
15. Estimation of Satellite Orbits and
Earth Orientation Parameters

15.1 Introduction

Todaymostusershave no needto computepreciseGNSSorbitssincehighestprecisionorbitsare
availablefrom theIGS (with differentlatencies).It is, in fact,closeto impossibleto comeup with
betterorbits thanthoseproducedby theIGS.SeeSections2.2.1and4.12for moreinformationon
IGS orbits andserver locationswherethe productsareavailable.Neverthelessorbit improvement
is oneof thebasicfunctionsof theBernese GPS Software. At CODEaswell asat a few otherIGS
ACstheBernese GPS Software is usedto computepreciseGNSSorbits for every day following a
daily schedule.

Orbit improvementis possiblefor GPSandGLONASSsatellites(andin futurealsofor GALILEO
satellites),but alsofor low Earthorbitersequippedwith GNSStrackingreceivers.TheBernese GPS
Software allowsorbit determinationin principlealsowith SLRobservationsor with combinedSLR
and GNSSobservations (combiningthe techniquespecificnormal equationswith ADDNEQ2).
Thischapterprovidesinformationon thesequenceof stepsneededfor orbit improvementfocusing
on orbit improvementfor GNSSsatellitesbasedon microwave trackingdata.The procedureis,
however, moregeneralandcanbeappliedequallywell for preciseorbit determinationfor LEOsor
basedonSLRobservations.Importantdifferencesareoutlinedin thetext.

Datafrom a globally distributednetwork shouldbe usedfor a reliableestimationof GNSSorbit
parameters.Only a subsetof orbit parametersmaybe improvedwith a regionalnetwork. Usually,
doubledifferencedobservationsareprocessedfor orbit determinationwith theBernese GPS Soft-
ware sinceambiguityresolutionpositively impactsthequality of theestimatedorbits.A relatively
denseglobalnetwork is, however, requiredin thiscase.

GNSStrackingdataacquiredfrom receiverson theEarth’s crustallow to estimateasubsetof Earth
orientationparametersbecausethe GNSSsatelliteconstellationsform a realizationof an inertial
system(or quasi-inertialsystemconsideringtheEarthorbiting aroundtheSun).Becausethesatel-
lites sensethegravity field of theEarth,their motioncanaswell beusedto obtaininformationon
theEarth’s centerof masswith respectto thecrust-fixedterrestrialreferenceframe.Informationon
theestimationof Earthorientationparametersandgeocentercoordinatesis givenin Section15.4.
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15.Estimationof SatelliteOrbitsandEarthOrientationParameters

15.2 Fitting Precise Files and Predicting Orbits

Section5.4 describestheprocedureon how to preparepreciseorbit informationfor usewithin the
Bernese GPS Software. Thesameproceduremaybeemployedto fit aseriesof precisefiles aswell
asto predicttheadjustedorbit into thefuture(or thepast).For fitting � precisefiles,eachof them
is first convertedto tabular formatasdescribedin Section5.4.1.

In orderto getthetabular orbitsin consistentrepresentationsof theinertial frame,specialattention
hasto bepaidto theEarthrotationinformationusedbecauseUT1-UTCinformationfromsuccessive
ERPfiles maynot becontinuous(seeSection15.2.1).Dependingon theapplicationyou mayuse
ERPinformationfrom IERS,e.g.,Bulletin A or C04coveringthetime periodfor which you want
to gettheorbit fit andprediction(seeSection5.2.2).

To fit the � tabularfiles,selectthemall in thefield “Start with tabular orbits” in programORBGEN.
For predictingtheorbit into thefuture(or into thepast)simply shift theright (resp.left) boundary
of the time window accordingly. Thecompleteradiationpressuremodel(nineparameters)is well
suitedto obtaina goodfit over several days.You get thestandardorbit file adjustingtheselected
tabular files andcovering thespecifiedtime window asoutput.You mayalsogeneratea so-called
LST file (seeFigure22.59)that containsa tableof the fit rms valuesfor eachsatelliteandeach
inputorbit file. Thisfile maybeusedto computeaccuracy informationfor aprecisefile header(see
Section15.2.2).

Notethatinsteadof tabular filesprecisefilesmaydirectlybeusedasinput for ORBGEN. For each
inputprecisefile acorrespondingERPfile hasto beavailablewith thesamenameastheprecisefile
(but differentextension).

15.2.1 Preparation and Extrapolation of ERP Information

The UT1-UTC correctionsprovided with the Earth orientationinformation generatedbasedon
GNSStrackingdataare referencedto an external value independentlyfor eachpole file by fix-
ing, e.g.,thefirst valueto Bulletin A. Thereasonis thatGNSSis insensitive to this correction(see
Section15.4).As a consequencepreciseorbit files convertedto theinertial frameexhibit jumpsat
polefile boundariesthatmayreachmorethan10cm.

Twoprogramsavailablein theBernese GPS Software canbeusedto aligntheUT1-UTCvaluesfrom
differentERPfiles to a commonreference:POLXTR andPOLINT. Thefirst of thetwo programs,
availableat "Menu � Orbits/EOP � Handle EOP files � Concatenate IERS pole files", allows for a sophisticatedse-
lectionof therecordsfrom differentinputIEPfiles(ERPfilesin IERSformat,seeSection4.5)to be
concatenatedto asingleBernesepolefile. To usetheoutputpolefile with ORBGEN selectthecor-
respondingoptionin thefield “Handling of UT1-UTC”. Theprogrammayalsobeusedto extrapolate
poleinformationinto thefutureusingapolynomialfit. Werecommendto usea linearextrapolation
only. Observe thatUT1R-UTCis fitted andextrapolated(i.e., theEarthrotationanglereducedby
tidal variations)andnotUT1-UTC.For additionalinformationontheuseof programPOLXTR and
theappropriatesettingof theoptionswereferto theon-linehelp.

