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ABSTRACT

Cataloguingof GEO satellitescommencedin Russian
SpaceSurveillanceCenter(SSC) in the eighties. The
permanentprocessof enhancementof softwaretoolsfor
catalogmaintenanceis proceedingsincethat time. The
presentpaperdescribesthecurrentstatusof thissoftware
complex.

1. INTRODUCTION

The papers[1,2] describethe generalstructure,charac-
teristicsandthe algorithmsfor maintenanceof the cat-
alogof LEO (perigeealtitudelessthan3000km) satel-
lites in RussianSSC.Thepresentpapertreatsthe same
issuesfor satellitesin GEO. The domainof the phase
spacewill beconsideredgeostationaryin casetheorbital
parameterssatisfytheconditions1 � δT � T � 1 � δT,
0 � e � δe, 0 � i � δi, whereT � i � e - orbital period,incli-
nationandeccentricity, δT, δi, δe - constants.

First we analysethe initial backgrounddata,describing
the conditionsfor catalogmaintenance.Thesedatain-
cludethe characteristicsof the sensorsand the charac-
teristicsof satellitemotion. Then the generalscheme
andits componentsaredescribed,in particular, thealgo-
rithm for primarydeterminationof orbits, thealgorithm
for assigningthe measurementsto catalogedsatellites,
the algorithm for updatingthe orbits using the dataof
themeasurements,theprocedurefor planningtheobser-
vationsandcalculatingthetargetindicationsfor thesen-
sorsandalsotheprocessof preliminarytrackingof new
satellites,arrivedin thecatalog.

In the courseof the studywe permanentlycomparethe
resultingprocedureswith theprocessof maintenanceof
LEO satellitecatalogand analysethe observed differ-
ence.

2. SENSORSAND MEASUREMENTS

CurrentlyRussianSSCusestheopticalsensorsnetwork
[3]. Themajorfeaturesof this network:

1. The sensorsof the network do not provide the com-
pletecoverageof GEOring.

2. All the stationsoperatewith significantgaps,which
maybeaslongasseveralmonths.

3. Theoptical sensorsmeasurethe angularcoordinates
of a satellite- the right ascensionα anddeclination
δ in thelocal equatorialcoordinateframe.Theerrors
of singlemeasurementsnormallyarewithin therange
1� � -10� � . However the optical sensorsdo not mea-
surethe range.Thustheacquisitionof thecomplete
six-dimensionalvectorof thesameorderof accuracy,
asfor the radarmeasurementsof LEO satellites,re-
quires several single measurements(marks) within
ratherlong time interval. Theanalysisrevealed,that
the orbit can be determinedwith the accuracy, suf-
ficient for SSCin casethe marksbelongto at least
two nightsandfor oneof thenightsthereareat least
four marks,uniformly spacedin time within the in-
terval not shorterthan2-3 hours.This is therequire-
mentof theSSCto themeasurementsof opticalsen-
sors.However, dueto a setof reasons,themeasure-
mentsdo not alwayssatisfythis requirements.More
thanonehalf of themeasurementsareacquireddur-
ing only onenightanddonotcover therequiredtime
arc. In thiscaseoneor two (outof six) orbitalparam-
eterscannot bedeterminedwith sufficientaccuracy.

3. SATELLITE MOTION

Theobservedobjectsaremoving in space.Themodelof
theirmotionis neededto designthecatalogmaintenance
algorithm.

Theorbital parametersa of any spaceobjectsatisfythe
systemof thefirst orderdifferentialequationsof motion.
Thusa � t 	�
 U � a � t � τ ��� τ 	 . The precisefunctionalrela-
tionshipU � a � τ 	 is notknown andin practicetheapprox-
imate relationshipsU0 � a � τ 	 are used,which determine
the specificalgorithmfor predictionof orbital parame-
ters.

Real predictionerrorsV 
 a � t 	� U0 are generatedby
theinexactaccountof theperturbatingfactorsandcom-
prisetwo components:methodicalerrorV1 andthenon-
removederror V2. Themethodicalerror is the resultof
the inexact accountof the consideredperturbatingfac-
tors. Thenon-removederrororiginatesfrom no account
of certainrealperturbatingfactors.

Thethreebasicrequirementsto thepredictionalgorithm
areasfollows:
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1. realpredictionerrorsshouldnotmakethecorrectcor-
relationof measurementsto catalogedsatellitesim-
possible;

2. real predictionerrorsshouldnot exceedthe values,
definedby themaximumpermissibleerrorsof target
indicationfor optical-electronicsensor;

3. the CPU-timeof the computercodemustbeaccept-
able.

Sincethe basicoperationsof the algorithm(correlation
of measurementswith catalogedsatellitesandorbit up-
dating) rather often must be performedinvolving the
measurementsandorbitssignificantlydistantin time(up
to severalyears)thecreationof therelevantprocedureis
not aneasytask.However, wemanagedto solve it.

