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1 Intr oduction

This work coversa broadrangeof different topicssuchasorbit modeling,orbit validation
usingsatellitelaserrangingobservations,timetransfer, stationcoordinatesandvelocities,and
Earthrotation. The commonaspectof thesevery differenttopics is the Global Positioning
System(GPS).The GPSis a satellitesystemfor global navigation and positioningdevel-
opedby theU.S.Departmentof Defense.Nominally it consistsof 24 satellitesin six orbital
planes.Thesignalsof thesesatellitesmay be trackedby receiverson or nearthe Earthand
canbeusedfor a largevarietyof applicationsin thefieldsof navigation,geodesy, andtiming.
Apart from theGPSwewill alsomakeuseof theRussianGlobalNavigationSatelliteSystem
(GLONASS),which,from thetechnicalpointof view, is acloserelativeof theGPS.

Over thelastdecadeGPShasstartedto playamajorrole in regionalandglobalstudiesof
theEarth.To facilitatetheuseof theGPSsystemandto improve theresultsfor regionaland
globalnetwork solutionstheInternationalGPSService(IGS)wasconceived.Themaingoals
of theIGS areto collectandarchive GPSdatafrom a globalnetwork andto generateprecise
orbitsof theGPSsatellites.Thegenerationof preciseorbits is importantin orderto reduce,
or eveneliminate,theeffect of orbit errorson geodeticnetwork solutions.TheIGS,which is
basedonvoluntarycontributionsof a largenumberof organizations,startedin 1992with a3-
monthtestcampaign.Thanksto thesuccessof this testcampaign,theIGScontinuedafterthe
initial threemonths.Theofficial startof theIGStook placein 1994.Thecoreproductsof the
IGSarethedatafrom theglobalnetwork of approximately200stations,preciseGPSsatellite
orbitsandclocks,Earthrotationparameters,stationcoordinatesandvelocities,stationspecific
troposphericzenithpathdelays,globalionospheremaps,andGPSreceiverclockestimates.

TheCenterfor Orbit Determinationin Europe(CODE),locatedat theAstronomicalInsti-
tuteof theUniversityof Berne(AIUB), participatesin theIGS asoneof theanalysiscenters.
CODE hasbeenpart of the IGS sincethe start in June1992. Thus it hasbeenprocessing
the GPSobservationsof a global network on a daily basisfor morethanseven yearsusing
theBerneseGPSsoftwarepackage.Thanksto thedaily activitiesperformedat CODEwithin
the framework of the IGS, long time seriesof preciseresultsarereadilyavailable. Thetime
seriesof theseestimates,which includeorbit estimates,solarradiationpressureaccelerations,
stationcoordinates,geocenterestimates,andEarthrotationparameters,arethe basisfor the
investigationsdescribedin this work. Many improvementsweremadein the processingal-
gorithmsusedat the IGS analysiscentersover theyearsof IGS activities. Apart from these
algorithmimprovements,theGPSsystemwasupgradedfrom 19 satellitesat theendof 1992
to the full constellationof 24 satellitesby 1994. Also, the IGS global trackingnetwork im-
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1 Introduction

proveddramaticallyin a few yearstime. In June1992datafrom approximately30permanent
globalGPSreceiverswereavailable.Thisnumberhasgrown rapidly to well over200stations
in 1998.

In our opinion the key to the IGS improvementshasbeenthe continuousvalidationof
theIGS productsby meansof inter-comparingandcombiningtheresultsof theIGS analysis
centers.Thefeedbackemerging from thesecomparisonshasled to significantimprovements
in, e.g., the orbit parameterizationresultingin improved orbit quality. The high quality of
the orbit estimateshasimproved the understandingof the GPSorbit model. This improved
understandingshowedthat thesolarradiationpressuremodeloriginally adoptedfor theGPS
satellites,is no longeradequatefor preciseorbit estimation.Solarradiationpressureis the
biggestnon-gravitationalaccelerationactingontheGPSsatellites.An accuratesolarradiation
pressuremodel is thereforeequally importantfor high accuracy GPSorbits asan accurate
gravity modelof theEarth.

Oneof the limitations of mostcomparisonsperformedwithin the IGS is that they only
comparetheresultsstemmingfrom onesingletechnique,i.e.,theGPSmicrowaveobservation
technique.In somecasesit is difficult to find accurateexternalreferencesfor comparisons
like,e.g.,for theorbit andthetroposphericzenithdelayestimates.For thestationcoordinates
andtheEarthrotationparametersresultsfrom otherspacegeodetictechniques,e.g.,satellite
laserranging(SLR) andvery long baselineinterferometry(VLBI), arereadilyavailable. To
provide somelimited meansof comparison,two GPSsatelliteswereequippedwith a small
laserretroreflectorarray. Thesetwo GPSsatellitesmay be observed by the groundstation
trackingnetwork of theInternationalLaserRangingService(ILRS).Theobservationsmaybe
usedin turn to obtainan independentvalidationof the IGS orbit quality. Similarly, we may
alsousethe SLR observationstaken from the GLONASS satellites,which areall equipped
with a large retroreflectorarray, to validatethe orbit quality of the preciseorbits produced
for the InternationalGLONASS Experiment(IGEX). Furthermore,the combinationof the
microwave andSLR (optical) observationswill be of benefitfor all parameterscommonto
bothtechniques.

Thehigh quality of the IGS productshasled to theusageof theGPSsystemfor several
new applications,e.g,for meteorologyandtime transfer. In thiswork theIGSproductsof the
CODEanalysiscenterareusedto demonstratetheusefulnessof GPSfor precisetimetransfer
at the sub-nanosecondlevel. GPSis alreadya widely acceptedtechniquefor time transfer.
Themethodapplied,however, theso-calledcommon-view method,doesnot exploit the full
potentialof the GPS.The precisionof the common-view methodis at the few nanosecond
level. The IGS satelliteclock estimateshave beendemonstratedto be at leasta factor of
ten better. To obtainreceiver and/orsatelliteclock estimatesfrom GPSdataprocessing,the
commonlyuseddoubledifferencingapproachcannotbeused. This hasimplicationson the
processingstrategy like,e.g.,thecleaningandprocessingof undifferencedcarrierphasedata.

Let usnow give a shortoverview of the subsequentchapters.In Chapter2 thebasicsof
theGPS,its observationtypes,linearcombinations,anddifferencingmethods,arediscussed.
It alsocontainsa brief introductionof the GLONASS. Chapter3 givesan overview of the
modelsneededto processGPSdatafrom globalnetworks.
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In Chapter4 we introducethe IGS andmany of its products.TheroutineIGS processes
at theCODEanalysiscenterarepresentedfollowedby anoverview of variesCODEandIGS
productslike, e.g., orbits, Earth rotationparameters,stationcoordinatesand velocities. A
shortintroductionof how to useIGSproductsfor regionalnetworksis given.

Chapter5 describesthedevelopmentswhich took placewithin the IGS over theyearsof
its existence,focusingon the CODE analysiscenter, andthe effect thesedevelopmentshad
on theCODE andIGS products.We highlight someof the significantimprovementswhich
wereachieved within the IGS andthe expansionof the numberof applicationsof the GPS
systemdueto the IGS products.Thepotentialof the GPSto provide a high time resolution
of the estimatedparametersis demonstratedusing sub-dailyEarth rotationestimates.The
importanceof performingambiguityfixing, using low elevation data,andpropermodeling
andestimationof the troposphericdelaysis shown. The chapteralsodiscussesthe current
limitation of theaccuracy of theIGSproductsdueto, e.g.,theantennaphasecenteroffsetsof
both,thetransmittingandreceiving antennas,andtheunexplainedgeocentershift observedin
theearly IGS results.Thechapteris concludedwith anoverview of thecurrentprecisionof
theCODEandIGSproducts.

In Chapter6 we review the solar radiationpressuremodelof GPSsatellites. First, the
commonlyusedradiationpressuremodel, the ROCK-model,is introduced. Thenwe give
a descriptionof the extendedCODE orbit model, an orbit parameterizationwhich is well
suitedto absorbthe effectsof solar radiationpressureon the GPSsatellites. Basedon the
experiencesandresultsobtainedusingtheextendedCODEorbit model,anew solarradiation
pressuremodel is derived. The completetime seriesof IGS preciseorbits, startingin June
1992,is usedfor thatpurpose.Thenew modelis presented,validated,andcomparedto other
models.

In Chapter7 the SLR observationsof the GPSsatellitesare processedto validatethe
quality of the CODE IGS orbits. The SLR observationsprovide a completelyindependent
checkof the (radial) orbit errorsof the IGS orbit estimateswhich arebasedon microwave
observations. The samevalidation is also performedusing the IGEX orbits and the SLR
observationsof theGLONASSsatellites.

In Chapter8 theuseof theGPSsystemandtheIGSproductsis presentedfor thepurpose
of time transfer. First we discusstheobservationcleaningof undifferencedGPSdata.Then,
resultsfrom differenttime transferexperimentsarepresentedto revealthecapabilitiesof the
GPSin thisarea.Finally, thesatelliteclockestimatesandtheirusefor precisepointpositioning
arediscussed.

Chapter9 containsa brief summarythe resultsachieved in this work. Possiblefuture
directionsof researcharediscussed.
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2 The Global Positioning Systems
and Their Obser vables

2.1 The GPS

In 1973a projectgroupwas formedwith representativesof the U.S. armedforcesandthe
DefenseMappingAgency to develop a new navigation and positioningsystem. This new
satellitepositioningsystem,whichwouldreplacetheold DOPPLER-or TRANSIT-navigation
system,becameknown astheNAVSTAR GPS.WhereNAVSTAR standsfor “NAVigationby
SatelliteTiming And Ranging”,andGPSfor “Global PositioningSystem”.Thesystemwas
put into operationby theU.S.Departmentof Defensefor military applications.Civilian users
aregivenaccesswith somerestrictions.ThenameGPSis mostcommonlyusedtoday. Wewill
usethetermGPSfromhereonwardsasasynonymtoNAVSTAR GPS.Themaincharacteristic
of theGPSis thatit is a continuouslyavailableglobalsystemwhich allows for instantaneous
positiondeterminationusingsimultaneouslymeasuredpseudo-rangesto atleastfoursatellites.
For athoroughdiscussionof theGPSwereferto, e.g.,[Wellsetal., 1987;Hofmann-Wellenhof
etal., 1992;Leick, 1995].

Thepresentlyavailablefull constellationguaranteessimultaneousobservationsof at least
four GPSsatellitesfrom (almost)every point on the surfaceof the Earthat (almost)every
time of theday. This is accomplishedby 24 satellites(21 plus3 active spares)locatedin six
orbital planesin almostcircularorbitswith analtitudeof about20200km above thesurface
of the Earth. The orbital planeis inclined by ����� with respectto the equator. The sidereal
revolution periodof theGPSsatellitesis 11 hours58 minutes(approximatelyhalf a sidereal
day). Consequently, the samesatelliteconfigurationis repeated4 minutesearlierevery day
for one and the samelocation. This leadsto an almostperfectly repeated“ground-track”
(projectionof thesatellitepositionon theEarth)of theGPSsatellitesasshown in Figure2.1.
Due to this orbital revolution period the GPSsatellitesare in deep2:1 resonancewith the
rotationof theEarthwith respectto inertial spacewhichgivesriseto resonanceperturbations
[Hugentobler, 1997].

Thefirst GPSsatellitePRN4 (PRN:Pseudo-RandomNumber)waslaunchedon Febru-
ary 22, 1978. PRN4 wasthefirst in a seriesof 11 so-calledBlock I satellites.TheBlock I
satelliteshadan inclinationof about ����� with respectto the equator. At presenttheBlock I
satellitesareno longeractive. They werefollowedby theBlock II, IIA andIIR satellites.The
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2 TheGlobalPositioningSystemsandTheirObservables

(a)All satellites

(b) PRN1 only

Figure2.1:Ground-tracksof the GPSover 24 hours,2 full orbital revolutions, for June1,
1998.
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Figure2.2:GPSsatellitesof differentgenerations:Block I, II and IIR (from Fliegel et al.
[1992]).

differentsatelliteBlock typesareshown in Figure2.2.TheBlock II andIIA satellitesarevery
similarandthereforeonly aBlock II satelliteis shown in Figure2.2.

The operationalconstellationis realizedby the Block II andBlock IIA satellites. The
first Block II satellitewaslaunchedin February1989. The currentconstellation,consisting
of 27 satellites,is listed, including somehistory, in Table2.1. The constellationcurrently
containsoneBlock IIR satellite,PRN 13. Table2.1 givesboth, the spacevehiclenumber
(SVN) andthe pseudo-randomnumber(PRN) of the satellites,the dateof launch,the start
andendof operation,andtheslot. Notethatwewill alwaysreferto thesatellitesby theirPRN
codenumber. Thecolumn“remarks”containsspecialinformationconcerningthe satellites,
e.g.,why the satellitestoppedoperationandproblemsduring the operation.The following
remarksareof significancehere:

Wheels: Indicatethatthereareproblemswith themomentumwheels,which areneededfor
thesatelliteattitudecontrol.If all momentumwheelsfail thismeansthattheattitudehas
to bemaintainedthroughthrusterfirings. In caseof (partial) failureof themomentum
wheelsthe so-called“momentumdumps”, achieved by thrusterfirings, will become
much more frequent. Thesethrusterfirings cannotbe modeledvery accuratelyand
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thereforehavesevereimplicationsonorbit modeling.

Panels: SatellitePRN23cannotautomaticallypoint its panelstowardstheSun.Thepanels
are“manually” adjustedonceperorbit revolutionby theMasterControlCenter.

SLR LRA: Two satellites,PRN 5 andPRN 6, areequippedwith a LaserReflectorArray
(LRA) which enabletracking of the satellitesby the SatelliteLaserRanging(SLR)
system.For moreinformationaboutSLRseeChapter7.

All signalstransmittedby the satellite(summarizedin Table 2.2) are derived from the
fundamentalfrequency ( ��� ) of thesatelliteoscillator. The two carrierfrequencies,� � and � �
(the correspondingwavelengthsare � �����! #"%$

and � �#�'&�(#")$
), aremodulatedwith the

codesandthenavigationmessageto transmitinformationsuchasthereadingsof thesatellite
clocks,theorbitalparameters,etc.TheC/A-code(Coarse-Acquisition,Clear-Access,or Civil-
Access)is modulatedon the

���
carrieronly. TheP-code(Preciseor Protected)is modulated

onbothcarriers.
Therearetwo limitationsfor civilian users,namelySelectedAvailability andAnti-Spoofing,

briefly referredto asSA andAS, respectively. Both deterioratethe achievableaccuracy for
civilian userssignificantly.

SelectiveAvailability (SA), thedenialof full accuracy, is accomplishedby “manipulating”
navigationmessageorbit data(epsilon)and/orthe satelliteclock frequency (dither). So far,
only thesatelliteclock frequency hasbeenmanipulated.With this ditheringprocesstheGPS
satelliteclocksareartificially degradedby addinga signalwith an unknown frequency and
amplitudeto theknow clockbehavior. This is doneto degradetheperformanceof GPSfor the
“normal” users.Both, the frequency andamplitudeof theaddedsignal,changerapidly over
time. Theamplitudeof this “clock dithering” is of theorderof 0.3 * s (100meters)andthe
frequency is of theorderof only a few minutes.This SA clock ditheringlimits theaccuracy
of real time positionestimatesto 25 metersRMS. Selected(military) userspossessspecial
“keys” to removetheSA-effect in realtimegiving themaccessto thefull navigationpotential
of GPS,i.e.,onemeterrealtimeabsolutepointpositioning.

Figure2.3 shows the effect SA hason the satelliteclocks. It shows the satelliteclock
estimatesevery 30 secondsover a periodof 6 hoursfor day307of 1998. Two satellitesare
shown, PRN2 which is affectedby SA andPRN15which is not affectedby SA. Thetypical
SA amplitudeof theorder0.2–0.3* s is clearlyvisible. TheRMSof theclockvariationsover
the6 hourperiodare83.3nsand3.5 nsfor PRN2 andPRN15, respectively, corresponding
to 25and1 meters.

Anti-spoofing(AS) is a protectionagainst“f ake” transmissionsby encryptingtheP-code
to form the Y-code. This ensuresthat the GPSsignalscannotbe disturbed(spoofed)by a
GPS-like transmitteron the Earth. The anti-spoofingprocedureconverts the P-codeto the
Y-codewhich is only usablewhena secretconversionalgorithmis availableto the receiver.
TheY-codeis the“modulo two sum”of theP-codeandtheencryptioncodeW. Only selected
(military) usershaveaccessto theconversionalgorithm.Theeffectof AS is thatcivilian users
haveonly accessto theC/A-codeandthereforeonly to onesinglefrequency. Thisdisablesthe

8



2.1 TheGPS

SVN PRN Block Launch Slot Operation Remark
Start End #Months

1 4 I-1 22-Feb-78 – 29-Mar-78 25-Jan-80 21.9 Clock
2 7 I-2 13-May-78 – 14-Jul-78 30-Aug-80 25.5 Clock
3 6 I-3 6-Oct-78 – 9-Nov-78 19-Apr-92 161.3 Clock
4 8 I-4 11-Dec-78 – 8-Jan-79 27-Oct-86 93.6 Clock
5 5 I-5 9-Feb-80 – 27-Feb-80 28-Nov-83 45.0 Wheels
6 9 I-6 26-Apr-80 – 16-May-80 10-Dec-90 126.8 Wheels
8 11 I-8 14-Jul-83 – 10-Aug-83 4-May-93 116.8 EPS
9 13 I-9 13-Jun-84 – 19-Jul-84 25-Feb-94 115.2 EPS
10 12 I-10 8-Sep-84 – 3-Oct-84 18-Nov-95 133.5 Clock
11 3 I-11 9-Oct-85 – 30-Oct-85 27-Feb-94 99.9 TT&C
14 14 II-1 14-Feb-89 E1 14-Apr-89 112.6 Wheels
13 2 II-2 10-Jun-89 B3 12-Jul-89 109.6
16 16 II-3 17-Aug-89 E5 13-Sep-89 107.6 Wheels
19 19 II-4 21-Oct-89 A4 14-Nov-89 105.6 wheels?
17 17 II-5 11-Dec-89 D3 11-Jan-90 103.7
18 18 II-6 24-Jan-90 F3 14-Feb-90 102.6 wheels?
20 20 II-7 25-Mar-90 – 19-Apr-90 10-May-96 72.7 Wheels
21 21 II-8 2-Aug-90 E2 31-Aug-90 96.0
15 15 II-9 1-Oct-90 D2 20-Oct-90 94.4 NO SA
23 23 IIA-10 26-Nov-90 E4 10-Dec-90 92.7 Panels
24 24 IIA-11 3-Jul-91 D1 30-Aug-91 84.0 wheels?
25 25 IIA-12 23-Feb-92 A2 24-Mar-92 77.2
28 28 IIA-13 9-Apr-92 – 25-Apr-92 5-May-97 76.2 Hardware
26 26 IIA-14 7-Jul-92 F2 23-Jul-92 73.3
27 27 IIA-15 9-Sep-92 A3 30-Sep-92 71.0
32 1 IIA-16 22-Nov-92 F1 11-Dec-92 68.7
29 29 IIA-17 18-Dec-92 F4 5-Jan-93 67.9 wheels?
22 22 IIA-18 2-Feb-93 B1 4-Apr-93 64.9
31 31 IIA-19 30-Mar-93 C3 13-Apr-93 64.6
37 7 IIA-20 13-May-93 C4 12-Jun-93 62.6
39 9 IIA-21 26-Jun-93 A1 21-Jul-93 61.3
35 5 IIA-22 30-Aug-93 B4 20-Sep-93 59.4 SLRLRA
34 4 IIA-23 26-Oct-93 D4 1-Dec-93 57.0
36 6 IIA-24 10-Mar-94 C1 28-Mar-94 53.1 SLRLRA
33 3 IIA-25 28-Mar-96 C2 9-Apr-96 28.7
40 10 IIA-26 16-Jul-96 E3 15-Aug-96 24.5
30 30 IIA-27 12-Sep-96 B2 1-Oct-96 23.0
38 8 IIA-28 6-Nov-97 A5 18-Dec-97 8.4
43 13 IIR-2 22-Jul-97 F5 31-Jan-98 7.0

Table2.1:GPSconstellationhistoryandstatusof September1998.

Component Frequency [MHz]

Fundamentalfrequency ��� = 10.23
Carrier

��� � �,+-� � ( ��� = 1575.42( � ��+-�! /.102")$
)

Carrier
��� � �3+-�!&�0 ��� = 1227.60( � �4+5&�(6.7(8")$

)
P-code9;:=<?> ��� = 10.23
C/A-code@;:=<?> ���%A �!0 = 1.023
NavigationmessageBC:D<?> ���%A &�0�( � 0�0 = � 0FEG�!0IH �

Table2.2:Componentsof theGPSsatellitesignal.
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2 TheGlobalPositioningSystemsandTheirObservables

Figure2.3:Effect of SA on PRN 2 on November11, 1998. For referencealsoPRN 15 is
plottedwhich is theonly satellitewithoutSA.

possibilityto eliminateionosphericrefractionusingobservationsontwo differentfrequencies.
This furtherlimits theaccuracy for thecivilian users.

For real time non-differential applications,the SA effect limits the accuracy to about
100 meters. At this accuracy level the effect of AS is negligible becauseboth, the effects
of a moreprecisecodeandthe ionosphere,arenegligible comparedto the 100 meterlevel
SA effect. For real time differentialGPSAS is the accuracy limiting factor. In differential
applications,theSA effectcancelsoutalmostcompletely. Theaccuracy is in thiscaselimited
by thedegradedaccuracy of thecodeandby ionosphericrefraction.

2.2 The GLONASS

Although our main focuswill be the NAVSTAR GPS,we includea shortdescriptionof its
Russiancounterpart.This RussianGLobalNAvigationSatelliteSystem(GLONASS),devel-
opedanddeployedby theformerUSSRandmaintainedby theRussianfederation,hasmuch
in commonwith the GPSin termsof the satelliteconstellation,the orbits, and the signal
structure.Both systemsareownedandoperatedby their respective defensedepartmentsand
offer precise,global, andcontinuouspositioningcapabilities.Both transmitsignalson two
frequenciesin theL-band(1.2GHz and1.6GHz),andmake a subsetof signalsavailablefor
civil use.
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The fully deployedGLONASSconstellationis composedof 24 satellitesin threeorbital
planeswith ascendingnodesseparatedby

��&�0 � on the equator. Eachorbital planecontains
8 satellitesequallyspacedwith aseparationof

( ��� . Theargumentsof latitudeof thesatellites
in subsequentorbital planesareshiftedby

� ��� . GLONASS orbits arealmostcircular in an
altitudeof 19100km with an inclinationof � (6.1J � w.r.t. theequator. Thesiderealrevolution
periodof theGLONASSsatellitesis approximately11 hours15 minutes.As opposedto the
GPStheground-trackof theGLONASSsatellitesdonot repeatafteroneday. Thisavoidsthe
resonanceeffectswhich makesstationkeepingof GPSsatellitesdifficult andexpensive. The
constellationof satellitesshouldguaranteethata minimumof 5 satellitesis in view to users
world-wide,with adequategeometry, i.e., theGLONASSconstellationallows for continuous
andglobalnavigation.

GLONASS is still in development. In January1996the systemhada full constellation
of 24 active satellites.However, no new satelliteswerelauncheduntil December1998. The
guaranteedlifetime for theGLONASSsatellitesis about3 yearscomparedto 7.5yearsfor the
GPSBlock II andIIA satellites,and10yearsfor theBlock IIR satellites.Dueto thisrelatively
shortlifetime of theGLONASSsatellitesthereremainonly 15activesatellitesin April 1999.
Themainadvantageof GLONASSis that thereareno plansto degradethe signalsfor civil
use. This hasmajoradvantagesfor real-timeapplications.A significantdifferencebetween
GPSandGLONASSis that theGPSsatellitesareall usingdifferentPRNcodeson thesame
frequency, whereastheGLONASSsatellitesall usethesamePRNcodebut slightly different
frequencies.The small frequency differencesgive rise to complexity in the processingof
the carrierphasedata. Contraryto GPSall GLONASS satellitesareequippedwith a laser
retroreflectorarrayandmaythereforebeobservedby thegroundstationtrackingnetwork of
theInternationalLaserRangingService(ILRS). For moreinformationaboutGLONASSwe
referto Habrich [1999].

2.3 The Obser vation Equations

We only review the mostimportantaspectsof the observationequationsfor GPS.For more
informationwe refer to, e.g.,[Leick, 1995;Kleusberg and Teunissen, 1996]. Let us usethe
following notation:K

. . . Index of aparticularreceiver.L

. . . Index of aparticulartransmitter.< . . . Signalreceptiontime(GPStime).<NM . . . Readingof thereceiverclockat signalreceptiontime.O M . . . Error of the receiver clock at time < with respectto GPStime. The signal
receptiontime < maybewrittenas: < + <NM3P O M .Q . . . Signaltraveling timebetweensatelliteandreceiver.O!R

. . . Errorof thesatelliteclockat time <SP Q w.r.t. GPStime.TU M�:=<?> . . . Positionof receiver
K

atsignalreceptiontime < .
11
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TU R :=<SP Q > . . . Positionof thesatellite
L

atsignalemissiontime <VP Q .W R M . . . Geometricaldistancebetweensatellite
L

(at signalemissiontime <XP Q ) and
receiver

K
(at signalreceptiontime < ), alsocalled“slant range”.

2.3.1 Code Obser vation Equation

Usingtheknown codesprovidedontheGPScarriers,theGPSreceiversmeasuretheso-called
pseudo-range: 9 RM +Y" :Z:D<\[ O M]>�P^:=<SP Q [ O R >Z> (2.1)

“pseudo”,becauseof thebiasesintroducedby thesatelliteandreceiverclockerrors.Usingthe
geometricaldistanceW R M thecodeobservationequation,in its simplestform,maybewrittenas:9 R_ M + W R M [ " O M3P " O R (2.2)

where:9 _ . . . Codemeasurementat frequency F.

Notethatbothterms,
" O M and

" O�R
, dependon thefrequency F dueto thedifferentlocationof

thephasecentersof both,transmitterandreceiver.

2.3.2 Phase Obser vation Equation

TheGPSreceivermeasuresthedifferencebetweentwo phases.Theobservationequationmay
bewrittenasfollows: ` R_ M :D<?> +5a _ M�:=<?>VP a R _ :D<bP Q >c[ed R_ M (2.3)

where:` R_ M :=<?> . . . Phasemeasurement(in cycles)atepoch< andfrequency F.a _ M�:=<?> . . . Phaseof thesignalgeneratedby thereceiveroscillatorat receptiontime < .a R _ :D<VP Q > . . . Phaseof thesignalgeneratedby thesatelliteoscillatoratemissiontime <cP Q .d R _ M . . . Unknown integernumberof cycles(theso-calledinitial phaseambiguity).

Usinga Taylor seriesdevelopmenttruncatedafterthetermsof first orderwe mayrewrite this
as: ` R_ M :D<?> +5a _ M�:=<?>VP a R _ :D<?>c[ Q � _ [ed R_ M (2.4)

where� _ is thefrequency of thecarriersignal.Takinginto accountthereceiverclockerror
O M

andthesatelliteclockerror
O R

thephasedifferencemaybewrittenas:a _ M�:D<?>bP a R _ :=<?> + : O M3P O R >S� _
Theobservationequationis thengivenby:` R_ M :=<?> + : O M3P O R >S� _ [ Q � _ [fd R_ M (2.5)
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Multiplying thisequationby thewavelength� _ of thecarrierweobtainthephaseobservation
equation: � R _ M + W R M [ " O M3P " O R [g� _ d R _ M (2.6)

2.3.3 Measurement Delays

Phasemeasurementsandcodepseudo-rangesareaffectedby both, systematicand random
effects. Let usmention,e.g.,satelliteorbit errors,clock errors,propagationeffects,receiver
clockerrors,relativistic effects,antennaphasecentervariations,andmultipath.Let usaddress
threeeffect,namelytroposphericandionosphericrefraction,andtherelativistic effect.h RM . . . Troposphericrefraction,i.e.,thesignaldelaydueto theneutral(i.e.,thenon-ionized)

partof theEarth’satmosphere.It is importantthatthetroposphericrefraction,in the
GHz region, doesnot dependon the frequency andthat the effect is the samefor
codeandphasemeasurements.i RM . . . Ionosphericrefraction,i.e., the signaldelayrespectively phaseadvancedueto the
free electronsin the Earth’s atmosphere.The ionosphereis a dispersive medium
for microwave signals,which meansthat the refractive index for GPSsignalsis
frequency-dependent.O!Rj . . . Relativistic correction. The atomic frequency standardsin the GPSsatellitesare
“affected” by general(gravity) andspecialrelativity (the satellite’s velocity). The
predominantportionof theserelativistic effectsis constantand,dueto theircommon
height,commonto all GPSsatellites.Theeffect is thattheclocksin orbit appearto
runfasterby about40 * sperday. Thisconstantpartis correctedfor by adjustingthe
frequency of the oscillatorsof the GPSsatellitesprior to launchby P 0/.10�0�( ��� Hz.
The remainingpart of the effect, causedby the eccentricityof the orbit, is often
calledtheperiodicrelativistic effect.

The periodicrelativistic effect is not commonlyusedin the GPSobservation equationsbe-
causeit is satellite-dependentandthereforecancelsin thesingledifferencebetweenstations.
However, it is importantif stationsand/orsatelliteclocksareestimated,e.g.,whenapplying
undifferencedprocessingtechniquesandfor absolutenavigation.Theeffect,whichmayreach
up to about50ns(15m), is easilycomputedby theformula:O Rj + klE�m noEqprE!sZtvu :xwy>+ P &8E TU R E{zTU R" �
with: k|+}P & m ~��" � + P (/.1(�(G&�JFE��!0 H � ���m $
where:
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2 TheGlobalPositioningSystemsandTheirObservables

G . . . Newtoniangravitationalconstant.
M . . . Totalmassof theEarth.
GM . . . Productof G andM ( �  �J � 0�0/.7(�(6� � EG�!0��b$ � A � � ).
e . . . Eccentricityof thesatelliteorbit.
a . . . Semi-majoraxisof thesatelliteorbit.
E . . . Eccentricanomalyof thesatellite.TU R . . . Geocentricpositionvectorof satellitei.zTU R . . . Geocentricvelocityvectorof satellitei.
c . . . Velocityof light.

Takinginto accountthesethreeeffectstheobservationequations(2.2)and(2.6) for bothfre-
quenciesandbothtypesof measurements(codeandphase)mayberefinedas:� R � M + W R M P i RM [ h RM P " O Rj [ " O M3P " O R [g� � d R � M� R � M + W R M P � ��� �� i RM [ h RM P " O Rj [ " O M3P " O R [�� � d R � M (2.7)9 R� M + W R M [ i RM [ h RM P " O Rj [ " O M3P " O R9 R� M + W R M [ � ��� �� i RM [ h RM P " O Rj [ " O M3P " O R
2.4 Forming Diff erences

We may form differencesof the original observation equationsin order to eliminatesome
of the effects in eqns.(2.7). Elimination of the biaseshasthe advantagethat the number
of unknown parametersmay be reducedsignificantly. However, the consequenceis that no
estimatesfor theeliminatedparameterswill beavailablelike,e.g.,satelliteandstationclocks.

2.4.1 Single Diff erences

Thesingledifferenceis a linearcombinationof two measurements.Therearethreedifferent
kindsof singledifferences:

Between stations: Differencebetweentwo simultaneousmeasurementsof thesamesatel-
lite from two differentreceivers. In this singledifferencethesatellitespecificterms(

O R
and

O!Rj ) arealmosteliminated.

Between satellites: Differencebetweentwosimultaneousmeasurementsfromonereceiver
to two differentsatellites.In thissingledifferencethereceiver clockerror(

O M ) is elimi-
nated.

Between epoc hs: Differencebetweentwo measurementsfrom onereceiverof onesatellite
at two differentepochs.In thissingledifferencetheambiguity( d R M ) is eliminated.
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2.5 RelevantLinearCombinationsandtheirCharacteristics

2.4.2 Doub le Diff erences

A doubledifferenceis a linearcombinationof four simultaneousmeasurementsor thelinear
combinationof two singledifferencemeasurements.Althoughothercombinationsmaymake
sense,a doubledifferenceusuallyconsistof the linearcombinationof two singledifferences
betweenstationsfor two differentsatellitesat the sameepoch.Figure2.4 shows the geom-
etry of a typical doubledifference. In this doubledifferenceobservation both, the station
andsatellitespecificeffects(

O!R
,
O!Rj , and

O M ), areeliminatedor at leastgreatlyreduced.This
doubledifferenceis thebasicobservationusedin theBernesesoftwarefor preciseparameter
estimation.It is definedby: � R��_ MZ� + : � R _ M P � R _ � >VPl: � � _ M P � � _ � > (2.8)

Thecorrespondingobservationequationsare:� R��� M�� + W R��M�� P i R��M�� [ h R��M�� [�� � d R��� M��� R��� M�� + W R��M�� P � ��� �� i R��M�� [ h R��M�� [g� � d R��� M�� (2.9)9 R��� M�� + W R��M�� [ i R��M�� [ h R��M��9 R��� M�� + W R��M�� [ � ��� �� i R��MZ� [ h R��M��

2.5 Relevant Linear Combinations and their
Characteristics

It is oftenusefulto form linearcombinationsof the original carrierphaseand/orcodemea-
surements.This may be doneon any differencinglevel. Let

�4�
and

���
representthe phase

observables,and 9 � and 9 � thecodeobservables,both in meters.Themaindisadvantageof
forming linearcombinationsis the increasednoiseof the linearcombinationascomparedto
thatof theoriginalmeasurements.A generallinearcombinationmaybewrittenas:������+Y��E!��� [e� E���� (2.10)

with realcoefficients
�

and � . Thenoiseof thelinearcombinationmaybewrittenas:� ����+�� � � [f� � E � � (2.11)

whereit is assumedthat theoriginal measurements,
�4�

and
���

, bothhadthesamenoise � � .
The relevant linear combinationsarediscussedin the next sections,their characteristicsare
summarizedin Table2.3.
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Figure2.4:Geometryof a typicaldoubledifferenceobservation.

2.5.1 The Ionosphere-free Linear Combination

Thelinearcombinationof type(2.10)with thecoefficients:��+ � ��� �� Pe� ���� u/� � + P2� ��� �� Pf� ��
yielding: ����+ �� �� Pe� ���� � �� ��� Pe� �� ����� (2.12)

is oftencalled“ionosphere-free”becausetheionosphericpathdelayis practicallyeliminated.
Thesameis truefor thecorrespondingcombinationof codemeasurements:

9 ��+ �� �� Pe� ���� � �� 9 � Pf� �� 9 �Z� (2.13)

Taking into accountthe doubledifferencephasemeasurementsandneglectingtropospheric
refraction

h R��M�� in eqn.(2.9) theionosphere-freelinearcombinationhastheform:� R��� M�� + W R��M�� [f� R��� M�� (2.14)

wheretheionosphere-freebias � R��� M�� maybewrittenas:

� R��� MZ� + �� �� Pf� ���� � �� � � d R��� M�� P�� �� � � d R��� M�� � (2.15)
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2.5 RelevantLinearCombinationsandtheirCharacteristics

This biascannotbeexpressedin the form � � d R��� M�� , where d R��� M�� is an integerambiguity. If we
know the differenced R��� M�� + d R��� M�� P�d R��� M�� (the so-calledwide-laneambiguity),however, the
ionosphere-freebias � R��� MZ� maybewrittenas:

� R��� M�� +Y" � �� �� Pf� �� d R��� MZ� [ "� � [�� �� � � ¡� �
d R��� MZ� (2.16)

wherethe first term on the right-handside is known. The artificial wavelength � � is only
about11 cm. For obviousreasonstheunknown ambiguity d R��� M�� in eqn.(2.16)is oftencalled
narrow-laneambiguity.