ProgramPOLINT is only availableusingtheRUNGPS command(seeSection18.8).It allows to
concatenateinput polefiles (in IERSformat) in a straightforward way. Activateoption “Continuity
between sets” in orderto getacontinuoustimeseriesin UT1-UTC.Do notactivateoption“Restitute
subdaily pole model” which is availablefor testsonly.
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15.2.2 Conversion of Standard Orbit Files to Precise Files

A standardorbit file canbe convertedto precisefile format using the programSTDPRE ("Menu� Orbits/EOP � Convert standard to precise orbits"). The programperformsthe transformationfrom the in-
ertial to the Earth-fixed referenceframe.For this transformationthe samenutationandERP in-
formationmustbe usedasfor the generationof the standardorbit file in the previous steps.You
may includesatelliteclock correctionsin theprecisefile by specifyinga Berneseclock file in the
field “Satellite clocks”. Missingclockvaluesaresubstitutedwith "999999.999999".

If a satelliteproblemfile (seeSection22.4.6)is specifiedin thecorrespondingfield in panel“STD-
PRE 1.1: General Files”, satellitesmarked asbad for the specifictime periodare not written to
theoutputprecisefile. Thesatelliteproblemfile alsoprovidesthemaneuver epochfor repositioned
satellites.Theorbit positionscorrespondingto thecorrectarcbeforeandafterthemaneuverarethen
written to theoutputfile.

Therearetwopossibilitiesto includeaccuracy informationin theprecisefile header. Accuracy codes
reflectingtheformalorbit accuracy asestimatedby GPSEST or ADDNEQ2 maybederivedfrom
aninputorbitalelementfile (seeSection15.3.1.2).ProgramSTDPRE readstheformalerror

���
of

theargumentof latitude(in radians)for eachsatelliteandconvertsit to anaccuracy codeusingthe
formulaacc � NINT ���
	��
����� ������� �
	������ ��� where�������������� "!�#%$ m is thesemimajoraxis.

Alternatively programPREWEI ("Menu � Orbits/EOP � Set accuracy codes in precise orbits") maybeusedto
includeaccuracy informationderived from the fit rms valuesgatheredfrom a LST-file written by
ORBGEN. Sucha file is generatedwhenspecifyingafilenamein thefield “Summary file” in panel
“ORBGEN 2: Result and Output Files” andfitting precisefilescoveringseveraldayswith ORBGEN.
The accuracy informationthenrepresentsthe ’modelability’ of the orbits that is in generalmore
realisticthantheinformationobtainedfrom theformalerrorsin theorbitalelementsfile.

15.3 Orbit Improvement

Orbit improvement(sometimesalsocalledorbit determination)is theprocessof improving orbital
parametersusingobservations.In the Bernese GPS Software two programsare involved in orbit
improvement:ORBGEN andGPSEST. In additionprogramADDNEQ2 maybeusedto combine
orbit informationfrom severalarcs.Orbital parametersthatmaybeimproved includethesix Kep-
lerianosculatingelements(initial conditionsat thebeginningof thearc),up to nineparametersof
theCODEempiricalradiationpressuremodel(seeSection2.2.2.3),andstochasticpulses(velocity
changes)atpredefinedepochs(seeSection2.2.2.4).

Within the Bernese GPS Software estimatedorbits always refer to the satellite’s centerof mass.
Informationon the satelliteantennaphasecenteroffset is obtainedfrom the satelliteinformation
file in conjunctionwith nominalsatelliteattitude(or, for LEOs,alternatively from anattitudefile,
seeSection16.2.3).

15.3.1 The Procedure for Orbit Improvement in the Bernese GPS Software

Orbit improvementin theBernese GPS Software involvesthreesteps:
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15.Estimationof SatelliteOrbitsandEarthOrientationParameters

(1) Preparation of a priori orbit information:

A priori orbit aswell asthepartialderivativesof theorbit positionswith respectto theparam-
etersto beestimatedaregeneratedwith programORBGEN by numericalintegrationof the
equationsof motionandof thevariationalequations.Theinformationis written to astandard
orbit (default extension&('*) ) andaso-calledradiationpressurefile (default extension+�,�+ ).

(2) Estimation of improvements for orbit parameters:

ProgramGPSEST readsthe a priori orbit andthe derivatives from thesetwo files, builds
up the normalequationsin a loop over all observations,andsolves the equationsystemto
obtain the parameterimprovements.The improved orbital parametersare written to a so-
calledelementfile (default extension -�.*- ) refering to the start epochof the a priori orbit
(osculationepoch).

(3) Update of orbit:

ORBGEN readsthe elementfile written by GPSEST andintegratesthe orbit numerically
basedon the improved orbit parameters.The outputis a standardorbit for a specifiedtime
interval.

The last two stepsmay be iteratedif the a priori orbit deviatestoo much from the ’true’ orbit.
Subsequentstepsmayincludea combinationof a sequenceof orbital arcsgeneratedby GPSEST
to longerarcsusingprogramADDNEQ2 andtheconversionof theimprovedstandardorbit into a
precisefile. Theseparatestepsaredescribedin moredetailsin thefollowing sections.