We won’t treat this algorithmin detail here,sinceit is
describedin papers[4,5]. The basiccharacteristicsof
this algorithmareasfollows.

1. Methodicalerrorsof thepredictionalgorithmdo not
exceed3� ( � 38 km) for propagationintervals up to
four years.

2. Therealpredictionerrorsfor propagationintervalsup
to 500daysdonotexceed1� ( � 12km) for 50%of the
passivesatellitesof therealcatalog.

3. The computationtime tcomp of thepropagator(com-
putationrate1 millions of averageoperationspersec-
ond) can be assessedusing the formula tcomp � s��

0 � 01Nst � 0 � 003Nt , whereNst - is the numberof the
integrationsteps(thestepfor theintegrationis chosen
within therange10 -20 days);Nt - thenumberof the
points for which the propagationis fulfilled (within
thetotalpredictioninterval).

The processingof measurementsratheroften requires
the propagationof all the orbits of the catalogto a cer-
tainepoch.Thisoperationessentiallysimplifiesthedata
processing.The characteristics,presentedabove allow
to fulfill the propagationof the whole catalogfor one
yearin 1.5-3.0minute.This is quiteacceptable.

4. THE GENERAL ALGORITHM

The structureof the catalogmaintenancealgorithm in
generalis similar to thestructureof theprocedure,used
for LEO satellites.However, somespecificfeatures,de-
terminedby thestructureof theinitial data,doexist.

The measurements,received by the SSCenterthe pro-
cedureof primary orbit determination. For eachmea-
surementthe parametersof the orbit and the errorsof
their determinationareestimatedon thebasisof thesin-
glemeasurements(marks)andtheapriori data.

Thenfor eachmeasurementwe determine,whetherthe
satellite,which producedit exist in the catalog,i.e. the
taskof assigningthe measurementsto the cataloged

satellites is solved. As a result the measurementbe-
comeseitherassigned(correlated)to certainsatellite,or
remainsfree(uncorrelated).

The correlatedobservationsupdatethe orbital parame-
ters of the satellitesthat producedthem, i.e. the task
of orbit updating is solved. If we manageto correlate
themeasurementsto certainsatelliteandupdateits orbit
regularly, the satelliteis monitoredor tracked. When
theflux of themeasurementsof certainobjectceasesor
weakenssignificantly, the trackingof the satellitemay
stop.Thebreakof trackingoccurs.

The uncorrelatedmeasurementsare included into the
catalogasnew satellitesandparticipatein the tracking
processtogetherwith theothercatalogedobjects.

At the initial stageof this process- the preliminary
tracking - thenew satelliteis identifiedwith theobjects,
alreadypresentin thecatalogandwith the lost ones.In
casethe satelliteis identified with the previously cata-
logedobjectthedataon thissatellitearerenewedandits
tracking is thusrecovered. Whenthe decisionis made
thattheorbit belongsto a new, not previously cataloged
satellite,its origin (internationaldesignator)mustbede-
termined,i.e. the satellite identification task mustbe
solved.

In distinction to the catalogmaintenanceprocessfor
LEO satellitesthe interactionwith the network of op-
tical sensorsincludesthefeedback,i.e. thesensorswork
underthecontrolof theSSC.Thefeedbackmeansplan-
ning of observationsand calculation of target indica-
tions for thesensors.Theobjectsfor theassumedfuture
work of any optical stationareselectedandthe respec-
tive targetindicationsarecalculated.

Thefollowing sections5-9describethebasicalgorithms
usedfor maintenanceof thecatalogof GEOsatellitesin
moredetail.

5. PRIMAR Y ORBIT DETERMIN ATION

Thedetailedconsiderationandanalysisof thealgorithm
for primarydeterminationof orbits is givenin thework
[4].

The estimationof the orbital parametersis the point of
theminimumof thefunctional

ϕ � a��� r

∑
p� 1

�
wαp � αp � αp � a��� 2 � wδp � δp � δp � a��� 2 � �

wa1 � a1 � a1a � 2 � wa2 � a2 � a2a � 2 � wa3 � a3 � a3a � 2 � (1)

wa4 � a4 � a4a � 2 � wa5 � a5 � a5a � 2 � wa6 � a6 � a6a � 2 !



where � α1 � δ1 	 , � α2 � δ2 	 ,...,� αr � δr 	 - the marks of
the measurementwith time referencest1 � t2 �"�#�$�$� tr ;
αp

� a�%� δp
� a� - functional relationshipsbetweenparame-

tersαp,δp of p-thmarkandparametersa 
&� a1 � a2 �'�$�$�#� a6 	
of the satellite; wαp,wδp - the weightsof the compo-
nentsof p-th mark (the values,inverselyproportional
to the variancesof the components’errors); aa 

