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ABSTRACT

In this paper we developnewstochasti@rbit andclock errormodelsfor positioning,fault detectionand integrity monitoring
overtime. Thiswork is intendedor time-sequentiahavigationsystemsncluding GlobalNavigationSatelliteSystemgGNSS)
integratedvith inertial navigationsystemgINS) or duaHrequency multi-constellationsequentiahdvancedReceiverAuton-
omouslntegrity Monitoring (ARAIM).

INTRODUCTION

GNSSprovidesworldwide positioningbut requiresthe visibility of four or more satellitesandis vulnerableto jammingand
spoofingattacks.On the otherhand,INS canbe usedasa deadreckoningsensorto estimatedisplacementsver time with
respecto aninitial position. INS-basedestimationerrorsdrift dueto the integrationof sensorerrorsovertime. Combining
INS andGNSS,for examplein a KalmanFilter (KF), canlimit the drift in INS positioningerrorswhile providing continuity
throughsky-obstructedareasandrobustnessgainstexternalGNSSjammingandspoofingattackg1]. GNSS/INSintegration
relieson filtering measurementsvertime, which, in turn, requiresrobustmodelingof stochastierrors,includingtime corre-
lation.



For aircraftnavigationthebaselineversionof ARAIM usescarriersmoothedtcode(CSC)measurementst oneinstantin time
to providea6 s n a pnavigationgolution[2], [3], [4]. However,in [5], we showedhatthe additionalexploitationof satellite
motion overtime providessuperiorpositioningperformancendtighter PLsthanbaselinfARAIM. SequentiaARAIM algo-
rithms (KF, for example)openthe possibility to extendthe scopeof ARAIM applicationsheyondaircraftnavigation,to rail,
harbor,or arcticopeations.

To implementtime-sequentiaRRAIM or inertiakFGNSSintegration onemustensurehattheerrormodelsimplementedn the
KF properlyaccountfor time correlation.In bothapplicationsdynamicmodelsfor threemain GNSSerrorsourcesireneeded
orbit andclock errors tropospheriaelay,andmultipath.It wasshownin [6] and[7] thatassumingalargemeasuremergrror
correlationtime constantloesnot necessarilyyuarante@anupperboundon the positioningerrorvariance. More sophisticated
methodsareneededsuchasthosealsodevelopedn [6] and [7]. In this paper following on preliminarywork in [8], we now
focusondevelopingobuststochastianodelsfor GNSSorbit andclock errors which arethe maincontributorso rangingerror
for duatfrequencyGNSSusers

In [9], overboundingtheory(seealso[10], [11]) wasusedto find upperboundson the varianceof orbit andclock errorsfor
boththe GPSandGalileosatellites Unfortunately thesesnapshomodelsareinsufficientfor time-sequentiaimplementations
becauseheydo notaddresshe stochastidynamicsof theseerrorsovertime.

In [6], an analyticalboundon the integrity risk for time-sequentialinear estimatorswas developedusing Autocorrelation
Function(ACF) bounding.This appro&h, althoughsimpleto implement,requirescontinuouscumulativestorageof all data
usedby the estimatorandthereforeis not suitablefor KF implementationsexceptfor low-ordersystemsandvery shorttime
intervals.More recently,the conceptof Power SpectralDensity (PSD) bounding,which wasusedin [12], hasprovento be
much more flexible and powerful than ACF bounding.[13] outlinesan integrity monitoring methodusing Power Spectral
Densty (PSD)bounding It alsohasthe advantagesf beinglessrestrictiveandmoreintuitive thanautocorrelatiorbounding.
Modelingby PSDboundingis compatiblewith Kalmanfiltering, andis notrestrictedo fixed-intervalimplementationsynlike
ACF bounding.

In this work, we derivenew GNSSorbit andclock errormodelsusingPSDbounding. Clock errorsareanalyzedper satellite
clock type (RubidiumversusCesiumfor GPS,andRubidiumversusPassiveHydrogenMaserdor Galileo), consideringooth
theorbit andclock errordistributions,andtheir PSDs.

