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1. Intr oduction

The GlobalPositioningSystem(GPS)hasbeenservingasa satellitesystemfor globalnavigationand
positioningfor at leasttwenty years. It is operatedby the U.S. Departmentof Defenseand consists
of nominally24 satellites.They aredistributed in six orbital planesat analtitudeof about20,000km
above theEarth’s surface. The GPSsatellitesemit coherentmicrowave signalson two frequencies.A
big varietyof applicationsusingthesesignalshave beendevelopedduring the last twentyyears.They
rangefrom navigationto highestprecisiongeodeticapplications.

A few of the main topics in global geodeticresearchusing the GPSare, e.g., the determination
of preciseorbit informationfor the GPSsatellites,the establishmentof a global referenceframe,the
determinationof high-resolutionEarthrotationparameters,andthemonitoringof platemotions. GPS
dataof a global stationnetwork areusedfor mostof theseapplications. This network is part of the
InternationalGPSService(IGS).

The IGS wasestablishedby the InternationalAssociationof Geodesy(IAG) in order to promote
internationalstandardsfor GPSdataacquisitionandanalysis,to deploy andoperatea common,com-
prehensive globalGPStrackingnetwork, andto provideGPSorbitsof highestachievableaccuracy. The
IGSis basedonthevoluntarycontributionof a largenumberof organizations,agencies,anduniversities.

TheAstronomicalInstituteof theUniversityof Bern(AIUB) in Switzerlandcontributesto theIGS
sinceits official startin 1994.TheinstitutehoststheCenterfor Orbit Determinationin Europe(CODE),
oneof eightanalysiscentersof theIGS.Theproductsdeliveredto theIGSarecomputedwith theBernese
GPSSoftwarewhich is developedat theAIUB. Thework presentedherewasdevelopedin thisenviron-
mentof concentratedknowledgeof GPSandits applicationto Earth’s science.

Alreadyin theearly1980’sGPSreceiversweremountedonsatellitesorbitingin low Earthorbits(up
to about2000km). They aimedatdemonstratingthecapabilityof trackingtheGPSsignalswith receivers
on-boardlow Earthorbitingsatellites.LANDSAT 5 (1984)wasoneof thefirst satellitescarryingaGPS
receiver, which tracked,however, only thepseudorange.With the launchof theradaraltimetersatellite
TOPEX/Poseidonin 1992,theeraof GPSreceiversdeliveringdatafor preciseorbit determinationof the
satellitehasbegun.PresentlyseveralsatellitesusetheGPSdataastheprimarymeasurementsfor precise
orbit determination(e.g.,CHAMP (launchedin 2000),SAC-C(2000),JASON-1(2001),GRACEA and
B (2002),andICESat(2003)).

Many orbit determinationproceduresbasedontheGPSobservationsweredevelopedsincetheadvent
of spaceborneGPSreceivers.Thelargevarietyof approachesmaybedividedin two groups.Onegroup
dealswith thedynamicmodelingbasedon thephysicalpropertiesof thesatelliteandits orbit (dynamic
and reduced-dynamicstrategies). Thesestrategies were developedalreadybeforeGPSdatabecame
availablefor satellitesandthemodelsareelaborate.Thesecondgroupdealswith thedeterminationof
kinematicpositionsfor thesatellite(kinematicstrategies). Thesestrategiesweredevelopedassoonas
theGPSasafirst continuoustrackingsystembecameavailablefor thesatellites.

The Low EarthOrbiters(LEOs) nowadays(e.g.,CHAMP, SAC-C, JASON-1) are equippedwith
many differentscientificinstruments.Someapplicationsof theseinstrumentsneedpreciseorbit infor-
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mation for the processingof their data. The requirementsin quality, latency, and availability of the
preciseorbit aredifferent. Radaraltimetry(TOPEX/Poseidon,JASON-1),e.g.,needsa preciseknowl-
edge(few centimeters)mainly of the radial componentof theorbit. The highestquality of theorbit is
important,e.g.,for thedeterminationof theEarthgravity field. This is onemainpurposeof theCHAMP,
GRACE,andGOCEmissions.Thelatency of theorbit productis not importantfor thispurposebecause
the gravity field coefficientsaredeterminedin a post-processingmode. A short latency of the orbit is
an importantrequirementfor nearreal-timeapplicationsaiming at providing the correspondingprod-
uct assoonaspossibleafterthemeasurement(e.g.,deriving temperatureandpressureprofilesfrom the
measurementsof GPSlimb soundingantennasasinput for weatherforecasting).

Onmany LEOstheGPSreceiver is not theonly instrumentavailablefor preciseorbit determination.
Usually the satellitesareequippedwith a laserretro-reflectorarray to allow for SLR (SatelliteLaser
Ranging)measurements(e.g.,TOPEX/Poseidon,CHAMP, JASON-1,GRACE,GOCE).Somesatellites
areequippedin additionwith theDORIS system(TOPEX/Poseidon,JASON-1),which is anorbit de-
terminationsystembasedon microwavesdevelopedby theCentreNationaled’EtudesSpatiale(CNES,
France).Suchindependentmeasuringsystemsallow for an independentevaluationof theorbitsresult-
ing from thedifferentorbit determinationprocedures.Externalquality control in generalimprovesthe
qualityof eachprocedure.

Thegoalof thiswork is thedevelopmentof efficientmethodsfor preciseorbit determinationof LEOs
usingtheGPS.Theorbitsalsohave to beof a sufficientquality for abig varietyof applications.

The focusis on a procedurebasedon undifferencedobservationsof theGPSreceiver on-boardthe
LEO satellite. A kinematicstrategy is underlyingthe determinationof a preciseorbit. The kinematic
approachprovidesidenticalorbital accuraciesregardlessof thealtitudeof thesatellite,becauseno dy-
namicmodelsareused.The accuracy of the kinematicpositionsis mainly given by the quality of the
GPSobservations.

In thezero-differencepoint positioningapproachthescreeningof theLEO GPSobservationsplays
an importantrole. An elaboratepre-screeningprocedurewasdevelopedhere.Theoptions,which may
be selectedfor the pre-screeningprocedure,have an impact on the kinematicallydeterminedorbits.
This impactwasextensively studiedin orderto evaluatethe optimal optionsfor processingGPSdata
of differentLEO satellites.A reduced-dynamicorbit determinationprocedurewasusedandtestedin
connectionwith this pre-screeningprocedure,becausea priori informationabouttheorbit of the LEO
is neededfor the datascreeningin the kinematicapproach.The kinematicandthe reduced-dynamic
proceduresarethereforelinked. Kinematicandreduced-dynamicsolutionsof comparablygoodquality
areachievedusingefficientmethods.

In Chapter2, General Information, the basicfactsof the GPSsystem,institutionsrelevant to this
work, Low EarthOrbiters(LEOs)carryinga GPSreceiver, anddifferentorbit determinationstrategies
for LEOsarediscussed.

Chapter3, KinematicPoint Positioningon the Zero-differenceLevel, developsa kinematicproce-
durewhich is basedon zero-differenceGPSobservations. Simulationsareperformedto evaluatethe
procedure.

In Chapter4, Data Pre-processing, thescreeningalgorithmusedin our kinematicpoint positioning
procedureis introduced.

Chapter5, DynamicandReduced-dynamicOrbit Modeling, presentsthe implementationof thedy-
namicandreduced-dynamicorbit modelingfor LEOs. Theoptionsto parametrizea dynamicorbit are
explained.

In Chapter6, ResultsandApplications, thealgorithmsdevelopedfor thiswork aretestedextensively
andevaluatedusingGPSdatafrom theLEO satellitesCHAMP andSAC-C.For CHAMP two timeinter-
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vals in 2001andin 2002areusedandfor SAC-C onein 2002(thesameasfor CHAMP). Comparisons
with externalsolutionsareperformedfor the2001campaignfor CHAMP. Differentgravity field models
areusedfor thegenerationof reduced-dynamicorbitsof thetwo satellitesandtheimpactonthereduced-
dynamicorbits is studied.Theaccelerometermeasurementsavailablefor CHAMP maybe introduced
in thereduced-dynamicorbit determinationprocedureinsteadof modelingthenon-gravitational forces.
The impacton theachievableorbit quality is considered,aswell. Thefinal sectionof thechapteruses
thetoolsdevelopedfor spacebornereceiversto screentheGPSobservationsof receiversin a permanent
trackingnetwork. Theperformanceof thisby-productis remarkable.

Chapter7, Summaryand Outlook, summarizesour resultsanddiscussespossiblefuture develop-
mentsanddirectionsof research.
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2. General Information

2.1 The Global Positioning System – GPS

The space observation technique used for this work is the microwave technique of the
NAVSTAR GPS(NAVigationby SatelliteTiming And RangingGlobalPositioningSystem),or shortly
GPS,operatedby theU.S.Departmentof Defense.TheGPSis asatellitenavigationsystemwidely used
alsofor variousEarthSciencesapplications.

The spacesegmentof the systemnominally consistsof 24 satellites(21 operationalsatellitesplus
threeactivespares).Currently29satellitesareactive. Thesatellitesaredistributedoversix orbitalplanes
separatedby 7�.- on theequator. Thealmostcircularorbitsareinclinedby 8989- w.r.t. theequatorialplane
andthesemi-majoraxis of the orbits is about26 500 km. Therevolution periodis half a siderealday
( 
9
 h 89: m), which meansthat for a given observation point on the Earth’s surfacethe satelliteconstel-
lation repeatsitself after onesiderealday ( ;9< h 897 m). The GPSobservation techniqueis basedon the
microwave signalsemittedby the satellites. The signalsarederived from the fundamentalfrequency
( =>?� 10.23MHz) of thesatellites’oscillator. The two carrierfrequencies=�@ (wavelength AB� 19 cm,=�@C�D
�8%EGFH=> ) and =I ( AJ� 24 cm, =IK�L
�;�GFM=> ) aremodulatedwith the codesandthe navigation
messageto transmitinformationsuchasthereadingsof thesatelliteclocks,theorbital parameters,etc.
TheC/A-code(Coarse-Acquisition,Clear-Access,or Civil-Access)is modulatedon the N	@ carrieronly.
TheP-code(Preciseor Protected)is modulatedonbothcarriers.Thereexist two possibilitiesfor limiting
theachievableaccuracy for civilian users,namelySelective Availability (SA) andAnti-Spoofing(AS).

Selective Availability (SA), thedeteriorationof thesatelliteclock frequency (dither),wasswitched
off on May 2, 2000,4:00UTC. This fact facilitatestheestimationof thesatelliteclock correctionsand
they canbebetterpredicted.The zero-differenceapplicationsrequiringthe satelliteclock information
for processingin particularhave takenprofit outof thischangeof policy.

Anti-Spoofing(AS) is a protectionagainst“f ake” transmissionsby encryptingthe P-codeto form
theY-code. AS is fully active, but nowadaysmethodsareknown to get rid of partof thedeteriorating
effects.

Pseudorangeandcarrierphasemeasurementscanbeacquiredon bothfrequencies( =�@ and =I ). The
pseudorangeobservationhasanaccuracy of afew decimeterswhile thecarrierphaseis accurateto a few
millimeters.In orderto relatethephasemeasurementwith thegeometricrange,anunknown, but integer
numberof wavelengthshasto be estimatedin the dataprocessing.The dataprocessingis a complex
taskandcannotbedescribedin detailhere.For a detaileddescriptionof thewholeGPSsatellitesystem
andfundamentalprocessingaspectswe refer to, e.g. [Hofmann-Wellenhofet al., 2001;Springer, 2000;
Schaer, 1999]. The basicfactsneededin the context of this work will be describedandexplainedin
Chapter3.
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2.2 Institutions Relevant to this Work

2.2.1 The International GPS Service

TheInternationalGPSService(IGS)wasestablishedby theInternationalAssociationof Geodesy(IAG)
between1991and1993andbeganwith its official operationsin January1994. The IGS is part of the
effort of the internationalscientificcommunityto promoteinternationalstandardsfor GPSdataacqui-
sition andanalysis,andto deploy andoperatea common,comprehensive globalGPStrackingnetwork.
Thiswasdoneasa resultof thecontinuedgrowth anddiversificationof GPSapplications.

The IGS is basedon thevoluntarycontributionsof a large numberof organizations,agencies,and
universities.Thefollowing products,basedonthecontributionsof eightanalysiscenters(ACs),aremade
availableby theIGS:O a setof GPSsatelliteephemerides,namelyfinal, rapid,ultra-rapid(startedin March2000),and

predicted(terminatedin March2001)ephemerides,O Earthrotationparameters(ERPs),O IGStrackingstationcoordinatesandvelocities,O GPSsatelliteandIGStrackingstationclock information,O station-specifictroposphericzenithpathdelayestimates(sinceJanuary1997),andO ionospheremapsandotherionosphereproducts.

In addition,theIGS providesephemeridesof theRussianGLONASS(GLObalNavigationSatellite
System)satellites.A detaileddescriptionof theIGS products,their accuracy andlatency maybefound,
e.g.,in [WeberandSpringer, 2002]and[IGSCB, 2002].

2.2.2 The Center for Orbit Determination in Europe – CODE

TheCenterfor Orbit Determinationin Europe(CODE)is oneof eightanalysiscentersof theIGS. It is
locatedat theAstronomicalInstituteof theUniversityof Berne(AIUB) andis a joint ventureof:O theFederalOfficeof Topography(swisstopo),Wabern,Switzerland,O theFederalAgency of CartographyandGeodesy(BKG), Frankfurt,Germany,O theInstitutGéographiqueNational(IGN), Paris,France,andO theAstronomicalInstituteof theUniversityof Berne(AIUB), Berne,Switzerland.

All CODEsolutionsandresultsfor theIGSareproducedwith theBerneseGPSSoftware[Hugento-
bler etal., 2001].Currentlythedevelopmentversion5.0of thesoftwareis used.Thissoftwareversionis
alsousedfor thecomputationsmadein thecontext of this work. Theofficial CODEproductsdelivered
to theIGSor theofficial IGSproductsareusedasinput for thedataprocessing,whereneeded.

For moreinformationaboutCODE,its involvementin the IGS andthe routinedataprocessingwe
refer, e.g.,to [Schaer, 1999;Springer, 2000;Hugentobleretal., 2002].
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2.2 InstitutionsRelevantto thisWork

2.2.3 The IGS LEO Pilot Project

Many scientificprojectsareinitiatedby the IGS. Due to our interestin Low EarthOrbiter (LEO) GPS
dataprocessing,wefocusmerelyontheIGSLEOPilotProject.DuetoupcomingLEOmissionscarrying
GPSreceiversit wasrecommendedat theJoint IGS-GFZ-JPLWorkshoponLowEarthOrbiter Missions
in March1999at theGeoForschungsZentrum(GFZ)Potsdam,Germany, to initiateapilot projectfor the
useof GPSflight receiver data.In January2000the“Call for participation”wasissued.TheIGS LEO
Pilot Projectstartedat theIGSPilot ProjectMeeting, February6-8,2001,GFZPotsdam,Germany. The
goalsof theIGSLEO Pilot Projectare[Boomkamp, 2002]O to establishandmaintaina clear listing of all differencesbetweenLEO flight receiver dataand

terrestrialGPSdata,O to compareGPSorbits, clocksandEOP(EarthOrientationParameters)asgeneratedby routine
IGSoperationsfor caseswith andwithout theinclusionof LEO datain theanalysis,O to developthecapabilityfor combinedLEO + GPSdataprocessingat a representative numberof
AnalysisCenters,O to improve theprocessingof LEO flight receiverdataatpointswhereavailableprocessingsystems
still preventapositive impactof LEO dataon IGSproducts,O to comparethe IGS troposphereproductsfor caseswith andwithout LEO data,with the aim of
analyzingbenefitsthatmaybeobtained

1. from LEO-basedGPSobservables,e.g.,differencedatafor a LEO that passesthroughthe
line of sightbetweenagroundstationandaGPSsatellite,

2. from the inclusionsof otherLEO trackingdatatypes,e.g.,DORIS(DopplerOrbitography
andRadiopositioningIntegratedby Satellite)or SLR (SatelliteLaserRanging),in simulta-
neousprocessingof GPSandLEO satellites,O to establishandmaintaina list of requiredanalysiscapabilitiesfor usingLEO datain IGSprocess-

ing,O to monitor theexisting processingcapabilities,comparethemwith therequiredanalysiscapabil-
ities, andtake stepsto correctdeficienciesasfar asnecessaryfor completionof thePilot Project
analysis,andO to extrapolatetheprocessingrequirementsthatemergeduringthePilot Projectinto asetof condi-
tionsfor operationalimplementationof LEO datain IGSprocessing.

Thestartingphaseof theprojectwasproblematicbecauseprior to mid 2001new LEO GPSdatawere
only availablefrom theSAC-Csatellite(Section2.3.5).After thereleaseof theCHAMP (Section2.3.4)
datain June2001,theAssociateAnalysisCentersof theLEO Pilot Projectcouldstartto processthedata
basedon a CHAMP testcampaignof elevendays(20-30May, 2001,doy 140-150).This testcampaign
gives to all institutionsinvolved in POD (PreciseOrbit Determination)for LEOs the opportunityto
comparetheir results.Thesummaryof thiscomparisonmaybefoundin [TESTCAMPAIGN, 2002].The
contributionsof theAIUB to theCHAMP testcampaignwill bedescribedin Section6.3.
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Table2.1:Summaryof LEOsequippedwith GPSreceivers.

Satellite Altitude (km) Inclination(degree) Launchdate

TOPEX/Poseidon 1336 66 10August1992
MicroLab-1/GPS/MET 715 70 9 April 1995
GFO 785 108 10February1998
ØRSTED 640/850 96.5 23February1999
SUNSAT 640/850 96.5 23February1999
CHAMP 470-300 87 15July 2000
SAC-C 702 98 23November2000
JASON-1 1336 66 7 December2001
GRACE 500-300 89 17March2002
ICESat 600 94 12January2003
GOCE 250-200 P 97 2006

2.3 Low Earth Orbiter s Tracking GPS Signals

Satellitesin aso-calledLow EarthOrbit (LEO)areperfectlysuitedto beequippedwith atrackingsystem
basedon GPSsignals.As LEOswe understandsatelliteorbitswith a heightbelow 2000km above the
Earth’s surface[Martin et al., 2001]. At thesealtitudesthe orbital periodvariesbetweenlessthan90
minutesandtwo hours.In theLow EarthOrbit themostimportantnon-gravitational forceactingon the
satelliteis theatmosphericdragdecreasing,however, rapidly with increasingheight.Atmosphericdrag
dependson theatmosphericdensitywhich is in turn governedby, e.g.,altitude,solaractivity, daytime,
season,and geographicallongitudeand latitude. A large numberof satellitescan be found in Low
EarthOrbits.TheEarthobservationsatellitesof theERS-,SPOT-, andLANDSAT-missionsare,e.g.,in
Low EarthOrbits. The Iridium satellites,a satelliteconstellationfor mobile telephonecommunication
purposesandmany scientificmissionsstudyingdifferentsubjects,e.g.,thegravity field or magneticfield
of theEarth,arelocatedin theLEO belt,aswell.

Theeraof GPSreceiversusedfor spaceborneapplicationsbeganin theearly1980’s. Initially they
werelaunchedinto orbit only for demonstrationof theconceptof satellitetrackingwith GPS.Thefirst
receivers tracked only the pseudorange(e.g.,LANDSAT 5 [Heuberger, 1984]). The first missionus-
ing pseudorangeand carrierphasemeasurementsof GPSfor orbit determinationis the radaraltime-
ter missionTOPEX/Poseidon.SomeLEOs carryinga GPSreceiver put into orbit sincethe launchof
TOPEX/Poseidonin August,1992,aresummarizedin Table2.1. They arelisted in the orderof their
launchdate.The list is not complete,but givesanoverview of differentLEO missionsusingGPS.We
will describeeachsatellitebriefly whichshouldgiveanimpressionof thewidefield of scienceobjectives
of the differentmissions.Figures2.1 to 2.11give an ideaof the physicalshapeof the satellites.The
satellitesCHAMP andSAC-Candin particulartheperformanceof theirGPSreceiverswill bedescribed
in moredetailin Chapters4 and6.

2.3.1 TOPEX/Poseidon

TOPEX/Poseidon[Fu et al., 1994] is a joint missioncoordinatedand operatedby NASA (National
AeronauticsandSpaceAdministration,USA) andCNES(CentreNationaled’EtudesSpatiale,France).
It waslaunchedon August10, 1992andis still in operationtoday. The main purposeof the mission
is to measurethe oceantopographyusinga radaraltimeter. In additionto the main radarinstruments
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Figure2.1:TOPEX/Poseidonsatellite.

thesatelliteis equippedwith a laserretro-reflectorarrayfor SLRmeasurements,a DORISreceiver, and
a GPSDemonstrationReceiver (GPSDR).The threelatterdevicesareall usedfor orbit determination
of theTOPEX/Poseidonsatellite. Theplaneof thecircularorbit is inclinedby 7979- with respectto the
equatorandthe satelliteis orbiting at an altitudeof 1336km. A sketchof TOPEX/Poseidonmay be
foundin Figure2.1showing thattheGPSantennais mountedontopof a4.3m mast.TheGPSDRtracks
(only) up to six satellitessimultaneously. Unfortunately, dueto the receiver construction,it cantrack
bothfrequenciesonly duringperiodswhenAS is turnedoff [Bertiger et al., 1994].

2.3.2 Micr oLab-1/GPS/MET

TheMicroLab-1satelliteis carryingtheGPS/MET-receiver. Thereceiver is partof a proof-of-concept
systemtogenerateatmosphericprofilesbasedonobservationsfromGPSsatellitesoccultingattheEarth’s
atmosphericlimb asseenfrom the satellite. For moredetailson the techniquewe refer, e.g.,to [Mel-
bourneetal., 1994].In orderto serve thesoundingexperimenttheGPSantennais placedat therearside
of thesatellite.As aresultonly half of theGPSsatellitesabovethehorizonof thesatellitecanbetracked.
Theobservationalgeometryfor determiningthepositionof thesatelliteis, therefore,comparatively poor
andtheresultingorbit is not representative for thepotentialof GPSPODtechniques.Thesatellitewas
launchedon April 9, 1995. Thenearlycircularorbit with an inclinationof Q%�.- hasanaltitudeof about
715 km. Figure2.2 shows the small MicroLab-1satellitewith the GPSantennaat the rearside. The
TurboRoguereceiver tracksup to six satellitessimultaneously. Dataproblemsoccurredduringperiods,
whenAS wasturnedon [Bertiger andWu, 1996].

2.3.3 GFO, ØRSTED and SUNSAT

ThesatelliteGFO(GeosatFollow On) (Figure2.3, [GFO, 2002])waslaunchedon February10, 1998,
into anorbit with analtitudeof 785km andaninclinationof 
��.:9- . It is equippedwith instrumentsfor
theprecisemeasurementin thedomainof both,mesoscaleandbasin-scaleoceanography. Thesatellite
carriesa GPSreceiver which did, however, never work. Thesameis unfortunatelytruefor theGPSre-
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Figure2.2:MicroLab-1satellite.

Figure2.3:GFOsatellite.
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(a)ØRSTEDsatellite.

(b) SUNSAT satellite.

Figure2.4:Two satelliteslaunchedtogetheronFebruary23,1999.

11



2 GeneralInformation

ceiverontheSouthAfrican satelliteSUNSAT [SUNSAT, 2002]launchedonFebruary23,1999,together
with theDanishsatelliteØRSTED(Figure2.4(a),[ØRSTED, 2002]). SUNSAT is a micro-satellitede-
velopedby graduatestudentsatStellenboschUniversityin SouthAfrica. It is shown in Figure2.4(b).In
additionto theTurboRogueGPSreceiver anda laserretro-reflectorarray, thesatelliteis equippedwith
aCCD(ChargedCoupleDevice)sensorandtwo differentschoolexperimentswhichweredevelopedby
High Schoolstudents(seealso[SUNSAT, 2002]). Unfortunately, theGPSreceiver did not work for the
entirelifetime of thesatelliteandonFebruary1, 2001,thefunctionallife of thesatellitewasended.The
DanishsatelliteØRSTED,launchedwith thesamelaunchvehicleasSUNSAT, hasbeendevelopedfor
studyingthemagneticfield of theEarth. TheGPSreceiver on-boardØRSTEDis working well but the
measurementsarenotsufficient in quantityandquality to beusedfor reliablePOD.

2.3.4 CHAMP

CHAMP (CHAllengingMinisatellitePayload)([Reigberetal., 1998]and[CHAMP, 2002])is aGerman
missionundertheleadershipof theGFZ in Potsdam,Germany. Thepartnersof this satelliteprojectare
NASA, CNESandAFRL (Air ForceResearchLaboratories,USA). Themainpurposeof thesatelliteis
thestudyof theEarth’s magneticandgravity fields. In additionto theBlackJackGPSreceiver provided
by NASA/JPL(JetPropulsionLaboratory),it carriesaSTAR accelerometerprovidedby CNESandman-
ufacturedby ONERA (Office Nationald’Etudeset de RecherchesAérospatiales)in Toulouse,France.
Thenew instrumentmeasuresthenon-gravitational accelerationsactingonthesatellitewhicharemainly
dueto atmosphericdrag,solarradiationpressure,Earthalbedoradiation,andattitudemaneuvers. The
usageof theseaccelerometermeasurementsallows it to generatea dynamicorbit of the LEO without
modelingthenon-gravitationalforceswhichis veryhelpful for gravity field recovery. A coldgaspropul-
sionsystemhasbeenemployed in orderto control theattitudeandto performorbit changemaneuvers.
Theattitudeof thespacecraftis not stableover a long time perioddueto thedesignof thesatellite.The
attitudeis correctedby thrusterpulsesof the cold gaspropulsionsystem,which may happenbetween
70 and200 timesperday. Figures2.5(a)and2.5(b) [CHAMP, 2002]show thesatellitesystemandits
payload.

CHAMP was launchedon July 15, 2000. The satelliteis orbiting in a nearlycircular orbit with
an inclinationof :.Q - . The initial altitudewasabout470 km. Within its lifetime it will decayto about
300 km dueto atmosphericdragandorbital maneuvers. The actualrateof this decaydependson the
solaractivity. In Figure2.6 [CHAMP, 2002] thepredictedorbital decayis shown asa functionof high
andlow solaractivity.

In additionto theGPSreceiver, the CHAMP satelliteis equippedwith a laserretro-reflectorarray
for SLRmeasurements.TheSLRtechniqueis a completelyindependenttechniqueto determineprecise
orbits for the LEO. SLR observationsare accurate( P 1 cm), unambiguousand free of atmospheric
propagationeffectsdueto watervapor. This is why theSLR techniqueis very usefulfor calibratingthe
orbit resultingfrom theGPStracking.

A detaileddescriptionof theinstrumentsimportantfor POD(GPSreceiver, laserretro-reflectorarray,
accelerometerinstrument,andattitudesensor)maybefoundin [GrunwaldtandMeehan, 2003].

2.3.5 SAC-C

The Earthobservation satelliteSAC-C waslaunchedon November23, 2000[SAC-C, 2002]. It is an
internationalcooperative missionwith themainresponsibilityatCONAE (ComisíonNationaldeActivi-
dadesEspaciales,NationalCommissionon SpaceActivities),ArgentinaandNASA, USA. TheSAC-C
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(a)Front.

(b) Rear.

Figure2.5:CHAMP satellite.
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Figure2.6:Altitude of CHAMP dependentonsolaractivity.

missioncompriseseleven different instruments.The instrumentof interestfor POD is the BlackJack
GPSreceiver provided by JPL. In addition,the satelliteis equippedwith a LagrangeGPS/GLONASS
demonstrationreceiver, which is part of the INES (Italian NavigationExperiment)andshoulddemon-
stratethecapabilityof a secondaryattitudedeterminationsensor. TheBlackJackGPSreceiver hasfour
antennas,“looking” into theup, down, fore andaft directions.Therefore,theGPSsignalsmaybeused
for POD(up),for radiooccultations(foreandaft), andfor GPSaltimetry(down) makinguseof theGPS
signalsreflectedby theEarth’s oceans.Figure2.7 containsa sketchof theSAC-C satellite. SAC-C is
orbitingat analtitudeof 702km andthesun-synchronousorbit hasaninclinationof R9: - with respectto
theequator. Unfortunatelythesatellitehasno SLR reflectoror DORISreceiver, renderingindependent
comparisonsbetweendifferentPODtechniquesimpossible.Theinterestof mostinstitutionsworking in
thefield of PODfor LEOsin SAC-C trackingdatais, therefore,limited – despitethefactsthatthedata
is of goodqualityandthatthemodelingof theorbit is simplerthanfor CHAMP becauseof thesatellite’s
orbitalheight.

2.3.6 JASON-1

JASON-1[JASON-1, 2003],thefollow-on missionof TOPEX/Poseidon,is equippedwith moreor less
the samebut revised instrumentsasTOPEX/Poseidon.For JASON-1 the BlackJackGPSreceiver is
a primary instrumentfor orbit determination. In addition, the satellitecarries, like its predecessor
TOPEX/Poseidon,a SLR reflectorarrayanda DORISreceiver. TheGPSantennais placedat theside
of thesatellitebodyandis tilted with respectto theaxesof thesatellite.JASON-1waslaunchedonDe-
cember7, 2001,andis orbiting at analtitudeof 1336km in analmostcircularorbit with aninclination
of 7979- . Figure2.8shows theJASON-1satellite.TheGPSdataareavailablesincefall 2002.

2.3.7 GRACE

GRACE (Gravity Recovery And ClimateExperiment)[GRACE, 2003] may be viewed asthe follow-
on missionof CHAMP. The missionconsistsof two satellitesorbiting the Earth in the sameorbital
trajectoryfollowing eachother in a distanceof 220 km S 50 km. A K-band link betweenthe two
spacecraftsprovidesa new andindependentobservationtypefor mappingthegravity field of theEarth.
ThesatelliteswerelaunchedonMarch17,2002,andareequippedboth,with aBlackJackGPSreceiver,
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Figure2.7:SAC-Csatellite.

Figure2.8:JASON-1satellite.

15



2 GeneralInformation

Figure2.9:GRACEsatellitefrom above.

Figure2.10:ICESatsatellite.

with a laserretro-reflectorarray, andwith anaccelerometerinstrument.The inclinationof the orbit is:9R9- andtheorbit altitudewasinitially 500km. As canbeseenin Figure2.9 theGRACE satellitesare
similar in constructionto theCHAMP satellite(apartfrom theboomwhich is not requiredin thecase
of theGRACE satellites).TheGPSPODantennais placedin themiddleof thesatellitebodyandnot
at its aft endasin thecaseof CHAMP. TheGPStrackingdataof the twin satellitesareexpectedto be
availablein mid of 2003.

2.3.8 ICESat

The ICESat(Ice, Cloud,andlandElevationSatellite)missionis designedfor measuringthemassbal-
anceof ice sheets,cloud andaerosolheights,optical densities,vegetationand land topography. The
GeoscienceLaserAltimeterSystem(GLAS) andtheGPSreceiver aretheonly scientificinstrumentson
boardthe ICESatspacecraft.Thesatellite(Figure2.10,[ICESAT, 2002])waslaunchedon January12,
2003into anorbit of 600km heightandaninclinationof R%ET- . TheGPStrackingdatawill beavailable
in summer2003.
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Figure2.11:GOCE- computeraideddrawing.

2.3.9 GOCE

The GOCE(Gravity field andsteady-stateOceanCirculationExplorer)missionwill be the first Earth
ExplorerMission in the Living PlanetProgrammeof the EuropeanSpaceAgency (ESA) [Visserand
Van den IJssel, 2000; GOCE, 2002]. The two key instrumentsare a three-axisgradiometerand a
GPS/GLONASSreceiver. Thebaselinemissiondurationis 20monthsandthereferenceorbit is adawn-
dusksun-synchronousorbit atameanaltitudeof 250km duringthefirst half of themission,andapprox-
imately240km duringthesecondhalf [Battrick, 1999].Figure2.11showsacomputer-aideddrawing of
theGOCEsatellite.

2.4 Precise Orbit Determination for LEOs Using GPS

TheLEOscarryingGPSreceivershavein generalalsootherscientificinstrumentson-board.Thepurpose
of theGPSreceiver is in mostcasesto provide datafor a preciseorbit determinationof theLEO. The
scientificexploitationof thedataof theotherinstrumentsoftenrequiresprecisesatellitepositions.Hav-
ing continuousGPStrackingdataavailablefor PODis a big advantageover alternative PODmethods,
whereaprecisetrajectorymaybereconstructedonly throughelaborateorbit models.

Much work wasperformedin the lastdecadeto developandevaluatedifferentorbit determination
strategiesfor LEOsusingGPS.Theapproachdependsonrequirementslikeprecision,latency, andavail-
ability. Theorbitalaltitudesof thesatellitesrangebetweenabout300km and2000km, leadingto differ-
entperturbationcharacteristics.Theorbit determinationstrategiesmaybedividedinto two maingroups,
thedynamicandreduced-dynamicstrategiesononehandandthekinematicstrategiesontheotherhand.
TheGPSdataprocessingproceduresfor theLEO arecommonto bothgroups.Theseproceduresmay
bedistinguishedby theirdifferencinglevel namelythezero-difference(ZD), double-difference(DD), or
triple-difference(TD) level of theoriginalobservations.All strategiesmake director indirectuseof the
GPSgroundnetwork, the IGS network. Direct useis madeif the observationsof the groundstations
areusedtogetherwith theLEO GPSdatafor theprocessing(DD andTD). Indirectuseis madeif the
observationsof thegroundstationsarenot usedfor theLEO GPSdataprocessing(ZD), in which case
thegroundbasedobservationsarerequiredto estimateGPSclockcorrections.In any casegroundstation
dataarerequiredto computepreciseGPSsatelliteorbits.
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2 GeneralInformation
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Figure2.12:Schemeof differentprocessingstrategiesfor LEO GPSdata.
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2.4 PreciseOrbit Determinationfor LEOsUsingGPS

Thedifferentproceduresfor theLEO GPSdataprocessingareillustratedby Figure2.12.All proce-
duresrequireGPSorbits,Earthrotationinformation,andLEO GPSdataasinput for theprocessing.The
GPSorbitsandEarthrotationparametersaretakeneitherfrom theIGS(or oneof its analysiscenters)or
they maybeestimatedtogetherwith theLEO orbit. Ontheright handsideFigure2.12showstheTD and
DD approachesrequiringGPSdataof anarrayof terrestrialreceiversaswell asthecoordinatesandtro-
posphereinformationof thesestations.Thetwo ZD approacheson theleft handsidedo not needthese
data,but preciseGPSclock correctionsat a high samplingrate(30 seconds)arerequired. In the two
approachesin thecenterof thefigure,thewell-known ZD andtheDD procedures,theambiguitieshave
to beestimatedasrealvaluesmakingtheprocedurescomplex andtime-consuming.TheZD approach
displayedin the leftmostpartof Figure2.12is theapproachdevelopedin this work. Subsequentlythe
two groupsof orbit determinationstrategiesaredescribedin moredetail.

2.4.1 Dynamic and Reduced-d ynamic Strategies

Thedynamicandreduced-dynamicorbit determinationstrategiesarethebest-known strategiesfor LEO
PODbasedon GPStrackingdata.They arebothdemonstratedfor thefirst time for TOPEX/Poseidon,
see,e.g.,[Bertiger et al., 1994],[Schutzet al., 1994].Theprinciplesdescribedin thetwo referencesare
basedon double-differencingtheLEO GPSdatausingGPSdataof anarrayof terrestrialreceivers.The
parametersfor theLEO andfor all GPSsatellitesarethenestimatedsimultaneously. Theparametersfor
theLEO arerelatedto a dynamicalorbit model.Someof therecentmissions(CHAMP (Section2.3.4),
GRACE (Section2.3.7)) are equippedwith an accelerometermeasuringthe non-gravitational forces
acting on the satellite. Using the measurementsof the new instrumenttype allows it to replacethe
modelingof thenon-gravitational forcesby themeasurementsof theaccelerometer. This approachwas
demonstratedfor thefirst time for CHAMP [Koeniget al., 2001]andis usedfor GRACE,aswell.

Mathematicalmodelsof theforcesactingontheLEO andmathematicalmodelsof thephysicalprop-
ertiesof theLEO arerequiredfor thedynamicandreduced-dynamicstrategies.Theequationof motion
is solved usingthe techniqueof numericalintegration(see,e.g.,[Beutler, 2004]). The GPSmeasure-
mentsarerepresentedby aparticularorbit whichis in turnestablishedby aleastsquaresadjustmentwith
the initial conditionsandthedynamicalparametersasunknowns. The modelerrorslimit thedynamic
strategies. They resultin systematicerrorsgrowing with thearclength. Introducingempiricalparame-
ters,e.g.,once-per-revolution parametersor stochasticpulses,in theparameterestimationprocessallows
it to attenuatetheseerrors.This is thekey elementof thereduced-dynamicstrategies.Empiricalparame-
tersreducetheinfluenceof possibledeficienciesof thedynamicalmodelson theestimatedorbit. Lower
orbitsrequiremoreempiricalparametersthanhigheronesbecauseit is virtually impossibleto useade-
quatemodelsfor theatmosphereandfor theEarth’s gravity field (at leastinitially). Thegravity models
developedprior to thedataof therecentgravity missionsCHAMP or GRACE are,e.g.,not capableof
providing thehigherordertermsof thegravity field with sufficientprecisionfor low orbits.

Subsequentlywe will developa reduced-dynamicstrategy for LEO orbit determinationto provide,
on the one hand,good a priori orbit information for our kinematicpoint positioningprocedureand
to generate,on the otherhand,reduced-dynamicorbits basedon kinematicpositionsasthe bestorbit
productwhich is possiblewith the two proceduresdevelopedin this work. In Chapter5 theparticular
reduced-dynamicstrategy andthealgorithmsbehindit will beexplainedin moredetail.
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2 GeneralInformation

2.4.2 Kinematic Strategies

KinematicPODproceduresestimatethesatellitepositionfor eachobservationepochbasedon theGPS
observationsonly. Kinematicstrategiesdo not needany informationconcerningthe gravity field and
other parametersof the dynamicalorbit models. The precisionof the kinematicpositionstherefore
uniquelydependson theprecisionof theobservations,on thestrengthof theobservationgeometry, and
on the quality of the GPSorbit andclock productsused. The number(anddistribution) of the GPS
satellitesobserved simultaneouslyby thespacebornereceiver is of crucial importancefor theaccuracy
of the kinematicpositions. If lessthan four observationsareavailable per epochno positioncan be
determined.Thesemissingpositionsaswell asdatagaps,e.g.,dueto receiver resets,leadto interruptsin
thetrajectoryof theLEO which in turnmaycauseproblemswhenusingthekinematicpositionsasorbit
informationfor anindependentanalysisof otherdataof thesatellite.This is not thecasefor adynamical
orbit solution,becausethis orbit is continuousby constructionandhasno gapsno matterwhetherthere
aredatagapsor not.

An example for a kinematic strategy using TD observations may be found, e.g., in
[Grejner-Brzezinskaet al., 2002] and [Byun, 2003]. In [Svehlaand Rothacher, 2002], e.g.,we may
find both a ZD anda DD approachincluding the fixing of ambiguitiesto integer numbers. The ZD
approachwhich maybefoundin [BisnathandLangley, 2001]usesfiltering techniquesfor determining
the kinematicpositions. It is an approachusingepoch-differencedphaseobservations. The kinematic
pointpositioningproceduredevelopedfor this work is aZD approach,aswell. Epoch-differencedzero-
differencephaseobservationsareusedto establishtheposition-differencesbetweensubsequentobserva-
tion epochswith aconventionalleastsquaresadjustmenttechnique.Thisprocedurewill beexplainedin
moredetailin Chapter3.

2.5 Data Pre-pr ocessing

Pre-processingGPSdatais animportantissuefor all applications.In orderto havecleaneddataavailable
for thekinematicpoint positioningapproachwehave to find a suitableprocedurefor pre-processingthe
ZD LEO GPSdata. ScreeningdifferencedGPSdatais mucheasierbecausecommonerrorsmay be
removed or greatly reducedby forming the differences. Receiver and satelliteclocks are prominent
examples.Differentproceduresareavailablefor screeningZD dataof terrestrialstations.Oneof them
is the codesmoothingimplementedin the programRNXSMT [Springer, 2000] of the BerneseGPS
Software. At CODE ZD observationsof the IGS stationsareprocessedto estimateclock corrections.
Screeningof ZD observationsis currentlybasedon this RNXSMT program. The programMAUPRP
will replaceit, however, in thenearfuture.Theoriginalpurposeof theprogramMAUPRP [Hugentobler
etal., 2001]in theBerneseGPSSoftwareis thedatascreeningof phaseDD observations.Theprogramis
now extendedto screenphaseZD observations,aswell. It promisesto bemorereliablethanRNXSMT.
TheZD screeningalgorithmin MAUPRP is basedon theepoch-differencesof thephaseobservations
to individual satellites. Informationconcerningthe GPSorbits andthe satelliteclock correctionsare
requiredfor thescreeningprocedure,stationcoordinatesarerequiredaswell asapriori information.

TheprogramMAUPRP is alsoableto pre-processZD LEO databut we decidedto developa com-
pletely new screeningalgorithm. It is basedon a receiver- andepoch-wisecleaningof the dataand
requiresIGS productslike orbitsandclock corrections,anda priori informationaboutthereceiver. We
developedthis pre-screeningalgorithmprimarily for thedatapre-processingof LEO data(Chapter4).
Sincethepre-processingworksvery well for spacebornereceiversits applicationto thedataof ground
basedreceiverswaslogical. Resultsfor terrestrialreceiverdata(Section4.4)arepresentedandcompared
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2.5 DataPre-processing

with resultsof theprogramMAUPRP (Section6.7).
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3. Kinematic Point Positioning on the
Zero-diff erence Level

3.1 Principles of Processing

As mentionedin Section2.4.2a specialzero-differenceapproachwasdevelopedfor kinematicpoint
positioningof a GPSreceiver. Beforeproviding a detaileddescriptionof thedevelopedprocedure,we
have to discusstherequirementsandassumptionsmade.

As a first prerequisitewe assumethat the GPSorbits andERPsareknown from the IGS or from
oneof its analysiscenters(e.g.,CODE).The GPSclock correctionsareprovided by the IGS, aswell,
but unfortunately, exceptof JPL, only with a samplingrateof five minutes. As will be shown in the
following sectionswe needthepreciseclock correctionsevery 30 secondsif we want to reachthebest
possibleresultwith ourkinematicpointpositioningprocedure.JPLprovides30-secondclockcorrections
to theIGS (sinceMay 1999).They arenot idealfor our application,however, becausemany epochsare
missing.Weneedclockinformationfor theGPSsatellitesfor eachepochtheGPSsatellitesareobserved.
To get suchcontinuous30-secondsclock correctionsfor the GPSsatellitesan efficient procedurewas
developedand describedby [Bock et al., 2000] and [Bock et al., 2003]. The procedureis basedon
thesamezero-differenceapproachasthekinematicpoint positioningprocedureto beexplainedin this
chapter.

Let us first give an overview of the principlesof the processingapproachin order to get a better
understandingof thedataflow, theprocessingsteps,andthedependenciesbetweendifferentsteps,which
will be describedin more detail in the following sections. The processingschemerequiredfor the
processingof GPSdatafrom a LEO is shown asa flow diagramin Figure3.1. The approachmay be
appliedto moving receiverssuchasLEOs,but alsoto stationaryreceivers.Subsequentlytheprocessing
of LEO data is taken as an examplebecausethe procedureswere initially developedfor LEOs and
becausemorecomplex algorithmsarerequiredfor thekinematicpoint positioningof a LEO thanfor a
terrestrialstation.

GPSorbits,ERPsandclock correctionsareassumedto be known andheldfixed in our kinematic
solutions.Basedonthisinformationthekinematicorbit is determinedin aniterativeprocedurecomposed
of threesteps:O In a first processingsteponly the codeobservationsof the LEO areusedto estimatekinematic

positionswithoutknowledgeof apriori positions(seeSection3.2.1).Theestimatedpositionshave
anaccuracy of theorderof the codeobservations(i.e. a few meters).They areusedaspseudo-
observationsto determineareduced-dynamicorbit (seeChapter5). This reduced-dynamicorbit is
thenusedasapriori orbit for thesecondstep.O Thesecondprocessingstepconsistsof a screeningprocedureusingonly thecodeobservationsof
theLEO. A secondreduced-dynamicorbit, determinedwith the resultingpositions,is thenused
asapriori orbit for thethird andfinal step.
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3 KinematicPointPositioningon theZero-differenceLevel
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Figure3.1:Processingschemefor kinematicpointpositioningof aLEO with GPSdata.
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3.2 CodeSolution

O In thethird stepthephaseandthecodeobservationsareused.Fromthephasemeasurementstime-
differencedobservationsareformedto eliminatethe phaseambiguities.As a consequenceonly
position-differences canbeestimated(seeSection3.3).Theseposition-differenceshaveaccuracies
correspondingto the accuracy of the phaseobservations(mm to cm). Positionsand position-
differencescanbecombinedto precisekinematicpositionsby anefficient algorithmdescribedin
Section3.4.

Thesecondandthird processingstepallow for a datascreeningbasedon theknowledgeof ana priori
orbit (seeChapter4).

An alternative procedureto get a good a priori orbit within two stepsis to usephase-difference
observationsalreadyin the secondstepof the describedprocedure.The first a priori orbit is the same
but in the secondstepwe producedirectly combinedpositionsbasedon the first a priori orbit. These
combinedpositionsmaythenbeusedfor thegenerationof anew apriori orbit. Thisapriori orbit is then
usedfor thethird step,thefinal kinematicpositioningof thereceiver.

Thetwo differentproceduresarecomparedin Chapter6 andevaluatedto find themoreefficientand
morereliableonefor our requirements.

The processingsequenceexplainedby Figure3.1 is designedfor kinematicpoint positioningof a
LEO. In the following sectionswe will develop the algorithmsbehindthis processingschemefor the
code(Section3.2) andfor thephaseobservations(Section3.3) in a moregeneralway. Theprocedure
maybewell suitedfor processingGPSobservationsstemmingfrom any moving objectcarryinga GPS
receiver.

3.2 Code Solution

Let ususethefollowing notation:U
is theindex (superscript)of aparticularGPSsatellite,

U ��
V������WVYX � , whereX � is thenumber
of satellitesobservedatoneepoch.Z is theindex of thefrequency used( Z � 1, 2).[
is thesignalreceptiontime (in GPStime).\.] is thesignalpropagationtimebetweensatellite

U
andthereceiver.^ ] is thegeometricaldistancebetweensatellite

U
(atsignalemissiontime

[W_ \ ] ) andthereceiver
(at signalreceptiontime

[
), alsocalled“slant range” `` a ] _ a `` .a ] ( [b_ \.] , is thepositionof thesatellite
U

at signalemissiontime
[c_ \.] .a ( [ , is thepositionof thereceiver atsignalreceptiontime
[
.d is thespeedof light.[�e

is thereadingof thereceiver clockat signalreceptiontime.f
is theerrorof thereceiver clockat time

[
with respectto GPStime. Thetruesignalreception

time
[

maybewrittenas
[ � [�e�_ f .f ] is theerrorof theclockof satellite

U
at time

[g_ \.] w.r.t. GPStime.f � is theperiodicrelativistic effect on the receiver dueto theeccentricityof its orbit (varying
velocityandheightin theEarth’s potential).f ]� is the periodic relativistic effect on the GPSsatellite

U
due to the eccentricityof its orbit

(varyingvelocityandheightin theEarth’s potential).h ] is thesignaldelaydueto troposphericrefraction.
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3 KinematicPointPositioningon theZero-differenceLevel

i ]j is thesignaldelayoncarrier Z dueto ionosphericrefraction,
i ] @ � i ] V i ]I �lk�mnk mm i ] .