� a1a � a2a �(�#�$�$� a6a 	 - thevectorof a priori valuesof orbital
parameters;wa1,wa2,...,wa6 - theweightsof thecompo-
nentsof aa (thevaluesareinverselyproportionalto the
variancesof theerrorsof thesecomponents);

For the vectora of orbital parameterswe take the six-
dimensionalvectorof the elementsa 
)� λ̃ � L � p � q � h̃ � k̃ 	 ,
derived from the known KeplerianelementsM, a, i, e,
Ω, ω using the formulas λ̃ 
 M � ω � Ω, L 
+* µa,
p 
 sin � i , 2	 cosΩ, q 
 sin � i , 2	 sinΩ, h̃ 
 esin � ω � Ω 	 ,
k̃ 
 ecos� ω � Ω 	 , whereµ - gravitationalconstant.Vec-
tor a is referredto the certaintime tm (t1 � tm � tr ). The
componentsof thea priori vectoraa aretheaverageex-
pectedvaluesfor GEOsatellites.

The initial approximation,usedin the minimisationof
the functional ϕ � a	 is constructed. The algorithm is
the modificationof the known Laplace’s technique[6],
which in its pureform turnsto beinefficientdueto high
sensitivity to the errorsin initial data. The essenceof
theimprovementis to gaintheadvantagefrom theapri-
ori dataon the orbital parameters.Our algorithmuses
only the a priori dataon the semi-majoraxis i. e. it is
consideredthat a 
 a0, wherea0 - is constant,equalto
thesemi-majoraxisof GEOsatellitewith orbital period
equalto oneday. Thusthe developedtechniquecanbe
usednot only for the objectswithin geostationaryring,
but alsofor otherimportanttypesof objects,for example
for satelliteswith half-dayorbitalperiod.Thederivation
of the formulas,computationalaspectsandthe analysis
of the performanceof the procedure(for real measure-
mentsonvariousclassesof satellites)is presentedin the
paper[4].

Then the minimum of ϕ � a	 is sought. The minimisa-
tion usesthe multi-passscheme,selectingduring each
passtheabnormalcomponentsof all themarksusingthe
normalisedresidualsbetweenthemeasuredandassessed
values.For thefirst passall themarksaretakenwith the
weightscalculatedaccordingto the variancesof the er-
rors.Beforeeachnext passthecomponentsof themarks
are testedfor abnormalityby comparingto the thresh-
old ca the squarednormalisedresidual(the respective
componentin ϕ � a	 ) for the point of the minimum, ob-
tainedat the previouspass.The weightsof the discov-
eredabnormalcomponentsaresetto zeroandthenormal
componentsof themarks,mistakenlyexcludedfrom the
processingpreviously arere-introducedinto theprocess
by the recovery of their weights.Whenthecertainstep
of minimisationshows that the weightsarechosencor-

rectly thepassesfinish. Thealgorithmfor minimisation
of ϕ � a	 usedat eachpassis describedin [2,4].

If thefinishedcycleof minimisationsyieldsthedecision,
its reliability is tested. The decisionis consideredre-
liable in caseboth componentsof at leastthreemarks
have completelyinscribedinto thedeterminedorbit and
the shareof the marksacquiredduring eachnight, for
whichbothcomponentshaveinscribedinto theorbit, ex-
ceedsthecertainthreshold,dependingon thenumberof
themarksfor this night.

6. MEASUREMENT CORRELATION

After determinationof primaryorbitsthemeasurements
are correlatedwith the catalogedsatellites. The algo-
rithm used here essentiallydiffer from the algorithm
usedfor maintenanceof the catalogof LEO satellites.
Thebasicrationaleareasfollows.

1. Thenumberof opticaldetectionsis by ordersof mag-
nitudelower thanthenumberof radardetectionsand
thenumberof catalogedsatelliteswithin geostation-
ary ring is by the order of magnitudelessthan the
numberof LEO satellites.

2. Theaccuracy characteristicsof radarandopticalob-
servationsessentiallydiffer aswell. Themostaccu-
rateparameterof radarobservationsis therangeand
for opticalobservations- theangularcoordinates.

3. The characterof orbital motion of GEO and LEO
satellitesis alsodifferent. The mostunstableatmo-
sphericperturbations,very importantfor thelatterdo
not affect GEO satellites. On the other hand, the
orbital maneuversandcorrections(which affect the
trackingprocess)areperformedby lessthan0.5%of
catalogedLEO objectscomparedto morethan30%
of maneuveringGEOsatellites.

The first reasonallows to use for maintenanceof the
catalogof GEOsatellitesthemostaccurateandlabour-
consumingtechniques.The secondreasonleadsto dif-
ferentdecisionfunctionsfor the algorithms. The third
onerequiresa specialalgorithmfor GEOsatelliteswith
correctedorbits. The accuracy characteristicsof radar
and optical observations vary within rather extensive
rangethusleadingto increasedsophisticationof theal-
gorithm.