ORBIT AND CLOCKS ERROR CHARACTERIZATION OVER TIME

This sectiondescribeghe procesaisedto generateorbit andclock errors.Input repositoriesaredescribedaswell asthe data
theycontain.To generaterbit andclock errorstwo typesof inputsarerequiredreferenceandbroadcashavigationdata.Both
of thesedatafiles are obtainedfrom the Multi-GNSSEXperiment(MGEX) repositoriesThe following two sub-sectionsde-
scribetheseinputs.

Referenceorbit and clocks

The MGEX servicewasinitiated by the InternationalGNSSService(IGS) to createa single GNSSdataservicefor multiple
constellationsMGEX is comprisedof severalAnalysis Centes (ACs) which independentlcomputetheir own GNSSorbit
andclock products For thiswork, we usepreciseorbit datafrom two ACs: CODEfor GPSandCNESfor Galileo, andwe will
considetthemto beourtruth referencegseerepository[14]). Notethatthereferenceroductshaveanaccuracyof 2.5cm (orbit
accuraciesre1D meanRMS valuesoverthethreeXYZ geocentriccomponents)Becauseave areinterestedn characterizing
orbit andclock errorsoverrelatively shortperiods of time (severahours),the 15 min samplingperiodof thesefiles is insuffi-
cient, sothe datais thereforebe interpolatedo 30 s. In this paperwe usean 8" orderLagrangepolynomial (accordingto the
analysisin [15]). Clockserrorsarerandomwalk processeandshouldnot beinterpolatedinstead we usethe clock products
directly from IGS, which areprovidedat a 30 s samplinginterval
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Figure 1: Errors generation

Broadcastephemerides

Broadcasephemerideare storedin ReceiverindependenExchange(RINEX) formats that contain24 hoursof navigation
messageThis work makes useof StanfordUniversitys& u dilesGor GPSsatellitesandé b r flbim GNESfor Galileo (see
repositoried16] and[17]). Thoseinstitutionswere choseramongseveralothersbecauseheir cleaningandvalidationalgo-
rithms ensureda limited amountof residualfile recording storing andlabelingerrors

Orbit and clock errors

Satelliteorbit andclock errors areobtainedoy differencingthe satelliteorbit andclock derivedfrom thebroadcasephemeides
from thereferenceorbits (asshownin Figurel). Referenceorbitsareprovidedwith respecto the centerof masgCoM) of the
satellite,whereasdroadcasephemeidesare decodedwith respecto thes a t e lartenrgphasecenter(APC), hencethey
needto be convertedto the samereferencepoint (in this case,the APC). The offset for this conversionis providedin the
ANTennaEXchange(ANTEX) files [18] for eachGPSand Galileo satellites After correctingfor the offset, orbit and clock
errorsareobtainedby differencing referenceandbroadcasorbit andclocks. Thefinal errorsarethenconvertedo thesatellite

referencedadial, dlong-track andcrosstrack frame.Note that rangingerrorsare affectedby two typesof errors:the clock
errorswhich arenon-dimensionabndaffecteverydirectionequally,andthe projectionof the satellitepositionerror onto the
line of sight,whichis mainlyradial. Therefore prbit andclock errorsarecomputedasradialplus-clock errors.Figure2 shows
exampleradiatplus-clock errorsfor the GPSandGalileo satellitesn Decembef018
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Figure 2: Timeevolutionof Radial Plus Clockerrors for GPS(left) and Galileo (right) satellitesin Decembef018



In addition GPSephemeridearebroadcasevery2 hours.Whenanewsetof GPSephemeridess receivedtheold oneis still
valid for two morehours,althoughmostuserswill decideto usethenewsetassoonastheyreceiveit. This newuploadcreates
ad | u infhéestimatedsatelliteposition.To mitigatethis effect, the broadastephemeridefrom the currentandfollowing
setsof ephemerideareinterpolatedn the positiondomainto ensurea continuoudransitionoverthetwo-houroverlapperiod
The processisedfor Galileoephemeridess similar andis explainedin [8].