15.3.1.1 Prepare A Priori Orbit Information

Let us first statethat if you improve orbits it is in principlenot importantwhetheryou start from
broadcastor preciseorbit information to createan a priori standardorbit. If your a priori orbit
is, however, only good to about20 m you shoulddefinitely go througha seconditeration step,
i.e., repeatthe orbit improvementstepsdescribedin Section15.3.1.2and15.3.1.3with the orbit
generatedin thefirst iterationstep,which is now certainlywithin 0.1m of thefinal results.

You may thusgeneratethe a priori orbit startingfrom broadcastinformationasdescribedin Sec-
tion 5.3 or from a preciseorbit file asdescribedin Section15.2(e.g.,obtainedby predictionfrom
previousdays).To generatethenecessaryfiles you mayfollow exactly theproceduredescribedin
Section5.4.2with thestandardORBGEN parametersettings.Theoutputorbit informationhasto
cover the completetime interval for which you want to performorbit improvementwith a single
arc.It is recommendedto restrictto daily arcs.

Not only theequationsof motionbut alsotheso-calledvariationalequations(derivativesof satellite
positionswith respectto orbit parameters,seeSection2.2.2.5)have to beintegratednumericallyfor
orbit improvement.Specifyafilenamein thefield “Radiation pressure coeff.” in panel“ORBGEN 2:
Result and Output Files” in orderto invoke theintegrationof thevariationalequations.

The integrationprocesswrites thepolynomialcoefficientsfor eachsatellite,eachcomponent,and
eachintegrationsubinterval into the standardorbit file specifiedin thefield “Standard orbits” and
thosefor all the partialsinto the radiationpressurefile (default extension +*,�+ ). However, if the
coefficientsfor thepartialderivativesweresavedin thesamewayasthosefor thesatellitepositions,
thefile lengthof theradiationpressurefiles would be15 timesthesizeof thestandardorbit files –
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which is a wasteof disk space!This is truein particularif onetakesinto accountthattheaccuracy
requirementsfor thepartialsareby nomeansasstringentasthosefor theorbits.

The procedureusedin Version5.0 seemsto be an optimum: whereasthe variationalequations
aresolved usingexactly thesameinterval subdivision andthesamepolynomialdegreeasfor the
integrationof theprimaryequations,it is possibleandadvisableto changethepolynomialdegree
andthesubinterval lengthfor storingthecoefficientsassociatedwith thevariationalequations.In
practicewe usefor GNSSsatellitesa subinterval lengthof six hoursanda polynomialdegreeof /� for storingthecoefficientsfor thepartials(options“Length of interval” and“Polynomial degree”
relatedto thesection“VARIATIONAL EQUATION” in panel“ORBGEN 3.2: Options”, seeFigure5.6).
Throughthis procedurewe have the partialsavailablein the files with sufficient precision(6 to 8
significantdigits)withoutwastingtoomuchdiskspace.For LEOsasubinterval lengthof 0.2hours
andapolynomialdegreeof 10seemto beappropriate.

15.3.1.2 Improve Orbit Parameters

Theactualorbit improvementhasto besetupin programGPSEST. Werecommendto useprogram
GPSEST with dataspansof atmaximumoneday. If youactuallywantto producelongerarcs,use
programADDNEQ2 to combinetheone-dayarcs,seeSection15.3.2.

To allow for orbit parameterestimationspecifythenamesof thea priori standardorbit file in field
“GNSS standard orbits” in panel“GPSEST 1.1: Input Files 1” andof the radiationpressurefile in
field “GNSS orbit partials” in panel“GPSEST 1.2: Input Files 2”. For LEO orbit improvementmark
thecheckbox“LEO data processing” in panel“GPSEST 1.1: Input Files 1” andspecifythenames
of the two a priori files in the fields “Standard orbit(s)” and “Orbit partials” in the section“LEO
INPUT FILES” of panel“GPSEST 1.2: Input Files 2”. Thenamesof theoutputorbitalelementfile is
specifiedin thefields“GNSS orbital elements” resp.“LEO orbital elements” in panel“GPSEST 2.2:
Output Files 2”.

Orbit parameterestimationis enabledby markingthecheckbox“GNSS or LEO orbit determination”
in panel“GPSEST 5.2: Setup of Parameters and Pre-Elimination 2” (the option getsactive if a
radiationpressureinputfile is specified).A subsequentpanelis thenactivatedthatis specificfor the
setupof orbit parameters.

In thefirst panel“GPSEST 6.8.1: GNSS Orbit Determination 1” (seeFigure15.1)you mayspecify
whetheryou want to estimateorbit parametersfor GPSonly, for GLONASSonly, or for all satel-
lite systems(“SATELLITE SYSTEM SELECTION”). The optionhasto be setto ALL for LEOs. In
the samepanelyou cansetupeachindividual osculatingelement(section“SETUP OF ORBITAL
ELEMENTS”) and dynamicalparameter(radiationpressureparameters,section“SETUP OF DY-
NAMICAL PARAMETERS”) andacorrespondingapriori constraint.

In orderto preserve all optionsfor futurerunswith programADDNEQ2 we recommendthatyou
setupall (osculatinganddynamical)orbit parametersbut thatyou tightly constrainparametersthat
you want to fix for a particularexperiment.You arethenableto changethe constrainingin runs
basedonnormalequations.In ouranalysisatCODEwefreelyestimateall parametersbut constrain
for GNSSsatellitestheperiodicdynamicparametersin thedirectionsD andY becausecorrelations
with Earthorientationparameterswouldotherwiseaffect theestimatesof lengthof day(seesettings
in Figure15.1).

