15. Estimation of Satellite Orbits and
Earth Orientation Parameters

15.1 Introduction

Todaymostusershave no needto computepreciseGNSSorbits sincehighestprecisionorbits are
availablefrom the IGS (with differentlatencies)lt is, in fact, closeto impossibleto comeup with

betterorbitsthanthoseproduceddy the IGS. SeeSection2.2.1and4.12for moreinformationon

IGS orbits andsener locationswherethe productsare available. Neverthelessrbit improvement
is oneof the basicfunctionsof the Bernese GPS Software. At CODE aswell asata few otherlGS
ACsthe Bernese GPS Software is usedto computepreciseGNSSorbitsfor every day following a
daily schedule.

Orbitimprovementis possiblefor GPSandGLONASS satelliteg(andin futurealsofor GALILEO

satellites) but alsofor low Earthorbitersequippedvith GNSStrackingrecevers.The Bernese GPS
Software allows orbit determinationn principlealsowith SLR obserationsor with combinedSLR
and GNSS obsenations (combiningthe techniquespecificnormal equationswith ADDNEQ?2).

This chaptemprovidesinformationon the sequencef stepsneededor orbit improvementfocusing
on orbit improvementfor GNSS satellitesbasedon microvave tracking data. The procedureis,
however, moregeneralandcanbe appliedequallywell for preciseorbit determinatiorfor LEOsor
basedn SLR obserations.Importantdifferencesareoutlinedin thetext.

Datafrom a globally distributed network shouldbe usedfor a reliable estimationof GNSSorbit
parametersOnly a subsebf orbit parametersnay beimproved with a regional network. Usually
doubledifferencedobserationsare processedor orbit determinatiorwith the Bernese GPS Soft-
ware sinceambiguityresolutionpositively impactsthe quality of the estimatedbrbits. A relatively
densgylobalnetwork is, however, requiredin this case.

GNSsStrackingdataacquiredrom receversonthe Earths crustallow to estimatea subsebf Earth
orientationparameterdecausehe GNSSsatelliteconstellationdorm a realizationof an inertial
system(or quasi-inertialsystemconsideringhe Earthorbiting aroundthe Sun).Becauséhe satel-
lites sensehe gravity field of the Earth,their motion canaswell be usedto obtaininformationon
the Earth’s centerof masswith respecto thecrust-fixedterrestrialreferencdrame.Informationon
theestimationof Earthorientationparameterandgeocentecoordinatess givenin Sectionl5.4.
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15. Estimationof SatelliteOrbitsandEarthOrientationParameters

15.2 Fitting Precise Files and Predicting Orbits

Section5.4 describeghe procedureon how to preparepreciseorbit informationfor usewithin the
Bernese GPS Software. The sameproceduranay beemplo/edto fit aseriesof precisefiles aswell
asto predictthe adjustedorbit into the future (or the past).For fitting n precisefiles, eachof them
is first corvertedto takular formatasdescribedn Section5.4.1.

In orderto getthetalular orbitsin consistentepresentationsf theinertial frame,specialattention
hasto bepaidto theEarthrotationinformationusedbecaus&T1-UTCinformationfrom successe
ERPfiles may not be continuougseeSection15.2.1).Dependingon the applicationyou may use
ERPinformationfrom IERS, e.g.,Bulletin A or C04 coveringthetime periodfor which you want
to gettheorbit fit andprediction(seeSection5.2.2).

Tofit then takularfiles, selecthemall in thefield “Start with tabular orbits” in programORBGEN.
For predictingthe orbit into the future (or into the past)simply shift theright (resp.left) boundary
of thetime window accordingly The completeradiationpressurenodel(nine parametersis well
suitedto obtaina goodfit over several days.You getthe standardorbit file adjustingthe selected
takular files andcaovering the specifiedtime window asoutput. You may alsogeneratea so-called
LST file (seeFigure 22.59)that containsa table of the fit rms valuesfor eachsatelliteandeach
inputorbit file. Thisfile maybeusedto computeaccurag informationfor a precisefile headel(see
Sectionl5.2.2).

Notethatinsteadof takularfiles precisefiles maydirectly be usedasinput for ORBGEN. For each
inputprecisdile acorrespondingeRPfile hasto be availablewith the samenameasthe precisdile
(but differentextension).

15.2.1 Preparation and Extrapolation of ERP Information

The UT1-UTC correctionsprovided with the Earth orientationinformation generatedoasedon
GNSStracking dataare referencedo an external value independentlyfor eachpole file by fix-

ing, e.g.,thefirst valueto Bulletin A. Thereasoris that GNSSis insensitve to this correction(see
Sectionl5.4).As a consequencpreciseorbit files convertedto the inertial frameexhibit jumpsat
polefile boundarieshatmayreachmorethan10cm.

Two programsavailablein the Bernese GPS Software canbeusedo aligntheUT1-UTCvaluesfrom
differentERPfilesto acommonreferencePOLXTR andPOLINT. Thefirst of thetwo programs,
availableat "Menu>0rbitssEOP>Handle EOP files>>Concatenate IERS pole files", allows for a sophisticatede-
lectionof therecordsrom differentinput IEP files (ERPfilesin IERSformat,seeSectiord.5)to be
concatenatetb asingleBernesepolefile. To usethe outputpolefile with ORBGEN selectthecor
respondingptionin thefield “Handling of UT1-UTC”. Theprogrammayalsobeusedto extrapolate
poleinformationinto thefuture usinga polynomialfit. We recommendo usea linearextrapolation
only. Obsere thatUT1R-UTCis fitted andextrapolated(i.e., the Earthrotationanglereducedoy
tidal variations)andnotUT1-UTC. For additionalinformationon theuseof programPOLXTR and
theappropriatesettingof the optionswe referto theon-linehelp.

