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Abstract. Kinematic point positioning of a Low
EarthOrbiter (LEO) usingGPSdatais onepossibil-
ity to getpreciseorbit information. This approachs
followedat the Astronomicallnstituteof the Univer
sity of Bern(AIUB) asanalternatve to thedynami-
cal orbit determination Kinematicpoint positioning
allows to recover the trajectoryof the LEO without
makinguseof ary a priori gravity field information.
This maybevery usefulfor gravity field recovery, in
particularin view of presentandupcomingsatellite
missiondike CHAMP, GRACEandGOCEwhichall
have anaccelerometeon board.

Theemphasi®f this paperis to studythe effect of
differentdatascreeningoptionson the quality of the
kinematicorbit for a LEO. The impactof obsena-
tionsatlow elevationsin conjunctionwith elevation-
dependentveighting is investigated. The testsare
carried out using datafrom SAC-C and CHAMP.
Comparisorwith dynamicorbits of the satellitesin-
dicatethatakinematicLEO orbit atthedecimeterc-
curag levelisfeasibleprovidedgoodcodeandphase
GPSdatais available.

Keywords. Low Earth Orbiter, kinematicorbit de-
termination preprocessing

1. Introduction

The AlUB hasawell documente@xperiencen pro-
cessingdata of GPSrecevers on the Earth’s sur
face. Since1992it is the homeof the Centerfor
Orbit Determinationin Europe (CODE) as one of
the IGS (International GPS Service) analysiscen-
ters. Two yearsagowe startedto processGPSdata
from spacebornesceversliketheoneon GPS/MET
or TOPEX/POSEIDONTO this purposea procedure
for kinematic orbit determinationusing GPS code
andphasedatawasdeveloped.

TheapproacHor theextractionof kinematicsatel-
lite trajectoriescurrently implementedat AIUB is
basedon an epoch-wiseprocessingf the codeob-
senationscombinedwith an epoch-diferencepro-

cessingof the phaseobsenations. The procedurds

efficientbecaus@o ambiguityparameterseedo be

solvedfor. A goodquality of the datais important
for this approach.BecauseGPSflight receversare
currentlytrackingonly upto eightsatellitessimulta-
neously an elaboratecproceduregor datascreening
is neededIn orderto usea maximumnumberof ob-

senationsthe elevation cut-off anglemaybesetto a

low value.Onthe otherhandthe obsenationsat low

elevationsmay be affectedby ionospheriaefraction
andmultipatheffects.

2. Kinematic Determination of Orbits

As for receverson the grounda numberof differ-
entapproacheallow to computepoint positionsfor
a flying GPSrecever usingits codeand phaseob-
senations.Commonto mostapproachess theintro-
ductionof GPSorbitsandclock correctionsasfixed.
Datamay be processean the zero-diferencelevel
or onthedouble-diferencdevel afterforming base-
linesfrom the LEO to differentgroundstations(see
Swehlaet al., 2001). Processingf phaseobsena-
tionsusuallyrequiregheestimatiorof ambiguitypa-
rametersn which casehekinematicpositionsbased
on phaseonly may be aninterestingoption. There-
sult of all proceduress a satellitetrajectory(usually
calledkinematicorbit), whichis independentf ary
apriori forcefield information.

The approachcurrently followed at the AIUB
avoids the settingup of ambiguity parametersoy
forming differencesf the phaseobsenationsfrom
oneepochto the next. Thealgorithmis describedn
detailin Bock et al. (2000). GPSdatais processed
atthezero-diferencdevel usingtheionosphere-free
linearcombination.Positionsderivedfrom codeand
position differencesfrom phaseepoch-diferences
arecombinedn orderto generatehe kinematicorbit
of the LEO. The code- introducedwith its correct
weightrelative to phase- is requiredto getthe ab-
solutepositionin spaceof the phase-connecteatbit
pieces.

The procedure is very efficient becauseno



anbiguity parameterdiave to be setup. A limita-
tion of this approachs the factthatcorrelationshe-
tweenthe phaseobsenationsare negglected. Addi-
tional problemsoccur at epochswhereno position
differencescan be computeddue to not sufficient
phaseobsenations(e.g., causedy a loss of phase
lock of therecever). Theorbitalarcsheforeandafter
suchepochsare not connectedy the phaseeading
to ajumpin theorbit whosemagnitudds depending
on the accurag of the code. Finally, the procedure
requiresan a priori orbit for the LEO which should
have anaccurag of afew metersin ordernotto in-
troduceresidualeffectsinto the kinematicorbit so-
lution. Thea priori orbit may be generatedn a first
iterationusingcodeobsenationsonly.