Theoption “ESTIMATION OF STOCHASTIC PULSES” activatesthepanel“GPSEST 6.8.2: GNSS
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Figure 15.1: Optionsfor definingthesetupof orbitalparametersin GPSEST.

Orbit Determination 2” (seeFigure15.2)thatallowsfor adetailedsetupof pseudo-stochasticparam-
eters(velocitychangesat pre-definedepochsin threeorthogonaldirections).

The numberof equally spacedepochsper satelliteand per day for which stochasticparameters
shall be setup may be specifiedin option “Number of parameter sets per day”. If you entere.g.
2, parametersetswould in principlebesetup at 00 UT, 12 UT, 24 UT, etc.Theparametersat the
beginning andendof the arc are,however, not setup. For a 1-dayarc, therefore,only the pulses
at noonareestimated.Pulsesat thedayboundariesmaylaterbesetup in ADDNEQ2 if you want
to combine1-dayarcsinto n-dayarcs(Section15.3.2).For GNSSsatelliteswe recommendto set
up two setsof stochasticparametersperday. For LEOsmorepseudo-stochasticparametersmaybe
setup, e.g.,every 15 min (96 parametersetsper day).Note that stochasticpulseepochshave to
coincidewith anintegrationinterval boundaryin ORBGEN.

Section“SETUP OF STOCHASTIC PULSES” in thepanelallows to specifythedirectionfor which
pseudo-stochasticpulsesshallbesetup aswell astheir default a priori constraint(with respectto
zero).In theexampledisplayedin Figure15.2pulsesaresetup in radial,along-track,andin out-of-
planedirections.To copewith correlationswith Earthrotationparameterstheout-of-planedirection
is actuallyconstrainedto (almost)zero.

Thesection“SATELLITE-SPECIFIC PARAMETER SETUP” in thesamepanelcanbeusedto specif-
ically definesatellite-specificrequestsconcerningthesetupof pseudo-stochasticpulses.You may
includelineswith individualsatellitePRNnumber, "99" for all satellites,or "98" for eclipsingsatel-
lites.If "97" is specified,stochasticpulsesaresetupfor eclipsingsatellitesonly for theepochsabout
45minutesafterthesatellitesleaving theEarth’s shadow. For fieldsleft blankthevaluesdefinedin
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Figure 15.2: Optionsfor definingthesetupof stochasticorbit parametersin GPSEST.

theabove optionsareused.Enteringa valueoverwritesthedefault values.In orderto setuppulses
for all satellitesyouneedto specifya 99-line.

Enablingthecheckbox“Additional requests for further epochs” activatesstill anotherpanelwhere
yougetthepossibilityto specifyin detailalsothepulseepochsindividually for eachsatellite.These
stochasticpulsesaresetup in additionto thepulsesdefinedin panel“GPSEST 6.8.2”. Bearin mind
thatpulseepochsareshiftedto thenearestintegrationsubinterval boundary.

After having executedprogramGPSEST with observationscovering oneday, you have (among
many other result files) an orbital elementfile, a normalequationfile, andan Earth rotationpa-
rameterfile at your disposal.Keepin mind that in generalyou shouldalsoestimateEarthrotation
parameterswhenyoudeterminethesatelliteorbits.More informationon this topicmaybefoundin
Section15.4.

15.3.1.3 Update Improved Orbit

Updatingof a standardorbit usingprogramORBGEN accordingto an orbital elementfile is the
last stepof an orbit improvement.Insert the orbital elementfile aswell asthe Earthrotationpa-
rameterfile generatedin thepreviousstepwith programGPSEST (or alternatively with program
ADDNEQ2, seeSection15.3.2)to obtainanupdatedstandardorbit file. You mayselecttwo ele-
mentfileswhichwill thenbemergedinto asinglestandardorbit file (e.g.,separateelementfiles for
GPSandGLONASS).

You maydefinethe lengthof thearc interval (startingat theosculationepoch,i.e., thestartepoch
of the a priori orbit) in the programpanel.You may also specify whetheryou actuallywant to
usetheupdatedorbitsor if you want to reconstructthea priori orbit which wasusedfor theorbit
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improvement(optionOLD respNEW in thefield “SELECTION OF ORBITAL ELEMENTS” in panel
“ORBGEN 4: Selection of Orbital Elements”).

It is essentialthat theorbit modelsusedfor thegenerationof thea priori orbit andfor updatingof
theorbit areidentical.ProgramORBGEN makessurethat,e.g.,thesamegravity field or satellite
informationfile is used.Theupdateprocessalsotakestheestimatedstochasticpulsesinto account
which are(also)storedin theorbital elementfiles.Theupdatedstandardorbit maybeconvertedto
apreciseorbit file usingprogramSTDPRE asdescribedin Section15.2.2.

In order to performan additionalorbit improvementiteration,write a radiationpressurefile and
repeatthe stepdescribedin Section15.3.1.2using the updatedorbit informationas well as the
updatestepdescribedin thissection.

15.3.2 Orbit Combination with ADDNEQ2

Orbital parameters,if saved in normalequationfiles,canbemanipulatedby programADDNEQ2.
It is in particularpossibleto changetheconstrainingof parametersor to combine,e.g.,one-dayarcs
to longerarcs.Thetheoryfor this longarccombinationmaybefoundin [Beutler et al., 1996].

