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ABSTRACT

Still very few publications relate test results robilticonstellation receivers since Galileo

satellites massive launch by Ariane 5, leading twenthan 20 operational space vehicles in
orbit. One can refer to automotive receivers ancgiphones test bench made during the
European COST action SaPPART (Satellite Positioftegiormance Assessment for Road
Transport), but this was GPS only or GPS+Glonagss Hrticle gives an overview of a test
carried out in the city of Nantes, France, andstgurban area, with a brand new receiver,
FIP, of the automotive range of Ublox. The dualsteltation configuration GPS+Galileo is

tested. This receiver is benchmarked with resgettid previous generation of Ublox LEAGT.
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1 CONTEXT, METHODOLOGY AND EXPERIMENTAL SET-
UP

1.1 Context

Still very few publications relate test results matilticonstellation receivers since Galileo
satellites massive launch by Ariane 5 in end 2@h6, 2017 and mid 2018, leading to more
than 20 operational space vehicles in orbit. One k=er to automotive receivers and
smartphones test bench made during the Europeanl Gotton SaPPART [1] (Satellite

Positioning Performance Assessment for Road Trat)spbut this was GPS only or

GPS+Glonass [2].

The context is that of two consecutive projectdledaINTURB for Urban Integrity, and
Urban E-map, both in which 3D city model aiding heeen investigated. The former one
proved the interest of classifying LOS vs NLOS Hi#é#s (Non-Line-Of-Sight) using such
model, whilst the second proposed map matchingnoenanced map representing all lanes
and all modes (cars, buses, cycles, pedestriamsilar to improve the use of 3D computing.

1.2 Methodology

The methodology consisted in reproducing, with iiegv Ublox FOP series, the trajectories
previously done in 2014 with the Ublox LEA formaries. These trajectories included rural
and urban parts, around and in Nantes, and thésdlapproximately 2 hours. Due to long
term changes in the GPS constellation at the tifrireodifferent tests, both Ublox LEA and

FOP series will be embedded in the new campaige.€ekiperiment was planned in 2019.



The objective here is twofold: first, compare tHeA_ and FOP series in terms of positioning
accuracy when tracking the GPS satellites only, sswbnd, assess the improvement thanks
to the Galileo satellites on positioning accurattygse being actually tracked by new F9P
multiconstellation multifrequency receivers. Notatt the multifrequency capability is not
studied in this experimental campaign.

1.3 Experimental set-up

The test took place on Wednesday August 14, 20h®. dcquisition was made with the
VERT vehicle (Véhicule d'Essais et de Référencé&rajectographie) shown in Figures 1 and
2. The reference trajectory has been calculatesh fao hybridization between the GNSS
signals received on-board and the vehicle gyrosempewheel speed sensors, with the same
equipment and method as usual in the Geoloc lapaiticular for the 2014 test for Urban
Integrity (INTURB) project and also for the 2017PFART campaign. The acquisition and
calculation of the reference trajectory have beamied out by the Geoloc team of Ifsttar.
VERT is the Vehicle for Experimental Research oajdatory of IFSTTAR [3]: the reference
trajectory considered as the ground truth is predjdn this experimental set-up, by a tactical
inertial measurement unit (iXSea LandINS) coupledsNSS PPK (GPS+Glonass Novatel
DL-V3 calculated with a local permanent GNSS statibe one of Nantes Metropole).

The specimens under test were prepared by the Ge8ys (where Damien Rivoal was part
of, during his internship). Throughout the journélye acquisition of satellite signals was
done using multiband antennas. Two Ublox FOP nuistellation multifrequency receivers
were used, each with its own antenna. These reseorgput NMEA frames and raw data.
One receiver was dedicated to GPS signals only tleaather to GPS and Galileo signals.
This double acquisition will allow — after procesgithe raw data or directly from NMEA

frames — to assess the contribution of the Gatitewstellation on positioning accuracy.

Another receiver, Ublox LEA6T, which the lab useminfierly for several experiments in
particular in 2014, was also installed on-boardvéleicle.

