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ITRF202@ |GScontribution

| COD | ESA | GFZ | GRG | JPL | MIT | NGS| TUG | ULR | WHU_

GPS (20601

GPS (1994/01/02) GPS (1995/01/01 GPS (1994/01/02 GPS (2000/05/03) GPS (1994/01/01) §
GNSSir@cIudec GLO (2002/01/01) GLO (2009/01/01 GLO (2012/01/01 GLO (2008/11/04) GPS (1994/01/02) u GPS . GLO (2009/01/01 GPS ElFS(Aneh
f GAL (201D1- (1994/01/02 (2003/01/01) GLO (20109-28)
rom) GAL (2013/01/01) GAL (2015/01/01 GAL (2013/12/21 GAL (2016/12/31) o1) © GAL (2013/01/01)
B ionol;nﬂlgferffggﬁ%eal _undlfft;llrer;]?ed ar:(? Vgrglér;?r:fg?rrlzg():e:oc doubly undifferencediono-
Senifels 1S (117 undifferencediono- corr)nbination on i ot o e[)' ret? GPsL1al2; and phase SUCITENEED free linear
Observable combinations combinations . : Inear compination s 5 1 Eo E1&E pha phase (GPS: o
GPS & GLONASS: IGPS GLONASS: free linear carrier phase (and GPSL1/L2 (dual frequenc ? observations L1&L2) and combinations
types P : % lo combinations  code). GPS and Combingtion)5 GPS: L1, L2, L5 oo GPSand GLONA
} : GLONASS : L1/L2; GLONASS: L1, L2 . L1/L2
GALILEO: E1 & ES&ALILEO: E1 & E GALILEO : E1/E5a Galileo: L1, L5, L7, | observations

Boxwing models
A priorisolar cps g gLo: None TOF 2l satelites

. g : used for: . GSPM13b : " : ;
radiation GALILE@oxwing Solar Radiation None Boxwing models T m—— Direct only : Boxwing models Directonly None

pressure based on GSA(201 Earth Reradiation 2017); GPS Block
Earth IR radiatior Manufacturer Tabl
i ?/riﬁogsgigfr&n? D, Y, B constants ECOM2 model,  SolarScaleand Y ~ECOM2 with ECOM2with 7 ECOM2
Empirical e Bl/rev+  D,Y,Bconstants + . SO : 7 ECOM2 parametel :
lerations constraints Along 1/rev 1rev + D 284/rev without adjusting the Bias stochastic 5 (DO, D2, YO, BO, B1) stochastic parametergDO,
acce ..~ for GALILE® Alon 1/rev' no constraints ~ bias inthe sun constraints anc ' ’ cohstréints: ' constraints anc D2, YO, BO, B1), 1
(constrainty beta<12: + D 1ev+ congtraint direction selectedterms selectedterms  constraints
Y constant(FOConly)
Slecnastic destochastic ai F h eclipsi N t t fd
pseudestochastic a _ or each eclipsing one - at center of day
: pulses : midnight None CUaZLY satellite None ' (12:00), None
constraint

A 10 IGS AnalysBentersprovided GNSS solutions employing different orbitdelingand observables
A For the first time, in ITRF three GNSS systems are included: GPS, GLONASS, Galileo
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ITRF202@ |GScontribution

