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1 Introduction

This work coversa broadrangeof differenttopics suchas orbit modeling,orbit validation
usingsatellitelaserrangingobsenations time transfer stationcoordinatesndvelocities,and
Earthrotation. The commonaspectof thesevery differenttopicsis the Global Positioning
System(GPS).The GPSis a satellite systemfor global navigation and positioning devel-
opedby the U.S. Departmenbf Defense.Nominally it consistsof 24 satellitesin six orbital
planes. The signalsof thesesatellitesmay be tracked by receverson or nearthe Earthand
canbeusedfor alargevarietyof applicationsn thefieldsof navigation,geodesyandtiming.
Apartfrom the GPSwe will alsomake useof the RussianGlobalNavigation SatelliteSystem
(GLONASS),which, from thetechnicalpoint of view, is a closerelative of the GPS.
OverthelastdecadesPShasstartedto play a majorrole in regionalandglobal studiesof
the Earth. To facilitatethe useof the GPSsystemandto improve the resultsfor regionaland
globalnetwork solutionsthe InternationalGPSService(IGS) wasconceved. Themaingoals
of thelGS areto collectandarchve GPSdatafrom a globalnetwork andto generatgrecise
orbits of the GPSsatellites.The generatiorof preciseorbitsis importantin orderto reduce,
or eveneliminate,the effect of orbit errorson geodeticnetwork solutions. TheIGS, whichis
basedn voluntarycontritutionsof alarge numberof organizationsstartedn 1992with a 3-
monthtestcampaign Thanksto thesuccessf thistestcampaignthelGS continuedafterthe
initial threemonths.The official startof the IGS took placein 1994.The coreproductsof the
IGS arethedatafrom the globalnetwork of approximatel\200stations preciseGPSsatellite
orbitsandclocks,Earthrotationparametersstationcoordinatesndvelocities stationspecific
tropospherizenithpathdelays,globalionospherenaps,andGPSrecever clock estimates.
The Centerfor Orbit Determinatiorin Europe(CODE),locatedat the Astronomicallnsti-
tute of the Universityof Berne(AlUB), participatesn thelGS asoneof the analysiscenters.
CODE hasbeenpart of the IGS sincethe startin June1992. Thusit hasbeenprocessing
the GPSobsenationsof a global network on a daily basisfor morethan seven yearsusing
the BernesesPSsoftwarepackage Thanksto thedaily actwities performedat CODE within
the framework of the IGS, long time seriesof preciseresultsarereadily available. Thetime
seriesof theseestimateswhichincludeorbit estimatessolarradiationpressureccelerations,
stationcoordinatesgeocenteestimatesand Earthrotation parametersarethe basisfor the
investigationgescribedn this work. Many improvementsnvere madein the processingl-
gorithmsusedat the IGS analysiscentersover the yearsof IGS actwities. Apart from these
algorithmimprovementsthe GPSsystemwasupgradedrom 19 satellitesat the endof 1992
to the full constellationof 24 satellitesby 1994. Also, the IGS global trackingnetwork im-



1 Introduction

proveddramaticallyin afew yearstime. In Junel992datafrom approximately380 permanent
globalGPSreceverswereavailable. This numberhasgrownn rapidly to well over 200stations
in 1998.

In our opinion the key to the IGS improvementshasbeenthe continuousvalidation of
theIGS productsby meansof inter-comparingandcombiningthe resultsof the IGS analysis
centers.Thefeedbackemeging from thesecomparison$asled to significantimprovements
in, e.g.,the orbit parameterizatiomesultingin improved orbit quality. The high quality of
the orbit estimateshasimproved the understandingf the GPSorbit model. This improved
understandinghovedthatthe solarradiationpressuranodeloriginally adoptedor the GPS
satellites,is no longeradequatdor preciseorbit estimation. Solarradiationpressurds the
biggesthon-graitationalacceleratiomctingonthe GPSsatellites An accuratesolarradiation
pressuremodelis thereforeequally importantfor high accurag GPSorbits asan accurate
gravity modelof the Earth.

One of the limitations of mostcomparisongerformedwithin the IGS is thatthey only
compardheresultsstemmingrom onesingletechniquei.e.,the GPSmicrowave obsenation
technique.In somecasest is difficult to find accurateexternalreferencegor comparisons
like,e.qg.,for theorbit andthetropospherizenithdelayestimatesFor the stationcoordinates
andthe Earthrotationparametersesultsfrom otherspacegeodetictechniquese.g.,satellite
laserranging(SLR) andvery long baselineinterferometry(VLBI), arereadily available. To
provide somelimited meansof comparisontwo GPSsatelliteswere equippedwith a small
laserretroreflectorarray Thesetwo GPSsatellitesmay be obsened by the groundstation
trackingnetwork of theInternationaLaserRangingService(ILRS). Theobsenrationsmaybe
usedin turn to obtainanindependenvalidationof the IGS orbit quality. Similarly, we may
alsousethe SLR obsenationstaken from the GLONASS satellites,which areall equipped
with a large retroreflectorarray to validatethe orbit quality of the preciseorbits produced
for the International GLONASS Experiment(IGEX). Furthermore the combinationof the
microvave and SLR (optical) obsenationswill be of benefitfor all parametereommonto
bothtechniques.

The high quality of the IGS productshasled to the usageof the GPSsystemfor several
new applicationse.g,for meteorologyandtime transfer In thiswork theIGS productsof the
CODEanalysiscenterareusedto demonstratéheusefulnesef GPSfor preciseime transfer
at the sub-nanoseconigvel. GPSis alreadya widely acceptedechniquefor time transfer
The methodapplied,however, the so-calledcommon-viev method,doesnot exploit the full
potentialof the GPS.The precisionof the common-viev methodis at the few nanosecond
level. The IGS satelliteclock estimateshave beendemonstratedo be at leasta factor of
tenbetter To obtainrecever and/orsatelliteclock estimatesrom GPSdataprocessingthe
commonlyuseddoubledifferencingapproachcannotbe used. This hasimplicationson the
processingtratgy like, e.g.,thecleaningandprocessingf undifferenceccarrierphasedata.

Let usnow give a shortoverview of the subsequenthapters.ln Chapter2 the basicsof
the GPS,its obsenationtypes,linearcombinationsanddifferencingmethodsarediscussed.
It alsocontainsa brief introductionof the GLONASS. Chapter3 givesan overviev of the
modelsneededo processsPSdatafrom globalnetworks.



In Chapter4 we introducethe IGS andmary of its products.TheroutinelGS processes
atthe CODEanalysiscenterarepresentedollowedby anoverview of variesCODEandIGS
productslike, e.qg., orbits, Earth rotation parametersstationcoordinatesand velocities. A
shortintroductionof how to uselGS productsor regionalnetworksis given.

Chapter5 describeghe developmentavhich took placewithin the IGS over the yearsof
its existence focusingon the CODE analysiscenter andthe effect thesedevelopmentshad
on the CODE andIGS products. We highlight someof the significantimprovementswhich
were achiezed within the IGS andthe expansionof the numberof applicationsof the GPS
systemdueto the IGS products. The potentialof the GPSto provide a high time resolution
of the estimatedparameterss demonstratedising sub-daily Earth rotation estimates. The
importanceof performingambiguityfixing, usinglow elevation data,and propermodeling
and estimationof the tropospheriaelaysis shovn. The chapteralsodiscusseshe current
limitation of theaccurag of the IGS productsdueto, e.g.,theantennghasecenteroffsetsof
both,thetransmittingandreceving antennasandthe unexplainedgeocenteshift obsenedin
the early IGS results. The chapteris concludedwith an overview of the currentprecisionof
the CODEandIGS products.

In Chapter6 we review the solarradiationpressuremodel of GPSsatellites. First, the
commonlyusedradiationpressurenodel, the ROCK-model,is introduced. Thenwe give
a descriptionof the extendedCODE orbit model, an orbit parameterizationvhich is well
suitedto absorbthe effects of solarradiationpressureon the GPSsatellites. Basedon the
experiencesndresultsobtainedusingthe extendedCODE orbit model,a new solarradiation
pressuremodelis derived. The completetime seriesof IGS preciseorbits, startingin June
1992,is usedfor thatpurpose.The new modelis presentedvalidated,andcomparedo other
models.

In Chapter7 the SLR obsenationsof the GPS satellitesare processedo validatethe
quality of the CODE IGS orbits. The SLR obsenrationsprovide a completelyindependent
checkof the (radial) orbit errorsof the IGS orbit estimatesvhich are basedon microwvave
obsenations. The samevalidationis also performedusing the IGEX orbits and the SLR
obsenationsof the GLONASS satellites.

In Chaptel8 the useof the GPSsystemandtheIGS productss presentedor the purpose
of time transfer Firstwe discusghe obsenation cleaningof undifferencedGPSdata. Then,
resultsfrom differenttime transferexperimentsare presentedo reveal the capabilitiesof the
GPSin thisarea Finally, thesatelliteclock estimatesndtheirusefor precisgointpositioning
arediscussed.

Chapter9 containsa brief summarythe resultsachieved in this work. Possiblefuture
directionsof researclarediscussed.
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2 The Global Positioning Systems
and Their Observables

2.1 The GPS

In 1973 a projectgroup was formedwith representaties of the U.S. armedforcesandthe
DefenseMapping Ageng/ to develop a new navigation and positioningsystem. This new
satellitepositioningsystemwhichwouldreplaceheold DOPPLER-or TRANSIT-navigation
systempecameknown astheNAVSTAR GPS.WhereNAVSTAR standdor “NAVigationby
SatelliteTiming And Ranging”,andGPSfor “Global PositioningSystem”. The systemwas
putinto operationby the U.S. Departmenbf Defenseor military applications Civilian users
aregivenaccessvith somerestrictions.ThenameGPSis mostcommonlyusedtioday We will
usethetermGPSfrom hereonwardsasasynorymto NAVSTAR GPS.Themaincharacteristic
of the GPSis thatit is a continuouslyavailableglobal systemwhich allows for instantaneous
positiondeterminatiorusingsimultaneouslyneasuregseudo-ranges atleastfour satellites.
For athoroughdiscussiorof the GPSwereferto, e.g.,[Wellsetal., 1987;Hofmann-VEllenhof
etal., 1992;Leick, 1995].

The presentlyavailablefull constellatiorguaranteesimultaneousbsenationsof atleast
four GPSsatellitesfrom (almost)every point on the surfaceof the Earthat (almost)every
time of theday Thisis accomplishedby 24 satellites(21 plus 3 active spares)ocatedin six
orbital planesin almostcircularorbitswith analtitudeof about20200 km above the surface
of the Earth. The orbital planeis inclined by 55° with respecto the equator The sidereal
revolution periodof the GPSsatellitesis 11 hours58 minutes(approximatelyhalf a sidereal
day). Consequentlythe samesatelliteconfigurationis repeated minutesearlierevery day
for one andthe samelocation. This leadsto an almostperfectly repeated‘ground-track”
(projectionof the satellitepositionon the Earth)of the GPSsatellitesasshavn in Figure?2.1.
Due to this orbital revolution periodthe GPSsatellitesarein deep2:1 resonanceavith the
rotationof the Earthwith respecto inertial spacewhich givesriseto resonanc@erturbations
[Hugentobler 1997].

Thefirst GPSsatellitePRN 4 (PRN: Pseudo-RandorNumber)waslaunchedon Febru-
ary 22,1978. PRN 4 wasthefirst in a seriesof 11 so-calledBlock | satellites.The Block |
satelliteshadaninclination of about63° with respecto the equator At presentthe Block |
satellitesarenolongeractive. They werefollowedby theBlock I, 1A andlIR satellites.The
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Figure2.1: Ground-tracksf the GPSover 24 hours, 2 full orbital revolutions, for Junel,
1998.



2.1 TheGPS

GPS Space-crafts

Block IIR 'R
Figure2.2: GPSsatellitesof differentgenerations:Block I, Il andIIR (from Fliegel et al.
[1992]).

differentsatelliteBlock typesareshown in Figure2.2. TheBlock Il andllA satellitesarevery
similarandthereforeonly aBlock Il satelliteis shovn in Figure?2.2.

The operationalconstellationis realizedby the Block Il andBlock IIA satellites. The
first Block Il satellitewaslaunchedn Februaryl989. The currentconstellationconsisting
of 27 satellites,is listed, including somehistory, in Table2.1. The constellationcurrently
containsone Block IIR satellite,PRN 13. Table 2.1 givesboth, the spacevehicle number
(SVN) andthe pseudo-randomumber(PRN) of the satellitesthe dateof launch,the start
andendof operationandtheslot. Notethatwe will alwaysreferto thesatellitesby their PRN
codenumber The column“remarks” containsspecialinformationconcerninghe satellites,
e.g.,why the satellite stoppedoperationand problemsduring the operation. The following
remarksareof significancehere:

Wheels: Indicatethatthereareproblemswith the momentumwheelswhich areneededor
thesatelliteattitudecontrol. If all momentunwheelsfail thismeanghattheattitudehas
to be maintainedhroughthrusterfirings. In caseof (partial) failure of the momentum
wheelsthe so-called“momentumdumps”, achiesed by thrusterfirings, will become
much more frequent. Thesethrusterfirings cannotbe modeledvery accuratelyand
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thereforehave severeimplicationson orbit modeling.

Panels: SatellitePRN23cannotautomaticallypointits panelstowardsthe Sun. The panels
are“manually” adjustedonceperorbit revolution by the MasterControl Center

SLR LRA: Two satellites,PRN 5 and PRN 6, are equippedwith a LaserReflectorArray
(LRA) which enabletracking of the satellitesby the Satellite Laser Ranging(SLR)
system.For moreinformationaboutSLR seeChapter7.

All signalstransmittedby the satellite (summarizedn Table 2.2) are derived from the
fundamentafrequenyg (f,) of the satelliteoscillator Thetwo carrierfrequenciesy; and f,
(the correspondingvavelengthsare \; = 19 cm and A\, = 24 ¢m), aremodulatedwith the
codesandthe navigationmessagéo transmitinformationsuchasthereadingsof the satellite
clocks,theorbitalparameterstc. The C/A-code(Coarse-AcquisitionClearAccesspor Civil-
Access)is modulatedon the L, carrieronly. The P-code(Preciseor Protected)s modulated
on bothcarriers.

Therearetwo limitationsfor civilian usersnamelySelectedivailability andAnti-Spoofing,
briefly referredto as SA andAS, respectirely. Both deterioratehe achievableaccurag for
civilian userssignificantly

Selectve Availability (SA), thedenialof full accurag, is accomplishedby “manipulating”
navigation messag®rbit data(epsilon)and/orthe satelliteclock frequeng (dither). Sofar,
only the satelliteclock frequeng hasbeenmanipulatedWith this ditheringprocesgshe GPS
satelliteclocksareartificially degradedby addinga signalwith an unknavn frequeng and
amplitudeto theknow clockbehaior. Thisis doneto degradetheperformancef GPSfor the
“normal” users.Both, the frequeny andamplitudeof the addedsignal,changerapidly over
time. The amplitudeof this “clock dithering” is of the orderof 0.3 us (100 meters)andthe
frequeng is of the orderof only a few minutes.This SA clock ditheringlimits the accurag
of real time position estimatedo 25 metersRMS. Selectedmilitary) userspossesspecial
“keys” to remove the SA-effectin realtime giving themaccesso thefull navigationpotential
of GPS.,i.e.,onemeterrealtime absolutepoint positioning.

Figure 2.3 shaws the effect SA hason the satelliteclocks. It shawvs the satelliteclock
estimatesvery 30 secondsver a periodof 6 hoursfor day 307 of 1998. Two satellitesare
shovn, PRN 2 whichis affectedby SA andPRN 15 which is not affectedby SA. Thetypical
SA amplitudeof the order0.2—0.3us s clearlyvisible. The RMS of the clock variationsover
the 6 hourperiodare83.3nsand3.5nsfor PRN2 andPRN 15, respectiely, corresponding
to 25and1 meters.

Anti-spoofing(AS) is a protectionagainst'fake” transmission®y encryptingthe P-code
to form the Y-code. This ensureghat the GPSsignalscannotbe disturbed(spoofed)by a
GPS-like transmitteron the Earth. The anti-spoofingprocedurecorverts the P-codeto the
Y-codewhich is only usablewhena secretconversionalgorithmis availableto the recever.
TheY-codeis the“modulotwo sum” of the P-codeandthe encryptioncodeW. Only selected
(military) usershave accesso thecorversionalgorithm. Theeffectof ASis thatcivilian users
have only accesso the C/A-codeandthereforeonly to onesinglefrequeng. Thisdisableghe
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SVN | PRN | Block Launch Slot Operation Remark
Start End #Months

1 4 -1 22-Feb-78 — 29-Mar78 25-Jan-80 21.9 Clock
2 7 I-2 13-May-78 | - 14-Jul-78 | 30-Aug-80 255 Clock
3 6 1-3 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 1-6 26-Apr-80 — 16-May-80 | 10-Dec-90 126.8 Wheels
8 11 1-8 14-Jul-83 - 10-Aug-83 | 4-May-93 116.8 EPS
9 13 1-9 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 1335 Clock
11 3 1-11 9-Oct-85 — 30-Oct-85 | 27-Feb-94 99.9 TT&C
14 14 -1 14-Feb-89 | E1 14-Apr-89 112.6 Wheels
13 2 -2 10-Jun-89 | B3 12-Jul-89 109.6
16 16 -3 17-Aug-89 | E5 13-Sep-89 107.6 Wheels
19 19 -4 21-Oct-89 | A4 | 14-Nov-89 105.6 wheels?
17 17 I1-5 11-Dec-89 | D3 11-Jan-90 103.7
18 18 11-6 24-Jan-90 | F3 14-Feb-90 102.6 wheels?
20 20 -7 25-Mar90 - 19-Apr90 | 10-May-96 72.7 Wheels
21 21 11-8 2-Aug-90 E2 31-Aug-90 96.0
15 15 11-9 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 lIA-12 | 23-Feb-92 | A2 | 24-Mar92 77.2
28 28 I1A-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-Mar93 | C3 | 13-Apr93 64.6
37 7 IIA-20 | 13-May-93 | C4 12-Jun-93 62.6
39 9 lIA-21 | 26-Jun-93 | Al 21-Jul-93 61.3
35 5 IIA-22 | 30-Aug-93 | B4 20-Sep-93 59.4 SLRLRA
34 4 11A-23 26-Oct-93 | D4 1-Dec-93 57.0
36 6 IIA-24 | 10-Mar94 C1 28-Mar94 53.1 SLRLRA
33 3 IIA-25 | 28-Mar96 Cc2 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: GPSconstellatiorhistoryandstatusof Septembef998.

Component Frequency [MHZ]
Fundamentdrequeny fo = 10.23

CarrierL, fi=154 fo = 1575.42(\; = 19.0 cm)
CarrierL, fo=120 fo = 1227.60(\; = 24.4 cm)
P-codeP(t) fo = 10.23

C/A-codeC(t) fo/10 1.023
Navigationmessagé(t) f,/204600 = 50-107°

Table2.2: Component®f the GPSsatellitesignal.
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Figure2.3: Effect of SA on PRN 2 on Novemberl11, 1998. For referencealsoPRN 15 is
plottedwhichis the only satellitewithout SA.

possibilityto eliminateionospheriaefractionusingobsenrationsontwo differentfrequencies.
This furtherlimits theaccurag for thecivilian users.

For real time non-differential applications,the SA effect limits the accurag to about
100 meters. At this accurag level the effect of AS is negligible becausédoth, the effects
of a more precisecodeandthe ionosphereare negligible comparedo the 100 meterlevel
SA effect. For realtime differential GPSAS is the accurag limiting factor In differential
applicationsthe SA effect canceloutalmostcompletely Theaccurag is in this casdimited
by thedegradedaccurag of the codeandby ionospheriaefraction.

2.2 The GLONASS

Although our main focuswill bethe NAVSTAR GPS,we include a shortdescriptionof its
Russiarcounterpart.This RussianGLobal NAvigation SatelliteSystem(GLONASS), devel-
opedanddeployed by theformerUSSRandmaintainedoy the Russiarfederationhasmuch
in commonwith the GPSin termsof the satellite constellation the orbits, and the signal
structure.Both systemsareownedandoperatedyy their respectre defensadepartmentand
offer precise,global, and continuouspositioningcapabilities. Both transmitsignalson two
frequenciesn the L-band(1.2 GHz and1.6 GHz), andmake a subsebf signalsavailablefor
civil use.

10
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Thefully deployed GLONASS constellationis composedf 24 satellitesin threeorbital
planeswith ascendinghodesseparatedby 120° on the equator Eachorbital planecontains
8 satellitesequallyspacedvith a separatiorof 45°. Theargumentf latitudeof the satellites
in subsequenbrbital planesare shiftedby 15°. GLONASS orbits are almostcircularin an
altitudeof 19100 km with aninclinationof 64.8° w.r.t. the equator The siderealrevolution
periodof the GLONASS satellitesis approximatelyl1 hours15 minutes.As opposedo the
GPStheground-traclof the GLONASS satellitesdo notrepeaiafteroneday This avoidsthe
resonanceffectswhich makesstationkeepingof GPSsatellitesdifficult andexpensve. The
constellatiorof satellitesshouldguaranteehata minimum of 5 satellitesis in view to users
world-wide,with adequatgeometryi.e.,the GLONASS constellatiorallows for continuous
andglobalnavigation.

GLONASS is still in development. In Januaryl996the systemhada full constellation
of 24 active satellites.However, no new satelliteswerelauncheduntil December998. The
guaranteetifetime for the GLONASS satellitess about3 yearscomparedo 7.5yearsfor the
GPSBlock Il andllA satellitesand10yearsfor theBlock IIR satellites.Dueto thisrelatively
shortlifetime of the GLONASS satelliteshereremainonly 15 actve satellitesn April 1999.
The main adwantageof GLONASS is thatthereareno plansto degradethe signalsfor civil
use. This hasmajor advantagedor real-timeapplications.A significantdifferencebetween
GPSandGLONASS: s thatthe GPSsatellitesareall usingdifferentPRN codeson the same
frequeng, whereaghe GLONASS satellitesall usethe samePRN codebut slightly different
frequencies. The small frequeng differencesgive rise to compleity in the processingf
the carrierphasedata. Contraryto GPSall GLONASS satellitesare equippedwith a laser
retroreflectorarrayandmay thereforebe obsered by the groundstationtrackingnetwork of
the InternationalLaserRangingService(ILRS). For moreinformationaboutGLONASSwe
referto Habrich [1999].

2.3 The Observation Equations

We only review the mostimportantaspectf the obsenation equationdor GPS.For more
informationwe referto, e.g.,[Leidk, 1995;Kleusbeg and Teunissen1996]. Let us usethe
following notation:

k ... Index of aparticularrecever.

i ... Index of aparticulartransmitter

t ... Signalreceptiortime (GPStime).

t ... Readingof therecever clock at signalreceptiortime.

Ok ... Error of the recever clock at time ¢ with respectto GPStime. The signal
receptiontime ¢t maybewrittenas:t = t;, — ;.

T ... Signaltraveling time betweersatelliteandrecever.

5t ... Errorof thesatelliteclockattime ¢ — = w.r.t. GPStime.

7 (%) ... Positionof recever k atsignalreceptiortime .

11
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7i(t —7) ... Positionof thesatellitei atsignalemissiortime¢ — .
oL ... Geometricaldistancebetweensatellite: (at signal emissiontime ¢ — 7) and
recever k (atsignalreceptiortime t), alsocalled“slantrange”.

2.3.1 Code Observation Equation

Usingtheknown codegprovidedonthe GPScarriers the GPSreceversmeasurgéheso-called
pseudo-range: . .
Po=c((t+&)—(t—7+4d")) (2.1)

“pseudo”,becausef thebiasesntroducedoy thesatelliteandrecever clock errors.Usingthe
geometricatlistancep}, thecodeobsenationequationjn its simplestform, maybewrittenas:

Piy =0l +cd—cd (2.2)
where:
Pr ... Codemeasuremeratfrequeny F.

Notethatbothterms,c 6, andc §%, dependconthefrequeng F dueto thedifferentlocationof
the phasecentersof both,transmitterandrecever.

2.3.2 Phase Observation Equation

The GPSrecevermeasurethedifferencebetweenwo phasesTheobsenationequationmay
bewritten asfollows:

Upk(t) = ori(t) — p(t — 7) + njy (2.3)
where:
V4. (t) ... Phasemeasuremertn cycles)atepocht andfrequeny F.
orr(t) ... Phaseof thesignalgeneratedy therecever oscillatoratreceptiortime¢.
¢%(t —7) ... Phaseof thesignalgeneratedby the satelliteoscillatorat emissiortime ¢ — .
ny, ... Unknown integernumberof cycles(the so-callednitial phaseambiguity).

Usinga Taylor seriesdevelopmentruncatedafterthe termsof first orderwe may rewrite this
as:

Vi (t) = bri(t) — ¢L(t) +7 fr + 1y (2.4)
wherefr is thefrequeng of thecarriersignal. Takinginto accountherecever clock errordy,
andthe satelliteclock error ' the phasedifferencemaybewritten as:

Grk(t) — ¢p(t) = (6 — ) fr

Theobsenationequationis thengivenby:

V() = (6, — 6") fr + 7 fr + nlpy, (2.5)

12
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Multiplying this equatiorby thewavelength)\r of thecarrierwe obtainthe phaseobsenration
equation: _ ' _ _
Ly, =0, +¢cop —cd' + Ap nipy (2.6)

2.3.3 Measurement Delays

Phasemeasurementand code pseudo-rangeare affectedby both, systematicand random
effects. Let usmention,e.g.,satelliteorbit errors,clock errors,propagatioreffects, recever
clockerrors relatwvistic effects,antennaghasecentenvariationsandmultipath. Let usaddress
threeeffect, namelytropospheri@andionospheriaefraction,andtherelatiistic effect.

Ti ... Troposphericefractionj.e.,thesignaldelaydueto theneutral(i.e.,thenon-ionized)
partof the Earth's atmospherelt is importantthatthetroposphericefraction,in the
GHz region, doesnot dependon the frequeng andthatthe effect is the samefor
codeandphasaneasurements.

Ii ... lonosphericefraction,i.e., the signaldelayrespectiely phaseadwancedueto the
free electronsin the Earth’s atmosphere.The ionospheras a dispersve medium
for microwave signals,which meansthat the refractve index for GPSsignalsis
frequeng-dependent.

8¢ ... Relatvistic correction. The atomic frequeng standardsn the GPSsatellitesare
“affected” by general(gravity) andspecialrelatvity (the satellites velocity). The
predominanportionof theserelatwistic effectsis constantaind,dueto theircommon
height,commonto all GPSsatellites.The effectis thatthe clocksin orbit appeaito
runfasterby about40 usperday. Thisconstanpartis correctedor by adjustingthe
frequeng of the oscillatorsof the GPSsatellitesprior to launchby —0.00455 Hz.
The remainingpart of the effect, causedby the eccentricityof the orbit, is often
calledthe periodicrelatvistic effect.

The periodicrelatvistic effect is not commonlyusedin the GPSobsenation equationshe-
causdt is satellite-dependemtndthereforecanceldn the singledifferencebetweerstations.
However, it is importantif stationsand/orsatelliteclocksareestimatede.g.,whenapplying
undifferencegrocessingechniquesndfor absolutenavigation. Theeffect,whichmayreach
up to about50 ns (15 m), is easilycomputedoy theformula:

§t = F-+\a-e-sin(E)

2.
=T
with:
—2VGM
F="2V 00— 4449810 0=
c vm
where:

13
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Newtoniangravitationalconstant.
... Totalmassof the Earth.
M ... Productof G andM (398600.4415 - 10° m?3/s?).
Eccentricityof the satelliteorbit.
Semi-majoraxis of the satelliteorbit.
... Eccentricanomalyof the satellite.
* ... Geocentrigositionvectorof satellitei.
i ... Geocentrioselocity vectorof satellitei.
Velocity of light.

OO

O 3.3y mooO D

Takinginto accounthesethreeeffectsthe obserationequationg2.2) and(2.6) for bothfre-
guenciesaandbothtypesof measuremeni{godeandphasemayberefinedas:

L'y, = o =L +T—c6 +cé—cd + A n,

2
Li, = g}c—f—12[,’€+T,z—c<5£+05k—c5’+)\2n12k (2.7)
2
P, = oo+ +Ti—cb +cb—cd
2
P, = Q}'c+f—1[,i+T,j—céﬁ+cék—cdi

3

2.4 Forming Differences

We may form differencesof the original obsenration equationsn orderto eliminatesome
of the effectsin egns.(2.7). Elimination of the biaseshasthe advantagethat the number
of unknavn parametersnay be reducedsignificantly However, the consequences thatno
estimategor theeliminatedparametersvill beavailablelike,e.g.,satelliteandstationclocks.

2.4.1 Single Differences

The singledifferenceis a linearcombinationof two measurementsl herearethreedifferent
kindsof singledifferences:

Between stations: Differencebetweertwo simultaneousneasurementsf the samesatel-
lite from two differentrecevers. In this singledifferencethe satellitespecificterms(s*
andd’) arealmosteliminated.

Between satellites: Differenceébetweeriwo simultaneousmeasurementsom onerecever
to two differentsatellites.In this singledifferencetherecever clock error (4;) is elimi-
nated.

Between epochs: Differencebetweertwo measuremenfsom onereceverof onesatellite
attwo differentepochsin this singledifferencethe ambiguity(nt,) is eliminated.

14
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2.4.2 Double Differences

A doubledifferenceis a linear combinationof four simultaneousneasurementsr thelinear
combinatiorof two singledifferencemeasurement#lthoughothercombinationsnay make
sensea doubledifferenceusuallyconsistof the linearcombinationof two singledifferences
betweenstationsfor two differentsatellitesat the sameepoch. Figure 2.4 shavs the geom-
etry of a typical doubledifference In this doubledifferenceobsenation both, the station
andsatellitespecificeffects (¢, ¢, anddy), areeliminatedor at leastgreatlyreduced.This
doubledifferences the basicobserationusedin the Bernesesoftwarefor preciseparameter
estimation.t is definedby:

Thecorrespondingbsenationequationsare:

o = d T
i = di-Lrgenioon, @9)
Pl = on+ILi+T

Pl = di+ Ly

2.5 Relevant Linear Combinations and their
Characteristics

It is often usefulto form linear combinationsof the original carrierphaseand/orcodemea-
surements.This may be doneon ary differencinglevel. Let L; and L, representhe phase
obsenables,and P, and P, the codeobsenables,bothin meters.The main disadwantageof
forming linear combinationgs the increasedoiseof the linearcombinationascomparedo
thatof theoriginal measurement#\ generalinearcombinatiormaybewritten as:

LLC:CV'Ll-i-ﬁ'LQ (210)
with realcoeficientsa and 5. Thenoiseof thelinearcombinatiormaybewritten as:

oLc = \/062+ﬂ2'0'0 (211)

whereit is assumedhatthe original measurementd,; andL,, both hadthe samenoiseoy.
The relevant linear combinationsare discussedn the next sections their characteristicare
summarizedn Table2.3.
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Satellitei

satdllitej

Orbit Satellitei
Orbit Satellitej

Receiver |

Receiver k

Figure2.4: Geometryof atypical doubledifferenceobsenration.

2.5.1 The lonosphere-free Linear Combination

Thelinearcombinationof type (2.10)with the coeficients:

I N
“Tp-p™iTpog
yielding: .
Li= g (FLi—f L) (2.12)

is oftencalled“ionosphere-freebecauseéheionospherigathdelayis practicallyeliminated.
Thesameis truefor the correspondingombinationof codemeasurements:

1
P. =
T R-f2

Taking into accountthe doubledifferencephasemeasurementand neglectingtropospheric
refractionT}; in eqn.(2.9)theionosphere-freénearcombinatiorhasthe form:

(f2 P - f} Py) (2.13)

Léjl.cl = Q;c]l + BZZ’;JI.cl (2.14)
wheretheionosphere-frebias B, maybewritten as:
1

By, = ) (ff)\lnﬂz - f22)\2n§,'€l) (2.15)
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This biascannotbe expressedn theform \; nf,,, wheren?,, is anintegerambiguity If we
know the differencens),, = nf,, — n3, (the so-calledwide-laneambiguity), however, the
ionosphere-frebias B3, maybewritten as:

fo ij

g
B3y = ¢ 55 N

n% 2.16
f12 _ f22 1kl ( )

¢

_l’_i

fi+ fo

———
A3

wherethe first term on the right-handsideis known. The artificial wavelength; is only
aboutl1 cm. For obviousreasonghe unknovn ambiguity nY, in egn.(2.16)is oftencalled
narrav-laneambiguity

2.5.2 The Geometry-free Linear Combination

Thelinearcombinationof type (2.10)with the coeficients:
a=1and f=-1

yields:
L,=L,— L, (2.17)

It is independenbf recever and satelliteclocks and geometry(orbits, stationcoordinates).
It only containsthe ionospheriadelayandtheinitial phaseambiguities.It is well suitedfor

the estimationof ionospherenodelsand for cleaningundifferenceddata. The samelinear

combinationrmaybe appliedto thecodeobsenations.