Impact of satellite clock on orbit and clock errors

Thereexistthreemaincategorie®f spacequalifiedatomicclocksusedfor satellitenavigation Rubidiumor RubidiumAtomic
FrequencyStandardRb or RAFS), Cesium(Cs), and PassiveHydrogenMaser(PHM). Over the years,GPSsatelliteshave
beenequippedwith severalcombinationf the clocks.GPSblocksll/IIA carriedtwo Csandtwo Rb clocks,blockslIR and
IIR-M containedhreeRb clocks andblocksIIF containedwo Rb andoneCsclocks.Galileosatellites ontheotherhand,use
PHM astheir primary clocksandRAFS assecondaryTable1 and Table2 summarizehe GPSandGalileo clocksandblock
numbes associatedvith eachPRNfor thetime periodsconsideredn thiswork (year2018)

PRN 1 2 3 5 6 7 8 9 10 11 12 13 14 15 16 17
Clock Rb Rb Rb Rb Rb Rb Cs Rb Rb Rb Rb Rb Rb Rb Rb RbD
Block nWF IR Ik R IIF IR IIF IIF NIF 1IR IR 1R 1IR IR IR IR
PRN 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Clock Rb Rb Rb Rb Rb Rb Cs Rb Rb Rb Rb Rb Rb Rb Rb
Block A IR IIR IR IR IR NIF NF NHF IIF IR IR IIF IR |lIF

Tablel: Clocksandblocksof eachGPSsatelliteas of the period of this study(2018)

FromTablel, we canseethatmostGPSsatellites areusinga Rb clock as their main clock. Only two satellitesuseCsclocks.
FromTable2, we canseethatmostGalileo satellitesarePHM satellitesandthatonly 3 of themareRAFS.

PRN 1 2 3 5 7 8 9 1 12 13 14 15 18
Clock | PHM PHM PHM PHM PHM PHM PHM RAFS PHM PHM PHM PHM PHM

PRN 19 20 21 22 24 25 26 27 30 31 33 36

Clock PHM RAFS PHM RAFS PHM PHM PHM PHM PHM PHM PHM PHM
Table2: Clocksof eachGalileo satelliteasof the period of this study(2018)

A comparisorin [19] of atomicfrequencystandardeamongthe variousconstellatiorfor timescalesangingfrom 1 sto 1 day
showedthatthe stabilitiesamongvariousclock typescoulddiffer by a factorof up to 10 andweregenerallybetterfor Rband
PHM clocks(in particula, GPSIIF RbandGalileoPHM ).
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Figure 3: Timeseriesof GPS(left) and GAL (right) orbit and clockerrors for varioussatelliteclocks



This observatiornis illustratedin Figure 3, which showsexampletime seriesof GPS(left) and Galileo (right) clock errorsfor

eachsatelliteclock type during March 2018.For GPS the upperplot showsthe clock error of the Rb clock of PRNOlandthe
lower plot showsthe samefor the Cs clock of PRN08.The Rb clocks seemto be morestableandoscillatewithin - pi . The
Csclock ontheotherhandhaslargererrorvariationsthatreachupto ¢ I . For GalileoclockshoweverbothPHM andRAFS
clock errorshavea similar behaviorandremainbetween 1@ i . The differencebetweensatelliteclock errorsaretherefore
more prominentin GPSthanin Galileo.

Beforeattemptingo modelanyobservedrbit andclock errors,we mustfirst ensurghatthey arestationaryoverthedurations
usedin themodeling.