ThepseudorangebetweenGPSsatellite
U

andthereceiver thenreadsaso ] j � ^ ] _ d F f ]qp d F f _ d F f ] � p d F f � p h ]rp i ]j � (3.1)

The above observation equationis written in a very generalform. Not all termsin this equationare
requiredto modela particulartypeof data. Thesignaldelaydueto troposphericrefraction

h ] , e.g.,is
not relevant for a spacebornereceiver becausethe troposphereextendsonly up to an altitudeof about
20 kilometersand the satelliteis orbiting well above this height. To processdatafrom a terrestrial
receiver we introducethe troposphericdelay, e.g., from an official IGS solutionor we model it using
a standardmodel,e.g.,theSaastamoinenmodel. The periodicrelativistic effect

f � , on the otherhand,
is only relevant for a spacebornereceiver. This relativistic effect for a receiver is due to the varying
receiver velocityandheightin theEarth’s potentialasa consequenceof theeccentricityof theorbit and
is computedaccordingto [McCarthy, 1996]f �s� _ ;tF a Fguad I V f ] � � _ ;vF a ] Fcua ]d I � (3.2)

The periodiceffect with an amplitudeof some4 nanoseconds(1.3 meters)is small for a typical LEO
whencomparedto thesameeffect for GPSsatellites(50 nanosecondsor 15 meters).Without applying
thecorrectiontheeffect will beabsorbedasaperiodicsignalinto theclockcorrectionof thespaceborne
receiver. The clock ratesof the GPSsatellitesareoffset by !?=w$=x� _ E��yET7%E�QzF{
��M| @�> [ICD, 2000] to
compensatefor the constantrelativistic effects. For spaceborneLEO receivers it is not clearfrom the
datawhetherthefrequency offsetis appliedto thereceiver clock. For a receiver orbiting in aLow Earth
Orbit theoffsetis about !?=w$=}��~?;M��RvF�
�� | @�> .

Thetermsfor thetroposphericdelayandtheperiodicrelativistic correctionof thereceiver clockwill
be left in theobservationequation.Dependingon whetherspaceborneor terrestrialdataareprocessed,
oneof thetermsis setto zero.

As mentionedalready, GPSorbits andERPs(and,if necessary, the troposphericdelays)arefixed
to the official solutionsof the IGS or of oneof its analysiscenters.The official 5-minutesGPSclock
correctionsareusedin a densificationstepto constrainthe 30-secondsclock corrections[Bock et al.,
2003].Apart from thepositionandtheclock correctionof thereceiver, thedelaydueto theionospheric
refraction

i ]j is theonly remainingunknown in eqn.(3.1). As opposedto the troposphericrefraction,
the ionosphericrefractionaffectsthesignalreceived by a spacebornereceiver, becausethe ionosphere
extendsto an altitudeof 1500kilometers,well above the orbital altitudeof mostof the LEOs. The
signalsreceived by a LEO are,therefore,delayeddueto ionosphericrefraction. Theabsolutedelayis
not aslarge asfor GPSsignalsarriving on the Earth’s surfacebut theshort-periodvariationsaremore
pronouncedthanthosecausedby the lower regionsof the ionosphere[Schaer, 1999]. In addition,the
high velocity of theLEO (of about7 km/s) impliesmorerapidvariationsof the ionosphericrefraction
thanthoseobservedby a receiver on theEarth’s surface.Sincethe ionosphericrefractionis frequency-
dependent,theso-called“ionosphere-free”linearcombinationo ] of theP1-andP2-measurementsmay
beformedusingtheformula o ] � 
= I@ _ = II F2��= I@ F o ] @ _ = II F o ] I�� � (3.3)

Theresultingobservationequationfor onecodemeasurementto satellite
U

thenreadsas
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3.2 CodeSolution

o ] � ^ ] _ d F f ] p d F f _ d F f ] � p d F f � p h ] � (3.4)

Theunknownsin thisequation(3.4)arethethreeCartesiancoordinates��VY� and * of thepositionvectora andtheclockcorrection
f

of thereceiver. If morethanfour GPSsatellitesareobservedsimultaneously,
we mayestimatetheseparametersusinga leastsquaresadjustmentfor eachindividual epoch.To this
purposewe have to linearizeeqn.(3.4) for eachsatellite

U
. The linearizationis a Taylor seriesof first

orderwhich,usingthemodelfunction ��(+�q,��J��(���VY�2V�*�V d F f , , lookslike

o ] � �G(+�r, p�� �G(+��,� � (3.5)� ^ ] p d F f _ d F f ] p d F f � _ d F f ]� p h ]_ � ] _ �� a ] _ a � FW�.� _ � ] _ �� a ] _ a � F��.� _ * ] _ *� a ] _ a � F���* p d F�� f V
with thecorrectionsof themodelparameters�.�cV��.�2V��T* , and d F�� f . Weusethefollowing notation:�

is thevectorof theobservations.� is thevectorof residuals.�
is thefirst designmatrixwith theelements���g�������� ``` �����.� .�B�J��� p¡  � is thevectorof theunknown modelparameters.  � is thevectorwith thecorrectionsof themodelparameters(i.e., �.�cV��.�2V��T*�V d F�� f ).��� is thevectorwith approximate(a priori) modelparameters.� _£¢¥¤ ���.¦ is thevectorwith the“observed-minus-computed” terms(O-C).

Theschemefor theleastsquaresadjustmentmaybewrittenas( � _£¢¥¤ � � ¦�, p � � �l§   �¨� (3.6)

Thecorrespondingnormalequation(NEQ)systemis�G©c� F   �ª� ��© F�( � _B¢K¤ ����¦�, (3.7)

with � ��( o @ V o I V�������V o�« � , © (3.8)

� �
¬®
_ (°¯ @ , © 
_ (°¯ I , © 
����� ���������� �����_ (°¯ « � , © 


±³²²²²²´ (3.9)

  �£��(+�T��V��T��V���*�V d F�� f , © (3.10)¢K¤ ����¦µ��( ``` a @ _ a � ``` p d F f > _ d F f @ p d F f � _ d F f @� p h @ V (3.11)``` a I _ a � ``` p d F f > _ d F f I p d F f � _ d F f I� p h I V������V� a « � _ a � � p d F f > _ d F f « � p d F f � _ d F f « �� p h « � , ©
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3 KinematicPointPositioningon theZero-differenceLevel

and (°¯ ] , © �¶( � ] _ �� a ] _ a � V � ] _ �� a ] _ a � V * ] _ *� a ] _ a � ,·� (3.12)¯ ] is theunit vectorpointingfrom thereceiver at a ( [ , to satellite
U

at a ] ( [¸_ \.] , . Thespecificform of
matrix

�
in columnfour impliesthatwe areactuallyintroducing d F f asparameter(andnot theclock

correction
f

itself). The dimensionof matrix
�

is X � x 4, where4 is the numberof epoch-specific
unknowns ( ��VY�2V�*�V d F f ). Let us furthermoreassumethatall codeobservationshave thesamestandard
deviation �4¹

var( o ,º� � I¹ (3.13)» ¹¼� 
� I¹ F�½¥�
Matrix ½ is aunit matrixof dimensionX � x X � . Theweightmatrix

» ¹ hasthedimensionX � x X � . From
thefunctionalmodelin eqn.(3.6),thestochasticmodelin eqn.(3.13),andtheO-Cterms

� _C¢K¤ ���T¦¨�¿¾À
(vectorwith X � elements)weobtainthefinal form of theNEQsystemfor thecodepositioningprocedure
for oneepoch � © » ¹ � F   �£� � © » ¹ Fw¾À � (3.14)� © » ¹ � is the NEQ matrix Á andthe inverseof the NEQ matrix ( Á | @ ) is the variance-covariance
matrixof theestimatedparameters.Thesolutionof eqn.(3.14)isanarraycontainingthethreecoordinates
of thepositionvectorandtheclockcorrectionof thereceiver.  �B��Á | @ F ��© » ¹bF�¾À � (3.15)

The accuracy obtainedis limited by the codeobservationsquality (0.5 m to few meters). This point
positioningis doneindependentlyfor eachobservation epoch. Datascreeningissues,which arevery
importantfor thedataprocessing,will bedealtwith in Chapter4.

3.2.1 Code Point Positioning Without A priori Information

Sofar we assumedthat thepositionof thereceiver is approximatelyknown a priori. Whenprocessing
theobservationsof a terrestrialstationwe maynormallyassumethata priori coordinatesof thestation
areavailable.If weprocessdatastemmingfrom amoving objectcarryingaGPSreceiver, e.g.,dataof a
LEO, no a priori informationconcerningthepositionof themoving objectmaybeavailable.Therefore
we needan initial run of point positioning(usingthecodeobservations),wherethea priori positionis
notneeded.For thispurposeweusetheso-called“Bancroft”- algorithm[Bancroft, 1985],explainedalso
in [Kleusberg andTeunissen, 1996]. Thealgorithmis basedon squaringtheobservationequation(3.4).
Two solutionsof this quadraticequationresultfor eachobservationepoch.Whenusingthe“Bancroft”-
algorithmno datapre-processingcanbe performedprior to the leastsquaresadjustment.Plausibility
checksmaymake useof theestimatedroot-mean-square(RMS) errorof thecodeobservationsa poste-
riori. It maybe,however, thatfew errorsin thecodeobservationsarenotdetected.

Theorbit maynow beusedasapriori orbit for asecondpointpositioningstepwith thealgorithmex-
plainedabove. Within thissecondstepwemaynow invoke anefficientdatascreeningto beexplainedin
detailin Chapter4. Thequestionariseswhy wehave to determinea dynamicalorbit usingthepositions
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3.3 Phase-differenceSolution

of thefirst andsecondstepin orderto obtainana priori orbit insteadof takingdirectly thecodeposi-
tionsasapriori informationfor thecodeandphase-differenceprocessing.Thecomplicatedprocedureis
necessarybecausethecodepositionsareaffectedby outliersandbecauseof therelatively highmeasure-
mentnoiseof oneto threemeters.Theaccuracy of thepositionsis not sufficient for pre-processingthe
phase-differenceswith theapproachdevelopedsubsequently. In thecaseof processingdatafrom another
moving receiver, e.g.,onanairplaneor acar, thecodepositionshave to besmoothed,e.g.,by a low-pass
filter, beforeusingthemasapriori positionsfor thephase-differenceprocessing.

3.3 Phase-diff erence Solution

Thealgorithmfor processingthephaseobservationsis in principlethesameasthat for thecodeobser-
vations. The observation equationsof the phasemeasurementcontain,however, in additionthe initial
phaseambiguity Â ]j asanunknown parameterÃ ] j � ^ ] _ d F f ] p d F f _ d F f ]� p d F f � p h ] _ i ]j p A j F�Â ]j � (3.16)

Theionosphere-freelinearcombination
Ã ] maybeusedfor thephaseobservations.Theequationfor the

observationreferringto satellite
U

thenreadsas

Ã ] � ^ ] _ d F f ]¨p d F f _ d F f ] � p d F f � p h ]qp 
= I@ _ = II (°= I@ FWAÄ@¸F�Â ]@ _ = II FWA4I¨F�Â ]I ,·� (3.17)

Thephaseambiguitytermmaybeeliminatedby takingthedifferenceof subsequentphaseobservations.
Theepoch-differencebetweenepoch0 and 0 _ 
 ( 0g�Å;MV������WVYX numberof epochs)of theionosphere-free
linearcombinationof a phasemeasurement! Ã ] � from thereceiver to satellite

U
readsas

! Ã ] Æ � Ã ] Æ _ Ã ] ÆÈÇ n � ^ ] Æ _ ^ ] ÆÉÇ n _ d FT( f ] Æ _ f ] ÆÈÇ n , p d F�( f Æ _ f ÆÉÇ n , (3.18)_ d FT( f ]� Æ _ f ]� ÆÉÇ n�, p d FT( f � Æ _ f � ÆÈÇ n , p h ]Æ _ h ]ÆÉÇ n� ! ^ ] Æ _ d FW! f ] Æ p d F�! f Æ _ d FW! f ]� Æ p d F�! f � Æ p ! h ]Æ �
Thephase-differenceobservationsto differentGPSsatellitesare,by construction,independent.Wemay
thusstudythestochasticmodelindependentlyfor eachsatellite.Subsequentphase-differenceobserva-
tionsaremathematicallycorrelatedbecauseobservation

Ã ] ÆÉÇ n is containedin ! Ã ] Æ and ! Ã ] ÆÉÇ n . Let the

O-Ctermbe ÊÃ ] Æ andlet usdefine

(�Ë ¾Ì ] , © �� � ÊÃ ] I _ ÊÃ ] @ V�ÊÃ ] Í _ ÊÃ ] I V�������V4ÊÃ ] « _ ÊÃ ] « | @³� � (3.19)

Thevector Ë ¾Ì ] hasX _ 
 elements.Obviously, we maycomputethedifferenceobservationsfrom the
undifferencedonesthroughthematrixoperation

Ë ¾Ì ] �ÅÎÏF ¾Ì ] (3.20)
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3 KinematicPointPositioningon theZero-differenceLevel

where

ÎÐ�
¬®

_ 
 
 � � �����¿����� � �� _ 
 
 � �����¿����� � �� � _ 
 
 �����¿����� � ������º�����º�����¿�����Ñ�����¿�����º�����¿����������º�����º�����¿�����Ñ�����¿�����º�����¿����������º�����º�����¿�����Ñ�����¿�����º�����¿������ � � � �����¿����� _ 
 


±³²²²²²²²²²²´ � (3.21)

Assumingthat var( Ã ,Ò�Ñ� IÓ F�½ , the basicrule to computethe variance-covariancematrix of a linear
combinationof a randomvectorsaysthat

var(�Ë ¾Ì ] ,¸� var(�Ë Ì ] ,��ÅÎÏF var( Ã ,gF%Î © ��� IÓ FWÎÔÎ © (3.22)

where

ÎÔÎ © �
¬®

; _ 
 � � ����� � �_ 
 ; _ 
 � ����� � �� _ 
 ; _ 
 ����� � ������Õ�����º�����º�����¿�����¼�����º����������Õ�����º�����º�����¿�����¼�����º����������Õ�����º�����º�����¿����� ; _ 
� � � � ����� _ 
 ;

±³²²²²²²²²²²´ � (3.23)

Usingthestandarddeviation of thecodeobservableasweightunit, we maycomputetheweightmatrix
for thephase-differencearrayof theobservationsto onesatellite

U
asfollows:»×Ö Ó·Ø � � I¹� IÓ FM(�ÎÔÎ © , | @ � (3.24)

Thematrix (�ÎÔÎ © , | @ hasthesimplestructure

(�Î#Î © , | @ � 
X F
¬®
X _ 
 X _ ; ����� 
X _ ; ;�(�X _ ;.,Ù����� ;X _ < ;�(�X _ <.,Ù����� <����� ����� ����� ���������� ����� ����� ���������� ����� �����ÏX _ 


± ²²²²²²²´ � (3.25)

Thisweightmatrixhasto besymmetric.Its generalelementis computedas(�ÎÔÎ © , | @�ÛÚ � 0wF�(�X _£Ü ,X V Ü×Ý 0³� (3.26)

Theweightmatrix Þ for all phaseobservationsandall epochsis a superpositionof thematrices
» Ö Ó�Ø

for all satellites
U ��
V³;MV������%VYX � with dimensionX � (�X _ 
�, x X � (�X _ 
�, andmaybewrittenas

Þ¿� � I¹X}F�� IÓ F
¬®
(�X _ 
�,gFW½ (�X _ ;.,gF%½ ����� 
ßF�½(�X _ ;.,gFW½ ;�(�X _ ;.,gF�½ ����� ;vF�½(�X _ <.,gFW½ ;�(�X _ <.,gF�½ ����� <vF�½����� ����� ����� ���������� ����� ����� ���������� ����� �����à(�X _ 
�,bFW½

± ²²²²²²²´ � (3.27)
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3.3 Phase-differenceSolution

For simplicity, we assumethatall X � satellitesareobserved for all X epochsin which case½ above is
a unit matrix of dimensionX � x X � . Therealisticcase,wherethis assumptionis no longertrue,will be
handledin Section3.4.2. Theobservationequationfor the X � phase-differenceobservationspertaining
to epoch0 maybewrittenas_ � ÆÈÇ n F   � ÆÈÇ n p � Æ F   � Æ _ ( ¾Ì Æ _ ¾Ì ÆÉÇ n ,¸�Já Æ V 0b��;MV�������VYX�V (3.28)

where áG� is the arrayof residuals.The matrices
�Câ

have the sameform asthe first designmatrix in
eqn.(3.9) for thecodeobservations.All phase-differenceobservationequationsmaythenbewritten in
thefollowing convenientmatrix form ã

F   � _ Ë ¾Ì �Já (3.29)

with

ã
�

¬®
_ � n p � m ä ����� ä ää _ � m p �Cå ����� ����� ä����� ����� ����� ����� ����� ���������� ����� ����� ����� ����� ���������� ����� ����� ����� ����� ���������� ����� ����� ����� _ �Cæ Ç n p � æ

± ²²²²²²²´ � (3.30)

ã
hasthe dimensionX � F2(�X _ 
�, x E�F.X , where X is the numberof epochsconsidered.Most of the

elementsof matrix

ã
arezeroascanbeseenin thedefiningeqn.(3.30).TheentireNEQsystemfor the

phase-differenceobservationsthenreadsasã © Þ
ã
F   �B�

ã © ÞçFWË ¾Ì � (3.31)

Inserting

ã
from eqn.(3.30)and Þ from eqn.(3.27)onemayshow that

ã © Þ
ã
�
¬®
5#F%Á�@Y@º&#F�Á�@�I �����¿&ÔFWÁ�@ «&ÔFWÁ © @�I 5KF�ÁèIYI �����¿&ÔFWÁèI «����� ����� ����� ���������� ����� ����� ���������� ����� ����� ���������� ����� �����l5KF�Á «%«

±³²²²²²²²´ (3.32)

with Á�é j � � © é � j Vê V Z ��
V³;MV������%VYX5 � ë m�ë mì F « | @«& � ë m�ë mì F | @«
(3.33)

and
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3 KinematicPointPositioningon theZero-differenceLevel

ã © ÞçF%Ë ¾Ì �
¬®
í @í I����������í «

±³²²²²²´ (3.34)

with í @ � « | @î� � @ _ » n°ï Æ F � © n F%Ë ¾Ì Æí j � « | @î� � @ñð »×ò Ç n°ï Æ _ »×ò ï Æ°ó F �?©ò FWË ¾Ì Æ VZ ��;MV³<MV�������VYX _ 
�í « � « | @î� � @ p » æ Ç n°ï Æ F � © æ FWË ¾Ì Æ �
(3.35)

The
» Æ�ô matricesarethe sub-matricesof matrix Þ definedby eqn.(3.27)andareproportionalto the

unit matrix.
Onehasto take into accountthat thereis not enoughinformation in the epoch-differencedphase

observationsto reconstructthetrajectoryor positionsof thereceiver. For X epochsthereareE�F�X unknown
parametersand X � F�(�X _ 
�, observations. Assumingonemeasurementper 30 secondsresult in 2880
epochsperday. Assumingfurthermorethateightsatellitesareobservedsimultaneously(for eachepoch),
we obtain EzFT;9:9:� unknown parametersand :õFT;9:.QR observations. Theoretically, therearemorethan
enoughobservationsto estimatethe parameters.We estimate,however, only position-differencesand
have, therefore,no informationavailableabouttheabsolutepositionof thereceiver. TheNEQsystemis
thereforesingular. Wehaveto addat leastoneinitial positionto makethesystemregular. A betteroption
is to addthecorrespondingcodeobservationsto make theparameterestimationprocedureregular. This
is doneby a combinationof theresultsassociatedwith thetwo differentmeasurementtypes.

3.4 Combination of Code and Phase

Accordingto theassumptionsmadewehave X independentcodepointpositioningsolutionscorrespond-
ing to the X epochs.To simplify theequationswemayuse �4¹ asweightunit which is thereasonwhy in
thefollowing noweightmatriceswill show upin theNEQsystemassociatedwith thecodeobservations.
Formally, wemaywrite all ourepoch-wisecodesolutionsinto oneNEQsystem(eqn.(3.14))ã © ã F   �£�

ã © Fw¾À (3.36)

where

ã © ã �
¬®
��© @ � @ ä ����� ää ��©I � I ����� ä����� ����� ����� ���������� ����� ����� ���������� ����� ����� �����ä ä ����� � © « � «

± ²²²²²²²´ � (3.37)
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3.4 Combinationof CodeandPhase

Thedimensionof theentiresystemis EñF�X x EöFWX . Fromtheconstructionof this NEQsystemwe know
thatit is actuallybrokenup into X independentsystemsof dimensionfour.

The NEQ systemcontainingthe codeandphase-differenceobservationsto all satellites– assum-
ing exactly identical observation scenariosfor codeand phasemeasurements,e.g. no cycle slips –
eventually resultsby addingthe (block diagonal)codeNEQ system(3.36) to the superpositionof all
phase-differencecontributions(3.31).TheresultingNEQmatrixassumestheform:

÷ �
¬®
(+5 p 
�,gFWÁ�@Y@ &ÔF%Á�@�I ����� &ÔFWÁ�@ «&ÔFWÁ © @�I (+5 p 
�,gF%Á�IYI ����� &ÔFWÁÅI «����� ����� ����� ���������� ����� ����� ���������� ����� ����� ���������� ����� �����à(+5 p 
�,gF%Á «W«

±³²²²²²²²´ � (3.38)

In view of thestructure(eqns.(3.32)and(3.33))of thephase-differencecontributions,andin view of the
actualdefinitionof theoriginalfirst designmatrix in eqn.(3.9)wemaysafelystatethattheoff-diagonal
blocksin theresultingNEQ aresmall in absolutevaluewhencomparedto thediagonalterms,aslong
asthe number X of epochswithout cycle slips is “big” which makesthe factors& small w.r.t. 5 (see
eqn.(3.33)).This factallows it to comeupwith agoodapproximationof thecorrectsolution.

Let uswrite thestructureof thecorrectNEQ systemincludingall codeandphase-differenceobser-
vationsin thefollowing symbolicway: ÷ F   �£� í (3.39)

where ÷ � ÷ > p f ÷ � (3.40)÷ > containsonly the EùøªE diagonalblocksof type
� © � � � . It can thusbe said that

÷ > caneasily
be invertedstepby step,onestepcorrespondingto oneepoch.We will furtheraddressthis problemin
Section3.4.3,wherewediscussanapproximatesolutionof eqn.(3.39).In Sections3.4.1,3.4.2,and3.4.3
we developalgorithmsto combinecodeobservationsandphase-differenceobservationswith increasing
levelsof statisticalcorrectness.

3.4.1 Neglecting the Correlations

Although it is not correctfrom the statisticalpoint of view to disregardthe mathematicalcorrelations
betweensubsequentphase-differenceobservations,it is neverthelessinstructive to developtheresulting
NEQcontributionfromtheobservationsbasedonthisassumption.Moreover, andoftenthisisasufficient
justification,the resultingstructureof the NEQ systembecomescomparatively simple,allowing for a
straight-forwardandefficient solution.Weconsiderthis approachasazero-order approximation, which
is alsousefulfor thedevelopmentof thecorrectsolution.

Wethusassumein thissubsectionthattheweightmatrixassociatedwith thephase-differencesis not
givenby eqn.(3.24)for all X � satellitesperepoch,but ratherby

Þú� � I¹;vF�� IÓ F�½ (3.41)

where½ is theunit matrix. Thefactorof two resultsbecauseof thedifferenceof two independentphase
observationswith variance� IÓ .
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3 KinematicPointPositioningon theZero-differenceLevel

Obviously, thecontributionsof thephase-differencesto theresultingNEQsystemformally areiden-
tical with eqn.(3.31),with theunderstanding,however, thattheweightmatrix is givenby therelationin
eqn.(3.41).Theright handsideof theresultingNEQsystemis givenbyí @ � � © @ Fw¾À @ _ ë m�I�û ë mì F � © @ FWË ¾Ì @í é � � © é Fw¾À é p ë m�I�û ë mì F � © é F � Ë ¾Ì é | @ _ Ë ¾Ì é � Vê ��;MV³<MV������WVYX _ 
í « � � © « Fw¾À « p ë m�I�û ë mì F � © « F%Ë ¾Ì « | @ �

(3.42)

Thematrixof theNEQsystemis slightly differentfrom theform in eqn.(3.38):

ã © Þ
ã
�
¬®

(ü� p 
�,gF�Á n°n _ �GFWÁ n m ä ����� ä_ �CF�Á © n m (°;W� p 
�,gFWÁ m°m ����� ����� ää _ �GFWÁ © m å ����� ����� ää ä ����� ����� ä����� ����� ����� ����� ���������� ����� ����� ����� �����ä ä ����� ����� ää ä �����à(°;W� p 
�,gF�Á æ Ç n°ï æ Ç n _ �CFWÁ æ Ç n°ï æä ä ����� _ �CFWÁ © æ Ç n°ï æ (ü� p 
�,gFWÁ æ·æ

±³²²²²²²²²²²²²²²´
(3.43)

with � � p ë m�I�û ë mìÁ ÆýÆ � � © � � ��V 0g��
V³;MV������%VYXÁ Æ ï Æ�þ n � � © � � �Èÿc@Á Æ ï Æ�þTô � ä V Ü�� 
� (3.44)

TheNEQmatrixhasabandstructurewith onediagonalandsevenparallelsto thediagonaloneachside
(correspondingto two positionandtwo clock parameters).All otherelementsarezero. The solution
of theNEQ systemthusmaybe foundby very efficient algorithms,despitethe fact that thenumberof
parametersmayberatherlarge(see,e.g.,[Presset al., 1992]).Theexplicit inversionof theNEQmatrix
(eqn.(3.43))maybeneglectedunderthesecircumstances.In a first step,theNEQ matrix is storedin a
compactform to save space.This form is usedto performaLU (Lower-Upper)decomposition,which is
thenfollowedby aback-substitutionstepin orderto obtainthesolutionvector.

3.4.2 Estimating Position-diff erences

Let us introduceherea modificationof the taskleadingto analgorithmof comparableefficiency. The
ideais to performtheestimationof thekinematicpositionsin threesteps:O Thefirst consistsof theestimationof positionsof thereceiver usingonly thecodeobservations.O Thesecondstepconsistsof theestimationof position-differencesusingonly thephase-difference

observations.O Thethird andlaststepconsistsof thecombinationof positionsandposition-differences.
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3.4 Combinationof CodeandPhase

Dueto theseparationof theprocedurewehaveto find apossibilityto estimateposition-differencesusing
the phase-differenceobservations. Let us, therefore,have a closerlook at the structureof the phase-
differenceobservationatepoch

[ � . By thedecomposition  �b� ��   ��� | @ p¡  Ë ��� (3.45)

of thevector   � � , where   Ë6� � obviously is theimprovementof thevector � � _ � � | @ , we mayrewrite
theobservationequation(3.28)as� ��F   Ë ��� p�� � �2F   �b� | @ _ ( ¾Ì � _ ¾Ì � | @ ,¸��á�� (3.46)

with � � �¨� � � _ � � | @ . Assuminganerrorof onemeterin thepositionof �b� | @ (   �b� | @�� 1 m), the
absolutevalue � � �wF   �b� | @ is at maximumonecentimeterfor a spacingof 10-30secondsbetweenthe
observationsanda typical velocity of

� ua � � 7 km/s for a LEO. The neglect of the term � � �bF   ��� | @
in eqn. (3.46) would, therefore,causea maximumerror of one centimeterin the resultingposition-
difference.Let usthereforeneglectthetermfor thefurtherprocessing.

TheNEQsystemresultingfor all X _ 
 vectors  Ë6����VÄ0b��;MV³<MV������%VYX hasablockdiagonalstructure
with X _ 
 blocksfor the X _ 
 epochdifferences

[ � _ [ � | @ . We obtainanestimatefor thedifference
vector   Ë �b� asasolutionof thesystem( � © � � ��,cF   Ë6�b�w� � © � FWË ¾Ì � V 0g�Å;MV³<MV������WVYX�� (3.47)

Theposition-(andclockcorrection-)differencesbetweensubsequentepochs
[ � | @ and

[ � areobtainedas
thesumof theapriori differencesandthesolutionof thesimple,epoch-specificNEQsystem(eqn.(3.47)).
Thesimilarity andtheanalogyto theabsolutepositionandclock correctionestimatesat epochs

[ ��V�0q�
V³;MV������%VYX arestrikingwhencomparingtheNEQsystem(eqn.(3.36))for thecodeobservationswith the
systemin eqn.(3.47)for phase-differenceobservations.Let ususethefollowing notation:O ��¹	� � is thepositionestimateasobtainedfrom thecodeobservationsof epoch

[ � ,O � Ó � � _ � Ó � � | @ is the position-differenceas obtainedfrom the phase-differenceobservationsof
epochs

[ � and
[ � | @ .

How are the X position estimatesresultingfrom eqn. (3.36) combinedwith the X _ 
 position-
differenceestimatesfrom eqn.(3.47)? The adjustedpositionsandposition-differencesaresimply in-
terpretedasobservationsof the positions(with identity matricesasfirst designmatrices)andwith the
inversesof thevariance-covariancematricesof thepositionandposition-differenceestimatesasweight
matrices.

The“observationequations”readas½ F�
�g� _ ��¹�� � � ¾� ¹�� �½ F��
� � _ 
� � | @�� _  � Ó � � _ � Ó � � | @ � � ¾� Ó � � V (3.48)

wherewedenotetheestimatedpositionsandclockcorrectionsat time
[ � resultingfrom thecombination

of all codepositionandphaseposition-differenceestimatesas 
� � . ¾� ¹�� � and ¾� Ó � � aretheresidualsof the
correspondingcodepositionsandphaseposition-differences.

Using the standarddeviation of the codeobservation asweight unit and using the inverseof the
variance-covariancematrix of eachepochof the codepositioningasweightmatrix, we obtainthe fol-
lowing NEQcontributionsfrom thecodeobservations(°½ © » ½},cF�
�B�Å½ © » F���¹ (3.49)
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3 KinematicPointPositioningon theZero-differenceLevel

where � © ¹ � � � © ¹��y@ V�� © ¹�� I V�������V�� © ¹�� « �
� © � � 
� © @ V�
� © I V�������V�
� © « � (3.50)

and

» �
¬®
» @ ä �����¿�����º�����ä » I ä �����º���������� ����� �����¿�����º���������� ����� �����¿�����º���������� ����� �����¿����� » «

±³²²²²²´ (3.51)

with » �w� � © � � � � (3.52)

TheNEQcontribution from thephaseobservationsmaybegivenby theform

(�� © » �¨,gF�
�£��� © » FWË � Ó (3.53)

where

» �
¬®
» I ä �����¿�����º�����ä » Í ä �����º���������� ����� �����¿�����º���������� ����� �����¿�����º���������� ����� �����¿����� » «

± ²²²²²´ (3.54)

with » ��� � I¹;tFW� IÓ F � © � � � (3.55)

and Ë � © Ó ��(+� Ó � I _ � Ó �y@ V������W������V�� Ó � « _ � Ó � « | @ ,2� (3.56)

At lastwehave

�¡�
¬®
_ ½ p ½ ����� ����� �����ä _ ½ p ½ ����� ���������� ����� ����� ����� ���������� ����� ����� ����� ���������� ����� ����� _ ½ p ½

± ²²²²²´ � (3.57)

Theresultingsystemof equationsfor thedeterminationof 
� � is againa NEQ system.It follows in an
elementaryway from theabove NEQsystemsfor positionandposition-differencesas

� F�
�B� í (3.58)
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3.4 Combinationof CodeandPhase

where
�

is of band-diagonalstructure

� �
¬®

� @Y@ � @�I ä ����� ä� © @�I � IYI ����� ����� ää � © I Í ����� ����� ää ä ����� ����� ä����� ����� ����� ����� ���������� ����� ����� ����� �����ä ä ����� ����� ää ä ����� � « | @	� « | @ � « | @	� «ä ä ����� � © « | @	� « � «%«

± ²²²²²²²²²²²²²²´
(3.59)

with � @Y@ � � © @ � @ p ë m�I�û ë mì F � © I � I� �Û� � � © � � � p ë m�I�û ë mì F ð � © � � � p � © �Éÿc@ � �Éÿc@ ó V 0g��;MV³<MV������%VYX _ 
� «%« � � © « � « p ë m�I�û ë mì F � © « � «� ��� �Éÿc@ � _ ë m�I�û ë mì F � © �Éÿc@ � �Èÿc@�V 0g��
V³;MV������%VYX _ 
� ��� �Éÿ�Ú � ä V 0g��
V³;MV������%VYX _ ;MV Ü�� 

(3.60)

Theright handsidesof eqn.(3.58)maybewrittenasí © � � í © @ V í © I V�������V í © « � V (3.61)

wheretheepoch-specificarrays
í � have to becomputedas:í @ � ( � © @ � @�,cF��b¹��y@ _ ë m�I�û ë mì FT( � © I � I�,gF� � Ó � I _ � Ó �y@ �í � � ( � © � � �°,gF���¹	� � p ë m�I�û ë mì F�( � © � � ��,gF�y� Ó � � _ � Ó � � | @ � _ë m�I�û ë mì F�( � © �Éÿc@ � �Èÿc@�,cF� � Ó � �Éÿc@ _ � Ó � � � V 0b��;MV³<MV������%VYX _ 
í « � ( � © « � « ,gF���¹�� « p ë m�I�û ë mì FT( � © « � « ,cF� � Ó � « _ � Ó � « | @ �

(3.62)

TheNEQ system(3.58)hasband-diagonalstructurewith onediagonalandsevennon-zeroparallelsto
thediagonalonbothsidesof thediagonal.Thesystemis, aseveryNEQsystem,symmetric.Thesolution
of this specialNEQsystemfollows thesamepatternasdescribedin Section3.4.1.

In theabovederivationswehaveassumedthatwehave identicalobservationscenariosfor phaseand
codeandthat thesameX � satelliteshave beenobservedat all X epochs.In thegeneralcasewe should
allow for differentfirst designmatrices

� � � and
� ��� for codeandphaseandfor differentepochs.

Kinematicprocedureshave the disadvantagethat a “jump” may occur in the kinematictrajectory
if the phase-connectionis lost betweentwo subsequentepochs.For our procedurethis is the caseif
no phase-derived position-differenceis available for one or moreepoch-differences. In this casethe
connectionbetweentwo subsequentepochsis missing,leadingto two separatesequencesof positions.
The two sequencesderive their absolutedefinition from the codepositionsof the two sequences.The
NEQmatrix

�
is thenactuallydividedinto severalindependentmatrices

� @ V � I V������WV � � ÿc@ , where! is thenumberof gapsin thephase-differenceprocessing.Thecodeaccuracy is notsufficient to assure
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3 KinematicPointPositioningon theZero-differenceLevel

theconnectionto theprevioussequenceandthereforea jump of sometencentimetersmayoccur. The
resultsof Section3.6.2give animpressionof thesizeof thesejumpsandof theeffect on thequality of
thecombinedkinematicpositions.

3.4.3 Correct Correlations

Despitethe fact that we will not focuson the statisticallycorrectsolutions,but ratheron approximate
treatments,weneverthelessdevelopthecorrectformulae.

TheNEQsystememerging from thecorrectcombinationof codeandphase-differenceobservations
is of theform of eqn.(3.40),wheretheabsolutevaluesof theelementsof matrix � Á aresmallcompared
to the(absolutevaluesof the)non-zeroelementsof matrix ÁÅ> . For thesubsequentmatrix inversionit is
convenientto write thematrix Á asÁµ�ÅÁÅ> p�� Á ��ÁÅ>¨F���½ p Á | @> F � Á � (3.63)

with

� Á �
¬®
5KFWÁ @Y@¼&#F�Á�@�I �����Ñ&#FWÁ @ «&#F�Á © @�I 5KF�ÁÅIYI �����Ñ&#FWÁ�I «����� ����� ����� ���������� ����� ����� ���������� ����� ����� ���������� ����� ����� 5KF�Á «W«

±³²²²²²²²´ � (3.64)

In view of theassumptionsconcerningthesizeof theelementsof thematriceswemaywrite theinverted
matrix Á#"%$ approximatelyasfollowsÁ "%$ � � ½ _ Á | @> F � Á � FWÁ | @> � (3.65)

By construction,Á > is of a block-diagonalstructurewith blocksof dimension4 x 4. The inversethus
maybecomputedeasily, blockby block,wherewehave to assumethattheindividualblocksareregular.
For laterusewewrite theindividualblocksof matrix Á�> in thefollowing way:

Á | @> �
¬®
Á | @>&�y@Y@ ä �����¿����� �����ä Á | @>&� IYI ä ����� ���������� ����� �����¿����� ���������� ����� �����¿����� ���������� ����� �����¿�����ÐÁ | @>&� «%«

±³²²²²²´ (3.66)

Using the approximationof eqn. (3.65) and taking into accountthe actualform of matrix Á | @> the
solutionof theNEQsystem(eqn.(3.39))maybewrittenas  �£��Á | @> F í _ Á | @> F � Á F�Á | @> F í � (3.67)

Denotingby

  ��> ���Á | @> F í �
¬®
Á | @>&�y@Y@ F í @Á | @>&� IYI F í I���������������Á | @>&� «W« F í «

± ²²²²²²²²´ ��
¬®
  � >�@  ��>YI���������������  ��> «

± ²²²²²²²´ (3.68)
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wemaywrite thesolution   � as   �£�   ��> _ Á | @> F � Á F   ��>V (3.69)

wherewemaywrite

Á | @> F � Á F   ��>s�
¬®

Á | @>&�y@Y@ F «î� � @ � Á @�� F   � > �Á | @>&� IYI F «î� � @ � ÁèI �2F   �r> ����������������Á | @>&� «%« F «î� � @ � Á « �2F   ��> �

±³²²²²²²²²²²²²²´
� (3.70)

The � Á�@�� matricesarethesub-matricesof matrix � Á definedby eqn.(3.64). Eqn.(3.70)shows how
thesolutionvectormaybecomputedin anefficient way by first computinga first orderapproximation  � > of thesolution   � . In the following sectionwe will summarizetheapproximationsfor kinematic
pointpositioningonthezero-differencelevel with theepoch-wisedifferencedphaseobservations,which
wereimplementedandtestedin thecontext of thiswork.

3.5 Practical Realization

It isourstatedgoalto developanefficientapproachfor kinematicpointpositioningonthezero-difference
level. Therefore,we will focuson thesolutionof eqn.(3.58)for thecombinationof thecodepositions
andphaseposition-differences. This solutionpromisesto meetour requirements.Thedisadvantageof
thisapproachis theneglectof thecorrelationsbetweensubsequentphase-differenceobservations.

For a betterunderstandingof the studiesmadein this context we will briefly and schematically
explain theflowchart(Figure3.2) of theprogramLEOKIN we have developedfor thekinematicpoint
positioningfor a moving GPSreceiver. Figure3.1 shows thegeneralschemefor processingLEO data.
Figure3.2now illustratestheflow of thedatawithin ourprogramLEOKIN performingazero-difference
kinematicpointpositioning.

LEOKIN is basedon anepoch-by-epochprocessing.In themainepochloop both,thecodeandthe
phase-differenceprocessing,take place.After thepre-screeningof thecodeobservations(thealgorithm
will beexplainedin Chapter4) thereceiverclock is synchronizedto GPStime. Thereceiverclockhasto
beknown with anaccuracy betterthanonemicrosecondandtheapproximatevalueis savedfor thephase
processing.The positionof the receiver andan improved receiver clock correctionarethenestimated
usingthecodeobservationsof thecurrentepochcorrectedby theapproximatereceiver clockcorrection.
The matrix

� © � � � is saved for the combinationof the codewith the phase-differencesolutions. In a
secondblock the phase-differencesare processed.For this purposethe observationsof the previous
epochhave beensavedandthedifferencesareformedfor thesatellitesobserved in thecurrentandthe
previousepoch.Thephase-differencesarepre-screenedin a similar way asthecodeobservations(see
Chapter4). In thenext steptheposition-differencefor thecurrentepoch-differenceis estimatedandthe
phaseobservationsof theactualepocharesaved for thenext epoch-difference.Thematrix

� © � » � � of
thephase-differenceprocessingis savedfor thelatercombination,too. Theprocessingof thenext epoch
startsagainwith codeprocessing.Whenthecodepositionsandphaseposition-differences for all epochs
have beenestimated,thematrix

�
andthevector

í
aresetup accordingto eqns.(3.60)and(3.62).At
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3 KinematicPointPositioningon theZero-differenceLevel

Estimate position

Store combined
positions on file

Code processing
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Estimate position-difference

Phase-difference processing

Combination of code positions
with phase position-differences

Epoch   loop

on file

Store position-

Store position

difference on file

Figure3.2:Flowchartof programLEOKIN.
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3.6 Simulations

thesametimethematrix
�

is storedin aspace-saving wayandthealgorithmdescribedin [Pressetal.,
1992]is appliedto theband-diagonalNEQsystemin orderto solve for thecombinedpositions.

Figure3.2 is the skeletonfor our kinematicpoint positioningapproach.ProgramLEOKIN saves
both the combinedpositionsandthe estimatedpositions(derived from the codeobservations)andthe
estimatedposition-differences (derivedfromthephase-differenceobservations).Thecombinedpositions
as well as the positionsand position-differencesmay be usedby an orbit determinationprogramas
pseudo-observations to determinea fully deterministicor a reduced-dynamicorbit (seeChapter5).

In thefollowing sectionswewill referto thisskeletonto explainmodifiedproceduresor studiesmade
within aspecialstep.In thenext sectionswewill validatethedevelopedapproachbasedonsimulations.

3.6 Simulations

3.6.1 Code

Terrestrial Station

Ourapproachis designedfor processingdataof any roving or staticstationcarryingaGPSreceiver. The
simplestroving stationis a fixedterrestrialstation.Thereceiver is, in fact,not moving w.r.t. anEarth-
fixedsystem,whichmakesit well-suitedfor validatingtheprocedure.Wesimulatein afirst stepdatafor
a terrestrialreceiver to validatethecodepoint positioningprocedure.The input datafor thesimulation
for doy (dayof year)034/2002(February3, 2002)areO CODErapidorbits,O Earthrotationparametersof theCODErapidprocessing,O broadcastclockcorrectionsfor theGPSsatellites,andO IGS2000-coordinates[Ferland, 2002]for stationALGO (ALGOnquinPark,Ontario,Canada).

With theseinput datawe simulateerror-free codeobservationsfor stationALGO to validatethe point
positioningapproach.Theresultof a point positioningusingtheprogramLEOKIN hasto becompared
with the a priori coordinatesof the stationALGO usedin the simulation. The result of this test is
satisfactory: the“true” coordinatesof Algonquinarereproducedvirtually error-free.

In a secondstepwe simulatecodeobservationswith ana priori standarddeviation of ������� � 
��� m
for thetwo frequenciesL1 andL2. Thedifferencesof thesepositionsin comparisonto the“true” values
areshown in Figure3.3(a)(North-, East-,andUp-direction).Figure3.3(b)shows thedifferencesfor a
simulationof observationswith �4�����z�Ï�H��8 m andTable3.1 summarizesmeanandstandarddeviation
valuesof thesetwo simulationsusingthe ionosphere-freelinearcombination(P3)of the observations.
Thethird row of this tablearemeanandstandarddeviation valuesfor thesameobservationssimulated
with � ����� � �H��8 m but only theP1-codemeasurementsareusedfor thepoint positioning.Takinginto
accountthatthenoiseof theionosphere-freelinearcombinationis threetimeslargerthanthatfor P1-or
P2-measurements[Beutleretal., 1990],wegetfor thesimulationwith �4�����ß��
��� m astandarddeviation
of �(' Í �¶< m. Theexpectedprecision��� �Y� for a point positionis then ��� �Y� ���(' Í F DOP(Dilution Of
Precision)[Kleusberg andTeunissen, 1996].TheDOP-valueis anindicatorfor thegeometrydefinedby
theGPSsatelliteconstellationabove theobservingsite.Thebetterthesatellitegeometry, thesmallerthe
DOP-value,andthebettertheexpectedpositioningaccuracy. TheDOP-valuecanbeseparatedin three
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3 KinematicPointPositioningon theZero-differenceLevel
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Figure3.3:Differencesof coordinatescomputedfrom simulatedobservationsw.r.t. the “true” coordi-

natesof ALGO.

Table3.1:Mean( 3 ) andstandarddeviation ( � ) of the differencesto the “true” values(of ALGO) of a
point positioningwith simulatedcodeobservationsusingdifferent ������� anddifferent linear
combinations(LC).5�687:9 LC ;�<>= 5 < (m) ;�?@= 5 ? (m) ;(AB= 5 A (m) ;�C8D EGFH= 5 C8D EGF (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

components(North,East,andUp). ThemeanDOP-valuesandthecorrespondingvaluesof theexpected
precisionfor thestationALGO are( �4�����ß��
��� m)3�IKJ�LNM � 
�yET79;98 O �KP�� E��yE Z (3.71)3�Q�J(L�M � �H��R%E�Q: O �(RS��;M��: Z3�T+J(L�M � ;M��7H
�:9R O �VUW�èQ���R Z �
Table3.1 shows that theaccuracy of thepositionsof ALGO derived from simulatedcodeobservations
meetthe expectations.The differentnoiseof the threecomponentsis dueto the constellationandthe
designof the GPSsatellitesystem.The inclination of the satelliteorbits of 0z�¿898 - causes,e.g., for
stationsat mid-latitudeon theNorthernhemispherea badsatellitecoverageof theNorthernsky. Thus
the North-componentof the stationis worsethanthe East-component.The Up-componentshows the
largesterror. This is expecteddueto theobservationgeometry(andthenecessityto estimatea receiver
clockcorrection).

Low Earth Orbiter

Thefocusof thissubsectionis therecoveryof thekinematictrajectoryfor aLEO usingsimulatedobser-
vations.Thesameinputcharacteristicsasin thecaseof theterrestrialstationareusedfor thesimulation.
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Figure3.4:Differencesof satellitepositionsw.r.t. the“true” a priori orbit from a codepoint positioning
with programLEOKIN usingsimulateddatawith �4�����ß��
��� m.

Insteadof thecoordinatesof thestationweuseanapriori orbit of aLEO, in thiscasetheRapidScience
Orbit (RSO)[Koeniget al., 2002]of CHAMP computedby GFZ for doy 034/2002.In a first stepwe
simulateerror-free codeobservations. The simulatedCHAMP dataarethenusedfor a codepoint po-
sitioningprocedure.Thepoint positioningstartsfrom ana priori orbit, wherethesameorbit wasused
asin the simulation. The “true” a priori orbit is reproducedwithin oneto two millimetersdifference.
This resultis expectedbecausetheorbitscomparedherearestoredin thepreciseorbit format(SP3,[Re-
mondi, 1989])wherethe last significantdigit of the coordinatesis onemillimeter. Even if no a priori
orbit, but the“Bancroft”-algorithmis usedin programLEOKIN for thepoint positioning,thesolutions
agreewithin oneto two millimeterswith theorbit usedfor thesimulation,aswell.

In a secondstepwe simulatedatawith an a priori sigma �������¥�D
��� m for the P1- andP2-code
observations.After thepoint positioningusingana priori orbit we comparetheresultingpositionswith
the a priori orbit usedfor the simulationof the data. The differencesareshown in Figure3.4 and in
Table3.2, wherewe find themeanandstandarddeviation valuesof thesedifferences.Both, themean
and the standarddeviation valuescorrespondto the expectedvaluesconsideringthat the ionosphere-
free linearcombinationof theP1-andP2-measurementsis used.As mentionedabove thenoiseof the
ionosphere-freelinearcombinationis threetimeslargerthanthatfor P1andin additiontheDOP-values
have to betakeninto account.ThemeanDOP-values(X, Y, Z) andtheexpectedaccuraciesfor CHAMP
ondoy 034are 3YX J(LNM � �H��7989797 O ��Z[�Å;M��� Z (3.72)3�\NJ(LNM � �H��:.Q89R O ��]S��;M��7 Z3�^_J(LNM � 
����
�:H
 O �(`a��<M��� Z �
Thesevaluesarereflectedby thevaluesin Table3.2.

3.6.2 Combined Positions and Phase Only Positions

Simple Example: Static Positioning

Before analyzingour methodsfor kinematicpoint positioningusing GPScodeand phase-difference
observationswith programLEOKIN weapplyouralgorithmsto averysimplestaticexample.
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3 KinematicPointPositioningon theZero-differenceLevel

Table3.2:Mean( 3 ) andstandarddeviation( � ) of thedifferencesof thesinglepointpositioningsolutions
w.r.t the“true” apriori LEO orbit.5 6�7b9 ;�cd= 5 c (m) ;�e�= 5 e (m) ;�fg= 5 f (m)

1.0m 0.140 = 1.966 0.141 = 2.735 0.098 = 3.118

For this purposewe “freeze” oneparticularobservationscenario(stationAlgonquin,doy 055/2002,; h E.� m �9� s UTC),whenelevenGPSsatelliteswereobserved.With this frozenscenario2880observations
aresimulatedwith a noiseof �4¹�� 1.0m for thecodeand �T�Ò� 0.01m for thephaseobservations.This
meansthattheresultsarenot affectedby themovementsof thesatellitesandtheEarth,andby different
satelliteconstellations(leadingto differentDOP-values). In additionwe assumethat the observations
arenotaffectedby troposphericor ionosphericrefraction.Thealgorithmsexplainedpreviously for esti-
matingthecodepoint positions,for estimatingthephaseposition-differences, andfor thecombination
of thetwo resultsareused.Therelative weightbetweencodeandphase-differencesfor thecombination
is ( 
 Fih ;kjw
��9�T, I ��;�jÄ
��9� I . Subsequently, we confineourselvesto showing only thedevelopmentof
theNorth-componentof thestation.Thefiguresfor theEast-andtheUp-componentshow in principle
thesamepatternexceptfor thenoiselevel, which is larger for theNorth- thanfor theEast-component
andlargerfor theUp- thanfor theNorth-component.