ProgramPOLINT is only availableusingthe RUNGPS commandseeSection18.8).1t allows to
concatenateput polefiles (in IERS format)in a straightforvard way. Activate option “Continuity
between sets” in orderto getacontinuougimeseriesn UT1-UTC.Do notactivateoption“Restitute
subdaily pole model” whichis availablefor testsonly.
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15.2.2 Conversion of Standard Orbit Files to Precise Files

A standardorbit file canbe convertedto precisefile format usingthe programSTDPRE ("Menu
>Orbits/EOP>Convert standard to precise orbits”). The programperformsthe transformatiorfrom the in-
ertial to the Earth-fixed referenceframe. For this transformatiorthe samenutationand ERP in-
formation mustbe usedasfor the generatiorof the standardorbit file in the previous steps.You
may include satelliteclock correctionsn the precisefile by specifyinga Berneseclock file in the
field “Satellite clocks”. Missing clock valuesaresubstitutedvith "999999.999999".

If asatelliteproblemfile (seeSection22.4.6)is specifiedn the correspondindield in panel*STD-
PRE 1.1: General Files”, satellitesmarked as bad for the specifictime period are not written to
theoutputprecisefile. The satelliteproblemfile alsoprovidesthe maneuer epochfor repositioned
satellitesTheorbit positionscorrespondingo thecorrectarcbeforeandafterthemaneuer arethen
written to the outputfile.

Therearetwo possibilitiesto includeaccurag informationin theprecisdile headerAccuray codes
reflectingthe formal orbit accurag asestimatedby GPSEST or ADDNEQ2 maybederivedfrom

aninputorbital elemenfile (seeSection15.3.1.2) ProgramSTDPRE readstheformal errordu of

theargumentof latitude (in radians)or eachsatelliteandconvertsit to anaccurag codeusingthe

formulaacc= NINT (log(a - du)/log(2)) wherea = 2.65 - 10'° m is the semimajoraxis.

Alternatively programPREWEI (“"Menu>Orbits/EOP>Set accuracy codes in precise orbits”) may be usedto
includeaccurayg informationderived from the fit rms valuesgatheredrom a LST-file written by
ORBGEN. Suchafile is generateavhenspecifyinga filenamein thefield “Summary file” in panel
“ORBGEN 2: Result and Output Files” andfitting precisdilescoveringseveraldayswith ORBGEN.
The accurag informationthenrepresentshe 'modelability’ of the orbits thatis in generalmore
realisticthantheinformationobtainedrom theformal errorsin the orbital elementdile.

15.3 Orbit Improvement

Orbit improvement(sometimesisocalledorbit determination)s the procesf improving orbital
parametersising obsenations.In the Bernese GPS Software two programsare involved in orbit
improvement:ORBGEN andGPSEST. In additionprogramADDNEQ2 may beusedto combine
orbit informationfrom several arcs.Orbital parametershatmay be improved includethe six Kep-
lerian osculatingelementginitial conditionsat the beginning of the arc), up to nine parametersf
the CODEempiricalradiationpressuranodel(seeSection2.2.2.3),andstochastigulses(velocity
changesat predefinedepochgseeSection2.2.2.4).

Within the Bernese GPS Software estimatedorbits always refer to the satellites centerof mass.
Informationon the satelliteantenngphasecenteroffsetis obtainedfrom the satelliteinformation
file in conjunctionwith nominalsatelliteattitude(or, for LEOs, alternatvely from an attitudefile,

seeSectionl6.2.3).

15.3.1 The Procedure for Orbit Improvement in the Bernese GPS Software

Orbitimprovementin the Bernese GPS Software involvesthreesteps:
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15. Estimationof SatelliteOrbitsandEarthOrientationParameters

(1) Preparation of a priori orbit information:

A priori orbit aswell asthe partialderivativesof the orbit positionswith respecto the param-
etersto be estimatecaregeneratedvith programORBGEN by numericalintegrationof the
equation®f motionandof thevariationalequationsTheinformationis writtento a standard
orbit (default extensionSTD) anda so-calledradiationpressurdile (default extensionRPR).

(2) Estimation of improvementsfor orbit parameters:

ProgramGPSEST readsthe a priori orbit andthe deriatives from thesetwo files, builds
up the normalequationsn a loop over all obserations,and solves the equationsystemto
obtain the parameteiimprovements.The improved orbital parametersre written to a so-
called elementfile (default extensionELE) referingto the startepochof the a priori orbit
(osculatiorepoch).

(3) Updateof orbit:

ORBGEN readsthe elementfile written by GPSEST andintegratesthe orbit numerically
basedon the improved orbit parametersThe outputis a standardorbit for a specifiedtime
intenal.

The last two stepsmay be iteratedif the a priori orbit deviatestoo much from the 'true’ orbit.
Subsequerndtepsmay includea combinationof a sequencef orbital arcsgeneratedy GPSEST
to longerarcsusingprogramADDNEQ?2 andthe corversionof theimproved standarcrbit into a
precisefile. The separatastepsaredescribedn moredetailsin thefollowing sections.

15.3.1.1 Prepare A Priori Orbit Information

Let usfirst statethatif you improve orbitsit is in principle not importantwhetheryou startfrom
broadcasbr preciseorbit informationto createan a priori standardorbit. If your a priori orbit
is, however, only goodto about20 m you shoulddefinitely go througha seconditeration step,
i.e., repeatthe orbit improvementstepsdescribedn Section15.3.1.2and 15.3.1.3with the orbit
generatedh thefirstiterationstep,whichis now certainlywithin 0.1 m of thefinal results.

You may thusgeneratehe a priori orbit startingfrom broadcastnformationasdescribedn Sec-
tion 5.3 or from a preciseorbit file asdescribedn Sectionl15.2(e.g.,obtainedby predictionfrom
previous days).To generatdhe necessaryiles you may follow exactly the proceduredescribedn
Section5.4.2with the standardORBGEN parametesettings.The outputorbit informationhasto
cover the completetime intenal for which you wantto performorbit improvementwith a single
arc.lIt is recommendetb restrictto daily arcs.

Not only theequation®f motionbut alsothe so-calledvariationalequationgdervativesof satellite
positionswith respecto orbit parametersseeSection2.2.2.5)have to beintegratednumericallyfor

orbitimprovement.Specifyafilenamein thefield “Radiation pressure coeff” in panel‘'ORBGEN 2:

Result and Output Files” in orderto invoke theintegrationof thevariationalequations.

