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Jianghui Geng and Jiang Guo., “Beyond three frequencies: an extendable model for
single-epoch decimeter-level point positioning by exploiting Galileo and BeiDou-3
signals”, Journal of Geodesy, pp. 1-15, 2020.
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et ey For _ir_lstant PPI?-WAR, we estima’_ced
' positions, receiver clocks, slant ionosphere
Pl =g+ +elty— Y+ & —df delays and ambiguities epoch-by-epoch by
L= pf— gy} +clti— 1) + AN + b}, — b)) (1) imposing quite weak temporal constraints
’ ‘ | on neighboring epochs

Table 3 Data processing

: 3 Items Strategies

strategies and models for

Galileo/BeiDou-3 multi- Frequencies Galileo: EI/ESo/ES/ESb/E6:

frequency data BeiDou-3: B1C/B1/B2a/B2b/B31
Cutoff angle 10°
Weighting Elevation dependent

3-mm and 0.3-m a priori noise for carrier phase and pseudorange, respectively

Positions White-noise-like parameters
Receiver clocks White-noise-like parameters
Inter-system code bias Constant per day
Inter-frequency clock bias  Constant per day
lonosphere delays Random walk parameter with a process noise of 25 m/m
Troposphere delays Not estimated but only a priori corrected with the Saastamoinen model
Ambiguities White-noise-like parameters
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SPHA JARL—2/IURRS T4 RL—UDnoise factor

BEY: L1, L2DM0EREAB LY /A XEARE VD, BEEEREL W E /A XD NS VWERIEZFICANT,
D7 IVIIRY I T20-30 cmDBIABE &EK T 5 &

Ionosphere-free wide-lane combination observable Table7 Combination GNSS LIEI/BIC/BII LYESa/B2a LS/ESH/B26/B2I  ES/B31  E6AEX  Factor
coefficients of GPS/QZSS L1/

[k 8s.j 82 i Y S et GPS 17.9 —847 67.8 110.0
T — Lig == L an C1LI0U-2/ 0
i.if 8~ 1 \go—1 il 25— 1 i.2 S ——— QZSs 17.9 —84.7 67.8 110.0
< J signals for the ionosphere-free QZss 24.1 84.7 —107.8 139.2
Wide—iane?:rombinalion wide-lane observables QZSS 21.0 33.9 -539 67.0
1 g g Galileo 16.2 226.1 —-2413 3310
5 5. k 55,2 k (EI/ES4/ES)
— L, - L.
g.j—1 (g”. —8.5 ¥ gj— 82 " Galileo 16.9 113.0 —1289 1723
Y i : - " (E1/ES/ESb)
. 23 X i
Extra-wide-lane combination (13) Galileo 210 33.9 —539 67.0
g 5. (EVESa/E6)
- 05204 k BeiDou-2 235 67.1 —89.6 114.4
o= Vg~ (B1I/B2UB3I)
P BeiDou-3 16.9 113.0 —1289 1723
B S k (B1C/B2a4/B2b)
;3
(Boo— NGy —2in) ™ BeiDou-3 220 64.5 -8B854 109.3
g (B1C/B3/B2b)
=% 5.2 k- BeiDou-3 203 377 —57.0 712
I,
w = e —8a) ™ (B1C/B31/B2a)

We find that the E6-based Galileo ionosphere-fré& Wide=tan& comBinatioh observable
has the smallest noise amplification factor of 67.0, which is less than one-third of
those for other Galileo combinations. The same amplification is also found for QZSS
L1/L5/LEX signals since they have the same frequency assignments.

—-Galileo E6°QZSS LEX(L6?)ZRECTDITARL—UN /A XHINE L,



Explore to Realize

120" 120°

—_— - H —
*
a ; b
( ) 5 t“/:JO * (* ) *
L *
_p0 * @ () % 40
O £0
Y O wtey O - _—
A1
O
*  x Qab0 *
i % WUHI B
s )
% Sites for Galileo Phase biases. * Sites for BeiDou—3 Phase biases
i ' Sites for Galilea PPP * QO Sites for BeiDou-3 PPP.
500 km O 500 km
*
— L 20"

120 B0 a0

Widelane Phase bias®STD
(Galileo E6,BeiDou B3I=£L#)

Table4 Mean standard deviations (cycles) of wide-lane phase biases
for Galileo and BeiDou-3 satellites spanning days 326-355, 2018,
and days 3541, 2019, respectively

GNSS El/BII E5a/B3I E5Sb/B1C E5/B2b
Galileo 0.016 0.006 0.004 0.006
BeiDou-3 0.030 0.029 0.036 0.033