Manipulationof orbital elementsin ADDNEQ2 is initiatedby supplyingoneor severalNEQ files
thatcontainorbital parametersandto enableoption “Orbital parameters” in panel“ADDNEQ2 3.2:
Options 2”. Additional panelsarethenactivatedthat allow for the definition of orbit-specificop-
tions.Figures15.3and15.4show thepanelsdesignedfor specifyingtheconstraintsfor osculating
elementsaswell asof dynamicalandpseudo-stochasticparameters.

Option“Long-arc computation” in thefirst panelenableslong-arccombinationof arcsif asequence
of consecutiveNEQfilesis providedasinputthatcontainorbitalparameters.Theoutputis thenase-
riesof orbitalelementfiles.In addition,new pseudo-stochasticparametersmaybesetupattheNEQ
boundarieswith option “Stochastic pulses at NEQ boundaries”. Combinationof arcsat particular

Figure 15.3: Panelfor definingorbit estimationoptionsin ADDNEQ2.
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Figure 15.4: Optionsfor definingconstraintsfor dynamicandstochasticparametersin ADDNEQ2.

NEQboundariesfor specificsatellites(e.g.,for badlymodelableorbits)maybesuppressedby sup-
plying asatelliteproblemfile containingcorrespondingsplittinginformation(seeSection22.4.6)as
inputfile to ADDNEQ2.

If normalequationfiles of differentsessionsarecombined(e.g.,to computelong arcs),the out-
put of programADDNEQ2 is a sequenceof orbital elementfiles,onefor eachinput NEQ. In this
caseyou have to usewildcard characters(either% or ?) in the outputfile namein the field “Or-
bital elements”. The wildcard charactersarethenreplacedby the correspondingcharactersof the
a priori standardorbit file nameusedto createthe normalequationfiles. To give an example,let
us assumethat the a priori standardorbit files usedto generatethree1-daynormalequationfiles
werenamed0
132�4*5�4�561879&('*) , 0:1;2�4�5�4*5*<=7>&('�) , and 0
132�4�5�4�5�?@7>&('*) andthatyouwould like to create
a 3-dayarcwith programADDNEQ2. If you specify 0*?�2�A*A�A�A*A for theorbital elementoutputfile
name,ADDNEQ2 will savetheestimatedorbitalparameterfor eachdayin thefiles 0*?�2�4�5�4*5B1C7D-�.�- ,0*?�2�4*5�4*5*<=7%-*.�- , and 0*?*2�4*5�4*5�?E7%-*.�- . Be in particularcarefulwhenprocessingseveralsessionswith
theBPEin ordernot to overwriteelementfiles from olderby files from newer sessions.

The orbital elementfiles obtainedas output from ADDNEQ2 may be updatedusing program
ORBGEN asdescribedin Section15.3.1.3.Theresultingstandardorbitsmayfinally beconverted
to precisefiles (seeSection15.2.2).

15.3.3 Production of Three-day Orbial Arcs at the CODE Analysis Center

In orderto demonstratethattheactualwork at anorbit determinationcentermaybequiteinvolved
(mainlydueto thefactthatthedatahave to bescreenedandvalidated),webriefly presenttheactual
procedureto generatea three-dayarcat theCODEAnalysisCenter:
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F Theapriori orbit is takenover from thegenerationof theCODERapidOrbit.F All single-differencefilesof thedayareprocessedin GPSEST by modelingthecorrelations
correctlyon the baselinelevel, only. Orbitsareimprovedwith stochasticparameterstightly
constrained.F Theresidualswith respectto this “first” one-dayarcarechecked for outliers,badphaseob-
servationsaremarked.F With thesescreenedobservationfiles,GPSEST is invokedagain,still in thesinglebaseline
mode,but this timestochasticorbit parametersareestimatedat noon.F Thenew one-dayarcis usedto resolve ambiguitieson thesinglebaselinelevel.F After ambiguityresolution,a new (alreadyvery precise)a priori orbit without stochasticpa-
rametersis definedandusedfor theremainingone-daysolutions.This orbit is thenalsothe
basisfor all three-daysolutions.F Again,weuseGPSEST, andagainwesetupall 15orbit parameters,but wetightly constrain
all of them.Moreover, we do not processthe entireone-daydataset in oneprogramrun,
but we producefour regionalclustersolutions,wherewithin eachcluster(correspondingto
onerun of programGPSEST) the correlationsaremodeledcorrectly, andthe ambiguities
resolvedpreviouslyareintroducedasknown.F Thefour clustersolutionsaresuperposedusingprogramADDNEQ2 to givethefinal one-day
solution.F Threeconsecutive NEQ files correspondingto the final one-daysolutionsarecombinedto
yield thefinal three-daysolution.F Any numberof alternative solutionseriesmaynow beproducedusingADDNEQ2, only.

15.4 Estimation of Earth Orientation and Geocenter Parameters

15.4.1 Motivation

By the termEarthOrientationParameter(EOP)we understanda setof five parametersdescribing
theorientationof the ITRF (InternationalTerrestrialReferenceFrame)in the ICRF (International
CelestialReferenceFrame)in conjunctionwith the conventionalPrecession-Nutationmodel.The
parametersG*H , I/H locatetheCelestialIntermediatePole(CIP) (formerlycalledCelestialEphemeris
Pole,CEP) in the terrestrialreferenceframe,whereasthe positionof the CIP in inertial spaceis
definedby the IAU 2000 Theory of Nutation.The parameters

��J
and

��K
reflect the difference

betweenthe actualpositionof the celestialpole and the positiongiven by the conventionalIAU
model.Finally, thedifferenceUT1–UTC(respectively UT1–TAI, TAI=InternationalAtomic Time)
givesaccessto the directionof the IERS referencemeridianin the celestialreferenceframe(for
detailswe referto [Castrique, 1996]).