The integration processwrites the polynomialcoeficientsfor eachsatellite,eachcomponentand
eachintegrationsubinteral into the standardorbit file specifiedin the field “Standard orbits” and
thosefor all the partialsinto the radiationpressurdile (default extensionRPR). However, if the
coeficientsfor thepartialderivativesweresasedin thesameway asthosefor the satellitepositions,
thefile lengthof theradiationpressurdiles would be 15 timesthe sizeof the standaradrhbit files —
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whichis awasteof disk spaceThisis truein particularif onetakesinto accounthattheaccurag
requirementsor the partialsareby no meansasstringentasthosefor the orbits.

The procedureusedin Version5.0 seemsto be an optimum: whereasthe variationalequations
aresolved usingexactly the sameintenal subdvision andthe samepolynomialdegreeasfor the
integration of the primary equationsit is possibleandadvisableto changethe polynomialdegree
andthe subinteral lengthfor storingthe coeficientsassociatedvith the variationalequationsin
practicewe usefor GNSSsatellitesa subinteral lengthof six hoursanda polynomialdegreeof
12 for storingthe coeficientsfor the partials(options“Length of interval” and“Polynomial degree”
relatedto the sectionf'VARIATIONAL EQUATION” in panel‘'ORBGEN 3.2: Options”, seeFigure5.6).
Throughthis procedurewe have the partialsavailablein the files with sufficient precision(6 to 8
significantdigits) without wastingtoo muchdisk space For LEOsa subinteral lengthof 0.2 hours
andapolynomialdegreeof 10 seemo beappropriate.

15.3.1.2 Improve Orbit Parameters

Theactualorbitimprovementhasto besetupin programGPSEST. Werecommendo useprogram
GPSEST with dataspansof atmaximumoneday If you actuallywantto producdongerarcs,use
programADDNEQ2 to combinethe one-dayarcs,seeSection15.3.2.

To allow for orbit parameteestimationspecifythe namesof the a priori standardrbit file in field
“GNSS standard orbits” in panel“GPSEST 1.1: Input Files 1" and of the radiationpressurdile in
field “GNSS orbit partials” in panel‘GPSEST 1.2: Input Files 2”. For LEO orbitimprovementmark
the checkbox‘LEO data processing” in panel“GPSEST 1.1: Input Files 1” andspecifythe names
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”. Thenamef the outputorbital elemenfile is
specifiedn thefields“GNSS orbital elements” resp.“LEO orbital elements” in panel‘GPSEST 2.2:
Output Files 2”.

Orbit parameteestimationis enabledy markingthe checkboX’GNSS or LEO orbit determination”
in panel“GPSEST 5.2: Setup of Parameters and Pre-Elimination 2" (the option getsactie if a
radiationpressurenputfile is specified) A subsequemianelis thenactivatedthatis specificfor the
setupof orbit parameters.

In thefirst panel“GPSEST 6.8.1: GNSS Orbit Determination 1” (seeFigure15.1)you may specify
whetheryou wantto estimateorbit parametergor GPSonly, for GLONASS only, or for all satel-
lite systemq“SATELLITE SYSTEM SELECTION”). The option hasto be setto ALL for LEOs.In
the samepanelyou can setupeachindividual osculatingelement(section“‘SETUP OF ORBITAL
ELEMENTS”) and dynamicalparametel(radiationpressurgparameterssection“SETUP OF DY-
NAMICAL PARAMETERS") anda correspondin@ priori constraint.

In orderto presere all optionsfor future runswith programADDNEQ2 we recommendhatyou

setup all (osculatinganddynamical)orbit parameterbut thatyou tightly constrainparameterthat

you wantto fix for a particularexperiment.You arethenableto changethe constrainingn runs
basedn normalequationsin ouranalysisat CODEwe freely estimateall parameterbut constrain
for GNSSsatellitegheperiodicdynamicparameter thedirectionsD andY because&orrelations
with Earthorientationparametersvould otherwiseaffectthe estimate®f lengthof day (seesettings
in Figurel5.1).

The option“ESTIMATION OF STOCHASTIC PULSES” actvatesthe panel‘GPSEST 6.8.2: GNSS
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_| Bemese GPS Software Version 5.0 =1
Configure  Campaign RINEX ~ Orbits/EOP Processing Senice Conversion BPE User Help

GPSEST 6.8.1: GNSS Orbit Determination 1

SATELLITE SYSTEM SELECTION ALL hal
SETUFP OF ORBITAL ELEMENTS A priori sigma
Semi major axis I"_ I— meters
Eccentricity I"_ I—
Inclination I"_ I— arcseconds
Ascending node I"_ I— arcsecondsa
Perigee I"_ I— arcsecondsa
Argument of latitude I"_ I— arcsecondsa
SETUFP OF DYNAMICAL PARRMETERS A priori sigma
Constant D term I"_ I— meters/seconds**2
Constant Y term I"_ I— meters/seconds**2
Constant X term I"_ I— meters/seconds**2
Periodic D terms I"_ 1D-12 meters/seconds**2
Periodic Y terms I"_ 1D-12 meters/seconds**2
Periodic X terms I"_ I— meters/seconds**2
ESTIMATICN OF STOCHASTIC FULSES P“
J_| “Top “Prev [ "Mext Cance?| { Save"As “Save “Run APt Rertun ‘
User: bern50 Campaign: ${PYEXAMPLE 5Y+0=2002 55+0=1430 File: /u/aiub/bemns0/GPSUSER/PAN/GPSEST.INP Y

Figure 15.1: Optionsfor definingthe setupof orbital parametersn GPSEST.

Orbit Determination 2" (seeFigurel5.2)thatallows for adetailedsetupof pseudo-stochastgaram-
eters(velocity changest pre-definedpochsn threeorthogonaHdirections).