ORBIT AND CLOCK ERRORS STATIONARITY ANALYSIS
ForanyrandomprocessX, let usdefinetheautocorrelatiofunction’y  of X as:
Y o, BOOMO ,
D
Referencd9] determinedoundson thevariance of orbit andclock errors.However,the purposeof this work is to studythe
time correlationof the orbit andclock errors Therefore we areinterestedn the ACFsof thoseerrors,andnotjusttheir values
atzero.Whendealingwith sampleautocorreldabn functiors, arecurrentdilemmaarisesbetweerstationarityandautocorrela-

tion estimateaccuracy.If we usetoo little data,the autocorrelatiorwill mostlikely not be accuratedueto the expectation
operationin Equation(1), butif we usevery long setsof data,the processnay not be stationaryoverthe entireperiod

Let us assumethat the autocorrelatiorfunction of radiatplus-clock errorsis a first-order GaussMarkov RandomProcess
(GMRP)with thefollowing autocorrelatiorfunction

Y o , Q¥ 2
where
T is thetime constanbf the GMRP
" is the varianceof therandomprocessX

Usingthis assumptionin [8] we establishedn upperboundon the varianceof the normalizedACF estimatefor afirst-order
GMRP, dependingn the procesgime constantt andthelengthof data”Yusedin the estimationof the ACF:

T ¢o T, 1
" "y Ty 2 3

Figure4 showsthe upperboundon the standardieviationof the ACF estimatefrom Equation(3) asa functionof lag time (x-
axis) for variouslengtts of data”Y(the different curves).Note that the standarddeviations(y-axis) are expressedn metes
squaredecausehesearethe units of the ACFsof the orbit andclock errors.

At lagtime zero,the plot showsthe standarddeviationof the samplevarianceestimateerror (i.e., the differentcurvescapture
the uncertaintyin varianceestimationerror asa function of the length of dataused).Using 14 daysof data,the standard
deviation of the ACF estimateis closeto 0.13m? at lag of 80 hours,whereasusing 1 yearof datathe standarddeviationof
about0.025m? atthe samelag. Theresultsin Figure4 showsthatthe longerthe datausedto estimatethe ACF, the lower the
uncertainty Note thatin this work, we presentwo approache$o orbit andclock error bounding.Thefirst onemakes useof
normalizedACF andthe seconneusesnon-normalizedACF. Notethatthe conclusion®btainedwith Figure4 arealsovalid
if we hadstudiednormalizedACFsinstead(see[8]).
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Figure 4: Varianceof AutocorrelationEstimatefor differentlengthof data

In prior work [8], we began the analysisby determirning the maximumlengthof time overwhich the experimentakrrordata
wasstationary Startingwith two weeksof data(half lunar cycles),we lookedat orbit andclock ACFsoverthis durationand

observeda dispersionbetweenthe various2-weeksperiods.However, this dispersionwas smalleror equalto the standard
deviationspredictedin the 14 days curvementionedabove.This suggestedhatthe datawasindeedstationaryoverthis dura-

tion. To improvethe accuracyof our ACF estimateswe thentried usingone monthof data.The resultsobtainedwereincon-

clusiveandseemedo vary from onemonthto theother.

In this paper,we will usea more mathematicahpproachto testfor the stationarityof the data.A combinationof the Levene
testandthetwo-sampleKolmogorov+Smirnovtestwasused.The Levenetest[20] compareghevariancef two or moresets
of data.lt teststhe null hypothesisaccordingto which the variancesof the populationsare equal(homoscedastic)l he two-
sampe KolmogorowvSmirnovtest[21] determinesvhethertwo samplescomefrom the samedistribution. Both testswere
performedwith a 95% confidencdevel (i.e. p-valueof 0.05).

