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Abstract:Atechniquefortestingspaceobjectreceiversusingglobalnavigationsatellitesystem(GNSS)signalsimulatorofthe
navigationfieldisproposed.Itsstructureconsistsoftwoblocks whichallow synthesizingthescenarioofreciprocal
displacementofthereceiverrelativetonavigationsatellitesandtheirsignals.Inthefirstblock,accordingtotheknown
coordinatesofthereceiverwhicharespecifiedintabularformoranalytically,thedistancesbetweenthereceiverandthe
navigationsatellitesarecalculatedaswellastheirrelativevelocities.Accordingtothesedata,thesecondblocksynthesizesthe
signalsofnavigationaltravelerswiththespecifiedcharacteristicswhicharetransmittedviatheairorcablewithagiven
attenuationtothereceiver.Thisallowstestingontheearthreceiversforairplanesandspaceobjectsunderdifferentscenariosof
theirmovement,whichnotonlyreducestheriskofproblemsduringtheflight,butalsoavoidssignificanteconomiccosts.
Basedonrealdataobtainedbyapproachingtwospacecraftusingasimulator,thereceiverwastested,whichshowsthepromise
oftheproposedtechnology.
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0 Introduction
 Thedevelopmentofnavigationsystemsforspace
objectsmustendwiththeirtesting.Duringthecrash
oftheProton-MspacecraftonMay16,2014,oneof
theversionsofthecausedaccidentwasthereversed
polarity ofthe windingin the angular velocity
sensor.Theultimateversionofthecausedaccident
rejectedthisassumption.Suchsituationwouldnot
ariseifintheconditionsofpreparationforlaunchthe
navigationsystemwastested.Toperformtestingof
navigation systems in difficult conditions,the
simulationtechnologyfordynamicofobjectsusing
theglobalnavigationsatellitesystem (GNSS)signal
simulatorareused[1-2].Thetechnologywasdescribed
earlierforsea,landandairobjects[3-4].Fundamental
differencesoftechnologiesforspaceobjectsdonot
exist.Atthesametime,therearefeaturesassociated
withhighspeedforcarriersofthereceivingdevices.
Thecomplexityandoftentheinabilitytodevelop
signalprocessingalgorithmsforreceiversinstalledin
spaceobjects,innaturalconditionsmakeiturgentto
develop GNSSsignalsimulators.Thesimulation

scriptsoftwareisdesignedtopreparethescripting
environment.

1 DescriptionofGNSSsignalsimulator
 GNSSsignalsimulatorisdesignedtosimulatethe
movementofsatellitenavigationequipmentinthe
navigationfield,whichisgeneratedbyradiosignals
fromsatellitenavigationsystems,includingglobal
positioningsystem(GPS),Russianglobalnavigation
satellitesystem (GLONASS),European global
navigationsatellitesystem (GALILEO),andwide-
band differential subsystem satellite-based
augmentationsystem(SBAS).
 GNSSsimulatorisusedforsuchaspectsas:
 1)Researchofsignalprocessingtechniquesof
satellitenavigationsystems(SNS);
 2)Controlandverificationofperformanceof
satellitenavigationreceivers;
 3) Certification tests of satellite navigation
receivers;
 4)Simulated movementofonboardequipment
(land,sea,air,space);
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 5)Trainingonthesubjectofsatellitenavigation.

1.1 Principleofoperation

 The GNSS simulatoris a 32-channelcarrier
frequencygenerator.Carrierfrequencyparameters
canbesetbythesoftware.Theoperatorhasthe
abilitytomodifythesoftwareforhisownneeds.
This process is called “creating a simulation
scenario”.

1.2 Parametersofcarriersignals

 ThevaluesoffrequencyforchannelsL1,L2,L5,
E5aandE5bfromGLONASS,GPSandGALILEO
areshownin Tables1-3.Table 4 showsthe
characteristicsofthereferencegeneratorusedto
generatehigh-frequencysimulatorsignal.

