Contents

List of Figures

List of Tables

Frequentl y Used Acronyms

1. Introduction

2. General Information

2.1 TheGlobalPositioningSystem-GPS . . . . . . . . . . .. .. ... ..
InstitutionsRelevanttothisWork . . . . . . . . . ... ... ... ...
2.2.1 ThelnternationalGPSService. . . . . . . . ... ... ... ... ...
2.2.2 TheCenterfor Orbit Determinatiorin Europe-CODE. . . . . . ... ... ..
2.2.3 ThelGSLEORPIlotProject. . . . . . . . . . .
Low EarthOrbitersTrackingGPSSignals . . . . . . . ... ... ... .. .......
2.3.1 TOPEX/Poseidon . . . . . . . .
2.3.2 MicroLab-1/GPS/MET. . . . . . . . . e
2.3.3 GFO,ORSTEDandSUNSAT . . .. ... .. . .. . it

2.2

2.3

2.4

2.5

3.1
3.2

3.3

234 CHAMP . ...
235 SAC-C .....
23.6 JASON-1. ...
237 GRACE. . ...
238 ICESat .. ...
239 GOCE. .....

PreciseOrbit Determinatiorfor LEOsUsIingGPS. . . . . . . ... ... ... .....
2.4.1 DynamicandReduced-dynamiStratgies . . . ... ... ... .. ......
2.4.2 KinematicStratgies . . . . . . . . . . . .

DataPre-processing . .

Principlesof Processing
CodeSolution. . . . ..

Kinematic Point Positioning on the Zero-diff erence Level

3.2.1 CodePointPositioningWithoutA priori Information. . . . . . ... ... ...

Phase-dferenceSolution

Xiii

XVii

23
23
25
28
29



Contents

3.4 Combinationof CodeandPhase . . . . . . . . . . . . . .. . .. 32
3.4.1 NegglectingtheCorrelations . . . . . .. ... ... ... ... ......... 33
3.4.2 EstimatingPosition-diferences . . . . . . .. ... ... oL 34
3.4.3 CorrectCorrelations . . . . . . ... ... . . .. 38

3.5 PracticalRealization . . . . . . .. ... .. 39

3.6 Simulations. . . . . .. 41
3.6.1 Code . . ... e 41
3.6.2 CombinedPositionsandPhaseOnly Positions . . . . . ... ... ....... 43
3.6.3 FurtherStudies. . . . . . . . . .. .. 49

3.7 SatelliteClockiInterpolation . . . . . . . . . ... . . . . . e 52

Data Pre-processing 57

4.1 Outlier Detection- Principleof Majority Voting . . . . . . . ... ... ... ...... 57

4.2 lteratve ScreenindProcedure . . . . . ... e 59

4.3 ProcessingssuesRelatedoLEOS . . . . . . .. ... o o 60
4.3.1 GPSReceverPerformance . . . . . ... .. ... . . ... 60
4.3.2 DataQualityandPre-screenin@ptions. . . . . .. ... ... ... ...... 63
4.3.3 Elevation-dependenteightingandCut-of Angle . . . . ... ... ...... 71

4.4 Developmenbf a DataScreening®rocedurdor a Permanenietwork . . . . . . . . .. 72
4.4.1 ScreeningfCodeObserations. . . . . ... ... ... ... .. ....... 73
4.4.2 ScreeningfPhaseObserations. . . . . ... ... ... ... ......... 74

Dynamic and Reduced-d ynamic Orbit Modeling 77

5.1 ProgramSATORB . . . . . . . . e e 78

5.2 GravitationalForces. . . . . . . . . . 79
5.2.1 EarthPotential . . . . . . ... ... . .. 79
5.2.2 SolidEarthandOceanTides . . . . . . . .. .. .. ... ... ... ...... 79
5.2.3 Third-bodyPerturbations . . . . ... ... ... . L 80
5.2.4 PrecessiomutationandPolarMotion . . . . ... ... ... .. ....... 80

5.3 Non-graitationalForces . . . . . . . . . . ... 80
5.3.1 AtmospheridDrag . . . . . . . o e 80
5.3.2 DirectSolarRadiationPressure .. . . . . . .. ... ... ... ... 81
5.3.3 EmpiricalParameters . . . . . . . .. 81
5.3.4 EarthAlbedo . . . . . . . . .. . e 82

5.4 Measuringhe Non-graitational Forces:Accelerometebata. . . . ... ... ... .. 82

5.5 Pseudo-stochastRulses. . . . . . . . . . . . .. 85

Results and Applications 87

6.1 Evaluationof KinematicSolutions. . . . . . .. ... ... .. ... .. . . ... .. 87

6.2 CHAMP 152/2001andSAC-C051/2001 . . . . . . . . . o i i i e e e e e 88
6.2.1 DifferentValuesfor Threshold3 . . . . . . .. ... ... ... ... ...... 89
6.2.2 DifferentElevation Cut-off AnglesandElevation-dependenieightingFunctions 92

6.3 IGSTestCampaign-doy 140to 150/200L . . . . . . . . . . . . v v i 98



Contents

6.3.1 DataQuality . . . . ... . .. 99
6.3.2 DataPre-processing. . . . . . . . . . e 100
6.3.3 Independen€Comparison. . . . . . . . . ... .. 124
6.3.4 SUMMAIY. . . . . . o e e e e e 128

6.4 CHAMP andSAC-C-055/20020089/2002 . . . . . . . . . . o o v v v i i oo e 131
6.4.1 DataQuality . . . . . .. . . . e 131
6.4.2 DataProcessing . . . . . . . v i e 132
6.4.3 Solutionswith CODERapidProducts. . . . . ... ... ... ......... 136
6.4.4 Solutionswith CODEFinalProducts . . . . ... ... ............. 155
6.4.5 Summary. . . . ... e e 172

6.5 Useof DifferentGravity Field Modelsfor the Reduced-dynami©rbit Modeling . . . . 176
6.5.1 CombinedPositionsasPseudo-obseations. . . . .. ... ... ... ... .. 177
6.5.2 CodePositionsandPhasePosition-diferencesasPseudo-obseations. . . . . . 182

6.6 Stochastid®PulsesandAccelerometeMeasurements . . . . . . . ... ... ... ... 187
6.7 DataScreenindg’rocedurdor a PermanenGroundNetwork . . . ... ... ... ... 197
6.7.1 Comparisorwith MAUPRP . . . . . ... ... ... ... ... ........ 197

7. Summary and Outlook 203

Bibliograph y 209



Contents




List

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12

3.1
3.2
3.3
3.4
3.5
3.6

3.7
3.8

3.9
3.10

3.11
3.12

3.13
3.14

of Figures

TOPEX/Poseidosatellite. . . . . .. .. ... ... . ... .. ... .. .......
MicroLab-1satellite.. . . . . . . . . . . . .. .
GFOsatellite. . . . . . . . . e
Two satellitedaunchedogetheron February23,1999. . . . .. ... ... ... ...
CHAMPssatellite. . . . . . . . . . e
Altitude of CHAMP dependenbnsolaractivity. . . . . . ... ... ... ... ....
SAC-Csatellite. . . . . . . . . e e
JASON-1satellite.. . . . . . . . .
GRACEssatellitefromabove. . . . . . . . . . . .
ICESatsatellite. . . . . . . . . . . . e
GOCE- computerideddraning. . . . . . . . . . . e
Schemeof differentprocessingtratgiesfor LEOGPSdata. . . . . . ... ... ...

Processingchemdor kinematicpoint positioningof aLEO with GPSdata. . . . . . .
Flowchartof programLEOKIN. . . . . . . . .. . . ... . . .
Differenceof coordinatesomputedrom simulatedobserationsw.r.t. the “true” co-
ordinatef ALGO. . . . . . . . .
Differencef satellitepositionsw.r.t. the “true” a priori orbit from a codepoint posi-
tioning with programLEOKIN usingsimulateddatawith o4p, =1.0m. . . . . .. ..
Differencedetweerpositionscombinedwith differentweightratiosandthetrue posi-
tionof ALGO (North-component).. . . . . .. ... ... ... ... . ........
Difference®f combinedoositionsw.r.t. “true” ALGO coordinategor differentweight-
INQOPLIONS. . . . . . . e e
Numberof tracked satellitesin the simulatedobserationsof ALGO for doy 034/2002.
Differencesf combinedkinematicpositionsfrom simulatedcodeand phaseobsera-
tionsof CHAMP to thea priori orbit usedfor thesimulation. . . . . . ... ... ...
Numberof satellitesracked by CHAMP for simulatedobserationsof doy 034/2002. .
Differencesof kinematic positionsfrom simulatedcode and phaseobserations of
CHAMP w.r.t. the“true” apriori orbit; Enforcedinterruptsafter 1000epochs. . . . . .
Differencesof kinematic positionsfrom simulatedcode and phaseobserations of
CHAMP w.r.t. the“true” apriori orbit; Enforcedinterruptsafter700epochs.. . . . . .
Influenceof usinganapriori orbit differentfrom the“true” orbit usedfor thesimulation
ofthedata . . . . . . . . . . .
SA switchedoff on May 2, 2000— effecton GPSsatelliteclocks. . . . . . . ... ...
Differencesbetweenkinematic positionsand the a priori orbit of CHAMP (1) with
linearlyinterpolatedsatelliteclockcorrections.. . . . . .. .. ... ... .......

11
13
14

46
a7



List of Figures

Vi

3.15

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10

411
412

5.1

5.2

5.3
6.1

6.2

6.3

6.4

6.5

6.6
6.7

6.8

6.9

6.10

6.11

Differenceshetweenkinematic positionsand the a priori orbit of CHAMP (2) with
polynomialinterpolatedsatelliteclock corrections.. . . . . . . .. ... ... ... ..

Examplefor thegroupingof v;. . . . . . . . . .
Satellitebody-fixedsystem(schematically). . . . . . ... ... ... .. .......
CHAMP recever performancdor doy 063t0 065,2002. . . . . . .. ... ... ...
Changan trackingperformanceftersoftwareuploadondoy 206/2001. . . . . . . . .
SAC-Crecever performancdor doy 063t0 065,2002. . . . . . ... ... ... ...
Numberof effectively tracked satellitesfor CHAMP 152/2001andSAC-C 051/2001. .
Histogramsof o, valuesfor SAC-C 051/2001andCHAMP 152/2001 Verticalline at
O0bSgor s * * + ¢+ + n f e e e e e e e e e e
Histogram of o, values for SAC-C 067/2002 and for CHAMP 145/2001 and
067/2002. . . . . o
Histogramsof A%; /0. in unitsof 3 for codeandphase-dierenceobsenrationsin the
pre-screeninglgorithm.. . . . . . . . . ...
Percentagef deletedobserationsfor differentvaluesof 8. . . . . . . ... ... ...
Differentweightingfunctionsw(z). . . . . . . . . .. ... ... o
Actionsperformedor phaseobserations. . . . . .. ... ... ... .........

Accelerometemeasuremenia alongtracldirectionfor CHAMP, doy 140/20010:00-

Comparisorof accelerometaneasuremenandmodelsfor non-graitationalforcesas
afunctionof theagumentof latitude(CHAMP, doy 150/20010:00-12:00). . . . . . .
Numberanddurationof thrustempulsesfor CHAMP for differentdays. . . . . . .. ..

Numberof interruptsdueto missingphaseposition-diferencesand numberof jumps
in the kinematictrajectoryfor solutionsC1 to C6, SAC-C 051/2001and CHAMP

152/2001. . . . .
Orbit differencedetweerkinematictrajectorie<C1andC2 (left) andC1andC5 (right)

for SAC-CO51/2001. . . . . . . . o e
OrbitdifferencedetweerkinematictrajectoryClandreduced-dynamiorbit C1S(left)

andbetweenC2andC1S(right) for SAC-C051/2001.. . . . . .. .. ... ... ...
Orbit differencedbetweerkinematictrajectorieC1andC2 (left) andC1andC5 (right)

for CHAMP 152/2001. . . . . . . . . . e e e e
OrbitdifferencedbetweerkinematictrajectoryClandreduced-dynamiorbit C1S(left)

andbetweenC2andC1S(right) for CHAMP 152/2001.. . . . . . ... ... ... ..
Numberof interruptsandnumberof jumps,SAC-C 051/2001andCHAMP 152/2001..
Orbit differencedetweerkinematictrajectoriedD2 andD3 (left) andbetweerD2 and
D4 (right) for SAC-C051/2001.. . . . . . . . .
Orbit differencesbetweenkinematic trajectory D2 and reduced-dynamiorbit C1S
(left) andD4 andC1S(right) for SAC-C051/2001. . . . . . . .. .. ... ... ...
Orbit differencedetweerkinematictrajectoriedD2 andD3 (left) andbetweerD2 and
D4 (right) for CHAMP 152/2001.. . . . . . . . . . . .
Orbit differencesbetweenkinematic trajectory D2 and reduced-dynamiorbit C1S
(left) andD4 andC1S(right) for CHAMP 152/2001.. . . . . . .. .. ... ... ...
Percentag@er day of effectively tracked satellitesby the CHAMP GPSrecever for

doy 140t0 150/2001. . . . . . . .. e



List of Figures

6.12
6.13

6.14

6.15

6.16
6.17

6.18

6.19

6.20

6.21

6.22

6.23

6.24

6.25

6.26

6.27

6.28

6.29

6.30

6.31

Numberof tracked satelliteshy the CHAMP GPSrecever for doy 140to 150/2001.. . 99
Numberof interruptsdueto missingphaseposition-diference andnumberof jumpsin

the kinematictrajectoryfor solutionA andB, without elevation-dependerweighting,

doy 140t0 150/2001. . . . . . . .. e 103
Numberof interruptsdueto missingphaseposition-diferencesand numberof jumps

in the kinematictrajectoryfor solutionA andsolutionB, without elevation-dependent

weighting,doy 140to 150/2001. . . . . . . . . . . ... ... 104
Percentagef deletedobsenrationsafter pre-screeningndby entire screeningproce-
dure,solutionswithout elevation-dependenweighting,doy 140to 150/2001.. . . . . . 105
Orbit differencesdetweerkinematictrajectoriedor doy 144/2001. . . . . . . . . . .. 108
Orbit differencesbetweenkinematic trajectoriesand post-fit reduced-dynamiorbit
P3S,doy 144/2001. . . . . . . . . 109

Numberof interruptsdueto missingphaseposition-diference andnumberof jumpsin
thekinematictrajectoryfor solutionA andsolutionB, elevation-dependenweighting,
doy 140t0 150/2001. . . . . . . .. 112
Numberof interruptsdueto missingphaseposition-diference andnumberof jumpsin
thekinematictrajectoryfor solutionA andsolutionB, elevation-dependenweighting,

doy 140t0 150/2001. . . . . . . ... e 113
Percentagef deletedobsenrationsafter pre-screeningndby entire screeningproce-
dure,solutionswith elevation-dependdrweighting,doy 140to 150/2001. . . . . . .. 114
Orbit differencesbetweenreduced-dynamiorbits P3Sand P3Se(left) andkinematic
trajectoriesPB3andPB3e(right), doy 144/2001.. . . . . . . ... ... ... ... .. 115
Orbit differencedetweerreduced-dynamiorbit P3SeandkinematictrajectoriesPB3
(left) andPB3e(right),doy 144/2001. . . . . . . . . . . . . 115

RMS errors of reduced-dynamiorbit determinationin programSATORB for cIS-
orbits (code positionscl derived without pre-screeningisedas input), doy 140 to

150/2001. . . . . . 116
RMS errorsof reduced-dynamiorbit determinationin programSATORB, without
elevation-dependemnweighting,doy 140t0 150/2001. . . . . . . . .. ... ... ... 117
RMS errorsof reduced-dynamiorbit determinatiorin programSATORB, with eleva-
tion-dependenteighting,doy 140t0 150/2001. . . . . . . . . . . . . ... ... ... 118
SATORSB residualsof codepositionswithout elevation-dependenweighting(left) and
with elevation-dependdrweighting(right), doy 142/2001. . . . . .. ... ... ... 119
Orbit differenceshetweerreduced-dynamiorbits cll3S andplI3S without elevation-
dependemveighting,doy 144/2001. . . . . . . . . . . .. .. 120

Numberof interruptsdueto missingphaseposition-diferencae andnumberof jumpsin
thekinematictrajectory elevation-dependdrweighting,cll10Seandpll10Seusedasa

priori orbits,doy 140t0 150/2001. . . . . . . . . . ... 121
Orbit differencedetweerkinematictrajectorieausingdifferenta priori orbits of APO
setC,doy 144/2001.. . . . . . . . . e 122
Orbit differencesdetweerkinematictrajectorieausingdifferenta priori orbits of APO
SetP, doy 144/2001. . . . . . i i 122
Improvementsn the x-componenbf the kinematictrajectorywith increasingnumber
ofiterations. . . . . . . . . 124

Vii



List of Figures

viii

6.32

6.33

6.34
6.35
6.36
6.37
6.38
6.39
6.40

6.41

6.42

6.43

6.44

6.45

6.46

6.47

6.48

6.49
6.50

6.51

6.52

6.53

RMS errorsof Helmerttransformatiorbetweerorbitsfrom TUM andtrajectoriegyen-
eratedwith LEOKIN without elevation-dependenteighting,solutionA (left bar)and
solutionB (right bar),for doys 140t0 150/2001.. . . . . . . . . . .. . .. ... ... 125
RMS errorsof Helmerttransformatiorbetweerorbitsfrom TUM andtrajectoriegyen-
eratedwith LEOKIN with elevation-dependedrweighting,solutionA (left bar)andso-

lution B (rightbar),doy 140t0 150/2001.. . . . . . . . . . . . . . . . . 126
RMS errorsof Helmerttransformatiorbetweerorbitsfrom TUM andreduced-dynamic
orbitsP3Sedoy 140t0 150/2001. . . . . . . . . ... 126
OrbitdifferencedetweerkinematictrajectoriegPB3(left) andPB3e(right)) andTUM-
solutionsday 144/2001. . . . . . . . . e e 127
Orbit differencesbetweenreduced-dynamiorbits (P3S (left) and P3Se(right)) and
TUM-solutions,doy 144/2001. . . . . . . . . . . 127
RMS errorsof HelmerttransformatiorbetweernfUM andPB3 (left bar)andTUM and
kinematicpositionsafterfiveiterations(rightbar). . ... ... ... ... ... ... 128
Differenceshetweenthe kinematictrajectoryafter five iterationsin LEOKIN andthe
TUM-solution,doy 144/2001LRMS0.12m. . . . . . . . . . i i i i 128
Numberof tracled satellitesby SAC-C for doy 055t0 089/2002. . . . . . . .. .. .. 132
Numberof tracled satellitesoy CHAMP for doy 055t0 089/2002. . . . . . . . . . .. 133
RMS errorsper coordinateof orbit determinationin programSATORB, SAC-C, no
elevation-dependemnweighting, CODE Rapidproductsdoy 055t0 089/2002.. . . . . . 137

Numberof interruptsdueto missingphaseposition-diferencesand numberof jumps
in the kinematictrajectoryfor solutionA andB, CODE Rapidproductsno elevation-

dependentveighting,SAC-C,doy 055t0 089/2002.. . . . . . . . .. ... ... ... 138
Percentagef deletedobserationsfor solutionsusing CODE Rapidproductsandnot
applyingelevation-dependenteighting, SAC-C, doy 055-089/2002.. . . . . ... .. 139

RMS errors per coordinatefor reduced-dynamicrbit determinationin program
SATORB, SAC-C, elevation-dependenteighting, CODE Rapidproductsday 055to

089/2002. . . . . . 141
SATORB residualsof code positions without weighting (left) and with weighting
(right), SAC-Cdoy 056/2002.. . . . . . . . i it 142

Numberof interruptsdueto missingphaseposition-diferencesand numberof jumps
in the kinematictrajectoryfor solution A and B, CODE Rapid products,elevation-
dependentveighting,SAC-C,doy 055t0 089/2002.. . . . . . . . .. ... ... ... 143
Percentagef deletedobserationsfor solutionsusing CODE Rapid productsandap-
plying elevation-dependemweighting,SAC-C,doy 055-089/2002. . . . . . . ... .. 144
RMS errors of Helmert transformationbetweenkinematic trajectoriesRCB3 and
RCB3e,SAC-C,doy 055t0089/2002. . . . . . . . . . . v i i 145
DifferencesdbetweerkinematictrajectoriesRCB3andRCB3e,SAC-C,doy 079/2002.. 145
RMS errorsof HelmerttransformatiorbetweenRPB3and RPB3e(left) andbetween

RP3SandRP3S¢right), SAC-C,doy 055t0 089/2002. . . . . . . . ... . ... ... 146
DifferenceshetweenRPB3 and RPB3e(left) and betweenRPS3and RPS3e(right),
SAC-C,doy 079/2002. . . . . . . e 146
RMSerrorsof Helmerttransformatiorbetweerkinematic(RPB3,RPB3e)andreduced-
dynamicorbits(RP3S RP3Se)SAC-C,doy 055t0 089/2002.. . . . . ... ... ... 147
DifferenceshetweenRPB3and RP3S(left) and betweenRPB3eand RP3Se(right),
SAC-C,doy 079/2002. . . . . . . . 147



List of Figures

6.54 RMS errors per coordinatefor reduced-dynamicorbit determinationin program
SATORB, CHAMP, no elevation-dependdénweighting, CODE Rapid products,day
055t0 089/2002.. . . . . . o e 149

6.55 Numberof interruptsdueto missingphaseposition-diferencesand numberof jumps
in the kinematictrajectoryfor solutionA andB, CODE Rapidproductsno elevation-

dependentveighting, CHAMP, doy 055t0 089/2002. . . . . . . . .. . .. ... ... 150
6.56 Percentagef deletedobserationsfor solutionsusing CODE Rapidproductsand not
applyingelevation-dependenteighting, CHAMP, doy 055-089/2002. . . . . . . . .. 151

6.57 RMS errors per coordinatefor reduced-dynamicorbit determinationin program
SATORB, CHAMP, elevation-dependentveighting, CODE Rapid products,doy 055
t0089/2002. . . . . . . e 153

6.58 Numberof interruptsdueto missingphaseposition-diferencesandnumberof jumps
in the kinematictrajectoryfor solution A and B, CODE Rapid products,elevation-

dependentveighting, CHAMP, doy 055t0 089/2002. . . . . . . . . . . . . ... ... 154
6.59 RMSerrorsof HelmerttransformatiorbetweerkinematicsolutionsRPB3andRPB3e,
CHAMP, doay 055t0 089/2002. . . . . . . . . . o i e 155

6.60 RMS errorsof Helmert transformationbetweenkinematic trajectoriesRPB3 (top),
RPB3e(bottom)andreduced-dynamiorbits RP3S¢gleft) andRP3S(right), CHAMP,
doy 055t0 089/2002. . . . . . . ... 156
6.61 DifferencesetweenkinematicsolutionsRPB3and RPB3e,CHAMP, doy 079/2002,
RMSO0.06m. . . . . . . 156
6.62 Differencesbetweenkinematictrajectory RPB3 and reduced-dynamiorbit RP3SE
(left) andbetweerRPB3eandRP3Sgright), CHAMP, doy 079/2002. . . . . . . . .. 157
6.63 Numberof interruptsdueto missingphaseposition-diferencesandnumberof jumps
in the kinematictrajectoryfor solutionA andB, CODE Final products,no elevation-
dependentveighting,SAC-C,doy 055t0 069/2002.. . . . . . . . .. ... ... ... 158
6.64 RMS errorsof Helmerttransformatiorbetweercorrespondindiinematicsolutionsus-
ing CODE Rapid (RC and RP) and using CODE Final products(FC and FP), no
elevation-dependeniveighting, SAC-C, doy 055 to 069/2002. Left bar: solution A,

rightbar:solutionB. . . . . . . . . . . .. 159
6.65 RMS errorsof Helmerttransformatiorbetweenpost-fit reduced-dynamiorbits RPS
andFPS,doy 055t0 069/2002SAC-C. . . . . . . . o i i 159
6.66 Differencedetweerreduced-dynamiorbit RPSandFPS(left) andkinematictrajecto-
riesRPBandFPB (right) for doy 055,SAC-C. . . . . . . . . . ... .. ... .. ... 160
6.67 RMS errorsof the HelmerttransformatiorbetweersolutionsFCB andRFCB andbe-
tweenFPBandRFPB,SAC-C,doy 055t0 069/2002. . . . . . ... .. ... ... .. 161
6.68 RMS errorsof the HelmerttransformatiorbetweersolutionsRCB andRFCB,andbe-
tweenRPBandRFPB,SAC-C,doy 055t0 069/2002. . . . . . .. ... ... ... .. 161
6.69 Differencedetweerkinematictrajectoriedor doy 055,SAC-C.. . . . ... ... ... 162

6.70 Numberof interruptsdueto missingphaseposition-diferencesandnumberof jumps
in the kinematictrajectoryfor solution A and B, CODE Final products,elevation-
dependeniveighting,SAC-C,doy 055t0 069/2002.. . . . . . . . .. ... ... ... 163
6.71 RMS errorsof the Helmerttransformatiorbetweenkinematicsolutionsusing CODE
Rapid and using CODE Final products,elevation-dependeniveighting, SAC-C, day
055t0 069/2002.. . . . . . o e 163



List of Figures

6.72

6.73

6.74

6.75

6.76

6.77

6.78

6.79
6.80
6.81
6.82

6.83

6.84

6.85
6.86

6.87
6.88
6.89
6.90
6.91
6.92

6.93

RMS errorsof the Helmerttransformatiorbetweerreduced-dynamiorbits RPSeand

FPSeSAC-C,doy 055t0 069/2002. . . . . . . . . . . . ittt 164
CODEFinalproductsandCODEFinal 5-minuteclock correctionsasclockinformation,
SAC-C,doy 05510 069/2002.. . . . . . . . . . e 164

DifferencesdbetweersolutionsF5PBeandFPBefor doy 055,SAC-C,RMS0.11m. . . 165
Numberof interruptsdueto missingphaseposition-diference andnumberof jumpsin
the kinematictrajectory CODE Final products,no elevation-dependenteighting,no

cut-of angle,SAC-C,doy 055t0069/2002. . . . . . . . . . . i 166
Differencedetweerkinematictrajectoried=CB (cut-of angle0°) andSCB (no cut-of
angle)for doy 055,SAC-C,RMS0.01m. . . . . .. ... ... 166

Numberof interruptsdueto missingphaseposition-diferencesandnumberof jumps

in the kinematictrajectoryfor solutionA andB, CODE Final products,no elevation-
dependenveighting, CHAMP, doy 055t0 069/2002. . . . . . . . .. . .. ... ... 167
RMS errorsof the Helmerttransformatiorbetweercorrespondingsiinematicsolutions
using CODE Rapid (RC and RP) and using CODE Final products(FC and FP), no
elevation-dependenweighting, CHAMP, doy 055to 069/2002. Left bar: solutionA,

rightbar:solutionB. . . . . . . . ... . ... ... 168
RMS errorsof HelmerttransformatiorbetweersolutionsFCB andRFCB,andbetween
FPBandRFPB,CHAMP, doy 055t0 069/2002. . . . . . . . . . . . . ... ... ... 169
RMS errorsof HelmerttransformatioretweersolutionsRCB andRFCB,andbetween
RPBandRFPB,CHAMP, doy 055t0 069/2002. . . . . . . . . . . .. .. ... .... 169
Differencesdbetweerkinematictrajectoriesof doy 056,CHAMP. . . . . . ... .. .. 169

Numberof interruptsdueto missingphaseposition-diferencesand numberof jumps

in the kinematictrajectoryfor solution A and B, CODE Final products,elevation-
dependentveighting, CHAMP, doy 055t0 069/2002. . . . . . . . . . ... ... ... 170
RMS errorsof the Helmerttransformatiorbetweercorrespondingciinematicsolutions
using CODE Rapid (RCe and RPe)and using CODE Final products(FCe andFPe),

with elevation-dependenteighting, CHAMP, doy 055to 069/2002.Left: solutionA,

right: solutionB. . . . . . . . . . . . . 171
CODEFinalproductsandCODEFinal 5-minuteclock correctionsasclockinformation,
CHAMP, doy 055t0 069/2002. . . . . . . . . . o e 172

DifferencesdetweersolutionsF5PBeandFPBefor doy 055,CHAMP, RMS0.11m. . 173

Stochastigulsesestimatedasedon combinedpositionsanddifferenta priori gravity
fields,SAC-C,doy 065/2002.. . . . . . . . . . 178
Stochastigulsesestimatedbasedon combinedpositionsanddifferenta priori gravity
fields,CHAMP, doy 065/2002. . . . . . . . . . . i 179
Residual®f purelydeterministicorbit determinationCHAMP, doy 065/2002.. . . . . 180
Residual®f orbit determinatiorincludingstochastipulses CHAMP, doy 065/2002. . 181

Stochastigulsesfrom orbit determinatiorwith gravity modelGRIM5-S1usingcode

positionsandphaseposition-diferencesSAC-C,doy 065/2002. . . . . . ... .. .. 183
Valuesfor the stochastiqulsesfor differentorbit fits usingcodepositionsand phase
position-diferencesn SATORB, CHAMP, doy 065/2002.. . . . . .. ... ... ... 184
Orbit differencesvhenusingeithercombinedpositionsor positionsandposition-difer-
encesGRIM5-S1model,reduced-dynamiorbits, CHAMP, doy 065/2002.. . . . . . . 185
Orbit differencesvhenusingeitherthe GRIM5-S1 modelor the TEG-4 model, posi-
tionsandposition-diferenes, reduced-dynamiorbits, CHAMP, doy 065/2002.. . . . 185



List of Figures

6.94 Orbitdifferencesvhenusingeithercombinedpositionswith GRIM5-S1modelor posi-
tions and position-diferences with TEG-4 model, CHAMP, doy 065/2002,

RMSO0.12m. . . . . 186
6.95 RMSerrors(cm)percoordinateof theorbit determinatiorin SATORB for thesolutions

refandl. . . . . . . 189
6.96 RMS errors(cm) percoordinateof the orbit determinatiorin SATORB for solutionsl

04, e 189
6.97 RMS errors(cm) percoordinateof the orbit determinatiorin SATORB for solutions5

andb. . . . .. 190
6.98 Estimatedbiasesh(i) with error barsfor solutionsl, 2, 3, and4 (the horizontalline

representthepublishedvalue). . . . . . . .. .. ... ... ... ... ... .. ... 191
6.99 Estimatedscalefactorsa(z) with error barsfor solutions5 and6 (the horizontalline

representthepublishedvalue). . . . . . . .. .. ... ... ... ... ... .. ... 192
6.100 Maneuersperformedoy CHAMP for days065to 068/2002. . . . . . ... ... ... 193
6.101 Estimatedstochastipulsesn solutions2, 3, and4 for doy 065and066/2002. . . . . . 194
6.102 Estimatedstochastigulsesn solutions2, 3, and4 for doy 067and068/2002. . . . . . 195
6.103 Residualdor solutionsl, 2,3,and4fordoy 065. . . . . . .. ... ... .. ..... 196

6.104 Top: RMS errorsfor kinematicpositioningin GPSEST afterscreeningvith LEOKIN

(left bar)andMAUPRP (right bar); Bottom: Differencan numberof obserationsused

for positioning LEOKIN minusMAUPRP. . . . ... . ... ... ... . ...... 200
6.105 Top: RMS errorsfor kinematicpositioningin GPSEST afterscreeningvith LEOKIN

(left bar)andMAUPRP (right bar); Bottom: Differencan numberof obserationsused

for positioning, LEOKIN minusMAUPRP. . . . ... ... ... ... ........ 201
6.106 Doy 055t0 069/2002datascreeninglifferences. . . . . . . . .. ... .. ... ... 202

Xi



List of Figures

Xii



List

2.1

3.1

3.2
3.3

3.4

4.1

4.2

5.1
5.2

6.1
6.2

6.3
6.4

6.5

6.6
6.7

6.8
6.9

6.10

of Tables

Summaryof LEOsequippedvith GPSrecevers.. . . . . . . ... .. ... ...... 8

Mean(u) andstandardieviation (o) of thedifferencego the“true” values(of ALGO)
of apoint positioningwith simulatedcodeobserationsusingdifferento,,, anddiffer-

entlinearcombinationgLC). . . . . . . . . ... 42
Mean(u) andstandarddeviation (o) of the differencef the singlepoint positioning
solutionsw.r.tthe“true” apriori LEQorbit. . . . .. ... ... ... .. ....... 44
RMS errors(cm) per componenbf Helmerttransformatiorbetweencombinedkine-
matictrajectoriesand“true” apriori orbit (Figure3.8).. . . . . . ... ... ... ... 49

RMS errors(mm) of the Helmerttransformatiorbetweerkinematicpositionsderived
by errorfree codeandphase-dierenceobserationsandthe a priori orbit usedfor the
simulation.. . . . . . . e 54

Summaryof switchesin the trackingsoftware of the GPSrecever on CHAMP [Grun-

waldt 2002].. . . . . . e e 61
Summaryof switchesn thetrackingsoftwareof the GPSreceveron SAC-C. . . . . . 63
PerturbingaccelerationactingonaGPSsatellite. . . . . . . . . ... ... ... ... 77
PerturbingaccelerationactingonaLEO satellite. . . . . . . . . ... ... ... ... 78
Solutionswith differentthresholdvalues. . . . . . . ... .. ... .. ... ..... 90
RMS errors(m) of HelmerttransformatiorbetweerkinematicsolutionsC2 to C6 and
ClandbetweerClto C6andreduced-dynamisolutionC1S.. . . .. ... ... ... 91
Solutionswith differentelevationcut-of anglesandelevation-dependdrweighting. . . 94
RMS errors(m) of Helmerttransformatiorbetweerkinematicsolutionsand C1, D2,
andC1Sfor SAC-C (doy 051/2001)andCHAMP (doy 152/2001). . . . . . ... ... 95
Kinematic (LEOKIN) and reduced-dynami¢SATORB) orbits generatedn orderto
guaranteeeliableapriori orbitinformation. . . . . . ... .. ... .. ... . L. 101
Summaryof kinematicsolutionscomputedor theIGS CHAMP testcampaign. . . . . 102
Meannumberof interruptsandjumpsfor solutionswithoutelevation-dependenteight-
ing, doy 140t0 150/2001. . . . . . . . . . 103
RMS errors(m) of Helmerttransformationbetweenall kinematic solutionsand the
reduced-dynamisolutionP3Sfor doy 144/2001. . . . . . . . . ... . ... ... .. 107
Meannumberof interruptsandjumpsfor solutionswith elevation-dependdrweighting
anda =1,doy 140t0 150/2001. . . . . . . . . ... 111
Meannumberof interruptsandjumpsof solutionsB with elevation-dependenteight-
ingusingAPOcll10Seandplll0Se. . . . . . . . . . . . . .. .. 121

Xiii



List of Tables

Xiv

6.11
6.12
6.13
6.14
6.15

6.16

6.17

6.18

6.19

6.20

6.21

6.22

6.23

6.24

6.25

6.26

6.27

6.28

6.29

6.30

6.31

RMS errors (cm) of improvementsbetweenkinematic trajectoriesof subsequent

Iterations. . . . . . . .. 123
MeanRMS errors(m) of HelmerttransformatioretweerL EOKIN solutionsandTUM-

SOIULIONS.. . . . . . 126
Orbitsgenerateavith LEOKIN andSATORB. . . . . . ... ... ... .. ...... 130
LEO orbit quality usingLEOKIN andSATORB, CHAMP doy 144/2001. . . . . . .. 131
Summaryof kinematicsolutionscomputedfor CHAMP and SAC-C for doy 055to

089/2002. . . . . . 135

Minimum, mean,andmaximumnumberof interruptsandjumpsfor solutionswithout
elevation-dependenteightingusingCODE Rapidproduct§ RCS, RP3), SAC-C, doy
055t0089/2002. . . . . . . . 138
Minimum, mean,and maximumnumberof interruptsand jumps for solutionswith
elevation-dependeneightingusingCODE Rapidproducty RCGe, RP3e), SAC-C. . 143
Minimum, mean,andmaximumnumberof interruptsandjumpsfor solutionswithout
elevation-dependenteightingusingCODE Rapidproducty RC3, RP3), CHAMP. . . 152
Minimum, mean,and maximumnumberof interruptsand jumps for solutionswith
elevation-dependenteightingusingCODE Rapidproducty RCGe, RP3e), CHAMP. . 155
Minimum, mean,andmaximumnumberof interruptsandjumpsfor solutionswithout
elevation-dependemnweightingusingCODE Final productqFC,FP),SAC-C. . . . .. 158
MeanRMS errors(cm) of Helmerttransformatiorbetweencorrespondindginematic
solutionsusing CODE Rapid (RC and RP) and using CODE Final products(FC and
FP)andbetweercorrespondingeduced-dynamisolutions(RPSandFPS),SAC-C. . . 160
Minimum, mean,and maximumnumberof interruptsand jumps for solutionswith
elevation-dependemnteightingusingCODE Final productqFCe,FPe),SAC-C. . . . . 162
Mean RMS errors(cm) of the Helmerttransformationbetweencorrespondingkine-
matic solutionsusing CODE Rapid (RCe and RPe)and using CODE Final products
(FCeandFPe)andbetweercorrespondingeduced-dynamisolutionsRPSeandFPSe,

SAC-C.. . e 162
Minimum, mean,andmaximumnumberof interruptsandjumpsfor solutionswithout
elevation-dependemnweightingusingCODE Final productqFC,FP),CHAMP. . . . . 167

Mean RMS errors(cm) of the Helmerttransformationbetweencorrespondingine-
matic solutionsusingCODE Rapid(RC andRP)andusingCODE Final products(FC

andFP),CHAMP. . . . . . e 168
Minimum, mean,and maximumnumberof interruptsand jumps for solutionswith
elevation-dependenteightingusingCODE Final productqFCe,FPe),CHAMP. . . . 170

Mean RMS errors(cm) of the Helmerttransformationbetweencorrespondingkine-
matic solutionsusing CODE Rapid (RCe and RPe)and using CODE Final products

(FCeandFPe),CHAMP. . . . . . . . . 171
RMS (m) errors of Helmert transformationbetweensolutions for doy 144/2001,
CHAMP. . . 174
RMS (m) errorsof Helmerttransformatiorbetweensolutionsfor doy 086/2002using
CODERapidproductsCHAMP. . . . . . . . . . . . . e 175
RMS (m) errorsof Helmerttransformatiorbetweensolutionsfor doy 055/2002using
CODERapidproducts SAC-C. . . . . . . . . i e e 175
RMS error(m) persatellitecoordinateof orbit determinatiorin SATORB. . . . . . .. 177



List of Tables

6.32 RMS errors(m) of Helmerttransformatiorbetweerreduced-dynamiorbits from dif-

ferentorbitdeterminations.. . . . . . .. ... L 186
6.33 Summaryof optionsfor differentreduced-dynamiorbit solutions. . . . . .. ... .. 189
6.34 Numberof epochswherestochastipulsesn RSWdirectionsaresetup. . . . . . . .. 193

XV



List of Tables

XVi



Frequentl y Used Acronyms

AC
AlUB
AS
BKG

C/A-code
CDDIS

CHAMP
CNES
CODE
CONAE

DCB
DOP
DORIS
doy
ERP
GFO
GFz
GLONASS
GOCE
GPS
GRACE
ICESat
IGS
JPL

LC

LEO
NASA
NAVSTAR
ONERA
P-code
POD
PPN
RINEX
RMS

AnalysisCenter

Astronomicallnstituteof the University of Berne,Switzerland
Anti-Spoofing

Bundesamfir Kartographieund Geodisie,FederalAgeng of Cartographyand
GeodesyFrankfurt,Germary
Coarse-AcquisitionClearAccess,oCivil-Accesscode(1.023MHz)
CrustalDynamicsDatalnformationSystemGoddardSpace-light Centey NASA,
USA

CHAllengingMinisatellite Payload
CentreNationaled’EtudesSpatiale France

Centerfor Orbit Determinationin Europe

Comisbn NationaldeActividadesEspacialesNationalCommissioron SpaceAc-
tivities, Argentina

DifferentialCodeBias

Dilution Of Precision
DopplerOrbitographyandRadiopositioningintegratedby Satellite

Day of Year

EarthRotationParameter

GEOFollow On

GeoForschungsZentrun®otsdamGermary
GLObalNAvigationSatelliteSystem

Gravity field andsteady-stat®©ceanCirculationExplorer

Global PositioningSystem

Gravity Recwvery And ClimateExperiment

Ice, Cloud,andlandElevation Satellite

InternationalGPSService

JetPropulsionLaboratory PasadenaCalifornia, USA

LinearCombination

Low EarthOrbiter

NationalAeronauticandSpaceAdministration,USA
NAVigationSatelliteTiming andRanging

Office Nationald’ Etudesetde Recherches érospatialesToulouseFrance
Preciseor Protecteccode(10.23MHZz)

PreciseOrbit Determination

ParametrizedPost-Nevtonian

Recever-INdependenEXchangeg~ormat

Root-mean-squar@rror)

XVii



FrequentlyUsedAcronyms

RSO RapidScienceOrbit
SA Selectve Availability
SLR SatelliteLaserRanging

XVviii



1. Introduction

The Global PositioningSystem(GPS)hasbeenservingasa satellitesystemfor global navigation and
positioningfor at leasttwenty years. It is operatedby the U.S. Departmeniof Defenseand consists
of nominally 24 satellites. They aredistributedin six orbital planesat an altitude of about20,000km
above the Earths surface. The GPSsatellitesemit coherentmicrovave signalson two frequencies A
big variety of applicationsusingthesesignalshave beendevelopedduring the lasttwenty years. They
rangefrom navigationto highestprecisiongeodeticapplications.

A few of the main topicsin global geodeticresearctusingthe GPSare, e.g., the determination
of preciseorbit informationfor the GPSsatellites,the establishmenof a global referencerame, the
determinatiorof high-resolutiorEarthrotation parametersandthe monitoringof plate motions. GPS
dataof a global stationnetwork are usedfor mostof theseapplications. This network is part of the
InternationalGPSService(IGS).

The IGS was establishedy the InternationalAssociationof Geodesy(IAG) in orderto promote
internationalstandard$or GPSdataacquisitionandanalysis,to deploy and operatea common,com-
prehensie global GPStrackingnetwork, andto provide GPSorbitsof highestachievableaccuray. The
IGSis basednthevoluntarycontritution of alarge numberof organizationsagenciesanduniversities.

The Astronomicallnstituteof the University of Bern (AIUB) in Switzerlandcontritutesto the IGS
sinceits official startin 1994. Theinstitutehoststhe Centerfor Orbit Determinatiorin Europe(CODE),
oneof eightanalysisenterf thelGS. Theproductsleliveredto thelGS arecomputedvith theBernese
GPSSoftwarewhichis developedatthe AIUB. Thework presentedherewasdevelopedin this erviron-
mentof concentrate@nowledgeof GPSandits applicationto Earth’s science.

Alreadyin theearly19805 GPSreceversweremountedon satellitesorbitingin low Earthorbits(up
to about2000km). They aimedatdemonstratinghecapabilityof trackingthe GPSsignalswith recevers
on-boardow Earthorbiting satellites LANDSAT 5 (1984)wasoneof thefirst satellitescarryinga GPS
recever, which tracked, however, only the pseudorangewith the launchof the radaraltimetersatellite
TOPEX/Poseidom 1992 theeraof GPSreceversdeliveringdatafor preciseorbit determinatiorof the
satellitehasbegun. Presentlyseveral satellitesusethe GP Sdataasthe primarymeasurement®r precise
orbit determinatior{e.g.,CHAMP (launchedn 2000),SAC-C (2000),JASON-1(2001),GRACEA and
B (2002),andICESat(2003)).

Marny orbitdeterminatiorprocedurebasednthe GPSobserationsweredevelopedsincetheadwent
of spaceborn&PSrecevers. Thelarge variety of approachemaybedividedin two groups.Onegroup
dealswith the dynamicmodelingbasedon the physicalpropertiesof the satelliteandits orbit (dynamic
and reduced-dynamistratggieg. Thesestratgies were developedalreadybefore GPS databecame
availablefor satellitesandthe modelsare elaborate. The secondgroupdealswith the determinatiorof
kinematicpositionsfor the satellite(kinematicstrategiey. Thesestratgiesweredevelopedassoonas
the GPSasafirst continuoudrackingsystembecamevailablefor the satellites.

The Low Earth Orbiters(LEOs) nowadays(e.g., CHAMP, SAC-C, JASON-1) are equippedwith
mary differentscientificinstruments.Someapplicationsof theseinstrumentseedpreciseorbit infor-
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mation for the processingof their data. The requirementsn quality, lateng, and availability of the
preciseorbit aredifferent. Radaraltimetry (TOPEX/PoseidonJASON-1),e.g.,needsa preciseknowl-
edge(few centimetersnainly of the radial componenbf the orbit. The highestquality of the orbit is
important,e.g.,for thedeterminatiorof the Earthgravity field. Thisis onemainpurposeof the CHAMP,
GRACE,andGOCEmissions.Thelateng of theorbit productis notimportantfor this purposeébecause
the gravity field coeficientsaredeterminedn a post-processinghode. A shortlateny of the orbit is
an importantrequiremenfor nearreal-timeapplicationsaiming at providing the correspondingprod-
uctassoonaspossibleafterthe measuremerie.g.,derving temperatureandpressurerofilesfrom the
measuremenisf GPSlimb soundingantennasisinputfor weatherforecasting).

Onmary LEOsthe GPSreceveris nottheonly instrumentavailablefor preciseorbit determination.
Usually the satellitesare equippedwith a laserretro-reflectorarrayto allow for SLR (Satellite Laser
Ranging)measuremeni®.g., TOPEX/PoseidonCHAMP, JASON-1,GRACE, GOCE).Somesatellites
areequippedn additionwith the DORIS system(TOPEX/PoseidonJASON-1), which is an orbit de-
terminationsystembasedon microvavesdevelopedby the CentreNationaled’EtudesSpatiale(CNES,
France).Suchindependenineasuringystemsallow for anindependengévaluationof the orbits result-
ing from the differentorbit determinatiorproceduresExternalquality controlin generalimprovesthe
quality of eachprocedure.

Thegoalof thiswork is thedevelopmenbf efficientmethodgor preciseorbit determinatiorof LEOs
usingthe GPS.Theorbitsalsohave to be of a sufficient quality for abig variety of applications.

Thefocusis on a procedurebasedon undifferencedobserationsof the GPSrecever on-boardthe
LEO satellite. A kinematicstratgy is underlyingthe determinatiorof a preciseorbit. The kinematic
approachprovidesidentical orbital accuraciesegardlesf the altitude of the satellite,becauseo dy-
namicmodelsare used. The accurag of the kinematicpositionsis mainly given by the quality of the
GPSobsenrations.

In the zero-diferencepoint positioningapproachhe screeningf the LEO GPSobserationsplays
animportantrole. An elaboratepre-screeningrocedurevasdevelopedhere. The options,which may
be selectedfor the pre-screeningrocedure have an impacton the kinematically determinedorbits.
This impactwas extensvely studiedin orderto evaluatethe optimal optionsfor processingsPSdata
of differentLEO satellites. A reduced-dynamiorbit determinatiorprocedurenvas usedandtestedin
connectiorwith this pre-screeningrocedurepecause priori informationaboutthe orbit of the LEO
is neededor the datascreeningn the kinematicapproach. The kinematicandthe reduced-dynamic
proceduresretherefordinked. Kinematicandreduced-dynamisolutionsof comparablygoodquality
areachieved usingefficientmethods.

In Chapter2, Genearl Information the basicfactsof the GPSsystem.,institutionsrelevant to this
work, Low EarthOrbiters(LEOs) carryinga GPSrecever, anddifferentorbit determinatiorstratgies
for LEOsarediscussed.

Chapter3, KinematicPoint Positioningon the Zero-differencelLevel, developsa kinematicproce-
durewhich is basedon zero-diferenceGPSobserations. Simulationsare performedto evaluatethe
procedure.

In Chapterd, Data Pre-piocessingthe screeningalgorithmusedin our kinematicpoint positioning
proceduras introduced.

Chapter5, Dynamicand Reduced-dynamiOrbit Modeling presentgheimplementatiorof the dy-
namicandreduced-dynamiorbit modelingfor LEOs. The optionsto parametrizea dynamicorbit are
explained.

In Chaptel6, Resultsand Applications thealgorithmsdevelopedfor thiswork aretestedextensvely
andevaluatedusingGPSdatafrom the LEO satellitesSCHAMP andSAC-C. For CHAMP two timeinter



valsin 2001andin 2002areusedandfor SAC-C onein 2002(the sameasfor CHAMP). Comparisons
with externalsolutionsareperformedor the2001campaigrfor CHAMP. Differentgravity field models
areusedfor thegeneratiorof reduced-dynamiorbitsof thetwo satellitesandtheimpactonthereduced-
dynamicorbitsis studied. The accelerometemeasurementavailablefor CHAMP may be introduced
in the reduced-dynamiorbit determinatiorproceduransteadof modelingthe non-graitational forces.
Theimpacton the achievable orbit quality is consideredaswell. Thefinal sectionof the chapteruses
thetoolsdevelopedfor spaceborneeceversto screerthe GPSobserationsof receversin a permanent
trackingnetwork. The performancef this by-productis remarkable.

Chapter7, Summaryand Outlook summarizeour resultsand discussepossiblefuture develop-
mentsanddirectionsof research.
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2. General Information

2.1 The Global Positioning System — GPS

The space obseration technique used for this work is the microvave technique of the
NAVSTAR GPS(NAVigationby SatelliteTiming And RangingGlobal PositioningSystem),or shortly
GPS operatedy theU.S. Departmenof Defense The GPSis a satellitenavigationsystemwidely used
alsofor variousEarthSciencespplications.

The spacesggmentof the systemnominally consistsof 24 satellites(21 operationakatellitesplus
threeactive spares)Currently29 satellitesareactive. Thesatellitesaredistributedover six orbital planes
separatethy 60° ontheequator Thealmostcircularorbitsareinclinedby 55° w.r.t. theequatoriaplane
andthe semi-majoraxis of the orbitsis about26 500 km. Therevolution periodis half a siderealday
(11"58™M), which meansthat for a given obseration point on the Earths surfacethe satelliteconstel-
lation repeatstself after one siderealday (23"56™). The GPSobsenation techniqueis basedon the
microwave signalsemittedby the satellites. The signalsare derived from the fundamentafrequenyg
(fo = 10.23MHz) of the satellites’oscillator The two carrierfrequenciesf; (wavelengthA =19 cm,
fi1 = 154 - fo) and fo (A =24 cm, f, = 120 - fy) aremodulatedwith the codesandthe navigation
messagéo transmitinformationsuchasthe readingsof the satelliteclocks,the orbital parametersetc.
The C/A-code(Coarse-AcquisitionClearAccessor Civil-Access)is modulatedonthe Ly carrieronly.
TheP-codgPreciseor Protectedjs modulatedn bothcarriers.Thereexist two possibilitiesfor limiting
theachiazableaccuray for civilian usersnamelySelectve Availability (SA) andAnti-Spoofing(AS).

Selectve Availability (SA), the deterioratiorof the satelliteclock frequeng (dither), wasswitched
off on May 2, 2000,4:00UTC. This factfacilitatesthe estimationof the satelliteclock correctionsand
they canbe betterpredicted. The zero-diferenceapplicationsrequiringthe satelliteclock information
for processingn particularhave taken profit out of this changeof policy.

Anti-Spoofing(AS) is a protectionagainst‘fake” transmission®y encryptingthe P-codeto form
the Y-code. AS is fully active, but novadaysmethodsareknown to getrid of partof the deteriorating
effects.