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, parametesetswould in principle be setup at 00 UT, 12 UT, 24 UT, etc. The parametersit the
beginning andend of the arc are,howvever, not setup. For a 1-dayarc, thereforeonly the pulses
atnoonareestimatedPulsesat the day boundariesnay later be setupin ADDNEQ?2 if youwant
to combinel-dayarcsinto n-dayarcs(Sectionl5.3.2).For GNSSsatelliteswe recommendo set
up two setsof stochastipparameterperday For LEOsmorepseudo-stochastjzarametersnaybe
setup, e.g.,every 15 min (96 parametesetsper day). Note that stochastigoulseepochshave to
coincidewith anintegrationinterval boundaryin ORBGEN.

Section‘SETUP OF STOCHASTIC PULSES” in the panelallows to specifythedirectionfor which
pseudo-stochastiulsesshallbe setup aswell astheir default a priori constraint(with respecto
zero).In theexampledisplayedn Figurel5.2pulsesaresetupin radial,along-trackandin out-of-
planedirections.To copewith correlationswith Earthrotationparameterthe out-of-planedirection
is actuallyconstrainedo (almost)zero.

Thesection'SATELLITE-SPECIFIC PARAMETER SETUP” in thesamepanelcanbeusedto specif-
ically definesatellite-specificequestconcerninghe setupof pseudo-stochastjgulses.You may
includelineswith individual satellitePRNnumbey 99" for all satellitesor "98" for eclipsingsatel-
lites.If "97" is specifiedstochastipulsesaresetupfor eclipsingsatellitesonly for theepochsabout
45 minutesafterthe satellitedeaving the Earths shadav. For fieldsleft blankthe valuesdefinedin
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_| Bemese GPS Software Version 5.0 (O] x|
Configure  Campaign RINEX  Qrbits/EOP Processing Senvice Conversion BPE User Help

GPSEST 6.8.2: GNSS Orbit Determination 2

OPTIONS CONCERNING ESTIMATION OF STOCHASTIC PULSES
Number of parameter sets per day |2

BAdditional requests for further epochs I_

SETUP OF STOCHASTIC PULSES A priori sigma
Radial Fm I? meters/seconds**2
Along track I"_ IT meters/seconds**2
Out of plane I"_ IT meters/seconds**2
Direction to Sun I_ I? meters/seconds**2
Y-direction I_ I? meters/seconds**2
X-direction I_ IT meters/seconds**2
SATELLITE-SPECIFIC PARAMETER SETUP
PEN Parameters/day Sigmal S5igma2 Sigma3
R 2 =HH
J_| “Top “Prev [ et Cance*| Save"As “Save I “Run { Output Rertun ‘
User: bern50 Campaign: ${PYEXAMPLE 5Y+0=2002 55+0=1430 File: /uw/aiub/bemns0/GPSUSER/PAN/GPSEST.INP Y

Figure 15.2: Optionsfor definingthe setupof stochastiorbit parametersn GPSEST.

theabove optionsareused.Enteringa valueoverwritesthe default values.In orderto setuppulses
for all satellitesyou needto specifya 99-line.

Enablingthe checkbox‘Additional requests for further epochs” activatesstill anothempanelwhere
you getthepossibilityto specifyin detailalsothe pulseepochsndividually for eachsatellite.These
stochastipulsesaresetupin additionto the pulsesdefinedin panel'GPSEST 6.8.2". Bearin mind
thatpulseepochsareshiftedto the nearesintegrationsubinteral boundary

After having executedprogramGPSEST with obserationscovering oneday, you have (among
mary otherresultfiles) an orbital elementfile, a normalequationfile, and an Earthrotation pa-
rameteffile at your disposalKeepin mind thatin generalyou shouldalsoestimateEarthrotation
parametersvhenyou determinghesatelliteorbits.More informationon this topic maybefoundin
Sectionl5.4.

15.3.1.3 Update Improved Orbit

Updatingof a standardorbit usingprogramORBGEN accordingto an orbital elementffile is the
last stepof an orbit improvement.Insertthe orbital elementfile aswell asthe Earthrotationpa-
rameterfile generatedn the previous stepwith programGPSEST (or alternatvely with program
ADDNEQ?2, seeSection15.3.2)to obtainan updatedstandardrbit file. You may selecttwo ele-
mentfileswhichwill thenbe meigedinto asinglestandardrbit file (e.g.,separatelemenfiles for
GPSandGLONASS).

You may definethe lengthof the arcintenal (startingat the osculationepoch,i.e., the startepoch
of the a priori orbit) in the programpanel. You may also specify whetheryou actually want to
usethe updatedorbits or if youwantto reconstructhea priori orbit which wasusedfor the orbit
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improvement(optionOLD respNEW in thefield “SELECTION OF ORBITAL ELEMENTS” in panel
“ORBGEN 4: Selection of Orbital Elements”).

It is essentiathatthe orbit modelsusedfor the generatiorof the a priori orbit andfor updatingof
the orbit areidentical.ProgramORBGEN makessurethat, e.g.,the samegravity field or satellite
informationfile is used.The updateprocessalsotakesthe estimatedstochastigulsesinto account
which are(also)storedin the orbital elementffiles. The updatedstandardrbit maybe corvertedto
apreciseorbit file usingprogramSTDPRE asdescribedn Sectionl15.2.2.

In orderto performan additionalorbit improvementiteration, write a radiationpressurdile and
repeatthe stepdescribedn Section15.3.1.2using the updatedorbit informationas well asthe
updatestepdescribedn this section.

15.3.2 Orbit Combination with ADDNEQ2

Orbital parametersf sazedin normalequatiorfiles, canbe manipulatedy programADDNEQ?2.
It isin particularpossiblegio changeheconstrainingyf parametersr to combineg.g.,one-dayarcs
tolongerarcs.Thetheoryfor thislongarccombinatiormaybefoundin [Beutler et al., 1996].

Manipulationof orbital elementsn ADDNEQ?2 is initiated by supplyingoneor several NEQ files
that containorbital parameterandto enableoption “Orbital parameters” in panel“ADDNEQ?2 3.2:
Options 2". Additional panelsarethenactivatedthatallow for the definition of orbit-specificop-
tions. Figures15.3and15.4shawv the panelsdesignedor specifyingthe constraintdor osculating
elementaswell asof dynamicalandpseudo-stochastfgarameters.