2.5.2 The Geometr y-free Linear Combination

Thelinearcombinationof type(2.10)with thecoefficients:�¢+�� � u6� � + P �
yields: �b£4+5��� P ��� (2.17)

It is independentof receiver andsatelliteclocksandgeometry(orbits, stationcoordinates).
It only containsthe ionosphericdelayandthe initial phaseambiguities.It is well suitedfor
the estimationof ionospheremodelsandfor cleaningundifferenceddata. The samelinear
combinationmaybeappliedto thecodeobservations.

2.5.3 The Wide-lane Linear Combination

Thelinearcombinationof type(2.10)with thecoefficients:�¢+ � �� � Pf� � � u6� � + P8� �� � Pe� �
gives: � � + �� � Pf� � :¤� �\�4� Pf� �b��� > (2.18)

It is oftenusedfor phaseobservationsfor thepurposeof cycle slip detectionandambiguity
resolutionon the doubledifferencelevel. Usingeqn.(2.9) andneglectingboth, ionospheric
refraction

i R��M�� andtroposphericrefraction
h R��MZ� , weobtain:� R��� M�� + W R��M�� [ "� � Pf� �� �N� ¡� �

:xd R��� M�� P¥d R��� M�� >� �N� ¡d R��� M�� (2.19)
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2 TheGlobalPositioningSystemsandTheirObservables

Carrier Description Wavelength Noise Ionosphere
rel to

���
rel to

������
ActualCarrier 19cm 1 1���
ActualCarrier 24cm 1 1.6���
Ionosphere-freeLC 0 cm 3 0�b£
Geometry-freeLC ¦ 1.4 0.6� � WideLane 86cm 5 1.3���
Melbourne-Ẅuebbena 86cm - 0

Table2.3:Linearcombinationsof the
���

and
���

observables.
���

–
���

arethenamingconven-
tion of theBerneseGPSSoftwarepackage.

The artificial wavelength � � is about86 cm andis approximatelyfour timeslongerthan � �
and � � . Therefore,this linearcombinationis calledthewide-laneandtheambiguity:

d R��� M�� + d R��� M�� P§d R��� M�� (2.20)

is calledthewide-laneambiguity.

2.5.4 The Melbourne-W übbena Linear Combination

TheMelbourne-Ẅubbenacombinationis a linearcombinationof both,carrierphase(
���

and���
) and P-code( 9 � and 9 � ) observationsdescribedby [Wübbena, 1985] and [Melbourne,

1985].Thiscombinationeliminatestheeffectof theionosphere,thegeometry, theclocks,and
thetroposphere.Thecombinationis givenby:���4+ �� � Pe� �r:¤� �S��� Pe� ����� >VP �� � [g� �2:¨� � 9 � [�� � 9 � > (2.21)

For doubledifferenceobservationsweobtain:� R��� M�� + � � d R��� M�� (2.22)

With goodP-codedata(RMS © 1 m) this linearcombinationmaybeusedfor theresolution
of thewide-laneambiguitiesd R��� M�� . Ontheundifferenced(zerodifference)level thesamelinear
combinationgives: � R � M + � � d R � M (2.23)

which meansthat this linearcombinationmaybeusedto checkzerodifferenceobservations
for cycle-slips.Notethatonly thedifferenced R � M P�d R� M canbecheckedin thisway.
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3 Modeling the Obser vables

3.1 Definitions of the Time Systems

Therearethreedifferentsystemsof time in commonuse[Seidelmann, 1992]:

Dynamical Time: Theindependentargumentin theequationof motions.Whenwegenerate
ephemeridesfor GPSsatellites,we implicitly use(terrestrial)dynamicaltime.

Atomic Time: ThetimerealizedthroughatomicclocksontheEarth’ssurface.It is thebasis
for auniformtimescaleontheEarth.Theatomictimescaleis definedby thefrequency
of the basicoscillationof the frequency-determiningelement.The origin of the time
scaleis definedby internationalconvention.

Sidereal Time: Thetime definedthroughtherotationof theEarth. Althoughonceusedas
a measureof time by meansof astronomicalobservations,it is much to irregular by
today’sstandards.

3.1.1 Dynamical Time

Dynamicaltime is requiredto describethemotionof bodiesin a particularreferencesystem
andaccordingto a particulargravitational theory. Today, generalrelativity andan inertial
referencesystemarefundamentalconcepts.Thebestpossibleinertial referenceframewecan
accesshasits origin in thecenterof massof thesolarsystem(barycenter).Dynamicaltime
associatedwith this systemis calledBarycentricDynamicalTime (TDB, asfor mostother
time scalesthe abbreviation reflectsthe Frenchorderof thewords). A clock fixedon Earth
will exhibit periodicvariationsaslargeas1.6 mswith respectto TDB dueto the motionof
the Earthin the gravity field of the Sun. However, in describingthe orbital motionof near-
Earthsatelliteswe neednot useTDB, nor accountfor theserelativistic variations,because
both,thesatelliteandtheEarth,aresubjectto nearlythesameperturbations.For near-Earth
satelliteorbit computationswe mayuseTerrestrialDynamicalTime (TDT), which represents
auniformtimescalefor motionswithin thegravity field of theEarth.
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3 ModelingtheObservables

3.1.2 Atomic Time

Thefundamentaltimescalefor timekeepingonEarthis theInternationalAtomic Time(TAI).
It resultsfrom analysesby the“BureauInternationaldesPoidset Mesures”(BIPM) in Paris,
France,usingdatafrom atomicstandardsof many countries.It is acontinuoustimescaleand
servesin practiceto defineTDT: ª¬«8ª + ªc­2®

[�� &¯.°�!J�( �
Thereis a fundamentalproblemof usingTAI in practice;therotationof theEartharound

its spinaxisis slowing down. ThusTAI would eventuallybecomeinconvenientlyout of syn-
chronizationwith thesolarday. Thisproblemhasbeenovercomeby introducingCoordinated
UniversalTime(UTC), whichrunsat thesamerateasTAI but is incrementedby leapseconds
whennecessary. Normally theseleapsecondsareintroducedat on January

�!±=²
or July

�!±=²
but

they mayalsobeintroducedonMarch
�q±x²

andSeptember
�q±x²

.
Eachof the worlds time laboratorieskeepsa local realizationof UTC. All theselocal

realizationsof UTC haveto besynchronized.Thetechniqueto inter-compareandsynchronize
differentfrequency standardsis called“time transfer”. Time transfercurrentlydependsvery
muchonGPSusingtheso-called“common-view” technique.Timetransferwill beaddressed
in Chapter8.

GPS System Time

All the clockson boardthe GPSsatelliteshave to be tunedto GPStime. Becauseof the
independenceof thesatelliteclocksveryprecisesynchronizationismandatoryto giveaccurate
point positioning. This canonly beaccomplishedby usingatomicclocks. Thereforeall the
GPSsatellitesareequippedwith a setof two cesiumandtwo rubidiumfrequency standards.
For comparison,theGLONASSsatellitesareequippedwith threecesiumstandards.TheGPS
systemtime is givenby its “CompositeClock (CC)”. TheCC or “paper” clockconsistsof all
operationalmonitoringstationsandsatellitefrequency standards.GPSsystemtime, in turn,
is referencedto theMasterClock(MC) at theUSNOandsteeredto UTC(USNO)from which
GPStime will not deviateby morethanonemicrosecond.Theexactdifferenceis contained
in thenavigationmessagein theform of two constants,A0 andA1, giving thetimedifference
andrateof GPStime w.r.t. UTC(USNO,MC).UTC(USNO)itself is kept very closeto the
internationalstandardUTC(BIPM), and the exact differenceis available in nearreal time.
GPStime wasalignedto UTC on 6 January1980andis not incrementedby leapseconds.
Therefore,thetwo timescalesdiffer by anintegernumberof seconds.By definition,thereis a
constantoffsetof 19 secondsbetweentheGPSandTAI time scales,that is, at any instantwe
have: ³µ´,¶ + ªc­2®

P �q �
Figure3.1showstherelationshipbetweenthetimescales.
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Dynamical Time (TDT)

Atomic Time (TAI)

Coordinated Universal Time (UTC)

GPS Time

19 s 

32.184 s 

0 s 

Figure3.1:Therelationshipbetweentimescales.

3.2 Reference Systems

3.2.1 Terrestrial Reference System

The distancebetweenthe receiver andthe satelliteis the most importantconstituentof the
rangemeasuredby GPSreceivers. The receiver positionis given in a TerrestrialReference
System(TRS)whichmeetsthefollowing criteria[McCarthy, 1996]:· It is geocentric,thecenterof massbeingdefinedfor thewholeEarth,includingoceans

andatmosphere.· Its scaleis thatof a localEarthframe,in themeaningof a relativistic theoryof gravita-
tion.· Its orientationwasinitially givenby theBIH orientationof 1984.0.· Its time evolution in orientationshall createno residualglobal rotationwith regardto
thecrust.

A ConventionalTerrestrialReferenceSystem(CTRS) is realizedthrougha setof coor-
dinatesfor a network of stations.TheCTRS,which is monitoredby the InternationalEarth
RotationService(IERS),is calledtheInternationalTerrestrialReferenceSystem(ITRS).Re-
alizationsof theITRSareproducedby theIERSunderthenameInternationalTerrestrialRef-
erenceFrame(ITRF). CurrentlytheITRF realizationsof theITRS aredoneannually. In the
designationITRF-yy the“yy” specifiesthelastyearof whichdatawereusedin theformation
of theframe. HenceITRF-96designatesthe frameof coordinatesandvelocitiesconstructed
in 1997usingall of theIERSdataavailablethrough1996.
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3 ModelingtheObservables

3.2.2 Celestial Reference System

Theequationsof motionfor a(artificial)satellitehavethemostconvenientform if expressedin
a CelestialReferenceSystem(CRS).Thecelestialreferencesystemis realizedby a celestial
referenceframe definedby the precisecoordinatesof extra-galacticradio sourceswith its
origin at thebarycenterof thesolarsystemandthedirectionsof theaxesfixedwith respectto
thequasars.In compliancewith this,theIERSCRSis realizedby theIERSCRFdefinedby the
J2000.0equatorialcoordinatesof extra-galacticobjectsdeterminedfrom Very Long Baseline
Interferometry(VLBI) observations.Thecatalogof sourcecoordinatespublishedin theIERS
AnnualReportsprovidesaccessto theICRS.Thedirectaccessto thequasarsis mostprecise
throughVLBI observations,a techniquewhich is not readily availableto users.Therefore,
while VLBI is usedfor themaintenanceof theframe,thetie of theICRFto themajorpractical
referenceframesmaybeobtainedthroughuseof the IERSTerrestrialReferenceFrameand
theJPLephemeridesof thesolarsystem.TheIERSEarthorientationparametersprovide the
permanenttie of theICRFto theITRF.

3.2.3 Transf ormation between the Celestial and Terrestrial
System

Thecoordinatetransformationto beusedto go from theTRSto theCRSat theepocht of the
observationcanbewrittenas[McCarthy, 1996]:¸1¹4º ¶I» + ´b¼ :=½�>?¾ ¼ :=½)> º ¼ :=½)> ¿ ¼ :D½)> ¸

ª º ¶I»
(3.1)

where:9FÀV:D<?> . . . Transformationmatrix correspondingto the precessionbetweenthe reference
epochandtheepocht.Á Àb:=<?> . . . Transformationmatrixcorrespondingto thenutationatepocht.Â À :=<?> . . . Transformationmatrixarisingfrom therotationof theEartharoundtheaxisof
theCEP.Ã ÀV:=<?> . . . Transformationmatrixarisingfrom polarmotion.¸1¹4º ¶I»

. . . Vectorin theCelestialReferenceSystem.¸ ª º ¶I»

. . . Vectorin theTerrestrialReferenceSystem.

Thetransformationmatrixarisingfrom polarmotionis:Ã À :D<?> +YÂµ� :x��	�> E�Â2� :D�
	Ä> (3.2)

where�
	 and �]	 arethe“polar coordinates”of theCEPin theTRS.Thetransformationmatrix
arisingfrom therotationof theEartharoundtheaxisof theCEPhastheform:Â À :=<?> +5Âr� :ÅP ~oÆ h > (3.3)

whereGSTis theGreenwichTrueSiderealTimeatepocht.
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3.3 The Station Model

Theorigin of theterrestrialreferencesystemis thegeocenterof theEarth’smasses.However,
the Earth’s crustmaymove relative to the Earth’s centerof mass.This translationalmotion
is known as “geocentermotion”. It is causedby the massmovementof planetaryfluids,
primarily the atmosphereandoceans.The positionof a point locatedon the surfaceof the
solidEarth,relative to theEarth’scenterof mass,maybeexpressedby [McCarthy, 1996]:TÇ :D<?> + TÇ �V[ TÈ �Ä:D<VP¥<N��>É[gÊ RCË TÇ R :=<?>bP TÇ#ÌÅÍ :=<?> (3.4)

where:TÇ :=<?> . . . Positionvectorrelative to theEarth’scenterof massat time t.TÇ � . . . Positionvectoratepoch<N� .TÈ � . . . Velocityvectoratepoch<N� .TÇ R :D<?> . . . Corrections,at time t, dueto varioustimechangingeffects.TÇ#ÌÅÍ :=<?> . . . The instantaneousvectortranslationof the Earth’s centerof mass(including
oceansandatmosphere)at timet, relative to its long-termtime-averagedposi-
tion.

The time changingeffectson the stationpositionare,e.g.,solid Earth tidal displacements,
oceantidal loading,polarloading,post-glacialrebound,atmosphericloading.

Thesetof positions(
TÇ � ) andvelocities(

TÈ � ) at epoch<N� constitutesthe ITRF. Theorigin
of this systemis definedto be the long-termtime-averagedpositionof the Earth’s centerof
mass(includingoceansandatmosphere).In GPSdataanalysesthesepositionsandvelocities
(
TÇ � , TÈ � ) areusuallysolve-for parameters.In globalGPSanalyseswe mayalsosolve for the

geocenteroffsetand/orvariations(
TÇ#ÌÅÍ

).

3.4 The Satellite Orbit Model

Only abasicintroductionto satelliteorbit modelingis presentedhere.It is basedon [Beutler,
1990b, 1990a, 1991; Beutler et al., 1996a; Rothacher, 1992,1996], which may serve for
furtherreference.

3.4.1 Equations of Motion

Theequationsof motionof anartificial Earthsatellitemaybewrittenas:Î TU + P ~o� E TUU � [ Tn :=<)Ï TU Ï zTU Ï�Ð � ÏZÐ � Ï�Ð � Ï .q.q. Ï�Ð%Ñ3> (3.5)

wherethefirst termrepresentsthecentralgravity termand
Tn

thetotal perturbingacceleration
with:
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Figure3.2:Definitionof theKeplerianelements.~
. . . Newtoniangravitationalconstant.�
. . . Totalmassof theEarth.~o�
. . . Productof

~
and

�
( �  �J � 0�0/.7(�(6� � E��!0���$ � � H � ).TU . . . Positionvectorof thesatellitewith respectto thecenterof massof theEarth.Ð�Û . . . Dynamicalparameters(e.g.,solarradiationpressureparameters).

We mayalsowrite: Î TU + T�V:=<)Ï TU Ï zTU Ï�Ð � Ï�Ð � Ï�Ð � Ï .q.q. ÏZÐ�Ñ4> (3.6)

Theseequationsof motion(3.5or 3.6)do not definea uniqueorbit (particularsolutionof the
equationsof motion).We have to specifyin addition,e.g.,theso-calledinitial conditionsat a
time <N� : TU :D<N�)> + TU ��Ï zTU :D<N�)> + zTU � (3.7)

This secondorderdifferentialequationsystem,in general,cannotbesolvedanalytically, be-
causethe function

T� may bevery complicated.Therefore,numericalintegrationalgorithms
have to beused.

In satellitegeodesy, wearemainly interestedin elliptic orbitswhichmaybecharacterized
by thesix Keplerianelements,seeFigure3.2. All six Keplerianelements,at epoch< , maybe
computedfrom thepositionvector

TU :=<?> andthevelocity vector
zTU :=<?> , see,e.g.,[Beutleret al.,

1996a].
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3.4 TheSatelliteOrbit Model

Theperturbationterm
Tn

is smallcomparedto thetwo-bodyterm(or centralgravity term)
andthe solutionof the unperturbedequationsis thereforea goodapproximationto the per-
turbedsolution,at leastin the vicinity of the initial epoch <N� . It thereforemakessenseto
introducefor eachepoch< aninstantaneousellipseandto speakof theKeplerianelementsas
evolving in time. Let usassumethat

TU :=<?> and
zTU :D<?> arethetruepositionandvelocityvectorsfor

eachtimeargument< asthey arecomputedfrom theequationsof motion(3.6).Theosculating
elementsat time < arethendefinedasthe Keplerianelementscomputedfrom

TU :D<?> and
zTU :D<?> .

In this way we get time seriesof osculatingelements
n :D<?> , p :=<?> , L :=<?> , ÜÝ:=<?> , Þ2:D<?> , and

h 	I:D<?>
(perigeepassingtime).

3.4.2 Orbit Impr ovement

Orbit determinationin its generalsenseis theproblemof determiningthefollowing d + �ß[ $
unknown parametersà R that definea unique(particular)solution of the above set of three
equations: á à � Ï¤à � Ï .q.q. Ï¤à6Û
â + á n Ï p Ï L Ï�Ü8Ï?ÞXÏ h 	�Ï�Ð � ÏZÐ � Ï .].q. Ï�Ð%Ñ¬â (3.8)

Thesix Keplerianelementsat time <N� definetheinitial conditionsof theproblem.Insteadof
the Keplerianelementsit would be possible,aswell, to setup the componentsof the vec-
tors

TU :D<N�)> + TU � and
zTU :=<N�%> + zTU � asunknowns. TheparametersÐ � ÏZÐ � Ï .q.]. Ï�Ð%Ñ aretheunknown

dynamicalparametersdescribingtheaccelerationsactingon thesatellite.All theparametersà R : L +ã� Ï & Ï .].q. ÏZdÉ> refer to a certaintime interval
¸ <N�!ÏZ< � » which is identicalwith the time in-

terval containingall observationsusedto establishtheorbitalparameters.If weonly consider
thesolutionin this time interval, wespeakof asatellitearcwith anarclength ä + < � P¥<N� .

Whenwe have to determinethe orbits of GPSsatellites,we may considermostof the
parametersÐ � Ï�Ð � Ï .q.q. Ï�Ð�Ñ definingtheforcefield to beknown veryaccurately. Thecoefficients
of thegravity field,e.g.,areknownwith highprecisionfrom SatelliteLaserRangingsolutions.
It is not possible,however, to assumeall dynamicalparametersto be known, e.g.,the solar
radiationpressure.Let usassumethatwe haveanapproximatea priori orbit available.This a
priori orbit

TU �!:=<?> mustbea solutionof thesameequationsof motionwith approximatevalues
(
TU �qÏ zTU �qÏ�Ð � �!Ï .q.q. Ï�Ð�ÑS� ) for thesamesetof parameters:Î TU � + P ~�� E TU �U �� [ Tn :=<)Ï TU �qÏ zTU �qÏ�Ð � �!Ï .q.q. Ï�Ð�ÑS�%> (3.9)

TU ��:=<N�%> + TU : n �!Ï p �]Ï L �qÏ�Ü4�!Ï?ÞS�qÏ h 	%�]åZ<N�)> (3.10)zTU �Ä:=<N�%> + zTU : n �!Ï p �]Ï L �qÏ�Ü4�!Ï?ÞS�qÏ h 	%�]åZ<N�)> (3.11)

where
n � , p � , L � , Ü4� , ÞV� , h 	%� and Ð R � aretheapproximatevaluesà R � of theunknown parametersà R . We maynow linearizetheunknown orbit

TU :D<?> by developingit into a Taylor serieswhich
we truncateafterthelinearterms:TU :=<?> + TU ��:=<?>É[ ÛÊ Rçæ �Sè TU �Ä:D<?>è à R

E :çà R P�à R �)> (3.12)
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3 ModelingtheObservables

The unknown orbit
TU :D<?> is thusrepresentedasa linear function of the unknown parametersà R : L + � Ï & Ï .].q. ÏZdÉ> . To set up a leastsquaresalgorithm we needto computethe partial

derivativesin eqn.(3.12).Let usfirst introducethefollowing symbolfor thepartialderivative
of theorbit with respectto oneorbit parameteràêé á à � Ï¤à � Ï .q.q. Ï¤à6Û
â :Të :=<?> + è TU �Ä:=<?>è à (3.13)

Takingthetotalderivativeof theequationsof motion(3.9)with respectto theparameterà , we
obtaina differentialequationsystemfor thepartialderivatives

Të :D<?> :Î Të +5ì � E Të [ ì��VE zTë [ Tn 	 (3.14)

where
ì � and

ì��
are3x3matriceswith elementsdefinedby:ì �Zí R M + è � Rè U �Zí M

L Ï K +�� Ï & Ï�� (3.15)

ì�� í R M + è � Rè zU �Zí M
L Ï K +�� Ï & Ï�� (3.16)

and: Tn 	 + è Tnè à (3.17)

We used � R hereto denotethe componentsof the vector function
T� in eqn. (3.6). All the

partialshave to beevaluatedusingtheknown a priori orbit
TU �Ä:D<?> . Equations(3.14)arecalled

the variationalequations(onefor eachparameterà R ) belongingto the original equationsof
motions(3.9),alsocalledtheprimaryequationsin this context. Theinitial conditionsfor the
variationalequations(3.14) may be obtainedby taking the partial derivativesof the initial
conditions(3.10)of theprimarysystemwith respectto theunknown parameterà :Të :D<N�%> + è TU �Ä:=<N�%>è à

zTë :=<N��> + è zTU ��:D<N�%>è à (3.18)

For à�é á n Ï p Ï L Ï�Ü8Ï?ÞXÏ h 	�â wehave:Tn 	 + T0 Ï Të :=<N�)>Fî+ T0 Ï zTë :=<N��>Ýî+ T0
(3.19)

whereasfor àêé á Ð � Ï�Ð � Ï .q.q. ÏZÐ]ï!â wehave:Tn 	ðî+ T0 Ï Të :=<N�)> + T0 Ï zTë :=<N��> + T0
(3.20)

In summarywe may say, that in an orbit improvementstepwe have to solve, in additionto
the non-linearprimary equations(3.9, 3.10), one linear differentialequationsystem(3.14,
3.18) for eachorbit parameterà R to obtainthe partial derivatives

Të :D<?> of the orbit
TU :D<?> w.r.t.

theparametersà R . All thesedifferentialequationsystemshave to besolvedusingnumerical
integrationmethods,[Beutler, 1998]. Let usalsomentionthatbecauseat presentno velocity
dependentforcesaremodeledfor theGPSsatelliteorbitswemayassumethat:ì�� í R M +Y0 L Ï K +�� Ï & Ï�� (3.21)
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3.4 TheSatelliteOrbit Model

3.4.3 Accelerations Acting on the GPS Satellites

Let usnow have a closerlook at thesecondterm
Tn

on theright handsideof theequationsof
motion(3.5).Thisperturbingaccelerationis composedof:Tnñ+ Tn
òVó [ Tn
ôFó [ Tn À¯õÅö [ Tn
÷¯ø�÷ [ Tn j ù ±=² (3.22)

wherethevariousaccelerationsaredueto:Tn
òVó
. . . Non-sphericityof theEarthgravity potential.Tn
ôFó
. . . Gravitationalaccelerationdueto theMoonandtheSun.Tn À¯õÅö . . . Earthtidal potential.Tn
÷¯ø�÷
. . . Solarradiationpressure.Tn j ù ±x² . . . Sumof all remainingsmallaccelerations( ú �!0 H ��$ A � � ).

Table3.1 summarizesthe orderof magnitudeof the variousperturbingaccelerationsacting
on the GPSsatellites.Two differentapproacheswerechosento studythe magnitudeof the
accelerations.First, a referenceorbit wasgeneratedby integratinga givensetof osculating
Keplerianelementsover a time periodof threedays(72 hours)usinga standardorbit model.
For thispurposethefull GPSsatelliteconstellationof January1, 1998wasused.

For the first approachthesamesetof osculatingKeplerianelementswasintegratedover
thesametime periodof threedayswith therespective accelerationturnedoff. Consequently
theRMSdifferencebetweenthis perturbedorbit andthereferenceorbit over thefull 72-hour
arc-lengthwascomputedandis shown in the left half of Table3.1. In the secondapproach
thepositionsof theperturbedorbit wereusedaspseudo-observationsin anorbit determination
processwhereweagainusedthesamestandardorbit modelwhichwasusedfor thegeneration
of the“referenceorbit”. In thisorbit estimationstepwecharacterizeeachorbit by 11parame-
ters;six for theinitial conditionsandfive for thesolarradiationpressure.Thesearethesame
parameterswe currentlyusefor our routineGPSorbit computations.ConsequentlytheRMS
differencebetweenthis fit throughthe perturbedorbit and the perturbedorbit over the full
72hourarc-lengthwascomputedandis alsoshown in Table3.1.
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3 ModelingtheObservables

RMSorbit differenceover3 days RMSof orbit determination
PerturbingAcceleration Radial Along Cross Total Radial Along Cross Total

units:meters units:meters
Earthoblateness( ûýüxÚ ) 1341 36788 18120 41030 1147 1421 6841 7054
Moon(gravitation) 231 3540 1079 3708 87 126 480 504
Sun(gravitation) 83 1755 431 1809 30 13 6 33ûýü¨üÉþGü¤ü 80 498 10 504 3 3 4 5ûýÿ�� þGÿ�� (n,m=3..8) 11 204 10 204 4 13 5 15ûýÿ�� þGÿ�� (n,m=4..8) 2 41 1 41 1 2 1 2ûýÿ�� þGÿ�� (n,m=5..8) 1 8 0 8 0 0 0 0

units:meters units: millimeters
SolarRadiationPressure 90 258 4 273 0 1 1 2

units: millimeters units: millimeters
Fixedbodytides 46 1382 225 1400 16 28 80 87
Relativistic Effects 17 584 0 585 4 1 1 5
OceanTides 12 221 22 223 4 11 8 14
Venus,Jupiter, Mars(grav.) 8 157 44 164 3 3 13 13

Table3.1:Effectof differentperturbationsonaGPSsatelliteover3 days.

28



4 The International GPS Service and
its Products

4.1 The International GPS Service

Over the last decadeGPSstartedplaying a major role in regional andglobal studiesof the
Earth. In view of a continuedgrowth anddiversificationof GPSapplications,the scientific
communityhasmadean effort to promoteinternationalstandardsfor GPSdataacquisition
andanalysis,andto deploy andoperatea common,comprehensive global trackingnetwork.
As partof thiseffort, theInternationalGPSService(IGS)wasestablishedby theInternational
Associationof Geodesy(IAG) in 1993andbeganofficial operationin January1994.

Usually, theInternationalAssociationof Geodesy(IAG) GeneralMeetingin August1989
in Edinburgh,UK, is consideredasthestartingpointfor theIGS.TheIGSplanningcommittee
wascreatedshortlythereafterandtheIGScall for participationwassendoutin February1991.
At the

�������
IUGG GeneralAssemblyin Viennain August1991theIGSplanningcommittee

wasreorganizedandrenamedIGS campaignoversightcommittee.This oversightcommittee
organizedthe1992IGSTestCampaignscheduledfrom June21 to September23.

The1992operationsweresosuccessful,thatdatacollection,processing,andproductdis-
seminationcontinuedwithout interruptionafter September23, 1992,first on a “best effort
bases”,then,startingNovember1,1992,asthe“IGS Pilot Service”.Duringthispilot phasein
1993,theIGSTermsof ReferencewerewrittenandthecurrentIGSstructurewasestablished.
Theofficial startof the IGS took placein January1994. In December1997thenameof the
IGS wasslightly changed.Theoriginal namewasInternationalGPSServicefor Geodynam-
ics. Due to the enormousexpansionof the IGS the term “for Geodynamics”wasno longer
consideredto accuratelyreflectall IGSactivities,which now alsoincludedatmosphericstud-
ies.For moreinformationconcerningthisearlyphaseof theIGSsee,e.g.,MuellerandBeutler
[1992],Beutleretal. [1994a].

TheIGS is basedon thevoluntarycontributionsof a largenumberof organizations.The
currentstructureof theIGS consistsof [IGS, 1998]: globalnetwork of trackingstations,op-
erationalcenters,regional datacenters,global datacenters,analysiscenters(AC), associate
analysiscenters(AAC), analysiscentercoordinator(ACC), centralbureau(CB), governing
board(GB), andworking groups.Accordingto the Termsof Referencethe accuracy of the
IGS productsshouldbesufficient to supportcurrentscientificobjectivesincluding: scientific
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4 TheInternationalGPSServiceandits Products

satelliteorbit determinations,monitoringEarthrotation,realizationandeasyglobalaccessi-
bility to theInternationalTerrestrialReferenceFrame(ITRF),monitoringdeformationsof the
solidEarth,andvariationsin theliquid Earth,climatologicalresearch,eventuallyweatherpre-
diction, andionospheremonitoring. Theprimaryobjective of the InternationalGPSService
(IGS) is to provide thereferencesystemfor a wide varietyof scientificandpracticalapplica-
tionsinvolving GPS.To fulfill its role theIGSproducesanumberof “fundamental”products,
which are: GPSdatafrom a globalnetwork of about200stations,GPSsatelliteorbits,GPS
satelliteclocks,Earthrotationparameters,stationcoordinatesandvelocities,stationspecific
troposphericzenithpathdelays(ZPD),globalionospheremaps,andGPSreceiverclocks.

At thestartof theIGS TestCampaignin 1992thefocuswasmainly on theGPSsatellite
orbits.Thegoalwasto provideorbitsof anaccuracy whichwouldallow the“normal” geodetic
GPSuserto avoid orbit determination.Theeffectof anorbit error � Â onanestimatedbaseline
componentis givenby thefollowing “rule of thumb”,see[Baueřśıma, 1983]:��� � � ÂlE �Â (4.1)

where
�

and ��� arebaselinelengthand baselinecomponenterror and
Â

, � Â aresatellite
distanceandorbit error. Fromeqn.(4.1)we seethat for a baselinewith length

� +�(G0�0
km,� Â + &

m (typical error for the GPSbroadcastorbits), and
Â + &�0�0�0�0

km the baseline
componenterrorwill beabout40mm. UsingIGSorbits,assuminganorbit error( � Â ) of about
100mm, thebaselinelengtherrordueto theorbit errorwill beat the2 mm level. Figure4.1
illustratestheeffectof theorbitqualityonbaselineestimatesquitenicely. A Europeanbaseline
of approximately400km wasprocessedonceusingbroadcastorbitsandonceusingprecise
IGS orbits,bothsolutionswereperformedover a periodof about100days.Thecoordinates
of onestationwerekeptfixed,whereasthecoordinatesof thesecondstationweresolvedfor.
Figure4.1shows thevariationof thedaily positionestimatesof thesecond,freestation,from
bothsolutions.TheRMS of thevariationsusingbroadcastorbitsis 13,24,and23 mm in the
north, east,andup directions,respectively. This correspondsquite well with the estimated
orbit effect of 40 mm. In the caseof the IGS orbits the RMS of the variationsis 2, 3, and
6 mmin thenorth,east,andupdirections,respectively.

In thefollowing sectionswe will have a closerlook at theIGS products.Our mainfocus
will beontheproductsasgeneratedby theCenterfor Orbit Determinationin Europe(CODE)
for theIGS sinceJune1992.CODEis oneof thesevenIGS AnalysisCenters(ACs). Where
needed,e.g.,for comparison,theproductsof otherACsarealsoshown. For moreinformation
aboutthe IGS and all its componentssee,e.g., the IGS Annual Reports[Zumberge et al.,
1997a; IGS, 1998;Muelleretal., 1998].

4.2 The Center for Orbit Determination in Europe

The Centerfor Orbit Determinationin Europe,is a joint ventureof the FederalOffice of
Topography(L+T), Wabern,Switzerland,the FederalOffice for CartographyandGeodesy
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(a)Usingbroadcastorbits (b) UsingIGSorbits

Figure4.1:Residualsof daily positionestimatesona400km baselineusingorbitsof different
quality.

(BKG, formerly IfAG), Frankfurt,Germany, theInstitutGéographiqueNational(IGN), Paris,
France,andthe AstronomicalInstituteof the University of Berne(AIUB), Berne,Switzer-
land. AlthoughCODEis primarily a global IGS AnalysisCenter(producingall global IGS
products),it lays– accordingto its nameandtheparticipatinginstitutions– specialemphasis
onEurope.This is mainly reflectedby thethreefollowing activitiesatCODE:· About onethird of thesitesincludedin theglobalCODEsolutionsareEuropeansites.

ThisshouldguaranteethattheCODEorbitsareof bestpossiblequalityoverEurope.· Separatelyanetwork of about40Europeansitesis processedonadaily basissinceday
204(23July),1995,usingdifferentprocessingoptions.· CODE hasalsobeenappointedto combinethe weekly solutionsof presently12 re-
gionalprocessingcentersin Europeinto oneofficial weeklyEUREF(EuropeanRefer-
enceFrame)solution.

CODEis locatedat theAIUB. All solutionsandresultsareproducedwith theBerneseGPS
Software[Rothacher andMervart, 1996]. Currentlyversion4.3 of thesoftwareis used.For
moreinformationaboutCODEandits IGSandEUREFactivitieswereferto theCODEannual
reportsfor theIGS[Rothacheretal., 1994,1995a, 1996a, 1997a].

Threemajorprocessingproceduresarerunningat CODEeveryday: thenormalIGS pro-
cessingto generatethe CODE final products,the so-calledrapid orbit solution to generate
orbits for the “previous” day includingpredictedorbitswhich canbe usedin real time, and
thecomputationof a Europeansolution.Thefollowing sectionswill givea brief overview of
theseroutineprocedures.
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4 TheInternationalGPSServiceandits Products

4.2.1 Daily Global Routine Processing at CODE

A flow chartof the normal IGS routineat CODE is shown in Figure4.2 anddiscussedin
somedetailbelow. Onehourbeforethestartof theroutineprocessing,thedataavailability is
checked. The IGN Global DataCenterandthe BKG Regional DataCenterprovide us with
thedataof thestationswewantto process.For severalreasonstheremaystill bedatamissing
andthereforetheattemptis madeto downloaddatathat is missingfrom CDDIS or SIO, the
two otherglobal datacenters.Undernormalcircumstancesonly a few stationshave to be
downloadedin thisstep.

The routineanalysisstartsat 20:00local time with the processingof the datathat were
collectedthreedaysbefore. After the download step,all RINEX (Receiver INdependent
Exchangeformat [Gurtner, 1994])observationandnavigationfiles aretransformedinto the
Berneseformat,thecodeobservationsarecheckedfor outliers,andcodesinglepointposition-
ing solutionsarecomputedfor eachstation.This stepis necessaryto obtainthesynchroniza-
tion errorsof thereceiverclockswith respectto GPStime. Broadcastephemeridesandclocks
areusedin thisstep.

The next part of the routineprocedureshouldresult in a setof cleandoubledifference
phasedata.Becausetheorbit quality is importantfor datacleaningthisprocedurealsogener-
atesa global1-daysolutionof a reasonablygoodquality. Parametersestimatedin this 1-day
solutionare: orbit parameters,ERPs(includingERPdrifts), stationcoordinates,troposphere
zenithdelays,andtroposphericgradients.Theresultsof this1-daysolutionarelabeledG1.