Table1 ChannelfrequencyvaluesforL1andL2(GLONASS)

L1(MHz) L2(MHz)

-7 1598.0625 1242.9375
-6 1598.6250 1243.3750
-5 1599.1875 1243.8125
-4 1599.7500 1244.2500
-3 1600.3125 1244.6875
-2 1600.8750 1245.1250
-1 1601.4375 1245.5625
0 1602.0000 1246.0000
1 1602.5625 1246.4375
2 1603.1250 1246.8750
3 1603.6875 1247.3125
4 1604.2500 1247.7500
5 1604.8125 1248.1875
6 1605.3750 1248.6250
7 1605.9375 1249.0625
8 1606.5000 1249.5000
9 1607.0625 1249.9375
10 1607.6250 1250.3750
11 1608.1875 1250.8125
12 1608.7500 1251.2500
13 1609.3125 1251.6875

Table2 ChannelfrequencyvaluesforL1,L2andL5(GPS)

L1(MHz) L2(MHz) L5(MHz)

1575.42 1227.60 1176.45

Table3 ChannelfrequencyvaluesforGALILEO
L1(MHz) E5a(MHz) E5b(MHz)

1575.42 1176.45 1207.14

Table4 Maintechnicalcharacteristicsofreferencegenerator

Characteristic Value

Frequency(MHz) 10,0
Maximumrelativeerrorduringtheyear,

nomorethan
±2.0×10-8

Maximumrelativefrequencyvariation
duringaday,nomorethan

±1.0×10-10

Allanvarianceat1s,nomorethan 2.0×10-12

Timeofthefrequencysettingwitharelative
errorof1.0×10-8afterturning,nomorethan

5min

1.3 StructureofGNSSsimulator

 Takingintoaccounttheabovefrequencyvalues,
theparametersofcarrierfrequenciesoftheGNSS
simulatoraremanaged.Fig.1showsitssimplified
structure.

Fig.1 StructureofGNSSsimulator

 Thecontrolcomputeronthecircuitthatperforms
theGNSSsimulatorcommunicationfunctionwiththe
satellitenavigationreceiveroperatesaccordingtothe
simulatorsignals.Itisalsousedtodevelopandtune
simulationscenarios.Thecreatedandconfigured
scriptinthecontrolcomputeriswrittentocompact
flash,andthentransferredtothebuilt-incomputer.
Theoperatorusesthekeyboardofthesimulatorto
selectthedesiredoperatingmodeonthedisplayand
runthesimulationscriptforexecution.Thebuilt-in
computerhasprogrammaticaccesstogeneratorsof
synthesizers,modulatorandattenuator.Duetothis,
softwarecontroloftheparametersofthenodesis
implemented,which ensurestheformation ofa
microwave signal corresponding to the given
movement scenario of the receiving equipment
carrier.Simplifiedcontrolprocessforonesimulation
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channelisshowninFig.2.

Fig.2 Controlofchannelsimulator

 Thegeneralviewofthespeciallydevelopedby
LLC“Navis-Ukraine”(Smela)simulatorofGNSS
signalsisshowninFig.3.Satellitereceivers(except
forspecialapplications)havealtitudeandspeed
limitations.Satellitereceiversforspaceapplications
mustoperateinconditionsthatexceedthelimitation
requirements.

Fig.3 Signalsimulator:1isPC withthesoftwarefor
creatingscenarios,2issimulationblock

2 Simulationandresults
2.1 FeaturesofGNSSsimulationscenarios

whileapproaching of highly dynamic
objects

 Themovementofhighlydynamicobjectsinnear-
earthspaceischaracterizedbysomepeculiarities
regardingtotypicalkindsofobjectsmovementonthe
arthsurfaceandintheair.Suchfeaturesinclude
rapidchangeofworkingconstellations,presenceof
GNSSspacecraftsignalswithnegativeelevationangle
values,increasedDopplerfrequency,andataltitudes
over300kmabovetheearthlevel,possiblereception
ofantipodesatellitesintheGLONASSsystem.
 Thepreviouslydevelopednavigationsystem of
nanosatellitePOLYITAN-1wastestedonsimulation
scenariosfororbitalmotion.Allthefeaturesinthe
requirements were taken into account and the