Differentproceduresareusedto correlatethe measure-
mentsto active or passive satellites. The reasonis as
follows. For time intervalssignificantlylongerthanthe
interval betweentheneighbouringmeasurements,apas-
sive catalogedsatelliteis characterisedby oneorbit, ob-
tainedusing all the observationaldataon the satellite,
acquiredwithin this interval. This orbit containsall
theinformationrequiredfor makingdecisionsregarding
correlationof measurementsto this satellite. For active



satelliteoneorbit cannotprovidesufficient information.
Efficientdecisionmakingfor thesesatellitesrequiresthe
knowledgeof at leastoneorbit betweenthecorrections
andthe a priori dataon the characterof the performed
corrections(thebestis thedataon thetimeandmomen-
tum of thecorrection).

A priori we do not know what satellite(active or pas-
sive) hasproducedthe measurement.Thuseachmea-
surementis subjectedto correlationproceduresof both
types. The measurementcannot be correlatedto more
thanonesatelliteof eachclass.Whena measurementis
correlatedto certainactive andpassive satellitesthe fi-
naldecisionon its assignmentis theresponsibilityof the
analyst.

6.1 Passivesatellites

Denotethe parametersof the primary determinedor-
bit, calculated on the basis of measurementx, as
λ̃m � Lm � pm � qm � h̃m � k̃m, their time tm. Thealgorithmuses
only one of the values,characterisingthe accuracy of
orbital parameters- theroot-mean-squaredeviation σLm
of theerrorof determinationof L, which is transformed
into σTm - the root-mean-squaredeviation of the error
of determinationof orbital periodT. Using the orbital
parametersKepler’s elementsim � Ωm � Tm � em � ωm andthe
longitudeof satelliteprojectionλm arecalculated.

Parametersof all catalogedsatellites,passive at themo-
menttm arepropagatedto themomenttm andaretrans-
formed into the sameparametersas the measurement.
We will denotethe result is � Ωs � Ts � es � ωs (we do not in-
dicatethecatalognumberof thesatellitefor simplicity).
Theroot-mean-squaredeviation of theerrorof determi-
nationof theorbit of catalogedsatelliteis denotedσTs.

The decisionfunction is asfollows. Preliminarycorre-
lated satellitesare soughtfor. They satisfy the condi-
tions: ∆i 
.- im � is -/� ci p, ∆Ω 
.- Ωm � Ωs - mod2π � cΩp , is,
∆λ 
0- λm � λs - mod2π � cλp, ∆T 
1-Tm � Ts -2� cTp, where
ci p, cΩp, cλp, cT p - the gates,chosento provide low
frequency of false correlations. For eachof prelimi-
narycorrelatedsatelliteswecalculatethefunctionalF 

∆i , ci1 � ∆Ω , cΩ1 � ∆λ , cλ1, whereci1 � cΩ1 � cλ1 - arecon-
stants.The measurementis finally assignedto prelimi-
narycorrelatedsatellitecorrespondingto minimal value
of F .

6.2 Activesatellites

Thecharacteristicfeatureof thealgorithmis theaccount
of thedataon thecorrectionsfor eachsatelliteindividu-
ally. Almost all active satellitesperformorbital correc-
tionsto keeptheir longitudewithin certainlimits (differ-
entfor differentobjects).For someobjectsthedirection

to the satellitefrom certainpoint on the surfaceof the
Earth is alsokept within certainlimits during required
time intervals.

For making the decisionof preliminarycorrelatingthe
measurementx performedattm, for eachcatalogedsatel-
lite two orbits from thearchive of orbital dataareused,
which timing ts1 andts2 satisfythe conditionts1 � tm �
ts2. Theelementsim, Ωm, Tm andthe longitudeof satel-
lite projectionλm arecalculatedusingthemeasurement
andonthebasisof botharchivedorbitswedeterminepa-
rametersis1, is2, Ts1, Ts2, λs1, λs2 withoutpropagationand
parameters̃is1, ĩs2, Ω̃s1, Ω̃s2 propagatedto thetime tm.

The decisionfunction is as follows. Preliminarycor-
relatedsatellitesare soughtfor. They satisfy the con-
ditions: ∆λ 
 min�(- λs1 � λm - mod2π �3- λs2 � λm - mod2π 	�� cλa,
∆Ω 
 min�3- Ω̃s1 � Ωm - mod2π �3- Ω̃s2 � Ωm - mod2π 	4� cΩa , is, ∆i 