Theprocedurefor the3-daysolutionsstartswith thecomputationof a global ionosphere
modelusedfor the ambiguityresolutionstepwhich follows. Ambiguitiesarefixedonly on
baselinesshorterthan2000km. Theso-called“QuasiIonosphereFree”(QIF) methodis used
to fix the

���
and

���
doubledifferenceambiguitiesto their integervalues[Mervart, 1995].On

theaverage70%of theambiguitiesarefixedonthesebaselines.Thisrelatively low percentage
is causedby the low elevationcut-off angle(

�q0 � ) which is currentlyused.With anelevation
cut-off angleof

� ��� thepercentageof fixedambiguitieswould beat the85%level. The low
elevationdataareobviouslyof inferior quality.

After theambiguityfixing (on thesinglebaselinelevel) a new, complete1-daysolutionis
generated.This 1-daysolutionis performedby stackingthenormalequationsof threediffer-
ent network parts,calledclusters[Brockmann, 1997]. Within theseclustersthe correlations
betweenthedoubledifferenceobservationsaretreatedcorrectly. Fromthis solution(Q1) the
full 1-daynormalequationsystemis savedfor laterusein the3-daysolutions.These1-day
normalequation(NEQ)filescontainall parametersthatmightbeof interestlateron,i.e.,orbit
parameters,stationcoordinates,2-hourlyEarthrotationparameters,nutationdrifts, geocenter
offsets,troposphericzenithdelays,andsatelliteantennaoffsets.

Two other1-daysolutions,calledS1andS1N,aregeneratedbasedon theQ1 NEQ file.
TheS1solutionis generatedto obtainthebestpossible1-dayorbits. This solutionis useful
becauseit allowsto studytheorbit differencesbetween1-dayand3-daysolutions.In compar-
isonwith theG1 solutionit alsoshows theeffectof ambiguityfixing andcorrectcorrelations
(in the threeclusters)on the orbit estimates.The S1N solutiongeneratesa small NEQ file
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Data Transfer

Code Preprocessing

Phase 
Preprocessing

1-Day
Solution

(G1)

Residual Check
Outlier Removal

Ionosphere Model
Ambiguity Fixing

1-Day Amb. Fix
Solution
(Q1, S1)

3-Day
Solutions

(R3, X3, Y3, Z3)

Clock Estimation
Ion, DCB Est.

3-Day 
Pole Solutions
(A3, B3, C3)

Iteration in case of cleaning problems

Figure4.2:Flow diagramof theIGSdataprocessingatCODE.
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Figure4.3:Theglobalnetwork of stationsusedin theCODEroutineanalysis.

which containsonly stationcoordinates,geocenter, andsatelliteantennaoffsets.Thesesmall
NEQfilesareveryusefulfor generatingandstudyingtimeseriesof coordinateestimates.

The3-daysolutionsareproducedby combiningthenormalequationof thecurrent1-day
(Q1)solutionwith thenormalequationsof theprevioustwo 1-daysolutions.In thisprocedure
the three1-dayorbital arcsarecombinedinto one3-dayorbital arc [Beutleret al., 1996b].
Currentlyfive slightly different3-daysolutionsarecreatedin this way, labeledS3,R3, X3,
Y3, andZ3. The S3 solution is generatedto save a small 3-dayNEQ file containingonly
stationcoordinates,ERPs,geocenter, andsatelliteantennaoffsets.Theothersolutionsdiffer
only in theestimatedorbit parameters.

Finally, a clock solution is computed,wherethe satelliteand stationclocks aresolved
for simultaneouslyusingundifferencedsmoothedcodeobservations. All relevant estimated
parametersaretakenfrom the3-daysolution: satelliteorbits,ERPs,stationcoordinates,and
troposphericdelays. This ensuresthat the clock estimatesarecompatiblewith theseother
products.

Figure4.3 shows the mapof the completenetwork of stationsusedfor the normalIGS
routineanalysisat CODE(May 1999).Fromtheselected141sitesat maximum100sitesare
usedonany particularday.

The rapid solution,which is computedwithin 17 hoursafter the observationswerecol-
lected,is generatedalongthesamelines,but only one1-dayandone3-daysolutionaregen-
erated.Furthermore,minor differencesexist to speedup theprocessingin orderto guarantee
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a fastsubmissionof theresults.

4.2.2 Daily European Routine Processing at CODE

The Europeannetwork is usedto testand studydifferentprocessingstrategies. Currently,
eightdifferentEuropeansolutionsaregeneratedfor eachday. Their characteristicsare(note
thatthereis only onestrategy changefrom solutionto solution):

EG : Full network solutionwithout ambiguityfixing usinga cut-off angleof
� �Ä� . For each

station12tropospherezenithdelayparametersareestimated.A priori theSaastamoinen
modelis usedto correctfor the troposphericdelay[Saastamoinen, 1972]. The tropo-
sphericzenithdelaycorrectionswith respectto theapriori modelareestimatedby using
thesimplemappingfunction

��
	���
���� , whereë is thezenithangle.

EQB:SameasEG solutionbut with ambiguitiesfixedto their integervaluesandestimating
24 insteadof 12 troposphericzenithdelayparametersperstation.On theaverage80%
to 90%of theambiguitiesareresolvedusingtheQIF ambiguityresolutionstrategy. This
solutionis usedto studytheimpactof ambiguityfixing.

NMF: SameasEQB solutionbut usingtheNiell mappingfunction [Niell, 1996]without a
priori correctionsfor the troposphericdelays. With a cut-off angleof

� � � degreesno
significantdifferencesareexpectedw.r.t. theEQBsolution.

NMW: SameasNMF solution,but usingelevation-dependentweightingof theobservations.
The weight of the undifferencedobservationsis given by the squareof the cosineof
thezenithangle( ��� s � ë ). Becausethedataat low elevationsis likely to benosierand
suffer morefrom multipatheffects,elevation-dependentweightingof the datamaybe
important.

EQ : SameasNMW solutionbut usingacut-off angleof
�!0 � . A lowerelevationcut-off angle

shouldgive a betterdecorrelationof stationheightsandtroposphericdelayestimates.
However, lower elevationdatawill probablybenosierandmayshow morecycle slips
andmultipatheffects.

ET : SameasEQ solutionbut usingthetroposphericdelayestimatesfrom theCODEglobal
solutionfor thosestationswhicharecommonto both,theglobalandEuropeannetwork.
TheideabehindintroducingtroposphericdelaysbasedonaglobalGPSsolutionis, that
in regional networks it is difficult or even impossible(dependingon the size of the
network) to correctlyestimatetheabsolutetroposphericdelays.Therefore,it couldbe
anadvantageto introducetroposphereestimatesfor at leastoneof theregionalsites.

NM5: SameasEQ solutionbut usinganelevationcut-off angleof ��� .
NMG: SameasNM5 solutionbut solvingin additionfor troposphericgradients.Theasym-

metryin thetropospheremayplayasignificantroleat low elevations.
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Figure4.4: Improvementof theIGScombinedorbit productsincetheofficial startof theIGS
in 1994.

4.3 IGS Products and their Quality

The main productsof the IGS arestill the GPSorbits, althoughotherproductshave gained
someattentionaswell. In this sectionwe will illustrate the precisionof someof the IGS
productsto show, the improvementof the IGS resultsover the last coupleof yearsandthe
qualityachievedtoday.

4.3.1 Orbits

Figure4.4showstheorbit qualityof theindividualIGSACsasafunctionof time. Thequality
of the IGS orbit estimateshasimproved from a 200 mm to a 30 mm level in a time period
of 5 years.Figure4.4 only shows the internalconsistency of the IGS productsandnot their
accuracy. It givesa fair measureof theperformanceof theindividualACs.

Noticealsothe quality of the IGS rapid orbit (IGR) in Figure4.4. This orbit productis
availablewith adelayof currentlyonly 17hoursaftertheendof observationandits quality is
comparableto thatof thebestfinal products.
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4.3.2 Earth Rotation

Sincetheverybeginningof theIGSactivities in 1992,Earthrotationparameters(ERPs)were
consideredanimportantproduct.Soonafterthestartof theIGStheIERSsub-bureaugenerat-
ing theBulletin A poleseriesrecognizedthetimelinessof theGPSERPestimatesandstarted
to rely onthissourceof informationfor theX- andY-componentof theEarthrotationaxis.By
1996,Bulletin A valueswerebasedto about75%on IGS estimates.For UT this percentage
is substantiallysmaller(few percentonly) becauseof the correlationbetweenthe ascending
nodeof theGPSorbitsandtherotationof theEarth.This is a problemfor all satellite-based
UT, estimates.Thecontributionof theGPSestimatesto thefinal IERSERPvaluesthe“C04”
series,hadgrown to about45%in 1996[Gambis, 1996].Anotherimportantaspectof theIGS
ERPseriesis thehigh time resolutionof onevalueperday. Theothertwo spacetechniques
contributing to theestablishmentof ERPs,SLR andVLBI, provide estimatestypically once
per 3–5 days. For SLR this spacingis causedby the lack of trackingdata. For VLBI this
spacingis causedby the observationschedule.With the plannedVLBI CORE(Continuous
Observationsof theRotationof theEarth)operationsthisaspectwill improve.

Figure4.5 shows the differencebetweenthe CODE ERP estimatesand the Bulletin A
values.A significantimprovementfrom the0.5maslevel in 1993to the0.1maslevel in 1999
maybeobserved. Theoffsetof theX-componentof about0.3masis significant.This offset
is seenby all sevenIGSanalysiscenters(see,e.g.,IGSREPORT # 6021)andis clearlyabove
thenoiselevel of theestimates.This indicatesthatthereferenceframe,asrealizedby theIGS
products,differsfrom thereferenceframetheBulletin A polevaluesarereferringto.

4.3.3 Station Coor dinates and Velocities

TheIGSallows theestimationof stationpositionsfor a largeglobalnetwork with a precision
of afew millimetersin thehorizontalandabout10millimetersin theverticaldirection.Crustal
movementsthusmaybedetectedwithin a few months.To giveanideaof theprecisionof the
IGS coordinateestimatesFigure 4.6 shows the weekly coordinateestimatesof the station
Zimmerwald in Switzerlandafter removing anoffsetanddrift. TheRMS of theseresiduals
is 3, 4, and8 mm for the north, eastandup directions,respectively. However, significant
systematiceffectsmaybeobservedin this kind of time series,i.e., theresidualsarefar from
beingrandom.Theheightcomponentin particularshowsclearsignals.Oftenanannualterm
is observedwhich maybecausedby multipatheffects. Annualperiodsin 24-hoursolutions
areexpectedfor multipathbecauseof the 4 minuterotationper day of the satellite–station
geometry, resultingin a yearlyperiodof thesatellite–stationgeometry. An annualsignalmay
alsobeobservedin Figure4.6for theheightresidualsof thelast2 years.

Basedonthetimeseriesof coordinateestimateswemayestimatethevelocitiesfor all sites
in thenetwork. Figure4.7 shows theestimated(horizontal)velocity vectorsfor all 164sites
which wereusedin the CODEIGS processingover the last6 years.Themovementsof six
of the seven major platesmay easilybe detected:Eurasia,North-America,South-America,
Nazca,Pacific, and Australia. Only the movementof the African plate is difficult to see
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Figure4.5:DifferencebetweentheCODEpoleestimatesandtheIERSBulletin A valuesfor
theX- andY-polecomponents.

Figure4.6:Residualsof weekly coordinateestimatesfor the stationZimmerwald, Switzer-
land.
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Figure4.7:Estimatedhorizontalvelocitiesfor 164sitesbasedon 6 yearsof continuousGPS
observations.

becauseonly few stationsare locatedon this plate. Interestingto seeis the movementof
the site “MONP” in California. This site is locatedon the pacific plate ratherthanon the
North-Americanplate.Thelargedifferentialvelocitybetweenthesetwo plates,asseenin the
velocity estimatesfor “MONP” comparedto thevelocitiesof thesitesnearbylocatedon the
North-Americanplate,is responsiblefor thefrequentandstrongearthquakesin California.

4.4 Using IGS Products for EUREF

Within a few yearstime the IGS network hasgrown from a few tensto a few hundredsof
stations.In additionmany regional arrayshave beenandarebeingdeployed. Becauseit is
not feasiblenor usefulto processa network of morethanapproximately200 stationsin the
sameadjustmentprocessit is clear that the IGS ACs will never processall the worldwide
operationalpermanentstations.Therefore,in 1994,the IGS startedthedensificationproject
whichaimedatadistributedprocessing[Blewitt etal., 1994;ZumbergeandLiu, 1994].In this
schemeall (permanent)IGS stationsareprocessedby at leastoneAC or Regional Network
AssociateAnalysisCenter(RNAAC). The resultsof all thesedifferentdistributedprocesses
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arethancombinedat theGlobalNetwork AAC (GNAAC) level.
EUREFis oneof the RNAACs providing a coordinatesolutionto the IGS on a weekly

basis. The EUREFsolutionitself is alreadya combinedproductbasedon the contributions
from currently12 differentEUREFanalysiscenters.CODE is oneof the EUREFanalysis
centersandit is responsiblefor thecombinationof theindividualAAC resultsinto theofficial
EUREF combinedsolution. Eachof the EUREF AACs processesa certainsubsetof the
availableEuropeanpermanentGPSreceivers.Resultsbasedonacomplete(GPS-)weekworth
of dataaresubmittedby eachof theAACsin theSoftwareINdependentEXchange(SINEX)
format[Kouba, 1996]. All AAC SINEX files arerigorouslycombinedona weeklybasisinto
theofficial EUREF(weekly)combinedsolution.Theseweeklycombinedsolutionsdefinethe
EUREFreferenceframe. Furthermore,they are the EUREFcontribution to the realization
of the ITRF andto the IGS densificationproject. For more informationaboutthe EUREF
activitieswereferto [Springer etal., 1997;Bruyninx, 1997;Bruyninxetal., 1998].

Regional solutionsaresensitive to referenceframechangesof the orbits becauseall re-
gional solutionsareprocessedkeepingthe IGS orbits fixed. This implies that the reference
framechangesof theorbitswill show up in thecoordinateestimatesof theregionalsolutions.

Referenceframechangesoccurredseveral timesin the IGS historywhenchangingfrom
oneITRF realizationto thenext, e.g.,from ITRF-92to ITRF-93.Figure4.8showsthechange
from the ITRF-93to the ITRF-94(endof June1996)producingjumpsin thenorthandeast
componentsof the coordinateestimatesfor the site Maspalomas.In fiducial free network
solutionsthereferenceframechangemayalsobeobservedin thetransformationparameters
betweenthe individual weekly solutionandthe combinedsolution,basedon all the weekly
solutions,asalsoshown in Figure4.8.

The expectedreferenceframechangefrom ITRF-93 to ITRF-94, is approximately-1.3
and-1.0masfor theX- andY-rotations,respectively (seeIGSMAIL # 1384and# 1391).The
observed network rotationsagreequite well with thesevalues. Notice alsothat the change
from ITRF-94 to ITRF-96 in March 1998doesnot show any signal thanksto the fact that
theorientationof bothITRFsis nominallythesame.Thesereferenceframedifferenceshave
to be accountedfor whencombiningregional solutionsbasedon different referenceframe
realizations.
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(a)Effectoncoordinatesof Maspalomas

(b) Effectonnetwork

Figure4.8:Theeffectof changesin thereferenceframeof theIGSorbitsonregionalsolutions
with “fix ed” orbits.
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5 Investigations Based on CODE and
IGS Products

5.1 Developments at CODE

CODEhasbeenpartof theIGS sinceits foundationin June1992. Thusby now, May 1999,
CODEhasbeenprocessingtheGPSobservationsof a globalnetwork for almost7 years.Ta-
ble5.1liststhemoresignificantchangesbetweenJune1992andDecember1995andTable5.2
showsthechangessince1996.

Apart from theseprocessingimprovements,thenumberof stations(andconsequentlythe
numberof observations)includedin theglobalnetwork asprocessedby CODE,steadilyin-
creasedfrom about20at thebeginningin June1992to 100by mid 1998.Furthermore,during
the early phaseof the IGS alsothe numberof satellitesincreasedrapidly from 19 to 25 in
oneyear. The increaseof both, thenumberof satellitesandthenumberof stationsover the
last6 years,is shown in Figure5.1. All the improvementsin theprocessingschemeandthe
increaseof thenumberof stationsandsatelliteshavesignificantlyimprovedthequalityof the
CODE IGS products. Below we will have a closerlook at the influenceof the processing
changeson theIGSandCODEproducts.

5.1.1 Reference Frame Chang es

Fourreferenceframechangesaredocumentedoverthelast7 yearsin Table5.1andTable5.2.
Becauseof its closelink to the IERS(InternationalEarthRotationService),the IGS always
adoptedthelatestrealizationof theITRFsoonafterits official release.In onlyafew yearstime
thereferenceframewasthereforechangedfrom theITRF-91,to theITRF-92,ITRF-93,ITRF-
94,andin March1998to theITRF-96.Thesechangesin thereferenceframecanveryclearly
beseenin our routine1-day(G1) poleserieswhencomparedto the,presumablycontinuous,
IERSBulletin A pole series,asshown in Figure5.2. Thesechangesin the referenceframe
causesomepracticalproblemsfor usersof theIGSproductsaswehaveseenin Section4.4.

At CODEwe save smallNEQ files from our 3-daysolutions(S3) which allow to easily
andquickly recomputeourERP, stationcoordinate,andvelocitytimeseriesin anew reference
frame. Basedon the larger 1-dayNEQ files we could of coursealsorecomputeour orbits.
However, we have only a limited numberof theselarge (25 MB!) files on-lineandit would
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Date Doy/Year Descriptionof ChangesatCODE
01-Oct-92 275/92 Zenith distancecomputationcorrectedto use ellipse and not

sphere.
02-Apr-93 092/93 Useof someredundantbaselines.
14-Jun-93 165/93 Estimatesmallvelocitychangesfor theeclipsingsatellites.
01-Jan-94 001/94 ChangefromtheITRF-91to theITRF-92coordinateandvelocity

setfor the13fixedsites.
29-May-94 149/94 Estimatepolarmotionasoffsetanddrift over3-days.
01-Jan-95 001/95 ChangefromtheITRF-92to theITRF-93coordinateandvelocity

setfor the13fixedsites.
04-Jun-95 155/95 Estimationof small velocity changesfor all GPSsatellitesat

12:00UT and24:00UT (onceperrevolution).
04-Jun-95 155/95 Correctcorrelationsin the1-daysolutionsusing7 differentclus-

ters.
25-Jun-95 176/95 Ambiguity-fixedsolutionssubmittedastheofficial solution.
31-Aug-95 243/95 Numberof clustersreducedfrom 7 to 5.
10-Sep-95 253/95 Precisesatelliteclocksareestimatedusingcodeobservationsand

submittedtogetherwith thepreciseorbit files.

Table5.1:Major changesin the processingschemeat the CODE analysiscenterfrom June
1992to December1995.

(a)Numberof Satellites (b) Numberof Stations

Figure5.1: Increasein thenumberof satellitesandstationsover the7 yearsof IGS activities
atCODE.
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5.1 DevelopmentsatCODE

Date Doy/Year Descriptionof ChangesatCODE
21-Jan-96 021/96 Switch of radiationpressuremodel from Rock4/42S-modelto

theT-model.
24-Mar-96 084/96 Set-upof sub-dailypole and UT1-UTC estimates(offsetsand

drifts in 2-hourintervals)in theroutinesolutionsfor internalpur-
poses.

15-May-96 136/96 Numberof clustersreducedfrom 5 to 4.
30-Jun-96 182/96 Changeof thereferenceframeto ITRF-94. Phasecentercorrec-

tions with modelIGS 01.PCV. Model by R.D. Ray [McCarthy,
1996]for sub-dailyvariationsin theEarthrotationintroducedas
apriori model.

30-Jun-96 182/96 Orbit force modelchanged:JGM3 (previously GEMT3); Gen-
eral relativity term implemented;Love numberchangedfrom
0.285to 0.300(IERSStandards[McCarthy, 1996]).

29-Sep-96 273/96 CODEfinalorbitsarenow basedonasolutionusingtheextended
radiationpressuremodel. Besidesthe direct radiationpressure
term andthe Y-biasthe 3 terms(oneconstantandtwo periodic
terms)in theB-direction(seeChapter6) areestimated.In addi-
tion, severalminor improvementsof the forcefield wereimple-
mented.

19-Jan-97 019/97 Satelliteclocksestimatedusingphase-smoothedcodeobserva-
tions.

05-Oct-97 278/97 Elevationcut-off angledecreasedfrom
&�0 � to

�!0 � . Furthermore
the observationsare now weightedwith ��� s � ë , where ë is the
zenith angle. A new troposphericmappingfunction (Niell) is
now used.

19-Oct-97 292/97 Numberof clustersreducedfrom 4 to 3.
01-Mar-98 060/98 Referenceframechangedto ITRF-96.Numberof referencesites

increasedfrom theoriginal13 to 37sites.Oceanloadingcorrec-
tionsfor thestationcoordinates.

Table5.2:Major changesin theprocessingschemeat theCODEanalysiscenterfrom January
1996to May 1999.
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(a)X-pole (b) Y-pole

Figure5.2:Changesin the referenceframe realizationas seenin the estimatesof the pole
coordinates( �
	 and �]	 ) comparedto acontinuouspoleseries(Bulletin A).

take a lot of time (30 min CPUtime per3-daysolution)which makesthe taskvery difficult.
The small (2 MB) NEQ files areall availableon-lineandprocessinga 3-daysolutiontakes
only a few seconds.

Over theyearsthequality of theITRF realizationssteadilyimproved. Until March1998
thereferenceframewasrealizedby fixing, or tightly constraining,thepositionsof 13selected
stations.By mid 1996it hadbecomeclearthatfrom theoriginal13stations,selectedin 1993,
only 8 or 9 remainedvalid candidates.At thattimeit becameevidentthattherealizationof the
referenceframefor theIGSproductswaslimited by thesetof stationsusedfor therealization
ratherthanby the quality of the referenceframeitself. Therefore,at the IGS workshopin
1996,a new andmuchenlargedsetof stationswasselectedandthefinal setof 52 so-called
referencestationswasagreeduponduring the IGS workshopin 1997[Koubaet al., 1998].
Thechangein therealizationof thereferenceframe,in March1998,from theITRF-94to the
ITRF-96,and,at thesametime,thenew andlargersetof referencestations,greatlyimproved
theIGSrealizationof theterrestrialreferenceframe[KoubaandMireault, 1998a].

Although the ITRF-96 is of excellentquality, a pureGPS-basedreferenceframemight
still provideabetterprecision.Therefore,anew IGSworkinggroup,theIGSreferenceframe
project,wascreated.This groupshoulddevelop the official IGS terrestrialreferenceframe.
This IGSreferenceframeshallbealignedto theofficial IERSterrestrialreferenceframe.

5.1.2 Orbit and Clock Chang es

Figure5.3showsthedevelopmentof theCODEorbit andsatelliteclockestimatesasreflected
by theIGScombinationreports.Figure5.3(a)showsthedevelopmentof theCODEorbit esti-
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(a)CODEOrbit RMS (b) CODEClockRMS

Figure5.3: Improvementof theCODEorbit andsatelliteclockestimatessincetheofficial start
of theIGS in 1994.

matesusingtheweightedRMS of theIGS orbit combinationasquality measure.An impres-
siveimprovementfrom 200mmto 30mmin afew yearstimemaybeobserved.Many factors
havecontributedto this quality improvementlike,e.g.,theincreasednumberof satellitesand
stations,and numerousmodeland processingimprovements. The improvementsresulting
from theestimationof stochasticpulsesandtheambiguityfixing, implementedin mid 1995,
areclearly visible. The RMS improved from the 90–100mm level to the 70–80mm level.
Surprisingly, thechangeof orbit parameterizationin September1996[Springer etal., 1999b],
doesnot show up althoughthis changeconstituteda largeimprovement.Thattheestimation
of thethreesolarradiationpressureparametersin theB-direction(seeChapter6) actuallyim-
provedtheorbit estimatescanbeseenin Figure5.4. This figureshows thedaily RMS, over
all satellites,of thedifferencesbetweenthesatellitepositionsat theendof themiddledayof
a3-dayarcandthebeginningof themiddledayof thenext 3-dayarc.Thefigureshowsthese
RMS valuesfor all 3-daysolutionsof the year1997. The extended(+3 parameters)model
performsmuchbetterthantheclassicalmodel. We will take a closerlook at theorbit model
andpossibleimprovementsin Chapter6.

Figure 5.3(b) shows the developmentof the CODE satelliteclock estimatestaking the
RMS of the IGS clock combinationas quality measure.CODE startedproviding satellite
clock estimatesin September1995. After someinitial problemsthequality of the clock es-
timateswasstabilizedat the1.4 ns level. This quality level agreesquitewell with thenoise
of theundifferenced9 � codeobservations( � 50 cm) which wereusedto obtaintheseclock
estimates.SinceJanuary1997theclock estimatesarebasedon phase-smoothedcodeobser-
vationsandconsequentlythe quality reachedthe 0.5 ns level. More informationaboutthe
CODEclockestimatesmaybefoundin Chapter8.
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5 InvestigationsBasedonCODEandIGSProducts

(a)Classicalmodel (b) Extendedmodel

Figure5.4:Orbit overlapresultsfor the classical(2-RPRparameters)andextended(5-RPR
parameters)radiationpressuremodels.

5.1.3 ERP Estimation with Sub-Dail y Resolution

Theamountof dataavailablewithin theIGSandthetemporaldensityof thedataallows for a
high time resolutionof theestimatedparameters.This aspectis interestingfor polarmotion
andUT1 becauseit allowsto estimatesub-dailyvariationsin Earthrotationascausedby, e.g.,
thetidal effectsfrom SunandMoon. Therefore,CODEstartedto solve for ERPswith a time
resolutionof 2 hours,on a routinebasis,early in 1996. Thanksto a reprocessingeffort, in
which all datafrom 1995onward wasreprocessed,CODE hasan uninterruptedseriesof 2-
hourlyERPestimatesstartingin 1995.Thediurnalretrogradepolarmotion(nutation)whichis
not accessibleby GPS,hasbeensuppressedin theprocessing.This uniqueseriesnow covers
morethan4 yearsandallowstheaccuratedeterminationof sub-dailypolarmotionandlength
of day (LOD). The GPS-basedERPseriesis at leastasgoodasthe bestcurrentlyavailable
seriesextractedfrom SLR or VLBI [Rothacher, 1998]. Figure5.5shows thesub-dailypolar
motion as seenby the CODE 2-hourly estimatesand the sub-dailypolar motion basedon
the Ray model which is the currentIERS standard[McCarthy, 1996]. The two curves in
Figure5.5 areshown with the sameline type to underlinethe agreementbetweenthe GPS
estimatesandtheRaymodel.Weexpectthatfutureoceantidemodelsfor sub-dailyvariations
in Earthrotationwill heavily dependonGPSobservations.

In June1996 the Ray model was implementedinto the software as a priori model for
the sub-dailyvariationsin Earth rotationdue to oceantides. The LOD and the associated
UT, actually integratedLOD, time series,basedon our 1-day (G1) solutionsareshown in
Figure5.6. We clearly seethe impactof including the sub-dailyERPmodel. The annual
signalobservedfrom 1993until mid 1996disappearedaftertheintroductionof thesub-daily
model. The sameeffect wasobserved for someof the other IGS ACs. The annualperiod
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(a)X-pole (b) Y-pole

Figure5.5:GPS-based2-hourly X- andY-pole estimatescomparedto 2-hourly valuespre-
dictedby asub-dailypolarmotionmodelfor GPSweeks959and960.

is causedby thedaily “sampling” of thesub-dailysignalswhich do not have exactly 12 and
24 hourperiods.Our official products,basedon 3-dayratherthan1-daysolutions,suffered
muchlessfrom thisproblemthanksto theimplicit smoothingcausedby using3-daysolutions.

5.1.4 Other Processing Chang es

Figure5.7showsthesignificantimpactof two processingchangesonthegeocenterestimates.
TheY-componentof thegeocenterchangedsignificantlywhenwe introducedtheestimation
of smallvelocitychangesfor all satellitesin June1995.TheZ-componentchangedwhenwe
startedglobalambiguityfixing in September1994.

Theestimationof smallvelocitychangesimprovedourorbit estimatessignificantlyaswas
shown in Figure5.3(a).At thesametime a smallY-shift of theorbit wasnoticedin the IGS
orbit combination(seeFigure5.8(b)).A similarY-shift hasalsobeenobservedfor theJPLAC
relatedwith its estimationof stochasticpulses[Kouba, 1995]. It is interestingthattheY-shift
of theorbit occurreddespitethefactthatthepositionsof the13referencestationsweretightly
constrained.Figure5.7(a)shows that this Y-shift is alsoobserved in our weekly geocenter
estimates.After the introductionof the small velocity changesthe geocenterestimatesare
muchcloserto theITRF origin. We will haveacloserlook at thisY-shift in Section5.2.

CODEwasthefirst IGSAC implementingglobalambiguityfixing onaroutinebasis.For
ourIGSproductsweintroducedglobalambiguityfixing in June1995,but internallywestarted
to produceambiguityfixedseriesalreadyin September1994.Ambiguity fixing improvesthe
resultsin general. The improvementis most pronouncedin the geocenterestimates.Fig-
ure5.7(b)shows theZ-componentof our weeklygeocenterestimates.During thefirst years
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(a)LOD (b) UT, integratedLOD

Figure5.6: Impactof thesub-dailyERPmodelon theLOD estimates.

(a)Y-offset (b) Z-offset

Figure5.7:Effectof processingchangeson theweeklygeocenterestimates.
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Sol. Amb. Ele. Map. Ele. Repeatability Remarks
ID. Fix. Cut. Func. Wgt. N E U
EG NO 15 SAAS NO 2.1 2.6 5.7 Amb. Free
EQB YES 15 SAAS NO 1.9 1.9 5.6 Amb. Fixed
NMF YES 15 NMF NO 1.9 1.9 5.8 Niell Map.
NMW YES 15 NMF YES 1.7 1.7 5.5 Ele. Weight
EQ YES 10 NMF YES 1.8 1.7 4.9 cut-off

�!0 �
ET YES 10 NMF YES 1.7 1.7 4.5 GlobalTrop.
NM5 YES 5 NMF YES 1.8 1.8 4.8 cut-off ���
NMG YES 5 NMF YES 1.7 1.7 4.8 Tropo.Gradients

Table5.3:Repeatabilityof thedaily Europeansolutionsat CODEbasedon days060–157of
1998.

the estimatesare ratherunstable. Clearly, the repeatabilityof the (Z) geocenterestimates
improvessignificantlyafterSeptember1994,whenwe startedusingour ambiguityfixed re-
sults. Also, we observe a jump when switching from the ambiguity free to the ambiguity
fixedresults.Let usaddthatambiguityfixing improvestherepeatabilityof stationcoordinate
estimates,especiallyin theeastcomponent.

Thedifferentscalesof thegeocenterY- andZ-plots, indicatethat theestimatesof theZ-
componentareweaker thanthoseof theY-component.TheRMS over all weeklygeocenter
estimatessince1996is 7, 10,and20 mm for theX-, Y-, andZ-component,respectively. The
quality differencemaybeexplainedby the fact that the rotationof theEartharoundits spin
axis providesa goodobservation geometryfor the X- andY-componentbut not for the Z-
component.In addition,theZ-estimatesmayalsobeweakenedby theobservation“gaps” at
the polesdueto the ����� inclinationof the orbits. In the Y-componenta clearannualsignal
is observedwith anamplitudeof 10 mm. If this signalis subtractedfrom thetime seriesthe
RMS for the Y-componentis reducedto 7 mm. In the Z-componentan annualsignalwith
anamplitudeof 17 mm is observed. In addition,two signalswith periodsof 50 and44 days
areobservedwith amplitudesof 11 and6 mm, respectively. Subtractingthesethreesignals
from thetimeseriesreducestheRMS of theZ-componentto 13mm. No periodicsignalsare
observedin theX-component.Annualandsemi-annualsignalsareexpectedin thegeocenter
estimatesandhave beenobservedby othertechniques,SLR andVLBI, aswell [Ray, 1999].
Thetwo signalsaround50 days,observedin theZ-component,areunexpected.Onepossible
explanationmight betheorbit modelbecausethesesignalsstartto show up afterSeptember
1996which is wherewechangedoursolarradiationpressuremodel.

Overthelastcoupleof yearsweintensivelystudiedtheeffectof differentprocessingstrate-
gies,mainly usingour Europeannetwork. Recently, our focushasbeenon lowering the el-
evationcut-off angle,improving themodelingof the troposphericdelays,andimproving the
observationmodel. Table5.3 shows the internalconsistency of our differentEuropeansolu-
tions,describedin theChapter4, basedondays060–157of 1998.
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Themainconclusionsthatmaybedrawn from Table5.3arethatambiguityfixing mainly
improvestherepeatabilityof theeastcomponentof thecoordinateestimates.Loweringtheel-
evationcut-off angleimprovesboth,thehorizontalandverticalrepeatabilities.Theestimation
of troposphericgradientsimprovestheresultsif low elevationtrackingdatais available.In Ta-
ble5.3thisfactis obscuredbecausetherepeatabilityis dominatedby the“bad” stationswhich
do not have low elevationtracking.Finally, theintroductionof globaltropospherezenithde-
lay estimatesin the regionalsolutionsimprovesthe repeatabilitiesof the heightcomponent.
More detailedinformationabouttheresearchusingour Europeansolutionsmaybefoundin
Springer et al. [1997] andRothacheret al. [1997b]. Basedon theresultsfrom this European
network theelevationcut-off anglefor the CODEglobalsolutionswasloweredfrom

&�0 � to�!0 � in October1997. At thesametime alsothetroposphericmappingfunctionwaschanged
(Niell) andelevation-dependentweighting( ��� s � ë ) wasimplemented.Similar improvements,
asseenfor theEuropeansolutions,wereobservedfor theglobalsolutions[Rothacher et al.,
1998].

We demonstratedthatambiguityfixing hasa significantimpacton thequalityof geodetic
parametersestimatedusingGPS.Currentlyambiguityfixing, atCODE,is limited to baselines
with a lengthbelow 2000km. This meansthat thereareseveralbaselinesin theglobalnet-
work (Figure4.3) whereno ambiguitiesarefixed. Both, a reductionof theaveragebaseline
length,by includingmorestationsin remoteareas,andan increaseof the minimal baseline
lengthfor theambiguityfixing, wouldresultin ahigherpercentageof fixedambiguities.This
would strengthenthe solutionssignificantly. As a test,sinceMay 1998,we fix ambiguities
on all baselinesfor the CODE rapid orbits. For baselineslongerthan2000km we usethe
Melbourne-Ẅubbenalinear combination(seeeqn.(2.21)) to determinethe wide-laneambi-
guities. In a secondstepwe usethe ionosphere-freelinearcombination(eqn.(2.12)),where
we resolve thenarrow-laneambiguities(eqn.(2.16)).

The resultsof the CODE AC have improved significantly thanksto a large numberof
processingchanges.However, the jumps causedby someof the processingchanges,give
significantproblemsin, e.g.,themulti-annualsolutions,stationcoordinatetimeseries,andthe
2-hourlypoleestimates.Therefore,thecontinuousimprovementsof theprocessingstrategies
makeit mandatoryto reprocessthe“old” datausinga(more)uniformprocessingstrategy. The
large improvementsachieved in recentyears,will make sucha reprocessingvery promising
and,mostprobably, very rewarding.

5.2 Open Issues

5.2.1 The Geocenter Y-Shift

ThegeocentricY-shift of theorbitsof individual ACsw.r.t. the IGS combinedsolution,was
discoveredalreadyin 1994in the IGS orbit combinations.It soonbecameclear that these
shifts changedwhenthe orbit modelingchanged.Figure5.8 shows the translationin theY-
directionof theorbitsof two IGS ACs(CODEandJPL) relative to thecombinedIGS orbit.
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(a)X-Translation (b) Y-Translation

Figure5.8:Orbit translationsrelative to theIGScombinedorbits.

