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IGS Introduction

WORKSHOP

* GNSS hardware errors: instrumental biases [Hakansson et al. (2017)]

* These instrumental biases stem from imperfections and/or physical limitations in the
electronics of satellite instruments and receivers

* Temporal offsets of events that should have occurred simultaneously depend on the
observable, the frequency, and the modulation

* They are considered stable over time, but this stability can be distorted by residuals from other
error sources that are incorporated into the biases

. It |s enerally accepted that the residual instrumental bias can be decomposed into a transmitter
S satellite) part and a receiver part

* Some receivers acquire the GPS civil L1 C/A and L2C signals but the available constellation
products are on the military P(Y) modulations

+* Need for the GNSS satellites intermodulation biases on C1C and C1W
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O Intermodulation bias C1C-C1W from several analysis centers
* final, rapid, real-time biases
* the solution of different analysis centers have different behaviors
* note: GRGOMGXFIN taken from the p1c1bias.2000p from Bern
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I Intermodulation biases at 1IGS

WOR KsHOP‘EIVariability for a given satellite

* the bias behavior depends on the analysis center
* we can see several products ‘families’, as for instance COD/GRG — CAS/ WUMRAP/IGSRTS - WUMFIN/CNES TR

* is such avariability physically meaningful?

sat GO5 - bias C1C-C1W

sat GO3 - bias C1C-C1W
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ce 0.z Blas observation from ground stations

woRKsHOP GNSS satellite GNSS receiver
Y /
H H . S S — S S —_ S
dCode measure differences for two modulations: C; 1 — C;4y = by 1¢c — b7 1w = br1c—1w — bic—1w
e STJO ground station case (Saint John’s, Canada)

* Each pointis the mean of the measurements from each satellite over one day
GPS C1C-C1W - STJO GPS C2L-C2W - STJO
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22 | Bias observation from ground stations
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(More detailed analysis on the jumps over a pass
* Satellite G12, measurements C1C-C1W from STJO and TLSG
« STJO with passes per day, different biases: the bias is constant for each pass (low standard-deviation)
* forsome passes, ajump occurs inside a pass: the standard deviation is increased

C1C-C1W sur STJO et TLSG pour le satellite G12 C1C-C1W sur STJO et TLSG pour le satellite G12 C1C-CIW sur STJO et TLSG pour le satellite G12
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O Link with GPS flex power U Studies already done for flex power detection
* Flex power is the capg'ci.t oflG.NSSlsatellites to enhance the based on C/NO analysis:
transmit power on individual signal components y
: . : * Yang etal. (2022), Tang et al (2022), Esenbuga et al.
* GPS and Beidou are equipped with such a system
* This has animpact on differential code biases (2023), Meng et al. (2024), Du etal. (2025), Wu et al.
(2025), Su et al (2026), Zhang et al. (2025)

* for GPS signals, impact on C1C-C1W and C2L-C2W, for
Block [IR-M and Block IIF

* flex power can be seen on carrier to noise ratio L Studies display the DCB during flex power events:
* flex power can be switched on and off within a single day - Steigenberger et al. (2019): analysis from spectral
C/NO for GO5 measured by STJO C/NO for GO5 measured by STJO d ensities
abe s * Esenbuga and Hauschild (2020): assume a localization
obs “Tac obs of the flex power events on the Earth, and assume no
— S1W — S52W flex-power on the L2 band, use a core network of station
s1c SoL for DCB estimation
* Liuetal. (2025): 15 min smoothing for DCB estimation
i  Suetal (2026), Zhang et al. (2025b): estimation
' combined with C/NO and DCB variations
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2. = Bias computation from ground stations
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U Application U Network of stations to observe the constellation
* we propose a method to compute constant intermodulation biases of GPS « Station equipped with Septentrio POLARXS5 receivers
satellite by defining intervals on constant DCB values, with a reduced number q Pp o p _
of stations * Earth map with visibility circles at GPS altitude