Option“Long-arc computation” in thefirst panelenabledong-arccombinatiorof arcsif asequence
of consecutie NEQfilesis providedasinputthatcontainorbital parametersTheoutputis thenase-
riesof orbitalelemenfiles. In addition,new pseudo-stochastarametermaybesetupattheNEQ
boundarieswvith option “Stochastic pulses at NEQ boundaries”. Combinationof arcsat particular

_| Bemese GPS Software Version 5.0 =[S
Configure  Campaign RINEX  Orbits/EOP Processing Senice Conyersion BPE User Help
ADDNEQ2 10.1: Options for Orbital Parameters
OPTIONS FOR ORBIT COMBINATION
Long-arc computation F‘T
Stochastic pulses at NE() boundaries I"_
A PRIORI SIGMAS FOR ORBITAL ELEMENTS
Semi major axis I meters
Eceentricity I
Inclination I arcsec
Ascending node I arcsec
Perigee I arcsec
Argument of latitude I arcsec
JJ “Top “Prev I Mext Cancetl [ SaverAs I *Save *Run ula]ieelile I Rertun ‘
User: bern50 Campaign: S{PYEXAMPLE 5Y+0=2002 $5+0=1430 File: /u/aiub/bern50/GPSUSER/PAN/ADDNEG2 INP Yy

Figure 15.3: Panelfor definingorbit estimationoptionsin ADDNEQ2.
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_| Benese GPS Software Version 5.0 =1
Configure Campaign RINEX ~ Qrbits/EOP Processing Senice Conversion BPE User Help

ADDNEQ2 10.2: Options for Orbital Parameters

4 PRIORI SIGMAS FCOR DYNAMICAL PARRMETERS

Constant D terms meters/sec**2
Constant Y terms meters/sec¥*2
Constant X terms meters/sec¥*2
Periodic D terms meters/sec¥*2
Periodic Y terms meters/sec¥*2
Periodic X terms meters/sec**2
A PRIORI SIGMAS FOR STOCHASTIC PULSES

Radial meters/sec
Blong track meters/sec
Out of plane meters/sec
Direction to Sun meters/sec

Y-direction in satellite frame meters/sec

T P

X-direction in satellite frame meters/sec

JJ “Top “Prev I Mext Cancetl [ SaverAs *Save I ARun dolijeei; I Rertun ‘
User: bern50 Campaign: ${PYEXAMPLE  5Y+0=2002 55+0=1430 File: /u/aiub/bern50/GPSUSER/PAN/ADDNEQ2 INP A

Figure 15.4: Optionsfor definingconstraintsor dynamicandstochastiparametersn ADDNEQ2.

NEQ boundariedor specificsatellitege.g.,for badlymodelableorbits) maybe suppressetly sup-
plying asatelliteproblemfile containingcorrespondingplitting information(seeSection22.4.6)as
inputfile to ADDNEQ?2.

If normalequationfiles of differentsessionsare combined(e.g.,to computelong arcs),the out-

put of programADDNEQ?2? is a sequencef orbital elementfiles, onefor eachinput NEQ. In this

caseyou have to usewildcard charactergeither% or ?) in the outputfile namein the field “Or-

bital elements”. The wildcard characterarethenreplacedy the correspondingharacterof the
a priori standarcbrbit file nameusedto createthe normalequationfiles. To give an example,let

us assumehatthe a priori standardorbit files usedto generatehree 1-day normalequationfiles
werenamed;1_06061.STD, G1_06062.STD, andG1_06063.STD andthatyouwouldlike to create
a 3-dayarcwith programADDNEQ?2. If you specifyG3_%%%%% for the orbital elementoutputfile

name ADDNEQ2 will savetheestimatedrbital parametefor eachdayin thefilesG3_06061.ELE,

G3_06062.ELE, andG3_06063.ELE. Bein particularcarefulwhenprocessingeveralsessionsvith

theBPEin ordernotto overwrite elemenffiles from olderby files from newer sessions.

The orbital elementfiles obtainedas output from ADDNEQ2 may be updatedusing program
ORBGEN asdescribedn Section15.3.1.3.Theresultingstandardrbits mayfinally be corverted
to precisefiles (seeSectionl5.2.2).

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

In orderto demonstrat¢hatthe actualwork at anorbit determinatiorcentemrmay be quiteinvolved
(mainly dueto thefactthatthe datahave to be screenedndvalidated) we briefly presentheactual
procedurdo generate three-dayarcatthe CODE AnalysisCenter:
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e Theapriori orbit is taken over from thegeneratiorof the CODE RapidOrbit.

¢ All single-diferencefiles of thedayareprocesseth GPSEST by modelingthecorrelations
correctlyon the baselindevel, only. Orbits areimproved with stochastiqgparametersightly
constrained.

e Theresidualswith respecto this “first” one-dayarc arechecledfor outliers,badphaseob-
senationsaremarked.

e With thesescreeneabsenrationfiles, GPSEST is invoked again,still in the singlebaseline
mode,but this time stochasti®@rbit parameterareestimatedat noon.

e Thenew one-dayarcis usedto resole ambiguitieson the singlebaselindevel.

e After ambiguityresolution,anew (alreadyvery precise)a priori orbit without stochastiga-
rameterds definedandusedfor the remainingone-daysolutions.This orbit is thenalsothe
basisfor all three-daysolutions.

e Again,weuseGPSEST, andagainwe setupall 15 orbit parameterdyut wetightly constrain
all of them.Moreaover, we do not processthe entire one-daydatasetin one programrun,
but we producefour regional clustersolutions,wherewithin eachcluster(correspondingo
onerun of programGPSEST) the correlationsare modeledcorrectly andthe ambiguities
resohed previously areintroducedasknown.

e Thefour clustersolutionsaresuperposedsingprogramADDNEQ?2 to give thefinal one-day
solution.

e Threeconsecutie NEQ files correspondindo the final one-daysolutionsare combinedto
yield thefinal three-daysolution.