For referencetheX-translationof theorbitsfor thesametwo ACsandthesametimeperiodis
alsogiven. In 1994two jumpsof approximately70 mm maybeobservedin theJPLresults.
Thesejumpsarerelatedto thechangesin thestochasticorbit modelusedby JPL.By theend
of January1994JPLstoppedsolvingfor stochasticpulses,astrategy changerelatedto thefact
thatAS wasturnedon. Laterin 1994,JPLreactivatedtheestimationof thestochasticpulses.
In mid 1995a similar, but smallerjump maybeobservedin theCODEresults,whenCODE
startedestimatingsmall velocity changesfor all satellites.Thereducedsizeof the jump for
CODEis mostlikely causedby theusageof 3-dayarcswhichseemsto reducethesizeof the
Y-shift comparedto short-arcsolutions.TheY-shift observedfor theorbits is alsovisible in
thegeocenterestimatesaswasshown previously, seeFigure5.7(a).Noticethatno jumpscan
beobservedin theX-componentfor both,theorbit andthegeocenter.

It wasthoughtthat insufficient orbit modelingmight causea geocenterY-shift dueto the
weakgeometryof the IGS trackingstationnetwork andespeciallyof the 13 fixed reference
stations. We decidedto study the impact of differentorbit modelson the geocenterloca-
tion. For this purposetheCODEfinal orbit positionsfor theyear1997wereusedaspseudo-
observationsin anorbit determinationprocess.Note thatour referenceorbitsdo not show a
Y-shift, i.e.,thegeocenterby definitionagreeswith theITRF origin. In theorbit determination
processonly two radiationpressureparameterswereestimated,in additionto the six initial
conditions.Thisparameterizationis similar to whatwasdonefor theCODEproductsprior to
June1995.Theseestimatedorbitswerethencomparedto theoriginal orbitsthrougha seven
parametertransformationexactlyasit is donein theIGSorbit combinations.Thecomparison
wasperformedseparatelyfor thesix differentorbital planes,usingall satellitesin theplane.
Figure5.9 shows theobservedX- andY-shiftsof theestimatedorbit w.r.t. theoriginal orbit.
Onecurve is drawn for eachof the 6 orbital planes(A–F), andonecurve is drawn for the
completesatellitesystem(ALL). Thedaily valuesweresmoothedto obtainaclearerpicture.
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(a)Orbit X-shift (b) Orbit Y-shift

Figure5.9:Effectof theorbit modelon thesatellitepositions.

TheY-translation,shown in Figure5.9for theindividualorbital planes,hasa meanoffset
of approximately75mm. On top of this,semi-annualvariationsareobservedfor eachorbital
plane,with anamplitudeof approximately55 mm. ThemaximumY-shift is observedduring
the eclipseseasonof the orbital plane. A similar picture is observed for the X-translation
which, however, hasa zero meanoffset but a semi-annualvariation with an amplitudeof
40 mm. TheminimumX-shift is observedduringtheeclipseseasonof theorbital plane.We
concludethat theobservedgeocenterandorbit Y-shiftsarecausedsolelyby theorbit model
andhavenothingto dowith thegeometryof theIGStrackingnetwork. Theprocedure,fitting a
goodorbit usingabadmodel,knowsnothingaboutthegeometryof thetrackingstations.This
raisesthequestionwhy anorbit modelingproblemcausesageocentershift. It is interestingto
notethata geocentershift causesa periodic(onceperrevolution) perturbationin thesatellite
orbit.

5.2.2 Antenna Phase Center Offsets

Oneof themajorremainingproblemsin GPSdataprocessingarethelocationsof thesatellite
andreceiver antennaphasecenters.Therecentlyobservedbias(1 meter!) in thephasecenter
locationof thefirst blockIIR satellite(PRN13)hasmadeit clearthatthepositionof thesatel-
lite phasecenteroffset is not well known [Bar-Sever, 1998]. Also, the elevation-dependent
phasecentervariationsof thereceiver antennasis a majorerrorsource.Thephasecenteroff-
setsarealsohighly correlatedwith theestimatedtroposphericzenithdelaysandtheterrestrial
scale.

To studytheeffectsof theantennaphasecenteroffsetswe generateda seriesof testsolu-
tionsusingdifferentprocessingstrategies.Thesolutionsshouldgiveabetterunderstandingof
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thecorrelationsbetweenthephasecenteroffsets,thephasecentervariations,thetropospheric
zenithdelays,andtheterrestrialscale.Thefollowing four processingoptionsweremodified
in thesolutions:· Constrainedor freeterrestrialscale.The“constrained”solutionsaregeneratedby con-

strainingthecoordinatesof 37referencestationsto 1 mm. Thefreesolutionis generated
by usingminimalconstraints(3 rotationalconstraints).· The satellitephasecenteroffset (Z-offset) is eitherfixed, artificially changed,or esti-
mated.Wecall thisaZ-offsetbecausethedirectionof theverticalsatellitephasecenter
offsetcorrespondswith theZ-axisof thesatellite-fixedreferenceframe. TheZ-axis is
theaxispointingfrom thesatelliteto thegeocenter.· Eitherrelative receiver antennaphasecentervariations,relative to theDorneMargolin
antennas[Rothacher et al., 1996b], or absolutevariationsusing the anechoicphase
chambervalues[Rockenetal., 1996]areused.· Differentelevationcut-off angles(

�!0 � , � ��� , or
&�0 � ) areused.

Combinationsof theseprocessingoptionsweretestedandthe resultsaresummarizedin Ta-
ble5.4.Thereferencesolutionwasaminimallyconstrained(3 rotationalconstraints)solution,
which meansin particularthat theterrestrialscalewasfree. Theotherprocessingoptionsof
the referencesolutionwereidenticalwith thoseof our official IGS solution,i.e.,

�!0 � cut-off
anglewith elevation-dependentweighting,relativephasecentervariationsintroduced,andno
Z-offsetestimated.The normalizedRMS of the one-way

�4�
phaseobservationsof this ref-

erencesolutionwas1.46mm. Thefirst columnof Table5.4 identifiestheprocessingoption
which waschangedw.r.t. thereferencesolution.Thenext threecolumnsshow themeandif-
ferencebetweenthetestsolutionandthereferencesolution,in terrestrialscale,tropospheric
zenithpathdelay, andestimatedsatelliteantennaoffsets.Thelastcolumngivesthenormalized
RMSof theone-way

���
phaseobservations.

We first wantedto know whetherthereweresignificantdifferencesbetweenthesolutions
with a fixed or free scale. No significantdifferenceswere found. Secondly, we testedthe
influenceof theelevationcut-off angleby changingit from

�!0 � to
� ��� and

&�0 � . Hereachange
of 1.0 ppbin theterrestrialscalewasobservedgoingfrom a

�!0 � to a
&�0 � cut-off angle.This

changecorrespondsto a 6 mm heightchangeof thestationheights.Theformal errorsof the
heightestimates,however, were3–5mm and3–6mm for the

�!0 � and
&�0 � solutions,respec-

tively. Thusa 1.0 ppb scalechangeis practicallywithin the
� � formal error, andtherefore

not significant.It is interestingto notethat thenoiseof thenormalizedobservationresiduals
(RMS) seemsto decreasewith increasingelevation despitethe fact that we useelevation-
dependentweightingfor theobservations.

We thenartificially changedthesatellitephasecenteroffsetsof all satellitesby onemeter.
In Table 5.4 we seethat this changehasa large impact on both, the terrestrialscaleand
the troposphericzenithdelays. The scalechangedby 8 ppb (50 mm in stationheight)and
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5 InvestigationsBasedonCODEandIGSProducts

Differencesw.r.t. ReferenceSolution
Scale Tropos. Z-off RMS

SolutionDescription (ppb) (mmZPD) (m) (mm)
ScaleFixed 0.1 0 - 1.46
ScaleFree,

� ��� cut-off -0.3 1 - 1.40
ScaleFree,

&�0 � cut-off -1.0 4 - 1.36
ScaleFree,Z-off. +1 meter -8.3 5 (+1.0) 1.46
ScaleFixed,Z-off Est. 1.5 -1 -0.2 1.44
ScaleFree,Z-off Est. 13.2 -7 -1.6 1.44
ScaleFree,Z-off Est.

� ��� cut-off 17.0 -12 -2.0 1.39
ScaleFree,Z-off Est.

&�0 � cut-off 22.8 -18 -2.5 1.34
ScaleFixed,Abs. P.C.Var. 8.5 -10 - 1.57
ScaleFree,Abs. P.C. Var. 14.3 -18 - 1.53
ScaleFixed,Abs. P.C.Var., Z-off. Est. -1.4 -9 2.1 1.49
ScaleFree,Abs. P.C. Var., Z-off. Est. -29.7 9 5.5 1.46

Table5.4: Influenceof small processingchangeson the terrestrialscale,troposphericzenith
delay, andsatelliteantennaoffset.

the zenithdelayswerechangedby 5 mm (15 mm in stationheight). A comparisonof the
stationcoordinateestimatesshowedthat they agreedat thefew mm level aftera 7 parameter
transformation.Apart from thescalechangeof 8 ppbthecoordinatetransformationshoweda
significanttranslationin theZ-directionof 5 mm. A comparisonof theorbit estimates,without
any parametertransformation,showedthatthey agreedon themm level, which is remarkable
consideringthe relatively largechangesin theotherparameters.Theseresultsunderlinethe
strongcorrelationbetweenthe satelliteantennaphasecenteroffset, the terrestrialscale,and
thetroposphericzenithdelays.

Wethenmadetheattemptto estimatethephasecenteroffsetof thesatellitesby estimating
oneoffset for eachindividual satellite. It shouldbe mentionedthat the observability of this
offsetis ratherpoordueto thefactthatthe“observationangle”betweenthesatellite–receiver
andsatellite–geocentervectorsis at maximum

�q( � . This meansthat themajorpartof theZ-
offsetis a rangebiaswhichmaybeabsorbedby ambiguitiesor clocks.In thiscontext thetest,
wherewe changedthe Z-offset by onemeter, is quite convincing. Only 70 mm of the one
meterchangeshowedup in theresults.

The remainingeffect of the Z-offsetwill have an elevation-dependentsignaturebecause
theobservationangleincreaseswith decreasingsatelliteelevation. This elevation-dependent
signatureexplainsthecorrelationbetweentheZ-offsetandtheestimatedtroposphericdelays.
In addition,it is well known thatthetroposphericdelayscorrelatewith thestationheightsand
thereforealsowith theterrestrialscale.Theresultsof thefour testswhichwereperformedwith
Z-offsetestimationarequiteremarkable.If thescaleof theterrestrialnetwork is constrained
the resultslook quite reasonable.However, assoonas this scaleis freedthe resultsdiffer
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5.2 OpenIssues

quite significantlyfrom the referencesolutionswith changesof 22 ppb in scale,18 mm in
zenithdelay, andmorethan2 m in satelliteantennaphasecenteroffset.Noticethattheformal
errorsof the stationheights(3–6 mm) andthe troposphericzenithdelays(1–2 mm) barely
change.The formal errorsof the Z-offset estimatesarea few centimetersonly, increasing
stronglywith growing cut-off angle(from 40 to 70 mm going from

�!0 � to
&�0 � ). Apart from

the scalechangethe coordinatetransformationagainshowed significanttranslationsin the
Z-directionof up to 15 mm. Also theorbitswerenow differentbut only by 20 mm in RMS
withoutshowing significantorientationdifferences.Thepronouncedelevation-dependency of
theresultsis quitedisturbing.

At last we introducedthe absolutereceiver phasecenteroffset andvariationsfrom ane-
choicchambermeasurements.Earlier investigationshadshown thattheintroductionof these
absolutephasecentermeasurementsgaveriseto a15ppbterrestrialscalein theGPSanalysis
[Rothacheret al., 1995b]. In theearliertestswe noticedthatthesatelliteantennaoffsetsalso
causelargescaleeffectsin the terrestrialnetwork. We thereforehopedto find a solutionfor
thesatelliteantennaoffsetwhich would enableus to usetheabsolutephasecentermeasure-
mentswithoutany residualeffectsontheterrestrialscaleandtheestimatedtroposphericzenith
delays.Theresultsof thesetestsarealsodocumentedin Table5.4.

Thefirst two solutions,wherewe introducedtheabsolutephasecentervariations,confirm
thefact that thesegive a 15 ppbterrestrialscalechangeandalsolargechangesin the tropo-
sphericdelays.It is remarkablethat,in thesolutionwherethescaleis constrained,thechange
of thescaleis aslargeas8 ppb! Noticealso,thattheRMSof thesesolutionsis increased.

In the latter two solutionswe solved for the satellitephasecenteroffset in addition to
introducingthe chambermeasurements.The solutionwith the constrainedterrestrialscale
looksquiteacceptablealthoughtheZ-offsetchangeof 2 metersis large.However, theminimal
constrainedsolutionshowsadramaticscalechangeof almost30ppb(180mmstationheight).
Also, theestimatedZ-offsetis verylarge(5 m). Thissolutionis notacceptable.Obviouslywe
arestill not in apositionto usetheabsolutephasecentervariations.

We concludethat it is not feasibleto accuratelysolve for the satelliteantennaoffsetsin
anabsolutesensedueto thecorrelationwith theterrestrialscale,thetroposphericdelays,the
receiver antennaphasecenteroffsets,andelevation-dependentvariations. However, we are
ableto solve for theseoffsetsin a relative way, e.g.,by adoptinga specificvaluefor a single
satellite. The offsetsof the othersatellitesmay thenbe determinedrelative to this adopted
value. SignificantZ-offsetdifferenceswereobservedbetweenthe individual satellites.Two
other IGS ACs, GFZ andJPL, which alsoestimatedthe satelliteantennaoffsets,observed
very similar differencesfor individual satellites[Bar-Sever, 1998]. We furthermoreconclude
thatbiasesobservedin theterrestrialscaleandtroposphericdelays,basedonGPSmicrowave
measurements,arevery likely theresultof inaccuratelyknown phasecenterpositionsof both,
thesatelliteandthereceiverantennas.
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5 InvestigationsBasedonCODEandIGSProducts

Products Predicted Rapid Final Units Biases
Orbit 50.0 10.0 5.0 cm 10.0
Clock 150.0 0.5 0.3 ns ?
Pole 0.2 0.1 mas 0.3
LOD 30.0 20.0 * s/d 20.0
StationsHor. 3.5 mm 10.0
StationsVert. 8.0 mm 20.0
TroposphereZPD 4.0 mm 6.0
GeocenterX, Y 7.0 mm 20.0
GeocenterZ 13.0 mm 50.0
TerrestrialScale 0.4 ppb 15.0

Table5.5:Estimatedqualityof theIGSproducts.

5.3 Summar y

In this chapterwe have shown thatsignificantimprovements,in only a few yearstime, were
observedfor many of theIGS products.In Table5.5we summarizedthe“stateof theart” of
theIGS products.For completenesswe includedthepredictedandrapidproducts.For more
informationabouttheseIGS productswe refer to [KoubaandMireault, 1998b]. Thequality
assessmentof the troposphericdelaysis basedon the work doneby the IGS working group
for combinationof troposphericestimates[Gendt, 1998]. Theleft handpartof Table5.5 lists
thedifferentIGS productsandtheir currentprecisionestimate.Theprecisionindicationsare
basedmainlyon theIGSinternalcomparisonsandonwhatwehaveshown in thischapter.

In orderto getanideaof theaccuracy of theIGSproducts,weincludethecolumn“biases”,
containingestimatesfor systematiceffectswhich arebasedon otherthanGPSobservations.
Thesevaluesshouldbeviewedasmaximumerrorswhich might bepresentin IGS products.
For instance,the orbit Y-shift of 100 mm is listedasbiasalthoughit doesno longerappear
in mostof the IGS products.It is includedin the tablebecauseits origin is still largely un-
explained.Also theterrestrialscalebias(15 ppb) is not really observedin theIGS products.
It occurs,when the phasecentervariationmeasurementsfrom anechoicchambertestsare
introduced,in a correctway, in theprocessing.Theuncertaintiesfor thestationpositionsre-
flect thesystematiceffectsobserved in thecoordinatetime series,someof which arecaused
by multipath,giving rise to yearly signalsin the residuals.Othereffectsarecausedby mi-
nor changesat thesite like, e.g.,antennaor receiver replacements,cablingchanges,antenna
radomes,infrastructurechanges.

We have seenthat the internal consistency betweenthe IGS ACs hasreachedthe 30–
50 mm level for orbits,3–8mm for stationpositionsand0.1masfor polarmotion.However,
significantbiasesexist betweentheAC solutions.Differencesof 0.5 ppb(10–15mm) in the
scaleof the orbits, 3 ppb (15–20mm) in the terrestrialscale,and100 mm in geocenterare
observedin internalcomparisons.
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5.3 Summary

Biasesalsoshow up in comparisonwith othertechniques,e.g.,VLBI andSLR. In these
externalcomparisonsa biasof 0.3 masfor the X-componentof the pole is observed aswe
have seenin the previoussection.Furthermore,a persisting50 mm biasis presentbetween
SLR rangemeasurementsandtherangesto theGPSsatellitesderivedfrom theIGS orbits,a
topicwewill studyin Chapter7.

We have demonstratedthat the realizationof the terrestrialreferenceframe,ambiguity
fixing, orbit modeling,elevation cut-off angle,andtropospheremodelingplay an important
role in the quality of the IGS products. We areconvinced,however, that we have not yet
reachedthe full potentialof the GPSsystemandthat we canstill significantlyimprove the
precisionof theIGSproducts.Possibleimprovementsfor thenext yearsare:· Improvedrealizationof the(IGS) terrestrialreferenceframe.· More fixed ambiguitiesby performingambiguityfixing on longerbaselinesor by re-

ducingtheaveragebaselinelength.· Orbit model improvementsresultingin a reductionof the numberof estimatedorbit
parameters(seeChapter6).· Lowerelevationcut-off angle( ��� ).· Tropospheremodelingincludinggradients.· Antennaphasecentercalibration.

In addition,wemayexpectimprovementsfrom theinclusionof GLONASSmicrowaveobser-
vationsmainly thanksto theincreasednumberof satellites.Lastbut not least,theinclusionof
SLR observationsfrom both, theGPSandGLONASSsatellites,mayhave an impacton the
results.Theuseof SLRobservationswill bediscussedin Chapter7.
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6 Solar Radiation Pressure Models

Solarradiationpressure(RPR)is thelargestnongravitationalaccelerationactingon theGPS
satellites.Table3.1in Chapter3 showstheeffectof differentperturbationsontheGPSorbits.
Thesizeof theperturbationcausedby solarradiationpressureis only exceededby theeffect
of theEarthoblateness,thegravitationaleffectsfrom SunandMoonandthelowerharmonics
( @ � � and

Æ � �
) of the Earthgravity field. Clearly, for GPSsatellitesthe establishmentof an

accuratesolarradiationpressuremodelis equallyimportantasanaccurategravity modelof
theEarth.

6.1 Solar Radiation Pressure

Theaccelerationof aGPS(or GLONASS)satellitedueto theradiationpressureof theSunis
difficult to modelbecauseof thecomplicatedshapeof thesesatellites.Accordingto Rothacher
[1992] it maybeexpressedasfollows:Tn
÷¯ø�÷ê+��yE�� 9 ± E @ j E��$ E n � ±� TU P TU ± � � E TU P TU ±� TU P TU ± ��� (6.1)

where:�
. . . Eclipsefactor(

��+��
if satellitein sunlight,

�f+ 0
if satellitein the Earth’s

shadow,
0 ú � ú �

if satellitein penumbra).� . . . Cross-sectionareaof thesatelliteasseenfrom theSun.$
. . . Massof thesatellite.n ± . . . Astronomicalunit (AU).9 ± + Æ A " . . . Radiationpressurefor a completelyabsorbingobjectat the distanceof 1 AU

with � A $ã+-�
.
Æ

is thesolarconstantand
"

thevelocityof light.@ j . . . Reflectioncoefficient.TU Ï TU ± . . . Geocentriccoordinatevectorsof thesatelliteandtheSun,respectively.

The acceleration
Tn
÷¯ø�÷

alwayspoints in the directionSun–satellitein this model. Whereas
for a sphericalsatellitethe ratio � A $ remainsconstant,the total cross-sectionarea � for a
GPSsatelliteis constantlychangingdueto thechangingattitudeof thesatellite.Thepressure
exertedby thesolarradiationwill thereforevary over onerevolution aswell asover theyear
becauseof thechangingorientationof theorbitalplanewith respectto theSun.
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6 SolarRadiationPressureModels

Figure6.1:Simplecylindermodelof theEarth’sshadow.

6.1.1 Satellite Eclipses

Becauseof their high altitudeGPSsatellitesarealmostpermanentlyin thesunlight. Only if
thevectorSun–satelliteliesalmostin oneof theorbitalplanes,thesatellitesof thisplanewill
passthroughtheEarth’sshadow onceperrevolution. Such“eclipseseasons”happentwiceper
yearfor a specificorbital planeandthey last for a few weeks.Oneshadow passagelastsfor
55 minutesat themaximum. It is obviousthatduring theeclipseno solarradiationpressure
is exertedon thesatellite.Accordingto a simplecylinder modelfor theshadow of theEarth
(seeFigure6.1),theeclipsefactormaybecomputedas:

�;+  !!" !!#
0 t%$ ��� s'& + TU E TU ±� TU � E � TU ± � ú 0 � u/�( + � TU � m � P)��� s � & ú n ù� *�+ s,* (6.2)

where:TU . . . Geocentricpositionvectorof thesatellite.TU ± . . . Geocentricpositionvectorof theSun.n ù . . . Equatorialradiusof theEarth.

Figure6.2 illustratesthebody-fixedcoordinatesystem.This satellite-fixedsystemhasits
origin in thecenterof massof thesatellite.Thenominalsatelliteattitudeis suchthat theZ-
axis(antennaaxis) is pointingto thecenterof theEarth.TheY-axis,which pointsalongone
of the solarpanelbeams,is perpendicularto the Sun–satellitevector. The X-axis, which is
positive towardthehalf planethatcontainstheSun,completesa right-handedsystem.Earth
andSunsensorsmonitorthepositionsof thetwo celestialbodies.Momentumwheelsareused
to controlthesatelliteattitude.
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Figure6.2:Schematicpictureof a GPSBlock II satelliteshowing thesatellitefixedreference
frame.

As soonasthesatelliteenterstheEarth’s shadow, maintenanceof thecorrectorientation
of theY-axisbecomesimpossible.SinceJune1994(seeIGSMAIL # 591), thesatellitesare
rotatingaroundthe Z-axiswith the maximumspeedpossible(about0.1 deg/sec)during the
shadow passage.Consequentlythe satellitesexit from the Earth’s shadow with an almost
arbitraryorientationof thesolarpanels.Until the satellitehasregainedits nominalattitude,
the mis-orientationof the solarpanelscausesorbit modelingproblems.The realignmentof
the satelliteattitudemay take up to 30 minutesandcausesmostof the modelingproblems
relatedto thesatelliteeclipses[Fliegel andGallini, 1996].

6.1.2 Earth Albedo Radiation

The Earthand its atmospherereflecta large portion of the solar radiationback into space.
This re-radiationis calledtheEarthalbedoradiation. The radiationpressureon thesatellite
dueto thealbedoof theEarthis very difficult to modeldueto thedistributionof land,ocean,
andclouds.Accordingto Fliegel andGallini [1996] theeffect of Earthalbedoradiationis a
functionof theSun–Earth–satelliteangle.Themaximumalbedoradiationis observedduring
thesatelliteeclipseseasonwhereit mayreach2% of thedirectsolarradiationpressure.Note
thatduringtheeclipseseasonthesatelliteseestheEarthin “full phase”for partof its orbital
revolution. Up to now Earthalbedoradiationhasbeenignoredin GPSorbit determination.
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6 SolarRadiationPressureModels

Component Block I Block II Block IIA Block IIR GLONASS
Solarpanels( IKJ ) 5.583 10.886 10.886 13.60 23.62
Panelmasts( I J ) 0.470 0.985 0.985 0.32 -
Z-side( I J ) 1.510 2.881 2.881 3.75 1.02
X-side( I J ) 1.055 1.553 1.553 3.05 3.18
Mass(kg) 520 880 975 1100 1400

Table6.1:Dimensionsof differentGPSandGLONASSsatellites.

6.2 The ROCK Models

ThemostcommonlyusedRPR-modelsweredevelopedby RockwellInternational,thespace-
craft contractorfor Block I andII satellites[Fliegel et al., 1992]. The computerprograms
that embodythesemodelsbecameknown for Block I asROCK4 [Fliegel et al., 1985],and
for Block II asROCK42 [Fliegel and Gallini, 1989], althoughthey arealsoknown as the
Portermodels.A distinctionis madebetweenthestandardS-modelandtheT-modelThelat-
ter includesthermalre-radiationof thesatelliteandis recommendedby the IERSStandards
[McCarthy, 1992].

TheROCK modelswerederivedby first computingthecontributionsto theradiationpres-
surefrom all the major surfacesof the GPSspacecrafttaking into accountthe reflectivity
propertiesof thesesurfaces. All surfacesareassumedto be eitherflat or cylindrical. The
angulardistributionof thereflectedsunlightfrom eachsurfaceis approximatedasthesumof
two “beams”,oneperfectlydiffuse(Lambertscattering)andtheotherpurelyspecular. Shad-
owing effectsarealsoaccountedfor but only to the first order. Figure6.3 shows the major
surfacesof the GPSspacecraftandsomeof their propertiesandTable6.1 lists someof the
most importantdimensionsof the differentGPSBlock types. The resultingaccelerations
wererepresentedusingrelatively simpleformulasin a satellite-fixedcoordinatesystem(Fig-
ure6.2). Assumingperfectattitudecontrol theresultingsolarradiationforcewill alwayslie
in the (X, Z) plane. The satelliteis orientedsuchthat the Sun is in the satellite’s planeof
symmetrysothat theanglebetweentheSunandthesatelliteantennas(Z-axis) is alwaysbe-
tweenLNM and OQPRLNM . Whenthisangle,S , is lessthenabout O�TRM , thesatelliteis eclipsed.To keep
theangle S within thespecifiedrangethesatellitehasto rotatearoundits Z-axis. During the
eclipseperiodthesatellitehasto rotate OUPRLVM aroundits Z-axisin ashorttime,twiceperorbital
revolution; onceduring theactualeclipse( SXWYLNM ) andthe secondtime whenit crossesthe
Sun–Earthplaneon the oppositesideof the Earth( SZW[OUPRLNM ). Theserotationsarereferred
to asmidnight-andnoon-turn,respectively. For theBlock IIR satellitestheattitudecontrolis
changedwhich will allow theangle S to cover the full rangeof LNM to \R]RLVM . This meansthat
therewill benomidnight-andnoon-turnsfor thesesatellites,anymore.
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6.2 TheROCK Models

Figure6.3:GPSBlock II surfacesandtheirproperties(from [Fliegel, 1993]).
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6.2.1 Model Characteristics

TheROCK4 andROCK42models,realizedoriginally throughtwo Fortransubroutines,can
berepresentedwith high precisionasa shortFourierseriesasfunctionof theangle S . From
bothmodelstherearetwo versions,theoriginal or standardversions,S10andS20,andtwo
versionsincludingtheeffectsof thermalre-radiations,T10 andT20. The“S” and“T” stand
for standard-andthermal-model,respectively, the1 and2 reflecttheBlock type,andthe“0”
indicatesthatthis is thezerothreleaseof themodel.For thenew Block IIR satellitesthemodel
is calledT30. The inclusionof the thermalre-radiationin the ROCK modelsshouldhave
improvedthemodelssignificantly. Therefore,only the three“T” modelswill be reproduced
andstudiedhere.
TheT10model:^�_ W `badceTgf�hRhji,kmlnSpoqLrfsLRPti,kmlvu�wVSpoxLrfsy{z|c)LrfsLR]t}�~NiUu�TRSKoxLrfsLRP{z�oqLrfsLRP��^�� W `badceTgf�hVT�}�~Ri�SKoqLrf�wNLti,kml�u�wNS�c�Lrf�\Rz|c�Lrf�LN\�i�kmlvu�T{S|z�� (6.3)

TheT20model:^�_ W `badc�P�f�yR]ti�kml�SpoqLrf�OQ]�i�kmln\RS�oxLrf%OULti,k�lehNS�c�LrfsL{�ji,k�ln�NS��^�� W `badc�P�fsT{\t}�~Ri'S�� (6.4)

TheT30model: ^�_ W `�adc�ORORfsLti,k�lnS�c�Lrf�wti�kmln\RS�oxLrf�wji,kmlehVS��^�� W `�adc�ORORfs\t}�~Ri�S�oxLrf%O�}�~Ri�\RS�oxLrf�wj}�~Ri�hNS�� (6.5)

where:^�_
. . . Forcein thesatellite-fixedX-direction( OULd� ��� ).^��
. . . Forcein thesatellite-fixedZ-direction( OQL � � � ).S . . . AnglebetweentheSunandthe+Z-axis(radians).` . . . Model scalefactor. It is advisedto estimateda scalefactorfrom themeasurements

asa quantitythatchangesslowly overa few weeks.

6.2.2 The Y-Bias

For high precisiongeodeticwork it is advisedto estimatea force in the Y-direction,called
the Y-bias, in addition to the scalefactor ( ` ). Like the scaleparameter, the Y-biasshould
beestimatedfrom themeasurementsasanaccelerationthatchangesslowly overa few weeks.
Althoughthesourceof theY-biasis unknown, its effectontheorbit is significant.Theattitude
control of the satellitesis basedon a feedbackloop betweensolarsensors(on the panels)
and momentumwheels. Although in theory the Y-axis of the satellitesshouldalways be
perpendicularto thedirectionSun–satellite(to optimizetheamountof energy collectedby the
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6.2 TheROCK Models

(a)Solarpanelmisalignment (b) Solarsensormisalignment

Figure6.4:Two possiblecausesof theY-bias(from [Fliegel, 1993]).

solarpanels),this is only approximatelytruein practice.A smallmis-orientationof thesolar
panelswill causeanaccelerationactingin thedirectionof theY-axis.Two possiblecausesare
shown in Figure6.4,takenfrom [Fliegel, 1993].

The most likely explanationfor the Y-bias is the solarsensormisalignment,especially
in view of the reportedsolarsensorbiases(seeIGSMAIL # 591) which do causea small
misalignmentof thesatellite.A misalignmenterrorof only Lrf�hVM would explain theobserved
Y-bias.

6.2.3 Accurac y of the ROCK Models

Taking the nominalvalueof �d������W�O��'OQL����,I �R¡ J for the solarradiationpressureandthe
claimedaccuracy of 3%for theT20model,theexpectederroris approximately\n�UOQL ��¢ I �R¡ J .
Furthermore,the size of the Y-bias, which is not includedin the ROCK models,is aboutOd�£OUL ��¢ I �R¡QJ . A similartestastheoneusedin Chapter3 todemonstratethedifferentperturbing
effects,wasperformedto giveanideaof theexpectedorbitalerrorsresultingfrom theerrorsin
theROCK model.Firstareferenceorbit wasgeneratedby integratingagivensetof osculating
Keplerianelementsover a time period of 24 hoursusing a standardorbit model. For this
purposethefull GPSsatelliteconstellationof January1, 1998wasused.Next, thesamesetof
osculatingKeplerianelementswasintegratedover thesametimeperiodof 24hourschanging
theROCK modelsby 3%andaddingtheY-biasacceleration.

The RMS differencebetweenthe perturbedorbit and the referenceorbit over the full
24 hourarc is given in Table6.2. Theeffectsaresignificant. We have to keepin mind that
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ErrorSource Magnitude(cm)
Radial Along Cross Total

SolarRadiationPressure(3%) 94 280 11 296
Y-bias 51 364 12 368

Table6.2:Estimatedorbit errorsdueto ROCK modeldeficiencies.

the ROCK modelsweredevelopedfor pseudo-rangeorbit estimation.Using pseudo-ranges
the orbit estimateshave an accuracy of about1 meter. For this type of accuracy the ROCK
modelsareadequateprovided the scalefactorandthe Y-biasareestimated.For accuracies
routinely achieved by the IGS the residualerrorsarenot acceptable.The estimationof the
scalefactorandtheY-biasareaminimumrequirementfor applicationsof GPSwhichrequire
highly accurateorbits.

6.2.4 Outgassing

After thelaunchof asatellitethedirectsolarradiationestimatesof thenew satelliteexceedthe
expectedvaluesby about10%.Only aftera few weeksthenominalvaluesareapproximately
reached. Similar effects may also be observed for the Y-bias estimates. The most likely
explanationfor thisphenomenonis theleakingof gas,calledoutgassing.Accordingto Fliegel
andGallini [1996] themulti-layerinsulationof theGPSsatellitesis themostlikely candidate
to explain theobservedeffects.Theauthorsalsoconcludethat,becausemostsatelliteshavea
multi-layerinsulation,this shouldaffect all satellitesin thesameway. They thereforepredict
thattheBlock IIR satellitesshouldshow asimilarbehavior.

Thedirectsolarradiation(D0) andY-bias(Y0) estimatesof PRN10andPRN13aregiven
asafunctionof timein Figure6.5.PRN10,aBlock IIA satellite,waslaunched(seeTable2.1)
on16July1996,whereasPRN13,thefirst Block IIR satellite,waslaunchedon22July1997.
Ourestimatesfor PRN10clearlyshow theeffectswhicharesupposedlycausedby outgassing
in both,thedirectsolarradiation,andtheY-biasestimates.For PRN13nosucheffectsmaybe
observed.Theconclusionsby Fliegel andGallini [1996] is thusnotsupportedby ourresults.

6.3 The Extended CODE Orbit Model

The experiencesgainedat CODE during the first year(1992-1993)of IGS operationsindi-
catedthatthestandardorbit model,six Keplerianelementsandtwo RPR-parameters,wasnot
sufficient for 3-dayarcs. This wasthe motivation for the developmentof an extendedorbit
model.

In Beutler et al. [1994b] the ExtendedCODE Orbit Model (ECOM) is presentedand
discussedin detail, thereforeonly the basiccharacteristicsaresummarizedhere. The con-
siderationsbehindtheECOM aresimilar to thoseunderlyingtheColombomodel[Colombo,
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(a)Solarradiationpressureestimates (b) Y-biasestimates

Figure6.5:Theeffectof outgassingon thesolarradiationpressureparametersD0 andY0 for
PRN10(Block IIA, solid line) andPRN13(Block IIR, dashedline).

1989]. The principaldifferenceresidesin the fact that the ECOM considerssolarradiation
pressureasthemajor“error source”for theorbits,whereasthegravity field of theEarthplays
this role in theColombomodel. TheColombomodelusestheradial,along-andcross-track
directionsasthethreeorthogonaldirectionswhereastheD-, Y-, andB-directionsareusedby
theECOM.Beutleretal. [1994b] demonstratedthattheperformanceof theECOMis superior
to thatof theColombomodel,which clearlyshows thatsolarradiationpressureis themajor
error sourcefor GPSsatelliteorbits. In the ECOM, the acceleration¤�d����� dueto the solar
radiationpressure(RPR)is writtenas:¤�������pW¥¤�d�r¦�§'¨©oxª«u
¬­z���¤®U¯ ox°�u
¬­z|��¤®Q± ox²�u�¬­z���¤®U³ (6.6)

where ¤����¦�§'¨ is theaccelerationdueto theROCK models,andª«u
¬vz´W ª�Lnoxª�µX�U}�~Ri'¬¶oxªK`«�Ui,k�le¬°�u
¬­z·W °¸Leox°�µZ�U}�~Ri'¬¶ox°¸`©�Ui,k�l�¬ (6.7)²Ku
¬­z·W ²¶Leox²¶µZ�U}�~Ri'¬¹oq²¹`©�Ui�kml�¬
whereD0, DC, DS,Y0, YC, YS, B0, BC, andBSarethenineparametersof theECOM,and¤®U¯ . . . Unit vectorsatellite–Sun,positive towardstheSun.¤®Q± . . . Unit vectoralongthespacecraftsolar-panelaxis.¤®U³ . . . Unit vectordefinedby: ¤®U³ Wº¤®U¯�» ¤®Q±¬ . . . Argumentof latitudeof thesatellite.
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TheECOMis ageneralizationof thestandardorbit modelwhichusesonly two parametersto
accountfor thesolarradiationpressure,namelyD0 andY0. Notethat theY-directionof the
ECOMcorrespondsto theY-directionof thebody-fixedcoordinatesystem.