Pseudorangandcarrierphasemeasurementsanbe acquiredon bothfrequencieg f; and f2). The
pseudorangebserationhasanaccurag of afew decimetersvhile thecarrierphasds accuratdo afew
millimeters.In orderto relatethe phasemeasurememnwith thegeometricange anunknavn, but integer
numberof wavelengthshasto be estimatedn the dataprocessing.The dataprocessings a comple
taskandcannotbe describedn detailhere.For a detaileddescriptionof the whole GPSsatellitesystem
andfundamentaprocessingspectsve referto, e.g. [Hofmann-Wllenhofet al., 2001; Springer, 2000;
Sdaer, 1999]. The basicfactsneededn the contet of this work will be describedand explainedin
Chapter3.
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2.2 Institutions Relevant to this Work

2.2.1 The International GPS Service

ThelnternationalGPSService(IGS) wasestablishedby the InternationalAssociatiorof GeodesyIAG)
between1991and1993andbeganwith its official operationsn Januaryl994. The IGS is partof the
effort of the internationalscientificcommunityto promoteinternationalstandard$or GPSdataacqui-
sition andanalysis,andto deploy andoperateacommon,comprehense global GPStrackingnetwork.
Thiswasdoneasa resultof the continuedgrowth anddiversificationof GPSapplications.

The IGS is basedon the voluntary contritutions of a large numberof organizationsagenciesand
universities.Thefollowing productspasednthecontritutionsof eightanalysiscenter§ACs),aremade
availableby theIGS:

e asetof GPSsatelliteephemeridespamelyfinal, rapid, ultra-rapid(startedin March 2000),and
predictedterminatedn March2001)ephemerides,

Earthrotationparameter¢$ERPS),

IGStrackingstationcoordinatesindvelocities,

GPSsatelliteandIGS trackingstationclock information,

station-specifitropospherizenithpathdelayestimategsinceJanuaryl997),and

e ionospheranapsandotherionosphergroducts.

In addition,the IGS providesephemeridesf the RussianGLONASS (GLObalNavigation Satellite
System)satellites A detaileddescriptionof theIGS productstheiraccurag andlateny maybefound,
e.g.,in [Weberand Springer, 2002]and[IGSCR 2002].

2.2.2 The Center for Orbit Determination in Europe — CODE

The Centerfor Orbit Determinationin Europe(CODE)is oneof eightanalysiscentersof the IGS. It is
locatedat the Astronomicallnstituteof the University of Berne(AlUB) andis ajoint ventureof:

¢ theFederalOffice of Topographyswisstopo)Wabern Switzerland,
o theFederalAgeng of CartographyandGeodesy(BKG), Frankfurt,Germary,
¢ thelnstitut GéographiquéNational(IGN), Paris,France and

e theAstronomicalinstituteof the University of Berne(AIUB), Berne,Switzerland.

All CODE solutionsandresultsfor thelGS areproducedwith the BernesesPSSoftware[Hugento-
bler etal., 2001]. Currentlythe developmentversion5.0of thesoftwareis used.This softwareversionis
alsousedfor the computationsnadein the contet of this work. The official CODE productsdelivered
tothelGS or the official IGS productsareusedasinputfor the dataprocessingwhereneeded.

For moreinformationaboutCODE, its involvementin the IGS andthe routine dataprocessingve
refer e.g.,to [Scaer, 1999;Springer, 2000;Hugentobleretal., 2002].
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2.2.3 The IGS LEO Pilot Project

Many scientificprojectsareinitiated by the IGS. Dueto our interestin Low EarthOrbiter (LEO) GPS
dataprocessingwe focusmerelyonthelGSLEO Pilot Project.Dueto upcomingLEO missionscarrying
GPSreceversit wasrecommendedttheJoint IGS-GFZ-JPLWorkshopon Low Earth Orbiter Missions
in March1999atthe GeoforschungsZentrufGFZ) PotsdamGermar, to initiate a pilot projectfor the
useof GPSflight recever data.In January2000the “Call for participation"wasissued.ThelGS LEO
Pilot Projectstartedat the IGS Pilot ProjectMeeting February6-8,2001,GFZ PotsdamGerman. The
goalsof theIGS LEO Pilot Projectare[Boomkamp2002]

e to establishand maintaina clearlisting of all differencesbetweenLEO flight recever dataand
terrestrialGPSdata,

e to compareGPSorbits, clocksand EOP (Earth OrientationParametersas generatedy routine
IGS operationdor casesvith andwithouttheinclusionof LEO datain theanalysis,

¢ to developthecapabilityfor combined_LEO + GPSdataprocessin@t a representate numberof
AnalysisCenters,

e toimprove theprocessingf LEO flight recever dataat pointswhereavailableprocessingystems
still preventa positive impactof LEO dataon IGS products,

e to comparethe IGS troposphergroductsfor caseswith andwithout LEO data,with the aim of
analyzingbenefitghatmaybe obtained

1. from LEO-basedGPSobsenrables,e.qg.,differencedatafor a LEO that passeshroughthe
line of sightbetweera groundstationanda GPSsatellite,

2. from the inclusionsof otherLEO trackingdatatypes,e.g.,DORIS (DopplerOrbitography
andRadiopositioningintegratedby Satellite)or SLR (SatelliteLaserRanging),in simulta-
neousprocessin@f GPSandLEO satellites,

¢ to establisrandmaintainalist of requiredanalysiscapabilitiedor usingLEO datain IGS process-
ing,

e to monitorthe existing processingapabilities comparehemwith the requiredanalysiscapabil-
ities, andtake stepsto correctdeficienciesasfar asnecessaryor completionof the Pilot Project
analysisand

¢ to extrapolatethe processingequirementshatemepge duringthe Pilot Projectinto a setof condi-
tionsfor operationalmplementatiorof LEO datain IGS processing.

Thestartingphaseof theprojectwasproblematidoecausgriorto mid 2001nev LEO GPSdatawere
only availablefrom the SAC-C satellite(Section2.3.5). After thereleaseof the CHAMP (Section2.3.4)
datain June2001,the AssociateAnalysisCentersof theLEO Pilot Projectcouldstartto procesghedata
basedon a CHAMP testcampaigrof elevendays(20-30May, 2001,doy 140-150).This testcampaign
givesto all institutionsinvolved in POD (PreciseOrbit Determination)for LEOs the opportunityto
compareheirresults.Thesummaryof this comparisormaybefoundin [TESTCAMPAIGN, 2002]. The
contritutionsof the AIUB to the CHAMP testcampaigrwill bedescribedn Section6.3.
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Table2.1: Summaryof LEOsequippedvith GPSrecevers.

| Satellite | Altitude (km) | Inclination(degree) | Launchdate |
TOPEX/Poseidon 1336 66 10 August1992
MicroLab-1/GPS/MET 715 70 9 April 1995
GFO 785 108 10 February1998
@RSTED 640/850 96.5 23 Februaryl999
SUNSAI 640/850 96.5 23 Februaryl999
CHAMP 470-300 87 15July 2000
SAC-C 702 98 23 November2000
JASON-1 1336 66 7 December001
GRACE 500-300 89 17 March2002
ICESat 600 94 12 January2003
GOCE 250-200 ~97 2006

2.3 Low Earth Orbiter s Tracking GPS Signals

Satellitesn aso-called_ow EarthOrbit (LEO) areperfectlysuitedto beequippedvith atrackingsystem
basedon GPSsignals.As LEOswe understandatelliteorbits with a heightbelov 2000km above the
Earths surface[Martin et al., 2001]. At thesealtitudesthe orbital periodvariesbetweenessthan90
minutesandtwo hours.In theLow EarthOrbit the mostimportantnon-graitational force actingon the
satelliteis the atmospheridragdecreasinghowever, rapidly with increasingheight. Atmosphericdrag
depend®n the atmospheriaensitywhich is in turn governedby, e.g.,altitude,solaractwity, daytime,
seasonand geographicalongitude and latitude. A large numberof satellitescan be found in Low
EarthOrbits. The Earthobsenration satellitesof the ERS-,SPO-, andLANDSAT-missionsare,e.g.,in
Low EarthOrbits. The Iridium satellites,a satelliteconstellatiorfor mobile telephonecommunication
purposesandmary scientificmissionsstudyingdifferentsubjectse.g.,thegravity field or magnetidield
of the Earth,arelocatedin the LEO belt, aswell.

The eraof GPSreceversusedfor spacebornapplicationsbeganin the early 19805. Initially they
werelaunchednto orbit only for demonstratiorof the conceptof satellitetrackingwith GPS.Thefirst
receverstracked only the pseudorangée.g.,LANDSAT 5 [Heubeger, 1984]). The first missionus-
ing pseudorangand carrier phasemeasurementsf GPSfor orbit determinationis the radaraltime-
ter missionTOPEX/PoseidonSomeLEOs carryinga GPSrecever put into orbit sincethe launchof
TOPEX/Poseidomn August,1992,aresummarizedn Table2.1. They arelistedin the orderof their
launchdate. Thelist is not complete but givesan overviewn of differentLEO missionsusingGPS.We
will describezachsatellitebriefly which shouldgive animpressiorof thewidefield of scienceobjectves
of the differentmissions. Figures2.1to 2.11 give anideaof the physicalshapeof the satellites. The
satellitestCHAMP andSAC-C andin particularthe performancef their GPSreceverswill bedescribed
in moredetailin Chaptergt and6.

2.3.1 TOPEX/Poseidon

TOPEX/PoseidorjFu et al., 1994]is a joint missioncoordinatedand operatedby NASA (National
Aeronauticsaand SpaceAdministration,USA) and CNES(CentreNationaled’EtudesSpatiale France).
It waslaunchedon August10, 1992 andis still in operationtoday The main purposeof the mission
is to measurdghe oceantopographyusinga radaraltimeter In additionto the main radarinstruments



2.3 Low EarthOrbitersTrackingGPSSignals

PROPULSION

o MODULE

+Z(YAW)

Figure2.1: TOPEX/Poseidosatellite.

the satelliteis equippedwith alaserretro-reflectomarrayfor SLR measurements DORISrecever, and

a GPSDemonstratiorRecever (GPSDR).Thethreelatter devicesare all usedfor orbit determination
of the TOPEX/Poseidosatellite. The planeof the circularorbit is inclined by 66° with respecto the

equatorandthe satelliteis orbiting at an altitude of 1336km. A sketchof TOPEX/Poseidommay be

foundin Figure2.1shaving thatthe GPSantennas mountedontop of a4.3m mast.The GPSDRtracks

(only) up to six satellitessimultaneously Unfortunately dueto the recever constructionjt cantrack

bothfrequencieonly duringperiodswhenAS is turnedoff [Bertiger etal., 1994].

2.3.2 MicroLab-1/GPS/MET

The MicroLab-1 satelliteis carryingthe GPS/METFrecever. Therecever is partof a proof-of-concept
systemto generatatmospheriprofilesbasednobserationsfrom GPSsatelliteccultingattheEarth’s
atmospheridimb asseenfrom the satellite. For moredetailson the techniquewe refer, e.g.,to [Mel-
bourneetal., 1994].In orderto sene thesoundingexperimenthe GPSantennas placedattherearside
of thesatellite.As aresultonly half of the GPSsatellitesabove the horizonof thesatellitecanbetraclked.
Theobserationalgeometryfor determininghepositionof the satelliteis, thereforecomparatrely poor
andtheresultingorbit is not representate for the potentialof GPSPOD techniques.The satellitewas
launchedon April 9, 1995. The nearlycircularorbit with aninclinationof 70° hasanaltitudeof about
715km. Figure?2.2 shavs the small MicroLab-1 satellitewith the GPSantennaat the rearside. The
TurboRogueecever tracksup to six satellitessimultaneouslyDataproblemsoccurredduring periods,
whenAS wasturnedon [Bertiger and WU, 1996].

2.3.3 GFO, YRSTED and SUNSAT

The satelliteGFO (Geosat-ollow On) (Figure2.3,[GFO, 2002]) waslaunchedon Februaryl10, 1998,
into an orbit with analtitudeof 785km andaninclinationof 108°. It is equippedwith instrumentgor
the precisemeasuremerih the domainof both, mesoscal@ndbasin-scal@ceanographyThe satellite
carriesa GPSrecever which did, however, never work. The sameis unfortunatelytrue for the GPSre-
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Figure2.2: MicroLab-1satellite.

Figure2.3: GFOsatellite.
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Figure2.4: Two satellitedaunchedogethemon February23,1999.
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ceiverontheSouthAfrican satelliteSUNSAT [SUNSA, 2002]launchedn February23,1999,together
with the Danishsatellite@RSTED(Figure2.4(a),[9RSTED 2002]). SUNSAT is a micro-satellitede-
velopedby graduatestudentsat Stellenbosctuniversityin SouthAfrica. It is shavn in Figure2.4(b).In
additionto the TurboRogueGPSrecever anda laserretro-reflectorarray the satelliteis equippedwith
a CCD (ChagedCoupleDevice) sensomndtwo differentschoolexperimentavhich weredevelopedby
High Schoolstudentgseealso[SUNSA, 2002]). Unfortunately the GPSrecever did not work for the
entirelifetime of thesatelliteandon Februaryl, 2001,the functionallife of thesatellitewasended.The
Danishsatellite@RSTED ,launchedwith the samelaunchvehicleas SUNSAT, hasbeendevelopedfor
studyingthe magneticfield of the Earth. The GPSrecever on-boarddRSTEDis working well but the
measurement@renot sufiicientin quantityandquality to be usedfor reliablePOD.

2.3.4 CHAMP

CHAMP (CHAIllengingMinisatellite Payload)([Reigberetal., 1998]and[ CHAMP, 2002])is a German
missionundertheleadershimf the GFZ in PotsdamGerman. The partnersof this satelliteprojectare
NASA, CNESandAFRL (Air ForceResearch.aboratories|JSA). The mainpurposeof the satelliteis

the studyof the Earths magneticandgravity fields. In additionto the BlackJackGPSrecever provided

by NASA/JPL (JetPropulsiorLaboratory)jt carriesaSTAR accelerometgrrovidedby CNESandman-
ufacturedby ONERA (Office Nationald’Etudeset de Recherche#é\érospatialesin Toulouse France.
Thenew instrumenimeasurethenon-graitationd accelerationactingonthesatellitewhicharemainly

dueto atmospheridrag,solarradiationpressureEarthalbedoradiation,andattitudemaneuers. The

usageof theseaccelerometemeasurementsllows it to generatea dynamicorbit of the LEO without

modelingthe non-graitationalforceswhichis very helpful for gravity field recasery. A cold gaspropul-

sionsystemhasbeenemplgedin orderto controlthe attitudeandto performorbit changemaneuers.

Theattitudeof the spacecrafts not stableover along time perioddueto the designof the satellite. The

attitudeis correctedoy thrusterpulsesof the cold gaspropulsionsystem which may happenbetween
70 and200timesperday Figures2.5(a)and2.5(b)[CHAMP, 2002] shav the satellitesystemandits

payload.

CHAMP was launchedon July 15, 2000. The satelliteis orbiting in a nearly circular orbit with
aninclination of 87°. Theinitial altitudewasabout470km. Within its lifetime it will decayto about
300 km dueto atmospheriaragandorbital maneuers. The actualrate of this decaydependsn the
solaractvity. In Figure2.6 [CHAMP, 2002]the predictedorbital decayis shawvn asa functionof high
andlow solaractvity.

In additionto the GPSrecever, the CHAMP satelliteis equippedwith a laserretro-reflectorarray
for SLR measurementd.he SLR techniquds a completelyindependentechniqueto determineprecise
orbits for the LEO. SLR obserationsare accurate(~ 1 cm), unambiguousand free of atmospheric
propagatioreffectsdueto watervapor Thisis why the SLR techniqueis very usefulfor calibratingthe
orbit resultingfrom the GPStracking.

A detaileddescriptiorof theinstrumentsmportantfor POD(GPSrecever, laserretro-reflectoarray
accelerometenstrumentandattitudesensormaybefoundin [Grunwaldtand Meehan 2003].

2.3.5 SAC-C

The Earth obseration satellite SAC-C was launchedon November23, 2000[SAC-C, 2002]. It is an
internationaktooperatie missionwith the mainresponsibilityat CONAE (Comisbn Nationalde Activi-
dadesEspacialesNational Commissionon SpaceActivities), ArgentinaandNASA, USA. The SAC-C

12
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Figure2.5: CHAMP satellite.
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Figure2.6: Altitude of CHAMP dependenon solaractiity.

missioncompriseseleven differentinstruments. The instrumentof interestfor POD is the BlackJack
GPSrecever provided by JPL. In addition, the satelliteis equippedwith a LagrangeGPS/GLOMSS
demonstratiomecever, which is part of the INES (Italian Navigation Experiment)andshoulddemon-
stratethe capabilityof a secondarattitudedeterminatiorsensar The BlackJackGPSrecever hasfour
antennas,looking” into theup, down, fore andaft directions. Therefore the GPSsignalsmay be used
for POD (up), for radiooccultationgfore andaft), andfor GPSaltimetry (dowvn) makinguseof the GPS
signalsreflectedby the Earths oceans.Figure2.7 containsa sketch of the SAC-C satellite. SAC-Cis
orbiting atanaltitudeof 702km andthe sun-synchronousrbit hasaninclinationof 98° with respecto
the equator Unfortunatelythe satellitehasno SLR reflectoror DORISrecever, renderingindependent
comparisondetweerdifferentPODtechniquesmpossible. Theinterestof mostinstitutionsworkingin
thefield of PODfor LEOsin SAC-C trackingdatais, thereforeJimited — despitethe factsthatthe data
is of goodquality andthatthemodelingof theorbit is simplerthanfor CHAMP becausef thesatellites
orbital height.

2.3.6 JASON-1

JASON-1[JASON-1 2003], thefollow-on missionof TOPEX/Poseidonis equippedwith moreor less
the samebut revised instrumentsas TOPEX/Poseidon.For JASON-1 the BlackJackGPSrecever is
a primary instrumentfor orbit determination. In addition, the satellite carries, like its predecessor
TOPEX/Poseidona SLR reflectorarrayanda DORIS recever. The GPSantennds placedat the side
of the satellitebodyandis tilted with respecto the axesof the satellite. JASON-1waslaunchedn De-
cember7, 2001,andis orbiting at analtitudeof 1336km in analmostcircularorbit with aninclination
of 66°. Figure2.8shavs the JASON-1satellite. The GPSdataareavailablesincefall 2002.

2.3.7 GRACE

GRACE (Gravity Recavery And Climate Experiment) GRACE, 2003] may be viewed asthe follow-
on missionof CHAMP. The missionconsistsof two satellitesorbiting the Earthin the sameorbital
trajectoryfollowing eachotherin a distanceof 220 km + 50 km. A K-bandlink betweenthe two
spacecraftprovidesa nev andindependentbserationtype for mappingthe gravity field of the Earth.
Thesatelliteswerelaunchedbn March17,2002,andareequippedoth,with a BlackJackGPSrecever,

14
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Figure2.7: SAC-C satellite.

Figure2.8: JASON-1satellite.
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Figure2.9: GRACE satellitefrom above.

Figure2.10:ICESatsatellite.

with a laserretro-reflectorarray andwith an accelerometeinstrument. The inclination of the orbit is

89° andthe orbit altitudewasinitially 500km. As canbe seenin Figure2.9the GRACE satellitesare
similar in constructiornto the CHAMP satellite(apartfrom the boomwhich is not requiredin the case
of the GRACE satellites). The GPSPOD antennds placedin the middle of the satellitebody andnot

atits aft endasin the caseof CHAMP. The GPStrackingdataof the twin satellitesare expectedto be

availablein mid of 2003.

2.3.8 ICESat

TheICESat(Ice, Cloud, andland Elevation Satellite)missionis designedor measuringhe massbal-
anceof ice sheetscloud and aerosolheights,optical densities vegetationand land topography The
GeosciencéaserAltimeter System(GLAS) andthe GPSrecever arethe only scientificinstrumentson
boardthe ICESatspacecraft.The satellite(Figure2.10,[ICESA, 2002]) waslaunchedon Januaryl2,
2003into anorbit of 600 km heightandaninclinationof 94°. The GPStrackingdatawill beavailable
in summer2003.
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Figure2.11:GOCE- computeraideddraving.

2.3.9 GOCE

The GOCE (Gravity field and steady-stat®©ceanCirculation Explorer) missionwill be the first Earth
ExplorerMissionin the Living PlanetProgrammeof the EuropearSpaceAgeng (ESA) [Visserand
Van den 1Jsse] 2000; GOCE, 2002]. The two key instrumentsare a three-axisgradiometerand a
GPS/GLOMSSrecever. Thebaselinanissiondurationis 20 monthsandthereferenceorbit is adavn-
dusksun-synchronousrbit ata meanaltitudeof 250km duringthefirst half of the mission,andapprox-
imately240km duringthe secondhalf [Battrick, 1999]. Figure2.11shavs a computeraideddraving of
the GOCEsatellite.

2.4 Precise Orbit Determination for LEOs Using GPS

TheLEOscarryingGPSrecevershave in generahlsootherscientificinstrument®n-board . Thepurpose
of the GPSrecever is in mostcasedo provide datafor a preciseorbit determinatiorof the LEO. The
scientificexploitation of the dataof the otherinstrumentoftenrequiresprecisesatellitepositions.Hav-
ing continuousGPStrackingdataavailablefor PODis a big adwantageover alternatve POD methods,
wherea precisérajectorymaybereconstructednly throughelaborateorbit models.

Much work wasperformedin the lastdecadego develop and evaluatedifferentorbit determination
stratgiesfor LEOsusingGPS.Theapproachdepend®nrequirementsik e precision Jateng, andavail-
ability. Theorbital altitudesof thesatellitesangebetweerabout300km and2000km, leadingto differ-
entperturbatiorcharacteristicsTheorbit determinatiorstratgiesmaybe dividedinto two maingroups,
thedynamicandreduced-dynamistrategieson onehandandthekinematicstrategieson the otherhand.
The GPSdataprocessingroceduregor the LEO arecommonto both groups. Theseproceduresnay
bedistinguishedy their differencinglevel namelythe zero-diference(ZD), double-diference(DD), or
triple-difference(TD) level of the original obserations.All stratgiesmalke director indirectuseof the
GPSgroundnetwork, the IGS network. Direct useis madeif the obserationsof the groundstations
areusedtogetherwith the LEO GPSdatafor the processingDD andTD). Indirectuseis madeif the
obsenrationsof the groundstationsare not usedfor the LEO GPSdataprocessingZD), in which case
thegroundbasedbserationsarerequiredto estimateGPSclock correctionsIn ary casegroundstation
dataarerequiredto computepreciseGPSsatelliteorbits.
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2.4 PrecisaOrbit Determinatiorfor LEOsUsingGPS

Thedifferentprocedure$or the LEO GPSdataprocessingreillustratedby Figure2.12. All proce-
duresrequireGPSorbits,Earthrotationinformation,andLEO GPSdataasinputfor the processingThe
GPSorbitsandEarthrotationparameteraretakeneitherfrom the IGS (or oneof its analysiscenters)r
they maybeestimatedogethemwith the LEO orbit. Ontheright handsideFigure2.12shavstheTD and
DD approachesequiringGPSdataof anarrayof terrestrialreceversaswell asthe coordinategndtro-
pospherenformationof thesestations.Thetwo ZD approachesn the left handsidedo not needthese
data,but preciseGPSclock correctionsat a high samplingrate (30 secondsparerequired. In the two
approachem the centerof thefigure,thewell-knowvn ZD andthe DD proceduresthe ambiguitieshave
to be estimatedasreal valuesmakingthe proceduregomplex andtime-consuming.The ZD approach
displayedin the leftmostpart of Figure2.12is the approachdevelopedin this work. Subsequentiyhe
two groupsof orbit determinatiorstratgiesaredescribedn moredetail.

2.4.1 Dynamic and Reduced-d ynamic Strategies

Thedynamicandreduced-dynamiorbit determinatiorstratgiesarethe best-knavn stratgiesfor LEO
POD basedon GPStrackingdata. They areboth demonstrateéor thefirst time for TOPEX/Poseidon,
seege.g.,[Bertiger etal., 1994],[Sdutzetal., 1994]. The principlesdescribedn thetwo referencesire
basedn double-diferencingthe LEO GPSdatausingGPSdataof anarrayof terrestrialrecevers. The
parameterfor the LEO andfor all GPSsatellitesarethenestimatedsimultaneouslyThe parameter$or
the LEO arerelatedto a dynamicalorbit model. Someof therecentmissions{ CHAMP (Section2.3.4),
GRACE (Section2.3.7)) are equippedwith an accelerometemeasuringthe non-graitationd forces
acting on the satellite. Using the measurementef the new instrumenttype allows it to replacethe
modelingof the non-graitationd forcesby the measurementsf the accelerometeiThis approactwas
demonstratetbr thefirst time for CHAMP [Koenigetal., 2001]andis usedfor GRACE, aswell.
Mathematicamodelsof theforcesactingonthe LEO andmathematicainodelsof thephysicalprop-
ertiesof the LEO arerequiredfor the dynamicandreduced-dynamistratgies. Theequationof motion
is solved usingthe techniqueof numericalintegration (see,e.g.,[Beutler 2004]). The GPSmeasure-
mentsarerepresentedy aparticularorbit whichis in turnestablishedby aleastsquaresdjustmentvith
theinitial conditionsandthe dynamicalparameterasunknavns. The modelerrorslimit the dynamic
stratgies. They resultin systematierrorsgrowing with the arclength. Introducingempiricalparame-
ters,e.g.,once-perevolution parametersr stochastipulsesjn theparameteestimatiorprocesallows
it to attenuateheseerrors.Thisis thekey elemenbf thereduced-dynamistratgies. Empiricalparame-
tersreducetheinfluenceof possibledeficiencief thedynamicalmodelson the estimatedrbit. Lower
orbitsrequiremoreempiricalparametershanhigheronesbecausat is virtually impossibleto useade-
quatemodelsfor theatmospherandfor the Earths gravity field (atleastinitially). Thegravity models
developedprior to the dataof therecentgravity missionsCHAMP or GRACE are, e.g.,not capableof
providing the higherordertermsof the gravity field with sufiicient precisionfor low orbits.
Subsequentlyve will develop a reduced-dynamistratgy for LEO orbit determinatiorto provide,
on the one hand, good a priori orbit information for our kinematic point positioning procedureand
to generatepn the otherhand,reduced-dynamiorbits basedon kinematicpositionsasthe bestorbit
productwhich is possiblewith the two procedureslievelopedin this work. In Chapter5 the particular
reduced-dynamistratgyy andthealgorithmsbehindit will be explainedin moredetail.
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2.4.2 Kinematic Strategies

KinematicPOD proceduregstimatethe satellitepositionfor eachobseration epochbasedonthe GPS
obserationsonly. Kinematicstratgies do not needary informationconcerningthe gravity field and
other parameter®f the dynamicalorbit models. The precisionof the kinematic positionstherefore
uniquelydepend®n the precisionof the obserations,on the strengthof the obserationgeometryand
on the quality of the GPSorbit and clock productsused. The number(and distribution) of the GPS
satellitesobsered simultaneouslyy the spaceborneecever is of crucialimportancefor the accurag
of the kinematicpositions. If lessthanfour obserationsare available per epochno positioncan be
determinedThesemissingpositionsaswell asdatagapse.g.,dueto recever resets|eadto interruptsin
thetrajectoryof the LEO whichin turn may causeproblemswvhenusingthe kinematicpositionsasorbit
informationfor anindependenanalysisof otherdataof thesatellite. Thisis notthecasefor adynamical
orbit solution,becausehis orbit is continuousby constructiorandhasno gapsno matterwhetherthere
aredatagapsor not.

An example for a kinematic stratgy using TD obserations may be found, e.g., in
[GrejnerBrzezinskaet al., 2002] and[Byun 2003]. In [Svehlaand Rothater, 2002], e.g., we may
find both a ZD anda DD approachincluding the fixing of ambiguitiesto integer numbers. The ZD
approachwhich maybe foundin [Bisnathand Langley, 2001]usesfiltering techniquedor determining
the kinematicpositions. It is an approactusingepoch-diferencedphaseobserations. The kinematic
point positioningproceduralevelopedfor thiswork is aZD approachaswell. Epoch-diferencedzero-
differencephaseobserationsareusedto establistthe position-diferenceetweersubsequerntbsenra-
tion epochswith a corventionalleastsquaresdjustmentechnique.This procedurewill be explainedin
moredetailin Chaptel3.

2.5 Data Pre-processing

Pre-processin@PSdatais animportantissuefor all applicationsin orderto have cleanedataavailable
for the kinematicpoint positioningapproacihwe have to find a suitableprocedurdor pre-processinghe
ZD LEO GPSdata. ScreeningdifferencedGPSdatais much easierbecausecommonerrorsmay be
removed or greatly reducedby forming the differences. Recever and satellite clocks are prominent
examples.Differentproceduresreavailablefor screeningZD dataof terrestrialstations.Oneof them
is the code smoothingimplementedn the programRNXSMT [Springer, 2000] of the BerneseGPS
Software. At CODE ZD obserationsof the IGS stationsare processedo estimateclock corrections.
Screeningof ZD obserationsis currentlybasedon this RNXSMT program. The programMAUPRP
will replaceit, however, in thenearfuture. Theoriginal purposeof the programMAUPRP [Hugentobler
etal., 2001]in theBernesesPSSoftwareis thedatascreeningf phaseDD obserations. Theprogramis
now extendedo screerphaseZD obserations,aswell. It promisego be morereliablethanRNXSMT.
The ZD screeningalgorithmin MAUPRP is basedon the epoch-diferencesof the phaseobserations
to individual satellites. Information concerningthe GPS orbits and the satelliteclock correctionsare
requiredfor the screeningprocedurestationcoordinatesrerequiredaswell asa priori information.
The programMAUPRRP is alsoableto pre-procesZD LEO databut we decidedto developacom-
pletely new screeningalgorithm. It is basedon a recever andepoch-wisecleaningof the dataand
requireslGS productdik e orbitsandclock correctionsanda priori informationabouttherecever. We
developedthis pre-screeninglgorithm primarily for the datapre-processingf LEO data(Chapter4).
Sincethe pre-processingvorks very well for spaceborneeceversits applicationto the dataof ground
basedeceverswaslogical. ResultSor terrestriakecever data(Sectiord.4) arepresente@indcompared
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with resultsof the programMAUPRP (Section6.7).
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3. Kinematic Point Positioning on the
Zero-diff erence Level

3.1 Principles of Processing

As mentionedin Section2.4.2 a specialzero-diferenceapproachwas developedfor kinematicpoint
positioningof a GPSrecever. Beforeproviding a detaileddescriptionof the developedprocedurewe
have to discusgherequirementandassumptionsade.

As a first prerequisitewve assumehat the GPSorbits and ERPsare knowvn from the IGS or from
oneof its analysiscenterg(e.g.,CODE). The GPSclock correctionsare provided by the IGS, aswell,
but unfortunately exceptof JPL, only with a samplingrate of five minutes. As will be shawvn in the
following sectionswe needthe preciseclock correctionsevery 30 secondsf we wantto reachthe best
possibleresultwith ourkinematicpointpositioningprocedureJPLprovides30-secondalock corrections
to the IGS (sinceMay 1999). They arenotidealfor our application however, becausenary epochsare
missing.We needclockinformationfor the GPSsatellitedor eachepochthe GPSsatellitesareobsered.
To get suchcontinuous30-secondglock correctionsfor the GPSsatellitesan efficient procedurevas
developedand describedby [Bo et al., 2000] and [Bo et al., 2003]. The procedures basedon
the samezero-diferenceapproachasthe kinematicpoint positioningprocedurgo be explainedin this
chapter

Let us first give an overvien of the principlesof the processingapproachin orderto geta better
understandingf thedataflow, theprocessingtepsandthedependencigsetweerdifferentstepswhich
will be describedin more detail in the following sections. The processingschemerequiredfor the
processingpf GPSdatafrom a LEO is shawn asa flow diagramin Figure3.1. The approachmay be
appliedto moving receverssuchasLEOs, but alsoto stationaryrecevers. Subsequentlyhe processing
of LEO datais taken as an example becausehe procedureswvere initially developedfor LEOs and
becausenorecomple algorithmsarerequiredfor the kinematicpoint positioningof a LEO thanfor a
terrestrialstation.

GPSorbits, ERPsandclock correctionsareassumedo be knowvn andheld fixedin our kinematic
solutions.Basednthisinformationthekinematicorbitis determinedn aniterative procedureeomposed
of threesteps:

¢ In afirst processingsteponly the codeobsenrationsof the LEO are usedto estimatekinematic
positionswithoutknowledgeof a priori positions(seeSection3.2.1). Theestimategositionshave
anaccurag of the orderof the codeobserations(i.e. a few meters). They areusedaspseudo-
obsenrationsto determineareduced-dynamiorbit (seeChaptels). Thisreduced-dynamiorbitis
thenusedasa priori orbit for the secondstep.

e Thesecondprocessingtepconsistof a screeningprocedurausingonly the codeobserationsof
the LEO. A secondreduced-dynamiorbit, determinedvith the resultingpositions,is thenused
asa priori orbit for thethird andfinal step.
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3.2 CodeSolution

¢ In thethird stepthe phaseandthecodeobserationsareused.Fromthephasemeasurementime-
differencedobserationsareformedto eliminatethe phaseambiguities. As a consequencenly
position-diference canbeestimatedseeSection3.3). Theseposition-diferencediave accuracies
correspondingo the accurag of the phaseobserations(mm to cm). Positionsand position-
differenceanbe combinedto precisekinematicpositionsby anefficient algorithmdescribedn
Section3.4.

The secondandthird processingstepallow for a datascreeningbasedon the knowledgeof ana priori
orbit (seeChapter).

An alternatve procedureto get a good a priori orbit within two stepsis to use phase-dierence
obserationsalreadyin the secondstepof the describedorocedure.Thefirst a priori orbit is the same
but in the secondstepwe producedirectly combinedpositionsbasedon the first a priori orbit. These
combinedpositionsmaythenbe usedfor thegeneratiorof anew apriori orbit. Thisapriori orbitis then
usedfor thethird step,thefinal kinematicpositioningof therecever.

Thetwo differentproceduresrecomparedn Chapter6 andevaluatedo find themoreefficientand
morereliableonefor our requirements.

The processingequencexplainedby Figure 3.1 is designedor kinematicpoint positioningof a
LEO. In thefollowing sectionswe will develop the algorithmsbehindthis processingschemefor the
code(Section3.2) andfor the phaseobserations(Section3.3) in a moregeneralway. The procedure
may be well suitedfor processingsPSobserationsstemmingfrom ary moving objectcarryinga GPS
recever.

3.2 Code Solution

Let ususethefollowing notation:

i is theindex (superscriptpf aparticularGPSsatellite,j = 1, ..., n,, wheren, isthenumber
of satellitesobsered atoneepoch.

m is theindex of thefrequenyg used(m =1, 2).

t is thesignalreceptiortime (in GPStime).

T is the signalpropagatiortime betweersatellite; andtherecever.

o’ is thegeometricatlistancébetweersatellitej (atsignalemissiortimet—77) andtherecever

(atsignalreceptiortime t), alsocalled“slantrange”|r/ — 7|
ri(t — 77) isthepositionof thesatellitej atsignalemissiontime ¢ — 77.

r(t) is the positionof therecever at signalreceptiortime ¢.

c is the speedof light.

t' is thereadingof therecever clock at signalreceptiortime.

0 is theerrorof therecever clockattimet with respecto GPStime. Thetruesignalreception
timet maybewrittenast = ¢’ — 4.

6 is theerrorof theclock of satellitej attimet — 7 w.r.t. GPStime.

Or is the periodicrelatvistic effect on the recever dueto the eccentricityof its orbit (varying

velocity andheightin the Earth’s potential).

Y is the periodicrelatiistic effect on the GPSsatellitej dueto the eccentricityof its orbit
(varyingvelocity andheightin the Earth’s potential).
TI is the signaldelaydueto tropospherigefraction.
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3 KinematicPointPositioningon the Zero-diferencelevel

. . . - 2 .
JER is thesignaldelayon carrierm dueto ionospheriaefraction,l{ = I, I} = %Iﬂ.
2
ThepseudorangbetweerGPSsatellitej andtherecever thenreadsas

ph=0 —c- ¥ +c-d—c- 8 +c- 6 +TI+ 1, (3.1)

The aborve obsenration equationis written in a very generalform. Not all termsin this equationare
requiredto modela particulartype of data. The signaldelaydueto tropospherigefraction7’, e.g.,is
not relevant for a spaceborneecever becausdhe tropospherextendsonly up to an altitude of about
20 kilometersand the satelliteis orbiting well above this height. To processdatafrom a terrestrial
recever we introducethe tropospheriaelay e.g.,from an official IGS solutionor we modelit using
a standardnodel,e.g.,the Saastamoinemodel. The periodicrelatvistic effect é,., on the otherhand,
is only relevant for a spaceborneecever. This relatvistic effect for a recever is dueto the varying
recever velocity andheightin the Earths potentialasa consequencef the eccentricityof the orbit and
is computedaccordingo [McCarthy 1996]

Q.. 7 . 9.9l . ]

5, = % 5 = % 3.2)
The periodiceffect with an amplitudeof some4 nanosecondgl.3 meters)is smallfor a typical LEO
whencomparedo the sameeffect for GPSsatellites(50 nanosecondsr 15 meters).Without applying
thecorrectiontheeffect will beabsorbedisa periodicsignalinto the clock correctionof the spaceborne
recever. The clock ratesof the GPSsatellitesare offsetby Af/f = —4.4647 - 10~!°[ICD, 2000]to
compensatéor the constantrelatiistic effects. For spaceborn&EO receversit is not clearfrom the
datawhetherthefrequenyg offsetis appliedto therecever clock. For arecever orbitingin aLow Earth
Orbit theoffsetis aboutAf/f = V2.9 - 10710,

Thetermsfor thetropospheridelayandthe periodicrelativistic correctionof therecever clock will
beleft in the obseration equation.Dependingon whetherspaceborner terrestrialdataare processed,
oneof thetermsis setto zero.

As mentionedalready GPSorbits and ERPs(and, if necessarythe tropospheriaelays)arefixed
to the official solutionsof the IGS or of oneof its analysiscenters.The official 5-minutesGPSclock
correctionsare usedin a densificationstepto constrainthe 30-secondglock correctiongBod et al.,
2003]. Apartfrom the positionandthe clock correctionof therecever, the delaydueto theionospheric
refractionI/, is the only remainingunknavn in egn.(3.1). As opposedo the tropospheriaefraction,
the ionospheriaefractionaffectsthe signalreceved by a spaceborneecever, becausehe ionosphere
extendsto an altitude of 1500 kilometers,well above the orbital altitude of mostof the LEOs. The
signalsreceved by a LEO are,therefore delayeddueto ionospheriaefraction. The absolutedelayis
not aslarge asfor GPSsignalsarriving on the Earths suriacebut the short-periodvariationsaremore
pronouncedhanthosecausedoy the lower regions of the ionospherd Scaer, 1999]. In addition,the
high velocity of the LEO (of about7 km/s)implies morerapid variationsof the ionospheriaefraction
thanthoseobsered by arecever on the Earth’s surface. Sincethe ionospheriaefractionis frequeng-
dependentihe so-called‘ionosphere-freelinearcombinatiorp’ of the P1-andP2-measurementaay
beformedusingtheformula

. 1 . .
ﬂzm'(ﬁ?'l){—f&'ﬁé)- (3.3)

Theresultingobseration equatiorfor onecodemeasuremertb satellitej thenreadsas
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3.2 CodeSolution

V=0 —c&+cd—c-8+c & +T. (3.4)

Theunknavnsin this equation(3.4) arethethreeCartesiarcoordinates:, y andz of the positionvector
r andtheclockcorrection of therecever. If morethanfour GPSsatellitesareobseredsimultaneously
we may estimatetheseparametersisinga leastsquaresadjustmenfor eachindividual epoch. To this

purposewe have to linearizeeqn.(3.4) for eachsatellitej. The linearizationis a Taylor seriesof first

orderwhich, usingthemodelfunction F(z) = F(z,y, z,c - §), lookslike

= F 35
P o= Rl o 35)
= od+cd—c-+c- b —c-0l+T
-z Y —y 2z
m |’r] — ’r| dy m dz +c dé,

with the correctionof themodelparameterdz, dy, dz, andc - dé. We usethefollowing notation:

l is thevectorof theobserations.

v is thevectorof residuals.

A is thefirst designmatrix with theelementsaf;—(z”’) ‘z .

x = xg + dx isthevectorof theunknavn modelparameters. ’

dzx is thevectorwith the correctionsof themodelparameter§i.e.,dz, dy, dz, ¢ - df).
9 is thevectorwith approximatga priori) modelparameters.

l — F(zo) is thevectorwith the“obsened-minus-compied’ terms(O-C).

Theschemdor theleastsquaresidjustmentnay bewritten as

(l—F(zo)) +v=A-dz. (3.6)
ThecorrespondingiormalequationNEQ) systemis

ATA - dx = AT - (I — F(x0)) (3.7)
with

1= p?, ..., p")T (3.8)

_(el)T 1

_(eQ)T 1
A= (3.9)

—(e™)T 1
dz = (dz,dy,dz,c - dé)T (3.10)
F(zo) = ( ‘1'1 —7‘0‘ +c-g—c 0 +c-0 —c- 6L+ T (3.11)

‘rQ—ro‘—l—c-éo—c-éQ—Fc-ér—0-63+T2,

ey

7" —po|+c-0g—c- 0™ +c- 6, —c- 6" +T™)T
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3 KinematicPointPositioningon the Zero-diferencelevel

and , , ,
-z Y-y 22—z

(e = ( ). (3.12)

[ri —o|" |7 —7|" |77 — 7|
e’ is the unit vectorpointing from the recever at r(¢) to satellitej at=’ (¢ — 7). The specificform of
matrix A in columnfour impliesthatwe areactuallyintroducingc - § asparametefandnot the clock
correctioné itself). The dimensionof matrix A is ng X 4, where4 is the numberof epoch-specific
unknawns (z,y, z, ¢ - d). Let usfurthermoreassumehatall codeobserationshave the samestandard
deviation o,

var(p) = (3.13)

P, = E.

o,

1
oz
Matrix E is aunit matrix of dimensiom x ns. Theweightmatrix P, hasthedimensionn, X ns. From
thefunctionalmodelin egn.(3.6),thestochastienodelin eqn.(3.13),andthe O-Ctermsl — F (zg) = p
(vectorwith n; elementsyve obtainthefinal form of the NEQ systenfor the codepositioningprocedure
for oneepoch

ATP.A -de = ATP, - p. (3.14)

AT P_A is the NEQ matrix N andthe inverseof the NEQ matrix (IN 1) is the variance-ceariance
matrix of theestimategbarameters. Theolutionof eqn.(3.14)is anarraycontaininghethreecoordinates
of the positionvectorandtheclock correctionof therecever.

dec=N"1.ATP,.p. (3.15)

The accuray obtainedis limited by the code obserationsquality (0.5 m to few meters). This point
positioningis doneindependentlyfor eachobseration epoch. Data screeningssueswhich arevery
importantfor the dataprocessingwill bedealtwith in Chapter.

3.2.1 Code Point Positioning Without A priori Information

Sofar we assumedhatthe positionof therecever is approximatelyknown a priori. Whenprocessing
the obserationsof aterrestrialstationwe may normally assumehata priori coordinate®f the station
areavailable.If we processlatastemmingfrom amoving objectcarryinga GPSrecever, e.g.,dataof a
LEO, no apriori informationconcerninghe positionof the moving objectmay be available. Therefore
we needaninitial run of point positioning(usingthe codeobserations),wherethe a priori positionis
notneededFor this purposewne usetheso-called'Bancroft’- algorithm[Bancoft, 1985],explainedalso
in [Kleusbeg and Teunissen1996]. Thealgorithmis basedon squaringthe obseration equation(3.4).
Two solutionsof this quadraticequatiorresultfor eachobseration epoch.Whenusingthe “Bancroft”-
algorithmno datapre-processingan be performedprior to the leastsquaresadjustment.Plausibility
checksmay male useof the estimatedoot-mean-squar@RMS) error of the codeobserationsa poste-
riori. It maybe,however, thatfew errorsin the codeobserationsarenotdetected.

Theorbit maynow beusedasa priori orbit for asecondoint positioningstepwith thealgorithmex-
plainedabore. Within this secondstepwe maynow invoke anefficient datascreenindo be explainedin
detailin Chapterd. Thequestionariseswhy we have to determinea dynamicalorbit usingthe positions
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3.3 Phase-dferenceSolution

of thefirst andsecondstepin orderto obtainan a priori orbit insteadof taking directly the codeposi-
tionsasa priori informationfor the codeandphase-diierenceprocessingThe complicatecoroceduras
necessarpecaus¢hecodepositionsareaffectedby outliersandbecausef therelatively high measure-
mentnoiseof oneto threemeters.Theaccurag of the positionsis not suficient for pre-processinthe
phase-dierenceswith theapproachievelopedsubsequentlyin thecaseof processinglatafrom another
maving recever, e.g.,onanairplaneor acar, the codepositionshave to besmoothede.g.,by alow-pass
filter, beforeusingthemasa priori positionsfor the phase-dferenceprocessing.

3.3 Phase-diff erence Solution

The algorithmfor processindghe phaseobserationsis in principle the sameasthatfor the codeobser
vations. The obseration equationf the phasemeasuremertontain,however, in additionthe initial
phaseambiguity N7, asanunknavn parameter

B o= e e b—c- 8 e b +TI — I 4 \p- NI, (3.16)

Theionosphere-freinearcombinationy’ maybe usedfor the phaseobserations. The equatiorfor the
obserationreferringto satellitej thenreadsas

</>7:97—c-éj—i—c-é—c-é{—i—c-ér—I—Tj+ﬁ(ff-)\l-Nf—f%-Ag-Ng). (3.17)
1 J2

Thephaseambiguitytermmaybe eliminatedoy takingthe differenceof subsequerhaseobserations.
Theepoch-diferencebetweerepochi andi — 1 (¢ = 2, ... ,n numberof epochspf theionosphere-free
linearcombinatiorof a phasemeasuremen\ ¢! from therecever to satellitej readsas

Al =@ —¢) = o =0l  —c- (87 =6 )+ec-(6,—6,_,) (3.18)

—C- ((Sﬁz - 61]”'7;_1) +C' (5”'1 - 57'i—1) +7—? _7—;‘]_1
= Agf—c-Aéf—i—c-Aéi —c-AJﬁ'i +c- Aby, —i—ATij.

Thephase-dierenceobserationsto differentGPSsatellitesare,by constructionjindependentWe may
thusstudythe stochastianodelindependentlyfor eachsatellite. Subsequernphase-difierenceobsena-
tions are mathematicallycorrelatedbecausebseration ¢?__ is containedn A¢’ andA¢/_ . Letthe

O-Ctermbe¢’ andlet usdefine
(A = (F— = b= ). (3.19)

ThevectorAqu hasn — 1 elementsObviously, we may computethe differenceobserationsfrom the
undifferencedonesthroughthe matrix operation

A =c.-¢ (3.20)
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3 KinematicPointPositioningon the Zero-diferencelevel

where
-1 1 0 0 0 0
0 -1 1 0 0 0
0 0 -1 1 ... ... 0 0
C=1\| ... ... .. .. .. . .. ... (3.21)
0 0 0 0o ... ... —1 1

Assumingthatvar(¢) = ai - E, the basicrule to computethe variance-ceariancematrix of a linear
combinationof arandomvectorsaysthat

var(Ad’) = var(Agi) = C -var($) - CT = o3 - CC” (3.22)
where
2 -1 0 0 ... 0 0
—1 2 -1 0o ... 0 0
0 -1 2 -1 ... 0 0
cet=| ... ... ... ... ... ... ... (3.23)
R R |
0 0 0 0 ... -1 2

Usingthe standardieviation of the codeobserableasweightunit, we may computethe weight matrix
for the phase-dierencearrayof theobserationsto onesatellitej asfollows:

2
Pay = =.(CCT) . (3.24)
%%
Thematrix (CCT)~! hasthesimplestructure
n—1 n-—-2 ... 1
n—2 2n—-2) ... 2
1 — —
(cCcT) ! = - n—3 2(n—3) 3 (3.25)
n—1

Thisweightmatrix hasto be symmetric.lts generaklements computecas

(cch);t =120 =K b (3.26)
Theweightmatrix P for all phaseobserationsandall epochss a superpositiorof the matricesP 4 4
for all satellitesj = 1,2, ..., n, with dimensiom(n — 1) X ns(n — 1) andmaybewritten as
(n-1)-E (n—-2)-E ... 1-E
(n—2)-E 2(n—2)-E ... 2-E
2 [— . —_— - -
P 062. (n-3)-E 2(n—-3)-E ... 3-E ‘ (3.27)
(n—1)-FE
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3.3 Phase-dferenceSolution

For simplicity, we assumehatall n, satellitesareobsered for all n epochsn which caseE above is
a unit matrix of dimensiom; X ns. Therealisticcase wherethis assumptioris no longertrue, will be
handledin Section3.4.2. The obseration equationfor the n, phase-dfierenceobserationspertaining
to epochi maybewrittenas

—A,_, -dz,  +A -dz, — (d;l — {5171) =w

1

i=2,...,n, (3.28)

'R

wherew; is the array of residuals. The matricesA; have the sameform asthe first designmatrix in
egn.(3.9) for the codeobsenrations. All phase-dierenceobseration equationgnaythenbewrittenin
thefollowing convenientmatrix form

A-dz—Ap=w (3.29)
with
—A, +A, 0 0 0
0 —-A, +A, 0
A - | (3.30)
—A +A

A hasthe dimensionn - (n — 1) x 4 - n, wheren is the numberof epochsconsidered.Most of the
elementof matrix A arezeroascanbeseenn thedefiningegn.(3.30). TheentireNEQ systenfor the
phase-dierenceobserationsthenreadsas

ATPA . dz = ATP - Ad. (3.31)

Inserting.A from egn.(3.30)and P from eqn.(3.27)onemay shawv that

a-Ny3p B-Nipg ... B-Ny,
/BN{Z CM-NQQ ﬁNgn
AT'PA: P P P e (3.32)
a- Ny,
with
Nlm = A’lTAma
I,m=12,...,n
I (3.33)
o n
S B
= %'T
and
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3 KinematicPointPositioningon the Zero-diferencelevel

b1
~ b2
ATP-Ap=| ... (3.34)
bn
with
n—1 ~
by = —P,,-AT . Ag.
i=1 ’ ¢
n—1
_ _ . AT
bm - i=1 [Pm—l,z Pm z:| Am A(ﬁl? (335)
m=2,3,...,n—1
n—1 ~
b, = +P,_ - AT Ad.

The P,, matricesarethe sub-matrice®f matrix P definedby eqn.(3.27) andare proportionalto the
unit matrix.

Onehasto take into accountthat thereis not enoughinformationin the epoch-diferencedphase
obsenrationsto reconstructhetrajectoryor positionsof therecever. Forn epochghereare4-n unknavn
parameterandn; - (n — 1) obserations. Assumingone measuremerper 30 secondgesultin 2880
epochgerday Assumingfurthermorethateightsatellitesareobseredsimultaneouslyfor eachepoch),
we obtain4 - 2880 unknavn parameterand8 - 2879 obsenrations. Theoretically therearemorethan
enoughobsenationsto estimatethe parameters We estimate however, only position-diferencesand
have, therefore noinformationavailableaboutthe absolutepositionof therecever. The NEQ systemis
thereforesingular We have to addatleastoneinitial positionto make thesystenregular A betteroption
is to addthe correspondingodeobsenrationsto make the parameteestimationprocedureegular This
is doneby a combinatiornof theresultsassociatedvith thetwo differentmeasuremenypes.