¢ Any numberof alternatve solutionseriesmay now be producedusingADDNEQ2, only.

15.4 Estimation of Earth Orientation and Geocenter Parameters

15.4.1 Motivation

By theterm Earth OrientationParamete(EOP)we understand setof five parameterslescribing
the orientationof the ITRF (InternationalTerrestrialReferencd=rame)in the ICRF (International
CelestialReferencd=rame)in conjunctionwith the corventionalPrecession-Nutatiomodel. The
parameters;, y, locatethe CelestiallntermediatePole(CIP) (formerly calledCelestialEphemeris
Pole,CEP)in the terrestrialreferenceframe, whereaghe position of the CIP in inertial spaceis
definedby the IAU 2000 Theory of Nutation. The parametersiy) and de reflectthe difference
betweenthe actualposition of the celestialpole and the position given by the corventional IAU
model.Finally, thedifferenceUT1-UTC (respectiely UT1-TAl, TAl=InternationalAtomic Time)
givesaccesdo the directionof the IERS referencemeridianin the celestialreferenceframe (for
detailswe referto [Castrique, 1996])).

Stationpositionsarecorvenientlyrepresenteéh an Earth-fixed referencdramerotatingin awell-
definedway with the Earth.This referencdrameis realizedtodayby a catalogueof adoptedgeo-
centriccoordinatesanda velocity field of trackingstationsderived from the analysisof datafrom
variousspacedechniquegVLBI, SLR,GNSS DORIS).Theframeis designatedsthelnternational
TerrestrialReferencd-rame(ITRF) maintainedby the InternationalEarthRotationand Reference
SystemsService(IERS).
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Themotionof theGNSSsatellitess bestdescribedn thelnertial CelestiaReferencé&rame(ICRF),
realizedby a list of adoptedequatorialcoordinategepochJ2000.0)f extra-galacticradio sources
uniformly distributedover the sky.

In orderto computethe differencevectorbetweenthe observingstationandthe satelliteboth po-
sitionsmustbe givenin the samereferenceérame. Therefore we needto know the currentsetof
transformatiorparametergEOP)betweerthe two frameswhenanalyzingGNSSdata.Moreover,
whenprocessinglatafrom a global GNSStrackingnetwork, it is possibleto estimatea subsebf
EOPparameter#f the positionsof sometrackingsitesareknown in the ITRF.

Thesatellites equation®f motionareformulatedin areferencdramewith a particularorigin that
maybeidentifiedwith thecenterof masf thetotal Earth.Onaveragethis centerof masscoincides
with the origin of the ITRF. Variationsof the geocentecoordinategpositionof the Earth’s center
of masswith respecto the ITRF origin), e.g.,dueto changingmassdistribution in the oceansand
theatmospherenaybemeasuredvith satellitegeodetianethods.

15.4.2 Theory

Thetransformatiorbetweerthe celestialandthe Earth-fixed coordinatesystemmay be performed
by meansf equation

re=X"Y SNPr; (15.1)

whererg andr; denotethe positionvectorsof a stationin the terrestrialand inertial systems,
respeciiely. Thesequencef rotationmatriceslN P referringto nutationandprecessiomlescribes
thetransformatiorbetweerthe meancelestialsystemat epochJ2000.0anda systemdefinedby the

true equatorand equinoxof date.The Bernese GPS Software, Version5.0, supportsboth IAU80

andIAU2000nutationtheories.The matrix S = R3(©¢4) providesthe transitionto the rotating

systemwhere©g 4 is the Greenwichapparensidereatime (R;(a) characterizearotationaround
axisi, aboutanglea). Finally, the polarmotionmatricesX = Ry(z,) andY = R;(y,) describe
the positionof the CelestialintermediatéPole(CIP) in the TerrestrialReferencd-rame.

Totheaccuray level requiredfor thecomputatiorof the partialderivativesof the GNSSobserable
with respecto the parametersf interestwe may approximatehe nutationmatrix asa productof
threeinfinitesimalrotationsandwrite thetransformatiorequation(15.1)in theform

r; = P'(t) Ri(Ac) Ry(—Aysineg) Rs(—Oan) Ri(yp) Ra(zp) 755 (15.2)

where A and Ae denotethe nutationin longitudeand obliquity, ¢g denoteghe meanobliquity
of the ecliptic, and©¢;, standsfor the Greenwichmeansiderealtime. All five Earthorientation
parameterarecontainedn Eqn.(15.2).

Unfortunately dueto correlationswith the orbital elementsa subsebf the EOPis notdirectly ac-
cessiblégo theGNSS(namelyAUT = UT1-UTC andthenutationparameters)t is, e.g.,possiblgo
adda constanvalueto UT1 andadapttheascendingnodesof the satelliteorbitsby acorresponding
valuewithout affectingthe rangesbetweerstationsandsatellites.On the otherhandiit is possible
to solwe for a drift in UT1-UTC allowing to estimatethe lengthof day (LOD) very well with the
GNSS.Similarly drifts in the nutationparameterareaccessibldy GNSS[Rothacher et al., 1998].
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15.4.3 Estimation of Earth Orientation Parameters

Today in view of the productsmadeavailablethroughthe IERS andthe IGS it will in generalnot
benecessaryo solve for EOPs but to useEOPsconsistentvith theorbitsandcoordinatesised For
researchype applicationshasedon datastemmingfrom a global GNSSnetwork it makessenseo
setup EOPs.This sectionis importantfor advancedusersof the Bernese GPS Software who wish
to gaininsightinto globalapplicationsof GNSS.Let usstartby mentioninga few basicfacts:

e Youwill alwaysestimateERPson top of ana priori model. Theseare characterizedby the
valuesin a polefile (default extensionERP). If youwantto estimatethe ERPsfrom scratch
you have to useana priori file with all parametersetto zero.

e The (empirical) modelfor the ERPsis setup in programGPSEST, it may be modifiedin
programADDNEQ?2, whereyou have to be awareof the factthatyou may simplify but not
generalizéghemodelin ADDNEQ2.