Although not really a solarradiationpressuremodel in the senseof the ROCK models,
theECOM doesconsiderthesolarradiationpressureto bethemajorperturbingforceacting
on theGPSsatellites.Therefore,theECOM providesanexcellenttool to studytheeffectsof
the solarradiationpressureon the GPSsatellites. It allows to detectin which directionthe
RPR-forcesacton theGPSsatellites.

Therearetwo methodsto studytheeffectsof differentECOMparametersontheorbit. The
first, andmostreliablemethod,is to usetheECOM in theorbit estimationproceduresusing
GPSobservations,very muchlike the routineorbit estimationperformedat CODE for IGS
activities. Thesecondmethodconsistsof usingthesatellitepositionsasprovidedby theIGS
analysiscentersaspseudo-observationsin anorbit determinationstep.Thissecondmethodis
lesscorrectbut computationallyordersof magnitudemoreefficient thanthefirst method.The
generationof a 3-dayarcusingpseudo-observationstakestypically 3 minuteswhereasusing
realobservationstakesseveralhours.In thenext sectionswe will usebothmethodsto study
theeffectof thedifferentECOMparameters.

6.3.1 Orbit Estimation Using GPS Obser vations

In 1996 the ECOM was fully implementedinto the BerneseGPSSoftwareandfirst expe-
rienceswere gained. It was expectedthat not all nine parametersof the ECOM can (and
should)beestimatedwith 3-dayarcs. Initial tests[Springer et al., 1996] indicatedthat it is
bestnot to solve for the“B-terms”, but to estimatetheconstantandperiodictermsin theD-
andY-directionsplussmallvelocitychangesin theradialandalong-trackdirections.A care-
ful analysisof theproposedparameterizationcaused,however, asignificantdegradationof the
quality of thelengthof day(LOD) estimates.Thecorrelationbetweenestimatedorbit (RPR)
parametersandLOD, dueto theoneto onecorrelationof theascendingnodeof theorbit and
therotationof theEartharoundits spinaxis,is a delicateproblem[Rothacheretal., 1995c].

It wasthereforedecidedto systematicallytesttheeffect of differentparametercombina-
tionsof theECOM. In Springer et al. [1999b] a detaileddescriptionof theresultsfrom two
extensive testsusingtheECOM maybefound. In thefirst testseriessmallvelocitychanges,
calledpseudo-stochasticpulses,werealwaysestimated(stochasticseries)whereasin thesec-
ond testseriesthey werenever estimated(deterministicseries).Let us summarizethe most
importantresultshere.

The“stochastic”seriesshowedthattheestimationof theconstantandperiodictermsin the
B-direction,in additionto theconstanttermsin theD- andY-direction,significantlyimproves
theorbit quality. Theimprovementwasseenin all estimatedparameters,orbit, stationcoordi-
nates,andpolarmotion,exceptfor theLOD estimates,wherea smalldegradationin quality
wasobserved. The improvementof the orbits wasestimatedto be a factorof two to three.
As a directconsequenceof theseteststheestimationof theB-termswasimplementedfor the
generationof theCODEcontributionsto theIGSon29September1996(seealsoChapter5).
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The resultsbasedon our routineorbit proceduresusingthestandardandextended(3 B-
terms)orbit parameterizationsshowedthatboth,thestochasticanddeterministicorbit param-
eters,weremuchimprovedwith thenew orbit parameterization.Improvementmeansthatthe
sizeof the stochasticpulseswassignificantlyreducedandthat the variationof the Y0-term
becamemuchsmaller. This is truein particularfor theY-bias(seeFigure6.6)andtheradial
pseudo-stochasticpulses(seeFigure6.7). Thesefigurescover the time periodfrom day217
in 1996 to day 129 in 1999, i.e., almost3 years. The reducedsize of the stochasticorbit
parametersunderlinesthe quality of the new orbit model. Testswithout estimatingthe ra-
dial pseudo-stochasticpulsesshowedthatwith thenew orbit parameterizationthesepulsesno
longerhave to beestimated.Consideringthe fact thatpseudo-stochasticpulsesaremeantto
absorborbit modeldeficienciesit is clearthat themodelingdeficitsaresignificantlyreduced
in thenew orbit parameterization.Note,however, thatsomesignatureis observedfor thees-
timatedalong-trackpulses,FigureA.1 in AppendixA. This indicatesthat even in the new
modelthereremainsomeorbit modeldeficits.

The deterministictestseriesconfirmedthat, from the threedirectionsin which periodic
termscanbe estimatedwith the ECOM, the periodictermsin the B-directionmostsignifi-
cantly improve the orbit model. Evidencewaspresentedthat the periodicsignalsin the Y-
directionreducetheorbit modeldeficienciesaswell. Theperiodicsignalsin theB-direction,
however, wereshown to bemoreimportantthanthosein theY-direction.

Thedeterministictestseriesfurthershowedthata purely“deterministic”orbit parameter-
ization,consistingof theconstanttermsin theD- andY-directionsplustheperiodictermsin
theD- andB-directions,givesexcellentorbit estimates.Due to thedegradationof theLOD
estimatesthisdeterministicorbit modelis, however, notusedfor theIGSactivitiesatCODE.

Let usmentionthatasimilardeterministictestserieswasperformedfor thesatellitesof the
GLONASSsystembasedondatafrom theInternationalGLONASSEXperiment(IGEX). The
resultsshowedasimilarbehavior of theparametersof theECOMfor theGLONASSsatellites,
i.e., estimationof thedirect radiationpressurecoefficient, theY-bias,andtheperiodicterms
in theD- andB-direction(parametersD0, Y0, DC, DS, BC, andBS of eqn.(6.7)) givesthe
bestGLONASSorbit estimates.Again, the periodictermsin the B-directionwerefound to
giveaverysignificantimprovement,too.

The regular patternof the estimatedRPRparameters,seeAppendixA, andthe fact that
a goodnon-stochasticorbit parameterizationwasfound, indicatethat it may be possibleto
deriveamorephysicalRPRmodelfor theGPSsatellites.This is thetopicof thenext section.

6.3.2 Orbit Determination Using GPS Orbits as
Pseudo-Obser vations

Thegoal of the orbit determinationusingpseudo-observationswasto find the optimalorbit
parameterization.For this purposea “standardtest” wasdevelopedto comparethe results.
Thetestis basedon a 7-dayarcusingtheCODEfinal products,i.e., preciseorbitsplus their
respective Earth rotation parameters.The resulting7-day arc is extrapolatedfor 48 hours
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(a)Standardorbit model

(b) Extendedorbit model

Figure6.6:EstimatedY-bias using the two different CODE orbit parameterizations.Only
PRNs3, 6, 7, and31 in orbitalplaneC areshown.
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(a)Standardorbit model

(b) Extendedorbit model

Figure6.7:Estimatedradial pulsesusing the two different CODE orbit parameterizations.
Only PRNs3, 6, 7, and31 in orbitalplaneC areshown.

73



6 SolarRadiationPressureModels

usingorbit integration. The last24 hoursof this orbit predictionarecomparedto theCODE
final orbit for that sameday. The periodfrom March 13 to March 21 in 1997wasselected
as test interval. The following quantitiesare consideredas quality indicatorsfor the orbit
parameterization:¼

RMSof theresidualsof the7-dayfit.¼
RMSof theresidualsof thepredictedorbit relative to theCODEfinal orbit of thesame
day.¼
Medianof the residualsof the predictedorbit relative to the CODE final orbit of the
sameday.

First, we studiedwhetherthe determinedorbit gave similar resultsas the deterministic
orbit estimationdiscussedin theprevioussection.It wasverifiedthattheresultswereindeed
very similar. Only onesmallanomalywasdetectedin theestimationof theperiodictermsin
theY- andB-directions.Usingpseudo-observationstheeffect of theperiodictermsin these
two directionsarealmostidenticalwhereasusing real observationsa significantdifference
wasobservedfavoring theperiodictermsin theB-direction.

Thesatellitepositions,usedaspseudo-observations,areverystrongobservationsfor orbit
determination.They allow to estimatea large numberof orbit parameters.Therefore,our
orbit determinationprogramwasgeneralizedto estimateperiodictermswith periodsof oneto
sex timesperorbital revolution. Furthermore,modificationsweremadeto allow for periodic
termsin two othercoordinatesystems:the satellite-fixed referenceframe(X, Y, Z) andthe
“classical”orbit systemin radial,along-,andcross-track(R, S,W). In addition,theargument
for theperiodictermswasslightly changedto accountfor thepositionof theSunwith respect
to the ascendingnode. This changeis a consequenceof the basicassumptionthat the solar
radiationpressureis themajor“error source”in GPSorbit modeling.It is thereforelogical to
relatethetime argumentof theperiodicsignalsto thepositionof theSunin theorbital plane.
Thus,theargumentof latitude( ¬ ) is correctedfor theargumentof latitudeof theSunin the
orbital plane( ¬�½ ), seeFigure6.8.

After extensivetestsusingmany differentcombinationsof theavailableparametersasmall
setof optimalorbit parameterizationswasfound.It is interestingto notethatmodelM1 is very
similar to the bestdeterministicorbit parameterizationwhich we found in the previous sec-
tion. Table6.3 lists theseoptimalparameterizations.It is interestingto notethatthereareno
periodiccosinetermslisted. This is causedby the fact that the cosinetermsarecorrelated
with theestimatedD0 terms.All candidateparameterizationsweresubsequentlyusedin real
orbit estimationusingonefull weekof double-differencecarrierphasedata.Thesetestscon-
firmed that all 5 parameterizationsperformvery well apartfrom somecorrelationwith the
LOD estimates.Becauseof theslightly betterperformanceandits resemblanceto theROCK
model,modelM5 (Table6.3 ) wasselectedastheoptimalorbit parameterization.This opti-
mal parameterization,consistingof six parameters,threeconstantsandthreeperiodicterms,
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Figure6.8:Definition of theargumentof latitudeof theSunin theorbital plane( ¬�½ ) andthe
elevationof theSunabove theorbitalplane( Â'½ ).

Model ConstantTerms PeriodicTerms
M1 D0, Y0, B0 B1 sin(¬Ãc�¬�½ ), D1 sin(¬Äc)¬�½ )
M2 D0, Y0, B0 B1 sin(¬Ãc�¬�½ ), B2 sin2(¬Åc)¬�½ )
M3 D0, Y0, B0 Z1 sin(¬Ãc)¬�½ ), X1 sin(¬Æc�¬�½ )
M4 D0, Y0, B0 Z1 sin(¬Ãc)¬�½ ), X3 sin3(¬Ãc)¬�½ )
M5 D0, Y0, B0 Z1 sin(¬Ãc)¬�½ ), X1 sin(¬Æc�¬�½ ), X3 sin3(¬Äc�¬�½ )

Table6.3:Selected“optimal” orbit parameterizations,seeeqn.(6.8).
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describestheacceleration¤�d����� dueto thesolarradiationpressurein thefollowing way:¤�d����� W ªÆLÇ��¤®U¯ oq°¸LÈ��¤®Q± oq²¶LÈ��¤®U³ oÊÉ�O�i�kml�u�¬Æcb¬�½�z|��¤®UË o (6.8)aUÌ�O�i�kml�u�¬Æcb¬�½�z�o�ÌÍ\ti,k�ln\'u�¬Äc)¬�½�z����'¤®�Î
where,¤®�Î . . . Satellite-fixedX-axis,positivetowardthehalf planethatcontainstheSun.¤®Q± . . . Satellite-fixedY-axis,pointingalongthespacecraftsolar-panelaxis( ¤®UË�» ¤®�Î ).¤®UË . . . Satellite-fixedZ-axis,thevectorsatellite–Earth,positive towardstheEarth.¬�½ . . . Argumentof latitudeof theSunin theorbitalplane,seeFigure6.8.

D0, Y0, andB0 arethethreeconstanttermsandZ1, X1, andX3 arethethreeperiodicterms
of themodel.NotethatD0, Y0, andB0 arerelatedto theECOM,eqn.(6.7),whereasZ1, X1,
andX3 arenew parameters.Z1 andX1 haveasimilarbehavior astheperiodictermsin B and
D, respectively.

6.4 Deriving the CODE Solar Radiation Pressure
Model

Using the above orbit parameterization(modelM5 in Table6.3) all final CODEorbits with
their respective ERPs,assubmittedto the IGS sinceJune1992,wereusedin anorbit deter-
minationstepaspseudo-observations. For this purposean arc-lengthof 5 dayswaschosen
andno a priori solarradiationpressuremodelwasused.This resultedin a long time series,
coveringalmost6 years,of estimatesfor theselected(optimum)setof RPRparameters.It was
hopedthat,aftercarefulanalysis,this timeseriescouldbeusedto deriveanew (deterministic)
solarradiationpressuremodel. Figure6.9 shows the estimatedvaluesfor the accelerations
causedby thedirectsolarradiationpressure(D0) andtheY-bias(Y0) asfunctionof timeover
thefull 6 years.It shouldbenotedthattheseestimatesare“scaled”to correctfor thedistance
of thesatelliteto theSun. Otherwisea clearannualsignalwould have beenobserveddueto
theeccentricityof theEarthorbit.

In Figure 6.9(a) the threeBlock typescan easily be identified. The uppermostcurves
(smallestD0 values)representtheBlock I satellitesfrom whichthelastone(PRN12)stopped
operationsearly in 1996. The lowestcurves(largestD0 values)representtheBlock II satel-
lites. Therelatively largedifferencebetweentheD0 estimatesfor theBlock II andIIA satel-
lites,whichareverysimilarin shape,iscausedby themassdifference.TheBlock IIA satellites
are100kg moremassive (10%)(seeTable6.1). TheD0 accelerationshouldthusbereduced
by about10%,whichmayindeedbeobservedin Figure6.9(a).Theincreasednoiseof theD0
estimatesasa function of time is causedby thosesatellitesexperiencingmomentumwheel
problems,i.e.,PRNs14,16,18,19,24,and29 (seeTable2.1). TheD0 estimatesfor PRN13
(Block IIR), which may be seenin Figure6.5, aresimilar in sizeto thosefor the Block II
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satellites.FigureA.2 in AppendixA shows theD0 estimatesfor theindividualorbital planes.
Note that thesatelliteswith momentumwheelproblemsandsolarpanelproblems(PRN23)
(seeTable2.1),wereexcludedfrom FigureA.2 in AppendixA.

Clearjumpsmaybeobservedin theY-biastime seriesin Figure6.9(b).Most likely these
jumpsarerelatedto the“yaw-bias”changesin theattitudesystemof theGPSsatellites.These
biaseshave beenkeptconstantsinceNovember1995[Bar-Sever, 1997]. Prior to November
1995,theGPSoperatorshadroutinelychangedthesignof theyaw-biasin thesatelliteattitude
controlsystemwhenthe Â'½ -angle(Figure6.8)changedsign. SinceNovember1995theyaw-
bias hasbeenfixed to a value resultingin a yaw-angleof L�fÏhVM . Furthermore,the eclipse
phasescanclearly be seenin the Y-biasestimates,which aresomewhat anomalousduring
thesephases.Becausethe eclipseperiodsof differentorbital planesaredifferent,only the
satellitesin one single orbital planeare shown in Figure6.9(b). The Y-bias estimatesfor
the six individual orbital planesmay be inspectedin FigureA.3 in AppendixA. Again the
problematicsatelliteswereomitted (PRNs14, 16, 18, 19, 23, 24, and 29). FigureA.4 in
AppendixA alsoshowstheZ1 estimatesasfunctionof time for theindividualorbitalplanes.

FigureA.5 in AppendixA shows theeffect of the lossof thesatellitemomentumwheels
on theD0, Y0, andZ1 estimatesof PRN14andPRN18. Dueto this losstheattitudeof these
satellitesis maintainedusingthrusterfirings. Becausethrustersarenever perfectlyaligned,
this resultsin a smallorbit maneuver which is difficult to model.Theestimatedorbit param-
etersthushave to absorbthis mis-modeling.FigureA.5 alsoillustrateswhy thesesatellites
wereleft out in theotherfigures.

A carefulanalysisof the estimatedparametersasa functionof time showedthat the be-
havior of satelliteswithin oneorbital planeis very similar. This maybeseenclearly in Fig-
uresA.2, A.3, andA.4 in AppendixA. Annualandsemi-annualsignalsaredominant.As-
sumingthattheSuncausestheobservedsignals,it is logical to studythebehavior of theRPR
parametersasa functionof the angle Â'½ of the Sunabove the orbital plane(Figure6.8). IfÐ Â'½ Ð�Ñ OQTRM , theorbital planeis partly eclipsed.Due to the obliquity of theecliptic the vari-
ationof the Â'½ -angleis differentfor thedifferentorbital planes.Themaximumrangein theÂ'½ -angleis observedfor planesA andF for which c�PRLVM Ñ Â'½ Ñ PRLVM . Theminimumrangeis
observedfor planesC andD, for which ceT{LNM Ñ Â'½ Ñ T{LNM . Figure6.10shows thevariationof
the Â'½ -anglefor thedifferentorbitalplansfor theyear1997.

Figure6.11givesthe time seriesfor thedirect solarradiationpressureandY-biasaccel-
erations.As opposedto Figure6.9, wheretheestimatesaregivenasa functionof time, the
estimatesarenow givenasfunctionof theangleof theSunrelative to theorbital plane( Â'½ ).
For the Y-biasa shortertime interval wasselectedto excludethe observed jumpsfrom the
pre-November1995era.All satellites,excepttheproblematicones,areshown (notonly those
in onesingleorbitalplane).

The direct solarradiationpressureaccelerationandthe Y-biasacceleration,asfunctions
of Â'½ , arevery similar for all (Block II andIIA) satellites.This indicatesthata simplemodel
may be derived for theseparameters.It emergesfrom Figure6.12 that the sameis true for
the constantterm in the B-directionandfor the once-per-revolution periodicterm in the Z-
direction. Both periodicsignalsin the X-direction (X1 andX3) do not show a very clear
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6 SolarRadiationPressureModels

(a)Direct solarradiationpressureaccelerationfor all satellites

(b) Y-biasaccelerationfor satellitesin orbitalplaneA (PRNs9, 25,27)

Figure6.9:Estimateddirectsolarradiationpressureacceleration(D0) andY-biasacceleration
(Y0) asfunctionof timeover theinterval from June1992to May 1999.
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6.4 Deriving theCODESolarRadiationPressureModel

Figure6.10:Variationof the Â'½ -angleduringtheyear1997for thesix individualorbitalplanes.
The first line which reachesits maximumrepresentsorbital planeD. The next
maximarepresentplanesE, F, A, B, andC, respectively.

behavior.
The Block I satellites,representedby the uppermostlines in the D0 estimatesshown in

Figures6.9 and 6.11, behave in a slightly different way. Although their behavior is also
predictable,noattemptwasmadetocreateamodelfor Block I satellites.Dueto the“jumps” in
theestimatesof theY-bias,themodelfor thisparameterhadto bebasedontheestimatessince
1996only. It turnedout that theperformanceof thecompletemodelwasbetterif all model
parameterswere uniquely basedon recentresults(since1996). Apparentlythe modeling
improvementsmadein thepreviousfew yearsarecrucialfor ourpurpose.The“bad” satellites
(thoseexperiencingproblemswith theirmomentumwheelsandPRN23)weredown-weighted
in the modelestimationto avoid biasingof the modelparameters.In additionthe estimates
from the eclipseperiodswerealsodown-weighted,exceptfor the D0 estimates.As canbe
seenin Figures6.11and6.12theestimatesfor theY0-, B0-, andZ1-terms,arequitedifferent
duringeclipseseasons.TheD0 estimates,however, arenot affectedby eclipseperiods.

Thetime seriessince1996wasusedto derive a Â'½ -dependentfunctionfor eachof thesix
parametersof eqn.(6.8).Theresultmaybewrittenas:ª�Lgu�Â'½�zÒW ª�LV½|oqª�LR§ J }�~RiÓu�wÔÂ'½�z�oxª�LN§rÕ­}�~RiUu
TRÂ'½�z°¶Lgu�Â'½�zÒW °�LN½�ox°¶LR§ J }�~RiÓuÖwVÂ'½�z²¸L'u�Â'½×zÒW ²¶LV½|oq²¶LR§ J }�~NiÓu�wVÂ'½�z (6.9)

79



6 SolarRadiationPressureModels

(a)Directsolarradiationpressureacceleration

(b) Y-biasacceleration

Figure6.11:Estimateddirectsolarradiationpressureacceleration(D0) andY-biasaccelera-
tion (Y0) asa functionof theangleof theSunabove theorbital plane( Â'½ ). For
D0 thecompleteinterval from June1992to May 1999is shown whereasfor Y0
only thelastfew years(1996–1999)areincluded.
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6.4 Deriving theCODESolarRadiationPressureModel

(a)B0 accelerations

(b) Z1 accelerations

Figure6.12:EstimatedB0 andZ1 accelerationasa functionof theangleof theSunabovethe
orbitalplane( Â'½ ). Theestimatesfor PRN2, 6, 9, 15,and21,representingorbital
planesA–E, areshown. Only estimatesof the last few years(1996–1999)are
included.
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É�Odu
Â'½×z·W É�OQ½|oÊÉ�OQ§ J }�~RiÓuÖwVÂ'½�z�oxÉ�OUØ J i�kml�uÖwVÂ'½�z�oÉ�OU§rÕ�}�~NiÓu�TRÂ'½�z�oÊÉ�OUØUÕ�i,k�l�u�TNÂ'½�zÌ)Odu�Â'½�z·W Ì)OQ½|o�Ì)OQ§ J }�~RiÓuÖwVÂ'½�z�o)Ì)OUØ J i,kml�u�wVÂ'½�zÌÍ\'u�Â'½�z·W ÌÍ\N½|o�ÌÍ\N§ J }�~RiÓuÖwVÂ'½�z�o)ÌÍ\RØ J i,kml�u�wVÂ'½�z
Usingequations(6.8)and(6.9) theCODERPRmodelmaynow begivenin theform:¤�d����� W ª�Lgu�Â'½�z|��¤®U¯ ox°�L'u�Â'½×z|�'¤®Q± ox²¶Lgu�Â'½�z|��¤®U³ oÉ�O{u�Â'½�zri�kml�u
¬Æc)¬�½�z|�'¤®UË o (6.10)aUÌ)O{u�Â'½�zri�kml�u
¬Æc�¬�½�z�o)ÌÍ\'u
Â'½�zri,k�ln\'u�¬Ãc�¬�½�z�����¤®�Î
Notethat theconstantterms( ªÆLN½QÙÚ°¸LN½UÙ�²¶LN½ ) in eqn.(6.9)aresatellite-specificandthat theÉ�OQ½ -term is Block-specific. All parametervaluesaregiven in AppendixA. Note that the
modelis only valid for Block II andIIA satellites.Furthermore,thevaluesgivenfor PRN8
shouldbe usedwith carebecausethis satellitewaslaunchedlate in 1997andits short time
seriesis somewhataffectedby the“outgassing”effects.Thevaluesfor satellitePRN23should
beusedwith care,aswell, dueto theproblemswith theorientationof thesolarpanels.The
resultsindicate,however, that it shouldbe possibleto derive a “tailored” RPR model for
PRN23.TheCODERPRmodelhasbeenpublishedin [Springer et al., 1999a, 1998]. It was
announcedby IGSMAIL # 1842.

6.5 Evaluation of the CODE Solar Radiation Pressure
Model

Four different investigationswere performedto evaluatethe new solar radiationpressure
model:¼

Theeffectof theparametersof ourRPRmodelonthesatellitepositionswasdetermined
to giveanideaof thesignificanceof individual terms.¼
Basedon theresidualsof theRPRseriesanerrorbudgetof themodelwasderived.¼
The modelwastestedasa priori model in a real parameterestimationprocess,using
oneweekof GPSobservations.¼
The modelwascomparedto otherRPRmodels,to checkits performance,usingour
standardtest(next section).

Theeffect of differentparametersof thenew RPRmodelon theorbit wasestimatedby inte-
gratingagivensetof osculatingKeplerianelementsovera timeperiodof oneday(24hours),

82



6.5 Evaluationof theCODESolarRadiationPressureModel

Effecton1-dayarc
Parameter Radial Along Cross Totalª�L'u
Â'½�z 29 87 3 92 m°¸Lgu�Â'½�z 49 350 8 354 cm²¶L'u
Â'½�z 2 29 3 29 cmÉ�Odu
Â'½�zri,k�l�u
¬Æc�¬�½�z 15 32 0 36 cmÌ)Odu
Â'½�zri,k�l�u
¬Æc�¬�½�z , ÌÍ\'u�Â'½�zri,kmln\gu�¬Äc)¬�½�z 2 11 0 11 cm

Table6.4:Effect of the individual parametersof the new RPR model on the GPSsatellite
orbitsover24hours.

onceusingtheestimatedmodelvaluefor theparameterandoncewith theparametervalueset
to zero. The RMS of the differencebetweenthe two resultingorbits, over the full 24 hour
period,wasthencomputedto get an ideaof the sizeof the effect. The resultsaregiven in
Table6.4.

As expected,theD0 (directsolarradiationterm)andY0 (Y-bias)givethelargestcontribu-
tions.However, thecontributionsof theB0-termandtheperiodictermin theZ-direction(Z1)
arenot negligible either. TheperiodicZ-termhasa signaturesimilar to theperiodictermsin
the B-direction,which areusedby CODE to generatethe IGS orbit products.The periodic
termsin theX-directionhaveaneffectof only 11cm. ThetypicalRMSof the5-dayfits, used
for themodeldevelopment,is of theorderof 5 cm. The11 centimetersarethuscloseto the
noiselevel. However, the IGS orbit combinationsshow an orbit consistency of about5 cm
betweentheorbitsof differentACs;aneffectof 11cmmayturnout to besignificant.

TheCODERPRmodelis basedon time seriesof parameterscomputedby fitting 5-day
arcsthroughthefinal productsfrom CODE.TheRMSof theresidualsof themodelparameter
estimation,aftersubtractingtheestimatedRPRmodel,is usedto assesstheremainingerrors
in themodel.For thispurposetheRMSvaluewasintroducedasa“bias” in thecorresponding
RPRparameteranda 24-hourorbit integrationwasperformedwith this biasincluded. The
differencesbetweenthe biasedorbit and the original orbit area measureof the remaining
orbit modelerrors. The resultsaregiven in Table6.5. The total error budgetwassetupby
introducingtheRMSvaluesfor all parametersasbiasesof therespectiveparameters.

The largesterror sourcestemsfrom the two periodic termsin the X-direction. This is
remarkablein view of the small effect theseparametershave on the orbit (Table6.4). The
estimatederrorsfrom theotherparametersareall below the20cmlevel. Thetotalerrorbudget
is estimatedto beabout80 cm. To verify this, our standardtestwasusedwithout estimating
any parameters(exceptthe6 osculatingKeplerianelements)but introducingour RPRmodel.
TheRMS of this 7-dayfit may thenbe comparedto the estimatedmodelerror. The results
arecomparableandthe errorbudgetseemsslightly pessimistic.This may be causedby the
relatively largeerrorof theperiodictermsin X. Thearc lengthof our standardtest(7 days)
is longerthanthe arc lengthusedfor the RPRparameterestimates(5 days). Therefore,the
remainingorbit modelerror is estimatedto be of the orderof only 50 cm for a 7-dayarc!
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RMSof ModelFit Effecton1-dayarc(cm)
ErrorSource ( OUL���¢ÛI �R¡ J ) Radial Along Cross Totalª�L'u
Â'½�z 0.1124 4 11 0 12°¸Lgu�Â'½×z 0.0462 2 16 1 16²¶L'u
Â'½�z 0.1275 1 8 1 8É�Odu
Â'½�zri,k�l�u
¬Æc)¬�½�z 0.1127 2 4 0 4Ì)Odu
Â'½�zri,k�l�u
¬Æc)¬�½�z 0.1653 6 41 1 42ÌÍ\'u
Â'½�zri,k�ln\'u�¬Äc)¬�½�z 1.3644 7 54 2 55
TotalErrorbudget 9 77 4 78
RMSof 7-dayfit 52

Table6.5:Estimatedmodelerrorsbasedon theRPRparameterresiduals.

D0 Y0 D0 Y0 B0 BC BS
+ROCK +CODE +ROCK +CODE

Orbit Overlap(mm) 106 34 31 32
Orbit Comparison(mm) 66 54 50 51

Table6.6:Resultsfrom realGPSdataanalysisusingboth,theROCK andCODERPRmodels,
asapriori models.

Rememberthatfor theROCK modeltheorbit modelerrorwasestimatedto beof theorderof
300cmfor a24hourarc!

Finally, the new RPRmodelwasusedasa priori model in a real GPSdataprocessing
experimentwith onefull weekof doubledifferencecarrierphasedata(7 daysof 3-dayso-
lutions). Four differentsolutiontypesweregenerated.For the first two solutiontypesour
standard(D0, Y0) andextended(D0, Y0, B0, BC, BS) orbit solutiontypesweregenerated
usingthe ROCK modelasa priori model. For the secondtwo solutiontypesthe sametwo
orbit solutionsweregeneratedbut now usingthenew CODERPRmodelasa priori model.
Theresultsaresummarizedin Table6.6.

A significantimprovementmay beobserved for the standardsolution(D0, Y0). In fact,
thestandardsolutionusingtheCODEmodelhasbecomealmostasgoodasthetwo extended
solutions(D0, Y0, B0, BC,BS).This is importantbecausethreeorbit parameters(thethreeB-
terms)becomeobsolete!Theslightdifferencein quality is mostlikely causedby theeclipsing
satellites,whicharenot treatedin any specialway in theCODEprocessing.

6.6 Comparison of Diff erent RPR Models

TheJPLanalysiscenteralsodevelopedanew RPRmodel[Bar-Sever, 1997].Theperformance
of differentRPRmodelswastestedusingour standardtest. TheCODEproducts(orbitsand

84



6.6 Comparisonof DifferentRPRModels

RPR-MODEL RMSof FIT Prediction
(cm) Median(cm) RMS(cm)

No Model 75 133 159
T20 76 134 161
T20Scaled 72 119 151
JPLScaled 10 45 58
CODE 6 17 31
“BEST” (9 RPRpar.) 5 17 22

Table6.7:OrbitFit (7 days)andorbit extrapolation(2 days)usingdifferentRPRmodels.Only
scale(or D0) andY-biasestimated.

ERPs)wereusedaspseudo-observations. Table6.7 summarizesthe resultsfor the different
RPRmodelsavailable,namelyROCK, JPL,andCODE.TheRMSof fit of theorbit determi-
nation,andtheRMS andmedianof theresidualsof thepredictioncomparisonaregiven. In
all casestwo solarradiationpressuretermswereestimatedonly; thescaleterm(or a constant
accelerationin the directionSun-satellite(D0)) andthe Y-bias(Y0). Only for the solution
labeled“BEST” moreRPRparameters(all 9 parametersof theECOM)wereestimated.This
latter solution is just given for reference.Furthermore,the ROCK modelwasusedin two
differentways. First, it wasusedasa priori modelandthe accelerationsD0 andY0 were
estimated“on top” of themodel(solution:T20),which representstheway theROCK model
is normallyusedin the BerneseGPSSoftware. Secondly, it wasusedby estimatinga scale
factorfor the completeROCK modelandthe accelerationin the Y-direction(solution: T20
scaled),whichrepresentstherecommendedusageof theROCK model,eqn.(6.4).

Table6.7 shows that includingtheROCK modelasa priori RPRmodelhardlygivesany
improvementin both, the fit and in the prediction,comparedto not including any a priori
modelatall. Althoughit wasclearfor alongtimethattheROCKmodelsarenotveryaccurate,
this is a surprise.Both theCODEandJPLRPRmodelsperformmuchbetterthantheROCK
model.Theresultsof theCODEmodelarecloseto the“bestpossible”results.Thereduction
of the numberof estimatedRPRparameters(from 9 to 2), doesobviously not significantly
degradethe accuracy. This reductionof parametersshouldmake the GPSorbit predictions
morereliable. This is importantbecauseintegrity of the predictedorbits is the mostcrucial
factorfor realtimeGPSdataanalysis[Martin Mur etal., 1998].
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7 Orbit Validation using SLR
Obser vations

7.1 Motiv ation

Two of currently27GPSsatellitesareequippedwith a laserreflectorarray:PRN5, launched
in August1993,andPRN6, launchedin March1994.Bothsatellitesaretrackedona routine
basisby the satellitelaserranging(SLR) groundstationnetwork of the InternationalLaser
RangingService(ILRS). The main motivation to usethe SLR observationsof the two GPS
satelliteshasto be seenin the fact that they provide a uniqueandindependentcheckof the
qualityof theGPSsatelliteephemeridesasprovidedby theIGSandits analysiscenters.

In addition,theSLRobservationsmayalsobeusedto studytheattitudeof theGPSsatel-
lites asa function of time during their eclipsephases.Furthermore,the combinationof the
observationsof bothtechniques,microwaveandSLR,will unify theterrestrialreferenceframe
of both techniquesandmayleadto improvedorbitsof theGPSsatellites.Theunificationof
the terrestrialreferenceframewill beof advantagefor all parameterscommonto both tech-
niques,i.e.,Earthrotation,stationcoordinates,andgeocenter. TheSLRobservationsmayalso
helpto determinetheactualphasecenteroffsetof theGPSsatelliteantennawhichhasa large
uncertainty(aswasdiscussedin Chapter5).

7.2 Basics of SLR

A satellitelaserrangingsystemis, in simpleterms,anopticalradar. Figure7.1givesasimpli-
fied pictureof theSLR measurementprinciple. Thestateof theart laser(light amplification
by thestimulatedemissionof radiation)typically operatesat a repetitionratebetween5 and
10 Hz. It producesultrashortpulseswith a pulsewidth between30 and200picosecondsand
a singlepulseenergy between10 and100 millijoules. The transmittedlaserpulsestartsa
time-of-flightcounter, thepulsetravelsthroughtheatmosphere,is reflectedby aretroreflector
arrayon boardof thesatellite,returnsthroughtheatmosphereandis collectedon theground
by thereceivertelescope.Thetelescopefocusesthereflectedpulseontoaphoto-detector(e.g.,
adiode)thatstopsthetime-interval counter. Theobservationis thereforethetime-of-flightof
thelaserpulsewhich,whenmultipliedby thespeedof light, directlygivestwicethemeasured
range.This rangemeasurementmustbe correctedfor atmosphericrefractioneffectsbut, as
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Reflected pulse
Transmitted pulse

SLR Station

Satellite

Telescope

Retroreflector

Figure7.1:Principleof anSLRobservation.By measuringtheelapsedtimebetweenthestart
time of the transmittedpulseandthereceptionof thereflectedpulsetherangeto
thesatellitemaybedetermined.

opposedto to microwavemeasurements,theopticalmeasurementsareinsensitiveto both,the
wet partof thetroposphereandtheionosphere.Thehydrostatic(dry) partof thetroposphere
maybemodeledaccurately(mmlevel) whenlocalpressure,temperature,andhumidityat the
observingstationareavailable[Marini andMurray, 1973].