Figure 1 — Experimental set-up in the Vehicle fap&rimental Research on Trajectory



£20
Figure 2 — Antennas on the roof top of the VERT

Antennas used were multiband Ublox ANN-MB for b&@Ps. The LEA6T was connected to
a patch antenna ANN-MS.

&

(a) (b)
Figure 3 — Model of antenna connected to each E6&iver (a) and to the LEAGT receiver (b)

Both FOP and LEAGET devices were configured in diéfawode. Only settings needed for raw
data output and NMEA sentences, at SHz, were nextl{tind GPS only for one F9P).

1.4 GNSS data acquisition

GNSS data were acquired at a frequency of 5Hz. breaks which lasted approximately
600s were made in order to ensure safe log-in@F®Ps by a laptop running Ucenter data
logger (v19.03), which resulted in splitting thetaddiles into three, each of a duration of
approximately 1 hour. This was not needed for tHeA&T, which could be logged
continuously and without any trouble on anothetdppunning Ucenter v8.16.

The data files to process are:

- One file of GPS measurements recorded for the@ EA

- Three files of GPS measurements recorded folFoe

- Three files of GPS and Galileo measurements decbby the other FIP.



GPS times are converted into UTC times of day, r@ngpalso the current 18 leapseconds.
Occasionally, data frames may be missing at stastop of the different acquisitions.
The highest start timend_lowest stop timeetween RINEX and GGA are underlined hereatfter.

The chronogram of the acquisitions is given in €ahl

LEAG6T_2019_08_14.ubx, converted into RINEX 2.10hWRTKCONYV 2.4.2
29 8 M4 6 2 188100 G5 TNEG-HRET @ =23160.80
229 8 M4 9 2 1880000 G5 TNEG-LASTAS  =32520.80
$GPGGA,062603.80 (231638 $GPGGA,090200.80 (32520.80)

FOP_190814 063424.ubx + 190814 073911.ubx + 19@BUMD55.ubx, GPS only,
converted into RINEX 2.10 with RTKCONV 2.4.3

29 8 M4 6 HA 4LHL8O0D G5 TNEG-ARST @S =23671.80

229 8 M4 7 2B 420000 G5 TINE @ LAST @GBS
$GPGGA,063431.80 (236718 $GPGGA,072746.20 (26866.20)

229 8 M4 7 P HASROOO G5 TINE @ ARST @S

29 8 14 8 3 1000000 G5 TINE @ LAST GBS
$GPGGA,073916.60 (27556.60) to $GPGGA,083042.8643B0)

29 8 14 8 41 1942000 G5 TINE@ HRST S

299 8 14 9 0 88800 G5 TNEGLAST@ES  =32390.80

$GPGGA,084101.20 (31261.20) to $GPGGA,085950.689850

FOP_190814 063120.ubx + 190814 073712.ubx + 19@&BBH00.ubx, GPS+Galileo,
converted into RINEX 3.03 with RTKCONV 2.4.3

€9 8 14 6 3 A0 G5 TNEGHRT S =23496.80

29 8 14 7 XNV ZB30000 G5 TINE @ LAST B85
$GPGGA,063136.60 (23496.60) to $GPGGA,072905.204220)

29 8 14 7 I QB8OOGS TNE @ HRST S

29 8 14 8 R 90BNV G5 TNE @ LAST B85
$GPGGA,073725.60 (27445.60) to $GPGGA,083151.00X3MO)

29 8 14 8 P VOO G5 TNEGHRS S

29 8 14 9 0 OO G5 TNEG-LASTAS  =32421.60

$GPGGA,083911.80 (31151.80) to $GPGGA,090021.482321Q

[ [MOVEURE| SIS [MOVE URB] |
[23163.80 23889] 123889 24828[ | [24828 26824] [2627667] [27667 30627] 130627 31381] 131381 3280

23889] ]23889 24828[ | [24828 26824] 27667[ |[27667 30627] ]Sogltop 31381] 3RIBEEEEIEO]
[23496.80 23889] 123889 24828[ | [24828 26824] 2 27667[ |[[2766780627] ]30 top 31381] 3@l 32421.40]

Table 1 — Chronogram of the data acquisition ofdifferent receivers on 14 August 2019:
start and stop times are aligned onto resp. 2367dn8 32390.60, common to all data files

Only the kinematic sketches (in green in Table 1l e considered for performance
analysis, respectively in rural and urban condgiohhe static sketches (initial and on the
way during which both stops were made, in red ibldd) are not processed later on. The
corresponding time windows have been defined gcafiigiat starts and stops of the vehicle.