Thedifferencesof thecombinedpositionsw.r.t. the“true” positionof ALGO areshown in Figure3.5
(top),wherethecorrectrelativeweight( ;lj4
��9� I ) betweenthecodepositionsandtheposition-differences
for the combinationwasused.Obviously, thereis a signalin the residualswhich is not expected.We
reducetheweightof thecodepositionsin orderto reducethe impactof thecodepositionson thecom-
binedpositions.Figure3.5showsthedifferencesfor solutionswith increasingreductionof theweightof
thecodepositionsfrom thesecond(factor10) to thefifth figure(factor10’000). Thesignaldisappears
themoretheweightof thecodepositionsis reduced.

Theseexamples(Figures3.5)demonstratethatthecodepositionshaveabig impactonthecombined
positionsif they areusedwith theirnormalrelativeweightw.r.t. thephaseposition-differences. Themain
purposeof usingthe codepositionsfor the combinationis the regularizationof the NEQ-system.But
for theregularizationweneedin principleonly onepositionfor onephase-connectedobservationseries.
As we have, on theotherhand,a seriesof codepositionswe would like to profit from all of themand
thereforeweintroduceall codepositionsinto thecombinationprocessbut with a lowerweight.If weuse
a too low weightof thecodepositions(Figure3.5(bottom),factor10’000)theabsolutedefinitionis lost
andthecombinedpositionsmayhave anoffsetw.r.t. thetruesolution.Figure3.5 (second)shows thata
reductionwith afactor10is notsufficient to reducethesignalof thecodepositions.Oneof thesolutions
with reductionfactorof 100 or 1’000 seemsto be the mostreasonablesolution. The sequenceswith
continuousphaseposition-differencesarein practicerathershorterthan2880epochs.Datagapsanddata
problemsin thephasearecausinginterruptsin theseriesof phase-differences.Theshorterthesequences
with connectedphase-differencesthelessthecodepositionshelpto providetheabsolutedefinitionof the
combinedpositions.Wewill, therefore,usethefactorof 100to reducethecodeweightin orderto avoid
theappearanceof a code-inducedsignalin thecombinedpositions,but alsoto avoid loosingtoo much
strengthof theabsolutedefinitionof thecombinedpositionsby thecode.In practicethis meansthatthe
contributionsof thecode(

� © � � � ) for thecombinationin eqns.(3.60)and(3.62)arereducedby a factor
of 100.Thissimpleexampleof staticpositioningshowsthatourapproachbasedonzero-differencecode
andepoch-wisedifferencedphaseobservationsgivesreliableresultsif we downweightthecontribution
of thecodepositions.Subsequentlywe will focuson therecovery of thekinematictrajectoryof both,a
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Figure3.5:Differencesbetweenpositionscombinedwith differentweightratiosandthetruepositionof
ALGO (North-component).
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Figure3.6:Differencesof combinedpositionsw.r.t. “true” ALGO coordinatesfor differentweighting
options.

terrestrialstationandaLEO, usingsimulatedcodeandphase-differenceobservations.

Terrestrial Station

The simulationsmadefor the kinematiccodepoint positioningof a terrestrialstationin Section3.6.1
canbe repeatedfor the combinedcodeandphase-differencepoint positioning. As a zero-testwe start
with thesimulationof error-freecodeandphaseobservationsfor theterrestrialstationALGO. Thecom-
binedkinematicpositionsresultingfrom theerror-freeobservationsshow anoisew.r.t. thecoordinatesof
ALGO dueto roundingerrors,which is expectedfor thezero-test.Subsequentlywe usethreedifferent
solutions,namedA, B, andC, basedon theexperiencewe gainedwith thestaticpositioningexample.
Thethreesolutionsarecharacterizedasfollows:m SolutionA: Therelative weight for thecombinationbetweencodepositionsandphaseposition-

differencesis givenby theratio nYoprq�sut nYov .m SolutionB: Theweightof thecodepositionsis reducedby a factor100.m SolutionC: Only theposition-differencesderivedfrom thephase-differenceobservationsareused
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Figure3.7:Numberof trackedsatellitesin thesimulatedobservationsof ALGO for doy 034/2002.

for thecombination(only thefirst positionis fixedto thea priori positionto regularizetheNEQ
system.)

If we look atsimulateddatawith n v�w 0.01m for thephaseobservations( n�x v�wzy sNt 0.01m) and n pdw
1.0m for thecodeobservations,thedifferencesbetweenthecombinedpositionsandthetruecoordinates
of ALGO (Figure3.6 (top)) reveal the following pattern:SolutionA shows a clearsignal. Figure3.6
(middle)shows theresultsfor SolutionB. Thestrongsignalin thedifferenceshasdisappeared,but there
aresmall “jumps” in thedifferences,e.g.,at epoch1445(arrows in Figure3.6). This jump is dueto the
factthattheobservationgeometryhaschangedby a “new” (rising)satelliteat thisepoch.Prior to epoch
1445six satellitesweretracked,afterwardsseven. During oneday, thesatelliteconstellationandthere-
fore the observation geometrychangesratheroften. Figure3.7 shows the numberof tracked satellites
in the simulateddataof ALGO. All “jumps” in the differencesareconnectedwith suchconstellation
changesbut notall constellationchangesleadto visible “jumps” in thedifferences.

As a last test only the phase-derived position-differenceswere usedto determinethe position of
ALGO (SolutionC). Sincethe NEQ systemfor the combinationthenbecomessingular, we introduce
thea priori positionof ALGO for the positionat thefirst epoch.The combinationalgorithmis in this
casea simplealgorithmsummingup the position-differences. The differencesof SolutionC w.r.t. the
truepositionof ALGO arereproducedin Figure3.6 (bottom). Similar characteristicsasin SolutionB
areobservedfor SolutionC. Thedifferenceto SolutionB residesin a smalldrift in thedifferences.The
position-differenceshave an error specifiedby the observation accuracy of the phaseobservations. In
thisphase-onlysolutiontheposition-differencesareaddedupaswell astheerrorsaccordingto theerror
propagation.This leadsto thedrifts in thedifferencesfor SolutionC. In SolutionB thecodepositions
have still a highenoughweightto preventthatthecombinedpositionsaredrifting away from the“true”
positiondueto thesummingup of theerrors.Thecompromiseis, asalreadymentionedin theprevious
section,to reducethe codeweight by a factor100 for the combinationof the codepositionswith the
phaseposition-differences. By this meanswe obtainanabsolutedefinitionof thecoordinateswhich is
strongenough,but we avoid a signalin thecombinedpositionsstemmingfrom thequality of thecode
positions.
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Figure3.8:Differencesof combinedkinematicpositionsfrom simulatedcodeandphaseobservationsof
CHAMP to theapriori orbit usedfor thesimulation.

Low Earth Orbiter

Togetherwith thesimulationof theerror-freecodeobservationsof CHAMPerror-freephaseobservations
aresimulatedfor doy 034/2002.Usingtheseerror-freecodeandphaseobservationsto reproducetheorbit
by thecombinedkinematicpositionsresultsin differencesw.r.t. theapriori orbit usedfor thesimulation
of up to onemillimeter– anexpectedresult.

For the simulationof normally-distributedphaseobservationswe choosea root meansquareerror
of n v.w 0.01m for the L1- andL2-frequency ( n�x v{w|y s�t 0.01m). For the codeobservations n p is
1.0m for L1 andL2. SolutionsA, B, andC arecomputedandcomparedto theapriori orbit of CHAMP
usedfor the simulationof the data. For this purposea Helmert transformationwith threetranslation
parametersis performedbetweentheorbits.

Figure3.8(top)showsthedifferencesbetweenthecombinedpositionsof SolutionA andtheapriori
CHAMP orbit. Figure3.8 (middle) shows the correspondingdifferencesfor SolutionB. The signals
in the differencesfor Solution A stemfrom the codepositions. In Solution B the codesignalsare
smoothedbut the differencesshow not only white noise. The small jumpsandthe remainingsignals
arecausedby constellationchangesanda badobservation geometry. Figure3.9 shows thenumberof
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3.6 Simulations

Table3.3:RMSerrors(cm)percomponentof Helmerttransformationbetweencombinedkinematictra-
jectoriesand“true” apriori 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
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Figure3.9:Numberof satellitestrackedby CHAMP for simulatedobservationsof doy 034/2002.

trackedsatellitesfor thesimulateddataof CHAMP on doy 034/2002.Oneclearlyseesthatthenumber
of tracked satellitesandthereforethe satelliteconstellationchangesmorerapidly thanfor a terrestrial
station(Figure3.7),a factwhich is dueto therapidmovementof thesatellite.TheLEO revolvesaround
theEarthin approximately90 to 100min andthereforeseesnearlytheentireGPSconstellationwithin
this time interval.

Figure3.8 (bottom)shows the differencesfor SolutionC. The influenceof the codepositionsin
Figure 3.8 (top) and the reducedsignal in Figure 3.8 (middle) is obvious. The differencesbetween
SolutionB (middle)andC (bottom)arenot aspronouncedasbetweenSolutionA (top)andB (middle).
Thetendency of SolutionC in thecaseof a LEO is thesameasfor SolutionC for theterrestrialstation.
The differencesshow a slight drift w.r.t. the line representingthe true solution. The RMS errorsof
the Helmert transformationsin Figure3.8 aresummarizedin Table3.3. The sameconclusionsasfor
the terrestrialstationmay be drawn. SolutionB is the mostreasonablechoicefor the combinationof
codepositionswith phaseposition-differences. Theseexampleswith simulatedGPScodeandphase
observationsof a LEO show that thekinematictrajectoryof a LEO couldbereconstructedto within a
decimeter(assuminga noiseof 0.01m for the phaseobservations)by the kinematicpoint positioning
proceduredevelopedhere.

3.6.3 Fur ther Studies

Subsequently, two furtherstudieshavebeenperformedusingsimulatedLEOGPSdata.Thesearestudies
on theimpactm of enforcedinterruptsand
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3 KinematicPointPositioningon theZero-differenceLevel

m of usingdifferentapriori orbit/position.

Enforced Interrupts

As mentionedin Section3.4.2onedeficiency of kinematicpoint positioningproceduresresidein the
fact that jumpsoccurif theconnectionbetweentwo subsequentepochsis not givenby thephasemea-
surements.In thecaseof theLEOKIN procedurea jump occursin thecombinedkinematicpositionsif
thereis no phase-derived position-differenceavailablefor oneor moreepoch-differences.Theproblem
is not only causedby missingposition-differencesdueto dataquality but alsobecauseof datagapsdue
to receiver resetsor dueto interruptsduringdatadownloadperiods.In thissectionwewill simulatesuch
interruptsin orderto studythesizeof theresultingjumpsandin orderto seehow thesejumpsaffect the
combinedpositions.

Thesimulatedcodeandphasedatausedfor thecomputationsof theprevioussectionareusedhere
again. We enforceinterruptsin the phase-differenceprocessingin order to introducea jump in the
combinedpositions. We simulatetwo different cases.We enforceinterruptsin the phase-difference
processingm after1’000subsequentepochs(500minutes)andm after700subsequentepochs(350minutes).

Figure3.10showsthedifferencesof SolutionA (top)andSolutionB (bottom)for thefirst case(interrupts
after1’000epochs)w.r.t. theapriori orbit usedfor thesimulation.Figure3.11shows thedifferencesfor
thesecondcasewith enforcedinterruptsafter700 epochs(SolutionA (top) andSolutionB (bottom)).
SolutionsA andB have beencomputedfor both casesto show the different impactof the interrupts
on thesequencesof connectedpositions.Theeffect of the interruptsis obviously differentfor the two
casesandfor the two solutionsA andB. The sizeof the jumps in the coordinatesreachesvaluesup
to 30 centimeterswhile someof the interruptedposition-differences do not at all affect the coordinate
resultsof the combinedpositions. Thesejumpsin the kinematictrajectoryareof coursenot real, but
a characteristicfeatureof this zero-differenceapproachwith phase-differencingfrom oneepochto the
next. We have to beawareof this issueduringthedataprocessingandwe have to find waysto reduce
thenumberandthesizeof thesejumps.

Diff erent A priori Orbit or Position

Up to now all resultsfor simulatedobservationsof theLEO have beenderivedby usingthe“true” orbit
usedfor thesimulationasa priori orbit for thekinematicpoint positioningin LEOKIN. An additional
test was performedin order to study the impact of the quality of the a priori orbit. In practice,the
a priori orbit usedis a deterministicor reduced-dynamicorbit definedby codepositionsor combined
positions(seeSection3.1). This orbit hasanaccuracy of abouthalf a meter, a factwhich mayhave an
influenceon the resultingpositions. For our testwe usean a priori orbit, which wasgeneratedby an
orbit determinationprocedureusingthecode-derivedpositions.Figure3.12(top) shows thedifferences
betweenthis a priori orbit andthe orbit (RSO)usedfor the simulation. The RMS error of a Helmert
transformationbetweenthe two orbits is 13.9 cm. Figure3.12 (middle) shows the differencesof the
estimatedpositionsusingthenew a priori orbit w.r.t. theestimateswhenusingthe“true” orbit. To this
scalethedifferencesarerathersmall.Figure3.12(bottom)shows,however, thatdifferencesup to a few
centimetersdoexist. Thedifferencesareattributedto thepre-processingwhichcritically dependsonthe
qualityof thea priori orbit (seealsoChapter4). Theexampleshows thatthequalityof theapriori orbit
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3.6 Simulations
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Figure3.10:Differencesof kinematic positions from simulated code and phase observations of
CHAMP w.r.t. the“true” apriori orbit; Enforcedinterruptsafter1000epochs.
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Figure3.11:Differencesof kinematic positions from simulated code and phase observations of
CHAMP w.r.t. the“true” apriori orbit; Enforcedinterruptsafter700epochs.
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3 KinematicPointPositioningon theZero-differenceLevel
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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:
Differencesin resultingkinematicpositions;Bottom:Zoomof x-component.

is a critical issuein our kinematicpoint positioningprocedure.We shouldproducethebestpossiblea
priori orbit with our dynamicorbit determinationprocedure.This is in a first approximationan orbit
derived from codepositionsor anorbit derived from combinedpositions(describedin thesecondstep
of Figure3.1). Themorewe iteratetheproceduredescribedin Figure3.1usingcombinedpositionsthe
betterthekinematicpositionsandthereforetheapriori orbit gets.In orderto meetourgoalof developing
anefficientprocedureweconfineourselvesto usingthethreestepsdescribedin Section3.1.

3.7 Satellite Clock Interpolation

Our methoddependson theavailability of highly accurateGPSsatelliteclock corrections.Thesecor-
rectionsshouldbeavailableat30-secondintervals if wewantto process10-second(or evenhigherrate)
data. Suchsatellitesclock correctionscurrentlyareonly available from JPL.The deficiency of these
JPL clock correctionsis that many epochsaremissing. This is why anefficient procedureto generate
30-secondclockcorrectionswasdeveloped[Bock etal., 2000,2003].Theprocedurewasdevelopedata
timewhenSA wasstill switchedon,i.e.,whenthesatelliteclockfrequency wasditheredin orderto limit
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Figure3.13:SA switchedoff onMay 2, 2000– effectonGPSsatelliteclocks.

the accuracy of unauthorizedreal-timepositioning. With SA enabledan interpolationof the available
5-minuteclockcorrectionsfrom IGSto 30-secondclockcorrectionswasnotpossiblewith anacceptable
accuracy. On May 2, 2000,SA wasswitchedoff andthesatelliteclocksareno longerdisturbedby the
dithering(seeFigure3.13). The questionariseswhetherit is now possibleto (linearly) interpolatethe
5-minuteclock correctionsto 30-secondintervals to processzero-differencedatawith a 30-secondor
even10-secondsamplingwithout loosingaccuracy. Thequestionshallbeansweredusing5-minute,30-
second,and10-secondclockcorrectionestimates.OurstartingpointaretheCODERapidGPSsatellite
clock correctionsof doy 034/2002with a samplingof 5 minutes. Theseclock correctionsarederived
from aglobalnetwork of upto 90stations.In additionwehavedownloaded1-secondGPSdataavailable
at the IGS datacenterat CDDIS (CrustalDynamicsDataInformationCenter)[CDDIS, 2002] for doy
034/2002,~ h ~_~ m ~_~ s to � h ��� m ~_~ s (21 stations).In a first stepwe compute30-secondclock corrections
basedon phase-differenceobservationsandconstrainthemto theCODERapid5-minuteclock correc-
tions [Bock et al., 2003]. In a next stepwe repeattheprocedurewith 10-secondsamplingof the1 Hz
observationsandconstrainthe resultingcorrectionsto the 30-secondclock correctionsobtainedin the
previousstep.Fromnow onwehavethreesetsof clockcorrectionswith differentsamplingrates,namely
5-minute,30-second,and10-secondavailable. We cannow simulateGPSdatafor CHAMP basedon
the 10-secondclock correctionstogetherwith the other input dataalreadyusedfor the simulationsin
Sections3.6.1and3.6.2. For the simulationno observation noiseis introducedfor codeandphaseon
the two frequenciesin orderto isolatetheeffect of the interpolationof theclock correctionson there-
sulting kinematicpositions. No pre-screeningof the datais performedfor the samereason.We use
a linear interpolationof thesatelliteclock corrections(Figures3.14(a)to 3.14(d))andan interpolation
with a polynomialof degreethree(Figures3.15(a)and3.15(b)). Figures3.14(a),3.14(c),and3.15(a)
show theresultsfor thecombinedpositionsfrom error-freecodeandphase-differenceobservations.The
plots show the differencesw.r.t. the CHAMP orbit usedfor the simulation. Figures3.14(b),3.14(d),
and 3.15(b)are the corresponding“zooms” of the y-componentof the differencesfrom � h ~_~ m ~_~ s tos h ~_~ m ~_~ s. The structureof thedifferencesis bettervisible in thesefigures. Table3.4 summarizesthe
correspondingRMSerrorsof theHelmerttransformations.In thefirst line theRMSerrorsfor the“zero-
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3 KinematicPointPositioningon theZero-differenceLevel

Table3.4:RMSerrors(mm)of theHelmerttransformationbetweenkinematicpositionsderivedbyerror-
freecodeandphase-differenceobservationsandthea priori orbit usedfor thesimulation.

x (mm) y (mm) z (mm)

10second ��� � �i��� ��� �
30second ��� � ��� � �i� �
5 minutes �3����� �1�_� � ����� �
5 minutes(2) ���_� � ����� � ����� �

test”solutionwith the10-secondclockcorrectionsarelisted.
Clearly, thelinearinterpolationof the5-minuteclock correctionsto 30-secondintervals is not suffi-

cient if highestaccuracy is thegoal. Thepositionerrorsintroducedby theclock interpolationareup to
20 cm,which is not acceptablefor a point positioningwith phaseobservations.Theinterpolationof the
5-minuteclock correctionswith a polynomialof degreethreeis not significantlybetter(seebottomline
in Table3.4).Ontheotherhand,onerecognizesthata linearinterpolationof the30-secondclockcorrec-
tionsto the10-secondintervalsis sufficient to obtain10-secondclockcorrectionsof sufficientaccuracy.
TheRMSerrorsof theHelmerttransformationbetweentheapriori orbit andthekinematicpositionsare
of theorderof threeto five millimeters(Table3.4)usingthe interpolated30-secondclock correctionto
the10-secondintervals.

Interpolationis a goodalternative consideringthefact thatthewidely usedsamplingratewithin the
IGSis 30secondandthatatpresentonlyanetwork of about40stationsdeliversoneseconddata(each15
minutes)to theIGS datacenters.Thesearetheonly datawhichmightbeusedfor computing10-second
clock corrections.The effort to compute10-secondclock correctionsis of courseconsiderablyhigher
than that of computing30-secondclock correctionsusing up to 120 stationsand constrainingthese
estimatesto the official IGS 5-minuteclock corrections.The clock correctionsinterpolatedfrom 30-
secondvalueshaveanaccuracy thatis comparableto theoriginalderived10-secondclockcorrections.In
additiontheinterpolated10-secondclockcorrectionshavelessgapsthanthe10-secondclockcorrections.
It mayevenhappenthatsomesatellitesarenot trackedby morethantwo stationsof thesmallnetwork
of 40 stations.In this casewe cannotestimatea clock correctionfor this particularepochandfor this
particularsatellite(which dependson redundantobservations). Whenestimatingthe 30-secondclock
correctionsusinga network of up to 120 stationsthe redundancy is high andthe estimationof clock
correctionsrobust.

Highestaccuracy maynotbeachievedby interpolatingthe5-minuteclockcorrectionsto a10-second
interval but theresultsarepromisingthatit shouldbepossiblewithoutabig lossin accuracy. Thiscould
bevery importantbecausethe5-minuteclock correctionsareofficially availableat theIGS andthe30-
secondclock correctionshave to be producedby our own procedure. In order to evaluatethe effect
of interpolated5-minuteclock correctionsin comparisonto the usageof interpolated30-secondclock
correctionson real datawe will computea seriesof datawith both clock informationsandshow the
resultsin Section6.4.
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(a)Linearinterpolated30-secondclockcorrections.
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(c) Linearinterpolated5-minuteclockcorrections.
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Figure3.14:Differencesbetweenkinematicpositionsandtheapriori orbit of CHAMP (1) with linearly
interpolatedsatelliteclockcorrections.
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(a) Interpolated5-minuteclock correctionswith a polynomial of
degree3.
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Figure3.15:Differencesbetweenkinematicpositionsandtheapriori orbit of CHAMP (2) with polyno-
mial interpolatedsatelliteclockcorrections.
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4. Data Pre-processing

For all applicationsof GPSdataan efficient pre-processinganddatascreeningof the observationsis
essential.It is in particularan importantissuefor theprocessingof spacebornereceiver data.Thedata
screeningof theGPSobservationsin theprogramLEOKIN consistsof two steps:

1. Thedataarepre-screenedbasedonapriori informationaboutthepositionof thereceivercombined
with a “majority voting” algorithm. Observationswhich aredetectedasoutliersin this stepare
excludedfrom thefollowing processing.

2. Theleast-squaresadjustmentstepincludesaniterative procedurewherebadobservationsmaybe
detectedandcanbeexcludedfrom theprocessing.

In Section4.1 we explain in detail the first stepof the screeningwhich hasbeennewly developedfor
the programLEOKIN. Section4.2 describesthe secondstep. The optionsto modify the performance
of the pre-screeningalgorithmaswell asotherpre-processingissuesof particularimportancefor the
determinationfor LEO orbits areoutlined(Section4.3). Eventually, we will presenta completedata
screeningprocedurefor zero-differenceapplicationsof permanentnetworks(Section4.4).

4.1 Outlier Detection - Principle of Majority Voting

Outlier rejectionis basedon the principle of “majority voting”. In orderto explain the principlesun-
derlying the algorithmwe briefly review the generalprinciplesof the programLEOKIN asshown in
Figure3.2. In a first stepthecodeobservationsareprocessedfor eachepochandthe receiver clock is
synchronizedto GPStime (Section3.2). In the secondstepthephase-differencesbetweensubsequent
epochsareprocessed(Section3.3).Bothprocessingstepsareprecededby thescreeningprocedure.

Let ushavealookatthecodeobservationsof thereceiverfor aparticularepoch.Theunknownsin the
codeobservationequations(3.1)pertainingto oneepocharethethreecoordinates���	�K�b� , andtheclock
correction� t�� of thereceiver. For ourdatapre-screeningalgorithmwedonotonlyusepreciseGPSorbits
andclockcorrectionsbut alsotheapriori informationavailableconcerningthepositionof thereceiver. If
reliableandaccurateinformationof thiskind is available,only thereceiverclockcorrection� tb� remains
asunknown in eqn.(3.1).Thefactthatthereceiverclockcorrectionshouldbe,within theaccuracy of the
code,thesamefor all codeobservationsof oneepochis thekey assumptionfor thedatapre-screening
procedure.Theprocedureis robust dueto only oneunknown (receiver clock correction)andpromises
to find reliably theoutliers. Fromthestatisticalpoint of view normallydistributedmeasurementswith
a standarddeviation n arewithin 3 t n of the expectedvaluewith a probabilityof 99.73%. This means
that the differencebetweentwo clock correctionsderived from the observationsto satellites� and � ,
respectively, shouldwith thesameprobabilitylie within � t y s�t n pdw � t n pG����� , wheren p is thestandard
deviation of theionosphere-freelinearcombinationof thecodeobservations.Our algorithmis setup in
thefollowing way:
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4 DataPre-processing

1. All possible differences are formed between the receiver clock corrections��� w � � t¡�1¢ � �	� w �+�¤£¤£¤£��	¥�¦ computedfor eachsatellite � . A checkis performedwhetherthe
absolutevalueof eachdifferenceis smallerthan � t n p ����� :§ � �©¨ w«ª � �(¬ � ¨ ª� � t n p ����� � � w �+� s �¤£¤£¤£1�	¥ ¦ ¬ �+® � w �V¯[�+�	�Y¯ s �¤£¤£¤£��	¥ ¦ £ (4.1)

All � ¨ meetingtheabove conditionwith a particular� � areassignedto thesamegroupas � � . Figure4.1
shows thatdifferentgroupsmayresultfor theobservationsof oneepoch.It mayhappenthattwo clock
corrections(A w � � andB w � ¨ ) meetingtheabove conditionarealreadyassignedto a particulargroup,
e.g.,A to groupone(X) andB to grouptwo (O) (Figure4.1). In this caseall membersof the second
groupareassignedto thefirst group.In ourexamplethismeansthatall values� � arefinally in onegroup.
Theexampleillustratesthatnot all differencesbetweenthe �(°�²± of onegrouparenecessarilywithin the
limits of � t n p ����� . In this examplethelargestdifferencebetweenthe � °�G± is about �¤~ t n p ����� . In theworst
casethisdifferenceis � t � ¥ ¦ ¬ � ¢Vt n pG����� . This is dueto thedesignof thepre-screeningalgorithmandwe
mayinfluencethesizeof thegroupwith matchingclockcorrections( ��� ) by changingthevalueof n p ����� .
Thesmaller n p �³��� thesmallertheabsolutedifferencebetweenthesmallestandthe largest � � of a group
will be.

2. The values�(°� of the groupwith the largestnumberof members(“majority voting”) areusedto
computeameanvalue ´� ° andastandarddeviation n¡µ3¶ .

3. Eachreceiver clock correction ��� of the processedepochis comparedwith this meanvalue ´�(°
(
§ ´� � w«ª � �K¬ ´� ° ª ). � � w · b q § ´� � ¹¸ t n µ ¶

c q § ´� �»º ¸ t n�µ ¶ (4.2)

where

b meansthat the observation is accepted,but hasto be checked within the following iterative
leastsquaresadjustmentstep,and

c meansthattheobservationis definitelyanoutlier.

If thedifference
§ ´� � is larger thana givenmultiple ¸ of thecomputedn µ ¶ (e.g., ¸¼w �¤~ ) theobserva-

tion is marked asanoutlier andnot usedin the following point positioningprocedure.̧ is a defining
parameterof thealgorithm. If thedatawould have no systematicerrors,all differences

§ ´� � would be
with a probabilityof 99.73%within � t n µ ¶ ( ½ ¸¾w 3). Sincewe cannotcompletelyavoid systematic
errorsin thedata(insufficient a priori information,biasedGPSclock corrections,etc.),this assumption

X OX OOX X O

A B

= 3*sigma

XX X XX X X

~10*sigma

X

Figure4.1:Examplefor thegroupingof � � .
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4.2 Iterative ScreeningProcedure

is notmet.Thatis why weprovide thepossibilityto selectthevaluefor ¸ manually. If wewouldchoose
a largevaluefor ¸ (e.g., ¸¾w 30) thepre-screeningwill only detectextremeoutliersandtheotherbad
observationsremainingin theprocessinghave to befoundin thesecondstep,theiterative leastsquares
adjustmentstep. The dataquality after the pre-screeningdependsthereforeon the screeningoptions.
Theperformanceof thealgorithmmaybeinfluencedby modifyingthefollowing inputparameters:m the n p for arrangingtheobservations��� into groups(dependson thecodedataquality),m thestandarddeviation for settingtherejectionthreshold(it mayeitherbederivedfrom theobser-

vations�(°� ½¿n�µ ¶ or specifiedasfixedvalue n µ&À	Á�Â ), andm thefactor ¸ .
Thesamepre-screeningalgorithmisappliedto thephase-differenceobservationswherethe n p is replaced
by y sdt n v (thefactor y s arisesbecausethedifferenceof two phaseobservationsis analyzed)andwhere� � is thereceiver clock correctiondifferenceof subsequentepochsderived from thephaseobservations
to satellite� .

Thekey factorlimiting theperformanceof thepre-screeningapproachis thequality of thea priori
information.This is in particularthecasewhenprocessingLEO data.For thepointpositioningwith the
codethis is notaseriousproblem,but for thescreeningof thephase-differencesthequalityof theapriori
informationis critical (seeSection3.4). Bada priori informationmay“mimic” badphaseobservations
which would thenbeerroneouslyremoved asoutliersby thescreeningalgorithm. To be surethat this
doesnothappentherejectionthresholdshouldnotbesettoosmall.This impliesthatasecondscreening
stephasto follow in orderto find all observationsdeterioratingthesolution.

4.2 Iterative Screening Procedure

The seconddatascreeningstepis includedin the least-squaresadjustmentstep. It follows the same
schemefor thecodeasfor the phase-differenceprocessing.We will explain it basedon the codepro-
cessing.

1. The codeobservationsof the processedepochwhich have beenacceptedby the pre-screening
procedureareusedto generatea positionestimate.No solutioncanbecomputedfor a particular
epochif thenumberof satellitesperepochis ¥�¦ÄÃ 4 andtheprocedurestops.

2. Thesolutionis checked whethertheRMS errorof thepositionestimateis smallerthananexter-
nally specifiedthreshold. If yes,the solutionis accepted.If not, a seriesof ¥ ¦ÆÅ solutions( ¥ ¦ÆÅ
is thenumberof acceptedobservationsin theprocessing)is computed,whereoneobservation is
removedin eachattempt.

3. Thesolutionwith thesmallestRMS erroris selectedandtheobservationwhich wasexcludedfor
thissolutionis markedasanoutlier.

4. Point2 and3 areiteratedaslong asthesolutionis not acceptedandmorethanfour observations
areavailable.

It is clear, that this seconddatascreeningstepis not asrobust asthefirst pre-screeningstep. We have
four unknowns( �g�	�(�b���b� tÇ� ) andbetweenfiveandeightor tenobservationsdependingon thenumberof
trackedsatellites.Thismeansthatthedegreeof freedomof thisadjustmentis smallandtheidentification
of outliersis difficult.
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4.3 Processing Issues Related to LEOs

Theprocessingissuesof particularimportancefor LEOsincludenotonly thepre-screeningbasedonthe
principleof “majority voting”. Otherissues,suchascut-off angleandelevation-dependentweightingof
theobservationshave to beconsideredaswell.

Thezenithdirectionof a LEO spacecraftmaybedefinedby theunit vector

ÈNÉ £w Êª Ê ª � (4.3)

whereÊ is thegeocentricunit vectorof thesatellite.Thisdefinitionis independentof theattitudeof the
satelliteandof theplacewheretheGPSantennais mounted.Thelimit of thezenithangleis givenby the
Earth’s limb atapproximately110to 115degreesfor asatelliteat400to 700km altitude.

Thezenithdirectionof theGPSantennais definedasthenormalto the receiving antenna’s micro-
chip array. This zenithdirectionmustbegiven in thebody-fixedcoordinatesystemof thesatellite.We
thusneedinformationabouttheattitudeof thesatellite,i.e., theorientationof thesatellitebody in the
inertialsystemto relatethetwo zenithdirections.Thissecondzenithangleis relevantfor thediscussion
of multipathcausedby thesurfaceof thesatellitebodyor for theuseof GPSantennapatternsto model
phasecentervariations.

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

Thenominalorientationof atypicalbody-fixedsystemof aLEO (e.g.,of CHAMP) is givenschemat-
ically in Figure4.2. The body-fixed Cartesiancoordinatesystemis definedby the X-, Y-, andZ-axis.
Normally thebody-fixed Z-axis is pointing towardsthegeocenterof theEarth. Thebody-fixed X-axis
is perpendicularto theZ-axisandis pointingapproximatelyinto theflight direction(only approximately
becauseof theorbitaleccentricity).Thebody-fixedY-axiscompletestheCartesianright-handedsystem.
For CHAMP thedifferencebetweentherealandthenominalattitude(therealZ-axisof thebody-fixed
systemandthedirectionto thegeocenter)is in mostcasesatmaximumtwo degrees(maximumfivecen-
timetersfor theantennaoffsetvector)andis correctedif it is gettingtoo largeby thecoldgaspropulsion
systemwhich leadsto severalattitudemaneuversduringoneday. In thecaseof CHAMP thedifferences
aresmallenoughthatnormallythenominalattitudemaybeusedfor thedeterminationof theorientation
of theGPSantennaandfor thecorrectionof theantennaoffsetsto thecenterof mass.Realattitudedata
areavailablefor CHAMP, aswell.

To getanideawhatcanbeexpectedconcerningquantityandquality of theGPSdatafor a LEO we
will first have a look at theperformanceof theGPSreceiversof CHAMP andSAC-C.We focuson the
performanceof thesesatellitesbecausemostLEO GPSdataanalyzedherestemfromthetwo spacecrafts.

4.3.1 GPS Receiver Performance

CHAMP

The CHAMP satelliteis orbiting in a near-circular orbit with an inclination of � wÌËiÍ+Î andan orbit
altitudebetween470 km (at the beginning) and300 km (at the endof the mission). The BlackJack
GPSreceiver on-boardCHAMP has16 channelsfor eachfrequency. They arenot only dedicatedto
the POD antennaon top of the satellitebut alsoto the GPSlimb soundingantennaat the rearsideof
thesatellitebodyandto theexperimentalGPSaltimetryantennaat thebottomof thesatellitebody. At
maximumtwelve channelsareavailablefor thePODantenna.At thebeginningof themissiononly the
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Figure4.2:Satellitebody-fixedsystem(schematically).

Table4.1:Summaryof switchesin the trackingsoftwareof theGPSreceiver on CHAMP [Grunwaldt,
2002].

Switchatdoy Max. numberof Switchfor ashortperiod Max. numberof
trackedsatellites trackedsatellites

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(24h test) 9

064/2002 10
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Figure4.3:CHAMP receiver performancefor doy 063to 065,2002(softwareswitchduringbreak).
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Figure4.4:Changein trackingperformanceaftersoftwareuploadondoy 206/2001.

PODantennawasswitchedon;becauseof softwareproblemsthetrackingcapabilitywaslimited to seven
satellites[Loyer, 2000]. In themeantimethereceiver tracksup to tensatellitessimultaneously(Status:
April 10,2003).

For all zero-differencekinematicapproachesat leastfour goodobservationsmustbeavailablebe-
causeotherwiseno positioncanbedetermined.Therefore,it is importantto know how many satellites
canbe tracked at maximumby the receiver on-boarda LEO. Table4.1 lists the maximumnumberof
satellitestrackedby theGPSreceiver on-boardCHAMP for differenttime periods.After theactivation
of theGPSreceiver on doy 199/2000(July 17, 2000)thereceiver trackedup to sevensatelliteswith its
PODantenna.Thereceiver wasthencommandedto trackup to eightsatellitessimultaneouslyon doy
081/2001(March22,2001).Ondoy 064/2002(March5, 2002)thereceiver waseventuallyableto track
up to tensatellites.

Figure4.3(a)shows thenumberof trackedsatellitesfor doy 063to 065/2002.Thereceiver actually
tracked up to eight satellitesuntil it stoppedtrackingon doy 064 for several hours. After this break,
duringwhich thesoftwarechangetook place,it startedagainwith trackingup to tensatellitessimulta-
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Table4.2:Summaryof switchesin thetrackingsoftwareof theGPSreceiver onSAC-C.

Switchatdoy Max. numberof Switchfor ashortperiod Max. numberof
trackedsatellites trackedsatellites

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)shows thehistogramof theobservationsfor doy 063to 065/2002asa functionof
thezenithanglesof theobservedsatellites.Eachdayis representedby oneof thethreebarsfor eachbin.
On doy 064few observationsweremadedueto the interruptionlastingfor severalhours.Furthermore
we recognizethe increasednumberof trackedsatelliteson doy 065by a largernumberof observations
with zenithdistancesbetween65 and85 degrees. The increaseof the maximumpossiblenumberof
trackedsatellitesimprovestheobservationgeometryandis thereforevery usefulfor thekinematicPOD
approachesfor CHAMP.

Anothervery usefulchangein the trackingperformanceof theCHAMP receiver wasmadeon doy
206/2001.On this dayanuploadof thetrackingsoftwarewasmade[Grunwaldt, 2002]andtheeffects
canbeseenin Figure4.4. Beforedoy 206thereceiver trackedsatellitesalsobelow thelocalhorizon(90
degrees),but aftertheuploadit trackedonly satellitesabove thelocalhorizon.This fact is importantfor
thedataprocessingaswill beseenin Section4.3.3.

SAC-C

TheEarthobservation satelliteSAC-C (Section2.3.5)is orbiting at analtitudeof 702km andthesun-
synchronousorbit hasan inclination of � wÌÏ_Ë Î . The BlackJackGPSreceiver on-boardSAC-C has
twelve channels.Table4.2 lists themostimportantchangesof thetrackingsoftwareonSAC-Cwehave
identified.At presenttheSAC-C receiver is trackingup to eightsatellitessimultaneously(Status:April
10,2003).

Figures4.5(a)and4.5(b)displaythesameinformationfor SAC-C asFigures4.3(a)and4.3(b) for
CHAMP. The two relatedfiguresto SAC-C show, asexpected,a morebalancedperformancefor the
threedaysbecausenosoftwareswitchwasmadeduringthis time interval for theSAC-Creceiver.

4.3.2 Data Quality and Pre-screening Options

Dataquantityis in generala goodindicationfor theperformanceof a GPSreceiver andtherefore,in a
certainsense,alsofor thequalityof theresultsto beexpected.Thenumberandlengthsof datagapsare
an importantcriterionfor theperformanceof a GPSreceiver, aswell. In particularfor kinematicpoint
positioningwe absolutelyneedobservationsto determinethe positionat a specificepoch. This is an
essentialdifferencew.r.t. theapproachesbasedon dynamicorbit modeling,wheregapsmaybebridged
(to someextent)by theequationof motionof thesatellite.Thedatasetsof bothsatellites,CHAMP and
SAC-C,have datagapswhichmaybeattributedto receiver resetsor to thedownlink periods.
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Figure4.5:SAC-Creceiver performancefor doy 063to 065,2002.

We have seenthatdifferentscreeningoptionsmaybeneededto optimizethepre-processingproce-
dure.Studieswereperformedto getinsightconcerningtheeffect of theoptions.Thefollowing testsare
basedon datastemmingfrom SAC-C of doy 051/2001(February20,2001).FromCHAMP we usethe
GPSdataof doy 152,2001(June1, 2001).Figure4.6shows thenumberof effectively trackedsatellites
for thetwo daysconsidered.TheSAC-C datahave no gapandtheCHAMP datahave onegapof about
15minutesandin additiontwo singleepochsaremissing.

The datasetsare ideal for studyingthe pre-processingoptionsoutlined in Section4.1 and other
processingissues.

Let us first studythe numericalvaluesfor n�µ ¶ , the RMS error of the clock correctionterms �K°� of
thebiggestgroupof ”good” observations. As n¡µ ¶ is actuallycomputedfrom theclock correctionsit is
a measurefor thedataquality. All availabledatawereusedfor this test,implying that theobservations
trackedbelow thelocalhorizonwereused,aswell. Figures4.7(a)to 4.7(d)givethehistogramsof n µ ¶ for
all epochsof thedayconsidered.Thea priori standarddeviation usedfor thecodeandphasescreening
are n pG�����Äw 1.0m ( n pdÐ 0.7m) and n v��³���Äw 0.01m ( n v�w 0.005m), respectively, for bothsatellites.The
selectedvaluefor n�Ñ�Ò ¦ ����� is markedby a vertical line. Thepercentageof observationsin total usedfor
thedeterminationof thevaluesfor n µ ¶ aregivenin thefigures,too.

Thehistogramsof n µ ¶ aredifferentfor thetwo receivers.Obviously, thedataof theCHAMP receiver
arenoisierthanthoseof theSAC-Creceiver. ForSAC-C n p �³��� w 1.0m is representative for thehistogram
of n�µ ¶ (Figure4.7(a)). For thephaseobservationsthehistogramof n�µ ¶ is narrower thanexpectedfrom
theintroductionof n v ����� w 0.01m. For CHAMP, on theotherhand,n µ ¶ of thecodeobservationsshow a
broaderhistogram.Thesameis truefor n¡µ ¶ obtainedfrom thephaseobservations.

For SAC-Cthevaluesof n p �����Ów 1.0m and n v �����Ów 0.01m seemto beappropriate,but for CHAMP
thesevaluesseemto be too optimistic. This behavior may be dueto the observationsgatheredbelow
localhorizon.Theconclusionfrom this testis to adoptthevaluesto n pG�����Äw 1.5m and n v3�����Äw 0.015m
for CHAMP.

Figures4.7(e)and 4.7(f) show the histogramof n µ ¶ using n pG�����Sw 1.5 m and n v3�����Sw 0.015m.
A broaderhistogramis obtainedfor n µ ¶ thanin the correspondingFigures4.7(c)and4.7(d) for both,
thecodeandthephaseobservations. Thepercentageof observationsusedfor thedeterminationof n µ ¶
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Figure4.6:Numberof effectively trackedsatellitesfor CHAMP 152/2001andSAC-C051/2001.

is, on theotherhand,tenpercenthigherfor thecodeobservationsandfive percenthigherfor thephase
observations,if weusethebiggervaluefor n�Ñ�Ò ¦ ����� . Thequestionwhetherthevaluesof 1.0m and0.01m,
or, alternatively, 1.5m and0.015m shouldbeusedin practice,will beansweredattheendof thissection
afterhaving studiedall optionsrelevantfor theperformanceof thepre-screeningalgorithm.

Onedayof datafor eachsatelliteisof coursenotrepresentative for alongdatasetof thetwosatellites.
Figures4.8(a)and4.8(b)for instanceshow thehistogramsof n�µ ¶ using n pÆ�³���Ów 1.0m and n v3�����Ów 0.01m
for SAC-C on doy 067/2002.Thesemorerecentdataof SAC-C show a similarperformanceasthedata
of doy 051/2001with thedifferencethatapproximatelytenpercentmoreobservationsareusedfor the
determinationof n µ ¶ . The differencebetweenthe two daysis that the receiver tracked up to twelve
satellitessimultaneouslyondoy 067/2002insteadof eightondoy 051/2001.

Figures4.8(c)and4.8(d)show the histogramsof the n µ ¶ valuesusing n pG������w 1.0 m and n v3�����kw
0.01m for CHAMP ondoy 145/2001.Thisdayis only oneweekbeforedoy 152/2001,thedataanalyzed
in Figure4.7, but shows a ratherdifferentbehavior. As the last examplewe includethe histogramof
the n µ ¶ valuesfor CHAMP on doy 067/2002(Figures4.8(e)and4.8(f)). This day falls into the time
periodwherethe receiver did no longer track below the local horizonand whereup to ten satellites
wereobserved simultaneously. Thehistogramsaresimilar to thehistogramsof doy 145/2001with the
differencethat the percentageof observationsusedfor the determinationof the correspondingn µ ¶ is
higherandthe histogramof n¡µ ¶ of the codeobservationsis slightly narrower thanfor doy 145/2001.
The two examplesof CHAMP seemto indicatethat the dataquality of doy 152/2001is worsethan
normal. We will neverthelessusethis datasetfor furtherstudiesto get insight into theperformanceof
thepre-screeningalgorithmfor dataof a relatively badquality.

Next, we study
§ ´� � , the differencebetweeneach� � andthe meanvalue ´� ° definedby eqn.(4.2).

Thepre-screeningprocedurecheckswhetherthevaluesof
§ ´� � lie within thelimits definedby ¸ t n µ ¶ of

eqn.(4.2).Therefore,westudyhistogramsof theratios
§ ´���GÔ n µ ¶ .

Thesehistogramsmay be found in Figures4.9(a)and4.9(b) for SAC-C 051/2001. For CHAMP
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Figure4.7:Histogramsof n�µ ¶ valuesfor SAC-C 051/2001and CHAMP 152/2001;Vertical line atn(Ñ�Ò ¦ ����� .
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Figure4.8:Histogramof n¡µ ¶ valuesfor SAC-C067/2002andfor CHAMP 145/2001and067/2002.
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152/2001bothexamples(thefirst using n pG�����Ýw 1.0m and n v��³���Ów 0.01m andthesecondusing n pÆ�³���Äw
1.5 m and n v �����Bw 0.015m) areincludedin Figures4.9(c)and4.9(d)andin Figures4.9(e)and4.9(f).
Theratioson thehorizontalaxesaregivenin unitsof ¸ (seeeqn.(4.2)). Thebaron theright handside
in eachfigure is the sumof all ratioslarger than ¸Þw 20. Two versionsaregiven for eachhistogram,
wheretheoneto the left containstheentireinformation,theoneon theright is cut at threepercenton
theverticalaxis.

Thevaluesof theratiosdependdirectlyon thedistribution of the n µ ¶ (Figures4.7(a)to 4.7(f)). The
histogramsof codeandphase-differencesaredifferent. Therearedifferencesbetweenthe histograms
for CHAMP andSAC-C,aswell. As a consequence,theproperchoiceof thefactor ¸ determiningthe
rejectionthreshold( ¸ t n¡µ3¶ ) for outliersdependsalsoon thedataquality. As expectedthehistogramsfor
thetwo examplesfor CHAMP aredifferent.Thehistogramsof thefirst examplearebroaderfor both,the
codeandthephase,whencomparedto thesecondexample.For thephase-differencesthedistribution is
thesamefor thebins ¸ º 12, implying that the rejectionof large outliersis thesameno matterwhichn v �³��� is selected.For the codeobservationsa similar conclusioncannotbe drawn due to the higher
percentageof theratiosin all bins ¸ º 3.

Thequestionis whetherit is reasonableto selecta thresholdof, e.g., ¸¹w 3 or onewith ¸¼ß 3, in
which caseobservationsof a moderatequality areincludedandwould contribute to a morestablepoint
positioningsolution.On theotherhand,if therejectionthresholdis setto a big value,badobservations
candeterioratethequalityof thepointpositions.Testswerecarriedoutusing ¸.w 2, 3, 5, 10,20,30and
40 to identify theoptimumvalue.

Figures4.10(a)and4.10(b)show thepercentageof deletedobservationsfor SAC-Condoy 051/2001
for different values of the threshold value ¸ for code and for phase-difference observations.
Figures4.10(c)and4.10(d)give the sameinformationfor CHAMP on doy 152/2001for the first ex-
ample( n p ����� w 1.0 m, n v ����� w 0.01m), Figures4.10(e)and4.10(f) for the secondexample( n p ����� w
1.5m, n v3�����uw 0.015m). Thelower curvescorrespondto thepercentageof observationsdeletedby the
pre-screeningprocedure.The uppercurvescorrespondto the percentageof observationsremoved by
thecompletepointpositioningprocedure,i.e., they includetheobservationsmarkeddueto therejection
criterionin theiterative leastsquaresadjustmentstep.

Thefiguresshow a very differentbehavior for SAC-C andfor CHAMP, ascouldbeexpectedfrom
inspectingFigures4.9(a)to 4.9(f). For thecodeobservationsof SAC-C in Figure4.10(a)thedifference
betweenthetwocurvesisabove3%for all valuesof ¸ . A largervalueof ¸ meansthatmany observations,
which areactuallyoutliers,passthepre-screeningalgorithm. In this casethebadobservationshave to
be foundduring the leastsquaresadjustmentstep. The flatteningof the uppercurve in Figure4.10(a)
indicatesthatmostof themarefoundfor ¸ º 10. Thedecreaseof thepercentagefrom ¸àw 2 to ¸Ww 10is
remarkable.Thecurvesgive no informationon which is thecorrectpercentageof deletedobservations.
It seems,however, thatthepercentagefor ¸Ww 2 or 3 is too large.