simulationscriptwasbuiltforacompleteturnover
aroundtheearth.Thesituationofconvergenceof
spaceobjectsismuchmorecomplicatedduetothe
factthatthesimulationscenarioisformedfortwo
materialpointsofspace.Theprimarytaskistoform
thetrajectoryofthemotionoftwoorbitalobjects,
whichmutuallyconverge.Convergenceanddocking
ofobjectsinnear-earthorbitisacomplexmaneuver
thatcanbeperformedinseveralways:usingorbital
phasingandusingalow-costtransienttrajectory.
Phasingoftheorbitisthelatitudeargumentchanging
ofthespacecrafttobringitintothedockingorbit.
Currently,theconvergenceanddockingofspacecraft
arecarriedoutwithouttheuseofGNSStechnology.
Anexampleisthedockingof mannedspacecraft
“Soyuz”withtheInternationalSpaceStation(ISS).
Duringthemovementonthethirdandfourthturns,
theshipreceivestwopulsesfromitsengines,whileit
istransferredtotheorbitofphasing.Onthisorbit,
thetransportshipisbelowtheISSandcatchingup
withthestation.Forthispurpose,17and18turns
receivelong-rangeapproachingimpulseandthenat
30-31circulation-thefinalimpulseoflong-range
approaching.Afterthis,thenecessarymanipulations
forthedirectdockingofobjectsarecarriedout.

2.2 Simulationofmotionscenarioforsingle
andgroupofobjectsinspaceandtheir
docking

 Modelingthemovementofobjectsinspacebegins
withthesimulationofthemotionorbits.Forthis
purpose,formulaortabulardataareused.Itbased
onlawsof Kepler’scelestial mechanics[1].The
developmentof motionscenariosforoneortwo
objectsinspacedoesnotdifferinessence.Inboth
cases,itisnecessaryatfirsttoformamathematical
modeloftheorbit[1-2].Withamathematicalmodelof
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motioninorbit,atechnicaltaskisdevelopedforthe
simulationscenario.According tothe developed
scenarios,specialized GNSSreceiversdesignedby
LTD “Navis-Ukraine”(CH-4706andRNPI)were
tested.ReceiverCH-4706isthesingle-frequencyL1
GPSandL1GLONASS,andreceiverRNPIisthe
two-frequencyL1/L2GLOGASSandL1GPS.The
testingofreceiversforeachofthescenarioswas
carriedoutbycomparingthecurrentcoordinates,
timeandspeedparametersobtainedfromtheGNSS
receiverswhentheyarefedwithsignalsfromthe
simulatorofthenavigationsituationforthegiven
scenariowiththepredictedscenarios.Forthis,the
GG HUNTER scripting environmentsoftwareis
used.Theprogramislocatedoutsidethesimulation
block,in the PC.It receives simultaneously
informationfrom thesimulatoraboutthecurrent
passageofthecontrolpointsofthescenario,aswell
asinformationfromtheGNSSreceiver.Sincethe
accuracy characteristics for the simulator are
metrologicallyattestedandanorderofmagnitudeis
better than the same characteristics of GNSS
receivers,such verification makesitpossibleto
comparedataandtoobtainnotadeviationsbutan
error.Worksthatwereconductedearlieranddidnot
haveorbitaldynamicparametersrepeatedlyconfirmed
theaccuracycharacteristicsofGNSSreceivers.Table
5showsthedataonwhichscenariosweredeveloped
forsimulatingtheapproachoftwospaceobjects.

Table5 Parametersforthedevelopmentofsimulationscenario
forconvergingoftwospaceobjects

Parameter Value

Assignmentmethod Tabularmethod
Systemtype GLONASS,GPS

Channels
L1GLONASSCTcode,
L1GPSC/Acode

Duration Nolessthan300min
Ionosphericinfluence Absent
Troposphericinfluence Absent
Multipathinfluence Absent

Altitudeandspeedlimits Absent
Parametermonitoringperiod 1s
Formofobjectrepresentation Materialpoint

Object Spacecraft
Parameters Advanced
Altitude From1to8000km
Speed From0to14000m/s

Acceleration From0to500m/s2

Dash From0to500m/s3

Antennadirectivitydiagram Spherical

 Totestthescenarioandtheoperationofthe
navigationequipment,thereceiversused wereas
follows:

 1)ReceiverCH-4706withsoftwareversion4706k
03.21from08.15.2014;
 2)ReceiverRNPIwithsoftwareversionfgcim
01.03from26.08.2009.
 TheaccumulationperformedbyNationalMarine
ElectronicsAssociation(NMEA)protocol,andtemp
ofthesolutionsfornavigationtaskbyreceiversis
10Hz.For accumulation,the current distances
betweentheobjectswerecalculated.InFig.4,a
graphofthechangeinthedistancebetweentwo
objectsinorbital motionaccordingtodatafrom
receiversisshown.Theminimumdistancebetween
theobjectsis1061.515m.