| _COD | ESA | GFZ | GRG

GNSSr@cIudec GPS (1994/01/02) GPS (1995/01/01 GPS (1994/01/02 GPS (2000/05/03) GPSé;;)OOl— GPS (1994/01/01)
GLO (2002/01/01) GLO (2009/01/01 GLO (2012/01/01 GLO (2008/11/04) ) GLO (2009/01/01)
GAL (201-Dn1-
from) GAL (2013/01/01) GAL (2015/01/01 GAL (2013/12/21 GAL (2016/12/31) o1) GAL (2013/01/01)
double differenced undifferencediono- . undlﬁerencegl raw(undlffgrenced
onofree free linear _ _ ionospherefree linea GPS L1&L2: and uncombined) coc
b abl . o undifferencediono-  combination on ’ and phase
Observable combinations combinations free linear B GALILEO E1&E observations
types GPS & GLLZO NUASIED el C;LI?ZNASS: combinations code). GPS and ﬁ%ﬂgﬁgﬁgg ) GPS: L1, L2, L5
GALILEO: E1 & E5&ALILEO: E1 & E GLONASS : L1/L2 GLONASS: L1, L2
’ ’ GALILEO : E1/E5: Galileo: L1, L5, L7, 1
Boxwing models
A priori solar gps ¢ GLO: None ' js”eza]f;'!'tes
radiation GALILE@oxwing Solar Radiétion None Boxwing models Directonly Boxwing models
based on GSA(201! L
pressure Earth Reradiation
Earth IR radiatior
D,Y,Bonstants+ B D Y B constants
Empirical Ure(\:lotlsl?[rzﬁé 1o B lrev+  D.Y,B constants + . tfgj?zgﬂcjjgursrl?ndgelfhe Esct:cil;]/l:smth 7 ECOM2 paramete|
accelerations Along 1/rev.  1/rev + D 2&4/rev: - ) (DO, D2, YO, BO, B1),
i for GALILE(D Along 1/rev no constraints b|as_ n the sun el constraints
(constrainty peta<12: + D 1év+ i direction selectedterms
Y constant(FOConly)
SlpEIsne destochastic af F h eclipsi tcenter of d
pseudestochastic a _ or each eclipsing at center of day
: pulses : midnight None at12:00 satellite None (12:00),
constraint

A 10 IGS AnalysBentersprovided GNSS solutions employing different orbitdelingand observables
A For the first time, in ITRF three GNSS systems are included: GPS, GLONASS, Galileo
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SLRralidation of GNSS orbits

A Validationof the combinedIGS Repro3
orbitsdeliveredby Geoscienc@ustralia
usingSatelliteLaser Ranging (SLR) data:

A TraditionalglobalACweighting
algorithm(GW)

A SatellitespecificACweighting
algorithm(SSW

A Dataset20132020 (aininterestin
Galileo)

A SLRvalidationofdifferent satellitetypes
Galileo FOC, F@&Ccentricorbit, IOV,
GLONASH, -K

Combination strategy

S o S nK., Zadel R., Bury G., Bosy J., Moore M.,Masoumi S. (2020)
Quality assessment of experimental IGS multi -GNSS
combined orbits GPSSolutions, Vol. 24 No. 54,

URL: https://link.springer.com/article/10,1007/s10291 -020-0965-5
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I SLRralidation of GNSS orbits
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Results for different satellite types

GLOBAL WEIGHTING

RES [mm]

I,
507

25 A

_25 -

_50 -

_75 -

SATELLIT®PECIFIC WEIGHT

= IGSR3_GW

/

= IGSR3_SSW

GAL-FOC -

GAL-FOCe -

GAL-IOV A

GLO-K1A -

GLO-K1B -

GLO-M -

GLO-M+ A
GPS A

NG

[mm] MEAN STD RMS

type GW [SSW [GW [Ssw |GW [ssw
GAL-FOC 5.2 3.0 24.1 24.0 24.7] 24.9
GAL-FOCe 7.7 6.9 252 24.2 26.3 27.3
GAL-IOV -14.1] -14.4 31.1 28.0 34.2 27.7
GLO-K1A 2.9 -3.0 37.7] 37.6 37.8 37.4
GLO-K1B 3.8 3.1 23.8 229 24.1 24.6
GLO-M 5.5 -5.8 29.2| 28.3 29.7 27.3
GLO-M+ 28.7| 27.60 25.8 24.0 38.6 43.1
GPS -11.20 -11.7] 23.2] 20.3 25.8 195

A Improvementof SSWomparedo GW

MEAN [%] |STD [%] RMS [%]
GALFOC -39.7 0.0 -1.4
GALFOCe 8.9 -1.4 2.4
GALIOV 3.9 7.2 5.3
GLOK1A 2.3 0.0 0.0
GLOK1B 0.2 0.1 0.1
GLOM 0.3 0.6 0.6
GLOM+ -1.0 0.1 0.6
GPS 2.0 0.2 0.9
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SLRralidation of GNSS orbits