On the otherhand,Figure4.10(b)for the phase-differenceprocessingshows that both curvesare
flatter than for the codeprocessingand nearly coincide. This meansthat in the caseof the phase-
differenceprocessingmostbadobservationsarealreadyrejectedby thepre-screeningalgorithmalmost
independentlyof the value of ¸ . This indicatesthat the phaseobservationsshow more or lessonly
extremeoutliersdueto cyclesslipsor phaseresets.For CHAMP thecurveslook different.Thedecrease
of the percentageof removed codeobservationswith increasingvaluesof ¸ is morepronouncedthan
for SAC-C, but the differencebetweenthe upperand lower curve is lesspronounced.For the phase
observationsthis differenceis larger thanfor SAC-C andthepercentageof deletedobservationsis also
larger. For 2 ¹¸{ 10,thepercentageis clearlylargerfor thefirst example(Figure4.10(d))of CHAMP
thanfor thesecondone(Figure4.10(f)). Thesediagramsunderlineoncemorethat therearesignificant
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(b) Phase-differences– Õ Û Ö�×ÙØÓÚ 0.01m
– SAC-C051/2001.
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(c) Code– Õ � Ö�×ÙØ�Ú 1.0 m – CHAMP
152/2001.
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(d) Phase-differences– Õ Û Ö�×ÙØÓÚ 0.01m
– CHAMP 152/2001.
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(e) Code– Õ ��Ö�×ÙØ�Ú 1.5 m – CHAMP
152/2001.
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(f) Phase-differences– Õ�Û Ö³×�Ø»Ú 0.015m
– CHAMP 152/2001.

Figure4.9:Histogramsof
§ ´� � Ô n µ ¶ in unitsof ¸ for codeandphase-differenceobservationsin thepre-

screeningalgorithm.
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(b) Percentageof deletedphase-differenceobserva-
tions– SAC-C051/2001– Õ Û Ö�×ÙØÜÚ 0.01m.
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(c) Percentageof deleted code observations –
CHAMP 152/2001– Õ � Ö�×ÙØÜÚ 1.0m.
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(d) Percentageof deletedphase-differenceobserva-
tions– CHAMP 152/2001– Õ Û Ö�×ÙØÜÚ 0.01m.
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(e) Percentageof deleted code observations -
CHAMP 152/2001- Õ � Ö�×ÙØ Ú 1.5m.
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Figure4.10:Percentageof deletedobservationsfor differentvaluesof ¸ .
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differencesof dataquality of the two receiverson CHAMP andon SAC-C, respectively, for the days
considered.If wecomparethetwo CHAMPexampleswerecognizethatthereareremarkabledifferences
in thetwo curvesfor ¸ Ã 20. For ¸{á 20thedifferencesaremarginalandit doesnotmatterwhichvalue
for n�Ñ�Ò ¦ �³��� wasused.

In summarywe maystatethatthepre-screeningalgorithmis working reliably for differentreceiver
data.To make theprocedurerobustwe have to take thedataquality into account,i.e., thepre-screening
optionshave to beselectedaccordingto thedataperformanceandquality of the receiver. The studies
performedto testthepre-screeningoptionslet usconcludethat in thecaseof CHAMP andSAC-C the
choiceof n p ������w 1.0 m, n v �³���kw 0.01m, and10 â¸ã 20 seemsto be appropriate.This choiceis
appropriatefor CHAMP, too,becausewehaveseenthatthelowerdataqualityondoy 152/2001is anex-
ception,but thatthepre-screeningalgorithmwith theabove recommendedvaluesstill givessatisfactory
results.Neverthelesstheseareonly preliminaryresultsbecausewelookedonly at theperformanceof the
pre-screeningalgorithmitself. Whetherthe kinematicpoint positioningsolutionis betterwith a small
or a large valuefor ¸ canbe concludedonly whenwe studythe impactof the valueson the resulting
kinematicpositionsin Chapter6.

4.3.3 Elevation-dependent Weighting and Cut-off Angle

The cut-off angleaswell as the function usedfor the elevation-dependent weightingof observations
significantly influencethe resultingkinematicpositions. [Rothacher et al., 1998] proposeto give an
observationatzenithdistance� of a terrestrialstationaweightof

ä � � ¢ wÞåÇæiç o � � ¢ £ (4.4)

It is anopenquestionwhetherthis weightingschemeis appropriatefor LEO GPSdata,aswell. LEO
observationsat low elevationsarenot corruptedby troposphericrefraction(only directly at theEarth’s
limb they arecorrupted),but multipatheffectsmayneverthelessbeanimportantsourcefor degradationof
low-elevationdataquality– in particularbecauseaLEO maytracksatellitesatzenithanglessignificantly
larger than Ï ~ Î (up to �¤~i� Î ¬ �_�¤~ Î ). In fact,CHAMP andSAC-C tracked in their earlymissiontimes
satellitesbelow the local horizon,which raisedthe questionwhethersuchobservationsareof any use
at all. This questionis implicitly answeredfor CHAMP by thefact that today(sincedoy 206/2001)no
observationsaregatheredbelow thelocalhorizonof thespacecraft.

Studieswereneverthelessmadeto seewhetherlow elevation observationsimprove thepoint posi-
tioning,if anappropriateweightingis used.A simplemodificationof theweightingfunction(4.4)allows
it to includeobservationsat � á�Ï ~ Î ä � � ¢ w[åÇæiç o ��è t � ¢ � (4.5)

Figure4.11shows the weightingfunction ä � � ¢ for èéw 1 and èéw 0.75,wherethe weightsdown to� w � s ~ Î aregiven.The“stretchingfactor” è is obviouslyuseful.
Multipath mayheavily degradetheobservationsat low elevations. It is thereforealsoimportantto

studythecontribution of observationsat zenithanglesË ~ Î  � �Ï ~ Î . Furtherstudiesandresultsmade
by usingdifferentmodificationsof thedevelopedpre-screeningalgorithm,differentweightingfunctions
anddifferentcut-off anglesfor LEO dataarepresentedin detailin Chapter6.
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Figure4.11:Differentweightingfunctionsä � � ¢ .
4.4 Development of a Data Screening Procedure for a Permanent

Network

A new pre-processingprocedurebasedon theobservationsof oneroving receiver hadto bedeveloped
for processingGPSobservationsof spaceborneGPSreceivers. As the trajectoryof the spaceborne
receiver maybemodeledover long time spans(hoursor evendays)with accuracieson thelevel of few
centimeters,thisparticularcaseof kinematicpositioningis verycloselyrelatedto staticpositioning.It is
thustemptingto applythepre-processingalgorithmsdevelopedfor LEOsto thecaseof staticpositioning,
aswell.

Excellentapriori informationconcerningthe“trajectory” of afixedreceiver is availablefor stations
includedin theIGSnetwork. Thealgorithmallows it to developadatascreeningprocedurefor codeand
phaseobservationsbasedonastation-andepoch-wiseprocessingof thedata.Therequirementsfor such
aprocedurearetheavailability of:ê precisestationcoordinatesin theITRF,ê preciseorbit informationfor theGPSsatellitesin theEarth-fixedsystem(ITRF),ê precise30-secondsclock correctionsfor the GPSsatellites(including DCBs, DifferentialCode

Biases),andê troposphericdelayestimatesfor thestations– notmandatory.

Theserequirementsare met, e.g., by the stationsof the IGS network and the productsdeliveredby
CODE(Section2.2.2)to theIGS.Theseproductsincludestationcoordinates,orbits,ERPs,DCBs,and
troposphereestimates.The 30-secondsclock correctionsarecomputedby the proceduredescribedin
[Bock etal., 2000]and[Bock etal., 2003]usingthe5-minutesclockcorrectionscomputedby CODE.

TheoriginalprogramLEOKIN for zero-differencekinematicpointpositioningasshown in its simple
form in Figure3.2 is not yet capableof servingasa self-containeddatascreeningtool. We have to add
theoptionstoê generatea list of thecodeandphaseobservationsexcludedby thepre-screeningalgorithmandthe

leastsquaresadjustmentin thecodeor thephase-differenceprocessing,andtoê generatea list of theepochswherenew ambiguitiesfor specifiedsatelliteshave to besetupfor the
phaseobservations.
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4.4 Developmentof aDataScreeningProcedurefor aPermanentNetwork

With thisconcatenatedlist of problemcaseswemaythenusetheprogramSATMRK of theBerneseGPS
Software[Hugentobleretal., 2001]to modify theobservationfilesaccordingly.

Thanksto the excellenta priori informationconcerningthe stationcoordinatesit waspossibleto
modify thepre-screeningalgorithmfor thephase-differenceobservations.For thedatascreeningof the
phaseobservationsof terrestrialstationswe classify the values ë�ì not accordingto relation (4.2) but
accordingto

ë ì�íïîðñ
ðò

a óõô÷öëWø�ù�ú�û¡ü3ý
b óõô÷öëWø¼þ÷ú3û¡ü3ý
c óõô÷öëWÿ¼þ÷ú3û ü3ý (4.6)

where

a meansthattheobservationis accepted,

b meansthat the observation is accepted,but hasto be checked within the following iterative least-
squaresadjustmentstep,and

c meansthattheobservationis definitelyanoutlier.

Subsequentlyobservationsmeetingthecondition“a” of eqn.(4.6)will beacceptedwithout furthercon-
trol, implying that theseobservationscannotbe rejectedby the estimationprocessfor the position-
differencesafterthepre-screening.Theobservation is soto speak“protectedagainstrejection”. Obser-
vationscorrespondingto thevaluesof ë�ì meetingcondition“b”, on the otherhand,arechecked again
duringtheestimationprocess.It maybethatthey arehelpful for a stabledeterminationof theposition-
differenceor they maydisturbthesolution. In thecaseof a terrestrialstationthea priori informationis
moreprecisethanin thecaseof a LEO. That is why we protecttheobservationsmeetingthecondition
“a” againstrejection. Theseobservationshave to beokay. The leastsquaresadjustmentstepbecomes
morerobustdueto this protection.It maybethatwe have eightobservationspassingthepre-screening
algorithm.Six of themmeetcondition“a” andtwo meetcondition“b”. In theleastsquaresadjustment
now only the two observationsof condition“b” may be responsiblefor a possibledeteriorationof the
solution.It maybethatbothhave to beexcludedbut it mayalsobethatoneis remainingin theprocess-
ing becauseit stabilizestheposition. Observationsclassifiedin “c” in the testof eqn.(4.6) aremarked
asoutliersandaddedto theabove mentionedlist.

This modificationof the pre-screeningalgorithmof the phaseobservationshasthe advantagethat
unnecessaryiterationsin thekinematicpointpositioningprocedureareavoidedandthatthedetectionof
badobservationsdisturbingthesolutiongetsmorereliable. Themodificationis not madefor thecode
processingbecausethe quality of the codeobservationsis very different for differentGPSreceivers.
Sincewescreenall codedatawith thesameû�������� theusageof themodificationwouldbenotasreasonable
asfor thephase-differenceprocessing.

Theactionsperformeddueto badobservationsareslightly differentfor codeandphaseobservations.
Therefore,weexplainbothproceduresseparately.

4.4.1 Screening of Code Obser vations

Sincethe point positioningand thereforealso the pre-screeningalgorithm is basedon a station-and
epoch-wiseprocessingof the datait is sufficient to outline the procedureof codeobservationsfor an
epochand one station. If the following criteria are not met by the observations, the

�
	
- and

���
-

measurementof thespecifiedsatelliteandepocharemarkedandexcludedfrom thefurtherprocessingof
thedata:
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Figure4.12:Actionsperformedfor phaseobservations.

ê Thedifferencebetween
�
	

and
���

hasto besmallerthanaspecifiedvalue(e.g.,30m).ê Orbit andclock correctioninformationhasto be availablefor the observed GPSsatelliteof the
processedepoch.ê The testvalue ë�ì hasto be in category “b” in eqn.(4.2); the point positioningprocedurehasto
confirmthattheobservationis okayanduseful.ê At leastfour observationshave to beavailablefor theepoch.

4.4.2 Screening of Phase Obser vations

Whenscreeningphaseobservations,observationsmaybemarkedor flaggedfor settingup a new ambi-
guity. The criteriawhich have to be met by a goodphaseobservation of oneepoch-differencearethe
following:ê Orbit andclockcorrectioninformationhave to beavailablefor theobservedGPSsatellitefor both

epochs.ê Thetestvalue ë�ì hasto beclassifiedas“a” or “b” in eqn.(4.6). If thesecondcondition“b” is met
theestimationprocesshasto confirmthattheobservation-difference is okay.ê At leastfour observation-differences have to beavailablefor theepoch-differenceconsidered.ê Thesatellitehasto beobservedat bothepochsin orderto form thedifference.

If oneof the above conditionsis not met, the case-dependentactionsillustratedin Figure4.12arein-
voked. The first line in Figure4.12standsfor the casethat no observationsareavailableto a satellite
for a longerperiodbeforethereceiver startsto trackthesatellite. In this casewe have to setup a new
ambiguityat thefirst epochthesatelliteis observed.At thismomentit is notclear, however, whetherthis
observationis of acceptablequality. Thismaynotbecheckeduntil thedifferencewith theobservationof
thenext epochis formed.If theobservationsthenshouldberejectedthethird line of Figure4.12applies.
Thesecondline illustratesthecasewheretheobservation-difference for theconsideredepoch-difference
is recognizedasan outlier. In this casethe observation of the first epochof the epoch-differenceis
markedasbadandat thesecond,thecurrentepochwesetupanew ambiguity.
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If acyclesliphasoccurredbetweenthesetwoepochsfor thissatellitewehavemarkedtheobservation
of the first epochunnecessarily. But with our processingstrategy of forming independentdifferences
from oneepochto the next we may not recognizewhethera badobservation-difference is dueto an
outlier or to a cycle slip. To beon thesafeside,we mark in all thesecasestheobservation of thefirst
epoch.

Thethird line of thefigurecanjust beseenasthecontinuationto thesecondline. If we founda bad
observation-difference relatedto a particularepoch-difference,whereat thefirst epochanew ambiguity
alreadywassetup,wemarkthisfirst observationand“move” thenew ambiguityflag to theobservation
of thecurrentepoch.

Thevalidationandapplicationof this datascreeningprocedurefor zero-differenceobservationsof a
terrestrialnetwork is presentedin Section6.7.
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5. Dynamic and Reduced-d ynamic Orbit
Modeling

Kinematicpointpositions(e.g.,from LEOKIN) maybeusedaspseudo-observations in anorbit determi-
nationprocessbasedonaphysicalorbit modelin orderto generateadynamicor reduced-dynamicorbit.
Our work alsodealswith dynamicandreduced-dynamicstrategiesfor LEO preciseorbit determination
(LEO-POD).As alreadymentionedin Section2.4thephysicalmodelsfor theperturbingforcesaremore
complicatedfor low Earthorbiting satellitesthanfor satellitesorbiting at higheraltitudes,suchasGPS
or GLONASS.Theorbit of ahighorbitingsatelliteis in generalsufficiently well parametrizedby initial
conditionsandafew dynamicalparameters.For LEOstheforcefield is usuallynotknown with sufficient
precision(e.g.,thehigherdegreeandordertermsof thegravity field or theatmosphericdrag)andthe
orbit determinationprocedurehasto allow for a stochasticcomponentin thesatellitemotion [Beutler,
2004].

Table5.1[Rothacher, 1992]lists theperturbingaccelerationsactingonaGPSsatelliteandTable5.2
thoseactingon a LEO. Obviously, the perturbationsdueto the gravity field of the Eartharelarger by
severalordersof magnitudefor LEOs.Theimpactof lunarandsolargravitationalattraction,ontheother
hand,is slightly smallerfor LEOsbecauseonly therelative accelerationw.r.t. thegeocenterdefinesthe
perturbation.Theeffectof theradiationpressuredependsmainlyon thefactor

� (ratioarea-to-mass)of
thesatellite.Theperturbationdueto atmosphericdragmainlydependsonthealtitudeof thesatelliteand
the

� ratio.
Dynamicalorbits(whencomparedto thekinematicorbits)have theadvantageof beingcontinuous

andwithout gaps.For applicationsrequiringcontinuouspreciseorbit informationa kinematicsolution
maynot be theoptimum. On theotherhand,preciseknowledgeof thephysicalmodelsdescribingthe
forcesactingon thesatelliteis requiredin orderto generateadynamicalsolution.

Table5.1:PerturbingaccelerationsactingonaGPSsatellite.

Perturbation Acceleration�������
Two-BodyTermof Earth’s Gravity Field �������
Oblatenessof theEarth �uú 	 �����
LunarGravitationalAttraction �uú 	 � �� 
SolarGravitationalAttraction

� ú 	 ���� 
OtherTermsof Earth’s Gravity Field ùuú 	 � �"!
RadiationPressure(direct) �uú 	 � ��#
Y-Bias ��ú 	 ���%$�&
SolidEarthTides

	 ú 	 � ��'
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Table5.2:PerturbingaccelerationsactingonaLEO satellite.

Perturbation Acceleration�������
Two-BodyTermof Earth’s Gravity Field (���)
Oblatenessof theEarth

� ú 	 � � �
OtherTermsof Earth’s Gravity Field

� ú 	 ���+*
LunarGravitationalAttraction

	 ú 	 � �� 
SolarGravitationalAttraction , ú 	 � �"!
AtmosphericDrag �uú 	 ���"!
RadiationPressure(direct) ùuú 	 � ��#
Albedo ,Hú 	 ���%$�&

5.1 Program SATORB

TheprogramSATORB is thetool usedsubsequentlyfor thedynamicandreduced-dynamicorbit deter-
minationprocedure.Positionsand,possibly, position-differences areusedasobservationsin the orbit
determinationprocess.For ourapplicationsthepositions(andposition-differences)aretheresultof pro-
gramLEOKIN. Thepositionsmayeitherbederivedonly from codeobservationsor they aretheresult
of the combinationof codepositionswith phase-derived position-differences(Section3.4). Alterna-
tively, positionsandposition-differences (alsofrom LEOKIN), maybe introducedasseparateobserva-
tion typesinto the orbit determinationprocess.They areweightedin programSATORB accordingto
their estimatedRMS errorsin programLEOKIN or accordingto a user-definedweight ratio between
positionsandposition-differences.To make useof thesetwo separateobservation typeshasanadvan-
tagecomparedto usingthe combinedpositions.The artificial jumpsin thecombinedpositionsdueto
interruptsin the phase-differenceprocessingor due to datagapsare not presentin the positionsand
position-differences. They arecombinedin thedynamicorbit determinationprocessfollowing thephys-
ical models.Pseudo-stochasticpulsesmaycompensateinsufficienciesof themodelanddo not have to
compensatefor artificial problemsin thecombinedpositionsdueto the jumps. Thebetterthephysical
modelsthefewer stochasticpulseshave to besetup.

Theequationsof motionof theLEO arebasedontheparametrizedpost-Newtonianmechanics(PPN-
approximation)andintegratedusingacollocationtechniquedescribedin [Beutler, 2004].Modelsfor the
following perturbingforcesareimplementedin SATORB:ê Gravitationalforces(andgravity-relatedeffects):

– Earthgravity field,

– solidEarthtides,

– oceantides,

– third-bodyperturbationsof theSunandtheMoon,

– relativistic PPNcorrections,

– precession,nutation,andpolarmotion.ê Non-gravitationalforces:

– atmosphericdrag,
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5.2 GravitationalForces

– directradiationpressure,and

– Earthalbedoradiationpressure.

Non-gravitational forcesmay alsobe taken into accountby analyzingaccelerometermeasurementsin
theorbit determinationprocess.

Thefollowing parametersmaybeestimatedoptionallyandin additionto thesix osculatingelements:ê up to nineempiricalparameters,ê scalefactorfor atmosphericdrag,ê scalefactorfor directradiationpressure,ê albedoparameter, orê pseudo-stochasticpulsesat pre-definedepochs.

Whenusingaccelerometermeasurementsonemayin additionsolve forê scalefactorsandê biasesfor theaccelerometerdata.

Subsequently, themodelsandalgorithmsareexplainedin detail.

5.2 Gravitational Forces

5.2.1 Earth Potential

The gravity field of the Earth is usually representedby sphericalharmonicfunctions. A consequent
useof normalizedLegendrepolynomialsavoids numericalproblemsrelatedto high degreeandorder
terms.Severalsetsof coefficientsareavailableandcanbeusedfor theorbit determination.Themodels
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] andEIGEN-
1S [Reigberet al., 2002]. The maximumdegreeandordercanbe selecteddependingon the satellite
beingprocessed.Theperturbationsdueto thegravity field for thehighersatelliteslikeGPSaremodeled
with sufficient accuracy by usingthesphericalharmonicsup to degreeandordereight. For theLEOs
this is not sufficient andwe have to useexpansionsof degreeandorder70 or more. For LEO orbits
it proved to be problematicthat mostgravity modelsdo not provide sufficiently accuratehigh degree
andordercoefficients. As gravity modelsareavailableusingCHAMP datafor thecomputationof the
model(TEG-4andEIGEN-1S),thesituationimproved andthe new modelsrepresentthe gravity field
muchbetterthantheoldergravity models.The issueof usingdifferentgravity modelsis addressedin
Section6.5.

5.2.2 Solid Earth and Ocean Tides

Thetidal potentialusedin SATORB conformsto theIERSStandards1996[McCarthy, 1996]. In total
17 constantandfrequency-dependent termsareusedwith a harmonicexpansionup to degreeandorder
four. Thepermanenttide is handledaccordingto thegravity field usedandthesolid Earthpole tide is
applied.Thegravity potentialaddedby oceantidesarerepresentedby constantandfrequency-dependent
termsfrom theCSR3.0globaloceantidemodel[EanesandBettadpur, 1995].
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5.2.3 Thir d-bod y Perturbations

Theperturbationsdueto SunandMoon arecomputedusingtheDE200JPLDevelopmentephemerides
[Standish, 1990].Theperturbationsfrom majorplanetsarenot implemented.

5.2.4 Precession, Nutation and Polar Motion

Precessionand nutationare implementedfollowing the IAU resolutions1976and 1980, respectively
( [Seidelmann, 1992]),andfor thepolarmotiontheIERSBulletin A or theIGSvaluesareused.

5.3 Non-gra vitational Forces

Themodelingof thenon-gravitational forcesis not standardizedto thesameextentasthemodelingof
thegravitationalforces.In thefollowing sectionsthemodelsusedin SATORB for thenon-gravitational
forcesarebriefly characterized.

5.3.1 Atmospheric Drag

The determinationof the perturbationdueto the atmosphericdragactingon the satelliteis oneof the
mostdifficult tasksin modelingthelow Earthorbiting satellites,becausetheatmosphericdensityalong
thesatelliteorbit is not preciselypredictable.In theseheightsnot many measurementsareavailableto
determineanexactmodelof thedensityof thehigheratmosphereandits time variation. Nevertheless,
severalmodelsexist andweusetheMSISe-90(MassSpectrometerandIncoherentScatter)[Hedin, 1987,
1991]modelfor computingthedensityof thehigheratmosphere.TheMSISe-90givesthedensityasa
functionof theê heightabove theEarth’s surface,ê dayof year,ê geodeticlongitudeandlatitude,ê daytime,ê truesolartime,ê solarflux F10.7cm,andtheê planetarymagneticindex -/. .

The MSISe-90model thus takesseasonalvariationsof the air density, variationswith local time and
geographiclocationaswell aswith solaractivity into account.

With thedensity021�354 basedontheMSISe-90,theperturbingacceleration6 at for asphericalsatellite
dueto theatmospheremaybeexpressedas[Beutler, 2004]

6 at í87 9 �¹ú:051�3"4»ú ;� ú=<3 � ú <3> <3 > � (5.1)

9
is thedragcoefficient for theatmosphericdrag,

� ø 9 ø � ��� .
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;
is thecross-sectionalareaof thesatellitein therelevantdirectionfor theatmosphericdrag.�
is themassof thesatellite.<3 is thevelocityvectorof thesatellitein theEarth-fixedframe.

We maychooseconstantvaluesfor
9@?A;

and
�

usinga sphericalsatellitemodel(cannonball model).
The threeparametersare different for eachsatellitebeing processed.More realisticsatellitemodels
requiringknowledgeof thesatellitedimensions,surfaceproperties,andattitudearenotcurrentlyimple-
mented.In additionto theapriori model(eqn.(5.1))programSATORB offersthepossibilityto estimate
ascalefactor

�
at for theatmosphericdrag

6CB at í � at ú:6 at (5.2)

in orderto adapttheatmosphericdragcomputedby eqn.(5.1) to theactualproperties(
9@?A;D? �

) of the
satellite.Themainuncertaintyof themodelis theatmosphericdensityandits variationswith time and
locationat thealtitudeof thesatellite.

5.3.2 Direct Solar Radiation Pressure

Theaccelerationdueto solarradiationpressuremainlydependson theshapeandon thereflectionchar-
acteristicsof thesatellitebody. For asphericalsatelliteit maybeexpressedas[Beutler, 2004]

6 rp í87 E9 �¹ú - �F> 3 7 3�G > � ú
H I ú E;� ú 3 7 3�G> 3 7 3�G > � (5.3)

E9
is thecoefficient for directradiationpressure.3 is thegeocentricvectorof thesatellite.3 s is thegeocentricvectorof theSun.- e is theastronomicalunit, - e í 	 ,J�LKM���ON�KM(ONL��KP) 	 � m [Lang, 1992].H
is theSolarconstant,

H í 	 K ù�)�( W
mQ [Lang, 1992].I is thevelocityof light.E;

is thecross-sectionalareaof thesatellitein the relevant directionfor solarradiationpressure(di-
rectionSun R satellite).�
is themassof thesatellite.

As opposedto atmosphericdragaffectingthesatellitecontinuously, solarradiationpressureactsonly if
theSunis not eclipsed(asseenby thesatellite).If thesatelliteis in theEarth’s shadow, theperturbation
dueto the solar radiationpressureis zero. In the sameway asfor the atmosphericdragwe have the
possibilityto choosethenumbers

E9S? E;
, and

�
correspondingto thesatelliteconsideredin SATORB. A

scalefactor
�

rp for thedirectradiationpressuremaybeestimated

6 B rp í � rp ú:6 rp � (5.4)

5.3.3 Empirical Parameter s

In additionto thedirectradiationpressurerepresentedby eqn.(5.3)wemayintroduceempiricalradiation
pressureparametersin theDYX-directions(D: directionto thesun,Y: directionof thesolarpanelaxis,X:
perpendicularto D andY (right-handedsystem)).Sucha decompositionof theperturbingaccelerations
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may, however, even make sensefor a satellitewithout solarpanels. The Y-directionis perpendicular
to the directionto the line Sun– satelliteandperpendicularto the directionsatellite– geocenter. The
parametrizationconsistsof threeconstantterms( T 0

?VU
0
?XW

0) andoneonce-per-revolution cosine-and
sin-term( T C

? T S
?VU

C
?VU

S
?XW

C
?XW

S) in eachdirection. Theaccelerationis setto zeroif thesatelliteis in
theshadow. Themodelis givenbyYZ

[]\ D

\ Y

\ X

^`_
a í

YZ
[ T 0 b T C ú:cedOf�g b T S úhfViPjkgU

0 b U
C ú:cedOf�g b U

S úhfViPjkgW
0 b W

C ú:cedOf�g b W
S úhfViPjkg

^`_
a (5.5)

where g is the argumentof latitudeat the time l considered.This modelcorrespondsto the so-called
CODE ExtendedRadiationpressuremodelusedat the CODE AnalysisCenterwhich wasoriginally
developedto accountfor the solarradiationpressurefor the modelingof GPSsatelliteorbits [Beutler
etal., 1994].

Wemayalsosetupsimilarempiricalparametersin anorbit-fixedreferenceframein RSW-directions
(R: radial,S:in flight direction,perpendiculartoR(alongtrack),W: perpendiculartoRandS(crosstrack)),
[Colombo, 1989].Themodelfor theRSW-directionsisYZ

[ \ R

\ S

\ W

^`_
a í

YZ
[nm 0 b m C úhcedOf+g b m S úhfViMjkgH

0 b H
C úhcedOf+g b H

S úhfViMjkgo
0 b o

C úhcedOf+g b o
S úhfViMjkg

^`_
a � (5.6)

Theseparameters( m 0
?AH

0
? o

0
? m C

?AH
C
? o

C
? m S

?AH
S
? o

S) areestimatedasconstantsfor the arc consid-
ered.

5.3.4 Earth Albedo

TheEarthalbedoperturbation6 al (dueto thesunlightreflectedby theEarth’ssurface)is smallcompared
to thedirectradiationpressure.It dependsonthepositionof thesatelliterelative to thesunlithemisphere
of the Earth. The sameinput parameters(

E9S? E;S? �
) anda sphericalsatellitemodelwith homogeneous

surfacepropertiesareassumedto model the effect. The areaof the Earthvisible from the satelliteis
divided into a givennumberof surfaceelements.For eachsurfaceelementilluminatedby theSunthe
amountof light scatteredinto thedirectionof thesatelliteis computedusingtheLambertreflectionlaw.
Thisverysimplemodelassumesaconstantalbedofor theentireEarth’ssurface.TheEarth’salbedomay
beestimatedin theorbit improvementprocedure.

5.4 Measuring the Non-gra vitational Forces: Acceler ometer Data

CHAMP carriesathree-axesaccelerometerinstrumenton-board(Section2.3.4).An accelerometermea-
suresall non-gravitational forcesactingon thesatellite,e.g.,atmosphericdrag,radiationpressure,Earth
albedo,themovementsof thesatellitedueto maneuvers,etc. in a particulardirection. The instrument
measures(in essence)themovementsof a proof-massin a self-containedcage.This is realizedin the
caseof CHAMP by measuringtheelectrostaticforcesactingon theproof-massplacedin a cagein the
centerof massof thesatellite.Themaximumdeviationof theproof-massfrom thecenterof massis two
millimeters. The six pairsof electrodes(threefor linear andthreefor angularaccelerations)placedin
the walls of the cageareusedfor both the generationof the electrostaticfield keepingthe proof-mass
at its locationandfor measuringthe changesof the capacitancedueto positionchangesof the proof-
mass.Basedon themeasurementof thecapacitance,theelectrostaticfield is stabilizedby applyingthe
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Figure5.1:Accelerometermeasurementsin alongtrackdirectionfor CHAMP, doy 140/2001,0:00-6:00.

correspondingvoltageon theoppositeelectrodes[CHAMP, 2002]. Theoutputof theinstrumentarethe
six accelerations(threelinearandthreeangular).For orbit modelingthelinearaccelerationsarerelevant
becausethey may be usedto calculatethe surfaceforces(in particularatmosphericdrag). The mea-
suredvaluesmay, however, notdirectlybeinterpretedasaccelerationsbut needto bemodifiedusingthe
transformation p

acc1rqs4 í \ 1rqt4»ú
� 1rqs4 bvu 1rqt4 ? q í 	 ? � ? ù�� (5.7)

The constants\ 1rqs4 (scalefactor)and u 1rqt4 (bias)areappliedto the measurements
� 1rqs4 of direction q .

For CHAMP thesearethe radial-, alongtrack-,andcrosstrack-direction. The valuesfor \ 1rqs4 and u 1rqt4
mayeitherbeintroducedasknown – from acalibrationprocedure– into theorbit modelor they maybe
estimatedin theparameterestimationprocess.

Theoriginalmeasurementsprovidedby theinstrumenthaveasamplingrateof onesecondandshow
spikeswhich arepartly relatedto thrusterpulsesandboomoscillations.The pre-processingof the ac-
celerationmeasurementsis performedat GFZ prior to datarelease[Foerste, 2001]. Pre-processingis
performedin two steps. In a first stepa second-degreepolynomial is fitted to the 1-Hz datafor 10-
secondintervalsin orderto identify andremovespikesandoutliers.After asecondfit with apolynomial
of seconddegreea normalpoint is constructedfor each10-secondinterval. Thesenormalpointsare
releasedasLevel 2 datato theusersof theaccelerometerdata.

Figure5.1 shows thesepre-processedaccelerationsin the alongtrackdirectionfor a time window
of six hoursfor doy 140/2001.A signalrelatedto theorbital revolution of CHAMP (about93 minutes
for doy 140/2001)canclearlybeidentified.Themainnon-gravitational forcesactingon thesatellitein
alongtrackdirectionarethe atmosphericdragand,dependingon the positionw.r.t. the Sun,the direct
solarradiationpressure.

Figure5.2 comparesthe accelerometermeasurementsandthe modelsfor non-gravitational forces
implementedin SATORB for thefirst twelvehoursof doy 150/2001.Theargumentof latitudeis usedas
independentargument.Thethreecomponents,radial,alongtrack,andcrosstrack,areshown separately.
Theleft-handfiguresaretheaccelerometermeasurementsin thecorrespondingdirectionsandtheright-
handfiguresaretheaccelerationsgivenby themodelsfor thesametime interval. Theradialcomponent
of theaccelerometermeasurementsshowsastrangepattern.Oneaccelerometerdiodein radialdirection
failedbut the informationcanberecoveredby forming a specificlinearcombinationof theothermea-
surements[Perosanzetal., 2003].Thesignalin theradialdirectionhas,therefore,not thesameaccuracy

83



5 DynamicandReduced-dynamicOrbit Modeling

     
−1

0

1

2
Accelerometer measurements

10
−

7 m
/s

2

Radial + 8.28⋅ 10−5

     
−1

0

1

2
Models

10
−

7 m
/s

2

     
−10

−5

0

10
−

7 m
/s

2

Alongtrack − 3.8⋅ 10−6

     
−10

−5

0

10
−

7 m
/s

2

0 90 180 270 360
−1

0

1

2

Crosstrack − 4.5⋅ 10−7

10
−

7 m
/s

2

Degrees
0 90 180 270 360

−1

0

1

2

10
−

7 m
/s

2

Degrees

Figure5.2:Comparisonof accelerometermeasurementsand modelsfor non-gravitational forcesas a
functionof theargumentof latitude(CHAMP, doy 150/2001,0:00-12:00).
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5.5 Pseudo-stochasticPulses

asthatin theothertwo directions.Thealongtrackandthecrosstrackcomponentsshow asimilarbehavior
for theaccelerometermeasurementsandthemodels.Thedifferencesaremainly dueto the insufficient
accuracy of themodelsfor thenon-gravitationalforces.Thejumpsin themodelaccelerationsaredueto
eclipses.They arebarelyvisible in theaccelerometermeasurements.

Accelerometerdatawereusedfor sometests.Resultsmaybefoundin Section6.6.

5.5 Pseudo-stoc hastic Pulses

Theorbit determinationprocedurehasto allow for astochasticcomponentin theorbitmovementbecause
theparametrizationof alow satelliteorbit with theinitial conditionsanddynamicalparametersis usually
notsufficient. Theprocedureimplementedin SATORB maybecharacterizedasfollows[Beutler, 2004]:ê Eachresultingorbit (or arc)is continuous.ê Eacharc is representedpiece-wiseby conventionalordinarydifferentialequationsystems(deter-

ministicequationsof motion).ê At pre-determinedepochsthe orbit is allowed to suffer velocity changeswhx ì in pre-determined
directionsq . Thesevelocitychangesareaconsequenceof pseudo-stochasticpulses.ê Pseudo-stochasticpulseswhx+ì areconventionalparametersof a classicalleastsquaresadjustment
process.ê Eachpseudo-stochasticpulseis characterizedby anapriori variance.

Thepartof theNEQ systemcontainingthecontributionsof thepulsesmaybeformedby linearcombi-
nationsfrom a reducedNEQ system(includingonly the initial osculatingelementsandthe dynamical
parameters).This featureis extremely time saving becauseno variationalequationshave to be inte-
gratedfor the stochasticpulseparameters.Additional optimizationof processingtime is achieved by
only saving thereducedNEQ componentfor eachpulseepoch.Basedon that informationtheNEQ is
reconstructedfor thefull parametervectorjustbeforeinvertingtheNEQsystem.

Thepseudo-stochasticpulsesmaybesetup in theR-, S-, andW-directions.They maybesetup at
pre-determinedepochswith a specifiedspacing(e.g.,every 30 minutes)or at epochswhich aredefined,
e.g.,to maneuversof thesatellite.

TheCHAMP satellite,e.g.,frequentlyperformsmaneuvers. Usually, they aredueto thesatellites’
attitude.Themaneuversmayneverthelesshave a non-negligible effect on theorbit, e.g.,dueto a mis-
alignmentof thrusterpairsor dueto not fully balancedfirings of the thrusterpairs. Figure5.3 shows
the numberanddurationof the thrusterpulsesfor four differentdays. The durationof the pulsesis
limited to threeseconds.A maneuver is initiatedwhentherealattitudeof thesatellitediffers by more
thanacertainvaluefrom thenominalattitude.Thecirclesin Figure5.3correspondto maneuverswhich
have happenedaccordingto accelerometermeasurementsbut wereinitially not recordedby thesatellite
system.After a pre-processingof the maneuver andaccelerometerdata(performedat GFZ, Potsdam,
Germany) thesemaneuverepochsareaddedto thelist of pulseswith anunknown durationanddirection.
Figure5.3 shows that the attitudemaneuversnormally take placeat regular time intervals. Thereare
severalmaneuversdirectly following eachotherwhich areperformedfor thefine-tuningof theattitude.
Stochasticpulsesmaybesetup at themaneuver epochsto absorbpossibleorbit movementscausedby
thepulses.A few studiesmadein this context areoutlinedin Sections6.6.
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Figure5.3:Numberanddurationof thrusterpulsesfor CHAMPfor differentdays( y : maneuver recorded
by the satellitesystem; z : additionalmaneuver with unknown durationaddedafter pre-
processingof thedata).
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6. Results and Applications

Thequality of kinematicorbitsof LEOscomputedby theprogramLEOKIN asexplainedin Chapter3
stronglydependson the pre-processingof the observations. A first part of this chapteris, therefore,
devotedto theimpactof differentpre-processingoptionsontheresultingkinematicpositions(seeChap-
ter4). Thekinematictrajectoriesarecomparedwith reduced-dynamicorbits(seeChapter5) or, if avail-
able,with orbitsfrom externalsources.

Thefirst sectionintroducesthecriteriausedfor theevaluationof kinematicsolutions.It is followed
by resultsfrom differentpre-processingoptionsappliedto datasetsfor CHAMP andSAC-C covering
differenttimeintervals.Thefirst exampleis basedondatafrom onedayof CHAMP (doy 152/2001)and
oneday of SAC-C (doy 051/2001).The secondexampleis basedon the datasetof the IGS CHAMP
testcampaignin May 2001(doy 140to 150/2001).Thethird exampleis basedonadatasetspanning35
daysin 2002(doy 055to 089/2002)of SAC-CandCHAMP.

In subsequentsectionsdifferentgravity field modelsarecomparedbasedondynamicorbit solutions
for CHAMP andSAC-C.Theimpactof stochasticpulses,which maybesetup in thereduced-dynamic
orbit procedure,arestudied. The useof accelerometermeasurementsinsteadof modelsfor the non-
gravitationalforcesis thetopicof onesection.Resultsandcomparisonsof thedatascreeningapproaches
for zero-differenceobservationsfor groundstations(seeSection4.4)arepresentedin thefinal section.

6.1 Evaluation of Kinematic Solutions

Theevaluationof kinematicsolutionsis difficult withoutexternalcomparisons.Wehaveto definecriteria
to evaluatetheresultsfrom programLEOKIN. Twocriteriaareimportantqualityindicatorsfor kinematic
solutions:

1. thenumberof interruptsin thecombinedsolutiondueto missingphaseposition-differences and

2. thenumberof jumpsin thekinematictrajectoryexceedingaspecifiedthreshold.

3. RMSerrorof aHelmerttransformationbetweenkinematicandreduced-dynamicorbit.

Jumpsarecausedby position-differencescorruptedby badobservations.Suchjumpsmaybeidentified
by comparingthekinematictrajectorywith a dynamicor reduced-dynamicorbit. Theseorbitshave no
gapsandarecontinuousfor theentirearc. Jumpsin thekinematictrajectorymaythereforebedetected
by analyzingthedifferencebetweenthekinematicanda dynamicorbit, e.g.,thea priori or thepost-fit
orbit. Theprocedureusedto find thesejumpsis thefollowing:

1. Formthedifferencesbetweenthree-dimensionalpositionsof kinematicanddynamictrajectories.

2. Form thedifferencesof thesedifferencevectorsbetweentwo subsequentepochs.A jump in the
kinematicpositionswill thenmanifestitself asanoutlier in anotherwisesmoothcurve.
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3. For amoving interval of tenepochs:ê Excludeeachof thetenpointsoneaftertheother,

– fit apolynomialof degreetwo throughtheremainingninepoints,

– checktheresidualsof theexcludedpoints,

– markapointasoutlier if theabsolutevalueof its residualis largerthanaspecifiedlimit.ê If apositionwasmarkedasanoutlier theprocedureis repeatedwith theremainingpointsof
theinterval. Eventuallyall outliersin theinterval areidentified.

4. If thesamepoint is showing a residualof morethanthespecifiedlimit in morethaneightsucces-
sive moving intervals,a jump in thekinematictrajectoryis assignedto thecorrespondingepoch-
difference.

An interruptin thekinematictrajectorydueto a missingposition-differencealwaysoccursif thereis a
datagap.An interruptmayalsooccurif notenoughphase-differenceobservationsareleft dueto outliers
suchthatnoposition-differencecanbecomputedfor this epoch-difference.In general,aninterruptmay
leadto alargejumpin thetrajectory(Section3.6.3).If thejumpis largerthanthespecifiedlimit (weused
elevencentimetersfor this purpose),this interruptis includedin thenumberof jumpsof thekinematic
trajectoryw.r.t. the dynamicorbit. If the interrupt doesnot result in a large jump in the kinematic
trajectory, it doesnotappearin thenumberof jumpsof thekinematictrajectory.

Thesetwo criteriadefinedaboveareusedto evaluatethekinematicsolutionscomputedby LEOKIN.
Thesmallerthenumberof interruptsandthenumberof jumpsthebetterthesolution.

In addition,the percentageof observationsdeletedby the pre-screeningalgorithmis an important
criterion for the evaluationof a kinematicsolution. If the kinematictrajectoryhasfew interruptsand
jumpsbut if insteadabig numberof observationsis excludeddueto atoonarrow pre-screeningthreshold
thecorrespondingoptionsmaynotbecorrect.

Theresultingkinematictrajectoriesandthereduced-dynamicorbitsaresavedastabular positionsin
theSP3-format([Remondi, 1989]). For comparisonpurposesa Helmerttransformationwith estimating
a translation(threeunknown parameters)is performedbetweenthesepositions.If we compareseveral
orbits with a ”reference”orbit, the resultingRMS errorsof the Helmert transformationindicatethe
qualityof theorbitsconsideredw.r.t. the”reference”orbit.

Thekinematictrajectoryresultingfrom LEOKIN which is supposedto bethebestis usedfor gener-
atinga reduced-dynamicorbit with SATORB. Thecodepositionsandphaseposition-differencesof the
kinematicsolutionareusedasindependentobservation typesin SATORB (seeSection5.1) in orderto
avoid dataproblemsstemmingfrom thejumpsin thecombinedpositions.This reduced-dynamicorbit is
thebestresultwemayproducewith LEOKIN andSATORB. Thisorbit thenmaybeusedas“reference“
orbit for comparisonpurposesin orderto evaluatethequalityof all otherkinematicandreduced-dynamic
orbitsproducedfor aparticulardataset.

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

We comparedifferentpre-screeningand-processingoptionsfor thetwo satellitesCHAMP andSAC-C.
Thedatausedfor this example(doy 051/2001for SAC-C,doy 152/2001for CHAMP) aredescribedin
Section4.3.2.Inputdatafor eachdayareê GPSorbitsandERPsof theCODERapidprocessing,
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6.2 CHAMP 152/2001andSAC-C051/2001

ê 30-secondclock correctionsfor theGPSsatellites[Bock et al., 2000] (GPSbroadcastclock cor-
rectionsusedfor alignmentto GPStime),and

ê the correspondingreduced-dynamicorbit for CHAMP or SAC-C derived by the procedureex-
plainedin Figure3.1(only codeobservations).

Thedataareprocessedwith thefollowing basicoptions:

1. û"� �r�r�Äí 1.0m and ûJ{ �r���Óí 0.01m,

2. theweightof thecodepositionsis reducedby a factor100for thecombination(in additionto the
normalweightratioof |}�Ýó�|/{ í � ó 	 ��� � ),

3. nocut-off angleis usedfor theobservations,and

4. anelevation-dependent weightingisappliedto theobservationswith theweightingfunction |~1���4 ícedOf � 1e�* ú:��4 .
In Section4.3.2we have studiedtheinfluenceof differentpre-processingoptionson thepre-processing
itself. In this sectionwe computedifferentsolutionswith oneor two optionschangedin orderto getan
impressionof theinfluenceof theoptionson thekinematicsolution.

6.2.1 Diff erent Values for Threshold �
Thethresholdvalue þ is animportantpre-screeningoption. It decideswhich observationsareexcluded
from the further processingin the pre-screeningstep (seeeqn. (4.2)). The remainingobservations
areusedfor the kinematicpoint positioning. This is doneiteratively in orderto find the observations
whichpassederroneouslythepre-screeningprocedureanddisturbthesolution.Thequestionis therefore
whetheranarrow pre-screeningwith asmallvaluefor þ is preferableor apre-screeningwhichexcludes
only theextremeoutliersdueto a largevaluefor þ . Theobservationswhich passthepre-screeningand
still disturbthe solutionshouldthenbe found in the iterative leastsquaresadjustmentstep. It may be
possiblethatin thecaseof a largervaluefor þ , observationswhich wouldbeexcludedwith a smallerþ
maycontributeto amorestablepointposition.Wehaveto rememberthattheGPSreceiverson-boardthe
LEO satellitesoftendo not trackmany satellitesandthedegreeof freedom� (numberof observations
minusnumberof parameters)is rathersmallfor theepoch-wisekinematicpointpositioning( ����� 7 ù ).
Thereforeeachobservation is importantfor a controlledsolution.Thesmallvaluefor � is, on theother
hand,theproblemwhy we needthedescribedpre-screeningprocedure.In this procedure,only the re-
ceiver clock parameterhasto beestimatedwhile thepositionis fixedat its a priori value. This makes
theproceduremuchmorerobust to find theoutliersthantheiterative leastsquaresadjustmentstepwith
four unknowns anda correspondingsmall degreeof freedom. The requirementfor the pre-screening
algorithmis, however, thata priori orbit informationof sufficient accuracy (betterthanhalf a meter)is
available.

Solutionswith differentvaluesfor þ arecomputedin orderto studytheeffect on theresultingkine-
matic positions.Table6.1 characterizesthe solutions.The value þ is variedfrom 3 to 40. Figure6.1
shows theresultsfor SAC-C 051/2001(top) andfor CHAMP 152/2001(bottom). It shows for eachso-
lution C1to C6two bars.Theleft barrepresentsthenumberof interruptsin thekinematictrajectorydue
to missingphaseposition-differences andtheright barrepresentsthenumberof jumpsin thekinematic
trajectoryw.r.t. a reduced-dynamicorbit dueto incorrectposition-differences.
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Table6.1:Solutionswith differentthresholdvalue þ .
Solution C1 C2 C3 C4 C5 C6þ í 3 5 10 20 30 40

3 5 10 20 30 40
0

15

30

45

60 SAC−C 051/2001

C1 C2 C3 C4 C5 C6

β =

3 5 10 20 30 40
0

30

60

90

CHAMP 152/2001

C1 C2 C3 C4 C5 C6

β =
Solution

Figure6.1:Numberof interruptsdue to missingphaseposition-differences (left bar) and numberof
jumpsin thekinematictrajectory(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:RMSerrors(m) of HelmerttransformationbetweenkinematicsolutionsC2 to C6andC1and
betweenC1 to C6andreduced-dynamicsolutionC1S.

C1 C2 C3 C4 C5 C6

SAC-C C1 - 0.04 0.15 0.35 0.30 0.43
C1S 0.16 0.16 0.22 0.40 0.34 0.45

CHAMP C1 - 0.02 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 increasingthresholdvalue þ for
bothsatellites.Thismeansthatbadobservationswhicharenotexcludedby thepre-screeningdueto abig
valueof þ arenot identifiedasoutliersby theiterative leastsquaresadjustment.Thesebadobservations
deterioratethesolutionandleadto thejumpsin thekinematictrajectory. Thenumberof interruptsdue
to missingposition-differences, on theotherhand,doesnot dependmuchon þ for bothsatellites.This
meansthatnoadditionalinterruptsareproduceddueto thedifferentpre-processingoption.