If bothtestscomebackpositive(all variancesreequalandall datasetscomefrom thesamedistribution),thedatais considered
stationaryHowever bothtestsassumehatthe samplesreindependentThisis notthecasefor theactualorbit andclock error
data.To approximatehe effectivenumberof independensamplesve usethe propertiesof afirst-orderGMRP.Two samples
of a first-order GMRP with time constantT. can be consideredndependenif they are separatedy a periodlargerthanor
equalto 2-T.. Therefore to teststationarity the datawasre-sampledat regular2-T; intervals.
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Figure 5: Lengthof dataselectionbasedon stationarity



We usethe procesglescribedn Figure5. For eachPRN,the orbit andclock errorsof a given satelliteover 12 monthsof data
aretestedirst for stationarity If thedatasets deemedhon-stationarythedatais dividedinto stationarydatasetsOncestation-
arity hasbeenassertedthe orbit andclock errorscanbe modeled.

ORBIT AND CLOCK ERROR MODELING OVER TIME

In their prior work, the authorsof [9] developeda boundon the varianceof orbit andclock errorsfor GPSandGalileo,based
onseveralearsof data.Becausehefocuswasonboundingthevariance andnotthe entireautocorrelatiorfunction, reference
[9] doesnot provideanyinformationon thetime correlationof theseerrors.Thereforethis modelwasinsufficientfor applica-
tionsincludingtime-sequentiaRRAIM or GNSS/INSintegration Here we presentwo possibleapproachet modelingthese
errorsovertime.

Zero meanassumption

This sectiondemonstratethatthe orbit andclock errorscanbe assumeaeromean.Figure6 representbox plots of theerror
datafor eachof the PRN of the GPS(upper and Galileo (lower) constellationsThe x-axis representthes a t e IPRN
number.The color of the plotsindicatesthe lengthof datausedto generatehis boxplot (asdeterminedusingthe stationaity
testy. In aboxplotfigure,themiddleline representthe samplemedianandthe upperandlower limits of thebox representhe
75" and 25" percentilesrespedtely. The vertical lines reachingawayfrom the boxesrepresenthe lowestandhighestdata
points, excludingtheoutliers,which arerepresentetly coloreddotsoutsideof theboxes A pointis consideredo beanoutlier
if it isgreatethanny ¢, n R/ orsmallethan ¢¥&, R/ ,wherei andf arethe25"and75"percen-
tilesof thesampledata.Notethat ¢&, correspond$o 99%of thedataif it is normallydistributed ForbothGPSandGalileo,
bothboxplotsseemnto rule in favor of azeromeanassumptionmedianvaluesof eachdatasetarecloseto zero.NotethatGPS
PRN8 and24 (thetwo Cesiumsatellites)havemuchlargerstandardleviationshantherestof the GPSsatellites.
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Figure 6: Statisticsof the2018 GPS/GALOTrbit and Clockerrors

Given¢ stationarydatasets,let us definethe following measuremergquationfor the estimationof the orbit andclock error
means:

a Ow @)
where:

o} is an &-by-1 measurementectorof meansof stationarydatases of for 'Q pf8 e
H is an £-by-1 observatiommatrix (in our casea vectorof ones)

t

o



@ is the meanof orbit andclock errors(to estimate)
is themeasuremergrror covariancematrix:

1
é
n [

M Mh

e
= .

For eachstationarydatasetQapproximatingt asa first order GMRP distribution of time constantT. , independensamples
canbefoundevery2-T., andthe meanestimateif for suchdatasetis definedas

. p .
o Wh (5)
0
where:
0 is the numberof independensamplesn stationarydataseta
Wp, istheQ independensamplen stationarydataseto

Similarly, the error on the meanestimatedsf is definedas[22]:

v (6)

where:
0 is the numberof independensamplesn stationarydataset
" is the varianceof stationarydatasetw

UsingaWeightedLeastSquars estimatoran estimateof the orbit andclock errormeancanbe foundwith the expression:

® Ow O Ow & @)

SubstitutingChwh andd into Equation(7), we obtain:

. P of

W g 8

B ” r ” ||'

Usingorbit andclock errordatafrom 2018and2019,we obtainmeanestimate®f @ P wmandw T tem. It is
importantto remembetthatthe IGS referencefiles are providedwith an accuracyof 2.5 cm. Therefore the meansobtained
herearenegligible.