2.5.3 The Wide-lane Linear Combination

Thelinearcombinationof type (2.10)with the coeficients:

~h =)
=R MRy
gives:
Ls = f1 1 fz (fl L, — f2 L2) (2-18)

It is often usedfor phaseobsenrationsfor the purposeof cycle slip detectionandambiguity
resolutionon the doubledifferencelevel. Using eqn.(2.9) andneglectingboth, ionospheric
refractionl,] andtroposphericefractionT};, we obtain:

.. .. C .. ..
Ly = op + =5 (k= Nigy) (2.19)
~~ ]
A5 N5k
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2 TheGlobalPositioningSystemsandTheir Obserables

Carrier Description Wavelength| Noise | lonosphere

reltoL, | reltoL,

Ly Actual Carrier 19cm 1 1

L, Actual Carrier 24cm 1 1.6

L3 lonosphere-freeC Ocm 3 0

L, Geometry-fred.C o0 1.4 0.6

Ly Wide Lane 86cm 5 1.3

Lg Melbourne-Wiebbenag 86cm - 0

Table2.3: Linearcombinationsf the L.; and L, obsenrables.L;—Lg arethe namingcornven-
tion of the BerneseGPSSoftwarepackage.

The artificial wavelength )5 is about86 cm andis approximatelyfour timeslongerthan \;
and\,. Thereforethis linearcombinationis calledthewide-laneandthe ambiguity:

i i ij
N5y = N1k — Mok (2.20)

is calledthewide-laneambiguity

2.5.4 The Melbourne-W Ubbena Linear Combination

The Melbourne-Wibbenacombinationis a linearcombinationof both, carrierphase(Z; and
Ly) andP-code(P; and P;) obsenationsdescribedoy [Wubbena 1985] and [Melbourne
1985]. Thiscombinatioreliminategheeffect of theionospherethegeometrytheclocks,and
thetroposphereThe combinationis givenby:

1 1
Ly = Li— fo Ly) — P+ f, P 2.21
6 fl _ f2 (fl 1 f2 2) fl +f2 (fl 1 f2 2) ( )
For doubledifferenceobsenationswe obtain:
Lehy = As ngyy (2.22)

With goodP-codedata(RMS < 1 m) this linear combinationmay be usedfor the resolution
of thewide-laneambiguitiesy;,,. Ontheundifferencedzerodifference)evel thesamdinear
combinationgives:

Lge = As ngy, (2.23)
which meanghatthis linear combinationmay be usedto checkzerodifferenceobsenations
for cycle-slips.Notethatonly thedifferencen’, — n%, canbechecledin thisway.
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3 Modeling the Observables

3.1 Definitions of the Time Systems

Therearethreedifferentsystemsf timein commonuse[Seidelmann1992]:

Dynamical Time: Theindependersirgumentn theequatiorof motions.Whenwe generate
ephemeridetor GPSsatelliteswe implicitly use(terrestrial)dynamicaltime.

Atomic Time: ThetimerealizedthroughatomicclocksontheEarthssurface.lt is thebasis
for auniformtime scaleonthe Earth. Theatomictime scaleis definedby thefrequeny
of the basicoscillation of the frequeng-determiningelement. The origin of the time
scaleis definedby internationakorvention.

Sidereal Time: Thetime definedthroughtherotationof the Earth. Althoughonceusedas
a measureof time by meansof astronomicabbsenations, it is muchto irregular by
today’s standards.

3.1.1 Dynamical Time

Dynamicaltime is requiredto describethe motion of bodiesin a particularreferencesystem
andaccordingto a particulargravitational theory Today generalrelatvity andan inertial
referencesystemarefundamentatonceptsThebestpossiblanertial referencédramewe can
accesdasits origin in the centerof massof the solarsystem(barycenter).Dynamicaltime
associatedvith this systemis called BarycentricDynamical Time (TDB, asfor mostother
time scaleshe abbreiation reflectsthe Frenchorderof the words). A clock fixed on Earth
will exhibit periodicvariationsaslarge as1.6 mswith respecto TDB dueto the motion of
the Earthin the gravity field of the Sun. However, in describingthe orbital motion of near
Earth satelliteswe neednot use TDB, nor accountfor theserelatvistic variations,because
both, the satelliteandthe Earth,are subjectto nearlythe sameperturbations For nearEarth
satelliteorbit computationsve may useTerrestrialDynamicalTime (TDT), which represents
auniformtime scalefor motionswithin the gravity field of the Earth.
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3 Modelingthe Obserables

3.1.2 Atomic Time

Thefundamentatime scalefor time keepingon Earthis theInternationalAtomic Time (TAI).
It resultsfrom analysedy the“BureaulnternationaldesPoidset Mesures”(BIPM) in Paris,
France usingdatafrom atomicstandardef mary countries.t is a continuoudime scaleand
senesin practiceto defineTDT:

TDT = TAI + 32.184 s

Thereis afundamentaproblemof usingTAI in practice;therotationof the Eartharound
its spinaxisis slowing down. ThusTAI would eventuallybecomanconvenientlyout of syn-
chronizationwith thesolarday This problemhasbeenovercomeby introducingCoordinated
UniversalTime (UTC), whichrunsatthesamerateasTAIl butis incrementedy leapseconds
whennecessaryNormally theseleapsecondsreintroducedat on Januaryl*t or July 15* but
they mayalsobeintroducedon March1** andSeptembet *:.

Eachof the worlds time laboratorieskeepsa local realizationof UTC. All theselocal
realizationsof UTC haveto besynchronizedThetechniquéo inte-compareandsynchronize
differentfrequeny standardss called“time transfer”. Time transfercurrentlydependsery
muchon GPSusingthe so-called‘common-viev” technique Time transfewill beaddressed
in ChapterB.

GPS System Time

All the clocks on boardthe GPSsatelliteshave to be tunedto GPStime. Becauseof the
independencef thesatelliteclocksvery precisesynchronizatioms mandatoryto giveaccurate
point positioning. This canonly be accomplishedy usingatomicclocks. Thereforeall the
GPSsatellitesareequippedwith a setof two cesiumandtwo rubidiumfrequeng standards.
For comparisonthe GLONASS satellitesareequippedvith threecesiumstandardsThe GPS
systentime is givenby its “CompositeClock (CC)”. The CC or “paper” clock consistof all
operationalmonitoringstationsandsatellitefrequeny standards GPSsystemtime, in turn,
is referencedo theMasterClock (MC) atthe USNOandsteeredo UTC(USNO)from which
GPStime will not deviate by morethanonemicrosecond.The exactdifferenceis contained
in thenavigationmessagé theform of two constantsAO andA1l, giving thetime difference
andrate of GPStime w.r.t. UTC(USNO,MC).UTC(USNO)itself is keptvery closeto the
internationalstandardUTC(BIPM), and the exact differenceis availablein nearreal time.
GPStime wasalignedto UTC on 6 Januaryl980andis not incrementedy leap seconds.
Thereforethetwo time scalediffer by anintegernumberof secondsBY definition,thereis a
constanbffsetof 19 seconddetweerthe GPSandTAI time scalesthatis, atary instantwe
have:

GPS=TAI -19s

Figure3.1shavstherelationshipbetweerthetime scales.
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3.2 ReferenceSystems

32.184 Dynamical Time (TDT)

09 Atomic Time (TAI)

19
inated Universal Time (UTC)

_Y__GPSTme________________________________ -

Figure3.1: Therelationshipbetweertime scales.

3.2 Reference Systems

3.2.1 Terrestrial Reference System

The distancebetweenthe recever andthe satelliteis the mostimportantconstituentof the
rangemeasuredy GPSrecevers. The recever positionis givenin a TerrestrialReference
System(TRS)which meetsthefollowing criteria[McCarthy, 1996]:

e It is geocentricthe centerof massbeingdefinedfor thewhole Earth,includingoceans
andatmosphere.

¢ lIts scaleis thatof alocal Earthframe,in the meaningof arelatiistic theoryof gravita-
tion.

e lts orientationwasinitially givenby the BIH orientationof 1984.0.

e lts time evolution in orientationshall createno residualglobal rotationwith regardto
thecrust.

A CorventionalTerrestrialReferenceSystem(CTRS)is realizedthrougha setof coor
dinatesfor a network of stations.The CTRS,which is monitoredby the InternationalEarth
RotationService(IERS),is calledthe InternationalTerrestrialReference&System(ITRS). Re-
alizationsof theITRS areproducedy the[IERSunderthenamelnternationalTerrestriaRef-
erenceFrame(ITRF). Currentlythe ITRF realizationsof the ITRS aredoneannually In the
designationTRF-yy the"yy” specifieghelastyearof which datawereusedin theformation
of theframe. Hencel TRF-96 designateshe frameof coordinatesandvelocitiesconstructed
in 1997usingall of the[ERS dataavailablethrough1996.
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3 Modelingthe Obserables

3.2.2 Celestial Reference System

Theequation®f motionfor a (artificial) satellitehave themostcorvenientform if expressedn
a CelestialReferencesystem(CRS). The celestialreferencesystemis realizedby a celestial
referenceframe definedby the precisecoordinatesof extra-galacticradio sourceswith its
origin atthebarycenteof the solarsystemandthe directionsof the axesfixed with respecto
thequasarsln compliancewith this,the|ERSCRSisrealizedoy thelERSCRFdefinedby the
J2000.0Cequatoriakcoordinate®f extra-galacticobjectsdeterminedrom Very Long Baseline
Interferometry(VLBI) obsenations.Thecatalogof sourcecoordinatepublishedn thelERS
AnnualReportsprovidesaccesdo the ICRS. Thedirectaccesso the quasarss mostprecise
throughVLBI obsenations,a techniquewhich is not readily availableto users. Therefore,
while VLBI is usedfor themaintenancef theframe,thetie of theICRFto themajorpractical
referencéramesmay be obtainedthroughuseof the IERS TerrestrialReferencd-rameand
the JPLephemeridesf the solarsystem.The IERS Earthorientationparameterprovide the
permanentie of theICRFto the I TRF.

3.2.3 Transformation between the Celestial and Terrestrial
System

The coordinatdransformatiorto be usedto go from the TRSto the CRSatthe epocht of the
obsenationcanbewritten as[McCarthy, 1996]:

[CRS] = PT(t)NT(t)RT(t)WT (t)[TRS] (3.1)

where:

PT(t) ... Transformatiormatrix correspondindo the precessiorbetweerthe reference
epochandtheepocht.

NT(t) ... Transformatiormatrix correspondingo the nutationatepocht.

R™(t) ... Transformatiormatrix arisingfrom therotationof the Eartharoundthe axis of
the CER

WT(t) ... Transformationmatrix arisingfrom polarmotion.

[CRS] ... Vectorin theCelestialReferencesystem.

[TRS] ... Vectorin theTerrestrialReferenceSystem.

Thetransformatiormatrix arisingfrom polarmotionis:
WY(t) = Ri(y,) - Re(x,) (3.2)

wherez, andy, arethe“polar coordinatestf the CEPin the TRS.Thetransformatiormatrix
arisingfrom therotationof the Eartharoundthe axis of the CEPhastheform:

RT(t) = Ry(—GST) (3.3)

whereGSTis the GreenwichTrue SiderealTime atepocht.
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3.3 The StationModel

3.3 The Station Model

Theorigin of theterrestrialreferencesystems the geocenteof the Earths massesHowever,
the Earth’s crustmay move relative to the Earth’s centerof mass. This translationaimotion
is known as “geocentermotion”. It is causedby the massmovementof planetaryfluids,
primarily the atmospherendoceans.The positionof a point locatedon the surfaceof the
solid Earth,relative to the Earth’s centerof massmaybe expressedy [McCarthy 1996]:

X(t) = Xo + Vot —to) + 3. AXi(t) — X,.(t) (3.4)
where
X(t) ... Positionvectorrelative to the Earth’s centerof massattimet.
X, ... Positionvectoratepocht.
Vo ... Velocity vectoratepocht,.
X; (1) ... Correctionsattimet, dueto varioustime changingeffects.
*gc(t) ... Theinstantaneousectortranslationof the Earth’s centerof mass(including
oceanandatmospherejttimet, relatve to its long-termtime-averagedosi-

tion.

The time changingeffects on the stationpositionare, e.g., solid Earthtidal displacements,
oceartidal loading, polarloadlng post- gIamakeboundatmospherlttoadlng

The setof positions(X,) andvelocities(V,) at epocht, constituteshe ITRF. The origin
of this systemis definedto be the long-termtime-averagedpositionof the Earth’s centerof
mass(includingoceansandatmosphere)ln GPSdataanalyseshesepositionsandvelocities
(X,, Vi) areusuallysolve-for parametersln global GPSanalysesve mayalsosolve for the
geocenteoffsetand/owariations(fgc).

3.4 The Satellite Orbit Model

Only a basicintroductionto satelliteorbit modelingis presentedhere.lt is basedon [Beutler,
199(, 199(, 1991; Beutleret al., 1996; Rothader, 1992, 1996], which may sene for
furtherreference.

3.4.1 Equations of Motion

Theequationf motionof anartificial Earthsatellitemaybewritten as:

—

- T N -
r=-GM - 3 +a(t, 7,7, q1,92, 43, - - -, Gm) (3.5)

wherethefirst termrepresentghe centralgravity termanda thetotal perturbingacceleration
with:
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Satellite

\
Satellite
\

Earth Perigee
ae o

(a) Semi-majoraxis a, eccentricitye, eccen- (b) Ascending node (2, inclination i, argument of
tric E, andtruer anomaly perigeev, andtheargumenibf latitudeuq of theSatellite
in the orbital plane

Figure3.2: Definition of the Keplerianelements.

G ... Newtoniangravitationalconstant.
M ... Totalmassof theEarth.
GM ... Productof G and M (398600.4415 - 109m3s~2).
7 ... Positionvectorof the satellitewith respecto the centerof massof the Earth.
n ... Dynamicalparameterge.g.,solarradiationpressurgarameters).
We mayalsowrite: L '
7= f(t, 7,7, 01,42, 435 - - -, Gm) (3.6)

Theseequationf motion (3.5 or 3.6) do notdefinea uniqueorbit (particularsolutionof the
equationof motion). We have to specifyin addition,e.g.,theso-callednitial conditionsata
time to: ) )

(o) = 7o , 7(to) = 7o (3.7)

This secondorderdifferentialequationsystem,n general cannotbe solved analytically be-
causethe function f/ may be very complicated. Therefore numericalintegrationalgorithms
have to beused.

In satellitegeodesywe aremainly interestedn elliptic orbitswhich maybe characterized
by the six KeplerianelementsseeFigure3.2. All six Keplerianelementsat epocht, maybe
computedrom the positionvectori(¢) andthe velocity vector#(t), see,e.g.,[Beutleretal.,
1996).
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3.4 The SatelliteOrbit Model

The perturbatiorterma is smallcomparedo the two-bodyterm (or centralgravity term)
andthe solutionof the unperturbedequationgs thereforea good approximatiorto the per
turbedsolution, at leastin the vicinity of the initial epocht,. It thereforemakes senseto
introducefor eachepocht aninstantaneousllipseandto speakof the Keplerianelementsas
evolvingin time. Letusassumehat(¢) and7(t) arethetruepositionandvelocity vectorsfor
eachtime argumentt asthey arecomputedrom theequation®f motion(3.6). Theosculating
elementsat time ¢ arethendefinedasthe Keplerianelementscomputedrom 7(¢) and(t).
In this way we gettime seriesof osculatingelementsu(t), e(t), (), (), w(t), and T, (1)
(perigeepassingime).

3.4.2 Orbit Improvement

Orbit determinationn its generakensas the problemof determininghefollowingn = 6+m
unknavn parameter®; that definea unique (particular)solution of the above setof three
equations:

{plap2a s apn} - {CL, €, 7;7 Q: w, Tpa q1,942, - - -, Q’m} (38)

The six Keplerianelementsat time ¢, definetheinitial conditionsof the problem. Insteadof
the Keplerianelementst would be possible,aswell, to setup the componentf the vec-
tors(ty) = 7o andi(ty) = 7o asunknonns. The parameterss, go, - . . , ¢, aretheunknavn
dynamicalparameterslescribingthe accelerationsictingon the satellite. All the parameters
pi (i = 1,2,...,n) referto a certaintime intenal [to, ¢;] whichis identicalwith thetime in-
terval containingall obsenationsusedto establisithe orbital parameterslf we only consider
thesolutionin thistime interval, we speakof a satellitearcwith anarclengthl = ¢; — ;.
Whenwe have to determinethe orbits of GPSsatellites,we may considermostof the
parameters,, ¢, . . ., ¢, definingtheforcefield to beknown veryaccuratelyThecoeficients
of thegravity field, e.g.,areknown with high precisionfrom SatelliteLaserRangingsolutions.
It is not possible however, to assumeaall dynamicalparameterso be known, e.g.,the solar
radiationpressurelLet usassumehatwe have anapproximatea priori orbit available. Thisa
priori orbit 7% (¢) mustbe a solutionof the sameequationsf motionwith approximatesalues

(7o, 7o, G10, - - - , gmo) fOr the samesetof parameters:
To=—-GM - r—g +d(t, 70,70, G105 - - -  Gmo) (3.9)
0
7o(to) = (ao, eo, o, o, wo, Tpo; to) (3.10)
fo(te) = 7(ao, €o, t0, o, wo, Lpo; to) (3.11)

whereay, e, 9, 0, wo, Tpo andg;, aretheapproximatersaluesp;, of theunknavn parameters
p;- We maynow linearizethe unknavn orbit 7(¢) by developingit into a Taylor serieswhich
we truncateafterthelinearterms:

mt) =7t + 2 5 — - (i = poo) (3.12)
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3 Modelingthe Obserables

The unknawn orbit 7(¢t) is thusrepresentea@sa linear function of the unknovn parameters
pi i = 1,2,...,n). To setup a leastsquaresalgorithm we needto computethe partial
derivativesin eqn.(3.12).Let usfirst introducethefollowing symbolfor the partialderivative
of the orbit with respecto oneorbit parametep € {p:,pa, ..., pn}:

. oro(t)
t) =

A0 =3

Takingthetotal deriative of theequation®f motion(3.9) with respecto theparametep, we

obtaina differentialequationsystenfor the partialderivativesz(t):

(3.13)

Z=Ag-Z+A,-Z+3d, (3.14)
whereA, andA; are3x3 matriceswith elementgefinedby:
Agir = Of; ik=1,2,3 (3.15)
87”()’]C
A= in ik=1,2,3 (3.16)
8r0,k
and: 9
N a
ap = o (3.17)

We usedf; hereto denotethe componentof the vector function f in egn.(3.6). All the
partialshave to be evaluatedusingthe known a priori orbit 7% (¢). Equationg3.14)arecalled
the variationalequationgonefor eachparametep;) belongingto the original equationsof
motions(3.9), alsocalledthe primary equationsn this contect. Theinitial conditionsfor the
variationalequationg3.14) may be obtainedby taking the partial derivatives of the initial
conditions(3.10)of the primary systemwith respecto theunknavn parametep:

Z(to) = %ﬁf@ Z(to) = %ﬁf@ (3.18)
Forp € {a,e,i,Q,w,T,} wehave:

@, =0, Zt)#0,  Z(t))#0 (3.19)
whereador p € {q1, 2, . . ., 94} We have:

i, #0, Z(t)=0, Z(ty) =0 (3.20)

In summarywe may say thatin an orbit improvementstepwe have to solve, in additionto
the non-linearprimary equationg(3.9, 3.10), one linear differential equationsystem(3.14,
3.18)for eachorbit parametep; to obtainthe partial derivatives Z(¢) of the orbit 7(¢) w.r.t.
the parameterp;. All thesedifferentialequationsystemshave to be solved usingnumerical
integrationmethods|[Beutler, 1998]. Let usalsomentionthatbecauset presenino velocity
dependentorcesaremodeledor the GPSsatelliteorbitswe mayassumehat:

Ayp=0 i k=123 (3.21)
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3.4 The SatelliteOrbit Model

3.4.3 Accelerations Acting on the GPS Satellites

Let usnow have a closerlook atthe seconderma on theright handsideof the equationsf
motion(3.5). This perturbingaccelerations composeaf:

d = dns + Gys + Grip + GrPR + Grest (3.22)

wherethevariousaccelerationaredueto:

dins ... Non-sphericityof the Earthgravity potential.

dus ... Gravitationalacceleratiomuetothe MoonandtheSun.
drip ... Earthtidal potential.

drpr ... Solarradiationpressure.

Grest  --- Sumof all remainingsmallaccelerationg< 10~%m/s?).

Table 3.1 summarizeghe order of magnitudeof the variousperturbingaccelerationgcting
on the GPSsatellites. Two differentapproachesverechosento studythe magnitudeof the
accelerationsFirst, a referenceorbit wasgeneratedy integratinga given setof osculating
Keplerianelementover atime periodof threedays(72 hours)usinga standardrbit model.
For this purposehefull GPSsatelliteconstellatiorof Januaryl, 1998wasused.

For the first approachthe samesetof osculatingKeplerianelementsvasintegratedover
the sametime periodof threedayswith the respectire acceleratiorturnedoff. Consequently
the RMS differencebetweerthis perturbedrbit andthe referenceorbit over the full 72-hour
arc-lengthwascomputedandis shavn in the left half of Table3.1. In the secondapproach
thepositionsof theperturbedrbit wereusedaspseudo-obseationsin anorbit determination
processvherewe againusedthe samestandararbit modelwhichwasusedfor thegeneration
of the“referenceorbit”. In this orbit estimatiorstepwe characterizeachorbit by 11 parame-
ters;six for theinitial conditionsandfive for the solarradiationpressureThesearethe same
parametersve currentlyusefor our routineGPSorbit computationsConsequentlyhe RMS
differencebetweenthis fit throughthe perturbedorbit and the perturbedorbit over the full
72 hourarc-lengthwascomputedandis alsoshavn in Table3.1.
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3 Modelingthe Obserables

RMS orbit differenceover 3 days

RMS of orbit determination

28

PerturbingAcceleration Radial Along Cross Total | Radial Along Cross Total
units: meters units: meters
Earthoblatenes$Cs) 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 33
Caz S22 80 498 10 504 3 3 4 5
Crm Snm (N,M=3..8) 11 204 10 204 4 13 5 15
Crm Snm (N,m=4..8) 2 41 1 41 1 2 1 2
Crm Snm (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
Relatvistic Effects 17 584 0 585 4 1 1 5
OcearTides 12 221 22 223 4 11 8 14
Venus Jupiter Mars(grav.) 8 157 44 164 3 3 13 13

Table3.1: Effectof differentperturbation®n a GPSsatelliteover 3 days.




4 The International GPS Service and
Its Products

4.1 The International GPS Service

Over the last decadeGPSstartedplaying a major role in regional and global studiesof the
Earth. In view of a continuedgrowth anddiversificationof GPSapplicationsthe scientific
communityhasmadean effort to promoteinternationalstandard$or GPSdataacquisition
andanalysis,andto deploy andoperatea common,comprehensi globaltrackingnetwork.

As partof this effort, thelnternationalGPSService(IGS) wasestablishedby theInternational
Associationof GeodesyIAG) in 1993andbeganofficial operationn Januaryl994.

Usually, theInternationalAssociatiornof GeodesyIAG) GeneraMeetingin August1989
in Edinburgh, UK, is consideredsthestartingpointfor thelGS. ThelGS planningcommittee
wascreatedshortlythereafteandthelGS call for participatiorwassendoutin Februaryl991.
At the XX [UGG GeneralAssemblyin Viennain August1991the|GS planningcommittee
wasreoiganizedandrenamedGS campaigroversightcommittee.This oversightcommittee
organizedhe 1992IGS TestCampaigrscheduledrom June21to SeptembeR3.

The 1992o0perationaveresosuccessfulthatdatacollection,processingandproductdis-
seminationcontinuedwithout interruptionafter Septembef3, 1992, first on a “best effort
bases”then,startingNovemberl, 1992 ,asthe“IGS Pilot Service”.Duringthis pilot phasan
1993,thelGS Termsof ReferenceverewrittenandthecurrentiGS structurevasestablished.
The official startof the IGS took placein Januaryl994. In Decemberl997the nameof the
IGS wasslightly changed.The original namewasInternationalGPSServicefor Geodynam-
ics. Dueto the enormousexpansionof the IGS the term “for Geodynamicsivasno longer
consideredo accuratelyreflectall IGS actwities, which now alsoincludedatmospheristud-
ies. For moreinformationconcerninghisearlyphaseof thelGSseege.g.,MuellerandBeutler
[1992],Beutleretal. [1994a].

ThelGS s basedon the voluntarycontritutionsof a large numberof organizations.The
currentstructureof the IGS consistf [IGS, 1998]: global network of trackingstations,op-
erationalcentersyegional datacenters global datacentersanalysiscenters/AC), associate
analysiscenters(AAC), analysiscentercoordinator(ACC), centralbureau(CB), governing
board(GB), andworking groups. Accordingto the Termsof Referencehe accurag of the
IGS productsshouldbe sufficientto supportcurrentscientificobjectvesincluding: scientific
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4 ThelnternationalGPSServiceandits Products

satelliteorbit determinationsmonitoring Earthrotation, realizationand easyglobal accessi-
bility to thelnternationalTerrestriaReferencd-rame(ITRF), monitoringdeformation®f the

solid Earth,andvariationsin theliquid Earth,climatologicalresearcheventuallyweatherpre-

diction, andionospheranonitoring. The primary objectve of the InternationalGPSService
(IGS) s to provide thereferencesystemfor a wide variety of scientificandpracticalapplica-

tionsinvolving GPS.To fulfill its rolethelGS produces numberof “fundamental’products,
which are: GPSdatafrom a global network of about200 stations GPSsatelliteorbits, GPS

satelliteclocks, Earthrotationparametersstationcoordinatesandvelocities,stationspecific

tropospherizenithpathdelays(ZPD), globalionospherenaps,andGPSrecever clocks.

At the startof the IGS TestCampaignn 1992the focuswasmainly on the GPSsatellite
orbits. Thegoalwasto provide orbitsof anaccurag whichwouldallow the“normal” geodetic
GPSuserto avoid orbit determinationTheeffectof anorbit errord R onanestimatedaseline
components givenby thefollowing “rule of thumb”, see[Bauegima, 1983]:

L

dxr ~ dR - 7 (4.1)
where L and dx are baselinelength and baselinecomponenterror and R, dR are satellite
distanceandorbit error. Fromeqn.(4.1) we seethatfor a baselinewith length L = 400 km,
dR = 2 m (typical error for the GPSbroadcasorbits),and R = 20000 km the baseline
componenerrorwill beabout40mm. UsinglGS orbits,assumingnorbit error(d R) of about
100mm, the baselindengtherrordueto the orbit errorwill beatthe2 mm level. Figure4.1
illustratesheeffectof theorbit qualityonbaselineestimatesjuitenicely. A Europearbaseline
of approximately400 km was processe@nceusingbroadcasbrbits andonceusingprecise
IGS orbits, both solutionswereperformedover a periodof about100days. The coordinates
of onestationwerekeptfixed, whereaghe coordinate®f the secondstationweresolvedfor.
Figure4.1shavsthevariationof the daily positionestimate®f the secondfree station,from
both solutions. The RMS of the variationsusingbroadcasbrbitsis 13, 24,and23 mmin the
north, east,and up directions,respectrely. This correspondsgjuite 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,eastandup directions respectiely.

In the following sectionswve will have a closerlook atthe IGS products.Our mainfocus
will beontheproductsasgeneratedy the Centerfor Orbit Determinatiorin Europe(CODE)
for thelGS sinceJunel992. CODE s oneof the sevenIGS AnalysisCentergACs). Where
needede.qg.,for comparisontheproductsof otherACsarealsoshavn. For moreinformation
aboutthe IGS andall its componentsee,e.g.,the IGS Annual Reports[Zumbege 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 Cartographyand Geodesy

30



4.2 TheCenterfor Orbit Determinatiorin Europe

50
50

Residuals (mm)
0

Residuals (mm)

50

L L L L L L L L L L L L
200 220 240 260 280 300 200 220 240 260 280 300
Day of Year 1998 Day of Year 1998

(a) Usingbroadcasbrbits (b) UsingIGS orbits

Figure4.1:Residual®f daily positionestimate®n a400km baselinausingorbitsof different
quality.

(BKG, formerly IfA G), Frankfurt,Germauy, the Institut GEographiquéNational(IGN), Paris,
France,andthe Astronomicallnstitute of the University of Berne(AIUB), Berne,Switzer
land. Although CODE s primarily a global IGS Analysis Center(producingall global IGS
products)jt lays— accordingto its nameandthe participatinginstitutions— specialemphasis
on Europe.Thisis mainly reflectedby thethreefollowing actvities at CODE:

e Aboutonethird of thesitesincludedin the global CODE solutionsare Europearsites.
This shouldguarante¢hatthe CODE orbitsareof bestpossiblequality over Europe.

e Separatelya network of about40 Europearsitesis processean a daily basissinceday
204 (23 July),1995,usingdifferentprocessingptions.

e CODE hasalsobeenappointedto combinethe weekly solutionsof presentlyl2 re-
gionalprocessingenteran Europeinto oneofficial weekly EUREF(EuropearRefer
enceFrame)solution.

CODE s locatedat the AIUB. All solutionsandresultsare producedwith the BerneseGPS
Software[Rothater and Mervart, 1996]. Currentlyversion4.3 of the softwareis used. For
moreinformationaboutCODEandits IGSandEUREFactvitieswereferto theCODEannual
reportsfor thelGS [Rothateretal., 1994,199%, 1996, 19974].

Threemajorprocessingroceduresirerunningat CODE every day: thenormallGS pro-
cessingto generatehe CODE final products,the so-calledrapid orbit solutionto generate
orbits for the “previous” day including predictedorbits which canbe usedin realtime, and
the computatiorof a Europearsolution. Thefollowing sectionswill give a brief overview of
theseroutineprocedures.
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4.2.1 Daily Global Routine Processing at CODE

A flow chartof the normalIGS routineat CODE is shawvn in Figure 4.2 and discussedn
somedetailbelon. Onehourbeforethe startof the routineprocessingthe dataavailability is
checled. ThelGN Global DataCenterandthe BKG Regional DataCenterprovide us with
thedataof the stationswve wantto processFor severalreasonsheremaystill bedatamissing
andthereforethe attemptis madeto downloaddatathatis missingfrom CDDIS or SIO, the
two otherglobal datacenters. Under normal circumstancesnly a few stationshave to be
downloadedn this step.

The routineanalysisstartsat 20:001ocal time with the processingf the datathatwere
collectedthree daysbefore. After the download step, all RINEX (Recever INdependent
Exchangdormat[Gurtner, 1994]) obsenation and navigationfiles aretransformednto the
Bernesdormat,thecodeobsenationsarechecledfor outliers,andcodesinglepoint position-
ing solutionsarecomputedor eachstation. This stepis necessaryo obtainthe synchroniza-
tion errorsof therecever clockswith respecto GPStime. Broadcasephemerideandclocks
areusedin this step.

The next part of the routine procedureshouldresultin a setof cleandoubledifference
phasedata.Becausehe orbit quality is importantfor datacleaningthis procedurealsogener
atesa global 1-daysolutionof areasonablgoodquality. Parametergstimatedn this 1-day
solutionare: orbit parametersRPs(including ERPdrifts), stationcoordinatestroposphere
zenithdelays,andtropospherigradients Theresultsof this 1-daysolutionarelabeledG1.

The procedurdor the 3-daysolutionsstartswith the computatiorof a globalionosphere
modelusedfor the ambiguity resolutionstepwhich follows. Ambiguitiesarefixed only on
baselineshorterthan2000km. The so-called'‘Quasilonospherd-ree”(QIF) methodis used
to fix the L; and L, doubledifferenceambiguitiego theirintegervaluesMervart, 1995].On
theaverager0%of theambiguitiesarefixedonthesebaselinesThisrelatively low percentage
is causedy the low elevation cut-off angle(10°) whichis currentlyused.With anelevation
cut-off angleof 15° the percentagef fixed ambiguitieswould be at the 85% level. Thelow
elevationdataareobviously of inferior quality.

After theambiguityfixing (onthesinglebaselindevel) a new, completel-daysolutionis
generatedThis 1-daysolutionis performedby stackingthe normalequationf threediffer-
entnetwork parts,calledclusters[Brockmann 1997]. Within theseclustersthe correlations
betweerthe doubledifferenceobsenationsaretreatedcorrectly Fromthis solution(Q1) the
full 1-daynormalequationsystemis savedfor laterusein the 3-daysolutions. Thesel-day
normalequationNEQ) files containall parameterghatmightbeof interestateron,i.e., orbit
parametersstationcoordinates2-hourly Earthrotationparametersjutationdrifts, geocenter
offsets,tropospherizenithdelays,andsatelliteantennaffsets.

Two other1-daysolutions,called S1and S1N, aregeneratedasedon the Q1 NEQ file.
The S1 solutionis generatedo obtainthe bestpossiblel-dayorbits. This solutionis useful
becausé allowsto studytheorbit differencedbetweerl-dayand3-daysolutions.In compar
isonwith the G1 solutionit alsoshaows the effect of ambiguityfixing andcorrectcorrelations
(in the threeclusters)on the orbit estimates.The S1N solutiongenerates small NEQ file
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Figure4.2: Flow diagramof the IGS dataprocessingt CODE.
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Figure4.3: Theglobalnetwork of stationsusedin the CODE routineanalysis.

which containsonly stationcoordinatesgeocenterandsatelliteantennaoffsets. Thesesmall
NEQ files arevery usefulfor generatingandstudyingtime seriesof coordinateestimates.