min�(- is1 � im -5�3- is2 � im - 	6� cia, ∆ĩ 
 min�(- ĩs1 � im -��7- ĩs2 �
im - 	6� cia, wherethe first conditionfor i is testedonly
for the objectswhich maintainthe inclination closeto
certainvalue(normally, nearzero)andthesecondone-
for active satellites,which do not maintainthe inclina-
tion (for thesesatellitesthe evolution of this parameter
is the sameas for passive objects);cλa, cia, cΩa, cTa -
thethresholdvalues; cλa dependson theinclinationand
the eccentricity, cTa dependson σTm, σTs1, σTs2. For
eachpreliminarycorrelatedsatellitethe functionalF is
calculated.Thefinal correlationof themeasurementsis
fulfilled only whenthepreliminarycorrelationof all the
measurementsacquiredduring the consideredobserva-
tion sessionof thesensoris finished.Thedecisionmak-
ing procedureis moresophisticatedthanthe procedure
usedfor passivesatellites.Thisprocedurecoincideswith
the decisionfunctionusedin [7]. Regardingthe proce-
dureit is expedientto notethefollowing.

For passive satellitesa moresimpleprocedureis used.
It is efficient sincetheerrorsof orbit determinationand
propagation(for themomentof theobservation)for pas-
sive satellitesvirtually always are essentiallysmaller
thanthedistancebetweenthem.For active satellitesthe
situationis different. Lack of completeinformationon
theperformedcorrectionsleadsto theerrorsin determi-
nationof their parameters(for the time of the observa-
tion) which aresometimescomparableor even exceed
thedistancesbetweencloseactivesatellites.In this case
thedecisionprocedurefor active satellitesprovidesbet-
terqualityof thedecision.

For themostaccomplishedcases,whenthe”alien” satel-
lite is closer to the measurementthan the ”own” one,
correctdecisionis possibleonly onthebasisof eitherthe
dataonthetimeandmomentumof theperformedcorrec-
tionsor additionalinformation.Theadditionalinforma-
tion heremeansthe”brightnesscurves” of the satellite,
which canbe acquiredby someoptical-electronicsen-



sorsduringtheobservationsessions.Currentlysomesta-
tionsalreadyusethis typeof datain correlationprocess.
Our work treatsonly the issuesof track measurements
processing.The issuesof processingnon-trackdataare
beyond thescopeof the work andmustbe subjectedto
specialinvestigation.

It mustbenotedthatsometimesthemeasurementis pro-
ducedby active catalogedsatellitebut thecorrectcorre-
lationdecisioncannotbeachieved.In thiscasethemea-
surement,asa rule,becomesuncorrelatedandentersthe
preliminary trackingprocess.This is characteristicfor
the situationswhen the measurementis acquiredafter
theperformedmaneuverandthedataonthemaneuveris
lacking.

7. ORBIT UPDATING

The correlatedmeasurementis recordedin the archive
of dataon the object: the orbit - in the archive of or-
bits, the marks- in thearchive of marks. After that the
orbitalparametersof thesatelliteareupdated.Thefunc-
tionalminimisedin theprocessof orbit updatingis close
to the functionalusedfor updatingof LEO orbits. The
minimisationprocedureis essentiallysimpler, however.
the explanationis asfollows. On onehand, for theob-
jects in GEO the instability of the perturbationsof or-
bital elementsandthepredictionerrorsaresignificantly
smaller. This situationmakes the problemof estimat-
ing the orbital parametersmore linear and thus , more
simple. On the otherhand, the abnormalitiesin optical
measurementsaremorerarethanin radarmeasurements
andthustheprocedureusedto revealthemcanbemore
simple. Parametersof updatedorbit minimisethe func-
tional

Φ � a�8� M

∑
p� 1

� xp � fp � a���$9#� K p
� K̃ p �;: 1 � xp � fp � a��� � (2)

N

∑
q� 1

� aq � aq � a��� 9 � Kaq
� K̃aq � : 1 � aq � aq � a��� !

wherex1 � x2 �'�$�#�$� xM - areopticalmeasurementswith tim-
ingst1m � t2m �"�#�$�#� tMm, correlatedto certainobject; fp � a	
- functionalrelationshipbetweenparametersof the ob-
servationxp andparametersof thesatellitea; � K p 	 i j 

σ2

xp < i δi j (δi j=0 for i =
 j andδi j=1 for i 
 j), σ2
xp < i - mean

squareof the error of i-th componentxp (i,j=1,2,...,6);
� K̃ 	 i j 
 σ̃2

xp < i δi j , σ̃2
xp < i - meansquareof predictingthe

orbit for the time tpm (for parameterof i-th component
of xp), i,j=1,2,...,6; a1 � a2 �'�$�$�#� aN - orbitalparametersac-
quiredfrom othersourceswith timing t1s � t2s �>�'�$�$�#�(� tNs;
aq

� a� - functional relationshipbetweenparametersaq
andsatelliteparametersa; Kaq - correlationmatrix of
theerrorsfor aq - structurallysimilar to K p; K̃aq - sim-
ilar to K̃ p; � and ? 1 - denotematrix transpositionand
inversionrespectively.