e If yousolve for ERPsyouwill probablyprocessxactly onesessiorof onedayin GPSEST
andproducdongerarcsusingADDNEQ?2. You shouldbe awareof thefactthatfor the ERP
estimatesyou may divide the time intenal of the sessiorinto a numberof subinterals of
equallength.In programGPSEST eachERP (improvementon top of the a priori model)is
representedly a polynomialwithin eachsubinteral while in ADDNEQ2 the ERPimprove-
mentsarerepresentetly a piece-wisdinearfunctionwith nodesatthesubinteral boundaries
(seeSection7.5).

e For diurnalandsemi-diurnalvariationsof the ERPs,the IERS 2003model ([McCarthy and
Petit, 2004]) or themodelfrom [Ray et al., 1994] maybe used.Themodelnameis loggedin
thepolefile header

e UT1-UTC estimatesrespecialin onerespectdueto the correlationswith the orbital nodes
mentionedabore, it is not possibleto solve for the zerodegreecoeficient of the polynomial
pertainingto thefirst sub-interal of thesessiofGPSEST) or thefirst valuein thepiece-wise
linearrepresentatio(ADDNEQ?2) (if you introducethe orbital elementsasunknavnsin the
sameadjustment)The sameis the casefor nutationparameters.

15.4.3.1 Options in GPSEST

Panel“GPSEST 5.2: Setup of Parameters and Pre-Elimination 2" handlegnary specialrequestsn
connectiorwith parameteestimation.You have to enablethe parametetype“Earth orientation pa-
rameters”. In this casethe menusystengivesyouaccess$o panel‘GPSEST 6.13: Earth Orientation
Parameters” (seeFigure15.5),whereyou mayfirst definethe spacingof the Earthorientationpa-
rametersets(=total numberof polynomialsfor eachEOP).The startandendtime of the parameter
setsarecomputedusingthe generalparametetime offsetdefinedin option“TIME OFFSET FOR
PARAMETER INTERVALS” in panel*GPSEST 5.2".

Subsequentlyou may selectthe numbern of polynomial coeficientsfor eachof the five EOPs
in the fields “Par/set”. The polynomialdegreeq is simply ¢ = n — 1. n = 0 meanshatthe cor
respondingparametersire not setup. You have to be aware of the factthatyour estimateswill in
generalnot be continuousat the sub-interal boundariesYou may askfor continuity for the pole
components,, y,, andfor UT1-UTCby specifyingERP” in thefield “Continuity between sets”. If
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youwantto enforcecontinuityfor thetwo nutationparametergou specify“NUT”, andyou specify
“BOTH" if you wantto have continuity for all parametersAttention: If you askfor continuityin
thecaseg = 0 (n = 1), thisactuallymeanghatyou modelthe EOPsby a singleparametefor the
entiresessionlf you askfor continuityin thecaseg = 1 (n = 2), you actuallymodelthe EOPsas
polygons(standargrocedureat CODE). We stronglyrecommendo useq = 1 (n = 2) andto ask
for continuity Only EOPvaluesrepresentetly offsetsanddrifts (n = 2) canbe properlyhandled
by programADDNEQ?2.

You may constrairthefirst-degreepolynomialcoeficientsof the ERR the nutation,or bothparam-
etersetsto zeroby activatingthe option“Drifts constrained to zero”. This makessenseéf youintend
to estimatedrift parametertaterwith programADDNEQ2 usingmorethanonesession.

Thezero-dgreecoeficientsof eachparametesetmaybeconstrainedndependentlyor eachof the
five EOPparametetypesby specifyinganapriori sigmain thefields“Other parameters”. Because,
asmentionedaborve, it is not possibleto solve for all orbit parametersindfor UT1-UTC or nuta-
tion parametershe zero-dgreeparameterpertainingto the first sub-interals canbe constrained
separatelyor theseparametersvith a priori sigmavaluesin thefields“First parameter”.

If you definethe EOPsaccordingto the paneldisplayedn Figure15.5,GPSEST will generatean
output(in thegeneralOUTPUTfile) of thefollowing type:

EARTH ROTATION PARAMETERS:

CRD. REQ. (€D) RMS (") /DAY RMS (") /DAY*%*2
(8) (OD) RMS (S) /DAY RMS (S) /DAY*%2

X 1 0.0010080 0.0000900 -0.0007370 0.0001536
Y 1 0.0017345 0.0001013 -0.0013315 0.0001621
DT 1 0.0000000 0.0000000 -0.0002006 0.0000064

Thespacingn time of the ERPvaluessavedin the outputBerneseERPfile andthe IERS ERPfile
may be specifiedn option“TIME RESOLUTION OF EXTRACTED VALUES”, independentlyf the
parametespacingused.

15.4.3.2 Options in ADDNEQ2

With programADDNEQ?2 you may combinenormalequationsystemgeneratedy GPSEST (or
ADDNEQ?2). The programallows you to reconsideisomeaspectof EOP estimation EOPsesti-
matedby GPSEST areparameterizedspolynomialswithin sub-interalswhile ADDNEQ2 usesa
piece-wisdinearparameterizatiolADDNEQ2 automaticallyconvertsEOPparametersepresented
asoffsetanddrift (polynomialof first degree)into the piece-wisdinearrepresentatioif anintenal
lengthis specifiedin the section‘PARAMETER SPACING” in panel‘ADDNEQ2 8: Interval Length
of Parameters” (seeSection9.4.5)which is stronglyrecommendedYou may specifythe sameor
alongerintenal (e.g.,24 00 00) thanthe oneyou originally definedin GPSEST whensettingup
EOPparameters.