Table6 Mean RMS (m) of the position differences for Galileo-only instant five-frequency and triple-frequency PPP-WAR from daily position

benchmarks at the 36 ARGN stations over the 30 days

Model PPP-WAR

Success rate (%) Single-epoch PPP

0.20/0.19/0.65
0.20/0.18/0.65
0.31/0.29/0.87
0.35/0.33/0.93

Five-freq. PPP-WAR using E1/E5a/ES/ESb/E6
Triple-freq. PPP-WAR using E1/E3a/E6
Triple-freq. PPP-WAR using E1/ESa/E5b
Triple-freq. PPP-WAR using E1/E5Sa/E5

99.5 0.49/0.48/1.19
99.6 0.51/0.49/1.24
98.4 0.50/0.48/1.21
97.6 0.49/0.48/1.19

The RMS is shown from the east, north to up components delimited by “/”. Column 3 shows the success rate of PPP-WAR solutions within all

epochs
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E Galileo HAS Based Precise Point Positioning
v of LEO satellites

Christian Pommer

RUAG'S SPACEBORNE GNSS-RECEIVERS RUAG Space

PODRIX:

-GPS/Galileosxdits

gt 255 O )

-PPPxIty. E6XTI:

(XY ICGPS L2IExt)

-SDRAEBEH I NS/ WEET CHEEENN
EORIX - singo froquency (LIC/A, ETE -Sentinel 1-CCEIIFE(SE)

A ETIIo U SO o i 45, >HASOFTI—RUE, PoEFX 11474
i HEHEININ, CPUBRHEKRULTZT=6.

¢ et P e i e e . sy sEbLiz&ED &,

PPP4PODRIX

= 22 delivered AGGA-2 based heritage receivers
= 69 delivered AGGA-4 based GNSS receivers of
the current generation
- Support of GPS and Galileo

- PODRIX - Triple frequency (L1C/A, L2P(Y),
L2C, L5, E1BC, E5a) single antenna for precise
orbit determination

—LEORIX - single frequency (L1C/A, E1BC)
single antenna for high-accuracy real-time
navigation in LEO

— GEORIX - single frequency (L1C/A, E1BC) dual

Additional SW enhancements

» PODRIX HW is re-used = Extension of PODRIX SW with

—Acquisition and tracking of Galileo E6B signal

- Navigation data download of FEC and RS encoded E6B HAS messages
—Usage of HAS data in the navigation solution computation

—Usage of carrier-phase based range measurements in the navigation solution
computation (with float ambiguity resolution)

» E6 band ~50MHz above L2 band — reception is
possible with PODRIX antenna and RF front-end

RF front-end is reconfigured from GPS L2 to
Galileo E6 — GPS L2 cannot be processed

= Additional CPU load due to:
» Galileo only operation but can be extended to —Decoding _of 10005¥mb9|sls FEC.and RS encoded HA_S message data stream
GPS L1/L5 in future — Float ambiguity estimation of carrier phase based ranging
= Several optimizations were necessary due to limited Leon-2FT CPU resources in
- AGGA-4, e.g. FEC decoder for high data rates

D otten Elaounies B cuto s o

PR — s ass savguns

Together Together

31 Galllea HAS Based Precise Pont Posaioning o LEO sateites | RUAG-Space | Navess, 2022 ahead. RUAG 41 Balles HAS Basd Prcis it Postoning o LEG st | FUAG Spac | Navis, 3022 ahead. RUAG
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Explore to Realize \

Algorithm evaluation
Test setup

= Used HW:
-PODRIX EQM was used

- Spirent GSS9000 transmitting GPS L1C/A & L5 and Galileo E1BC & E5a & E6B with E6B HAS
message data stream generated with HMGT

- PODRIX EQM and Spirent simulator controlled by RUAG's Electrical Ground Support Equipment
(EGSE)

= Used scenario:
~ Spacecraft altitude ~680km
—31 GPS SVs and 27 Galileo SVs
~Mean constellation orbit error for GPS and Galileo:  1.6m

—Remaining mean orbit error after HAS correction: 5cm
—Remaining mean clock error after HAS correction: ~ 2.5cm
Together
7| Gallled HAS Based Preciss Point Posiioning of LEO satellites | RUAG Space | Naviec, 2022 ahead. RUAG

HASEREX v Z—
T I—RTOT S LDIREE

>HASDT AT =52 TH E THREEEH .
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R5T

Algorithm evaluation
Used GNSS SV for NavSol

= Usage of Galieo SVs limited by availability of HAS correction data

* Availability of HAS correction data depends on transmission scheme and number of spatial
segments + number of serviced Galileo SVs per segment

= Simulated validity of clock correction: 10s

= Simulated validity of orbit correction:  60s

= 3 spatial segments simulated

= 5 uplinks per spatial segment

= Correction data of 8 GPS SVs and 8 Galileo SVs per spatial segment transmitted

Together
ahead. RUAG

5 Gallloo HAS Based Pracise Point Positioning of LEO satefites | RUAG Space | Naveec, 2022

—>Spirent simulator + HMGT(HAS# & X vtz—I&RR)

fEREX v —IUplink#tt E&: 3HVFR
5D GalileoEEH SHELE



LASERRTGR (FKE DT —5)