The 3-daysolutionsare producedoy combiningthe normalequationof the currentl-day
(Q1) solutionwith thenormalequation®f theprevioustwo 1-daysolutions.In this procedure
the three1l-dayorbital arcsare combinedinto one 3-day orbital arc [Beutleret al., 199@o].
Currentlyfive slightly different3-daysolutionsare createdn this way, labeledS3, R3, X3,
Y3, andZ3. The S3 solutionis generatedo save a small 3-day NEQ file containingonly
stationcoordinatesERPs,geocenterandsatelliteantennaoffsets. The othersolutionsdiffer
only in theestimatecrbit parameters.

Finally, a clock solutionis computed wherethe satellite and stationclocks are solved
for simultaneouslysingundifferencedsmoothedcodeobsenations. All relevant estimated
parametersiretaken from the 3-daysolution: satelliteorbits, ERPs,stationcoordinatesand
tropospheriadelays. This ensureghat the clock estimatesare compatiblewith theseother
products.

Figure 4.3 shavs the map of the completenetwork of stationsusedfor the normallGS
routineanalysisat CODE (May 1999).Fromthe selectedl41 sitesat maximum100sitesare
usedon ary particularday.

The rapid solution,which is computedwithin 17 hoursafterthe obsenationswere col-
lected,is generate@longthe samelines, but only one1-dayandone 3-daysolutionaregen-
erated.Furthermoreminor differencesexist to speedup the processingn orderto guarantee
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4.2 TheCenterfor Orbit Determinatiorin Europe

afastsubmissiorof theresults.

4.2.2 Daily European Routine Processing at CODE

The Europeametwork is usedto testand study different processingstratgies. Currently
eightdifferentEuropearsolutionsaregeneratedor eachday. Their characteristicare (note
thatthereis only onestratgyy changefrom solutionto solution):

EG_: Full network solutionwithout ambiguityfixing usinga cut-off angleof 15°. For each
stationl2troposphereenithdelayparameterareestimatedA priori the Saastamoinen
modelis usedto correctfor the tropospheridelay[Saastamoinenl972]. The tropo-
sphericzenithdelaycorrectionswvith respecto theapriori modelareestimatedy using
thesimplemappingfunction ——, wherez is the zenithangle.

cos(z)’

EQB: SameasEG._ solutionbut with ambiguitiedixedto theirintegervaluesandestimating
24 insteadof 12 tropospherizenithdelayparameterger station. On the average80%
to 90%of theambiguitiesareresohedusingthe QIF ambiguityresolutionstrategy. This
solutionis usedto studytheimpactof ambiguityfixing.

NMF: SameasEQB solutionbut usingthe Niell mappingfunction[Niell, 1996] without a
priori correctionsfor the tropospheriaelays. With a cut-off angleof 15° degreesno
significantdifferencesareexpectedw.r.t. the EQB solution.

NMW: SameasNMF solution,but usingelevation-dependemeightingof theobsenations.
The weight of the undifferencedobsenationsis given by the squareof the cosineof
the zenithangle(cos? z). Becausehe dataat low elevationsis likely to be nosierand
suffer morefrom multipath effects, elevation-dependenweightingof the datamay be
important.

EQ.. SameasNMW solutionbut usinga cut-off angleof 10°. A lowerelevationcut-off angle
shouldgive a betterdecorrelatiorof stationheightsandtropospherialelay estimates.
However, lower elevationdatawill probablybe nosierandmay shov morecycle slips
andmultipatheffects.

ET_:. SameasEQ. solutionbut usingthetropospheridelayestimatesrom the CODEglobal
solutionfor thosestationsvhicharecommonto both,theglobalandEuropeametwork.
Theideabehindintroducingtropospheriaelaysbasedn a global GPSsolutionis, that
in regional networks it is difficult or even impossible(dependingon the size of the
network) to correctlyestimatethe absoluteropospheriaelays. Thereforejt couldbe
anadwantageo introducetropospherestimategor atleastoneof theregionalsites.

NM5: SameasEQ_ solutionbut usinganelevationcut-off angleof 5°.

NMG: SameasNM5 solutionbut solvingin additionfor tropospherigradients.Theasym-
metryin thetropospherenay play a significantrole atlow elevations.
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Figure4.4:Improvementof the IGS combinedorbit productsincethe official startof thelGS
in 1994.

4.3 IGS Products and their Quality

The main productsof the IGS arestill the GPSorbits, althoughother productshave gained
someattentionaswell. In this sectionwe will illustrate the precisionof someof the IGS
productsto shav, the improvementof the IGS resultsover the last coupleof yearsandthe
quality achiezedtoday

4.3.1 Orbits

Figure4.4showvstheorbit quality of theindividual IGS ACsasafunctionof time. Thequality
of the IGS orbit estimatehasimproved from a 200 mm to a 30 mm level in a time period
of 5 years. Figure4.4 only shavs the internalconsisteng of the IGS productsandnot their
accuray. It givesafair measuref the performancef theindividual ACs.

Notice alsothe quality of the IGS rapid orbit (IGR) in Figure4.4. This orbit productis
availablewith adelayof currentlyonly 17 hoursafterthe endof obsenationandits quality is
comparableo thatof the bestfinal products.
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4.3.2 Earth Rotation

Sincetheverybeginningof thelGS actwitiesin 1992,EarthrotationparameteréERPs)were
considereé@nimportantproduct.Soonafterthe startof thelGS the[IERS sub-lureaugenerat-
ing theBulletin A poleseriesrecognizedhetimelinessof the GPSERPestimatesandstarted
to rely onthis sourceof informationfor the X- andY-componenbf the Earthrotationaxis. By
1996,Bulletin A valueswerebasedo about75% on IGS estimatesFor UT this percentage
Is substantiallysmaller(few percentonly) becausef the correlationbetweerthe ascending
nodeof the GPSorbitsandtherotationof the Earth. This is a problemfor all satellite-based
UT, estimatesThe contritution of the GPSestimatego thefinal [ERSERPvaluesthe“C04”
serieshadgrown to about45%in 1996[Gambis 1996]. Anotherimportantaspecbf theIGS
ERPseriesis the high time resolutionof onevalueperday The othertwo spacetechniques
contrikuting to the establishmendf ERPs,SLR andVLBI, provide estimategypically once
per 3-5 days. For SLR this spacingis causedy the lack of trackingdata. For VLBI this
spacingis causeddy the obsenation schedule.With the plannedvVLBI CORE (Continuous
Obsenationsof the Rotationof the Earth)operationghis aspecwill improve.

Figure 4.5 shaws the differencebetweenthe CODE ERP estimatesand the Bulletin A
values.A significantimprovementrom the0.5maslevel in 1993to the 0.1 maslevel in 1999
may be obsenred. The offsetof the X-componenbf about0.3 masis significant. This offset
is seernby all sevenlGS analysiscentergseee.g.,IGSREPOHR # 6021)andis clearlyabove
thenoiselevel of theestimatesThis indicateshatthereferencdrame,asrealizedby theIGS
productsdiffersfrom thereferencdramethe Bulletin A polevaluesarereferringto.

4.3.3 Station Coordinates and Velocities

ThelGS allows the estimationof stationpositionsfor a large globalnetwork with a precision
of afew millimetersin thehorizontalandaboutl O millimetersin theverticaldirection.Crustal
movementshusmaybe detectedvithin afew months.To give anideaof the precisionof the
IGS coordinateestimatedrigure 4.6 shavs the weekly coordinateestimatesof the station
Zimmerwald in Switzerlandafter remaoving an offsetanddrift. The RMS of theseresiduals
is 3, 4, and8 mm for the north, eastand up directions,respectrely. However, significant
systematieffectsmay be obseredin this kind of time series|.e., theresidualsarefar from
beingrandom.Theheightcomponentn particularshaws clearsignals.Oftenanannualerm
Is obseredwhich may be causedy multipatheffects. Annual periodsin 24-hoursolutions
are expectedfor multipath becausef the 4 minute rotation per day of the satellite—station
geometryresultingin ayearlyperiodof the satellite—statiogeometry An annualsignalmay
alsobeobseredin Figure4.6for the heightresidualf thelast2 years.

Basedonthetime serief coordinateestimatesve mayestimatahevelocitiesfor all sites
in the network. Figure4.7 shavs the estimatedhorizontal)velocity vectorsfor all 164 sites
which wereusedin the CODE IGS processingver the last6 years. The movementsof six
of the seven major platesmay easily be detected:Eurasia,North-America,South-America,
Nazca,Pacific, and Australia. Only the movementof the African plateis difficult to see
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Figure4.7: Estimatedhorizontalvelocitiesfor 164 sitesbasedon 6 yearsof continuousGPS
obsenrations.

becauseonly few stationsare locatedon this plate. Interestingto seeis the movementof
the site “MONP” in California. This site is locatedon the pacific plate ratherthan on the
North-Americarplate. Thelarge differentialvelocity betweerthesetwo plates,asseenn the
velocity estimategor “MONP” comparedo the velocitiesof the sitesnearbylocatedon the
North-Americarplate,is responsibldor the frequentandstrongearthquaksin 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 additionmary regional arrayshave beenandare beingdeplo/ed. Becauset is
not feasiblenor usefulto processa network of morethanapproximately200 stationsin the
sameadjustmeniprocesst is clearthatthe IGS ACs will never processall the worldwide
operationabermanenstations. Thereforejn 1994,the IGS startedthe densificatiorproject
whichaimedatadistributedprocessingBlewitt etal., 1994;Zumbege andLiu, 1994].In this
schemaall (permanent)GS stationsare processedy at leastone AC or Regional Network
AssociateAnalysisCenter(RNAAC). Theresultsof all thesedifferentdistributedprocesses
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arethancombinedatthe GlobalNetwork AAC (GNAAC) level.

EUREFis oneof the RNAACs providing a coordinatesolutionto the IGS on a weekly
basis. The EUREF solutionitself is alreadya combinedproductbasedon the contributions
from currently 12 different EUREF analysiscenters. CODE is one of the EUREF analysis
centersaandit is responsibldor thecombinationof theindividual AAC resultsinto theofficial
EUREF combinedsolution. Eachof the EUREF AACs processes certainsubsetof the
availableEuropearpermanenGPSrecevers.Resultdbhasednacompletg GPS-)weekworth
of dataaresubmittedoy eachof the AACsin the SoftwareINdependenEXchangg SINEX)
format[Kouba 1996]. All AAC SINEX files arerigorouslycombinedon a weeklybasisinto
theofficial EUREF(weekly) combinedsolution. Theseweeklycombinedsolutionsdefinethe
EUREFreferenceframe. Furthermorethey arethe EUREF contrikution to the realization
of the ITRF andto the IGS densificationproject. For more information aboutthe EUREF
activitieswe referto [Springer etal., 1997;Bruyninx 1997;Bruyninxetal., 1998].

Reagional solutionsare sensitve to referencedrame changesf the orbits becausell re-
gional solutionsare processedkeepingthe IGS orbits fixed. This impliesthatthe reference
framechange®f theorbitswill shov upin thecoordinateestimate®f theregionalsolutions.

Referencdramechangeccurredsereraltimesin the IGS history whenchangingfrom
onelTRF realizationto thenext, e.g.,from ITRF-92to ITRF-93. Figure4.8shavsthechange
from the ITRF-93to the ITRF-94 (endof Junel996)producingjumpsin the northandeast
componentof the coordinateestimatedor the site Maspalomas.In fiducial free network
solutionsthe referencdramechangemay alsobe obseredin the transformatiorparameters
betweerthe individual weekly solutionandthe combinedsolution, basedon all the weekly
solutionsasalsoshowvn in Figure4.8.

The expectedreferenceframe changefrom ITRF-93to ITRF-94, is approximately-1.3
and-1.0masfor the X- andY-rotations respectrely (seel GSMAIL # 1384and# 1391).The
obsered network rotationsagreequite well with thesevalues. Notice alsothat the change
from ITRF-94 to ITRF-96 in March 1998 doesnot shav ary signalthanksto the fact that
the orientationof both ITRFsis nominallythe same.Thesereferencdramedifferencehave
to be accountedor when combiningregional solutionsbasedon differentreferenceframe
realizations.
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5 Investigations Based on CODE and
IGS Products

5.1 Developments at CODE

CODE hasbeenpartof the IGS sinceits foundationin Junel1992. Thusby now, May 1999,
CODEhasbeenprocessinghe GPSobsenationsof a globalnetwork for almost7 years.Ta-
ble5.1liststhemoresignificantchangebetweenJunel992andDecembefl995andTable5.2
shonvsthechangesincel996.

Apartfrom theseprocessingmprovementsthe numberof stations(andconsequentlyhe
numberof obsenrations)includedin the global network asprocessedhy CODE, steadilyin-
creasedrom about20 atthebeginningin Junel992to 100by mid 1998.Furthermoreduring
the early phaseof the IGS alsothe numberof satellitesincreasedapidly from 19 to 25 in
oneyear Theincreaseof both,the numberof satellitesandthe numberof stationsover the
last6 years,is shavn in Figure5.1. All theimprovementdsn the processingsgchemeandthe
increasef the numberof stationsandsatelliteshave significantlyimprovedthe quality of the
CODE IGS products. Below we will have a closerlook at the influenceof the processing
change®nthelGS andCODE products.

5.1.1 Reference Frame Changes

Fourreferencdramechangesredocumenteaverthelast7 yearsin Table5.1andTable5.2.
Becauseof its closelink to the IERS (InternationalEarth RotationService),the IGS always
adoptedhelatestrealizationof thel TRF soonafterits official releaseln only afew yeargime
thereferencdramewasthereforechangedromthelTRF-91,to theITRF-92,ITRF-93,ITRF-
94,andin March1998to theITRF-96. Thesechangesn thereferencdramecanvery clearly
be seenin our routinel-day(G1) pole serieswhencomparedo the, presumablycontinuous,
IERS Bulletin A pole series,asshowvn in Figure5.2. Thesechangesn the referencerame
causesomepracticalproblemsfor usersof the IGS productsaswe have seenn Sectior4.4.
At CODE we save smallNEQ files from our 3-daysolutions(S3) which allow to easily
andquickly recomputeur ERR stationcoordinateandvelocitytime seriesn anew reference
frame. Basedon the larger 1-day NEQ files we could of coursealsorecomputeour orbits.
However, we have only a limited numberof theselarge (25 MB!) files on-line andit would
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Date Doy/Year | Descriptionof Changesit CODE
01-Oct-92 | 275/92 | Zenith distancecomputationcorrectedto use ellipse and not
sphere.
02-Apr93 | 092/93 | Useof someredundanbaselines.
14-Jun-93| 165/93 | Estimatesmallvelocity changedor theeclipsingsatellites.
01-Jan-94| 001/94 | ChangdromthelTRF-91tothelTRF-92coordinateandvelocity
setfor the 13 fixedsites.
29-May-94| 149/94 | Estimatepolarmotionasoffsetanddrift over 3-days.
01-Jan-95| 001/95 | ChangdromthelTRF-92tothelTRF-93coordinateandvelocity
setfor the 13fixedsites.
04-Jun-95| 155/95 | Estimationof small velocity changesfor all GPS satellitesat
12:00UT and24:00UT (onceperrevolution).
04-Jun-95| 155/95 | Correctcorrelationsn the1-daysolutionsusing7 differentclus-
ters.
25-Jun-95| 176/95 | Ambiguity-fixedsolutionssubmittedasthe official solution.
31-Aug-95| 243/95 | Numberof clusterseducedrom 7 to 5.
10-Sep-95| 253/95 | Precisesatelliteclocksareestimatedisingcodeobsenrationsand
submittedogethemwith the preciseorbit files.

Table5.1: Major changesn the processingschemeat the CODE analysiscenterfrom June
1992to Decembed 995.
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Figure5.1:Increasan the numberof satellitesandstationsover the 7 yearsof IGS actwvities
at CODE.
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Date

Doy/Year

Descriptionof Changesit CODE

21-Jan-96

24-Mar96

15-May-96
30-Jun-96

30-Jun-96

29-Sep-96

19-Jan-97

05-Oct-97

19-Oct-97
01-Mar98

021/96

084/96

136/96
182/96

182/96

273/96

019/97

278/97

292/97
060/98

Switch of radiationpressurenodelfrom Rock4/42S-modelto
theT-model.

Set-upof sub-dailypole and UT1-UTC estimateqoffsetsand
drifts in 2-hourintenvals)in theroutinesolutionsfor internalpur-
poses.

Numberof clusterseducedrom 5to 4.

Changeof thereferencdrameto ITRF-94. Phasecentercorrec-
tions with modelIGS.01.PCV Model by R.D. Ray [McCarthy,
1996]for sub-dailyvariationsin the Earthrotationintroducedas
apriori model.

Orbit force model changed:JGM3 (previously GEMT3); Gen-
eral relatvity term implemented;Love numberchangedfrom
0.285t0 0.300(IERS Standard$McCarthy, 1996]).

CODEfinal orbitsarenow basednasolutionusingtheextended
radiationpressuranodel. Besidesthe direct radiationpressure
termandthe Y-biasthe 3 terms(one constantandtwo periodic
terms)in the B-direction(seeChapter6) areestimated.In addi-
tion, severalminor improvementsof the force field wereimple-
mented.

Satellite clocks estimatedusing phase-smoothedode obsena-
tions.

Elevationcut-off angledecreasedrom 20° to 10°. Furthermore
the obsenationsare now weightedwith cos? z, wherez is the
zenithangle. A new tropospheriomappingfunction (Niell) is
now used.

Numberof clusterseducedrom 4 to 3.
Referencédramechangedo ITRF-96. Numberof referencesites
increasedrom theoriginal 13 to 37 sites.Oceanloadingcorrec-
tionsfor the stationcoordinates.

Table5.2: Major changesn the processingchemeatthe CODEanalysiscenterfrom January
1996to May 1999.
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Figure5.2: Changesn the referenceframe realizationas seenin the estimatesof the pole
coordinategz, andy,) comparedo a continuouspoleseries(Bulletin A).

take alot of time (30 min CPUtime per 3-daysolution)which makesthe taskvery difficult.
The small (2 MB) NEQ files areall available on-line andprocessing 3-day solutiontakes
only afew seconds.

Over the yearsthe quality of the ITRF realizationssteadilyimproved. Until March 1998
thereferencdramewasrealizedby fixing, or tightly constrainingthe positionsof 13 selected
stations By mid 1996it hadbecomeclearthatfrom the original 13 stationsselectedn 1993,
only 8 or 9 remainedralid candidatesAt thattimeit becamevidentthattherealizationof the
referencdramefor thelGS productswvaslimited by the setof stationsusedfor therealization
ratherthan by the quality of the referenceframeitself. Therefore,at the IGS workshopin
1996,a new andmuchenlagedsetof stationswasselectecandthe final setof 52 so-called
referencestationswas agreeduponduring the IGS workshopin 1997 [Koubaet al., 1998].
Thechangan therealizationof thereferencdrame,in March1998,from the ITRF-94to the
ITRF-96,and,atthesametime, thenew andlargersetof referencestationsgreatlyimproved
thelGSrealizationof theterrestrialreferencdrame[KoubaandMireault, 19983].

Althoughthe ITRF-96 is of excellentquality, a pure GPS-basedeferenceframe might
still provide a betterprecision.Thereforeanew IGS working group,the IGS referencdrame
project,wascreated.This groupshoulddevelop the official IGS terrestrialreferenceframe.
This IGS referencdrameshallbealignedto the official IERSterrestrialreferencdrame.

5.1.2 Orbit and Clock Changes

Figure5.3shavsthedevelopmenbf the CODE orbit andsatelliteclock estimatessreflected
by thelGS combinatiorreports.Figure5.3(a)shavs the developmenif the CODE orbit esti-
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Figure5.3: Improvementf the CODEorbit andsatelliteclock estimatesincetheofficial start
of thelGSin 1994.

matesusingtheweightedRMS of the IGS orbit combinationasquality measure An impres-
siveimprovementirom 200mmto 30 mmin afew yearstime maybeobsenred. Many factors
have contritutedto this qualityimprovementik e, e.g.,theincreasechumberof satellitesand
stations,and numerousmodel and processingmprovements. The improvementsresulting
from the estimationof stochastigulsesandthe ambiguityfixing, implementedn mid 1995,
areclearly visible. The RMS improved from the 90—100mm level to the 70—80mm level.
Surprisingly thechangeof orbit parameterizatiom Septembet996[Springer etal., 1999,
doesnot shav up althoughthis changeconstituteda large improvement. Thatthe estimation
of thethreesolarradiationpressurgarameters the B-direction(seeChapter6) actuallyim-
provedthe orbit estimatesanbe seenin Figure5.4. This figure showvs the daily RMS, over
all satellites of thedifferencedetweerthe satellitepositionsat the endof the middle day of
a 3-dayarcandthebeaginningof themiddle day of the next 3-dayarc. Thefigureshavsthese
RMS valuesfor all 3-daysolutionsof the year1997. The extended(+3 parametersinodel
performsmuchbetterthanthe classicaimodel. We will take a closerlook at the orbit model
andpossiblemprovementsn Chapter6.

Figure 5.3(b) shaws the developmentof the CODE satellite clock estimategaking the
RMS of the IGS clock combinationas quality measure. CODE startedproviding satellite
clock estimatesn Septembefl995. After someinitial problemsthe quality of the clock es-
timateswasstabilizedat the 1.4 nslevel. This quality level agreesjuite well with the noise
of the undifferencedP; codeobsenrations(+ 50 cm) which wereusedto obtaintheseclock
estimates SinceJanuaryl997the clock estimatesarebasedon phase-smoothecbdeobser
vationsand consequentlyhe quality reachedhe 0.5 nslevel. More informationaboutthe
CODECclock estimatesnaybefoundin Chapter8.
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Figure5.4: Orbit overlapresultsfor the classical(2-RPRparametersand extended(5-RPR
parametershadiationpressurenodels.

5.1.3 ERP Estimation with Sub-Daily Resolution

Theamountof dataavailablewithin the IGS andthetemporaldensityof the dataallows for a
high time resolutionof the estimatedparametersThis aspects interestingfor polar motion
andUT1 becausd allowsto estimatesub-dailyvariationsin Earthrotationascausedy, e.g.,
thetidal effectsfrom SunandMoon. Therefore CODE startedcto solve for ERPswith atime

resolutionof 2 hours,on a routinebasis,earlyin 1996. Thanksto a reprocessingffort, in

which all datafrom 1995onward wasreprocessed;zODE hasan uninterruptedseriesof 2-

hourly ERPestimatestartingin 1995. Thediurnalretrogradgolarmotion(nutation)whichis

notaccessibléy GPS,hasbeensuppresseth the processingThis uniqueseriesnow covers
morethan4 yearsandallows theaccuratedeterminatiorof sub-dailypolarmotionandlength
of day (LOD). The GPS-basedRP seriesis at leastasgoodasthe bestcurrently available
seriesextractedfrom SLR or VLBI [Rothader, 1998]. Figure5.5 shavs the sub-dailypolar
motion as seenby the CODE 2-hourly estimatesand the sub-daily polar motion basedon

the Ray modelwhich is the currentlERS standardMcCarthy, 1996]. The two curvesin

Figure5.5 are shavn with the sameline type to underlinethe agreemenbetweenthe GPS
estimatesandthe Raymodel. We expectthatfuture oceartide modelsfor sub-dailyvariations
in Earthrotationwill heavily dependn GPSobsenrations.

In June1996 the Ray model was implementednto the software as a priori model for
the sub-dailyvariationsin Earthrotationdueto oceantides. The LOD andthe associated
UT, actuallyintegratedLOD, time series,basedon our 1-day (G1) solutionsare shovn in
Figure5.6. We clearly seethe impactof including the sub-dailyERP model. The annual
signalobsenredfrom 1993until mid 1996disappearedfterthe introductionof the sub-daily
model. The sameeffect was obsenred for someof the otherIGS ACs. The annualperiod
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Figure5.5: GPS-base@-hourly X- and Y-pole estimatescomparedo 2-hourly valuespre-
dictedby a sub-dailypolarmotionmodelfor GPSweeks959and960.

Is causedy the daily “sampling” of the sub-dailysignalswhich do not have exactly 12 and
24 hour periods. Our official products basedon 3-dayratherthan 1-daysolutions,suffered
muchlessfrom this problemthanksto theimplicit smoothingcausedy using3-daysolutions.

5.1.4 Other Processing Changes

Figure5.7 shavsthesignificantimpactof two processinghange®nthegeocenteestimates.
The Y-componenbf the geocentechangedsignificantlywhenwe introducedthe estimation
of smallvelocity changedor all satellitesn Junel995. The Z-componenthangedvhenwe
startedglobalambiguityfixing in Septembe994.

Theestimatiorof smallvelocity changesmprovedour orbit estimatesignificantlyaswas
showvn in Figure5.3(a). At the sametime a small Y-shift of the orbit wasnoticedin the IGS
orbitcombinationseeFigure5.8(b)). A similar Y-shift hasalsobeenobsenredfor the JPLAC
relatedwith its estimationof stochastigpulsegKoubg 1995]. It is interestinghatthe Y-shift
of theorbit occurreddespitethefactthatthe positionsof the 13 referencestationswveretightly
constrained.Figure 5.7(a) shawvs that this Y-shift is also obsened in our weekly geocenter
estimates.After the introductionof the small velocity changeghe geocenteestimatesare
muchcloserto the ITRF origin. We will have a closerlook atthis Y-shiftin Section5.2.

CODEwasthefirst IGS AC implementingglobalambiguityfixing on aroutinebasis.For
ourlGSproductsve introducedglobalambiguityfixing in Junel995,but internallywe started
to produceambiguityfixed seriesalreadyin Septembef994. Ambiguity fixing improvesthe
resultsin general. The improvementis most pronouncedn the geocenteestimates. Fig-
ure5.7(b)shows the Z-componenbf our weekly geocenteestimates During thefirst years
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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 10°

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 5°

NMG | YES 5| NMF | YES || 1.7| 1.7 | 4.8 || Tropo.Gradients

Table5.3: Repeatabilityof the daily Europearsolutionsat CODE basedon days060—157of
1998.

the estimatesare ratherunstable. Clearly, the repeatabilityof the (Z) geocenterestimates
improvessignificantlyafter Septembefl 994, whenwe startedusingour ambiguityfixed re-
sults. Also, we obsere a jJump when switching from the ambiguity free to the ambiguity
fixedresults.Let usaddthatambiguityfixing improvestherepeatabilityof stationcoordinate
estimatesespeciallyin theeastcomponent.

The differentscalesof the geocentelY- andZ-plots, indicatethat the estimatesf the Z-
componentarewealer thanthoseof the Y-component.The RMS over all weekly geocenter
estimatesincel996is 7, 10,and20 mm for the X-, Y-, andZ-componentrespectrely. The
quality differencemay be explainedby the factthat the rotationof the Eartharoundits spin
axis provides a good obsenation geometryfor the X- and Y-componentut not for the Z-
componentlIn addition,the Z-estimatesnay alsobe wealenedby the obsenration“gaps” at
the polesdueto the 55° inclination of the orbits. In the Y-component clearannualsignal
is obseredwith anamplitudeof 10 mm. If this signalis subtractedrom the time seriesthe
RMS for the Y-componenis reducedto 7 mm. In the Z-componentn annualsignal with
anamplitudeof 17 mm s obsened. In addition,two signalswith periodsof 50 and44 days
areobsened with amplitudesof 11 and6 mm, respectrely. Subtractinghesethreesignals
from thetime seriesreduceshe RMS of the Z-componento 13 mm. No periodicsignalsare
obseredin the X-component Annualandsemi-annuasignalsareexpectedn the geocenter
estimatesaindhave beenobsered by othertechniquesSLR andVLBI, aswell [Ray, 1999].
Thetwo signalsaround50 days,obseredin the Z-componentareunexpected.Onepossible
explanationmight be the orbit modelbecausehesesignalsstartto shov up after September
1996whichis wherewe changedur solarradiationpressurenodel.

Overthelastcoupleof yearswveintensvely studiedheeffectof differentprocessingtrate-
gies, mainly usingour Europeametwork. Recently our focushasbeenon loweringthe el-
evation cut-off angle,improving the modelingof the tropospheridelays,andimproving the
obsenationmodel. Table5.3 shows theinternalconsisteng of our differentEuropearsolu-
tions,describedn the Chapter, basedn days060-1570f 1998.
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The mainconclusionghatmaybe dravn from Table5.3 arethatambiguityfixing mainly
improvestherepeatabilityof theeastcomponenof thecoordinateestimatesLoweringtheel-
evationcut-off angleimprovesboth,thehorizontalandverticalrepeatabilitiesTheestimation
of tropospherigradientsmprovestheresultsf low elevationtrackingdatais available.In Ta-
ble 5.3thisfactis obscuredecaus¢herepeatabilityis dominatedy the“bad” stationsvhich
do not have low elevationtracking. Finally, the introductionof globaltroposphereenithde-
lay estimatesn the regional solutionsimprovesthe repeatabilitie®f the heightcomponent.
More detailedinformationaboutthe researchusingour Europearsolutionsmay be foundin
Springer etal. [1997]andRothateretal. [1997b]. Basedontheresultsfrom this European
network the elevation cut-off anglefor the CODE global solutionswasloweredfrom 20° to
10° in October1997. At the sametime alsothe tropospherianappingfunctionwaschanged
(Niell) andelevation-dependenweighting(cos? z) wasimplemented Similarimprovements,
asseenfor the Europearsolutions,were obsenedfor the global solutions[Rothater et al.,
1993].

We demonstratethatambiguityfixing hasa significantimpacton the quality of geodetic
parametersstimatedisingGPS.Currentlyambiguityfixing, at CODE,is limited to baselines
with a lengthbelow 2000km. This meanghatthereare several baselinesn the global net-
work (Figure4.3) whereno ambiguitiesarefixed. Both, a reductionof the averagebaseline
length, by including more stationsin remoteareasandan increaseof the minimal baseline
lengthfor theambiguityfixing, would resultin a higherpercentagef fixedambiguities.This
would strengtherthe solutionssignificantly As a test,sinceMay 1998, we fix ambiguities
on all baselinedor the CODE rapid orbits. For baselinedongerthan2000km we usethe
Melbourne-Wibbendinear combination(seeeqgn.(2.21)) to determinethe wide-laneambi-
guities. In a secondstepwe usethe ionosphere-freénearcombination(eqn.(2.12)),where
we resole the narrav-laneambiguitiegeqn.(2.16)).

The resultsof the CODE AC have improved significantly thanksto a large numberof
processingchanges. However, the jumps causedby someof the processingchangesgive
significantproblemsn, e.g.,themulti-annualsolutions stationcoordinatdime seriesandthe
2-hourly pole estimatesTherefore the continuousmprovementof the processingtratgies
make it mandatoryto reprocesshe“old” datausinga(more)uniformprocessingtratgy. The
large improvementsachiezed in recentyears,will make sucha reprocessingery promising
and,mostprobably very rewarding.

5.2 Open Issues

5.2.1 The Geocenter Y-Shift

The geocentricY-shift of the orbits of individual ACsw.r.t. thelGS combinedsolution,was
discoveredalreadyin 1994in the IGS orbit combinations.It soonbecameclearthatthese
shifts changedvhenthe orbit modelingchanged.Figure 5.8 shaws the translationin the Y-
directionof the orbits of two IGS ACs (CODE andJPL) relative to the combinediGS orbit.
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Figure5.8: Orbit translationgelatve to the IGS combinedorbits.

For referenceahe X-translationof the orbitsfor the samewo ACsandthe sametime periodis
alsogiven. In 1994two jumpsof approximately70 mm may be obseredin the JPLresults.
Thesgumpsarerelatedto the changesn the stochastiorbit modelusedby JPL.By theend
of January1l994JPL stoppedsolvingfor stochastipulsesa stratgy changeaelatedtio thefact
thatAS wasturnedon. Laterin 1994,JPL reactvatedthe estimationof the stochastigulses.
In mid 1995a similar, but smallerjump may be obseredin the CODE results whenCODE
startedestimatingsmall velocity changedor all satellites. The reducedsize of the jump for
CODEIis mostlikely causedy the usageof 3-dayarcswhich seemdo reducethe sizeof the
Y-shift comparedo short-arcsolutions. The Y-shift obseredfor the orbitsis alsovisible in
thegeocenteestimatesaswasshowvn previously, seeFigure5.7(a).Noticethatno jumpscan
be obsenredin the X-componentor both,theorbit andthegeocenter

It wasthoughtthatinsufficient orbit modelingmight causea geocenteiy-shift dueto the
weakgeometryof the IGS trackingstationnetwork and especiallyof the 13 fixed reference
stations. We decidedto study the impactof different orbit modelson the geocentetoca-
tion. For this purposehe CODE final orbit positionsfor the year1997wereusedaspseudo-
obsenationsin anorbit determinatiorprocess.Note that our referenceorbits do not showv a
Y-shift, i.e.,thegeocenteby definitionagreesvith the I TRF origin. In theorbit determination
procesonly two radiationpressurgparametersvere estimatedjn additionto the six initial
conditions.This parameterizatiors similarto whatwasdonefor the CODE productsprior to
Junel995. Theseestimatedrbitswerethencomparedo the original orbitsthrougha seven
parametetransformatiorexactly asit is donein thelGS orbit combinationsThe comparison
wasperformedseparatelyfor the six differentorbital planesusingall satellitesin the plane.
Figure5.9 shavs the obsened X- andY-shifts of the estimateddrbit w.r.t. the original orbit.
Onecurnwe is drawn for eachof the 6 orbital planes(A—F), and one curwe is dravn for the
completesatellitesystem(ALL). Thedaily valuesweresmoothedo obtaina clearerpicture.
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Figure5.9: Effect of the orbit modelon the satellitepositions.

