5:02 o cang e 0 612024 o rom )0 (22) |3 (2| U S

s SE-NAV - D/Projets/CERTINAV/LIVRAISON_Certinav_19102023/pb_block_real.scnx * = a X
File Edit Scheduler Tools Options Simulation Output Help

DEE o RO «DW.; - (o200 ]
Browser | Trajectorles | Constellations | Beacons ,Jx‘%k\’» "I' J;"** \)“":@ﬁﬂn 2 3

Browser
4y Scenario
= &, Scene
¥ Receiver
2 N ford
= Camera

SkyFlot | visbilty = Heatmap | Axs Multipath
Sky Plot

‘Theor. Dops

HDOP:0.887

VDOP:1.400

(i
e g7
s

PO

58
TDOP:0.887
GDOP:1.880
Meas. Dops:

TDOP:0.887
GDOP:1.880
Satelites:

315 16:45:03 Info Scalng mage ‘C:\0K o4 2024 e v ]

F302.002
Page: 20/23



Qlorsxrar-se

Synthetic Environment

SE-NAV / Sim3D Validation report

Reference: MRKSE/346 — 2025.101/1

3.2.3 - Analysis of SE-NAV alone

Finally, to analyze the performance of SE-NAV, we chose to use the vegetation blocks with the European
broad-leaved tree model.

As a reminder, this terrain should be less favorable for a SE-NAV simulation. It contains much more
vegetation, is much larger, and was generated automatically from open-access data.

Representativeness is therefore more uncertain.

As before, let's plot the evolution of C/NO over time, and compare the results of the simulation with those of
the measurement.
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For G27, no problem, the elevation is 75°, so it's quite significant. There are a few passages where the
received power drops a little. This can be explained by the fact that, in our generation model, the foliage
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does not pass over the road:
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So short masking by foliage over the road that happens in reality is not reproduced for a satellite with a high
elevation.
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For G16, there are no false alarms and the masking zones are well predicted. On the other hand, the mean
attenuation is a little low in the simulation, but the standard deviation is too low in the attenuated areas.
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As for the slightly low mean attenuation, this is probably due to a defect in the vegetation model parameters.
We could modify these parameters a little to increase the correspondence between simulation and
measurement, but that's not the aim of this project. On the other hand, for another scenario in a similar
forest, without the possibility of collecting measurements, it would be wise to use the modified parameters
obtained thanks to this project.

For G26, which is closer to the horizon, once again the masking zones are fairly well reproduced.

4 - Conclusion

This project demonstrates the capacities of SE-NAV to simulate GNSS availability and multipath parameters
in various constraint environments, with a short time spent in the environment modelling. It shows that a user
is able to create a scene on its own, that will accurately reproduce the signal obtained with a Record and
Playback method. Deterministic simulation can be alternative to Record and Playback, with some
advantages, like not use any hardware, be receiver independent, control the parameters of the scenario, etc.

SE-NAV is able to be interfaced natively with Spirent’s PosApp, SE-NAV feeding the generator with
multipath parameters, faster than real-time.

F302.002
Page: 23/23