Measurement’s parametersvectorxp is a six-dimensio-

nal vector � Dp � αp � δp � Ḋp � α̇p � δ̇p 	 , resultingfrom orbit
determinationusingthemarksof themeasurement.The
vectora of orbital parametersis seven-dimensionalvec-
tor a 
@� λ̃ � L � p � q � h̃ � k̃ � s	 , whereλ̃ � L � p � q � h̃ � k̃ - orbitalel-
ements(seesection5), s - averagecoefficient of light
pressure.Vectora is referredto the time max� tMm � tNs 	 .
The variancesof the errorsσ2

xp < i of the componentsof
eachmeasurementareobtainedin theprocessof minimi-
sation(alongwith determinationof the primary orbit).
Certainconstantsposethelowerlimits for thecalculated
valuesfor all parametersof themeasurement.Thevari-
ancesof errorsin the componentsof aq (diagonalele-
mentsof matrixKaq) - areconstants,chosenempirically
for eachdatasourceindividually. Diagonalelementsof
matricesK̃ p and K̃aq, characterisingprediction errors
werealsochosenexperimentally. Theresidualsbetween
theobservedandcalculatedvaluesusingtheupdatedor-
bit parametersfor variouscatalogedsatelliteswere the
basisfor the analysis. The result of the analysisare
certainfunctions,chosenfor all the parameters.These
functionsareexpressedby combinationof polynomials,
areequalto zerofor thezeropropagationinterval donot
decreasewith the increaseof propagationinterval. The
ordersof thepolynomialsfor parametersD � δ � Ḋ � α̇ � δ̇ do
notexceedthefirst andfor parameterα - thesecond.The
time interval ∆t 
 max

�
tMm � tNs�2� min

�
t1m � t1s � , usedto re-

trieve the orbitsof passive satellitesfrom the archive is
150-500days.

Prior to updatingthe weightsof the components(coef-
ficientsof the squaresof residualsin Φ � a� ) arechosen
for xp andaq (we will call themmeasurements).This is
fulfilled in thefollowing way. We selectthecomponents
of the”new” (not previously participatedin orbit updat-
ing) measurementswhich have significanterrors,com-
paringwith thethresholdsthe input residuals(theresid-
uals,obtainedprior to updating,in distinctionfrom the
output residuals,obtainedafter minimisationof Φ � a� ).
The weightsof the selectedcomponentsare nullified.
Theothercomponentsof thenew measurementspartic-
ipate in the minimisationwith their weightscalculated
usingEq.2assumingthatthey arenot abnormal.All the
”old” (previouslyparticipatedin theupdating)measure-
mentsare usedwith the weights,obtainedafter previ-
ousupdating,i.e. theweightsof the componentsof the
measurements,which werecharacterisedby significant
residualsduringthelastupdating,arenullified.

After that theupdatingis performed.A classicaldiffer-
ential correctiontechniqueis usedfor minimisationof
functionalEq.2.This techniqueimpliesthatoneGauss-
Newton iteration must be performedin searchof the
minimumof Eq.2.

Theobtainedresultis testedfor reliability. Thesolution
is consideredreliablewhenat leastthreemeasurements,
includingat leastonenew have inscribed(have accept-



ableresidualsfor all parameters)into theorbit.

In casethenew measurementsdid not describeinto the
generatedorbit, theattemptis madeto constructtheup-
datedorbit for ashortertime interval.

8. PLANNING OF THE OBSERVATIONS AND
CALCULA TION OF TARGET INDICA TIONS

This algorithm has no analogyin the maintenanceof
LEO satellitecatalogsincethereis no control of radar
sensorsemanatingfrom theSSC.Theplanningof mea-
surementsis fulfilled by the analyst. The principlesof
planningtheobservationsfor thepurposesof GEOmon-
itoring areasfollows:

1. For passive satelliteswith accuratelydeterminedor-
bit: maintenanceof tracking requires1-4 measure-
mentsperyear, satisfyingtherequirementsby SSC.

2. For passivesatellites,for which theorbit is notdeter-
minedaccuratelyenough:themeasurementis needed
whenthecalculatedvalueof theerrorof positionde-
terminationis comparableor exceedsthe maximal
acceptableerrorof targetindication.

3. For activesatellites:themeasurementsareneededfor
the timeswhenthe changeof the longitudeof satel-
lite projectionor theorbital planeexceedsthelimits,
usualfor the satellite. Suchsituationsoccurin case
of maneuversperformedto transferthesatelliteto the
otherorbit or to thepointwithin GEO.

In additiontheobservationsareplannedwhenlaunches
or emergency situationsoccur.The purposesof satel-
lite identificationusingotherthantrackingdataarealso
takeninto account.