Algorithm evaluation

Position performance %Fﬂﬁgj U —%ﬁﬂgfﬁﬁé Algorithm evaluation
Velocity performance

Red ... Standard PODRIX SW

Blue ... PPP4PODRIX SW Red ... Standard PODRIX SW

Biue ... PPP4PODRIX SW

PODRIX SW:

Bas. emor PODRIX SW:

o Vel. error

: ;gm gg ?:'S - 1.5mm/s 3D RMS
= ey Sl e L S e . +« 2.6mm/s 3D 3o

PPP4PODRIX SW: PPP4PODRIX SW:

Pos. error Vel. error

« 0.09m 3D RMS = 0.5mm/s 3D RMS

*« 0.17m 3D 30 * 1.0mm/s 3D 30

Together Together
o 1 P i Lm0 g ol i i 2 ahead. RUAG 111 Galileo HAS Based Precise Point Positioning of LEQ sateliites | RUAG Space | Navies, 2522 ahead. RUAG
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On Orbit Experil ion of QN400 Defined

Radio Receiver
INTRODUCTION —— s
@=L GNSS Space Receiver Trends ¢)Qascom o

et QN400-Space Roadmap
B ‘New Space’ is defining new drivers for the design of GNSS
space receivers' electronics and software:
[J The use of Commercial Off the Shelf (COTS) hardware, often
equipped with non-space-graded components,

[J The use of Software-Defined Radio (SDR) that offers features such
as re-programmability or self-healing capabilities

B |n the context of the EU-funded ENSPACE project, Qascom
design and developed the QN400-Space receiver.

m QN400-Space, at the end of the project, was integrated in a 3U
CubeSat and tested in a real LEO environment

B The spaceborne receiver is going through a process of upgrade

within the GEYSER project
Glf.YSEF!
® GNSS SDR processing expands the capabilities to experiment ENSPACE P
in space new applications for positioning, security and science e

GARISS Q QN400 L1/E1 & LS/ESa
Ci
(2016-2018)
L taovat PHT. Dy
-

Side 3 UNCLASSIFIED - FOR PUBLIC USE
UNCLASSIFIED - FOR PUBLIC USE ) Al righits reserved © 2022 GASCOM

Bk O 15Tl PEAGNSSEIEH0 ONA0OL QascompisEst.
EEmFIA. SDRIEAED, CubeSatl-E#iL,
(GARISS—=ENSPACE—GEYSER) LEOF caREasEiE s L) .
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QN400 SPACE RECEIVER

@9.?-?&9.m QN400-Space Receiver versions

BOBCAT-1 MISSION AND LAUNCH
) Qascom R NRe

B Mission led by Ohio University
m 3U CubeSat with:
[J QN400-Space GNSS receiver

® QN400-Space v1.0

[0 RS422 D-Sub 9 and Ethernet D-Sub 15 connectors
[0 Reference clock input
0 GAL E1BC, GPS L1

[ High dynamic navigation [0 NovAtel OEM719 GNSS receiver

[J Snapshot processing capability 0 On-Board PC

O Software based radiation resiliency - Q:ttgn?-: GSANE-1 AR Spach AR AR
® QN400-Space for Cubesat (GomSpace SDR) B Launched the 3 of October 2020 - b -

[J Form factor suited for cubesats \ y with the NG| Antares rocket to the L8

[0 CSP implemented i ISS : N S

B QN400-Space v2.0 (Designed for small-sats)
O New HW boards
O GAL E1/ES, GPS L1/L5

B Deployed on the 5th of November
by the NASA astronauts
[ Cybersecurity, Robust PNT, High accuracy POD Bobeat-1 ground track (Jan-2022)

OJ Rugged custom enclosure
UNCLASSIFIED - FOR PUBLIC USE Shide 10 U_HCL!?S'F 1ED - : FOR I’U.Bi‘.l:ﬂ U.?-IE

-GPS,GalileoZ B35t CubeSatT2020F(C 5 (NovAte I ZEHEIESH)
- SR EREE. Mo R, By S5 —HA 7T FTIFANtComtt DIV F TP UTF

37
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-HARSH project
-Meta-signal(RIVEENDERBERBDES) DFIA
-Side band signal processing

Innovative Technologies
for Robust High Accuracy
Position in Harsh
Environment (HARSHTAG)

NAVITEC 2022

£ GMV Property — 2022 - All rights reserved

O OC—hEI—mm————



XA HARSHTAG Project

The HARSHTAG Project -ESAQOTOYION
ESA Activity: demonstrator for proof of concept of innovative GNSS techniques, * For U rban DOS Itlon N g

targeting high accuracy and availability in urban environments. . HS_%EOD D / \\Z I\fa:G NSSd)%’:‘;fE
The set of techniques implemented cover: a_/\\\TE LJ %:&Ejé 7 D ~) 7

Multi-antenna processing, boosting GNSS MIMO applications. I\O),
Multi-constellation and multi-frequency GNSS signals.