TheY-translationshavn in Figure5.9for theindividual orbital planes hasa meanoffset
of approximately75 mm. Ontop of this, semi-annuaVariationsareobseredfor eachorbital
plane,with anamplitudeof approximately65 mm. The maximumY-shift is obsened during
the eclipseseasorof the orbital plane. A similar pictureis obsered for the X-translation
which, however, hasa zero meanoffset but a semi-annuabariation with an amplitudeof
40 mm. The minimum X-shift is obsered duringthe eclipseseasorof the orbital plane.We
concludethatthe obsened geocenteandorbit Y-shifts are causedsolely by the orbit model
andhave nothingto dowith thegeometryof thelGStrackingnetwork. Theprocedurefitting a
goodorbit usingabadmodel,knows nothingaboutthegeometryof thetrackingstations.This
raiseghequestionwhy anorbit modelingproblemcauses geocenteshift. It is interestingo
notethata geocenteshift causes periodic(onceperrevolution) perturbationn the satellite
orbit.

5.2.2 Antenna Phase Center Offsets

Oneof themajorremainingproblemsn GPSdataprocessingrethelocationsof the satellite
andrecever antennghasecenters.Therecentlyobseredbias(1 meter!)in the phasecenter
locationof thefirst block IR satellite(PRN13) hasmadeit clearthatthe positionof thesatel-
lite phasecenteroffsetis not well known [Bar-Sever, 1998]. Also, the elevation-dependent
phasecentervariationsof therecever antennass a majorerrorsource.The phasecenteroff-
setsarealsohighly correlatedvith the estimatedropospherizenithdelaysandtheterrestrial
scale.

To studythe effectsof the antenngphasecenteroffsetswe generatec seriesof testsolu-
tionsusingdifferentprocessingtratgies. Thesolutionsshouldgive a betterunderstandingf
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thecorrelationdbetweerthe phasecenteroffsets the phasecentervariations thetropospheric
zenithdelays,andtheterrestrialscale. The following four processingptionswere modified
in the solutions:

e Constrainedr freeterrestrialscale. The“constrained”solutionsaregeneratedby con-
strainingthecoordinate®f 37 referencestationdo 1 mm. Thefreesolutionis generated
by usingminimal constraintg3 rotationalconstraints).

e The satellitephasecenteroffset (Z-offset) is eitherfixed, artificially changedpr esti-
mated.We call this a Z-offsetbecausehedirectionof theverticalsatellitephasecenter
offsetcorrespondsvith the Z-axis of the satellite-fixed referencdrame. The Z-axisis
theaxispointingfrom the satelliteto the geocenter

o Eitherrelative recever antenngphasecentervariations relative to the DorneMargolin
antennagRothater et al., 199@], or absolutevariationsusing the anechoicphase
chambewalues[Rodkenetal., 1996]areused.

o Differentelevationcut-off angleg(10°, 15°, or 20°) areused.

Combinationf theseprocessingptionsweretestedandthe resultsaresummarizedn Ta-
ble5.4. Thereferencesolutionwasaminimally constrained3 rotationalconstraints¥olution,
which meandn particularthatthe terrestrialscalewasfree. The otherprocessingptionsof
thereferencesolutionwereidenticalwith thoseof our official IGS solution,i.e., 10° cut-off
anglewith elevation-dependemeighting,relatve phasecentervariationsintroduced andno
Z-offsetestimated.The normalizedRMS of the one-way L; phaseobsenationsof this ref-
erencesolutionwas1.46 mm. Thefirst columnof Table5.4 identifiesthe processingption
which waschangedw.r.t. thereferencesolution. The next threecolumnsshav the meandif-
ferencebetweenhe testsolutionandthe referencesolution,in terrestrialscale tropospheric
zenithpathdelay andestimatedatelliteantennaffsets. Thelastcolumngivesthenormalized
RMS of theone-way L; phaseobsenations.

We first wantedto know whetherthereweresignificantdifferencedetweerthe solutions
with a fixed or free scale. No significantdifferencesvere found. Secondly we testedthe
influenceof the elevationcut-off angleby changingt from 10° to 15° and20°. Hereachange
of 1.0 ppbin theterrestrialscalewasobsenedgoingfrom a 10° to a 20° cut-off angle. This
changecorresponds$o a 6 mm heightchangeof the stationheights. The formal errorsof the
heightestimateshowever, were 3—5mm and 3—6 mm for the 10° and20° solutions,respec-
tively. Thusa 1.0 ppb scalechangeis practicallywithin the 1o formal error, andtherefore
not significant. It is interestingto notethatthe noiseof the normalizedobsenationresiduals
(RMS) seemsto decreasavith increasingelevation despitethe fact that we use elevation-
dependentveightingfor theobsenations.

We thenartificially changedhe satellitephasecenteroffsetsof all satellitesby onemeter
In Table 5.4 we seethat this changehasa large impact on both, the terrestrialscaleand
the tropospherizenithdelays. The scalechangedoy 8 ppb (50 mm in stationheight)and
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Differencesw.r.t. Referencesolution

Scale Tropos.| Z-off | RMS
SolutionDescription (ppb) | (MmMZPD) | (M) | (mm)
ScaleFixed 0.1 0 -| 1.46
ScaleFree,15° cut-off -0.3 1 -| 1.40
ScaleFree,20° 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. 15° cut-off 17.0 -12 -2.0| 1.39
ScaleFree,Z-off Est.20° cut-off 22.8 -18 -25| 1.34
ScaleFixed,Abs. PC. Var. 8.5 -10 -| 1.57
ScaleFree,Abs. PC. Var. 14.3 -18 -| 1.53
ScaleFixed,Abs. PC. Var, Z-off. Est.| -1.4 -9 21| 1.49
ScaleFree,Abs. PC. Var, Z-off. Est. | -29.7 9 55| 1.46

Table5.4: Influenceof small processinghangesn the terrestrialscale,tropospherizenith
delay andsatelliteantennabffset.

the zenithdelayswere changedoy 5 mm (15 mm in stationheight). A comparisorof the
stationcoordinateestimateshavedthatthey agreedatthefew mmlevel aftera 7 parameter
transformationApartfrom the scalechangeof 8 ppbthe coordinatearansformatiorshaveda
significanttranslatiorin theZ-directionof 5 mm. A comparisorof theorbit estimatesyithout
ary parametetransformationshavedthatthey agreedon the mm level, which is remarkable
consideringhe relatively large changesn the otherparametersTheseresultsunderlinethe
strongcorrelationbetweenthe satelliteantenngphasecenteroffset, the terrestrialscale,and
thetropospherizenithdelays.

We thenmadetheattemptto estimateghe phasecenteroffsetof the satellitesby estimating
oneoffsetfor eachindividual satellite. It shouldbe mentionedthatthe obserability of this
offsetis ratherpoordueto thefactthatthe “obsenationangle”betweerthe satellite—receier
andsatellite—geocenterectorsis at maximum14°. This meanghatthe major partof the Z-
offsetis arangebiaswhichmaybeabsorbedby ambiguitiesor clocks. In this context thetest,
wherewe changedhe Z-offset by one meter is quite corvincing. Only 70 mm of the one
meterchangeshavedupin theresults.

The remainingeffect of the Z-offsetwill have an elevation-dependergignaturebecause
the obsenration angleincreasesvith decreasingatelliteelevation. This elevation-dependent
signatureexplainsthe correlationbetweerthe Z-offsetandthe estimatedropospheridelays.
In addition,it is well known thatthe tropospheridelayscorrelatewith the stationheightsand
thereforealsowith theterrestriakcale.Theresultsof thefour testswhichwereperformedwith
Z-offsetestimationarequite remarkablelf the scaleof theterrestrialnetwork is constrained
the resultslook quite reasonable. However, as soonasthis scaleis freedthe resultsdiffer
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quite significantly from the referencesolutionswith changesf 22 ppbin scale,18 mm in
zenithdelay andmorethan2 m in satelliteantennghasecenteroffset. Noticethattheformal
errorsof the stationheights(3—6 mm) andthe tropospherizenithdelays(1-2 mm) barely
change. The formal errorsof the Z-offset estimatesare a few centimetersonly, increasing
stronglywith growing cut-off angle(from 40 to 70 mm going from 10° to 20°). Apartfrom
the scalechangethe coordinatetransformatioragainshoved significanttranslationsn the
Z-directionof up to 15 mm. Also the orbitswerenow differentbut only by 20 mmin RMS
without shawving significantorientationdifferencesThe pronounceelevation-dependerywof
theresultsis quitedisturbing.

At lastwe introducedthe absoluterecever phasecenteroffset and variationsfrom ane-
choicchambemeasurementgarlierinvestigationgiadshowvn thattheintroductionof these
absolutephasecentermeasurementgave riseto a 15 ppbterrestrialscalein the GPSanalysis
[Rothateretal., 1999]. In the earliertestswe noticedthatthe satelliteantennaffsetsalso
causedarge scaleeffectsin the terrestrialnetwork. We thereforehopedto find a solutionfor
the satelliteantennaoffsetwhich would enableus to usethe absolutephasecentermeasure-
mentswithoutary residuakffectsontheterrestrialscaleandtheestimatedropospherizenith
delays.Theresultsof thesetestsarealsodocumentedh Table5.4.

Thefirst two solutions wherewe introducedhe absolutephasecentervariations confirm
thefactthatthesegive a 15 ppb terrestrialscalechangeandalsolarge changesn the tropo-
sphericdelays.It is remarkablehat,in thesolutionwherethe scaleis constrainedthechange
of thescaleis aslargeas8 ppb! Noticealso,thatthe RMS of thesesolutionsis increased.

In the latter two solutionswe solved for the satellite phasecenteroffsetin additionto
introducingthe chambemeasurementsThe solutionwith the constrainederrestrialscale
looksquiteacceptablalthoughthe Z-offsetchangeof 2 meterds large. However, theminimal
constrainedolutionshavs adramaticscalechangeof almost30 ppb(180mm stationheight).
Also, theestimatedZ-offsetis verylarge (5 m). This solutionis notacceptableObviously we
arestill notin a positionto usetheabsolutgphasecentervariations.

We concludethatit is not feasibleto accuratelysolve for the satelliteantennaoffsetsin
anabsolutesensalueto the correlationwith theterrestrialscale the tropospheridelays,the
recever antenngphasecenteroffsets,and elevation-dependentariations. However, we are
ableto solve for theseoffsetsin arelative way, e.g.,by adoptinga specificvaluefor a single
satellite. The offsetsof the othersatellitesmay thenbe determinedelative to this adopted
value. SignificantZ-offset differencesvere obsered betweenthe individual satellites. Two
otherIGS ACs, GFZ and JPL, which also estimatedhe satelliteantennaoffsets, obsered
very similar differencedor individual satelliteg Bar-Sever, 1998]. We furthermoreconclude
thatbiasesobsenedin theterrestrialscaleandtropospheridelays basedon GPSmicrowvave
measurementarevery lik ely theresultof inaccuratelyjknowvn phasecentemositionsof both,
thesatelliteandtherecever antennas.
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Products Predicted Rapid| Final | Units | Biases
Orbit 50.0| 10.0]/ 5.0/ cm 10.0
Clock 150.0 05| 0.3|ns ?
Pole 0.2| 0.1| mas 0.3
LOD 30.0| 20.0| us/d 20.0
StationsHor. 3.5 mm 10.0
StationsVert. 8.0 mm 20.0
Tropospher&PD 4.0 mm 6.0
GeocenteKX, Y 7.0 mm 20.0
Geocente?Z 13.0| mm 50.0
TerrestrialScale 0.4 | ppb 15.0

Table5.5: Estimatedjuality of thelGS products.

5.3 Summary

In this chaptemwe have shavn thatsignificantimprovementsjn only a few yearstime, were
obseredfor mary of the IGS products.In Table5.5we summarizedhe “stateof theart” of
the IGS products.For completeneswe includedthe predictedandrapid products.For more
informationabouttheselGS productswe referto [Koubaand Mireault 1998]. The quality
assessmerdf the tropospheriaelaysis basedon the work doneby the IGS working group
for combinationof tropospheri@stimategGendf 1998]. Theleft handpartof Table5.5lists
the differentlGS productsandtheir currentprecisionestimate.The precisionindicationsare
basedmainly onthelGS internalcomparisonsindon whatwe have shavn in this chapter

In orderto getanideaof theaccurag of thelGS productswe includethecolumn“biases”,
containingestimatedor systematiceffectswhich arebasedon otherthan GPSobsenations.
Thesevaluesshouldbe viewed asmaximumerrorswhich might be presenin 1GS products.
For instancethe orbit Y-shift of 2100 mm is listed asbiasalthoughit doesno longerappear
in mostof the IGS products.lt is includedin the table becausats origin is still largely un-
explained. Also theterrestrialscalebias(15 ppb)is not really obseredin the IGS products.
It occurs,whenthe phasecentervariation measurementfom anechoicchambertestsare
introduced,n a correctway, in the processing.The uncertaintiesor the stationpositionsre-
flect the systematieffectsobsenedin the coordinatetime series someof which arecaused
by multipath, giving rise to yearly signalsin the residuals. Other effects are causedoy mi-
nor changesat the sitelike, e.g.,antennaor recever replacements;ablingchangesantenna
radomesinfrastructurechanges.

We have seenthat the internal consisteng betweenthe IGS ACs hasreachedthe 30—
50 mm level for orbits,3—8 mm for stationpositionsand0.1 masfor polarmotion. However,
significantbiasesexist betweerthe AC solutions.Differenceof 0.5 ppb (10-15mm) in the
scaleof the orbits, 3 ppb (15-20mm) in the terrestrialscale,and 100 mm in geocenteare
obsenredin internalcomparisons.
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5.3 Summary

Biasesalsoshav up in comparisorwith othertechniquese.g.,VLBI andSLR. In these
externalcomparisons biasof 0.3 masfor the X-componentof the pole is obsened aswe
have seenin the previous section. Furthermorea persistings0 mm biasis presentetween
SLR rangemeasuremen@ndtherangedo the GPSsatellitesderived from the IGS orbits, a
topicwe will studyin Chapter7.

We have demonstratedhat the realizationof the terrestrialreferenceframe, ambiguity
fixing, orbit modeling,elevation cut-off angle,andtropospherenodelingplay animportant
role in the quality of the IGS products. We are corvinced, however, that we have not yet
reachedhe full potentialof the GPSsystemandthatwe canstill significantlyimprove the
precisionof thelGS products.Possiblemprovementdor the next yearsare:

e Improvedrealizationof the (IGS) terrestriareferencdrame.

More fixed ambiguitiesby performingambiguityfixing on longerbaselineor by re-
ducingtheaveragebaselindength.

Orbit modelimprovementsresultingin a reductionof the numberof estimatedorbit
parametergseeChaptert).

Lower elevationcut-off angle(3°).

Tropospherenodelingincludinggradients.

Antennaphasecentercalibration.

In addition,we mayexpectimprovementgrom theinclusionof GLONASSmicrowave obser
vationsmainly thanksto theincreasedsiumberof satellites.Lastbut notleast theinclusionof
SLR obsenrationsfrom both,the GPSand GLONASS satellites,may have animpacton the
results.Theuseof SLR obsenationswill bediscussed Chapter7.
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6 Solar Radiation Pressure Models

SolarradiationpressuréRPR)is the largestnongravitationalacceleratioractingon the GPS
satellites.Table3.1in Chapter3 shovstheeffectof differentperturbation®nthe GPSorbits.
The sizeof the perturbationrcausedy solarradiationpressures only exceededy the effect
of the Earthoblatenesghegravitationaleffectsfrom SunandMoon andthelower harmonics
(Cqy and Syy) of the Earthgravity field. Clearly for GPSsatellitesthe establishmenof an
accuratesolarradiationpressuranodelis equallyimportantasan accurategravity modelof
theEarth.

6.1 Solar Radiation Pressure

Theacceleratiorof a GPS(or GLONASS) satellitedueto theradiationpressuref the Sunis
difficult to modelbecausef thecomplicatedshapeof thesesatellites Accordingto Rothater
[1992]it maybeexpressedisfollows:

A 2 r— T
JRPR:V-<PS-C,«-—- qa5ﬂ2.7; 7_1,5> (6.1)

m |7 — 7| |77

where:

v ... Eclipsefactor(v = 1 if satellitein sunlight,» = 0 if satellitein the Earth’s

shadwv, 0 < v < 1 if satellitein penumbra).

A ... Cross-sectiomareaof the satelliteasseenfrom the Sun.

m ... Massof thesatellite.

s ... Astronomicalunit (AU).

P, = S/c... Radiationpressurdor a completelyabsorbingobjectat the distanceof 1 AU
with A/m = 1. S is thesolarconstantindc thevelocity of light.

C, ... Reflectioncoeficient.

T

—

Ts ... Geocentriccoordinatevectorsof the satelliteandthe Sun,respectrely.

The accelerationizpr always pointsin the direction Sun—satelliten this model. Whereas
for a sphericalsatellitethe ratio A/m remainsconstantthe total cross-sectiorareaA for a

GPSsatelliteis constantlychangingdueto the changingattitudeof the satellite. The pressure
exertedby the solarradiationwill thereforevary over onerevolution aswell asovertheyear

becaus®f thechangingorientationof the orbital planewith respecto the Sun.
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6 SolarRadiationPressurdlodels

sun - '

Figure6.1: Simplecylinder modelof the Earth’s shadav.

6.1.1 Satellite Eclipses

Becauseof their high altitude GPSsatellitesare almostpermanentlyin the sunlight. Only if
thevectorSun—satellitdies almostin oneof the orbital planesthe satellitesof this planewill
passhroughthe Earths shadev onceperrevolution. Such“eclipseseasonshappenwice per
yearfor a specificorbital planeandthey lastfor a few weeks.Oneshadev passagéastsfor
55 minutesat the maximum. It is obviousthatduringthe eclipseno solarradiationpressure
is exertedon the satellite. Accordingto a simplecylinder modelfor the shadaev of the Earth
(seeFigure6.1),the eclipsefactormaybe computedas:

- =

0 if cosy= s <0 and
v= h=|7v/1—cos?7 < ae :
1 else
where:
7 ... Geocentrigositionvectorof thesatellite.
s ... Geocentrigositionvectorof the Sun.
ae ... Equatorialradiusof the Earth.

Figure6.2illustratesthe body-fixed coordinatesystem.This satellite-fixed systemhasits
origin in the centerof massof the satellite. The nominalsatelliteattitudeis suchthatthe Z-
axis (antennaaxis)is pointingto the centerof the Earth. The Y-axis, which pointsalongone
of the solarpanelbeams,s perpendiculato the Sun—satelliterector The X-axis, which is
positive towardthe half planethat containsthe Sun,completesa right-handedsystem.Earth
andSunsensorsnonitorthe positionsof thetwo celestiabodies.Momentumwheelsareused
to controlthe satelliteattitude.
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6.1 SolarRadiationPressure

Figure6.2: Schematigictureof a GPSBlock Il satelliteshaving the satellitefixedreference
frame.

As soonasthe satelliteentersthe Earth’s shadev, maintenancef the correctorientation
of the Y-axisbecomesmpossible.SinceJunel994 (seelGSMAIL # 591),the satellitesare
rotatingaroundthe Z-axis with the maximumspeedpossible(about0.1 deg/sec)during the
shadev passage.Consequentlyhe satellitesexit from the Earth’s shadev with an almost
arbitraryorientationof the solarpanels.Until the satellitehasregainedits nominalattitude,
the mis-orientationof the solarpanelscausesrbit modelingproblems. The realignmentof
the satelliteattitudemay take up to 30 minutesand causegnostof the modelingproblems
relatedto the satelliteeclipseqFliegel and Gallini, 1996].

6.1.2 Earth Albedo Radiation

The Earthandits atmosphereeflecta large portion of the solarradiationbackinto space.
This re-radiationis calledthe Earthalbedoradiation. The radiationpressureon the satellite
dueto thealbedoof the Earthis very difficult to modeldueto the distribution of land,ocean,
andclouds. Accordingto Fliegel and Gallini [1996] the effect of Earthalbedoradiationis a
functionof the Sun—Earth—satellitangle. The maximumalbedoradiationis obseredduring
the satelliteeclipseseasomwhereit mayreach2% of thedirectsolarradiationpressureNote
thatduringthe eclipseseasorthe satelliteseeghe Earthin “full phase™for partof its orbital
revolution. Up to now Earthalbedoradiationhasbeenignoredin GPSorbit determination.
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Component Blockl BlocklIl BlockllA BlockIIR | GLONASS
Solarpanelgm?) | 5.583 10.886 10.886 13.60 23.62
Panelmastgm?) | 0.470 0.985 0.985 0.32 -
Z-side(m?) 1.510 2.881 2.881 3.75 1.02
X-side (m?) 1.055 1.553 1.553 3.05 3.18
Mass(kg) 520 880 975 1100 1400

Table6.1: Dimensionf differentGPSandGLONASS satellites.

6.2 The ROCK Models

ThemostcommonlyusedRPR-modelsveredevelopedby RockwellInternationalthe space-
craft contractorfor Block | andll satellites[Fliegel et al., 1992]. The computerprograms
thatembodythesemodelsbecameknown for Block | asROCKA4 [Fliegel et al., 1985],and
for Block Il as ROCK42 [Fliegel and Gallini, 1989], althoughthey are also known asthe
Portermodels.A distinctionis madebetweerthe standards-modelandthe T-modelThelat-
ter includesthermalre-radiationof the satelliteandis recommendedy the IERS Standards
[McCarthy 1992].

TheROCK modelswerederivedby first computingthe contributionsto theradiationpres-
surefrom all the major surfacesof the GPS spacecraftaking into accountthe reflectvity
propertiesof thesesurfaces. All surfacesare assumedo be eitherflat or cylindrical. The
angulardistribution of the reflectedsunlightfrom eachsurfaceis approximatecsthe sumof
two “beams”,oneperfectlydiffuse(Lambertscatteringlandthe otherpurely specular Shad-
owing effectsarealsoaccountedor but only to the first order Figure 6.3 shaws the major
surfacesof the GPSspacecrafind someof their propertiesand Table 6.1 lists someof the
mostimportantdimensionsof the different GPSBIlock types. The resultingaccelerations
wererepresentedsingrelatively simpleformulasin a satellite-fixed coordinatesystem(Fig-
ure 6.2). Assumingperfectattitudecontrolthe resultingsolarradiationforce will alwayslie
in the (X, Z) plane. The satelliteis orientedsuchthatthe Sunis in the satellites planeof
symmetrysothatthe anglebetweerthe Sunandthe satelliteantennagZ-axis) is alwaysbe-
tween(0° and180°. Whenthisangle,«, is lessthenabout14°, thesatelliteis eclipsed.To keep
theanglea within the specifiedrangethe satellitehasto rotatearoundits Z-axis. During the
eclipseperiodthesatellitehasto rotate180° aroundits Z-axisin ashorttime, twice perorbital
revolution; onceduring the actualeclipse(a = 0°) andthe secondime whenit crosseghe
Sun—Eartiplaneon the oppositeside of the Earth(a = 180°). Theserotationsarereferred
to asmidnight-andnoon-turnrespectiely. For theBlock IIR satellitesthe attitudecontrolis
changedvhich will allow theanglea to cover thefull rangeof 0° to 360°. This meanghat
therewill beno midnight-andnoon-turndor thesesatellitesanymore.
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6.2 TheROCK Models

GPS Block Il Reflectance and Specularity Coefficients

FRONT VIEW

MAIN BODY — SUN (+X) SIDE
no= 0.2
r = 0.56

MAIN BODY — FORWARD END

n=02 MAIN BODY — (+/-Y) SIDES
r = 0.56 no= 0.62
= 0.78
kit GRAPHITE EPOXY
ANTENNA ENDS 1 Ui / B o= 0.1
= 0.2 v = 0.07
v = 0.28

ANTENNA SIDES

no= 0.2
TT&C ANTENNA SIDE v = 0.36
no= 0.2
v = 0.28

TT&C ANTENNA END&
n =02
v = 0.28

Figure6.3: GPSBIlock Il surfacesandtheir propertiegfrom [Fliegel, 1993]).
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6.2.1 Model Characteristics

The ROCK4 andROCK42 models,realizedoriginally throughtwo Fortransubroutinesgan
be representeavith high precisionasa shortFourier seriesasfunction of theanglea. From
both modelstherearetwo versions the original or standardversions,S10and S20,andtwo
versionsincludingthe effectsof thermalre-radiationsT10andT20. The“S” and“T” stand
for standardandthermal-modelrespectrely, the 1 and2 reflectthe Block type,andthe “0”
indicateghatthisis thezerothreleasef themodel.For thenew Block IIR satelliteghemodel
is called T30. Theinclusionof the thermalre-radiationin the ROCK modelsshouldhave
improvedthe modelssignificantly Therefore only thethree“T” modelswill bereproduced
andstudiedhere.

TheT10model:

F, = S{—4.55sina+ 0.08sin(2a + 0.9) — 0.06 cos(4« + 0.08) + 0.08}
F, = S{—-4.54cosa+ 0.20sin(2a — 0.3) — 0.03 sin(4c) } (6.3)

TheT20 model:

F, = S{-8.96sina+ 0.16sin 3 + 0.10sin 5 — 0.07 sin T}
F, = S{-843cosa} (6.4)

The T30 model:

F, = S{-11.0sina— 0.2sin3a + 0.2sin b}

F, = S{-11.3cosa+ 0.1cos3a+ 0.2cosba} (6.5)
where:
F, Forcein the satellite-fived X-direction (10> ).
F, Forcein thesatellite-fied Z-direction(10=° V).
Q Angle betweerthe Sunandthe +Z-axis(radians).
S Model scalefactor It is advisedto estimatech scalefactorfrom the measurements

asa quantitythatchangeslowly overafew weeks.

6.2.2 The Y-Bias

For high precisiongeodeticwork it is advisedto estimatea force in the Y-direction, called
the Y-bias, in additionto the scalefactor (S). Like the scaleparameterthe Y-bias should
beestimatedrom the measuremen@sanacceleratiorthatchangeslowly overafew weeks.
Althoughthesourceof the Y-biasis unknawn, its effectontheorbit is significant. Theattitude
control of the satellitesis basedon a feedbackioop betweensolar sensorqon the panels)
and momentumwheels. Although in theory the Y-axis of the satellitesshould always be
perpendiculato thedirectionSun—satellit€to optimizetheamountof enegy collectedby the
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Figure6.4: Two possiblecause®f the Y-bias(from [Fliegel, 1993]).

solarpanels)thisis only approximatelytruein practice.A smallmis-orientatiorof the solar
panelswill causeanacceleratioractingin thedirectionof the Y-axis. Two possiblecausesire
shavn in Figure6.4,takenfrom [Fliegel, 1993].

The mostlikely explanationfor the Y-biasis the solar sensomisalignment,especially
in view of the reportedsolar sensorbiases(seelGSMAIL # 591) which do causea small
misalignmenbf the satellite. A misalignmenterror of only 0.5° would explain the obsened
Y-bias.

6.2.3 Accuracy of the ROCK Models

Taking the nominalvalueof agpr = 1 - 10~"m/s? for the solarradiationpressureandthe
claimedaccuray of 3% for the T20 model,theexpectederroris approximately - 10~2m /s>
Furthermorethe size of the Y-bias, which is not includedin the ROCK models,is about
1-10~%m/s%. A similartestastheoneusedn Chaptes3 to demonstratéhedifferentperturbing
effects,wasperformedo give anideaof theexpectedrbital errorsresultingfrom theerrorsin
theROCK model.Firstareferencerbit wasgeneratedy integratinga givensetof osculating
Keplerianelementsover a time period of 24 hoursusing a standardorbit model. For this
purposehefull GPSsatelliteconstellatiorof Januaryl, 1998wasused.Next, the samesetof
osculatingkeplerianelementsvasintegratedover the sametime periodof 24 hourschanging
the ROCK modelsby 3% andaddingthe Y-biasacceleration.

The RMS differencebetweenthe perturbedorbit and the referenceorbit over the full
24 hourarcis givenin Table6.2. The effectsare significant. We have to keepin mind that
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Error Source Magnitude(cm)

Radial Along Cross Total
SolarRadiationPressuré3%o) 94 280 11 296
Y-bias 51 364 12 368

Table6.2: Estimatedorbit errorsdueto ROCK modeldeficiencies.

the ROCK modelswere developedfor pseudo-rangerbit estimation. Using pseudo-ranges
the orbit estimateshave anaccurag of aboutl meter For this type of accurag the ROCK
modelsare adequatgrovided the scalefactorandthe Y-biasare estimated.For accuracies
routinely achieved by the IGS the residualerrorsare not acceptable.The estimationof the
scalefactorandthe Y-biasarea minimumrequiremenfor applicationsof GPSwhichrequire
highly accurateorbits.

6.2.4 Outgassing

After thelaunchof a satellitethedirectsolarradiationestimate®f thenew satelliteexceedthe
expectedvaluesby about10%. Only afterafew weeksthe nominalvaluesareapproximately
reached. Similar effects may also be obsered for the Y-bias estimates. The mostlikely
explanationfor this phenomenois theleakingof gas,calledoutgassingAccordingto Fliegel
andGallini [1996]the multi-layerinsulationof the GPSsatelliteds themostlik ely candidate
to explaintheobsenredeffects. Theauthorsalsoconcludethat,becausenostsatelliteshave a
multi-layerinsulation,this shouldaffect all satellitesin the sameway. They thereforepredict
thattheBlock IIR satellitesshouldshav a similar behaior.

Thedirectsolarradiation(D0) andY-bias(YO0) estimate®f PRN10andPRN13aregiven
asafunctionof timein Figure6.5. PRN10,aBlock IlA satellite waslaunchedseeTable2.1)
on 16July 1996,whereas®RN 13, thefirst Block [IR satellite waslaunchedn 22 July 1997.
Ourestimatesor PRN10clearlyshow theeffectswhich aresupposedlgausedy outgassing
in both,thedirectsolarradiation andthe Y-biasestimatesFor PRN 13 nosucheffectsmaybe
obsered. Theconclusiondy Fliegel and Gallini [1996]is thusnot supportedy ourresults.

6.3 The Extended CODE Orbit Model

The experiencegainedat CODE during the first year (1992-1993)of IGS operationandi-
catedthatthe standardrbit model,six Keplerianelementsandtwo RPR-parametersyasnot
sufficient for 3-dayarcs. This wasthe motivationfor the developmentof an extendedorbit
model.

In Beutleret al. [1994b] the ExtendedCODE Orbit Model (ECOM) is presentecand
discussedn detail, thereforeonly the basiccharacteristicare summarizechere. The con-
siderationdehindthe ECOM aresimilar to thoseunderlyingthe Colombomodel[Colombqg
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Figure6.5: The effect of outgassingnthe solarradiationpressurgarameter®0 andYO for
PRN210 (Block llA, solidline) andPRN 13 (Block lIR, dashedine).

1989]. The principal differenceresidesin the factthatthe ECOM considerssolarradiation
pressuresthemajor“error sourcefor theorbits,whereaghegravity field of the Earthplays
thisrole in the Colombomodel. The Colombomodelusesthe radial, along-andcross-track
directionsasthethreeorthogonalirectionswhereagheD-, Y-, andB-directionsareusedby
theECOM.Beutleretal. [1994b] demonstratethattheperformancef theECOMis superior
to that of the Colombomodel,which clearly showns that solarradiationpressuras the major
error sourcefor GPSsatelliteorbits. In the ECOM, the acceleratiorizpr dueto the solar
radiationpressur¢RPR)is written as:

drpr = Grock + D(u) - €p +Y(u) - & + B(u) - € (6.6)
whered rock is theacceleratiomlueto the ROCK models,and

D(u) = D0+ DC-cosu+ DS -sinu
Y(u) = YO+YC -cosu+YS-sinu (6.7)
B(u) = B0+ BC -cosu+ BS -sinu

whereDO, DC, DS, Y0, YC, YS, B0, BC, andBS arethenine parametersf the ECOM, and

€p ... Unit vectorsatellite—Sunpositive towardsthe Sun.
€y ... Unit vectoralongthe spacecrafsolarpanelaxis.
€p ... Unit vectordefinedby: €5 = é€p x éy

U ... Argumentof latitudeof thesatellite.
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TheECOM s ageneralizatiorof the standardrbit modelwhich usesonly two parameterso
accountfor the solarradiationpressurenamelyD0 andYO. Notethatthe Y-directionof the
ECOM correspondso the Y-directionof the body-fixed coordinatesystem.