* output: constant biases on flex-power-off and flex-power-on regimes
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IGS Bias computation from ground stations
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0 Step 1: solve for constant satellite and receiver biases for satellites without flex power: GPSIII satellites
* create the measurements C1C-C1W for all the satellites and stations of the network
* build the observation matrix for all the observables between each satellite and each station
* add azero-mean observability constraint
» solve for an overdetermined least-square problem Mx = b, with x containing the constant biases

satq -+ sat, staq --- sta,,

[—1 1 ] [ (C1C — C1W) sat;sta, ]
satellite-station : :
measurements -1 1 (C1C — C1W) sat sta,y,

M = ) b= :
-1 1 (C1C — C1W) sat,sta,
—1 1 (C1C — C1W) sat,sta,,
zero-mean constraint L1 1 o - 04 i 0 -
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IGS Bias computation from ground stations
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[ Step 1: solve for constant satellite and receiver biases for
satellites without flex power: GPSIII satellites

* when removing the station bias, the corrected measurements
from each satellite align around a constant values, with some

jumptsG32 N | ﬂ C1C-C1W | C2L-Cow VNDP  0.559 0.326
sa correcte lythel estimated
constant station biases [m] [m] STJO 0.567 0.328

R 0.139 VACS 0.546  0.395

~0.1 G04 -0.235 0.222
' HARB 0.537 0.371

l 1 . G11  -0.279 0.159
: ’ ‘ G14 -0.249 0.129 MIZU 0.553 0.406
; G18  -0.275 0.116 THTG  0.458  0.371
: G23  -0.268  0.165 HAL1 ~ 0.441  0.387
8} :stati\;;ﬁ[sép ‘ | l | G28 -0.261 0130 AREG 0.444 0,383

» oot q ; ‘ ‘ ] * GPSlll biases are almost all the same for
T ' C1C-C1W All the stations have nearly
o e The combinaison on C2L-C2W is noisier the same biases

T T T T T T T T
27 29 31 Apr 03 05 07 09
Time 2025-Apr
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Bias computation from ground stations

Step 2: determination of the flex-power intervals for each satellite (1 Example on the G32 satellite
* remove the previously determined station constant biases with the steps displayed forthe
« compute the mean of the corrected observables per epoch C1C-C1W and C2L-C2W

« smooth the mean with a low-pass filter, to remove the effect of noisy observables computations

* detect the transition by correlation with a step function

sat G32 with the steps of the flex power biases detection

sat G32 with the steps of the flex power biases detection

—— Mean of observables
0.1 1.5 —— Smoothed mean
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Correlation with threshold
—— Bias
0.0
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Bias computation from ground stations

1Step 3: consolidation of the estimated biases with histograms O Example on the G32 satellite
* plotthe histograms of the smoothed biases with the histograms displayed
« fit two gaussians on the histograms for the C1C-C1W and C2L-
C2W computations

* the means of each gaussian are the biases

sat G32: fitted gaussians distributions sat G32: fitted gaussian distributions

0.300 0.300
0.275 1 0.275 4
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ce 2025 Bias computation from ground stations

WORKSHOP

U Computed values
* the satellites have been separated in blocks
* computation on atime span from the day 2025-025 (March 26", 2025) to the day 2025-099 (April 9t", 2025)
* the flex power is activated from 2025-030 (April 15t, 2025)

ﬂm
FP[m
m] G03 0.248 0.168

-0.380 -0.414

Bias during
FP [m]

G05 0.153  0.029 G06 0.379  0.295
-0.173  -0.257 G06 -0.266  -0.388 e tob d G08 0465  0.366
0. not observe . .
G07 0.003  -0.092 GOS8 0.124  0.044 e B Ty G09 -0.036 -0.081
G12 -0.037 -0.122 G09 -0.044  -0.004 G15 0.051 c;o11 G10 0.403 .t b d
. 0. -0. not observe
G15 -0.226  notobserved .5 0196 -0.025 G17 -0.101 0.145 G26 -0.171 0.271
G17 -0.035  -0.090 G26 0.037  -0.030 G29 0(.)50 0.042 G27 0(.)82 .t b d
. 0. . not observe
G29 -0.021  -0.130 G27 0.095  notobserved = tob d G30 0.182 tob d
. not observe . not observe
G31 -0.154  -0.188 G30 0.233 0194
. Block IIR-M G32 0.236  0.150
C1C-C1W: Block IR-M G32 -0.160  -0.358
: Block IIF