The kinematic positionsof the satellite may be
usedaspseudo-obsentionsfor a dynamicorbit de-
terminationprocedure For experimentgshe EGM96
or GRIM5 geopotentiaimodel to degreeand order
95is used. The procedureallows to modelair drag,
solarradiationpressureandalbedo.For thesethree
forcesa scalingfactor may be estimated. In addi-
tion the nine parametersf anempiricalforcemodel
may be determinecandstochastiqulsesmaybein-
sertedat selectedepochs. Data from an on-board
accelerometemay be introducedin place of mod-
eling non-graitational forces. To copewith jumps
betweenarcswhich arenot connectedy phasepo-
sitiondifferencest is possibleto estimateoffsetsbe-
tweenindividual orbital arcs. Finally it is alsopos-
sible to useboth, codederived positionsand phase
derivedpositiondifferenceslirectly aspseudmbser
vationswith correctrelative weightfor the dynamic
orbit determinationin this case however, noprecise
kinematicorbit is generated.

Figure 1 shows the differencesbetweena kine-
matic anda dynamicalorbit of SAC-C (day of year
051,2001)in inertial directionsz, y andz after fit-
ting a dynamicalorbit throughthe kinematic posi-
tionsobtainedrom the combinationof codederived
positionsandphasederivedpositiondifferencesThe
RMS of this dynamicalffit is 0.26 m whichis mainly
dueto imperfectdynamicmodelingof theorbit. The
length of the arc is five revolutions of SAC-C of
about98.5minutes.Thekinematicorbitis connected
throughpositiondifferencesover the entiretime in-
terval displayed. Neverthelesgumpsin the kine-
matic orbit may be obsened. Someof themarein-
dicatedby arrows in Figurel. Thesejumpsaredue
to bad phaseobsenationsaffecting the positiondif-
ferencesElaboratescreeninglgorithmsmayreduce
thenumberandsizeof suchjumps.
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Fig. 1 Differencesn z,y, z betweerkinematicanddynamic

orbitfor SAC-Con01/051.Arrows indicatejumpsin thekine-

maticsolution.

3. Data Screening
3.1 Preprocessing Procedure

Efficient preprocessin@nd data screeningis an
importantissuefor kinematicorbit determinationin
the following sectionwe explain our screeningpro-
cedurein detailaswell asthe optionsto modify the
performancef thealgorithm.

In afirst stepthe codeobsenationsareprocessed
for eachepochandthe LEO clockis synchronizedo
GPStime. In the secondstepthe phasedifferences
betweersubsequergpochsareprocessedBoth pro-
cessingstepsareprecededy screeningrocedures.

For simplicity let ushave alook atthe codeobser
vationsof the spaceborn&PSrecever for a partic-
ular epoch. Usually thereare pseudorangebsena-
tions of up to eight GPSsatellites. The codeobser
vationequatiornreads

pi:pj—c-Atj-}-C-AtLEo 1)

with theionospherdreelinearcombinatiorp’ of the
P1l-andP2-codeneasurements GPSsatellitej, the
geometricatistancep’ betweenGPSsatellitej and
the LEO, the GPSsatelliteclock correctione - At7,
andthe LEO clock correctione - Aty go.
UsingpreciseGPSorbitsandclocksaswell asan
apriori orbit of the LEO, only theLEO clock correc-
tion ¢ - Aty go remainsasunknonvnin Eqg. (1). The
factthattheLEO clockcorrectiorshouldbethesame
for all codeobsenationsof oneepochwithin theac-
curag of the codemay be usedfor the datascreen-
ing. From the statisticalpoint of view this means
that the differencebetweentwo clock corrections
derived from the obsenation to satellitesi and j,



regpectiely, shouldbewithin 3 - ooode.

In afirst stepthe differencebetweeneachpair of
LEO clock correctionss computecandchecledif it
is smallerthanthreetimesa specifiedog,q.. Each
clock correctionthusmaybeassociateavith agroup
of similar values. From the valuesbelongingto the
largestof thesegroupsa meanvalueand RMS are
computed.In a secondstepeachclock correctionis
comparedwith this meanvalue. If the differenceis
larger than a fixed multiple of the computedRMS
(e.g.,30 times)the obsenrationis flaggedasan out-
lier andnot usedin the following point positioning
procedure.