Stationpositionsareconvenientlyrepresentedin anEarth-fixedreferenceframerotatingin a well-
definedway with theEarth.This referenceframeis realizedtodayby a catalogueof adoptedgeo-
centriccoordinatesanda velocity field of trackingstationsderived from theanalysisof datafrom
variousspacetechniques(VLBI, SLR,GNSS,DORIS).Theframeis designatedastheInternational
TerrestrialReferenceFrame(ITRF) maintainedby the InternationalEarthRotationandReference
SystemsService(IERS).
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Themotionof theGNSSsatellitesisbestdescribedin theInertialCelestialReferenceFrame(ICRF),
realizedby a list of adoptedequatorialcoordinates(epochJ2000.0)of extra-galacticradiosources
uniformly distributedover thesky.

In orderto computethedifferencevectorbetweentheobservingstationandthesatellitebothpo-
sitionsmustbegiven in thesamereferenceframe.Therefore,we needto know the currentsetof
transformationparameters(EOP)betweenthe two frameswhenanalyzingGNSSdata.Moreover,
whenprocessingdatafrom a globalGNSStrackingnetwork, it is possibleto estimatea subsetof
EOPparametersif thepositionsof sometrackingsitesareknown in theITRF.

Thesatellite’s equationsof motionareformulatedin a referenceframewith a particularorigin that
maybeidentifiedwith thecenterof massof thetotalEarth.Onaveragethiscenterof masscoincides
with theorigin of the ITRF. Variationsof thegeocentercoordinates(positionof theEarth’s center
of masswith respectto theITRF origin), e.g.,dueto changingmassdistribution in theoceansand
theatmospheremaybemeasuredwith satellitegeodeticmethods.

15.4.2 Theory

ThetransformationbetweenthecelestialandtheEarth-fixedcoordinatesystemmaybeperformed
by meansof equation L6M

�ONQPSRTP�UWVYX
L6Z

(15.1)

where

L6M
and

L6Z
denotethe position vectorsof a stationin the terrestrialand inertial systems,

respectively. Thesequenceof rotationmatricesVYX referringto nutationandprecessiondescribes
thetransformationbetweenthemeancelestialsystematepochJ2000.0andasystemdefinedby the
true equatorandequinoxof date.The Bernese GPS Software, Version5.0, supportsboth IAU80
andIAU2000nutationtheories.The matrix U[�]\_^��a`cb�d � providesthe transitionto the rotating
systemwhere ` b�d is theGreenwichapparentsiderealtime ( \fe���g � characterizesa rotationaround
axis h , aboutangle g ). Finally, thepolarmotionmatricesNi�j\_k��lG H � and Rm�j\ # �lI H � describe
thepositionof theCelestialIntermediatePole(CIP) in theTerrestrialReferenceFrame.

To theaccuracy level requiredfor thecomputationof thepartialderivativesof theGNSSobservable
with respectto theparametersof interest,we mayapproximatethenutationmatrix asa productof
threeinfinitesimalrotationsandwrite thetransformationequation(15.1)in theformL Z

�OX P �ln � \ # ��o K(� \_k��9pqo J_rtsvuwK $ � \_^��9px`�bzy � \ # �lI H � \_k��lG H �
L M { (15.2)

where o J and o K denotethe nutationin longitudeandobliquity,
K $ denotesthe meanobliquity

of the ecliptic, and `cbzy standsfor the Greenwichmeansiderealtime. All five Earthorientation
parametersarecontainedin Eqn.(15.2).

Unfortunately, dueto correlationswith theorbital elements,a subsetof theEOPis not directly ac-
cessibleto theGNSS(namelyo UT = UT1 p UTCandthenutationparameters).It is,e.g.,possibleto
addaconstantvalueto UT1 andadapttheascendingnodesof thesatelliteorbitsby acorresponding
valuewithout affectingtherangesbetweenstationsandsatellites.On theotherhand,it is possible
to solve for a drift in UT1-UTC allowing to estimatethe lengthof day (LOD) very well with the
GNSS.Similarly drifts in thenutationparametersareaccessibleby GNSS[Rothacher et al., 1998].
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15.4.3 Estimation of Earth Orientation Parameters

Today, in view of theproductsmadeavailablethroughtheIERSandtheIGS it will in generalnot
benecessaryto solvefor EOPs,but to useEOPsconsistentwith theorbitsandcoordinatesused.For
researchtypeapplicationsbasedon datastemmingfrom a globalGNSSnetwork it makessenseto
setup EOPs.This sectionis importantfor advancedusersof theBernese GPS Software who wish
to gaininsightinto globalapplicationsof GNSS.Let usstartby mentioninga few basicfacts:

F You will alwaysestimateERPson top of ana priori model.Thesearecharacterizedby the
valuesin a polefile (default extensionERP). If you wantto estimatetheERPsfrom scratch
youhave to useanapriori file with all parameterssetto zero.

F The (empirical)modelfor the ERPsis setup in programGPSEST, it may be modifiedin
programADDNEQ2, whereyou have to beawareof the fact thatyou maysimplify but not
generalizethemodelin ADDNEQ2.