= 2 Ax -
Exploitation of wide-band (meta-)signals with high Gabor bandwidth. 1&'2- EB%’Z?%%E%Z?EE?L— L\o
Unambiguous Position Estimator for false lock mitigation in multi-peaked ACF.
Observation Pre-Processing, including pre-filtering and FDE.
GNSS/INS Sensor Fusion.

To support all these features, a state-of-the-art recording platform has been built,
allowing the recording of live GNSS signal in different environments and use cases.

£ GMV Property - 2022- All rights reserved gTN
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Platform Design

Recording Platform (II)
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Building Blocks Description Building Blocks Description
CORR / XRC Software Receiver (I) CORR / XRC Software Receiver (II)
] I*E ' o = - + Meta-signal tracking based on
< ) . il g BT e | = [ subcarrier and code tracking,
. Software Receiver: GMV's XRC. ' -
= Expected Doppler provided to Acquisition + State-of-the-art Tracking Loops for ) S = H + Providi te (SLL) but
Aiding g p ] =] = roviding an accurate (SLL) bu
through RINEX/TLE + rough PVT Galileo and GPS modulations. . ,[ = N ,F:“ :I == |_:‘—---, unambigous (DLL) estimation via a
| - - & X
PYSIE Tl Parallel Code Phase Search X . : L T a4 hatch filter combination.
; _ Software in Python forfmodullarfty ' - Proof of Concept with E5aQ+E5bQ.
ST PLL-Aided DLL-based code tracking and easy prototyping o techniques .- 5 = To be further explored via the
DLL+SLL Wide-band Meta Signal Tracking and new signals. o S I*'Ir-{ T e I o B ESbQ+E6C tracking.
[]

Airrll sy - Novel Technique implemented the L =
SLL+DLL Meta-signal processing.

CEETSTL AT Parallel Code Phase Search

GMV Property - 2022- All rights reserved anv

& GMV Property - 2022- All rights reserved g’w

Meta-signal tracking:
BEUEEDERDIREKXE(ESa. EBbFE)DESICD

. WC. HRO—J DE=EZ=EA,

Multi-GNSSIs EEDFEEENALVLITOSN, LUVIVFINREREIC

GPS,GalileoD#D#k. TEA o 7
SLL+D?.I17§%1¥S{33 " U\ EEBEN B OND E LV DEZ DK,

BEENHEA: Synthetic Meta-signal Measurements from Side-
band Observations, Inside GNSS, March 31, 2022



44XA Preliminary results

@rural condition, 90 min
XRC:GPS+Galileo, CNESFE.
IONEX

Table 2: Sumumnary statistics position error distributions for the XRC and u-blox FOP. All processing was conducted
using Doppler smoothing and precise product corrections.

Direction Receiver/Freqs Mean (m) STD (m) RMS (m) 95% (m)
- XRCL1, El, E5b +0.603 0.319 0.682 1.098
F9P 1.1, .E1, E5b +0.423 0.216 0.475 0.830
- XRCI.1, El; E5b -0.326 0:951 1.006 1.945
F9P L1, El, E5b -0.083 0.450 0.457 0.808

Table 3: Summary statistics position error distributions for the XRC E5meta and ESb datasets. All processing was
conducted using Doppler smoothing and precise product corrections.

Direction Receiver/Freqs Mean (m) STD (m) RMS (m) 95% (m)
Horizontal XRC ESmeta +0.940 0.252 0.973 1.373
XRC E5b +0.940 0.278 0.980 1.455
Vertical XRC ESmeta +0.097 0.722 0.729 1.220
XRC E5b +0.096 0.802 0.808 1.449

u-blox FOPDIZFS M ERIZEN o7z 5. GMVDY JMIRBRYCF1—— 0 FETH ENDT
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 DLRDOGalileoxtin 777 O7EHEFE IO T OK(2006-2020)
https://www.dlr.de/kn/en/desktopdefault.aspx/tabid-2081/6941 read-9224/
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« T, *ﬁiif‘\'@'{\,\éiﬂ;&%ﬂﬁi(UAV\ BEEZE) S LEOM. IoTHET
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« Xuan Zou, Weiming Tang, Chuang Shi and Jingnan Liu, Instantaneous ambiguity resolution for URTK
and its seamless transition with PPP-AR, GPS solution 2015.
- FEMFE(HR)ID7), RTK-CLAS. RTK-MADOCABEtE#aEEEHGNSSZEMDFHF, GPS/GNSSYURITL2021