A Orbltal plane normal

A Validationof the combinedorbits +individualACs

A Searchindor patterns in SLR residuals in different
satellite SunEarthgeometry I
A {[w NBaAARdzZrt&a Fa I FdzyOi 7\ 2 2
latitude of the satellite with respect to the
argumentof the latitudeof the Sung 0z
A SLR residuals as a function of elongation arglé ( L

A Possibilities to study SkBlated issues Satellite
signature effect

satellite SunEarth geometry
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Orbit modelingissues- searchingfor patterns in SLResiduals(combinedorbits)

80 4 GAL-FOC IGSR3_SSW o | GAL-FOCe IGSR3_SSW o GAL-IOV IGSR3_SSW o SLR reSIduaIS aS a funCtlonmSOIUteJ and argument
< 601 - . of latitude of the satellite withrespect to the
S - 0 FERIPwiy 0] 0 argument of latitude of theSun fi Yz
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Orbit modelingissues- searchingfor patterns in SLR residuals

200 _" .‘GAL.-"F?Q_I-GSRC’E_SSW 1. ?AL-FOCe:I.‘GSR3_SSV:I- i pALlOVlGSR3_§sw ) { [ W N \B é, 7\ FIQ le f é_ | é I -F dzy C)
' ' : ' ' Dotsare coloredwith the absoluteheightof the Sun
abovethe orbital plane( )

| oisTimideg* - . v A Lineardependencyetweenthe elongationangle

2004 "0.246 mmideg]

0 6 120 180 0 6 10 18 0 60 120 180 (¢) and SLResidualdor Galileo FOGatelliteswith
aslopeof 0.25 (FOC), 0.1#QC¢ -0.15 (K1B), and
0.21 mmAdeg(M+).

€ [deq] £ [deg]
GLO-K1A IGSR3_SSW GLO-K1B IGSR3_SSW
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¥
] [
-
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Orbit modelingissues- searchingfor patterns in SLResiduals(individual AC3
Galileo FOC Galileo FOCe Galileo IOV
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Orbit modelingissues- searchingfor patterns in SLResiduals(individual AC3

] GAL- | GAL- | GAL- | GLO- | GLO- | GLO-
FOC | FOCe | 10V K M M+
COD |.— 6.4 29 124 7.6 6.8 280
ESA E -10.7 -8.9 -8.3 4.3 6.6] 284
GFZ || -194 -122 -19.1] 144 82 245
GRG |& 22.8] 17.0 5.0 1.1 1.3 358
MIT |e 2.7 9.1 9.1 - - -
TUG |< 17.40 146 -16.5 2.00 -10.6 240
GW | 3.0 46| -10.0 1.7 6.2 285
ssw | E 0.8 41  -11.6 1.7 6.4  28.1
cob | | 288 285 291 266 344 281
ESA E 244, 256 231 252 317 259
GFz |<| 332 287 309 288 389 328
GRG | 289 29.6 35.8 271 353 308
MIT |T 271 267 278 - - -
TUG |o| 242 255 260 246 347 293
GW |2 253 253 255 269 329 269
SSW 25.4, 253 2500 269 328 269

A Some ACs provide better solutions than
the combination in terms of the
standard deviation of SLR residuals.

A SLRis a very valuable tool to discover
systematic effects in orbits as well as
GNSS modeling issues.