Enablethe checkbox‘Earth orientation parameters” in panel“ADDNEQ2 3.2: Options 2" in order
to getthe EOP-specifipanel“ADDNEQ2 11: Options for Earth Orientation Parameters” (seeFig-
ure 15.6). The optionsin this panelresemblehosein programGPSEST: You may definea priori
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_| Bemese GPS Software Version 5.0 =] E3
Configure  Campaign RINEX  Qrbits/EOP Processing Senvice Conversion BPE User Help

GPSEST 6.13: Farth Orientation Parameters

PARBMETER SETUP

Parameter spacing Eﬂ 00 00 (hh mm s3)

Continuity between sets ERP -

Drifts con=atrained to zero NUT vI

NUMBER OF PARAMETERS PER SET AND CONSTRAINING

Par/set Firat parameter Other parameters

X pole 2 3: I milliarcseconds
Y pole 2 32 I milliarcseconds

UT1-UIC 2 § Jo. 0000001 | milliseconds
Delta Epsilon 1] 32 | milliarcseconds
Delta Psi 0 Hﬁ | milliarcseconds
TIME RESOLUTION OF EXTRACTED VALUES
Bernese ERP file 12 00 00 (hh mm =3)
IERS ERP file 12 00 00 (hh mm 33)
]J “Top “Prey [ Aext [ Cancet| [ SaverAs *Save ARun AOutput [ Rertun ‘
User: bern50 Campaign: ${PYEXAMPLE  §Y+0=2002 $5+0=1430 File: /u/aiub/bern50/GPSUSER/PAN/GPSEST INP A

Figure 15.5: Optionsfor definingthe setupfor ERPparameterin GPSEST.

_| Bemese GPS Software Version 5.0 =13l =]
Configure  Campaign  RINEX  Orbits/EOP Processing Senice Conversion BPE User Help

ADDNEQ2 11: Options for Earth Orientation Parameters

OPTICNS FOR EARTH ORIENTATION PARAMETERS

Block retrograde terms in X and Y polar wobble series E—-

A PRIORI SIGMAS (FIRST PARAMETER)

UT1-UTC I0.0000J milliseconds

Delta Epsilon I0.000.’[ milliarcseconds

Delta Psi I0.000.’[ milliarcseconds

k=l

PRIORI SIGMAS (REMAINING PARAMETERS)

X and ¥ pole components I milliarcseconds
UT1-UIC I
Delta Epsilon I0.000.’[ milliarcseconds

Delta Psi I0.000.’[ milliarcseconds

milliseconds

EXTRACTICN OF PARAMETERS FOR ERP FILES

Time resolution IEZ 00 00 (hh mm =ss3)

J_| “Top “Prev [ "Mext Cance* { Save'As I “Save “Run At Rertun ‘
User: bernd0 Campaign: ${PYEXAMPLE  §Y+0=2002 $S+0=1430 File: /u/aiub/bern50/GPSUSER/PAN/ADDHEQZ INP y

Figure 15.6: Optionsfor definingthe setupfor ERPparametersn ADDNEQ?2.

constraintdor thefirst offset parametergor UT1-UTC andthe nutationparameteraswell asfor
all remainingoffsetparametersor all parametetypes.
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Theoption“Block retrograde terms in X and Y polar wobble series” is only of importancef youare
interestedn asub-dailyresolutionof the EOPsin orderto copewith correlationsf daily retrograde
motionof the polewith the orientationof the satellites orbital planeq Hefty et al., 2000].

Thereis onemoreimportantdifferencebetweerthe EOPestimationin GPSEST andADDNEQ?2:
Whereasn GPSEST thecorrectiongo the a priori pole aremodeledaspolynomials the absolute
valuesandUT1R (obtainedrom UT1 by removing thetidal variationswith periods< 35 days)are
representedspiece-wisdinearfunctionsin ADDNEQ2.

15.4.4 Estimation of Geocenter Coordinates

Becausesatellitesaresensitve to the centerof massof thetotal Earth(geocenter)satellitegeodetic
techniguesarein principle sensitve to motionsof the centerof masswith respecto the origin of
a crust-fixed referencdrame.Suchmotionsareexpecteddueto massdisplacements theoceans,
theatmosphereandtheinterior of the Earthaswell asfrom surfacedeformationriginatingfrom
loadingeffects.

In the Bernese GPS Software, Version5.0, geocentecoordinatesnay be estimatedn programs
GPSEST andADDNEQ?2. It has however, to beremarledthatthesensitvity of GNSSto geocenter
motionsis low dueto correlationf theseparameterwith radiationpressuranodelingparameters.

In programGPSEST the estimationof geocenteicoordinatess initiated by enablingthe corre-
spondingcheckbox'Geocenter coordinates” in panel‘GPSEST 5.2: Setup of Parameters and Pre-

Elimination 2". ThemenusystenthendisplayspanelGPSES 6.14: Geocenter Coordinates” which
allows to switch on andto constrainthe estimationfor eachcoordinatecomponenindividually.

Geocentercoordinatesare modeledin the Earth-fixed frame as constantvaluesfor the entire ses-
sion.

ProgramGPSEST doesnotwrite ageocenteoutputfile butincludesheparametergto theoutput
NEQ file for furtheranalysiswith ADDNEQ2 andgenerateshe following outputin the general
programoutputfile (valuesin meters):

CENTER OF MASS:

COOR VALUE RMS
X 0.0131 0.0009
Y 0.0026 0.0010
Z 0.0088 0.0013

ProgramADDNEQ?2 getsinformation concerninggeocenteicoordinateghroughthe input NEQ
files. The parametersnay be deleted,constrainedpr pre-eliminatedA priori constraintanay be
definedin panel*ADDNEQ?2 12: Options for Additional Parameters”.

Sincegeocentecoordinatesnaybelookedatasacommontranslatiorof thereferencecoordinates,
the estimationof geocentecoordinatesnay beinitiatedin ADDNEQ2 evenif theinput NEQsdo
not containthis parametetype. The correspondingption“Set up geocenter coordinates” may be
enabledn panel“ADDNEQ?2 3.1: Options 1”. The option hasno effectif theinput NEQsalready
containgeocentecoordinates.
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Estimatedyeocentecoordinatesnaybe writtento anoutputfile (default extensionGCC, seeSec-
tion 22.7.9)by specifyinga filenamein the field “Geocenter coordinates” in panel“ADDNEQ?2 2:
Output Files”. But alsoa geocenteinput file may be specifiedin panel“ADDNEQ?2 1: Input Files”
allowing to transforma priori valuesfrom NEQ files to externalvalues.
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