The single-shotdatafrom rangingto passive orbiting satellitestypically shows an RMS
scatterof 6–10mm for state-of-the-artSLRstations.By averagingindividual rangemeasure-
mentsover a short time interval (e.g.,over 2 minutes)the randomerrorsmay be reduced.
TheRMS scatterof theseso-callednormalpointsis at the level of a few mm only. Normal
pointsareformedat theSLRsitesaftereachsatellitepassandaretransmittedto theSLRdata
centers.

It shouldbementionedthat theactivities of theSLR groundstationnetwork arenow co-
ordinatedby the InternationalLaserRangingService,the ILRS. The ILRS, which may be
consideredastheSLRequivalentof theIGS,wasestablishedin 1997.Accordingto its terms
of referencethe primary objective of the ILRS is to provide a serviceto support,through
satelliteandlunar laserrangingdataandrelatedproducts,geodeticandgeophysicalresearch
activities andto supply IERS productsimportantfor the maintenanceof an accurateInter-
nationalTerrestrialReferenceFrame(ITRF). The servicealsodevelopsthe necessarystan-
dards/specificationsandencouragesinternationaladherenceto its conventions.TheILRS col-
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lects,merges,archivesanddistributesSatelliteLaserRanging(SLR) andLunarLaserRang-
ing (LLR) observationdatasetsof sufficientquality to satisfytheobjectivesof awiderangeof
scientific,engineering,andoperationalapplicationsandexperimentation.More information
abouttheILRS maybefoundat: http://ilrs.gsfc.nasa.gov/

7.2.1 GPS Retroreflector Arra y

The retroreflectorarraysusedon the GPSsatelliteswere built by the RussianInstitute for
SpaceDevice Engineeringin Moscow [Degnanand Pavlis, 1994]. The GPSretroreflectors
aresimilar in designto thoseusedsuccessfullyon all of theGLONASSsatellites.The total
reflectingareaof theGPSarraysis, however, muchsmallerdueto limited mountingspaceon
thenadir-viewing faceof the GPSBlock IIA satellites.TheGPSretroreflectorarray, which
consistsof 32individualretroreflectors,measures239mmby194mm,its heightis37mmand
its weightis 1.27kg. Thelocationof thearrayon theGPSsatelliteis indicatedin Figure6.2.
Theactualdistancesmeasuredfrom thecenterof massof thesatelliteare0.8626,-0.5245,and
0.6584m in theX, Y, andZ-directions,respectively, of thesatellite-fixedcoordinatesystem.

7.3 Validation of GPS-based Orbit Estimates

TheSLRobservationsof theGPS(andGLONASS)satellitesprovideauniqueopportunityto
validatethe quality of the IGS (andIGEX) orbit determination.Becausethe IGS orbitsare
basedonthemicrowavemeasurementsof theGPS,theSLRobservationsprovideacompletely
independentvalidationof theorbit quality. Dueto thehigh altitudeof theGPSsatellites,the
anglebetweenthevectorfrom theSLR observatoryto theGPSsatelliteandthevectorfrom
the geocenterto the GPSsatelliteis OQT M at maximum. the SLR observationsare therefore
nearlyin theradialdirection,andthusprovidemainly informationconcerningtheradialorbit
errors[Watkinsetal., 1996].

Theorbit validationisbasedonthedifferencebetweentheobservedrange,theSLRnormal
pointmeasurement,andthecomputedrange.Therangeis computedassumingboth,theSLR
stationpositionsandtheGPSsatellitepositions,to beknown. TheSLRstationpositionsmay
betakenfrom theITRF realization,whereastheorbit positionsmaybeobtainedfrom theIGS,
in ourcasetheorbitsof theCODEanalysiscenter. Wealsohave to useasetof Earthrotation
parametersin this orbit validationstepwhich areconsistentwith the CODE orbits, i.e., the
CODEERPestimates.ThetroposphericdelaysaremodeledusingtheMarini–Murraymodel
[Marini andMurray, 1973] in which thetemperature,pressure,andhumidity measurements,
deliveredwith theSLRnormalpoints,areintroduced.

All SLRobservationsof thetwo GPSsatellitesgatheredsince1995areusedin ouranaly-
sis. Thenetwork of all 25 SLR siteswhich have observedtheGPSsatellitesduringthetime
spanfrom January1995to July 1999is shown in Figure7.2 wherethe SLR sitesareiden-
tified by their crustaldynamicsprojectnumbers.Figure7.3 shows the differencesbetween
theobservedandcomputedrangesusingall SLR observationsof theGPSsatellitesover the
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Figure7.2:Network of SLR stationsobservingthe GPSsatellitesduring the 1995 to 1999
timespan.

time spanfrom January1995to July 1999. To remove outliersthe SLR observationswere
editedusinga hVÜ outliercriterium.Lessthan2%of theobservationshadto beremovedusing
this criterium(which effectively removedall residualsexceeding300 mm). Table7.1 gives
statisticalinformationon of the residuals(which may be inspectedin Figure7.3) sortedby
stationandsatellite.

Two interestingresultsemerge from Figure7.3 andTable7.1. First, we seean average
biasof -55 mm betweentheobservedandcomputedranges.Thenegativesignindicatesthat
theobservedSLRrangesareshorterthanthecomputedranges.Theoccurrenceof thisbiasis
quiteunexpectedandasksfor explanations.Secondly, theRMS of theresiduals,aroundthe
mean,is aslow as55mm. This resultis truly remarkable.It impliesthatthetwo independent
techniques,microwave andSLR, agreeat the level of a few centimeters.Most importantly
it alsoshows that the(radial)orbit errorof the IGS orbits is assmallas55 mm. This corre-
spondsquitewell to theRMSstatisticsof theweeklyIGSorbit combinations(seeFigure4.4).
On the otherhand,the 55 mm RMS is well above the noiselevel of the SLR normalpoint
observations.
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Figure7.3:Rangeresidualsof theSLRobservationsfrom GPSsatellitesPRN5 (crosses)and
PRN6 (triangles).
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PRN5 PRN6
#Obs Mean RMS #Obs Mean RMS

Station (mm) (mm) (mm) (mm)
7210MAUI 3655 -67.1 54.9 2588 -57.2 62.0
7110MONP 2136 -65.2 40.8 1757 -76.5 59.7
8834WETT 2226 -25.0 45.8 1389 -37.0 61.0
7090YARR 1772 -45.5 39.8 1259 -54.7 60.8
7840HERS 1154 -47.9 32.0 807 -67.2 41.1
7839GRAZ 951 -49.9 24.4 986 -44.6 42.4
7843ORRL 925 -14.8 48.2 732 -33.4 59.9
7080MLRS 658 -91.3 55.7 614 -89.8 43.9
7884SORNRL 414 -103.7 39.9 349 -38.2 62.1
1884RIGA 544 -77.5 52.8 186 -42.3 66.4
7845GRASSE 289 -36.0 28.4 374 -33.4 36.3
7835GRASSE 28 -53.8 31.3
1864MAID 214 26.1 79.8 158 12.0 79.1
7918GREE 109 -79.6 59.0 157 -108.3 46.5
7105GREE 98 -60.5 29.6 43 -102.5 68.2
7920GREE 18 -318.2 109.1
7836POTS 65 -73.3 20.2 5 3.2 123.7
7810ZIMM 58 -60.0 26.5 47 -79.3 42.2
7849MTSTROMLO 20 -109.3 85.2 50 -84.6 110.7
1893KATZ 44 -186.4 54.4 5 -223.2 43.3
1868KOMS 2 -2.3 173.2 29 -156.1 130.5
7832RIYADH 29 -28.0 31.5
7594WETT TIGO 10 36.7 49.0
7109QUIN 4 -81.0 3.1
7811BORO 3 -80.3 27.6
Total 15380 -53.3 50.8 11581 -56.5 62.0

Table7.1:Rangeresidualsof theSLRobservationsfrom bothGPSsatellitessortedby station
andsatellite. We give thenumberof observations,themeanof the residuals,and
theRMSof theresidualsaroundthemean.
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Figure7.4:SLRrangeresidualsfor aneclipsepassageof PRN6 onday36,1997.Thefirst two
residualtracksarebasedonobservationsfrom station7210MAUI whichobserved
bothPRN5 (crosses)andPRN6 (triangles)onthisday. Thethird residualtrackis
basedonobservationsfrom station7110MONPtrackingPRN6.

7.3.1 SLR Obser vations of Satellite Eclipses

The larger residualsin Figure 7.3, for instancearoundthe beginning of 1997, are mainly
causedby satelliteeclipses.Figure7.4 shows anexampleof theresidualsfrom observations
duringthesatelliteeclipseperiodof PRN6 onday36 of 1997,5 February1997.On this day
the eclipseperiodof PRN 6 lastedfrom 7:08 to 7:55 UTC. After eclipseexit at 7:55 UTC,
thesatellitetakesup to 30 minutesto returnto its nominalattitude.During theseperiods,the
eclipsephaseand30 minutesafterwards,thesatelliteis performinganunpredictablerotation
aroundthesatellite-fixedZ-axis. Figure7.4 demonstratesthat theSLR observationsmaybe
very usefulto studythe rotationof theGPSsatellitesduring their eclipseperiods.They are
particularlyusefulto validatethequalityof thesatelliterotationratesasestimatedby someof
theIGSanalysiscenters.Therotationeffectsareveryclearlyvisible in theSLRobservations
becauseof the relatively big distance(1 meter)of the SLR reflectorarrayw.r.t. the rotation
(Z-) axis.For comparisonwementionthattheGPSantennaphasecenteris only ata distance
of 0.3m from therotationaxis.

93



7 Orbit ValidationusingSLRObservations

7.4 Investigating the Micr owave–SLR Bias

Theobservedbiasbetweentherangesbasedon themicrowave orbitsandtheobservedSLR
rangesmight be explainedby an error in the offset of the SLR reflectorfrom the centerof
massof thesatelliteis in error. Theorbit estimatesbasedon themicrowave observationsare
not sensitive to errorsin the offsetbetweenthecenterof massof the satelliteandthe phase
centerof thesatelliteantenna.In Chapter5 it wasdemonstratedthatchangingthis offsetby
1 meterdid not have any significanteffect on the orbit estimates.Therefore,the IGS orbits
maybeconsideredto accuratelyreflectthepositionof thecenterof massof theGPSsatellites.
In thecaseof SLR observationsfrom theGPSsatellitesany errorin thedistancebetweenthe
centerof massof thesatelliteandtheeffectivereflectioncenterof thelaserretroreflectorarray
will show upasanapparentradialbiasin theSLRresiduals.

In order to verify whetherthe offset is the explanationfor the observed radial biaswe
solved for this offset usingthe SLR observations. For this purposethe entire(clean)setof
observation over the time spanconsideredwas (re-)processedday by day. From eachday
thenormalequationsystemof theestimatedparameterswassaved.After having processedall
days,theresultingsetof 1256normalequationfileswerestackedandtheparametersof interest
wereestimated.On thedaily level theparameterswhich weresetupin thenormalequations
arestationcoordinates,geocenter, andsatelliteantennaoffset.In thenormalequationstacking
eitherof theseparametersmay be estimated.(More informationaboutthe normalequation
stackingproceduresusedin theBerneseGPSSoftwaremaybefoundin Brockmann[1997].)

Two seriesof testswereperformedto studythe effect of the SLR reflectorarrayoffset.
For the first testseriesthe completedataset from 1995to 1999wasused. For the second
testseriesonly a partial set,startingin 1998,wasused.For bothseriesfour solutionswere
computed.Thefirstsolution,in whichnoparameterswereestimated,wasgeneratedin orderto
obtaintheRMSof thesolution.In thesecondsolutiononly theradialSLRreflectoroffsetwas
determined,in thethird solutionall SLRstationcoordinateswereestimated,andin thefourth
solutionboth, the radial SLR reflectoroffsetandall SLR stationcoordinates,werederived.
Table7.2summarizestheresultsof thetwo testseries,wherethefirst testseriesusingthefull
dataset is labeled“F” andthe seriesbasedon the partial dataset is labeled“P”. The table
givesthe RMS of the residuals,andthe changein the estimatedradial SLR reflectoroffset
(positivetowardtheEarth).Thelasttwo columnsgivethechangein theterrestrialscalebased
on performinga 7-parameterHelmert transformationbetweenthe ITRF-96 coordinatesof
theSLR stationsandtheestimatedcoordinates,andtheRMS of theHelmerttransformation.
Only the scalechangeis shown herebecausethis wasthe only significantparameterof the
sevenestimatedparameters.In theHelmerttransformationonly thosestationswith morethan
200observationsandknown ITRF-96coordinateswereused.This meansthatonly thefirst
10 stationsin Table7.1, not countingSORNRLfor which no ITRF-96positionis available,
wereused.A positivevaluefor thescalemeansthattheestimatedSLR stationnetwork hasa
largerscalecomparedto thescaleof theITRF-96.

The resultsin Table7.2 show that the estimationof the SLR reflectoroffset reducesthe
RMS of the solution. This wasexpectedbecausethe estimationof this offset is capableof
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Helmert
RMS Offset Scale RMS
(mm) (mm) (ppb) (mm)

F1 90.8 - - -
F2 76.1 55.5 - -
F3 50.7 - 10.5 34.2
F4 50.6 19.1 6.7 30.9
P1 68.8 - - -
P2 49.1 50.0 - -
P3 35.3 - 11.4 37.1
P4 34.3 83.7 -5.5 25.1

Table7.2:Selectedresultsfrom the SLR stationcoordinatesandreflectoroffset estimation
tests.

removing the meanof the observed biasbecauseboth, the biasandthe offset, are(mainly)
in the radialdirection. Theestimationof theSLR stationcoordinatesreducestheRMS in a
muchclearerway. Thiswasexpectedbecausethisestimationallowsmoredegreesof freedom.
Besidesbeing capableof absorbingthe radial bias by changingthe scaleof the terrestrial
referenceframe,it is alsocapableof absorbingsomestation-dependentbiases.Theestimation
of theSLRreflectoroffset“on top” of estimatingtheSLRstationcoordinatesdoesnot further
reducetheRMS. It only influencesthe terrestrialscalechange.Theresultsusingthepartial
datasetshow thattheestimationof theterrestrialscaleandtheSLRreflectoroffsetarehighly
correlated.Unfortunately, theseresultsdo not allow us to concludewhetheror not theSLR
reflectoroffsetis incorrect.Theestimationof theSLR reflectoroffsetwill alwaysabsorbany
radial bias. We thereforeconcludethat theremight be a 50 mm error in the SLR reflector
offsetbut thattheevidencepresentedhereis notveryconvincing. Althougha terrestrialscale
changeof approximately10ppbwouldalsoexplain theobservedbiaswedonotconsiderthis
a realisticexplanation.Theaccuracy of theITRF scaleis believedto beat the1–2ppblevel.

It is interestingthat in Table7.2 thecoordinateestimatesof theSLR stationsagreeat the
few centimeterlevel with thecorrespondingITRF-96coordinates.This meansthat therefer-
enceframegivenby the ITRF-96SLR stationpositionsandthe referenceframedetermined
by the GPSorbit andERPestimates,basedon microwave measurements,agreeat the few
centimeterlevel.

7.4.1 A Look at the GLONASS SLR Tracking Data

Theavailability of both,preciseGLONASSorbitsstemmingfromtheInternationalGLONASS
EXperiment(IGEX) [Willis et al., 1998] and GLONASS SLR trackingallows us to study
whethera similar rangebiasmaybeobservedfor theGLONASSsatellites.For this analysis
we usedthe CODE IGEX orbits for the time periodbetweenday 283 in 1998(startof the
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Figure7.5:Rangeresidualsof theSLRobservationsfrom theGLONASSsatellites.

IGEX campaign)andday 149 in 1999. For a descriptionof the CODE IGEX activities we
refer to Ineichenet al. [1999]. Notice that thereis muchmoreSLR trackingdatafor the
GLONASSsatellites.This is dueto the fact thatall GLONASSsatellitesareequippedwith
SLR retroreflectorarraysandthat the arraysaremuchbigger thanthoseon the GPSsatel-
lites. TheGLONASSarrayis about1.2by 1.2m comparedto theGPSarrayof only 0.24by
0.20m. Therefore,theGLONASSsatellitesaremucheasierto trackby theSLR stationsand
consequentlymoreSLR stationsarecapableof trackingtheGLONASSsatellites.Figure7.5
andTable7.3show theresultsof thisGLONASSanalysis.

Basedon theRMS of theSLR observedminuscomputedresiduals,shown in Figure7.5,
we concludethat thequality of the IGEX orbits is significantlyworsethanthequality of the
IGSorbits.TheRMSis 128mmfor theGLONASSSLRobservationscomparedto 55mmfor
theGPSSLRobservations.Thisdifferenceis mainlyexplainedby thefactthattheGLONASS
microwave trackingnetwork is relatively poorcomparedto thecurrentstatusof theIGS net-
work. Consideringthisimportantlimitation, theGLONASSorbitsareof aremarkablequality.

Thebiasobservedin theSLRresidualsturnsoutto beverysimilarfor both,theGLONASS
andGPSSLR observations.Thebiasis -42 mm for theGLONASSSLR residualscompared
to -54 mm observed for the GPSSLR residuals.The fact that the offsetsfor both satellite
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GPS GLONASS
#Obs Mean RMS #Obs Mean RMS

Year (mm) (mm) (mm) (mm)
1995 6051 -33.9 54.6
1996 6070 -66.2 62.0
1997 8071 -65.0 55.6
1998 5081 -53.3 43.0 10678 -32.4 156.6
1999 1636 -38.4 35.7 24763 -45.7 113.0
Total 26909 -54.4 55.1 35450 -42.0 128.0

Table7.3:Rangeresidualsof theSLRobservationsfrom both,theGPSandGLONASSsatel-
lites,sortedby year.

systemsare so similar practically rulesout the possibility of an error in the SLR reflector
offset becauseit is unlikely that a similar error wasmadein computingthe centerof mass
correctionfor the retroreflectorarrayson both systems.We shouldnote,however, that the
GLONASSorbitsarederivedby fixing theGPSorbits. Therefore,theGLONASSorbitsare
not independentfrom theGPSorbitsandthesamemightbetruefor theGPSandGLONASS
biases.We shouldpoint out, however, that theretroreflectorarrayson bothsystemsarevery
similar, the only differencebeingthe sizeof the GPSandGLONASS retroreflectorarrays.
Theobservedbiasmight thushave somethingto do with the reflectors.However, giventhe
smallsizeof thereflectors,(heightof only 37mm)a50mmerroris hardto imagine.

7.4.2 The Residuals

Let us studythe residualsin order to further investigatethe observed biasbetweenthe mi-
crowave orbitsandtheopticalranges.First,we look at theresidualstatisticsperyearfor the
almost5 yearsof GPSresultsandthe 1 yearof GLONASS results. Theseannualresidual
statisticsareshown in Table7.3whichshowsthatthebiasfor thecaseof GPSis quiteconsis-
tentoverthe5 yearsvaryingfrom -34to -66mm. Table7.3furtherrevealsthatthebiasis also
constantfor the2 partialyearsof GLONASSdataandthat thebiasobservedfor GLONASS
is verysimilar to thatobservedfor GPS.Theseresultsindicatethattheobservedbiasis highly
significant.

Table7.3reflects,to a certainextent,theimprovementin theCODEfinal GPSorbit qual-
ity over theyears.As describedin Chapter5, significantorbit modelingimprovementswere
achieved over the time framefrom 1995 to 1999. From 1995 to 1996a small increaseof
the RMS of the SLR residualsis observed which is somewhat unexpectedconsideringthe
improvementswhich wereachievedin 1995like,e.g.,theintroductionof stochasticorbit pa-
rameters.However, from 1996 onwardsthe RMS of the SLR residualsdecreasessteadily
from 62 mm in 1996to only 36 mm in 1999. Theseresultsare in agreementwith our ex-
pectationsconsideringtheconsistentimprovementsin our microwaveprocessingalgorithms.
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TheGLONASSresultsin Table7.3show thatsignificantimprovementswereachievedin the
orbit modelingof theGLONASSsatellitesover therelatively shorttime periodof the IGEX
campaign.TheRMSof theSLRresidualsdecreasesfrom 156to 113mmfrom 1998to 1999.

Anotherway to look at theresidualsis to plot themasa functionof elevation.Weshould,
however, remind ourselves of the fact that the SLR observationsof the GPSsatellitesare
mainly in theradialdirectionof thesatelliteorbit. At wNL M elevationthedeviation from a per-
fectly radialobservationis only approximatelyOQL M . Therefore,no realelevationdependence
of the residualsdueto orbit errorsareexpected. However, stationrelatedbiaseslike, e.g.,
troposphereor coordinates,maycauseclearelevationdependenteffects.FiguresB.1 andB.2
in AppendixB show theresidualsasafunctionof elevationfor GPSPRN5 andPRN6 for the
first 6 stationsfrom Table7.1contributingthemostSLRobservationsover thetimespancon-
sidered.Althoughsignificantdifferencesin theresidualpatternsbetweenthestationsexist, no
significantelevationdependencesmaybeobserved.It is interestingto notethedifferenteleva-
tion rangesof theobservationswhichdependon thetelescopemountingandthegeographical
locationof thestation.Althoughtheresidualsof someof thestationsshow someinteresting
signatures,noneof theobservedresidualpatternsmayexplain theobserved50mmbias.

7.4.3 SLR-based Orbit Estimates of the GPS Satellites

To studywhetherthebiasis causedby anerror in the GPSorbit estimatesbasedon the mi-
crowave observationswe shouldcomparethe “microwave orbits” with orbit estimatesbased
on SLR observationsonly. It is a problemthat thereis very little trackingdataof the SLR
stationsandthegeometryof theSLR network (seeFigure7.2) is very poor. This meansthat
the“SLR only orbits” have to becomputedwith relatively long arcs,i.e., severaldays.Until
quiterecentlythis would have implied thata largenumberof orbit parametershasto beesti-
mated.Whenusingthenew CODEsolarradiationpressuremodelintroducedin Chapter6 the
numberof parametersmaybereducedsignificantly. To illustratethiseffectanexperimentwas
performedin whicha7-dayarcwas“fitted” throughthedaily CODEfinal preciseorbitsusing
4 differentapproaches.In thefirst threeapproachesonly 8 parametersweresolvedfor: state
vector, directsolarradiationpressureacceleration,anda Y-biasacceleration.Thedifference
betweenthe threeapproacheslies in the a priori solarradiationpressuremodel;eitherno a
priori model, the ROCK-42 model,or the new CODE RPRmodelwasused. In the fourth
approachno a priori modelwasusedbut all 9 parametersof theextendedCODEorbit model
[Beutleretal., 1994b] wereestimated.This lastapproachwaschosento havesomereference
for the quality achievablefor this 7-dayorbital arc. After estimatingthe orbits, usingdata
of the first quarterof 1997,the middledaysof the resulting7-dayarcsarecomparedto the
original CODEpreciseorbitsfor thedaysin question.Theresultsof this comparison,shown
in Figure7.6, give an ideaaboutthe quality with which themodelwascapableto represent
theGPSorbitsover therelatively longarc.

Figure7.6showsthesignificantimprovementwhenusingtheCODERPRmodel(CODE)
givescomparedto usingno (NONE),or theROCK-42(ROCK) apriori RPRmodels.Apply-
ing theCODERPRmodelthequalityof the7-dayarcis comparableto thequalityof the7-day
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Figure7.6:RMSof orbit comparisonafterfitting a7-dayarcthroughthedaily CODEprecise
orbits.
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arc where9 RPRparametershadto be estimated.With the CODE RPRmodelonly 2 RPR
parameterswereestimated.This differencein the numberof parametersis significantwhen
processingtheSLR observationsbecauseof the sparsetrackingdataandthe poorgeometry
of the SLR trackingnetwork. Theseresultsindicatethat, provided enoughSLR trackingis
available,it shouldbepossibleto getreasonablyaccurateorbitsbasedonSLRobservationsof
theGPSsatellitesonly. TheseSLRorbitsmightbeableto indicatewhetherthe50mmbiasis
stemmingfrom themicrowavedataanalysis.

SLR-basedorbitswerederivedfor theentireyearof 1997using7-dayarcs.Thetwo GPS
satellitesweremodeledusingtheCODERPRmodelandestimatingthesatellitestatevector,
thedirectsolarradiationpressureacceleration,andtheY-biasacceleration.Themiddledays
of theresulting7-dayarcswerecomparedto theCODEpreciseorbits for thecorresponding
days. Two differentorbit estimationswereperformed.For thefirst typeof orbit estimation,
anorbit wasestimatedusingthe sevenCODEpreciseorbits (FIT), aswasdescribedearlier.
The secondtype of orbit estimationwasbasedon the SLR observations(EST). Figure7.7
showssomeof theresultsof this orbit comparison,for GPSweeks922to 930,for bothtypes
of estimates.Thetime framefrom GPSweek922to 930wasselectedbecauseit containsthe
largestamountof SLRtrackingdata.

Figure7.7shows (a) theRMS of theorbit comparison,which is performedusinga seven
parameterHelmerttransformation,and(b) theZ-translationof this similarity transformation.
It shows theresultsfrom bothtypesof orbit estimations.Thequalityof theSLR-basedorbits
is excellent,at the level of 200to 400mm. This is remarkablein view of thesparsetracking
(typically only a few hundredobservationsareavailablefor these7-dayarcs)andthe poor
geometryof the SLR trackingnetwork (typically only a few stations,mostly locatedin the
Northernhemisphere)areproviding data. This shows the potentialof the SLR techniqueto
generatereasonableresultswith very limited data. In Figure7.7 we observe an interesting
meanbias in the Z-translationof the SLR orbit comparedto the microwave orbit. This Z-
translationimpliesthatthegeocenterof theSLR-basedorbitsliesapproximately50mmbelow
thegeocenterof theGPS-basedorbits.ThequestioniswhethertheZ-translationis thecauseof
theobservedmicrowave–SLRbiasor if thisbiasis thecauseof theZ-translation.Becausethe
majorityof theSLRtrackingstationsliesin theNorthernhemispheretheradialbiascouldalias
into aZ-translation.BecausetheSLRmeasurementsaresmallerthantheexpectedrangesthis
would meanthat theorbitsare“pulled” in thenegative Z-direction. It is impossibleto draw
any soundconclusionsatpresent.

For GLONASS a similar analysisaspresentedabove would be mucheasierto perform
dueto thelargeramountof SLRtrackingandthebettergeometryof theSLRstationscapable
of trackingtheGLONASSsatellites.However, thequality of theGLONASSorbitsbasedon
the microwave observations,the IGEX orbits, is currentlylimited to the 150-300mm level.
Despitethis limited orbital accuracy we wereableto observe the50 mm biasquitewell with
theGLONASSIGEX orbits.Therefore,weestimatedGLONASSorbitsbasedonSLRobser-
vationsonly usingoneweekof GLONASSdata,namelyGPSweek992startingon10January
1999.For thisweektheZ-translationobservedfor theGLONASSorbitsvariesbetweenthe60
and120mm,whereastheRMS of theorbit comparisonvariesbetweenthe200and300mm.
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(a)RMSof orbit comparisonof middledayof the7-dayarc

(b) Z-Translationof themiddledayof the7-dayarc

Figure7.7:RMS andZ-translationof orbit comparisonafter estimatinga 7-dayarc through
thedaily CODEpreciseorbits.Thecurveslabeled“EST” representorbit estimates
basedon SLR observations. The curveslabeled“FIT” representorbit estimates
basedonpreciseorbit ephemerides.
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The resultsof the Z-translationagreevery well with the resultsfrom the GPSsystem.The
RMS of theorbit comparisonis quitesmall. As a matterof fact, theRMS valuesaresimilar
to theexpectedIGEX orbit quality.

It shouldbe mentionedherethat both, a radial biasanda Z-translation,wereobserved
betweentheSLR-andDORIS-basedorbit estimatescomparedto theGPS-basedorbitsfor the
TOPEX/POSEIDONsatellitealtimetrymission.For thismissiontheradialbiaswas“solved”
by applyinga correctionto theheightof theGPSantennaon boardof TOPEX/POSEIDON,
i.e., a radialcorrection.Thesizeof this correction(personalcommunicationwith YoazBar-
Severfrom theJPL)was+50mm,thesignmeaningthattheGPSderivedTOPEX/POSEIDON
orbitswere50mmhigherthantheorbitsderivedby usingtheSLRandDORISmeasurements.
TheobservedZ-translationwasat the20–30mm level with theGPS-derivedgeocenterlying
“above” theSLR/DORISgeocenter. Both theseeffectsagreevery well with the resultspre-
sentedhere.

7.5 Summar y

Thecombinationof theobservationsfrom bothtechniques,microwaveandSLR,wouldallow
tounify theterrestrialreferenceframeof bothtechniques,andasuccessfulcombinationshould
resultin improvedproducts.In thecaseof GPStheexpectedimprovementswould besmall,
however, becauseof the sparseSLR trackingdata. As opposedto GPS,the improvements
for the GLONASS systemmay be expectedto be significant. Currently, the combination
of the two techniquesis impossiblebecauseof the observed radial bias of 50 mm, which
deterioratesthe combinedproductsratherthan improving them. Several testsin which we
tried to combinethetwo techniqueson theobservationlevel did not leadto an improvement
of results. In the caseof GPS,only very small changesin the resultswereobserved if the
SLR stationpositionswereestimated.If theSLR stationpositionswerefixed to their ITRF
coordinatesin thecombination,a noticeabledegradationof the resultswasobserved. In the
caseof GLONASSsignificantdegradationswereobservedwhencombiningtheobservations
of the two techniques.A meaningfulcombinationof the techniquesis thereforecurrently
impossible.

Oneexplanationof theobservedbiaswould beanerror in Ý�Þ , theproductof thegravi-
tationalconstantof theEarthtimesits mass.Doubledifferencephaseobservations,thebasic
GPSobservable,seeChapter2, containpracticallyno radial orbit information. they rather
observe rangerates. The doubledifferencephaseobservationsratherobserve radial orbit
changes,andthusmaybeconsideredto accuratelymeasuretheorbital revolutionperiod.The
revolution period ß of a satellitearoundthe Earth may be computedfrom [Beutler et al.,
1996a]: ßXW wÔàá (7.1)

wherethemeanmotion á is computedfrom:á J �Ó�{âãWXÝ¸Þ (7.2)
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This is in fact the physicalexplanationof Kepler’s third law. This shows that if ß is
observed,e.g.,usingGPSdoubledifferencecarrierphaseobservations,the semi-majoraxis
of thesatelliteorbit (or its radiuswhentheeccentricityis closeto zeroasis thecasefor the
GPSsatellites)is givenby theadoptedvalueof Ý¸Þ . Thecurrentlyadoptedvalueof Ý�Þ is\RyNPR]RLRLrfäTRTgOUh���OQL ¢ I â ¡ � J . To explaina50mmradialbiasin theGPS(andGLONASS)satellite
orbits, Ý�Þ wouldhaveto bechangedto \NyRPR]RLRL�fsTRTRLRLÚ�×OUL ¢ I â ¡ � J . Theestimatedaccuracy ofÝ�Þ , however, is Lrf�LNLRLrO��VOQL ¢ I â ¡ � J whichmeansthattherequiredchangeis 15timeslarger.
Suchabig changeof Ý�Þ is unrealistic.
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8 Processing Undiff erenced GPS Data

In Chapter2 we demonstratedthat by forming differencesone hasthe advantagethat the
numberof unknown parametersis greatly reduced. The consequenceis, however, that no
estimatesfor theeliminatedparameterswill beavailable. Over recentyearstherehasbeena
growing interestfor GPS-basedreceiver andsatelliteclock estimates.The interestfor GPS
satelliteclockestimatesis mainlydrivenby thefactthatit allowsfor precisepointpositioning,
usingdatafromonesinglestationtogetherwith theIGSorbit andsatelliteclockestimates.The
interestfor the receiver clock estimatesis drivenby the fact that it allows for highly precise
frequency andtimetransferbetweendifferent(atomic)clocks.In fact,GPSis alreadyawidely
acceptedtechniquefor time transferusingtheso-called“common-view” method.This C/A-
codebasedmethoddoes,however, notexploit thefull potentialof theGPS.

In orderto beableto estimatethesatelliteandreceiverclockswehave to abandondouble
differenceobservations. Becausethere is interestin both, the receiver and satelliteclock
estimates,wewill usetheundifferenceddataprocessingapproach.If only receiveror satellite
clocksareof interesta singledifferenceapproachis moreappropriate,andmoreefficient,as
well.

8.1 Cleaning Undiff erenced GPS Data

ThemainproblemwhenprocessingundifferencedGPSdatais to reliably andautomatically
detectoutliers and cycle slips in the observations. The datacleaningof differencedGPS
datais mucheasierbecausemany commonerror sourcesmay be removed by forming the
differences,in particularstationandsatelliteclocks. However, several programshave been
developedwhich seemto be reasonablysuccessfulin cleaningundifferencedGPSdata. For
thedevelopmentof ourautomaticeditingalgorithmfor undifferencedGPSdatawehavetaken
asimilarapproachasthatusedfor theTurboEditprogram[Blewitt, 1990].

Our algorithm,like the TurboEditprogram,requiresthe useof dual frequency codeand
phaseobservations.Themajorproblemwith this approachresidesin thefact that it depends
heavily on the quality of the codeobservations. For TurboEditthe noiseof the codeobser-
vationsis assumedto bebelow 0.5 wide-lanecycles,i.e., 43 cm. This requirementis easily
fulfilled if anti-spoofing(AS) is not active. For moststate-of-the-artgeodeticreceiversthe
noiseof thecodeobservationsunderthoseconditionsis at the20cmlevel. However, with AS
active,thenoiseis significantlylargerbecauseonly C/A-codeis availableonthe åçæ frequency
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andthecodeon the å J frequency is reconstructedusingeitherso-calledcross-correlationor
W-codetrackingtechniques[AshjaeeandLorenz, 1992].

The input to our programRNXSMT, which standsfor RINEX SMooThing,is a single
RINEX file. Theoutputis aRINEX file again,hopefullyfreefrom outliersandcycleslips.A
summaryof theactionstakenby theprogramarecontainedin thelog-file. EachRINEX file is
processedsatelliteby satellite.Theobservationsof eachsatelliteareprocessedin four steps:

1. Screeningof theMelbourne-Ẅubbenalinearcombination,eqn.(2.21),for outliersand
cycleslips.

2. In casecycle slips aredetectedin the first stepthe geometry-freelinear combination,
eqn.(2.17),is checkedin orderto determinethesizeof thecycle slip on bothfrequen-
cies.This informationcanbeusedto connecttheobservationbeforeandafterthecycle
slip. Currentlyonly datapieces(arcs)the smoothedcodeobservationsmay be “con-
nected”.Thephaseobservationsareneverconnectedoveracycleslip.

3. Screeningof thedifferencebetweenthecodeandphaseionosphere-freelinearcombi-
nations,eqns.(2.12and2.13);i.e., å â céè â . Thisscreeningis performedto removebad
observationswhichwereacceptedin theMelbourne-Ẅubbenascreening.

4. Smooththecodeobservationsusingthecodeandcarrierphasedataof thecleanobser-
vationarcs.

Below, eachof thesestepsis discussedin detail.