We usethe positionsandposition-differences from solutionC1 in order to fit a reduced-dynamic
orbit throughthese“pseudo-observations”. This reduced-dynamicorbit C1S(1-dayarc)is parametrized
asfollows:ê six osculatingelements,ê nineempiricalparametersin RSW-directions,andê pseudo-stochasticpulsesevery tenminutes.

The gravity field model EIGEN-1S(120x120)and modelsfor atmosphericdrag and direct radiation
pressureareused.Eight iterationsareperformedto guaranteeconvergenceof thesolution.

Table6.2 shows theRMS errorsof a Helmerttransformationwith threetranslationparametersbe-
tweenthekinematictrajectoriesof C2 to C6andC1 andthekinematictrajectoriesC1 to C6andC1S.It
seemsthatonly solutionsC1andC2areof comparablygoodquality. Figure6.2(a)showsthedifferences
betweensolutionC1 andC2 andFigure6.2(b)betweenC1 andC5 for SAC-C.Figure6.3(a)shows the
differencesbetweenthekinematictrajectoryC1andthereduced-dynamicorbitC1Sfor SAC-C051/2001
andFigure6.3(b)thosebetweenC2 andC1S.ThedifferencesbetweenC1 andC2 for SAC-C aresmall
(up to 15 cm). ThosebetweenC1 andC5 areten timeslarger underliningthat C5 with a þ í 30 is
not of goodquality. ThedifferencesbetweenthekinematictrajectoriesC1 andC2 aresosmall thatthe
differencesof thesekinematictrajectoriesw.r.t. thereduced-dynamicorbit C1S(Figure6.3)donotallow
to preferoneof thesolutions.

Figures6.4(a)and6.4(b) show the differencesbetweenthe kinematictrajectoriesC1 andC2 and
betweenC1andC5for CHAMP. ThedifferencesbetweenC1andC2for CHAMP havethesamemagni-
tudeasthecorrespondingdifferencesfor SAC-Cexceptfor asmallsequenceat theendof thedaywhich
reachesup to 35 cm (z-component).The differencesbetweenC1 andC5 show threemajor problem
sequences,i.e.,at thebeginning,between� h and

	h� h, andat theendof theday.
Figure6.5 shows the differencesbetweenthe kinematictrajectoryC1 andC1S(left) andbetween

C2 andC1S(right) for CHAMP 152/2001.ThedifferencesbetweenC1 andC2 arealsoin thecaseof
CHAMP sosmallthatnosolutionsmaybepreferablewheninspectingthedifferencesto C1S.Onething
canberecognizedhowever: Thebig jump betweenthekinematictrajectoriesC1 andC2 (Figure6.4(a))
at theendof thedaystemsfrom thekinematicsolutionC2(comparewith Figure6.5(b)).
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(b) KinematictrajectoriesC1– C5,RMS0.30m.

Figure6.2:Orbit differencesbetweenkinematictrajectoriesC1 andC2 (left) andC1 andC5 (right) for
SAC-C051/2001.

Someobservationsincludedin C5 significantlydeterioratethe kinematicsolution. Decimeterac-
curacy of a kinematicsolutionwith LEOKIN is not possiblewith þ�� 30 (C5 andC6). The studies
underlinetheimportanceof thepre-screening.Theiterative leastsquaresadjustmentstepfollowing the
pre-screeningis obviously not reliableenoughto find all badobservationsdisturbingthesolution. The
resultsheavily dependon thepre-screeningoption þ .

The percentageof deletedobservationsis an additionalindicationon how to selectthe optimum
options.This is alreadyillustratedby Figures4.10(a)and4.10(b)for SAC-Candby Figures4.10(c)and
4.10(d)for CHAMP. In Section4.3.2theconclusionwasdrawn that thechoiceof 10 ø þ�ø 20 seems
to beappropriatefor theCHAMP andtheSAC-Creceiver data.Togetherwith theinformationfrom this
sectionwe notethat thesolutionsC1 ( þ í 3) andC2 ( þ í 5) areoptimal for bothsatellites,CHAMP
andSAC-C,on thedaysconsidered.It seemsthat in solutionC1 all outlierswereactuallyrejected.On
theotherhand,somegoodobservationsmaybeincludedin solutionC2(whichwereexcludedin C1)due
to insufficient a priori information(GPSorbits,clock corrections,or a priori orbit for theLEO). These
additionalobservationsmaystabilizethekinematicsolutionin particularin caseswhereotherwiseonly
four observationswouldhave beenavailable.

6.2.2 Diff erent Elevation Cut-off Angles and Elevation-dependent Weighting
Functions

It is not cleara priori whetherobservationsto satellitestrackedbelow the local horizonof thereceiver
improve or deterioratea kinematicpoint positioning.Suchobservationsmaybeaffected,e.g.,by mul-
tipath. Onemayhopeto minimize the impactof multipathby usinganelevation-dependentweighting
scheme(seeSection4.3.3). Usingall observationsbut weightingthempromisesa gainof observation
informationfor thekinematicsolution.

Testsolutionsareperformedwith þ í 3, varyingelevationcut-off anglesandweightingfunctions.
Table6.3summarizesthesolutioncharacteristics.Figure6.6showsthenumberof interruptsandnumber

92



6.2 CHAMP 152/2001andSAC-C051/2001

             
−1

−0.5

0

0.5

1

M
et

er

SAC−C 051/2001 X

             
−1

−0.5

0

0.5

1

M
et

er

Y

0  4 8  12  16 20  24
−1

−0.5

0

0.5

1

M
et

er

Z

Hours

(a) Kinematic trajectoryC1 – reduced-dynamicorbit
C1S,RMS0.16m

             
−1

−0.5

0

0.5

1

M
et

er

SAC−C 051/2001 X

             
−1

−0.5

0

0.5

1

M
et

er

Y

0  4 8  12  16 20  24
−1

−0.5

0

0.5

1

M
et

er

Z

Hours

(b) Kinematic trajectoryC2 – reduced-dynamicorbit
C1S,RMS0.16m

Figure6.3:Orbit differencesbetweenkinematictrajectoryC1andreduced-dynamicorbit C1S(left) and
betweenC2andC1S(right) for SAC-C051/2001.
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Figure6.4:Orbit differencesbetweenkinematictrajectoriesC1 andC2 (left) andC1 andC5 (right) for
CHAMP 152/2001.
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Figure6.5:Orbit differencesbetweenkinematictrajectoryC1andreduced-dynamicorbit C1S(left) and
betweenC2andC1S(right) for CHAMP 152/2001.

Table6.3:Solutionswith differentelevationcut-off anglesandelevation-dependentweighting.

C1 D1 D2 D3 D4 D5 D6

Elev. cut-off angle no no �O� �O� �O� 	 �O� 	 �O�
Elev.-depweight. yes no no yes yes no yes
Factor � 3/4 - - 3/4 1 - 1

of jumpsfor SAC-C051/2001(top)andfor CHAMP 152/2001(bottom).Table6.4lists theRMSerrors
of the Helmert transformationsbetweenthe solutions. Figure6.7 shows the differencesbetweenD2
andD3 (Figure6.7(a))andbetweenD2 andD4 (Figure6.7(b))for SAC-C 051/2001.Figure6.9shows
the differencesbetweenthe correspondingsolutionsfor CHAMP 152/2001. Figure6.8(a)shows the
differencesbetweenthekinematictrajectoryD2 andthe reduced-dynamicorbit C1SandFigure6.8(b)
thosebetweenD4 and C1S for SAC-C 051/2001. Figures6.10(a)and 6.10(b)show the differences
betweenthecorrespondingsolutionsfor CHAMP 152/2001.

It is obviousthatthesolutionsD5 andD6 (elevationcut-off of
	 � � ) areof poorquality for bothsatel-

lites dueto thelargenumberof interruptsandjumps.We mayconcludefrom this factthatobservations
between� � and

	 � � elevationarevery importantfor a stablepointpositioningsolution.They have to be
includedinto theprocessing.

SolutionsC1andD1 (noelevationcut-off) arethebestfor SAC-Cregardingthenumberof interrupts
andjumpsin thekinematictrajectory. SolutionD2 hasthesamenumberof interruptsbut thenumberof
jumpsin thetrajectoryis slightly larger.

Whenwe analyzethe resultsfrom CHAMP we have to keepin mind that the CHAMP receiver is
no longer trackingbelow the local horizon sincedoy 206/2001(Section4.3.1). This meansthat for
the processingof dataafter doy 206/2001it is no longer possibleto include observationsbelow the
local horizon.Thoughdoy 152/2001is prior this datewe have a look on thesolutionsD2, D3, andD4
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Figure6.6:Numberof interruptsdue to missingphaseposition-differences (left bar) and numberof
jumpsin thekinematictrajectory(right bar),solutionsC1,D1 to D6, SAC-C051/2001(top)
andCHAMP 152/2001(bottom).

Table6.4:RMSerrors(m) of HelmerttransformationbetweenkinematicsolutionsandC1,D2, andC1S
for SAC-C(doy 051/2001)andCHAMP (doy 152/2001).

D1 D2 D3 D4 D5 D6

SAC-C C1 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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(a)KinematictrajectoriesD2 – D3, RMS0.04m.
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Figure6.7:Orbit differencesbetweenkinematictrajectoriesD2 andD3 (left) andbetweenD2 andD4
(right) for SAC-C051/2001.
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(a) Kinematic trajectoryD2 – reduced-dynamicorbit
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Figure6.8:Orbit differencesbetweenkinematictrajectoryD2 andreduced-dynamicorbit C1S(left) and
D4 andC1S(right) for SAC-C051/2001.
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Figure6.9:Orbit differencesbetweenkinematictrajectoriesD2 andD3 (left) andbetweenD2 andD4
(right) for CHAMP 152/2001.
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Figure6.10:Orbit differencesbetweenkinematictrajectoryD2 andreduced-dynamicorbit C1S(left)
andD4 andC1S(right) for CHAMP 152/2001.
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6 ResultsandApplications

only. Concerningthe numberof interruptsandjumpssolutionsD2 andD3 areidentical,solutionD4
hasslightly more jumps in the kinematictrajectory. Figure6.9(a)shows the differencesbetweenthe
kinematictrajectoriesof D2 andD3. Theoffsetof a few smallsequencesis remarkable.TheRMSerror
of theHelmerttransformationis five centimeters(Table6.4). Theoffsetbetweenshortsequencesmay
berecognizedin thedifferencesbetweensolutionD2 andD4 (Figure6.9(b)),aswell. Whenwe inspect
thedifferencesof thekinematictrajectories(D2 andD4) w.r.t. the reduced-dynamicorbit C1Swe can
recognizethatsolutionD2 shows thebiggerjumpsin thekinematictrajectory.

The questionwhetherelevation-dependent weightingof the observationsis appropriateor not for
CHAMP can,however, notbeansweredat thispointof thestudies.

Figure6.6 shows that the observationsbelow the local horizondo neitherimprove nor disturbthe
kinematicsolutionin the caseof CHAMP. The GPSPOD antennaon-boardCHAMP does,however,
not have a directsightto thesatellitesbelow thelocal horizon.Onemaythereforequestionthesenseof
usingtheseobservations.

TheSAC-Creceiver is still trackingbelow thelocalhorizon,today. ThesolutionsC1andD1 without
applyinga cut-off angleshow thebestperformance.Theobservationsbelow the local horizonslightly
improve thekinematicsolution. In thecaseof SAC-C theGPSantennamay track the satellitesbelow
thelocalhorizonandthereforeit couldmakesenseto usetheseobservations.

The analyzedexampleof oneday for eachsatelliteCHAMP andSAC-C shows the big influence
of different pre-processingoptionson the resultingkinematicpositions. Thereforeit is importantto
find the optimumoptionsfor the pre-processingof the observations. A clearanswercould be given
concerningthevalueof þ . Themostreasonablechoiceis þ í 3 or 5 becausefor largervaluesof þ the
badobservationsremainingin theprocessingcannotbeidentifiedby theiterativeleastsquaresadjustment
step.Thestudiesaboutelevation-dependent weightingandcut-off angleoptionsonly showedclearlythat
theobservationsbetween� � and

	 � � elevationarevery importantfor astablepointpositioningandthey
have to beusedin thekinematicpointpositioningprocedurein LEOKIN.

The findingsof this sectionwill be usedwhenprocessingmoredataof CHAMP andSAC-C. The
evaluationof the bestpre-processingoptionsfor the kinematicpoint positioningof eachsatellitewill
thenbeeasier.

6.3 IGS Test Campaign – doy 140 to 150/2001

TheIGS CHAMP testcampaignwasinitiatedby theIGS LEO Pilot Project(Section2.2.3)andcovers
a time interval of eleven days(May, 20 to 30, doy 140 to 150,2001). The institutesandgroupscon-
tributing to thePilot ProjectprocessedtheCHAMP GPStrackingdataandproducedorbitsfor CHAMP.
The resultingorbits werecomparedby the AnalysisCenterCoordinator(ACC) of the project(Henno
Boomkampof ESOC,Darmstadt)[TESTCAMPAIGN, 2002].

Our (AIUB) contribution to thetestcampaignis basedon thefollowing inputdata:

ê GPSorbitsandERPsfrom theCODEFinalprocessing,ê GPS30-secondclock corrections(usingCODEFinal solutionsfor tropospherezenithdelaysand
stationcoordinates)fixedon the5-minuteCODEFinal clockcorrections,andê CHAMP L1 andL2 phaseandcodeobservations.

FirstwechecktheCHAMPGPSdataqualityfor theelevendaysof thecampaign.Detailedstudiesof data
pre-processingareperformedandexplainedin thefollowing sectionin orderto selecttheoptimaloptions
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Figure6.11:Percentageper day of effectively tracked satellitesby the CHAMP GPSreceiver for doy
140to 150/2001.Black: eightsatellites,white: sevensatellites,gray: six satellites.
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Figure6.12:Numberof trackedsatellitesby theCHAMP GPSreceiver for doy 140to 150/2001.

for theprocessingof theentiredatasetandthedeterminationof thekinematicpositions.Subsequently,
the kinematicsolutionsare comparedwith solutionsfrom an external source. The reduced-dynamic
solutiongeneratedby theTechnicalUniversityof Munich,Germany, is usedfor thispurpose.Thestudies
basedon thedataof theelevendaysin 2001for CHAMP aresummarizedin theconcludingsection.

6.3.1 Data Quality

Figure6.11showsfor eachdaythefractionof thedayfor whichagivennumberof satelliteswastracked.
During thetime periodof thetestcampaigntheCHAMP receiver couldtrackup to eightGPSsatellites
simultaneously(Table4.1). Thefiguregivesthepercentageof time whereeight (black),seven(white),
or six (gray)satelliteswheretracked.Figure6.12shows thenumberof trackedsatellitesasa functionof
time for theelevendays.TheCHAMP GPSreceiver showsasimilarperformanceduringtheentiretime
span.Somedatagapsexist, they lastfrom oneepochto severalminutes.
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6 ResultsandApplications

6.3.2 Data Pre-processing

Thepre-processingperformancewasstudiedasa functionof:

ê differentvaluesfor thethresholdþ ,
ê theweightratioof codeandphasefor thecombination,

ê elevation-dependent weightingof theobservations,

ê differentapriori orbit informationfor thepre-screeningof thedata,and

ê differentiterative proceduresto achieve thekinematicsolutions.

Two basicoptionsfor dataprocessingin LEOKIN werenever changed:

ê û"���r�r� í 1.0m, û�{h�r�r� í 0.01m, and

ê acut-off angleof �O� .
The a priori orbit for the zero-differencekinematicpoint positioningwith LEOKIN is generatedby a
two-stepprocedure(Section3.1) in orderto getana priori orbit which hasat leastanaccuracy of less
thanhalf a meter. EachstepcontainsoneLEOKIN andoneSATORB run. We follow two different
approaches(APOsetC andP)for generatingthereduced-dynamicorbit usedasapriori orbit for thepre-
screeningin LEOKIN. This is doneto find the mostappropriateandreliableprocedurefor generating
a reduced-dynamicorbit servingasa priori orbit. Thekinematicandreduced-dynamicorbitsgenerated
for thispurposearesummarizedin Table6.5.

Thereduced-dynamicorbitsaregeneratedin SATORB with thefollowing modelsandparameters:

ê Modelsfor gravitationalforces:

– Earthgravity field modelEIGEN-1S(degreeandorder120),

– tidal potential,oceantides,

– third bodyperturbationsof SunandMoon,

– precession,nutation,andpolarmotion,

ê Modelsfor non-gravitational forces:

– atmosphericdrag,

– directradiationpressure,

ê Parametersestimated:

– six osculatingelements,

– nineempiricalparametersin RSW-directions(threeconstantandsix periodicterms),

– pseudo-stochasticpulsesin RSW-directionswith aspacingof 90or 20min (seeTable6.5).
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6.3 IGSTestCampaign– doy 140to 150/2001

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

Solution Source Description

cI LEOKIN Kinematiccodepositions,
generatedwithoutapriori information

cIS SATORB Reduced-dynamicorbit, cI positions
asobservations,
spacingfor stochasticpulses:90min

A priori orbit (APO) setC

cII þ LEOKIN Kinematiccodepositions,
cISusedasapriori information,
individual valuefor þ

cII þ e with elevation-dependentweighting
cII þ S SATORB Reduced-dynamicorbit, cII þ or
cII þ Se cII þ e positionsasobservations,

spacingfor stochasticpulses:20min

A priori orbit (APO) setP

pII þ LEOKIN Combinedkinematicpositionsbasedoncode
andphaseobservations,
cISusedasapriori information,
individual valuefor þ

pII þ e with elevation-dependentweighting
pII þ S SATORB Reduced-dynamicorbit, pII þ or
pII þ Se pII þ e positionsasobservations,

spacingfor stochasticpulses:20min
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6 ResultsandApplications

Table6.6:Summaryof kinematicsolutionscomputedfor theIGS CHAMP testcampaign(C standsfor
APOsetC, Pfor APOsetP, A for anormalcodeweightfor thecombination,B for onewhich
is reducedby a factorof 100,e for elevation-dependentweighting).

APOsetC APOsetP
noelev.-dep.weight. elev.-dep.weight. noelev.-dep.weight. elev.-dep.weight.���

3 CA3 CB3 CA3e CB3e PA3 PB3 PA3e PB3e���
5 CA5 CB5 CA5e CB5e PA5 PB5 PA5e PB5e���
10 CA10 CB10 CA10e CB10e PA10 PB10 PA10e PB10e���
20 CA20 CB20 CA20e CB20e PA20 PB20 PA20e PB20e���
30 CA30 CB30 CA30e CB30e PA30 PB30 PA30e PB30e

Eight iterationsareperformedto ensureconvergenceof thesolution.
TheLEOKIN runto generatesolutionscII þ , cII þ e,pII þ , or pII þ e is thestartingpoint for thefollow-

ing setof testsolutions.Thepre-screeningoption þ andelevation-dependentweightingor notdedicated
to theparticulartestsolutionareusedfor thispointpositioningin LEOKIN, too. In thiswayweguaran-
teeaconsistentuseof thesamesetof optionsthroughoutall stepsof theprocedure.This impliesthatwe
generatedifferenta priori orbits for eachsolution. In someexampleswe will, however, usethesamea
priori orbit for differentsolutionsfor specificcomparisons.

Table6.6summarizesthefinal kinematicsolutionscomputedfor thedatasetfrom theIGSCHAMP
testcampaignwith LEOKIN. For all solutionscodeandphaseobservationsareused.Thefirst capitalof
thesolutionidentifierstandsfor thea priori orbit setused(C: basedon codeonly, cII þ S or cII þ Se,P:
basedoncodeandphase,pII þ Sor pII þ Se),andthenotationA or B denotestheweightingschemefor the
codepositionsin thecombination.SolutionA usesthe“normal” relative weightof | � ó�| {Bí � ó 	 ��� �
betweencodepositionsandphaseposition-differencesfor thecombination.SolutionB furtherreduces
theweightof thecodepositionsby a factorof 100for thecombinationof codeandphase.Thenumber
(3, 5, 10,20,and30) denotesthevalueusedfor þ andthe“e” at theendstandsfor elevation-dependent
weighting.

Theexampleof doy 152/2001for CHAMP indicatedno clearanswerwhetherelevation-dependent
weightingof the observationsis appropriatefor the GPSobservationsof CHAMP. In orderto find an
answerwe producedkinematicsolutionswithout and with elevation-dependentweighting. First we
inspectthesolutionswithoutelevation-dependentweighting.

Solutions Without Elevation-dependent Weighting

Figure6.13showsthenumberof interruptsandjumpsfor APOsetC andFigure6.14for APOsetP. The
threebarsfor eachdaystandfor thenumberof interruptsdueto missingposition-differences(left bar),
thenumberof jumpsin thekinematictrajectoryw.r.t. a dynamicorbit for solutionA (middlebar)and
for solutionB (right bar). Thenumberof interruptsneedsto begivenonly oncebecauseit is thesame
for solutionsA andB. Table6.7summarizesthemeanvaluesof theinterruptsandjumpsof all solutions
for all elevendays.Figure6.15shows thepercentageof deletedobservationsasa functionof thevalue
of þ for codeandphaseobservationsandfor APOsetC andP for all elevendays.Thetopfiguresshow
thepercentageof observationsdeletedby thepre-screeningalgorithm.Thebottomfiguresshow thetotal
percentageof observationsremovedby thecompleteprocedure,which is thesumof thepercentageof
thetopfigures,of observationsbelow thecut-off angle,andof observationsdeletedby theiterative least
squaresadjustmentstep.
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Figure6.13:Numberof interruptsdue to missingphaseposition-differences (left bar) andnumberof
jumps in the kinematictrajectoryfor solutionA (middle bar) andB (right bar), without
elevation-dependent weighting,doy 140to 150/2001.

Table6.7:Meannumberof interruptsandjumpsfor solutionswithout elevation-dependent weighting,
doy 140to 150/2001.

APOsetC APOsetP
Interrupts Jumps Interrupts Jumps

Sol. A andB Sol. A Sol. B Sol. A andB Sol. A Sol. B���
3 11 20 15 10 19 13���
5 11 20 15 10 20 14���
10 10 24 18 10 23 17���
20 11 31 26 11 28 21���
30 12 38 32 11 34 28
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Figure6.14:Numberof interruptsdue to missingphaseposition-differences (left bar) andnumberof
jumps in the kinematictrajectoryfor solutionA (middle bar) andsolutionB (right bar),
withoutelevation-dependentweighting,doy 140to 150/2001.
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(b) Phaseobservations,APOsetC.
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Figure6.15:Percentageof deletedobservationsafter pre-screeningandby entirescreeningprocedure,
solutionswithoutelevation-dependentweighting,doy 140to 150/2001.
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The numberof interruptsand the numberof jumps is increasingwith increasingvaluesof
�

for
both APO sets(Figures6.13and6.14). However, the numberof interruptsis increasingnot asmuch
asthenumberof jumps. It is remarkablethatnearlyall solutionsA have morejumpsin thekinematic
trajectorythansolutionsB. This meansthat the deweightingof thecodepositionshasa strongimpact
on the combinedsolution. As we have seenin Section3.6.2 the deweightingcausesa smoothingof
thecombinedpositions.This smoothingis reflectedin thedifferenceof thenumberof jumpsbetween
solutionA andB. Regardingthe meannumberof interruptsandjumpsin Table6.7 the solutionsPB
show thebestperformance.As expectedthesolutionswith

���
3 or 5 arethemostreasonablesolutions,

becauseall badobservationsarefoundwhich disturbthekinematicsolutionsfor
���

5. The iterative
leastsquaresadjustmentstepcannotfind theseobservationsin thecases

���
5.

The percentageof deletedobservationsis similar whenusingeitherAPO setC or setP. The large
difference(aboutten percent)betweenthe percentageof deletedobservationsafter the pre-screening
andof all deletedobservationsis dueto thecut-off angleof �O� , indicatingthatabouttenpercentof the
observationshave an elevation anglebelow �O� . Theseobservationsarealreadymarked andexcluded
from theprocessingbeforethepre-screeningis appliedto theremainingobservations. Apart from this
largedifferencethetwo curvesareparallelwhichmeansthatduringtheiterative leastsquaresadjustment
stepnotmany additionalobservationsareexcluded.This in turn meansthatanobservationwhich is not
excludedin thepre-screeningstepremainsin theprocessingandmaydisturbthesolution.

As mentionedin theprevioussection(Section6.2)andin Section4.2thedegreeof freedomis small
in theleastsquaresadjustmentstep.Theclearidentificationof anoutlier is thereforenotguaranteed.

Thepercentageof deletedcodeobservationsdecreaseswith increasing
�

. Thecurvefor deletedphase
observationsis flat andthereis nosignificantdifferencebetweendifferentvaluesfor

�
. Thismeansthat

thedifferencesbetweenthesolutionsaremainlydueto theimpactof codeobservationswhichareleft in
theprocessingfor big valuesof

�
.

Let us now comparedifferent solutions. All kinematicsolutionswhich were computedfor doy
144/2001areinspectedin detail. We generatedin additiona reduced-dynamicorbit in SATORB which
is basedon thecodepositionsandthephaseposition-differences of thekinematicsolutionPB3before
the combination. This reduced-dynamicorbit P3Susesthe sameparametersas the reduced-dynamic
orbit pII3S usedasa priori orbit for thekinematicsolutionsPA3 andPB3exceptthat the time interval
betweenthe stochasticpulsesis set to ten minutes. This reduced-dynamicorbit seemsto be the best
possibleorbit which canbeproducedwith the availableproceduresin LEOKIN andSATORB for the
solutionswithout elevation-dependent weighting. The positionsand position-differencesare usedas
independentobservation typesin SATORB to avoid problemsthat maybe introducedby jumpsin the
combinedkinematicpositionscausedby missingphaseposition-differences.

A Helmerttransformationwith threetranslationparameteris performedbetweenthedifferenttrajec-
toriesandthe RMS errorsareshown in Table6.8. The upperpart of the tablelists the RMS errorsof
theHelmerttransformationsfor APO setC, themiddlepart thosefor APO setP. Therightmostcolumn
givestheRMSerrorsfor thecomparisonsto thereduced-dynamicorbit P3S.Thetwo smalltablesat the
bottomof the tablearetwo crosscomparisonsof theB3 solutionswith all solutionsof the otherAPO
set.

It canbeseenthat thedifferencesbetweenthe A andB solutionsfor eachAPO setareratherbig.
Thesevaluesreflectthefact that thedeweightingof thecodepositionsfor thecombinationin solutions
B hasa big impact on the kinematicsolution. The differenceswithin the A or B setsof solutions,
respectively, are smaller. The solutionsB comparebetterwith eachother than solutionsA and the
solutionsusingAPO setP comparebetterthanthe solutionsusingAPO setC. This indicatesthat the
valueof

�
hasa smallerimpacton the kinematicpositionsthanthe downweightingof the code. The
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6.3 IGSTestCampaign– doy 140to 150/2001

Table6.8:RMS errors(m) of Helmerttransformationbetweenall kinematicsolutionsandthereduced-
dynamicsolutionP3Sfor doy 144/2001.

APOsetC
A5 A10 A20 A30 B3 B5 B10 B20 B30 P3S

A3 0.04 0.11 0.16 0.17 0.14 0.15 0.17 0.20 0.21 0.17
A5 - 0.10 0.15 0.16 0.15 0.16 0.18 0.20 0.22 0.18
A10 - 0.09 0.11 0.20 0.21 0.22 0.24 0.24 0.23
A20 - 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 - 0.03 0.08 0.11 0.14 0.12
B5 - 0.07 0.10 0.13 0.13
B10 - 0.06 0.10 0.16
B20 - 0.08 0.19
B30 - 0.21

APOsetP
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 - 0.09 0.14 0.16 0.15 0.15 0.16 0.17 0.17 0.18
A10 - 0.10 0.13 0.20 0.20 0.20 0.21 0.21 0.22
A20 - 0.08 0.23 0.23 0.23 0.23 0.24 0.25
A30 - 0.23 0.23 0.23 0.23 0.23 0.25
B3 - 0.02 0.05 0.08 0.08 0.11
B5 - 0.04 0.08 0.08 0.12
B10 - 0.06 0.07 0.13
B20 - 0.04 0.15
B30 - 0.15

CA3 CA5 CA10 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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(a)KinematictrajectoriesPB3– PA3, RMS0.14m.
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(b) Kinematic trajectoriesPB3 – PA3 (zoom),RMS
0.14m.
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(c) KinematictrajectoriesPB3– PB30,RMS0.08m.
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(d) KinematictrajectoriesPB3– CB3,RMS0.06m.

Figure6.16:Orbit differencesbetweenkinematictrajectoriesfor doy 144/2001.
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(a)KinematictrajectoryPB3– reduced-dynamicorbit
P3S,RMS0.11m.
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(b) KinematictrajectoryPA3 – reduced-dynamicorbit
P3S,RMS0.17m.
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(c) KinematictrajectoryPB30– reduced-dynamicor-
bit P3S,RMS0.15m.
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(d) KinematictrajectoryCB3 – reduced-dynamicor-
bit P3S,RMS0.12m.

Figure6.17:Orbit differencesbetweenkinematictrajectoriesandpost-fit reduced-dynamicorbit P3S,
doy 144/2001.
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6 ResultsandApplications

impactis smalleron solutionsB thanon solutionsA. The solutionwith the smallestdifferencesto all
othersolutionsis PB3(APOsetP, solutionB,

���
3).

Thefollowing impactson theresultingkinematicpositionsareinspectedin moredetail:� downweightingof thecodepositionsfor thecombination,� differentvaluesfor
�

, and� differentapriori orbits.

Wetake four typicalsolutions,PB3,PA3, PB30,andCB3. At first wewill have a look at thedifferences
of the latter threesolutionsw.r.t. solutionPB3(Figure6.16)resultingafter theHelmerttransformation
(with threetranslationparameters).The largestdifferencescanbe found for the comparisonbetween
PB3andPA3 (RMS 0.14m, Figure6.16(a)and6.16(b)). It seemsthat thedifferencesaremainly due
to a few outliers.Figure6.16(b)is a zoomof thedifferencesto thesamescaleasin Figures6.16(c)and
6.16(d).In thisfigure(Figure6.16(b))we canrecognizethatthedifferencesbetweensolutionsPB3and
PA3 aremorepronouncedthanthedifferencesof the two othercomparisons.Thedifferencesbetween
PB3andPB30aresmaller(RMS 0.08m, Figure6.16(c)),which meansthat thedownweightingof the
codepositionsresultsin larger differencesfor the kinematicpositionsthanincreasingthe valuefor

�
.

The kinematictrajectorieswith the smallestdifferencesof thesethreecomparisonsaresolutionsCB3
andPB3(Figure6.16(d)).Theonly differencebetweenCB3andPB3is theusedapriori orbit (cII3Sfor
CB3 andpII3S for PB3). This meansthat thea priori orbit hassomeimpacton thekinematicsolution.
Thedifferencesarerathersmall(RMS0.06m), however. Moredetailswill beprovidedbelow.

Thefour kinematictrajectoriesarealsocomparedto thereduced-dynamicorbit P3Sexplainedabove
(codepositionsandphaseposition-differences of PB3asobservations,stochasticpulsesevery tenmin-
utes). Figure6.17shows the correspondingdifferencesfor the four solutions.The differencesin Fig-
ure6.17(a)confirmthegoodqualityof thePB3solution.Thedifferencesbetweenthekinematictrajec-
tory PB3andthereduced-dynamicorbit P3Sarethesmallest.Thedifferencesin Figure6.17(a)clearly
show thejumpswhich arepresentin thekinematictrajectoryof solutionPB3. Thedifferencesbetween
PA3 andP3Sdo not fit completelyin thescaleof theplot (Figure6.17(b)). We recognizethat thedif-
ferenceslook very different to thosein Figure6.17(a). The jumpsin the kinematictrajectorycanbe
recognized,aswell, but thevariationsin thesequencesbetweenthesejumpsaremorepronouncedthan
in Figure6.17(a).ThesesignificantdifferencesbetweenFigures6.17(a)and6.17(b)arecausedby the
downweightingof the codepositionswith a factorof 100 for solutionPB3. The differencesbetween
PB30andP3S(Figure6.17(c))andbetweenCB3 andP3S(Figure6.17(d))arelargerbut show similar
characteristicsasthosebetweenPB3andP3S.

As a summaryof thesedetailedcomparisonswe notethat thedownweightingof thecodepositions
with a factor100hasthebiggestimpacton theresultingkinematicpositions.Theimpactof a different
valuefor

�
is smallerbut not negligible. Thesmallestimpactresultsfrom usingdifferenta priori orbits

for thepre-screeningin programLEOKIN.

Solutions With Elevation-dependent Weighting of the Obser vations

Thesamesolutionsasdescribedabove wererepeatedwith elevation-dependentweightingof theobser-
vations(with � � 1) in orderto studyits impacton thekinematicsolutions.Figures6.18and6.19show
thenumberof interruptsandjumpsfor APOsetsC andP. Table6.9summarizesthecorrespondingmean
values.
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6.3 IGSTestCampaign– doy 140to 150/2001

Table6.9:Meannumberof interruptsandjumpsfor solutionswith elevation-dependentweightingand� � 1, doy 140to 150/2001.

APOsetC APOsetP
Interrupts Jumps Interrupts Jumps

Sol. A andB Sol. A Sol. B Sol. A andB Sol. A Sol. B���
3 11 16 15 10 14 14���
5 10 15 14 10 14 14���
10 13 26 23 10 16 15���
20 10 19 18 10 17 17���
30 12 32 30 10 22 21

Thesolutionsarenot ashomogeneousasthesolutionswithout elevation-dependentweighting(see
Figures6.13and6.14). We recognizeoutliersfor APO setC, e.g.,CA10eandCB10e(the “e” stands
for elevation-dependentweighting,seeTable6.6) for doy 140and146.Thesesolutionsshow a strongly
increasednumberof interruptsandjumpsin comparisonto thesolutionswith smallervaluesfor

�
. Op-

posedto thesolutionswithoutelevation-dependent weighting,thesolutionsA areof thesamequalityas
solutionsB. In anumberof casesthey evenshow thesamenumberof jumpsin thekinematictrajectory.
Thecodeobservationsat low elevationsthusseemto beresponsiblefor problemsin thecombinedpo-
sitionsin solutionsA. In the solutionswith elevation-dependent weightingtheseproblemsarealready
taken into accountfor solutionsA andthereforethe differencesto solutionsB arenot pronounced.In
thesolutionswithoutelevation-dependentweightingtheseproblemsat low elevationsaredeweightedin
solutionsB dueto thedeweightingfactorfor thecodepositions.Thereforetheimprovementsw.r.t. solu-
tionsA arelarger.

This fact indicatesthattheelevation-dependent weightingis importantmainly for thecodeobserva-
tions.An impacton thephaseobservationscannotbederivedfrom thecurrentresults.

Figure6.20showsthepercentageof deletedobservations.Thecurvesareverysimilar to thoseof the
solutionswithout elevation-dependentweighting(Figure6.15). This is not surprisingbecausethepre-
screeningalgorithmis basedon unweightedobservationsandhastherefore,exceptfor theuseda priori
orbit, the sameperformanceasfor the solutionswithout elevation-dependentweighting. A difference
mayonly occurin thepercentageof observationsexcludedby theiterative leastsquaresadjustmentstep.

Themeanvaluesin Table6.9indicatethatthebestsolutionsarethosedenotedby PBe.Thesolutions
PB3eandPB5eshow thebestperformance.

A reduced-dynamicorbit P3Seis generatedwith SATORB usingthepositionsandposition-differ-
encesof thekinematicsolutionsPB3easinput,which is thebestpossibleorbit wemayachieve with our
LEOKIN andSATORB procedures.In orderto getanideaof theaccuraciesof thebestkinematicsolu-
tionsfrom LEOKIN, wecomparethemwith thereduced-dynamicorbit. Thedifferencesof orbit P3Seto
the correspondingreduced-dynamicorbit P3Sgeneratedfor the solutionswithout elevation-dependent
weightingareshown in Figure6.21(a). The RMS error of a Helmerttransformationbetweenthe two
orbits is 0.09m. Figure6.21(b)shows thedifferencesbetweenthe two kinematictrajectoriesPB3and
PB3e.Comparisonbetweenthefiguresshow a similar rangeof variationsand,to a certainextent,com-
monfeatures.Theorbit differencesbetweenthekinematicorbitPB3andthereduced-dynamicorbitP3Se
areshown in Figure6.22(a)andthosebetweenPB3eandP3Sein Figure6.22(b).Thekinematicsolution
involving elevation-dependentweighting(PB3e)seemsto performmarginally betterin thecomparison
with the reduced-dynamicorbit P3Se.Thedifferencesin thepatternsbetweenthe two Figures6.22(a)
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Figure6.18:Numberof interruptsdue to missingphaseposition-differences (left bar) andnumberof
jumps in the kinematictrajectoryfor solutionA (middle bar) andsolutionB (right bar),
elevation-dependent weighting,doy 140to 150/2001.
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Figure6.19:Numberof interruptsdue to missingphaseposition-differences (left bar) andnumberof
jumps in the kinematictrajectoryfor solutionA (middle bar) andsolutionB (right bar),
elevation-dependent weighting,doy 140to 150/2001.
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(b) Phaseobservations,APOsetC.
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(c) Codeobservations,APOsetP.
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Figure6.20:Percentageof deletedobservationsafter pre-screeningandby entirescreeningprocedure,
solutionswith elevation-dependentweighting,doy 140to 150/2001.
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(a) Reduced-dynamicorbits P3S – P3Se, RMS
0.09m.
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(b) KinematictrajectoriesPB3– PB3e,RMS0.10m.

Figure6.21:Orbit differencesbetweenreduced-dynamicorbits P3SandP3Se(left) andkinematictra-
jectoriesPB3andPB3e(right), doy 144/2001.
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(a)KinematictrajectoryPB3– reduced-dynamicorbit
P3Se,RMS0.12m.
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(b) KinematictrajectoryPB3e– reduced-dynamicor-
bit P3Se,RMS0.10m.

Figure6.22:Orbit differencesbetweenreduced-dynamicorbit P3SeandkinematictrajectoriesPB3(left)
andPB3e(right), doy 144/2001.
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and6.22(b)aretoo small,however, to take a cleardecisionwhich of thetwo kinematicsolutionsis the
betterone.

Reduced-d ynamic Orbits

Thereduced-dynamicorbits (Table6.5) servingasa priori orbits for thepre-screeningin LEOKIN are
of differentqualitybecausethey usedifferentsolutionsof codepositionsor combinedpositionsasinput
anduseapriori informationor not.

Firstwehave a look at theRMSerrorspercoordinateof theorbit determinationusingthekinematic
positionsin SATORB. Figure 6.23 shows the RMS errorsfor the cIS-orbits(codepositionsderived
without a priori informationasinput). Figure6.24shows theRMS errorscorrespondingto the cII

�
S-

andpII
�

S-orbits(withoutelevation-dependent weighting,
���

3,5, and10). Figure6.25showsthesame
RMSerrorsfor thecII

�
Se-andpII

�
Se-orbits(with elevation-dependentweighting,

���
3, 5, and10).

As expectedtheRMS errorsfor thecIS-orbitsarecomparatively big becausethecode-derived po-
sitionsusedas input weregeneratedwithout pre-screeningin LEOKIN. The RMS errorsof the orbit
determinationsfor APO setC (cII

�
S, cII

�
Se)arelarger thanthosefor APO setP (pII

�
S, pII

�
Se).The

kinematicpositionsusedfor cII
�

S andcII
�

Searecodepositionsonly andhave thereforenoisecharac-
teristicscorrespondingto theaccuracy of thecodeobservations.Thekinematicpositionsusedfor pII

�
S

andpII
�

Se,on the otherhand,arebasedon a combinationof codeandphase-differencepositionsin
LEOKIN. They have a lower noiseand,asaconsequence,theRMSerrorsof theorbit determinationare
smaller. TheRMSerrorsare,therefore,not directlyanindicatorfor theaccuracy of theorbit. TheRMS
errorsincreaseslightly with increasingvalueof

�
for the orbits derived with positionsfrom solutions

without elevation-dependentweighting(Figure6.24). In the caseof the orbits derived with positions
from solutionswith elevation-dependentweigthing(Figure6.25) this behavior canonly be recognized
for theorbitsof APOsetC (Figure6.25(a)).For theorbitsof APOsetPnocleartendency dependingon
thevalue

�
canberecognizedin theRMSerrors.

The reduced-dynamicorbits basedon codeonly (APO set C) show a smallerRMS if elevation-
dependentweighting is activated– indicating that the weighting schemeis appropriatefor the code
observations.Thereduced-dynamicorbitsof APOsetPshow smallerRMSerrorsfor thesolutionswith
elevation-dependentweighting,aswell.

The conclusionis that the model for the elevation-dependent weighting is appropriatein particu-
lar for the codeobservationsof the CHAMP receiver. A confirmationof this conclusionis given in
Figure6.26. It shows the residuals(RSW-directions)of the kinematiccodepositionsfrom SATORB
for thesolutionwithout (Figure6.26(a))andwith (Figure6.26(b))elevation-dependentweighting.The
residualsaresmallerfor the solutionwith elevation-dependentweighting– clearly indicatingthat the
elevation-dependentweightingmodelis preferablewhencomparedto themodelwithoutweighting.
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Figure6.23:RMS errorsof reduced-dynamicorbit determinationin programSATORB for cIS-orbits
(codepositionscI derivedwithoutpre-screeningusedasinput),doy 140to 150/2001.
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usedasinput.

Figure6.24:RMS errors of reduced-dynamicorbit determinationin program SATORB, without
elevation-dependent weighting,doy 140to 150/2001.
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Figure6.25:RMS errorsof reduced-dynamicorbit determinationin programSATORB, with elevation-
dependentweighting,doy 140to 150/2001.
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(a) Residualsof cII3 positionsw.r.t. cII3S-orbit,RMS
2.62m.
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(b)Residualsof cII3epositionsw.r.t. cII3Se-orbit,RMS
1.53m.

Figure6.26:SATORB residualsof codepositionswithoutelevation-dependent weighting(left) andwith
elevation-dependent weighting(right), doy 142/2001.

The samekind of analysiscanbe performedfor the phaseobservablesby analyzingthe position-
differenceresidualsin programSATORB for thecasethatpositionsandposition-differences areusedas
independentobservation types.No clearanswerresultsin this case:neitherof thetwo setsof residuals
is better. This meansthat for thephaseobservation currentlyno clearanswermaybegiven. Sincethe
currentimplementationof LEOKIN doesnot allow to weightcodeandphaseindependently, we always
weightthetwo typestogetherin ourexperimentsif elevation-dependentweightingis enabled.

Figure 6.27 shows the differencesbetweenthe orbits of cII3S and pII3S (RMS 0.23 m) for doy
144/2001.Figure6.27in essencecharacterizestheaccuracy of theAPO-set-C-orbits.Externalcompar-
isonswill supportthisstatement.

Nevertheless,we will inspectthedifferencesin moredetail. The differencesshow anoffset in the
x-coordinate.Thisis notaproblemfor thepre-screeningbecausefor thecodescreeningthemagnitudeof
this offsetis smallenough.For thepre-screeningof thephase-differenceobservationsthis offsetshould
not be critical either, becauseonly position-differencesof the a priori orbit are requiredfor the pre-
screening.In additionto anoffsetwecanrecognizeoscillationsin thedifferencesbetweenthereduced-
dynamicorbits which have an amplitudeof up to half a meter. Theseoscillationsin the differences
betweencII3SandpII3Scausethedifferencesin thekinematictrajectoriesshown in Figure6.16(d).

Thereduced-dynamicorbit, which is usedasa priori orbit for thepre-screeningin LEOKIN, is an
importantfactorfor thequalityof theresultingkinematicpositionswhenassumingthattheotherfactors
influencingthepositioningareminimized(downweightingof thecodepositions,smallvaluefor

�
, and

elevation-dependentweighting).This impliesthatweusesolutionsof typeB, with
���

3 or 5, andwith
elevation-dependentweightingfor the following tests. In our previous studiesdifferenta priori orbits
have beenusedfor thesolutions,e.g.,solutionPB3eusesthea priori orbit pII3SeandPB5ethea priori
orbit pII5Se.A comparisonof thetwo kinematictrajectorieswouldshow usnotonly thedifferencesdue
to the differentvaluefor

�
(3 or 5) but alsothe differencesresultingfrom the differenta priori orbits

used(pII3Seor pII5Se).
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Figure6.27:Orbit differencesbetweenreduced-dynamicorbits cII3S and pII3S without elevation-
dependentweighting,doy 144/2001.

In orderto separatethesetwo influencesonthesolutionswerepeatthecomputationof thekinematic
solutionPB3eandPB5e(this timeusingpII10Seasapriori orbit), andthecomputationof thekinematic
solutionsCB3eandCB5e(this time usingcII10Seasa priori orbit). The orbits cII10SeandpII10Se
areof differentquality thanthea priori orbitsusedoriginally for thesolutions(cII3Se,cII5Se,pII3Se,
andpII5Se)(seeFigures6.24and6.25). With thesetestswe may evaluatethe impactof the a priori
orbit on theresultingpositions.Figures6.28(a)and6.28(c)show thenumberof interruptsandjumpsfor
thesesolutionsandFigures6.28(b)and6.28(d)show onceagainthecorrespondinginformationof the
original solutions(Figures6.18and6.19). Table6.10lists themeannumberof interruptsandjumpsof
thenew solutions.If we comparethesemeanvalueswith themeanvaluesin Table6.9 we recognizea
significantincreasein thenumberof interruptsandjumpsin thecaseof thesolutionsusingcII10Seasa
priori orbit. In thecaseof thesolutionsusingthea priori orbit pII10Sethereis no difference(compare
Figure6.28(c)with Figure6.28(d)).Figure6.28(a)shows thatfor somedaystheapriori orbit cII10Seis
notof sufficientaccuracy toguaranteeareliablepre-screeningresultingin moreinterruptsandjumpsthan
for theoriginal solutionsCB3eandCB5e(Figure6.28(b)). Figure6.29shows thedifferences(from a
Helmerttransformation)betweentheoriginalkinematicsolutions(CB3e(left) andCB5e(right)) andthe
newly generatedsolutionswith cII10Seasa priori orbit. TheRMSerrorsof theHelmerttransformation
are0.04m and0.08m, respectively. Figure6.30shows thedifferencesfor thecorrespondingsolutions
usingAPO setP. TheRMS errorsof theHelmerttransformationare0.01m and0.04m. Thesefigures
confirmthefindingsof Figures6.28(a),6.28(c),andTable6.10.In thecaseof usingapriori orbitsof type
C thereduced-dynamicorbitsservingasapriori orbitsaremoresensitive to dataproblems(remainingin
thecodepositionsdueto alarger

�
). Dueto thesedataproblemstheresultingreduced-dynamicorbitmay

not beof sufficient accuracy to serve asreliablea priori orbit in LEOKIN. In thecaseof usinga priori
orbits of APO setP the reduced-dynamicorbits generatedwith combinedpositionsbasedon a larger
valuefor

�
thedifferencesaresmall.Thedataproblemsdueto largervaluefor

�
arealsopresentin the

codepositions.Dueto thecombinationwith thephase-derivedposition-differencesandthedeweighting
of thecodepositionstheeffect is weakened.

This shows that the a priori orbit is a key elementin our zero-differencekinematicpoint position-
ing procedure.If we usedifferenta priori orbits for our procedurewe get differentresults. This is a
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Table6.10:Meannumberof interruptsand jumpsof solutionsB with elevation-dependentweighting
usingAPOcII10SeandpII10Se.

APOcII10Se APOpII10Se
Interrupts Jumps Interrupts Jumps���

3 14 22 10 14���
5 14 22 10 14
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(a)A priori orbit cII10Se.
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(b)Originalapriori orbitscII3SeandcII5Se(seeFig-
ure6.18,otherscale).
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(c) A priori orbit pII10Se.
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(d) Original a priori orbits pII3Se and pII5Se (see
Figure6.19,otherscale).

Figure6.28:Numberof interruptsdue to missingphaseposition-differences (left bar) andnumberof
jumpsin thekinematictrajectory(right bar),elevation-dependent weighting,cII10Se(top
left) andpII10Se(bottomleft) usedasapriori orbits,right: plotswith originalapriori orbits
used,doy 140to 150/2001.
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(a) Differencesbetweenoriginal solution CB3e and
CB3eusingcII10Seasapriori orbit, RMS0.04m.
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(b) Differencesbetweenoriginal solution CB5e and
CB5eusingcII10Seasapriori orbit, RMS0.08m.

Figure6.29:Orbit differencesbetweenkinematictrajectoriesusingdifferenta priori orbits of APO set
C, doy 144/2001.
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(a) Differencesbetweenoriginal solution PB3eand
PB3eusingpII10Seasapriori orbit, RMS0.01m.
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(b) Differencesbetweenoriginal solution PB5eand
PB5eusingpII10Seasapriori orbit, RMS0.04m.