WROCEAW UNIVERSITY OF ENVIRONMENTAL AND LIFE SCIENCES



Possibilitiesto study SLRrelated issues- satellite signatureeffect

40 — : . . )
SN 05 e i, i SUN: G Ha T e SLResidualsasa function ofnadir anglefor
PV e i 004 mifdeg | i R0 mmideg multi-photon MCPand singlephoton CSPAD
20 4 ‘ - e S s.a. ] A a » LR YR A R ~-;_.:;,.‘ .
: 280 ;-1 ; 3
S L ' 2 WhentakingSLRobservationgrom the stations
.y -5 : 0 a{‘,\f‘}.q o -" j ’:‘Q - : . . .
8 0 h%gw“jfg equippedwith MCPdetectorsallnear
s XA "‘f%ﬁ}@% I dependencypetweenthe SLResidualsaand
20 {54 3 1 nadirangleo gatellitesignatureeffecté is
~30 - visible(Mostly for Galileo IO\, largeLRA)
s
-40
40
a0 PN 20T kg 15‘mm/'deg"
o ik AR ‘ Nadir= Qc
. 10 1 3
E
o 0 v
? Wi
=04 feasaly
207 , : I a A ST , Nadir=18
=801 -0.85 mm/deg 7 ' -0.82 mm/deg
-40 T T T T T T T T T T T T T T
o N < © s <‘:_> ‘(! ‘q-_ o N < © [ee] ‘o_ ‘CE 3
NAD [deg] NAD [deg]
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SLR Residuals [mm]

POSSIbI|ItI€StO StUdy SLRelated ISSUGS Mean |Numberof normal
Type Detector .
[mm] points

g /o0 g CSRADT = MCGE = P GALFOC _ |CSPAD 14.9 6783¢

: T 1 CSPAD* -16.1 4294(

75 - L T MCP 2.1 4396§

| | | T PMT 10.7 6726

o I T GALFOCe |CSPAD 16.¢ 10621

o - 1 ; I | CSPAD* -10. 6034

i i I I I I MCP 5.3 1019¢

o{1 L 1 0 I I 0 I | : PMT 15.5 160/

1 H I I H H GALIOV  |CSPAD 5.5 3948(

~25 1 | CSPAD* -25.¢ 14624

. MCP -18.2 42811

PMT 5.9 5427

_75 .

. Thereare somesubstantialdifferences(2 cm)in the

055508559055 206552655285598552858% meanoffset of SLiResidualsvhenconsidering
= N = T T o= T o = N S N = LRob iong diff _
sg 88 .68 8g° 8g 883 8 2R SLRobservationgrom different stations
8900888833088 %008%s=332:33 4o

o QLS = X x A3y 44250 = 0P v . . . . .
;.'“;ggzﬁgg&'&'gggoggooggggdagggg%%@@ Longtime-seriesof the uniformin quality GNSS

I 00O0 = ol . e i

©0” "0g°2~7° OO0~ 00 °° orbits allowfor the studyof detector-specific issues in

CSPALEuropearstations MCP: NAS#tations Satellite Laser Rangingtioe GNSSatellites

CSPAD*Chinesestations PMT: Russiastations WROCEAW UNIVERSITY OF ENVIRONMENTAL AND LIFE SCIENCES




_type | det | count mm

e7:\Ezeled CSPAD 6901¢

Possibilitiesto study SLRrelated issues

SLR Residuals [mm]

CSPAD* 43337 -17 25

MCP 44575 2 16

7 — CSPAD — CSPAD* — MCP — PMT PMT 6761 11 28

! CSPAD 1080 17 15

| T CSPAD* 6141 11 24

g2 T T MCP 1032¢ 5 16

| | | T PMT 161¢ 15 29

i 2 7| s T I eINEleWA CSPAD 40026 -5 20

} | _ CSPAD* 1478¢  -26 28

. I I I IR MCP 4323¢  -18 22

= I - I PMT 547 -6 30

I i i IRl @] CSPAD 10441 14 16

2 l | . CSPAD* 457¢ -9 25

| 1 l MCP 1846¢ -4 15

A i | PMT 604C 14 31

L+ 1 l CSPAD 18306¢ 1 20

e CSPAD* 0435/  -14 33

MCP 13822¢  -14 18

ool L L LT T L] PMT 8402: 1 33
OLLFQOYLFQSAEQRAEOSAFQAAFEFQALEQRQ - PAD 2403¢ 7 1

GROMT— o

©8 ;084498 __08__ 8 08 ©8& o8 MCP 2822¢ 25 15

00888888>>55<<S§mm99 S3..3%3 %

COEEoo R e iYL f i Ef2380333a9pia il L — e

?('I—I'qcf(g—"l-—ll'_é&lal36599639965490099666%0 GPS CSPAD 1037 -4 12

65°"FFOC0O0" "o "o " °° 0O CSPAD* 61c  -18 21

CSPALEuropearstations MCP: NAS#tations MCP 81€ -18 14

PMT 24 11 22
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SLR Residuals [mm]