3.4 Combination of Code and Phase

Accordingto theassumptionsnadewe have n independentodepoint positioningsolutionscorrespond-
ing to then epochs.To simplify the equationsve mayuseo, asweightunit whichis thereasorwhy in
thefollowing noweightmatriceswill shav upin the NEQ systemassociatedvith thecodeobserations.
Formally, we maywrite all our epoch-wisecodesolutionsinto oneNEQ system(eqn.(3.14))

ATA . dz=A" - p (3.36)
where
ATA, 0 ... 0
o ATA, ... o
ATA: Y Y Y P . (3.37)
0 0 ATA,
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3.4 Combinationof CodeandPhase

Thedimensionof theentiresystemis 4 - n X 4 - n. Fromthe constructiorof this NEQ systemwe know
thatit is actuallybroken upinto n independensystemsf dimensiorfour.

The NEQ systemcontainingthe codeand phase-dierenceobserationsto all satellites— assum-
ing exactly identical obseration scenariodor code and phasemeasurements.g. no cycle slips —
eventually resultsby addingthe (block diagonal)code NEQ system(3.36) to the superpositiorof all
phase-dierencecontrilbutions(3.31). TheresultingNEQ matrix assumesheform:

(Oé‘l‘].)'Nll ,B'ng ﬂNln
BN (¢ +1)-No ... G- Naop,
N . (3.38)
(@+1)- Ny,

In view of thestructurglegns(3.32)and(3.33))of thephase-diierencecontributions,andin view of the
actualdefinitionof the original first designmatrix in eqn.(3.9) we may safelystatethatthe off-diagonal
blocksin theresultingNEQ aresmallin absolutevaluewhencomparedo the diagonalterms,aslong
asthe numbern of epochswithout cycle slipsis “big” which makesthe factorsg smallw.r.t. « (see
egn.(3.33)). Thisfactallowsit to comeup with agoodapproximatiorof the correctsolution.
Let uswrite the structureof the correctNEQ systemincludingall codeandphase-dierenceobser
vationsin thefollowing symbolicway:
N.dx=0»b (3.39)

where

N =Ny +6N. (3.40)

N containsonly the 4 x 4 diagonalblocks of type AT A;. It canthus be saidthat A/, can easily
be invertedstepby step,onestepcorrespondingo oneepoch.We will furtheraddresghis problemin
Section3.4.3,wherewe discussanapproximatesolutionof eqn.(3.39).In Sections3.4.1,3.4.2,and3.4.3
we develop algorithmsto combinecodeobsenrationsandphase-dierenceobsenrationswith increasing
levelsof statisticalcorrectness.

3.4.1 Neglecting the Correlations

Althoughit is not correctfrom the statisticalpoint of view to disregardthe mathematicatorrelations
betweersubsequerphase-diierenceobsenrations,it is neverthelessnstructive to developtheresulting
NEQ contrikutionfrom theobsenrationshasednthisassumptionMoreover, andoftenthisis asuficient
justification, the resultingstructureof the NEQ systembecomesomparaitiely simple, allowing for a
straight-forvard andefficient solution.We considetthis approactasa ze-order apptoximation which
is alsousefulfor thedevelopmenif the correctsolution.

Wethusassumaen this subsectiothattheweightmatrix associateavith the phase-differencds not
givenby eqn.(3.24)for all n, satellitegperepoch but ratherby

0.2

< .E (3.41)

’P: 2
2'0'¢

whereE is theunit matrix. Thefactorof two resultsbecausef the differenceof two independenphase
obserationswith varianceag).
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3 KinematicPointPositioningon the Zero-diferencelevel

Obviously, the contributionsof the phase-diierencego theresultingNEQ systenformally areiden-
tical with egn.(3.31),with theunderstandindiowever, thatthe weightmatrixis givenby therelationin
egn.(3.41). Theright handsideof theresultingNEQ systemis givenby

~ 2 7
by = A1T'P1—;fﬁ;'A{'A¢’1
_ AT . = ol T Z 7
b = Al B+ AT (Ad - A, (3.42)
1=2,3,...,n—1
2 ~
bn = AZ “Pn+ 2(.7(;; ) AZ; AP,
Thematrix of the NEQ systemis slightly differentfrom theformin eqn.(3.38):
(’Y—I_l)"l,]\fn _’7'N12 0 0
_’Y ) N12 (2’)/ + 1) ' N22 0
0 —y - NZ; 0
0 0 0
AT'pA = (3.43)
0 0 .. 0
0 0 (2’)/ + ]‘) ) Nn—l,n—l _’Y ) Nn—l,n
0 0 i n—1,n (7+1).Nnn
with \
o = tagz
N, = ATA;, i=12,...,n (3.44)
Ni,H—l = AjAip
N = 0, k> 1.

i,i+k
The NEQ matrix hasa bandstructurewith onediagonalandsevenparallelsto the diagonalon eachside
(correspondingdo two positionandtwo clock parameters)All otherelementsarezero. The solution
of the NEQ systemthusmay be found by very efficient algorithms,despitethe factthatthe numberof
parametersnayberatherlarge (seee.g.,[Pressetal., 1992]). Theexplicit inversionof the NEQ matrix
(eqn.(3.43))may be ngglectedunderthesecircumstancesin afirst step,the NEQ matrix is storedin a
compactorm to save spaceThisform is usedto performa LU (Lower-Upper)decompositionwhichis
thenfollowed by a back-substitutiostepin orderto obtainthe solutionvector

3.4.2 Estimating Position-diff erences

Let usintroduceherea modificationof the taskleadingto an algorithmof comparablefficieng. The
ideais to performtheestimationof the kinematicpositionsin threesteps:

e Thefirst consistof the estimationof positionsof therecever usingonly the codeobserations.

e Thesecondstepconsistf the estimationof position-diferencesusingonly the phase-dierence
obserations.

¢ Thethird andlaststepconsistof the combinationof positionsandposition-diferences
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3.4 Combinationof CodeandPhase

Dueto theseparatiorof theprocedurave have to find a possibilityto estimateposition-diferencesusing
the phase-dierenceobserations. Let us, therefore,have a closerlook at the structureof the phase-
differenceobserationatepocht;. By thedecomposition

dr; =dz;,_1 + dAx; (3.45)

of thevectordxz;, whered Ax; olviously is theimprovementof the vectorz; — x;_1, we mayrewrite
theobserationequation(3.28)as

A;-dAx; +6A; -dx;_1 — ((1‘3Z - (Zi—l) = w; (3.46)

with dA; = A; — A;_1. Assumingan errorof onemeterin the positionof z; | (dz; 1 ~ 1 m), the
absolutevalued A; - dz;_1 is at maximumonecentimeterfor a spacingof 10-30seconddetweerthe
obserationsanda typical velocity of |r| ~ 7 km/sfor a LEO. The ngglectof thetermd A; - dzy_1
in eqgn. (3.46) would, therefore,causea maximumerror of one centimeterin the resultingposition-
difference Let usthereforengglectthetermfor the furtherprocessing.

TheNEQ systenresultingfor all n — 1 vectorsdAx;, ¢ = 2,3, ... ,n hasablockdiagonalstructure
with n — 1 blocksfor then — 1 epochdifferences; — ¢; 1. We obtainan estimatefor the difference
vectordAz; asasolutionof thesystem

(AT A)) - dAx; = AT . Ag,, i=2,3,...,n. (3.47)

The position-(andclock correction-)differencedetweersubsequergpochg; _; andt; areobtainedas
thesumof theapriori differencesindthesolutionof thesimple,epoch-specifiNEQsystem(eqn.(3.47)).
The similarity andthe analogyto the absolutepositionandclock correctionestimatest epochs;, 7 =

1,2,...,n arestrikingwhencomparinghe NEQ system(eqn.(3.36))for thecodeobserationswith the
systemin eqn.(3.47)for phase-difierenceobsenrations.Let ususethefollowing notation:

e x.; is thepositionestimateasobtainedrom the codeobsenrationsof epocht;,

e x,; — T, ;1 IS the position-diferenceas obtainedfrom the phase-dierenceobserations of
epochg; andt;_1.

How are the n position estimategresultingfrom eqn. (3.36) combinedwith the n — 1 position-
differenceestimatedrom eqn.(3.47)? The adjustedpositionsand position-diferencesare simply in-
terpretedasobserationsof the positions(with identity matricesasfirst designmatrices)andwith the
inversesof the variance-ceariancematricesof the positionandposition-diferenceestimatesasweight
matrices.

The“obsenationequations’teadas

E-&;—x = Vg

i — T v 3.48
E-[& — 2] — [24i — ®pi1] = By, 249

wherewe denotethe estimategositionsandclock correctionsattime ¢; resultingfrom thecombination
of all codepositionandphaseposition-diferenceestimatesas;. v.; andd; aretheresidualsof the
correspondingodepositionsandphaseposition-diferences

Using the standarddeviation of the codeobsenration as weight unit and usingthe inverseof the
variance-ceariancematrix of eachepochof the codepositioningasweight matrix, we obtainthe fol-
lowing NEQ contrikutionsfrom the codeobsenrations

(ETPE).- & =ETP -z, (3.49)
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3 KinematicPointPositioningon the Zero-diferencelevel

where
zl' = (= s Lpoy .., L
A; (A;:l ATc,2 ATc,n) (350)
r = (ml,th, , n)
and
Py 0
0 P, 0
P=| ... ... ... .. .. (3.51)
P,
with
P, =ATA,. (3.52)
TheNEQ contritution from the phaseobserationsmaybe given by theform
(ETPE)-&=ETP - Az, (3.53)
where
P, 0 ...
0 P3; O
P=| ... ... ... ... .. (3.54)
Py,
with
UZ T
Pi:2-02-Ai A,; (3.55)
¢
and
A.’BZ; = (w(p’Q - .’B¢,1, ...... ,.’B¢,n - .’B¢,n_1) . (356)
At lastwe have
—-FE +E ...
0 —F +E
E=| ... ... . .. . (3.57)
—E +E

Theresultingsystemof equationdor the determinatiorof &; is againa NEQ system.lIt follows in an
elementaryway from theabore NEQ systemdor positionandposition-diferencesas

M-2=b (3.58)
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3.4 Combinationof CodeandPhase

whereM is of band-diagonadtructure

My My O 0
ML, My, 0
0 ML 0
0 0 0
M = (3.59)
0 0 0
0 0 PR Mn—l,n—l Mn—lyn
0 o ... MI.,, M,
with
0.2
M, = ATA+ e A3 Ay
Mii = A;FAZ—F%I:A;TAZ—I-AZHAZ_FJ, i:2,3,...,n—1
M., = AJA;+ %;7 - AT A, (3.60)
¢
0'2 .
Mi’H_]_ = _ﬁZ'AgjklAi‘f'l’ ’L:1,2,...,n—1
Mi,i-l—k = 0, 1=1,2,....n—2,k>1
Theright handsidesof eqn.(3.58)maybewrittenas
b = (blT,bQT, .. ,bg) : (3.61)
wheretheepoch-specifiarraysh; have to becomputeds:
0.2
by = (ATA) =z - e (AT A3) - [p2 — 24,1]
2
bi = (AJA)-z;i+ 2%; (AT A) - [wgi —mpi 1] - (362
o2 . .
ﬁ : (AZT—FIA’H‘l) ’ [w¢5i+1 - $¢;Z] ) 1= 27 35 ceey, 1
2
bn = (AZAn) *Leyn + %Z ' (AZAn) ' [m¢>,n - w(j),nfl]

The NEQ system(3.58) hasband-diagonastructurewith onediagonalandsesen non-zeroparallelsto
thediagonalbnbothsidesof thediagonal. Thesystenis, asevery NEQ systemsymmetric. Thesolution
of this specialNEQ systemfollows the samepatternasdescribedn Section3.4.1.

In theabove derivationswe have assumedhatwe have identicalobseration scenariofor phaseand
codeandthatthe samen; satelliteshave beenobsered at all n epochs.In the generalcasewe should
allow for differentfirst designmatricesA;, and A;, for codeandphaseandfor differentepochs.

Kinematic proceduresave the disadwantagethat a “jump” may occurin the kinematictrajectory
if the phase-connectiois lost betweentwo subsequengpochs. For our procedurethis is the caseif
no phase-devied position-diferenceis available for one or more epoch-diferences. In this casethe
connectiorbetweentwo subsequenépochds missing,leadingto two separatesequencesf positions.
The two sequencesderive their absolutedefinition from the codepositionsof the two sequencesThe
NEQmatrix M is thenactuallydividedinto severalindependenmatricesM, M., ..., M 1, Wwhere
g is thenumberof gapsin the phase-dierenceprocessingThe codeaccurag is not sufiicientto assure
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3 KinematicPointPositioningon the Zero-diferencelevel

the connectiorto the previous sequenceandthereforea jump of someten centimetersgnay occur The
resultsof Section3.6.2give animpressiorof the sizeof thesgumpsandof the effect on the quality of
thecombinedkinematicpositions.

3.4.3 Correct Correlations

Despitethe factthat we will not focuson the statisticallycorrectsolutions,but ratheron approximate
treatmentsye neverthelesslevelopthe correctformulae.

The NEQ systememeging from the correctcombinationof codeandphase-dierenceobserations
is of theform of eqn.(3.40),wheretheabsolutevaluesof theelement®f matrix N aresmallcompared
to the(absolutevaluesof the)non-zercelementof matrix INy. For thesubsequennatrixinversionit is
corvenientto write thematrix N as

N=Ny+6éN =N,- (E + Nj! -6N) (3.63)
with
a-Ny B-Nig ... B-Niy,
B-Ni, a Ny ... B-Noy,
SN — ' (3.64)
a- Ny,

In view of theassumptionsoncerninghesizeof theelementof the matricesve maywrite theinverted
matrix N —! approximatelyasfollows

N-1 = (E—Ngl-aN) Ny (3.65)

By construction,IN is of a block-diagonaktructurewith blocksof dimensiord x 4. Theinversethus
maybe computeckasily block by block, wherewe have to assumehattheindividual blocksareregular
For laterusewe write theindividual blocksof matrix N in thefollowing way:
Ngn 0 ...
0 Nyzp O

Ny' = .. (3.66)
Noun
Using the approximationof eqn. (3.65) and taking into accountthe actualform of matrix NO_1 the
solutionof the NEQ system(eqn.(3.39))may bewritten as

de=N;'-b—N;'-6N-N;' b (3.67)
0 0 0
Denotingby
Ny -bi dxg
N(;,éZ - by dxoo
dzy =N, '-b= = (3.68)
N - bn dzo,
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3.5 PracticalRealization

we maywrite thesolutiondz as
dx =dzy— N,' 6N -dzy, (3.69)

wherewe maywrite

Nah . ZX: ON1; - dxo;

Ngky - 3 6Ny - dag,

=1
Ny'-6N -dzxy = i (3.70)

n
1=

The § N1; matricesarethe sub-matrice®f matrix d N definedby eqn.(3.64). Eqn.(3.70)shavs how
the solutionvectormay be computedn an efficient way by first computinga first orderapproximation
dx of the solutiondz. In thefollowing sectionwe will summarizehe approximationgor kinematic
pointpositioningonthe zero-diferencdevel with theepoch-wiselifferencedhaseobserations,which
wereimplementedandtestedn the contet of this work.

3.5 Practical Realization

It is our statedgoalto developanefficientapproactor kinematicpointpositioningonthezero-diference
level. Thereforewe will focuson the solutionof egn.(3.58)for the combinationof the codepositions
andphaseposition-diferences This solutionpromisego meetour requirementsThe disadantageof
this approachs the ngglectof thecorrelationdbetweersubsequerphase-dierenceobserations.

For a betterunderstandingf the studiesmadein this context we will briefly and schematically
explain the flowchart(Figure 3.2) of the programLEOKIN we have developedfor the kinematicpoint
positioningfor a moving GPSrecever. Figure3.1 shawvs the generalschemdor processind-EO data.
Figure3.2now illustratestheflow of thedatawithin our programLEOKIN performinga zero-diference
kinematicpoint positioning.

LEOKIN is basedon anepoch-by-epocprocessingln the mainepochloop both, the codeandthe
phase-dierenceprocessingtake place.After the pre-screeningf the codeobsenrations(the algorithm
will beexplainedin Chapte) therecever clockis synchronizedo GPStime. Therecever clock hasto
beknowvn with anaccurag betterthanonemicrosecondndtheapproximatesalueis savedfor the phase
processing.The positionof the receiver andanimproved recever clock correctionarethenestimated
usingthe codeobserationsof the currentepochcorrectedy theapproximataecever clock correction.
The matrix A7 A; is saved for the combinationof the codewith the phase-dierencesolutions. In a
secondblock the phase-dierencesare processed.For this purposethe obserations of the previous
epochhave beensaved andthe differencesareformedfor the satellitesobsered in the currentandthe
previous epoch. The phase-dierencesare pre-screenedh a similar way asthe codeobserations(see
Chapterd). In the next stepthe position-diferencefor the currentepoch-diferenceis estimatecandthe
phaseobsenationsof the actualepocharesaved for the next epoch-diference. The matrix A7 P A; of
thephase-dierenceprocessings savedfor thelatercombinationfoo. The processingf thenext epoch
startsagainwith codeprocessingWhenthe codepositionsandphaseposition-diference for all epochs
have beenestimatedthe matrix M andthevectorb aresetup accordingo eqns.(3.60)and(3.62). At
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Figure3.2: Flowchartof programLEOKIN.
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3.6 Simulations

thesametime thematrix M is storedin aspace-sang way andthe algorithmdescribedn [Pressetal.,
1992]is appliedto the band-diagonaNEQ systemin orderto solve for thecombinedpositions.

Figure 3.2 is the skeletonfor our kinematicpoint positioningapproach.ProgramLEOKIN saves
both the combinedpositionsandthe estimatedoositions(derived from the codeobserations)andthe
estimategosition-diferencs (derivedfrom thephase-dierenceobsenrations). Thecombinedpositions
aswell asthe positionsand position-diferencesmay be usedby an orbit determinationprogramas
pseudo-obseatiors to determineafully deterministicor areduced-dynamiorbit (seeChapter).

In thefollowing sectionsve will referto this skeletonto explainmodifiedproceduresr studiesnade
within aspecialstep.In the next sectionsve will validatethedevelopedapproacthasedn simulations.

3.6 Simulations

3.6.1 Code
Terrestrial Station

Ourapproachs designedor processinglataof ary roving or staticstationcarryinga GPSrecever. The
simplestroving stationis a fixed terrestrialstation. The recever is, in fact, not moving w.r.t. an Earth-
fixedsystemwhich malesit well-suitedfor validatingthe procedureWe simulatein afirst stepdatafor
aterrestrialrecever to validatethe codepoint positioningprocedure.The input datafor the simulation
for doy (dayof year)034/2002February3, 2002)are

e CODErapidorbits,

e Earthrotationparametersf the CODErapidprocessing,

e broadcastlock correctiongor the GPSsatellitesand

e 1GS2000-coordinatgg-erland 2002]for stationALGO (ALGOnquinPark, Ontario,Canada).

With theseinput datawe simulateerrorfree codeobserationsfor stationALGO to validatethe point
positioningapproach.Theresultof a point positioningusingthe programLEOKIN hasto be compared
with the a priori coordinatesof the stationALGO usedin the simulation. The resultof this testis
satishctory:the“true” coordinate®f Algonquinarereproducedirtually errorfree.

In a secondstepwe simulatecodeobserationswith ana priori standardleviation of o4, = 1.0 m
for thetwo frequencied.1 andL2. Thedifference®of thesepositionsin comparisorto the“true” values
areshowvn in Figure3.3(a)(North-, East-,and Up-direction). Figure 3.3(b) shavs the differencedor a
simulationof obserationswith o4, = 0.5 m and Table 3.1 summarizesneanandstandardieviation
valuesof thesetwo simulationsusingthe ionosphere-freéinear combination(P3) of the obserations.
Thethird row of this tablearemeanandstandardieviation valuesfor the sameobserationssimulated
with o4, = 0.5 m but only the P1-codemeasurementare usedfor the point positioning. Takinginto
accounthatthenoiseof theionosphere-freénearcombinations threetimeslargerthanthatfor P1-or
P2-measuremen{Beutleretal., 1990],we getfor thesimulationwith o,,, = 1.0 mastandardieviation
of ops = 3 m. Theexpectedprecisionoy,, for apointpositionis theno,,s = op3- DOP (Dilution Of
Precision)Kleusbeg and Teunissen1996]. The DOP-\alueis anindicatorfor the geometrydefinedby
the GPSsatelliteconstellatiorabove theobservingsite. Thebetterthe satellitegeometrythe smallerthe
DOP-walue,andthe betterthe expectedpositioningaccurag. The DOP-valuecanbe separatedh three
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Figure3.3: Differencesof coordinatescomputedfrom simulatedobserationsw.r.t. the “true” coordi-
natesof ALGO.

Table3.1:Mean (i) andstandarddeviation (o) of the differencedo the “true” values(of ALGO) of a
point positioningwith simulatedcode obserationsusingdifferento,,, anddifferentlinear
combinationgLC).

[oapr [T i Eon () ]

petop (M) | putou (M) [ pes. £0cs. (M) ]

1.0m | P3| 0.1189+ 3.4043| 0.0058+ 2.2379| -0.0867+ 6.0409 | -0.0416+ 4.2241
0.5m | P3 || 0.0267+ 1.5150| 0.0270+ 1.0146| 0.03012+ 2.7197| 0.0253+ 1.8879
0.5m | P1 || 0.0059+ 0.5007| 0.0030+ 0.3449| 0.0161+ 0.9057 | 0.0066=+ 0.6307

componentgNorth, East,andUp). ThemeanDOP-\aluesandthe correspondingaluesof the expected
precisionfor thestationALGO are(o,p, = 1.0 m)

Expop 14625 = ony=~44m (3.71)
Kepop 0.9478 = ogp=2.8m
Hupop 26189 = oy=T79m.

Table3.1 shavs thatthe accurag of the positionsof ALGO derived from simulatedcodeobserations
meetthe expectations.The differentnoiseof the threecomponentss dueto the constellationandthe
designof the GPSsatellitesystem. The inclination of the satelliteorbits of i = 55° causese.g.,for
stationsat mid-latitudeon the Northernhemispherea badsatellitecoverageof the Northernsky. Thus
the North-componenbf the stationis worsethanthe East-componentThe Up-componenshawvs the
largesterror This is expecteddueto the obseration geometry(andthe necessityto estimatea recever
clock correction).

Low Earth Orbiter

Thefocusof this subsectioris therecovery of thekinematictrajectoryfor aLEO usingsimulatedobser
vations. Thesameinputcharacteristicasin the caseof theterrestrialstationareusedfor the simulation.
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Figure3.4: Difference®f satellitepositionsw.r.t. the“true” a priori orbit from a codepoint positioning
with programLEOKIN usingsimulateddatawith o4, = 1.0 m.

Insteadof the coordinate®f the stationwe useana priori orbit of aLEO, in this casethe RapidScience
Orbit (RSO)[Koenigetal., 2002] of CHAMP computedby GFZ for doy 034/2002.1n a first stepwe
simulateerrorfree codeobserations. The simulatedCHAMP dataarethenusedfor a codepoint po-
sitioning procedure.The point positioningstartsfrom an a priori orbit, wherethe sameorbit wasused
asin the simulation. The “true” a priori orbit is reproducedvithin oneto two millimetersdifference.
Thisresultis expectedbecausehe orbitscomparederearestoredin thepreciseorbit format(SP3,[Re-
mondj 1989]) wherethe last significantdigit of the coordinatess onemillimeter. Evenif no a priori
orbit, but the “Bancroft-algorithmis usedin programLEOKIN for the point positioning,the solutions
agreewithin oneto two millimeterswith the orbit usedfor the simulation,aswell.

In a secondstepwe simulatedatawith an a priori sigmao,,, = 1.0 m for the P1-and P2-code
obserations. After the point positioningusingana priori orbit we comparehe resultingpositionswith
the a priori orbit usedfor the simulationof the data. The differencesare shawvn in Figure 3.4 andin
Table 3.2, wherewe find the meanand standarddeviation valuesof thesedifferences.Both, the mean
andthe standarddeviation valuescorrespondo the expectedvaluesconsideringthat the ionosphere-
freelinearcombinationof the P1-andP2-measurementis used. As mentionedabove the noiseof the
ionosphere-frenearcombinationis threetimeslargerthanthatfor P1landin additionthe DOP-values
have to betakeninto account.ThemeanDOP-walues(X, Y, Z) andtheexpectedaccuraciefor CHAMP
ondoy 034are

xpop = 0.6566 = ox~2.0m (3.72)
Hypop = 08759 = oy=2.6m
= 1.0181 = oz ~3.0m.

H'ZDOP

Thesevaluesarereflectedby thevaluesin Table3.2.

3.6.2 Combined Positions and Phase Only Positions
Simple Example: Static Positioning

Before analyzingour methodsfor kinematic point positioningusing GPS code and phase-dikerence
obserationswith programLEOKIN we applyour algorithmsto a very simplestaticexample.
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3 KinematicPointPositioningon the Zero-diferencelevel

Table3.2: Mean(u) andstandardleviation (o) of thedifference®f thesinglepointpositioningsolutions
w.r.t the“true” apriori LEO orbit.

| Tapr || Pz £ o (M) | py £ oy (M) | pz o, (M) |
| 1.0m || 0.140+ 1.966 | 0.141+ 2.735 | 0.098+ 3.118 |

For this purposewe “freeze” oneparticularobseration scenariqstationAlgonquin,doy 055/2002,
2140M00° UTC), wheneleven GPSsatellitesvereobsered. With this frozenscenari®880obserations
aresimulatedwith anoiseof o, = 1.0m for thecodeando, = 0.01m for the phaseobsenrations. This
meanghattheresultsarenot affectedby the movementof the satellitesandthe Earth,andby different
satelliteconstellationgleadingto different DOP-\alues). In additionwe assumehat the obserations
arenot affectedby tropospherior ionospheriaefraction. The algorithmsexplainedpreviously for esti-
matingthe codepoint positions,for estimatingthe phaseposition-diferencs, andfor the combination
of thetwo resultsareused.Therelatve weightbetweercodeandphase-dierencedor the combination
is (1-+/2 :100)2 = 2 : 1002. Subsequentlywe confineourselesto shaving only the developmentof
the North-componenof the station. The figuresfor the East-andthe Up-componenshaw in principle
the samepatternexceptfor the noiselevel, which is larger for the North- thanfor the East-component
andlargerfor the Up- thanfor the North-component.

Thedifference®of thecombinedpositionsw.r.t. the“true” positionof ALGO areshawvn in Figure3.5
(top),wherethecorrectrelative weight(2 : 100?) betweerthecodepositionsandtheposition-diferences
for the combinationwasused. Olviously, thereis a signalin the residualswhich is not expected. We
reducetheweightof the codepositionsin orderto reducethe impactof the codepositionson the com-
binedpositions.Figure3.5shavs thedifferencedor solutionswith increasingeductionof theweightof
the codepositionsfrom the secondfactor10) to thefifth figure (factor10°000). The signaldisappears
themoretheweightof the codepositionsis reduced.

TheseaxampleqFigures3.5)demonstrat¢hatthe codepositionshave abig impactonthe combined
positionsf they areusedwith theirnormalrelatve weightw.r.t. thephaseposition-diferences Themain
purposeof usingthe codepositionsfor the combinationis the regularizationof the NEQ-system.But
for theregularizationwe needin principleonly onepositionfor onephase-connectezbseration series.
As we have, on the otherhand,a seriesof codepositionswe would like to profit from all of themand
thereforewe introduceall codepositionsinto thecombinatiorprocessut with alowerweight. If we use
atoolow weightof the codepositions(Figure3.5 (bottom),factor10’000) the absolutedefinitionis lost
andthe combinedpositionsmay have anoffsetw.r.t. the true solution. Figure 3.5 (secondshavs thata
reductionwith afactor10is notsuficientto reducethesignalof thecodepositions.Oneof thesolutions
with reductionfactorof 100 or 1'000 seemdo be the mostreasonableolution. The sequencesith
continuougphaseposition-diferencesarein practicerathershortethan2880epochs Datagapsanddata
problemsn the phasearecausingnterruptsin theseriesof phase-diierencesTheshortethesequences
with connecteghhase-dierencegshelessthe codepositionshelpto provide theabsolutedefinitionof the
combinedpositions.We will, therefore usethefactorof 100to reducethe codeweightin orderto avoid
the appearancef a code-inducedignalin the combinedpositions,but alsoto avoid loosingtoo much
strengthof the absolutedefinition of the combinedpositionsby the code.In practicethis meanghatthe
contritutionsof thecode(A7 A;) for the combinationin eqns.(3.60)and(3.62)arereducedoy afactor
of 100. This simpleexampleof staticpositioningshavs thatour approactbasen zero-diferencecode
andepoch-wisalifferencedohaseobserationsgivesreliableresultsif we downweightthe contrilution
of the codepositions.Subsequentlye will focusontherecorery of the kinematictrajectoryof both,a
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Figure3.5: Differencesdetweerpositionscombinedwith differentweightratiosandthe true positionof
ALGO (North-component).
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Figure3.6: Differencesof combinedpositionsw.r.t. “true” ALGO coordinatedor differentweighting
options.

terrestrialstationanda LEO, usingsimulatedcodeandphase-dierenceobserations.

Terrestrial Station

The simulationsmadefor the kinematiccodepoint positioningof a terrestrialstationin Section3.6.1
canberepeatedor the combinedcodeand phase-dfierencepoint positioning. As a zero-testwe start
with the simulationof errorfree codeandphaseobserationsfor theterrestrialstationALGO. Thecom-
binedkinematicpositionsresultingfrom theerrorfree obserationsshav anoisew.r.t. thecoordinate ®f
ALGO dueto roundingerrors,whichis expectedfor the zero-test.Subsequentlye usethreedifferent
solutions,namedA, B, andC, basedon the experiencewe gainedwith the staticpositioningexample.
Thethreesolutionsarecharacterize@asfollows:

e SolutionA: The relative weightfor the combinationbetweencodepositionsand phaseposition-
differencess givenby theratioo? : 2- o3.

e SolutionB: Theweightof thecodepositionsis reducedoy afactor100.

¢ SolutionC: Only the position-diferenesderivedfrom the phase-dierenceobserationsareused
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Figure3.7: Numberof tracked satellitesn the simulatedobserationsof ALGO for doy 034/2002.

for the combination(only thefirst positionis fixedto the a priori positionto regularizethe NEQ
system.)

If we look atsimulateddatawith o, = 0.01m for the phaseobserations(oa, = v/2- 0.01m) ando, =
1.0m for thecodeobsenrations thedifference$etweerthecombinedpositionsandthetruecoordinates
of ALGO (Figure 3.6 (top)) reveal the following pattern: SolutionA shaws a clearsignal. Figure 3.6
(middle)shavs theresultsfor SolutionB. Thestrongsignalin thedifferenceshasdisappearedyut there
aresmall“jumps” in thedifferencese.g.,atepochl445(arrovsin Figure3.6). Thisjumpis dueto the
factthatthe obserationgeometryhaschangedy a“new” (rising) satelliteatthis epoch.Priorto epoch
1445six satellitesweretracled, afterwardsseven. During oneday the satelliteconstellatiorandthere-
fore the obseration geometrychangesatheroften. Figure 3.7 shavs the numberof tracked satellites
in the simulateddataof ALGO. All “jumps” in the differencesare connectedvith suchconstellation
changedut notall constellatiorchangedeadto visible “jumps” in thedifferences.

As a last testonly the phase-devied position-diferenceswere usedto determinethe position of
ALGO (SolutionC). Sincethe NEQ systemfor the combinationthenbecomessingular we introduce
the a priori positionof ALGO for the positionat the first epoch. The combinationalgorithmis in this
casea simplealgorithmsummingup the position-diference. The differencesf SolutionC w.r.t. the
true positionof ALGO arereproducedn Figure 3.6 (bottom). Similar characteristicasin SolutionB
areobseredfor SolutionC. Thedifferenceto SolutionB residesn asmalldrift in thedifferencesThe
position-diferenceshave an error specifiedby the obseration accurag of the phaseobserations. In
this phase-onlysolutionthe position-diferencesareaddedup aswell astheerrorsaccordingo theerror
propagation.This leadsto the drifts in the differencedor SolutionC. In SolutionB the codepositions
have still a high enoughweightto preventthatthe combinedpositionsaredrifting away from the“true”
positiondueto the summingup of the errors. The compromisds, asalreadymentionedn the previous
section,to reducethe codeweight by a factor 100 for the combinationof the codepositionswith the
phaseposition-diferencs. By this meanswe obtainan absolutedefinition of the coordinatesvhich is
strongenough but we avoid a signalin the combinedpositionsstemmingfrom the quality of the code
positions.
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Figure3.8: Differenceof combinedkinematicpositionsfrom simulatedcodeandphaseobserationsof
CHAMP to thea priori orbit usedfor the simulation.

Low Earth Orbiter

Togethemith thesimulationof theerrorfreecodeobserationsof CHAMP errorfreephaseobserations
aresimulatedor doy 034/2002 Usingtheseerrorfreecodeandphaseobserationsto reproduceheorbit
by thecombinedkinematicpositionsresultsin differencesw.r.t. thea priori orbit usedfor the simulation
of upto onemillimeter— anexpectedesult.

For the simulationof normally-distriluted phaseobserationswe choosea root meansquareerror
of o, = 0.01m for the L1- andL2-frequenyg (oA, = v/2- 0.01m). For the codeobserationsa, is
1.0mfor L1 andL2. SolutionsA, B, andC arecomputedandcomparedo theapriori orbit of CHAMP
usedfor the simulationof the data. For this purposea Helmerttransformationwith threetranslation
parameterss performedbetweerthe orbits.

Figure3.8(top) shavs thedifferencedetweerthecombinedoositionsof SolutionA andtheapriori
CHAMP orbit. Figure 3.8 (middle) shawvs the correspondinglifferencesfor SolutionB. The signals
in the differencesfor Solution A stemfrom the code positions. In Solution B the codesignalsare
smoothedout the differencesshav not only white noise. The small jumpsandthe remainingsignals
are causedy constellationchangesanda bad obsenration geometry Figure 3.9 shavs the numberof
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Table3.3: RMS errors(cm) percomponenbf Helmerttransformatiorbetweercombinedkinematictra-
jectoriesand“true” a priori orbit (Figure3.8).

\ [ x(cm)|y(cm) | z(cm) |
SolutionA 13.1 14.2 11.6
SolutionB 7.9 8.6 10.4
SolutionC 12.7 14.3 16.6

Tracked satellites

| | |
0 500 1000 1500 2000 2500
Epoch

Figure3.9: Numberof satellitesracked by CHAMP for simulatedobserationsof doy 034/2002.

tracled satellitesfor the simulateddataof CHAMP on doy 034/2002.0neclearly seeshatthe number
of tracked satellitesandthereforethe satelliteconstellationchangesnorerapidly thanfor a terrestrial
station(Figure3.7),afactwhichis dueto therapidmovementof the satellite. The LEO revolvesaround
the Earthin approximately90 to 100 min andthereforeseesearlythe entire GPSconstellatiorwithin
thistime intenal.

Figure 3.8 (bottom) shaws the differencesfor Solution C. The influenceof the code positionsin
Figure 3.8 (top) and the reducedsignalin Figure 3.8 (middle) is obvious. The differencesbetween
SolutionB (middle)andC (bottom)arenot aspronouncedsbetweerSolutionA (top) andB (middle).
Thetendenyg of SolutionC in the caseof a LEO is the sameasfor SolutionC for theterrestrialstation.
The differencesshav a slight drift w.r.t. the line representinghe true solution. The RMS errors of
the Helmerttransformationsn Figure 3.8 aresummarizedn Table 3.3. The sameconclusionsasfor
the terrestrialstationmay be dravn. SolutionB is the mostreasonable&hoicefor the combinationof
codepositionswith phaseposition-diferences Theseexampleswith simulatedGPScodeand phase
obserationsof a LEO shav thatthe kinematictrajectoryof a LEO could be reconstructedo within a
decimeter(assuminga noiseof 0.01 m for the phaseobsenrations)by the kinematicpoint positioning
proceduralevelopedhere.

3.6.3 Further Studies

Subsequent)ywo furtherstudieshave beenperformedisingsimulated EO GPSdata.Thesearestudies
ontheimpact

¢ of enforcednterruptsand
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3 KinematicPointPositioningon the Zero-diferencelevel

e of usingdifferentapriori orbit/position.

Enforced Interrupts

As mentionedn Section3.4.2 one deficieng of kinematicpoint positioningproceduresesidein the
factthatjumpsoccurif the connectiorbetweenwo subsequentpochss not given by the phasemea-
surementsin the caseof the LEOKIN procedurea jump occursin the combinedkinematicpositionsif
thereis no phase-deved position-diferenceavailablefor oneor moreepoch-diferences.The problem
is not only causedy missingposition-diferenes dueto dataquality but alsobecaus®f datagapsdue
to receverresetor dueto interruptsduringdatadovnloadperiods.In this sectiorwe will simulatesuch
interruptsin orderto studythe sizeof theresultingjumpsandin orderto seehow thesgumpsaffectthe
combinedpositions.

The simulatedcodeandphasedatausedfor the computation®f the previous sectionareusedhere
again. We enforceinterruptsin the phase-dierenceprocessingn orderto introducea jump in the
combinedpositions. We simulatetwo different cases. We enforceinterruptsin the phase-dierence
processing

e after1’000 subsequergpochg500minutes)and
e after700subsequergpochg350minutes).

Figure3.10shavsthedifference®f SolutionA (top)andSolutionB (bottom)for thefirst caseinterrupts
after1’000 epochs)v.r.t. thea priori orbit usedfor the simulation.Figure3.11shavs the differencegor
the secondcasewith enforcedinterruptsafter 700 epochs(SolutionA (top) and SolutionB (bottom)).
SolutionsA and B have beencomputedfor both caseso shawv the differentimpactof the interrupts
on the sequencesf connectegositions. The effect of the interruptsis obviously differentfor the two
casesandfor the two solutionsA andB. The size of the jumpsin the coordinategeachessaluesup
to 30 centimeterswhile someof the interruptedposition-diference do not at all affect the coordinate
resultsof the combinedpositions. Thesejumpsin the kinematictrajectoryare of coursenot real, but
a characteristideatureof this zero-diferenceapproachwith phase-diierencingfrom oneepochto the
next. We have to be awareof this issueduring the dataprocessingandwe have to find waysto reduce
thenumberandthesizeof thesgumps.

Different A priori Orbit or Position

Up to now all resultsfor simulatedobserationsof the LEO have beenderived by usingthe “true” orbit
usedfor the simulationasa priori orbit for the kinematicpoint positioningin LEOKIN. An additional
testwas performedin orderto study the impactof the quality of the a priori orbit. In practice,the
a priori orbit usedis a deterministicor reduced-dynamiorbit definedby codepositionsor combined
positions(seeSection3.1). This orbit hasanaccurag of abouthalf a meter a factwhich may have an
influenceon the resultingpositions. For our testwe usean a priori orbit, which wasgeneratedy an
orbit determinatiorprocedurausingthe code-denied positions.Figure3.12 (top) shavs the differences
betweenthis a priori orbit andthe orbit (RSO)usedfor the simulation. The RMS error of a Helmert
transformatiorbetweenthe two orbitsis 13.9 cm. Figure 3.12 (middle) shaws the differencesof the
estimatedoositionsusingthe new a priori orbit w.r.t. the estimatesvhenusingthe “true” orbit. To this
scalethedifferencesarerathersmall. Figure3.12 (bottom)shaws, however, thatdifferenceaup to afew
centimeterslo exist. Thedifferencesareattributedto the pre-processinwhich critically dependonthe
quality of thea priori orbit (seealsoChapterd). The exampleshavs thatthe quality of the a priori orbit
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Figure3.10:Differencesof kinematic positions from simulated code and phase obserations of
CHAMP w.r.t. the“true” apriori orbit; Enforcedinterruptsafter 1000epochs.
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Figure3.11:Differencesof kinematic positions from simulated code and phase obserations of
CHAMP w.r.t. the“true” apriori orbit; Enforcedinterruptsafter 700epochs.
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Figure3.12:Influenceof usingan a priori orbit differentfrom the “true” orbit usedfor the simulation
of the data; Top: Differencesbetweenoriginal a priori orbit and new a priori; Middle:
Differencesn resultingkinematicpositions;Bottom: Zoomof x-component.

is a critical issuein our kinematicpoint positioningprocedure We shouldproducethe bestpossiblea
priori orbit with our dynamicorbit determinatiorprocedure.This is in a first approximationan orbit
derived from codepositionsor an orbit derived from combinedpositions(describedn the secondstep
of Figure3.1). Themorewe iteratethe proceduradescribedn Figure3.1usingcombinedpositionsthe
betterthekinematicpositionsandthereforetheapriori orbit gets.In orderto meetour goalof developing
anefficient procedurave confineourselesto usingthe threestepsdescribedn Section3.1.

3.7 Satellite Clock Interpolation

Our methoddependsn the availability of highly accurateGPSsatelliteclock corrections.Thesecor-
rectionsshouldbe availableat 30-secondntenalsif wewantto processl0-secondor evenhigherrate)
data. Suchsatellitesclock correctionscurrently are only available from JPL. The deficieny of these
JPL clock correctionds that mary epochsare missing. This is why an efficient procedureo generate
30-seconalock correctionsvasdeveloped[Bod etal., 2000,2003]. Theprocedurevasdevelopedat a
timewhenSA wasstill switchedon, i.e.,whenthesatelliteclockfrequeng wasditheredn orderto limit
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Figure3.13:SA switchedoff on May 2, 2000— effect on GPSsatelliteclocks.

the accurag of unauthorizedeal-timepositioning. With SA enabledan interpolationof the available
5-minuteclock correctiondrom IGSto 30-seconatlock correctionsvasnot possiblewith anacceptable
accurag. OnMay 2, 2000,SA wasswitchedoff andthe satelliteclocksareno longerdisturbedby the
dithering(seeFigure 3.13). The questionariseswhetherit is now possibleto (linearly) interpolatethe
5-minuteclock correctionsto 30-secondntenals to processero-diferencedatawith a 30-seconcbr
even 10-secondamplingwithoutloosingaccurag. Thequestionshallbe answeredising5-minute,30-
secondand10-seconatlock correctionestimatesOur startingpointarethe CODE RapidGPSsatellite
clock correctionsof doy 034/2002with a samplingof 5 minutes. Theseclock correctionsare derived
from aglobalnetwork of upto 90 stations.In additionwe have dowvnloadedl-secondsPSdataavailable
atthe IGS datacenterat CDDIS (CrustalDynamicsDatalnformation Center)[CDDIS, 2002]for doy
034/20020"00™M00° to 4"45™00° (21 stations).In afirst stepwe compute30-secondtlock corrections
basedon phase-dfierenceobserationsandconstrainthemto the CODE Rapid5-minuteclock correc-
tions[Bod et al., 2003]. In a next stepwe repeatthe procedurewith 10-secondsamplingof the 1 Hz
obserationsand constrainthe resultingcorrectiongto the 30-secondlock correctionsobtainedin the
previousstep.Fromnow onwe have threesetsof clock correctionswith differentsamplingrates namely
5-minute,30-secondand 10-secondwvailable. We cannow simulateGPSdatafor CHAMP basedon
the 10-secondtlock correctionstogetherwith the otherinput dataalreadyusedfor the simulationsin
Sections3.6.1and 3.6.2. For the simulationno obseration noiseis introducedfor codeand phaseon
the two frequenciesn orderto isolatethe effect of the interpolationof the clock correctionson the re-
sulting kinematicpositions. No pre-screeningf the datais performedfor the samereason. We use
a linearinterpolationof the satelliteclock correctiongFigures3.14(a)to 3.14(d))andan interpolation
with a polynomialof degreethree(Figures3.15(a)and3.15(b)). Figures3.14(a),3.14(c),and 3.15(a)
shaw theresultsfor thecombinedoositionsfrom errorfree codeandphase-dierenceobserations. The
plots shav the differencesw.r.t. the CHAMP orbit usedfor the simulation. Figures3.14(b),3.14(d),
and 3.15(b) are the correspondingzooms” of the y-componenbf the differencesfrom 1"00M00° to
2"00™M00%. The structureof the differencess bettervisible in thesefigures. Table 3.4 summarizeshe
correspondingRMS errorsof the Helmerttransformationstn thefirst line the RMS errorsfor the“zero-
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3 KinematicPointPositioningon the Zero-diferencelevel

Table3.4: RMSerrors(mm)of theHelmerttransformatiorbetweerkinematicpositionsderived by error
freecodeandphase-dierenceobserationsandthea priori orbit usedfor the simulation.

| [ x(mm) |y (mm) [ z(mm) |

10second 0.6 0.5 04
30second 3.4 4.6 5.4
5 minutes 24.5 35.9 38.8

[ Gminutes(2) | 25.0 [ 349] 413]

test” solutionwith the 10-seconatlock correctionsarelisted.

Clearly thelinearinterpolationof the 5-minuteclock correctiongo 30-secondntenalsis not suffi-
cientif highestaccurag is thegoal. The positionerrorsintroducedby the clock interpolationareup to
20 cm, whichis notacceptabldor a point positioningwith phaseobserations. Theinterpolationof the
5-minuteclock correctionawith a polynomialof degreethreeis not significantlybetter(seebottomline
in Table3.4). Ontheotherhand,onerecognizeshatalinearinterpolationof the30-seconalock correc-
tionsto the 10-secondntenalsis sufficient to obtain10-secondalock correctionsof sufficientaccurag.
TheRMS errorsof the Helmerttransformatiorbetweerthea priori orbit andthe kinematicpositionsare
of the orderof threeto five millimeters(Table 3.4) usingthe interpolated30-secondlock correctionto
the 10-secondntenals.

Interpolationis a goodalternatve consideringhe factthatthe widely usedsamplingratewithin the
IGSis 30secondandthatat presenbnly anetwork of about40 stationdeliversonesecondlata(eachl5
minutes)to theIGS datacenters Thesearethe only datawhich might be usedfor computingl0-second
clock corrections.The effort to computel0-seconctlock correctionss of courseconsiderablyhigher
than that of computing30-seconcclock correctionsusing up to 120 stationsand constrainingthese
estimatedo the official IGS 5-minuteclock corrections. The clock correctionsinterpolatedfrom 30-
secondralueshave anaccuray thatis comparabléo theoriginalderived 10-seconalock correctionsin
additiontheinterpolated.0-secondlockcorrectiondave lessgapshanthe10-secondlock corrections.
It may even happerthatsomesatellitesarenot tracked by morethantwo stationsof the small network
of 40 stations.In this casewe cannotestimatea clock correctionfor this particularepochandfor this
particularsatellite(which dependson redundanbbsenrations). When estimatingthe 30-secondtlock
correctionsusing a network of up to 120 stationsthe redundang is high andthe estimationof clock
correctiongobust.

Highestaccurag maynotbeachievedby interpolatingthe 5-minuteclock correctiongo a 10-second
intenal but theresultsarepromisingthatit shouldbe possiblewithouta big lossin accurag. This could
be very importantbecausehe 5-minuteclock correctionsareofficially availableatthe IGS andthe 30-
secondclock correctionshave to be producedby our own procedure. In orderto evaluatethe effect
of interpolateds-minuteclock correctionsn comparisorto the usageof interpolated30-secondlock
correctionson real datawe will computea seriesof datawith both clock informationsand shaw the
resultsin Section6.4.
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4. Data Pre-processing

For all applicationsof GPSdataan efficient pre-processingnd datascreeningof the obserationsis
essentiallt is in particularanimportantissuefor the processingf spaceborneecever data. The data
screeningf the GPSobsenrationsin the programLEOKIN consistof two steps:

1. Thedataarepre-screenebdasecdna priori informationaboutthepositionof therecevercombined
with a “majority voting” algorithm. Obsenrationswhich are detectedasoutliersin this stepare
excludedfrom thefollowing processing.

2. Theleast-squareadjustmenstepincludesaniterative proceduravherebadobserationsmay be
detectecandcanbeexcludedfrom the processing.

In Section4.1 we explain in detail the first stepof the screeningwvhich hasbeennewly developedfor
the programLEOKIN. Section4.2 describeghe secondstep. The optionsto modify the performance
of the pre-screeningilgorithmaswell as otherpre-processingssuesof particularimportancefor the
determinatiorfor LEO orbits are outlined (Section4.3). Eventually we will presenta completedata
screeningrocedurdor zero-diferenceapplicationsf permanennetworks (Sectior4.4).

4.1 Outlier Detection - Principle of Majority Voting

Ouitlier rejectionis basedon the principle of “majority voting”. In orderto explain the principlesun-
derlying the algorithmwe briefly review the generalprinciplesof the programLEOKIN asshavn in
Figure3.2. In afirst stepthe codeobserationsare processedor eachepochandthe recever clock is
synchronizedo GPStime (Section3.2). In the secondstepthe phase-dierencesetweensubsequent
epochsareprocesseSection3.3). Both processingtepsareprecededy the screeningrocedure.

Letushave alook atthecodeobsenrationsof thereceverfor aparticularepoch.Theunknavnsin the
codeobseration equationg3.1) pertainingto oneepocharethethreecoordinates:, y, z, andthe clock
correctionc- ¢ of therecever. For ourdatapre-screeninglgorithmwe donotonly usepreciseGPSorbits
andclock correctionsut alsotheapriori informationavailableconcerninghepositionof therecever. If
reliableandaccuratenformationof thiskind is available,only therecever clock correctionc - 6 remains
asunknavn in eqn.(3.1). Thefactthattherecever clock correctionshouldbe,within theaccurag of the
code,the samefor all codeobserationsof oneepochis the key assumptiorior the datapre-screening
procedure.The procedurds robust dueto only oneunknavn (recever clock correction)andpromises
to find reliably the outliers. Fromthe statisticalpoint of view normally distributed measurementsith
a standarddeviation o arewithin 3.c of the expectedvaluewith a probability of 99.73%. This means
that the differencebetweentwo clock correctionsderived from the obserationsto satellites: and 7,
respectiely, shouldwith the sameprobabilitylie within 3 - v/2 - 0. = 3 - o,.,, Whereo, is the standard
deviation of theionosphere-freénearcombinationof the codeobserations. Our algorithmis setup in
thefollowing way:
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1. Al possible differences are formed between the recever clock corrections
vi = (c-9d);,i = 1,...,ns computedfor eachsatellite;. A checkis performedwhetherthe
absolutevalueof eachdifferenceis smallerthan3 - o, :

Avij=1lvi—71 <3 000, 1=1,2,...,n5—1; j=i+1,i4+2,...,n,. (4.1)

All v; meetingtheabove conditionwith a particulary; areassignedo the samegroupas-y;. Figure4.1

shaws thatdifferentgroupsmay resultfor the obserationsof oneepoch.It may happerthattwo clock
correctiongA = +; andB= ;) meetingthe abose conditionarealreadyassignedo a particulargroup,
e.g.,A to groupone(X) andB to grouptwo (O) (Figure4.1). In this caseall membersof the second
groupareassignedo thefirst group.In our examplethis meanghatall valuesy; arefinally in onegroup.
The exampleillustratesthatnot all differencesbetweerthe ;s of onegrouparenecessarilyithin the
limits of 3 - o,,,, . In this examplethelargestdifferencebetweerthe;s is aboutl10 - o, . In theworst
casethisdifferenceis 3 - (ns — 1) - o,,,. Thisis dueto thedesignof thepre-screeninglgorithmandwe

may influencethe sizeof the groupwith matchingclock correctionyy;) by changinghevalueof o, .