The rural part contains 9742 epochs (~33min) az%hkd the urban part 24782 (~1h23min).
Except the two breaks, no frame is missing for ERA logging, whilst a few are missing
for LEAGT, both in rural (8 missing) and urban gaft missing).

1.5 Former LEAGT data acquisition in Nantes

Another file of GPS measurements was recorded fdynom Thursday February 27, 2014,
for the LEAGT. Note that it was during winter (wkas during summer in 2019, with
different foliage and possibly multipath) and undgferent constellations.

GPS times are converted into UTC times of day, rengpalso the 16 leapseconds in 2014.
The chronogram of the acquisition is given in T&hle

2014 02_27_LEAG6T.ubx, converted into RINEX 2.10niRTKCONYV 2.4.2
24 2 Zr 8 #A 13001000 G5 TNEG-ARST S =30837.00
24 2 Z7 10 2 1BL2$1000 G5 TNEG-LAST@GBS  =37319.20
$GPGGA,083357.00 (30837 0 $GPGGA,102159.20 (37319)20

| ] [MOVE URB] | ]
[30837.00 31127] ]31127 31977[ | [31977.86432] [&B437319.20]

Table 2 — Chronogram of the data acquisition ofdifferent receivers on 27 February 2014

The rural part contains 8685 epochs (~29min) az%hkd the urban part 22276 (~1h14min).
A few GGA frames are missing: 32 and 54 in rural arban parts resp.

The trajectory carried out during the 2019 teseresented in a local tangent plane (using
latitude and longitude of a monument located onsliéd) on Figures 4 and 5. Several major
detours can be observed compared to the initi¢dlgred trajectory similar as the former test
in 2014 with LEAGT. (This was due to numerous waaksng the west part of the travel.)
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27 February 2014 - urban part only
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Figure 4 — Whole plane trajectory, August 14, 2G8] in downtown Nantes for FOP GPS:
the bottom right subframe shows the urban parectdd in 2014, February 27

Figure 5 is a zoom in downtown Nantes, where pkmners are visible. They can reach tens
of meters in severe urban canyons.

14 August 2019 - zoom in the urban part
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Figure 5 — Zoom in downtown Nantes for FOP GPS,usud 4, 2019



2RESULTSBASED ON NMEA FRAMES

First investigations were made on the basis of Gi&A frames. They indeed contain the
navigation solutions computed by the manufactuféh® equipment (latitude and longitude)
along with timing, which enables the computatiorthed horizontal distance with respect to
the VERT reference trajectory, this being interpadisat the same timing.

2.1 Accuracy

The analysis compares city centre vs suburban arad areas, which are part of the total
travel (in between the Ifsttar lab and the citytoen The static parts have been removed.
Table 3 is based on GGA frames, i.e. on navigaauations computed by Ublox:

Receiver urban part suburban and rural parts
LEAGT (2014) 1.59 0.95

LEAGT 2.04 1.59

FOP GPS 2.67 1.20

FIOP GPS+Galileo 1.46 0.89

Table 3 — Median plane errors (in m) in the différparts of the trajectory

2.2 Number of satellites

Table 4 is still based on NMEA frames, and it réptine average number of satellites, signal-
to-noise ratios (CNO) and HDOP (Horizontal Diluti@ Precision) extracted from the GGA
frames during each part. These satellites werealigtused in the navigation solutions
(among those tracked). CNO can be extracted frar@8V frames, which were also logged
during the tests:

Receiver urban part suburban and rural parts
LEAGT (2014) avg. 8.24 sat. / 43.18dB/1.28 av§1&at. / 45.44dB/ 1.02
LEAGT avg. 7.31 sat. / 41.84dB /1.383 avg. 8.94/42.85dB / 1.08
FOP GPS avg. 6.69 sat. / 40.48dB/ 1.25 avg. @00 42.33dB/1.32
FOP GPS+Galileo| avg. 11.44 sat./39.80dB /(0.99. 4Y.66 sat. / 41.09dB / 0.94

Table 4 — Average number of satellites, CNO and R¥@r epoch in the different parts of
the trajectory

2.3 Discussion
Based on the NMEA frames, the discussion is thidefo

* First, a question is raised concerning the acquodcthe LEAGT: there is an important
difference between the accuracies of the two dztsa(8014 and 2019).

In the rural part: the number of satellites is ainthe same. The median HDOPs are both
close to 1.00. But the average CNO is 45.44dB it42@ersus only 42.85dB in 2019. The
ranging noise stochastic model from [4] and alreasd by [5] for Ublox LEAGT gives:

o2=m (10CN0/10_10-55/1C§



From experience, CNO has 55dB maximum value. Arcptirameter m should be adjusted to
match the actual plane accuracy. m=45000 make® sgiwsng median plane accuracies of
1.19m, versus 1.53m, for 2014 and 2019 data sgs re

Thus the difference in CNO can explain the diffeeem accuracy.

In the urban part: median HDOPs are close to 1A2fl average CNO are 43.18dB and
41.84dB resp. Using the same model, this makesr,.&8rsus 1.94m, for 2014 and 2019
data sets resp.

* Second point concerns the F9P tracking GPS onlgeeéms this receiver experiences
multipath with severe impact in the urban environtn&/hereas the other receivers have half
a meter increase of the median plane error comgartee rural environment, the increase is
here much more: 1.5m. The number of satelliteské@cwhich — if low — mechanically
degrades the HDOP, and the perturbation in rangitiy buildings around, cannot explain
this degradation of the accuracy by itself.

The diminution of the number of satellites usedueein the rural and urban environments is
not more important for FOP than for LEAG6T. A hypesis could be that the LEAGT used to
apply a rather severe FDE (fault detection and uskoh) algorithm, compared to F9P.
Presumably, Ublox makes use of sequential ExteK@éman Filter (EKF) innovation-based
FDE [6], but this is not publicly documented. Detdgd measurements remaining in the FOP
solution, with one constellation only (GPS), cooédise large errors.

* Last, the best accuracy obtained correspondsing b®th GPS and Galileo constellations.
In rural environment, the median plane error iohebne meter (0.89m) and close to 1.5m in
the city of Nantes with the FOP receiver.



3 RESULTSBASED ON RAW DATA

3.1 Computation of the position of the GNSS satellites

Ephemeris for both GPS and Galileo constellati@amang others) were downloaded from
https://igs.bkg.bund.de/root_ftp/MGEX/BRDC v3/20228/, namely brdm2260.19p.Z file.
These broadcasted ephemeris gather GPS+GLO+GAL+BUESE+IRNSS+SBAS
satellites, and they were merged by DLR from stiearh about 35 stations, until 2020
(https://www.igs.org/mgex/data-productéor 2014, nmcu0580.14n collected in the Nantes
permanent station was downloaded from IGN.

Hopfield tropospheric with Essen and Froome paramseind broadcasted ionospheric correction
terms have been applied (*).

3.2 Computation of the ranging errors

Based on the reference trajectory, as well as erbtbadcasted ephemeris and atmospheric
corrections, receiver-to-satellites ranging errbesre been computed, fixing the receiver
clock term with the highest satellite in elevati¢its error becomes consequently null). Note
that whereas LEAGT keeps its clock drift within Lnian exceed 10ms for FOP (Figure 6).
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Figure 6 — Clock terms of LEAGT and F9Ps receivers
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These errors are represented in histograms in ésguto 10 next.

Each figure displays urban (left) versus rurall{t)goarts, and histograms for ranging errors
(top) and signal-to-noise ratios (bottom).