Possibilitiesto study SLRrelated issues

- CSPAD - CSPAD*
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— O J300 0]
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CSPAD
CSPAD*
MCP
PMT
CSPAD
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CSPAD
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CSPAD*
MCP
PMT
CSPAD
CSPAD*
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PMT
CSPAD
CSPAD*
MCP
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6901¢
43337
4457:
6761
1080:¢
6141
1032¢
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4002¢
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4323¢
547z
10441
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Possibilitiesto study SLRrelated issues

RES [mm]

= BIASED

NO DETECTOR BIAS

75 A
50 -

25 -

_25 N

_50 -

_75 -

_ 0 —

|
!

[mm] MEAN STD RMS
type BIAS INDB [BIAS [NDB [BIAS [NDB
GAL-FOC 3.0 14.4 24.0 20.3 24.20 24.9
GAL-FOCe 6.9 16.4 24.2 21.8 25.1 27.3
GAL-IOV -14.4,  -6.1 28.0 27.0 31.5 27.7
GLO-K1A 3.0 11.3 37.6 35.7 37.7 37.4
GLO-K1B 3.1 13.00 22.9 20.9 23.1 24.6
GLO-M 5.8 0.9 283 27.3 28.9 27.3
GLO-M+ 27.6] 37.00 24.00 22.1 36.6 43.1
GPS 1170 -3.8 20.3 19.1 23.5 195

A Improvementof NDBcomparedto BIAS

GAL-FOC -

GAL-FOCe -

GAL-IOV A

GLO-K1A A

GLO-K1B A

GLO-M -

GLO-M+ -

GPS -

MEAN [%] |STD [%] RMS [%]
GALFOC 374.4 -15.2 3.2
GALFOCe 137.6 -9.9 8.4
GALIOV -57.5 -3.7 -12.2
GLOK1A -473.0 5.1 -0.9
GLOK1B 318.4 -8.7 6.5
GLOM -115.0 -3.4 -5.4
GLOM+ 34.0 7.9 17.8
GPS -67.5 -5.9 -16.9
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RES [mm)]
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I Conclusions

A For thefirsttime, three GNSSystemsontributeto the ITRIFealization SLRsanindependentool
to validatethe qualityof GNSS orbits: Galileo and GLONASS.

A The standarddeviationof SLResidualgsat the levelof 25mm, but after removingdetector-
specificerrors, it canbe reducedto 12-16 mm.

Analysi®f SLR residuals 8unEarthsatellite frameindicatessomeissuesin the orbit modeling for
the individual types athe GNSSatellites. Someof these issues have been already mitigated by IGS
AG(ESA, TUGhus,thereisstillspacdor improvementin the combinationstrategy

Largedifferencesbetweensinglephoton and multi-photon detectorshavebeenfound.

Thereare only minor differences between the two delivered sets of combined solutions, difffesh
In terms of weightingtrategy Satellitespecific weighting is the official IGS product.

Futurestep 1: GPS and BeiDgatellitesshouldbe equippedwith SLRetroreflectorsandtrackedby
the SLRstationsto provideinformation on orbit modelingissues

Futurestep 2: Cdocationin spaceonboardGNSSisingspacetiesfor future ITRFealizations

Futurestep 3:CombinedSLR+GNSS orhbits.
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I GNSS+Slddmbinations¢ removingsystematicpatterns
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Orbit modelingissuesg Differencesafter handlingdetector specificbiases
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Orbit modelingissuesg Differencesafter handlingdetector specificbiases
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Orbit modelingissuesg Differencesafter handlingdetector specificbiases
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Orbit modelingissuesg Differencesafter handlingdetector specificbiases
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