Although not really a solarradiationpressureanodelin the senseof the ROCK models,
the ECOM doesconsiderthe solarradiationpressurdo be the major perturbingforce acting
onthe GPSsatellites.Thereforethe ECOM providesan excellenttool to studythe effectsof
the solarradiationpressureon the GPSsatellites. It allows to detectin which directionthe
RPR-forcesactonthe GPSsatellites.

Therearetwo methoddo studytheeffectsof differentECOM parametersntheorbit. The
first, andmostreliablemethod,is to usethe ECOM in the orbit estimationproceduresising
GPSobsenations,very muchlike the routine orbit estimationperformedat CODE for IGS
actvities. The secondmethodconsistf usingthe satellitepositionsasprovided by the IGS
analysiscentersaaspseudo-obseationsin anorbit determinatiorstep. This secondnethodis
lesscorrectbut computationallyordersof magnitudemoreefficientthanthefirst method.The
generatiorof a 3-dayarcusingpseudo-obseationstakestypically 3 minuteswhereasusing
realobsenationstakesseveralhours. In the next sectionsve will usebothmethodgo study
theeffect of thedifferentECOM parameters.

6.3.1 Orbit Estimation Using GPS Obser vations

In 1996 the ECOM wasfully implementednto the BerneseGPS Software andfirst expe-
rienceswere gained. It was expectedthat not all nine parameter®f the ECOM can (and
should)be estimatedwith 3-dayarcs. Initial tests[Springer et al., 1996] indicatedthatit is
bestnot to solve for the “B-terms”, but to estimatethe constantandperiodictermsin the D-
andY-directionsplus smallvelocity changesn theradialandalong-trackdirections.A care-
ful analysisof theproposegarameterizationausedhowever, asignificantdegradatiorof the
quality of thelengthof day (LOD) estimatesThe correlationbetweerestimatedrbit (RPR)
parameterandLOD, dueto the oneto onecorrelationof the ascendingnodeof the orbit and
therotationof the Eartharoundits spinaxis,is a delicateproblem[Rothader etal., 199%].

It wasthereforedecidedto systematicallytestthe effect of differentparametecombina-
tions of the ECOM. In Springer etal. [199%] a detaileddescriptionof the resultsfrom two
extensve testsusingthe ECOM may be found. In thefirst testseriessmall velocity changes,
calledpseudo-stochastfulseswerealwaysestimatedstochastiseries)whereasn thesec-
ond testseriesthey werenever estimateddeterministicseries).Let us summarizethe most
importantresultshere.

The“stochastic’seriesshavedthattheestimatiorof theconstanaandperiodictermsin the
B-direction,in additionto theconstantermsin the D- andY-direction,significantlyimproves
theorbit quality. Theimprovementwasseenn all estimategarameterorbit, stationcoordi-
nates,andpolar motion, exceptfor the LOD estimatesywherea smalldegradationin quality
wasobsered. The improvementof the orbits was estimatedo be a factor of two to three.
As adirectconsequencef theseteststhe estimationof the B-termswasimplementedor the
generatiorof the CODE contritutionsto the IGS on 29 Septembet 996(seealsoChapters).
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6.3 TheExtendedCODE Orbit Model

The resultsbasedon our routine orbit proceduresisingthe standardand extended(3 B-
terms)orbit parameterizationshovedthatboth, the stochasti@anddeterministicorbit param-
etersweremuchimprovedwith the new orbit parameterizationmprovementmeanghatthe
size of the stochastiqulseswassignificantlyreducedandthatthe variationof the YO-term
becameanuchsmaller Thisis truein particularfor the Y-bias(seeFigure6.6) andtheradial
pseudo-stochastjulses(seeFigure6.7). Thesefigurescover thetime periodfrom day 217
in 1996to day 129in 1999, i.e., almost3 years. The reducedsize of the stochasticorbit
parametersinderlinesthe quality of the new orbit model. Testswithout estimatingthe ra-
dial pseudo-stochastmulsesshavedthatwith the new orbit parameterizatiothesepulsesno
longerhave to be estimated.Consideringhe factthat pseudo-stochastjpulsesare meantto
absorborbit modeldeficienciest is clearthatthe modelingdeficitsaresignificantlyreduced
in the new orbit parameterizationNote, however, thatsomesignaturds obseredfor the es-
timatedalong-trackpulses,Figure A.1 in AppendixA. This indicatesthat evenin the new
modelthereremainsomeorbit modeldeficits.

The deterministictest seriesconfirmedthat, from the threedirectionsin which periodic
termscanbe estimatedwith the ECOM, the periodictermsin the B-direction mostsignifi-
cantly improve the orbit model. Evidencewas presentedhat the periodicsignalsin the Y-
directionreducethe orbit modeldeficienciesaswell. The periodicsignalsin the B-direction,
however, wereshavn to be moreimportantthanthosein the Y-direction.

Thedeterministidestseriesfurther shovedthata purely“deterministic”orbit parameter
ization, consistingof the constantermsin the D- andY-directionsplusthe periodictermsin
the D- andB-directions,givesexcellentorbit estimates.Due to the degradationof the LOD
estimateshis deterministicorbit modelis, however, notusedfor theIGS actvitiesat CODE.

Letusmentionthata similardeterministidestseriesvasperformedor thesatellitesof the
GLONASSsystenmbasedndatafrom thelnternationalGLONASSEXperimen{(IGEX). The
resultsshovedasimilarbehaior of theparametersf theECOMfor the GLONASSsatellites,
I.e., estimationof the directradiationpressurecoeficient, the Y-bias,andthe periodicterms
in the D- andB-direction(parameter®0, YO, DC, DS, BC, andBS of eqn.(6.7)) givesthe
bestGLONASS orbit estimates.Again, the periodictermsin the B-directionwerefound to
give avery significantimprovementoo.

The regular patternof the estimatedRPR parametersseeAppendixA, andthe factthat
a good non-stochastiorbit parameterizationvas found, indicatethat it may be possibleto
derive amorephysicalRPRmodelfor the GPSsatellites.Thisis thetopic of the next section.

6.3.2 Orbit Determination Using GPS Orbits as

Pseudo-Obser vations
The goal of the orbit determinatiorusing pseudo-obseationswasto find the optimal orbit
parameterizationFor this purposea “standardtest” was developedto comparethe results.

Thetestis basedon a 7-dayarc usingthe CODE final products,.e., preciseorbits plus their
respectre Earth rotation parameters.The resulting 7-day arc is extrapolatedfor 48 hours
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Figure6.6: EstimatedY-bias using the two different CODE orbit parameterizationsOnly
PRNSs3, 6, 7,and31in orbital planeC areshavn.
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Figure6.7: Estimatedradial pulsesusing the two different CODE orbit parameterizations.
Only PRNSs3, 6, 7,and31in orbital planeC areshawn.
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usingorbit integration. The last 24 hoursof this orbit predictionarecomparedo the CODE

final orbit for thatsameday. The periodfrom March 13 to March 21 in 1997 wasselected
astestinterval. The following quantitiesare consideredas quality indicatorsfor the orbit

parameterization:

¢ RMS of theresidualf the 7-dayfit.

e RMS of theresidualf the predictedorbit relative to the CODEfinal orbit of thesame
day.

e Medianof the residualsof the predictedorbit relative to the CODE final orbit of the
sameday.

First, we studiedwhetherthe determinedorbit gave similar resultsas the deterministic
orbit estimationdiscussedh the previoussection.lt wasverifiedthatthe resultswereindeed
very similar. Only onesmallanomalywasdetectedn the estimationof the periodictermsin
the Y- andB-directions. Using pseudo-obseationsthe effect of the periodictermsin these
two directionsare almostidentical whereasusing real obsenationsa significantdifference
wasobsenredfavoring the periodictermsin the B-direction.

Thesatellitepositionsusedaspseudo-obseations,arevery strongobsenationsfor orbit
determination. They allow to estimatea large numberof orbit parameters.Therefore,our
orbit determinatiorprogramwasgeneralizedo estimateperiodictermswith periodsof oneto
sex timesperorbital revolution. Furthermoremodificationsveremadeto allow for periodic
termsin two othercoordinatesystems:the satellite-fixed referencérame (X, Y, Z) andthe
“classical”orbit systemin radial,along-,andcross-trackR, S, W). In addition,theargument
for the periodictermswasslightly changedo accountor the positionof the Sunwith respect
to the ascendinghode. This changes a consequencef the basicassumptiorthat the solar
radiationpressures the major“error source”in GPSorbit modeling.It is therefordogical to
relatethetime argumentof the periodicsignalsto the positionof the Sunin the orbital plane.
Thus,the agumentof latitude (u) is correctedor the argumentof latitudeof the Sunin the
orbital plane(u,), seeFigure6.8.

After extensvetestsusingmary differentcombination®f theavailableparameterasmall
setof optimalorbit parameterizationwasfound. It is interestingo notethatmodelM1 is very
similar to the bestdeterministicorbit parameterizatiomvhich we foundin the previous sec-
tion. Table6.3lists theseoptimal parameterizationdt is interestingto notethatthereareno
periodiccosinetermslisted. This is causedoy the fact that the cosinetermsare correlated
with the estimated0 terms.All candidatgparameterizationseresubsequentlysedin real
orbit estimationusingonefull weekof double-diferencecarrierphasedata. Thesetestscon-
firmedthatall 5 parameterizationperformvery well apartfrom somecorrelationwith the
LOD estimatesBecausef the slightly betterperformancendits resemblancé the ROCK
model,modelM5 (Table6.3) wasselectedcasthe optimal orbit parameterizationThis opti-
mal parameterizationgonsistingof six parametersthreeconstant@andthreeperiodicterms,
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6.3 TheExtendedCODE Orbit Model

Figure6.8: Definition of the argumentof latitudeof the Sunin the orbital plane(u,) andthe
elevationof the Sunabove the orbital plane(5,).

Model | ConstanfTerms| PeriodicTerms
M1 | DO, YO0, BO Blsin(w — ug), D1sin(u — ug)
M2 | DO, YO0, BO Blsin(u — ug), B2 sin2@u — uyg)
M3 | DO, YO, BO Z1sin(u — ug), X1 sin(u — ug)
M4 | DO, YO, BO Z1sin(u — ug), X3 sin3( — uyg)
M5 | DO, YO, BO Z1sin(u — ug), X1 sin(u — ug), X3 Sin3@ — uy)

Table6.3: Selectedoptimal” orbit parameterizationseeeqn.(6.8).
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describesheacceleratiorniizpr dueto thesolarradiationpressuren thefollowing way:

aRPR = DO5D+Y0€y+BO€B+leln(U—U0)gz+ (68)
{X1sin(u — up) + X3sin3(u — ug)} - €x

where,

D
Nl

Satellite-fixed X-axis, positive toward the half planethatcontainshe Sun.
Satellite-fixed Y-axis, pointingalongthe spacecrafsolarpanelaxis (€ x €x).

™

Y
€y Satellite-fibed Z-axis,the vectorsatellite—Earthpositive towardsthe Earth.
uy ... Argumentof latitudeof the Sunin theorbital plane,seeFigure6.8.

DO, YO, andBO arethethreeconstantermsandZ1, X1, and X3 arethethreeperiodicterms
of themodel.NotethatDO, YO, andBO arerelatedto the ECOM, eqn.(6.7),wherea¥Z1, X1,

andX3 arenew parametersZ1 andX1 have asimilarbehaior asthe periodictermsin B and
D, respectiely.

6.4 Deriving the CODE Solar Radiation Pressure
Model

Using the above orbit parameterizatiofimodelM5 in Table 6.3) all final CODE orbits with
their respectre ERPs,assubmittedto the IGS sinceJunel992,wereusedin an orbit deter
mination stepas pseudo-obseations. For this purposean arc-lengthof 5 dayswaschosen
andno a priori solarradiationpressurenodelwasused. This resultedin a long time series,
coveringalmost6 years of estimategor theselectedoptimum)setof RPRparameterdit was
hopedthat,aftercarefulanalysisthistime seriescouldbeusedto derive anew (deterministic)
solarradiationpressuranodel. Figure 6.9 shows the estimatedvaluesfor the accelerations
causedy thedirectsolarradiationpressur€D0) andthe Y-bias(Y0) asfunctionof time over
thefull 6 years.It shouldbe notedthattheseestimatesre“scaled’to correctfor thedistance
of the satelliteto the Sun. Otherwisea clearannualsignalwould have beenobsered dueto
the eccentricityof the Earthorbit.

In Figure 6.9(a)the threeBlock typescan easily be identified. The uppermostcurves
(smallesDO0 values)epresentheBlock | satellitesrom whichthelastone(PRN12) stopped
operationsearlyin 1996. The lowestcurves(largestDO0 values)representhe Block Il satel-
lites. Therelatively large differencebetweerthe DO estimategor the Block II andllA satel-
lites,whichareverysimilarin shapeis causedy themasglifference TheBlock 1A satellites
are100kg moremassve (10%) (seeTable6.1). The DO acceleratiorshouldthusbereduced
by about10%,which mayindeedbe obseredin Figure6.9(a). Theincreasedhoiseof the DO
estimatesasa function of time is causedby thosesatellitesexperiencingmomentumwheel
problemsj.e.,PRNs14,16,18,19,24,and29 (seeTable2.1). TheDO estimatesor PRN13
(Block 1IR), which may be seenin Figure 6.5, are similar in sizeto thosefor the Block Il
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6.4 Deriving the CODE SolarRadiationPressurélodel

satellites.FigureA.2 in AppendixA shavsthe DO estimatedor theindividual orbital planes.
Note thatthe satelliteswith momentumwheelproblemsandsolarpanelproblems(PRN 23)
(seeTable2.1),wereexcludedfrom FigureA.2 in AppendixA.

Clearjumpsmaybeobsenredin the Y-biastime seriesin Figure6.9(b). Most likely these
jumpsarerelatedto the“yaw-bias” changesn theattitudesystenof the GPSsatellites.These
biaseshave beenkept constantsinceNovemberl995[Bar-Sever, 1997]. Prior to November
1995,the GPSoperatorsiadroutinelychangedhe signof theyaw-biasin thesatelliteattitude
controlsystemwhenthe 3y-angle(Figure6.8) changedsign. SinceNovemberl995the yaw-
bias hasbeenfixed to a valueresultingin a yaw-angleof 0.5°. Furthermore the eclipse
phasesan clearly be seenin the Y-bias estimateswhich are somavhat anomalousduring
thesephases.Becausehe eclipseperiodsof differentorbital planesare different, only the
satellitesin one single orbital planeare shovn in Figure 6.9(b). The Y-bias estimatedor
the six individual orbital planesmay be inspectedn Figure A.3 in AppendixA. Againthe
problematicsatelliteswere omitted (PRNs 14, 16, 18, 19, 23, 24, and 29). FigureA.4 in
AppendixA alsoshavstheZ1 estimatesasfunctionof time for theindividual orbital planes.

FigureA.5 in AppendixA shows the effect of the lossof the satellitemomentumwheels
ontheDO, YO, andZ1 estimate®f PRN 14 andPRN 18. Dueto thislosstheattitudeof these
satellitesis maintainedusingthrusterfirings. Becausedhrustersare never perfectlyaligned,
this resultsin a smallorbit maneuer which is difficult to model. The estimatedrbit param-
etersthushave to absorbthis mis-modeling. Figure A.5 alsoillustrateswhy thesesatellites
wereleft outin theotherfigures.

A carefulanalysisof the estimatecbarameterssa function of time shoved thatthe be-
havior of satelliteswithin oneorbital planeis very similar. This maybe seenclearlyin Fig-
uresA.2, A.3, andA.4 in AppendixA. Annualandsemi-annuakignalsaredominant. As-
sumingthatthe Suncausesheobseredsignals,it is logical to studythe behaior of theRPR
parameterssa function of the angle 3, of the Sunabove the orbital plane(Figure6.8). If
|Bo| < 14°, the orbital planeis partly eclipsed.Due to the obliquity of the ecliptic the vari-
ation of the fy-angleis differentfor the differentorbital planes.The maximumrangein the
Bo-angleis obseredfor planesA andF for which —80° < 3, < 80°. Theminimumrangeis
obsenedfor planesC andD, for which —40° < g, < 40°. Figure6.10showsthevariationof
the Gy-anglefor thedifferentorbital plansfor theyear1997.

Figure6.11 givesthe time seriesfor the directsolarradiationpressureand Y-biasaccel-
erations.As opposedo Figure6.9, wherethe estimatesare given asa function of time, the
estimatesrenow givenasfunctionof the angleof the Sunrelative to the orbital plane(5;).
For the Y-biasa shortertime interval was selectedo excludethe obsered jumpsfrom the
pre-Novemberl995era. All satellitesexcepttheproblematiconesareshovn (notonly those
in onesingleorbital plane).

The directsolarradiationpressureacceleratiorandthe Y-biasaccelerationasfunctions
of 3y, arevery similar for all (Block Il andllA) satellites.This indicatesthata simplemodel
may be derived for theseparameterslt emegesfrom Figure 6.12 thatthe sameis true for
the constanttermin the B-directionandfor the once-peirevolution periodictermin the Z-
direction. Both periodic signalsin the X-direction (X1 and X3) do not showv a very clear
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Figure6.9: EstimatedirectsolarradiationpressurecceleratiorfD0) andY-biasacceleration
(YO0) asfunctionof time overtheinterval from Junel992to May 1999.
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Figure6.10:Variationof the 8y,-angleduringtheyear1997for thesixindividualorbitalplanes.
Thefirst line which reachests maximumrepresent®rbital planeD. The next
maximarepresenplanesk, F, A, B, andC, respecitrely.

behaior.

The Block | satellites representedby the uppermostinesin the DO estimateshavn in
Figures6.9 and 6.11, behae in a slightly differentway. Although their behaior is also
predictablenoattemptwvasmadeto createamodelfor Block | satellites Dueto the“jumps”in
theestimate®f theY-bias,themodelfor this parametehadto bebasedntheestimatesince
19960nly. It turnedout thatthe performanceof the completemodelwasbetterif all model
parametersvere uniquely basedon recentresults(since 1996). Apparentlythe modeling
iImprovementsnadein the previousfew yearsarecrucialfor our purpose The“bad” satellites
(thoseexperiencingproblemswith theirmomentunwheelsandPRN23) weredown-weighted
in the modelestimationto avoid biasingof the modelparametersin additionthe estimates
from the eclipseperiodswere also down-weighted exceptfor the DO estimates.As canbe
seenn Figures6.11and6.12theestimatedor the YO-, BO-, andZ1-termsarequitedifferent
duringeclipseseasonsThe DO estimateshowever, arenot affectedby eclipseperiods.

Thetime seriessincel996wasusedto derive a 5,-dependentunctionfor eachof the six
parametersf eqn.(6.8). Theresultmaybewritten as:

DO(Bo) = D0g + D0¢3cos(28;) + D04 cos(43)
Y0(By) = Y0o+ Y02 cos(26)

BO(ﬂo) = B00+BOCQ COS(Qﬁo) (69)
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tion (YO) asa function of the angleof the Sunabove the orbital plane(3;). For
DO the completeinterval from Junel992to May 1999is shovn whereador YO
only thelastfew years(1996—1999areincluded.
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Zl(ﬂo) = Zl() + Zlcg COS(Qﬂ()) + leg sin(2ﬂ0) +
Z1cy cos(46y) + Z1g4sin(45)

X1(By) = X1g+ X1lgacos(28) + X1g2sin(20y)
X3(/60) = X30 + X302 COS(2ﬁ0) + X352 sin(2ﬂ0)

Usingequationg6.8)and(6.9) the CODERPRmodelmaynow begivenin theform:

6RPR — DO(ﬂo) . gD + YO(ﬁ()) . gy + BO(ﬂo) . EB +
Z1(By) sin(u — up) - €7 + (6.10)
{X1(B) sin(u — ug) + X3(Fo) sin3(u — ug) } - €x

Notethatthe constanterms(D0,, Y0y, B0y) in eqn.(6.9) aresatellite-specifiandthatthe
Z1y-termis Block-specific. All parametewvaluesare givenin AppendixA. Note thatthe
modelis only valid for Block Il andIIA satellites. Furthermorethe valuesgivenfor PRN8
shouldbe usedwith carebecausehis satellitewaslaunchedate in 1997 andits shorttime
serieds somavhataffectedby the“outgassing'effects. Thevaluesfor satellitePRN23should
be usedwith care,aswell, dueto the problemswith the orientationof the solarpanels.The
resultsindicate, however, thatit shouldbe possibleto derive a “tailored” RPR model for
PRN23.The CODERPRmodelhasbeenpublishedn [Springer etal., 199%, 1998]. It was
announcedby IGSMAIL # 1842.

6.5 Evaluation of the CODE Solar Radiation Pressure
Model

Four different investigationswere performedto evaluatethe new solar radiation pressure
model:

e Theeffectof theparametersf our RPRmodelonthesatellitepositionswasdetermined
to give anideaof the significanceof individual terms.

e Basedontheresidualof the RPRseriesanerrorbudgetof the modelwasderived.

e The modelwastestedasa priori modelin a real parameteestimationprocessusing
oneweekof GPSobsenations.

e The modelwas comparedo other RPR models,to checkits performanceusingour
standardest(next section).

The effect of differentparametersf the nev RPRmodelon the orbit wasestimateddy inte-
gratinga givensetof osculatingkeplerianelementver atime periodof oneday (24 hours),
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Effecton 1-dayarc
Parameter Radial Along Cross Total
DO(6,) 29 87 3 92|m
Y 0(6o) 49 350 8 354|cm
BO(f) 2 29 3 29|cm
Z1(Bo) sin(u — ug) 15 32 0 36| cm
X1(Bo) sin(u — ug), X3(5o) sin 3(u — ug) 2 11 0 11 | cm

Table6.4: Effect of the individual parameter®f the nev RPR model on the GPSsatellite
orbitsover 24 hours.

onceusingtheestimatednodelvaluefor the parameteandoncewith the parametevalueset
to zero. The RMS of the differencebetweerthe two resultingorbits, over the full 24 hour
period, wasthencomputedio getanideaof the size of the effect. Theresultsaregivenin
Table6.4.

As expectedtheDO (directsolarradiationterm)andYO (Y-bias)give thelargestcontritu-
tions. However, the contributionsof the BO-termandthe periodictermin the Z-direction(Z1)
arenot nggligible either The periodicZ-termhasa signaturesimilar to the periodictermsin
the B-direction,which areusedby CODE to generatehe IGS orbit products. The periodic
termsin the X-directionhave aneffectof only 11 cm. Thetypical RMS of the 5-dayfits, used
for the modeldevelopmentjs of theorderof 5 cm. The 11 centimeterarethuscloseto the
noiselevel. However, the IGS orbit combinationsshav an orbit consisteng of about5 cm
betweerthe orbitsof differentACs;aneffectof 11 cmmayturnoutto besignificant.

The CODE RPRmodelis basedon time seriesof parametersomputedby fitting 5-day
arcsthroughthefinal productfrom CODE.The RMS of theresidualof themodelparameter
estimation after subtractinghe estimatedRPRmodel,is usedto assesshe remainingerrors
in themodel. For this purposeéhe RMS valuewasintroducedasa “bias” in thecorresponding
RPR parameteranda 24-hourorbit integrationwas performedwith this biasincluded. The
differencesbetweenthe biasedorbit and the original orbit are a measureof the remaining
orbit modelerrors. The resultsaregivenin Table6.5. The total error budgetwas setupby
introducingthe RMS valuesfor all parameterasbiasesf therespectre parameters.

The largesterror sourcestemsfrom the two periodictermsin the X-direction. This is
remarkablan view of the small effect theseparameterfiave on the orbit (Table6.4). The
estimateckrrorsfrom theotherparameterareall belov the20cmlevel. Thetotalerrorbudget
is estimatedo be about80 cm. To verify this, our standardestwasusedwithout estimating
ary parametergexceptthe 6 osculatingkeplerianelementsput introducingour RPRmodel.
The RMS of this 7-dayfit may thenbe comparedo the estimatednodelerror. The results
arecomparableandthe error budgetseemsslightly pessimistic. This may be causedy the
relatively large error of the periodictermsin X. The arclengthof our standardest(7 days)
is longerthanthe arc lengthusedfor the RPR parameteestimateg5 days). Therefore the
remainingorbit modelerror is estimatedo be of the orderof only 50 cm for a 7-dayarc!
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RMS of Model Fit Effecton 1-dayarc(cm)
Error Source (107°m/s?) | Radial Along Cross Total
DO(5y) 0.1124 4 11 0 12
Y0(f) 0.0462 2 16 1 16
B0(fo) 0.1275 1 8 1 8
Z1(8o) sin(u — o) 0.1127 2 4 0 4
X1(Bo) sin(u — uy) 0.1653 6 41 1 42
X3(Bo) sin 3(u — up) 1.3644 7 54 2 55
Total Error budget 9 77 4 78
RMS of 7-dayfit 52

Table6.5: Estimatednodelerrorsbasedn the RPRparameteresiduals.

DOYO DOYOBOBCBS
+ROCK +CODE| +ROCK +CODE

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

Table6.6: Resultdrom real GPSdataanalysisusingboth,the ROCK andCODERPRmodels,
asapriori models.

Remembethatfor the ROCK modeltheorbit modelerrorwasestimatedo be of theorderof
300cmfor a24 hourarc!

Finally, the new RPR modelwas usedasa priori modelin a real GPSdataprocessing
experimentwith onefull weekof doubledifferencecarrierphasedata(7 daysof 3-day so-
lutions). Four differentsolutiontypeswere generated.For the first two solutiontypesour
standard DO, Y0) andextended(DO, YO, BO, BC, BS) orbit solutiontypeswere generated
usingthe ROCK modelasa priori model. For the secondiwo solutiontypesthe sametwo
orbit solutionswere generatedut now usingthe nev CODE RPRmodelasa priori model.
Theresultsaresummarizedn Table6.6.

A significantimprovementmay be obsered for the standardsolution (DO, YO0). In fact,
the standardsolutionusingthe CODE modelhasbecomealmostasgoodasthetwo extended
solutiong(DO, YO, BO, BC, BS). Thisis importantbecaus¢hreeorbit parameteréthethreeB-
terms)becomenbsoleteTheslightdifferencan quality is mostlik ely causedy theeclipsing
satelliteswhich arenottreatedn ary specialway in the CODE processing.

6.6 Comparison of Different RPR Models

TheJPLanalysisenteralsodevelopedanenw RPRmodel[Bar-Sever, 1997]. Theperformance
of differentRPRmodelswastestedusingour standardest. The CODE products(orbitsand
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RPR-MODEL RMS of 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: Orbit Fit (7 days)andorbit extrapolation(2 days)usingdifferentRPRmodels.Only
scale(or DO) andY-biasestimated.

ERPs)wereusedaspseudo-obseations. Table6.7 summarizeshe resultsfor the different
RPRmodelsavailable,namelyROCK, JPL,andCODE.The RMS of fit of the orbit determi-
nation,andthe RMS andmedianof the residualsof the predictioncomparisoraregiven. In
all casegwo solarradiationpressurdermswereestimatednly; the scaleterm(or a constant
accelerationin the direction Sun-satellitg{D0)) andthe Y-bias (Y0). Only for the solution
labeled'BEST” moreRPRparametergall 9 parametersf the ECOM) wereestimatedThis
latter solutionis just given for reference. Furthermorethe ROCK modelwas usedin two
differentways. First, it wasusedasa priori modelandthe acceleration$0 and YO were
estimated'on top” of the model(solution: T20), which representshe way the ROCK model
is normally usedin the BerneseGPSSoftware. Secondlyit wasusedby estimatinga scale
factorfor the completeROCK modelandthe accelerationn the Y-direction(solution: T20
scaled)whichrepresenttherecommendedsageof the ROCK model,eqn.(6.4).

Table6.7 shavs thatincludingthe ROCK modelasa priori RPRmodelhardly givesary
improvementin both, the fit andin the prediction,comparedo not including ary a priori
modelatall. Althoughit wasclearfor alongtimethattheROCK modelsarenotveryaccurate,
thisis a surprise.Both the CODE andJPL RPRmodelsperformmuchbetterthanthe ROCK
model. Theresultsof the CODE modelarecloseto the“bestpossible”results.Thereduction
of the numberof estimatedRPR parametergfrom 9 to 2), doesobviously not significantly
degradethe accurag. This reductionof parametershouldmake the GPSorbit predictions
morereliable. This is importantbecausentegrity of the predictedorbits is the mostcrucial
factorfor realtime GPSdataanalysigdMartin Mur etal., 1998].
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7 Orbit Validation using SLR
Obser vations

7.1 Motiv ation

Two of currently27 GPSsatellitesareequippedwvith alaserreflectorarray: PRN5, launched
in August1993,andPRN6, launchedn March1994.Both satellitesaretrackedonaroutine
basishy the satellitelaserranging(SLR) groundstationnetwork of the InternationalLaser
RangingService(ILRS). The main motivationto usethe SLR obserationsof the two GPS
satelliteshasto be seenin the factthatthey provide a uniqueandindependentheckof the
quality of the GPSsatelliteephemerideasprovidedby the IGS andits analysiscenters.

In addition,the SLR obsenationsmay alsobe usedto studythe attitudeof the GPSsatel-
lites asa function of time during their eclipsephases.Furthermorethe combinationof the
obsenationsof bothtechniquesmicrowaveandSLR,will unify theterrestriareferencdrame
of bothtechniquesandmay leadto improved orbits of the GPSsatellites. The unificationof
theterrestrialreferencéramewill be of advantagefor all parametereommonto both tech-
niques,.e., Earthrotation,stationcoordinatesandgeocenterTheSLR obserationsmayalso
helpto determingheactualphasecenteroffsetof the GPSsatelliteantennavhich hasalarge
uncertainty(aswasdiscussedh Chapterb).

7.2 Basics of SLR

A satellitelaserrangingsystems, in simpleterms,anopticalradar Figure7.1givesasimpli-
fied pictureof the SLR measurementrinciple. The stateof the art laser(light amplification
by the stimulatedemissionof radiation)typically operatest a repetitionrate betweerb and
10Hz. It producesiltrashortpulseswith a pulsewidth betweerB0 and200 picosecondand
a single pulseenepgy betweenl0 and 100 millijoules. The transmittedliaserpulsestartsa
time-of-flightcounteythe pulsetravelsthroughtheatmospherds reflectedoy aretroreflector
arrayon boardof the satellite,returnsthroughthe atmospherandis collectedon the ground
by therecevertelescopeThetelescopdocuseghereflectecdpulseontoaphoto-detectofe.g.,
adiode)thatstopsthetime-intenal counter Theobsenationis thereforethetime-of-flight of
thelaserpulsewhich,whenmultiplied by the speedf light, directly givestwice themeasured
range. This rangemeasurementnustbe correctedfor atmosphericefractioneffectsbut, as
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Satellite

Retroreflector

Transmitted pulse -~~~ : -
-~~7-" Reflected pulse

Telescope

SLR Station

Figure7.1:Principleof anSLR obsenration. By measuringhe elapsedime betweerthe start
time of the transmittedoulseandthereceptionof the reflectedpulsethe rangeto
thesatellitemaybedetermined.

opposedo to microwave measurementshe opticalmeasuremen@reinsensitve to both,the
wet partof the tropospherendtheionosphereThe hydrostatiqdry) partof thetroposphere
may be modeledaccurately(mm level) whenlocal pressuretemperatureandhumidity atthe
observingstationareavailable[Marini and Murray, 1973].

The single-shotdatafrom rangingto passve orbiting satellitestypically shaovs an RMS
scatterof 6-10mm for state-of-the-arbLR stations.By averagingindividual rangemeasure-
mentsover a shorttime intenal (e.g., over 2 minutes)the randomerrorsmay be reduced.
The RMS scatterof theseso-callednormalpointsis at the level of a few mm only. Normal
pointsareformedatthe SLR sitesaftereachsatellitepassandaretransmittedo the SLR data
centers.

It shouldbe mentionedhatthe actwvities of the SLR groundstationnetwork arenow co-
ordinatedby the InternationalLaserRangingService,the ILRS. The ILRS, which may be
consideredisthe SLR equivalentof the IGS, wasestablishedn 1997. Accordingto its terms
of referencethe primary objective of the ILRS is to provide a serviceto support,through
satelliteandlunarlaserrangingdataandrelatedproducts geodeticandgeophysicatesearch
actiities andto supply IERS productsimportantfor the maintenancef an accurateinter-
national TerrestrialReference-rame(ITRF). The servicealso developsthe necessargtan-
dards/specificatiorsndencouragemternationabdherencéo its corventions.ThelLRS col-
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lects,memges,archvesanddistributesSatelliteLaserRanging(SLR) andLunarLaserRang-
ing (LLR) obsenationdataset®f sufficientquality to satisfythe objectvesof awide rangeof
scientific,engineeringandoperationabpplicationsand experimentation.More information
aboutthe ILRS maybefoundat: http://ilrs.gsfc.nasa.go

7.2.1 GPS Retroreflector Array

The retroreflectorarraysusedon the GPSsatelliteswere built by the Russianinstitute for
SpaceDevice Engineeringn Moscav [Degnanand Pavlis, 1994]. The GPSretroreflectors
aresimilar in designto thoseusedsuccessfullyon all of the GLONASS satellites. The total
reflectingareaof the GPSarraysis, however, muchsmallerdueto limited mountingspaceon
the nadirviewing faceof the GPSBIlock IIA satellites. The GPSretroreflectorarray which
consistof 32individualretroreflectorsmeasure239mmby 194mm, its heightis 37 mmand
its weightis 1.27kg. Thelocationof the arrayon the GPSsatelliteis indicatedin Figure6.2.
Theactualdistancesneasuredrom the centerof massof thesatelliteare0.8626,-0.5245 and
0.6584min the X, Y, andZ-directionsrespectrely, of the satellite-fixed coordinatesystem.