F If you solve for ERPsyou will probablyprocessexactly onesessionof onedayin GPSEST
andproducelongerarcsusingADDNEQ2. Youshouldbeawareof thefact thatfor theERP
estimatesyou may divide the time interval of the sessioninto a numberof subintervals of
equallength.In programGPSEST eachERP(improvementon top of thea priori model)is
representedby a polynomialwithin eachsubinterval while in ADDNEQ2 theERPimprove-
mentsarerepresentedby apiece-wiselinearfunctionwith nodesatthesubinterval boundaries
(seeSection7.5).

F For diurnalandsemi-diurnalvariationsof theERPs,the IERS2003model([McCarthy and
Petit, 2004])or themodelfrom [Ray et al., 1994]maybeused.Themodelnameis loggedin
thepolefile header.

F UT1-UTC estimatesarespecialin onerespect:dueto thecorrelationswith theorbital nodes
mentionedabove, it is not possibleto solve for thezerodegreecoefficient of thepolynomial
pertainingto thefirst sub-interval of thesession(GPSEST) or thefirst valuein thepiece-wise
linearrepresentation(ADDNEQ2) (if you introducetheorbital elementsasunknowns in the
sameadjustment).Thesameis thecasefor nutationparameters.

15.4.3.1 Options in GPSEST

Panel“GPSEST 5.2: Setup of Parameters and Pre-Elimination 2” handlesmany specialrequestsin
connectionwith parameterestimation.Youhave to enabletheparametertype“Earth orientation pa-
rameters”. In thiscasethemenusystemgivesyouaccessto panel“GPSEST 6.13: Earth Orientation
Parameters” (seeFigure15.5),whereyou mayfirst definethespacingof theEarthorientationpa-
rametersets(=totalnumberof polynomialsfor eachEOP).Thestartandendtimeof theparameter
setsarecomputedusingthegeneralparametertime offsetdefinedin option “TIME OFFSET FOR
PARAMETER INTERVALS” in panel“GPSEST 5.2”.

Subsequentlyyou may selectthe number � of polynomialcoefficients for eachof the five EOPs
in the fields “Par/set”. The polynomialdegree | is simply |Q� � p} . � �~! meansthat the cor-
respondingparametersarenot setup. You have to beawareof the fact thatyour estimateswill in
generalnot be continuousat the sub-interval boundaries.You mayaskfor continuity for the pole
componentsG H , I H , andfor UT1-UTCby specifying“ERP” in thefield “Continuity between sets”. If
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youwantto enforcecontinuityfor thetwo nutationparametersyouspecify“NUT”, andyouspecify
“BOTH” if you want to have continuity for all parameters.Attention: If you askfor continuity in
thecase|T��! ( � �� ), this actuallymeansthatyou modeltheEOPsby a singleparameterfor the
entiresession!If you askfor continuityin thecase|T�� ( � �}� ), you actuallymodeltheEOPsas
polygons(standardprocedureat CODE).We stronglyrecommendto use |T�� ( � �}� ) andto ask
for continuity. Only EOPvaluesrepresentedby offsetsanddrifts ( � �j� � canbeproperlyhandled
by programADDNEQ2.

Youmayconstrainthefirst-degreepolynomialcoefficientsof theERP, thenutation,or bothparam-
etersetsto zeroby activatingtheoption“Drifts constrained to zero”. Thismakessenseif you intend
to estimatedrift parameterslaterwith programADDNEQ2 usingmorethanonesession.

Thezero-degreecoefficientsof eachparametersetmaybeconstrainedindependentlyfor eachof the
fiveEOPparametertypesby specifyinganapriori sigmain thefields“Other parameters”. Because,
asmentionedabove, it is not possibleto solve for all orbit parametersandfor UT1-UTC or nuta-
tion parameters,thezero-degreeparameterspertainingto thefirst sub-intervals canbeconstrained
separatelyfor theseparameterswith a priori sigmavaluesin thefields“First parameter”.

If you definetheEOPsaccordingto thepaneldisplayedin Figure15.5,GPSEST will generatean
output(in thegeneralOUTPUTfile) of thefollowing type:

���>�t�>�����9�������D�9�����>�t�>�t�����>������������������������������������������������������� �����=�t���(� �D�>� ����� �D�>�D�D�t�>� ����� �D�>�D�D�t�>�����>��l�������t��� ����� �l���D�D�t�>� ����� �l���D�D�t�>�����>������������������������������������������������������t�������t�������t�����t�������������t�������t�������t�����t���������������t�����t���
  ¡ ¢��
¢�¢�¡%¢�¢�£�¢¤¢��
¢�¢�¢�¢�¥�¢�¢ ¦%¢��
¢�¢�¢�§�¨�§�¢¤¢��
¢�¢�¢�¡%©�¨�ª� ¡ ¢��
¢�¢�¡%§�¨>«t©¤¢��
¢�¢�¢�¡%¢�¡%¨ ¦%¢��
¢�¢�¡%¨�¨�¡%©¤¢��
¢�¢�¢�¡%ª���¡�t� ¡ ¢��
¢�¢�¢�¢�¢�¢�¢¤¢��
¢�¢�¢�¢�¢�¢�¢ ¦%¢��
¢�¢�¢���¢�¢�ª¤¢��
¢�¢�¢�¢�¢�ª>«

Thespacingin timeof theERPvaluessavedin theoutputBerneseERPfile andtheIERSERPfile
maybespecifiedin option“TIME RESOLUTION OF EXTRACTED VALUES”, independentlyof the
parameterspacingused.