C1C-C1W: Block IIF
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CI1C-CIW (diurne - epoch)

d Comparison with GRG products . | . | . . 2
* daily mean values w/o considering Flex 0'4__ - - - - — |
Power 0.3 —— = R —

* before the flex power event, the biases

meters
I

are grouped together: 0.2 — - -
«» common difference of around 0.28 m for 01— |
C1 C'C1W, L 1 | 1 | 1 | - pm 3 | =
. s pm 35
+» common difference of around 0.14 m for 0 > day Sillcelij/()&fﬂ)zs b pm 6 20
CZL-C2W, « prmn 12
C2L-C2W (diurne - epoch) pm 13
pm 24|
» after the beginning of the flex power - L | - pm 32| |
event, the differences are spread around 02— I L LTI |
the previous mean values a | .
0.1 —=s T 7 F s T B
0.05 = ! | | | | | I _
0 5 10 15 20

day since 25/03/2025
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//Wt Application to-Melbourne Wubbena
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werkzier combination

1 Flex Power effect on the Melbourne-
Wiubbena (MW) 27

* The change of the C1W and C2W biases can
be seen on the MW combination between the
bands 1 and 2 D

 Computation of the TW-2W MW and 1C-2L
MW

 Computation of the TW-2W MW and 1C-2L
MW correction with the computed biases

* Example on the GO5 satellite
e Au= (/11_/12) (Acl + ACZ) = —0.11 WL cycles

STJO GO5 Melbourne-Wubbena combinations

0.0

GPS L1-L2 widelane cycles

Ai+2,) \ 24 Ay
* The correction with the computed flex power
bias realigns the combination to a constant 0.2
fractional receiver bias
Flex power
—— MW_1C2L- MW_1W2W activation
—0.3 7. MW_1C2L cor FP - MW_1W2W
22:'00 23l:00 Aprl-Ol 01;00 02;00 03;00 04;00

Time 2025-Apr-01
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AIRS Application to-Melbourne Wubbena
werxsner - combination

STJO GO5 Melbourne-Wubbena combinations

— MW_1W2W
dFlex Power effect on the Melbourne-Wiibbena (MW) . e |
. Wich signalis jumping? | H' I
e .. .. NN I E Rl
* Draw the military MW, the civilMW and the FP-corrected civilMW 075 1 N ||." LU }' Il ‘ | !H
. . .. . . . ' L.'I . ] |
* The civilMW is jumping whereas the SNR increase is seen on the | || | T
military signals .7
C/NO for GO5 measured by STJO E
C/NO for GO5 measured by STJO =
T ___"b;w o 025
55 == S1W saL E
sic s | IHE.I
z 0.00 -
50 1 50 4 a
. & -0.25
- 1 =
%45_ | % -0.50
\ 40 A : 21;00 22200 23;00 Aprl-()l f.’IZL:I ! 02;00 03;00 04;00
40 Time 2025-Apr-01
: Flex power
SR activation
20:00  Mar-30  04:00  08:00 12:0“2me 16:00  20:00 Mar31 202‘;0;3”1 20100 Mar-30 04:00  08:00 12:';3'?1ne 16:00 20:00 Mar-31 m?zoogs_w:):r:lgol
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IGS Conclusion
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U For GPS measurements treatments, GPS satellites intermodulation have to be used
* the GPS satellite biases are given on military signals
* some satellites receive only the civil signals
» forinteger ambiguity the modulation of the GPS satellites biases must match the modulation of the measurements

WIntermodulation biases can be retrieved from analysis centers (ACs)
* this biases come from hardware delays, and should be nearly constant (if the payload remains constant)
* the ACs usually provide 1 value per day, but the values can vary significantly on a large time span
* intra days variations have been observed, caused by GPS flex power
* the accurate description of the biases in flex power on phases requires to define sub-daily values in the SINEX files

L Separation between ‘flex power on’ and ‘flex power off’ regimes
* atechnique has been set up in order to detect the flex power activation and deactivation times
* the GPS satellites biases are constant on each regime

O Evolutions
* Beidou Flex Power has to be investigated

* this study demonstrated that the biases are constant, except during flex power events, GPSlI| satellites have
constant biases values

* these features have to be used in a real time context
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