Theplansarepreparedfor eachsensorindividually with
accountof thescheduleof the works,conductedon the
site. Planningthe work of specificsensorthe analyst
usesthe data on the informational capabilitiesof this
sensor, in particular, operationmode(photoor optical-
electronic),penetratingcapability, capacityanda setof
otherfactors,importantfor thework.

Selectionof the satellitesis fulfilled on the basisof the
catalogof the objectswhich will residein the field of
view of thesensorduring theanticipatedinterval of ob-
servations. This catalogis calledpartial catalog. The
satellitesin the partial catalogareprioritisedaccording
to theabovementionedprinciples.Prioritiesof different
groupsof satellitesmaybedifferentfor differentworks
andthereforetheanalystcanchoosetheclassof objects,
interestingfor particular job (for example,only active
satelliteswith somepropertiesor passive satelliteswith
pooraccuracy of currentorbit determination).

The following typesof dataon the selectedobjectscan

be forwardedto optical-electronicsensor:either target
indicationsfor individualsatellitesor partialcatalogsfor
certainspacedomains. The photo sensorreceives the
spatialzones,wheretherequired(for SSC)satellitesre-
side. The SSCmay not needall the satelliteswithin
thesezones.However, underthe favourableconditions
the sensorwill acquirethe measurementsof all objects
presentin thephotoplate.

Let usdiscussthealgorithmfor calculationof target in-
dicationsandpartial catalogs.For passive satellitesthe
algorithm is reducedto propagationof the parameters
of the satelliteandrequiredtransformationinto agreed
form. For active satellitesthe propagationis also ful-
filled, but the obtainedvaluesof parameters̃λ � p � q are
replacedby the valuesproviding that the longitudeof
satelliteprojectionλ andorbital inclinationi for thetime
of theobservationtob will beequalto anticipatedfor this
satellitevaluesλ̂ � tob	 and î � tob	 . Theestimationŝλ and
î areobtainedusingaveragingor approximatingof the
archivedata.

9. PRELIMIN ARY TRACKING

After theprocessingof measurementssomeof themmay
remainuncorrelatedwith thecatalogedsatellites.These
measurementsare incorporatedinto the catalogasnew
objectsfor whichtheprocessof preliminarytrackingbe-
gins.

In the courseof preliminary tracking the object is un-
der the permanentcontrol of the analyst. This analysis
mayleadto thefollowing decisions:theobjectis identi-
fied with thesatellitealreadypresentin thecatalog; the
objectis consideredunreliableandis removedfrom the
catalog; the object is acceptedasa new one,not cata-
logedpreviously.

In the later casesatellite identification is fulfilled, i.e.
its origin (internationaldesignator)mustbedetermined.
Thenthepreliminarytrackingis finishedandthesatellite
is transitionedto regular tracking, the basicaspectsof
which aredescribedin sections5-8. Let usconsiderthe
operationsof theanalyst.

1. The interactive program,calculatingthe approaches
of thesatelliteto any catalogedobjectwithin certain
time interval is usedfor identification.Theprinciples
of suchprogramaredescribedin [8]. The resultsof
the calculationssometimesallow to fulfil the orbital
identificationfor thecasesof maneuvers,evenwhen
thedataon themaneuverarenot available.

2. Whenany data,receivedandprocessedby the SSC,
caninfluence(accordingto theanalyst)the”destiny”
of preliminarytracked satellite,the attemptto iden-
tify this object with the other onesis made. The
interactive versionof the measurement-satellitecor-



relationprogramis used. Sometimesthe attemptis
successful.Let usconsiderthetypical situation.The
SSCreceivedthemeasurementonthesatellite,which
performeda maneuver. Themeasurementis received
at thetime,whenthesatelliteis alreadyratherfar (re-
gardingthelongitude)from thepoint of its residence
prior to the maneuver. For the momentof process-
ing this measurement,no informationon themaneu-
verwasavailablefor theSSC.Thusthemeasurement
remaineduncorrelated.Sometime later theSSCre-
ceivesthe dataon the maneuver. Thenthe repeated
run of the correlationprogramin interactive mode
leadsto therequiredidentification.

3. Target indicationsare forwardedto the optical sen-
sorson preliminary tracked satellitesto confirm the
existenceof the satellite in orbit. In casewe can
not manageto identify the objectwith the cataloged
satellitesbut its residencein orbit is confirmedby at
leasttwo sensors,theobjectis consideredto beanew
satellite.

4. We will not treat the procedures,usedfor complete
identificationof new satellitessinceratheroftentheir
essenceis not within thescopeof orbitalmonitoring.
We will just note that for satelliteidentificationthe
non-trackdataof optical sensorsareusedaswell as
the dataon satellitecoordinates.Thedatafrom other
sourcesof informationareusedalso.

10. RESULTS OF TRIAL OPERATIONS

We will considersomeof the resultsobtainedduring
testingandtrial operationsof the describedcomplex of
thealgorithmsfor orbitalmonitoringof GEOsatellites.