8.1.1 Melbourne-W übbena Data Screening

The Melbourne-Ẅubbenacombinationeliminatesthe effects of the ionosphere,geometry,
clocksandthetroposphere(seeeqn.(2.21)).Apart from thewide-laneambiguitytheremain-
ing signalshouldbepurenoise,with anRMSerrorof approximately0.7timestheRMSof the
codeobservationson the åçæ frequency. If thenoiseof theMelbourne-Ẅubbenacombination
hasanRMSerrorbelow 0.5wide-lanecycles(43cm)it is almosttrivial to detectall cycleslips
andoutliers.Only veryfew epochsareneededto estimatethewide-laneambiguity, jumpsand
outlierscaneasilybedetected.Of course,only thedifferencebetweenthecycle slipson the
two frequenciesis detected( á � W á ægc á J ), seeeqn.(2.20).Notethatin theveryunlikely case
wheretheintegernumberof cycleslipson thetwo frequenciesareidentical(i.e., á æ�W á J ) no
cycleslip will bedetected( á � WXL ).

However, underAS thenoiseof theMelbourne-Ẅubbenacombinationfor mostgeodetic
receiversexceedstheRMS of 0.5wide-lanecycles.Figure8.1shows theeffect of AS on the
Melbourne-Ẅubbenacombination.It showsasinglepassof asinglesatellite(PRN18)for the
samestationon two differentdays.On thefirst day, day40, 1998,AS wasnot activated.On
thesecondday, day60,1998,AS wasactive. Thedifferentnoiselevel onthetwo daysis quite
obvious. The beginningandthe endof the observationarc illustratethat for low elevations
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(a)AS turnedoff (day40) (b) AS turnedon (day60)

Figure8.1:Noiseof theMelbourne-ẄubbenacombinationunderdifferentASconditions.The
datafrom thesamestation(Wettzell,Germany) areshow for two daysin 1997.

a muchmorepronouncedincreaseof thenoiselevel is observedfor “AS on” ascomparedto
“AS off”. For low elevationsit will thusbemoredifficult to detectsmall outliersandcycle
slips. It will beimpossibleto detectoutliersof oneor two wide-lanecycles(86–172cm). It is
alsointerestingto notetheshift in time of theobservationarcof this satellite.On day40 the
satellitewasfirst trackedat approximately1:30hours,whereason day60 thefirst dataof the
satellitewereobservedat approximately0:10hours.This is causedby the4 minuteshift per
dayof thesatellite–stationgeometry.

Theonly way to improve the reliability of screeningdatafrom onestationis to generate
aslong arcsaspossible.So,insteadof usinga runningaverage,asit is donein theTurboEdit
algorithm,we make the attemptto useall observationswithin onesatellitepass. An arc is
definedby specifyingaminimumnumberof observationsandamaximumtimefor datagaps.
Typicalvaluesarea minimumof 10datapointsperarcandamaximumof 3 minuteswithout
observationsbeforestartinganew arc.

After definingthearcs,theRMS errorof the observationsin thearc is computed.If the
RMSexceedsauser-specifiedmaximumtheobservationarcis screenedfor cycleslips. In the
cycle slip detectiontheobservationarc is split-up into two equallylong parts. It is assumed
thatthepartwith thelargerRMScontainsthecycle slip(s).Both partsareeditedfor outliers,
usingasoutlier level four timestheRMS( TRÜ ) of theobservationsin thearcwith a maximum
RMS valuespecifiedby the user. In this stepoutliersareonly temporarilyremoved. The
differencebetweenthetwo (clean)partsis estimatedandthewholearcis connectedusingthe
estimatedcycle slip. All pointsthatwereconsideredoutliersduring the cycle-slipdetection
areincludedagain. TheRMS is recomputedto checkwhethertherearemorecycle slips in
thisobservationarc.

After thedetectionof all cycleslips,theobservationsarescreenedfor outliers.Outliersare

107



8 ProcessingUndifferencedGPSData

removeduntil theRMS of theobservationarc is below thespecifiedmaximum.Outliersare
thosepointswhich exceeda valueof TRÜ . ThespecifiedmaximumRMS is typically 0.4–0.6
wide-lanecycles(34–52cm). If an outlier is detected,all four observation types(codeand
phaseon two frequencies)arerejected.

8.1.2 Geometr y-Free Data Screening

Only thoseobservation arcsin which cycle slips have beendetectedarescreenedusingthe
geometry-freecombinationof thephaseobservations(seeeqn.(2.17)). At this stagethesize
of the wide-lanecycle slip ( á æãc á J ) is known. Thegeometry-freelinear combination( åjÕ )
allowsusto computethesizeof the á æ and á J cycle slipsbecauseit givesus: åjÕ�W�åãæjc�å J .
To determinethesizeof thecycleslip onthe åjÕ linearcombinationtwo linearpolynomialsare
fitted throughn points,“n” definedby theuser, beforeandafterthecycleslip. Thedifference
betweenthetwo polynomialsat thetimeof thecycleslip is computed.If thefractionalpartof
thedifferenceis smallerthanauserspecifiedlimit the á Õ cycleslip is acceptedandthe á æ andá J cycle slipsarecomputed.Typically a valueof n=10is usedanda differencesmallerthan
10 mm. This procedureis only executedto beableto connectthe codeobservationsduring
thecodesmoothingstep.Becausecycle slipsoccurrarely, no attemptis madeto connectthe
phaseobservations.For thephaseobservationsa new ambiguityis setupat theepochof the
detectedcycleslip.

8.1.3 Ionosphere-Free Data Screening

When developing the programit becameevident that sometimesthe datawas not cleaned
successfullydueto systematicerrorsin theMelbourne-Ẅubbenacombination.Thesesystem-
atic errorsaremostlikely causedby thefiltering andsmoothingproceduresemployedin the
receivers.Therefore,anadditionaldatascreeningstepwasaddedto theprogram.

In this stepwe build the differencebetweenionosphere-freelinear combinationsfor the
phaseand codeobservations,eqns.(2.12 and 2.13), i.e., å â cêè â . As in the caseof the
Melbourne-Ẅubbenacombinationthis linearcombinationshouldconsistof noiseonly. The
disadvantageis the amplifiednoise(about3 times the noiseof the è�æ observations). The
noiseis thusabout4 times larger than the noiseof the Melbourne-Ẅubbenacombination.
Nevertheless,thecheckis usefulfor removing errorscausedby systematiceffects.Thecheck
consistsof an outlier rejectionscheme,which is very similar to the oneusedfor screening
the Melbourne-Ẅubbenacombination. The startingvaluefor the maximumRMS is larger
(typically 1.6–1.8meters),to accountfor thehighernoiseof theseobservations.

8.1.4 Code Smoothing

Thefinal stepconsistsof thesmoothingof thecodeobservations.Thepreviousprogramsteps
havehopefullycleanedboth,codeandphaseobservations.Thisenablesusnow to smooththe
codeobservations,usingthecarrierphaseobservations,for thecontinuousdataarcs.For code
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smoothingit wasdecidedto actuallyreplacethecodeobservationsin a cleanobservationarc
by thephaseobservationsshiftedby themeandifferencecode-phasein thearc. We have to
accountfor the oppositesign of the ionosphericeffect for the codeandphaseobservations.
Thesmoothedcodeatepochë is writtenas:ìètæ�u
ë�z·W í�æ�u
ë�z�o�îètæ�c îí�æ�oÊwï� ð JJð Jæ c ð JJ ��u,uÖí�æ�u£ë�z|cqí J u£ë�z,z|cñu îí�æ�c îí J z�z (8.1)ìè J u
ë�z·W í J u
ë�z�o îè J c îí J oÊwï� ð Jæð Jæ c ð JJ ��u,uÖí�æ�u£ë�z|cqí J u£ë�z,z|cñu îí�æ�c îí J z�z
where:ìè�òtu
ë�z . . . Smoothedcodemeasurementatepochë andfrequency

^
.í�òtu
ë�z . . . Carrierphasemeasurementatepochë andfrequency

^
.îè�òKc îí�ò . . . Meandifferencebetweenover all the acceptedcodeandphasemeasure-

mentsin thecurrentobservationarcon frequency
^

.í�æ�u
ë�z|cqí J u
ë�z . . . Ionosphericdelayat thecurrentepoch.îí�æ|c îí J . . . Meanionosphericdelayover all the acceptedphasemeasurementsin the
currentobservationarc.

Figure 8.2 shows the effect of codesmoothing. Shown are the residualsof a point posi-
tioning procedure,estimatingonly the receiver clock offset for eachobservation epochand
usingthe CODEfinal orbit andsatelliteclock estimates.TheRMS errorof the residualsin
Figure8.2 are1.53and0.17metersfor thecoderesidualsandthesmoothedcoderesiduals,
respectively. The codesmoothinghasbeenquite successful.The smoothedcoderesiduals
show systematicerrorsof up to onemeter. Thesizeof thesebiasesis a functionof thenoise
of thecodeobservationsandthenumberof observationsusedin thesmoothinginterval. One
may considersmoothedcodeobservationsasambiguity-fixedphaseobservationswherethe
ambiguitieswerefixedonly approximately.

8.1.5 Reliability and Possib le Enhancements

RNXSMT hasbeenusedroutinelysinceJanuary1997for theestimationof receiverandsatel-
lite clockoffsetsusinganetwork of 80stations.In addition,theprogramwasalsousedfor all
thetime transferexperimentswith our two timetransferterminals.Thetimetransferobserva-
tionsarealsoprocessedona routinebases,with a few interrupts,sinceJanuary1997.In both
applicationstheprogramprovedto bevery reliableandsuccessful.

Thereis still room for improvement,however. Onepossibleimprovementwould be to
usethegeometry-freecombinationof thephaseobservationsfor datascreeningandnot only
to correctcycle slips. Currently, datascreeningis basedon codeobservations; both, the
Melbourne-Ẅubbenaandthe ionosphere-freedatascreening,usecodeobservations. There-
fore, thedatacleaningis heavily dependingon thequality of thecodeobservations.Without
AS turnedon this is not toomuchof aproblem,but with AS turnedon thequalityof thecode
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(a)Normalcoderesiduals (b) Smoothedcoderesiduals

Figure8.2:Coderesidualsfrom point positioning. Datafrom a receiver installedat USNO
wereusedfor day133of 1999.

deterioratessignificantlyin particularfor low elevationdata.It is thereforepossiblethatasig-
nificantamountof low elevationobservationsis removedfrom thedatain theoutlier rejection
process.Theuseof phaseobservationsin thecleaningprocessmayhelpto reducethenumber
of rejectedphaseobservations.

Furthermore,the useof codeobservationsalso implies that small outliers in the phase
cannotbe detectedsafely. With a typical RMS of 0.4 cycles for the Melbourne-Ẅubbena
combinationthe TRÜ outlier detectionlevel is about140cm. All (carrierphase)outliersbelow
this level will not be detected.They will have to be detectedby screeningthe observation
residualsafteraparameterestimationstep.

Anotherimprovementwouldconsistof weightingtheobservationswith }�~Ri J�ó , ó beingthe
elevationangle.Theclearelevationangledependenceof thedataquality, in particularof code
observations,could thenbe taken into account.Sucha procedurerequiresadditionalinfor-
mationlike, e.g.,receiver andsatellitepositions.Thecurrentprocedurerequiresno external
input, exceptfor theRINEX file. An otherpossibility to weight theobservationsis by using
thesignalto noiseratio of theobservations.This informationis availablein theRINEX files
andthereforedoesnot requireany externalinput.

8.2 Time Transf er using the GeTT Terminals

8.2.1 Motiv ation

Until quiterecentlyGPStime transferwasmainly realizedusingtheso-calledcommon-view
(CV) technique. In this methodthe time of arrival of the sameC/A-codesignal from one
satelliteis registeredat two stationswith respectto their local referenceclock [Ashbyand
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Weiss, 1980].Themainlimitation of thismethodis theuseof only theC/A-codesignalof the
GPSsatellitestransmittedon åãæ . Theachievableaccuracy, onshortbaselines,is limited by the
noiseof theC/A-codesignal,which is at themeterlevel or, in unitsof timeabout3 ns.Errors
in thesatellitepositions(usuallyonly broadcastephemeridesareused)andionosphericdelays
(only one frequency is used)will further decreasethe accuracy dependingon the distance
betweenthetwo stations.Thetypicalaccuracy of theCV time transferis about5 ns.

The achievementsof the IGS (Chapter5) let us believe that this modestaccuracy may
be improved significantly! The combinedIGS satelliteclock estimateshave a precisionof
about0.3 ns. Thesamekind of precisionis expectedfor thereceiver clock estimates.These
considerationsindicatethattheuseof codeandphasedual-frequency observationsstemming
from stateof theart geodeticGPSreceiversmayimprove theGPStime transferaccuracy by
anorderof magnitude.Themainadvantagesof the“geodetictime transfer”comparedto the
CV methodlie in the useof all satellitesin view, of codeandphaseobservationson both
frequencies,andof preciseorbits. Furthermore,the accuracy is not (very much)depending
on thebaselinelengthandthetechniqueis not limited in thenumberof stations!In addition,
therelatively high samplingrate(e.g.,30 sec.)of theIGS network alsoallows for frequency
transferwith a very high precision.Thebaselinelengthdependenceof the resultsis mainly
causedby thequality of theGPSsatelliteorbits. As we have demonstratedin Chapter4, the
quality of the orbitsof the IGS analysisCentersis now at the 30–50mm level. This means
thattheresultswill deteriorateveryslowly with increasingbaselinelength.

Two Way SatelliteTime andFrequency Transfer(TWSTFT) is anothermethodallowing
time transfer. TWSTFT performsbetterthan the CV methodbut at the price of complex
sendingandreceiving equipment.TWSTFT is typically performedonly onceevery two to
threedaysbecauseof its highcost[Kirchner, 1991;Hackmanetal., 1995].

In 1991a commonprojectof the SwissFederalOffice of Metrology (OFMET) andthe
AstronomicalInstituteof theUniversityof Berne(AIUB) wasstartedin orderto developtime
transferterminalsbasedongeodeticGPSreceivers.Thegoalis to performtime transferwith
sub-nanosecondaccuracy andfrequency transferonthelevel of OQL�� æ � overoneday. Optimum
useshouldbemadeof theGPScodeandphasemeasurementsusingonly geodetic-typeGPS
equipment[Schildknechtetal., 1990].Theemphasisin thisprojectis putonthecomparisonof
external(asopposedto receiver internal)clocks.Calibrationof delaysin cables,temperature
dependentdelays,etc.,areof majorinterestin thecontext of this joint OFMET/AIUB project.
We emphasizethat the control of thesedelaysis crucial andabsolutelymandatoryfor time
transfer. Therequirementsaremuchlessstringentfor frequency transfer.

Two prototypegeodetictimetransferterminals(GeTTterminals)werebuilt andareavail-
abletoday. An additionalterminalis underconstruction.Theterminalsarebasedonmodified
AshtechZ-12 receivers.Thesereceivershave a 20 MHz anda 1 PPSinput allowing to com-
pletely replacethe internal clock by an external (laboratory)clock [Overney et al., 1997].
ThesemodifiedreceiversweremarketedasAshtechZ12-T andanupgradedversionis avail-
able underthe nameAshtechZ12-Metronome. More information about the time transfer
projectandtheGeTTterminalsmaybefoundin [Schildknecht andSpringer, 1998;Overney
etal., 1998;Dudleetal., 1998,1999].
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8.2.2 Clock Estimation

In principle,clock estimatesmaybeextracteddirectly from processinga globalnetwork in-
cludingorbit estimationin solutionssimilar to our routineIGSprocess.Clock estimatesmay
alsobe derived from a dedicatedcampaignusingonly a subsetof the global network. Be-
causeour globalIGS solutionsarebasedon doubledifferencesthis secondapproachis more
efficient in our case.We make optimal useof the resultsfrom our global IGS solutionsby
introducingour orbit, stationposition,andtroposphericzenithdelayestimatesasknown for
thetime transferprocessing.

GPSis a differential technique.This implies that we cannotsolve for the offsetsof all
clocksin the network. We eitherhave to fix (assumeasknown) onesinglereferenceclock
(eithera receiveror asatelliteclock)or wehaveto fix themeanof anensembleof clocks.For
otherthanclock parametersthespecificchoiceof thereferenceclock is of no importanceas
longasthis referenceclockis synchronizedto GPStimebelow themillisecondlevel. Because
all geodeticreceiversaresynchronizedto GPStime at themillisecondlevel this conditionis
alwaysmet.For time transferit is preferableto usea stableoscillatorasa referenceclock,or
anensembleof stableoscillators,becausethebehavior of thereferenceclock will bevisible
in all otherclockestimates.Wealsoneedinformationaboutthepositionsof thereceiversand
thesatellites.For longerbaselineswe have to accountfor theeffectscausedby tropospheric
refraction.

Thereceiver positionsmaybeobtainedfrom differentsources,e.g.,from theITRF or the
IGS if thestationis partof theIGSnetwork. If thepositionof thereceiver is not availableits
positionmustalsobeestimatedin additionto the receiver clock. Day to daychangesin the
positionestimatesmay influencethe clock estimates.This effect is probablynot significant
in view of thetypicaldayto dayrepeatabilitiesof thestationpositionestimatesof betterthan
10mm(33ps).Nevertheless,it is moremeaningfulto estimatethepositionof thestationprior
to performingthe time transfer. Therefore,thestationpositionsmaybeassumedknown for
time transferpurposes.

Thesatellitepositionsmaybederivedeitherfrom thebroadcastephemeridesor from the
IGSpreciseorbits.Dueto thesubstantialqualitydifferencethebroadcastorbitsareonlysuited
for shortbaselines,i.e.,baselinesof theorderof a few km. For longerbaselinestheIGSorbits
shouldbeusedto obtainhighaccuracy.

Whenprocessinglong baselineswe have to solve for parametersto accountfor tropo-
sphericrefraction. We may, however, alsousethe troposphericzenithdelayestimatesfrom
our routineIGS solutionsfor thosestationswhich areusedin both,our globalandour time
transfernetwork solutions.Apart from reducingthenumberof unknown parametersthispro-
cedureimprovestheresultsaswehavedemonstratedfor ourEuropeansolutionsin Chapter5.

For timetransferwesolvefor thereceiverandsatelliteclocks(exceptonereferenceclock)
andthetroposphericzenithdelayparameters(typically 4–12perday)for thosestationswhich
werenotincludedin ourglobalIGSprocessing.Troposphericzenithdelaysareonly estimated
for baselineslongerthana few kilometers.If phaseobservationsareused,a(large)numberof
ambiguityparametershasto beestimated(about60 ambiguitiesperreceiver per24 hoursof
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observations).In orderto achievehighestqualitythephaseobservationsshouldbeused.If the
absolutevalueof theclock estimatesis of importance,i.e., for time transfer, the(smoothed)
codeobservationsshouldalsobe usedbut with a muchlower weight thanthat of the phase
observations.

8.2.3 Zero and Shor t Baseline Tests

Initially thetwo GeTTterminalswereoperatedonshort(or even“zero”) baselines.Wespeak
of a zerobaselineif the two receiversareconnectedto thesameantenna.Theusageof zero
or shortbaselineshasasadvantagethatmany commonerrorsourcesaresignificantlyreduced
like,e.g.,orbit, ionosphere,troposphereerrors.A zerobaselineeliminatestheseerrorscom-
pletelyand,in addition,it eliminatesmultipatheffects. Furthermore,both receiversmay be
runonthesameclockwhichmeansthattheclockdifferencebetweenthetwo receiversis zero
apartfrom thereceiver delays.Theresultingclock differenceshave to beattributedto delays
in antennas,cables,andreceivers.

For calibrationpurposesthe zeroandshortbaselinetestsprovide an excellentenviron-
ment.Therefore,thefirst testswith theGeTTterminalswereperformedusingshortbaseline
setupseitherat theobservatoryin Zimmerwaldor in Wabern,thelocationof theOFMETnear
Berne. Using theobservationsof theseshortbaselineswe wereableto developandtestthe
GeTTterminalsandstudythedelayscomingfrom theantennas,cables,andthereceivers. In
addition,we wereableto studythe temperaturedependenceof thesedelays[Overney et al.,
1997].

The short baselinetestsalso allowed us to develop the capability to processundiffer-
enceddatawith the BerneseGPSSoftwarepackage.The first stepwasmadein September
1995enablingzero-differenceprocessingusingcodeobservations.In January1997,with the
RNXSMT program,thecapabilityto processundifferencedphaseobservationswasaddedto
theBerneseGPSSoftwarepackage.

Threeobservation typesmay be usedtodayfor time transfer, code,smoothedcode,and
phaseobservations. The quality of the clock estimatesbasedon theseobservation typesis
illustratedin Figure8.3. Theclock estimatesfrom a short(180m) baselineareshown using
datafrom two receiversat USNOfor day318of 1998.Onereceiver is a GeTTterminal,the
otherthe official IGS receiver at USNO.Thesetwo receiverswererunningon two different
hydrogenmasers.Theestimates,shown in Figure8.3, arebasedon codeobservations(P3),
smoothedcodeobservations(S3), and carrierphaseobservations(L3), respectively. In all
casesthe ionosphere-freelinear combinationwasused. Whenprocessingthe carrierphase
observationsthesmoothedcodeobservationsarealsoused.Becausethephaseobservations
do not containany absoluteinformationthe clock estimateswill have anarbitrary(but con-
stant)offset.This is why thecodeobservationsmustbeincludedin theprocessing(with alow
weight).In thiswaytheabsolutevalueof theclockestimatesis basedonall codeobservations
over the full observation interval. The variationof the clock estimatesover the observation
interval is, however, basedonthephaseobservations.Thelengthof theobservationinterval is
limited by completelossesof lock to all satellites.Becauseusuallytherearenotrackinginter-
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(a) Usingcode(P3)andsmoothedcode(S3)ob-
servations

(b) Usingsmoothedcode(S3)andphase(L3) ob-
servations

Figure8.3:Clockestimatesonashortbaselinebasedondifferentobservationtypes.

ruptstheobservation interval is limited to 24 hoursdueto thecurrentpracticeof processing
GPSobservationsin 24-hour“batches”. This leadsto small jumpsin the clock estimatesat
dayboundaries.

The RMS of the clock estimatesin Figure8.3 is 1.82,0.77,and0.05ns for the P3, S3,
andL3 observations,respectively. Theseresultsdemonstratethatthephaseobservationsgive
the bestresults. It is interestingto seethat the smoothedcodesolutiontracksthe codeso-
lution very well andthat its behavior is indeed“smoothed”. The variationsobserved in the
codeand,in particularly, smoothedcodeestimatesaremostlikely causedby multipatheffects
which aremuchmorepronouncedfor codeobservationsthan for phaseobservations. An-
otherexplanationfor theobservedvariationsmaybethetemperaturedependenceof theGeTT
terminal(antenna,cables,receiver) delays.Theseeffectsaremorepronouncedfor the code
observations[Overney etal., 1997].

Figure8.4(a)magnifiesthetime interval betweenOQLNô and ONOQô UT of Figure8.3. In addi-
tion, theso-calledAllan deviations[Allan andWeiss, 1980]areshown in Figure8.4(b)for the
threeobservationtypes(P3,S3,L3) in Figure8.3. It is interestingto pointout thattheperfor-
manceof theCV timetransfermethodis,atbest,comparableto thatof thecodeestimates(P3)
in Figure8.3 andFigure8.4. We say“at best”becausewe usedall satellitesin view simul-
taneouslywhereastheCV method(in mostcases)usesonly onesinglesatellite.On average
we have six satellitesin view which meansthat theRMS of our estimatesis roughlya factor
of õ ] lower comparedto the RMS of the CV estimates.Our approachprovidesestimates
every30secondsfor thefull 24hoursperdaywhereasCV givesestimatesonly within limited
time intervals.Figure8.4(b)nicely shows thedifferentqualityof thethreeobservationtypes.
Thefirst point of theAllan deviations,at öÍW÷\NL sec,shows thenoiseof theclock estimates
whichshouldbecomparableto thenoiseof theobservations.Thenoisemaybecomputedby
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(a)Estimatesbasedoncode(P3)andphase(L3) (b) Allan deviationof thethreeobservationtypes

Figure8.4:Clock estimatesusingdifferentobservationtypesandtheir respectiveAllan devi-
ation.

multiplying thevalueof ö with thevalueof theAllan deviation,e.g.,for thecodeobservation
we find an Allan deviation of �¸�'OUL�� æ�æ at 30 sec. This gives \RL¶���¸�'OUL�� æ�æ ¡øW w�f�O ns for
thenoiseof theclock estimateswhich correspondsto 630mm. This reflectsthenoiseof the
codeobservationsunderAS conditionsandalsoagreeswith theobservedRMS of theclock
estimatesover thefull day(1.8ns).Similarly we find a noiselevel of 27 and2.7mm (90and
9 ps) for smoothedcodeandphaseobservations,respectively. Notice that for the smoothed
codeandthephaseobservationstheAllan deviation at 30 secondsgivesa muchlower noise
estimatethanwasdeterminedfor the clock estimatesover the full day, i.e., 770 and50 ns
comparedto 90 and9 ns. This is causedby thefactthatsystematiceffects,which areclearly
visible in theS3estimates,influencetheRMSbut not theAllan deviationat ö�WZ\RL sec.This
is animportantcharacteristicof theAllan deviation.

If theresidualsof theclock estimateswould be“white phasenoise”, theAllan deviation
given in doublelogarithmic scale,as in Figure 8.4, shouldshow a slopeof c�O (for ö ÑOULNLRL sec).This slopedecreasesto c�LrfÏh if theestimatesare“white flicker noise”. TheAllan
deviationsof GPSbasedclock estimatesareexpectedto show white phasenoise(i.e., show
a slopeof c�O ), if they areconnectedto a stableoscillator. In Figure8.4 we observe that the
slopesof the threecurvesareindeedcloseto c�O for low valuesof ö . For largervaluesof ö
theeffect of multipath,in theS3-curve, andalsothecharacteristicsof thetwo masers,in the
L3-curve,show up aroundöùWê\NLRLRL sec.NoticethatAllan deviationsmayonly be(reliably)
computedfor a time interval of approximatelyOU�N\ of theactualobservationinterval, i.e., for
a full day of observations(86400sec)the maximum ö for which the Allan deviation may
reliablebecomputedis approximately30000sec.

Although muchmorepronouncedin the codeobservationsthe phaseobservationsalso
suffer from multipath.Thismaybeobservedin theclockestimatesshown in Figure8.5where
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Figure8.5:Clock estimateson threeconsecutive days.A meanvaluewasremovedfrom the
daily estimatesandthethreecurvesareoffsetby approximately30ps.

the observationsfrom our two GeTT terminalsdeployed on a shortbaselinein Wabernare
used.Bothreceiversweredrivenby thesameexternalclock. Theresultsstemfrom processing
thephase(L3) observations,includingthe(smoothed)codeobservations.Figure8.5showsthe
clockestimatesfor threeconsecutivedays,days121–123of 1998.A meanhasbeenremoved
from theestimates,andthedayshavebeenoffsetfor displaypurposes.Themeanfor all three
dayswasapproximately25 ns. Becauseboth receiverswererunningon the sameexternal
clock, this 25 ns may be attributedto the delaysin the GeTT systems(antenna,cables,and
receiver).

Exceptfor an offset (causedby differentdelays)and the measurementnoise,the three
clock estimatesshouldlie on horizontallinesbecausebothreceiversarerunningon thesame
clock. This is not the case! Deviationsof up to 20 ps RMS areobserved. The similarity
of theclock variationson the threedaysis striking. Both, thegeneralbehavior andsomeof
the shortterm variations,aresimilar. Whereasthe generalbehavior may alsobe causedby
the temperaturedependenceof someof thedelays,especiallyfrom thecables,thesimilarity
in detailscannotbe explainedby delaychanges.The only plausibleexplanationfor these
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variationsis multipathof phasemeasurements.A Fourieranalysisof theclock estimateson
thisshortbaselineindicatesthatthese(multipath)effectsgiveriseto clockestimatevariations
on thelevel of 10–20pswith periodsaround8, 12, and24 hours.The24 hourperiodmight
perhapsbe causedby small jumpsat the day boundaries.The multipatheffect on the code
observationsis muchlarger aswe have seenin Figure8.3. This codemultipathmay result
in small jumpsat the observation interval boundaries,usuallythe day boundaries,which in
turn mayshow anannualvariationdueto theannualperiodof thesatellite–stationgeometry.
Theseeffectsmaybeaslargeas1–2ns.

Figure8.6 shows theAllan deviation over 1 and14 days,respectively. Theobservations
fromdays121–158of 1998ontheshortbaselinein Wabernwereused.Duringthistimeperiod
(38 days)the receivers were runningon the sameclock. Due to different testsperformed
duringthetimeperiodonly 14dayscouldbeusedfor theestablishmentof theAllan deviation.
The Allan deviation basedon oneday of estimatesshows the differencebetweenusingthe
observationson differentfrequencies,i.e., åçæ , å J , and å â . As mentionedin Chapter2, theå J and å â phaseobservationshave a highernoisethanthe åãæ phaseobservations. This is
clearlyreflectedby thestartingpoint of theAllan deviationsat ö«Wú\RL sec.Thenoiseof the
clockestimatesbasedonthethreeobservationstypesis roughlyat the6–9ps(2–3mm) level.
After oneday the resultsfrom the threeobservation typesarealmostidentical. Figure8.6
demonstratesthat,onshortbaselines,theGeTTmethodallowsfrequency transferat the OUL�� æ �
level within oneday of observation. The OUL�� æ
Õ level is reachedafter about2000sec. With
14 daysof observationsthe OUL � æ�û level may be reachedfor frequency transfer. Thestrange
behavior of the Allan deviation in Figure8.6(b)around ö�WüyRLRLNLRL sec,approximatelyone
day, may be explainedby the unequalspacingof the clock estimates(only not consecutive
14 daysof a 38 dayinterval wereused).ThesmallexcursionobservedbetweenOULRLRL�ýXöÍýPRLNLRLRL may be causedby multipatheffects. The slopeof the Allan deviation is closeto the
expectedvalueof c�O .
8.2.4 Long Baseline tests

European Baselines

After thesuccessfulperformanceof theGeTTterminalson shortbaselinesit wasdecidedto
test the two terminalson longerbaselines.The first GeTT terminalwas transferredto the
NationalPhysicalLaboratory(NPL) in the UnitedKingdomwhile the otherGeTT terminal
remainedatOFMETin Switzerland.Lateron,afterabout50days,thesecondGeTTterminal
wasmovedfrom Wabernto the“Physikalisch-TechnischeBundesanstalt”(PTB) in Germany.
Thelengthof bothbaselines,NPL–OFMETandNPL–PTB,is approximately750km.

The baselineNPL–OFMET was basicallyusedto verify that the receiver at NPL was
working properly. At thesametime it wasusedto testour processingstrategy for the longer
baselinesusing IGS orbits, stationpositions,and previously estimatedtroposphericzenith
delays. Apart from studyingthe Allan deviation, the resultsof the GeTT terminalswere
comparedto resultsstemmingfrom theCV method.Notice,thaton this baselinetheexternal
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(a) Allan deviationsof day143,1998for þ�ÿ , þ�� ,
and þ�� (b) Allan deviationover14-daysfor þ �

Figure8.6:Allan deviationsof clock estimatesfrom a shortbaselinewith two receiversrun-
ningon thesameclock.

clockswerea hydrogenmaserat NPL anda cesiumat OFMET, which meansthat theAllan
deviationsreflecttheshorttermstabilityof thecesiumstandard.

Onthesecondbaseline,NPL–PTB,theexternalclocksonbothendswerehydrogenmasers.
On this baselinea strangeeffect wasobservedin theAllan deviations.After someinvestiga-
tionsasinusoidalsignalwith aperiodof 724secondsandanamplitudeof 50pswasobserved
in theestimates.TestshowedthatneithertheGeTTterminalsnorthemaseratPTBwerecaus-
ing theproblem. Oneyearlater thecauseof theproblemwasverifiedto lie at NPL [Clarke
etal., 1999].Thiseffectnevercouldhavebeendetectedwith theCV or theTWSTFTmethod.
TheCV methodwould not have beenaccurateenough(thesignalsamplitudeis only 50 ps)
whereastheTWSTFTwouldnothavehadtherequiredtimeresolution(theperiodbeingonly
724 sec). This demonstratesthe high quality of the GeTT methodfor time and frequency
transfer. For moreinformationconcerningtheseEuropeanbaselinetestswereferto [Overney
etal., 1998].

Transatlantic Network

In a next stepthe receiver from NPL was moved to the United StatesNaval Observatory
(USNO)in Washington,DC. ThebaselinelengthbetweenUSNOandPTB is approximately
6275km. Becauseof this longdistancethetwo stationscannotobservemany satellitessimul-
taneously. Therefore,auxiliary stationswereincludedin theprocessto fill the gapbetween
thetwo GeTTterminals.It wasdecidedto processasmalltransatlanticnetwork of 14stations,
but a largernumberof stationswereselectedto make surethatalways14 stationswould be
available.Thestationswereselectedbasedonapredefinedorderwith ourtwo GeTTterminals
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Figure8.7:Network of time stationsusedfor the transatlanticbaselinetests.Only 14 of the
availablesitesareusedonany particularday.

having thehighestpriority. Thecompletesetof stationsusedin this transatlanticnetwork is
shown in Figure8.7.Noticethattherearetwo receiverslocatedatUSNO.Thereceiverlabeled
USNOis theofficial IGS receiver whereasthereceiver labeledUSNB is our GeTTterminal.
Our otherGeTT terminallocatedat the PTB is labeledasPTBA. Thereceiver at theNPLB
siteis anAshtech-Z12Treceiverownedby theNPL.

The transatlanticbaselineteststartedon day 200, 1998and is still in progress.Today,
we have almost300 daysof transatlantictime andfrequency transfersusingthe GeTT(and
other)terminals.Thefirst topic addressedwasassociatedwith thebaselinelength. With the
Europeanbaselinetestswefoundthattheslopeof theAllan deviationswascloserto thevalue
of c�Lrf�h thanto the expectedvalueof c�O . However, dueto the problemswith the maserat
NPL theseresultswerenot fully reliable. In orderto studytheimpactof thebaselinelength
thesamesetof datawasprocessedusingoncetheGeTTterminalat PTB andoncetheGeTT
terminalat USNB asreferenceclock. Fromtheresultsof bothsolutionstheAllan deviations
werecomputedfor all (stable)oscillatorsin thenetwork. Figure8.8showstheAllan deviations
of thetwo solutions.Theclockestimatesareproducedwith asamplingof 5 minutes(300sec).
ConsequentlytheAllan deviation plotsstartat öÍW÷\RLNL sec.Figure8.8 shows that thenoise
of the clock estimatesfor öXW´\RLRL seclays betweenthe 12 and30 ps (2–9 mm) which is
excellent.

TheAllan deviation for USNO,in thesolutionwherethemaserat USNB wasselectedas
referenceclock,is better(slopecloseto c�O for ö Ñ wNLRLRL sec)thanall others.Thisis explained
by thelengthof 180m of theUSNO–USNBbaseline.This resultis comparableto theresults
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for thesamebaselinein Figure8.4(b). For theotherbaselines,with quitebig differencesin
length,nosignificantbaselinelengthdependencewasobserved,but theslopesof all curvesis
closeto thevalueof c�Lrf�h . It is unclearwhy theslopesof theAllan deviationsarenotcloserto
avalueof c�O for thelongerbaselines.Possibleexplanationsareremainingsystematiceffects
dueto troposphere,ionosphere,stationmodel,andorbit modelinaccuracies.

Figure8.8(a)shows a very similar behavior for all Allan deviationswhenusingthePTB
maserasreference.This indicatesthat the Allan deviationsin Figure8.8(a)aredominated
by thebehavior of thePTB maser. This finding is confirmedby theresultswheretheUSNB
clock wasusedas reference.For frequency transfer, the effect of the referenceclock may
beeliminateda posterioriby forming differencesbetweentheclock estimates.We may, e.g.,
take theresultsstemmingfrom thesolutionwherethePTB maserwasusedasreferenceand
computethe differencesbetweenthe clock estimatesfor USNB andall otherstations.The
Allan deviationsobtainedfrom theseclock(double-)differencesarepracticallyidenticalwith
thoseof the solutionwherethe USNB maserwasusedasreference.For time transferthis
procedurewill bemoreelaboratedueto differentdelaysatdifferentsites.