7.3 Validation of GPS-based Orbit Estimates

The SLR obsenrationsof the GPS(andGLONASS)satellitesprovide a uniqueopportunityto

validatethe quality of the IGS (andIGEX) orbit determination.Becausehe IGS orbits are
basednthemicrovave measurementsf the GPS the SLR obsenrationsprovideacompletely
independentalidationof the orbit quality. Dueto the high altitudeof the GPSsatellitesthe

anglebetweerthe vectorfrom the SLR obsenatoryto the GPSsatelliteandthe vectorfrom

the geocenteto the GPSsatelliteis 14° at maximum. the SLR obsenrationsare therefore
nearlyin theradialdirection,andthusprovide mainly informationconcerningheradial orbit

errors[Watkinsetal., 1996].

Theorbitvalidationis basednthedifferencebetweertheobsenedrangethe SLRnormal
pointmeasuremengndthe computedange.Therangeis computedassumingoth,the SLR
stationpositionsandthe GPSsatellitepositions to beknown. The SLR stationpositionsmay
betakenfrom the TRF realizationwhereagheorbit positionsmaybeobtainedrom theGS,
in our casethe orbitsof the CODE analysiscenter We alsohave to usea setof Earthrotation
parametersn this orbit validationstepwhich are consistenwith the CODE orbits, i.e., the
CODEERPestimatesThetropospheriadelaysaremodeledusingthe Marini—-Murray model
[Marini andMurray, 1973]in which thetemperaturepressureandhumidity measurements,
deliveredwith the SLR normalpoints,areintroduced.

All SLR obsenationsof thetwo GPSsatellitesggatheredsincel995areusedin ouranaly-
sis. The network of all 25 SLR siteswhich have obseredthe GPSsatellitesduringthetime
spanfrom Januaryl995to July 1999is shavn in Figure 7.2 wherethe SLR sitesareiden-
tified by their crustaldynamicsprojectnumbers.Figure 7.3 shavs the differencesbetween
the obsered andcomputedangesusingall SLR obsenationsof the GPSsatellitesover the
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Figure7.2:Network of SLR stationsobservingthe GPSsatellitesduring the 1995to 1999
time span.

time spanfrom Januaryl995to July 1999. To remove outliersthe SLR obserationswere
editedusingabo outlier criterium. Lessthan2% of theobsenationshadto beremovedusing
this criterium (which effectively removed all residualsexceeding300 mm). Table7.1 gives
statisticalinformationon of the residuals(which may be inspectedn Figure 7.3) sortedby
stationandsatellite.

Two interestingresultsemepge from Figure 7.3 and Table 7.1. First, we seean average
biasof -55 mm betweerthe obsened andcomputedranges.The negative signindicatesthat
theobsened SLR rangesareshorterthanthe computedanges.Theoccurrencef this biasis
quite unexpectedandasksfor explanations.Secondlythe RMS of the residuals aroundthe
mean,s aslow as55 mm. This resultis truly remarkablelt impliesthatthe two independent
techniqguesmicrovave and SLR, agreeat the level of a few centimeters.Most importantly
it alsoshaws thatthe (radial) orbit error of the IGS orbitsis assmallas55 mm. This corre-
spondgyuitewell to the RMS statisticof theweeklyIGS orbit combinationgseeFigure4.4).
On the otherhand,the 55 mm RMS is well above the noiselevel of the SLR normal point
obsenations.
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Figure7.3: Rangeresidualf the SLR obsenationsfrom GPSsatellitesPRN5 (crossesand
PRNG6 (triangles).
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PRN5 PRN6

#0Obs Mean RMS | #0Obs 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 -455 39.8| 1259 -54.7 60.8
7840HERS 1154 -47.9 32.0 807 -67.2 41.1
7839GRAZ 951 -49.9 244 986 -44.6 424
78430RRL 925 -14.8 48.2 732 -33.4 599
7080MLRS 658 -91.3 55.7 614 -89.8 43.9
7884SORNRL 414 -103.7 39.9 349 -38.2 621
1884RIGA 544 -775 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 79.8 158 120 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 -79.3 422
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 -28.0 315
7594WETT_TIGO 10 36.7 49.0
7109QUIN 4 -81.0 3.1
7811BORO 3 -80.3 276
Total 15380 -53.3 50.8| 11581 -56.5 62.0

Table7.1: Rangeresidualf the SLR obsenrationsfrom both GPSsatellitessortedby station
andsatellite. We give the numberof obsenations,the meanof the residualsand
the RMS of theresidualsaaroundthemean.
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Figure7.4: SLRrangeresidualdor aneclipsepassagef PRN6 onday36,1997.Thefirsttwo
residuakracksarebasednobsenationsfrom station7210MAUI whichobsered
bothPRNS5 (crossesandPRNG6 (triangles)onthisday Thethird residuakrackis
basedn obsenrationsfrom station7110MONP trackingPRN6.

7.3.1 SLR Observations of Satellite Eclipses

The larger residualsin Figure 7.3, for instancearoundthe beginning of 1997, are mainly
causeddy satelliteeclipses.Figure7.4 shavs an exampleof the residuald§rom obsenations
duringthe satelliteeclipseperiodof PRN6 onday 36 of 1997,5 Februaryl997.0On this day
the eclipseperiodof PRN 6 lastedfrom 7:08to 7:55 UTC. After eclipseexit at 7:55UTC,
the satellitetakesup to 30 minutesto returnto its nominalattitude.During theseperiods the
eclipsephaseand30 minutesafterwards,the satelliteis performinganunpredictableotation
aroundthe satellite-fixed Z-axis. Figure 7.4 demonstratethatthe SLR obsenationsmay be
very usefulto studythe rotationof the GPSsatellitesduring their eclipseperiods. They are
particularlyusefulto validatethe quality of the satelliterotationratesasestimatedy someof
thelGS analysiscenters.Therotationeffectsarevery clearlyvisible in the SLR obserations
becausef the relatively big distance(1 meter)of the SLR reflectorarrayw.r.t. therotation
(Z-) axis. For comparisorwe mentionthatthe GPSantennghasecenteris only ata distance
of 0.3m from therotationaxis.
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7.4 Investigating the Microwave—-SLR Bias

The obsened biasbetweerthe rangesasedon the microwave orbitsandthe obserned SLR
rangesmight be explainedby an errorin the offset of the SLR reflectorfrom the centerof
massof the satelliteis in error The orbit estimatedasedon the microvave obserationsare
not sensitve to errorsin the offset betweerthe centerof massof the satelliteandthe phase
centerof the satelliteantenna.ln Chapter5 it wasdemonstratethat changingthis offsetby
1 meterdid not have ary significanteffect on the orbit estimates.Therefore the IGS orbits
maybeconsideredo accuratelyeflectthe positionof thecenterof massof the GPSsatellites.
In the caseof SLR obsenationsfrom the GPSsatellitesary errorin the distancebetweerthe
centerof massof thesatelliteandtheeffective reflectioncenterof thelaserretroreflectoarray
will shov up asanapparentadialbiasin the SLR residuals.

In orderto verify whetherthe offsetis the explanationfor the obsered radial biaswe
solved for this offset usingthe SLR obsenations. For this purposethe entire (clean)setof
obsenation over the time spanconsideredvas (re-)processeday by day From eachday
thenormalequatiorsystenof theestimategparametersvassaved. After having processedll
days theresultingsetof 1256normalequatiorfileswerestacledandtheparametersf interest
wereestimated.On the daily level the parametersvhich were setupin the normalequations
arestationcoordinatesgeocenterandsatelliteantennaffset. In thenormalequatiorstacking
either of theseparametersnay be estimated.(More informationaboutthe normalequation
stackingproceduresisedin the BernesesPSSoftwaremaybefoundin Brodkmann[1997].)

Two seriesof testswere performedto studythe effect of the SLR reflectorarray offset.
For the first testseriesthe completedatasetfrom 1995to 1999 was used. For the second
testseriesonly a partial set, startingin 1998, wasused. For both seriesfour solutionswere
computed Thefirstsolution,in whichnoparametera/ereestimatedwasgenerateéh orderto
obtaintheRMS of thesolution.In thesecondsolutiononly theradial SLR reflectoroffsetwas
determinedin thethird solutionall SLR stationcoordinatesvereestimatedandin thefourth
solutionboth, the radial SLR reflectoroffsetandall SLR stationcoordinatesyverederived.
Table7.2summarizesheresultsof thetwo testserieswherethefirst testseriesusingthefull
datasetis labeled“F” andthe seriesbasedon the partial datasetis labeled“P”. The table
givesthe RMS of the residuals,andthe changein the estimatedadial SLR reflectoroffset
(positvetowardtheEarth). Thelasttwo columnsgive thechangen theterrestrialscalebased
on performinga 7-parameteHelmerttransformationbetweenthe ITRF-96 coordinatesof
the SLR stationsandthe estimatedtoordinatesandthe RMS of the Helmerttransformation.
Only the scalechangeis shavn herebecauséhis wasthe only significantparameteof the
sevenestimategarametersin the Helmerttransformatioronly thosestationswith morethan
200 obsenationsandknown ITRF-96 coordinatesvereused. This meanghat only the first
10 stationsin Table 7.1, not countingSORNRL for which no ITRF-96 positionis available,
wereused.A positive valuefor the scalemeanghatthe estimatedSLR stationnetwork hasa
larger scalecomparedo the scaleof the I TRF-96.

The resultsin Table 7.2 shawv thatthe estimationof the SLR reflectoroffsetreduceshe
RMS of the solution. This was expectedbecausehe estimationof this offsetis 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 - 105 34.2
F4| 50.6| 19.1 6.7 30.9
P1| 68.8 - - -
P2| 49.1| 50.0 - -
P3| 35.3 - 114 37.1

P4| 34.3| 83.7 -55 25.1

Table7.2: Selectedresultsfrom the SLR stationcoordinatesand reflectoroffset estimation
tests.

removing the meanof the obsened biasbecauséoth, the biasandthe offset, are (mainly)
in theradial direction. The estimationof the SLR stationcoordinateseducegshe RMS in a
muchclearemway. Thiswasexpectedoecause¢his estimatiorallows moredegreesof freedom.
Besidesbeing capableof absorbingthe radial bias by changingthe scaleof the terrestrial
referencdrame,it is alsocapableof absorbingsomestation-dependetiases.Theestimation
of theSLRreflectoroffset“on top” of estimatinghe SLR stationcoordinatesloesnotfurther
reducethe RMS. It only influencesheterrestrialscalechange.Theresultsusingthe partial
datasetshow thatthe estimationof theterrestrialscaleandthe SLR reflectoroffsetarehighly
correlated.Unfortunately theseresultsdo not allow usto concludewhetheror not the SLR
reflectoroffsetis incorrect. The estimationof the SLR reflectoroffsetwill alwaysabsorbarny
radial bias. We thereforeconcludethat theremight be a 50 mm errorin the SLR reflector
offsetbut thatthe evidencepresentedhereis notvery corvincing. Althoughaterrestrialscale
changeof approximatelyl 0 ppbwould alsoexplain the obsenedbiaswe do not considetthis
arealisticexplanation.Theaccurayg of the ITRF scaleis believedto beatthe1-2ppblevel.

It is interestingthatin Table7.2the coordinateestimate®f the SLR stationsagreeatthe
few centimetetevel with the correspondindgTRF-96 coordinatesThis meanghattherefer
enceframegiven by the ITRF-96 SLR stationpositionsandthe referencéramedetermined
by the GPSorbit and ERP estimatespasedon microwave measurementggreeat the few
centimetetevel.

7.4.1 A Look at the GLONASS SLR Tracking Data

Theavailability of both,precisesGLONASSorbitsstemmingrom thelnternationalGLONASS
EXperiment(IGEX) [WiIlis et al., 1998] and GLONASS SLR tracking allows us to study
whethera similar rangebiasmay be obseredfor the GLONASS satellites.For this analysis
we usedthe CODE IGEX orbits for the time period betweenday 283 in 1998 (startof the
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Figure7.5: Rangeresidualf the SLR obsenationsfrom the GLONASS satellites.

IGEX campaign)andday 149in 1999. For a descriptionof the CODE IGEX actvities we
referto Ineichenetal. [1999]. Notice thatthereis muchmore SLR trackingdatafor the
GLONASS satellites. This is dueto the factthatall GLONASS satellitesare equippedwith
SLR retroreflectorarraysandthat the arraysare much biggerthanthoseon the GPSsatel-
lites. The GLONASSarrayis aboutl.2 by 1.2m comparedo the GPSarrayof only 0.24 by
0.20m. Thereforethe GLONASS satellitesaremucheasierto track by the SLR stationsand
consequentlynore SLR stationsarecapableof trackingthe GLONASS satellites.Figure7.5
andTable7.3show theresultsof this GLONASSanalysis.

Basedon the RMS of the SLR obsered minuscomputedesidualsshovn in Figure7.5,
we concludethatthe quality of the IGEX orbitsis significantlyworsethanthe quality of the
IGS orbits. TheRMSis 128 mmfor the GLONASSSLR obsenrationscomparedo 55 mmfor
theGPSSLR obserations.This differencas mainly explainedby thefactthatthe GLONASS
microwvave trackingnetwork is relatively poor comparedo the currentstatusof the IGS net-
work. Consideringhisimportantlimitation, the GLONASSorbitsareof aremarkableyuality.

Thebiasobseredin theSLRresidualgurnsoutto beverysimilarfor both,the GLONASS
andGPSSLR obsenations. The biasis -42 mm for the GLONASS SLR residualscompared
to -54 mm obsenred 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: Rangeresidual®of the SLR obsenationsfrom both,the GPSandGLONASS satel-
lites, sortedby year

systemsare so similar practically rules out the possibility of an errorin the SLR reflector
offsetbecausat is unlikely that a similar error was madein computingthe centerof mass
correctionfor the retroreflectorarrayson both systems.We shouldnote, however, thatthe

GLONASS orbitsarederived by fixing the GPSorbits. Thereforethe GLONASS orbitsare
notindependentrom the GPSorbitsandthe samemight be true for the GPSandGLONASS

biases.We shouldpoint out, however, thatthe retroreflectorarrayson both systemsarevery

similar, the only differencebeingthe size of the GPSand GLONASS retroreflectorarrays.
The obsened biasmight thushave somethingto do with the reflectors. However, giventhe

smallsizeof thereflectors(heightof only 37 mm)a50 mm erroris hardto imagine.

7.4.2 The Residuals

Let us studythe residualsin orderto further investigatethe obsened bias betweenthe mi-
crowave orbitsandthe opticalranges.First, we look at the residualstatisticsperyearfor the
almost5 yearsof GPSresultsandthe 1 yearof GLONASS results. Theseannualresidual
statisticsaareshownn in Table7.3which shavsthatthebiasfor the caseof GPSis quiteconsis-
tentoverthe5 yearsvaryingfrom -34 to -66 mm. Table7.3furtherrevealsthatthebiasis also
constanfor the 2 partial yearsof GLONASS dataandthatthe biasobseredfor GLONASS
is very similarto thatobsenedfor GPS.Theseresultsindicatethatthe obsenedbiasis highly
significant.

Table7.3reflects to a certainextent,theimprovementin the CODEfinal GPSorbit qual-
ity overtheyears.As describedn Chapters, significantorbit modelingimprovementsvere
achieved over the time framefrom 1995to 1999. From 1995to 1996 a small increaseof
the RMS of the SLR residualsis obsened which is somavhat unexpectedconsideringthe
improvementsvhich wereachievedin 1995like, e.g.,theintroductionof stochastiorbit pa-
rameters. However, from 1996 onwardsthe RMS of the SLR residualsdecreasesteadily
from 62 mm in 1996to only 36 mm in 1999. Theseresultsarein agreementvith our ex-
pectationgonsideringhe consistentmprovementsn our microwave processinglgorithms.
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The GLONASSresultsin Table7.3 shaw thatsignificantimprovementsvereachievedin the
orbit modelingof the GLONASS satellitesover the relatively shorttime periodof the IGEX
campaign.TheRMS of the SLRresidualslecreasefom 156to 113mm from 1998to 1999.
Anotherway to look at theresidualss to plot themasa functionof elevation. We should,
however, remind oursehes of the fact that the SLR obsenrationsof the GPS satellitesare
mainly in theradial directionof the satelliteorbit. At 20° elevationthe deviation from a per
fectly radialobsenrationis only approximatelyl0°. Therefore no real elevationdependence
of the residualsdueto orbit errorsare expected. However, stationrelatedbiaseslike, e.g.,
tropospherer coordinatesmay causeclearelevationdependengffects. FiguresB.1 andB.2
in AppendixB shav theresidualsasafunctionof elevationfor GPSPRN5 andPRNG6 for the
first 6 stationdrom Table7.1 contributing themostSLR obsenationsover thetime spancon-
sidered Althoughsignificantdifferencesn theresidualpatterndetweerthe stationsexist, no
significantelevationdependencamaybeobsenred. It is interestingo notethedifferenteleva-
tion rangesf the obsenationswhich dependn thetelescopenountingandthegeographical
locationof the station. Althoughthe residualsof someof the stationsshav someinteresting
signaturesnoneof theobsenredresidualpatterngnay explain the obserned 50 mm bias.

7.4.3 SLR-based Orbit Estimates of the GPS Satellites

To studywhetherthe biasis causedy an errorin the GPSorbit estimatedasedon the mi-
crowvave obsenationswe shouldcomparethe “microwave orbits” with orbit estimatedased
on SLR obserationsonly. It is a problemthatthereis very little trackingdataof the SLR
stationsandthe geometryof the SLR network (seeFigure7.2)is very poor. This meanghat
the“SLR only orbits” have to be computedwith relatively long arcs,i.e., severaldays. Until
quiterecentlythis would have implied thata large numberof orbit parameterfiasto be esti-
mated.Whenusingthenew CODEsolarradiationpressureanodelintroducedn Chaptei6 the
numberof parametersaybereducedsignificantly To illustratethis effectanexperimentwvas
performedn whicha7-dayarcwas*fitted” throughthedaily CODEfinal preciseorbitsusing
4 differentapproacheslin thefirst threeapproachesnly 8 parametersveresolvedfor: state
vector directsolarradiationpressureaccelerationanda Y-biasaccelerationThe difference
betweenthe threeapproachesies in the a priori solarradiationpressuranodel; eitherno a
priori model,the ROCK-42 model, or the new CODE RPR modelwasused. In the fourth
approacmo a priori modelwasusedbut all 9 parametersf the extendedCODE orbit model
[Beutleretal., 1994] wereestimatedThis lastapproaclwaschoserno have somereference
for the quality achiezablefor this 7-day orbital arc. After estimatingthe orbits, using data
of the first quarterof 1997,the middle daysof the resulting7-dayarcsare comparedo the
original CODE preciseorbitsfor the daysin question.Theresultsof this comparisonshavn
in Figure7.6, give anideaaboutthe quality with which the modelwas capableto represent
the GPSorbitsovertherelatively long arc.

Figure7.6 shavsthesignificantimprovemenwhenusingthe CODERPRmodel(CODE)
givescomparedo usingno (NONE), or the ROCK-42 (ROCK) a priori RPRmodels.Apply-
ing the CODERPRmModelthequality of the 7-dayarcis comparablé¢o thequality of the7-day
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Figure7.6:RMS of orbit comparisorafterfitting a 7-dayarcthroughthe daily CODE precise

orbits.
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arcwhere9 RPR parametersiadto be estimated.With the CODE RPRmodelonly 2 RPR
parametersvereestimated.This differencein the numberof parameterss significantwhen
processinghe SLR obsenationsbecausef the sparserackingdataandthe poor geometry
of the SLR trackingnetwork. Theseresultsindicatethat, provided enoughSLR trackingis
available,it shouldbepossibleo getreasonablyccuraterbitsbasedn SLR obsenationsof
the GPSsatellitesonly. TheseSLR orbitsmightbeableto indicatewhetherthe 50 mm biasis
stemmingirom the microvave dataanalysis.

SLR-basearbitswerederivedfor theentireyearof 1997using7-dayarcs.Thetwo GPS
satellitesweremodeledusingthe CODE RPRmodelandestimatingthe satellitestatevector
the directsolarradiationpressureaccelerationandthe Y-biasaccelerationThe middle days
of the resulting7-dayarcswerecomparedo the CODE preciseorbits for the corresponding
days. Two differentorbit estimationsvere performed.For thefirst type of orbit estimation,
an orbit wasestimatedusingthe seven CODE preciseorbits (FIT), aswasdescribeckarlier
The secondtype of orbit estimationwas basedon the SLR obsenations(EST). Figure 7.7
showvs someof the resultsof this orbit comparisonfor GPSweeks922to 930, for bothtypes
of estimatesThetime framefrom GPSweek922to 930wasselectedecausé containghe
largestamountof SLR trackingdata.

Figure7.7 shaws (a) the RMS of the orbit comparisonwhich is performedusinga seven
parameteHelmerttransformationand(b) the Z-translationof this similarity transformation.
It shawvstheresultsfrom bothtypesof orbit estimationsThe quality of the SLR-basedrbits
is excellent,at thelevel of 200to 400mm. This is remarkabléan view of the sparsdracking
(typically only a few hundredobsenationsare availablefor these7-day arcs)andthe poor
geometryof the SLR tracking network (typically only a few stations,mostly locatedin the
Northernhemispheregare providing data. This shavs the potentialof the SLR techniqueto
generateeasonableesultswith very limited data. In Figure 7.7 we obsere an interesting
meanbiasin the Z-translationof the SLR orbit comparedo the microwave orbit. This Z-
translationmpliesthatthegeocenteof the SLR-base@rbitsliesapproximatelyb0O mmbelow
thegeocenteof theGPS-basedrbits. Thequestionis whethertheZ-translations thecauseof
theobsenedmicrowave—SLRbiasor if thisbiasis the causeof theZ-translation Becausehe
majority of the SLRtrackingstationdiesin theNorthernhemispherg¢heradialbiascouldalias
into aZ-translation Because¢he SLR measurementaresmallerthanthe expectedrangeghis
would meanthatthe orbitsare“pulled” in the negative Z-direction. It is impossibleto draw
ary soundconclusionsat present.

For GLONASS a similar analysisas presentedabove would be much easierto perform
dueto thelargeramountof SLR trackingandthe bettergeometryof the SLR stationscapable
of trackingthe GLONASS satellites.However, the quality of the GLONASS orbits basedon
the microwave obsenations,the IGEX orbits, is currentlylimited to the 150-300mm level.
Despitethis limited orbital accurag we wereableto obsene the 50 mm biasquite well with
the GLONASSIGEX orbits. Thereforewe estimatedsLONASS orbitsbasedn SLR obser
vationsonly usingoneweekof GLONASSdata,namelyGPSweek992startingon 10 January
1999.For thisweektheZ-translatiorobsenedfor the GLONASSorbitsvariesbetweerthe60
and120mm, whereaghe RMS of the orbit comparisorvariesbetweerthe 200and300 mm.

100



7.4 Investigatinghe Microwave—SLRBias

1000

__ FIT

__. EST

800

RMS or Orbit Comparison (mm)
400
T
I

200
T
|

ol S A L IS S N
922 923 924 925 926 927 928 929 930
Time (GPS weeks)

(a) RMS of orbit comparisorof middleday of the 7-dayarc

100
T
I

4 P |

. EST| {

50
T

Z—Translation (mm)
0

—100
I

I I I I I I I
922 923 924 925 926 927 928 929 930

Time (GPS weeks)

(b) Z-Translatiornof the middle day of the 7-dayarc
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thedaily CODEpreciseorbits. Thecurveslabeled’EST” represenbrbit estimates
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The resultsof the Z-translationagreevery well with the resultsfrom the GPSsystem. The
RMS of the orbit comparisons quite small. As a matterof fact,the RMS valuesaresimilar
to theexpectedGEX orbit quality.

It shouldbe mentionedherethat both, a radial biasand a Z-translation,were obsened
betweerthe SLR-andDORIS-basearbit estimategsomparedo the GPS-basedrbitsfor the
TOPEX/POSEIDONMsatellitealtimetrymission.For this missiontheradialbiaswas“solved”
by applyinga correctionto the heightof the GPSantennaon boardof TOPEX/POSEIDON,
i.e., aradial correction. The size of this correction(personacommunicatiorwith YoazBar-
SeverfromtheJPL)was+50mm,thesignmeaninghatthe GPSderved TOPEX/POSEIDON
orbitswere50 mmhigherthantheorbitsderivedby usingthe SLRandDORISmeasurements.
The obseredZ-translationwasat the 20—30mm level with the GPS-derred geocentetying
“above” the SLR/DORISgeocenter Both theseeffectsagreevery well with the resultspre-
sentechere.

7.5 Summary

Thecombinatiorof theobsenationsfrom bothtechniquesmicrowvave andSLR, would allow

to unify theterrestriareferencdrameof bothtechniquesandasuccessfutombinatiorshould
resultin improved products.In the caseof GPSthe expectedmprovementsvould be small,

however, becausef the sparseSLR trackingdata. As opposedo GPS,the improvements
for the GLONASS systemmay be expectedto be significant. Currently the combination
of the two techniquess impossiblebecauseof the obsered radial bias of 50 mm, which

deteriorateghe combinedproductsratherthanimproving them. Several testsin which we

tried to combinethe two techniquesn the obsenationlevel did notleadto animprovement
of results. In the caseof GPS,only very small changesn the resultswere obsenred if the

SLR stationpositionswere estimated.If the SLR stationpositionswerefixedto their ITRF

coordinatesn the combination a noticeabledegradationof the resultswasobsered. In the

caseof GLONASS significantdegradationsvereobsered whencombiningthe obsenations
of the two techniques.A meaningfulcombinationof the techniqueds thereforecurrently
impossible.

Oneexplanationof the obsenedbiaswould be anerrorin GM, the productof the gravi-
tationalconstanof the Earthtimesits mass.Doubledifferencephaseobsenations,the basic
GPSobsenable,seeChapter2, containpractically no radial orbit information. they rather
obsenre rangerates. The doubledifferencephaseobsenrationsratherobsenre radial orbit
changesandthusmaybeconsideredo accuratelyneasureheorbital revolution period. The
revolution period U of a satellitearoundthe Earth may be computedfrom [Beutleret al.,
1996):

2
=" (7.1)
n
wherethemeanmotionn is computedrom:
n?-a®=GM (7.2)
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This is in fact the physicalexplanationof Keplers third law. This shows thatif U is
obsered, e.g.,using GPSdoubledifferencecarrier phaseobsenations,the semi-majoraxis
of the satelliteorbit (or its radiuswhenthe eccentricityis closeto zeroasis the casefor the
GPSsatellites)is givenby the adoptedvalueof GM. The currentlyadoptedvalueof GM is
398600.4415-10° m?s2. To explaina50 mmradialbiasin the GPS(andGLONASS)satellite
orbits, GM would have to bechangedo 398600.4400 - 10° m3s 2. Theestimatedaccuray of

G M, hawever, is 0.0001 - 10° m3s~? whichmeanghattherequiredchangds 15timeslarger
Suchabig changeof GM is unrealistic.
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8 Processing Undiff erenced GPS Data

In Chapter2 we demonstratedhat by forming differencesone hasthe adwantagethat the
numberof unknovn parameterss greatly reduced. The consequences, however, that no
estimatedor the eliminatedparametersvill be available. Over recentyearstherehasbeena
growing interestfor GPS-basedecever and satelliteclock estimates.The interestfor GPS
satelliteclock estimatess mainly drivenby thefactthatit allowsfor precisepointpositioning,
usingdatafrom onesinglestationtogethemwith thelGS orbit andsatelliteclock estimatesThe
interestfor the recever clock estimatess driven by the factthatit allows for highly precise
frequeng andtimetransfetbetweerdifferent(atomic)clocks.In fact, GPSis alreadyawidely
acceptedechniqueor time transferusingthe so-called‘common-viev” method. This C/A-
codebasednethoddoes however, notexploit thefull potentialof the GPS.

In orderto beableto estimatethe satelliteandrecever clockswe have to abandordouble
differenceobsenations. Becausehereis interestin both, the recever and satellite clock
estimateswe will usetheundifferencedataprocessingpproachlf only recever or satellite
clocksareof interesta singledifferenceapproachs moreappropriateandmoreefficient, as
well.

8.1 Cleaning Undiff erenced GPS Data

The main problemwhenprocessingindifferencedGPSdatais to reliably andautomatically
detectoutliers and cycle slips in the obsenations. The datacleaningof differencedGPS
datais much easierbecausenary commonerror sourcesmay be removed by forming the

differencesjn particularstationandsatelliteclocks. However, several programshave been
developedwhich seemto be reasonablysuccessfuin cleaningundifferencedGPSdata. For

thedevelopmenof ourautomaticeditingalgorithmfor undifferencedsP Sdatawe have taken

asimilarapproachtasthatusedfor the TurboEditprogram[Blewitt, 1990].

Our algorithm, like the TurboEditprogram,requiresthe useof dual frequeng codeand
phaseobsenations. The major problemwith this approachresidesn thefactthatit depends
heavily on the quality of the codeobsenrations. For TurboEditthe noiseof the codeobser
vationsis assumedo be belov 0.5 wide-lanecycles,i.e., 43 cm. This requirements easily
fulfilled if anti-spoofing(AS) is not active. For moststate-of-the-argeodeticreceversthe
noiseof thecodeobsenationsunderthoseconditionsis atthe20 cm level. However, with AS
active,thenoiseis significantlylargerbecausenly C/A-codeis availableonthe L, frequeng
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andthe codeon the L, frequeng is reconstructedisingeitherso-calledcross-correlatiomr
W-codetrackingtechniquegAshjaeeandLorenz 1992].

The input to our programRNXSMT, which standsfor RINEX SMooThing,is a single
RINEX file. Theoutputis aRINEX file again,hopefullyfreefrom outliersandcycle slips. A
summaryof theactionstakenby theprogramarecontainedn thelog-file. EachRINEX file is
processedatelliteby satellite. The obsenrationsof eachsatelliteareprocesseth four steps:

1. Screeningf the Melbourne-Wibbendinearcombinationgqn.(2.21),for outliersand
cycleslips.

2. In casecycle slips are detectedn the first stepthe geometry-fredinear combination,
egn.(2.17),is checledin orderto determineghe sizeof the cycle slip on bothfrequen-
cies. Thisinformationcanbe usedto connectheobsenationbeforeandafterthecycle
slip. Currentlyonly datapieces(arcs)the smoothedcodeobsenationsmay be “con-
nected”.The phaseobsenationsarenever connecteaver acycle slip.

3. Screeningof the differencebetweernthe codeandphaseonosphere-freénear combi-
nations.eqns.(2.12and2.13);i.e., Ly — P3. Thisscreenings performedo remove bad
obsenationswhich wereacceptedn the Melbourne-Wibbenascreening.

4. Smooththe codeobsenationsusingthe codeandcarrierphasedataof the cleanobser
vationarcs.

Below, eachof thesestepss discussedn detail.

8.1.1 Melbourne-W libbena Data Screening

The Melbourne-Wibbenacombinationeliminatesthe effects of the ionospheregeometry
clocksandthetropospherg¢seeeqn.(2.21)). Apartfrom thewide-laneambiguitythe remain-
ing signalshouldbe purenoise with anRMS errorof approximatelyd.7timestheRMS of the
codeobsenationsonthe L; frequeng. If the noiseof the Melbourne-Wibbenacombination
hasanRMS errorbelon 0.5wide-lanecycles(43cm)it is almosttrivial to detectall cycle slips
andoutliers.Only veryfew epochsareneededo estimatehewide-laneambiguity jumpsand
outlierscaneasilybe detected.Of course only the differencebetweerthe cycle slipson the
two frequenciess detectedn; = n; —ny), seeegn.(2.20).Notethatin theveryunlikely case
wheretheintegernumberof cycle slipsonthetwo frequenciesareidentical(i.e.,n; = ns) no
cycle slip will bedetectedns = 0).