Thesmallero,,,, thesmallerthe absolutedifferencebetweerthe smallestandthe largestry; of agroup
will be.

2. Thevaluesy, of the groupwith the largestnumberof memberdq“majority voting”) are usedto
computeameanvaluey’ anda standardieviationo..

3. Eachrecever clock correctiony; of the processeapochis comparedwith this meanvalue 5’

(A% = |y — ')
o b : Ay, <3 Oy
%_{ C: AY>B 0y (4-2)

where

b meansthatthe obseration is acceptedput hasto be checled within the following iterative

leastsquaresdjustmenstep,and
¢ meanghattheobsenrationis definitelyanoutlier.

If the differenceA%; is largerthana given multiple 8 of the computeds.,s (e.g.,8 = 10) the obsera-
tion is marked asan outlier andnot usedin the following point positioningprocedure.s3 is a defining
parameteof the algorithm. If the datawould have no systematicerrors,all differencesA#y; would be
with a probability of 99.73%within 3 - ., (= 8 = 3). Sincewe cannotcompletelyavoid systematic
errorsin the data(insuficient a priori information,biasedGPSclock correctionsetc.), this assumption

A B
| i

=3*sigma ,
o

I 60660 ©

—_—

~10*sigma

Figure4.1: Examplefor the groupingof ;.
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is notmet. Thatis why we provide thepossibilityto selecthevaluefor 8 manually If wewouldchoose
alargevaluefor g (e.g.,5 = 30) the pre-screeningill only detectextremeoutliersandthe otherbad
obserationsremainingin the processindiave to befoundin the secondstep,theiterative leastsquares
adjustmensstep. The dataquality after the pre-screeninglependghereforeon the screeningoptions.
The performancef thealgorithmmaybe influencedoy modifying thefollowing input parameters:

e theo, for arranginghe obserationsry; into groups(depend®n the codedataquality),

¢ thestandardieviation for settingtherejectionthreshold(it may eitherbe derved from the obser
vationsy; — o or specifiedasfixedvalues, ;. ), and

e thefactorg.

Thesamepre-screeninglgorithmis appliedto the phase-diierenceobserationswherethes, isreplaced
by v2 - o, (thefactorv/2 arisesbecausghedifferenceof two phaseobsenrationsis analyzedandwhere
~; is therecever clock correctiondifferenceof subsequentpochsderived from the phaseobserations
to satellite;.

Thekey factorlimiting the performancef the pre-screenin@pproachs the quality of the a priori
information. Thisis in particularthe casewhenprocessind.EO data.For the point positioningwith the
codethisis notaseriougproblem but for thescreeningf the phase-dierenceshequality of theapriori
informationis critical (seeSection3.4). Bada priori informationmay “mimic” badphaseobserations
which would thenbe erroneouslyemored asoutliersby the screeningalgorithm. To be surethatthis
doesnothappertherejectionthresholdshouldnot be settoo small. Thisimpliesthata secondscreening
stephasto follow in orderto find all obserationsdeterioratinghe solution.

4.2 lterative Screening Procedure

The seconddatascreeningstepis includedin the least-squareadjustmentstep. It follows the same
scheméfor the codeasfor the phase-dierenceprocessing.We will explain it basedon the codepro-
cessing.

1. The codeobsenations of the processe@pochwhich have beenacceptedy the pre-screening
procedureareusedto generate positionestimate.No solutioncanbe computedor a particular
epochif thenumberof satellitesperepochis n; < 4 andthe procedurestops.

2. Thesolutionis checled whetherthe RMS error of the positionestimateis smallerthanan exter
nally specifiedthreshold. If yes,the solutionis accepted.If not, a seriesof n,, solutions(rn,,
is the numberof acceptedbserationsin the processing)s computedwhereoneobsenrationis
removedin eachattempt.

3. Thesolutionwith the smallestRMS erroris selectecandthe obseration which wasexcludedfor
this solutionis marked asanoutlier.

4. Point2 and3 areiteratedaslong asthe solutionis not acceptedandmorethanfour obserations
areavailable.

It is clear thatthis seconddatascreeningstepis not asrohust asthefirst pre-screeningtep. We have
four unknavns (z, vy, z, ¢ - §) andbetweerfive andeightor tenobserationsdependingn the numberof
tracledsatellites.Thismeanghatthedegreeof freedomof this adjustments smallandtheidentification
of outliersis difficult.
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4.3 Processing Issues Related to LEOs

Theprocessingssuef particularimportanceor LEOsincludenotonly the pre-screeningpasednthe
principle of “majority voting”. Otherissuessuchascut-of angleandelevation-dependenteightingof
theobserationshave to be considereaswell.

Thezenithdirectionof a LEO spacecrafinay be definedby the unit vector

(4.3)

wherer is thegeocentriaunit vectorof the satellite. This definitionis independenof theattitudeof the
satelliteandof theplacewherethe GPSantennas mounted.Thelimit of thezenithangleis givenby the
Earthslimb atapproximatelyl10to 115degreesior a satelliteat400to 700km altitude.

The zenithdirectionof the GPSantennas definedasthe normalto the receving antenna micro-
chip array This zenithdirectionmustbe givenin the body-fixed coordinatesystemof the satellite. We
thusneedinformationaboutthe attitudeof the satellite,i.e., the orientationof the satellitebodyin the
inertial systemto relatethetwo zenithdirections.This secondzenithangleis relevantfor the discussion
of multipathcausedy the surfaceof the satellitebody or for the useof GPSantenngatterngo model
phasecentervariations.

If the GPSantennais placedon the top of the satellitebody both definitionsmay be identical. If
the antennas not on the top of the satellitebody as, e.g.,in the caseof GPS/MET(Section2.3.2)and
JASON-1(Section2.3.6),thetwo zenithanglesaredifferent.

Thenominalorientationof atypicalbody-fixedsystenof aLEO (e.g.,of CHAMP) is givenschemat-
ically in Figure4.2. The body-fixed Cartesiarcoordinatesystemis definedby the X-, Y-, andZ-axis.
Normally the body-fixed Z-axisis pointing towardsthe geocenteof the Earth. The body-fixed X-axis
is perpendiculato the Z-axisandis pointingapproximatelyinto theflight direction(only approximately
becausef theorbital eccentricity). Thebody-fixed Y-axiscompleteshe Cartesiamight-handedystem.
For CHAMP the differencebetweerthe realandthe nominalattitude(the real Z-axis of the body-fixed
systemandthedirectionto thegeocenterjs in mostcasesat maximumtwo degreegmaximumfive cen-
timetersfor theantennaffsetvector)andis correctedf it is gettingtoo large by the cold gaspropulsion
systemwhichleadsto severalattitudemaneuersduringoneday In thecaseof CHAMP thedifferences
aresmallenoughthatnormallythe nominalattitudemaybe usedfor the determinatiorof the orientation
of the GPSantennaandfor the correctionof the antennabffsetsto the centerof mass.Realattitudedata
areavailablefor CHAMP, aswell.

To getanideawhatcanbe expectedconcerningjuantityandquality of the GPSdatafor a LEO we
will first have alook atthe performancef the GPSreceversof CHAMP andSAC-C. We focuson the
performancef thesesatellitedbecausenostLEO GPSdataanalyzedcerestemfrom thetwo spacecrafts.

4.3.1 GPS Receiver Performance
CHAMP

The CHAMP satelliteis orbiting in a nearcircular orbit with aninclination of 7 = 87° and an orbit
altitude betweend70 km (at the baginning) and 300 km (at the end of the mission). The BlackJack
GPSrecever on-boardCHAMP has16 channeldor eachfrequeng. They arenot only dedicatedo
the POD antennaon top of the satellitebut alsoto the GPSIlimb soundingantennaat the rear side of
the satellitebody andto the experimentalGP Saltimetry antennaat the bottomof the satellitebody At
maximumtwelve channelsreavailablefor the POD antennaAt the beginning of the missiononly the
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GPS satellite

GPS antenna position
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Figure4.2: Satellitebody-fixed system(schematically).

Table4.1: Summaryof switchesin the trackingsoftware of the GPSrecever on CHAMP [Grunwaldg

2002].
Switchatdoy | Max. numberof || Switchfor ashortperiod | Max. numberof
tracled satellites tracledsatellites
199/2000 7
026/2001- 027/2001 8
041/2001- 042/2001 8
047/2001 6
054/2001- 056/2001 8
081/2001 8
129/2001(24 h test) 9
064/2002 10
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Figure4.3: CHAMP recever performancdor doy 063to 065,2002(softwareswitchduringbreak).
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Figure4.4: Changen trackingperformanceftersoftwareuploadon doy 206/2001.

PODantennavasswitchedon; becausef softnareproblemghetrackingcapabilitywaslimited to seven
satellitegLoyer, 2000]. In the meantimethe recever tracksup to ten satellitessimultaneously{Status:
April 10,2003).

For all zero-diferencekinematicapproachest leastfour good obserationsmustbe available be-
causeotherwiseno positioncanbe determined.Thereforejt is importantto knov how mary satellites
canbe tracked at maximumby the recever on-boarda LEO. Table4.1 lists the maximumnumberof
satellitestracked by the GPSrecever on-boardCHAMP for differenttime periods.After the activation
of the GPSrecever on doy 199/2000(July 17,2000)the recever tracked up to sesen satelliteswith its
POD antenna.The recever wasthencommandedo track up to eight satellitessimultaneouslyon doy
081/2001March22,2001).Ondoy 064/2002March5, 2002)therecever waseventuallyableto track
upto tensatellites.

Figure4.3(a)shawvs the numberof tracked satellitesfor doy 063to 065/2002.Therecever actually
tracked up to eight satellitesuntil it stoppedtrackingon doy 064 for several hours. After this break,
during which the software changetook place, it startedagainwith trackingup to ten satellitessimulta-
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4.3 ProcessingssuesRelatedo LEOs

Table4.2: Summaryof switchesn thetrackingsoftwareof the GPSrecever on SAC-C.

Switchatdoy | Max. numberof || Switchfor ashortperiod | Max. numberof

tracked satellites tracked satellites
327/2000 8
191/2001 6
220/2001- 222/2001 9
222/2001 6
223/2001 7
036/2002 12
089/2002 8

neously Figure4.3(b)shavs the histogranof the obserationsfor doy 063to 065/2002asa functionof
thezenithanglesof theobseredsatellites Eachdayis representetly oneof thethreebarsfor eachbin.
Onday 064 few obserationsweremadedueto theinterruptionlastingfor seseralhours. Furthermore
we recognizethe increasechumberof tracked satelliteson doy 065 by a larger numberof obserations
with zenith distancesetween65 and 85 degrees. The increaseof the maximumpossiblenumberof
tracked satelliteamprovesthe obserationgeometryandis thereforevery usefulfor the kinematicPOD
approachefor CHAMP.

Anothervery usefulchangen the trackingperformancef the CHAMP recever wasmadeon doy
206/2001.0n this day anuploadof the trackingsoftwarewasmade[Grunwaldf{ 2002] andthe effects
canbeseenin Figure4.4. Beforedoy 206therecever tracked satellitesalsobelow thelocal horizon(90
degrees)but afterthe uploadit tracked only satellitesabove thelocal horizon. Thisfactis importantfor
thedataprocessin@swill beseenn Sectior4.3.3.

SAC-C

The Earthobseration satellite SAC-C (Section2.3.5)is orbiting at an altitude of 702km andthe sun-
synchronourbit hasan inclination of i« = 98°. The BlackJackGPSrecever on-boardSAC-C has
twelve channelsTable4.2 lists the mostimportantchange®f thetrackingsoftwareon SAC-C we have
identified. At presenthe SAC-C recever is trackingup to eightsatellitessimultaneouslyStatus:April
10,2003).

Figures4.5(a)and4.5(b) displaythe sameinformationfor SAC-C asFigures4.3(a)and4.3(b)for
CHAMP. The two relatedfiguresto SAC-C shav, asexpected,a more balancedoerformanceor the
threedaysbecausao softwareswitchwasmadeduringthis time intenal for the SAC-Crecever.

4.3.2 Data Quality and Pre-screening Options

Dataquantityis in generala goodindicationfor the performanceof a GPSrecever andthereforejn a
certainsensealsofor the quality of theresultsto be expected. Thenumberandlengthsof datagapsare
animportantcriterionfor the performancef a GPSrecever, aswell. In particularfor kinematicpoint
positioningwe absolutelyneedobserationsto determinethe position at a specificepoch. This is an
essentiadifferencew.r.t. the approachebasedon dynamicorbit modeling,wheregapsmay be bridged
(to someextent) by the equationof motionof the satellite. The datasetsof both satellites CHAMP and
SAC-C, have datagapswhich maybe attributedto recever resetsor to the downlink periods.
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Figure4.5: SAC-Crecever performancdor doy 063to 065,2002.

We have seenthatdifferentscreeningpptionsmay be neededo optimizethe pre-processingroce-
dure.Studieswereperformedo getinsightconcerninghe effect of the options.Thefollowing testsare
basedon datastemmingfrom SAC-C of doy 051/2001(February20,2001). From CHAMP we usethe
GPSdataof doy 152,2001(Junel, 2001). Figure4.6 shavs the numberof effectively tracked satellites
for the two daysconsideredThe SAC-C datahave no gapandthe CHAMP datahave onegapof about
15 minutesandin additiontwo singleepochsaremissing.

The datasetsare ideal for studyingthe pre-processingptionsoutlinedin Section4.1 and other
processingssues.

Let us first study the numericalvaluesfor 0./, the RMS error of the clock correctionterms-y; of
the biggestgroupof "good” obserations. As o, is actuallycomputedrom the clock correctionst is
ameasurdor the dataquality. All availabledatawereusedfor this test,implying thatthe obserations
trackedbelow thelocalhorizonwereused aswell. FiguresA.7(ajto 4.7(d)give thehistogramf o,/ for
all epochsof theday consideredThe a priori standarddeviation usedfor the codeandphasescreening
areo,,, = 1.0m (o, = 0.7m)ando,,., = 0.01m (o, = 0.005m), respectrely, for bothsatellites.The
selectedvaluefor o4, is marked by a verticalline. The percentag®f obserationsin total usedfor
the determinatiorof thevaluesfor 0.,/ aregivenin thefigures,too.

Thehistogram®f o.,, aredifferentfor thetwo recevers. Obviously, thedataof the CHAMP recever
arenoisierthanthoseof theSAC-Crecever. For SAC-Co,,,, = 1.0misrepresentate for thehistogram
of o (Figure4.7(a)). For the phaseobserationsthe histogramof ., is narraver thanexpectedfrom
theintroductionof oy, = 0.01m. For CHAMP, ontheotherhand,o.,» of thecodeobserationsshav a
broadethistogram.The sameis truefor o.,, obtainedrom the phaseobsenrations.

For SAC-Cthevaluesof o.,., = 1.0mandoy,,, = 0.01m seento beappropriatebut for CHAMP
thesevaluesseemto be too optimistic. This behaior may be dueto the obserationsgatheredelon
local horizon. Theconclusiorfrom this testis to adoptthevaluesto o, = 1.5mando,,,, = 0.015m
for CHAMP.

Figures4.7(e)and 4.7(f) shav the histogramof ¢, usingo,,.,, = 1.5m ando,,, = 0.015m.
A broaderhistogramis obtainedfor o,/ thanin the correspondind-igures4.7(c)and4.7(d) for both,
the codeandthe phaseobserations. The percentagef obserationsusedfor the determinatiorof o,
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Figure4.6: Numberof effectively tracked satellitesfor CHAMP 152/2001andSAC-C 051/2001.

is, onthe otherhand,ten percenthigherfor the codeobsenrationsandfive percenthigherfor the phase
obsenrations,if we usethebiggervaluefor o, . Thequestiorwhetherthevaluesof 1.0m and0.01m,
or, alternatvely, 1.5m and0.015m shouldbeusedin practicewill beanswereattheendof thissection
afterhaving studiedall optionsrelevantfor the performancef the pre-screeninglgorithm.

Onedayof datafor eachsatelliteis of coursenotrepresentate for alongdatasetof thetwo satellites.
Figures4.8(a)and4.8(b)for instanceshaw thehistogramsf o usingo..,,, = 1.0mando,,,. =0.01m
for SAC-C ondoy 067/2002.Thesemorerecentdataof SAC-C shav a similar performanceasthe data
of day 051/2001with the differencethat approximatelyten percentmoreobsenrationsare usedfor the
determinatiorof o.,,. The differencebetweenthe two daysis that the recever tracked up to twelve
satellitessimultaneouslyn doy 067/2002nsteadof eightondoy 051/2001.

Figures4.8(c) and4.8(d) shav the histogramsof the o,/ valuesusingo,,.,, = 1.0m andoy,,, =
0.01m for CHAMP onday 145/2001.Thisdayis only oneweekbeforeday 152/2001thedataanalyzed
in Figure4.7, but shaws a ratherdifferentbehaior. As the last examplewe includethe histogramof
the 0., valuesfor CHAMP on doy 067/2002(Figures4.8(e)and4.8(f)). This day falls into the time
period wherethe recever did no longertrack belav the local horizonand whereup to ten satellites
wereobsered simultaneously The histogramsare similar to the histogram=f doy 145/2001with the
differencethat the percentagef obserationsusedfor the determinationof the correspondingr.,s is
higherandthe histogramof ¢.,, of the codeobserationsis slightly narraver thanfor doy 145/2001.
The two examplesof CHAMP seemto indicatethat the dataquality of doy 152/2001is worsethan
normal. We will neverthelessusethis datasetfor further studiesto getinsightinto the performanceof
the pre-screeninglgorithmfor dataof arelatively badquality.

Next, we study A%;, the differencebetweeneachry; andthe meanvalue?y’ definedby eqgn.(4.2).
Thepre-screeningrocedureeheckswhetherthevaluesof A¥; lie within thelimits definedoy 3 - o/ of
eqn.(4.2). Thereforewe studyhistogramsof theratiosA%¥; /0.,

Thesehistogramamay be found in Figures4.9(a)and 4.9(b) for SAC-C 051/2001. For CHAMP
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152/2001bothexamplegqthefirst usingo,,,, = 1.0mando,,., = 0.01m andthesecondusingo,,, =

1.5mandoy,,, = 0.015m) areincludedin Figures4.9(c)and4.9(d)andin Figures4.9(e)and4.9(f).

Theratioson the horizontalaxesaregivenin unitsof 3 (seeeqn.(4.2)). The baron theright handside
in eachfigureis the sumof all ratioslargerthans = 20. Two versionsare given for eachhistogram,
wherethe oneto theleft containsthe entireinformation,the oneon theright is cut at threepercenton

theverticalaxis.

Thevaluesof theratiosdependirectly on thedistribution of theo.,, (Figures4.7(a)to 4.7(f)). The
histogramsof codeand phase-dierencesare different. Thereare differencesbetweerthe histograms
for CHAMP andSAC-C, aswell. As a consequencehe properchoiceof thefactors determiningthe
rejectionthreshold(3 - o) for outliersdependslsoon thedataquality. As expectedthehistogramdor
thetwo exampledor CHAMP aredifferent. Thehistogram®f thefirst examplearebroadeifor both,the
codeandthe phasewhencomparedo the secondexample.For the phase-dierenceghe distribution is
the samefor the bins 8 >12, implying thatthe rejectionof large outliersis the sameno matterwhich
op... 1S Selected. For the code obserationsa similar conclusioncannotbe dravn dueto the higher
percentagef theratiosin all binss > 3.

The questionis whetherit is reasonabléo selecta thresholdof, e.g.,8 = 3 or onewith 8 > 3, in
which caseobsenrationsof a moderatequality areincludedandwould contrilute to a morestablepoint
positioningsolution. On the otherhand,if therejectionthresholds setto a big value,badobserations
candeterioratdhe quality of the point positions.Testswerecarriedoutusings = 2, 3,5, 10,20,30and
40to identify theoptimumvalue.

Figures4.10(a)and4.10(b)shav thepercentagef deletedobserationsfor SAC-Conday 051/2001
for different values of the threshold value g for code and for phase-diierence obserations.
Figures4.10(c)and 4.10(d) give the sameinformationfor CHAMP on doy 152/2001for the first ex-
ample(o,,,, = 1.0m, g, = 0.01m), Figures4.10(e)and4.10(f) for the secondexample(o,,,, =
1.5m, g, = 0.015m). Thelower curvescorrespondo the percentag®f obserationsdeletedby the
pre-screeningrocedure.The uppercurves correspondo the percentagef obserationsremoved by
thecompletepoint positioningprocedureij.e., they includethe obserationsmarked dueto therejection
criterionin theiterative leastsquaresdjustmenstep.

Thefiguresshav a very differentbehaior for SAC-C andfor CHAMP, ascould be expectedfrom
inspectingFigures4.9(a)to 4.9(f). For the codeobsenrationsof SAC-C in Figure4.10(a)thedifference
betweerthetwo curvesis abore 3%for all valuesof 5. A largervalueof 8 meanghatmary obserations,
which areactuallyoutliers, passthe pre-screeninglgorithm. In this casethe bad obserationshave to
be found during the leastsquaresadjustmenstep. The flatteningof the uppercurwe in Figure4.10(a)
indicateghatmostof themarefoundfor g > 10. Thedecreasef thepercentagbom g = 2to g = 10is
remarkable The curvesgive no informationon which is the correctpercentagef deletedobserations.
It seemshowever, thatthepercentagéor 8 =2 or 3istoolarge.

On the other hand, Figure 4.10(b)for the phase-dierenceprocessinghavs that both curves are
flatter than for the code processingand nearly coincide. This meansthat in the caseof the phase-
differenceprocessingnostbadobsenrationsarealreadyrejectedby the pre-screeninglgorithmalmost
independentlyof the value of 3. This indicatesthat the phaseobserations shav more or lessonly
extremeoutliersdueto cyclesslipsor phaseesets For CHAMP the curnveslook different. Thedecrease
of the percentagef removed codeobserationswith increasingvaluesof 3 is more pronouncedhan
for SAC-C, but the differencebetweenthe upperand lower cune is lesspronounced.For the phase
obserationsthis differenceis largerthanfor SAC-C andthe percentag®f deletedobsenrationsis also
larger For 2 < 8 < 10,the percentagés clearlylargerfor thefirst example(Figure4.10(d))of CHAMP
thanfor the secondone (Figure4.10(f)). Thesediagramsunderlineoncemorethattherearesignificant
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4.3 ProcessingssuesRelatedo LEOs

differencesof dataquality of the two receverson CHAMP andon SAC-C, respectiely, for the days
consideredlf we comparghetwo CHAMP examplesverecognizehatthereareremarkablalifferences
in thetwo curvesfor g < 20. For 8 > 20thedifferencesaremaginal andit doesnot matterwhichvalue
for ops,,, Wasused.

In summarywe may statethatthe pre-screeninglgorithmis working reliably for differentrecever
data.To make the procedurgobustwe have to take the dataquality into accountj.e., the pre-screening
optionshave to be selectedaccordingto the dataperformanceand quality of therecever. The studies
performedto testthe pre-screeningptionslet us concludethatin the caseof CHAMP andSAC-C the
choiceof o.,,, = 1.0m, g;,,., = 0.01m, and10 < g < 20 seemdo be appropriate.This choiceis
appropriatdor CHAMP, too, becauseve have seerthatthelower dataqualityondoy 152/2001is anex-
ception,but thatthe pre-screeninglgorithmwith the abore recommendedaluesstill givessatistctory
results.Neverthelessheseareonly preliminaryresultsbecauseve looked only attheperformancef the
pre-screenin@lgorithmitself. Whetherthe kinematicpoint positioningsolutionis betterwith a small
or alarge valuefor 8 canbe concludedonly whenwe studythe impactof the valueson the resulting
kinematicpositionsin Chapter6.

4.3.3 Elevation-dependent Weighting and Cut-off Angle

The cut-of angleaswell asthe function usedfor the elevation-dependdnweighting of obserations
significantly influencethe resultingkinematicpositions. [Rothater et al., 1998] proposeto give an
obserationatzenithdistancez of aterrestrialstationa weightof

w(z) = cos? (2). (4.4)

It is an openquestionwhetherthis weightingschemes appropriatdor LEO GPSdata,aswell. LEO
obserationsat low elevationsarenot corruptedby tropospheriaefraction(only directly at the Earth’s
limb they arecorrupted)but multipatheffectsmaynevertheles®eanimportantsourceor degradatiorof
low-elevationdataquality—in particularbecaus@ LEO maytracksatellitesatzenithanglessignificantly
largerthan90° (up to 105° — 110°). In fact, CHAMP and SAC-C tracked in their early missiontimes
satellitesbelown the local horizon,which raisedthe questionwhethersuchobserationsare of ary use
atall. This questionis implicitly answeredor CHAMP by thefactthattoday(sincedoy 206/2001)no
obserationsaregatheredelown thelocal horizonof the spacecratft.

Studieswere neverthelessmadeto seewhetherlow elevation obserationsimprove the point posi-
tioning, if anappropriateveightingis used.A simplemodificationof theweightingfunction(4.4)allows
it to includeobserationsat z > 90°

w(z) = cos® (a- z), (4.5)

Figure4.11 shavs the weightingfunctionw(z) for « = 1 anda = 0.75, wherethe weightsdown to
z = 120° aregiven. The“stretchingfactor” « is obviously useful.

Multipath may heavily degradethe obserationsat low elevations. It is thereforealsoimportantto
studythe contrikution of obserationsat zenithangles30° < z < 90°. Furtherstudiesandresultsmade
by usingdifferentmodificationsof the developedpre-screeninglgorithm,differentweightingfunctions
anddifferentcut-of anglesfor LEO dataarepresentedh detailin Chapter6.
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Figure4.11:Differentweightingfunctionsw(z).

4.4 Development of a Data Screening Procedure for a Permanent
Network

A new pre-processingrocedurebasedon the obserationsof oneroving recever hadto be developed
for processingGPS obserations of spaceborné&PSrecevers. As the trajectory of the spaceborne
recever may be modeledover long time spanghoursor evendays)with accuracie®n thelevel of few
centimetersthis particularcaseof kinematicpositioningis very closelyrelatedto staticpositioning.It is
thustemptingto applythepre-processinglgorithmsdevelopedor LEOsto thecaseof staticpositioning,
aswell.

Excellenta priori informationconcerninghe“trajectory” of afixedrecever is availablefor stations
includedin thelGS network. Thealgorithmallowsit to developa datascreeningprocedurdor codeand
phaseobserationshasedn a station-andepoch-wisgrocessingf thedata. Therequirementsor such
aproceduraretheavailability of:

e precisestationcoordinatesn the ITRF,
e preciseorbit informationfor the GPSsatellitesn the Earth-fixed system(ITRF),

e precise30-secondlock correctionsfor the GPSsatellites(including DCBs, Differential Code
Biases)and

e tropospheridelayestimatedor the stations- not mandatory

Theserequirementsare met, e.g., by the stationsof the IGS network and the productsdelivered by
CODE (Section2.2.2)to the IGS. Theseproductsincludestationcoordinatesgrbits, ERPs,DCBs,and
troposphereestimates.The 30-secondglock correctionsare computedby the proceduredescribedn
[Bok etal., 2000]and[Bodk etal., 2003]usingthe 5-minutesclock correctionscomputedoy CODE.

TheoriginalprogramLEOKIN for zero-diferencekinematicpointpositioningasshavn in its simple
form in Figure3.2is notyet capableof servingasa self-containedlatascreeningool. We have to add
theoptionsto

e generatalist of thecodeandphaseobserationsexcludedby the pre-screeninglgorithmandthe
leastsquaresdjustmentn the codeor the phase-dierenceprocessingandto

e generatalist of theepochavherenen ambiguitiedor specifiedsatelliteshave to be setup for the
phaseobsenrations.
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With this concatenatelilst of problemcasesve maythenusetheprogramSATMRK of theBernesesPS
Software[Hugentobleretal., 2001]to modify theobserationfiles accordingly
Thanksto the excellenta priori information concerningthe stationcoordinatest was possibleto
modify the pre-screeninglgorithmfor the phase-dierenceobserations. For the datascreeningf the
phaseobserations of terrestrialstationswe classify the values+; not accordingto relation (4.2) but
accordingo
a : A’7 S 3- O',YI
Yi=q b : Ay<B-oy (4.6)
C : Ay> -0y

where

a meandhattheobsenrationis accepted,

b meansthatthe obseration is acceptedput hasto be checled within the following iteratve least-
squaresdjustmenstep,and

¢ meanghattheobsenrationis definitelyanoutlier.

Subsequentlpbserationsmeetingthe condition“a” of eqn.(4.6) will be acceptedvithout furthercon-
trol, implying that theseobsenrations cannotbe rejectedby the estimationprocessfor the position-
differencesafterthe pre-screeningThe obserationis soto speak'protectedagainstrejection”. Obser
vationscorrespondingo the valuesof +; meetingcondition“b”, on the otherhand,arechecled again
duringthe estimationprocesslt maybethatthey arehelpful for a stabledeterminatiorof the position-
differenceor they maydisturbthe solution. In the caseof aterrestrialstationthe a priori informationis
moreprecisethanin the caseof a LEO. Thatis why we protectthe obserationsmeetingthe condition
“a” againstrejection. Theseobserationshave to be okay The leastsquaresadjustmenstepbecomes
morerobustdueto this protection.It may be thatwe have eightobserationspassinghe pre-screening
algorithm. Six of themmeetcondition“a” andtwo meetcondition“b”. In theleastsquaresadjustment
now only the two obserationsof condition“b” may be responsibldor a possibledeteriorationof the
solution.It maybethatbothhave to be excludedbut it mayalsobethatoneis remainingin the process-
ing becausdt stabilizesthe position. Obserationsclassifiedin “c” in thetestof eqn.(4.6) aremarked
asoutliersandaddedo theabore mentionedist.

This modificationof the pre-screeninglgorithmof the phaseobserationshasthe advantagethat
unnecessariferationsin thekinematicpoint positioningprocedureareavoidedandthatthe detectionof
badobserationsdisturbingthe solutiongetsmorereliable. The modificationis not madefor the code
processingiecausehe quality of the code obserationsis very differentfor different GPSrecevers.
Sincewe screerall codedatawith thesamer,,, theusageof themodificationwouldbenotasreasonable
asfor the phase-dierenceprocessing.

Theactionsperformeddueto badobsenrationsareslightly differentfor codeandphaseobsenrations.
Thereforewe explain bothprocedureseparately

4.4.1 Screening of Code Observations

Sincethe point positioningand thereforealso the pre-screenin@lgorithmis basedon a station-and
epoch-wisegprocessingf the datait is sufficient to outline the procedureof codeobserationsfor an
epochand one station. If the following criteria are not met by the obsenrations, the P1- and P2-
measuremerdf thespecifiedsatelliteandepocharemarkedandexcludedfrom thefurtherprocessingf
thedata:
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Figure4.12:Actionsperformedior phaseobserations.

ThedifferencebetweenP1 and P2 hasto be smallerthana specifiedvalue(e.g.,30 m).

Orbit andclock correctioninformationhasto be available for the obsered GPSsatelliteof the
processeeépoch.

The testvalue+y; hasto bein category “b” in egn.(4.2); the point positioningprocedurehasto
confirmthatthe obserationis okayanduseful.

At leastfour obserationshave to be availablefor theepoch.

4.4.2 Screening of Phase Observations

Whenscreeningphaseobserations,obserationsmay be marked or flaggedfor settingup a nev ambi-
guity. The criteriawhich have to be metby a good phaseobseration of oneepoch-diferencearethe
following:

Orbit andclock correctioninformationhave to be availablefor the obsered GPSsatellitefor both
epochs.

Thetestvalue+y; hasto beclassifiedas“a” or “b” in eqn.(4.6). If thesecondcondition“b” is met
theestimatiornprocesasto confirmthatthe obseration-diferene is okay

At leastfour obseration-diferences have to beavailablefor the epoch-diferenceconsidered.

Thesatellitehasto be obseredat bothepochsdn orderto form the difference.

If oneof the abore conditionsis not met, the case-dependeiaictionsillustratedin Figure4.12arein-

voked. Thefirst line in Figure4.12 standsfor the casethatno obserationsare availableto a satellite
for alongerperiodbeforetherecever startsto track the satellite. In this casewe have to setup a nev

ambiguityatthefirst epochthesatelliteis obsered. At thismomentit is notclear however, whetherthis

obsenrationis of acceptablguality This maynotbe checleduntil thedifferencewith theobsenration of

thenext epochis formed. If theobserationsthenshouldberejectedhethird line of Figure4.12applies.
Thesecondine illustratesthe casewheretheobsenration-diferene for theconsidere@poch-diference
is recognizedas an outlier. In this casethe obseration of the first epochof the epoch-diferenceis

markedasbadandatthe secondthe currentepochwe setup anew ambiguity
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If acycleslip hasoccurredbetweerthesawo epochdor thissatellitewe have markedtheobseration
of the first epochunnecessarilyBut with our processingstratgy of forming independentifferences
from one epochto the next we may not recognizewhethera bad obseration-diference is dueto an
outlier or to a cycle slip. To be on the safeside,we markin all thesecaseghe obsenration of the first
epoch.

Thethird line of thefigure canjust be seenasthe continuatiorto the secondine. If we foundabad
obsenration-difererce relatedto a particularepoch-diference whereat the first epocha new ambiguity
alreadywassetup, we markthis first obserationand“move” the nev ambiguityflag to the obseration
of thecurrentepoch.

Thevalidationandapplicationof this datascreeningorocedurdor zero-diferenceobsenrationsof a
terrestrialnetwork is presentedh Section6.7.
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5. Dynamic and Reduced-d ynamic Orbit
Modeling

Kinematicpoint positions(e.g.,from LEOKIN) maybe usedaspseudo-obseatiors in anorbit determi-
nationprocesdasedn a physicalorbit modelin orderto generate dynamicor reduced-dynamiorbit.
Ourwork alsodealswith dynamicandreduced-dynamistratgiesfor LEO preciseorbit determination
(LEO-POD).As alreadymentionedn Section2.4thephysicalmodelsfor the perturbingforcesaremore
complicatedor low Earthorbiting satellitesthanfor satellitesorbiting at higheraltitudes,suchasGPS
or GLONASS. Theorbit of a high orbiting satelliteis in generakuficiently well parametrizedby initial
conditionsandafew dynamicalparameters-or LEOstheforcefield is usuallynotknown with sufficient
precision(e.g.,the higherdegreeandordertermsof the gravity field or the atmospheriarag)andthe
orbit determinatiorprocedurehasto allow for a stochasticcomponenin the satellitemotion [Beutler,
2004].

Table5.1[Rothater, 1992]liststhe perturbingaccelerationactingon a GPSsatelliteandTable5.2
thoseactingon a LEO. Olviously, the perturbationslueto the gravity field of the Eartharelarger by
sevseralordersof magnituddior LEOs. Theimpactof lunarandsolargravitationalattraction.ontheother
hand,is slightly smallerfor LEOsbecaus@nly the relative acceleratiomw.r.t. the geocentedefinesthe
perturbationTheeffect of theradiationpressureiepend$nainIyonthefactor% (ratio area-to-masgjf
thesatellite. The perturbatiordueto atmospheridragmainly depend®nthealtitudeof the satelliteand
the & ratio.

Dynamicalorbits (whencomparedo the kinematicorbits) have the advantageof beingcontinuous
andwithout gaps. For applicationgrequiringcontinuouspreciseorbit informationa kinematicsolution
may not be the optimum. On the otherhand,preciseknowledgeof the physicalmodelsdescribingthe
forcesactingonthe satelliteis requiredin orderto generate dynamicalsolution.

Table5.1: Perturbingaccelerationactingon a GPSsatellite.

Perturbation Acceleration
m/s?
Two-Body Termof Earths Gravity Field 0.59
Oblatenessf the Earth 5-107°
LunarGravitational Attraction 5.1076
SolarGravitational Attraction 2.107°
OtherTermsof Earths Gravity Field 3-1077
RadiationPressurgdirect) 9.1078
Y-Bias 5.10~10
Solid EarthTides 1-107°
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Table5.2: Perturbingaccelerationactingon a LEO satellite.

Perturbation Acceleration
m/s?

Two-Body Termof Earths Gravity Field 8.6
Oblatenessf the Earth 2.1072
OtherTermsof Earths Gravity Field 2.1074
LunarGravitational Attraction 1-10°6
SolarGravitational Attraction 4.1077
AtmospheridDrag 5.1077
RadiationPressurgdirect) 3-1078
Albedo 4.10710

5.1 Program SATORB

The programSATORSB is thetool usedsubsequentlyor the dynamicandreduced-dynamiorbit deter
mination procedure.Positionsand, possibly position-diference are usedas obsenrationsin the orbit
determinatiorprocessFor our applicationghepositions(andposition-diferen@s) aretheresultof pro-
gramLEOKIN. The positionsmay eitherbe derived only from codeobserationsor they aretheresult
of the combinationof codepositionswith phase-devied position-diferences(Section3.4). Alterna-
tively, positionsandposition-diferen@s (alsofrom LEOKIN), may be introducedasseparatebsenra-
tion typesinto the orbit determinatiorprocess.They areweightedin programSATORB accordingto
their estimatedRMS errorsin programLEOKIN or accordingto a userdefinedweight ratio between
positionsandposition-diferences.To male useof thesetwo separat@mbseration typeshasan adwan-
tagecomparedo usingthe combinedpositions. The artificial jumpsin the combinedpositionsdueto
interruptsin the phase-dierenceprocessingor dueto datagapsare not presentin the positionsand
position-diferences They arecombinedn the dynamicorbit determinatiorprocesgollowing the phys-
ical models. Pseudo-stochastfulsesmay compensatisuficienciesof the modelanddo not have to
compensatéor artificial problemsin the combinedpositionsdueto the jumps. The betterthe physical
modelsthefewer stochastipulseshave to be setup.

Theequation®f motionof theLEO arebasedntheparametrizeghost-Nevtonianmechanic¢PPN-
approximationandintegratedusingacollocationtechniquedescribedn [Beutler 2004]. Modelsfor the
following perturbingforcesareimplementedn SATORB:

e Gravitationalforces(andgravity-relatedeffects):

Earthgravity field,

solid Earthtides,

oceartides,

third-bodyperturbation®f the Sunandthe Moon,

relatvistic PPNcorrections,

— precessiomutation,andpolarmotion.
¢ Non-graitationalforces:

— atmospheridrag,
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— directradiationpressureand
— Earthalbedoradiationpressure.

Non-graitational forcesmay also be taken into accountby analyzingaccelerometemeasurements
theorbit determinatiorprocess.
Thefollowing parametermaybe estimatedptionallyandin additionto thesix osculatingelements:

e upto nineempiricalparameters,

e scalefactorfor atmospheridrag,

e scalefactorfor directradiationpressure,
¢ albedoparameteror

e pseudo-stochastjfulsesat pre-definedepochs.
Whenusingaccelerometaneasuremenisnemayin additionsolve for

e scalefactorsand

e biasedor theaccelerometedata.

Subsequent)ythe modelsandalgorithmsareexplainedin detail.

5.2 Gravitational Forces

5.2.1 Earth Potential

The gravity field of the Earthis usually representedby sphericalharmonicfunctions. A consequent
useof normalizedLegendrepolynomialsavoids numericalproblemsrelatedto high degreeand order
terms.Severalsetsof coeficientsareavailableandcanbe usedfor the orbit determinationThe models
usedfor our studiesin dynamicalorbit determinationare the JGM-3 [Tapley et al., 1996], GRIM5-
S1[Biancaleet al., 2000], EGM96 [Lemoineet al., 1998], TEG-4 [Tapley et al., 2000] and EIGEN-
1S[Reigberet al., 2002]. The maximumdegreeand ordercanbe selecteddependingon the satellite
beingprocessedTheperturbationslueto thegravity field for thehighersatellitedike GPSaremodeled
with sufficient accurag by usingthe sphericalharmonicsup to degreeandordereight. For the LEOs
this is not suficient andwe have to useexpansionsof degreeandorder 70 or more. For LEO orbits
it proved to be problematicthat mostgravity modelsdo not provide suficiently accuratehigh degree
andordercoeficients. As gravity modelsare available using CHAMP datafor the computationof the
model (TEG-4 and EIGEN-1S),the situationimproved andthe nev modelsrepresenthe gravity field
muchbetterthanthe older gravity models. The issueof usingdifferentgravity modelsis addresseih
Section6.5.

5.2.2 Solid Earth and Ocean Tides

Thetidal potentialusedin SATORB conformsto the IERS Standard4.996[McCarthy 1996]. In total
17 constanandfrequeng-dependst termsareusedwith a harmonicexpansionup to degreeandorder
four. The permanentide is handledaccordingto the gravity field usedandthe solid Earthpoletide is
applied.Thegravity potentialaddedby oceartidesarerepresentelly constanandfrequeng-dependent
termsfrom the CSR3.0globaloceartide model[Eanesand Bettadpuy 1995].
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5.2.3 Third-body Perturbations

The perturbationglueto SunandMoon arecomputedusingthe DE200JPL Developmentphemerides
[Standish1990]. The perturbationdrom majorplanetsarenotimplemented.

5.2.4 Precession, Nutation and Polar Motion

Precessiorand nutationare implementedollowing the IAU resolutions1976 and 1980, respectiely
([Seidelmann1992]),andfor the polarmotionthe IERS Bulletin A or theIGS valuesareused.

5.3 Non-gravitational Forces

The modelingof the non-graitational forcesis not standardizedo the sameextentasthe modelingof
thegravitationalforces.In thefollowing sectionghe modelsusedin SATORB for the non-graitational
forcesarebriefly characterized.

5.3.1 Atmospheric Drag

The determinatiorof the perturbationdueto the atmospheriaragactingon the satelliteis one of the
mostdifficult tasksin modelingthelow Earthorbiting satellites because¢he atmosphericensityalong
the satelliteorbit is not preciselypredictable.In theseheightsnot mary measurementare availableto
determinean exact modelof the densityof the higheratmospherandits time variation. Nevertheless,
se/eralmodelsaxist andwe usethe MSISe-90(MassSpectrometesindincoherenBcatter]Hedin 1987,
1991]modelfor computingthe densityof the higheratmosphereThe MSISe-90givesthe densityasa
functionof the

¢ heightabove the Earths surface,

dayof year

geodetidongitudeandlatitude,

daytime,

truesolartime,

solarflux F10.7cm, andthe
¢ planetarymagnetidndex Ap.

The MSISe-90modelthus takes seasonalariationsof the air density variationswith local time and
geographidocationaswell aswith solaractivity into account.

With thedensityp(r) basednthe MSISe-90the perturbingacceleratiom; for asphericakatellite
dueto theatmospherenaybe expressedas[Beutler 2004]

C ) 7
an= =g plr) 2 i

; (5.1)

C isthedragcoeficientfor theatmospheridrag,2 < C < 2.5.
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@ isthecross-sectionalreaof the satellitein therelevantdirectionfor the atmosphericrag.
m  isthemassof the satellite.
7 isthevelocity vectorof the satellitein the Earth-fixed frame.

We may chooseconstantvaluesfor C, @ andm usinga sphericalsatellitemodel(cannonball model).

The three parametersre different for eachsatellite being processed.More realistic satellite models
requiringknowledgeof the satellitedimensionssuriacepropertiesandattitudearenot currentlyimple-

mented.In additionto thea priori model(eqn.(5.1)) programSATORB offersthe possibilityto estimate
ascalefactorsy; for theatmospheridrag

a’at = sat* Qat (5.2)

in orderto adaptthe atmospheriadragcomputedoy egn.(5.1) to the actualpropertiedC, @, m) of the
satellite. The main uncertaintyof the modelis the atmospheriaensityandits variationswith time and
locationatthealtitudeof the satellite.

5.3.2 Direct Solar Radiation Pressure

Theacceleratiomlueto solarradiationpressuranainly depend®n the shapeandon thereflectionchar
acteristicof the satellitebody For a sphericakatelliteit may be expresseds|[Beutler 2004]
C A? S Q r—r,

a —_ . - — . 2. .
P 2 \7'—7'3|2 c m |r—rg

(5.3)

C isthecoeficientfor directradiationpressure.

r  isthegeocentriovectorof the satellite.

rs isthegeocentriozectorof the Sun.

Ae istheastronomicalnit, Ae = 149 '597'870'610 m[Lang 1992].
S istheSolarconstants = 1’ 368 5> [Lang 1992].

¢ isthevelocity of light.

@ isthecross-sectionadreaof the satellitein the relevantdirectionfor solarradiationpressurgdi-
rectionSun— satellite).
m  isthemassof thesatellite.

As opposedo atmospheridragaffectingthe satellitecontinuouslysolarradiationpressurectsonly if
the Sunis not eclipsedasseenby the satellite).If the satelliteis in the Earths shadwv, the perturbation
dueto the solarradiationpressurés zero. In the sameway asfor the atmospheridragwe have the
possibilityto choosehenumbers’, Q, andm correspondingo thesatelliteconsideredn SATORB. A
scalefactorsy for thedirectradiationpressuranay be estimated

a,rp = Srp - arp. (54)

5.3.3 Empirical Parameters

In additionto thedirectradiationpressureepresentelly eqgn.(5.3)we mayintroduceempiricalradiation
pressurg@arameterd theDY X-directions(D: directionto thesun,Y: directionof thesolarpanelaxis, X:
perpendiculato D andY (right-handedsystem)).Sucha decompositiorof the perturbingaccelerations
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may, however, even make sensefor a satellitewithout solar panels. The Y-directionis perpendicular
to the directionto the line Sun— satelliteand perpendiculato the directionsatellite— geocenter The
parametrizatiorconsistsof threeconstanterms(Dg, Yp, Xp) and one once-petrevolution cosine-and
sin-term(D¢, Ds, Yc, Ys, X, Xs) in eachdirection. The accelerations setto zeroif the satelliteis in
theshadw. Themodelis givenby

ap Do + Dc-cosu + Ds-sinu
ay |=| Yo + Yc-cosu + Ys-sinu (5.5)
ax Xo + Xc-cosu + Xg-sinu

wherew is the agumentof latitude at the time ¢ considered.This modelcorrespondso the so-called
CODE ExtendedRadiationpressurenodel usedat the CODE Analysis Centerwhich was originally
developedto accountfor the solarradiationpressurdor the modelingof GPSsatelliteorbits [Beutler
etal., 1994].

We mayalsosetup similarempiricalparameters anorbit-fixedreferencdramein RSWdirections
(R:radial,S:in flight direction,perpendiculato R (alongtrack)W: perpendiculato R andS (crosstrack)),
[Colombg 1989]. Themodelfor the RSWAdirectionsis

aRr Ro + Rc-cosu + Rs-sinu
as =1 S + Sc-cosu + Ss-sinu |. (5.6)
aw Wo + Wec-cosu + Ws-sinu

TheseparametergRo, So, Wo, Rc, Sc, We, Rs, Ss, Ws) areestimatedas constantdor the arc consid-
ered.

5.3.4 Earth Albedo

TheEarthalbedoperturbatioray (dueto thesunlightreflectedby the Earths surface)is smallcompared
to thedirectradiationpressurelt depend®nthepositionof thesatelliterelative to thesunlithemisphere
of the Earth. The sameinput parameter$C, ), m) anda sphericalsatellitemodelwith homogeneous
surfacepropertiesare assumedo modelthe effect. The areaof the Earthvisible from the satelliteis
divided into a given numberof surfaceelements.For eachsurfaceelementilluminatedby the Sunthe
amountof light scatterednto thedirectionof the satelliteis computedusingthe Lambertreflectionlaw.
Thisvery simplemodelassumea constantlbedofor theentireEarths surface. The Earths albedomay
be estimatedn the orbitimprovementprocedure.

5.4 Measuring the Non-gravitational Forces: Acceler ometer Data

CHAMP carriesathree-arsaccelerometdanstrumenion-board Section?2.3.4). An accelerometamea-
suresall non-graitationd forcesactingonthesatellite,e.g.,atmosphericrag,radiationpressureEarth
albedo,the movementsof the satellitedueto maneuers, etc.in a particulardirection. The instrument
measuregin essencelhe movementsof a proof-massn a self-containedcage. This is realizedin the
caseof CHAMP by measuringhe electrostatidorcesactingon the proof-mas9lacedin a cagein the
centerof massof the satellite. Themaximumdeviation of the proof-masgrom the centerof masss two
millimeters. The six pairsof electrodegthreefor linear andthreefor angularaccelerationsplacedin
the walls of the cageare usedfor both the generatiorof the electrostatidield keepingthe proof-mass
atits locationandfor measuringhe changeof the capacitanceueto positionchangef the proof-
mass.Basedon the measurementf the capacitancethe electrostatidield is stabilizedby applyingthe
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Figure5.1: Accelerometemeasuremenis alongtrackdirectionfor CHAMP, doy 140/20010:00-6:00.

correspondingoltageon the oppositeelectrode§ CHAMP, 2002]. The outputof theinstrumentarethe
six accelerationgthreelinearandthreeangular).For orbit modelingthelinearaccelerationsrerelevant
becausd¢hey may be usedto calculatethe surfaceforces(in particularatmospheridrag). The mea-

suredvaluesmay, howvever, notdirectly beinterpretecasaccelerationbut needto be modifiedusingthe
transformation

Facdi) = a(i) -m(i) +b(i), i=1,2,3. (5.7)

The constantsi(i) (scalefactor)andb(i) (bias)are appliedto the measurementsi(z) of directions.
For CHAMP thesearethe radial-, alongtrack-,and crosstrack-directin The valuesfor a(i) andb(7)
may eitherbeintroducedasknown —from a calibrationprocedure- into the orbit modelor they maybe
estimatedn theparameteestimatiorprocess.

Theoriginalmeasurementsrovidedby theinstrumenthave asamplingrateof onesecondandshav
spikeswhich are partly relatedto thrusterpulsesand boomoscillations. The pre-processingf the ac-
celerationmeasurements performedat GFZ prior to datareleasd Foerstg 2001]. Pre-processing
performedin two steps. In a first stepa second-dgree polynomialis fitted to the 1-Hz datafor 10-
secondntenalsin orderto identify andremore spikesandoutliers. After asecondit with a polynomial
of seconddegreea normal point is constructedor each10-secondntenal. Thesenormalpointsare
releasedhsLevel 2 datato the usersof theaccelerometedata.

Figure 5.1 shavs thesepre-processedccelerationsn the alongtrackdirectionfor a time window
of six hoursfor doy 140/2001.A signalrelatedto the orbital revolution of CHAMP (about93 minutes
for doy 140/2001)canclearly beidentified. The main non-graitational forcesactingon the satellitein
alongtrackdirectionarethe atmospheridragand, dependingon the positionw.r.t. the Sun, the direct
solarradiationpressure.

Figure5.2 compareghe accelerometemeasurementand the modelsfor non-graitational forces
implementedn SATORB for thefirst twelve hoursof doy 150/2001.Theargumentof latitudeis usedas
independenagument. The threecomponentstadial, alongtrack.andcrosstrackareshavn separately
Theleft-handfiguresarethe accelerometemeasurements the correspondinglirectionsandtheright-
handfiguresarethe accelerationgiven by the modelsfor the sametime intenval. Theradialcomponent
of theaccelerometemeasurementshavs a strangepattern.Oneaccelerometediodein radialdirection
failed but the informationcanbe recoreredby forming a specificlinear combinationof the othermea-
surementgPerosanzetal., 2003]. Thesignalin theradialdirectionhas thereforenotthesameaccurag
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Figure5.2: Comparisonof accelerometemeasurementand modelsfor non-graitational forcesas a
functionof theargumentof latitude(CHAMP, doy 150/20010:00-12:00).
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5.5 Pseudo-stochastfeulses

asthatin theothertwo directions.Thealongtrackandthecrosstracicomponentshav asimilarbehaior
for the accelerometemeasurementandthe models. The differencesaremainly dueto the insuficient
accurayg of themodelsfor the non-graitationalforces.Thejumpsin themodelaccelerationaredueto
eclipsesThey arebarelyvisible in theaccelerometemeasurements.
Accelerometedatawereusedfor sometests.Resultsmaybefoundin Section6.6.