Theseresultsare consistentith thoseobtainedindependentlyn [9], which alsoconcludedhatorbit andclock error of GPS
andGalileo werezeromeanover 1-yearlong durations.Therefore,in the following, we will modelthe orbit andclock errors
aszeromeanprocesses.

Orbit and clock errors autocorrelation bounding

In prior work, we studiedthe impactof the moonandthe sunon orbit andclock errortime correlation In this work, we will
investigatethe impactof satelliteclock type Figure7 showsthe normalizedACFsof GPS(left) andGalileo (right) orbit and
clock errorsfor eachclock type. In the left-handside chartsof Figure 7, the differencesn GPSclock errorsobservedn the
time seriedn Figure3 aredifficult to observan the ACF curves NotethatGPShasonly 2 Cesiumclocksto work with against
29 Rubidiumclocks.Hencei,it is difficult to generalizehe Cesiumresultsbasel on only 2 satelliteclocks In theright hand
sidechartsof Figure7, the Galileo ACF curvesshowlittle differencebetweerthe RAFSandthe PHM orbit andclock errars,
butther time correlationdecayssignificantlyfasterthanfor GPSclocks
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Figure 7: Impactof satelliteclockson GPS(left) and Galileo (right) orbit andclockerror ACFs

Forintegrity evaluationwe could usea clock modelthataccountdor theworstsatelliteclock. Or, if we wereableto identify
asatellitéd slocktypeattheuserreceiverthenwe coulduseseparatemoreaccuratenodelsfor eachclock. However, neither
theLNAV nor CNAV GPSmessagespecifythe satelliteclock, which canchangeor a given PRN. Therefore jmplementing
separatelock-type-dependenimodelswould requirechangesn the currentARAIM Integrity SupportMessaggISM) struc-
ture, or newassumptionsnar e c e iaccesgo 8latice Advisory to NavstarUsers(NANUS). Forsimpl i ¢ sakeywé wsill
boundall satellitestogetherinsteadof differentiatingby clocks(or evenblocks).
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Figure 8: ACF boundingfor GPS(left) and Galileo (right) satellites

Figure8 showsACFs of theradialplus-clock error of eachGPS(left) andGalileo (right) satellites with datatakenover sta-
tionary periodsof 2018. GPSsatellitesare lower-boundedand upperboundedusing GMRPs with time constantof 3 hours
and42 hours respectively Galileo satellitesareboundedwith GMRPs with time constant®of 2 hoursand13 hours.

This approachto boundthe orbit and clock errorsover time hasthe advantageof beingeasyto visualizeandto understand.
However,the boundsobtainedhereare quite looseandwill ultimately leadto very conservativeresults Moreover,notethat
we haveherelimited thelagtimesto 2 hours.If we wantto extendtheboundingprocesgo largerdurationge.g.to thelongest
flight durationis about18hours) the ACF curvesstartto oscillateandevenreachnegativevaluesthatcannotelower-boundced
usingfirst orderGMRPs (asobservedandtackledin [23]). Thefollowing sectionapproachemodelingby boundingthe PSD,
which presentshe advantagef beinglessrestrictive,andmoreintuitive thanautocorrelatiorbounding.



Orbit and clock errors Power Spectral Density bounding

Whenit comesto estimatingpowerspectraldensitiesof stationarydatg severalmethodsexist[22], the moststraightforward
beingthe DiscreteFourierTransform(DFT) of the ACF. Referencg13] conjectureshaterror ACF valuesattime lagsexceed-
ing the durationof the Kalmanf i | bperatibnarenot relevantandcan therefore be setto any value (zerg for example)
This conjecturds strictly trueonly for zeromeanprocessedut aswe showedearliera zeromeanassertions justified in this
application.To estimateheorbit andclock errorPSDswe useddatacollectedovertheentireyearof 2018 andbrokenupinto
stationarysegmentsWe thenappliedthe PSDestimationalgorithmusedin [13] andsummarizedn Figure9.