However, underAS the noiseof the Melbourne-Wibbenacombinationfor mostgeodetic
receversexceedshe RMS of 0.5wide-lanecycles. Figure8.1 showns the effect of AS onthe
Melbourne-Wibbenacombinationlt shovsasinglepassof asinglesatellite(PRN18)for the
samestationon two differentdays. On thefirst day, day 40, 1998,AS wasnot activated.On
thesecondlay, day60,1998,AS wasactive. Thedifferentnoiselevel onthetwo daysis quite
obvious. The beginningandthe endof the obseration arcillustratethatfor low elevations
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Figure8.1: Noiseof theMelbourne-WibbenaombinatiorunderdifferentAS conditions.The
datafrom the samestation(Wettzell, Germary) areshaw for two daysin 1997.

amuchmorepronouncedncreaseof the noiselevel is obseredfor “AS on” ascomparedo
“AS off”. For low elevationsit will thusbe moredifficult to detectsmall outliersandcycle
slips. It will beimpossibleto detectoutliersof oneor two wide-lanecycles(86-172cm). It is
alsointerestingto notethe shift in time of the obsenrationarc of this satellite. On day 40 the
satellitewasfirst tracked at approximatelyl:30 hours,whereasn day 60 the first dataof the
satellitewereobsenedat approximately0:10 hours. This is causedy the 4 minuteshift per
dayof the satellite—statiomeometry

The only way to improve the reliability of screeninglatafrom onestationis to generate
aslongarcsaspossible.So,insteadof usingarunningaverageasit is donein the TurboEdit
algorithm,we malke the attemptto useall obsenationswithin one satellitepass. An arcis
definedby specifyinga minimumnumberof obsenationsanda maximumtime for datagaps.
Typical valuesarea minimumof 10 datapointsperarcanda maximumof 3 minuteswithout
obsenationsbeforestartinga new arc.

After definingthe arcs,the RMS error of the obsenationsin the arcis computed.If the
RMS exceedsa userspecifiednaximumthe obsenationarcis screenedor cycle slips. In the
cycle slip detectionthe obsenationarcis split-upinto two equallylong parts. It is assumed
thatthe partwith thelarger RMS containghe cycle slip(s). Both partsareeditedfor outliers,
usingasoutlier level four timesthe RMS (4¢0) of the obsenrationsin thearcwith amaximum
RMS value specifiedby the user In this stepoutliersare only temporarilyremoved. The
differencebetweerthetwo (clean)partsis estimatedandthewholearcis connectedisingthe
estimatectycle slip. All pointsthatwereconsideredutliersduring the cycle-slip detection
areincludedagain. The RMS is recomputedo checkwhethertherearemorecycle slipsin
this obserationarc.

After thedetectiorof all cycle slips,theobsenationsarescreenedor outliers.Outliersare
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removed until the RMS of the obserationarcis below the specifiedmaximum. Outliersare
thosepointswhich exceeda valueof 4o. The specifiedmaximumRMS is typically 0.4-0.6
wide-lanecycles(34-52cm). If anoutlier is detectedall four obsenationtypes(codeand
phaseontwo frequenciesarerejected.

8.1.2 Geometry-Free Data Screening

Only thoseobsenation arcsin which cycle slips have beendetectedare screenedisingthe
geometry-freecombinationof the phaseobsenations(seeeqn.(2.17)). At this stagethe size
of the wide-lanecycle slip (n; — ny) is known. The geometry-fredinear combination(L,)

allows usto computethe sizeof then; andn, cycle slipsbecauset givesus: Ly, = L, — L,.

To determineghesizeof thecyclesslip onthe L, linearcombinatiortwo linearpolynomialsare
fitted throughn points,“n” definedby the user beforeandafterthecycle slip. Thedifference
betweerthetwo polynomialsatthetime of thecycle slip is computedIf thefractionalpartof

thedifferencdas smallerthana userspecifiedimit then, cycleslip is accepte@ndthen; and
ny cycle slipsarecomputed.Typically a valueof n=10is usedanda differencesmallerthan
10 mm. This proceduras only executedto be ableto connectthe codeobsenrationsduring
the codesmoothingstep.Becauseycle slipsoccurrarely, no attemptis madeto connecthe

phaseobsenations. For the phaseobsenationsa newv ambiguityis setupat the epochof the

detectectycle slip.

8.1.3 lonosphere-Free Data Screening

When developing the programit becameevident that sometimeghe datawas not cleaned
successfulldueto systemati@rrorsin the Melbourne-Wibbenacombination.Thesesystem-
atic errorsaremostlik ely causedy thefiltering andsmoothingproceduregmplo/edin the
recevers. Thereforeanadditionaldatascreeningtepwasaddedo the program.

In this stepwe build the differencebetweenionosphere-freéinear combinationdor the
phaseand code obsenations,eqns.(2.12 and 2.13),i.e., L3 — P3. As in the caseof the
Melbourne-Wibbenacombinationthis linear combinationshouldconsistof noiseonly. The
disadwantageis the amplified noise (about3 timesthe noiseof the P, obsenations). The
noiseis thusabout4 times larger thanthe noiseof the Melbourne-Wibbenacombination.
Neverthelessthecheckis usefulfor removing errorscausedy systematieffects. Thecheck
consistsof an outlier rejectionschemewhich is very similar to the one usedfor screening
the Melbourne-Wibbenacombination. The startingvalue for the maximumRMS is larger
(typically 1.6—1.8meters)to accountor the highernoiseof theseobsenrations.

8.1.4 Code Smoothing

Thefinal stepconsistof thesmoothingof thecodeobsenations.The previousprogramsteps
have hopefullycleanedoth,codeandphasenbsenations.This enablesisnow to smooththe
codeobsenations,usingthe carrierphaseobsenations for the continuousiataarcs.For code
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smoothingt wasdecidedo actuallyreplacethe codeobsenationsin a cleanobsenrationarc
by the phaseobsenationsshiftedby the meandifferencecode-phasén the arc. We have to
accountfor the oppositesign of the ionosphericeffect for the codeand phaseobsenations.
Thesmoothedtodeat epocht is written as:

~ — — 2 — —
() = i)+ PGt 2l (010~ a(0) ~ (G- &) (BD)
1 2
~ _ — 2 — —
B(t) = ¢t)+ Po—¢o+2- fQJE 7 ((¢1(2) = @2(t)) = (é1 — ¢2))
1 2
where:
P(t) ... Smootheccodemeasuremerdtepocht andfrequeny F'.
or(t) ... Carrierphasemeasuremerdtepocht andfrequeny F'.
Pp — ¢p ... Meandifferencebetweenover all the accepteccodeand phasemeasure-
mentsin the currentobsenrationarconfrequeng F.
1(t) — ¢o(t) ... lonospheriaelayatthe currentepoch.
b1 — 0o ... Meanionospheriadelayover all the acceptephasemeasurements the

currentobsenrationarc.

Figure 8.2 shaws the effect of code smoothing. Shavn are the residualsof a point posi-
tioning procedure gstimatingonly the recever clock offset for eachobsenration epochand
usingthe CODE final orbit andsatelliteclock estimates.The RMS error of the residualsn
Figure8.2 are1.53and0.17 metersfor the coderesidualsandthe smoothedcoderesiduals,
respectiely. The codesmoothinghasbeenquite successful.The smoothedcoderesiduals
shav systematicerrorsof up to onemeter Thesizeof thesebiasess a function of the noise
of the codeobsenrationsandthe numberof obsenationsusedin the smoothingnterval. One
may considersmoothedcodeobsenationsas ambiguity-fixed phaseobserationswherethe
ambiguitieswverefixedonly approximately

8.1.5 Reliability and Possib le Enhancements

RNXSMT hasbeenusedroutinelysinceJanuaryl 997for theestimatiorof receverandsatel-
lite clock offsetsusinga network of 80 stations.In addition,theprogranmwasalsousedfor all
thetime transferexperimentswith our two time transferterminals.Thetime transferobsena-
tionsarealsoprocessedn aroutinebaseswith afew interrupts sinceJanuaryl997.In both
applicationghe programprovedto bevery reliableandsuccessful.

Thereis still room for improvement,however. One possibleimprovementwould be to
usethe geometry-freeeombinationof the phaseobsenrationsfor datascreeningandnot only
to correctcycle slips. Currently datascreeningis basedon code obsenations; both, the
Melbourne-Wibbenaandthe ionosphere-freeatascreeningusecodeobsenations. There-
fore, the datacleaningis heavily dependingon the quality of the codeobsenations. Without
AS turnedonthisis nottoo muchof a problem,but with AS turnedon the quality of thecode
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Figure8.2: Coderesidualsfrom point positioning. Datafrom a recever installedat USNO
wereusedfor day 133of 1999.

deterioratesignificantlyin particularfor low elevationdata.lt is thereforepossiblethata sig-
nificantamountof low elevationobsenationsis removedfrom thedatain the outlierrejection
processTheuseof phaseobsenationsin thecleaningprocessnayhelpto reducehe number
of rejectedphaseobsenations.

Furthermorethe useof codeobsenationsalsoimplies that small outliersin the phase
cannotbe detectedsafely With a typical RMS of 0.4 cyclesfor the Melbourne-Wibbena
combinationthe4o outlier detectionlevel is about140cm. All (carrierphase)utliersbelon
this level will not be detected.They will have to be detectedby screeninghe obsenration
residualsaftera parameteestimatiorstep.

Anotherimprovementwvould consistof weightingthe obsenationswith cos? z, z beingthe
elevationangle.Theclearelevationangledependencef thedataquality, in particularof code
obsenations,could then be taken into account. Sucha procedurerequiresadditionalinfor-
mationlike, e.g.,recever andsatellitepositions. The currentprocedurerequiresno external
input, exceptfor the RINEX file. An otherpossibilityto weightthe obsenationsis by using
the signalto noiseratio of the obsenations. This informationis availablein the RINEX files
andthereforedoesnotrequireary externalinput.

8.2 Time Transfer using the GeTT Terminals

8.2.1 Motiv ation

Until quiterecentlyGPStime transferwasmainly realizedusingthe so-calledcommon-viev
(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 this methodis the useof only the C/A-codesignalof the
GPSsatellitegransmittecbn ;. Theachievableaccurag, onshortbaselinesis limited by the
noiseof the C/A-codesignal,whichis atthe meterlevel or, in unitsof time about3 ns. Errors
in thesatellitepositions(usuallyonly broadcasephemerideareused)andionospheriaelays
(only one frequeng is used)will further decreasehe accurag dependingon the distance
betweerthetwo stations.Thetypical accurag of the CV time transfers about5 ns.

The achiezementsof the IGS (Chapter5) let us believe that this modestaccurag may
be improved significantly! The combinedIGS satelliteclock estimateshave a precisionof
about0.3 ns. The samekind of precisionis expectedfor the recever clock estimatesThese
considerationgdicatethatthe useof codeandphasedual-frequeng obsenationsstemming
from stateof the art geodeticGPSreceversmayimprove the GPStime transferaccurag by
anorderof magnitude.The mainadwantage®f the “geodetictime transfer’comparedo the
CV methodlie in the useof all satellitesin view, of codeand phaseobsenationson both
frequenciesandof preciseorbits. Furthermorethe accurayg is not (very much)depending
onthe baselindengthandthetechniquds notlimited in the numberof stations!In addition,
therelatively high samplingrate(e.g.,30 sec.)of theIGS network alsoallows for frequeny
transferwith a very high precision. The baselindengthdependencef the resultsis mainly
causedy the quality of the GPSsatelliteorbits. As we have demonstrateth Chapter4, the
quality of the orbits of the IGS analysisCenterds now at the 30—-50mm level. This means
thattheresultswill deterioratevery slowly with increasingbaselindength.

Two Way SatelliteTime andFrequeng Transfer(TWSTFT) is anothemmethodallowing
time transfer TWSTFT performsbetterthan the CV methodbut at the price of comple
sendingandreceving equipment. TWSTFT is typically performedonly onceevery two to
threedaysbecausef its high cost[Kirchner, 1991;Hadkmanetal., 1995].

In 1991 a commonprojectof the SwissFederalOffice of Metrology (OFMET) andthe
Astronomicallinstituteof the Universityof Berne(AlUB) wasstartedn orderto developtime
transferterminalsbasedn geodeticGPSrecevers. The goalis to performtime transferwith
sub-nanosecoratcuray andfrequeny transferonthelevel of 10~1° overoneday Optimum
useshouldbe madeof the GPScodeandphasemeasurementssingonly geodetic-typesPS
equipmenf{Sdildknedttetal., 1990]. Theemphasi$ this projectis putonthecomparisorof
external(asopposedo recever internal)clocks. Calibrationof delaysin cablestemperature
dependentlelays etc.,areof majorinterestin the context of thisjoint OFMET/AIUB project.
We emphasizéhat the control of thesedelaysis crucial and absolutelymandatoryfor time
transfer Therequirementaremuchlessstringentfor frequeng transfer

Two prototypegeodetidime transferterminals(GeTTterminals)werebuilt andareavail-
abletoday An additionalterminalis underconstruction.Theterminalsarebasedn modified
AshtechZ-12 recevers. Theserecevershave a 20 MHz anda 1 PPSinput allowing to com-
pletely replacethe internal clock by an external (laboratory)clock [Overng et al., 1997].
ThesemodifiedreceversweremarketedasAshtechZ12-T andanupgradedrersionis avail-
able underthe nameAshtechZ12-Metronome. More information aboutthe time transfer
projectandthe GeTT terminalsmay be foundin [Sdildknett and Springer, 1998; Overng
etal., 1998;Dudleetal., 1998,1999].
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8.2.2 Clock Estimation

In principle, clock estimatesnay be extracteddirectly from processing global network in-
cludingorbit estimationin solutionssimilar to our routinelGS processClock estimatesnay
alsobe derived from a dedicatedcampaignusingonly a subsetof the global network. Be-
causeour globalIGS solutionsarebasedon doubledifferenceghis secondapproachs more
efficientin our case. We make optimal useof the resultsfrom our global IGS solutionsby
introducingour orbit, stationposition,andtropospherizenithdelay estimatesasknown for
thetime transferprocessing.

GPSis a differentialtechnique. This implies that we cannotsolve for the offsetsof all
clocksin the network. We eitherhave to fix (assumeasknown) onesinglereferenceclock
(eitherarecever or asatelliteclock) or we have to fix the meanof anensembl®f clocks.For
otherthanclock parametershe specificchoiceof the referenceclock is of noimportanceas
long asthisreferenceclockis synchronizedo GPStime belav themillisecondlevel. Because
all geodeticreceversaresynchronizedo GPStime at the millisecondlevel this conditionis
alwaysmet. For time transferit is preferableo usea stableoscillatorasa referenceclock, or
anensemblef stableoscillators,becausehe behaior of the referenceclock will be visible
in all otherclock estimatesWe alsoneedinformationaboutthe positionsof thereceversand
the satellites.For longerbaselinesve have to accountfor the effectscausedy tropospheric
refraction.

Therecever positionsmay be obtainedirom differentsourcese.g.,from the ITRF or the
IGS if thestationis partof thelGS network. If the positionof therecever is not availableits
positionmustalsobe estimatedn additionto the recever clock. Day to day changesn the
positionestimatesnay influencethe clock estimates.This effect is probablynot significant
in view of thetypical dayto dayrepeatabilitie®f the stationpositionestimate®f betterthan
10mm (33 ps). Neverthelessit is moremeaningfuko estimatehepositionof thestationprior
to performingthe time transfer Therefore the stationpositionsmay be assumedknown for
time transferpurposes.

The satellitepositionsmay be derived eitherfrom the broadcasephemeridesr from the
IGS preciseorbits. Dueto thesubstantiafjuality differencehebroadcasbrbitsareonly suited
for shortbaselinesi.e.,baseline®f theorderof afew km. For longerbaselineshe |GS orbits
shouldbe usedto obtainhigh accurag.

When processingong baselinesve have to solve for parameter¢o accountfor tropo-
sphericrefraction. We may, however, alsousethe tropospherizenithdelay estimategrom
our routinelGS solutionsfor thosestationswhich areusedin both, our globalandour time
transfemetwork solutions.Apart from reducingthe numberof unknovn parametershis pro-
ceduremprovestheresultsaswe have demonstrateébr our Europearsolutionsin Chapters.

For time transfemwe solve for therecever andsatelliteclocks(exceptonereferenceclock)
andthetropospherizenithdelayparametergtypically 4—12perday)for thosestationswvhich
werenotincludedin ourgloballGS processingTropospherizenithdelaysareonly estimated
for baselinesongerthanafew kilometers.If phaseobsenationsareused a (large) numberof
ambiguityparameterfiasto be estimatedabout60 ambiguitiesper recever per 24 hoursof
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obsenations).In orderto achieve highestquality thephaseobsenrationsshouldbeused.If the
absolutevalue of the clock estimatess of importancej.e., for time transfey the (smoothed)
codeobsenationsshouldalsobe usedbut with a muchlower weight thanthat of the phase
obsenations.

8.2.3 Zero and Short Baseline Tests

Initially thetwo GeTTterminalswereoperatedn short(or even“zero”) baselinesWe speak
of a zerobaselinaf the two receversareconnectedo the sameantenna.The usageof zero
or shortbaselinehasasadwantagehatmany commonerrorsourcesaresignificantlyreduced
like, e.g.,orbit, ionospheretroposphererrors. A zerobaselinesliminatestheseerrorscom-
pletely and,in addition,it eliminatesmultipatheffects. Furthermorepothreceversmay be
runonthesameclockwhich meanghattheclock differencebetweerthetwo receversis zero
apartfrom therecever delays.Theresultingclock differenceshave to be attributedto delays
in antennasgablesandrecevers.

For calibrationpurposeghe zero and shortbaselinetestsprovide an excellenterviron-
ment. Therefore thefirst testswith the GeTT terminalswere performedusingshortbaseline
setupseitherattheobsenratoryin Zimmerwald or in Wabern thelocationof theOFMET near
Berne. Using the obsenationsof theseshortbaselinesve wereableto develop andtestthe
GeTTterminalsandstudythe delayscomingfrom the antennasgablesandtherecevers.In
addition,we wereableto studythe temperaturelependencef thesedelays[Overng et al.,
1997].

The short baselinetestsalso allowed us to develop the capability to processundiffer-
enceddatawith the BerneseGPSSoftware package.The first stepwasmadein September
1995enablingzero-diferenceprocessingisingcodeobsenations.In Januaryl997,with the
RNXSMT program the capabilityto processindifferencedphaseobsenationswasaddedto
theBerneseGPSSoftwarepackage.

Threeobsenation typesmay be usedtodayfor time transfey code,smoothedcode,and
phaseobsenations. The quality of the clock estimatedhasedon theseobsenation typesis
illustratedin Figure8.3. The clock estimategrom a short(180m) baselineareshavn using
datafrom two receversat USNO for day 318 of 1998. Onereceveris a GeTT terminal,the
otherthe official IGS recever at USNO. Thesetwo receverswererunningon two different
hydrogenmasers.The estimatesshovn in Figure8.3, arebasedon codeobsenations(P3),
smoothedcode obsenations(S3), and carrier phaseobsenations(L3), respectrely. In all
caseghe ionosphere-fredéinear combinationwas used. When processinghe carrierphase
obsenationsthe smoothedcodeobsenationsarealsoused. Becausdhe phaseobsenations
do not containary absoluteinformationthe clock estimatewill have anarbitrary (but con-
stant)offset. Thisis why thecodeobsenrationsmustbeincludedin theprocessingwith alow
weight). In thisway theabsolutevalueof theclock estimatess basednall codeobsenations
over the full obserationinterval. The variationof the clock estimatesover the obsenation
interval is, however, basednthe phaseobsenations.Thelengthof theobsenationinterval is
limited by completdossesof lock to all satellites Becauseaisuallytherearenotrackinginter-

113



8 ProcessingndifferencedsPSData

—860
T
860
B

)

i
\" ‘
I

Clock (ns
—665
T
Clock (n:
—665
T

W@TW

gt 11! A "

—870
T
—870
T

(a) Using code(P3) andsmoothectode(S3) ob- (b) Usingsmootheatode(S3)andphasgL3) ob-
senations senations

Figure8.3: Clock estimate®n a shortbaselinebasedn differentobsenationtypes.

ruptsthe obsenationinterval is limited to 24 hoursdueto the currentpracticeof processing
GPSobsenationsin 24-hour“batches”. This leadsto smalljumpsin the clock estimatesat
dayboundaries.

The RMS of the clock estimatesn Figure8.3is 1.82,0.77,and0.05ns for the P3, S3,
andL3 obsenations,respectrely. Theseresultsdemonstrat¢hatthe phaseobsenationsgive
the bestresults. It is interestingto seethat the smoothedcodesolutiontracksthe codeso-
lution very well andthatits behaior is indeed“smoothed”. The variationsobseredin the
codeand,in particularly smoothedcodeestimatesiremostlik ely causedy multipatheffects
which are much more pronouncedor codeobsenationsthanfor phaseobsenations. An-
otherexplanatiorfor theobseredvariationsmaybethetemperaturelependencef theGeTT
terminal (antennagcables recever) delays. Theseeffectsare more pronouncedor the code
obsenations[Overng etal., 1997].

Figure8.4(a)magnifiesthetime interval betweeni 0" and11”* UT of Figure8.3. In addi-
tion, the so-calledAllan deviations[Allan and\Weiss 1980]areshown in Figure8.4(b)for the
threeobsenrationtypes(P3,S3,L3) in Figure8.3. It is interestingo pointoutthatthe perfor
manceof the CV timetransfemrmethods, atbest,comparabléo thatof the codeestimategP3)
in Figure8.3 andFigure8.4. We say“at best” becauseave usedall satellitesin view simul-
taneouslywhereaghe CV method(in mostcasesusesonly onesinglesatellite. On average
we have six satellitesin view which meanghatthe RMS of our estimatess roughly a factor
of v/6 lower comparedo the RMS of the CV estimates.Our approachprovides estimates
every 30seconddor thefull 24 hoursperdaywhereasCV givesestimate®nly within limited
time intenals. Figure8.4(b)nicely shavs the differentquality of the threeobsenationtypes.
Thefirst point of the Allan deviations,at 7 = 30 sec,shaws the noiseof the clock estimates
which shouldbe comparabléo the noiseof the obsenations.The noisemaybe computedoy

114



8.2 Time Transferusingthe GeTT Terminals

—660

101t

Clock (ns

)
665
?
T
e
L
Ea
—
e
%»
=
-
—
B
—
Allan Deviation (a,)
10

10™

M\\W
S
\\b‘&mﬁw

L L L L
10 10.2 104 10.6 10.8 11 100 1000 104

—870

107

Time (Hours) T (sec)

(a) Estimatedasedn code(P3)andphasgL3) (b) Allan deviation of thethreeobsenationtypes

Figure8.4: Clock estimatesisingdifferentobsenationtypesandtheir respectre Allan devi-
ation.

multiplying the valueof 7 with thevalueof the Allan deviation, e.g.,for thecodeobsenation
we find an Allan deviation of 7 - 10~ at 30 sec. Thisgives30 - 7- 107 s = 2.1 nsfor
the noiseof the clock estimatesvhich correspond$o 630 mm. This reflectsthe noiseof the
codeobsenationsunderAS conditionsandalsoagreeswith the obsered RMS of the clock
estimatesverthefull day(1.8ns). Similarly we find anoiselevel of 27 and2.7 mm (90 and
9 ps) for smoothedcodeandphaseobsenations,respectrely. Notice thatfor the smoothed
codeandthe phaseobsenationsthe Allan deviation at 30 secondgyivesa muchlower noise
estimatethanwas determinedor the clock estimatesover the full day, i.e., 770and50 ns
comparedo 90 and9 ns. Thisis causedy thefactthatsystematieffects,which areclearly
visiblein the S3estimatesinfluencethe RMS but notthe Allan deviationat7 = 30 sec.This
Is animportantcharacteristiof the Allan deviation.

If theresidualsof the clock estimatesvould be “white phasenoise”, the Allan deviation
given in doublelogarithmic scale,asin Figure 8.4, shouldshav a slopeof —1 (for 7 <
1000 sec). This slopedecrease® —0.5 if the estimatesare“white flicker noise”. The Allan
deviationsof GPSbasedclock estimatesare expectedio shov white phasenoise(i.e., shav
aslopeof —1), if they areconnectedo a stableoscillator In Figure8.4 we obsenre thatthe
slopesof the threecurvesareindeedcloseto —1 for low valuesof 7. For largervaluesof 7
the effect of multipath,in the S3-cune, andalsothe characteristicef the two masersin the
L3-curve, shav up aroundr = 3000 sec.NoticethatAllan deviationsmay only be (reliably)
computedor atime interval of approximatelyl /3 of the actualobserationinterval, i.e., for
a full day of obsenations(86400sec)the maximum~ for which the Allan deviation may
reliablebe computeds approximately\30000sec.

Although much more pronouncedn the code obsenationsthe phaseobsenationsalso
suffer from multipath. Thismaybeobseredin theclock estimateshavn in Figure8.5where
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daily estimatesndthethreecurvesareoffsetby approximatel\80 ps.

the obsenationsfrom our two GeTT terminalsdeployed on a shortbaselinein Wabernare

used.Bothreceversweredrivenby thesameexternalclock. Theresultsstemfrom processing
thephasdL3) obsenations,includingthe(smoothedfodeobsenrations.Figure8.5shovsthe

clock estimategor threeconsecutie days,days121-123of 1998.A meanhasbeenremoved

from the estimatesandthe dayshave beenoffsetfor displaypurposesThe meanfor all three

dayswas approximately25 ns. Becauseboth receverswere runningon the sameexternal

clock, this 25 ns may be attributedto the delaysin the GeTT systemgqantennagcables,and

recever).

Exceptfor an offset (causedby differentdelays)andthe measurementoise,the three
clock estimateshouldlie on horizontallinesbecauséothreceversarerunningon the same
clock. This is not the case! Deviationsof up to 20 ps RMS are obsened. The similarity
of the clock variationson the threedaysis striking. Both, the generalbehaior andsomeof
the shortterm variations,are similar. Whereagshe generalbehaior may alsobe causedoy
thetemperaturelependencef someof the delays,especiallyfrom the cables the similarity
in detailscannotbe explainedby delay changes.The only plausibleexplanationfor these
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variationsis multipathof phasemeasurementsA Fourier analysisof the clock estimatesn

thisshortbaselinandicateshatthesgmultipath)effectsgiveriseto clock estimatevariations
onthelevel of 10-20pswith periodsaround8, 12, and24 hours. The 24 hour periodmight
perhapse causedby small jumpsat the day boundaries.The multipatheffect on the code
obsenationsis muchlarger aswe have seenin Figure8.3. This codemultipathmay result
in smalljumpsat the obsenation interval boundariesusuallythe day boundarieswhich in

turn may shov anannualvariationdueto the annualperiodof the satellite—statiogeometry
Theseeffectsmaybeaslargeas1-2ns.

Figure 8.6 shavs the Allan deviation over 1 and14 days,respectrely. The obsenations
from days121-158f 1998ontheshortbaselinen Wabernwereused.Duringthistime period
(38 days)the recevers were running on the sameclock. Due to differenttestsperformed
duringthetime periodonly 14 dayscouldbeusedfor theestablishmentf the Allan deviation.
The Allan deviation basedon oneday of estimateshaws the differencebetweenusingthe
obsenationson differentfrequenciesi.e., L1, Ly, and L3. As mentionedn Chapter2, the
L, and L3 phaseobsenationshave a highernoisethanthe L; phaseobsenrations. This is
clearlyreflectedby the startingpoint of the Allan deviationsat T = 30 sec. The noiseof the
clock estimatedbasednthethreeobsenrationstypesis roughlyatthe 6-9ps(2—3mm) level.
After oneday the resultsfrom the threeobsenation typesare almostidentical. Figure 8.6
demonstratethat,on shortbaselinesthe GeTTmethodallows frequeny transferatthe 10~1°
level within oneday of obseration. The 10~!* level is reachedafter about2000sec. With
14 daysof obsenationsthe 1076 level may be reachedor frequeng transfer The strange
behaior of the Allan deviationin Figure8.6(b)around = = 90000 sec,approximatelyone
day, may be explainedby the unequalspacingof the clock estimateqgonly not consecutie
14 daysof a 38 dayintenal wereused).The smallexcursionobsenedbetweeni 000 < 7 <
80000 may be causedoy multipath effects. The slopeof the Allan deviation is closeto the
expectedvalueof —1.

8.2.4 Long Baseline tests
European Baselines

After the successfuperformancef the GeTT terminalson shortbaselinest wasdecidedto
testthe two terminalson longerbaselines.The first GeTT terminal was transferredo the
National PhysicalLaboratory(NPL) in the United Kingdom while the otherGeTT terminal
remainecat OFMET in Switzerland Lateron, afterabout50 days,thesecondGeTTterminal
wasmovedfrom Wabernto the “Physikalisch-EchnischéBundesanstalt{PTB) in Germa.
Thelengthof bothbaselineSNPL-OFMETandNPL-PTB,is approximately750km.

The baselineNPL-OFMET was basicallyusedto verify that the recever at NPL was
working properly At the sametime it wasusedto testour processingstratey for thelonger
baselinesusing IGS orbits, station positions,and previously estimatedroposphericzenith
delays. Apart from studyingthe Allan deviation, the resultsof the GeTT terminalswere
comparedo resultsstemmingrrom the CV method.Notice, thaton this baselinghe external
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clockswerea hydrogenmaserat NPL anda cesiumat OFMET, which meanghatthe Allan
deviationsreflectthe shortterm stability of the cesiumstandard.

OnthesecondaselineNPL-PTB,theexternalclocksonbothendswverehydrogermasers.
Onthis baselinea strangeeffect wasobsenredin the Allan deviations. After someinvestiga-
tionsasinusoidakignalwith a periodof 724 secondseindanamplitudeof 50 pswasobsened
in theestimatesTestshavedthatneithertheGeTTterminalsnorthemasemat PTB werecaus-
ing the problem. Oneyearlaterthe causeof the problemwasverifiedto lie at NPL [Clarke
etal., 1999]. This effectnever couldhave beendetectedvith the CV or the TWSTFTmethod.
The CV methodwould not have beenaccurateenough(the signalsamplitudeis only 50 ps)
whereaghe TWSTFTwould nothave hadtherequiredtime resolution(the periodbeingonly
724 sec). This demonstratethe high quality of the GeTT methodfor time and frequeng
transfer For moreinformationconcerningheseEuropearbaselingestswe referto [Overng
etal., 1998].

Transatlantic Network

In a next stepthe recever from NPL was moved to the United StatesNaval Obsenatory
(USNO)in WashingtonDC. The baselindengthbetweenUSNO andPTB is approximately
6275km. Becaus®f thislong distancehetwo stationscannotbsene mary satellitessimul-
taneously Therefore auxiliary stationswereincludedin the procesdo fill the gapbetween
thetwo GeTTterminals.It wasdecidedo processa smalltransatlantiaietwork of 14 stations,
but a larger numberof stationswereselectedo make surethat always 14 stationswould be
available.Thestationsvereselectedasednapredefinesrderwith ourtwo GeTTterminals

118



8.2 Time Transferusingthe GeTT Terminals

® YELL ¢ REYK

RS BRUS 4 ®WETT
® WES?
AMCT ® GODE @ USNO, USNB
GOLD'® o piE1

Figure8.7: Network of time stationsusedfor the transatlantidaselingests. Only 14 of the
availablesitesareusedon ary particularday.

having the highestpriority. The completesetof stationsusedin this transatlantimetwork is
shovnin Figure8.7. Noticethattherearetwo receverslocatedat USNO.Thereceverlabeled
USNOis the official IGS recever whereagherecever labeledUSNB is our GeTT terminal.
Our otherGeTT terminallocatedat the PTB is labeledasPTBA. Therecever atthe NPLB
siteis anAshtech-Z12Trecever ownedby the NPL.

The transatlantidbaselinetest startedon day 200, 1998 andis still in progress. Today
we have almost300 daysof transatlantidime andfrequeng transfersusingthe GeTT (and
other)terminals. Thefirst topic addresse@vasassociateavith the baselindength. With the
Europearbaselindestswe foundthatthe slopeof the Allan deviationswascloserto thevalue
of —0.5 thanto the expectedvalueof —1. However, dueto the problemswith the maserat
NPL theseresultswerenot fully reliable. In orderto studythe impactof the baselindength
thesamesetof datawasprocessedisingoncethe GeTT terminalat PTB andoncethe GeTT
terminalat USNB asreferenceclock. Fromthe resultsof both solutionsthe Allan deviations
werecomputedor all (stable)scillatoran thenetwork. Figure8.8shonvstheAllan deviations
of thetwo solutions.Theclock estimatesreproducedvith asamplingof 5 minuteg300sec).
Consequentlyhe Allan deviation plots startat 7 = 300 sec. Figure8.8 shavs thatthe noise

of the clock estimatedor 7 = 300 seclays betweenthe 12 and 30 ps (2—9 mm) which is
excellent.

The Allan deviation for USNO, in the solutionwherethe maserat USNB wasselectedas
referenceslock, is better(slopecloseto —1 for 7 < 2000 sec)thanall others.Thisis explained
by thelengthof 180m of the USNO-USNBbaseline This resultis comparabléo theresults
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for the samebaselinen Figure8.4(b). For the otherbaselineswith quite big differencesn
length,no significantbaselindengthdependencesasobsered, but the slopesof all curvesis
closeto thevalueof —0.5. It is uncleawhy theslopesof the Allan deviationsarenot closerto
avalueof —1 for thelongerbaselinesPossibleexplanationsareremainingsystematieffects
dueto troposphereipnospherestationmodel,andorbit modelinaccuracies.