5.5 Pseudo-stoc hastic Pulses

Theorbitdeterminatiomprocedurdasto allow for astochasticomponenin theorbit movementecause
theparametrizationf alow satelliteorbit with theinitial conditionsanddynamicalparameters usually
notsuficient. Theproceduremplementedn SATORB maybecharacterizedsfollows [Beutler 2004]:

e Eachresultingorbit (or arc)is continuous.

e Eacharcis representegiece-wiseby corventionalordinarydifferentialequationsystemgdeter
ministic equationf motion).

e At pre-determineapochsthe orbit is allowed to suffer velocity changesiv; in pre-determined
directionsi. Thesevelocity changesarea consequencef pseudo-stdtasticpulses

e Pseudo-stochastfmulsesiv; arecorventionalparametersf a classicalleastsquaresadjustment
process.

e Eachpseudo-stochastfuulseis characterizetby anapriori variance.

The partof the NEQ systemcontainingthe contritutionsof the pulsesmay be formedby linear combi-
nationsfrom a reduced\NEQ system(including only the initial osculatingelementsandthe dynamical
parameters).This featureis extremelytime saving becauseno variationalequationshave to be inte-
gratedfor the stochastiqulseparameters Additional optimizationof processingime is achieved by
only saving the reducedNEQ componenfor eachpulseepoch. Basedon thatinformationthe NEQ is
reconstructedor thefull parametevectorjustbeforeinvertingthe NEQ system.

The pseudo-stochastjaulsesmay be setup in the R-, S-, andW-directions. They maybe setup at
pre-determine@pochswith a specifiedspacing(e.g.,every 30 minutes)or at epochswhich aredefined,
e.g.,to maneuersof thesatellite.

The CHAMP satellite,e.g.,frequentlyperformsmaneuers. Usually they aredueto the satellites’
attitude. The maneuers may nevertheleshave a non-ngligible effect on the orbit, e.g.,dueto a mis-
alignmentof thrusterpairsor dueto not fully balancedirings of the thrusterpairs. Figure5.3 shavs
the numberand durationof the thrusterpulsesfor four differentdays. The durationof the pulsesis
limited to threeseconds A maneuer is initiated whenthe real attitudeof the satellitediffers by more
thana certainvaluefrom the nominalattitude. Thecirclesin Figure5.3 correspondo maneuerswhich
have happenecccordingo accelerometemeasurementsut wereinitially notrecordedoy the satellite
system. After a pre-processingf the maneuer andaccelerometedata(performedat GFZ, Potsdam,
Germalry) thesemaneuer epochsareaddedo thelist of pulseswith anunknavn durationanddirection.
Figure 5.3 shavs thatthe attitudemaneuers normally take placeat regular time intervals. Thereare
severalmaneuersdirectly following eachotherwhich areperformedfor thefine-tuningof the attitude.
Stochastiqulsesmay be setup at the maneuer epochgo absorbpossibleorbit movementscausedy
thepulses A few studiesmadein this contet areoutlinedin Sectionss.6.
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Figure5.3: Numberanddurationof thrusterpulsesor CHAMP for differentdays(x: maneuerrecorded
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processingf thedata).

86



6. Results and Applications

The quality of kinematicorbits of LEOs computedoy the programLEOKIN asexplainedin Chapter3
strongly dependson the pre-processingf the obserations. A first part of this chapteris, therefore,
devotedto theimpactof differentpre-processingptionson theresultingkinematicpositions(seeChap-
ter4). Thekinematictrajectoriesarecomparedvith reduced-dynamiorbits (seeChapterb) or, if avail-
able,with orbitsfrom externalsources.

Thefirst sectionintroduceghe criteriausedfor the evaluationof kinematicsolutions.lIt is followed
by resultsfrom differentpre-processingptionsappliedto datasetsfor CHAMP and SAC-C covering
differenttimeintenals. Thefirst exampleis basedn datafrom onedayof CHAMP (doy 152/2001)and
oneday of SAC-C (doy 051/2001). The secondexampleis basedon the datasetof the IGS CHAMP
testcampaigrin May 2001(doy 140to 150/2001).Thethird exampleis basedn adatasetspanning35
daysin 2002(doy 055to0 089/2002)f SAC-C andCHAMP.

In subsequerdectiondifferentgravity field modelsarecomparedasedn dynamicorbit solutions
for CHAMP andSAC-C. Theimpactof stochastigulses which maybesetupin thereduced-dynamic
orbit procedure are studied. The useof accelerometemeasurementmsteadof modelsfor the non-
gravitationalforcesis thetopic of onesection.Resultsandcomparisonsf thedatascreeningapproaches
for zero-diferenceobsenrationsfor groundstationgseeSectiond.4) arepresentedn thefinal section.

6.1 Evaluation of Kinematic Solutions

Theevaluationof kinematicsolutionss difficult withoutexternalcomparisonsWe have to definecriteria
to evaluatetheresultsfrom programLEOKIN. Two criteriaareimportantquality indicatorsfor kinematic
solutions:

1. thenumberof interruptsin thecombinedsolutiondueto missingphaseposition-diferencs and
2. thenumberof jumpsin the kinematictrajectoryexceedinga specifiecthreshold.
3. RMS errorof a Helmerttransformatiorbetweerkinematicandreduced-dynamiorbit.

Jumpsarecausedy position-diferencescorruptedoy badobserations. Suchjumpsmay beidentified

by comparingthe kinematictrajectorywith a dynamicor reduced-dynamiorbit. Theseorbits have no

gapsandarecontinuoudor the entirearc. Jumpsin the kinematictrajectorymay thereforebe detected
by analyzingthe differencebetweenthe kinematicanda dynamicorbit, e.g.,the a priori or the post-fit

orbit. The procedureausedto find thesgumpsis thefollowing:

1. Formthedifferencedetweerthree-dimensionglositionsof kinematicanddynamictrajectories.

2. Formthe difference=f thesedifferencevectorsbetweenwo subsequerngpochs.A jumpin the
kinematicpositionswill thenmanifestitself asanoutlierin anotherwisesmoothcune.
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3. Foramaoving intenval of tenepochs:

¢ Excludeeachof thetenpointsoneaftertheother

— fit apolynomialof degreetwo throughtheremainingnine points,
— checktheresidualof theexcludedpoints,
— markapointasoutlierif theabsoluteralueof its residuals largerthanaspecifiedimit.

e If apositionwasmarkedasanoutlierthe proceduras repeatedvith the remainingpointsof
theintenal. Eventuallyall outliersin theinterval areidentified.

4. If thesamepointis shawing a residualof morethanthe specifiedimit in morethaneightsucces-
sive moving intenals, a jump in the kinematictrajectoryis assignedo the correspondingpoch-
difference.

An interruptin the kinematictrajectorydueto a missingposition-diferencealwaysoccursif thereis a
datagap.An interruptmayalsooccurif notenoughphase-dierenceobserationsareleft dueto outliers
suchthatno position-diferencecanbe computedor this epoch-diference.In generalaninterruptmay
leadto alargejumpin thetrajectory(Section3.6.3).If thejumpis largerthanthespecifiedimit (we used
eleven centimeterdor this purpose)this interruptis includedin the numberof jumpsof the kinematic
trajectoryw.r.t. the dynamicorbit. If the interruptdoesnot resultin a large jump in the kinematic
trajectory it doesnotappeain the numberof jumpsof thekinematictrajectory

Thesewo criteriadefinedabore areusedto evaluatethekinematicsolutionscomputedy LEOKIN.
Thesmallerthe numberof interruptsandthe numberof jumpsthe betterthesolution.

In addition, the percentagef obserationsdeletedby the pre-screeninglgorithmis animportant
criterion for the evaluationof a kinematicsolution. If the kinematictrajectoryhasfew interruptsand
jumpsbutif insteadabig numberof obserationsis excludeddueto atoo narrav pre-screeninghreshold
thecorrespondin@ptionsmaynotbecorrect.

Theresultingkinematictrajectoriesandthereduced-dynamiorbitsaresazed astatular positionsin
the SP3-forma([Remondi1989]). For comparisorpurposes Helmerttransformatiorwith estimating
atranslation(threeunknavn parametersis performedbetweenhesepositions. If we compareseveral
orbits with a "reference”orbit, the resultingRMS errorsof the Helmert transformationindicatethe
quality of theorbitsconsideredv.r.t. the"reference”orbit.

Thekinematictrajectoryresultingfrom LEOKIN whichis supposedo bethebestis usedfor gener
atingareduced-dynamiorbit with SATORB. The codepositionsandphaseposition-diferencesf the
kinematicsolutionareusedasindependentbseration typesin SATORB (seeSection5.1) in orderto
avoid dataproblemsstemmingrom thejumpsin the combinedpositions.This reduced-dynamiorbit is
thebestresultwe mayproducewith LEOKIN andSATORB. This orbit thenmaybe usedas*“reference”
orbitfor comparisorpurposesn orderto evaluatethequality of all otherkinematicandreduced-dynamic
orbits producedor a particulardataset.

6.2 CHAMP 152/2001 and SAC-C 051/2001

We comparedifferentpre-screeningnd-processingptionsfor the two satellitesCHAMP andSAC-C.
The datausedfor this example(doy 051/2001for SAC-C, doy 152/2001for CHAMP) aredescribedn
Sectiord.3.2.Input datafor eachdayare

¢ GPSorbitsandERPsof the CODE Rapidprocessing,
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6.2 CHAMP 152/2001andSAC-C051/2001

e 30-secondtlock correctionsor the GPSsatellites|Bod et al., 2000] (GPSbroadcastlock cor
rectionsusedfor alignmento GPStime), and

¢ the correspondingeduced-dynamiorbit for CHAMP or SAC-C derived by the procedureex-
plainedin Figure3.1 (only codeobsenrations).

Thedataareprocesseavith thefollowing basicoptions:
1. o.,., =1.0mandoy,,,, =0.01m,

2. theweightof the codepositionsis reducedoy afactor100for the combination(in additionto the
normalweightratio of w, : w, = 2 : 1002),

3. nocut-of angleis usedfor theobserations,and

4. anelevation-dependenveightingis appliedto theobserationswith theweightingfunctionw(z) =
3

cos? (2 - 2).
In Section4.3.2we have studiedthe influenceof differentpre-processingptionson the pre-processing
itself. In this sectionwe computedifferentsolutionswith oneor two optionschangedn orderto getan
impressiorof theinfluenceof the optionson the kinematicsolution.

6.2.1 Different Values for Threshold 3

Thethresholdvalue s is animportantpre-screeningption. It decidesvhich obserationsareexcluded
from the further processingn the pre-screeningtep (seeeqn. (4.2)). The remainingobserations
are usedfor the kinematicpoint positioning. This is doneiteratiely in orderto find the obserations
which passecerroneouslyhepre-screeningrocedureanddisturbthesolution. Thequestions therefore
whetheranarrav pre-screeningvith asmallvaluefor 3 is preferableor a pre-screeningvhich excludes
only the extremeoutliersdueto alarge valuefor 5. The obserationswhich passthe pre-screeningnd
still disturbthe solutionshouldthenbe foundin the iterative leastsquaresadjustmenstep. It may be
possiblethatin the caseof a largervaluefor 8, obserationswhich would be excludedwith a smallerg
may contrikuteto amorestablepoint position.We have to remembethatthe GPSreceverson-boardhe
LEO satellitesoften do not track mary satellitesandthe degreeof freedomf (numberof obserations
minusnumberof parameterss rathersmallfor theepoch-wisé&inematicpoint positioning(f ~ 0 — 3).
Thereforeeachobsenrationis importantfor a controlledsolution. The smallvaluefor f is, onthe other
hand,the problemwhy we needthe describedpre-screeningrocedure.In this procedurepnly there-
ceiver clock parametehasto be estimatedvhile the positionis fixed at its a priori value. This makes
the procedurenuchmorerohustto find the outliersthantheiterative leastsquaresdjustmenstepwith
four unknawvns and a correspondingmall degreeof freedom. The requiremenfor the pre-screening
algorithmis, however, thata priori orbit informationof suficient accurag (betterthanhalf a meter)is
available.

Solutionswith differentvaluesfor g arecomputedn orderto studythe effect on the resultingkine-
matic positions. Table 6.1 characterizetghe solutions. The value g is variedfrom 3 to 40. Figure6.1
shaws theresultsfor SAC-C 051/2001(top) andfor CHAMP 152/2001(bottom). It shaws for eachso-
lution C1to C6two bars.Theleft barrepresentthe numberof interruptsin thekinematictrajectorydue
to missingphaseposition-diferences andtheright barrepresentshe numberof jumpsin the kinematic
trajectoryw.r.t. areduced-dynamiorbit dueto incorrectposition-diferences.
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Table6.1: Solutionswith differentthresholdvalue.
\ SolutionH Cl\ CZ\ CS\ C4\ CS\ 06\
| B= | 3] 5][10[20[30] 40|
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151 T

L i i - |
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90 T
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60 C1 c2 C3 C4 C5 C6 i

L ml mi IH I

B 10 20 30 40
Solution

Figure6.1: Numberof interruptsdue to missing phaseposition-diference (left bar) and numberof
jumpsin the kinematictrajectory(right bar) for solutionsC1 to C6, SAC-C 051/2001(top)
andCHAMP 152/2001(bottom).
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6.2 CHAMP 152/2001andSAC-C051/2001

Table6.2: RMS errors(m) of HelmerttransformatiorbetweerkinematicsolutionsC2to C6 andC1 and
betweenC1to C6 andreduced-dynamisolutionC1S.

\ [ ci1]c2|[C3|C4] C5] C6 |

SAC-C C1 - |10.04|0.15| 0.35| 0.30| 0.43
C1S| 0.16| 0.16| 0.22| 0.40| 0.34| 0.45
CHAMP | C1 - |10.02|0.16| 0.64| 0.72| 0.71
C1S| 0.10| 0.11| 0.20| 0.65| 0.73| 0.72

Thenumberof jumpsin thekinematictrajectoryis increasingwith increasinghresholdvalue g for
bothsatellites Thismeanghatbadobserationswhicharenotexcludedby thepre-screeningueto abig
valueof 8 arenotidentifiedasoutliersby theiterative leastsquaresadjustmentThesebadobserations
deterioratdhe solutionandleadto the jumpsin the kinematictrajectory The numberof interruptsdue
to missingposition-diference, on the otherhand,doesnot dependmuchon g for both satellites. This
meanghatno additionalinterruptsareproducedlueto thedifferentpre-processingption.

We usethe positionsand position-diference from solution C1 in orderto fit a reduced-dynamic
orbit throughthesé'pseudo-obseations. Thisreduced-dynamiorbit C1S(1-dayarc)is parametrized
asfollows:

e six osculatingelements,
e nineempiricalparametergn RSWdirectionsand
e pseudo-stochastjmulsesevery tenminutes.

The gravity field model EIGEN-1S(120x120)and modelsfor atmospheriarag and direct radiation
pressurareused.Eightiterationsareperformedo guarantee€on/ergenceof the solution.

Table 6.2 shaws the RMS errorsof a Helmerttransformatiorwith threetranslationparameterde-
tweenthekinematictrajectorief C2to C6 andC1 andthekinematictrajectoriesC1to C6 andC1S.1t
seemghatonly solutionsC1 andC2 areof comparablhygoodquality. Figure6.2(a)shavs thedifferences
betweersolutionC1 andC2 andFigure6.2(b) betweenC1 andC5 for SAC-C. Figure6.3(a)shawvs the
differencedetweerthekinematictrajectoryClandthereduced-dynamiorbit C1Sfor SAC-C051/2001
andFigure6.3(b)thosebetweenC2 andC1S.ThedifferencedbetweenC1 andC2 for SAC-C aresmall
(up to 15 cm). ThosebetweenC1 and C5 aretentimeslarger underliningthat C5 with a 8 = 30 is
not of goodquality Thedifferencesetweerthe kinematictrajectoriesC1 andC2 areso smallthatthe
difference®f thesekinematictrajectoriesw.r.t. thereduced-dynamiorbit C1S(Figure6.3)do notallow
to preferoneof thesolutions.

Figures6.4(a)and 6.4(b) shav the differenceshetweenthe kinematictrajectoriesC1 and C2 and
betweerClandC5for CHAMP. ThedifferencedbetweerC1landC2for CHAMP have thesamemagni-
tudeasthecorrespondinglifferencegor SAC-C exceptfor asmallsequenceattheendof thedaywhich
reacheaup to 35 cm (z-component).The differencesbetweenC1l and C5 shaw threemajor problem
sequences,e., atthebeginning,betweerd" and12", andat the endof theday

Figure 6.5 shaws the differenceshetweenthe kinematictrajectoryC1 and C1S (left) and between
C2andC1S(right) for CHAMP 152/2001.The differencesetweenCl1 andC2 arealsoin the caseof
CHAMP sosmallthatno solutionsmay be preferablevheninspectinghedifferencego C1S.0Onething
canberecognizechowever: Thebig jump betweerthe kinematictrajectoriesC1 andC2 (Figure6.4(a))
attheendof theday stemsfrom the kinematicsolutionC2 (comparewith Figure6.5(b)).
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Figure6.2: Orbit differencedetweerkinematictrajectoriesC1 andC2 (left) andC1 andC5 (right) for
SAC-C051/2001.

Someobsenrationsincludedin C5 significantly deterioratethe kinematicsolution. Decimeterac-
curay of a kinematicsolutionwith LEOKIN is not possiblewith 8 > 30 (C5 and C6). The studies
underlinetheimportanceof the pre-screeningTheiterative leastsquaresdjustmenstepfollowing the
pre-screenings obviously not reliableenoughto find all bad obserationsdisturbingthe solution. The
resultshearily dependnthepre-screeningptionp.

The percentagef deletedobserationsis an additionalindication on how to selectthe optimum
options.Thisis alreadyillustratedby Figures4.10(a)and4.10(b)for SAC-C andby Figures4.10(c)and
4.10(d)for CHAMP. In Section4.3.2the conclusionwasdravn thatthe choiceof 10 < g < 20 seems
to beappropriatdor the CHAMP andthe SAC-C recever data. Togethemwith theinformationfrom this
sectionwe notethatthe solutionsC1 (8 = 3) andC2 (8 = 5) areoptimalfor both satellites CHAMP
andSAC-C, onthedaysconsideredlt seemghatin solutionC1 all outlierswereactuallyrejected.On
theotherhand,somegoodobsenrationsmaybeincludedin solutionC2 (whichwereexcludedin C1)due
to insufiicient a priori information(GPSorbits, clock correctionspr a priori orbit for the LEO). These
additionalobserationsmay stabilizethe kinematicsolutionin particularin casesvhereotherwiseonly
four obserationswould have beenavailable.

6.2.2 Different Elevation Cut-off Angles and Elevation-dependent Weighting
Functions

It is not cleara priori whetherobsenrationsto satellitestracked belov the local horizonof the recever
improve or deterioratea kinematicpoint positioning. Suchobsenationsmay be affected,e.g.,by mul-
tipath. Onemay hopeto minimize theimpactof multipathby usingan elevation-dependenteighting
schemgseeSection4.3.3). Using all obserationsbut weightingthem promisesa gain of obseration
informationfor the kinematicsolution.

Testsolutionsare performedwith g = 3, varying elevation cut-of anglesandweightingfunctions.
Table6.3summarizeshesolutioncharacteristicsrigure6.6 shavs thenumberof interruptsandnumber
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Figure6.5: Orbit differencesdetweerkinematictrajectoryC1 andreduced-dynamiorbit C1S(left) and
betweernC2 andC1S(right) for CHAMP 152/2001.

Table6.3: Solutionswith differentelevation cut-of anglesandelevation-dependenwveighting.
| [C1|D1[D2| D3| D4 D5] D6 |
Elev. cut-of angle|| no | no | 0° | 0° | 0° | 10° | 10°

Elev.-depweight. || yes| no | no | yes| yes| no | yes
Factora 34| - - 1314 1 - 1

of jumpsfor SAC-C 051/2001(top) andfor CHAMP 152/2001(bottom). Table6.4 liststhe RMS errors
of the Helmerttransformationdetweenthe solutions. Figure 6.7 shavs the differencesbetweenD2
andD3 (Figure6.7(a))andbetweerD2 andD4 (Figure6.7(b))for SAC-C 051/2001.Figure6.9 shavs
the differencesbetweenthe correspondingsolutionsfor CHAMP 152/2001. Figure 6.8(a) shaws the
differencesetweerthe kinematictrajectoryD2 andthe reduced-dynamiorbit C1SandFigure6.8(b)
thosebetweenD4 and C1S for SAC-C 051/2001. Figures6.10(a)and 6.10(b) shav the differences
betweerthecorrespondingolutionsfor CHAMP 152/2001.

It is obviousthatthe solutionsD5 andD6 (elevation cut-off of 10°) areof poorquality for bothsatel-
lites dueto the large numberof interruptsandjumps. We may concludefrom this factthatobserations
betweer)° and10° elevationareveryimportantfor a stablepoint positioningsolution. They have to be
includedinto the processing.

SolutionsClandD1 (noelevationcut-of) arethebestfor SAC-C regardingthenumberof interrupts
andjumpsin thekinematictrajectory SolutionD2 hasthe samenumberof interruptsbut the numberof
jumpsin thetrajectoryis slightly larger

Whenwe analyzethe resultsfrom CHAMP we have to keepin mind thatthe CHAMP recever is
no longertracking belav the local horizonsincedoy 206/2001(Section4.3.1). This meansthat for
the processingof dataafter doy 206/2001it is no longer possibleto include obserations belov the
local horizon. Thoughdoy 152/2001is prior this datewe have alook onthe solutionsD2, D3, andD4

94



6.2 CHAMP 152/2001andSAC-C051/2001

30

20

10

30

20

10

Cl

| SAC-C 051/2001

"

D1

D2

.

D3

J

D4

D5

D6

cut-off no

a= 3/4

J

n

no

no

0

3/4

0

1

10

no

Cl

D1

| CHAMP 152/2001

|

D2

|

D3

D4

| |

D5

cut-off no

a= 3/4

no

no

0

no

0

3/4

0

1

10

no

10

1

Figure6.6: Number of interruptsdue to missing phaseposition-diference (left bar) and numberof
jumpsin thekinematictrajectory(right bar),solutionsC1, D1 to D6, SAC-C 051/2001(top)
andCHAMP 152/2001(bottom).

Table6.4: RMS errors(m) of HelmerttransformatiorbetweerkinematicsolutionsandC1,D2,andC1S
for SAC-C (doy 051/2001)andCHAMP (doy 152/2001).

[ D1 [ D2 [ D3 | D4 | D5 | D6 |

SAC-C Cl || 0.04| 0.06| 0.04| 0.08| 0.19| 0.20
SAC-C D2 || 0.05| - |0.04|0.10|0.18| 0.21
SAC-C | C1S| 0.17| 0.18| 0.17| 0.18| 0.21| 0.23
CHAMP | C1 || 0.05| 0.05| 0.01| 0.05| 0.09| 0.09
CHAMP | D2 || 0.03| - |0.05|0.09|0.11|0.11
CHAMP | C1S | 0.11| 0.11| 0.10| 0.11| 0.12| 0.12
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Figure6.7: Orbit differencesetweerkinematictrajectoriesD2 and D3 (left) andbetweenD2 and D4
(right) for SAC-C 051/2001.
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Figure6.8: Orbit differencesetweerkinematictrajectoryD2 andreduced-dynamiorbit C1S(left) and
D4 andC1S(right) for SAC-C051/2001.
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(right) for CHAMP 152/2001.

T T T T
F CHAMP 15212001 F CHAMP 15212001

031 : 031 X :
W”\AMNW“\\ A M“w‘\wﬂm’\ﬁ
03:“ ' : Vﬁ 703?"‘.\“\\/‘ ' ' 1
-06 L L L L L L L L L L L ] -0sl L L L L L L L L L L L ]
°6E\‘ T T T T T ] oo T T ]
03 . A 03 M Il
4
;o . \J‘Jé\“'\,,\M‘* oA AN : :
£y W “ , ] 5703:\, ﬁﬂ\’l’W»M
067 T T T T T T T T T T T 7] 067 T T T T T T T T T T T 2
“'*W i1 ; "
g oo ; \ A by E O{%,\‘WM %/w i
3 o M‘,{v\»m_ Ko M AN
e s 1 1. o T
(a) Kinematic trajectory D2 — reduced-dynamiorbit (b) Kinematic trajectory D4 — reduced-dynamiorbit
C1S,RMS0.11m. C1S,RMS0.11m.

Figure6.10:Orbit differencesbetweenkinematictrajectoryD2 and reduced-dynamiorbit C1S (left)
andD4 andC1S(right) for CHAMP 152/2001.
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only. Concerningthe numberof interruptsandjumpssolutionsD2 and D3 areidentical, solutionD4
hasslightly more jumpsin the kinematictrajectory Figure 6.9(a)shaws the differencesbetweenthe
kinematictrajectorief D2 andD3. Theoffsetof afew smallsequenceis remarkable The RMS error
of the Helmerttransformatioris five centimetergTable6.4). The offset betweernshortsequencemay
berecognizedn thedifferencedetweersolutionD2 andD4 (Figure6.9(b)),aswell. Whenwe inspect
the differencesf the kinematictrajectorieD2 and D4) w.r.t. the reduced-dynamiorbit C1Swe can
recognizehatsolutionD2 shavs the biggerjumpsin the kinematictrajectory

The questionwhetherelevation-dependdnweighting of the obserationsis appropriateor not for
CHAMP can,however, notbe answeredt this point of the studies.

Figure 6.6 shaws thatthe obserationsbelow the local horizondo neitherimprove nor disturbthe
kinematicsolutionin the caseof CHAMP. The GPSPOD antennaon-boardCHAMP does,however,
not have a directsightto the satellitesbelon thelocal horizon. Onemaythereforequestiornthe senseof
usingtheseobsenations.

TheSAC-Creceveris still trackingbelow thelocalhorizon,today ThesolutionsC1andD1 without
applyinga cut-of angleshav the bestperformance The obserationsbelon thelocal horizonslightly
improve the kinematicsolution. In the caseof SAC-C the GPSantennanay track the satellitesbelov
thelocal horizonandthereforet couldmake sensdo usetheseobserations.

The analyzedexampleof one day for eachsatellite CHAMP and SAC-C shaws the big influence
of different pre-processingptionson the resultingkinematic positions. Thereforeit is importantto
find the optimum optionsfor the pre-processin@f the obserations. A clearanswercould be given
concerninghevalueof 5. The mostreasonablehoiceis 8 = 3 or 5 becausdor largervaluesof 3 the
badobserationsremainingn theprocessingannoteidentifiedby theiterative leastsquaresdjustment
step.Thestudiesaboutelevation-dependdmweightingandcut-off angleoptionsonly shavedclearlythat
theobserationsbetweer0® and10° elevationarevery importantfor a stablepoint positioningandthey
have to beusedin thekinematicpoint positioningprocedureén LEOKIN.

Thefindingsof this sectionwill be usedwhenprocessingnoredataof CHAMP andSAC-C. The
evaluationof the bestpre-processingptionsfor the kinematicpoint positioningof eachsatellite will
thenbeeasier

6.3 IGS Test Campaign —doy 140 to 150/2001

ThelGS CHAMP testcampaigrwasinitiated by the IGS LEO Pilot Project(Section2.2.3)andcovers
atime intenal of eleven days(May, 20 to 30, doy 140to 150, 2001). The institutesand groupscon-
tributing to the Pilot Projectprocessethe CHAMP GPStrackingdataandproducedorbitsfor CHAMP.
The resultingorbits were compareddy the Analysis CenterCoordinator(ACC) of the project(Henno
Boomkampof ESOC,Darmstadt] TESTCAMPAIGN, 2002].

Our (AIUB) contrilution to thetestcampaigris basedn thefollowing input data:

e GPSorbitsandERPsfrom the CODEFinal processing,

e GPS30-seconcalock correctiongusingCODE Final solutionsfor troposphereenithdelaysand
stationcoordinatesjixedonthe 5-minuteCODE Final clock correctionsand

e CHAMP L1 andL2 phaseandcodeobsenrations.

Firstwecheckthe CHAMP GPSdataqualityfor theelevendaysof thecampaignDetailedstudieof data
pre-processingreperformedandexplainedin thefollowing sectionin orderto selectheoptimaloptions
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Figure6.12:Numberof tracled satellitesby the CHAMP GPSrecever for doy 140to 150/2001.

for theprocessingf the entiredatasetandthe determinatiorof the kinematicpositions.Subsequent]y
the kinematic solutionsare comparedwith solutionsfrom an external source. The reduced-dynamic
solutiongeneratedy the TechnicalUniversityof Munich, Germay, is usedfor thispurpose Thestudies

basednthedataof theelevendaysin 2001for CHAMP aresummarizedn the concludingsection.

6.3.1 Data Quality

Figure6.11shavsfor eachdaythefractionof thedayfor whichagivennumberof satellitesvastracled.

During thetime periodof thetestcampaigrthe CHAMP recever couldtrackup to eight GPSsatellites
simultaneouslyTable4.1). Thefigure givesthe percentagef time whereeight (black), sezen (white),

or six (gray)satellitesvheretracked. Figure6.12shavs thenumberof tracked satellitesasa functionof

time for theelevendays.The CHAMP GPSrecever shavs a similar performanceluringthe entiretime

span.Somedatagapsexist, they lastfrom oneepochto seseralminutes.
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6.3.2 Data Pre-processing

Thepre-processingerformancevasstudiedasa functionof:
¢ differentvaluesfor thethresholds,
¢ theweightratio of codeandphasedor thecombination,
e elevation-dependedrweightingof the obsenations,
¢ differenta priori orbit informationfor the pre-screeningf thedata,and
¢ differentiterative procedureso achieve the kinematicsolutions.
Two basicoptionsfor dataprocessingn LEOKIN werenever changed:
e 0., =1.0m,op,, =0.01m,and

e acut-of angleof 0°.

The a priori orbit for the zero-diferencekinematicpoint positioningwith LEOKIN is generatedy a
two-stepprocedurgSection3.1) in orderto getana priori orbit which hasat leastanaccurag of less
thanhalf a meter Eachstepcontainsone LEOKIN andone SATORB run. We follow two different
approacheAPO setC andP)for generatindhereduced-dynamiorbit usedasa priori orbit for thepre-
screeningn LEOKIN. This is doneto find the mostappropriateandreliable procedurdgor generating

areduced-dynamiorbit servingasa priori orbit. The kinematicandreduced-dynamiorbitsgenerated
for this purposearesummarizedn Table6.5.

Thereduced-dynamiorbitsaregenerated SATORB with thefollowing modelsandparameters:

e Modelsfor gravitationalforces:

— Earthgravity field modelEIGEN-1S(degreeandorder120),
— tidal potential,oceartides,

— third bodyperturbation®f SunandMoon,

— precessiomutation,andpolarmotion,
e Modelsfor non-graitationd forces:

— atmospheridrag,

— directradiationpressure,
e Parametergstimated:

— six osculatingelements,

— nineempiricalparameterén RSW directions(threeconstanandsix periodicterms),

— pseudo-stochastfmulsesn RSWdirectionswith a spacingof 90 or 20 min (seeTable6.5).

100



6.3 IGS TestCampaign-doy 140to 150/2001

Table6.5: Kinematic(LEOKIN) andreduced-dynami(SATORB) orbitsgeneratedh orderto guarantee
reliablea priori orbit information.

| Solution| Source | Description \
cl LEOKIN | Kinematiccodepositions,
generatedavithouta priori information
clS SATORB | Reduced-dynamiorbit, cl positions
asobsenrations,

spacingfor stochastigulses:90 min

A priori orbit (APO) setC

clig LEOKIN | Kinematiccodepositions,

clS usedasa priori information,
individual valuefor g

clige with elevation-dependemneighting
cll3S | SATORB | Reduced-dynamiorbit, cll3 or
cligSe clige positionsasobsenrations,

spacingfor stochastigulses:20 min

A priori orbit (APO) setP

plig LEOKIN | Combinedkinematicpositionshasecbn code
andphaseobsenrations,

clS usedasa priori information,

individual valuefor g

plige with elevation-dependemneighting
plIS | SATORB | Reduced-dynamiorbit, pli3 or
pligSe pll e positionsasobserations,

spacingfor stochastigulses:20 min
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Table6.6: Summaryof kinematicsolutionscomputedor the IGS CHAMP testcampaign(C standsfor
APOsetC, Pfor APOsetP, A for anormalcodeweightfor thecombinationB for onewhich
is reducedby afactorof 100, e for elevation-dependemeighting).

APOsetC APO setP
no ela/.—dep.weight.| elev.-dep.weight. noela/.—dep.weight.| elev.-dep.weight.
5=3 CA3 CB3 CA3e CB3e | PA3 PB3 PA3e PB3e
B=5 CA5 CB5 CAbe CBb5e || PAS PB5 PA5e PB5e
[ =10 || CA10 CB10 CA10e CB10e| PA10 PB10 PA10e PB10e
B =20 | CA20 CB20 CA20e CB20e| PA20 PB20 PA20e PB20e
B =30 | CA30 CB30 CA30e CB30e|| PA30 PB30 PA30e PB30e

Eightiterationsareperformedo ensurecorvergenceof thesolution.

TheLEOKIN runto generatesolutionscli 3, cllBe, pll 3, or pllBe is thestartingpoint for thefollow-
ing setof testsolutions.Thepre-screeningption 3 andelevation-dependerweightingor notdedicated
to the particulartestsolutionareusedfor this pointpositioningin LEOKIN, too. In this way we guaran-
teea consistentiseof the samesetof optionsthroughoutall stepsof the procedureThisimpliesthatwe
generataifferenta priori orbitsfor eachsolution. In someexampleswe will, however, usethe samea
priori orbit for differentsolutionsfor specificcomparisons.

Table6.6 summarizeshefinal kinematicsolutionscomputedor the datasetfrom theIGS CHAMP
testcampaigrwith LEOKIN. For all solutionscodeandphaseobserationsareused.Thefirst capitalof
the solutionidentifier standsfor the a priori orbit setused(C: basedon codeonly, clI3S or cllSe, P:
basedn codeandphasepll3S or pll3Se),andthenotationA or B denotesheweightingschemdor the
codepositionsin the combination.SolutionA usesthe “normal” relative weightof w, : w, = 2 : 1002
betweencodepositionsand phaseposition-diferencesor the combination.SolutionB furtherreduces
the weightof the codepositionsby a factorof 100for the combinationof codeandphase.The number
(3,5, 10, 20,and30) denoteghevalueusedfor g andthe“e” attheendstanddor elevation-dependent
weighting.

The exampleof doy 152/2001for CHAMP indicatedno clearanswemwhetherelevation-dependent
weighting of the obsenrationsis appropriatefor the GPSobserationsof CHAMP. In orderto find an
answerwe producedkinematic solutionswithout and with elevation-dependentveighting. First we
inspectthe solutionswithout elevation-dependenweighting.

Solutions Without Elevation-dependent Weighting

Figure6.13shavs thenumberof interruptsandjumpsfor APO setC andFigure6.14for APOsetP. The
threebarsfor eachday standfor the numberof interruptsdueto missingposition-diferenceqleft bar),

the numberof jumpsin the kinematictrajectoryw.r.t. a dynamicorbit for solutionA (middle bar) and
for solutionB (right bar). The numberof interruptsneedso be givenonly oncebecausét is the same
for solutionsA andB. Table6.7 summarizeshe meanvaluesof theinterruptsandjumpsof all solutions
for all elevendays. Figure6.15shavs the percentagef deletedobsenrationsasa function of thevalue
of 8 for codeandphaseobserationsandfor APO setC andP for all elevendays.Thetop figuresshav

thepercentagef obserationsdeletedvy the pre-screeninglgorithm. The bottomfiguresshawv thetotal

percentagef obsenationsremaoved by the completeprocedurewhich is the sumof the percentag®ef

thetop figures,of obserationsbelav the cut-of angle,andof obserationsdeletedby theiterative least
squaresadjustmenstep.
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Figure6.13:Numberof interruptsdue to missingphaseposition-diference (left bar) and numberof

jumpsin the kinematictrajectoryfor solution A (middle bar) andB (right bar), without
elevation-dependdrweighting,doy 140to 150/2001.

Table6.7: Meannumberof interruptsand jumpsfor solutionswithout elevation-dependénwveighting,

doy 140to 150/2001.
APQO setC APQO setP
Interrupts Jumps Interrupts Jumps
Sol. A andB | Sol. A | Sol.B || Sol. A andB | Sol. A | Sol.B
8=3 11 20 15 10 19 13
8=5 11 20 15 10 20 14
B8 =10 10 24 18 10 23 17
B8 =20 11 31 26 11 28 21
B8 =30 12 38 32 11 34 28
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Figure6.14:Numberof interruptsdue to missingphaseposition-diference (left bar) and numberof

jumpsin the kinematictrajectoryfor solution A (middle bar) and solutionB (right bar),
without elevation-dependemeighting,doy 140to 150/2001.
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solutionswithout elevation-dependemeighting,doy 140to 150/2001.
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The numberof interruptsand the numberof jumpsis increasingwith increasingvaluesof 3 for
both APO sets(Figures6.13and6.14). However, the numberof interruptsis increasingnot asmuch
asthe numberof jumps. It is remarkablehatnearlyall solutionsA have morejumpsin the kinematic
trajectorythansolutionsB. This meanghatthe deveightingof the codepositionshasa strongimpact
on the combinedsolution. As we have seenin Section3.6.2the dewveighting causesa smoothingof
the combinedpositions. This smoothingis reflectedin the differenceof the numberof jumpsbetween
solution A andB. Regardingthe meannumberof interruptsandjumpsin Table 6.7 the solutionsPB
shav thebestperformanceAs expectedthe solutionswith 8 =3 or 5 arethemostreasonablsolutions,
becausall badobsenrationsarefound which disturbthe kinematicsolutionsfor 8 > 5. Theiteratve
leastsquaresdjustmenstepcannoffind theseobserationsin thecases3 > b5.

The percentag®f deletedobsenrationsis similar whenusingeitherAPO setC or setP. The large
difference(aboutten percent)betweenthe percentag®f deletedobserationsafter the pre-screening
andof all deletedobserationsis dueto the cut-of angleof 0°, indicatingthataboutten percentof the
obserationshave an elevation anglebelov 0°. Theseobserationsare alreadymarked and excluded
from the processingbeforethe pre-screenings appliedto the remainingobserations. Apart from this
large differencethetwo curvesareparallelwhichmeanghatduringtheiterative leastsquaresdjustment
stepnot mary additionalobserationsareexcluded.This in turn meanghatanobserationwhichis not
excludedin the pre-screeningtepremainsn the processingandmaydisturbthe solution.

As mentionedn the previous section(Section6.2) andin Sectiord.2thedegreeof freedomis small
in theleastsquaresdjustmenstep. The clearidentificationof anoutlier is thereforenot guaranteed.

Thepercentagef deleteccodeobserationsdecreasewith increasing3. Thecune for deletedphase
obsenrationsis flat andthereis no significantdifferencebetweerdifferentvaluesfor 5. This meanghat
thedifferencedetweerthe solutionsaremainly dueto theimpactof codeobserationswhich areleft in
the processindor big valuesof 5.

Let us now comparedifferent solutions. All kinematic solutionswhich were computedfor doy
144/2001areinspectedn detail. We generatedn additiona reduced-dynamiorbitin SATORB which
is basedon the codepositionsandthe phaseposition-diference of the kinematicsolutionPB3 before
the combination. This reduced-dynamiorbit P3Susesthe sameparametersasthe reduced-dynamic
orbit plI3S usedasa priori orbit for the kinematicsolutionsPA3 andPB3 exceptthatthe time intenal
betweenthe stochastigulsesis setto ten minutes. This reduced-dynamiorbit seemso be the best
possibleorbit which canbe producedwith the available proceduresn LEOKIN and SATORB for the
solutionswithout elevation-dependdénweighting. The positionsand position-diferencesare usedas
independenbbseration typesin SATORB to avoid problemsthat may be introducedby jumpsin the
combinedkinematicpositionscausedy missingphaseposition-diferences

A Helmerttransformatiomwith threetranslatiorparameteis performedbetweerthedifferenttrajec-
toriesandthe RMS errorsareshawvn in Table6.8. The upperpart of the tablelists the RMS errorsof
the Helmerttransformationgor APO setC, the middle partthosefor APO setP. Therightmostcolumn
givesthe RMS errorsfor the comparisonso the reduced-dynamiorbit P3S.Thetwo smalltablesatthe
bottomof the tablearetwo crosscomparison®f the B3 solutionswith all solutionsof the other APO
set.

It canbe seenthatthe differencesbetweenhe A andB solutionsfor eachAPO setareratherbig.
Thesevaluesreflectthe fact thatthe dewveightingof the codepositionsfor the combinationin solutions
B hasa big impacton the kinematicsolution. The differenceswithin the A or B setsof solutions,
respectiely, are smaller The solutionsB comparebetterwith eachotherthan solutionsA andthe
solutionsusing APO setP comparebetterthanthe solutionsusing APO setC. This indicatesthat the
valueof # hasa smallerimpacton the kinematicpositionsthanthe dovnweightingof the code. The
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Table6.8: RMS errors(m) of Helmerttransformatiorbetweenall kinematicsolutionsandthe reduced-
dynamicsolutionP3Sfor doy 144/2001.

APOsetC
H A5 \ Al10 \ A20 \ A30 H B3 \ B5 \ Blo\ BZO\ B30 H P3S

A3 | 0.04|0.11|0.16| 0.17| 0.14| 0.15| 0.17| 0.20| 0.21 || 0.17
A5 -10.10|0.15| 0.16 | 0.15| 0.16| 0.18| 0.20| 0.22 || 0.18
Al10 -10.09(0.11| 0.20| 0.21| 0.22| 0.24| 0.24 | 0.23
A20 -1 0.05| 0.23| 0.23| 0.25| 0.25| 0.26 || 0.26
A30 -] 0.24] 0.24| 0.25| 0.26| 0.26 || 0.27
B3 -10.03]0.08| 0.11| 0.14| 0.12
B5 -1 0.07] 0.10] 0.13 ] 0.13
B10 -1 0.06|0.10| 0.16
B20 - 1 0.08 0.19
B30 -] 0.21

APO setP
| A5 | A10| A20 | A30| B3| B5| B10| B20| B30 | P3S

A3 || 0.04| 0.10| 0.16| 0.17| 0.14| 0.14| 0.15| 0.17| 0.17 || 0.17
A5 -10.09|0.14| 0.16 0.15| 0.15| 0.16| 0.17| 0.17 || 0.18
Al10 -10.10| 0.13| 0.20| 0.20| 0.20| 0.21| 0.21 | 0.22
A20 -10.08| 0.23| 0.23| 0.23| 0.23| 0.24 || 0.25
A30 - |1 0.23] 0.23| 0.23| 0.23| 0.23| 0.25
B3 -10.02|0.05| 0.08| 0.08| 0.11
B5 -1 0.04| 0.08| 0.08 | 0.12
B10 - 1 0.06| 0.07 | 0.13
B20 -10.04| 0.15
B30 -1 0.15

| [ CA3] CAS [ CAL0| CA20 | CA30 || CB3| CB5 | CB10] CB20] CB30 |
[PB3] 0.15] 0.16] 0.21] 0.24] 0.25][ 0.06] 0.07| 0.12] 0.15] 0.17|

\ | PA3 | PA5 | PA10 | PA20 | PA30 | PB3| PB5| PB10| PB20| PB30|
| CB3] 0.15] 0.15] 0.20] 0.24] 0.23] 0.06| 0.07| 0.08] 0.11] 0.10]
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(c) Kinematictrajectories?PB3— PB30,RMS 0.08m.
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(b) KinematictrajectoriesPB3 — PA3 (zoom), RMS
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(d) KinematictrajectoriesPB3— CB3,RMS 0.06m.

Figure6.16:Orbit differencedetweerkinematictrajectoriedor doy 144/2001.
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Figure6.17:Orbit differenceshetweenkinematictrajectoriesand post-fit reduced-dynamiorbit P3S,
doy 144/2001.
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impactis smalleron solutionsB thanon solutionsA. The solutionwith the smallestdifferencego all
othersolutionsis PB3(APO setP, solutionB, 8 = 3).
Thefollowing impactson theresultingkinematicpositionsareinspectedn moredetail:

e downweightingof the codepositionsfor the combination,
¢ differentvaluesfor 8, and
¢ differentapriori orbits.

We take four typical solutions PB3,PA3, PB30,andCB3. At first we will have alook atthedifferences
of the latter threesolutionsw.r.t. solutionPB3 (Figure6.16) resultingafter the Helmerttransformation
(with threetranslationparameters).The largestdifferencescan be found for the comparisorbetween
PB3andPA3 (RMS 0.14m, Figure6.16(a)and6.16(b)). It seemghatthe differencesaremainly due
to afew outliers. Figure6.16(b)is azoomof the differencego the samescaleasin Figures6.16(c)and
6.16(d).In thisfigure (Figure6.16(b))we canrecognizethatthe differencedetweersolutionsPB3and
PA3 aremorepronouncedhanthe differencesf the two othercomparisonsThe differencesbetween
PB3andPB30aresmaller(RMS 0.08 m, Figure 6.16(c)),which meanghatthe dovnweightingof the
codepositionsresultsin larger differencedor the kinematicpositionsthanincreasinghe valuefor 5.
The kinematictrajectorieswith the smallestdifferencesof thesethreecomparisonsare solutionsCB3
andPB3(Figure6.16(d)). Theonly differencebetweerCB3 andPB3is the useda priori orbit (cl13S for
CB3andpll3S for PB3). This meanghatthe a priori orbit hassomeimpacton the kinematicsolution.
Thedifferencesarerathersmall(RMS 0.06m), however. More detailswill beprovidedbelow.

Thefour kinematictrajectoriesarealsocomparedo thereduced-dynamiorbit P3Sexplainedabove
(codepositionsandphaseposition-diference of PB3asobserations,stochastigulsesevery ten min-
utes). Figure 6.17 shaws the correspondinglifferencedor the four solutions. The differencesn Fig-
ure 6.17(a)confirmthe goodquality of the PB3 solution. The differencesdetweerthe kinematictrajec-
tory PB3andthe reduced-dynamiorbit P3Sarethe smallest.The differencesn Figure6.17(a)clearly
shav thejumpswhich arepresenin thekinematictrajectoryof solutionPB3. Thedifferencedetween
PA3 andP3Sdo not fit completelyin the scaleof the plot (Figure6.17(b)). We recognizethat the dif-
ferencedook very differentto thosein Figure6.17(a). The jumpsin the kinematictrajectorycanbe
recognizedaswell, but the variationsin the sequencebetweerthesejumpsaremorepronouncedhan
in Figure6.17(a). ThesesignificantdifferenceshetweenFigures6.17(a)and6.17(b)arecauseddy the
downweightingof the codepositionswith a factorof 100 for solutionPB3. The differenceshetween
PB30andP3S(Figure6.17(c))andbetweenCB3 andP3S(Figure6.17(d))arelarger but shav similar
characteristicasthosebetweerPB3andP3S.

As a summaryof thesedetailedcomparisonsve notethatthe dovnweightingof the codepositions
with afactor100 hasthe biggestimpacton the resultingkinematicpositions. The impactof a different
valuefor g is smallerbut not negligible. The smallesimpactresultsfrom usingdifferenta priori orbits
for the pre-screeningn programLEOKIN.

Solutions With Elevation-dependent Weighting of the Obser vations

The samesolutionsasdescribedabore wererepeatedvith elevation-dependenweightingof the obser
vations(with « =1) in orderto studyits impacton the kinematicsolutions.Figures6.18and6.19shav
thenumberof interruptsandjumpsfor APO setsC andP. Table6.9 summarizeshecorrespondingnean
values.
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Table6.9: Meannumberof interruptsandjumpsfor solutionswith elevation-dependenteightingand
a =1,doy 140to 150/2001.

APOsetC APOsetP
Interrupts Jumps Interrupts Jumps
Sol.AandB | Sol.A | Sol.B || Sol. A andB | Sol. A | Sol.B
8=3 11 16 15 10 14 14
8=5 10 15 14 10 14 14
8 =10 13 26 23 10 16 15
8 =20 10 19 18 10 17 17
8 =30 12 32 30 10 22 21

The solutionsarenot ashomogeneouasthe solutionswithout elevation-dependenteighting(see
Figures6.13and6.14). We recognizeoutliersfor APO setC, e.g.,CA10eandCB10e(the “e” stands
for elevation-dependenveighting,seeTable6.6) for doy 140and146. Thesesolutionsshaw a strongly
increasedhumberof interruptsandjumpsin comparisorto the solutionswith smallervaluesfor 8. Op-
posedo thesolutionswithout elevation-dependdrweighting,the solutionsA areof the samequality as
solutionsB. In anumberof caseghey evenshav the samenumberof jumpsin thekinematictrajectory
The codeobserationsat low elevationsthusseemto be responsibldor problemsin the combinedpo-
sitionsin solutionsA. In the solutionswith elevation-dependénveightingtheseproblemsarealready
takeninto accountfor solutionsA andthereforethe differencedo solutionsB arenot pronounced.In
thesolutionswithout elevation-dependemeightingtheseproblemsatlow elevationsaredeweightedin
solutionsB dueto thedeweightingfactorfor the codepositions.Thereforetheimprovementsw.r.t. solu-
tionsA arelarger.

Thisfactindicateghatthe elevation-dependdrweightingis importantmainly for the codeobsena-
tions. An impacton the phaseobsenrationscannotbe derivedfrom the currentresults.

Figure6.20shavs thepercentagef deletedobserations. Thecurvesarevery similar to thoseof the
solutionswithout elevation-dependenweighting (Figure 6.15). This is not surprisingbecausehe pre-
screeningalgorithmis basedon unweightedbserationsandhastherefore exceptfor the useda priori
orbit, the sameperformanceas for the solutionswithout elevation-dependenteighting. A difference
mayonly occurin thepercentagef obsenationsexcludedby theiterative leastsquaresdjustmenstep.

Themearnvaluesin Table6.9indicatethatthebestsolutionsarethosedenotedy PBe. Thesolutions
PB3eandPB5eshawv thebestperformance.

A reduced-dynamiorbit P3Seis generatedvith SATORB usingthe positionsand position-difer-
enceof thekinematicsolutionsPB3easinput, whichis thebestpossibleorbit we mayachieve with our
LEOKIN andSATORB procedureslin orderto getanideaof theaccuracie®f the bestkinematicsolu-
tionsfrom LEOKIN, we comparghemwith thereduced-dynamiorbit. The difference®f orbit P3Seto
the correspondingeduced-dynamiorbit P3Sgeneratedor the solutionswithout elevation-dependent
weightingare shavn in Figure6.21(a). The RMS error of a Helmerttransformatiorbetweenthe two
orbitsis 0.09m. Figure6.21(b)shawvs the differencesbetweerthe two kinematictrajectories?PB3 and
PB3e.Comparisorbetweerthe figuresshav a similar rangeof variationsand,to a certainextent,com-
monfeaturesTheorbit differencedetweerthekinematicorbit PB3andthereduced-dynamiorbit P3Se
areshavnin Figure6.22(a)andthosebetweerPB3eandP3Sdan Figure6.22(b). Thekinematicsolution
involving elevation-dependenteighting(PB3e)seemdo performmaginally betterin the comparison
with the reduced-dynamiorbit P3Se. The differencedn the patternsbetweenthe two Figures6.22(a)
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Figure6.18:Numberof interruptsdue to missingphaseposition-diference (left bar) and numberof
jumpsin the kinematictrajectoryfor solution A (middle bar) and solutionB (right bar),
elevation-dependdrweighting,doy 140to 150/2001.
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Figure6.19:Numberof interruptsdue to missingphaseposition-diference (left bar) and numberof

jumpsin the kinematictrajectoryfor solution A (middle bar) and solutionB (right bar),
elevation-dependdrweighting,doy 140to 150/2001.
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Figure6.20:Percentagef deletedobserationsafter pre-screeningindby entire screeningprocedure,
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Figure6.21:0rbit differenceshetweenreduced-dynamiorbits P3Sand P3Se(left) andkinematictra-
jectoriesPB3andPB3e(right), doy 144/2001.
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Figure6.22:Orbit differencebetweenreduced-dynamiorbit P3SeandkinematictrajectoriePB3(left)
andPB3e(right), doy 144/2001.
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and6.22(b)aretoo small, howvever, to take a cleardecisionwhich of the two kinematicsolutionsis the
betterone.