After gettingrid of thelargeoutliersthe point po-
sitioning procedurds performediteratively and ad-
ditional bad obsenationsmay be rejected. The pre-
screeningis neverthelessnecessanto remove the
large outlierswhich degradethe point positioning.

The dataquality after the preprocessinglepends
onthescreeningptions.Theperformancef theal-
gorithmmaybechangedy modifying thefollowing
inputparameters:

e theop,q. for classifyingthe obsenationsinto

groups,

¢ the RMS for settingthe rejectionthreshold(it

may eitherbe derived from the obsenationsor
specifiedasfixedvalue),

¢ thefactormultiplied with the RMS in orderto

gettherejectionthresholdge.g. 30.

The samepre-screeningalgorithm is appliedto
the phasdlifferenceobsenrationswith the o4 re-
placedby a opp.s.- Figure 2 illustratesthe proce-
dure.After thepre-screeningositiondifferencesre
generatedising only non-flaggedobsenations. If
notenouglobsenationsareavailablenosolutioncan
be computedor this epochdifferenceIf thecompu-
tationof a solutionis possiblebut the corresponding
RMS is larger thana specifiedthresholda seriesof
solutionsis computedvith oneobsenationremoved
in turn. The solutionwith the lowestRMS is used
asthe final solution. If this RMS still exceedsthe
thresholdheproceduras iterated.

Onefactorlimiting theperformancef theprepro-
cessingapproachs theaccurag of thea priori orbit.
For the point positioningwith thecode thisis notan
issue,but for the screeningpf the phasedifferences
the quality of the a priori orbit is critical. A bada
priori orbit maymimic badphaseobsenationswhich
may thenbe erroneouslyremoredasoutliersby the
screeninglgorithm.

Usually we generataninitial a priori orbit using
codeobsenationsonly. No pre-screenings possi-
ble in this step. Throughthe codepoint positionswe
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Fig. 2 Processingschemefor deriving position differences
from thephase

fit a dynamicalorbit which hasan accurag in the
rangeof a few meters.In a secondrun this orbit is
usedto processonceagainonly code obsenations
but with pre-screeningnabled.Fromthekinematic
positionsfrom this stepan improved dynamicorbit
is generatedyhich is thenusedfor processingoth
codeand phaseobsenationswith pre-screeningn-
abled.Finally the kinematicorbit itself may be used
asa priori orbit for the generationof an improved
kinematicorbit.

3.2 Tests and Results

Testsof the preprocessingrocedureare carried
out with datafrom CHAMP and SAC-C. CHAMP
is designedor gravity field recovery and studiesof
themagnetidield. It waslaunchedon July 15,2000
andis orbiting at an altitude of about430km in an
almostcircular and nearpolar orbit (inclination 87
degrees). SAC-C is an ArgentineEarth obsenation
satellitelaunchedbn November23, 2000. The satel-
lite is flying at an altitude of 702 km in a Sunsyn-
chronousorbit ataninclinationof 98.2 degrees.

Both satellitescarry a TurboRogueGPSrecever
supplied by JPL/NASA which tracks up to eight
satellitesatthesametime. Occasionatlatagapsmay
beattributedto receverresetor to thedownlink pe-
riods. For our testswe use datafrom SAC-C for



a particularday having no datagaps(February20,
2001,DOY 051)andfrom CHAMP for onedaywith
asingledatagapof aboutl5 minutes(Junel, 2001,
DOY 152). Thefew gapsmake thetwo daysidealfor
looking into the differentoptionsfor the preprocess-
ing anddatascreeninglgorithmpresentech Section
3.1.

Beforeinterpretingresultswe have to definecrite-
riato selectheoptimalsetof screeningptions.First
of all thenumberof notconnecteghasepositiondif-
ferenceds animportantquality indicatorfor the se-
lectionof thepreprocessingptions.A secondjual-
ity indicatoris the numberof jumpsin thekinematic
orbit exceedinga specifiedthresholdintroducedby
position differencescorruptedby bad obsenations.
Suchjumpsmaybeidentifiedby comparinghekine-
maticorbit with a dynamicorbit.

As areferenceve take onesolutionfor eachsatel-
lite processedvith the sameoptions. The relevant
optionsarethefollowing:

1) The RMS valuefor screenings derived from
the obsenrations (it is normally distributed
around5 mm),

2) thethresholdfor detectingoutliersis 30-RMS,

3) no cut-off anglefor the obsenationsis used,

4) elevation-dependeniveighting of the obsena-
tionswith thefunctionw(z) = cos? (2 - 2).