15.4.3.2 Options in ADDNEQ2

With programADDNEQ2 you maycombinenormalequationsystemsgeneratedby GPSEST (or
ADDNEQ2). The programallows you to reconsidersomeaspectsof EOPestimation.EOPsesti-
matedby GPSEST areparameterizedaspolynomialswithin sub-intervalswhile ADDNEQ2 usesa
piece-wiselinearparameterization.ADDNEQ2 automaticallyconvertsEOPparametersrepresented
asoffsetanddrift (polynomialof first degree)into thepiece-wiselinearrepresentationif aninterval
lengthis specifiedin thesection“PARAMETER SPACING” in panel“ADDNEQ2 8: Interval Length
of Parameters” (seeSection9.4.5)which is stronglyrecommended.You mayspecifythesameor
a longerinterval (e.g.,24 00 00) thantheoneyou originally definedin GPSEST whensettingup
EOPparameters.

Enablethecheckbox“Earth orientation parameters” in panel“ADDNEQ2 3.2: Options 2” in order
to get theEOP-specificpanel“ADDNEQ2 11: Options for Earth Orientation Parameters” (seeFig-
ure15.6).Theoptionsin this panelresemblethosein programGPSEST: You maydefinea priori
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Figure 15.5: Optionsfor definingthesetupfor ERPparametersin GPSEST.

Figure 15.6: Optionsfor definingthesetupfor ERPparametersin ADDNEQ2.

constraintsfor thefirst offsetparametersfor UT1-UTC andthenutationparametersaswell asfor
all remainingoffsetparametersfor all parametertypes.
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Theoption“Block retrograde terms in X and Y polar wobble series” is only of importanceif youare
interestedin asub-dailyresolutionof theEOPsin orderto copewith correlationsof daily retrograde
motionof thepolewith theorientationof thesatellite’s orbitalplanes[Hefty et al., 2000].

Thereis onemoreimportantdifferencebetweentheEOPestimationin GPSEST andADDNEQ2:
Whereasin GPSEST thecorrectionsto thea priori polearemodeledaspolynomials,theabsolute
valuesandUT1R(obtainedfrom UT1 by removing thetidal variationswith periods¬ 35days)are
representedaspiece-wiselinearfunctionsin ADDNEQ2.

15.4.4 Estimation of Geocenter Coordinates

Becausesatellitesaresensitive to thecenterof massof thetotalEarth(geocenter),satellitegeodetic
techniquesarein principlesensitive to motionsof thecenterof masswith respectto theorigin of
a crust-fixedreferenceframe.Suchmotionsareexpecteddueto massdisplacementsin theoceans,
theatmosphere,andtheinteriorof theEarthaswell asfrom surfacedeformationsoriginatingfrom
loadingeffects.

In the Bernese GPS Software, Version5.0, geocentercoordinatesmay be estimatedin programs
GPSEST andADDNEQ2. It has,however, toberemarkedthatthesensitivity of GNSStogeocenter
motionsis low dueto correlationsof theseparameterswith radiationpressuremodelingparameters.

In programGPSEST the estimationof geocentercoordinatesis initiated by enablingthe corre-
spondingcheckbox“Geocenter coordinates” in panel“GPSEST 5.2: Setup of Parameters and Pre-
Elimination 2”. Themenusystemthendisplayspanel“GPSES 6.14: Geocenter Coordinates” which
allows to switch on and to constrainthe estimationfor eachcoordinatecomponentindividually.
Geocentercoordinatesaremodeledin the Earth-fixed frameasconstantvaluesfor the entireses-
sion.

ProgramGPSEST doesnotwrite ageocenteroutputfile but includestheparametersinto theoutput
NEQ file for further analysiswith ADDNEQ2 andgeneratesthe following output in the general
programoutputfile (valuesin meters):

� �������>�­�D®��t�t��������������������������������� ���D��� ¯t��°>±t� ����������������������������������������������������������t�������t�������t�����t�������������t�������t�������t�����t���������������t�����t���
  ¢��
¢�¡%¨�¡ ¢��
¢�¢�¢�¥� ¢��
¢�¢���ª ¢��
¢�¢�¡%¢² ¢��
¢�¢�£�£ ¢��
¢�¢�¡%¨

ProgramADDNEQ2 getsinformationconcerninggeocentercoordinatesthroughthe input NEQ
files. The parametersmay be deleted,constrained,or pre-eliminated.A priori constraintsmay be
definedin panel“ADDNEQ2 12: Options for Additional Parameters”.

Sincegeocentercoordinatesmaybelookedatasacommontranslationof thereferencecoordinates,
theestimationof geocentercoordinatesmaybeinitiatedin ADDNEQ2 evenif the input NEQsdo
not containthis parametertype.Thecorrespondingoption “Set up geocenter coordinates” maybe
enabledin panel“ADDNEQ2 3.1: Options 1”. The optionhasno effect if the input NEQsalready
containgeocentercoordinates.
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Estimatedgeocentercoordinatesmaybewritten to anoutputfile (default extensionGCC, seeSec-
tion 22.7.9)by specifyinga filenamein thefield “Geocenter coordinates” in panel“ADDNEQ2 2:
Output Files”. But alsoa geocenterinput file maybespecifiedin panel“ADDNEQ2 1: Input Files”
allowing to transformapriori valuesfrom NEQfiles to externalvalues.
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