1. Real errors of orbit determinationand propagation
arethebasiccharacteristics,sincethey determinethe
overallperformanceof thecatalogmaintenancealgo-
rithm andthecharacteristicsof its components.The
techniqueusedfor assessmentof real errorsof orbit
determinationandpredictionis asfollows. For each
passivesatellitetheresidualsbetweenits lastupdated
orbit andall thearchiveorbitswerecalculatedfor the
interval of 4 years.Thedistributionsof theseresidu-
als for all passive satellitesin the catalogwerecon-
structedfor 15propagationintervalstpr (0 A 100days,
100A 200daysetc.).Thepercentilesfor thedistribu-
tions of absolutevaluesk0 B 5, k0 B 8 andk0 B 9 werecalcu-
latedfor thelevels0.5,0.8 and0.9. Table1 presents
the resultsfor theparameter̃λ. This is theupperes-
timation of the real errorsalongthe track of a satel-
lite, i.e. the maximalerrorsin determinationof the
predictedposition of the object. With the increase
of propagationinterval thisestimationapproachesthe
estimationof realerrors.

Table 1. Predictedposition errors

tpr (days) k0 B 5 (deg) k0 B 8 (deg) k0 B 9 (deg)

0A 100 0.016 0.035 0.050
100A 200 0.015 0.033 0.047
200A 300 0.016 0.035 0.058
300A 400 0.014 0.031 0.065
400A 500 0.019 0.047 0.085
500A 600 0.038 0.090 0.17
600A 700 0.052 0.14 0.22
700A 800 0.080 0.18 0.32
800A 900 0.10 0.27 0.40
900A 1000 0.13 0.30 0.43

1000A 1100 0.16 0.39 0.62
1100A 1200 0.20 0.49 0.70
1200A 1300 0.22 0.50 0.75
1300A 1400 0.26 0.60 1.0
1400A 1500 0.30 0.70 1.3

Onecanseefrom Table1: for predictionintervalsup
to 500 daysthe errorsof position determinationdo
not exceed1 arcminute(12 km in linearvalues)for
50%of thecases;for predictionintervalsup to 1500
daystheerrorsdo not exceed0.3C (190km) for 50%
of thecases;for 80%(90%)of thecasestheerrorsare
2-2.5(3-4) timesgreaterthanfor 50%of thecases.

2. The main characteristicof the programof primary
determinationof orbits is theshareof measurements,
for whichthereliableorbit canbegenerated.Now we
haveachievedvirtually 100%level for automaticpro-
ducingreliableorbitsonthebasisof measurementsof
optical-electronicsensors.For thephotosensorsthis
parameteris lower. The major obstacleis the pres-
enceof marksfrom differentobjectsin themeasure-
ment.

3. Correlation of measurements with the cataloged
satellitesis characterisedby the shareof the corre-
latedmeasurements.The resultsof dataprocessing
in recentyearsyield that91%of ”satisfactory” mea-
surementsarecorrelatedautomaticallyandadditional
7% of thesemeasurementsare correlatedusing au-
tonomouswork. Thus, approximatelytwo percent
of ”satisfactory”measurementsbecomeuncorrelated.
Themeasurementis considered”satisfactory” in case
it containsnot lessthantwo markswithin theinterval
not lessthantwo minutesandthe reliableorbit was
generatedon its basis.Usingonly this measurement
it is possibleto determinenot lessthan four orbital
parametersoutof six with accuracy, sufficientfor cat-
aloging.

11. CONCLUSIONS

1. Developmentof thecomplex of algorithmsfor main-
tenanceof thecatalogof GEOsatellitesincorporatedall
the experienceof solving this task for LEO satellites.



Thusasimpleandefficient systemwascreated.

2. The initial data,i.e. thecharacteristicsof thesensors
andthesatellitesdeterminethestructureof catalogmain-
tenancealgorithms.Themostimportantarethefollow-
ing distinctive featuresof initial datafor GEOobjects:

a. opticalprincipleof dataacquisition,

b. possibilityto controlthesensorsfrom theSSC,

c. low averagedensityof GEOsatellitesandtheflux of
measurements,

d. low effect of unstableperturbationson themotionof
satellites,

e. significantlygreaternumber(absoluteandrelative)of
satellites,performingorbital maneuversandcorrec-
tions.

3. Similar to LEO region, several essentiallimitations
for the rangeof observed parameters,the rate and ac-
curacy of the observationsexist for GEO satellitesas
well. Thereforethe catalogmaintenancealgorithmuse
all availabledatawhich is storedin ”historical” archives
andthustheinformationallossesarenot too high.

4. The employed programfor predicting the motion
of passive satellitesof GEO domainhasacceptableac-
curacy characteristicsand very high computationrate.
Thus the processof tracking and detectionwas essen-
tially simplified comparedto similar processfor LEO
satellites.
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