At first visual inspection, there is obviously dfdience between urban and rural ranging
errors, in terms of symmetry in the distributionvasl as in terms of amplitude of the errors.
Positive queues in the distribution are clearlybkesin the city of Nantes, irrespective of the
receivers and the constellations used.

One can notice that the Gaussian queues have anardiagnitude of several tens of m in
urban environment, which is much more than in ruwalironment. This is the same
magnitude as tropospheric corrections, but occafliothese errors may be much larger.
(Note that the order of magnitude of ionosphericexiions is only of several m.) Since these
corrections are applied, the large errors obseavedherefore significant of non-line-of-sight
satellite tracking. Histograms of CNO are also givdath CNO average value (in red). CNO



between 30-35dB are clearly over represented iarudmvironment, which makes a bump in
their distribution, not visible in rural environnten

Table 5 gathers urban parts in 2014 (22276 epanrhisHA6T) and 2019 (24782 epochs in 2
sketches for LEA6T and F9P receivers). Note that tamber of satellites which were
registered is slightly different from those repdri@ the NMEA solutions which actually

passed Ublox’s FDE.

LEAGT 2014

LEAGT 2019

166033 ranges (1 epoch with no range log
- 22275 epochs => 143758 ranging errors
7.45 sat. / epoch

165653 ranges
- 24782 epochs => 140871 ranging errors
6.68 sat. / epoch

median(err) = 0.89nv6 0.61m in rural ¥
2.5 percentile = -3.84nvg -3.61m in rurdl
97.5 percentile = 33.30mg 8.62m in rurgl

median(err) = 0.87m (vs 0.28m in rural)
2.5 percentile = -4.54m (vs -4.47m in rura
97.5 percentile = 35.69m (vs 19.04m in rur

1)
al)

errors are 65% positive

errors are 63% positive

FOP GPS 2019

FOP GPS GALILEO 2019

188614 ranges (2 epochs with no range lo
- 24780 epochs => 163834 ranging errors
7.61 sat. / epoch

0319483 ranges
- 24782 epochs => 294701 ranging errors
12.89 sat. / epoch

median(err) = 2.12m (vs 0.93m in rural)
2.5 percentile =-3.00m (vs -1.67m in rurg
97.5 percentile = 49.95m (vs 34.74m in rur

median(err) = 1.27m (vs -0.01m in rural)
) 2.5 percentile =-2.99m (vs -3.09m in rura
a7.5 percentile = 42.71m (vs 26.42m in rur

1)
al)

errors are 80% positive

errors are 73% positive

Table 5 — Median ranging errors showing dissymroétistograms in urban environment

(* It appears that the solar activity, impactingniespheric effect, was high in 2014 and low
in 2019, which justified the use of broadcastedeasonal alpha - beta parameters in 2014.)

Statistics, and particularly the 97.5 percentibemfirm the dissymmetry and the distribution of the
ranging errors. These percentiles are systematicalch larger in Nantes than out of Nantes. In a
few words, errors are generally positive, wheréabould be equally distributed around zero. This
characterizes multipath impact on ranging in tHearenvironment.



LEA 6T receiver out of Nantes in 2014
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Figure 7 — LEA 6T ranging errors and CNO (2014{l&ft) and out of Nantes (right)

LEA 6T receiver out of Nantes in 2019
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F9P GPS only receiver out of Nantes in 2019
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F9P GPS Galileo receiver out of Nantes in 2019
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Figure 10 — F9P ranging errors and CNO (dual GPIgeGhin (left) and out of Nantes (right)
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Conclusions and per spectives

To conclude, despite urban perturbations, the F@8ian plane accuracy assessed in this
campaign is around 1.5m, with a clear advantagehafing GPS and Galileo constellations.
Out of the city, the FOP median plane error is Wwelon. The potential improvement by 3D
city model is challenged for further research, with aim of approaching the median plane
error obtained in rural and suburban environmdets(than 1m).

We have clearly identified ranging errors in theam environment, for GPS observations as
well as Galileo. We are currently trying to modetlacorrect them, using 3D city modelling.
Next step in this research will be to try to expléie observed ranging errors with local 3D
map, and apply the process of downweighting ancecton already presented in [5].
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