Figure6.30:Orbit differencesbetweenkinematictrajectoriesusingdifferentapriori orbitsof APOsetP,
doy 144/2001.
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6.3 IGSTestCampaign– doy 140to 150/2001

Table6.11:RMSerrors(cm)of improvementsbetweenkinematictrajectoriesof subsequentiterations.

PB3– Iter. 2 – Iter. 3 – Iter. 4 – PB3–
Day Iter. 2 Iter. 3 Iter. 4 Iter. 5 Iter. 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

disadvantageof thisefficientpointpositioningprocedure.
Wehave seenon theotherhandthatthepre-processingof theobservationsis not reliableenoughfor���
5. We thereforeonly have to considerthesolutionswith

���
3 and5. Thedifferencesshowing up

whenweuseadifferentapriori orbit are,in particularfor APOsetP, within reasonablelimits.
Thereduced-dynamicorbit which is usedasa priori orbit for thepre-screeningof theobservations

for thekinematicpoint positioningin LEOKIN hasto beproducedwith care.Thedifferencesbetween
APO setC andP show that the latterapproachseemsto bemorereliablefor generatinga priori orbits
with the requestedaccuracy. This meansthat we shouldusecodeand phase-differenceobservations
(APOsetP) for generatingreduced-dynamicorbitsservingasapriori orbits.

Iterative Kinematic Point Positioning

A possibilityto convergeto areliablesolutionmaybeto performaniterativekinematicpointpositioning
in the programLEOKIN. The combinedpositionsof the previous iterationswill enterasnew a priori
positionsinto thenext point positioningstep.Theproceduremayberepeatedaslong asthedifferences
betweentheiterationsis significant.

Theadvantageof this procedureis that the iterationsdo not involve the time-consumingorbit inte-
grationstepwith programSATORB. A disadvantageis thatexcludedepochscannotbe recoveredin a
subsequentstep.

In orderto studythis procedurewe take asaninitial point positioningsolutionPB3with thecorre-
spondingAPO pII3. Subsequentlywe processeachof theelevendaysandperformup to five iterations
in LEOKIN. Finally we performa Helmerttransformation(with threetranslationparameters)between
thekinematicpositionsfrom subsequentiterations.Table6.11lists theRMSerrorsof theHelmerttrans-
formationsfor theelevendays.

Figure6.31shows theimprovementsin thex-componentof thekinematicpositionswith increasing
iterationsfor doy 142 (Figure 6.31(a))and 145/2001(Figure 6.31(b)). The differencesbetweenthe
iterationsareconverging to zero. The solutionsreach(exceptdoy 142) a limit wherethe RMS errors
of theimprovementsaresmallerthantwo centimetersafterfour iterations(Table6.11). Thecolumnon
theright-handsideof Table6.11givestheRMSerrorsof theHelmerttransformationbetweentheinitial
solutionPB3andthesolutionafterfive iterations.TheseRMS errorsarewithin elevencentimetersfor
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Figure6.31:Improvementsin the x-componentof the kinematictrajectorywith increasingnumberof
iterations.

the eleven days. We will comparethesekinematicpositionsresultingafter five iterationsin the next
sectionwith an independentsolutionfor the CHAMP orbits in orderto evaluatewhetherthis iterative
positioninghelpsto improve thekinematictrajectory.

6.3.3 Independent Comparison

In orderto assesstheexternalaccuracy of thekinematictrajectory, thekinematicpositionsarecompared
with an independentexternalsolution. Fortunately, thedatafrom theIGS CHAMP testcampaignwere
processedbyanumberof institutions.Oneof thebestsolutionsin acomparisonbetweenall contributions
is thesolutionfrom theTechnicalUniversityof Munich (TUM), Germany. Thissolutionwasperformed
with anenhancedversionof theBerneseGPSSoftware,Version4.2. Thesolutionsarezero-difference
reduced-dynamicorbits for CHAMP generatedby the main parameterestimationprogramGPSEST.
TheGPSorbitsandclockcorrectionsareassumedto beknown from CODEprocessing.TheGPSphase
observationsof CHAMP aredirectlyusedin theorbit estimationprocedure(codeobservationswereonly
usedto synchronizethereceiver clock). Thephaseambiguities,epoch-wiseLEO clock parameters,and
thedynamicalorbit parameterareestimatedtogether. Thereduced-dynamicorbit is parametrizedwith� six initial conditions,� nineSolarradiationpressureparameters,� onescalingfactorfor theatmosphericdrag,and� pseudo-stochasticpulsesevery nineminutesin alongtrack(constraints:�@��������  m/s),crosstrack

( �}�J��� ��  m/s),andradial( ¡¢�J��� ��  m/s)direction.

The TUM solution was generatedwithout elevation-dependent weighting of the observations. Fig-
ures6.32(a)and6.32(b)show the RMS errorsof a Helmerttransformation(with threetranslationpa-
rameters)betweenour kinematicsolutionseriesA andB without elevation-dependentweightingwith
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Figure6.32:RMSerrorsof Helmerttransformationbetweenorbitsfrom TUM andtrajectoriesgenerated
with LEOKIN without elevation-dependentweighting,solutionA (left bar)andsolutionB
(right bar),for doys 140to 150/2001.

�£�
3 and5 for bothAPO setsandtheTUM orbits. Table6.12summarizesthemeanRMS errorsfor

thesolutionswithout elevation-dependentweightingin theupperpartof thetable.Most of solutionsA
areworsethansolutionsB.

In additionwehavealook atcomparisonsof thesolutionswith elevation-dependentweightingof the
observationswith theTUM-solutions(Figure6.33).It is remarkablethatthesolutionswith

�¤�
3 and5

show aslightly betterperformance(Table6.12(bottom))thanthesolutionswithoutelevation-dependent
weighting. This confirmsour recommendationof using the elevation-dependentweightingmodel in
LEOKIN.

Figure 6.34 shows the RMS errorsof a Helmert transformationbetweenthe TUM-solutionsand
the reduced-dynamicsolutionsP3Sefor all eleven days. As the comparisonsbetweenthe kinematic
trajectoriesandtheTUM-solutionsthesecomparisonsarein therangeof 10 to 15cm.

Figure6.35(a)shows the differencesbetweenthe TUM-solutionandsolutionPB3 (HelmertRMS
0.11m) for doy 144/2001,Figure6.35(b)thosebetweenTUM andPB3e(HelmertRMSerror0.09m) for
doy 144/2001.Thedifferencesshow many jumps.Thesejumpsarecontainedin theLEOKIN solutions
becausethe TUM-solution is a reduced-dynamicorbit andis, therefore,continuousandhasno jumps
in the trajectory. SolutionsPB3andPB3ehave both14 interruptsdueto missingposition-differences.
The differencesfor bothsolutionsshow similar characteristics.The solutionwith elevation-dependent
weighting(PB3e)is slightly better.

Figure6.36(a)shows the differencesbetweenthe reduced-dynamicorbit P3SandTUM (Helmert
RMS error0.10m) for doy 144/2001andFigure6.36(b)thosebetweenP3SeandTUM (HelmertRMS
error0.09m).

Finally, we have a look at the differencesbetweenthe TUM-solutionsandthe LEOKIN solutions
resultingafter five iterations. Figure 6.37 shows the RMS valuesfor the differencesbetweenTUM
andPB3 solutions(left bar) andbetweenTUM andthe solutionsafter five iterations(right bar). The
kinematicpositionsafter five iterationsshow no improvementin comparisonwith theTUM-solutions.
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Table6.12:MeanRMS errors(m) of Helmert transformationbetweenLEOKIN solutionsand TUM-
solutions.

Solutionswithoutelevation-dependent weighting

APOsetC APOsetP
SolutionA SolutionB SolutionA SolutionB���

3 0.16 0.14 0.16 0.12���
5 0.17 0.14 0.17 0.13

Solutionswith elevation-dependent weighting

APOsetCe APOsetPe
SolutionA SolutionB SolutionA SolutionB���

3 0.13 0.13 0.12 0.11���
5 0.12 0.12 0.12 0.11
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Figure6.33:RMSerrorsof Helmerttransformationbetweenorbitsfrom TUM andtrajectoriesgenerated
with LEOKIN with elevation-dependentweighting, solution A (left bar) and solution B
(right bar),doy 140to 150/2001.
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Figure6.34:RMS errorsof Helmert transformationbetweenorbits from TUM and reduced-dynamic
orbitsP3Se,doy 140to 150/2001.
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(a) Kinematic trajectory PB3 (without elevation-
dependentweighting)– TUM-solution,RMS0.11m.
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(b) Kinematic trajectory PB3e (with elevation-
dependentweighting)– TUM-solution,RMS0.09m.

Figure6.35:Orbit differencesbetweenkinematictrajectories(PB3 (left) andPB3e(right)) andTUM-
solutions,doy 144/2001.
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(a) Reduced-dynamicorbit P3S (without elevation-
dependentweighting)– TUM-solution,RMS0.10m.
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(b) Reduced-dynamicorbit P3Se (with elevation-
dependentweighting)– TUM-solution,RMS0.09m.

Figure6.36:Orbit differencesbetweenreduced-dynamicorbits(P3S(left) andP3Se(right)) andTUM-
solutions,doy 144/2001.
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Figure6.37:RMS errorsof Helmert transformationbetweenTUM and PB3 (left bar) and TUM and
kinematicpositionsafterfive iterations(right bar).
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Figure6.38:Differencesbetweenthekinematictrajectoryafterfive iterationsin LEOKIN andtheTUM-
solution,doy 144/2001,RMS0.12m.

Figure6.38shows thedifferencesbetweenthesolutionsfor doy 144/2001.
Thesecomparisonsshow that the externalaccuracy of the final kinematicLEOKIN andreduced-

dynamicSATORB solutionsis within 10 to 15 centimetersw.r.t. theTUM-solutionsfor anappropriate
setof processingoptions.

6.3.4 Summar y

Many kinds of LEO orbits may be generatedusingthe programsLEOKIN andSATORB. The orbits
directly emerging from LEOKIN arepurekinematicorbits. They do not make useof the fact that the
LEO is obeying the equationsof motion. LEOKIN may make useof a priori orbit information,but
only for thepurposeof screeningthe raw codeandphase-differenceobservations. It is undoubtedlya
disadvantageof thekinematicorbits thatgapsmayoccur– whenever dataproblemsdid not allow it to
generatepoint positionsusingcodeand/orposition-differences usingthe phaseobservable. For many
applicationsit is thereforeappropriateandusefulto considertheresultsof programLEOKIN only asan
intermediarytool to generateadynamicor reduced-dynamicorbit.

Theorbitsresultingfrom programSATORB aredynamicorbitsor so-calledreduceddynamicorbits.
They are solutionsof the equationsof motion using ratherelaborateorbit models(seesection5.1).
Thepositionsandpossiblytheposition-differencesgeneratedby programLEOKIN areusedaspseudo-
observationsin aconventionalorbit determinationprocess.SATORB solvesfor quantitiescharacterizing
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6.3 IGSTestCampaign– doy 140to 150/2001

theinitial statevector(six parameters),normallyfor ninedynamicalparameters(constantandonce-per-
revolution termsin thethreeorthogonaldirections¥ (radial), ¦ (alongtrack)and § (out of plane).In
addition,pseudo-stochasticpulses(velocitychanges)aresetup in thesamethreedirectionsat regularly
distributedepochs(detailsseesection5.5). It is importantthatthenumberof unknownsis at leastoneto
two ordersof magnitudesmallerthanthenumberof pseudo-observations. Onemaythereforeexpectthat
thedynamicor reduced-dynamicsorbitsemerging from SATORB aremuchlessproneto dataproblems
thanthoseresultingfrom LEOKIN. Also, asit is assumedthat theLEO trajectorysolvestheequations
of motion,gapsdo not exist. It is thuspossibleto generatea table(ephemeris)of equidistant(in time)
rectangularsatellitepositionswith SATORB, eitherin theinertial or in theEarth-fixedsystem.

In orderto evaluatethe performanceof programLEOKIN extensive studieswereperformedusing
dataof theIGSCHAMP testcampaign(doy 140to 150/2001).Mostof thetestsconfirmtheconclusions
drawn in Section6.2for thedataof CHAMP for doy 152/2001.

Testswereperformedto find thebestpossiblevaluefor thepre-screeningparameter
�

. A choiceof���
3 or 5 is recommended.If highervaluesfor

�
areused“bad” observationsmaystill residein thedata

anddisturbthekinematicsolution. Codeobservationsaremoredelicate– for thephaseobservationsit
makeshardlyany differencewhether

���
3 or

���
30is used.This indicatesthatthephasepre-screening

is only importantfor theidentificationof largecyclesslipsandphaseresets.
Westudiedtheeffectof downweightingof thecode-derivedpositionswhencombiningcodepositions

andphaseposition-differences.Kinematicsolutionsnotusingelevation-dependentweightswith thecode
positionsdownweightedby a factorof 100 (solutionsB) give a betterperformancethanthe kinematic
solutionswith thenormalrelative weightof codeandphasefor thecombination(solutionsA).

Studiesconcerningtheuseof elevation-dependent weightsrevealabetterperformanceof solutionsof
typeA andB whenconsideringelevation-dependentweighting.Thecodeobservationsat low elevations
have an impacton thekinematicsolutionswhich is expressedby outliersin thecodepositionsleading
to morejumpsin thekinematictrajectoryw.r.t. a reduced-dynamicorbit. In thecaseof solutionB these
outliers may be smootheddue to the deweighting of the codepositions. In the caseof applying an
elevation-dependentweightingtheseobservationsarealreadydeweightedin the codepositioningstep
andmaynothavesuchalargeimpactontheresultingcombinedpositionsfor solutionsA andB. Further
inspectionson this issueby comparingthe residualsof the orbit determinationsin programSATORB
usingcodepositionsderived without weightingandcodepositionsderived with weightingconfirmed
theconclusionthattheelevation-dependentweightingmodelis preferablewhencomparedto themodel
withoutweighting.

For the phaseobservationsno clearconclusionconcerningthe weightingcould be drawn. Since
LEOKIN currentlydoesnot allow to apply theweightingmodelindependentlyon codeandphase,we
usealways the weightingfor both observationstypesof the CHAMP receiver. An alternative, which
wasnot studiedfor this work, could be to apply the elevation-dependentweightingonly to the code
observations.

After anindependentcomparisonof thekinematicsolutionswith solutionsgeneratedattheTechnical
Universityof Munich,Germany, theconclusioncanbedrawn thattheapplicationof elevation-dependent
weightingon theobservationsslightly helpsto improve thekinematicpoint positioningsolution. This
conclusionimplies that we usea valuefor

�
which is smallerthanten andthat the codepositionsare

deweightedby a factor100for thecombinationwith thephase-derivedposition-differences.
We tried to find the most reliableway to generatea reduced-dynamicorbit for the pre-screening

procedurein LEOKIN. Themostreasonableandreliableprocedureto generatea priori orbits is to use
combinedcodeandphase-differencederivedpositions(APO setP) (usinga reasonablevaluefor

�
(i.e.�©¨

5)). For
�ª�¬«

the solutionsgeneratedwith APO setC are,however, of comparablequality as
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6 ResultsandApplications

Table6.13:Orbitsgeneratedwith LEOKIN andSATORB.

Solution Source Description

cI LEOKIN Kinematicorbit basedoncodeobservations,
withoutapriori orbit information

cIS SATORB cI positionsasobservations,15deterministicparameters,
spacingfor stochasticpulses:90min

cII3e LEOKIN Kinematicorbit basedoncodeobservations,
usingorbit cISasapriori orbit,
with elevation-dependent weighting

cII3Se SATORB cII3epositionsasobservations,15deterministicparameters,
spacingfor stochasticpulses:20min

cII3 LEOKIN Kinematicorbit basedoncodeobservations,
usingorbit cISasapriori orbit,
withoutelevation-dependent weighting

cII3S SATORB cII3 positionsasobservations,15deterministicparameters,
spacingfor stochasticpulses:20min
(withoutelevation-dependent weighting)

pII3e LEOKIN Kinematicorbit basedoncodeandphaseobservations,
usingorbit cISasapriori orbit
with elevation-dependent weighting

pII3Se SATORB pII3epositionsasobservations,15deterministicparameters,
spacingfor stochasticpulses:20min

PB3e LEOKIN Kinematicorbit basedoncodeandphaseobservations,
usingorbit pII3Seasapriori orbit
with elevation-dependent weighting

P3Se SATORB PB3epositionsandposition-differencesasobservations,
15deterministicparameters,spacingfor stochasticpulses:10min

thosegeneratedwith APOsetP. Thereduced-dynamicorbitsof typeC (usingonly codepositionsfor the
generationof thereduced-dynamicorbit) have anaccuracy of about30 cm, theorbitsof typeP (using
combinedpositions)of about15cm.

In orderto fix theorderof magnitudeof thevariousstrategies(with LEOKIN andSATORB) wetake
the orbits generatedfor oneparticularday (144/2001)of the IGS testcampaignin 2001andcompare
”all possibleorbits” with the presumablybestpossibleorbit, namelythe onegeneratedat TUM in a
reduced-dynamicsmodeusingtheBerneseGPSsoftware(seeSection6.3.3for details).

The orbits arecharacterizedin Table6.13, their quality is describedby Table6.14 usingthe root
meansquareerror (RMS¯®�° ) persatellitecoordinateof a Helmerttransformationwith threetranslation
parametersbetweentheorbitalpositionsconsideredandthe”external”orbit positions(TUM-solutions).
TheerrorRMS±³²L° , alsocontainedin Table6.14,characterizestheRMS errorpercoordinateof a trans-
formationbetweentheorbit consideredandthepresumablybestpossibleorbit P3Seachievablewith the
programsLEOKIN andSATORB. Comparisonof RMS±´²�° with RMS¯®�° showstherapidconvergenceof
thedescribedorbit determinationprocessto anorbit comparablein quality with thebestexternalorbit
(TUM). This fact is importantwhendealingwith LEO orbits, for which no independentestimatesare
available(in anoperationalenvironment,this is thenormalcase).
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6.4 CHAMP andSAC-C– 055/2002to 089/2002

Table6.14:LEO orbit qualityusingLEOKIN andSATORB, CHAMP doy 144/2001.

Solution Code Phase Orbit Program RMS±´²�° (m) RMS�®�° (m)

cI Y N N LEOKIN 2.71 2.56
cIS Y N - SATORB 0.47 0.48
cII3e Y N Y LEOKIN 1.38 1.36
cII3Se Y N - SATORB 0.29 0.33
cII3 Y N Y LEOKIN 2.11 2.12
cII3S Y N - SATORB 0.29 0.30

pII3e Y Y Y LEOKIN 0.15 0.13
pII3Se Y Y - SATORB 0.15 0.13
PB3e Y Y Y LEOKIN 0.11 0.09
P3Se Y Y - SATORB – 0.11

Thenext sectiondealswith thekinematicsolutionsfor a longerdataseriesfor CHAMP andSAC-C
in 2002.Thesedatasetsareprocessedwith theaim to confirmthefindingsfrom this sectionbut alsoto
answeradditionalquestionsconcerningthedatapre-processing.As areferenceorbit wewill useanorbit
of typeP3Seto comparewith, becausenoexternalreferenceorbit is availablefor this time interval.

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

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

First, we inspectthequality of thetrackingdatafrom thesedays.Then,we addressdifferentissues
usingthis longerdataseries.A generaloverview of thedifferentsolutionsis followedby a sectionthat
considersthekinematicsolutionsusingCODERapidproductsasinput andby a correspondingsection
for thesolutionsusingCODEFinal products.Finally, a summaryof all solutionsandresultsfrom the
2002LEO/GPSdataseriesis presented.

6.4.1 Data Quality

Figure6.39 shows the numberof satellitestracked by SAC-C for doy 055 to 089/2002. The SAC-C
receiver trackedup to twelve satellitessimultaneouslyfor almostthewholetime interval. Startingfrom
doy 089/2002theSAC-C receiver tracksonly up to eightsatellitessimultaneously(seealsoTable4.2).
Unfortunately, theSAC-Cdatacontaina longdatagapfrom doy 058, µ h �e¶ m ¶O� s to doy 061,

« h ¶�¶ m ¡�� s.
Figure6.40shows thenumberof satellitestrackedby CHAMP for doy 055to 089/2002.TheGPS

receiver on-boardCHAMP tracked up to eight GPSsatellitessimultaneouslyprior to doy 064/2002.
After that dateit wasableto track up to ten satellites(seealsoTable4.1). The CHAMP datahave a
longerdatagapon doy 064 from · h �Oµ m µ�� s to ¡�¡ h ��� m ¶O� s. During this datagapthe CHAMP receiver
softwareupdatewasperformedallowing theGPSreceiver to trackup to tensatellitessimultaneously.

Therearea few additionaldatagapsfor bothsatelliteslastingfrom oneepochup to severalminutes,
but in generaltheperformanceof thetwo spacebornereceiverswasrathergood(exceptfor SAC-Cafter
doy 086).

After the long datagapon doy 064 for CHAMP the numberof gapsper day hasdecreased.Most
of thedaysevenshow no datalossat all. Startingfrom doy 077a barelyvisible,but important,change
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Figure6.39:Numberof trackedsatellitesby SAC-Cfor doy 055to 089/2002.

in thedataperformancehasoccurred:thenumberof epochswith only four or five trackedsatelliteshas
decreased.This is abig advantagefor kinematicpointpositioning,becauseat leastfour observationsare
neededto determinea position. If we have morethanfour observationsavailabletheredundancy of the
solutionincreases,andthereforethesolutionsarebettercontrollable.

Thereare only two dayswithout datagap (doy 070 and 074) for SAC-C. Startingwith doy 086
the receiver performanceis very bad. The time intervals without any tracked satellitesarelongerthan
the time intervals with morethanthreetracked satellites. It is, therefore,difficult to generatereliable
kinematicsolutionsafterdoy 085.

6.4.2 Data Processing

In additionto theGPSdataof thetwo LEO satelliteswith asamplingof tensecondsthefollowing input
datawereneededandusedfor our tests:� CODERapidGPSorbits,
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6.4 CHAMP andSAC-C– 055/2002to 089/2002
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Figure6.40:Numberof trackedsatellitesby CHAMP for doy 055to 089/2002.
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6 ResultsandApplications

� ERPsof theCODERapidprocessing,and� 30-secondclock correctionsfor theGPSsatelliteswith theGPSbroadcastclock correctionsused
for alignmentto GPStime.

For doy 055to 069/2002weusedin additionasecondsetof inputdata� CODEFinalGPSorbits,� ERPsof theCODEFinalprocessing,and� 30-secondclock correctionsfor theGPSsatellitesconstrainedto theCODEFinal 5-minuteclock
corrections.

Thesetwo setsof input dataareusedto comparekinematicresultsasa function of input information
of differentaccuracy. Theofficial IGS Rapidproductis availablewith a delayof 17 hoursaftertheday
consideredandthe IGS Final productwith a delayof 10 daysafter theweekconsidered.Theanalysis
centershave to provide their resultsbeforethecombinationof all contributionsmaytake place.For the
Rapidproductsnot asmany GPSobservation datamay be usedas for the Final products. The Final
productshaveabetterquality thantheRapidproducts.For moredetailsabouttheIGSproductswerefer
e.g.,to [WeberandSpringer, 2002]and[IGSCB, 2002].

Solutionswith the following input dataand optionsin LEOKIN are performedand analyzedfor
CHAMP andSAC-C:� DOY 055– 089/2002:CODERapidproducts

1. noelevation-dependentweightingandacut-off angleof �O� ,
2. elevation-dependent weightingandacut-off angleof �O� .� DOY 055– 069/2002:CODEFinalproducts

1. noelevation-dependentweightingandacut-off angleof �O� ,
2. elevation-dependent weightingandacut-off angleof �O� ,
3. CODEFinal5-minuteclockcorrectionsasGPSclockinformation(usinglinearinterpolation)

andelevation-dependent weightingwith acut-off angleof � � ,
4. SAC-C:noelevation-dependentweightingandnocut-off angle.

Table6.15summarizesthesolutiontypes.Thecommonvaluesof ¸�¹�º�»�¼ � 1.0m and ¸�½hºr»r¼ � 0.01m are
used.We have seenin thepreviousexamplesthat

�¾�
10 resultsin outliersresidingin the“screened”

data. We have seenthis problemalsoin thekinematicsolutionsfor
�]�

10 andpartly for
�]�

5. We
wantto seewhetherthekinematicsolutionsof the2002dataseriesshow thesamesensitivity mainly for
the codeobservations. Indeedwe use

���
5 and10 only for the solutionsgeneratedusingthe CODE

Rapidproducts.For theremainingsolutionsweconfineourselvesto thebestpossiblekinematicsolution
with

�¿�
3. The two procedures(APO setC andP) to generatereduced-dynamicorbits servingasa

priori orbits explainedin the previous sectionareused(seeTable6.5). The optionsfor the reduced-
dynamicorbits in SATORB are the sameasfor the reduced-dynamicorbits of the IGS CHAMP test
campaign(six osculatingelements,nine empiricalparametersin RSW, stochasticpulsesevery 90 and
20,respectively, seeSection6.3.2).SolutionsA (normalrelativeweight ¡~À�������Á betweencodepositions
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6.4 CHAMP andSAC-C– 055/2002to 089/2002

Table6.15:Summaryof kinematicsolutionscomputedfor 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 thecombination,B for acodeweightreducedby afactorof 100,and
e for elevation-dependent weighting).

CODERapidproducts,doy 055to 089/2002
APOsetC APOsetP

noelev.-dep.weight. elev.-dep.weight. noelev.-dep.weight. elev.-dep.weight.Â
Ã
3 RCA3 RCB3 RCA3e RCB3e RPA3 RPB3 RPA3e RPB3eÂ
Ã
5 RCA5 RCB5 RCA5e RCB5e RPA5 RPB5 RPA5e RPB5eÂ
Ã
10 RCA10 RCB10 RCA10e RCB10e RPA10 RPB10 RPA10e RPB10e

A priori orbitsfrom processingwith CODEFinalproductsÂ
Ã
3 RFCB RFPB

CODEFinalproducts,doy 055to 069/2002
APOsetC APOsetP

noelev.-dep.weight. elev.-dep.weight. noelev.-dep.weight. elev.-dep.weight.Â
Ã
3 FCA FCB FCAe FCBe FPA FPB FPAe FPBe

Official 5-minuteGPSclockcorrectionsfrom CODEFinalprocessingusedÂ
Ã
3 F5PAe F5PBe

SAC-C
nocut-off angle nocut-off angleÂ
Ã

3 SCA SCB SPA SPB
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6 ResultsandApplications

andphaseposition-differences)andB (codepositionsdeweightedwith a factor100for thecombination)
arecomputedfor nearlyall versions.

Westartwith thesolutionsbasedon theCODERapidproductsasinput for theGPSorbitsandclock
corrections.We analyzethesolutionsfor SAC-C first andthenthosefor CHAMP. Finally, thesolutions
usingtheCODEFinalproductsareinspected,againfirst for SAC-Candthenfor CHAMP.

6.4.3 Solutions with CODE Rapid Products

SAC-C: No Elevation-dependent Weighting and Cut-off Angle �O�
Let usfirst studythereduced-dynamicorbits(RcIS,RcIIS,andRpIIS,seeTable6.5,R standsfor Rapid)
usedasapriori orbitsfor thepre-screeningin LEOKIN. Figure6.41showstheRMSerrorspercoordinate
of thereduced-dynamicorbit determinationsfor thesolutionswithoutelevation-dependentweightingfor
SAC-C in programSATORB.

TheRMSerrorsfor theRcIS-orbits(Figure6.41(a))arethelargestwhichis nosurprisebecausethey
arebasedon codepositionsonly. Thesecodepositionsarederivedwithout a priori orbit informationin
LEOKIN andthereforenopre-screeningof thedatawaspossible.SATORB allows it to screenthe“ob-
servations”.No usewasmadeof thisoption,however. TheseRcIS-orbitsarethebasisfor all subsequent
kinematicsolutionscomputedwith theCODERapidproductsasinput for SAC-C.

The RMS errorsfor the RcII
�

S- andRpII
�

S-orbitsaresmaller. The RMS errorsfor the RcII
�

S-
orbits (APO setC) (Figure6.41(b))arearoundtwo meters.Thesearecode-onlyorbits, aswell. The
correspondingcodepositions(RcII

�
) were, however, generatedin LEOKIN using the pre-screening

option(usingtheRcIS-orbit).TheRMSerrorsreflecttheaccuracy of thecodepositionsof SAC-C.
TheRMSerrorsfor thereduced-dynamicorbitsof APOsetP(RpII

�
S) (Figure6.41(c))arefor most

days Ä 30cm. Thesereduced-dynamicorbitsarebasedoncombinedcodepositionsandphaseposition-
differences.Thecombinedpositionsobviouslyhaveamuchbetteraccuracy thanthecode-onlypositions
usedfor APOsetC.

The RMS errorsaremissingfor somedays. For doy 059 and060 no dataareavailable. For doy
087 and088 it is impossiblewith LEOKIN to computea reasonablekinematicsolutionwith the few
dataavailable(seeFigure6.39). For doy 081 it is impossibleto generatereduced-dynamicorbits for
APO setP with SATORB. TheRcIS-orbithasanRMS errorof 54 m for theorbit determinationof the
reduced-dynamicorbit with code-onlypositionsin programSATORB. Thisshowsalreadythatthereare
severedataproblemsfor this day. Even if we choosethe screeningoption in programSATORB it is
not possibleto generatea reasonableorbit for this day. At aboutnoonprobablya maneuver took place
becauseif wesetupanew arcafter740minutes( �h¡ h ¡�� m) theresultsfor thetwo arcsarereasonable.

We want to follow the sameprocessingprocedurefor all daysconsideredand do not make any
exceptionby splitting up the24-hoursarc,for example.It is obviousthat it is not recommendedto use
thereduced-dynamicorbitsof typeC for doy 081/2002for thepre-screeningin LEOKIN but with this
examplewemayshow whathappensif weneverthelessdo it.

Figure 6.42 shows the resultsof the RC
�

- and RP
�

-solutionsfor doy 055 to 089 (cut-off angle� � , no elevation-dependent weighting). Eachday is characterizedby threebars. The left bargivesthe
numberof interruptsdue to missingposition-differences,the middle bar the numberof jumps in the
kinematictrajectoryfor solutionA, andtheright barthecorrespondingnumberof jumpsfor solutionB.
Table6.16summarizestheminimum,mean,andmaximumnumbersfor all solutions.Figure6.43shows
thepercentageof deletedobservationsfor thecodeandthephaseobservations.

Thenumberof interruptsandjumpsfor doy 086is comparatively largefor all solutions.This is due
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Figure6.41:RMS errors per coordinateof orbit determinationin program SATORB, SAC-C, no
elevation-dependent weighting,CODERapidproducts,doy 055to 089/2002.
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Figure6.42:Numberof interruptsdue to missingphaseposition-differences (left bar) andnumberof
jumps in the kinematictrajectoryfor solution A (middle bar) and B (right bar), CODE
Rapidproducts,noelevation-dependent weighting,SAC-C,doy 055to 089/2002.

Table6.16:Minimum, mean, and maximum numberof interruptsand jumps for solutionswithout
elevation-dependentweightingusingCODERapidproducts(RC

�
, RP

�
), SAC-C, doy 055

to 089/2002.

APOsetC APOsetP
Interrupts Jumps Interrupts Jumps

Sol. A andB Sol. A Sol. B Sol. A andB Sol. A Sol. B���
3 6 17 39 5 20 82 5 18 57 6 18 38 5 20 77 5 18 54���
5 6 17 38 5 20 88 5 19 62 6 18 38 5 20 79 5 19 60���
10 6 17 33 5 20 84 5 19 69 6 17 34 5 21 84 5 19 65
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Figure6.43:Percentageof deletedobservationsfor solutionsusingCODE Rapidproductsandnot ap-
plying elevation-dependent weighting,SAC-C,doy 055-089/2002.
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6 ResultsandApplications

to thedataperformancewhichgetsworseduringthisday(seeFigure6.39).Many datagapsandepochs
with fewer thanfour trackedsatellitesdo occur. Thedataquality of this dayis barelysufficient for our
kinematicpositioningapproachin LEOKIN.

On nearlyall daysthe numberof jumps for solutionA is larger than for solutionB. We already
saw a similar behavior for the CHAMP solutionsof the 2001IGS CHAMP testcampaign.The code
observationsat low elevationsmaybe responsiblefor problemsin thecombinedpositionsin solutions
A.

Thenumberof interruptsandjumpsdoesnot significantlyincreasewith increasingvaluesof
�

asit
wasobservedin previousexamples.Thereis nosignificantdifferencebetweenthesolutionsfor APOset
C andP. Thenumbersin Table6.16aresimilar for all solutiontypes.All maximumnumberscorrespond
to theproblematicday086.

Figure6.43(a)shows thepercentageof deletedcodeobservationsandFigure6.43(b)thepercentage
of deletedphaseobservationswhenusingAPO setC. Eachcurve representsoneof the 30 days. For
doys 059,060,087,and088no solutionsexist andthepercentageof deletedobservationsfor doy 081
is out of range(morethan40 % for codeandmorethan20 % for phaseobservations).Thepercentage
of all deletedobservationsincludestheobservationsexcludedby thepre-screening,by theiterative least
squaresadjustmentstep,and due to the cut-off angle. The curves for the deletedcodeobservations
show a slight decreasewith increasingvalueof

�
. The curves representingthe percentageof deleted

phaseobservationsarein mostcasesratherflat. Thepercentageis nearlythesamefor mostvaluesof
�

considered.Thedifferencesin theresultingkinematicpositionsarethereforemainlydueto thedifferent
amountof deletedcodeobservationsfor differentvaluesof

�
.

We mentionedthat thepercentageof deletedobservationsis out of rangefor doy 081 for APO set
C. This underlinesthata priori orbitswith anRMS in SATORB larger thantenmetersaresimply not
acceptablefor furtheranalysis.

Figure6.43(c)and6.43(d)show the correspondingcurvesfor the solutionswith APO setP. They
have in essencethesamecharacteristicsasthoseusingAPO setC. Theuppermostcurve in thebottom
figure of Figure6.43(c)correspondsto the solutionsfor doy 089. As we canseein Figure6.39 the
dataperformanceof this day is still badandit is not an ideal day for a kinematicpoint positioningof
thesatellite. Thereasonfor the high percentageof deletedcodeobservationsin Figure6.43(c)is thus
dueto baddataperformance,which doesnot allow for a reliablekinematicpoint positioning. The a
priori orbitsgeneratedbasedononly few pointpositionshave reasonablesmallRMSerrorsfor theorbit
determinationbut thebaddataperformanceis, asin thecaseof doy 086,at thelimit of beingusablefor
akinematicpointpositioningwith LEOKIN.

The solutionsusingthe CODE Rapidproductsasinput data,no elevation-dependentweightingof
theobservations,andacut-off angleof �O� areof similarquality for all daysexceptdoys 081,and086to
089.Thedifferentvaluesfor

�
donothavesucha largeimpactasexpectedfrom thepreviousexamples.

SAC-C: Elevation-dependent Weighting and Cut-off Angle �O� :
Figure 6.44 shows the RMS errors per coordinatefor the reduced-dynamicorbit determinationin
SATORB for APO setC andP, whenapplyingan elevation-dependentweightingof the observations
in LEOKIN. Thedifferencesw.r.t. Figure6.41arein mostcasesnot significant.The largestdifference
mayberecognizedfor thea priori orbitsof APO setP with

�Å�
10. TheRMS errorsin Figure6.44(b)

areslightly larger thanthosein Figure6.41(c). It seemsthatobservationswhich arenot excludedfrom
thedatadueto thelargervalueof

�
have a larger impacton thekinematicsolutionandtheapriori orbit

if weuseanelevation-dependent weightingof theobservations.
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Figure6.44:RMS errors per coordinate for reduced-dynamicorbit determination in program
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(b) Residualsof RcII3e positionsw.r.t. RcII3Seorbit,
RMS1.64m.

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

Figure6.46shows thenumberof interruptsandnumberof jumpsin thekinematictrajectoryfor the
RC
�

e-, andRP
�

e-solutions(cut-off angle �O� , elevation-dependentweightingwith � �
1) for SAC-C.

We cannotrecognizesignificantdifferencesto Figure6.42. Many solutionsA show morejumpsin the
kinematictrajectorythansolutionsB. Thisdoesnotagreewith theobservationsmadefor thecorrespond-
ing solutionsof theIGSCHAMP testcampaign:Therewehave seenthattheperformanceof solutionA
is improving whenelevation-dependentweightingof theobservationsis enabled.Thisbehavior pointsto
problemswith codeobservationsat low elevations(multipath)for CHAMP. For SAC-C this difference
for solutionA betweenthesolutionswithout andwith elevation-dependentweightingcannotberecog-
nized. In orderto confirmthat thequality of thecodepositionsfor SAC-C arenot significantlybetter
whenelevation-dependentweightingis appliedwe inspectthe residuals(RSW-directions)of the kine-
maticcodepositionsin SATORB for thereduced-dynamicorbit RcII3Swithout(Figure6.45(a))andthe
orbit RcII3Sewith (Figure6.45(b))elevation-dependent weighting. The residualsshow no significant
differenceandwhenwe comparethesefigureswith Figures6.26(a)and6.26(b)we seethat,in contrary
to CHAMP, theelevation-dependent weightinghasmoreor lessno influenceon thecodepositioningre-
sultsin LEOKIN for SAC-C.Thereforenoclearanswermaybegivenat thispointwhethertheweighting
modelis appropriatefor thecodeobservationsof SAC-C or not. Thecodeobservationsin generalseem
to beworsethanin thecaseof CHAMP, however.

Table6.17lists theminimum,mean,andmaximumnumbersof interruptsandjumpsfor theRC
�

e-
andRP

�
e-solutions.Themeannumbersareashomogeneousbut slightly betterthanthemeannumbers

of theRC
�

- andRP
�

-solutions(Table6.16). Thevaluesfor theminimumandmaximumnumbersare
comparablefor thesolutionswith andwithoutelevation-dependent weighting.

Figure6.47shows thepercentageof deletedobservations.Figures6.47(a)and6.47(b)show theper-
centagefor APOsetC andFigures6.47(c)and6.47(d)for APOsetP. Therearenosignificantdifferences
betweentheAPOsets.Thepercentageof deletedobservationsshowsnosignificantdifferenceto thecor-
respondingpercentageof deletedobservationsfor thesolutionswithout elevation-dependentweighting
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(d) APOsetP, doy 070to 089/2002.

Figure6.46:Numberof interruptsdue to missingphaseposition-differences (left bar) andnumberof
jumps in the kinematictrajectoryfor solution A (middle bar) and B (right bar), CODE
Rapidproducts,elevation-dependentweighting,SAC-C,doy 055to 089/2002.

Table6.17:Minimum,mean,andmaximumnumberof interruptsandjumpsfor solutionswith elevation-
dependentweightingusingCODERapidproducts(RC

�
e,RP

�
e),SAC-C.

APOsetC APOsetP
Interrupts Jumps Interrupts Jumps

Sol. A andB Sol. A Sol. B Sol. A andB Sol. A Sol. B���
3 6 17 38 5 20 78 5 19 57 6 17 38 5 20 74 5 18 54���
5 6 17 36 5 21 80 5 19 60 6 17 38 5 21 79 5 19 58���
10 6 17 34 5 21 72 5 20 64 6 17 33 5 20 74 5 19 64
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(c) Codeobservations,APOsetP.
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Figure6.47:Percentageof deletedobservationsfor solutionsusingCODERapidproductsandapplying
elevation-dependent weighting,SAC-C,doy 055-089/2002.
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6.4 CHAMP andSAC-C– 055/2002to 089/2002

55 57 59 61 63 65 67 69 71 73 75 77 79 81 83 85 87 89
0

 

0.2

0.4

R
M

S
 (

m
)

β= 3

Day of Year

Figure6.48:RMS errors of Helmert transformation between kinematic trajectories RCB3 and
RCB3e,SAC-C,doy 055to 089/2002.

−0.6

−0.3

0

0.3

0.6
M

et
er

X

−0.6

−0.3

0

0.3

0.6

M
et

er

Y

0 4 8 12 16 20 24
−0.6

−0.3

0

0.3

0.6

M
et

er

Z

Hours

Figure6.49:DifferencesbetweenkinematictrajectoriesRCB3andRCB3e,SAC-C,doy 079/2002.

(Figure6.43).
In generalwe have seenthatthesolutionscomputedwith theCODERapidproductsfor SAC-C are

of a goodqualityexceptfor a few dayswith seriousdataproblems.Neitherthesolutionwithoutnor the
solutionwith elevation-dependentweightingis outstandinglygoodor bad.

Figure 6.48 shows the RMS errorsof a Helmert transformationbetweenthe kinematicsolutions
RCB3andRCB3efor the35 days. Most RMS errorsarebetween10 cm and20 cm. Two daysshow,
however, largerRMSerrors(upto 40cm). Doy 079/2002is a typicaldaywhichhasnospecialproblems
and we useit for illustrations. Figure6.49 shows the differencesbetweenthe kinematictrajectories
RCB3andRCB3efor doy 079/2002.Theoffsetsbetweensequencesof phase-connectedpositionsarein
mostcasesin excessof tencentimeters.

For APO setP we generatethebestpossiblereduced-dynamicorbitswith SATORB with codepo-
sitionsandphaseposition-differences of the kinematicsolutionsRPB3( Æ reduced-dynamicsolution
RP3S)andRPB3e( Æ RP3Se).Thesereduced-dynamicorbitsmayhelpto evaluatethekinematicsolu-
tions.

Figure6.50(a)shows theRMS errorsof a Helmerttransformationbetweenthekinematicsolutions
RPB3andRPB3eandFigure6.50(b)thosefor a transformationbetweenthe reduced-dynamicorbits
RP3SandRP3Se.Figure6.52showstheRMSerrorsof aHelmerttransformationbetweenthekinematic
trajectories(RPB3andRPB3e)andthereduced-dynamicorbits (RP3SandRP3Se).Thevaluesareall
of thesamesizefor all four comparisons.Figure6.51(a)shows thedifferencesbetweenthekinematic
trajectoriesRPB3andRPB3efor doy 079/2002andFigure6.51(b)thosebetweenthereduced-dynamic
orbitsRP3SandRP3Se.
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(b) Reduced-dynamicorbitsRP3S– RP3Se.

Figure6.50:RMSerrorsof HelmerttransformationbetweenRPB3andRPB3e(left) andbetweenRP3S
andRP3Se(right), SAC-C,doy 055to 089/2002.
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(a) Kinematic trajectories RPB3 – RPB3e, RMS
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Figure6.51:DifferencesbetweenRPB3andRPB3e(left) andbetweenRPS3andRPS3e(right),SAC-C,
doy 079/2002.

The offsetsbetweenthe sequencesof phase-connectedpositionsin Figure6.51(a)have the same
sizeasfor thecorrespondingdifferencesfor APO setC (Figure6.49). The frequentinterruptsandthe
resultingoffsetsin thekinematictrajectoryarea problemof thekinematicpoint positioningprocedure
in LEOKIN andthey cannotbeavoided. Figures6.53(a)and6.53(b)show thedifferencesbetweenthe
kinematictrajectoryRPB3andthereduced-dynamicorbit RP3S(left) andbetweenRPB3eandRP3Se
(right) for doy 079/2002,respectively. Thelargeoffsetsof thekinematictrajectoriesw.r.t. thereduced-
dynamicorbit make it verydifficult to evaluatetheaccuracy of theparticularsolutions.

Fromthesecomparisonsit cannotbeconcludedwhichof thetwo solutionsis thebetterone(without
or with elevation-dependentweighting). The answeris not asclearasin the caseof CHAMP for the
2001campaign.Furtherinvestigationson this issuearenecessaryin orderto find ananswer.
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Figure6.52:RMS errorsof Helmert transformationbetweenkinematic(RPB3,RPB3e)and reduced-
dynamicorbits(RP3S,RP3Se),SAC-C,doy 055to 089/2002.
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(a)KinematictrajectoryRPB3– reduced-dynamicorbit
RP3S.
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Figure6.53:DifferencesbetweenRPB3andRP3S(left) andbetweenRPB3eandRP3Se(right),SAC-C,
doy 079/2002.
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6 ResultsandApplications

CHAMP: No Elevation-dependent Weighting, Cut-off Angle Ç�È
Thekinematicsolutionsfor the35 daysin 2002of CHAMP GPSobservationsmaybecomparedwith
thosefrom theelevendaysof theIGSCHAMP testcampaignandwith resultsfrom SAC-C.

Satellitesbelow the local horizonareno longer tracked for the 2002time interval considered.In
additiontheCHAMP receiver startedto trackup to tensatellitessimultaneouslyon 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-dependentweightingof theobservationsareanalyzedfirst.

Figure6.54shows the RMS errorsper coordinatefor the reduced-dynamicorbit determinationsin
SATORB. Figure6.54(a)shows thevaluesfor reduced-dynamicorbitsRcIS (usingcodepositionsde-
rivedwithoutapriori orbit informationin LEOKIN) whicharethebasisfor all following solutionsusing
theCODERapidproductsasinput datafor CHAMP. TheRMS errorsareclearlysmallerthanthosefor
SAC-C(Figure6.41(a)).

TheRMSerrorsfor thereduced-dynamicorbitsof APOsetC (RcII
�

S,Figure6.54(b))areaboutone
meter. This is a factorof two smallerthanthecorrespondingvaluesfor SAC-C (Figure6.41(b)). The
codeobservationsof CHAMP thusseemto be of betterquality thanthe codeobservationsof SAC-C.
Thevaluesfor doy 064aremissingbecausewesplit thedayinto two intervals.Thefirst arcrefersto the
observationsbeforeandthesecondto theobservationsafterthedatagap.Therefore,we have two short
reduced-dynamicorbitsfor doy 064,whicharenot includedin thesefigures.

Thereduced-dynamicorbitsfor APO setP (RpII
�

S, Figure6.54(c))have RMS errorsbelow 15 cm
for all daysconsidered(for

�£�
3 and5). TheRMS errorsareslightly smallerthanthecorresponding

valuesfor SAC-C(Figure6.41(c))andveryhomogeneousover the35days.
Figure6.55shows the numberof interruptsandnumberof jumpsfor the kinematicsolutionscon-

sidered.Thethreebarsfor eachdayhave thesamemeaningasin thecorrespondingfiguresfor SAC-C
(Figure6.42). Thedifferencesbetweenthesolutionswith APO setC (Figures6.55(a)and6.55(b))and
thesolutionswith APO setP (Figures6.55(c)and6.55(d))arenot significant. In many casessolutions
A show morejumpsin thekinematictrajectorythansolutionsB. A suddenincreaseof thequalityof the
kinematicsolutionscanbeobservedon doy 077. Thenumbersof interruptsandjumpsaresignificantly
smallerthanfor thedaysbefore.No obviouschangein thedataperformancestartingondoy 077maybe
recognizedhowever(seeFigure6.40),exceptthatthenumberof epochswith fewerthansix trackedsatel-
lites is reducedstartingwith doy 077. This maybevery importantbecausekinematicpoint positioning
with LEOKIN requiresat leastfour observations.With four observationswemaydetermineakinematic
positionbut thereis noredundancy in theadjustmentandthereforenoqualitycontrolis possiblefor this
position.

Observe thatthekinematicsolutionfor doy 086hasnointerruptsdueto missingposition-differences
andthat no jumpsin the kinematictrajectorycould be found. Therefore,doy 086 is an ideal testday
withoutdatagapsanddataproblems.

Comparedto the resultsof the IGS CHAMP testcampaign(Table6.7) the meannumberof inter-
rupts and jumpsare significantlysmaller(Table6.18). Figure 6.56 shows the percentageof deleted
observationsfor the35 days.Thecurvesmaybecharacterizedasthecorrespondingcurvesfor SAC-C
(Figure6.43).

The solutionswithout elevation-dependent weighting for the 35 daysin 2002 for CHAMP show
similar characteristicsconcerningthe numberof interruptsand jumps, and the percentageof deleted
observations.Partly, solutionsA show morejumpsthansolutionsB, but mainly for thedaysbeforedoy
077. Thevaluesfor the interruptsandjumpsthemselvesaresmallerthanthecorrespondingvaluesfor
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Figure6.54:RMS errors per coordinate for reduced-dynamicorbit determination in program
SATORB, CHAMP, no elevation-dependent weighting,CODE Rapidproducts,doy 055
to 089/2002.
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Figure6.55:Numberof interruptsdue to missingphaseposition-differences (left bar) andnumberof
jumps in the kinematictrajectoryfor solution A (middle bar) and B (right bar), CODE
Rapidproducts,noelevation-dependent weighting,CHAMP, doy 055to 089/2002.
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Figure6.56:Percentageof deletedobservationsfor solutionsusingCODE Rapidproductsandnot ap-
plying elevation-dependent weighting,CHAMP, doy 055-089/2002.
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6 ResultsandApplications

Table6.18:Minimum, mean, and maximum numberof interruptsand jumps for solutionswithout
elevation-dependentweightingusingCODERapidproducts(RC

�
, RP

�
), CHAMP.