Reduced-d ynamic Orbits

The reduced-dynamiorbits (Table 6.5) servingasa priori orbits for the pre-screeningn LEOKIN are
of differentquality because¢hey usedifferentsolutionsof codepositionsor combinedpositionsasinput
andusea priori informationor not.

Firstwe have alook atthe RMS errorspercoordinateof the orbit determinatiorusingthe kinematic
positionsin SATORB. Figure 6.23 shawvs the RMS errorsfor the clS-orbits (code positionsderived
without a priori informationasinput). Figure6.24 shavs the RMS errorscorrespondindo the cll 5S-
andpll 5S-orbits(without elevation-dependdmweighting,5 = 3,5, and10). Figure6.25shavsthesame
RMS errorsfor the cll GSe-andpll 5Se-orbitgwith elevation-dependenteighting, = 3,5, and10).

As expectedthe RMS errorsfor the clS-orbitsare comparatiely big becausehe code-dered po-
sitionsusedas input were generatedvithout pre-screeningn LEOKIN. The RMS errorsof the orbit
determinationgor APO setC (clI S, cllgSe)arelargerthanthosefor APO setP (plI3S, pli3Se). The
kinematicpositionsusedfor cll3S andcll3Seare codepositionsonly andhave thereforenoisecharac-
teristicscorrespondingo theaccurayg of the codeobserations. The kinematicpositionsusedfor pll3S
and pll3Se, on the otherhand,are basedon a combinationof codeand phase-diierencepositionsin
LEOKIN. They have alower noiseand,asa consequencehe RMS errorsof the orbit determinatiorare
smaller The RMS errorsare,therefore not directly anindicatorfor the accurag of the orbit. TheRMS
errorsincreaseslightly with increasingvalue of g for the orbits derived with positionsfrom solutions
without elevation-dependentveighting (Figure 6.24). In the caseof the orbits derived with positions
from solutionswith elevation-dependenweigthing(Figure6.25) this behaior canonly be recognized
for theorbitsof APO setC (Figure6.25(a)).For the orbitsof APO setP nocleartendeng dependingn
thevalueg canberecognizedn theRMS errors.

The reduced-dynamiorbits basedon codeonly (APO setC) shav a smallerRMS if elevation-
dependentveighting is activated — indicating that the weighting schemeis appropriatefor the code
obserations.Thereduced-dynamiorbitsof APO setP shav smallerRMS errorsfor the solutionswith
elevation-dependemnweighting,aswell.

The conclusionis that the modelfor the elevation-dependdénweightingis appropriatein particu-
lar for the code obserationsof the CHAMP recever. A confirmationof this conclusionis givenin
Figure6.26. It shavs the residuals(RSWdirections)of the kinematiccodepositionsfrom SATORB
for the solutionwithout (Figure6.26(a))andwith (Figure6.26(b))elevation-dependenteighting. The
residualsare smallerfor the solutionwith elevation-dependentveighting— clearly indicatingthat the
elevation-dependemweightingmodelis preferablevhencomparedo the modelwithout weighting.

140 141 142 143 144 145 146 147 148 149 150
Day of Year

Figure6.23:RMS errorsof reduced-dynamiorbit determinationn programSATORB for clS-orbits
(codepositionscl derived without pre-screeningisedasinput),doy 140to 150/2001.
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(a) cllBS-orbits, APO setC, codepositionsof cll 3 usedas
input.
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(b) pli3S-orbits, APO set P, combinedpositionsof pll3
usedasinput.

Figure6.24:RMS errors of reduced-dynamioorbit determinationin program SATORB, without
elevation-dependdrweighting,doy 140to 150/2001.
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(a) cliBSe,APO setC, codepositionsof cllge usedasin-
put.
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(b) pll3Se-orbits APO setP, combinedpositionsof pllGe
usedasinput.

Figure6.25:RMS errorsof reduced-dynamiorbit determinatiorin programSATORB, with elevation-
dependeniveighting,doy 140to 150/2001.
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(a) Residualsof clI3 positionsw.r.t. cll3S-orbit, RMS (b) Residual®f cli3epositionsw.r.t. cll3Se-orbit RMS
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Figure6.26:SATORB residualf codepositionswithoutelevation-dependdrweighting(left) andwith
elevation-dependdrnweighting(right), doy 142/2001.

The samekind of analysiscanbe performedfor the phaseobserablesby analyzingthe position-
differenceresidualsn programSATORB for the casethatpositionsandposition-diference areusedas
independenbbserationtypes. No clearansweresultsin this case:neitherof the two setsof residuals
is better This meanshatfor the phaseobsenration currentlyno clearanswermmay be given. Sincethe
currentimplementatiorof LEOKIN doesnot allow to weightcodeandphasendependentlywe always
weightthetwo typestogetheiin our experimentsf elevation-dependenteightingis enabled.

Figure 6.27 shaws the differenceshetweenthe orbits of clI3S and plI3S (RMS 0.23 m) for doy
144/2001 Figure6.27in essenceharacterizethe accurag of the APO-set-C-orbitsExternalcompar
isonswill supporthis statement.

Neverthelesswe will inspectthe differencesn moredetail. The differencesshav an offsetin the
x-coordinateThisis notaproblemfor thepre-screeninpecauséor thecodescreeninghemagnitudeof
this offsetis smallenough.For the pre-screeningf the phase-dierenceobsenrationsthis offsetshould
not be critical either becauseonly position-diferencesof the a priori orbit are requiredfor the pre-
screeningln additionto anoffsetwe canrecognizenscillationsin the differencesetweerthe reduced-
dynamicorbits which have an amplitudeof up to half a meter Theseoscillationsin the differences
betweerclI3S andpli3S causahedifferencesn thekinematictrajectoriesshavn in Figure6.16(d).

The reduced-dynamiorbit, which is usedasa priori orbit for the pre-screeningn LEOKIN, is an
importantfactorfor the quality of theresultingkinematicpositionswhenassuminghatthe otherfactors
influencingthe positioningareminimized(downweightingof the codepositions,smallvaluefor 3, and
elevation-dependenweighting). This impliesthatwe usesolutionsof type B, with § = 3 or 5, andwith
elevation-dependenteightingfor the following tests. In our previous studiesdifferenta priori orbits
have beenusedfor the solutions,e.g.,solutionPB3euseshea priori orbit pll3SeandPB5ethea priori
orbit plI5Se.A comparisorof thetwo kinematictrajectoriesvould shav usnotonly thedifferenceglue
to the differentvaluefor 8 (3 or 5) but alsothe differencegesultingfrom the differenta priori orbits
used(pli3Seor plI5Se).
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Figure6.27:0rbit differencesbetweenreduced-dynamiorbits clI3S and plI3S without elevation-
dependeniveighting,doy 144/2001.

In orderto separatéhesewo influencesonthesolutionswe repeathe computatiorof thekinematic
solutionPB3eandPB5e(thistime usingpll10Seasa priori orbit), andthe computatiorof thekinematic
solutionsCB3e and CB5e (this time using cll10Seasa priori orbit). The orbits cll10Seandpll10Se
are of differentquality thanthe a priori orbits usedoriginally for the solutions(cli3Se,clI5Se,pll3Se,
and pll15Se) (seeFigures6.24 and 6.25). With thesetestswe may evaluatethe impactof the a priori
orbit ontheresultingpositions.Figures6.28(a)and6.28(c)shav the numberof interruptsandjumpsfor
thesesolutionsand Figures6.28(b)and6.28(d)shav onceagainthe correspondingnformationof the
original solutions(Figures6.18and6.19). Table6.10lists the meannumberof interruptsandjumpsof
the new solutions. If we comparethesemeanvalueswith the meanvaluesin Table6.9 we recognizea
significantincreasen the numberof interruptsandjumpsin the caseof the solutionsusingcli10Seasa
priori orbit. In the caseof the solutionsusingthe a priori orbit pli10Sethereis no difference(compare
Figure6.28(c)with Figure6.28(d)).Figure6.28(a)shavs thatfor somedaysthea priori orbit cll10Seis
notof suficientaccurag to guaranteareliablepre-screeningesultingin moreinterruptsandjumpsthan
for the original solutionsCB3eand CB5e (Figure 6.28(b)). Figure 6.29 shaws the differenceqfrom a
Helmerttransformationpetweertheoriginal kinematicsolutions(CB3e(left) andCB5e(right)) andthe
newly generatedolutionswith cll10Seasa priori orbit. The RMS errorsof the Helmerttransformation
are0.04m and0.08m, respectiely. Figure6.30shavs the differencedor the correspondingolutions
usingAPO setP. The RMS errorsof the Helmerttransformatiorare0.01m and0.04m. Thesefigures
confirmthefindingsof Figures5.28(a) 6.28(c),andTable6.10.In thecaseof usingapriori orbitsof type
C thereduced-dynamiorbitsservingasa priori orbitsaremoresensitie to dataproblemgremainingin
thecodepositionsdueto alarger3). Dueto thesedataproblemgheresultingreduced-dynamiorbit may
not be of sufficient accurag to sene asreliablea priori orbit in LEOKIN. In the caseof usinga priori
orbits of APO setP the reduced-dynamiorbits generatedvith combinedpositionsbasedon a larger
valuefor g the differencesaresmall. The dataproblemsdueto largervaluefor G arealsopresentn the
codepositions.Dueto the combinatiorwith the phase-devied position-diferencesandthe dewveighting
of the codepositionsthe effectis wealened.

This shaws thatthe a priori orbit is a key elementin our zero-diferencekinematicpoint position-
ing procedure.If we usedifferenta priori orbits for our procedurewve get differentresults. This is a
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6.3 IGS TestCampaign-doy 140to 150/2001

Table6.10:Mean numberof interruptsand jumps of solutionsB with elevation-dependeniveighting
usingAPO cll110Seandpli10Se.

APOclI10Se APOpll10Se
Interrupts| Jumps|| Interrupts| Jumps

B=3 14 22 10 14

8=5 14 22 10 14

140 141 142 143 144 145 146 147 148 149 150
Day of Year

145 146 147 148 149 150
Day of Year

(a) A priori orbit cll10Se.

(b) Originalapriori orbitscli3SeandclI5Se(seeFig-
ure6.18,otherscale).

40

p=3
30

140 141 142 143 144 145
Day of Year

146 147 148 149 150 140 141 142 143 144 145 146 147 148 149 150
Day of Year

(c) A priori orbit pll10Se.

(d) Original a priori orbits plI3Se and plI5Se (see
Figure6.19,otherscale).

Figure6.28:Numberof interruptsdue to missingphaseposition-diference (left bar) and numberof

jumpsin the kinematictrajectory(right bar), elevation-dependenwveighting, cll10Se(top

left) andpll10Se(bottomleft) usedasa priori orbits,right: plotswith originala priori orbits
useddoy 140to 150/2001.
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Figure6.29:Orbit differencesetweerkinematictrajectoriesusingdifferenta priori orbits of APO set
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(a) Differenceshetweenoriginal solution PB3eand (b) Differencesbetweenoriginal solution PB5e and
PB3eusingpll10Seasa priori orbit, RMS 0.01m. PB5eusingpll10Seasa priori orbit, RMS 0.04m.

Figure6.30:Orbit differencedetweerkinematictrajectoriesusingdifferenta priori orbitsof APO setP,
doy 144/2001.
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6.3 IGS TestCampaign-doy 140to 150/2001

Table6.11:RMS errors(cm) of improvementsetweerkinematictrajectorieof subsequeriterations.

PB3- | Iter. 2— | Iter. 3— | Iter. 4— || PB3—
Day || Iter. 2 | lter. 3 Iter. 4 lter. 5 || lter. 5
140 9 4 2 1 11
141 4 1 1 0 4
142 41 37 10 3 11
143 4 2 1 0 4
144 4 1 0 0 5
145 5 2 1 0 6
146 5 1 0 0 7
147 6 2 1 0 10
148 6 2 1 0 7
149 8 3 1 0 11
150 5 2 1 0 6

disadwantageof this efficient point positioningprocedure.

We have seeron theotherhandthatthe pre-processingf theobsenrationsis notreliableenoughfor
B > 5. We thereforeonly have to considerthe solutionswith 8 = 3 and5. Thedifferenceshaving up
whenwe usea differenta priori orbit are,in particularfor APO setP, within reasonabldéimits.

Thereduced-dynamiorbit which is usedasa priori orbit for the pre-screenin@f the obserations
for the kinematicpoint positioningin LEOKIN hasto be producedwith care. The differencesetween
APO setC andP shav thatthe latter approactseemdo be morereliablefor generatinga priori orbits
with the requestedhccurag. This meansthat we shoulduse codeand phase-dierenceobserations
(APO setP) for generatingeduced-dynamiorbitsservingasa priori orbits.

Iterative Kinematic Point Positioning

A possibilityto corvergeto areliablesolutionmaybeto performaniterative kinematicpoint positioning
in the programLEOKIN. The combinedpositionsof the previous iterationswill enterasnew a priori
positionsinto the next point positioningstep. The procedurenay be repeatedislong asthedifferences
betweertheiterationsis significant.

The advantageof this procedurds thattheiterationsdo not involve the time-consumingrbit inte-
grationstepwith programSATORB. A disadwantageis thatexcludedepochscannotbe recoveredin a
subsequerdtep.

In orderto studythis procedureve take asaninitial point positioningsolutionPB3with the corre-
spondingAPO plI3. Subsequentlye processachof the eleven daysandperformup to five iterations
in LEOKIN. Finally we performa Helmerttransformationwith threetranslationparameterspetween
thekinematicpositionsfrom subsequeriterations.Table6.11lists the RMS errorsof theHelmerttrans-
formationsfor theelevendays.

Figure6.31shaws theimprovementsn the x-componenbf the kinematicpositionswith increasing
iterationsfor doy 142 (Figure 6.31(a))and 145/2001(Figure 6.31(b)). The differencesbetweenthe
iterationsare corverging to zero. The solutionsreach(exceptdoy 142) a limit wherethe RMS errors
of theimprovementsaresmallerthantwo centimetersfterfour iterations(Table6.11). The columnon
theright-handsideof Table6.11givesthe RMS errorsof the Helmerttransformatiorbetweertheinitial
solutionPB3andthe solutionafterfive iterations. TheseRMS errorsarewithin eleven centimetergor
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(a) DOY 142/2001. (b) DOY 145/2001.

Figure6.31:Improvementsin the x-componenbf the kinematictrajectorywith increasingnumberof
iterations.

the eleven days. We will comparethesekinematicpositionsresultingafter five iterationsin the next
sectionwith anindependensolutionfor the CHAMP orbitsin orderto evaluatewhetherthis iteratve
positioninghelpsto improve thekinematictrajectory

6.3.3 Independent Comparison

In orderto assestheexternalaccurag of thekinematictrajectory thekinematicpositionsarecompared
with anindependenéxternalsolution. Fortunately the datafrom the IGS CHAMP testcampaignwere
processetly anumberof institutions.Oneof thebestsolutionsn acomparisorbetweerall contritutions
is the solutionfrom the TechnicalUniversity of Munich (TUM), Germary. This solutionwasperformed
with anenhancedersionof the BerneseGPSSoftware,Version4.2. The solutionsarezero-diference
reduced-dynamiorbits for CHAMP generatedy the main parameteestimationprogramGPSEST.
The GPSorbitsandclock correctionsareassumedo beknown from CODE processingThe GPSphase
obserationsof CHAMP aredirectlyusedn theorbit estimatiorprocedurécodeobserationswereonly
usedto synchronizeherecever clock). The phaseambiguities epoch-wiseLEO clock parametersand
thedynamicalorbit parameteareestimatedogether Thereduced-dynamiorbit is parametrizedvith

e sixinitial conditions,
e nine Solarradiationpressurgarameters,
e onescalingfactorfor theatmospheriadrag,and

e pseudo-stochastjaulsesevery nine minutesin alongtrack(constraints:1 - 10~° m/s), crosstrack
(1-107° m/s),andradial(2 - 10~° m/s)direction.

The TUM solution was generatedvithout elevation-dependdnweighting of the obsenrations. Fig-
ures6.32(a)and6.32(b)shav the RMS errorsof a Helmerttransformation(with threetranslationpa-
rametershetweenour kinematicsolutionseriesA andB without elevation-dependentveightingwith
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RMS (m)
RMS (m)

140 141 142 143 144 145 146 147 148 149 150 140 141 142 143 144 145 146 147 148 149 150
Day of Year Day of Year

(a) A priori orbit setC. (b) A priori orbit setP.

Figure6.32:RMS errorsof Helmerttransformatiorbetweerorbitsfrom TUM andtrajectoriegenerated
with LEOKIN without elevation-dependenteighting,solutionA (left bar) andsolutionB
(right bar),for doys 140to 150/2001.

B = 3 and5 for both APO setsandthe TUM orbits. Table6.12 summarizeshe meanRMS errorsfor
the solutionswithout elevation-dependenweightingin the upperpartof the table. Most of solutionsA
areworsethansolutionsB.

In additionwe have alook atcomparison®f thesolutionswith elevation-dependerweightingof the
obserationswith the TUM-solutions(Figure6.33). 1t is remarkableghatthe solutionswith g = 3 and5
shaw aslightly betterperformancéTable6.12(bottom))thanthesolutionswithout elevation-dependent
weighting. This confirmsour recommendatiomf using the elevation-dependeniveighting modelin
LEOKIN.

Figure 6.34 shaws the RMS errorsof a Helmerttransformationbetweenthe TUM-solutionsand
the reduced-dynamisolutionsP3Sefor all eleven days. As the comparisondetweenthe kinematic
trajectoriesandthe TUM-solutionsthesecomparisonsirein therangeof 10to 15cm.

Figure 6.35(a)shaws the differenceshetweenthe TUM-solution and solution PB3 (HelmertRMS
0.11m)for doy 144/2001Figure6.35(b)thosebetweenrUM andPB3e(HelmertRMSerror0.09m) for
doy 144/2001.Thedifferenceshav mary jumps. Thesgumpsarecontainedn the LEOKIN solutions
becausehe TUM-solutionis a reduced-dynamiorbit andis, therefore continuousand hasno jumps
in thetrajectory SolutionsPB3 andPB3ehave both 14 interruptsdueto missingposition-diferences
The differencedor both solutionsshav similar characteristicsThe solutionwith elevation-dependent
weighting(PB3e)is slightly better

Figure 6.36(a)shaws the differencesbetweenthe reduced-dynamiorbit P3Sand TUM (Helmert
RMS error0.10m) for doy 144/2001andFigure6.36(b)thosebetweernP3Seand TUM (HelmertRMS
error0.09m).

Finally, we have a look at the differencesbetweenthe TUM-solutionsandthe LEOKIN solutions
resulting after five iterations. Figure 6.37 shaws the RMS valuesfor the differencesbetweenTUM
and PB3 solutions(left bar) and betweenTUM andthe solutionsafter five iterations(right bar). The
kinematicpositionsafter five iterationsshaw no improvementin comparisorwith the TUM-solutions.
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6 ResultsandApplications

Table6.12:Mean RMS errors(m) of HelmerttransformatiorbetweenLEOKIN solutionsand TUM-

solutions.
\ Solutionswithout elevation-dependerweighting |
APOsetC APO setP
SolutionA | SolutionB || SolutionA | SolutionB
=3 0.16 0.14 0.16 0.12
8=5 0.17 0.14 0.17 0.13
\ Solutionswith elevation-dependerweighting |
APOsetCe APO setPe
SolutionA | SolutionB || SolutionA | SolutionB
=3 0.13 0.13 0.12 0.11
B=5 0.12 0.12 0.12 0.11

RMS (m)
RMS (m)

140 141 142 143 144 145 146 147 148 149 150 140 141 142 143 144 145 146 147 148 149 150
Day of Year Day of Year

(a) A priori orbit setCe. (b) A priori orbit setPe.

Figure6.33:RMS errorsof Helmerttransformatiorbetweerorbitsfrom TUM andtrajectoriegenerated
with LEOKIN with elevation-dependentveighting, solution A (left bar) and solution B
(right bar),doy 140to 150/2001.

140 141 142 143 144 145 146 147 148 149 150
Day of Year

Figure6.34:RMS errorsof Helmerttransformatiornbetweenorbits from TUM and reduced-dynamic
orbitsP3Sedoy 140to 150/2001.
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(b) Kinematic trajectory PB3e (with elevation-
dependentveighting)— TUM-solution,RMS 0.09m.

(@) Kinematic trajectory PB3 (without elevation-
dependentveighting)— TUM-solution,RMS0.11m.

Figure6.35:0rbit differenceshetweerkinematictrajectories(PB3 (left) and PB3e(right)) and TUM-

solutionsdoy 144/2001.
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(@) Reduced-dynamiorbit P3S (without elevation-
dependeniveighting)— TUM-solution,RMS 0.10m.
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(b) Reduced-dynamicorbit P3Se (with elevation-
dependentveighting)— TUM-solution,RMS 0.09m.

Figure6.36:Orbit differencesetweerreduced-dynamiorbits (P3S(left) andP3Se(right)) and TUM-

solutionsdoy 144/2001.
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RMS (m)

140 141 142 143 144 145 146 147 148 149 150
Day of Year

Figure6.37:RMS errorsof HelmerttransformatiorbetweenTUM and PB3 (left bar) and TUM and
kinematicpositionsafterfive iterations(right bar).
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Figure6.38:Differencedetweerthekinematictrajectoryafterfive iterationsn LEOKIN andthe TUM-
solution,doy 144/20001RMS0.12m.

Figure6.38shaws the differencedetweerthe solutionsfor doy 144/2001.

Thesecomparisonshawv that the externalaccurag of the final kinematicLEOKIN andreduced-
dynamicSATORB solutionsis within 10to 15 centimetersv.r.t. the TUM-solutionsfor anappropriate
setof processingptions.

6.3.4 Summary

Many kinds of LEO orbits may be generatedisingthe programsLEOKIN and SATORB. The orbits
directly emeging from LEOKIN are purekinematicorbits. They do not make useof the factthatthe
LEO is obeying the equationsof motion. LEOKIN may make useof a priori orbit information, but
only for the purposeof screeninghe raw codeandphase-dierenceobsenrations. It is undoubtedlya
disadwantageof the kinematicorbits that gapsmay occur— wheneer dataproblemsdid not allow it to
generateoint positionsusing codeand/orposition-diference usingthe phaseobserable. For mary
applicationst is thereforeappropriateandusefulto considettheresultsof programLEOKIN only asan
intermediarytool to generatea dynamicor reduced-dynamiorbit.

Theorbitsresultingfrom programSATORB aredynamicorbitsor so-calledreduceddynamicorbits.
They are solutionsof the equationsof motion using ratherelaborateorbit models(seesection5.1).
The positionsandpossiblythe position-diferen@s generatedy programLEOKIN areusedaspseudo-
obsenrationsin acorventionalorbit determinatiorprocess SATORB solvesfor quantitiescharacterizing
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6.3 IGS TestCampaign-doy 140to 150/2001

theinitial statevector(six parametersnormallyfor nine dynamicalparametergconstanandonce-per
revolution termsin the threeorthogonaldirectionsR (radial), S (alongtrack)andW (out of plane).In
addition,pseudo-stochastjmulses(velocity changesaresetup in the samethreedirectionsat regularly
distributedepochgdetailsseesections.5). It is importantthatthe numberof unknavnsis atleastoneto
two ordersof magnitudesmallerthanthenumberof pseudo-obseations. Onemaythereforeexpectthat
thedynamicor reduced-dynamiasrbitsemeging from SATORB aremuchlessproneto dataproblems
thanthoseresultingfrom LEOKIN. Also, asit is assumedhatthe LEO trajectorysolvesthe equations
of motion, gapsdo not exist. It is thuspossibleto generatea table (ephemerispf equidistan{in time)
rectangulasatellitepositionswith SATORB, eitherin theinertial or in the Earth-fixed system.

In orderto evaluatethe performancenf programLEOKIN extensve studieswere performedusing
dataof thelGS CHAMP testcampaigrn(doy 140to 150/2001) Most of thetestsconfirmtheconclusions
drawn in Section6.2for thedataof CHAMP for doy 152/2001.

Testswereperformedto find the bestpossiblevaluefor the pre-screeningaramete. A choiceof
B = 3or5isrecommendedf highervaluesfor 5 areused'bad” obserationsmaystill residein thedata
anddisturbthe kinematicsolution. Codeobserationsare moredelicate— for the phaseobserationsit
makeshardlyary differencewhetherd =3 or 8 =30is used.Thisindicateghatthe phasere-screening
is only importantfor theidentificationof large cyclesslipsandphaseresets.

We studiedheeffectof downweightingof thecode-deriedpositionswhencombiningcodepositions
andphaseposition-diferencesKinematicsolutionsnotusingelevation-dependenteightswith thecode
positionsdownweightedby a factorof 100 (solutionsB) give a betterperformancehanthe kinematic
solutionswith the normalrelative weightof codeandphasefor the combination(solutionsA).

Studiesconcerningheuseof elevation-dependdmweightsrevealabettemperformancef solutionsof
type A andB whenconsideringelevation-dependeneighting. The codeobserationsatlow elevations
have animpacton the kinematicsolutionswhich is expressedy outliersin the codepositionsleading
to morejumpsin thekinematictrajectoryw.r.t. areduced-dynamiorbit. In the caseof solutionB these
outliers may be smootheddue to the dewveighting of the code positions. In the caseof applyingan
elevation-dependenteightingtheseobserationsare alreadydeweightedin the codepositioningstep
andmaynot have suchalargeimpacton theresultingcombinedpositionsfor solutionsA andB. Further
inspectionson this issueby comparingthe residualsof the orbit determinationsn programSATORB
using code positionsderived without weighting and code positionsderived with weighting confirmed
the conclusionthatthe elevation-dependenweightingmodelis preferablevhencomparedo the model
withoutweighting.

For the phaseobsenrationsno clear conclusionconcerningthe weighting could be dravn. Since
LEOKIN currentlydoesnot allow to apply the weightingmodelindependenthyon codeandphasewe
usealwaysthe weightingfor both obserationstypesof the CHAMP recever. An alternatve, which
was not studiedfor this work, could be to apply the elevation-dependeniveighting only to the code
obserations.

After anindependentomparisorof thekinematicsolutionswith solutionsgenerateatthe Technical
Universityof Munich, Germam, theconclusiorcanbedravn thattheapplicationof elevation-dependent
weightingon the obsenrationsslightly helpsto improve the kinematicpoint positioningsolution. This
conclusionimpliesthat we usea valuefor 8 which is smallerthanten andthatthe codepositionsare
deweightedby afactor100for the combinationwith the phase-devied position-diferencs.

We tried to find the mostreliable way to generatea reduced-dynamiorbit for the pre-screening
procedureén LEOKIN. The mostreasonabl@andreliableprocedurgo generatea priori orbitsis to use
combinedcodeandphase-dierencederived positions(APO setP) (usinga reasonabl&aluefor g3 (i.e.
B < 5)). For 8 = 3 the solutionsgeneratedvith APO setC are, howvever, of comparableguality as
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Table6.13:Orbitsgeneratedavith LEOKIN andSATORB.
| Solution| Source | Description

cl LEOKIN | Kinematicorbit basedn codeobserations,
withouta priori orbit information

clS SATORB || cl positionsasobsenrations,15 deterministiqgparameters,
spacingfor stochastigulses:90 min

cll3e LEOKIN | Kinematicorbit basedn codeobserations,

usingorbit clS asa priori orbit,

with elevation-dependdrweighting

cll3Se | SATORB | cll3e positionsasobsenrations,15 deterministigpparameters,
spacingor stochastigulses:20 min

cll3 LEOKIN | Kinematicorbit basedn codeobserations,

usingorbit cIS asa priori orbit,
withoutelevation-dependdrweighting

cll3s SATORB | clI3 positionsasobsenrations,15 deterministiqparameters,
spacingor stochastigulses:20 min
(withoutelevation-dependdnweighting)

pli3e LEOKIN || Kinematicorbit basedn codeandphaseobserations,
usingorbit clS asa priori orbit

with elevation-dependdrweighting

plI3Se | SATORB || pll3e positionsasobsenrations,15 deterministiqgparameters,
spacingor stochastigulses:20 min

PB3e LEOKIN | Kinematicorbit basedn codeandphaseobsenations,
usingorbit plI3Seasa priori orbit

with elevation-dependdrweighting

P3Se SATORB || PB3epositionsandposition-diferencesasobsenrations,
15 deterministigparametersspacingfor stochastigulses:10 min

thosegenerateavith APO setP. Thereduced-dynamiorbitsof type C (usingonly codepositionsfor the
generatiorof the reduced-dynamiorbit) have an accurag of about30 cm, the orbits of type P (using
combinedpositions)of aboutl5cm.

In orderto fix theorderof magnitudeof thevariousstratgies(with LEOKIN andSATORB) we take
the orbits generatedor one particularday (144/2001)of the IGS testcampaignin 2001 and compare
"all possibleorbits” with the presumablybestpossibleorbit, namelythe one generatecht TUM in a
reduced-dynamiasiodeusingthe BerneseGP Ssoftware (seeSection6.3.3for details).

The orbits are characterizedn Table 6.13, their quality is describedby Table 6.14 usingthe root
meansquareerror (RMS, ;) persatellitecoordinateof a Helmerttransformatiorwith threetranslation
parameterbetweerthe orbital positionsconsidere@ndthe"external” orbit positions(TUM-solutions).
The errorRMS;,,;, alsocontainedn Table6.14,characterizethe RMS error per coordinateof a trans-
formationbetweerthe orbit consideredndthe presumablypestpossibleorbit P3Seachiezablewith the
programd EOKIN andSATORB. Comparisorof RMS;,,; with RMS,;; shaws therapid conergenceof
the describedrbit determinatiorprocesgo an orbit comparablén quality with the bestexternalorbit
(TUM). This factis importantwhendealingwith LEO orbits, for which no independenestimatesare
available(in anoperationakrvironment this is thenormalcase).
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Table6.14:LEO orbit quality usingLEOKIN andSATORB, CHAMP doy 144/2001.
Solution| Code Phase Orbit | Program | RMS;,¢(m) | RMS,;¢(m) |

cl Y N N LEOKIN 2.71 2.56
clS Y N - SATORB 0.47 0.48
cli3e Y N Y LEOKIN 1.38 1.36
cli3Se Y N - SATORB 0.29 0.33
cli3 Y N Y LEOKIN 2.11 2.12
cll3S Y N - SATORB 0.29 0.30
pli3e Y Y Y LEOKIN 0.15 0.13
plI3Se Y Y - SATORB 0.15 0.13
PB3e Y Y Y LEOKIN 0.11 0.09
P3Se Y Y - SATORB - 0.11

Thenext sectiondealswith the kinematicsolutionsfor alongerdataseriesfor CHAMP andSAC-C
in 2002. Thesedatasetsareprocessedvith theaim to confirmthefindingsfrom this sectionbut alsoto
answeldditionalguestionsoncerninghedatapre-processingis areferencerbit we will useanorbit
of type P3Seto comparewith, becausao externalreferenceorbit is availablefor thistime intenal.

6.4 CHAMP and SAC-C — 055/2002 to 089/2002

The more recentdataset we processedstemsfrom a time interval of 35 daysin 2002 (doy 055to
089/2002) GPSdatafrom bothsatellitesCHAMP andSAC-C, wereanalyzed.

First, we inspectthe quality of thetrackingdatafrom thesedays. Then,we addresdlifferentissues
usingthis longerdataseries.A generalovervien of the differentsolutionsis followed by a sectionthat
considerghe kinematicsolutionsusing CODE Rapidproductsasinput andby a correspondingection
for the solutionsusing CODE Final products.Finally, a summaryof all solutionsandresultsfrom the
2002LEO/GPSdataseriesis presented.

6.4.1 Data Quality

Figure 6.39 shavs the numberof satellitestracked by SAC-C for doy 055to 089/2002. The SAC-C
recever tracked up to twelve satellitessimultaneouslyor almostthewholetime intenal. Startingfrom
doy 089/2002he SAC-C recever tracksonly up to eight satellitessimultaneouslyseealso Table4.2).
Unfortunately the SAC-C datacontaina long datagapfrom doy 058,5"14M408 to doy 061,3"44M208,

Figure6.40shavs the numberof satellitestracked by CHAMP for doy 055to 089/2002.The GPS
recever on-boardCHAMP tracked up to eight GPS satellitessimultaneouslyprior to doy 064/2002.
After that dateit wasableto track up to ten satellites(seealso Table4.1). The CHAMP datahave a
longerdatagapon doy 064 from 7"05M508 to 22"10™40%. During this datagapthe CHAMP recever
softwareupdatewasperformedallowing the GPSrecever to trackup to ten satellitessimultaneously

Thereareafew additionaldatagapsfor bothsatellitedastingfrom oneepochup to severalminutes,
but in generakhe performancef thetwo spaceborneeceiverswasrathergood(exceptfor SAC-C after
doy 086).

After the long datagapon doy 064 for CHAMP the numberof gapsper day hasdecreasedMost
of thedaysevenshav no datalossatall. Startingfrom doy 077 a barelyvisible, but important,change
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Number of sat.

Number of sat.

Number of sat.

l l |
80 81 82 83 84 85 86 87 88 89
Day of Year 2002

Figure6.39:Numberof tracked satellitesby SAC-C for doy 055t0 089/2002.

in the dataperformancénasoccurred:the numberof epochswith only four or five traclked satelliteshas
decreasedrhisis abig advantagefor kinematicpoint positioning,becauset leastfour obserationsare
neededo determinea position. If we have morethanfour obserationsavailabletheredundang of the
solutionincreasesandthereforethe solutionsarebettercontrollable.

Thereare only two dayswithout datagap (doy 070 and 074) for SAC-C. Startingwith doy 086
therecever performancas very bad. The time intenals without ary tracked satellitesarelongerthan
thetime intervals with morethanthreetracked satellites. It is, therefore difficult to generateaeliable
kinematicsolutionsafterdoy 085.

6.4.2 Data Processing

In additionto the GPSdataof thetwo LEO satelliteswith a samplingof tensecondshefollowing input
datawereneededandusedfor our tests:

¢ CODERapidGPSorbits,
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Figure6.40:Numberof tracked satelliteshy CHAMP for doy 055t0 089/2002.
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e ERPsof the CODERapidprocessingand

e 30-seconalock correctiondor the GPSsatelliteswith the GPSbroadcastlock correctionsused
for alignmentto GPStime.

For doy 055t0 069/2002wve usedin additiona secondsetof inputdata
e CODEFinal GPSorbits,
e ERPsof the CODEFinal processingand

e 30-secondlock correctiondor the GPSsatellitesconstrainedo the CODE Final 5-minuteclock
corrections.

Thesetwo setsof input dataare usedto comparekinematicresultsasa function of input information
of differentaccurag. Theofficial IGS Rapidproductis availablewith a delayof 17 hoursafterthe day
consideredandthe IGS Final productwith a delayof 10 daysafter the weekconsidered.The analysis
centershave to provide their resultsheforethe combinationof all contritutionsmay take place. For the
Rapid productsnot asmary GPSobseration datamay be usedas for the Final products. The Final
productshave a betterquality thanthe Rapidproducts.For moredetailsaboutthe IGS productswe refer
e.g.,to [Weberand Springer, 2002]and[IGSCR 2002].

Solutionswith the following input dataand optionsin LEOKIN are performedand analyzedfor
CHAMP andSAC-C:

¢ DOY 055-089/2002:CODERapidproducts

1. noelevation-dependenteightinganda cut-off angleof 0°,
2. elevation-dependdrweightinganda cut-off angleof 0°.

e DQOY 055-069/2002:CODEFinal products

1. noelevation-dependenteightinganda cut-off angleof 0°,
2. elevation-dependdrweightinganda cut-off angleof 0°,

3. CODEFinal5-minuteclockcorrectionsasGPSclockinformation(usinglinearinterpolation)
andelevation-dependearweightingwith a cut-of angleof 0°,

4. SAC-C:noelevation-dependemeightingandno cut-of angle.

Table6.15summarizeshe solutiontypes.Thecommonvaluesof o, = 1.0mando,,,, = 0.01lmare
used.We have seenin the previous examplesthat 3 > 10 resultsin outliersresidingin the “screened”
data. We have seenthis problemalsoin the kinematicsolutionsfor 8 = 10 andpartly for 3 = 5. We

wantto seewhetherthekinematicsolutionsof the2002dataseriesshav the samesensitvity mainly for

the codeobserations. Indeedwe use3 =5 and10 only for the solutionsgeneratedisingthe CODE
Rapidproducts.For theremainingsolutionswe confineoursehesto thebestpossiblekinematicsolution
with 8 = 3. Thetwo proceduregAPO setC andP) to generateeduced-dynamiorbits servingasa

priori orbits explainedin the previous sectionare used(seeTable 6.5). The optionsfor the reduced-
dynamicorbits in SATORB arethe sameasfor the reduced-dynamiorbits of the IGS CHAMP test
campaign(six osculatingelementsnine empirical parametersn RSW stochastigulsesevery 90 and
20, respectiely, seeSection6.3.2).SolutionsA (normalrelative weight?2 : 100? betweercodepositions
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Table6.15: Summaryof kinematicsolutionscomputedor CHAMP andSAC-Cfor doy 055to 089/2002
(R standsfor Rapid, F for Final, S for SAC-C, C for APO setC, P for APO setP, A for a
normalcodeweightfor thecombinationB for acodeweightreduceddy afactorof 100,and
e for elevation-dependdrweighting).

CODERapidproductsday 055to 089/2002
APOsetC APOsetP
noelev.-dep.weight.| elev.-dep.weight. {| noelev.-dep.weight.| elev.-dep.weight.
B3=3 RCA3 RCB3 RCA3e RCB3e || RPA3 RPB3 RM3e RPB3e
B8=5 RCA5 RCB5 RCA5e RCBb5e || RPAS RPB5 RPA5e  RPB5e
B3=10| RCA10 RCB10 | RCAl0e RCB10Oe|| RRM10 RPB10 | RPAl0e RPB10e
A priori orbitsfrom processingvith CODEFinal products
B3=3 RFCB | I RFPB |
CODEFinal productsdoy 055to0 069/2002
APOsetC APO setP
noelev.-dep.weight.| elev.-dep.weight. [ noelev.-dep.weight.| elev.-dep.weight.
B8=3 FCA FCB FCAe FCBe FRA FPB FPAe FPBe
Official 5-minuteGPSclock correctiondrom CODEFinal processingised
B3=3 | | F5FAe  F5PBe
SAC-C
nocut-off angle | | nocutoffangle |
| 3=3 ] SCA SCB | | Sm SPB |
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andphaseposition-diferenceshndB (codepositionsdewveightedwith afactor100for thecombination)
arecomputedor nearlyall versions.

We startwith the solutionsbasecn the CODE Rapidproductsasinputfor the GPSorbitsandclock
corrections We analyzethe solutionsfor SAC-C first andthenthosefor CHAMP. Finally, the solutions
usingthe CODEFinal productsareinspectedagainfirst for SAC-C andthenfor CHAMP.

6.4.3 Solutions with CODE Rapid Products
SAC-C: No Elevation-dependent Weighting and Cut-off Angle 0°

Let usfirst studythereduced-dynamiorbits (RclS,RcllS,andRpllS, seeTable6.5, R standSor Rapid)
usedasapriori orbitsfor thepre-screeningh LEOKIN. Figure6.41shavstheRMSerrorspercoordinate
of thereduced-dynamiorbit determination$or the solutionswithout elevation-dependenteightingfor
SAC-Cin programSATORB.

TheRMS errorsfor the RclS-orbits(Figure6.41(a))arethelargestwhichis no surprisebecauséhey
arebasedbon codepositionsonly. Thesecodepositionsarederived withouta priori orbit informationin
LEOKIN andthereforeno pre-screeningf the datawaspossible SATORB allows it to screerthe “ob-
senations”. No usewasmadeof this option,however. TheseRclS-orbitsarethe basisfor all subsequent
kinematicsolutionscomputedvith the CODE Rapidproductsasinput for SAC-C.

The RMS errorsfor the Rcll3S- and RpllgS-orbitsare smaller The RMS errorsfor the RcllgS-
orbits (APO setC) (Figure 6.41(b))arearoundtwo meters. Theseare code-onlyorbits, aswell. The
correspondingcode positions(Rcll3) were, howvever, generatedn LEOKIN using the pre-screening
option(usingthe RclS-orbit). TheRMS errorsreflectthe accurag of the codepositionsof SAC-C.

TheRMS errorsfor thereduced-dynamiorbits of APO setP (Rpll3S) (Figure6.41(c))arefor most
days< 30cm. Thesereduced-dynamiorbitsarebasedn combinedcodepositionsandphaseposition-
differencesThecombinedoositionsobviously have amuchbetteraccurag thanthecode-onlypositions
usedfor APO setC.

The RMS errorsare missingfor somedays. For doy 059 and060 no dataare available. For doy
087 and 088t is impossiblewith LEOKIN to computea reasonablé&inematicsolutionwith the few
dataavailable (seeFigure 6.39). For doy 081 it is impossibleto generateeduced-dynamiorbits for
APO setP with SATORB. The RclS-orbithasan RMS errorof 54 m for the orbit determinatiorof the
reduced-dynamiorbit with code-onlypositionsin programSATORB. This shavs alreadythatthereare
se/ere dataproblemsfor this day Evenif we choosethe screeningoptionin programSATORB it is
not possibleto generatea reasonablerbit for this day At aboutnoonprobablya maneuer took place
becauséf we setup anew arcafter 740minutes(12"20™) theresultsfor thetwo arcsarereasonable.

We want to follow the sameprocessingprocedurefor all daysconsideredand do not make ary
exceptionby splitting up the 24-hoursarc, for example. It is obviousthatit is notrecommendetb use
thereduced-dynamiorbits of type C for doy 081/2002for the pre-screeningn LEOKIN but with this
examplewe mayshav whathappensf we neverthelessloit.

Figure 6.42 shaws the resultsof the RC3- and RP3-solutionsfor doy 055 to 089 (cut-of angle
0°, no elevation-dependdrnweighting). Eachday is characterizedy threebars. The left bar givesthe
numberof interruptsdue to missingposition-diferences the middle bar the numberof jumpsin the
kinematictrajectoryfor solutionA, andtheright barthe correspondingiumberof jumpsfor solutionB.
Table6.16summarizeshe minimum,mean.andmaximumnumberdor all solutions.Figure6.43shavs
the percentagef deletedobserationsfor the codeandthe phaseobserations.

Thenumberof interruptsandjumpsfor doy 086is comparatiely large for all solutions.Thisis due
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(a) RclS-orbits(codepositionsRcl derivedwithoutpre-
screeningisedasinput).
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0
55 57 59 61 63 65 67 69 71 73 75 77 79 81 83 85 87 89
Day of Year

(b) Rcll3S-orbits,APO setC, codepositionsof Rcll3
usedasinput.
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(c) RpllBS-orbits, APO set P, combinedpositionsof
Rpll3 usedasinput.

Figure6.41:RMS errors per coordinateof orbit determinationin program SATORB, SAC-C, no
elevation-dependdrweighting, CODE Rapidproductsdoy 055to 089/2002.
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Figure6.42:Numberof interruptsdue to missingphaseposition-diference (left bar) and numberof
jumpsin the kinematictrajectoryfor solution A (middle bar) and B (right bar), CODE
Rapidproductsno elevation-dependdrweighting, SAC-C, doy 055to 089/2002.

Table6.16:Minimum, mean, and maximum number of interruptsand jumps for solutionswithout
elevation-dependenveightingusing CODE Rapid products(RC3, RP3), SAC-C, doy 055
to 089/2002.

APOsetC APO setP
Interrupts Jumps Interrupts Jumps
Sol. A andB Sol. A Sol.B Sol. A andB Sol. A Sol.B

[ [
6|17| 39 ||5]20 |82 5| 18|57]| 6| 18| 38 77| 5| 18| 54

3=3 5| 20
B=516|17| 3 ||[5]/20|83||5|19|62|6|18| 38 ||5]|20| 79| 5| 19| 60
B=101|6| 17| 33 ||[5|20|84||5|19|69|l6|17| 34 ||[5]|21 |84 5|19 65
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Figure6.43:Percentagef deletedobserationsfor solutionsusing CODE Rapid productsand not ap-
plying elevation-dependdrweighting, SAC-C, doy 055-089/2002.
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to thedataperformanceavhich getsworseduringthis day (seeFigure6.39). Marny datagapsandepochs
with fewer thanfour tracked satellitesdo occur The dataquality of this dayis barelysuficient for our
kinematicpositioningapproachn LEOKIN.

On nearly all daysthe numberof jumpsfor solutionA is larger thanfor solution B. We already
sav a similar behaior for the CHAMP solutionsof the 20011GS CHAMP testcampaign. The code
obserationsat low elevationsmay be responsibldor problemsin the combinedpositionsin solutions
A.

Thenumberof interruptsandjumpsdoesnot significantlyincreasewith increasingvaluesof 3 asit
wasobseredin previousexamples.Thereis no significantdifferencebetweerthe solutionsfor APO set
C andP. Thenumbersn Table6.16aresimilarfor all solutiontypes.All maximumnumberscorrespond
to the problematiaday 086.

Figure6.43(a)shavs the percentagef deletedcodeobserationsandFigure6.43(b)the percentage
of deletedphaseobserationswhenusing APO setC. Eachcurve represent®ne of the 30 days. For
doys 059,060, 087,and088 no solutionsexist andthe percentag®ef deletedobserationsfor doy 081
is out of range(morethan40 % for codeandmorethan20 % for phaseobsenrations). The percentage
of all deletedobservationsncludesthe obserationsexcludedby thepre-screenindyy theiterative least
squaresadjustmentstep,and due to the cut-of angle. The curvesfor the deletedcode obserations
shav a slight decreasavith increasingvalueof 3. The curvesrepresentinghe percentagef deleted
phaseobserationsarein mostcasegatherflat. The percentagés nearlythe samefor mostvaluesof 8
consideredThedifferencesn theresultingkinematicpositionsarethereforemainly dueto the different
amountof deletedcodeobsenrationsfor differentvaluesof 3.

We mentionedthat the percentagef deletedobserationsis out of rangefor doy 081 for APO set
C. This underlineghata priori orbitswith an RMS in SATORB larger thanten metersare simply not
acceptabldor furtheranalysis.

Figure6.43(c)and 6.43(d)shav the correspondingunesfor the solutionswith APO setP. They
have in essencéhe samecharacteristicasthoseusingAPO setC. The uppermosturwe in the bottom
figure of Figure 6.43(c)correspondso the solutionsfor doy 089. As we canseein Figure 6.39the
dataperformanceof this day s still badandit is not anideal day for a kinematicpoint positioningof
the satellite. The reasorfor the high percentag®f deletedcodeobsenrationsin Figure6.43(c)is thus
dueto baddataperformancewhich doesnot allow for a reliable kinematicpoint positioning. The a
priori orbitsgeneratedbasecdon only few point positionshave reasonablemallRMS errorsfor the orbit
determinatiorbut the baddataperformancas, asin the caseof doy 086, atthelimit of beingusablefor
akinematicpoint positioningwith LEOKIN.

The solutionsusingthe CODE Rapid productsasinput data,no elevation-dependenweighting of
theobserations,anda cut-off angleof 0° areof similar quality for all daysexceptdoys 081,and086to
089. Thedifferentvaluesfor 5 do not have suchalargeimpactasexpectedrom the previousexamples.

SAC-C: Elevation-dependent Weighting and Cut-off Angle 0°:

Figure 6.44 shavs the RMS errors per coordinatefor the reduced-dynamiorbit determinationin

SATORB for APO setC and P, whenapplyingan elevation-dependeniveightingof the obserations
in LEOKIN. Thedifferencesw.r.t. Figure6.41larein mostcasesot significant. The largestdifference
may berecognizedor the a priori orbits of APO setP with 8 = 10. The RMS errorsin Figure6.44(b)
areslightly largerthanthosein Figure6.41(c). It seemghatobsenationswhich arenot excludedfrom

thedatadueto thelargervalueof 8 have alargerimpacton thekinematicsolutionandthe a priori orbit

if we useanelevation-dependdrweightingof the obsenrations.
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Figure6.44:RMS errors per coordinate for reduced-dynamicorbit determinationin program
SATORB, SAC-C, elevation-dependentveighting, CODE Rapid products,doy 055 to
089/2002.
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(a) Residualsof Rcll3 positionsw.r.t. RclI3S orbit, (b) Residualsof Rcll3e positionsw.r.t. Rcll3Seorbit,
RMS 1.66m. RMS 1.64m.

Figure6.45:SATORB residuals of code positions without weighting (left) and with weighting
(right), SAC-Cdoy 056/2002.

Figure6.46shavs the numberof interruptsandnumberof jumpsin thekinematictrajectoryfor the
RCge-, and RP3e-solutiongcut-of angle0°, elevation-dependenveightingwith o = 1) for SAC-C.
We cannotrecognizesignificantdifferencedo Figure6.42. Marny solutionsA shav morejumpsin the
kinematictrajectorythansolutionsB. Thisdoesnotagreewith theobserationsmadefor thecorrespond-
ing solutionsof thelGS CHAMP testcampaign:Therewe have seerthatthe performancef solutionA
is impraoving whenelevation-dependenteightingof theobsenrationsis enabled Thisbehaior pointsto
problemswith codeobsenrationsat low elevations(multipath)for CHAMP. For SAC-C this difference
for solutionA betweerthe solutionswithout andwith elevation-dependenteightingcannotbe recog-
nized. In orderto confirmthatthe quality of the codepositionsfor SAC-C arenot significantlybetter
whenelevation-dependenweightingis appliedwe inspectthe residualg RSW-directions)of the kine-
maticcodepositionsin SATORB for thereduced-dynamiorbit RclI3Swithout (Figure6.45(a))andthe
orbit RclI3Sewith (Figure6.45(b))elevation-dependdrweighting. The residualsshav no significant
differenceandwhenwe comparehesefigureswith Figures6.26(a)and6.26(b)we seethat,in contrary
to CHAMP, the elevation-dependdrweightinghasmoreor lessnoinfluenceon the codepositioningre-
sultsin LEOKIN for SAC-C. Thereforeno clearanswemaybegivenatthis pointwhethertheweighting
modelis appropriatdor the codeobserationsof SAC-C or not. The codeobsenrationsin generalseem
to beworsethanin thecaseof CHAMP, however.

Table6.17lists the minimum, mean,andmaximumnumbersof interruptsandjumpsfor the RCje-
andRPge-solutions.The meannumbersareashomogeneoubut slightly betterthanthe meannumbers
of the RC3- andRPg-solutions(Table6.16). The valuesfor the minimumand maximumnumbersare
comparabldor the solutionswith andwithout elevation-dependdrweighting.