In orderto studytheeffectof theorbit errorweprocessed21daysof thetransatlanticdata
usingboth,ourCODErapidandfinal orbit products.Figure8.9showstheAllan deviationsof
the two setsof 21 days(noticetheincreasedrangefor ö ). No significantdifferencebetween
the resultsis observed. Obviously, the quality of the rapid andfinal orbits is not a limiting
factor. Theresultsalsodemonstratethehigh quality of theCODErapidorbits. In bothcases
theslopeof theAllan deviation is againnearerto avalueof c�LrfÏh ratherthanto c�O .

Figure8.10 shows the clock estimatesover the time periodfrom day 200, 1998to day
129,1999,a total of 294days,for four selectedstationswith very stableoscillators.Notice
thatthestationof AMCT showsup twice in thefigurebecausethereceiverandantennasetup
waschanged.Theclock estimatesrelative to thePTB maserall show a similar pattern.This
indicatesthat thevariationsaredueto thePTB maser. As opposedto theclocksat theother
four sitesthemaserat PTB is not steered.Thereareonly manualinteractionsin thecaseof
thePTB maserbut thereis no continuoussteering.Someof themanualinteractionsmaybe
observedat theendof 1998andthebeginningof 1999.

The other four masersarenot only steered,they arealsosynchronized.The masersat
USNO are comparedlocally, the masersat USNO and at AMCT by using the TWSTFT.
TWSTFTisusuallyperformedonceperday, butontheUSNO–AMCTbaselineit isperformed
on anhourlybasis.AMCT is the“USNO AlternateMasterClock”, thebackuprealizationof
UTC(USNO).ThemaseratNPL is alsosynchronizedto USNOusingTWSTFTbut with ata
muchlowerrate.TheresultsusingtheUSNBasreference,obtainedby differencingtheclock
estimatesratherthanby reprocessingthe294days,shows thequality of thesynchronization
of theclocksover the294dayperiod.TheRMSof theresultingtimeseriesare1.0and3.9ns
for the two time seriesof AMCT, 16.2 ns for NPL, and1.3 ns for USNO. Note that these
valuesincludesomeundetectedjumps,especiallyfor thesecondpartof theAMCT series.In
theNPL resultswe seemto observe anannualvariationwith anamplitudeof about30 ns. It
mustbementioned,however, thatmany problemswereencounteredwith theNPL datadueto
theproblemswith thesetupat theNPL. Theannualperiodmaynot necessarilybeattributed
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8.2 TimeTransferusingtheGeTTTerminals

(a)UsingthemaseratPTBasreference

(b) UsingthemaseratUSNBasreference

Figure8.8:Effectof baselinelengthontheclockestimates,basedondatafrom day129,1999.
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(a)Usingrapidproducts (b) Usingfinal products

Figure8.9:Effectof orbit quality on theclock estimates,usingtransatlanticbaselines.Based
ondatafrom days40–60,1999.ThemaseratPTBwaschosenasreference.

to themaseratNPL andits synchronizationto UTC.
Figure8.11shows theAllan deviationover the294daysusingUSNBasreference.Based

on theAllan deviation thenoiseof theclockestimatesis ata level of 12–60ps( öÆWZ\RLRL sec).
Only theslopefor theshortbaseline,USNO–USNB,seemsto becloseto a valueof c�O forö Ñ OULRLRL sec.For theotherbaselinesit is againcloseto avalueof c�L�fÏh . We believethatthis
behavior might be explainedby our handlingof the troposphericeffects. We estimatedone
constanttroposphericzenithdelayfor each6 hourstime interval. During thesetime intervals
the troposphereconditionsmay vary considerable.This might have an impacton the clock
estimates.The signal in the Allan deviation for USNO for OUL Õ Ñ ö Ñ OUL � may be caused
by multipatheffectsor it may reflect the stability of the two masersusedto steerthe two
receivers.Noticethattheflatteningof theAllan deviation for USNOaroundöKW OQL Õ secwas
alsoobserved in Figures8.4 and8.8. For larger ö theAllan deviation shows the steeringof
themasers.

A majorchallengeof usingGPSfor timetransferconsistsof theelimination(or at leastre-
duction)of thejumpsatthedayboundaries(causedby processingthedatain 24hourbatches).
Thesejumpsareclearlyvisible in Figure8.12wheretheestimatesfrom four consecutivedays
of ourtransatlanticnetwork areshown. An offsetandadrift havebeenremovedfor all stations
andtheresultshavebeenoffsetfor bettervisibility. Weobservejumpsof upto 1 ns(300mm)
causedto a largeextentby systematiceffectsin thecodeobservations(compareFigure8.3).

Onewayto reducethis“jump” problemis by usingoverlappingdataspans.Theseoverlaps
may beasshortas1 houror aslong asa few days. A moredifficult, but alsomorecorrect
solutionwould be to make the observationscontinuousover the day boundaries.This may
bedoneby transferringtheambiguitiesfrom theprevioussolutionto thelattersolution.The
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(a)UsingPTBasreference

(b) UsingUSNBasreference

Figure8.10:Clockestimatesoverthetimeperiodfrom day200,1998to day129,1999.Large
jumpsandanoffsetwereremovedfor eachstation.
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Figure8.11:Allan deviation of theclock estimatesover 294daysusingthetime periodfrom
day 200, 1998to day 129,1999. Large jumpsandan offset wereremoved for
eachstation.USNBwasusedasreference.
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Figure8.12:Jumpsat thedayboundariesshown for four consecutivedaysin 1999.Offsetand
drift wereremoved for all stationsandPTB wasusedasreference.Thecurves
wereoffsetfor displaypurposes.

125
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continuity at the day boundarywould be guaranteedby sucha procedure. We expect the
differencesbetweenthetwo approachesto besmall.

8.3 IGS Satellite Cloc k Estimates

At CODEthe satelliteandstationclock estimationis doneafter having estimatedall global
parametersusingdoubledifferenceobservations.In theclockestimationstepoptimumuseis
madeof all previouslydeterminedparameters.Orbits,Earthrotationparameters,coordinates,
andtroposphericzenithdelaysaretakenover from the globalsolutionfor the clock estima-
tion. Clock estimationis basedon undifferenceddata.First, a receiver connectedto a stable
externaloscillatoris selectedasreference.Theclock of this stationis thensynchronizedto
GPStime by estimatingan offset anda drift for the local oscillator. In this procedurethe
GPSbroadcastephemeridesareusedto obtaintheclock offsetsof theGPSsatellitesfor the
synchronization.After the alignmentof the clock of the referencereceiver the clocksof all
stationsandsatellites,exceptthereferenceclock, areestimated.In theclock estimationstep
we use80stations.

CODEstartedestimatingGPSsatelliteclocksin September1995.At thattime theproce-
durewasbasedoncodeobservationsonly. Thequalityof theclockestimateswasat the1.4ns
level aswasshown in Chapter5. SinceJanuary1997thesatelliteclockestimatesarebasedon
smoothedcodeobservationsandthequality improvedto the0.5nslevel. Theachievedquality
wascloseto thatof the otherIGS AnalysisCenters(basedon theweekly IGS combination,
seeFigure8.13(a))at thattime. After animprovementof theIGSclock combinationearlyin
1998it becameclearthatthereis asignificantqualitydifferencebetweenourclockestimates,
basedon smoothedcode,andtheclock estimatesof theotherACswhich arebasedon phase
andcodeobservations.Smoothedcodeobservationsarenoisierthanphaseobservations,but
thisshouldbepartlycompensatedby thefactthatweusealmosttwiceasmany stationsin our
procedureastheotherACsproviding clock estimates.Thereasonfor thehigherRMS of our
clock estimatesis causedby systematiceffectsin the (smoothed)codeobservations.This is
nicely demonstratedin Figure8.13(b)wherethedifferencebetweensatelliteclock estimates
basedon(smoothed)codeandphaseobservationsis displayed.Thesamedatasetwasusedto
estimatethesatelliteclocksusingtwo methods,onceusingsmoothedcodeobservationsonly,
andonceusingboth,thesmoothedcodeandphaseobservations.Clearly, theclockdifferences
aredominatedby systematiceffectsratherthanby noise.TheRMSof theseclockdifferences
over the full 24 hoursis 0.7 ns which correspondsquite well with the RMS for our clock
estimatesin theIGSclockcombination.

As mentionedin the previous sectionswe may alsousephaseobservationsto estimate
clocks. However, due to hardwareandsoftware limitations we are limited to processinga
network of 30 stationswhenprocessingundifferencedphasemeasurements.This is dueto
the big numberof ambiguityparameterswhich have to be estimatedin this case,about60
per stationper 24 hours,i.e., 1800ambiguityparametersin the caseof 30 stations.Due to
this largenumberof ambiguityparameterstheprocessingof thephasemeasurementsrequires
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(a)Qualityof AC satelliteclockestimates (b) Differencebetweensmoothedcodeandphase
clockestimates

Figure8.13:Quality of AC satelliteclock estimatescomparedto IGS final combinedclocks
(left). Differencebetweensatelliteclock estimatesbasedon smoothedcodeand
phaseobservations(right). DifferentsymbolsrepresentdifferentGPSsatellites.

moreCPUtime. Wehavethereforenotswitchedto usingtheundifferencedphaseobservations
exceptfor 4 daysin GPSweek960.TheRMSof theclockestimatesfor thesedaysin theIGS
clock combinationwere0.1–0.2ns,which is comparableto theclock estimatesof theother
ACs.Dueto thelimited useof thesatelliteclocks,especiallyfor doubledifferenceprocessing
schemes,wehave refrainedfrom switchingto phasebasedsatelliteclockestimates.

8.3.1 Precise Point Positioning

Oneof the most importantapplicationsof the IGS satelliteclock estimatesis precisepoint
positioning[Zumberge et al., 1997b]. In this approachthe satellitepositionsandclocksare
usedtogetherwith thecodeandphasedataof onesinglereceiver. Thepositionof thisstation
may thenbe determinedwith a precisioncomparableto that of the global solution. Precise
pointpositioningthusprovidesaveryefficienttool to accesstheterrestrialreferenceframe.In
Figure8.14thedaily positionestimatesfor thestationPTB in Germany (our GeTTterminal)
areshown over a time periodof 100 days. Oncethe stationpositionswereestimatedusing
the“classical”doubledifferenceapproachandoncethestationpositionswereestimatedusing
precisepoint positioning. In thedoubledifferenceapproachthestationof Wettzell (400km
distanceto PTB)wasusedto form differencesandWettzellwasfixedto its ITRF coordinates.
In thecaseof precisepointpositioningthesatelliteclockestimatesfrom ourtransatlantictime
transferprojectwereused.Our clock estimatesbasedonsmoothedcodearelessprecisethan
thephase-basedsatelliteclockestimatesfrom thetransatlanticcampaign.In bothsolutionsthe
sameparameterswereestimated,i.e., thepositionof PTB, ambiguities,and12 tropospheric
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(a)Doubledifferencesolution (b) Precisepointpositioningsolution

Figure8.14:Daily positiondeterminationsover100daysusingdifferentprocessingstrategies.

zenithdelayparametersper24 hours. In addition12 troposphericzenithdelaysfor Wettzell
hadto beestimatedin thedoubledifferenceapproach,whereasfor thepoint positioningap-
proachthe clock offsetsof the stationPTB hadto be estimated(288 parametersat a 5 min
sampling).TheRMS of the variationsin the daily stationcoordinateestimatesfor both ap-
proachesis 2, 3, and6 mm for thenorth,east,andupdirections,respectively. This shows the
highprecisionwhichmaybeobtainedwith thepointpositioningtechnique.It is interestingto
point out thatbothapproacheshave reachedthesamerepeatabilityastheEuropeansolution
withoutfixedambiguities,seeTable5.3.

Themaindisadvantageof thepointpositioningstrategy is theimpossibilityto fix ambigu-
ities (ambiguitiesmayonly befixedon thedoubledifferencelevel). Whereastheresultsfrom
thedoubledifferenceapproachmaybeimprovedby fixing theambiguities,aswehaveshown
for our Europeansolutionsin Table5.3, this will not bepossiblein thecaseof precisepoint
positioning.Therearetwo additionaldisadvantagesof precisepoint positioning.First, it has
to rely onundifferenceddatacleaningwhich is moredifficult thancleaningdoubledifference
data.Secondly, it is of theutmostimportancethatthemodelsusedin generatingtheGPSorbit
andclockestimatesareconsistentwith themodelsappliedwhenusingtheseestimatesin point
positioning.Nevertheless,pointpositioningprovidesaveryefficient tool for determiningsta-
tion positionswith a precisionwhichwill besufficient for thevastmajorityof theGPSusers.
Only userswhowantto getthebestpossibleresultsfrom theGPSsystemwill notbesatisfied
with theresultsfrom pointpositioning.
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We have shown thesignificantimprovements,in only a few yearstime, for many of the IGS
productsandhave presentedthe“stateof theart” of theIGS products.We have seenthatthe
internalproductconsistency betweenIGS AnalysisCentershasreachedthe30–50mm level
for orbits,3–8mm for stationpositionsand0.1masfor polarmotion.Significantbiasesexist
betweenindividualanalysiscentersolutions.Differencesof 0.5ppb(10–15mm) in thescale
of theorbits,3 ppb(15–20mm)in theterrestrialscale,and100mmin geocenterestimatesare
observedin internalcomparisons.Biasesalsobecameapparentwhencomparingresultsfrom
differenttechniques,e.g.,GPS,SLR andVLBI. In thesecomparisonsa biasof 0.3 masfor
theX-componentof thepolewasobserved. Furthermore,a persistingbiasof approximately
50 mm is observed betweenSLR rangeobservationsand the rangesto the GPSsatellites
derivedfrom theIGS orbitsandtheSLR stationpositions.A biasof approximatelythesame
sizewasobservedfor theGLONASSsatellites.

We could demonstratethat the new CODE solarradiationpressuremodel is superiorto
theROCK RPRmodels.Theremainingmodelerrorwasestimatedto beabout50 cm for the
CODERPRmodelfor a 7-dayarc. For theROCK modeltheremainingerrorwasshown to
be approximately300 cm for a 24 hour arc. The implementationof the CODE RPRmodel
improvesthequality of orbit estimates.Thenumberof orbit parametersthathave to beesti-
matedis considerablyreducedwhenusingthenew CODERPRmodelasapriori model.This
factstrengthenstheGPSsolutionssignificantly. Thegenerationof so-called“rapid” products
mayprofit from this development.Thequality, andin particularthe reliability, of predicted
orbitsmayalsobeimproved.Althoughsignificantimprovementswereachievedwith thenew
CODEsolarradiationpressuremodel,it shouldbeconsideredasa “first attempt”only. In the
nearfuturemoretimeandeffort will haveto bespentonthesolarradiationpressuremodelfor
theGPSsatellites.Differentmodelsarerequiredfor thedifferentsatelliteBlock types(I, and
IIR). Thecurrentmodelis only valid for theBlock II andIIA satellites.Thebehavior of some
of the parametersof the CODE RPRmodelis significantlydifferent,but not erratic,during
theeclipsephases.This indicatesthatspecialeclipsemodelsshouldbederived.

Thecomparisonof theobservedranges,basedontheSLRtrackingdata,andthecomputed
ranges,basedontheGPSsatelliteorbitsasprovidedby theIGSandtheSLRstationpositions,
revealedan averagebiasof approximately50 mm, the observed SLR rangesbeingshorter
thanthecomputedranges.Thereasonfor this biasmustbestudiedand,hopefully, resolved
in the nearfuture. The RMS agreementbetweenthe SLR rangesandthe GPSorbits, after
subtractingthe meanbias,was found to be as low as50 mm. This is a very encouraging
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result.It showsthatthetwo independenttechniques,GPSandSLR,agreeat thefew cmlevel.
Also, the SLR stationcoordinates,estimatedusing only the SLR observationsof the GPS
satellites,agreeat thefew cm level with their ITRF values.Theusageof theSLR dataof the
GLONASSsatellitesofferedanotherpossibility to studytheobservedmicrowave–SLRbias.
For theGLONASSsatellitesthereis significantlymoreSLR trackingdataavailablebecause
of themuchlargerretroreflectorarraycomparedto theGPSsatellites.TheIGEX orbitsfor the
GLONASSsatellitesareof inferior qualitycomparedto theIGSorbitsfor theGPSsatellites.
This is causedby thepoorgeometryof the IGEX receiver network. Nevertheless,the IGEX
orbitsandthelargeamountof SLR trackingdatarevealeda biasof thesamesizeandsignas
thatobservedfor theGPSsatellites.

The new CODE solar radiationpressuremodelallows to generateGPSorbits basedon
only SLR observations. Previously, the limited numberof SLR observationsandthe large
numberof orbit parametersrequiredto accuratelymodel the GPSsatellitesmadeit almost
impossibleto generatepreciseGPSorbits basedon SLR dataalone. With the CODE RPR
modelwe are in a muchbetterpositionbecauseit allows a 7-dayorbit fit throughthe IGS
preciseephemeridesat the6 cmlevel solvingfor only two RPRparameters.UsingtheCODE
RPRmodelwe wereableto generaterelatively precise“SLR-only orbits” which werehelp-
ful in studyingthe biasobserved betweenthe SLR observationsandthe IGS preciseorbits.
TheSLR-onlyorbitsshoweda geocentershift in theZ-directioncomparedto themicrowave
orbits of approximately50 mm. The geocenterof the SLR orbit lying below the geocenter
resultingfrom themicrowave orbits. Most likely this Z-translationis causedby theobserved
biastogetherwith thegeometryof theSLR trackingnetwork with mostof thestationsin the
Northernhemisphere.

We furthermorediscussedthe potentialof GPSand IGS for time transfer. The results
showedthattheIGSis capableof providing clock informationonaroutinebasisto thetiming
communityallowing timetransferonalevel of a few 100ps. It wasalsodemonstratedthatthe
availability of preciseIGS orbit andclock estimatesfor the GPSsatellitesallows for a very
efficientandaccuratedeterminationof thestationpositionusingdatafrom onesinglereceiver.
Theaccuracy of this so-calledprecisepoint positioningtechniqueis sufficient for mostGPS
users.

Therealizationof theterrestrialreferenceframe,ambiguityfixing, orbit modeling,eleva-
tion cut-off angle,andtropospheremodelingplay animportantrole in thequality of theIGS
products.We areconvincedthatwe have not yet exploitedthe full potentialof theGPSand
thatwe canstill significantlyimprove theprecisionof someof our products.Improvements
at CODE may be expectedin the nearfuture from improvementsin the troposphericzenith
delayestimatesby makingtheestimatescontinuousin time. Theestimationof tropospheric
gradientswill furtherimproveourglobalsolutions.Ambiguity fixing on longerbaselinesand
the connectionof the ambiguitiesover the day boundariespromiseadditionalbenefits. We
alsoexpectimprovementsfrom the inclusionof GLONASSmicrowave observationsthanks
to the increasednumberof satellites. At the sametime this will unify the IGS and IGEX
products.We considerthis to beanimportantaspect.Furthermore,thecombinationof SLR
andmicrowaveobservations,from boththeGPSandGLONASSsatellites,mayhaveasignif-
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icant impacton results. In the combinationof microwave andSLR observationswe should,
however, not limit ourselvesto usingonly themicrowave satellites.Thetypical SLR targets,
cannonballsatelliteslike,e.g.,ETALON (in orbital planessimilar to thoseof theGLONASS
satellites),andLAGEOS(at 6000km altitude)shouldalsobe includedwhencombiningthe
observationsof thetwo techniques.

Thedevelopmentswithin the IGS have beenrelatively difficult to predictbecauseof the
amazingspeedwith which theIGS hasdevelopedin its first years.Althoughtherearesome
indicationsthatthepaceof new developmentsandof precisionimprovementsis slowingdown
therearestill many new projectson the horizon. First of all, in October1999,the IGS has
announcedto starta seriesof so-called“ultra-rapid” products.Theseproductswill bemade
availabletwice perdayat 3:00and15:00UTC. At bothepochsa 48hourorbit is madeavail-
able containinga 24 hour “real” orbit and a 24 hour predictedorbit. The predictedorbit
starts3 hoursbeforethetime of availability of theproduct,i.e.,at 0:00for thesubmissionof
3:00UTC, andat 12:00for thesubmissionof 15:00UTC. This impliesthat theaverageage
of the predictedorbits will be 9 hoursonly. This is a significantreductioncomparedto the
currentaverageageof 36hours.For orbit predictionstheerrorsgrow approximatelyquadrati-
cally asafunctionof extrapolationtime. Therefore,thereductionof theageof thepredictions
will giveaverysignificantimprovementof theorbit predictionquality. Thisnew productadds
to theburdenof theIGS analysiscentersforcing themto computerapidorbitswithin 3 hours
twice perday. In additionthis ultra-rapidschemeis only consideredto bea “first step”. The
aim is to generatehourly productsin the nearfuture. This may be of considerableinterest
for meteorology. The watervaporcontentin the atmosphereis oneof the most important
unknown parametersin numericalweatherpredictionmodels. The GPS-basedtropospheric
zenithdelayestimatescontaininformationabouttheamountof watervaporin theatmosphere
in the vicinity of the GPSreceiversandarethereforeinterestingfor the numericalweather
predictions.However, themeteorologistsareonly interestedin thezenithdelaysif they have
accessto themin nearreal-time,typically within acoupleof hours.

Anothervery importantfutureIGSactivity is in thefield of theLow EarthOrbiting(LEO)
satellites. Again, thereis a closelink to meteorologybecauseseveral of the plannedLEO
missionswill be usedfor atmospheric“sounding”. A LEO satellitecan observe the GPS
signalsof a “rising” or “setting” GPSsatellite,which travel throughtheEarth’s atmosphere.
Thesesignalsallow, undercertainassumptions,to derive atmosphereprofilesof temperature
andhumidity. Theseprofilesarevery usefulas well in the numericalweatherpredictions
andthereforewill have to beavailablein a timely manner. OtherplannedLEO missionswill
focus on, e.g., the Earth’s gravity field. Thesemissionare much more interestingfrom a
geodynamicalpointof view.

Apart from thesetwo new projectsthereareseveralactive pilot projectscurrentlyunder-
way within theIGS like,e.g.,thereferenceframeproject,theIGS/BIPMtime andfrequency
project,andthe ionosphereandtroposphereprojects.We concludethat the IGS is still very
active andthat theCODEanalysiscentermaylook forwardto many yearsof interestingand
rewardingscientificresultsbasedon theactivitieswithin theframework of theIGS.
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A The CODE RPR-Model

A.1 Time Series of the Parameter s of the Extended
Orbit Model

It shouldbenotedthatall RPRestimatesare“scaled”to correctfor thedistanceof thesatellite
to theSun.Otherwiseaclearannualsignalwouldhavebeenpresentdueto theeccentricityof
theEarthorbit.

FigureA.1 shows the estimatesof the parametersof the extendedorbit model, i.e., D0,
Y0, B0, BC, andBS from eqn.(6.7), basedon the IGS orbit computationsasperformedby
CODE. In addition, the estimatedvelocity changesin the along-trackdirectionareshown.
Only estimatesfor thesatellitesin orbital planeA areshown (PRNs9, 25,27). Quitesimilar
estimatesareobservedfor all satellites.

A.2 Direct Solar Radiation Pressure Accelerations

FigureA.2 shows theestimatesof thedirectsolarradiationpressure(D0-term)of theoptimal
orbit parameterization,seeeqn.(6.8). Thesatellitesaregroupedaccordingto orbital planes.
The problematicsatelliteswereomittedfrom the figures(PRNs14, 16, 18, 19, 23, 24, and
29). Theestimatesarestemmingfrom usingsatellitepositionsaspseudo-observations.Very
similarestimatesareobservedfor all satellites.

A.3 Y-bias Accelerations

FigureA.3 shows theestimatesof theY-bias(Y0-term)of theorbit parameterizationgivenin
eqn.(6.8). Thesatellitesaregroupedaccordingto orbital planes.Theproblematicsatellites
were omitted from the figures(PRNs14, 16, 18, 19, 23, 24, and 29). The estimatesare
stemmingfrom usingsatellitepositionsaspseudo-observations. Very similar estimatesare
observedfor all satellites.
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A.4 Z1 Accelerations

FigureA.4 shows theestimatesof theperiodicZ1-termof theorbit parameterizationgivenin
eqn.(6.8). Thesatellitesaregroupedaccordingto orbital planes.Theproblematicsatellites
were omitted from the figures(PRNs14, 16, 18, 19, 23, 24, and 29). The estimatesare
stemmingfrom usingsatellitepositionsaspseudo-observations. Very similar estimatesare
observedfor all satellites.

A.5 Momentum Wheel Problems

FigureA.5 shows theeffectof thelossof momentumwheelson theestimatedradiationpres-
sureparameters.Dueto thisdefecttheattitudecontrolof thesatellitehasto beperformedwith
occasionalthrusterfirings. Becausethethrustersarenever perfectlyalignedthis will always
resultin asmallorbit maneuver. Theestimatesarestemmingfrom usingsatellitepositionsas
pseudo-observations.

A.6 The CODE RPR Model

TablesA.1 andA.2 give the actualparametervaluesof the CODE RPRmodel. In addition
TableA.3 includessomestatisticalinformation.
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(a)Directsolarradiationpressureacceler-
ation

(b) Y-biasacceleration

(c) B0 acceleration (d) Along-trackvelocitychanges

(e)BC acceleration (f) BS acceleration

FigureA.1: Time seriesof the parametersof the extendedorbit model for the satellitesin
orbitalplaneA (PRNs9, 25,27)from day217(August)in 1996to day129(May)
in 1999.
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(a)D0 accelerationfor thesatellitesin or-
bital planeA (PRNs9, 25,27)

(b) D0 accelerationfor thesatellitesin or-
bital planeB (PRNs2, 5, 22,30)

(c) D0 accelerationfor thesatellitesin or-
bital planeC (PRNs3, 6, 7, 31)

(d) D0 accelerationfor thesatellitesin or-
bital planeD (PRNs4, 15,17)

(e)D0 accelerationfor thesatellitesin or-
bital planeE (PRNs10,21)

(f) D0 accelerationfor thesatellitesin or-
bital planeF (PRNs1, 13,26)

FigureA.2: Estimateddirect solar radiationpressureacceleration(D0), for differentorbital
planes,from June1992to May 1999.
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(a)Y-biasaccelerationfor thesatellitesin
orbitalplaneA (PRNs9, 25,27)

(b) Y-biasaccelerationfor thesatellitesin
orbitalplaneB (PRNs2, 5, 22,30)

(c) Y-biasaccelerationfor thesatellitesin
orbitalplaneC (PRNs3, 6, 7, 31)

(d) Y-biasaccelerationfor thesatellitesin
orbitalplaneD (PRNs4, 15,17)

(e)Y-biasaccelerationfor thesatellitesin
orbitalplaneE (PRNs10,21)

(f) Y-biasaccelerationfor thesatellitesin
orbitalplaneF (PRNs1, 13,26)

FigureA.3: EstimatedY-biasacceleration,for differentorbitalplanes,from June1992to May
1999.
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(a) Z1 accelerationfor thesatellitesin or-
bital planeA (PRNs9, 25,27)

(b) Z1 accelerationfor thesatellitesin or-
bital planeB (PRNs2, 5, 22,30)

(c) Z1 accelerationfor thesatellitesin or-
bital planeC (PRNs3, 6, 7, 31)

(d) Z1 accelerationfor thesatellitesin or-
bital planeD (PRNs4, 15,17)

(e)Z1 accelerationfor thesatellitesin or-
bital planeE (PRNs10,21)

(f) Z1 accelerationfor thesatellitesin or-
bital planeF (PRNs1, 13,26)

FigureA.4: EstimatedZ1 acceleration,for differentorbital planes,from June1992to May
1999.
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A.6 TheCODERPRModel

(a)D0 accelerationfor PRN14 (b) D0 accelerationfor PRN18

(c) Y-biasaccelerationfor PRN14 (d) Y-biasaccelerationfor PRN18

(e)Z1 accelerationfor PRN14 (f) Z1 accelerationfor PRN18

FigureA.5: Effect of attitudecontrolusingthrusterfirings dueto themalfunctioningof mo-
mentumwheels. Estimatedradiationpressureparameters(D0, Y0, andZ1) for
PRN14 in planeE (on the left) andPRN18 in planeF (on the right) from June
1992to May 1999.
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A TheCODERPR-Model

ª�LN½ °�LN½ ²¶LV½
PRN Block ( OUL ��¢ I �N¡UJ ) ( OUL ��¢ I �N¡UJ ) ( OUL ��¢ I �R¡QJ )

2 II -99.423 0.003 -0.628 0.001 -0.044 0.004
14 II -99.225 0.385 -0.907 0.196 0.246 0.576
15 II -99.036 0.003 -0.701 0.001 0.498 0.004
16 II -99.165 0.353 -0.635 0.174 0.115 0.516
17 II -99.054 0.321 -0.659 0.155 0.072 0.427
18 II -99.412 0.346 -0.865 0.157 0.438 0.463
19 II -99.886 0.339 -0.697 0.163 0.114 0.487
20 II -100.391 0.971 -0.663 0.429 0.519 1.173
21 II -99.538 0.003 -0.254 0.001 -0.111 0.004
1 IIA -91.146 0.003 -0.747 0.001 0.512 0.004
3 IIA -90.398 0.003 -0.531 0.001 0.393 0.004
4 IIA -90.573 0.003 -0.781 0.001 0.239 0.004
5 IIA -90.477 0.003 -0.742 0.001 0.241 0.004
6 IIA -90.407 0.003 -0.730 0.001 0.337 0.004
7 IIA -90.305 0.003 -1.054 0.001 0.231 0.004
8 IIA -90.479 0.005 -0.861 0.002 0.284 0.006
9 IIA -90.372 0.003 -0.788 0.001 0.365 0.004

10 IIA -89.517 0.004 -0.739 0.001 0.153 0.004
22 IIA -91.017 0.003 -0.725 0.001 0.045 0.004
23 IIA -80.403 1.005 -0.753 0.245 0.967 0.910
24 IIA -91.490 0.332 -1.050 0.164 0.205 0.458
25 IIA -90.848 0.003 -0.872 0.001 0.396 0.004
26 IIA -90.448 0.003 -0.998 0.001 0.424 0.004
27 IIA -90.350 0.003 -0.956 0.001 0.429 0.004
28 IIA -90.954 0.628 -0.819 0.320 0.136 0.883
29 IIA -91.081 0.332 -0.919 0.150 0.524 0.418
30 IIA -90.397 0.004 -0.783 0.001 0.526 0.004
31 IIA -90.426 0.003 -0.621 0.001 0.641 0.004
13 IIR -100.148 0.741 0.305 0.206 1.839 0.705

TableA.1: Satellite-specificparametervaluesandformal errorsof theCODEsolarradiation
pressuremodel. The valuesfor PRN 13 shouldbe usedwith care. PRN 13 is a
completelynew typeof satellite(Block IIR) which mostlikely will show a differ-
entsolarradiationpressurepattern.The largedifferencesin the formal errorsare
causedby theweightingof theproblematicsatellites.
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A.6 TheCODERPRModel

Parameters Estimate FormalError
( OUL���¢ÛI �N¡ J ) ( OUL�� æ�æ I �R¡ J )ª�LR§ J -0.812 0.194ª�LR§rÕ 0.523 0.147°¸LR§ J 0.066 0.086²¶LR§ J -0.394 0.232É�OQ½ Block II 1.018 0.253É�OQ½ Block IIA 0.982 0.138É�OU§ J 0.517 0.180É�OUØ J 0.120 0.110É�OU§rÕ 0.047 0.193É�OUØUÕ -0.047 0.122Ì)OQ½ -0.010 0.138Ì)OU§ J -0.014 0.263Ì)OUØ J -0.000 0.156ÌÍ\N½ -0.020 1.150ÌÍ\R§ J -0.058 2.172ÌÍ\RØ J -0.576 1.287

TableA.2: Generalparametersof theCODEsolarradiationpressuremodel

#Est. RMS
Parameters ( OUL���¢ÛI �N¡ J )ª�L'u�Â'½�z 28391 0.1124°¸L'u
Â'½�z 26815 0.0462²¶L'u�Â'½�z 26569 0.1275É�Odu�Â'½�zri,kml�u�¬Ãc)¬�½�z 25807 0.1127Ì)Odu�Â'½�zri,kml�u�¬Ãc)¬�½Ûz 24625 0.1653ÌÍ\'u�Â'½�zri,kmln\gu�¬Äc)¬�½�z 26193 1.3644

TableA.3: Statisticsfrom theCODEsolarradiationpressuremodelestimation
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B SLR residuals

B.1 SLR Residuals as a Function of Elevation

FiguresB.1 andB.2 show theresidualsasa functionof elevationfor thesix SLRstationswith
themostobservationsover thetimespanfrom 1995to day200(July) in 1999.
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B SLRresiduals

(a)PRN5 residualsfor 7210MAUI (b) PRN6 residualsfor 7210MAUI

(c) PRN5 residualsfor 7110MONP (d) PRN6 residualsfor 7110MONP

(e)PRN5 residualsfor 8834WETT (f) PRN6 residualsfor 8834WETT

FigureB.1: SLRresidualsasa functionof elevationfor individualstationandsatellitecombi-
nationsfor thetimespanfrom 1995to day200in 1999.
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B.1 SLRResidualsasaFunctionof Elevation

(a)PRN5 residualsfor 7090YARR (b) PRN6 residualsfor 7090YARR

(c) PRN5 residualsfor 7840HERS (d) PRN6 residualsfor 7840HERS

(e)PRN5 residualsfor 7839GRAZ (f) PRN6 residualsfor 7839GRAZ

FigureB.2: SLRresidualsasa functionof elevationfor individualstationandsatellitecombi-
nationsfor thetimespanfrom 1995to day200in 1999.
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Rothacher, Markus,andLeŏs Mervart (1996),TheBerneseGPSSoftware Version4.0, Astro-
nomicalInstitute,Universityof Berne,September1996.

Saastamoinen,J.(1972),Atmosphericcorrectionfor thetroposphereandstratospherein radio
rangingof satellites,In: TheUseof Artificial Satellitesfor Geodesy, GeophysicalMono-
graphSeries.

Schildknecht,T., andT.A. Springer(1998),High PrecisionTime andFrequency Transferus-
ing GPSPhaseMeasurements,in Proceedingsof the1998PTTImeeting, Reston,Virginia,
U.S.A.

Schildknecht,T., G. Beutler, W. Gurtner, andM. Rothacher(1990),TowardsSubnanosec-
ondGPSTime TransferusingGeodeticProcessingTechniques,in Proceedingsof the T � ô
EuropeanFrequencyandTimeForum,EFTF90, pp.335–346,Neucĥatel,Switzerland.
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Staatsangeḧorigkeit Niederl̈andisch
Zivil stand Verheiratetseit1991mit JohannaCatharinaSpringer–Neijzen
Kinder Myra, geboren15. July1995

Pierce,geboren26. Mai 1997
Quint,geboren6. August1998

1977– 1984 Gymnasiumin Den-Helder, Niederlande,Abitur 1984.
1984– 1991 StudiumanderTechnischenUniversiẗatDelft, Niederlande.
Feb– Mai 1991 Praktikantenstelleandas“BrazilianNationalSpaceResearchCenter

(INPE)”. Arbeitenim GebietderHimmelsmechanik.
1990– 1991 Diplom Arbeit: “Processingof GPSpseudorangeandcarrierphase

measurementsin orderto obtainprecisebaselines”.Abschlussals
Dipl.-Ing. derLuft- undRaumfahrt11. Dezember1991.

Jan– Mai 1992 Assistentan der TechnischenUniversiẗat Delft. Verarbeitungvon
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