APOsetC APOsetP
Interrupts Jumps Interrupts Jumps

Sol. A andB Sol. A Sol. B Sol. A andB Sol. A Sol. B���
3 0 7 18 0 7 17 0 7 19 0 7 18 0 7 18 0 7 19���
5 0 7 17 0 7 16 0 7 18 0 7 17 0 8 17 0 7 18���
10 0 7 17 0 8 18 0 8 17 0 7 17 0 8 18 0 8 18

the2001IGS CHAMP testcampaign.This is thecasefor theRMS errorsof thereduced-dynamicorbit
determinationsin SATORB, aswell. Thisindicatesthatthedataperformanceandqualityof theCHAMP
datahassignificantlyimprovedin 2002.

CHAMP: Elevation-dependent Weighting, Cut-off Angle Ç�È
Figure6.57showstheRMSerrorspercoordinatefor theorbit determinationin SATORB for thereduced-
dynamicorbits RcII

�
Se and RpII

�
Se. The RMS errorsfor APO set C (Figure 6.57(a))are slightly

smallerthanthosefor thesolutionswithout elevation-dependentweighting(Figure6.54(b))which was
expecteddueto thefindingsfor the2001IGStestcampaignthatelevation-dependent weightinghasto be
appliedto thecodeobservationsof CHAMP. TheRMS errorsof theorbit determinationof thereduced-
dynamicorbitsRcII10Searelesshomogeneousthanthosefor thereduced-dynamicorbitsRcII10S.The
RMS errorsfor APO setP (Figure6.57(b))areequalto thosein Figure6.54(c).Exceptfor

�É�
10 this

is not thecaseandit canbestatedthatthechoiceof
�¤�

10 is notgoodenough.
Figure6.58shows thenumberof interruptsandnumberof jumpsfor theRC

�
e-andRP

�
e-solutions

of CHAMP. Table6.19summarizestheminimum,meanandmaximumnumbersfor thedifferentRC
�

e-
andRP

�
e-solutions.

Thenumberof interruptsandnumberof jumpsin Figure6.58shows thepatternalreadynoticedin
theexamplesfor theIGS CHAMP testcampaign:ThesolutionA shows a similar numberof jumpsas
solutionB. Thekinematicsolutionsgetbetterstartingfrom doy 077onwards.Thebestperformanceof
thesolutionscanbefoundin Figures6.58(c)and6.58(d)for solutionB usingAPOsetPwith elevation-
dependentweightingof theobservations.Thecurveswith thepercentageof deletedobservationsarenot
shown for thesesolutionswith elevation-dependentweightingbecausethey arevery similar to thoseof
thesolutionswithoutelevation-dependent weighting(Figure6.56).

TheRMSerrorspercoordinateof theHelmerttransformationbetweenthesolutionRPB3andRPB3e
for the35 daysmaybefoundin Figure6.59. Thevaluesaresmallerthanthecorrespondingvaluesfor
SAC-C(Figure6.50(a)).Thereasonmaybethatthesolutionsfor SAC-Chavein averagemoreinterrupts
thanthesolutionsfor CHAMP. If theseinterruptshave differentsizefor thesolutionwith andwithout
elevation-dependentweightingthis leadsto largerdifferencesbetweenthekinematictrajectories.

Wegenerate,in addition,thebestpossiblereduced-dynamicorbitsRP3Sein SATORB with thecode
positionsandphaseposition-differencesfrom RPB3eas input. Figure6.60(a)shows the RMS errors
of the Helmerttransformationsbetweenthe kinematictrajectoryRPB3andthe reduced-dynamicorbit
RP3Se(top) andbetweenRPB3eandRP3Se(bottom). TheRMS errorsof theHelmerttransformation
betweenRPB3eandRP3Se(meanRMS error9.6cm) arein averagesmallerthanthosefor thecompar-
isonbetweenRPB3andRP3Se(meanRMS error11.5cm). A reasonfor this is that theorbitsRPB3e
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Figure6.57:RMS errors per coordinate for reduced-dynamicorbit determination in program
SATORB, CHAMP, elevation-dependent weighting, CODE Rapid products,doy 055 to
089/2002.
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Figure6.58:Numberof interruptsdue to missingphaseposition-differences (left bar) andnumberof
jumps in the kinematictrajectoryfor solution A (middle bar) and B (right bar), CODE
Rapidproducts,elevation-dependentweighting,CHAMP, doy 055to 089/2002.
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6.4 CHAMP andSAC-C– 055/2002to 089/2002

Table6.19:Minimum,mean,andmaximumnumberof interruptsandjumpsfor solutionswith elevation-
dependentweightingusingCODERapidproducts(RC

�
e,RP

�
e),CHAMP.

APOsetC APOsetP
Interrupts Jumps Interrupts Jumps

Sol. A andB Sol. A Sol. B Sol. A andB Sol. A Sol. B���
3 0 7 17 1 7 17 1 6 14 0 7 17 1 7 17 0 7 14���
5 0 7 17 1 7 18 1 6 15 0 7 17 1 7 17 0 6 15���
10 0 7 18 1 7 21 1 7 15 0 7 17 1 7 16 0 7 15
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Figure6.59:RMS errorsof Helmert transformationbetweenkinematicsolutionsRPB3 and RPB3e,
CHAMP, doy 055to 089/2002.

andRP3Searerelatedto eachother: The reduced-dynamicorbit RP3Seis generatedusingpositions
andposition-differencesfrom theRPB3esolution. If we performHelmerttransformationsbetweenthe
kinematictrajectoriesRPB3andRPB3eandthereduced-dynamicorbit RP3S(generatedusingpositions
andposition-differencesof RPB3solutionwithout elevation-dependent weighting)(Figure6.60(b))we
find a meanRMS errorof 11.1cm for the comparisonsbetweenRPB3andRP3Sand11.2cm for the
comparisonsbetweenRPB3eandRP3S.The larger valuesfor all othercomparisonsindicatethat the
small RMS betweenthe trajectoriesRPB3eandRP3Seis not only dueto the relationbetweenthem.
Thesolutionswith elevation-dependentweighting(RPB3e(kinematic)andRP3Se(reduced-dynamic))
show thebestperformanceandthis underlinesthattheelevation-dependentweightingis appropriatefor
CHAMP.

Figure6.61shows thedifferencesbetweentheRPB3andRPB3esolutionsfor doy 079for CHAMP.
As expectedfrom Figures6.55(d),and6.58(d)we cannotrecognizemany offsetscausedby interrupts
(two for RPB3andRPB3e)betweenthekinematictrajectories.The differencesbetweenthesolutions
without andwith elevation-dependentweightingdo not show offsetsdisturbingandconfusingthepic-
tures. Figure6.62(a)shows the differencesbetweenthe kinematictrajectoryRPB3and the reduced-
dynamicorbit RP3SeandFigure6.62(b)thosebetweenRPB3eandRP3Se.

Thebetterdataquality reflectedby Figure6.40of these35 daysof CHAMP resultsin animproved
qualityof thekinematicpointpositioningwith LEOKIN.

6.4.4 Solutions with CODE Final Products

For doy 055 to 069/2002we generatekinematicsolutionsbasedon theCODEFinal productsasinput
andcomparetheseresultswith thekinematicsolutionsfor doy 055to 069derivedfrom theCODERapid
products.The differencebetweenthe CODERapidandCODE Final productsarethe GPSorbits and
clock correctionsused.ThedifferencesbetweentheGPSorbitsof the two productsarein theorderof
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Figure6.60:RMS errors of Helmert transformationbetween kinematic trajectories RPB3 (top),
RPB3e(bottom)andreduced-dynamicorbitsRP3Se(left) andRP3S(right), CHAMP, doy
055to 089/2002.
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Figure6.61:DifferencesbetweenkinematicsolutionsRPB3andRPB3e,CHAMP, doy 079/2002,RMS
0.06m.
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(b) KinematictrajectoryRPB3e– reduced-dynamicor-
bit RP3Se,RMS0.07m.

Figure6.62:DifferencesbetweenkinematictrajectoryRPB3andreduced-dynamicorbit RP3SE(left)
andbetweenRPB3eandRP3Se(right), CHAMP, doy 079/2002.

threeto six centimeters(RMSerrorof aHelmerttransformation).Thisshouldnotcauselargedifferences
in theresultingtrajectoriesof theLEO. Theclockcorrections,on theotherhand,aregeneratedwith two
differentprocedures.The30-secondGPSclock correctionsusedtogetherwith theCODERapidorbits
arealignedto theGPSbroadcastclockcorrectionsandthereferenceclockis arbitrarilychosen(normally
it is a receiver clock of a stationknown to have a goodquality). Theseso-called“free” 30-secondclock
correctionsarenot asconsistentwith the CODE Rapidorbits asthe 30-secondclock correctionsused
togetherwith theCODEFinal orbits. These30-secondclock correctionsareconstrainedto theCODE
Final 5-minuteclock corrections.Thereforewe mayexpectdifferencesin thekinematictrajectoriesof
theLEOsmainlydueto thesedifferentclockgenerationprocedures.

In additionwe want to study the impacton kinematicpositionswhenusing the precise5-minute
clock correctionof theCODEFinalprocessingasclock informationin theLEOKIN procedure(instead
of the30-secondclockcorrectionsusedsofar). The5-minuteclockcorrectionsarelinearly interpolated
to the epochsneeded(as it was also donewith the 30-secondclock corrections). Finally, the SAC-
C dataareprocessedwithout a cut-off anglefor the observationsin orderto assessthe quality of the
observationsbelow thelocalhorizon.All kinematicsolutionsusingCODEFinalproductsaregenerated
usingexclusively

�
= 3. Whenwe areusinga solutiongeneratedwith the CODE Rapidproductsfor

comparisonwealwaysusethecorrespondingsolutiongeneratedwith
���

3.

SAC-C: No Elevation-dependent Weighting, Cut-off Angle �O�
Figure6.63shows thenumberof interruptsandnumberof jumpsin theway previously explained.Ta-
ble 6.20summarizesthe minimum,mean,andmaximumnumbersfor the thirteendays. Thenumbers
arenot significantlydifferent from thosereferringto the solutionsusingCODE Rapidproducts(Fig-
ures6.42(a)and6.42(c)).

Let usnow analyzethe differencesin thekinematictrajectoriesdueto the useof differenta priori
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Figure6.63:Numberof interruptsdue to missingphaseposition-differences (left bar) andnumberof
jumpsin thekinematictrajectoryfor solutionA (middlebar)andB (right bar),CODEFinal
products,noelevation-dependent weighting,SAC-C,doy 055to 069/2002.

Table6.20:Minimum, mean, and maximum numberof interruptsand jumps for solutionswithout
elevation-dependentweightingusingCODEFinalproducts(FC,FP),SAC-C.

APOsetC APOsetP
Interrupts Jumps Interrupts Jumps

Sol. A andB Sol. A Sol. B Sol. A andB Sol. A Sol. B

6 16 25 5 18 31 5 16 28 6 16 25 5 17 31 5 16 27
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Figure6.64:RMS errorsof Helmert transformationbetweencorrespondingkinematicsolutionsusing
CODE Rapid (RC and RP) and using CODE Final products(FC and FP), no elevation-
dependentweighting,SAC-C,doy 055to 069/2002.Left bar:solutionA, right bar:solution
B.
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Figure6.65:RMS errorsof Helmert transformationbetweenpost-fit reduced-dynamicorbits RPSand
FPS,doy 055to 069/2002,SAC-C.

informationfor theGPSorbitsandclockcorrections.
Figure6.64shows the RMS errorsof the Helmerttransformationbetweenthe kinematicsolutions

usingeitherCODE Rapidproducts(RC andRP) or the CODE Final products(FC andFP).The two
barsrepresenttheRMS errorfor thecomparisonof solutionsA (left bar)andof solutionsB (right bar).
TheRMS errorscorrespondingto solutionsA arein mostcasesslightly larger thanthoseof solutionB.
Table6.21summarizesthemeanRMSerrorsof theHelmerttransformation.Figure6.65showstheRMS
errorsof aHelmerttransformationbetweenthepost-fitreduced-dynamicorbitsRPSandFPS.

Figure6.66(a)shows, asan example,the differencesbetweenthe post-fit reduced-dynamicorbits
RPSandFPSfor doy 055(RMS 0.04m). Figure6.66(b)shows thedifferencesbetweenthekinematic
trajectoriesof solutionsRPBandFPBfor doy 055(RMS 0.05m). Sinceboth,differenta priori orbits
anddifferentapriori informationfor theGPSorbitsandclockcorrectionsareusedfor thetwo solutions
theevaluationof thecomparisonsis difficult.

In orderto independentlyevaluatetheinfluenceof differenta priori informationfor GPSorbitsand
clockcorrectionson thekinematictrajectorythesolutionsRCBandRPBwererepeatedwith theapriori
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6 ResultsandApplications

Table6.21:MeanRMS errors(cm) of Helmerttransformationbetweencorrespondingkinematicsolu-
tions usingCODE Rapid(RC andRP) andusingCODE Final products(FC andFP) and
betweencorrespondingreduced-dynamicsolutions(RPSandFPS),SAC-C.

RC Ê FC. RP Ê FP. RPS Ê FPS
Sol. A Sol. B Sol. A Sol. B
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(a)Reduced-dynamicorbitsRPS– FPS,RMS0.04m.
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(b) KinematictrajectoriesRPB– FPB,RMS0.05m.

Figure6.66:Differencesbetweenreduced-dynamicorbit RPSandFPS(left) andkinematictrajectories
RPBandFPB(right) for doy 055,SAC-C.
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Figure6.67:RMS errorsof theHelmerttransformationbetweensolutionsFCB andRFCBandbetween
FPBandRFPB,SAC-C,doy 055to 069/2002.
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Figure6.68:RMSerrorsof theHelmerttransformationbetweensolutionsRCBandRFCB,andbetween
RPBandRFPB,SAC-C,doy 055to 069/2002.

orbitsFcIISandFpIIS,respectively (solutionsRFCBandRFPB).
TheRMSerrorsof theHelmerttransformationbetweentheresultingkinematictrajectoriesof RFCB

andRPB with the correspondingsolutionsFCB andFPB may be found in Figure6.67. Figure6.68
shows the RMS errorsof the Helmerttransformationbetweenthe kinematictrajectoriesof RFCBand
RCBandbetweenRFPBandRPB.

ThedifferencesbetweentheoriginalsolutionRCBandsolutionRFCB(exchangingtheapriori orbit)
for doy 055(Figure6.69(a))have anRMSerrorpercoordinateof 0.02m in theHelmerttransformation.
ThedifferencesbetweenthesolutionFCBandsolutionRFCB(usingtheapriori orbit FcIIS)for doy 055
(Figure6.69(b))have anRMS errorof 0.06m. Theseresultsindicatethat the impacton thekinematic
resultsof different input datalike CODE Rapidproductsor CODE Final productsis larger than the
impactof adifferentapriori orbit.

As mentionedabove the differentproceduresto generatethe 30-secondclock correctionsusedto-
getherwith the CODE Rapidandthe CODE Final productsare the main differencebetweenthe two
typesof inputdata.Thesedifferencesexplain thedifferencesin Figure6.69(b).

SAC-C: Elevation-dependent Weighting, Cut-off Angle Ç�È
Wecomputedalsothesolutionswith elevation-dependent weightingusingtheCODEFinalproducts.

Figure6.70showsthenumberof interruptsandnumberof jumpsfor thesesolutionsusingAPOsetC
andP. Table6.22lists theminimum,mean,andmaximumnumberof interruptsandjumps.Figure6.71
shows the RMS errorsof the Helmert transformationbetweenthe correspondingkinematicsolutions
usingCODERapidandusingCODEFinalproductsasinputdata.Figure6.72shows theRMSerrorsof
theHelmerttransformationbetweenthepost-fitreduced-dynamicorbitsRPSeandFPSe.In Table6.23
themeanRMSerrorsfor thesecomparisonsarelisted.
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(a)DifferencesbetweenRCBandRFCB,RMS0.02m.
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(b) DifferencesbetweenFCBandRFCB,RMS0.06m.

Figure6.69:Differencesbetweenkinematictrajectoriesfor doy 055,SAC-C.

Table6.22:Minimum,mean,andmaximumnumberof interruptsandjumpsfor solutionswith elevation-
dependentweightingusingCODEFinalproducts(FCe,FPe),SAC-C.

APOsetC APOsetP
Interrupts Jumps Interrupts Jumps

Sol. A andB Sol. A Sol. B Sol. A andB Sol. A Sol. B

6 16 25 5 17 30 5 17 30 6 16 25 5 17 31 5 16 29

Theseresultsdo not indicatewhetherthe solutionswithout or with elevation-dependent weighting
arebetterin the caseof SAC-C. Even the differencesbetweensolutionA andB aresimilar for both
solutiontypes(withoutandwith elevation-dependentweighting).

TheRMS errorsof theHelmerttransformationbetweenorbit solutionsusingCODERapidandus-
ing CODEFinal productsarelarger for thesolutionswith elevation-dependent weighting(compareTa-
ble6.21with Table6.23).

Table6.23:MeanRMSerrors(cm)of theHelmerttransformationbetweencorrespondingkinematicso-
lutionsusingCODERapid(RCeandRPe)andusingCODEFinal products(FCeandFPe)
andbetweencorrespondingreduced-dynamicsolutionsRPSeandFPSe,SAC-C.

RCe Ê FCe RPe Ê FPe RPSeÊ FPSe
Sol. A Sol. B Sol. A Sol. B

8.3 6.5 8.4 6.5 5.8
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Figure6.70:Numberof interruptsdue to missingphaseposition-differences (left bar) andnumberof
jumpsin thekinematictrajectoryfor solutionA (middlebar)andB (right bar),CODEFinal
products,elevation-dependentweighting,SAC-C,doy 055to 069/2002.
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Figure6.71:RMS errors of the Helmert transformationbetweenkinematic solutions using CODE
RapidandusingCODE Final products,elevation-dependentweighting,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
0

0.05

0.1

R
M

S
 (

m
)

Day of Year

Figure6.72:RMSerrorsof theHelmerttransformationbetweenreduced-dynamicorbitsRPSeandFPSe,
SAC-C,doy 055to 069/2002.
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(a) Numberof interruptsandnumberof jumpsfor solutionF5PAe
andF5PBe.
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Figure6.73:CODE Final productsandCODE Final 5-minuteclock correctionsasclock information,
SAC-C,doy 055to 069/2002.

SAC-C: CODE Final 5-min ute Cloc k Corrections Used as Cloc k Information

In Section3.7 we usedinterpolated5-minuteclock correctionsinsteadof interpolated30-secondclock
correctionsin LEOKIN. Theresultingdifferenceson thekinematicpositionsusingsimulatederror-free
observationshadanRMSerrorof aHelmerttransformationof 2.5to 4 cm.

In orderto evaluatetheimpactof usingtheinterpolated5-minuteclockcorrectionsthosesimulation
resultswereperformedwithout a datascreening.In thetestwith realdatathedatascreeningis enabled
andthereforeproblemsstemmingfrom badsatelliteclocksareremoved.

In thefollowingwehavereplacedthe30-secondclockcorrectionsusedin LEOKIN with the5-minute
clockcorrectionsfrom theCODEFinalproduct.The5-minuteclockcorrectionsarelinearlyinterpolated
to 10-secondobservation epochs.SolutionsFPAe andFPBearerepeatedwith the interpolatedclock
information(F5PAe andF5PBe).Thea priori orbitsusedarethesameasfor theoriginal solutionsFPe
(FpIISe).Theonly differencebetweenthetwo solutionsaretheGPSclockcorrectionsused.

Thenumberof interruptsandjumpsis givenin Figure6.73(a)in theusualway. Thereis nosignificant
differenceto Figure6.70(b)(exceptafew smalldifferences,e.g.,doy 057and066/2002).Figure6.73(b)
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Figure6.74:DifferencesbetweensolutionsF5PBeandFPBefor doy 055,SAC-C,RMS0.11m.

shows theRMS errorsof theHelmerttransformationbetweenthenew solutionsF5PBeandtheoriginal
solutionsFPBe.TheRMSerrorsarearoundtencentimetersfor all thirteendaysconsidered.Thevalues
arelargerthanthevaluesfrom thesimulationsin Section3.7.Thesimulationsareperformedwith error-
free observationsandthereforeno interruptsdueto dataproblemswerein the data. This explainsthe
largervaluesfor therealdata.

Figure6.74shows thedifferencesbetweenthetwo correspondingsolutionsfor doy 055.Thediffer-
encesareof theorderof up to onemeterat a few epochs.

Theresultsof thissectionareof greatestimportancefor practice:It is obviouslypossibleto generate
kinematic(or reduced-dynamic)LEO orbits with a quality of a few decimetersusingreadilyavailable
IGS orbitsandclock information(5-minutesatelliteclockcorrectionsareavailablefrom individual IGS
analysiscentersandasanofficial IGSproduct).

SAC-C: No Elevation-dependent Weighting, no Cut-off Angle

In Section6.2wehaveseenthattheobservationsbelow thelocalhorizonareof rathergoodqualityin the
caseof SAC-C.This is why wealsogeneratekinematicorbitswith all availableobservationsfor SAC-C.

Theadditionalobservationsfor thesesolutionshaveelevationanglesbetweenzeroandminustende-
grees.Thepercentageof theseobservationscomparedto thetotalnumberis aboutoneto two percentfor
thethirteendays.Thisis asignificantlysmallerpercentagethanin thecaseof doy 051/2001processedin
Section6.2(abouttenpercent).Thetestshallshow whetherthissmallamountof observationsimproves
thepointpositioningresult.

Figure6.75shows that the numberof interruptsandjumpsis of the sameorderasin Figure6.63
(representingthesolutionswith acut-off angleof � � ).

Figure6.76shows thedifferencesin thekinematictrajectorybetweenthe solutionsFCB andSCB
for doy 055.Thedifferencesareverysmall(RMS0.01m). It is notclearwhetherthekinematicsolution
improvesdueto theuseof theoneto two percentlow elevationdata.

Sincethegainof usingasmallamountof low elevationdatais marginalwedonot furtherpursuethe
issueandrecommenda cut-off angleof � � in thecaseof SAC-C.
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Figure6.75:Numberof interruptsdueto missingphaseposition-differencesandnumberof jumpsin the
kinematictrajectory, CODE Final products,no elevation-dependentweighting,no cut-off
angle,SAC-C,doy 055to 069/2002.
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Figure6.76:Differencesbetweenkinematic trajectoriesFCB (cut-off angle �O� ) and SCB (no cut-off
angle)for doy 055,SAC-C,RMS0.01m.
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Figure6.77:Numberof interruptsdue to missingphaseposition-differences (left bar) andnumberof
jumpsin thekinematictrajectoryfor solutionA (middlebar)andB (right bar),CODEFinal
products,noelevation-dependent weighting,CHAMP, doy 055to 069/2002.

Table6.24:Minimum, mean, and maximum numberof interruptsand jumps for solutionswithout
elevation-dependentweightingusingCODEFinalproducts(FC,FP),CHAMP.

APOsetC APOsetP
Interrupts Jumps Interrupts Jumps

Sol. A andB Sol. A Sol. B Sol. A andB Sol. A Sol. B

4 9 18 3 9 18 3 9 18 4 9 18 3 9 19 3 8 19

CHAMP: No Elevation-dependent Weighting, Cut-off Angle �O�
The CHAMP datafor doy 055 to 069/2202areprocessedwith the CODE Final productsas input, as
well. Thesolutionswithoutelevation-dependent weightingareanalyzedfirst.

Figure6.77shows thenumberof interruptsandjumpsin theknown format. Table6.24summarizes
thecorrespondingminimum,mean,andmaximumnumbersof thesolutions.Concerningdatascreening
thereare no significantdifferencesto the correspondingsolutionsusing CODE Rapidproducts. We
comparethekinematictrajectoriesof theRCandRPwith thoseof FCandFP. Figure6.78showstheRMS
errorsof theHelmerttransformationbetweenthesolutions.Thevaluesfor thecomparisonsbetweenthe
solutionsA arelarger thanthosefor solutionsB. ThemeanRMS errorsof theHelmerttransformations
arelistedin Table6.25.Thevaluesaresmallerthanthosefor SAC-C(Table6.21).

As in the casefor SAC-C we repeatthe computationof RCB and RPB using the corresponding
reduced-dynamicorbitsFcIISandFpIISasapriori orbits.This is donein orderto isolatethedifferences
causedby different a priori orbits and causedby different input data. Figure 6.79 shows the RMS
errorsof theHelmerttransformationbetweentheresultingtrajectoriesandthesolutionsFCB andFPB,
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Figure6.78:RMS errorsof theHelmerttransformationbetweencorrespondingkinematicsolutionsus-
ing CODERapid(RC andRP)andusingCODEFinalproducts(FC andFP),no elevation-
dependentweighting,CHAMP, doy 055to 069/2002.Left bar: solutionA, right bar: solu-
tion B.

Table6.25:Mean RMS errors(cm) of the Helmert transformationbetweencorrespondingkinematic
solutionsusingCODE Rapid(RC andRP) andusingCODE Final products(FC andFP),
CHAMP.

RC Ê FC RP Ê FP
Sol. A Sol. B Sol. A Sol. B

6.1 4.9 6.2 5.1

respectively. Figure6.80(a)shows theRMS errorsof theHelmerttransformationbetweentheresulting
trajectoriesof thenew solutionsRFCBandthesolutionRCB andFigure6.80(b)shows theRMS errors
of the Helmert transformationbetweensolutionsRFPBandRPB. The valueshave the sameorderof
magnitudeasthe correspondingvaluesfor SAC-C (Figures6.67and6.68). Figure6.81(a)shows the
differencesbetweenthekinematicsolutionsRCB andRFCBderivedwith thea priori orbit of FcIIS for
doy 056.Figure6.81(b)showsthedifferencesbetweenFCBandthenew solutionRFCB.Thedifferences
in Figure6.81(a)reflect, therefore,the differencesin the useda priori orbit. Thosein Figure6.81(b)
reflectthedifferencesin theinputdata(satelliteclockcorrectionsin particular).

Theeffectonthekinematicsolutionsfor CHAMPis asexpectedsimilarto theeffectonthekinematic
solutionsfor SAC-C. The differenceis only that the effect of usingdifferent input data(CODE Final
productsinsteadof CODERapidproducts)is somewhatsmallerfor theCHAMP solutions.
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Figure6.79:RMS errorsof Helmert transformationbetweensolutionsFCB and RFCB, and between
FPBandRFPB,CHAMP, doy 055to 069/2002.
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Figure6.80:RMS errorsof Helmert transformationbetweensolutionsRCB and RFCB, and between
RPBandRFPB,CHAMP, doy 055to 069/2002.
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Figure6.81:Differencesbetweenkinematictrajectoriesof doy 056,CHAMP.
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Figure6.82:Numberof interruptsdue to missingphaseposition-differences (left bar) andnumberof
jumpsin thekinematictrajectoryfor solutionA (middlebar)andB (right bar),CODEFinal
products,elevation-dependentweighting,CHAMP, doy 055to 069/2002.

Table6.26:Minimum,mean,andmaximumnumberof interruptsandjumpsfor solutionswith elevation-
dependentweightingusingCODEFinalproducts(FCe,FPe),CHAMP.

APOsetC APOsetP
Interrupts Jumps Interrupts Jumps

Sol. A andB Sol. A Sol. B Sol. A andB Sol. A Sol. B

4 9 17 3 8 16 3 8 17 4 9 17 3 8 14 3 8 15

CHAMP: Elevation-dependent Weighting, Cut-off Angle Ç�È
Thesolutionswith elevation-dependentweightingfor CHAMParecomputed,aswell. Figure6.82shows
thecorrespondingnumberof interruptsandjumpsfor thekinematicsolutions.Table6.26summarizes
theminimum,mean,andmaximumnumbersfor the15daysconsidered.

As expectedthedifferencesto thesolutionswithoutelevation-dependentweighting(Figure6.77)are
notsignificantexceptthenoticethat,asin previousexamplesfor CHAMP, thesolutionsA havefor some
daysabetterperformancethanthesolutionsA withoutelevation-dependent weighting.

Figure6.83showstheRMSerrorsof theHelmerttransformationbetweenthesolutionsusingCODE
Rapidproducts(RCeandRPe)andthesolutionsusingCODEFinalproducts(FCeandFPe).Table6.27
summarizesthe meanRMS errorsfor thesecomparisons.ThesemeanRMS errorsareaboutonecen-
timeter larger thanthe correspondingmeanRMS errorsfor the solutionswithout elevation-dependent
weighting(Table6.25).This wasalsothecasefor thesolutionsfor SAC-C (Tables6.21and6.23).The
reasonfor this factcouldnotbefoundyet.
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Figure6.83:RMS errorsof theHelmerttransformationbetweencorrespondingkinematicsolutionsus-
ing CODE Rapid (RCe and RPe)and using CODE Final products(FCe and FPe),with
elevation-dependent weighting, CHAMP, doy 055 to 069/2002. Left: solution A, right:
solutionB.

Table6.27:MeanRMSerrors(cm)of theHelmerttransformationbetweencorrespondingkinematicso-
lutionsusingCODERapid(RCeandRPe)andusingCODEFinal products(FCeandFPe),
CHAMP.

RC Ê FC RP Ê FP
Sol. A Sol. B Sol. A Sol. B

7.2 5.6 7.1 5.6
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Figure6.84:CODE Final productsandCODE Final 5-minuteclock correctionsasclock information,
CHAMP, doy 055to 069/2002.

CHAMP: CODE Final 5-min ute Cloc k Corrections Used as Cloc k Information

InterpolatedCODEFinal 5-minuteclock correctionsareusedfor doy 055 to 069/2002of CHAMP, as
well. As in thecaseof SAC-C we repeatedsolutionsFPA3eandFPB3ewith theinterpolated5-minute
clockcorrections(to 10-secondintervals).

Figure6.84(a)shows the numberof interruptsandjumpsfor thesenew solutions. The numberof
jumpsis in a few cases(e.g.,doy 056and057)slightly higherthanin Figure6.82(top). On theother
hand,thenumberof interruptsandjumpsis smallerfor doy 058. Figure6.84(b)shows theRMS errors
of theHelmerttransformationbetweensolutionsF5PBeandFPBe. Doy 064 is left out becauseof the
long datagapon thatday(seeFigure6.40). TheRMS errorsareof thesameorderof magnitudeasthe
correspondingvaluesfor SAC-C (Figure6.73(b)). Figure6.85shows the differencesbetweenthe two
correspondingsolutionsfor doy 055(F5PBeandFPBe).Thedifferencesshow similar characteristicsas
thecorrespondingdifferencesfor SAC-C(Figure6.74).

6.4.5 Summar y

Thestudiesmadebasedonthedataseriesof 35daysfor CHAMP andSAC-Cin 2002confirmin essence
theconclusionsalreadydrawn from thepreviousexamples(CHAMP 152/2001,SAC-C 051/2001,and
IGSCHAMP testcampaign(doy 140to 150/2001)).

The solution B with a cut-off angleof �O� , �Ë�
3, and a priori orbits from APO set P leadsto

reliable,robust, andaccuratekinematicpoint positioningresultswith LEOKIN. For CHAMP we have
seenalreadyfor the2001campaignthattheelevation-dependentweightingmodelis appropriatefor the
codeobservations. For SAC-C this cannotbe concludedasclearly asin the caseof CHAMP because
no significantdifferencesbetweenthe two models(without andwith elevation-dependent weighting)
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Figure6.85:DifferencesbetweensolutionsF5PBeandFPBefor doy 055,CHAMP, RMS0.11m.

couldbeidentified.Wehaverecognized,ontheotherhand,thatthequalityof thekinematicsolutionsfor
CHAMP andSAC-Cdoesnotdependasmuchonthevalueof

�
asin thepreviousexamplesfor CHAMP

152/2001,SAC-C051/2001,andtheIGSCHAMP testcampaign.Thedataquality is betterin 2002than
in 2001for bothsatellites.The remainingoutlierscanbedetectedreliably. After datascreeningthere
arestill enoughsatellitesavailableto generatekinematicpointpositionsof goodquality.

Additionalstudieswereperformedconcerningtheuseof differentGPSorbitsandclockcorrections.
Weused,on theonehand,CODERapidproductsasa priori informationand,on theotherhand,CODE
Final products.The differencesbetweencorrespondingsolutionsarebelow ten centimeters.They are
smallerfor thesolutionswithoutelevation-dependent weightingfor bothsatellitesandthereasonfor this
is still unclear.

ThedifferencesbetweenthekinematicsolutionsusingCODERapidproductsandthesolutionsusing
CODEFinalproductsaremainlydueto theGPSclock correctionsetsused.Thedifferencesin theGPS
orbits are too small to have a big impacton the results. The Rapidand Final GPSclock correction
setsarederived by two slightly differentprocedures.The 30-secondclock correctionsusedwith the
CODE Rapidproductsareso-called“free” clock correctionswhich areonly alignedto the broadcast
clock corrections.The 30-secondclock correctionsusedwith the CODE Final products,on the other
hand,areconstrainedto thepreciseCODEFinal5-minuteclockcorrections.

ThedifferencesbetweenthesolutionsusingCODERapidproductsandusingCODEFinalproducts
aresmallerfor theCHAMP solutionsthanthedifferencesfor theSAC-Csolutions.

The useof interpolated5-minuteclock correctionsinsteadof interpolated30-secondclock correc-
tionsin LEOKIN for processing10-seconddataleadsto highly accuratesolutions,aswell. Themaximal
differencesin thekinematictrajectoriesmayreachonemeterin onecomponentbut theRMS errorsof
a Helmerttransformationbetweentheorbit setsareonly abouttencentimeters.Theuseof interpolated
5-minuteclock correctionsis possibleandmay be recommendedif the accuracy requirementsareof
theorderof a few decimeters.This conclusionis of greatimportancebecausewe do not needto have
30-secondclockcorrectionavailablebut maydirectlyuseofficial clockproductsfrom theIGS.

The observationstracked below the horizonby SAC-C do not improve the kinematicsolutionsig-
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6 ResultsandApplications

Table6.28:RMS (m) errorsof Helmerttransformationbetweensolutionsfor doy 144/2001,CHAMP,
italic: LEOKIN solutions,non-italic:SATORB solutions,bold: bestsolutions.

cIS cII3 cII3S cII3e cII3Se pII3e pII3Se PB3e P3Se TUM

cI 2.58 2.86 2.55 2.30 2.52 2.50 2.56 2.60 2.71 2.56
cIS - 2.13 0.42 1.42 0.51 0.51 0.50 0.48 0.47 0.48
cII3 - 2.10 1.71 2.10 1.89 2.12 1.98 2.11 2.12
cII3S - 1.37 0.35 0.32 0.32 0.30 0.29 0.30
cII3e - 1.33 1.35 1.36 1.36 1.38 1.36
cII3Se - 0.32 0.31 0.33 0.29 0.33
pII3e - 0.08 0.13 0.15 0.13
pII3Se - 0.13 0.15 0.13
PB3e - 0.11 0.09
P3Se - 0.11

nificantly. The amountof additionalobservationsis, however, very small (one to two percent). We
recommendto disregardthemfor thekinematicpointpositioningwith SAC-CGPSdata.

For theCHAMP receiver themaximumnumberof trackedsatelliteswasincreasedfrom eightto ten
on doy 064/2002.Interestinglyenough,this changedid not directly improve thekinematicpoint posi-
tioning results.Fromdoy 077/2002onwardstheresultsare,however, muchbetter. Fromdoy 077/2002
onwardsthenumberof epochswith only four trackedsatellitesdecreasedsignificantly. With four tracked
satelliteswecandetermineapositionfor thesatellitebut wehavenoredundantobservationto controlthe
result.Theimprovedredundancy is apossibleexplanationfor theimprovedkinematicpositionsstarting
with doy 077/2002.

In Section6.3.4weperformedcomparisons(Helmerttransformation)of many orbitsfor doy 144/2001
with anexternalsolutionfrom TUM andthebestreduced-dynamicorbit (P3Se)we couldproducewith
our proceduresin LEOKIN andSATORB. For thedataof 2002we have no externalsolutionavailable.
Wecanperform,therefore,only internalcomparisons.

We review thecomparisonsfor doy 144/2001for CHAMP andperform,in addition,all crosscom-
parisonsbetweentheorbitsconsidered.Thedescriptionof theorbit solutionsmaybefoundin Table6.13.
Table6.28shows theRMS errorspercoordinateof theHelmerttransformations.Table6.29shows the
correspondinginformationfor doy 086/2002which is the day with the bestdataquality for CHAMP
for the campaignin 2002. For SAC-C the RMS errorsof the Helmert transformationsare shown in
Table6.30 for doy 055/2002.The solutionsgeneratedwith LEOKIN arewritten in italics in orderto
distinguishthemfrom thereduced-dynamicSATORB solutions.

The last two columnsin Table6.28 are identicalwith the last two columnsof Table6.14. Some
comparisonsindicatethat the correspondingsolutionsarerelatedwith eachothersuchas,e.g.,pII3e
andpII3Sewith an RMS error of 0.08m for the Helmert transformation:The combinedpositionsof
pII3eareusedasobservationsfor thegenerationof thereduced-dynamicpII3Se-orbit.Theconvergence
of the orbit solutionsto the bestsolutionsin the list (TUM) is neverthelessobvious. In addition,the
differencein quality betweenthekinematictrajectoriescII3e andcII3 canclearlybenoticed.Thecode
positionsof cII3earegeneratedwith elevation-dependent weightingandthoseof cII3 withoutweighting.
TheRMS errorsof theHelmerttransformationsshow clearlythatthecodepositionswith weightingare
significantlybetter( Ì 30%) thanthosewithout weighting. This fact canbe recognizedin Table6.29,
aswell. Thisunderlinesour finding thattheelevation-dependentweightingmodelis appropriatefor the
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6.4 CHAMP andSAC-C– 055/2002to 089/2002

Table6.29:RMS(m) errorsof Helmerttransformationbetweensolutionsfor doy 086/2002usingCODE
Rapidproducts,CHAMP, italic: LEOKIN solutions,non-italic: SATORB solutions,bold:
bestsolutions.

cIS cII3 cII3S cII3e cII3Se pII3e pII3Se PB3e P3Se

cI 1.91 1.94 1.95 1.81 1.96 1.96 1.96 1.95 1.95
cIS - 1.09 0.44 0.78 0.47 0.51 0.48 0.42 0.44
cII3 - 1.07 0.73 1.08 1.05 1.06 1.04 1.04
cII3S - 0.74 0.13 0.37 0.32 0.33 0.32
cII3e - 0.73 0.67 0.68 0.67 0.67
cII3Se - 0.32 0.26 0.28 0.27
pII3e - 0.13 0.15 0.12
pII3Se - 0.15 0.13
PB3e - 0.08

Table6.30:RMS(m) errorsof Helmerttransformationbetweensolutionsfor doy 055/2002usingCODE
Rapidproducts,SAC-C, italic: LEOKIN solutions,non-italic: SATORB solutions,bold:
bestsolutions.

cIS cII3 cII3S cII3e cII3Se pII3e pII3Se PB3e PB3 P3Se P3S

cI 2.57 2.31 2.58 2.02 2.58 2.58 2.60 2.60 2.60 2.58 2.59
cIS - 1.66 0.24 1.70 0.26 0.41 0.37 0.37 0.38 0.35 0.35
cII3 - 1.65 1.10 1.64 1.62 1.67 1.65 1.65 1.65 1.65
cII3S - 1.69 0.12 0.32 0.27 0.28 0.29 0.23 0.23
cII3e - 1.69 1.67 1.71 1.70 1.71 1.68 1.69
cII3Se - 0.33 0.29 0.32 0.33 0.24 0.27
pII3e - 0.16 0.16 0.18 0.21 0.19
pII3Se - 0.12 0.13 0.18 0.15
PB3e - 0.07 0.20 0.17
PB3 - 0.21 0.17
P3Se - 0.10

codeobservationsof CHAMP. Thecodepositionsin generalareof betterquality in the2002campaign.
Thecomparisonsfor SAC-C (Table6.30)show that thecodepositionsareof lower quality thanfor

CHAMP (in 2002). This couldbeanexplanationfor the largerdifferencesbetweenthesolutionsusing
CODERapidproductsandthesolutionsusingCODEFinalproductsfor SAC-Cthanfor CHAMP. Differ-
encesin thequalityof thecodepositionswith (cII3e)andwithout (cII3) elevation-dependent weighting
cannotbe identifiedfor SAC-C. For this example,the solutionwithout elevation-dependentweighting
evenseemsto comparebetterwith theotherorbitsthanthesolutionwith elevation-dependentweighting.

The orbit resultsof the programsLEOKIN and SATORB are for CHAMP and SAC-C of good
quality. Evenreduced-dynamicorbitsgeneratedwith codepositionsonly (cIS,cIIS, andcIISe)have an
accuracy of half a meteror better. Comparisonswith anexternalsolution(TUM) have shown that the
final kinematic(PB3,PB3e)andreduced-dynamicorbit solutions(P3S,P3Se)of ourprocedureshavean
accuracy of theorderof adecimeter.
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6 ResultsandApplications

6.5 Use of Diff erent Gravity Field Models for the
Reduced-d ynamic Orbit Modeling

TheLEO satellitesareorbiting in analtitudewherethemodelingof the forcesdueto high degreeand
order termsof the gravity field is important(Table5.2). Therearemany differentEarthgravity field
modelsavailable. They differ (amongother)in themaximumorderanddegreeof thecoefficientsand
thedatausedfor generatingthemodel.

Until recentlythe accuracy of the higherorder termsof the available modelswerenot sufficient
to modelthe gravitational forcesactingon a satelliteat CHAMP’s altitudewith high precision.Since
gravity modelsareavailableusingalsoCHAMP datafor the computationof the coefficients(TEG-4,
andEIGEN-1S)thesituationhasimprovedandthenew modelsrepresentthegravity field experienced
by CHAMP muchbetterthantheoldergravity models.

Subsequentlywe studytheimpactof gravity modelsby determiningdynamicandreduced-dynamic
orbitswith programSATORB.

A first puredynamicsolutionis generatedusingthefollowing parametrizationin programSATORB:Í six initial conditions(osculatingelements),Í nineempirical(threeconstantandsix once-per-revolution) parametersin RSW-directions,andÍ scalingfactorsfor atmosphericdraganddirectSolarradiationpressure.

In orderto solve for thelatterscalefactors,theapriori modelsfor atmosphericdraganddirectradiation
pressurehave to beturnedon.

A secondreduced-dynamicsolutionis performedusingthefollowing options:Í six initial conditions(osculatingelements),Í threeconstantparametersin RSW-directions,Í pseudo-stochasticpulses(velocitychanges)every20minutesin threeorthogonaldirections(RSW)
constrainedto zerowith astandarddeviationof 10mm/s.

The a priori force model is the samein both cases.Eight iterationswereperformedto determinethe
orbits in orderto make surethat full convergencewasreached.Thetwo typesof orbitsaredetermined
usingeitherof thefive following Earthgravity field models:Í JGM3(70x70)[Tapley et al., 1996],Í EGM96(120x120)[Lemoineet al., 1998],Í GRIM5-S1(120x120)[Biancaleetal., 2000],Í TEG-4(120x120)[Tapley et al., 2000],andÍ EIGEN-1S(120x120)[Reigberet al., 2002].

The last two modelsincludeCHAMP data. We usetwo differenttypesof pseudo-observationsfor the
orbit generationin SATORB (seeSection5.1). First we usethe combinedpositionsof FPB3efrom
doy 065to 068/2002asinput for programSATORB. Thesecondtypearethecodepositionsandphase
position-differencesfrom thesamekinematicsolutionin LEOKIN. In thelattercasewehave, therefore,
two independentpseudo-observation typesin SATORB.
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6.5 Useof DifferentGravity FieldModelsfor theReduced-dynamicOrbit Modeling

Table6.31:RMSerror(m) persatellitecoordinateof orbit determinationin 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

Table6.31 summarizesthe RMS errorsper coordinateof the orbit determinationusingthe combined
positionsin SATORB. Figure6.86shows thevaluesof theestimatedstochasticpulsesfor thedifferent
solutionsfor SAC-Condoy 065/2002.Figure6.87showsthesameinformationfor CHAMPonthesame
day.

TheRMS errorsin Table6.31tell thatdifferentgravity fieldshave no significanteffect on theorbit
representationfor SAC-C,whichis orbitingataheightof about700km. For days065and068theRMS
errorsof thepuredynamicsolutionis four to five timeslarger thanthevalueson the two middledays
066and067,whichmaybedueto dataproblems.For thesolutionscontainingstochasticpulsesevery20
minutestheRMS errorsarethesamefor eachgravity field model.Thestochasticpulsesin Figure6.86
areverysimilar for thefivegravity modelsconsidered.

The situationis differentfor CHAMP. The RMS errorsfor the dynamicsolutionsaredifferentfor
thefivegravity modelsused.With themodelsTEG-4andEIGEN-1Sthebestfit is achievedfor thefour
days.This is anexpectedresultbecausethemodelsincludeCHAMP data.TheGRIM-S1modelshows
theworstperformance.EventheJGM3modelwhich providescoefficientsonly up to degreeandorder
70,givesbetterorbit results.Theorbit qualityachievedwith stochasticpulsesshow differencesrelatedto
thegravity models,aswell. ThemodelsTEG-4andEIGEN-1Sshow thebestandtheGRIM5-S1model
showstheworstRMSerrors.Thevaluesfor thestochasticpulsesaredifferentfor thefivegravity models
(Figure6.87). It can be seenvery clearly that for the two modelsTEG-4 and EIGEN-1Sthe pulses
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Figure6.86:Stochasticpulsesestimatedbasedoncombinedpositionsanddifferentapriori gravity fields,
SAC-C,doy 065/2002.
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Figure6.87:Stochasticpulsesestimatedbasedoncombinedpositionsanddifferentapriori gravity fields,
CHAMP, doy 065/2002.
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Figure6.88:Residualsof purelydeterministicorbit determination,CHAMP, doy 065/2002.
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Figure6.89:Residualsof orbit determinationincludingstochasticpulses,CHAMP, doy 065/2002.
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aresmallest.The largestpulsesmaybe foundfor themodelsGRIM5-S1andJGM3. Interestingly, the
biggestdifferencesmayberecognizedin thevaluesfor thecrosstrackpulses.Thecrosstrackpulsesare
closeto zerofor TEG-4andEIGEN-1S.For eachof thethreeothermodelsthecrosstrackpulsesshow a
differentpattern.

Figure6.88showstheresidualsof thefivedeterministicorbitdeterminationsfor doy 065for CHAMP,
Figure6.89thoseof thereduced-dynamicorbitdeterminationsincludingstochasticpulses.In Figure6.88
theresidualslie within -5 m to 5 m for theradialandcrosstrackdirections,for thealongtrackdirections
arangeof -15m to 15m is covered.In Figure6.89all residualslie within -0.5m to 0.5m. Theresiduals
underlineour findingsfrom Table6.31 andFigure6.87. The modelsTEG-4 andEIGEN-1Sarebest
suitedto modeltheorbit of CHAMP.

In the caseof SAC-C, orbiting about300 km above CHAMP, the differencesbetweenthe gravity
modelsarehardlynoticeableimplying thatall gravity modelsconsideredaresufficientfor orbit modeling
(for ourpurpose).

Signalsin the residualsof the deterministicorbit determinationfor SAC-C stemmainly from data
problems(jumpsin thecombinedpositions)andtheinsufficientmodelingof thenon-gravitationalforces.
In thecaseof CHAMP it is amixtureof all, dataproblems,insufficientmodelingof thenon-gravitational
forces,andinsufficientmodelingof thegravity field of theEarth.

6.5.2 Code Positions and Phase Position-diff erences as Pseudo-obser vations

Orbitsfor thefour days(065to 068/2002)werealsoderivedusingthecodepositionsandphaseposition-
differencesasindependentobservation typesin SATORB. Theoptionsandparametersarethesameas
in thesolutionusingstochasticpulsesdescribedabove.