Stepl: Removethe mean
Yo Yo Yo
Step2: Computethe autocorrelatiorfunction

Tha woé Y
Step3: Taperthe autocorrelatiorfunctionwith a window %o

g 1 8de R
Step4: Computethemodified PSDs
Y| i

Figure 9: PSDestimationalgorithm[13]

This algorithmuses a taperingwindow (seeFigure 10) appliedto the orbit andclock errorsACFs prior to the DFT to control
spectraleakageThefigure ontheleft representthewindowitself with respecto lagnumberThefigureontheright represents
an exampleACF with (black)andwithout (grey) taperingby the window. The sharpchangesnvolvedin simplerrectangular
windowsgeneratespectraleakagethatdiminishesthe quality of the estimated®SD. The taperingwindow %function defined
in [13] andusedin thiswork smoothsoutthe edgesof theoriginal rectangulawindowto reducespectraleakageThistapering
window depend®n two limit lag-time parameterss andg. ¢ is the maximumlag-time for which ACF valuesremainun-
changel. ACF valuesassociatedo lagslargerthané aresetto zero.Thefartherapartt andé arefrom eachother,theless
spectraleakagds observedn the estimated®SD.In our case becausehe longestsatellitepasdasts7 h, we choose7 and14
hoursfor &€ and¢ |, respectively.
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Figure 10: TaperingWindowandits impactonan ACF[13]

Theleft plot in Figure 11 showsthe estimated®SD curvesfor the GPSsatellites.The blue curvesrepresenthe Cs satellite®
orbit andclock errorsandthegreencurvesrepresenthe Rb ones.Thetwo typesof clockscanagainbedifferentiated with the
Cscurvesmostly abovethe Rb ones The Rb clock curvesarelower, which meanghatthe standarddeviationof the errorsis
alsolower, which matchegpreviousobservations.

Similarly, theright-handsideplot in Figure11 representshe Galileo orbit andclock error PSDscolor-codedby clock type.
Consistentwith the time seriesand ACF observationsalileo'sorbit and clock errorsfrom RAFS and PHM performvery



similarly basednthelimited numberof clock samplesavailable.In bothcasesboundingthetwo clock typesseparatelyvould
hardlyimprovethe quality of thebound.
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Figure 11: Impactof satelliteclockson GPS(left) and Galileo (right) orbit and clockerror PSDs

Additionnally, we notethat resonanpeals can be observedn the PSDs of both constellationsThefirst GPSpeakis located
atafrequencyof ¢& ¢ p 1 Hz, which correspondso a periodof approximately9.5 hours.The Galileo pe& is locatedat
approximatelyc® v p 1 Hzcorrespondingo 12.9 hours.GPSsatelliteshaveanorbit periodof onehalf asidereadday (23h
56m4s)andwill thereforetakeaboutll.9hoursto orbittheearth.Galileo satellitesontheotherhand,will takeaboutl4hours
to orbit the Earth.Thesevaluesarecloseto thefirst peals observedntheorbitandclocke r r BSD8Isis interestingo note
thatif we take largervaluesfor € , the ACFs at lags nearthe orbit periodwill be lessattenuatedandtherefore the peals
observedn the PSDstendto movecloserto the orbit period.

Figure 12 PSDboundingfor GPS(left) and Galileo (right) satellites

To modelthe dynamicsof orbit and clock errorsovertime, we gatheredhe orbit and clock errorsof eachsatellitefor each
stationarydatasebf 2018andseparatedhemby constellationFor eachconstellation PSDswere upperboundedby a first-
orderGMRP curveof time constantt andstandardieviation, , usingthe expressiorj24]:

Y ¢, jtTert 1 Q (10)

Figure 12 showsthe result. For the GPSconstellationthe PSDsof orbit andclock errorswereboundedusingtime constant
t v hoursand, p& meters Similarly, the Galileoerrorswereboundedwith t+ ¢ hoursand, T® umeters.