Figure8.8(a)shavs a very similar behaior for all Allan deviationswhenusingthe PTB
maserasreference.This indicatesthat the Allan deviationsin Figure 8.8(a)are dominated
by the behaior of the PTB maser This finding is confirmedby the resultswherethe USNB
clock was usedasreference.For frequeng transfer the effect of the referenceclock may
be eliminateda posterioriby forming differencesetweerthe clock estimatesWe may; e.g.,
take the resultsstemmingfrom the solutionwherethe PTB masemwasusedasreferenceand
computethe differencesetweenthe clock estimatedor USNB andall other stations. The
Allan deviationsobtainedrom theseclock (double-)differencesarepracticallyidenticalwith
thoseof the solutionwherethe USNB maserwas usedas reference.For time transferthis
procedurewill be moreelaboratalueto differentdelaysat differentsites.

In orderto studythe effect of the orbit errorwe processe@1 daysof thetransatlanticlata
usingboth,our CODErapidandfinal orbit products.Figure8.9shavstheAllan deviationsof
thetwo setsof 21 days(noticetheincreasedangefor 7). No significantdifferencebetween
the resultsis obsered. Ohviously, the quality of the rapid andfinal orbits is not a limiting
factor Theresultsalsodemonstratéhe high quality of the CODE rapid orbits. In both cases
theslopeof the Allan deviationis againnearetto avalueof —0.5 ratherthanto —1.

Figure 8.10 shaws the clock estimatesover the time periodfrom day 200, 1998to day
129,1999,a total of 294 days,for four selectedstationswith very stableoscillators. Notice
thatthe stationof AMCT shows up twice in thefigure because¢herecever andantennaetup
waschanged.The clock estimateselative to the PTB maserall shav a similar pattern.This
indicatesthatthe variationsaredueto the PTB maser As opposedo the clocksat the other
four sitesthe maserat PTB is not steered.Thereareonly manualinteractionsn the caseof
the PTB maserbut thereis no continuoussteering.Someof the manualinteractionanay be
obseredattheendof 1998andthebeginningof 1999.

The otherfour masersare not only steeredthey arealsosynchronized.The masersat
USNO are comparedocally, the masersat USNO and at AMCT by using the TWSTFT.
TWSTFTis usuallyperformednceperday, butontheUSNO-AMCTbaselinet is performed
on anhourly basis.AMCT is the“USNO AlternateMasterClock”, the backuprealizationof
UTC(USNO).Themaserat NPL is alsosynchronizedo USNOusingTWSTFT but with ata
muchlowerrate. Theresultsusingthe USNB asreferencepbtainedoy differencingtheclock
estimategatherthanby reprocessinghe 294 days,shavs the quality of the synchronization
of theclocksoverthe294dayperiod. TheRMS of theresultingtime seriesare1.0and3.9ns
for the two time seriesof AMCT, 16.2nsfor NPL, and 1.3 nsfor USNO. Note that these
valuesincludesomeundetectegumps,especiallyfor thesecondoartof the AMCT series.In
the NPL resultswe seemto obsere anannualvariationwith anamplitudeof about30ns. It
mustbe mentionedhowever, thatmary problemswvereencountereavith the NPL datadueto
the problemswith the setupat the NPL. The annualperiodmay not necessarilyoe attributed
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to themaserat NPL andits synchronizatiorio UTC.

Figure8.11shownstheAllan deviation overthe 294 daysusingUSNB asreferenceBased
ontheAllan deviationthenoiseof the clock estimatess atalevel of 12—-60ps(r = 300 sec).
Only the slopefor the shortbaseline USNO-USNB,seemdo be closeto a valueof —1 for
T < 1000 sec.For theotherbaselinest is againcloseto avalueof —0.5. We believe thatthis
behaior might be explainedby our handlingof the tropospherieeffects. We estimatedne
constantropospherizenithdelayfor each6 hourstime interval. During thesetime intervals
the troposphereonditionsmay vary considerable.This might have animpacton the clock
estimates.The signalin the Allan deviation for USNOfor 10* < 7 < 10° may be caused
by multipath effects or it may reflectthe stability of the two masersusedto steerthe two
recevers. Noticethatthe flatteningof the Allan deviation for USNOaroundr = 10* secwas
alsoobsenredin Figures8.4 and8.8. For larger 7 the Allan deviation shows the steeringof
themasers.

A majorchallengeof usingGPSfor time transferconsistof theelimination(or atleastre-
duction)of thejumpsatthedayboundariegcausedy processinghedatain 24 hourbatches).
Thesgumpsareclearlyvisiblein Figure8.12wherethe estimate$rom four consecutie days
of ourtransatlantimetwork areshovn. An offsetandadrift have beenremovedfor all stations
andtheresultshave beenoffsetfor bettervisibility. We obsenejumpsof upto 1 ns(300mm)
causedo alarge extentby systematieffectsin thecodeobsenations(compare-igure8.3).

Onewayto reducehis“jump” problemis by usingoverlappingdataspans.Theseoverlaps
may be asshortas 1 houror aslong asa few days. A moredifficult, but alsomore correct
solutionwould be to make the obsenationscontinuousover the day boundaries.This may
be doneby transferringthe ambiguitiesfrom the previous solutionto thelatter solution. The
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continuity at the day boundarywould be guaranteedy sucha procedure. We expectthe
differencesdetweerthetwo approaches besmall.

8.3 IGS Satellite Clock Estimates

At CODE the satelliteandstationclock estimationis doneafter having estimatedall global
parametersisingdoubledifferenceobsenations.In the clock estimationstepoptimumuseis
madeof all previously determinegarametersOrbits, Earthrotationparameterssoordinates,
andtropospherizenithdelaysaretaken over from the global solutionfor the clock estima-
tion. Clock estimationis basedon undifferenceddata. First, a recever connectedo a stable
externaloscillatoris selectedasreference.The clock of this stationis thensynchronizedo
GPStime by estimatingan offset and a drift for the local oscillator In this procedurethe
GPSbroadcasephemerideareusedto obtainthe clock offsetsof the GPSsatellitesfor the
synchronization After the alignmentof the clock of the referencerecever the clocksof all
stationsandsatellites exceptthe referenceclock, areestimated.n the clock estimationstep
we use80 stations.

CODE startedestimatingGPSsatelliteclocksin Septembe 995. At thattime the proce-
durewasbasedn codeobsenationsonly. Thequality of theclock estimatesvasatthel.4ns
level aswasshown in Chaptel5. SinceJanuaryl997thesatelliteclock estimatesrebasedn
smoothedodeobsenationsandthe qualityimprovedto the0.5nslevel. Theachievedquality
was closeto thatof the otherIGS AnalysisCentergbasedon the weekly IGS combination,
seeFigure8.13(a))at thattime. After animprovementof the IGS clock combinatiorearlyin
1998it becameclearthatthereis a significantquality differencebetweerour clock estimates,
basedon smoothed:ode,andthe clock estimate®f the otherACswhich arebasedon phase
andcodeobsenations. Smoothedcodeobsenrationsarenoisierthanphaseobsenations,but
this shouldbe partly compensatety thefactthatwe usealmosttwice asmary stationsn our
procedureasthe otherACs providing clock estimatesThereasorfor the higherRMS of our
clock estimatess causedy systematieffectsin the (smoothedodeobsenrations. Thisis
nicely demonstrateth Figure8.13(b)wherethe differencebetweenrsatelliteclock estimates
basedn (smoothedrodeandphaseobsenrationsis displayed.Thesamedatasetwasusedto
estimatethe satelliteclocksusingtwo methodspnceusingsmoothectodeobsenrationsonly,
andonceusingboth,thesmoothed¢odeandphaseobsenrations.Clearly, theclock differences
aredominateduy systematieffectsratherthanby noise. The RMS of theseclock differences
over the full 24 hoursis 0.7 ns which correspondsgjuite well with the RMS for our clock
estimatesn thelGS clock combination.

As mentionedin the previous sectionswe may also usephaseobsenationsto estimate
clocks. However, dueto hardware and software limitations we are limited to processinga
network of 30 stationswhen processingundifferencedphasemeasurementsThis is dueto
the big numberof ambiguity parametersvhich have to be estimatedn this case,about60
per stationper 24 hours,i.e., 1800ambiguity parametersn the caseof 30 stations. Dueto
thislarge numberof ambiguityparameterthe processingf the phaseneasurementgquires
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Figure8.13:Quality of AC satelliteclock estimatesomparedo IGS final combinedclocks
(left). Differencebetweensatelliteclock estimatevasedn smootheccodeand
phaseobsenations(right). DifferentsymbolsrepresentlifferentGPSsatellites.

moreCPUtime. We have thereforenot switchedo usingtheundifferenceghasebsenations
exceptfor 4 daysin GPSweek960. TheRMS of theclock estimategor thesedaysin thelGS
clock combinationwere0.1-0.2ns, which is comparableo the clock estimate®f the other
ACs. Dueto thelimited useof the satelliteclocks,especiallyfor doubledifferenceprocessing
schemeswe have refrainedfrom switchingto phasebasedsatelliteclock estimates.

8.3.1 Precise Point Positioning

Oneof the mostimportantapplicationsof the IGS satelliteclock estimatess precisepoint
positioning[Zumbege et al., 1997]. In this approachhe satellitepositionsandclocksare
usedtogethemith the codeandphasedataof onesinglerecever. The positionof this station
may then be determinedwith a precisioncomparablédo that of the global solution. Precise
pointpositioningthusprovidesavery efficienttool to accessheterrestriareferencédrame.In
Figure8.14thedaily positionestimatedor the stationPTB in Germairy (our GeTTterminal)
areshavn over a time periodof 100 days. Oncethe stationpositionswere estimatedusing
the“classical’doubledifferenceapproactandoncethestationpositionswereestimatedising
precisepoint positioning. In the doubledifferenceapproactthe stationof Wettzell (400 km
distanceao PTB)wasusedto form differenceandWettzellwasfixedto its ITRF coordinates.
In the caseof precisepoint positioningthe satelliteclock estimatedrom our transatlanti¢cime
transferprojectwereused.Our clock estimatedbasedn smoothedcodearelessprecisethan
thephase-baseshtelliteclock estimatesrom thetransatlanticampaignlin bothsolutionsthe
sameparametersvereestimatedi.e., the positionof PTB, ambiguities,and12 tropospheric
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Figure8.14:Daily positiondeterminationsver 100daysusingdifferentprocessingtratejies.

zenithdelayparameterper 24 hours. In addition 12 tropospherizenithdelaysfor Wettzell
hadto be estimatedn the doubledifferenceapproachwhereador the point positioningap-
proachthe clock offsetsof the stationPTB hadto be estimated288 parametersata 5 min
sampling). The RMS of the variationsin the daily stationcoordinateestimategor both ap-
proachess 2, 3, and6 mm for thenorth,east,andup directions respectrely. Thisshavsthe
high precisionwhich maybe obtainedwith thepoint positioningtechniquelt is interestingo
point out thatboth approachebave reachedhe samerepeatabilityasthe Europearsolution
without fixedambiguitiesseeTable5.3.

Themaindisadwantageof the point positioningstratey is theimpossibilityto fix ambigu-
ities (ambiguitiesmayonly befixed on thedoubledifferenceevel). Whereagheresultsfrom
thedoubledifferenceapproachmaybeimprovedby fixing the ambiguitiesaswe have shavn
for our Europearsolutionsin Table5.3, thiswill not be possiblein the caseof precisepoint
positioning. Therearetwo additionaldisadwantage®f precisepoint positioning.First, it has
to rely onundifferenceddatacleaningwhichis moredifficult thancleaningdoubledifference
data.Secondlyit is of theutmostimportancehatthemodelsusedin generatinghe GPSorbit
andclock estimatesreconsistentvith themodelsappliedwhenusingtheseestimatesn point
positioning.Neverthelesspoint positioningprovidesa very efficienttool for determiningsta-
tion positionswith a precisionwhichwill besufiicientfor the vastmajority of the GPSusers.
Only userswhowantto getthebestpossibleresultsfrom the GPSsystermwill notbe satisfied
with theresultsfrom point positioning.
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9 Summary and Outlook

We have shavn the significantimprovementsjn only a few yearstime, for mary of the IGS
productsandhave presentedhe “stateof theart” of the IGS products.We have seenthatthe
internalproductconsisteng betweenGS AnalysisCentershasreachedhe 30-50mm level
for orbits,3—8 mm for stationpositionsand0.1 masfor polarmotion. Significantbiasesxist
betweenndividual analysiscentersolutions.Differencesf 0.5 ppb (10—-15mm)in the scale
of theorbits,3 ppb(15-20mm)in theterrestrialscale and100mmin geocenteestimatesre
obseredin internalcomparisonsBiasesalsobecamepparentvhencomparingresultsfrom
differenttechniquese.g.,GPS,SLR andVLBI. In thesecomparisons biasof 0.3 masfor
the X-componenbf the pole wasobsered. Furthermorega persistingbiasof approximately
50 mm is obsenred betweenSLR rangeobsenationsand the rangesto the GPSsatellites
derivedfrom the IGS orbitsandthe SLR stationpositions.A biasof approximatelythe same
sizewasobseredfor the GLONASSsatellites.

We could demonstratehat the new CODE solarradiationpressuranodelis superiorto
the ROCK RPRmodels.Theremainingmodelerrorwasestimatedo be about50 cm for the
CODE RPRmodelfor a 7-dayarc. For the ROCK modelthe remainingerrorwasshowvn to
be approximately300 cm for a 24 hour arc. The implementatiorof the CODE RPRmodel
improvesthe quality of orbit estimates.The numberof orbit parametershathave to be esti-
matedis considerablyeducedvhenusingthenev CODERPRmodelasa priori model. This
factstrengthenghe GPSsolutionssignificantly Thegeneratiorof so-called‘rapid” products
may profit from this development. The quality, andin particularthe reliability, of predicted
orbitsmayalsobeimproved. Althoughsignificantimprovementsvereachiezedwith the new
CODEsolarradiationpressurenodel,it shouldbe consideredisa “first attempt”only. In the
nearfuturemoretime andeffort will have to bespentonthesolarradiationpressurenodelfor
the GPSsatellites Differentmodelsarerequiredfor the differentsatelliteBlock types(l, and
IIR). Thecurrentmodelis only valid for the Block Il andllA satellites.Thebehaior of some
of the parametersf the CODE RPRmodelis significantlydifferent,but not erratic, during
theeclipsephasesThis indicatesthatspecialeclipsemodelsshouldbederived.

Thecomparisorof theobsenedrangespbasednthe SLRtrackingdata,andthecomputed
rangeshasednthe GPSsatelliteorbitsasprovidedby thelGS andthe SLR stationpositions,
revealedan averagebias of approximately50 mm, the obsered SLR rangesbeing shorter
thanthe computedranges.The reasorfor this biasmustbe studiedand,hopefully, resohed
in the nearfuture. The RMS agreemenbetweenthe SLR rangesandthe GPSorbits, after
subtractingthe meanbias, was found to be aslow as50 mm. This is a very encouraging
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9 SummaryandOutlook

result.It shovsthatthetwo independentechniquesGPSandSLR, agreeatthefew cmlevel.
Also, the SLR stationcoordinatesgestimatedusing only the SLR obsenationsof the GPS
satellites agreeat thefew cm level with their ITRF values.The usageof the SLR dataof the
GLONASS satellitesofferedanothemossibility to studythe obserned microvave—SLRbias.
For the GLONASS satellitesthereis significantlymore SLR trackingdataavailablebecause
of themuchlargerretroreflectoarraycomparedo the GPSsatellites. The|GEX orbitsfor the
GLONASS satellitesareof inferior quality comparedo the IGS orbitsfor the GPSsatellites.
This is causedy the poorgeometryof the IGEX recever network. Neverthelessthe IGEX
orbitsandthelarge amountof SLR trackingdatarevealeda biasof the samesizeandsignas
thatobsenedfor the GPSsatellites.

The new CODE solarradiationpressuranodelallows to generateéGPSorbits basedon
only SLR obsenations. Previously, the limited numberof SLR obserationsandthe large
numberof orbit parametersequiredto accuratelymodelthe GPSsatellitesmadeit almost
impossibleto generatgreciseGPSorbits basedon SLR dataalone. With the CODE RPR
modelwe arein a muchbetterpositionbecausat allows a 7-day orbit fit throughthe IGS
preciseephemerideatthe 6 cmlevel solvingfor only two RPRparametersUsingthe CODE
RPRmodelwe wereableto generateaelatively precise*SLR-only orbits” which werehelp-
ful in studyingthe biasobsenred betweenthe SLR obsenationsandthe IGS preciseorbits.
The SLR-only orbits shaved a geocenteshift in the Z-directioncomparedo the microvave
orbits of approximately50 mm. The geocenteof the SLR orbit lying below the geocenter
resultingfrom the microwave orbits. Most likely this Z-translationis causedy the obsened
biastogethemwith the geometryof the SLR trackingnetwork with mostof the stationsin the
Northernhemisphere.

We furthermorediscussedhe potentialof GPSand IGS for time transfer The results
shovedthatthe|GSis capableof providing clockinformationon aroutinebasisto thetiming
communityallowing time transferonalevel of afew 100ps. It wasalsodemonstratethatthe
availability of preciselGS orbit andclock estimatedor the GPSsatellitesallows for a very
efficientandaccurateleterminatiorof thestationpositionusingdatafrom onesinglerecever.
The accurag of this so-calledprecisepoint positioningtechniques sufficient for mostGPS
users.

Therealizationof the terrestrialreferencdrame,ambiguityfixing, orbit modeling,eleva-
tion cut-off angle,andtropospherenodelingplay animportantrole in the quality of the IGS
products.We are corvincedthatwe have not yet exploitedthe full potentialof the GPSand
thatwe canstill significantlyimprove the precisionof someof our products.iImprovements
at CODE may be expectedin the nearfuture from improvementsn the troposphericzenith
delayestimatedy makingthe estimatesontinuousn time. The estimationof tropospheric
gradientswill furtherimprove our globalsolutions.Ambiguity fixing onlongerbaselinesand
the connectionof the ambiguitiesover the day boundariegpromiseadditionalbenefits. We
alsoexpectimprovementsrom the inclusionof GLONASS microwave obsenationsthanks
to the increasechumberof satellites. At the sametime this will unify the IGS and IGEX
products.We considerthis to be animportantaspect.Furthermorethe combinationof SLR
andmicrowave obsenations,from boththe GPSandGLONASS satellitesmayhave a signif-
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icantimpacton results. In the combinationof microwave and SLR obsenrationswe should,
however, not limit oursehesto usingonly the microvave satellites.Thetypical SLR targets,
cannonbalkatellitedike, e.g.,ETALON (in orbital planessimilar to thoseof the GLONASS
satellites)andLAGEOS(at 6000km altitude)shouldalsobe includedwhencombiningthe
obsenationsof thetwo techniques.

The developmentswithin the IGS have beenrelatively difficult to predictbecausef the
amazingspeedwith which the IGS hasdevelopedin its first years. Althoughtherearesome
indicationgthatthepaceof new development@andof precisionmprovementss slowing down
therearestill mary new projectson the horizon. First of all, in October1999,the IGS has
announcedo starta seriesof so-called‘ultra-rapid” products.Theseproductswill be made
availabletwice perdayat 3:00and15:00UTC. At bothepochsa 48 hourorbit is madeavail-
able containinga 24 hour “real” orbit and a 24 hour predictedorbit. The predictedorbit
starts3 hoursbeforethetime of availability of the product,i.e., at 0:00for the submissiorof
3:00UTC, andat 12:00for the submissiorof 15:00UTC. This impliesthatthe averageage
of the predictedorbits will be 9 hoursonly. This is a significantreductioncomparedo the
currentaverageageof 36 hours.For orbit predictionghe errorsgrow approximatelyquadrati-
cally asafunctionof extrapolationtime. Thereforethereductionof theageof thepredictions
will giveaverysignificantimprovemeniof theorbit predictionquality. Thisnew productadds
to the burdenof the IGS analysiscenterdorcing themto computerapid orbitswithin 3 hours
twice perday. In additionthis ultra-rapidschemds only consideredo be a “first step”. The
aim is to generatehourly productsin the nearfuture. This may be of considerablenterest
for meteorology The watervapor contentin the atmospheres one of the mostimportant
unknavn parametersn numericalweatherpredictionmodels. The GPS-basedropospheric
zenithdelayestimategontaininformationabouttheamountof watervaporin theatmosphere
in the vicinity of the GPSreceversand are thereforeinterestingfor the numericalweather
predictions.However, the meteorologistareonly interestedn the zenithdelaysif they have
accesso themin nearreal-time typically within acoupleof hours.

Anotherveryimportantfuture IGS actwity is in thefield of the Low EarthOrbiting (LEO)
satellites. Again, thereis a closelink to meteorologybecauseseveral of the plannedLEO
missionswill be usedfor atmospheri¢'sounding”. A LEO satellitecan obsene the GPS
signalsof a“rising” or “setting” GPSsatellite,which travel throughthe Earth's atmosphere.
Thesesignalsallow, undercertainassumptionsto derive atmospher@rofilesof temperature
and humidity. Theseprofiles are very usefulaswell in the numericalweatherpredictions
andthereforewill have to be availablein atimely manner OtherplannedLEO missionswill
focuson, e.g., the Earth’s gravity field. Thesemissionare much more interestingfrom a
geodynamicapoint of view.

Apart from thesetwo new projectsthereareseveralactive pilot projectscurrentlyunder
way within the IGSlike, e.g.,thereferencdrameproject,the IGS/BIPM time andfrequeng
project,andtheionosphereandtroposphergrojects. We concludethatthe IGS is still very
active andthatthe CODE analysiscentermaylook forwardto mary yearsof interestingand
rewardingscientificresultsbasedn the actiities within 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 RPRestimatesire“scaled”to correctfor thedistanceof thesatellite
to the Sun.Otherwisea clearannualsignalwould have beenpresentueto the eccentricityof
theEarthorbit.

Figure A.1 shows the estimatef the parameter®f the extendedorbit model,i.e., DO,
YO0, BO, BC, andBS from eqn.(6.7), basedon the IGS orbit computationsas performedby
CODE. In addition, the estimatedvelocity changesn the along-trackdirectionare shawvn.
Only estimatedor the satellitesin orbital planeA areshavn (PRNs9, 25, 27). Quite similar
estimatesreobsenedfor all satellites.

A.2 Direct Solar Radiation Pressure Accelerations

FigureA.2 shonsthe estimate®f thedirectsolarradiationpressuréDO0-term)of the optimal
orbit parameterizatiorseeeqn.(6.8). The satellitesaregroupedaccordingto orbital planes.
The problematicsatelliteswere omitted from the figures(PRNs14, 16, 18, 19, 23, 24, and
29). The estimatesarestemmingfrom usingsatellitepositionsaspseudo-obseations. Very
similar estimatesreobsenredfor all satellites.

A.3 Y-bias Accelerations

FigureA.3 shavs the estimate®f the Y-bias(YO-term)of the orbit parameterizatiogivenin
egn.(6.8). The satellitesaregroupedaccordingto orbital planes.The problematicsatellites
were omitted from the figures(PRNs 14, 16, 18, 19, 23, 24, and 29). The estimatesare
stemmingfrom using satellite positionsas pseudo-obseations. Very similar estimatesare
obsenedfor all satellites.
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A TheCODERPR-Model

A.4 Z1 Accelerations

FigureA.4 shavs the estimate®f the periodicZ1-termof the orbit parameterizatiogivenin
egn.(6.8). The satellitesaregroupedaccordingto orbital planes.The problematicsatellites
were omitted from the figures(PRNs 14, 16, 18, 19, 23, 24, and 29). The estimatesare
stemmingfrom using satellite positionsas pseudo-obseations. Very similar estimatesare
obsenedfor all satellites.

A5 Momentum Wheel Problems

FigureA.5 shavs the effect of the lossof momentumwheelson the estimatedadiationpres-
sureparametersDueto thisdefecttheattitudecontrolof thesatellitehasto be performedwith
occasionathrusterfirings. Becausehe thrustersare never perfectlyalignedthis will always
resultin asmallorbit maneuer. The estimatesarestemmingirom usingsatellitepositionsas
pseudo-obseations.

A.6 The CODE RPR Model

TablesA.1 andA.2 give the actualparameteraluesof the CODE RPRmodel. In addition
TableA.3 includessomestatisticalinformation.
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A.6 TheCODERPRModel
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FigureA.1: Time seriesof the parameter®f the extendedorbit modelfor the satellitesin

orbitalplaneA (PRNSs9, 25,27)fromday217 (August)in 1996to day129(May)

in 1999.
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FigureA.2: Estimateddirect solar radiationpressureaccelerationDO0), for differentorbital
planesfrom Junel992to May 1999.

136



A.6 TheCODERPRModel

3

Y0 (107° m/s%)

-1

0

Y0 (107° m/s?)

-1

@l L L L L L L L
' 1902 1993 1994 1995 1996 1997 1998 1999

Time (Years)

(a) Y-biasacceleratiorior the satellitesn
orbital planeA (PRNSs9, 25,27)

2000

1996 1997 1998 2000

Time (Years)

S L L
! 1992 1993 1994 1995 1999

(b) Y-biasacceleratiorfor thesatellitesn
orbital planeB (PRNs2, 5, 22, 30)

0

Y0 (107° m/s?)

1

WFMW

ot
WWW}\‘

(c) Y-biasacceleratiorior the satellitesn
orbital planeC (PRNs3, 6, 7, 31)

Y0 (107° m/s?)

L L L L L L L \
1992 1993 1994 1995 1996 1997 1998 1999 2000

Time (Years)

(d) Y-biasacceleratiorfor thesatellitesn
orbital planeD (PRNs4, 15,17)

0

Y0 (107 m/s?)

1

Y0 (107° m/s?)

o

L L L L L A L L
1992 1993 1994 1995 1996 1997 1998 1999

Time (Years)

(e) Y-biasacceleratiorior the satellitesn
orbital planeE (PRNs10,21)

2000

L L L L L L L L
" 1002 1993 1994 1995 1996 1997 1998 1999 2000

Time (Years)

(f) Y-biasacceleratiorior the satellitesin
orbitalplaneF (PRNs1, 13, 26)

FigureA.3: Estimatedy-biasaccelerationfor differentorbital planesfrom Junel992to May

1999.

137



A TheCODERPR-Model

z1 (107 m/s%)

2

Z1 (107° m/s?)

1

1996 1997 1998 1999

Time (Years)

o Lt L L L
1992 1993 1994 1995

(a) Z1 acceleratiorior the satellitesn or-
bital planeA (PRNs9, 25,27)

2000

oLt L L L L L L
1992 1993 1994 1995 1996 1997 1998 1999 2000

Time (Years)

(b) Z1 acceleratiorior the satellitesin or-
bital planeB (PRNs2, 5, 22, 30)

2

Z1 (107 m/s?)

1

ol L L L L L L
1993 1994 1995 1996 1997 1998 1999

Time (Years)

(c) Z1 acceleratiorior the satellitesn or-
bital planeC (PRNs3, 6, 7, 31)

71 (107° m/s%)

ot L L L L L L
1992 1993 1994 1995 1996 1997 1998 1999 2000

Time (Years)

(d) Z1 acceleratiorior the satellitesin or-
bital planeD (PRNs4, 15,17)

2

71 (107° m/s%)
—_—

1

71 (107° m/s%)

\/ \“ V’M

ot A L L L L L L
1992 1993 1994 1995 1996 1997 1998 1999

Time (Years)

(e) Z1 acceleratioror the satellitesn or-
bital planeE (PRNs10, 21)

2000

ol L L L L L
1992 1993 1994 1995 1996 1997 1998 1999 2000

Time (Years)

(f) Z1 acceleratiorior the satellitesin or-
bital planeF (PRNs1, 13,26)

FigureA.4: EstimatedZl1 accelerationfor differentorbital planes,from Junel1992to May

1999.

138



A.6 TheCODERPRModel

-97

s
5
‘
L
:
el sal
N ! ~ 0
) B
T i
2 2
g8l 58
| i
af g
‘ ‘
T 1992 1993 1994 1995 1996 1997 1998 1999 2000 T 1992 1993 1994 1995 1996 1997 1998 1999 2000
Time (Years) Time (Years)
(a) DO acceleratiorior PRN 14 (b) DO acceleratiorior PRN 18
- - T T
. .
) B
T i
2 2
H s
N T
! 1992 1993 1994 1995 1996 1997 1998 1999 2000 ! 1992 1993 1994 1995 1996 1997 1998 1999 2000
Time (Years) Time (Years)
(c) Y-biasacceleratiorior PRN 14 (d) Y-biasacceleratiorior PRN18
@ = T T T T T T T T
] E
? ?
2 2
] 5]
° 19‘92 13‘93 19‘94 19‘95 19‘38 1997 19‘95 1999 2000 © 19‘92 19‘93 19‘94 19‘35 19‘96 19‘97 19‘98 1999 20‘0(}

Time (Years)

(e) Z1 acceleratiorfor PRN14

Time (Years)

(f) Z1 acceleratiorior PRN18

FigureA.5: Effect of attitudecontrolusingthrusterfirings dueto the malfunctioningof mo-
mentumwheels. Estimatedradiationpressurgparameterg¢D0, YO, andZ1) for
PRN 14 in planeE (on theleft) andPRN 18 in planeF (on theright) from June

1992to May 1999.

139



A TheCODERPR-Model

D0, YO0q B0y
PRN | Block (107%m/s?) (107%m/s?) (107%m/s?)
2|1l -99.423 0.003| -0.628 0.001]| -0.044 0.004
14| 1l -99.225 0.385| -0.907 0.196| 0.246 0.576
15| I -99.036 0.003| -0.701 0.001| 0.498 0.004
16| 1l -99.165 0.353| -0.635 0.174| 0.115 0.516
17| 1l -99.054 0.321] -0.659 0.155| 0.072 0.427
18| 1 -99.412 0.346| -0.865 0.157| 0.438 0.463
19 I -99.886 0.339| -0.697 0.163| 0.114 0.487
20| 1l -100.391 0.971]| -0.663 0.429| 0.519 1.173
211 1l -99.5638 0.003]| -0.254 0.001| -0.111 0.004
1| 1A -91.146 0.003| -0.747 0.001| 0.512 0.004
3| 1A -90.398 0.003| -0.531 0.001| 0.393 0.004
41 1A -90.573 0.003| -0.781 0.001| 0.239 0.004
5| 1IA -90.477 0.003| -0.742 0.001| 0.241 0.004
6| lIA -90.407 0.003]| -0.730 0.001| 0.337 0.004
7\ 1A -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
91 lIA -90.372 0.003| -0.788 0.001| 0.365 0.004
10| 1A -89.517 0.004| -0.739 0.001| 0.153 0.004
22 | 1A -91.017 0.003| -0.725 0.001| 0.045 0.004
23| lIA -80.403 1.005| -0.753 0.245| 0.967 0.910
24 | lIA -91.490 0.332| -1.050 0.164| 0.205 0.458
25| lIA -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 | 1A -90.350 0.003| -0.956 0.001| 0.429 0.004
28| lIA -90.954 0.628| -0.819 0.320| 0.136 0.883
29| lIA -91.081 0.332] -0.919 0.150| 0.524 0.418
30| lIA -90.397 0.004| -0.783 0.001| 0.526 0.004
31| lIA -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-specifiparameteraluesandformal errorsof the CODE solarradiation
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pressuremodel. The valuesfor PRN 13 shouldbe usedwith care. PRN 13 is a
completelynew type of satellite(Block I1IR) which mostlikely will shav a differ-
entsolarradiationpressuregattern. The large differencesn the formal errorsare
causedy theweightingof the problematicsatellites.



A.6 TheCODERPRModel

Parameters Estimate FormalError

(107%m/s?) (10~'m/s?)
DO0¢y -0.812 0.194
DO0¢y 0.523 0.147
YO0co 0.066 0.086
B0cs -0.394 0.232
Z 1o Block I 1.018 0.253
Z1o Block 1A 0.982 0.138
Zlco 0.517 0.180
Zlgo 0.120 0.110
Zlca 0.047 0.193
Zlgy -0.047 0.122
X1, -0.010 0.138
X1co -0.014 0.263
X1g9 -0.000 0.156
X3 -0.020 1.150
X3c2 -0.058 2.172
X359 -0.576 1.287

TableA.2: Generabarametersf the CODE solarradiationpressurenodel

#ESt. RMS
Parameters (10°m/s?)
DO(6o) 28391 0.1124
Y 0(5) 26815 0.0462
BO(f) 26569 0.1275
Z1(Bo) sin(u — ug) | 25807 0.1127
X1(By) sin(u — ug) | 24625 0.1653
X3(6o) sin 3(u — ug) | 26193 1.3644

TableA.3: Statisticdrom the CODE solarradiationpressurenodelestimation
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B SLR residuals

B.1 SLR Residuals as a Function of Elevation

FiguresB.1 andB.2 shawv theresidualsasa functionof elevationfor thesix SLR stationswith
themostobsenationsover thetime spanfrom 1995to day 200 (July) in 1999.
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FigureB.1: SLRresidualsasafunctionof elevationfor individual stationandsatellitecombi-
nationsfor thetime spanfrom 1995to day200in 1999.
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B.1 SLR Residualsaasa Functionof Elevation
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FigureB.2: SLRresidualsasafunctionof elevationfor individual stationandsatellitecombi-
nationsfor thetime spanfrom 1995to day200in 1999.
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