In orderto getanideaabouttheinfluenceof thedif-

ferentoptionsonthekinematicsolution,differentso-
lutions with oneor two optionschangedverecom-
puted. Tablesl and3 list the differentsolutionsfor

SAC-C, Tables2 and4 for CHAMP. Thetablessum-
marizethe numberof epochswith missingposition
differencegcolumn‘no connection’)aswell asthe
numberof jumpslargerthan10 cm dueto incorrect
positiondifferencegcolumn‘Jumps’).

For Tables1 and 2 the outlier rejection thresh-
old for the pre-screenings changedoption2 in the
abovelist) from 5- RM S to infinity (nooutlierrejec-
tion). Evidently a screenings necessaryseesolu-
tion A6), otherwisehenumberof notconnectedrcs
aswell asjumpsis not acceptable Not surprisingly
thenumberof jumpsin thekinematicorbitdueto bad
obsenationsis increasingwith increasinghreshold.
Onthe otherhand,atoo smallthresholdeadsto an
increasedhumberof missingpositiondifferencesin
solutionsA1 andA2 for SAC-C probablysomegood
obsenationsare excludedcausingproblemsto con-
nectthe positionsby the phaseat one epoch. For
CHAMP the samesituationis obsenedfor solution
Al. Itis, in fact,moreimportantto reducethe num-
ber of missingpositiondifferencego the minimum
possiblevalue. Bad obsenationsleadingto jumps

Table 1. Numberof jumpsfor differentkinematicsolutions
for varyingpre-screeninghreshold- SAC-C

Solution RMSx  noconnection Jumps
Ref 30 0 34

Al 5 1 5

A2 10 1 9

A3 20 0 22

A4 40 0 44

A5 50 0 47

A6 ) 8 64

Table 2. Numberof jumpsfor differentkinematicsolutions
for varyingpre-screeninghreshold CHAMP

Solution RMSx  noconnection Jumps
Ref 30 8 71

Al 5 10 32

A2 10 7 37

A3 20 7 54

A4 40 8 82

A5 50 8 87

A6 0o 19 115

may be excludedin additional pre-screeningtera-
tionswith variablethreshold A missingpositiondif-
ferencemay, however, notberecovered.

We have alsothe possibility to changeoption 1.
We may usea fixed RMS value, e.g.,5 mm for the
phaseobsenation screeninginsteadof deriving it
from the obsenations. But no remarkabldanfluence
ontheresultsis found.

Recapitulatingve cannotethatthe referenceso-
lution with the optionslisted abose seemdgo be op-
timal for both satellites, CHAMP and SAC-C. The
solutionsA3 with a thresholdof 20-RMS aresome-
what betterbut one hasto keepin mind thatthe a
priori orbit usually hasan accurag of a few me-
tersonly whichmayintroduceresidualeffectsby es-
timating the position differencedrom phasediffer-
ences.To avoid thisit is saferto take alargerthresh-
old (30-RMS) for the screeningalgorithmin order
notto remove obsenationserroneoushasoutliers.

4. Elevation-dependent Weighting and
Cut-off Angle

In additionto thedatapre-screeninghecut-off an-
gleaswell asthe mappingfunctionfor theelevation-
dependentveightingsignificantlyinfluencethequal-
ity of theresultingkinematicpositions.For process-
ing dataof groundstationsan elevation-dependent
weightingis usuallyappliedby the weightingfunc-
tion (Hugentobleet al., 2001)

w(z) = cos? (2), 2)



wherez is the zenithangleof the satellite. For ob-

senationsof a LEO the questionariseswhetherthis

weightingfunctionis appropriate For a LEO obser

vationsat low elevationsarenot corruptedby tropo-
spheriaefractionbut multipatheffectsmaybeanim-

portantsourcefor degradationof low-elevation data
quality, in particularbecause LEO maytracksatel-
lites at zenithangleswell above 90 degrees(up to

105 — 110 degrees). The questionis whetherthese
measurementontributeto abetterpointpositioning
whenapplyingan appropriateveightingor whether
they ratherdisturbthe solution. A simplemaodifica-
tion of theweightingfunctionin Eq. (2) is theintro-

ductionof a ‘stretchingfactor’«, i.e.,

w(z) = cos® (a- 2), (3)

in orderto useobsenationswith z > 90 degrees.
Tables3 and4 summarizeghe resultsfor chang-
ing elevation cut-off angle and weighting function
(options3 and4). The ‘stretchingfactor’ « in the
weightingfunctionis varied,'no’ in the correspond-
ing column indicatesthat no elevation dependent
weightingis applied. For SAC-C the solutionwith
all obsenationsusedanda = % seemgo be opti-
mal while for CHAMP it seemgo be betterto have
a cut-off angleof 90 degreesand usethe weighting
functionw(z) = cos? (1-z). Thereasonmight be