Figure6.47shavs the percentagef deletedobserations.Figures6.47(a)and6.47(b)shav the per
centagdor APOsetC andFigures6.47(c)and6.47(d)for APO setP. Therearenossignificantdifferences
betweerthe APO sets.Thepercentagef deletecbbserationsshavs no significantdifferenceo thecor-
respondingpercentag®f deletedobserationsfor the solutionswithout elevation-dependenteighting
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Figure6.46:Numberof interruptsdue to missingphaseposition-diference (left bar) and numberof
jumpsin the kinematictrajectoryfor solution A (middle bar) and B (right bar), CODE
Rapidproductsglevation-dependenteighting, SAC-C, doy 055to 089/2002.

Table6.17:Minimum, meanandmaximumnumberof interruptsandjumpsfor solutionswith elevation-
dependenveightingusingCODE Rapidproducty RCi3e, RP3e), SAC-C.

APOsetC APO setP
Interrupts Jumps Interrupts Jumps
Sol. A andB Sol. A Sol.B Sol. A andB Sol. A Sol.B

[ [
6| 17| 38 5120|785 19|57 6| 17| 38 5120| 74| 5| 18| 54

p=3
=5 |6|17| 3 ||5|21|8 | 5|19 |60 6|17| 38 ||[5[21| 79| 5|19 58
f=10|6|17| 34 ||5|21| 72| 5|20 |6a|6|17| 33 ||5[20| 74| 5| 19| 64
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Figure6.47:Percentagef deletedobserationsfor solutionsusingCODE Rapidproductsandapplying
elevation-dependdnweighting, SAC-C, doy 055-089/2002.
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Figure6.48:RMS errors of Helmert transformation between kinematic trajectories RCB3 and
RCB3e,SAC-C,doy 055to 089/2002.
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Figure6.49:DifferencedetweerkinematictrajectoriesRCB3andRCB3e,SAC-C,doy 079/2002.

(Figure6.43).

In generalwe have seenthatthe solutionscomputedwith the CODE Rapidproductsfor SAC-C are
of agoodquality exceptfor afew dayswith seriousdataproblems.Neitherthe solutionwithout nor the
solutionwith elevation-dependenteightingis outstandinglygoodor bad.

Figure 6.48 shavs the RMS errorsof a Helmerttransformationbetweenthe kinematic solutions
RCB3andRCB3efor the 35 days. Most RMS errorsare betweenl0 cm and20 cm. Two daysshaw,
however, largerRMS errors(up to 40 cm). Doy 079/2002s atypical daywhich hasno specialproblems
andwe useit for illustrations. Figure 6.49 shaws the differencesbetweenthe kinematictrajectories
RCB3andRCB3efor doy 079/2002.Theoffsetsbetweersequencesf phase-connectgubsitionsarein
mostcasesn excessof tencentimeters.

For APO setP we generatehe bestpossiblereduced-dynamiorbitswith SATORB with codepo-
sitions and phaseposition-diference of the kinematicsolutionsRPB3(— reduced-dynamisolution
RP3S)andRPB3e(— RP3Se).Thesereduced-dynamiorbitsmay helpto evaluatethe kinematicsolu-
tions.

Figure6.50(a)shavs the RMS errorsof a Helmerttransformatiorbetweerthe kinematicsolutions
RPB3and RPB3eandFigure 6.50(b)thosefor a transformatiorbetweenthe reduced-dynamiorbits
RP3SandRP3SeFigure6.52shavsthe RMS errorsof aHelmerttransformatiorbetweerthekinematic
trajectoriefRPB3andRPB3e)andthe reduced-dynamiorbits (RP3SandRP3Se).The valuesareall
of the samesizefor all four comparisonsFigure6.51(a)shavs the differencesetweerthe kinematic
trajectoriedRPB3andRPB3efor doy 079/2002andFigure6.51(b)thosebetweerthereduced-dynamic
orbitsRP3SandRP3Se.
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(a) KinematictrajectoriesRPB3— RPB3e. (b) Reduced-dynamiorbitsRP3S- RP3Se.

Figure6.50:RMS errorsof HelmerttransformatiorbetweerRPB3andRPB3e(left) andbetweerRP3S
andRP3Sdright), SAC-C, doy 055to 089/2002.
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Figure6.51:DifferencedbetweerRPB3andRPB3¢(left) andbetweerRPS3andRPS3dright), SAC-C,
doy 079/2002.

The offsetsbetweenthe sequencesf phase-connectegositionsin Figure 6.51(a)have the same
sizeasfor the correspondinglifferencesor APO setC (Figure6.49). The frequentinterruptsandthe
resultingoffsetsin the kinematictrajectoryarea problemof the kinematicpoint positioningprocedure
in LEOKIN andthey cannotbe avoided. Figures6.53(a)and6.53(b)shav the differencesetweerthe
kinematictrajectoryRPB3andthe reduced-dynamiorbit RP3S(left) andbetweerRPB3eandRP3Se
(right) for doy 079/2002 respectiely. Thelarge offsetsof the kinematictrajectoriesw.r.t. the reduced-
dynamicorbit make it very difficult to evaluatetheaccurag of the particularsolutions.

Fromthesecomparisong cannotbeconcludedvhich of thetwo solutionsis the betterone(without
or with elevation-dependenteighting). The answeris not asclearasin the caseof CHAMP for the
2001campaignFurtherinvestigationon thisissuearenecessaryn orderto find ananswer
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CHAMP: No Elevation-dependent Weighting, Cut-off Angle 0°

The kinematicsolutionsfor the 35 daysin 2002 of CHAMP GPSobserationsmay be comparedwith
thosefrom the elevendaysof the IGS CHAMP testcampaigrandwith resultsfrom SAC-C.

Satellitesbelav the local horizonare no longertracked for the 2002time intenal considered.In
additionthe CHAMP recever startedto track up to tensatellitessimultaneousiypn doy 064/2002(Fig-
ure 6.40). We thereforeexpectto have a betterdataperformanceandthereforebetterresultsfor these
35 days, especiallyafter doy 064, thanfor the eleven daysin 2001. The kinematicsolutionswithout
elevation-dependemnweightingof the obserationsareanalyzedirst.

Figure 6.54 shavs the RMS errorsper coordinatefor the reduced-dynamiorbit determinationsn
SATORB. Figure 6.54(a)shavs the valuesfor reduced-dynamiorbits RclS (using codepositionsde-
rivedwithoutapriori orbitinformationin LEOKIN) which arethe basisfor all following solutionsusing
the CODE Rapidproductsasinputdatafor CHAMP. The RMS errorsareclearly smallerthanthosefor
SAC-C (Figure6.41(a)).

TheRMS errorsfor thereduced-dynamiorbitsof APO setC (RcllsS, Figure6.54(b))areaboutone
meter Thisis afactorof two smallerthanthe correspondingaluesfor SAC-C (Figure6.41(b)). The
codeobserationsof CHAMP thusseemto be of betterquality thanthe codeobserationsof SAC-C.
Thevaluesfor doy 064 aremissingbecauseve split thedayinto two intenals. Thefirst arcrefersto the
obserationsbeforeandthe secondo the obserationsafterthe datagap. Thereforewe have two short
reduced-dynamiorbitsfor doy 064,which arenotincludedin thesefigures.

Thereduced-dynamiorbitsfor APO setP (Rpll3S, Figure6.54(c))have RMS errorsbelov 15cm
for all daysconsideredfor 8 = 3 and5). The RMS errorsareslightly smallerthanthe corresponding
valuesfor SAC-C (Figure6.41(c))andvery homogeneousver the 35 days.

Figure6.55 shavs the numberof interruptsand numberof jumpsfor the kinematicsolutionscon-
sidered.Thethreebarsfor eachday have the samemeaningasin the correspondindiguresfor SAC-C
(Figure6.42). Thedifferencedetweerthe solutionswith APO setC (Figures6.55(a)and6.55(b))and
the solutionswith APO setP (Figures6.55(c)and6.55(d))arenot significant. In mary casessolutions
A shav morejumpsin thekinematictrajectorythansolutionsB. A sudderincreaseof thequality of the
kinematicsolutionscanbe obsered ondoy 077. The numbersof interruptsandjumpsaresignificantly
smallerthanfor the daysbefore.No obviouschangen thedataperformancestartingondoy 077maybe
recognizedhowever (seeFigure6.40),exceptthatthenumberof epochswith fewerthansix trackedsatel-
lites is reducedstartingwith doy 077. This may be very importantbecausdinematicpoint positioning
with LEOKIN requiresatleastfour obserations.With four obserationswe maydeterminea kinematic
positionbut thereis no redundang in the adjustmenandthereforeno quality controlis possiblefor this
position.

Obsere thatthekinematicsolutionfor doy 086hasno interruptsdueto missingposition-diferences
andthatno jumpsin the kinematictrajectorycould be found. Therefore,doy 086 is anideal testday
without datagapsanddataproblems.

Comparedo theresultsof the IGS CHAMP testcampaign(Table 6.7) the meannumberof inter
rupts and jumps are significantly smaller (Table 6.18). Figure 6.56 shawvs the percentagef deleted
obsenrationsfor the 35 days. The curvesmay be characterize@sthe correspondingurvesfor SAC-C
(Figure6.43).

The solutionswithout elevation-dependénweighting for the 35 daysin 2002 for CHAMP shaw
similar characteristiceoncerningthe numberof interruptsand jumps, and the percentagef deleted
obsenrations.Partly, solutionsA shav morejumpsthansolutionsB, but mainly for the daysbeforedoy
077. Thevaluesfor the interruptsandjumpsthemseles are smallerthanthe correspondingaluesfor
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Figure6.54:RMS errors per coordinate for reduced-dynamicorbit determinationin program
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Figure6.55:Numberof interruptsdue to missingphaseposition-diference (left bar) and numberof
jumpsin the kinematictrajectoryfor solution A (middle bar) and B (right bar), CODE
Rapidproductsho elevation-dependdrweighting, CHAMP, doy 055to 089/2002.
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151



6 ResultsandApplications

Table6.18:Minimum, mean, and maximum number of interruptsand jumps for solutionswithout
elevation-dependenweightingusingCODE Rapidproducty RC3, RP3), CHAMP.

APOsetC APO setP
Interrupts Jumps Interrupts Jumps
Sol. A andB Sol. A || Sol.B Sol. A andB Sol. A || Sol.B

=3 |o]|7 18 o7 |17|lo|7]|19] 0|7 18 o|7 )18 0| 7] 19
8=51]o0]|7 17 o|7|16|0|7]|18] 0|7 17 0|8|17|lo0o| 7|18
B=10|0]|7 17 0|8 |18||o|8|17||o|7 17 0|8|18| 0| 8|18

the 20011GS CHAMP testcampaign.Thisis the casefor the RMS errorsof thereduced-dynamiorbit
determinationgh SATORB, aswell. Thisindicateghatthedataperformancendquality of the CHAMP
datahassignificantlyimprovedin 2002.

CHAMP: Elevation-dependent Weighting, Cut-off Angle 0°

Figure6.57shavstheRMSerrorspercoordinatdor theorbit determinatiorin SATORB for thereduced-
dynamicorbits Rcll3Se and Rpll3Se. The RMS errorsfor APO setC (Figure 6.57(a))are slightly
smallerthanthosefor the solutionswithout elevation-dependenweighting (Figure 6.54(b))which was
expecteddueto thefindingsfor the20011GStestcampaigrthatelevation-dependemweightinghasto be
appliedto the codeobserationsof CHAMP. The RMS errorsof the orbit determinatiorof thereduced-
dynamicorbitsRcll10Searelesshomogeneouthanthosefor thereduced-dynamiorbitsRcll10S.The
RMS errorsfor APO setP (Figure6.57(b))areequalto thosein Figure6.54(c). Exceptfor 8 = 10this
is notthe caseandit canbe statedhatthe choiceof g = 10is notgoodenough.

Figure6.58shavs the numberof interruptsandnumberof jumpsfor the RCie-andRPSZe-solutions
of CHAMP. Table6.19summarizeshe minimum,meanandmaximumnumberdor thedifferentRCge-
andRPge-solutions.

The numberof interruptsandnumberof jumpsin Figure6.58 shavs the patternalreadynoticedin
the examplesfor the IGS CHAMP testcampaign:The solutionA shaws a similar numberof jumpsas
solutionB. Thekinematicsolutionsgetbetterstartingfrom doy 077 onwards. The bestperformancef
the solutionscanbefoundin Figures6.58(c)and6.58(d)for solutionB usingAPO setP with elevation-
dependeniveightingof theobserations. Thecurneswith the percentagef deletedobserationsarenot
shawn for thesesolutionswith elevation-dependenteightingbecausehey arevery similar to thoseof
thesolutionswithout elevation-dependdrweighting(Figure6.56).

TheRMSerrorspercoordinateof theHelmerttransformatioretweerthesolutionRPB3andRPB3e
for the 35 daysmaybefoundin Figure6.59. The valuesaresmallerthanthe correspondingaluesfor
SAC-C(Figure6.50(a)). Thereasormaybethatthesolutionsfor SAC-C have in averagemoreinterrupts
thanthe solutionsfor CHAMP. If theseinterruptshave differentsizefor the solutionwith andwithout
elevation-dependemnweightingthis leadsto larger differencedetweerthe kinematictrajectories.

We generatein addition,thebestpossiblereduced-dynamiorbitsRP3Sen SATORB with thecode
positionsand phaseposition-diferencesfrom RPB3easinput. Figure 6.60(a)shavs the RMS errors
of the Helmerttransformationdetweerthe kinematictrajectoryRPB3andthe reduced-dynamiorbit
RP3Se(top) andbetweerRPB3eandRP3Se(bottom). The RMS errorsof the Helmerttransformation
betweerRPB3eandRP3SgmeanRMS error9.6 cm) arein averagesmallerthanthosefor the compar
isonbetweerRPB3andRP3SemeanRMS error11.5cm). A reasorfor thisis thatthe orbits RPB3e
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Figure6.58:Numberof interruptsdue to missingphaseposition-diference (left bar) and numberof
jumpsin the kinematictrajectoryfor solution A (middle bar) and B (right bar), CODE
Rapidproductsglevation-dependenteighting, CHAMP, doy 055to 089/2002.
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Table6.19: Minimum, mean andmaximumnumberof interruptsandjumpsfor solutionswith elevation-
dependeniveightingusingCODE Rapidproducty RCse, RP5e), CHAMP.

APOsetC APO setP
Interrupts Jumps Interrupts Jumps
Sol. A andB Sol. A || Sol.B Sol. A andB Sol. A || Sol.B

=3 |o0]|7 17 1|7 |17| 16|14 0]|7 17 1|7 17]|0]| 7] 14
=5 1|0]|7 17 1|7|18|1|6|15|0]|7 17 1|7]17]|o| 6|15
B=10|0]|7 18 1|7|21|1|7|15)0]|7 17 1|7]16]o0]| 7|15
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Figure6.59:RMS errorsof Helmert transformationbetweenkinematic solutionsRPB3 and RPB3e,
CHAMP, doy 055to 089/2002.

and RP3Searerelatedto eachother: The reduced-dynamiorbit RP3Seis generatedising positions
andposition-diferencedrom the RPB3esolution. If we performHelmerttransformationdetweerthe
kinematictrajectoriesRPB3andRPB3eandthereduced-dynamiorbit RP3S(generatedsingpositions
andposition-diferencesof RPB3solutionwithout elevation-dependdnwveighting) (Figure 6.60(b))we
find a meanRMS errorof 11.1cm for the comparisondetweerRPB3andRP3Sand11.2cm for the
comparisondetweenRPB3eand RP3S.The larger valuesfor all othercomparisonsndicatethat the
small RMS betweenthe trajectoriesRPB3eand RP3Seis not only dueto the relationbetweenthem.
The solutionswith elevation-dependenweighting(RPB3e(kinematic)andRP3Se(reduced-dynamic))
shav the bestperformanceandthis underlineghatthe elevation-dependenteightingis appropriatdor
CHAMP.

Figure6.61shavs the differencedetweerthe RPB3andRPB3esolutionsfor doy 079for CHAMP.
As expectedfrom Figures6.55(d),and6.58(d)we cannotrecognizemary offsetscauseddy interrupts
(two for RPB3and RPB3e)betweerthe kinematictrajectories. The differencesetweenthe solutions
without andwith elevation-dependenteightingdo not shaw offsetsdisturbingand confusingthe pic-
tures. Figure 6.62(a)shaws the differenceshetweenthe kinematictrajectoryRPB3 andthe reduced-
dynamicorbit RP3SeandFigure6.62(b)thosebetweerRPB3eandRP3Se.

The betterdataquality reflectedby Figure6.400f these35 daysof CHAMP resultsin animproved
quality of thekinematicpoint positioningwith LEOKIN.

6.4.4 Solutions with CODE Final Products

For doy 055to 069/2002we generatekinematicsolutionsbasedon the CODE Final productsasinput
andcompareaheseresultswith thekinematicsolutionsfor doy 055to 069derivedfrom the CODERapid
products. The differencebetweenthe CODE Rapidand CODE Final productsarethe GPSorbits and
clock correctionsused. The differencesdetweernthe GPSorbits of the two productsarein the orderof
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Figure6.60:RMS errors of Helmert transformationbetween kinematic trajectories RPB3 (top),
RPB3e(bottom)andreduced-dynamiorbits RP3Se(left) andRP3S(right), CHAMP, doy
055to0 089/2002.
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Figure6.62:DifferencesbetweenkinematictrajectoryRPB3 and reduced-dynamiorbit RP3SE(left)
andbetweerRPB3eandRP3S¢gright), CHAMP, doy 079/2002.

threeto six centimetergRMS errorof aHelmerttransformation) This shouldnot causdargedifferences
in theresultingtrajectoriesof the LEO. Theclock correctionspnthe otherhand,aregeneratedvith two
differentproceduresThe 30-second>PSclock correctionsusedtogetherwith the CODE Rapidorbits
arealignedto the GPSbroadcastlock correctionsandthereferenceslockis arbitrarily chosen(normally
it is arecever clock of a stationknown to have a goodquality). Theseso-called'free” 30-seconatlock
correctionsare not asconsistentwith the CODE Rapidorbits asthe 30-secondtlock correctionsused
togethemwith the CODE Final orbits. These30-seconalock correctionsareconstrainedo the CODE
Final 5-minuteclock corrections.Thereforewe may expectdifferencesn the kinematictrajectoriesof
the LEOsmainly dueto thesedifferentclock generatiorprocedures.

In additionwe wantto studythe impacton kinematicpositionswhenusing the precise5-minute
clock correctionof the CODE Final processin@sclock informationin the LEOKIN procedurdinstead
of the30-seconalock correctionausedsofar). The 5-minuteclock correctionsarelinearly interpolated
to the epochsneeded(as it was also donewith the 30-secondclock corrections). Finally, the SAC-
C dataare processeavithout a cut-of anglefor the obserationsin orderto assesshe quality of the
obserationsbelav thelocal horizon. All kinematicsolutionsusingCODE Final productsaregenerated
usingexclusively g = 3. Whenwe areusinga solutiongeneratedvith the CODE Rapid productsfor
comparisorwe alwaysusethe correspondingolutiongeneratedavith 5 =3.

SAC-C: No Elevation-dependent Weighting, Cut-off Angle 0°

Figure6.63 shavs the numberof interruptsandnumberof jumpsin the way previously explained. Ta-
ble 6.20 summarizeshe minimum, mean,and maximumnumbersfor the thirteendays. The numbers
are not significantly differentfrom thosereferringto the solutionsusing CODE Rapid products(Fig-
ures6.42(a)and6.42(c)).

Let us now analyzethe differencesn the kinematictrajectoriesdueto the useof differenta priori
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Figure6.63:Numberof interruptsdue to missingphaseposition-diference (left bar) and numberof
jumpsin thekinematictrajectoryfor solutionA (middlebar)andB (right bar), CODEFinal
productsho elevation-dependdrweighting, SAC-C, doy 055to0 069/2002.

Table6.20:Minimum, mean, and maximum number of interruptsand jumps for solutionswithout
elevation-dependemnweightingusingCODE Final productgFC, FP),SAC-C.

APOsetC APO setP
Interrupts Jumps Interrupts Jumps
Sol. A andB Sol. A H Sol.B Sol. A andB Sol. A H Sol.B

(6]16] 25 [5][18] a1 5] 16] 2] 6] 16] 25 |5]17] a1 5]16] 7]
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Figure6.64:RMS errorsof Helmerttransformatiorbetweencorrespondinginematicsolutionsusing
CODE Rapid (RC and RP) and using CODE Final products(FC and FP), no elevation-
dependeniveighting, SAC-C,doy 055to 069/2002 Left bar: solutionA, right bar: solution
B.
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Figure6.65:RMS errorsof Helmerttransformatiorbetweenpost-fit reduced-dynamiorbits RPSand
FPS,doy 055t0 069/2002 SAC-C.

informationfor the GPSorbitsandclock corrections.

Figure 6.64 shavs the RMS errorsof the Helmerttransformatiorbetweenthe kinematicsolutions
using either CODE Rapid products(RC and RP) or the CODE Final products(FC and FP). The two
barsrepresenthe RMS errorfor the comparisorof solutionsA (left bar)andof solutionsB (right bar).
The RMS errorscorrespondingo solutionsA arein mostcasesslightly largerthanthoseof solutionB.
Table6.21summarizeshe meanRMS errorsof theHelmerttransformationFigure6.65shavs the RMS
errorsof a Helmerttransformatiorbetweerthe post-fitreduced-dynamiorbitsRPSandFPS.

Figure 6.66(a)shawvs, as an example,the differencesetweenthe post-fit reduced-dynamiorbits
RPSandFPSfor doy 055 (RMS 0.04m). Figure6.66(b)shawvs the differencedetweernthe kinematic
trajectoriesof solutionsRPB andFPB for doy 055 (RMS 0.05m). Sinceboth, differenta priori orbits
anddifferenta priori informationfor the GPSorbitsandclock correctionsareusedfor thetwo solutions
the evaluationof thecomparisonss difficult.

In orderto independentlyvaluatetheinfluenceof differenta priori informationfor GPSorbitsand
clock correctionsonthekinematictrajectorythe solutionsRCB andRPBwererepeatedvith theapriori
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6 ResultsandApplications

Table6.21:MeanRMS errors(cm) of Helmerttransformatiorbetweencorrespondindinematicsolu-
tions using CODE Rapid (RC and RP) and using CODE Final products(FC and FP) and
betweercorrespondingeduced-dynamisolutions(RPSandFPS),SAC-C.

RC« FC. RP« FP RPS« FPS
Sol.A | Sol.B || Sol.A | Sol.B
| 70 | 60 [ 71 | 59 | 50 |
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(a) Reduced-dynamiorbitsRPS— FPS,RMS 0.04m. (b) KinematictrajectorielRPB— FPB,RMS 0.05m.

Figure6.66:Differencesetweenreduced-dynamiorbit RPSandFPS(left) andkinematictrajectories
RPBandFPB (right) for doy 055,SAC-C.
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6.4 CHAMP andSAC-C-055/20020 089/2002
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(a) APO setC. (b) APO setP.

Figure6.67:RMS errorsof the HelmerttransformatiorbetweersolutionsFCB andRFCB andbetween
FPBandRFPB,SAC-C, doy 055to 069/2002.
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(a) APO setC. (b) APO setP.

Figure6.68:RMS errorsof theHelmerttransformatiorbetweersolutionsRCB andRFCB,andbetween
RPBandRFPB,SAC-C, doy 055to 069/2002.

orbitsFcllS andFpllS, respectiely (solutionsRFCBandRFPB).

TheRMS errorsof theHelmerttransformatiorbetweertheresultingkinematictrajectoriesof RFCB
and RPB with the correspondingolutionsFCB and FPB may be found in Figure6.67. Figure 6.68
shavs the RMS errorsof the Helmerttransformatiorbetweerthe kinematictrajectoriesof RFCB and
RCB andbetweerRFPBandRPB.

Thedifferencedbetweertheoriginal solutionRCB andsolutionRFCB (exchanginghea priori orbit)
for doy 055(Figure6.69(a))have anRMS error percoordinateof 0.02m in the Helmerttransformation.
ThedifferencedetweerthesolutionFCB andsolutionRFCB (usingtheapriori orbit FcllS) for doy 055
(Figure6.69(b))have anRMS errorof 0.06 m. Theseresultsindicatethatthe impacton the kinematic
resultsof differentinput datalike CODE Rapid productsor CODE Final productsis larger thanthe
impactof a differenta priori orbit.

As mentionedabove the differentprocedureso generatehe 30-secondtlock correctionsusedto-
getherwith the CODE Rapid andthe CODE Final productsare the main differencebetweenthe two
typesof input data. Thesedifferencesxplain the differencesn Figure6.69(b).

SAC-C: Elevation-dependent Weighting, Cut-off Angle 0°

We computedalsothe solutionswith elevation-dependdrweightingusingthe CODEFinal products.

Figure6.70shavs the numberof interruptsandnumberof jumpsfor thesesolutionsusingAPO setC
andP. Table6.22lists the minimum, mean,andmaximumnumberof interruptsandjumps. Figure6.71
shaws the RMS errorsof the Helmerttransformatiorbetweenthe correspondinginematicsolutions
usingCODE RapidandusingCODE Final productsasinput data.Figure6.72shavs the RMS errorsof
the Helmerttransformatiorbetweerthe post-fitreduced-dynamiorbits RPSeand FPSe.In Table6.23
themeanRMS errorsfor thesecomparisonsarelisted.
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(a) DifferencedbetweerRCB andRFCB,RMS 0.02m. (b) Differencedetweer-CB andRFCB,RMS 0.06m.

Figure6.69:Differencedetweerkinematictrajectoriesor doy 055,SAC-C.

Table6.22: Minimum, meanandmaximumnumberof interruptsandjumpsfor solutionswith elevation-
dependentveightingusingCODE Final products(FCe,FPe),SAC-C.

APOsetC APO setP
Interrupts Jumps Interrupts Jumps
Sol. A andB So.A | Sol.B Sol. A andB Sol.A [ Sol.B

‘6‘16‘ 25 HS‘l?‘SOHS‘17‘30“6‘16‘ 25 “5‘17‘31“5‘16‘29‘

Theseresultsdo not indicatewhetherthe solutionswithout or with elevation-dependenwveighting
arebetterin the caseof SAC-C. Even the differenceshetweensolution A andB are similar for both
solutiontypes(withoutandwith elevation-dependemeighting).

The RMS errorsof the Helmerttransformatiorbetweerorbit solutionsusing CODE Rapidandus-
ing CODE Final productsarelarger for the solutionswith elevation-dependdnveighting(compareTa-
ble 6.21with Table6.23).

Table6.23:MeanRMS errors(cm) of the Helmerttransformatiorbetweercorrespondindiinematicso-
lutions using CODE Rapid (RCeandRPe)andusing CODE Final products(FCeandFPe)
andbetweercorrespondingeduced-dynamisolutionsRPSeandFPSe SAC-C.

RCe«+ FCe RPe« FPe RPSe~ FPSe

Sol.A | Sol.B || Sol.A | Sol.B

[ 83 ] 65 84 | 65 ]| 58 |
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6.4 CHAMP andSAC-C-055/20020 089/2002
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Figure6.70:Numberof interruptsdue to missingphaseposition-diference (left bar) and numberof
jumpsin thekinematictrajectoryfor solutionA (middlebar)andB (right bar), CODEFinal
productsglevation-dependenteighting, SAC-C, doy 055t0 069/2002.
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(b) APO setP.

Figure6.71:RMS errors of the Helmert transformationbetweenkinematic solutions using CODE
Rapid and using CODE Final products,elevation-dependeniveighting, SAC-C, doy 055
to 069/2002.

163



6 ResultsandApplications

55 56 57 58 59 60 61 62 63 64 65 66 67 68 69
Day of Year

Figure6.72:RMSerrorsof theHelmerttransformatiometweeneduced-dynamiorbitsRPSeandFPSe,
SAC-C,doy 055t0 069/2002.
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(a) Numberof interruptsandnumberof jumpsfor solutionF5FAe
andF5PBe.
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(b) RMSerrorsof Helmerttransformatiorbetweersolutions=5PBe
andFPBe.

Figure6.73:CODE Final productsand CODE Final 5-minuteclock correctionsas clock information,
SAC-C,doy 055t0 069/2002.

SAC-C: CODE Final 5-minute Clock Corrections Used as Clock Information

In Section3.7 we usedinterpolateds-minuteclock correctionsnsteadof interpolated30-secondlock
correctionsn LEOKIN. Theresultingdifferenceson the kinematicpositionsusingsimulatederrorfree
obserationshadanRMS errorof a Helmerttransformatiorof 2.5to 4 cm.

In orderto evaluatetheimpactof usingtheinterpolatedb-minuteclock correctionghosesimulation
resultswereperformedwithout a datascreeningln the testwith realdatathe datascreenings enabled
andthereforeproblemsstemmingrom badsatelliteclocksareremoved.

In thefollowing we have replacedhe30-secondalockcorrectionsisedn LEOKIN with the5-minute
clockcorrectiondrom the CODEFinal product.The5-minuteclock correctionsarelinearlyinterpolated
to 10-secondbseration epochs. SolutionsFPAe and FPBeare repeatedvith the interpolatedclock
information(F5PAe andF5PBe).Thea priori orbits usedarethe sameasfor the original solutionsFPe
(FpliSe). Theonly differencebetweerthetwo solutionsarethe GPSclock correctionaused.

Thenumberof interruptsandjumpsis givenin Figure6.73(a)in theusualway. Thereis nosignificant
differenceto Figure6.70(b)(exceptafew smalldifferencese.g.,doy 057and066/2002) Figure6.73(b)
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Figure6.74:DifferencedbetweersolutionsF5PBeandFPBefor doy 055,SAC-C,RMS0.11m.

shavs the RMS errorsof the Helmerttransformatiorbetweerthe new solutionsF5PBeandthe original
solutionsFPBe.The RMS errorsarearoundtencentimetergor all thirteendaysconsideredThevalues
arelargerthanthevaluesfrom the simulationsgn Section3.7. Thesimulationsareperformedwith error

free obserationsandthereforeno interruptsdueto dataproblemswerein the data. This explainsthe
largervaluesfor therealdata.

Figure6.74shavs the differencesdbetweerthetwo correspondingolutionsfor doy 055. Thediffer-
encesareof theorderof up to onemeteratafew epochs.

Theresultsof this sectionareof greatestmportancedor practice:lt is obviously possibleto generate
kinematic(or reduced-dynamic).EO orbits with a quality of a few decimetersisingreadily available
IGS orbitsandclock information(5-minutesatelliteclock correctionsareavailablefrom individual IGS
analysiscentersandasanofficial IGS product).

SAC-C: No Elevation-dependent Weighting, no Cut-off Angle

In Section6.2we have seerthattheobserationsbelown thelocal horizonareof rathergoodqualityin the
caseof SAC-C. Thisis why we alsogenerat&inematicorbitswith all availableobserationsfor SAC-C.

Theadditionalobserationsfor thesesolutionshave elevationangleshetweerezeroandminustende-
grees.Thepercentagef theseobserationscomparedo thetotal numbeiis aboutoneto two percentor
thethirteendays.Thisis asignificantlysmallerpercentagéhanin the caseof doy 051/2001processeth
Section6.2 (abouttenpercent).Thetestshallshav whetherthis smallamountof obserationsimproves
the pointpositioningresult.

Figure 6.75 shavs that the numberof interruptsand jumpsis of the sameorderasin Figure6.63
(representinghe solutionswith a cut-of angleof 0°).

Figure6.76 shaws the differencesn the kinematictrajectorybetweenthe solutionsFCB and SCB
for doy 055. Thedifferencesarevery small(RMS 0.01m). It is not clearwhetherthekinematicsolution
improvesdueto the useof theoneto two percentow elevationdata.

Sincethegainof usingasmallamountof low elevationdatais maginal we do notfurtherpursuethe
issueandrecommena cut-of angleof 0° in thecaseof SAC-C.
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Figure6.75:Numberof interruptsdueto missingphaseposition-diferen@sandnumberof jumpsin the
kinematictrajectory CODE Final products,no elevation-dependenteighting, no cut-of
angle,SAC-C,day 055t0 069/2002.
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Figure6.76:DifferencesbetweenkinematictrajectoriesFCB (cut-of angle0°) and SCB (no cut-off
angle)for doy 055,SAC-C,RMS0.01m.
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Figure6.77:Numberof interruptsdue to missingphaseposition-diference (left bar) and numberof
jumpsin thekinematictrajectoryfor solutionA (middlebar)andB (right bar), CODEFinal
productsho elevation-dependdrweighting, CHAMP, doy 055to 069/2002.

Table6.24:Minimum, mean, and maximum numberof interruptsand jumps for solutionswithout
elevation-dependemnweightingusingCODE Final productgFC, FP), CHAMP.

APOsetC APOsetP
Interrupts Jumps Interrupts Jumps
Sol.AandB || Sol.A || Sol.B | Sol.AandB | Sol.A | Sol.B

[4]9] 18 [s[9]ss]s[9]as]a]O] 18 [s[9]19]3]8]10]

CHAMP: No Elevation-dependent Weighting, Cut-off Angle 0°

The CHAMP datafor doy 055to 069/2202are processedvith the CODE Final productsasinput, as
well. Thesolutionswithout elevation-dependdrweightingareanalyzedirst.

Figure6.77shavs the numberof interruptsandjumpsin theknown format. Table6.24summarizes
the correspondingninimum, mean andmaximumnumbersof the solutions.Concerninglatascreening
thereare no significantdifferencesto the correspondingolutionsusing CODE Rapid products. We
comparahekinematictrajectorief theRC andRPwith thoseof FC andFP, Figure6.78shavstheRMS
errorsof the Helmerttransformatiorbetweerthe solutions.Thevaluesfor the comparisondetweerthe
solutionsA arelargerthanthosefor solutionsB. The meanRMS errorsof the Helmerttransformations
arelistedin Table6.25. Thevaluesaresmallerthanthosefor SAC-C (Table6.21).

As in the casefor SAC-C we repeatthe computationof RCB and RPB using the corresponding
reduced-dynamiorbitsFcllSandFpllS asa priori orbits. Thisis donein orderto isolatethedifferences
causedby differenta priori orbits and causedby differentinput data. Figure 6.79 shawvs the RMS
errorsof the Helmerttransformatiorbetweenthe resultingtrajectoriesandthe solutionsFCB andFPB,
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Figure6.78:RMS errorsof the Helmerttransformatiorbetweencorrespondindcinematicsolutionsus-
ing CODE Rapid(RC andRP)andusingCODE Final productyFC andFP), no elevation-
dependeniveighting, CHAMP, doy 055to 069/2002 Left bar: solutionA, right bar: solu-
tion B.

Table6.25:Mean RMS errors(cm) of the Helmert transformationbetweencorrespondinginematic
solutionsusing CODE Rapid (RC and RP) and using CODE Final products(FC and FP),
CHAMP.

RC & FC RP+ FP
Sol. A \ Sol.B || Sol.A \ Sol.B

[ 61 [ 49 | 62 | 51 |

respectiely. Figure6.80(a)shavs the RMS errorsof the Helmerttransformatiorbetweerthe resulting
trajectoriesof the new solutionsRFCB andthe solutionRCB andFigure6.80(b)shavs the RMS errors
of the HelmerttransformatiorbetweensolutionsRFPB and RPB. The valueshave the sameorder of
magnitudeasthe corresponding/aluesfor SAC-C (Figures6.67 and 6.68). Figure 6.81(a)shavs the
differencesetweerthe kinematicsolutionsRCB andRFCB derived with the a priori orbit of FcllS for
doy 056. Figure6.81(b)shavsthedifferencedbetweer-CBandthenew solutionRFCB.Thedifferences
in Figure 6.81(a)reflect, therefore the differencedn the useda priori orbit. Thosein Figure 6.81(b)
reflectthedifferencesn theinput data(satelliteclock correctionsn particular).
Theeffectonthekinematicsolutionsfor CHAMP is asexpectedsimilarto theeffectonthekinematic
solutionsfor SAC-C. The differenceis only that the effect of usingdifferentinput data(CODE Final
productsnsteadof CODE Rapidproducts)s somavhatsmallerfor the CHAMP solutions.
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Figure6.79:RMS errorsof HelmerttransformationbetweensolutionsFCB and RFCB, and between
FPBandRFPB,CHAMP, doy 055to 069/2002.
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Figure6.80:RMS errorsof HelmerttransformatiorbetweensolutionsRCB and RFCB, and between
RPBandRFPB,CHAMP, doy 055t0 069/2002.
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Figure6.81:Differencedbetweerkinematictrajectoriesof doy 056, CHAMP.
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Figure6.82:Numberof interruptsdue to missingphaseposition-diference (left bar) and numberof
jumpsin thekinematictrajectoryfor solutionA (middlebar)andB (right bar), CODEFinal
productsglevation-dependenweighting, CHAMP, doy 055t0 069/2002.

Table6.26: Minimum, mean andmaximumnumberof interruptsandjumpsfor solutionswith elevation-
dependeniveightingusingCODE Final productyFCe,FPe),CHAMP.

APOsetC APOsetP
Interrupts Jumps Interrupts Jumps
Sol.AandB || Sol.A || Sol.B | Sol.AandB | Sol.A | Sol.B

[4]9] 27 [a]8fs]s]8[uwr]la[O] 17 [s[8[1a]s[8]1s]

CHAMP: Elevation-dependent Weighting, Cut-off Angle 0°

Thesolutionswith elevation-dependemnteightingfor CHAMP arecomputedaswell. Figure6.82shavs
the correspondingnumberof interruptsandjumpsfor the kinematicsolutions. Table6.26 summarizes
the minimum, mean.andmaximumnumberdor the 15 daysconsidered.

As expectedhedifferencego the solutionswithout elevation-dependemeighting(Figure6.77)are
notsignificantexceptthe noticethat,asin previousexampledor CHAMP, thesolutionsA have for some
daysa betterperformancehanthe solutionsA withoutelevation-dependdrweighting.

Figure6.83shavstheRMS errorsof theHelmerttransformatiorbetweerthe solutionsusingCODE
RapidproductdRCeandRPe)andthe solutionsusingCODE Final productdFCeandFPe).Table6.27
summarizeshe meanRMS errorsfor thesecomparisonsThesemeanRMS errorsareaboutonecen-
timeterlarger thanthe correspondingneanRMS errorsfor the solutionswithout elevation-dependent
weighting(Table6.25). This wasalsothe casefor the solutionsfor SAC-C (Tables6.21and6.23). The
reasorfor thisfactcould notbefoundyet.

170



6.4 CHAMP andSAC-C-055/20020 089/2002

556 56 57 58 59 60 61 62 63 64 65 66 67 68 69
Day of Year

(@)APOsetC.

55 56 57 58 59 60 61 62 63 64 65 66 67 68 69
Day of Year

(b) APO setP.

Figure6.83:RMS errorsof the Helmerttransformatiorbetweencorrespondindiinematicsolutionsus-
ing CODE Rapid (RCe and RPe)and using CODE Final products(FCe and FPe), with
elevation-dependdnweighting, CHAMP, doy 055 to 069/2002. Left: solution A, right:
solutionB.

Table6.27:MeanRMS errors(cm) of the Helmerttransformatiorbetweercorrespondindsinematicso-
lutionsusingCODE Rapid(RCeandRPe)andusing CODE Final products(FCeandFPe),
CHAMP.

RC« FC RP«+ FP
Sol. A \ Sol.B || Sol.A \ Sol.B

[ 72 [ 56 ]| 71 | 56 |
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(b) RMSerrorsof Helmerttransformatiorbetweersolutions=5PBe
andFPBe.

Figure6.84:CODE Final productsand CODE Final 5-minuteclock correctionsas clock information,
CHAMP, doy 055to0 069/2002.

CHAMP: CODE Final 5-minute Clock Corrections Used as Clock Information

InterpolatedCODE Final 5-minuteclock correctionsare usedfor doy 055to 069/2002of CHAMP, as
well. As in the caseof SAC-C we repeatedsolutionsFPA3e andFPB3ewith theinterpolateds-minute
clock correctiongto 10-secondntenals).

Figure 6.84(a)shawvs the numberof interruptsandjumpsfor thesenew solutions. The numberof
jumpsis in afew caseqe.g.,doy 056 and057) slightly higherthanin Figure6.82(top). On the other
hand,the numberof interruptsandjumpsis smallerfor doy 058. Figure 6.84(b)shavs the RMS errors
of the HelmerttransformatiorbetweensolutionsF5PBeand FPBe. Doy 064 s left out becausef the
long datagapon thatday (seeFigure6.40). The RMS errorsare of the sameorderof magnitudeasthe
correspondingaluesfor SAC-C (Figure6.73(b)). Figure 6.85 shavs the differencesetweerthe two
correspondingolutionsfor doy 055 (F5PBeandFPBe). Thedifferenceshav similar characteristicas
thecorrespondinglifferencedor SAC-C (Figure6.74).

6.4.5 Summary

Thestudiesnadebasednthedataseriesof 35 daysfor CHAMP andSAC-Cin 2002confirmin essence
the conclusionsalreadydravn from the previous examples(CHAMP 152/2001 SAC-C 051/2001,and
IGS CHAMP testcampaign(doy 140to 150/2001)).

The solution B with a cut-of angleof 0°, § = 3, anda priori orbits from APO set P leadsto
reliable, robust, andaccuratekinematicpoint positioningresultswith LEOKIN. For CHAMP we have
seenalreadyfor the 2001 campaigrthatthe elevation-dependenweightingmodelis appropriatdor the
codeobsenations. For SAC-C this cannotbe concludedasclearly asin the caseof CHAMP because
no significantdifferenceshetweenthe two models(without and with elevation-dependdnweighting)
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Figure6.85:DifferencedetweersolutionsF5PBeandFPBefor doy 055, CHAMP, RMS 0.11m.

couldbeidentified. We have recognizedon theotherhand thatthequality of thekinematicsolutionsfor
CHAMP andSAC-Cdoesnotdependasmuchonthevalueof 5 asin thepreviousexamplesor CHAMP
152/2001SAC-C051/2001 andthelGS CHAMP testcampaign Thedataquality is betterin 2002than
in 2001 for both satellites. The remainingoutlierscanbe detectedeliably After datascreeninghere
arestill enoughsatellitesavailableto generat&kinematicpoint positionsof goodquality:

Additional studieswvereperformedconcerninghe useof differentGPSorbitsandclock corrections.
We used,on theonehand,CODE Rapidproductsasa priori informationand,on the otherhand, CODE
Final products. The differencesbetweencorrespondingolutionsare belav ten centimeters.They are
smallerfor the solutionswithoutelevation-dependérweightingfor bothsatellitesandthereasorfor this
is still unclear

ThedifferencedetweerthekinematicsolutionsusingCODERapidproductsandthe solutionsusing
CODE Final productsaremainly dueto the GPSclock correctionsetsused.Thedifferencesn the GPS
orbits are too small to have a big impacton the results. The Rapid and Final GPSclock correction
setsare derived by two slightly differentprocedures.The 30-seconcdtlock correctionsusedwith the
CODE Rapid productsare so-called“free” clock correctionswhich are only alignedto the broadcast
clock corrections. The 30-secondtlock correctionsusedwith the CODE Final products,on the other
hand,areconstrainedo the preciseCODE Final 5-minuteclock corrections.

Thedifferencedetweerthe solutionsusingCODE Rapidproductsandusing CODE Final products
aresmallerfor the CHAMP solutionsthanthe differencedor the SAC-C solutions.

The useof interpolateds-minuteclock correctionsansteadof interpolated30-secondtlock correc-
tionsin LEOKIN for processind.0-secondlataleadsto highly accuratesolutions aswell. Themaximal
differencesn the kinematictrajectoriesmay reachonemeterin onecomponentut the RMS errorsof
a Helmerttransformatiorbetweerthe orbit setsare only aboutten centimetersThe useof interpolated
5-minuteclock correctionsis possibleand may be recommended the accurag requirementsre of
the orderof afew decimeters.This conclusionis of greatimportancebecauseave do not needto have
30-seconalock correctionavailablebut maydirectly useofficial clock productsfrom thelGS.

The obserationstracked below the horizonby SAC-C do not improve the kinematicsolutionsig-

173



6 ResultsandApplications

Table6.28:RMS (m) errorsof Helmerttransformatiorbetweensolutionsfor doy 144/2001,CHAMP,
italic: LEOKIN solutions non-italic: SATORB solutions bold: bestsolutions.

\ | cIS] cli3 | cli3S | clide | cli3Se | pli3e | plI3Se | PB3e| P3Se| TUM |

cl 2.58]286| 255 230| 2.52| 250| 256| 260| 2.71|| 2.56
clS -1213] 042| 1.42| 051} 051, 0.50| 048] 0.47| 0.48
cli3 -| 210 171} 210 189 2.12| 198 2.11| 212
cll3s -1 137 035| 032y 0.32] 0.30| 0.29| 0.30
cli3e - 1.33| 1.35 136 1.36|| 1.38| 1.36
cli3Se - 0.32| 0.31| 0.33| 0.29| 0.33
pli3e - 0.08| 0.13| 0.15|| 0.13
plI3Se -| 0.13) 0.15| 0.13
PB3e -] 0.11| 0.09
P3Se - 0.11

nificantly The amountof additionalobsenrationsis, however, very small (oneto two percent). We
recommendo disregardthemfor the kinematicpoint positioningwith SAC-C GPSdata.

For the CHAMP recever the maximumnumberof tracked satellitesvasincreasedrom eightto ten
on doy 064/2002.Interestinglyenough this changedid not directly improve the kinematicpoint posi-
tioning results.Fromdoy 077/2002onwardsthe resultsare,howvever, muchbetter Fromdoy 077/2002
onwardsthenumberof epochswith only four tracked satellitesdecreasedignificantly With four tracked
satellitesve candetermineapositionfor thesatellitebut we have noredundanbbserationto controlthe
result. Theimprovedredundang is a possibleexplanationfor theimproved kinematicpositionsstarting
with doy 077/2002.

In Sectiont.3.4we performeccomparisongHelmerttransformationpf mary orbitsfor doy 144/2001
with anexternalsolutionfrom TUM andthe bestreduced-dynamiorbit (P3Se)we could producewith
our proceduresn LEOKIN and SATORB. For the dataof 2002we have no externalsolutionavailable.
We canperform,therefore pnly internalcomparisons.

We review the comparisongor doy 144/2001for CHAMP andperform,in addition,all crosscom-
parisondetweertheorbitsconsideredThedescriptiorof theorbit solutionsmaybefoundin Table6.13.
Table6.28 shawvs the RMS errorsper coordinateof the HelmerttransformationsTable6.29 shavs the
correspondingnformationfor day 086/2002which is the day with the bestdataquality for CHAMP
for the campaignin 2002. For SAC-C the RMS errorsof the Helmerttransformationsare shavn in
Table6.30for doy 055/2002. The solutionsgeneratedvith LEOKIN arewritten in italics in orderto
distinguishthemfrom thereduced-dynami8ATORB solutions.

The lasttwo columnsin Table6.28 areidenticalwith the last two columnsof Table 6.14. Some
comparisonsndicatethat the correspondingsolutionsare relatedwith eachothersuchas,e.g.,pll3e
andplI3Sewith an RMS error of 0.08 m for the Helmerttransformation:The combinedpositionsof
pll3e areusedasobserationsfor the generatiorof thereduced-dynamipli3Se-orbit. The cornvergence
of the orbit solutionsto the bestsolutionsin the list (TUM) is neverthelesobvious. In addition,the
differencein quality betweerthe kinematictrajectoriescli3e andcll3 canclearlybe noticed. The code
positionsof cll3e aregeneratedvith elevation-dependdmweightingandthoseof clI3 withoutweighting.
The RMS errorsof the Helmerttransformationshaw clearlythatthe codepositionswith weightingare
significantly better(~ 30%) thanthosewithout weighting. This factcanbe recognizedn Table6.29,
aswell. Thisunderlinesour finding thatthe elevation-dependemweightingmodelis appropriatdor the
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Table6.29:RMS (m) errorsof Helmerttransformatiorbetweersolutionsfor doy 086/2002usingCODE
Rapid products,CHAMP, italic: LEOKIN solutions,non-italic: SATORB solutions,bold:
bestsolutions.

\ | cIS] cli3 | cli3S | cli3e | cli3Se || pli3e | pli3Se | PB3e| P3Se|

cl 191]194] 1.95] 1.81| 1.96] 1.96] 1.96] 1.95] 1.95
cIS -11.09| 0.44| 0.78| 047| 051| 0.48| 0.42| 0.44
cll3 -| 1.07| 0.73| 1.08| 1.05| 1.06| 1.04|| 1.04
cl3S -| 0.74| 0.13| 037| 0.32| 033] 032
cli3e -| 0.73|| 067| 068| 067| 067
cli3Se -| 0.32| 0.26| 0.28| 0.27
pli3e - 013 0.15] 0.12
plI3Se -| 05| 0.13
PB3e - | o.08

Table6.30:RMS (m) errorsof Helmerttransformatiorbetweersolutionsfor doy 055/2002usingCODE
Rapid products,SAC-C, italic: LEOKIN solutions,non-italic: SATORB solutions,bold:
bestsolutions.

\ | cIS| cli3 | cli3S | cli3e | cli3Se || pli3e | pli3Se | PB3e| PB3 | P3Se| P3S]|

cl 257|231 258| 2.02| 258| 2.58 2.60| 2.60| 2.60| 2.58| 2.59
clS -|1166| 024 1.70| 0.26| 0.41| 0.37| 0.37| 0.38|| 0.35| 0.35
cl3 -| 1.65| 1.10| 1.64| 1.62 1.67| 1.65| 1.65| 1.65| 1.65
clI3S -] 169| 012 0.32] 0.27| 0.28] 0.29| 0.23|0.23
cli3e - 1.69| 1.67 171 1.70| 1.71|| 1.68]| 1.69
cll3Se -]l 033 0.29| 0.32| 0.33| 0.24]| 0.27
pli3e - 0.16| 0.16| 0.18| 0.21| 0.19
plI3Se -| 0.12] 0.13} 0.18] 0.15
PB3e -10.07|| 0.20| 0.17
PB3 -] 0.21] 0.17
P3Se -1 0.10

codeobsenrationsof CHAMP. Thecodepositionsin generabreof betterquality in the 2002campaign.

The comparisongor SAC-C (Table6.30)shav thatthe codepositionsareof lower quality thanfor
CHAMP (in 2002). This could be anexplanationfor the larger differencesetweerthe solutionsusing
CODERapidproductsandthesolutionsusingCODEFinal productdor SAC-Cthanfor CHAMP. Differ-
encedn the quality of the codepositionswith (clI3e) andwithout (clI3) elevation-dependdrweighting
cannotbeidentifiedfor SAC-C. For this example,the solutionwithout elevation-dependenteighting
evenseemdo comparebetterwith the otherorbitsthanthe solutionwith elevation-dependemeighting.

The orbit resultsof the programsLEOKIN and SATORB are for CHAMP and SAC-C of good
quality Evenreduced-dynamiorbitsgeneratedvith codepositionsonly (cIS, clIS, andcliSe) have an
accurag of half a meteror better Comparisonsvith an externalsolution(TUM) have shavn thatthe
final kinematic(PB3,PB3e)andreduced-dynamiorbit solutions(P3S,P3Se)of our procedurefiave an
accuray of theorderof adecimeter
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6.5 Use of Different Gravity Field Models for the
Reduced-d ynamic Orbit Modeling

The LEO satellitesareorbiting in an altitudewherethe modelingof the forcesdueto high degreeand
ordertermsof the gravity field is important(Table5.2). Thereare mary differentEarth gravity field
modelsavailable. They differ (amongother)in the maximumorderanddegreeof the coeficientsand
thedatausedfor generatinghemodel.