The RMS errorsper coordinateof the orbit determinationprocesscannotdirectly be comparedto
the RMS errorswhenusingcombinedpositionsbecausewe have two differentobservation typeswith
two differentRMSerrorsfor theseanalyses.Onerefersto thecodepositionsandtheotherto thephase-
derived position-differences. Residualsmay not be compareddueto the samereason.Therefore,we
focusontheestimatedvaluesof thestochasticpulses.Figure6.90showsthemfor SAC-C,doy 065/2002,
andFigure6.91for CHAMP, doy 065/2002.

For SAC-C weconfineourselvesto showing only thevaluesof thestochasticpulsesfor thesolution
usingtheGRIM5-S1model. Thevaluesarevery similar for theotherfour gravity modelsconsidered.
The characteristicsof the pulsesaredifferent from thoserelatedto the combinedpositions(compare
Figures6.90 and 6.86). Their valuesare on averagelarger in the caseof usingcombinedpositions.
The differencesare mainly due to the jumps in the kinematictrajectorieswhen using combinedpo-
sitions. In the caseof usingpositionsandposition-differencessuchproblemsdo not show up in the
pseudo-observations andthereforethe stochasticpulsesdo not have to accountfor them. In this case
the stochasticpulsesmainly have to compensatefor the insufficient modelingof the non-gravitational
forces.

For CHAMP the absolutevaluesof the stochasticpulsesareslightly smallerwhenusingcodepo-
sitionsandphaseposition-differencesindependentlyaspseudo-observations. Thecharacteristicsof the
pulsesaresimilarto thatof theorbit fits usingcombinedpositions.Thesefactsconfirmtheaboveconclu-
sionthat in thecaseof CHAMP thestochasticpulsescompensatedataproblems,insufficient modeling
of thenon-gravitationalforces,andinsufficientmodelingof thegravity field of theEarth.Dataproblems
donot influencesignificantlytheestimatedpulses.

Figure 6.92 shows the resultingorbit differences(residualsof Helmert transformationwith three
translationparameters)usingthetwo typesof pseudo-observations. Theorbit differencesreferto orbits
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Figure6.90:Stochasticpulsesfrom orbit determinationwith gravity modelGRIM5-S1usingcodeposi-
tionsandphaseposition-differences,SAC-C,doy 065/2002.

determinedusingthegravity field modelGRIM5-S1.
Theorbit differencesareof thesameorderof magnitudefor bothsatellites,indicatingthatthecom-

binedpositionsshow dataproblems(jumps)dueto theinterrupts(25 in thecaseof SAC-C and6 in the
caseof CHAMP) andthe resultingshortsequencesof connectedpositions. If we usethe codeposi-
tionsandphaseposition-differencesindependentlyfrom eachotheraspseudo-observations in SATORB
problemsdueto unconnectedphaseposition-differencesdonotshow up.

Figure6.93shows the differencesbetweenorbits from theorbit fit usingthe GRIM5-S1modelon
onesideandusingtheTEG-4modelon theotherside.Thesearereduced-dynamicorbitsderivedfrom
codepositionsandphaseposition-differences.Thedifferencesfor SAC-C(Figure6.93(a))aresmall( Î
10cm). Theforcemodelusedin SATORB seemsto beadequatefor theSAC-Csatellite.Thedifferences
for CHAMP (Figure6.93(b))arelargerbut they show similar characteristicsasthedifferencesbetween
the two different orbits derived with the GRIM5-S1 model (Figure 6.92(b)). Figure 6.94 shows the
orbit differencesbetweentheorbit generatedwith combinedpositionsusingtheGRIM5-S1modeland
theorbit generatedwith positionsandposition-differencesusingtheTEG-4model. Interestingly, these
differencesaresignificantlysmallerthanthosein Figures6.92(b)and6.93(b). This indicatesthat the
orbit generatedwith combinedpositionsrepresentsthetruetrajectoryof thesatellitebetterthananorbit
basedon positionsand position-differences, if a bad gravity field model is used(GRIM5-S1 instead
of TEG-4). The reasonis that the combinedpositionsare computedin LEOKIN without using any
modelinformation.They thereforerepresentthesatellitetrajectoryaccordingto the“true” gravity field.
Positionsandposition-differencesare,on theotherhand,combinedin SATORB basedon thephysical
orbit model(which is in this casenotperfectdueto thebadgravity field modelGRIM5-S1).

Table6.32 summarizesthe RMS errorsfor thesecomparisonsfor the four daysconsidered.The
RMS errorsaresimilar for thedifferentcomparisonsfor eachof thefour days.ThecolumndenotedA
representsthedifferencesshown in Figure6.92,columnB thosefrom Figure6.93,andcolumnC those
from Figure6.94. For SAC-C thedifferencesbetweenthereduced-dynamicorbitsgeneratedwith posi-
tionsandposition-differencesandeithertheGRIM5-S1or theTEG-4modelarethesmallest(column
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(d) TEG-4.
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Figure6.91:Valuesfor the stochasticpulsesfor different orbit fits using code positionsand phase
position-differences in SATORB, CHAMP, doy 065/2002.
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(a)SAC-C,doy 065/2002,RMS0.19m.
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(b) CHAMP, doy 065/2002,RMS0.21m.

Figure6.92:Orbit differenceswhen using either combinedpositionsor positionsand position-differ-
ences,GRIM5-S1model,reduced-dynamicorbits,CHAMP, doy 065/2002.
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Figure6.93:Orbit differenceswhenusingeitherthe GRIM5-S1modelor the TEG-4model,positions
andposition-differences, reduced-dynamicorbits,CHAMP, doy 065/2002.
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Figure6.94:Orbit differences when using either combined positions with GRIM5-S1 model
or positions and position-differences with TEG-4 model, CHAMP, doy 065/2002,
RMS0.12m.

Table6.32:RMS errors(m) of Helmert transformationbetweenreduced-dynamicorbits from differ-
ent orbit determinations;A: GRIM5-S1, combinedpositionsvs. positionsand position-
differences,B: positionsandpositiondifferences,GRIM5-S1vs. TEG-4,C: combinedposi-
tions,GRIM5-S1vs. positionsandposition-differences,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 that thegravity field modelis not importantfor thereduced-
dynamicorbitmodelingfor SAC-C.In thecaseof CHAMPthedifferencesbetweenthereduced-dynamic
orbitsgeneratedwith combinedpositionsandtheGRIM5-S1modelandtheorbitsgeneratedwith posi-
tionsandposition-differences andtheTEG-4model(columnC) arethesmallest.Thereasonfor this is
explainedabove.

Thesetestsshow that the useof differentgravity field modelsmay have a considerableimpacton
the resultingorbit from SATORB dependingon the satelliteconsidered.For SAC-C, a LEO orbiting
at a height of 702 km, the impact is hardly noticeable. For CHAMP, which is orbiting at a height
of about400 km, the influenceof the gravity field is considerableandwe shouldnot usethe gravity
modelsgeneratedwithoutCHAMP datafor thedynamicorbit modeling.Evenwhensettingupamodest
numberof stochasticpulsesat pre-definedepochs,the insufficienciesof “older” gravity modelscannot
becompletelyabsorbed.
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6.6 Stoc hastic Pulses and Acceler ometer Measurements

In Section5.4weintroducedthemeasurementsstemmingfrom theCHAMP accelerometer. Thespecific
instrumenttypeis usedfor thefirst timeon-boardCHAMP. It is alsousedby theGRACEsatellites,now.
Themeasurementsmaybeusedin thedynamicalorbit determinationprocessto replacethemodelsfor
thenon-gravitational forces,but theaccelerometermeasurementshave to becalibrated.Thecalibration
parameters(biasesandscalefactors,seeeqn.(5.7)) aremadeavailable to the usercommunityof the
CHAMP data[Perosanzet al., 2003]. Thecalibrationparametersarefrequentlyimproveddueto better
calibrationstrategies. In our tests(in the dynamicalorbit determinationprocess)we tried to estimate
thesecalibrationparameterswith theprogramSATORB andcomparedtheestimateswith thoseofficially
available.

Maneuver informationis alsoavailablefor CHAMP. The attitudemaneuversarenot performedat
pre-definedepochsandthereforetheepochsanddurationsaremadeavailableto theusersof theCHAMP
data.Wegeneratedifferentsolutionswith SATORB in orderto studytwo differentissues,namelyÍ theimpactof usingtheaccelerometermeasurementsandof estimatingtheirbiasesandscalefactors

andÍ the impactof settingup stochasticpulsesat pre-definedequidistantepochsor at the maneuver
epochs.

For all testsweusethesamekinematicsolutionsfor doy 065to 068/2002asin Section6.5(FPB3e,APO
setP, solutionB, Ï¤Ð 3, elevation-dependent weighting)asinput for programSATORB.

Firstwegenerateasolutionref for all four dayswhichdoesnotusetheaccelerometermeasurements
in orderto have a referencefor thefollowing solutions.Theoptionsfor thissolutionare:Í gravity field modelEIGEN-1S120x120,Í Estimationof

– six osculatingelements,

– nineempiricalparameters(threeconstant,six periodic)in RSW-directions,

– scalingfactorfor atmosphericdrag,and

– scalingfactorfor directradiationpressure.

Two arcsof twelve hourswereformedandthe parameterswereestimatedper arc. The orbit wases-
tablishedin eight iterationsteps. The generaloptionsfor the orbit solutionsusing the accelerometer
measurementsare:Í gravity field modelEIGEN-1S120x120,Í Estimationof

– six osculatingelements,

– threebiasesÑ�ÒrÓsÔAÕXÓ/ÐªÖ�Õ`×�Õ`Ø (eqn.(5.7)) for theaccelerometermeasurements,

As opposedto thefirst run no a priori modelsfor atmosphericdraganddirect radiationpressurewere
used;theaccelerometerdatawereintroducedinstead.Again, two arcsof twelve hourswereestablished
in eightiterationstepswith theparametersestimatedperarc.Basedonthesegeneraloptionswegenerate
differentreduced-dynamicorbitswith thefollowing additionaloptions:
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Í Solution1:

– Estimationof six periodicparametersin RSW-directions.Í Solution2:

– Estimationof six periodicparametersin RSW-directionsandsetup of stochasticpulsesin
RSW-directionsevery90minutes.Í Solution3:

– Setupof stochasticpulsesin RSW-directionsevery20minutes.Í Solution4:

– Estimationof six periodicparametersin RSW-directionsandsetup of stochasticpulsesin
RSW-directionsat epochswhereattitudemaneuverstook placewith a durationlongerthan
0.5seconds.

The scalefactorsfor the accelerometermeasurementsareset to one( Ù5ÒrÓtÔ�ÐÚÖ�ÕXÓ
ÐÚÖ�Õ`×�Õ`Ø ) for these
solutions.

For the following two solutionswe introducedthe valuesfor the accelerometerbiasespublished
togetherwith theaccelerometerdataasknown into theorbit generationprocess.Í Solution5:

– EstimationofÛ six periodicparametersin RSW-directionsandÛ thethreescalefactorsÙ2ÒrÓsÔAÕXÓÜÐÝÖ�Õ`×�Õ`Ø (eqn.(5.7)) for theaccelerometermeasurements
perarc.Í Solution6:

– EstimationofÛ six periodicparametersin RSW-directionsandÛ thethreescalefactorsÙ5ÒrÓtÔAÕXÓÞÐªÖ�Õ`×�Õ`Ø for theaccelerometermeasurementsperarc,

– setupof stochasticpulsesin RSW-directionsevery90minutes.

We estimateonly thesix periodicparametersin RSW-directionsbecausetheconstantparametersin the
RSW-directionsarefully correlatedwith the biasesof the accelerometermeasurements.The24 hours
aresplit up into two twelve-hoursarcsin orderto have moreindependentestimationsavailablefor the
biasesandscalefactors.Table6.33givesa summaryof thedifferentoptionsfor the reduced-dynamic
orbit solutions.

Figure6.95showstheRMSerrorspercoordinatefor thesolutionrefandsolution1 for thefour days
considered.Eachday is representedby two bars.Theleft barcorrespondsto thefirst twelve-hours-arc
andtheright barto thesecondone.It canbeseenthatthereferencesolutionsrefusingthemodelsfor the
non-gravitationalforceshave anRMSat leasttwo timeshigherthansolutions1 usingtheaccelerometer
measurements.Thisshowsthatthemodelspresentlyusedin SATORB arenotgoodenoughto represent
thenon-gravitationalforcesactingon theCHAMP satellite.Theuseof theaccelerometermeasurements
considerablyimprovesthedynamicorbit modelingfor CHAMP.
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6.6 StochasticPulsesandAccelerometerMeasurements

Table6.33:Summaryof optionsfor differentreduced-dynamicorbit solutions.

Six osculat. Empiricalparam. Scalefactor Accelerometerdata Stoch.pulses
elements const. period. atm.drag rad.press. scal.fact. 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 maneuver
5 yes no yes no no yes yes no
6 yes no yes no no yes yes 90min

65 66 67 68
0

20

40

60

80

R
M

S
 (

cm
)

Solution ref

Day of Year
65 66 67 68

0

20

40

60

80

R
M

S
 (

cm
)

Solution 1

Day of Year

Figure6.95:RMSerrors(cm)percoordinateof theorbit determinationin SATORB for thesolutionsref
and1.
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Figure6.96shows theRMS errorspercoordinateof theorbit determinationsin SATORB for solu-
tions 1 to 4. Solution1 is the only solutioncontainingno stochasticpulses.For solution2 stochastic
pulsesareestimatedat 90minutesintervals.As expected,solutions1 areof lowerquality thansolutions
2, 3, and4, whichpromiseto beof anaccuracy clearlybelow thefivecentimeterlevel.

Biases and Scale Factor s for the Acceler ometer Measurements

Figure6.98showstheestimatedbiasesÑLÒrÓtÔ of theaccelerometermeasurementsin thethreedirectionsR,
S,W (radial,alongtrack,andcrosstrack)for solutions1 to 4. Theestimatesaregiventogetherwith their
onesigmaerrorbars.Thehorizontallinesin thefiguresrepresenttheofficial valuesdistributedtogether
with theaccelerometerdata.Theestimateshavesmallerrors.Theestimatedbiasesareof thesameorder
of magnitudeastheofficial valuesbut they donotdirectlyconfirmthesevalues.

For solutions5 and6 weintroducedtheofficial valuesfor thebiasesinto theorbit generationprocess
andestimatedthescalefactorsfor theaccelerometermeasurements.We do not estimatethebiasesand
scalefactorstogetherbecausetheseparametersarehighly correlated.

Figure6.97showstheRMSerrorspercoordinateof theorbit determination.As expected,solutions5
areof lowerquality thansolutions6. TheRMSerrorsfor solutions5 arecomparablewith thoseof solu-
tions1 andthevaluesfor solution6 with thoseof solution2. Onewouldexpectaslightly bettersolution
by introducingtheaccelerometerbiasesasknown andestimatingthescalefactors.Theestimatedvalues
for thescalefactors(Figure6.99)show in thecaseof thealongtrackandthecrosstrackcomponentabad
agreementwith theofficial values(horizontallinesin theplots).Thescalefactorof theradialcomponent
shows thebestagreement.

Thecalibrationof thebiasesandthescalefactorsis not a trivial task.Themethodsusedto do it are
describedin [Perosanzetal., 2003].Longerdataserieshave to beconsideredandcorrelationswith other
parameterssuchas,e.g.,pseudo-stochasticpulsesor empiricalparameters,needto beminimized.

It seemsproblematicto determinethe calibrationparametersfor the accelerometermeasurements
in SATORB (despitethe fact that this is technicallypossible).A significanteffort would beneededto
developstrategiesto reliablyestimatetheseparameters.Weshouldbeableto usetheofficially available
calibrationvalueswithoutfurtherimprovementin thedynamicalorbit determinationprocedure.Wehave
seenthat the introductionof accelerometermeasurementsinto thedynamicalorbit procedureimproves
thedynamicalorbit. If weperformareduced-dynamicmodelingusingstochasticpulsesit doesnotmatter
whetherweusethemodelsor theaccelerometermeasurementsbecausethepulsescompensateproblems
stemmingfrom dataproblems,insufficient modelingof the forcesactingon the satellite,or possible
insufficienciesin theaccelerometerdata.Oneshouldmention,however, thatonly few pseudo-stochastic
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Figure6.100:Maneuversperformedby CHAMP for days065to 068/2002.

Table6.34:Numberof epochs,wherestochasticpulsesin RSW-directionsaresetup.

Dayof 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 besetupwhenusingtheaccelerometerdata.

Stoc hastic Pulses at pre-defined Inter vals or at Maneuver Epoc hs

Whatis theeffectof differentset-upstrategiesfor pseudo-stochasticpulses?Obviouslywehave to focus
on the solution types2, 3, and4 to answerthis question. Table6.34 lists the numberof epochsper
arc with stochasticpulsesin the RSW-directions. Note that the numberof epochswith maneuvers in
solutions4 is smallerthanthenumberof epochswith pulsesin solution3.

Figure6.100shows thedurationof theattitudemaneuversperformedfor CHAMP in the four days
considered.Therearemany maneuversfor which no stochasticpulsesweresetup becausetheduration
of thesemaneuvers was shorterthan0.5 seconds.Theseare mainly small correctionmaneuvers for
iteratively reachingthe nominal attitudefollowing a main maneuver. We only set up pulsesfor the
maneuverswith adurationlongerthan0.5seconds.

Figure6.96shows that theRMS errorsfor solutions4 arelarger thanthosefor solutions3. This is
notsurprisingbecausefor solutions4 lessstochasticpulsesaresetup.

Figures6.101and6.102show thevaluesfor thestochasticpulsesestimatedfor solutions2 to 4 for
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Figure6.101:Estimatedstochasticpulsesin solutions2, 3, and4 for doy 065and066/2002.
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Figure6.102:Estimatedstochasticpulsesin solutions2, 3, and4 for doy 067and068/2002.
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(b) Solution2, stochasticpulseseach90 minutes.
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Figure6.103:Residualsfor solutions1, 2, 3, and4 for doy 065.
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the four daysconsidered.Thepulsesfor solutions4 areoften following eachotherwithin a shorttime
interval due to a rapid sequenceof maneuvers (Figure6.100). The pulsesare then in mostcasesof
the samesizebut of oppositedirection,which meansthat they arecompensatingeachother. Due to
the high correlationbetweena pair of adjacentpulses,the absolutevaluesof sucha pair may become
unreasonablylarge. The pulsesfor the two othersolution typesare smallerthanone millimeter per
second.Figure6.101and6.102indicatethatit doesnot improve theorbitsif wesetupstochasticpulses
atmaneuver epochs.Bettersolutionsareobtainedby settinguppulsesat regulartime intervals.

Figure6.103showstheresidualsof thekinematicpositionsusedaspseudo-observations for theorbit
generationin SATORB for solutions1 to 4 for doy 065.Theresidualsfor solution1show largevariations
in alongtrackdirectionwhichdisappearin all othersolutionsdueto thestochasticpulses.

Theconclusionfrom thesestudiesis that it is usefulfor thedynamicorbit determinationprocessto
usethemeasurementsof theaccelerometerinstrument.It is possibleto estimatetheaccelerometerbiases
andscalefactorsin theorbit generationprocedurein SATORB. It is neverthelessnotrecommendedto do
thisbecauseit is acomplex issueandnotassimple(see[Perosanzet al., 2003]).Theofficial calibration
parametersfor the accelerometermeasurementsaremadeavailabletogetherwith the datathemselves.
Thesevaluesarereliableandwe shouldadoptthemandintroducethemin theorbit generationprocess,
if wewantto usetheaccelerometermeasurementsfor thedynamicorbit modeling.

The pseudo-stochasticpulsesshouldbe setup at pre-definedtime intervals. If we set themup at
the maneuver epochsthe time intervals betweensubsequentpulsesare often too short. This causes
mathematicalcorrelationof thesepulsesleadingto problematicresults. The stochasticpulsesdo not
only accountfor the small velocity changesprovoked by theattitudemaneuversbut alsofor problems
in thecombinedpositions.In orderto compensateonly for thesmallvelocity changesfrom theattitude
maneuvers,thestochasticpulsesshouldbesetup only in thedirectionsdefinedby themaneuver (these
directionsaremadeavailablefor the users,aswell) andwith a strongerconstrainto zero(e.g.,with a
standarddeviationof 0.01mm/s).Dataproblemswould,however, notbecompensatedby suchpulses.

6.7 Data Screening Procedure for a Permanent Ground Network

6.7.1 Comparison with MAUPRP

In Section4.4 we proposeda datascreeningprocedurebasedon LEOKIN for a permanentgroundnet-
work. This procedureis appliedto a datasetof the IGS stationnetwork andthe resultsarecompared
with thedatascreeningprocedureperformedon thesamedatasetwith theprogramMAUPRP usedin
theBerneseGPSSoftware.

Data set and Processing Options

GPSobservation datafrom 175IGS stations(30-secondsampling)from doy 055to 069/2002serve as
testdata.Ouranalysisis basedonÍ theCODEFinalGPSorbits,Í theERPsof theCODEFinalprocessing,Í 30-secondclock correctionsfor theGPSsatellitesconstrainedto theCODEFinal 5-minuteclock

corrections,Í tropospherezenithdelaysfrom theCODEFinalprocessing,and
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Í stationcoordinatesfrom theCODEFinalprocessing.

Theoptionsfor thepre-processingin LEOKIN arethefollowingÍàß"á�ârãrä Ð 1.0m, ß�åhârãrä Ð 0.014m.Í Ï á Ð 3, Ï å Ð 20(seeeqn.(4.6)).Í Minimum numberof observationsconnectedby oneinitial phaseambiguityparameteris setto 25.Í Maximumnumberof ambiguitiesis setto 300.

The optionsfor pre-processingin the MAUPRP programcorrespondto thoseof LEOKIN ascloseas
possiblein orderto ensurethatbothprogramshave thesamebasicconditions.

Theobservationsof theterrestrialstationsareindependentlypre-processedwith bothprograms.The
procedurerelatedto LEOKIN is performedwith thefollowing programsof theBerneseGPSSoftwareÍ RXOBV3 - importRINEX [Gurtner, 1994]observationdatato theBerneseGPSSoftware,Í LEOKIN - datascreeningof theobservations,write afile with actionsto do,Í SATMRK - marktheobservationslistedin thefile generatedby LEOKIN,Í CODSPP - synchronizethereceiver clock to GPStime,andÍ GPSEST - kinematicpointpositioningusingthephaseobservationsof thestationprocessed.

Theprocedurerelatedto MAUPRP is performedwith thefollowing programsof theBerneseGPSSoft-
wareÍ RXOBV3 - importRINEX observationdatato theBerneseGPSSoftware,Í CODSPP - synchronizethereceiver clock to GPStime,Í MAUPRP - datascreeningof thephaseobservations,andÍ GPSEST - kinematicpointpositioningusingthephaseobservationsof thestationprocessed.

Figures6.104and6.105show statisticalresultsfrom LEOKIN andMAUPRP for eight stationsarbi-
trarily selectedas examples. The RMS errors(per coordinate)of the kinematicpoint positioningin
GPSEST aregiven in the top row of the two figures. The left barsfor eachday representthe RMS
errorscorrespondingto the datascreenedwith LEOKIN, the right barsto thosefor the datascreened
with MAUPRP.

Thetwo differentscreeningproceduresarebasedon ratherdifferentprinciplesandexcludepossibly
differentobservations. Therefore,the kinematicpoint positioningin GPSEST is basedon different
observations. The total numberof observationsfor oneday of 30-seconddatais about23,000. The
differencebetweenthenumberof observationsusedin theprocedurewith LEOKIN andin theprocedure
with MAUPRP is providedin thebottomline of Figures6.104and6.105.A positive numbermeansthat
moreobservationspassedthe screeningwith LEOKIN thanthe screeningwith MAUPRP, a negative
numbermeansthatLEOKIN removedmoreobservationsthanMAUPRP.

The performanceis different for the eight stations.The stationsALBH (Figure6.104(a)),ALGO
(Figure6.104(b)),ZWEN (Figure6.104(d)),andZIMM (Figure6.105(b))show a stableRMS for all
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daysandthe RMS errorsfor both proceduresarenearlythe samefor all days. For the stationZIMM
MAUPRP removedmoreobservations,for all otherstationsLEOKIN removedmoreobservations.

Therearethreedaysfor BRAZ (Figure6.104(c))with big RMSerrors(43.5cm,53.7cm,169.6cm)
for thepoint positioningprocedurein GPSEST, but only for datascreenedwith MAUPRP. TheRMS
errorsof thepoint positioningfor BRAZ (for bothprocedures)arelarger for theothersevendaysthan
for theotherstationsconsidered,but they have all thesamesize(two to threecentimeters).The point
positioningfor stationMAW1 (Figure6.105(a))hasunusuallybig RMS errorsfor bothproceduresfor
doy 056.For doy 066thedatascreenedby LEOKIN givesriseto a threetimeslargerRMS errorfor the
pointpositioningthanfor thescreeningwith MAUPRP.

ThestationsFAIR (Figure6.105(c))andMALI (Figure6.105(d))areexceptions(observe thediffer-
encesin scale).For FAIR threedays(056,066,and069)have a big RMS whenusingdatascreenedby
MAUPRP. For days059,066,and067 no solutionwaspossibleusingthe datascreenedby LEOKIN
dueto too many ambiguitiessetup duringtheday. Thedifferencesin thenumberof observationsused
for thepointpositioningis quitelargefor thedays055to 062.On thesedaysthescreeningprocedurein
MAUPRP deletedabout50%of theobservationsandthereforethedifferencesto thedatascreenedby
LEOKIN areaslargeascanbeseenin Figure6.105(c)(bottom). MALI hasthreeto four timeslarger
RMSerrorsfor thepointpositioningwith datascreenedby LEOKIN. Thismeansthatthescreeningalgo-
rithm in LEOKIN did notfind theobservationsresponsiblefor thedeteriorationof thepointpositioning.

Figure6.106(a)shows themeanRMS errorsfor all stationsfor oneparticularday. Thelargevalues
for somedaysfor the MAUPRP procedurearedueto individual badstationsdeterioratingthis mean
value.Figure6.106(b)shows themeandifferencesbetweentheobservationsusedfor thedifferentpoint
positioningruns in GPSEST. The RMS errorsshow that on averagethe datascreenedby LEOKIN
have a betterquality. The numberof observationsleft after the screeningis aboutthe samefor both
procedures.

CurrentlytheLEOKIN procedurehastheproblem,thatfor few stationstoomany ambiguitiesareset
up, becausea new ambiguityis setup aftereach“bad” phase-differenceidentifiedbetweensuccessive
observationsto aparticularsatellite(Section4.4.2).As LEOKIN analyzesonly pairsof successive phase
observationsit cannotdecidewhetherthe problemencounteredis causedby anoutlier or a cycle slip.
MAUPRP canbridgegapsof a few epochsandis thereforein a positionto betteridentify thenatureof
abadphase-difference.

TheLEOKIN procedurehastheadvantagethatthecodeandphaseobservationsarescreenedin one
andthesameprocedure.Applicationsrequiringscreenedcodeandphaseobservationsmaybenefitfrom
this feature.

Extendedstudieson longertime seriesof datamayshow, which of thetwo programs,LEOKIN and
MAUPRP, betterfits therequirementsof zero-differencedatacleaning.A combinationof theadvantages
of bothprogramsmayleadto averyefficientandrobustzero-differencedatacleaningtool.

Theresultspresentedaboveareencouragingandmostpromising.OneshouldconsiderthatMAUPRP
is an“old established”program(it wascreatedin 1990/91in preparationof theCODEparticipationin
the IGS, but the zero-differencepart wasonly realizedin 2001). The applicationof LEOKIN to data
screeningwasonly a by-productof this generalinvestigation. We believe that with an investmentof
about0.5personyearsLEOKIN couldbeusedasthegeneralpurposezero-differencescreeningprogram
with abetterperformancethanboth,thecurrentlyavailableMAUPRP andLEOKIN realizations.
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Figure6.104:Top: RMS errorsfor kinematicpositioningin GPSEST after screeningwith LEOKIN
(left bar)andMAUPRP (right bar); Bottom: Differencein numberof observationsused
for positioning,LEOKIN minusMAUPRP.
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Figure6.105:Top: RMS errorsfor kinematicpositioningin GPSEST after screeningwith LEOKIN
(left bar)andMAUPRP (right bar); Bottom: Differencein numberof observationsused
for positioning,LEOKIN minusMAUPRP.
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7. Summar y and Outlook

The mainpart of this work dealtwith the developmentandevaluationof efficient methodsfor precise
orbit determinationof LEOs. A kinematicapproachusingGPSzero-differenceobservationswasdevel-
oped(programLEOKIN) anda procedurefor generationof dynamicandreduced-dynamicorbits was
presented(programSATORB). TheprocedureshavebeentestedusinglongGPSdataseriesgatheredby
two LEO satellites,namelyCHAMP andSAC-C.

An externalcomparisonwasavailablefor the time interval of theeleven daysof the IGS CHAMP
testcampaign(May 20 to 30,2001).Theorbit solutiongeneratedat theTechnicalUniversityof Munich
(TUM), Germany, usingthe BerneseGPSSoftwarewasusedfor this purpose.The TUM-solution is
believed to be oneof the bestsolutionscontributing to the IGS testcampaign.Comparisonswith this
solutionshowed that both our bestkinematictrajectoryanda post-fit reduced-dynamicorbit basedon
this kinematicsolutioncomparewithin an RMS error per coordinate(of a Helmerttransformation)of
about10cmwith theTUM-solutions.This indicatesthatLEO orbitswith aqualityof about10cmresult
from our analyses.Thegoalof developingefficient methodsfor preciseorbit determinationof LEOsis
thereforeachieved with thezero-differencekinematicpoint positioningprocedurein LEOKIN andthe
programSATORB to generatereduced-dynamicorbits. It is worthmentioningthattheprocedure,when
usingonly codeobservationsasinput,resultsin reduced-dynamicorbitswith aqualityof already30cm
RMS.

The kinematicapproachin LEOKIN is an epoch-by-epochprocedureusingcodeobservationsand
differencesbetweenphaseobservationsfrom subsequentepochs.We areusingphase-differencesbe-
tweenepochsin orderto eliminatethe initial phaseambiguitiesfrom the processing.This stepsignif-
icantly reducesthe requiredcomputerresources.Theepoch-by-epochpositionsdeterminedfrom code
observationsandposition-differencesdeterminedfrom phase-differenceobservationsarecombinedto
defineakinematictrajectoryof theLEO.

It is,however, adisadvantageof theprocedurethatthemathematicalcorrelationsbetweensubsequent
phase-differenceobservationsarenottakeninto account.Thesolutionis thereforenotcompletelycorrect
fromthestatisticalpointof view. It is,however, agoodapproximationandwehaveshown thatourresults
arewithin adecimeter(RMSpercoordinate)to statisticalcorrectsolutions.

Themethodfor kinematicpointpositioningleadsto interruptswhenadatagapoccursor when“bad”
phaseobservationscorrupta solutionof a particularepoch-difference.At the epochswith interruptsa
jump in thekinematictrajectorymayoccurbecausethesequencesbeforeandafter the interrupt(inter-
nally connectedby thephasemeasurement)mayhave a differentabsolutedefinitiongivenby thecode
positions. The codepositionshave an accuracy correspondingto the GPScodeobservation (0.3 to 1
meter)andthereforethemagnitudeof thesejumpsbetweenthesequencesmayreachin theworstcases
up to half ameter(for veryshortdataspans).Thesejumpscannotbeavoidedwhenusingourkinematic
approachfor theorbit determinationof aLEO. Thenumbercan,however, beminimizedby anelaborate
screeningproceduredevelopedfor thekinematicapproach.

Thisscreeningproceduremakesuseof a priori informationabouttheorbit of theLEO. Thisa priori
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7 SummaryandOutlook

orbit is a reduced-dynamicorbit generatedwith theSATORB programusingpositionsfrom LEOKIN
asobservations.Thedatascreeningin LEOKIN heavily dependson thequality of thereduced-dynamic
orbit. Thebettertheorbit themorereliablethepre-screeningof thedata.

Two proceduresfor producinga reliableandgoodenoughreduced-dynamicorbit servingasa priori
orbitwerestudied.Thefirst procedureusesonlycodeobservationsandpositionsfor thegenerationof the
reduced-dynamicorbits(APOsetC). Thesecondprocedureusescombinedpositionsderivedfrom code
andphaseobservationsto generatethereduced-dynamicorbits(APOsetP).Bothproceduresarereliable
andusefulfor thekinematicpoint positioningin LEOKIN. Thecomputationof theorbits for APO set
C is slightly lesstime consumingthanthealternative proceduredueto theuseof only oneobservation
type. Nevertheless,theprocedurefor APOsetP is betterandmorereliable.It is not assensitive to data
problemswhich mayremainin thecode-derived positions:Thecodepositionsaredeweightedrelative
to thephaseposition-differences by a factor100(on topof æ ákç æ å Ðè× ç Ö�é�é�ê ) for thecombinationand
thereforetheseproblemsaresmoothedfor thegenerationof the reduced-dynamicorbit. The accuracy
of thereduced-dynamicorbitsof APO setP is about15 cm RMS error(Helmerttransformationto best
possibleorbits)andthatof thereduced-dynamicorbitsof APOsetC is about30cmRMS.

Thepre-screeningalgorithmdependsnot only on thequality of thea priori orbit. Differentoptions
maybeselectedandhave to beadaptedto thequalityof theGPSdataprocessedfrom differentsatellites.
An optionwhich is centralis the thresholdvalue Ï for theoutlier rejection. Due to thedependency of
the pre-screeningalgorithmon thequality of the a priori orbit we have provided thepossibility to use
a large variety of thresholdvalues Ï . We believed that this would help in the caseof a bada priori
orbit to avoid rejectingobservationserroneouslyflaggedasoutliers. Therewashopethat “moderately
bad” observationscould be recognizedandremoved in the leastsquaresadjustmentstep. The studies
have shown, however, that the Ï -valuehasto be lower thansix. If we usea largervaluefor Ï thepre-
processingof thedata(consistingof thepre-screeningandthefollowing iterativeleastsquaresadjustment
step)doesnot work properly. Thepre-screeningalgorithmis muchmorerobust thanthe leastsquares
adjustmentstepto find outliersbecauseonly the receiver clock correctionhasto beestimatedwhereas
thepositionis fixed to its a priori value. In the leastsquaresadjustmentstepthedegreeof freedomis
verysmalldueto theepoch-wiseprocessingandtheoftenquitelow numberof trackedsatellites.

The questionwhetheranelevation-dependent weightingshouldbeusedfor theprocessingof GPS
LEO datacanbeansweredfor CHAMP. Theseresultshaveshown thatthereareproblemswith codeob-
servationsat low elevationanglesdisturbingthekinematicsolution(multipatheffects).Thecomparison
of thecodepositioningwith andwithoutelevation-dependentweightingclearlyshowsthattheelevation-
dependentweightingmodelis appropriateandhasto beusedfor thecodeobservations.No clearanswer
canbegivenconcerningtheweightingof codeobservationsfor SAC-C. Thecodepositionsareof the
samequality for thesolutionswith andwithoutweighting.

TheBlackJackGPSreceiveron-boardCHAMPtracksupto tensatellitessimultaneouslysinceMarch
5, 2002. The dataperformancehasbecomebettershortly after this changeof the receiver software.
The numberof datagapsis reducedandthe numberof epochswith fewer thanfive tracked satellites
hasdecreasedsignificantly. Theresultingkinematictrajectoriesshow thereforefewer interruptsdueto
missingphaseposition-differences andtheoutlier rejectionis very reliableandrobust.

The BlackJackGPSreceiver on-boardSAC-C performsslightly worsethanthe CHAMP receiver.
Duringsometimeintervalsthereceiverhas,however, trackedup to twelvesatellitessimultaneously. To-
day, theSAC-Creceiver tracksonly up to eightsatellites(statusApril 10,2003).Thecodeobservations
arenot asmuchaffectedby multipathasin thecaseof CHAMP, but in generaltheobservation quality
is worse.Comparingthekinematiccode-onlypositionswith reduced-dynamicorbits it canbeseenthat
thecodepositionsof SAC-C have a lower quality thanthecorrespondingkinematiccode-onlypositions
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from CHAMP.
The GPSantennason-boardthe LEOs track partially below the local horizonof the satellite. The

questionarosewhetherit makessenseto usethis observation information. For CHAMP this question
doesnot matterbecausethereceiver doesno longertracksatellitesbelow thelocal horizon.For SAC-C
thesituationis differenteventhoughtheamountof observationstrackedbelow thelocalhorizontodayis
only of theorderof oneto two percent(of all observations).Thelow-elevationobservationsdonotseem
to improve thekinematicpointpositioningresult.Thereforewerecommendto rejectthem.

We useddifferentinput datafor our kinematicpoint positioningprocedurein LEOKIN in orderto
studytheimpactof differentinformationaboutGPSorbitsandclockcorrectionsonthekinematicresult.
We usedeither products(GPSorbits and clock corrections)from the Rapid processingat CODE or
productsfrom theFinal processingat CODE.Differencesof a few centimetersresultwhenexchanging
theinput data,becausethe30-secondclock correctionsweregeneratedby two differentproceduresand
theclockcorrectionsassociatedwith theCODERapidorbitsareof slightly lowerquality. Thedifferences
betweentheresultsusingeitherCODERapidor CODEFinalproductsfor thekinematicpointpositioning
in LEOKIN aremainlycausedby theclockcorrectionquality.

Theofficial IGS/GPSclockproductsare5-minuteclockcorrectionsavailablefrom eachof theeight
analysiscentersand asa combinedIGS product. Herewe usednormal30-secondclock corrections
generatedby our own procedures(interpolatedto 10-secondsampling)for thekinematicpositioningof
theLEOs.Wealsoansweredthequestionwhethertheofficially availableIGSclockcorrectionswouldbe
sufficiently accuratefor usein ourLEOKIN procedure.For theseteststhe5-minuteclockcorrectionsare
linearly interpolatedto the10-secondobservationepochs.Theresultsarepromising.We concludethat
the 5-minuteclock correctionscanbe usedfor our kinematicpoint positioningprocedurein LEOKIN
when the accuracy requirementsareof the orderof a few decimeters.If only codeobservationsare
processedin LEOKIN, thequalitydifferencein theresultsis hardlynoticeablewhenusingthe5-minute
clockcorrectionsinsteadof the30-secondclockcorrections.Whenusingphaseobservationsdifferences
result in comparison(Helmert transformation)to our bestpossiblesolutionwith an RMS error of the
orderof adecimeter.

The programSATORB wasusedfor thegenerationof dynamicandreduced-dynamicLEO orbits.
The reduced-dynamicorbits servingasa priori orbits for the pre-screeningof the observationsfor the
kinematicpointpositioningareoneoutputusedfrom SATORB. In additionwehave producedreduced-
dynamicorbits usingthe codepositionsandphaseposition-differencesof the bestpossiblekinematic
solutionasindependentobservationtypesin SATORB. Thesereduced-dynamicorbitsarethebestorbits
wecangeneratewith ourLEOKIN andSATORB procedures.

Additionalstudiesfocussedontheimpactof differentEarthgravity field modelsfor thedynamicand
reduced-dynamicorbit modeling.We performedthesetestswith differentobservation typesasinput in
SATORB. On onehand,we usedcombinedkinematicpositionsand,on theotherhand,thetwo obser-
vation typesof codepositionsandphaseposition-differences. We have seenthat for SAC-C it makes
no differencewhich of theEarthgravity modelsis used.Theheightof SAC-C is about300km higher
(702 km) thanthat of CHAMP (350 to 400 km). The gravity modelsconsideredseemto be accurate
enoughat the altitudeof SAC-C. For CHAMP this is different. We recognizedsignificantdifferences
whenusingdifferentgravity field models.Themainadvantageof using“better” gravity modelsresides
in asignificantreductionof thenumberof pseudo-stochasticpulseswhicharerequiredto absorb(among
other)thedeficienciesof thea priori gravity model. With a goodgravity field modeltheuseof code-
derivedpositionsandphase-derivedposition-differences aspseudo-observationsin SATORB is superior
to theuseof thepositionscombinedin LEOKIN (from thecodeandphaseresults).In thecase,whenthe
physicalmodelis not asgood,(e.g.,whenwe useanoldergravity field modelwhich doesnot include
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CHAMP data)it is betterto usethecombinedpositionsfrom LEOKIN asinput for thereduced-dynamic
orbit generation.The resultsarebetterthanin the caseof using,separately, codepositionsandphase
position-differencesasinput. Thereasonis thatthecombinedpositionsarecomputedin LEOKIN with-
outusingany modelinformation.Thecombinedpositionsthereforefollow therealforcefield. Positions
andposition-differences are,ontheotherhand,combinedin SATORB basedonthephysicalorbit model
(whichmaybedifferentfrom the“truth”).

For CHAMP thechoiceof thegravity modelis importantfor thedynamicandthereduced-dynamic
orbit modeling. This is not surprisingbecausethe CHAMP missionis designedto contribute to the
generationof ahigh-resolutiongravity field modelfor theEarth.

For CHAMP there is an additionalmeasurementtype available, namelythe readingsof the ac-
celerometerinstrumenton-boardthesatellite.Thisaccelerometermeasuresthenon-gravitational forces
actingon the satellite. Thesemeasurementsmay be introducedinto the orbit generationprocessin-
steadof modelingthe non-gravitational forces. The testshave shown that it is possibleto usethese
accelerometermeasurementsin SATORB andthat thedynamicorbit modelingresultsimprove signifi-
cantlycomparedto a dynamicorbit fit usingthemodelsfor thenon-gravitational forces.In addition,it
wouldbetechnicallypossibleto estimatethecalibrationparameterfor theaccelerometermeasurements
in SATORB (biasesandscalefactors).Thecalibrationof anaccelerometeris, however, a complex task.
We thereforerecommendto usetheofficially availablevaluesdistributedtogetherwith thedata.

CHAMP performsmaneuversto keepthesatelliteascloseaspossibleto its nominalflight attitude.
Theattitudeis changedby asequenceof velocitychangeswithin ashorttimeinterval. In theoryattitude
changesshouldnotaffectthesatellite’sorbitalvelocity. In practicethismay, however, happen.Stochastic
pulsesmaybesetup at the“main” maneuver epochsin orderto compensatefor possiblesmallvelocity
changes.Thesuccessof suchaprocedurewas,however, marginal. It hasbeenprovedto bepreferableto
setupstochasticpulsesatpre-definedequidistantepochs.

Finally, we proposeda datascreeningprocedurefor zero-differenceobservationsof a permanent
GPSnetwork. Thepre-screeningalgorithmprimarily developedfor thescreeningof thezero-difference
LEO GPSdatain LEOKIN wasslightly modifiedandthenusedfor the cleaningof GPSobservations
of terrestrialstationsin a permanentnetwork. The resultsof the new procedurebasedon LEOKIN
werecomparedto resultsgainedwith the zero-differencedatacleaningtool MAUPRP of the Bernese
GPSSoftware.Thecomparisonsuggeststhatacombinationof theadvantagesof bothproceduresmight
leadto a reliableandefficient datacleaningtool for zero-differenceobservations. Additional testsand
developmentsarerequiredfor thispurpose.

Thegoalof thiswork wasachievedwith thedevelopmentof thezero-differencekinematicprocedure
in LEOKIN and the reduced-dynamicprocedurein SATORB. We will apply theseefficient methods
to otherLEO satellitemissionsusingGPSfor POD, e.g.,JASON-1, GRACE, andICESat. This will
increasethe databasisandallow for an extendeduseof the developedproceduresfor othersatellites
with thegoalof anextendedevaluationof theachievableaccuracy andreliability of thealgorithms.It is
plannedto usetheproceduresonaroutinelybasisfor theupcomingGOCEmissionfor thegenerationof
rapidlyavailableorbit information.

Thekinematictrajectoriesfor thiswork werecomputedusingGPSorbitsandclockcorrectionsfrom
the CODERapidor Final products.Due to their processingdelaytheseproductsarenot availablefor
a nearreal-timeprocessingof the LEO data. In order to evaluatethe efficiency of the approachin a
nearreal-timeprocessingenvironment,theperformance,quality, andaccuracy of theproceduremustbe
studiedwhenusingIGSproducts(Ultra-rapidproducts),whichareavailableat thetimeof downloading
LEO GPSdata. This aspectmay be of particularinterestfor atmosphericsoundingmissionssuchas
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COSMIC.
Orbit resultsfrom otherproceduresand from independentobservation types,e.g.,SLR measure-

ments,will betakeninto accountfor comparisonsin orderto furtherimprove ourprocedures.
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Reigber, C.,H. Lühr, andP. Schwintzer(1998),Statusof theCHAMP Mission,in TowardsanIntegrated
GlobalGeodeticObservingSystem(IGGOS), IAG SymposiumNo. 120,editedby R. Rummeletal.,
pp.63–65,Springer, Berlin, ISBN 3-540-67079-3.

Reigber, C., G. Balmino, P. Schwintzer, R. Biancale,A. Bode,J.-M. Lemoine,R. Koenig,S. Loyer,
H. Neumayer, J.-C.Marty, F. Barthelmes,F. Perosanz,andS.Y. Zhu (2002),A high quality global
gravity field modelfrom CHAMP GPStrackingdataandAccelerometry(EIGEN-1S),Geophysical
Research Letters, 29(14),doi:10.1029/2002GL015064.

Remondi,B.W. (1989),ExtendingtheNationalGeodeticSurvey StandardGPSOrbit Formats,Technical
ReportNOS133NGS46, NOAA, USA.

Rothacher, M. (1992), Orbits of Satellite Systemsin SpaceGeodesy, Vol. 46 of Geod̈atisch-geo-
physikalischeArbeitenin derSchweiz, SchweizerischeGeod̈atischeKommission.

Rothacher, M., T.A. Springer, S.Schaer, andG. Beutler(1998),ProcessingStrategiesfor RegionalGPS
Networks, in Advancesin Positioningand ReferenceFrames, IAG SymposiumNo. 118,editedby
F.K. Brunner, pp.93–100.

SAC-C (2002), http://www.gsfc.nasa.gov/gsfc/service/gallery/fact_sheets/

spacesci/sac-c.htm.

Schaer, S. (1999),Mappingand Predictingthe Earth’s Ionosphere Using the Global PositioningSys-
tem, Vol. 59 of Geod̈atisch-geophysikalischeArbeitenin der Schweiz, SchweizerischeGeod̈atische
Kommission.

Schutz,L.E., B.D. Tapley, P.A.M. Abusali, andH.J. Rim (1994),Dynamicorbit determinationusing
GPSmeasurementsfrom TOPEX/POSEIDON,GeophysicalResearch Letters, 21(19),2179–2182.

Seidelmann,P.K. (ed.)(1992),Explanatorysupplementto theAstronomicalAlmanach, UniversitySci-
enceBooks,ISBN 0-935702-68-7.

Springer, T.A. (2000),Modelingand Validating Orbits and Clocks Using the Global PositioningSys-
tem, Vol. 60 of Geod̈atisch-geophysikalischeArbeitenin der Schweiz, SchweizerischeGeod̈atische
Kommission.

212



BIBLIOGRAPHY

Standish,E.M. (1990),The Observational Basisfor JPL’s DE200, the PlanetaryEphemeridesof the
AstronomicalAlmanac,AstronomyandAstrophysics, 233, 252–271.

Sunsat(2002), http://sunsat.ee.sun.ac.za.

Svehla,D., andM. Rothacher(2002),KinematicOrbit Determinationof LEOsBasedonZeroor Double-
differenceAlgorithmsUsingSimulatedandRealSSTGPSData,in Vistasfor Geodesyin theNew
Millenium, IAG SymposiumNo. 125,pp.322–328,ISBN 3-540-43454-2.

Tapley, B.D., M.M. Watkins,J.C.Ries,G.W. Davis, R.J.Eanes,S.R.Poole,H.J.Rim, B.E. Shutz,C.K.
Shum,R.S.Nerem,F.J.Lerch,J.A.Marshall,S.M.Klosko, N.K. Pavlis, andR.G.Williamson(1996),
TheJointGravity Model-3,Journalof GeophysicalResearch, 101(B12),28029–28049.

Tapley, B.D.,D. Chambers,M. Cheng,M. Kim, S.Poole,andJ.C.Ries(2000),TheTEG-4Gravity Field
Model,25thGeneralAssembly, EGS,Nice,France,April 2000.

TestCampaign(2002),CHAMP TestCampaign,ESOC,Darmstadt,Germany, http://nng.esoc.
esa.de/gps/igsleo.html.

Visser, P.N.A.M., andJ. van denIJssel(2000),GPS-basedpreciseorbit determinationof the very low
Earth-orbitinggravity missionGOCE,Journalof Geodesy, 74, 590–602.

Weber, R., andT.A. Springer(2002),AnalysisActivities, in IGS2000AnnualReport, pp. 14–17,IGS
CentralBureau,JPL,Pasadena,California,USA.

213



BIBLIOGRAPHY

214