Table 3. Numberof jumpsfor differentkinematicsolutions
with varying zenith cut-of angle and weighting function -
SAC-C

Solution

Zmaz Q@ noconnection Jumps
Ref o 314 0 34
D1 0o no O 34
D2 90 no 1 28
D3 90 213 2 28
D4 90 34 2 29
D5 90 1 4 29
D6 80 no 10 29
D7 80 3/4 10 31

Table 4. Numberof jumpsfor differentkinematicsolutions
with varying zenith cut-of angle and weighting function -
CHAMP

Solution

Zmaz Q@ noconnection Jumps
Ref 0o 34 8 71
D1 00 no 8 62
D2 90 no 8 50
D3 90 2/]3 8 61
D4 90 34 8 59
D5 90 1 7 39
D6 80 no 19 44
D7 80 3/4 19 43

multipathon the surfaceof the satellite.Fromthere-
sultsgivenin Tables3 and4 it is clearthatthe zenith
cut-off angleshouldnot besmallerthan90 degrees.

5. Comparison of Orbits

For CHAMP we have the possibility to compare
our orbits with the so-calledRapid ScienceOrbits
(RSO)computedby GFZ (GeoForschungsZentrum)
in PotsdamGermary. We computethe differences
betweerthe RSOof DOY 152andthekinematicor-
bit of solutionD5 in Table4. Thesedifferencesn
theinertial directionsz,y and z areplottedin Fig-
ure 3 (for z andz an offsetof six metersis added).
The vertical lines in the plot indicate the epochs
whereno connectionwith a position differencede-
rived from phasedifferencesare available. We note
that theseoffsetsmay have a magnitudeof several
meterswhich correspond$o thecodeaccurag. Due
to position differenceswhich are disturbedby bad
obsenationsnot recognizedy the screeningproce-
dure, additionaljumps can be found in the differ-
encedotheRSO(seearronsin Figure3). Theagree-
mentbetweernthe kinematicorbit andthe CHAMP-
RSOis goodwith anRMS well belov onemeter A
significantpart of this RMS is dueto the few large
jumps.

Figure 4 shows the differencesn z,y and z be-
tween a dynamic orbit fit and the CHAMP-RSO.
The dynamicorbit is basedon kinematicpositions
from solution D5 usingthe GRIM5 gravity field up
to degreeand order95 andwith introductionof ac-
celerometedata. Thefirst few minutesof kinematic
pseudo-obseationswere removed by a screening
built into the orbit determinationprocedure. The
differencesbetweenthe two orbits areup to several
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Fig. 3 DifferenceshetweenCHAMP - RSO and kinematic
orbit D5 - 01/152.
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metersand mostly dueto modelingproblems.Nev-
erthelesshe RMS differenceis belov onemeter

6. Summary and Outlook

We have developedan algorithm for kinematic
point positioningfor LEOs basedon GPScodeand
epoch-wisephasedifferenceobsenations. Experi-
enceshaws that elaboratescreeningproceduresre
requiredin orderto generatea ‘clean’ kinematicor-
bit for aLEO. We have developedanalgorithmcapa-
ble of rejectingoutliersin a pre-screeningtep. An
a priori orbit which may in a first stepbe derived
from codeobsenationsonly is a prerequisite.With
anoptimalsetof optionsthe numberof orbit discon-
nectionsdueto missingpositiondifferencesderived
from the phases minimized. Thesedisconnections
leadto jumpsin the kinematicorbit of up to several
meters.

The elevation cut-off angle shouldbe setto the
lowest possiblevalue in order to use a maximum
numberof obsenationsto strengtherthe kinematic
solutionaslong aswe have no problemswith multi-
path.For SAC-Cthezenithcut-off anglecanbelow-
eredwell below thelocal horizonwhile for CHAMP
a cut-off angleof 90 degreesseemdo be more ap-
propriate.

We have shown that with an elaboratescreening
procedurea kinematicorbit with anaccurag at the
decimeterlevel is feasible. On the other handthe
dynamicorbit modelingstill needsimprovementto
getsatishctoryresults.
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