Until recentlythe accurag of the higher ordertermsof the available modelswere not suficient
to modelthe gravitational forcesactingon a satelliteat CHAMP’s altitude with high precision. Since
gravity modelsare available usingalso CHAMP datafor the computationof the coeficients (TEG-4,
andEIGEN-1S)the situationhasimproved andthe nev modelsrepresenthe gravity field experienced
by CHAMP muchbetterthanthe oldergravity models.

Subsequentlyve studytheimpactof gravity modelsby determiningdynamicandreduced-dynamic
orbitswith programSATORB.

A first puredynamicsolutionis generatedisingthefollowing parametrizatioim programSATORB:

e sixinitial conditions(osculatingelements),
e nineempirical(threeconstantandsix once-petrevolution) parameterén RSWdirections and
e scalingfactorsfor atmosphericraganddirectSolarradiationpressure.

In orderto solve for thelatterscalefactors thea priori modelsfor atmospheridraganddirectradiation
pressurdnave to beturnedon.
A secondeduced-dynamisolutionis performedusingthefollowing options:

e sixinitial conditions(osculatingelements),
e threeconstanparameterin RSWdirections,

e pseudo-stochastulseqvelocity changesgvery 20 minutesin threeorthogonablirectiong RSW)
constrainedo zerowith a standardieviation of 10 mm/s.

The a priori force modelis the samein both cases.Eight iterationswere performedto determinethe
orbitsin orderto make surethatfull cornvergencewasreached.The two typesof orbitsaredetermined
usingeitherof thefive following Earthgravity field models:

e JGM3(70x70)[Tapley etal., 1996],

e EGM96(120x120)Lemoineetal., 1998],

¢ GRIM5-S1(120x120)[Biancaleetal., 2000],
e TEG-4(120x120) Tapley etal., 2000],and

¢ EIGEN-1S(120x120)Reigberetal., 2002].

The lasttwo modelsinclude CHAMP data. We usetwo differenttypesof pseudo-obseationsfor the

orbit generationn SATORB (seeSection5.1). First we usethe combinedpositionsof FPB3efrom

doy 065to 068/2002asinput for programSATORB. The secondype arethe codepositionsandphase
position-diferencedrom the samekinematicsolutionin LEOKIN. In thelattercasewe have, therefore,
two independenpseudo-obseation typesin SATORB.
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6.5 Useof DifferentGravity Field Modelsfor the Reduced-dynami©rbit Modeling

Table6.31:RMS error(m) persatellitecoordinateof orbit determinatiorin SATORB.

SAC-C CHAMP
Model DOY | Dynamic| Pulses|| Dynamic | Pulses
JGM3 065 1.29| 0.11 1.94| 0.06
066 0.38| 0.07 1.76 | 0.06
067 0.31| 0.06 2.80| 0.06
068 1.61| 0.06 1.86| 0.06
EGM96 065 1.32| 0.11 1.62| 0.05
066 0.38| 0.07 1.62| 0.05
067 0.32| 0.06 2.27| 0.05
068 1.63| 0.06 1.62| 0.05
GRIM5-S1| 065 1.31| 0.11 3.08| 0.08
066 0.34| 0.07 2.74| 0.08
067 0.29| 0.06 3.67| 0.08
068 1.56| 0.06 2.31| 0.07
TEG-4 065 1.32| 0.11 0.74| 0.04
066 0.34| 0.07 1.25| 0.03
067 0.28| 0.06 1.39| 0.03
068 1.58| 0.06 0.68| 0.03
EIGEN-1S| 065 1.28| 0.11 0.78| 0.04
066 0.33| 0.07 1.31| 0.03
067 0.30| 0.06 1.54| 0.03
068 1.56| 0.06 0.72| 0.03

6.5.1 Combined Positions as Pseudo-obser vations

Table 6.31 summarizeghe RMS errorsper coordinateof the orbit determinatiorusingthe combined
positionsin SATORB. Figure6.86 shavs the valuesof the estimatedstochastiqulsesfor the different
solutionsfor SAC-Condoy 065/2002 Figure6.87shavs thesameanformationfor CHAMP onthesame
day

The RMS errorsin Table6.31tell thatdifferentgravity fieldshave no significanteffect on the orbit
representatiofor SAC-C, whichis orbiting ata heightof about700km. For days065and068theRMS
errorsof the puredynamicsolutionis four to five timeslarger thanthe valueson the two middle days
066and067,which maybedueto dataproblems For the solutionscontainingstochastipulsesavery 20
minutesthe RMS errorsarethe samefor eachgravity field model. The stochastigulsesin Figure6.86
arevery similar for thefive gravity modelsconsidered.

The situationis differentfor CHAMP. The RMS errorsfor the dynamicsolutionsare differentfor
thefive gravity modelsused.With the modelsTEG-4andEIGEN-1Sthebestfit is achievedfor thefour
days.Thisis anexpectedresultbecauséhe modelsinclude CHAMP data. The GRIM-S1modelshavs
theworstperformance Eventhe JGM3 modelwhich providescoeficientsonly up to degreeandorder
70, givesbetterorbit results. Theorbit quality achievedwith stochastipulseshawv differenceselatedto
thegravity models,aswell. ThemodelsTEG-4andEIGEN-1Sshav thebestandthe GRIM5-S1model
shavstheworstRMS errors.Thevaluesfor thestochastipulsesaredifferentfor thefive gravity models
(Figure 6.87). It canbe seenvery clearly that for the two modelsTEG-4 and EIGEN-1Sthe pulses
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Figure6.86:Stochastipulsesstimatedasedn combinedrositionsanddifferenta priori gravity fields,
SAC-C,doy 065/2002.
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Figure6.87:Stochastipulsesstimatedasedn combinedrositionsanddifferenta priori gravity fields,
CHAMP, doy 065/2002.
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Figure6.89:Residual®f orbit determinatiorincluding stochastigpulses CHAMP, doy 065/2002.
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aresmallest.The largestpulsesmay be found for the modelsGRIM5-S1andJGM3. Interestingly the
biggestdifferencesnay berecognizedn thevaluesfor the crosstrackpulses.The crosstrackpulsesare
closeto zerofor TEG-4andEIGEN-1S.For eachof thethreeothermodelsthe crosstraclpulsesshav a
differentpattern.

Figure6.88shavstheresidual®of thefive deterministiorbit determinationgor doy 065for CHAMP,
Figure6.89thoseof thereduced-dynamiorbit determinationgcludingstochastipulses.In Figure6.88
theresidualdie within -5 m to 5 m for theradialandcrosstracldirections for the alongtrackdirections
arangeof -15mto 15mis covered.In Figure6.89all residualdie within -0.5mto 0.5m. Theresiduals
underlineour findingsfrom Table 6.31 and Figure 6.87. The modelsTEG-4 and EIGEN-1Sare best
suitedto modeltheorbit of CHAMP.

In the caseof SAC-C, orbiting about300 km abore CHAMP, the differencesbetweernthe gravity
modelsarehardlynoticeablémplying thatall gravity modelsconsideredcresuficientfor orbit modeling
(for our purpose).

Signalsin the residualsof the deterministicorbit determinatiorfor SAC-C stemmainly from data
problemgjumpsin thecombinedositions)andtheinsuficientmodelingof thenon-graitationalforces.
In thecaseof CHAMP it is amixtureof all, dataproblemsjnsuficientmodelingof thenon-graitational
forces,andinsuficientmodelingof the gravity field of the Earth.

6.5.2 Code Positions and Phase Position-diff erences as Pseudo-obser vations

Orbitsfor thefour days(065to 068/2002)werealsoderived usingthe codepositionsandphaseposition-
differencesasindependenbbseration typesin SATORB. The optionsandparametersrethe sameas
in the solutionusingstochastipulsesdescribedabove.

The RMS errorsper coordinateof the orbit determinatiorprocesscannotdirectly be comparedo
the RMS errorswhenusingcombinedpositionsbecauseve have two differentobsenration typeswith
two differentRMS errorsfor theseanalysesOnerefersto the codepositionsandthe otherto the phase-
derived position-diferences Residualsamay not be compareddueto the samereason. Therefore,we
focusontheestimated/aluesof thestochastipulses. Figure6.90shavs themfor SAC-C,doy 065/2002,
andFigure6.91for CHAMP, doy 065/2002.

For SAC-C we confineoursehesto shaving only the valuesof the stochastipulsesfor the solution
usingthe GRIM5-S1model. The valuesare very similar for the otherfour gravity modelsconsidered.
The characteristic®f the pulsesare differentfrom thoserelatedto the combinedpositions(compare
Figures6.90 and 6.86). Their valuesare on averagelarger in the caseof usingcombinedpositions.
The differencesare mainly dueto the jumpsin the kinematictrajectorieswhen using combinedpo-
sitions. In the caseof using positionsand position-diferencessuchproblemsdo not shav up in the
pseudo-obseatiors andthereforethe stochastigoulsesdo not have to accountfor them. In this case
the stochastigoulsesmainly have to compensatéor the insuficient modelingof the non-graitational
forces.

For CHAMP the absolutevaluesof the stochastiqulsesare slightly smallerwhenusingcodepo-
sitionsandphaseposition-diferencesndependentlyaspseudo-obseations The characteristicef the
pulsesaresimilarto thatof theorbit fits usingcombinedpositions.Thesefactsconfirmtheabove conclu-
sionthatin the caseof CHAMP the stochastigulsescompensatéataproblems,nsuficient modeling
of thenon-graitationalforces,andinsuficientmodelingof thegravity field of the Earth. Dataproblems
do notinfluencesignificantlythe estimategulses.

Figure 6.92 shaws the resultingorbit differences(residualsof Helmerttransformatiorwith three
translationparametersiisingthe two typesof pseudo-obseations The orbit differencegeferto orbits
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Figure6.90: Stochastigulsesirom orbit determinatiorwith gravity modelGRIM5-S1usingcodeposi-
tionsandphaseposition-diferenes, SAC-C,doy 065/2002.

determinedisingthe gravity field modelGRIM5-S1.

Theorbit differencesareof the sameorderof magnitudeor bothsatellitesjndicatingthatthe com-
binedpositionsshav dataproblems(jumps)dueto theinterrupts(25 in the caseof SAC-C and6 in the
caseof CHAMP) andthe resultingshortsequencesf connectedoositions. If we usethe code posi-
tionsandphaseposition-diferencesndependentlyrom eachotheraspseudo-obseatiorns in SATORB
problemsdueto unconnecteghaseposition-diferen@sdo notshav up.

Figure 6.93 shaws the differencesbetweenorbits from the orbit fit usingthe GRIM5-S1modelon
onesideandusingthe TEG-4modelon the otherside. Thesearereduced-dynamiorbits derved from
codepositionsandphaseposition-diferences.Thedifferencedor SAC-C (Figure6.93(a))aresmall (<
10cm). Theforcemodelusedn SATORB seemdo beadequatéor the SAC-C satellite. Thedifferences
for CHAMP (Figure6.93(b))arelarger but they shaw similar characteristicasthe differencedetween
the two different orbits derived with the GRIM5-S1 model (Figure 6.92(b)). Figure 6.94 shavs the
orbit differencesetweerthe orbit generatedvith combinedpositionsusingthe GRIM5-S1modeland
the orbit generatedvith positionsandposition-diferencesusingthe TEG-4model. Interestingly these
differencesare significantly smallerthanthosein Figures6.92(b)and6.93(b). This indicatesthatthe
orbit generatedvith combinedpositionsrepresentshetruetrajectoryof the satellitebetterthananorbit
basedon positionsand position-diferenes, if a bad gravity field modelis used(GRIM5-S1instead
of TEG-4). The reasonis that the combinedpositionsare computedin LEOKIN without using ary
modelinformation. They thereforerepresenthe satellitetrajectoryaccordingo the “true” gravity field.
Positionsandposition-diferencesare,on the otherhand,combinedn SATORB basedon the physical
orbit model(whichis in this casenot perfectdueto the badgravity field modelGRIM5-S1).

Table 6.32 summarizeghe RMS errorsfor thesecomparisondor the four daysconsidered.The
RMS errorsaresimilar for the differentcomparisongor eachof thefour days. The columndenotedA
representshe differenceshavn in Figure6.92,columnB thosefrom Figure6.93,andcolumnC those
from Figure6.94. For SAC-C the differencedetweerthe reduced-dynamiorbits generateavith posi-
tions and position-diferencesand eitherthe GRIM5-S1 or the TEG-4 modelare the smallest(column
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Figure6.91:Valuesfor the stochasticpulsesfor different orbit fits using code positionsand phase
position-diference in SATORB, CHAMP, doy 065/2002.
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() SAC-C, doy 065/2002RMS 0.19m. (b) CHAMP, doy 065/2002RMS 0.21m.

Figure6.92:Orbit differenceswhen using either combinedpositionsor positionsand position-difer-
encesGRIM5-S1model,reduced-dynamiorbits, CHAMP, doy 065/2002.
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Figure6.93:Orbit differencesvhenusing eitherthe GRIM5-S1 modelor the TEG-4 model, positions
andposition-diferencs, reduced-dynamiorbits, CHAMP, doy 065/2002.
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Table6.32:RMS errors(m) of Helmerttransformationbetweenreduced-dynamiorbits from differ-
ent orbit determinationsA: GRIM5-S1, combinedpositionsvs. positionsand position-
differencesB: positionsandpositiondifferencesGRIM5-S1vs. TEG-4,C: combinedposi-
tions, GRIM5-S1vs. positionsandposition-diferenes, TEG-4.

Satellite | Doy A B C
SAC-C | 065 0.19| 0.02| 0.19
066 | 0.14| 0.02| 0.15
067 | 0.13| 0.02| 0.13
068 || 0.15| 0.02| 0.15

CHAMP | 065 0.21| 0.21| 0.12
066 | 0.18| 0.20| 0.10
067 0.20| 0.19| 0.11
068 0.23| 0.23| 0.10

B) which wasexpecteddueto thefinding thatthe gravity field modelis notimportantfor the reduced-
dynamicorbit modelingfor SAC-C.In thecaseof CHAMP thedifferencedetweerthereduced-dynamic
orbitsgeneratedvith combinedpositionsandthe GRIM5-S1modelandthe orbitsgenerateavith posi-
tionsandposition-diference andthe TEG-4 model(columnC) arethe smallest.Thereasorfor thisis
explainedabove.

Thesetestsshav that the useof differentgravity field modelsmay have a considerablémpacton
the resultingorbit from SATORB dependingon the satelliteconsidered.For SAC-C, a LEO orbiting
at a heightof 702 km, the impactis hardly noticeable. For CHAMP, which is orbiting at a height
of about400 km, the influenceof the gravity field is considerableand we shouldnot usethe gravity
modelsgeneratedvithout CHAMP datafor thedynamicorbit modeling.Evenwhensettingup amodest
numberof stochastigulsesat pre-definecepochstheinsuficienciesof “older” gravity modelscannot
be completelyabsorbed.
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6.6 Stochastic Pulses and Acceler ometer Measurements

In Section5.4we introducedhe measurementtemmingrom the CHAMP accelerometeiThe specific
instrumentypeis usedfor thefirsttime on-boardCHAMP. It is alsousedby the GRACE satellitesnow.
The measurementmay be usedin the dynamicalorbit determinatiormprocesgo replacethe modelsfor
the non-graitational forces,but the accelerometemeasurementsave to be calibrated.The calibration
parametergbiasesand scalefactors,seeeqn. (5.7)) are madeavailable to the usercommunityof the
CHAMP data[Perosanzet al., 2003]. The calibrationparameterarefrequentlyimproved dueto better
calibrationstratgies. In our tests(in the dynamicalorbit determinatiorprocess)ve tried to estimate
thesecalibrationparameterwsith the programSATORB andcomparedheestimatesvith thoseofficially
available.

Maneuer informationis also availablefor CHAMP. The attitudemaneuers are not performedat
pre-definedpochsandthereforeheepochsainddurationsaremadeavailableto theusersof the CHAMP
data.We generataifferentsolutionswith SATORB in orderto studytwo differentissuespamely

¢ theimpactof usingtheaccelerometaneasurementndof estimatingheirbiasesindscalefactors
and

e the impactof settingup stochastiqulsesat pre-definedequidistantepochsor at the maneuer
epochs.

For all testswe usethe samekinematicsolutionsfor doy 065to 068/2002asin Section6.5(FPB3e APO
setP, solutionB, 8 = 3, elevation-dependdrweighting)asinputfor programSATORB.

Firstwe generate solutionreffor all four dayswhich doesnotusetheaccelerometemeasurements
in orderto have areferencdor thefollowing solutions.Theoptionsfor this solutionare:

e gravity field modelEIGEN-1S120x120,

e Estimationof

six osculatingelements,

nineempiricalparametergthreeconstantsix periodic)in RSW-directions,
scalingfactorfor atmosphericrag,and

scalingfactorfor directradiationpressure.

Two arcsof twelve hourswere formed andthe parametersvere estimatedoer arc. The orbit wases-
tablishedin eightiteration steps. The generaloptionsfor the orbit solutionsusingthe accelerometer
measurementre:

e gravity field modelEIGEN-1S120x120,
e Estimationof

— six osculatingelements,

— threebiase9(i),7 = 1,2, 3 (eqn.(5.7))for theaccelerometemeasurements,
As opposedo the first run no a priori modelsfor atmospheridraganddirectradiationpressurevere
used;theaccelerometedatawereintroducednstead.Again, two arcsof twelve hourswereestablished

in eightiterationstepawith theparametersstimategerarc. Basednthesegenerabptionswe generate
differentreduced-dynamiorbitswith the following additionaloptions:
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e Solutionl:
— Estimationof six periodicparametergn RSW directions.
e Solution2:

— Estimationof six periodic parameterén RSWdirectionsandsetup of stochastigulsesin
RSWdirectionsevery 90 minutes.

e Solution3:
— Setup of stochastigulsesn RSWdirectionsevery 20 minutes.
e Solution4:

— Estimationof six periodicparametersin RSWdirectionsandsetup of stochastiqulsesin
RSWdirectionsat epochswhereattitudemaneuerstook placewith a durationlongerthan
0.5seconds.

The scalefactorsfor the accelerometemeasurementaresetto one (a(i) = 1,7 = 1,2, 3) for these
solutions.

For the following two solutionswe introducedthe valuesfor the accelerometebiasespublished
togethemwith theaccelerometedataasknown into the orbit generatiorprocess.

e Solution5:

— Estimationof

> six periodicparametersn RSW directionsand

> thethreescalefactorsa(i),i = 1,2,3 (eqn.(5.7)) for theaccelerometemeasurements
perarc.

e Solution6:

— Estimationof

> six periodicparametersn RSW directionsand
> thethreescalefactorsa(i),: = 1,2, 3 for theaccelerometemeasurementserarc,
— setup of stochastipulsesn RSW directionsevery 90 minutes.

We estimateonly the six periodicparameterin RSWdirectionsbecause¢he constanparametern the
RSWdirectionsarefully correlatedwith the biasesof the accelerometemeasurementsThe 24 hours
aresplit up into two twelve-hoursarcsin orderto have moreindependenéestimationsvailablefor the
biasesandscalefactors. Table 6.33 givesa summaryof the differentoptionsfor the reduced-dynamic
orbit solutions.

Figure6.95shavsthe RMS errorspercoordinatefor the solutionrefandsolutionl for thefour days
considered Eachday s representetdy two bars. Theleft bar correspondso thefirst twelve-hours-arc
andtheright barto thesecondne. It canbeseernthatthereferencesolutionsrefusingthemodelsfor the
non-graitationalforceshave anRMS at leasttwo timeshigherthansolutionsl usingthe accelerometer
measurementd.his shavs thatthemodelspresentlyusedin SATORB arenotgoodenoughto represent
thenon-graitationalforcesactingonthe CHAMP satellite. Theuseof theaccelerometaneasurements
considerablymprovesthe dynamicorbit modelingfor CHAMP.
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Table6.33: Summaryof optionsfor differentreduced-dynamiorbit solutions.

0

Day of Year

Day of Year

68

Six osculat.| Empiricalparam. Scalefactor Accelerometedata || Stoch.pulses
elements | const.| period. | atm.drag| rad.press.| scal.hct. | biases
| ref | yes | yes | yes | yes yes | no | no no |
1 yes no yes no no no yes no
2 yes no yes no no no yes 90min
3 yes no no no no no yes 20min
4 yes no yes no no no yes maneuer
5 yes no yes no no yes yes no
6 yes no yes no no yes yes 90min
Solution ref Solution 1
80 80
’g 60 60 ’:E;
o 40 I H 40 &
> =
x 20 20
H | O mf mf]
65 66 67 68 65 66 67

Figure6.95:RMS errors(cm) percoordinateof the orbit determinationin SATORB for the solutionsref

andl.

RMS (cm)
I
o

25.5cm

Solution 1

1

1

T
Solution 2

o |n

H

N

[

T
Solution 3

L

[

[

T
Solution 4

=
65

I

M
67

|

66

Day of Year

68

Figure6.96:RMS errors(cm) percoordinateof the orbit determinatiorin SATORB for solutionsl to 4.
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Figure6.97:RMSerrors(cm) percoordinateof theorbitdeterminatiorin SATORB for solutionss and6.

Figure6.96 shavs the RMS errorsper coordinateof the orbit determinationsn SATORB for solu-
tions 1 to 4. Solutionl is the only solutioncontainingno stochastigulses. For solution2 stochastic
pulsesareestimatedat 90 minutesintenals. As expected solutionsl areof lower quality thansolutions
2,3, and4, which promiseto beof anaccurag clearlybelov thefive centimetetevel.

Biases and Scale Factor s for the Acceler ometer Measurements

Figure6.98shavstheestimatediased(:) of theaccelerometemeasuremenisa thethreedirectionsr,
S, W (radial,alongtrack andcrosstrackjor solutionsl to 4. The estimatesaregiventogethemwith their
onesigmaerrorbars.Thehorizontallinesin thefiguresrepresenthe official valuesdistributedtogether
with theaccelerometedata. Theestimatehiave smallerrors. Theestimatediasesareof the sameorder
of magnitudeasthe official valuesbut they do notdirectly confirmthesevalues.

For solutionss and6 we introducedheofficial valuesfor the biasednto the orbit generatiorprocess
andestimatedhe scalefactorsfor the accelerometemeasurementd/Ve do not estimatethe biasesand
scalefactorstogethebecause¢heseparametersarehighly correlated.

Figure6.97shavstheRMS errorspercoordinateof theorbit determinationAs expected solutions
areof lower quality thansolutions6. The RMS errorsfor solutions5 arecomparableavith thoseof solu-
tions 1 andthevaluesfor solution6 with thoseof solution2. Onewould expecta slightly bettersolution
by introducingthe accelerometdniasesasknown andestimatinghe scalefactors.Theestimatedralues
for the scalefactors(Figure6.99)shaw in the caseof thealongtrackandthe crosstraclcomponenabad
agreementvith theofficial values(horizontallinesin theplots). Thescalefactorof theradialcomponent
shawvs thebestagreement.

The calibrationof the biasesandthe scalefactorsis notatrivial task. The methodsusedto doit are
describedn [Perosanzetal., 2003]. Longerdataserieshave to beconsidere@ndcorrelationswith other
parametersuchas,e.g.,pseudo-stochastjmulsesor empiricalparametersjeedto be minimized.

It seemsproblematicto determinethe calibrationparametergor the accelerometemeasurements
in SATORB (despitethe factthatthis is technicallypossible).A significanteffort would be neededo
developstrat@iesto reliably estimateheseparameterswWe shouldbe ableto usethe officially available
calibrationvalueswithoutfurtherimprovementn thedynamicalorbit determinatiorprocedureWe have
seenthatthe introductionof accelerometemeasurementato the dynamicalorbit proceduramproves
thedynamicabrbit. If we performareduced-dynamimodelingusingstochastipulsest doesnotmatter
whethemwe usethemodelsor theaccelerometemeasurementsecauséhe pulsescompensatproblems
stemmingfrom dataproblems,insuficient modelingof the forcesacting on the satellite,or possible
insuficienciesin theaccelerometedlata.Oneshouldmention,however, thatonly few pseudo-stochastic
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Figure6.100:Maneuersperformedoy CHAMP for days065to 068/2002.

Table6.34:Numberof epochswherestochastipulsesn RSWdirectionsaresetup.

Day of Year
065 | 066 | 067 | 068
Sol.2(\7 7|\ 7|7 | 7| 7| 7|7
Sol.3|35|35|35|35| 35|35 35|35
Sol.4|21|34| 25|29 22|33 20| 30

pulseshave to be setup whenusingtheaccelerometedata.

Stoc hastic Pulses at pre-defined Intervals or at Maneuver Epochs

Whatis theeffect of differentset-upstratgiesfor pseudo-stochastulsesObviously we have to focus
on the solutiontypes?2, 3, and 4 to answerthis question. Table 6.34 lists the numberof epochsper
arc with stochastigoulsesin the RSWdirections. Note that the numberof epochswith maneuersin
solutions4 is smallerthanthe numberof epochawith pulsesn solution3.

Figure6.100shaws the durationof the attitudemaneuers performedfor CHAMP in the four days
consideredTherearemary maneuersfor which no stochastipulsesweresetup becausehe duration
of thesemaneuers was shorterthan 0.5 seconds. Theseare mainly small correctionmaneuers for
iteratively reachingthe nominal attitude following a main maneuer. We only setup pulsesfor the
maneuerswith adurationlongerthan0.5seconds.

Figure6.96 shavs thatthe RMS errorsfor solutions4 arelarger thanthosefor solutions3. Thisis
not surprisingbecausdor solutions4 lessstochastipulsesaresetup.

Figures6.101and6.102shawv the valuesfor the stochastiqulsesestimatedor solutions2 to 4 for
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6.7 DataScreeningProcedurdor a PermanenGroundNetwork

the four daysconsidered.The pulsesfor solutions4 areoftenfollowing eachotherwithin a shorttime
intenal dueto a rapid sequenceof maneuers (Figure 6.100). The pulsesarethenin mostcasesof
the samesize but of oppositedirection, which meansthat they are compensatingachother Due to
the high correlationbetweena pair of adjacentpulsesthe absolutevaluesof sucha pair may become
unreasonablyarge. The pulsesfor the two other solutiontypesare smallerthan one millimeter per
secondFigure6.101and6.102indicatethatit doesnotimprove theorbitsif we setup stochastipulses
atmaneuer epochs Bettersolutionsareobtainedby settingup pulsesatregulartimeintenals.

Figure6.103shavstheresidualof thekinematicpositionsusedaspseudo-obseatiors for theorbit
generatiorin SATORB for solutionsl to 4 for doy 065. Theresidualdor solutionl shawv largevariations
in alongtrackdirectionwhich disappeaim all othersolutionsdueto the stochastigulses.

The conclusionfrom thesestudiess thatit is usefulfor the dynamicorbit determinatiorprocesgo
usethemeasurementsf theaccelerometanstrumentlt is possibleto estimateheaccelerometdriases
andscalefactorsin theorbit generatiorproceduren SATORB. It is neverthelessiotrecommendetb do
thisbecausd is acompl issueandnotassimple(seg[Perosanzetal., 2003]). The official calibration
parametersor the accelerometemeasurementare madeavailable togetherwith the datathemseles.
Thesevaluesarereliableandwe shouldadoptthemandintroducethemin the orbit generatiorprocess,
if we wantto usetheaccelerometemeasurement®r the dynamicorbit modeling.

The pseudo-stochastigulsesshouldbe setup at pre-definedime intenals. If we setthemup at
the maneuer epochsthe time intenals betweensubsequenpulsesare often too short. This causes
mathematicatorrelationof thesepulsesleadingto problematicresults. The stochastigpulsesdo not
only accountfor the small velocity changegprovoked by the attitudemaneuers but alsofor problems
in thecombinedpositions.In orderto compensatenly for the smallvelocity changedrom the attitude
maneuers,the stochastipulsesshouldbe setup only in the directionsdefinedby the maneuer (these
directionsare madeavailablefor the users,aswell) andwith a strongerconstrainto zero(e.g.,with a
standardleviation of 0.01mm/s).Dataproblemswould, however, notbe compensately suchpulses.

6.7 Data Screening Procedure for a Permanent Ground Network

6.7.1 Comparison with MAUPRP

In Section4.4 we proposedh datascreeningorocedurebasedon LEOKIN for a permanengroundnet-
work. This procedurds appliedto a datasetof the IGS stationnetwork andthe resultsare compared
with the datascreeningprocedureperformedon the samedatasetwith the programMAUPRP usedin
the BernesesPSSoftware.

Data set and Processing Options

GPSobsenration datafrom 1751GS stations(30-secondampling)from doy 055to 069/2002sene as
testdata.Our analysids basedn

e the CODEFinal GPSorbits,
e theERPsof the CODEFinal processing,

e 30-secondlock correctiondor the GPSsatellitesconstrainedo the CODE Final 5-minuteclock
corrections,

¢ tropospheraenithdelaysfrom the CODE Final processingand
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e stationcoordinatesrom the CODEFinal processing.

Theoptionsfor the pre-processing LEOKIN arethefollowing
e 0., =1.0m,0p,, . =0.014m.
e (. = 3,8, = 20(seeeqn.(4.6)).
e Minimum numberof obserationsconnectedby oneinitial phaseambiguityparameteis setto 25.
e Maximumnumberof ambiguitieds setto 300.

The optionsfor pre-processingn the MAUPRP programcorrespondo thoseof LEOKIN ascloseas
possiblen orderto ensurehatboth programshave the samebasicconditions.

Theobserationsof theterrestrialstationsareindependentlypre-processedith bothprograms.The
procedureaelatedto LEOKIN is performedwith thefollowing programsof the BerneseGPSSoftware

e RXOBV3 - importRINEX [Gurtner, 1994] obseration datato the BerneseGPSSoftware,

e LEOKIN - datascreeningf the obserations,write afile with actionsto do,

e SATMRK - markthe obsenrationslistedin thefile generatedy LEOKIN,

e CODSPP - synchronizegherecever clockto GPStime, and

e GPSEST - kinematicpoint positioningusingthe phaseobserationsof the stationprocessed.

Theproceduregelatedto MAUPRP is performedwith thefollowing programsf the BernesesPSSoft-
ware

¢ RXOBV3 - importRINEX obseration datato the BernesesPSSoftware,

e CODSPP - synchronizegherecever clockto GPStime,

¢ MAUPRP - datascreeningf the phaseobsenations,and

e GPSEST - kinematicpoint positioningusingthe phaseobserationsof the stationprocessed.

Figures6.104and6.105shaw statisticalresultsfrom LEOKIN and MAUPRP for eight stationsarbi-
trarily selectedas examples. The RMS errors(per coordinate)of the kinematicpoint positioningin
GPSEST aregivenin the top row of the two figures. The left barsfor eachday representhe RMS
errorscorrespondindo the datascreenedvith LEOKIN, the right barsto thosefor the datascreened
with MAUPRP.

Thetwo differentscreeningroceduresrebasedn ratherdifferentprinciplesandexcludepossibly
differentobserations. Therefore,the kinematicpoint positioningin GPSEST is basedon different
obserations. The total numberof obserationsfor one day of 30-secondlatais about23,000. The
differencebetweerthenumberof obserationsusedin theproceduravith LEOKIN andin theprocedure
with MAUPRRP is providedin the bottomline of Figures6.104and6.105.A positve numbemeanghat
more obserations passedhe screeningwith LEOKIN thanthe screeningwvith MAUPRP, a negative
numbemeanghatLEOKIN removed moreobserationsthanMAUPRP.

The performancas differentfor the eight stations. The stationsALBH (Figure6.104(a)),ALGO
(Figure 6.104(b)),ZWEN (Figure 6.104(d)),and ZIMM (Figure 6.105(b))shav a stableRMS for all
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daysandthe RMS errorsfor both proceduresre nearlythe samefor all days. For the stationZIMM
MAUPRP remored moreobsenrations,for all otherstationsLEOKIN removred moreobserations.

Therearethreedaysfor BRAZ (Figure6.104(c))with big RMS errors(43.5cm,53.7¢cm, 169.6cm)
for the point positioningprocedurén GPSEST, but only for datascreenedvith MAUPRP. The RMS
errorsof the point positioningfor BRAZ (for both proceduresarelarger for the otherseven daysthan
for the otherstationsconsideredbut they have all the samesize (two to threecentimeters).The point
positioningfor stationMAW1 (Figure 6.105(a))hasunusuallybig RMS errorsfor both proceduregor
doy 056. For doy 066thedatascreenedby LEOKIN givesriseto athreetimeslarger RMS errorfor the
pointpositioningthanfor thescreeningvith MAUPRP.

ThestationsFAIR (Figure6.105(c))andMALI (Figure6.105(d))areexceptiongobsere thediffer-
encesdn scale).For FAIR threedays(056,066,and069) have a big RMS whenusingdatascreenedby
MAUPRP. For days059, 066, and 067 no solutionwas possibleusingthe datascreenedy LEOKIN
dueto too mary ambiguitiessetup duringthe day The differencesn the numberof obserationsused
for the point positioningis quitelargefor thedays055to 062. Onthesedaysthe screeningroceduren
MAUPRP deletedabout50% of the obserationsandthereforethe differencedo the datascreenedby
LEOKIN areaslarge ascanbe seenin Figure6.105(c)(bottom). MALI hasthreeto four timeslarger
RMS errorsfor thepointpositioningwith datascreenetby LEOKIN. Thismeanghatthescreeningilgo-
rithmin LEOKIN did notfind theobsenrationsresponsibldor the deterioratiorof the point positioning.

Figure6.106(a)shavs the meanRMS errorsfor all stationsfor oneparticularday Thelarge values
for somedaysfor the MAUPRP procedureare dueto individual bad stationsdeterioratingthis mean
value.Figure6.106(b)shavs the meandifferencesetweerthe obserationsusedfor the differentpoint
positioningrunsin GPSEST. The RMS errorsshav that on averagethe datascreenedy LEOKIN
have a betterquality The numberof obserationsleft after the screenings aboutthe samefor both
procedures.

Currentlythe LEOKIN proceduréhasthe problem thatfor few stationsoo mary ambiguitiesareset
up, becausea new ambiguityis setup aftereach“bad” phase-dierenceidentified betweensuccessie
obsenrationsto a particularsatellite(Sectiord.4.2). As LEOKIN analyze®nly pairsof successie phase
obserationsit cannotdecidewhetherthe problemencountereds causedoy an outlier or a cycle slip.
MAUPRP canbridgegapsof afew epochsandis thereforein a positionto betteridentify the natureof
abadphase-dierence.

TheLEOKIN proceduréhasthe adwantagethatthe codeandphaseobserationsarescreenedn one
andthe sameprocedure Applicationsrequiringscreened¢odeandphaseobserationsmay benefitfrom
thisfeature.

Extendedstudieson longertime seriesof datamay shav, which of thetwo programs].EOKIN and
MAUPRP, betterfits therequirementsf zero-diferencedatacleaning.A combinatiorof theadwantages
of bothprogramanayleadto avery efficientandrohbustzero-diferencedatacleaningtool.

Theresultgpresentedbore areencouraginggndmostpromising.OneshouldconsidethatMAUPRP
is an“old established’brogram(it wascreatedn 1990/91in preparatiorof the CODE participationin
the IGS, but the zero-diferencepart wasonly realizedin 2001). The applicationof LEOKIN to data
screeningwvasonly a by-productof this generalinvestigation. We believe that with an investmentof
about0.5persornyearsLEOKIN couldbeusedasthegenerapurposezero-diferencescreeningprogram
with abetterperformancehanboth,thecurrentlyavailableMAUPRP andLEOKIN realizations.
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7. Summary and Outlook

The main partof this work dealtwith the developmentand evaluationof efficient methodsfor precise
orbit determinatiorof LEOs. A kinematicapproachusingGPSzero-diferenceobserationswasdevel-
oped(programLEOKIN) anda procedurefor generatiorof dynamicandreduced-dynamiorbits was
presentedprogramSATORB). Theproceduresiave beentestedusinglong GPSdataserieggatheredy
two LEO satelliteshamelyCHAMP andSAC-C.

An externalcomparisorwas availablefor the time intenval of the eleven daysof the IGS CHAMP
testcampaignMay 20to 30,2001). The orbit solutiongenerateat the TechnicalUniversity of Munich
(TUM), Germary, usingthe BerneseGPS Software was usedfor this purpose. The TUM-solution is
believed to be oneof the bestsolutionscontrikuting to the IGS testcampaign. Comparisonsvith this
solutionshaved that both our bestkinematictrajectoryand a post-fitreduced-dynamiorbit basedon
this kinematicsolutioncomparewithin an RMS error per coordinate(of a Helmerttransformation)f
about10cmwith the TUM-solutions.ThisindicateshatLEO orbitswith a quality of aboutl0 cmresult
from our analysesThe goal of developingefficient methodgor preciseorbit determinatiorof LEOsis
thereforeachieved with the zero-diferencekinematicpoint positioningprocedureén LEOKIN andthe
programSATORB to generateeduced-dynamiorbits. It is worth mentioningthatthe procedurewhen
usingonly codeobserationsasinput, resultsin reduced-dynamiorbitswith a quality of already30cm
RMS.

The kinematicapproachin LEOKIN is an epoch-by-epociprocedureusing codeobserationsand
differencesbetweenphaseobserationsfrom subsequenepochs. We are using phase-dfierencesbe-
tweenepochsn orderto eliminatethe initial phaseambiguitiesfrom the processing.This stepsignif-
icantly reduceghe requiredcomputemresources.The epoch-by-epoclpositionsdeterminedrom code
obserationsand position-diferencesdeterminedrom phase-diferenceobserationsare combinedto
definea kinematictrajectoryof the LEO.

It is, however, adisadwantageof theprocedurghatthemathematicatorrelationdetweersubsequent
phase-dierenceobserationsarenottakeninto account.Thesolutionis thereforenotcompletelycorrect
fromthestatisticabointof view. It is, however, agoodapproximatiorandwe have shavn thatourresults
arewithin adecimete(RMS percoordinate}o statisticalcorrectsolutions.

Themethodfor kinematicpointpositioningleadsto interruptswhena datagapoccursor when“bad”
phaseobserationscorrupta solutionof a particularepoch-diference. At the epochswith interruptsa
jump in thekinematictrajectorymay occurbecausehe sequencebeforeandafterthe interrupt(inter
nally connectedy the phasemeasurementhay have a differentabsolutedefinition given by the code
positions. The codepositionshave an accurag correspondingo the GPScodeobseration (0.3to 1
meter)andthereforethe magnitudeof thesgumpsbetweerthe sequencemay reachin theworstcases
up to half ameter(for very shortdataspans).Thesgumpscannotbe avoidedwhenusingour kinematic
approacHor theorbit determinatiorof a LEO. Thenumbercan,however, be minimizedby anelaborate
screeningrocedurelevelopedfor thekinematicapproach.

This screeningproceduranakesuseof a priori informationaboutthe orbit of the LEO. This a priori

203



7 SummaryandOutlook

orbit is a reduced-dynamiorbit generatedvith the SATORB programusing positionsfrom LEOKIN
asobsenrations. The datascreeningn LEOKIN hearily depend®n thequality of thereduced-dynamic
orbit. The betterthe orbit the morereliablethe pre-screeningf the data.

Two proceduresor producingareliableandgoodenoughreduced-dynamiorbit servingasa priori
orbitwerestudied.Thefirst proceduraisesonly codeobserationsandpositionsfor thegeneratiorof the
reduced-dynamiorbits (APO setC). The secondorocedurausescombinedpositionsderivedfrom code
andphaseobserationsto generatehereduced-dynamiorbits (APO setP). Both proceduresarereliable
andusefulfor the kinematicpoint positioningin LEOKIN. The computationof the orbits for APO set
C is slightly lesstime consuminghanthe alternatve proceduredueto the useof only oneobsenration
type. Neverthelessthe procedurdor APO setP is betterandmorereliable. It is not assensitve to data
problemswhich may remainin the code-dered positions: The codepositionsare dewveightedrelative
to the phaseposition-diferencs by a factor100(ontop of w,. : w, = 2 : 100?) for the combinatiorand
thereforetheseproblemsare smoothedor the generatiorof the reduced-dynamiorbit. The accurag
of the reduced-dynamiorbits of APO setP is about1l5 cm RMS error (Helmerttransformatiorto best
possibleorbits)andthatof thereduced-dynamiorbits of APO setC is about30 cm RMS.

The pre-screeninglgorithmdependsot only on the quality of the a priori orbit. Differentoptions
maybeselectecaindhave to beadaptedo thequality of the GPSdataprocesseffom differentsatellites.
An optionwhich is centralis the thresholdvalue 5 for the outlier rejection. Due to the dependeng of
the pre-screeninglgorithmon the quality of the a priori orbit we have provided the possibility to use
a large variety of thresholdvalues. We believed that this would help in the caseof a bada priori
orbit to avoid rejectingobserationserroneouslyflaggedasoutliers. Therewashopethat“moderately
bad” obserationscould be recognizedandremored in the leastsquaresadjustmenstep. The studies
have shawvn, hawever, thatthe g-value hasto be lower thansix. If we usea largervaluefor g the pre-
processingf thedata(consistingof thepre-screeningndthefollowing iterative leastsquaresdjustment
step)doesnot work properly The pre-screeninglgorithmis muchmorerobustthanthe leastsquares
adjustmenstepto find outliersbecausenly the recever clock correctionhasto be estimatedvhereas
the positionis fixedto its a priori value. In the leastsquaresadjustmenstepthe degreeof freedomis
very smalldueto theepoch-wisgrocessingndthe oftenquitelow numberof tracked satellites.

The questionwhetheran elevation-dependdnwveighting shouldbe usedfor the processingf GPS
LEO datacanbeansweredor CHAMP. Theseresultshave shavn thatthereareproblemswith codeob-
senationsatlow elevationanglesdisturbingthekinematicsolution(multipatheffects). Thecomparison
of thecodepositioningwith andwithout elevation-dependenteightingclearlyshavs thattheelevation-
dependeniveightingmodelis appropriateandhasto be usedfor thecodeobsenrations.No clearanswer
canbe given concerningthe weighting of codeobserationsfor SAC-C. The codepositionsare of the
sameguality for the solutionswith andwithoutweighting.

TheBlackJackGPSreceveron-boardCHAMP tracksupto tensatellitessimultaneouslginceMarch
5, 2002. The dataperformancehasbecomebettershortly after this changeof the recever software.
The numberof datagapsis reducedand the numberof epochswith fewer thanfive tracked satellites
hasdecreasedignificantly The resultingkinematictrajectoriesshaw thereforefewer interruptsdueto
missingphaseposition-diference andthe outlier rejectionis very reliableandrohbust.

The BlackJackGPSrecever on-boardSAC-C performsslightly worsethanthe CHAMP recever.
During sometime intenalstherecever has,however, tracked up to twelve satellitessimultaneouslyTo-
day, the SAC-Crecever tracksonly up to eightsatelliteqstatusApril 10,2003). Thecodeobsenrations
arenot asmuchaffectedby multipathasin the caseof CHAMP, but in generalthe obseration quality
is worse.Comparingthe kinematiccode-onlypositionswith reduced-dynamiorbitsit canbe seenthat
the codepositionsof SAC-C have alower quality thanthe correspondindinematiccode-onlypositions
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from CHAMP.

The GPSantenna®n-boardthe LEOs track partially belon the local horizonof the satellite. The
guestionarosewhetherit makes senseo usethis obseration information. For CHAMP this question
doesnot matterbecauseherecever doesno longertrack satellitesbelov thelocal horizon. For SAC-C
thesituationis differenteventhoughtheamountof obserationstrackedbelow thelocal horizontodayis
only of theorderof oneto two percenfof all obserations).Thelow-elevationobserationsdo notseem
to improve thekinematicpoint positioningresult. Thereforewe recommendo rejectthem.

We useddifferentinput datafor our kinematicpoint positioningproceduren LEOKIN in orderto
studytheimpactof differentinformationaboutGPSorbitsandclock correctionsonthekinematicresult.
We usedeither products(GPS orbits and clock corrections)from the Rapid processingat CODE or
productsfrom the Final processingat CODE. Differenceof afew centimetersesultwhenexchanging
theinput data,becausehe 30-secondlock correctionsveregeneratedby two differentproceduresnd
theclockcorrectionsassociatewith the CODERapidorbitsareof slightly lowerquality. Thedifferences
betweertheresultsusingeitherCODERapidor CODEFinal productgor thekinematicpointpositioning
in LEOKIN aremainly causedy the clock correctionquality.

Theofficial IGS/GP<clock productsare5-minuteclock correctionsavailablefrom eachof theeight
analysiscentersand as a combinedIGS product. Here we usednormal 30-seconctlock corrections
generatedby our own procedureginterpolatedo 10-secondgampling)for the kinematicpositioningof
theLEOs. We alsoansweredhequestionvhethertheofficially availablelGS clock correctionsvould be
sufiiciently accuratdor usein our LEOKIN procedureFor thesdgeststhe 5-minuteclock correctionsare
linearly interpolatedo the 10-secondbsenration epochs.Theresultsarepromising. We concludethat
the 5-minuteclock correctionscanbe usedfor our kinematicpoint positioningprocedurean LEOKIN
whenthe accurag requirementsare of the order of a few decimeters.If only codeobserationsare
processeih LEOKIN, the quality differencein theresultsis hardly noticeablevhenusingthe 5-minute
clock correctionsnsteadof the 30-secondalock corrections Whenusingphaseobserationsdifferences
resultin comparisonHelmerttransformation}o our bestpossiblesolutionwith an RMS error of the
orderof adecimeter

The programSATORB wasusedfor the generatiorof dynamicandreduced-dynamitEO orbits.
The reduced-dynamiorbits servingasa priori orbits for the pre-screenin@f the obserationsfor the
kinematicpoint positioningareoneoutputusedfrom SATORB. In additionwe have producededuced-
dynamicorbits using the codepositionsand phaseposition-diferencesof the bestpossiblekinematic
solutionasindependenbbserationtypesin SATORB. Thesereduced-dynamiorbitsarethebestorbits
we cangeneratavith our LEOKIN andSATORB procedures.

Additionalstudiesfocussedntheimpactof differentEarthgravity field modelsfor thedynamicand
reduced-dynamiorbit modeling. We performedthesetestswith differentobserationtypesasinputin
SATORB. On onehand,we usedcombinedkinematicpositionsand,on the otherhand,the two obser
vation typesof codepositionsand phaseposition-diferencs. We have seenthatfor SAC-C it makes
no differencewhich of the Earthgravity modelsis used. The heightof SAC-C is about300km higher
(702 km) thanthat of CHAMP (350to 400 km). The gravity modelsconsideredseemto be accurate
enoughat the altitude of SAC-C. For CHAMP this is different. We recognizedsignificantdifferences
whenusingdifferentgravity field models.The mainadwantageof using“better” gravity modelsresides
in asignificantreductionof thenumberof pseudo-stochastfmlseswvhicharerequiredto absorl(among
other)the deficienciesof the a priori gravity model. With a goodgravity field modelthe useof code-
derived positionsandphase-devied position-diference aspseudo-obseationsin SATORB is superior
to theuseof the positionscombinedn LEOKIN (from thecodeandphaseresults).In thecasewhenthe
physicalmodelis not asgood, (e.g.,whenwe usean older gravity field modelwhich doesnot include
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CHAMP data)it is betterto usethecombinedoositionsfrom LEOKIN asinputfor thereduced-dynamic
orbit generation.The resultsare betterthanin the caseof using, separatelycodepositionsand phase
position-diferencesasinput. Thereasoris thatthe combinedpositionsarecomputedn LEOKIN with-
outusingary modelinformation. Thecombinedpositionsthereforefollow therealforcefield. Positions
andposition-diference are,ontheotherhand,combinedn SATORB basednthephysicalorbit model
(which may bedifferentfrom the“truth”).

For CHAMP thechoiceof the gravity modelis importantfor the dynamicandthereduced-dynamic
orbit modeling. This is not surprisingbecausehe CHAMP missionis designedo contritute to the
generatiorof a high-resolutiorgravity field modelfor the Earth.

For CHAMP thereis an additional measurementype available, namelythe readingsof the ac-
celerometemstrumenton-boardthe satellite. This accelerometemeasureshe non-graitational forces
acting on the satellite. Thesemeasurementmay be introducedinto the orbit generatiorprocessin-
steadof modelingthe non-graitational forces. The testshave shavn thatit is possibleto usethese
accelerometemeasurements SATORB andthatthe dynamicorbit modelingresultsimprove signifi-
cantly comparedo a dynamicorbit fit usingthe modelsfor the non-graitationd forces.In addition,it
would betechnicallypossibleto estimatethe calibrationparametefor the accelerometemeasurements
in SATORB (biasesandscalefactors).The calibrationof anaccelerometeis, however, acomple task.
We thereforerecommendo usethe officially availablevaluesdistributedtogethemith thedata.

CHAMP performsmaneuersto keepthe satelliteascloseaspossibleto its nominalflight attitude.
Theattitudeis changedy a sequencef velocity changesvithin ashorttimeintenal. In theoryattitude
changeshouldnotaffectthesatellites orbitalvelocity. In practicethismay howvever, happenStochastic
pulsesmaybe setup atthe “main” maneuer epochsn orderto compensatéor possiblesmallvelocity
changesThesuccessf suchaproceduraevas,hovever, maginal. It hasbeenprovedto be preferableo
setup stochastipulsesat pre-definedquidistanepochs.

Finally, we proposeda datascreeningprocedurefor zero-diferenceobserationsof a permanent
GPSnetwork. The pre-screeninglgorithmprimarily developedfor the screeningf the zero-diference
LEO GPSdatain LEOKIN wasslightly modifiedandthenusedfor the cleaningof GPSobserations
of terrestrialstationsin a permanennetwork. The resultsof the new procedurebasedon LEOKIN
were comparedo resultsgainedwith the zero-diferencedatacleaningtool MAUPRP of the Bernese
GPSSoftware. Thecomparisorsuggestshata combinatiorof theadwantage®f both proceduresnight
leadto areliableandefficient datacleaningtool for zero-diferenceobserations. Additional testsand
developmentsarerequiredfor this purpose.

Thegoalof thiswork wasachievedwith the developmenbf the zero-diferencekinematicprocedure
in LEOKIN andthe reduced-dynamiprocedureén SATORB. We will apply theseefficient methods
to other LEO satellitemissionsusing GPSfor POD, e.g.,JASON-1, GRACE, and ICESat. This will
increasehe databasisand allow for an extendeduseof the developedproceduredor othersatellites
with thegoal of anextendedevaluationof the achievableaccurag andreliability of thealgorithms.It is
plannedo usethe proceduresn aroutinelybasisfor theupcomingGOCEmissionfor thegeneratiorof
rapidly availableorbit information.

Thekinematictrajectoriedor thiswork werecomputedisingGPSorbitsandclock correctiongrom
the CODE Rapidor Final products.Dueto their processinglelaytheseproductsare not available for
a nearreal-timeprocessingf the LEO data. In orderto evaluatethe efficiengy of the approachin a
nearreal-timeprocessingrvironment,the performancequality, andaccurag of the proceduranustbe
studiedwhenusinglGS productsg(Ultra-rapidproducts)which areavailableat thetime of downloading
LEO GPSdata. This aspectmay be of particularinterestfor atmosphericsoundingmissionssuchas
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COSMIC.
Orbit resultsfrom other proceduresand from independenbbsenration types, e.g., SLR measure-
mentswill betakeninto accountfor comparisongn orderto furtherimprove our procedures.
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