Fig.4 Dependenceofdistancebetweenrealobjectsinspace

 InFig.5,thedifferenceindistancesbetweentwo
objectsforthe planned scenario andthe actual
obtainedresultsisshown.Thediscrepancyisfrom
-40mto +43mintheentirerangeofdistances
betweenconvergingspaceobjectswasobtained.

Fig.5 Differencebetweenscenarioandactualdata

2.3 Checkingforerrorsinthesimulatorfor
variousoperatingmodes,differentranges
of altitude and speed of objects
convergenceinspace

 Todeterminethesourceofreceiverlocationerrors
in space objects ofthe realsource data from
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“Yuzhnoe”DesignBureau,foursimulationscenarios
differingflightdynamicsparameters wereformed
additionally,asshowninFig.6.Moreover,inthe
firstscenario,twovariantsoftherateofissuing

decisionsof10msand100mswereconsidered.It
wasusedtotesttheequipmentandtodeterminethe
effectonmeasurementerrorsofvariousparameters.
TheobtainedareshowninTables6-9.

Fig.6 Behaviorofhorizontalvelocity

Table6 Resultsofestimatingtheparametersfor1scenarioandtheratesofissuingofsolutionper10ms/100ms

ReceiverCH-4706

Mean RMS

RNPI

Mean RMS

Latitude(m) 0.263/0.406 2.139/1.829 0.216/0.179 1.426/1.696

Longitude(m) -0.811/-0.786 0.336/0.263 -0.080/0.099 0.323/0.342

Altitude(m) 1.826/1.616 2.651/2.436 2.351/2.509 3.063/2.923

Velocity(m/s) 2.599/2.547 2.214/2.026 2.417/2.590 2.347/2.333

Table7 Resultsofestimatingtheparametersfor2scenarioand
theratesofissuingofsolutionper10ms

ReceiverCH-4706

Mean RMS

RNPI

Mean RMS

Latitude(m) 0.610 0.849 0.253 0.833

Longitude(m) -0.533 0.170 0.091 0.324

Altitude(m) 3.802 4.147 2.276 2.726

Velocity(m/s) 0.178 1.344 0.144 1.273

Table8 Resultsofestimatingtheparametersfor3scenarioand
theratesofissuingofsolutionper10ms

ReceiverCH-4706

Mean RMS

RNPI

Mean RMS

Latitude(m) 0.285 1.552 0.326 0.573

Longitude(m) -0.767 0.245 -0.103 0.254

Altitude(m) 1.518 2.342 2.161 3.130

Velocity(m/s) 2.776 1.876 2.606 1.900
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Table9 Resultsofestimatingtheparametersfor4scenarioand
theratesofissuingofsolutionper10ms

ReceiverCH-4706

Mean RMS

RNPI

Mean RMS

Latitude(m) 0.483 0.118 0.255 0.290
Longitude(m) -0.612 0.118 -0.043 0.253
Altitude(m) 3.193 4.000 2.298 2.767
Velocity(m/s) 0.170 0.172 0.165 0.208

 Thefollowingdesignationsareused:Meanis
mathematical expectation, RMS is standard
deviation.Whenassessingtheperformanceofthe
CH-4706 and RNPI receiversin the developed
scenario,thedeviationofthespeeddatareachesthe
valuesgreaterthan2m/s,whichismuchworsethan
thecharacteristicsofthereceivers.Thedeviationof
thecoordinatesiswithinthelimitsoferrors.For
suchascenario,theflighttrajectoryofamissileis
almosttheentireflightwithahorizontalvelocityof
about750m/s(exceptfortake-offandfallsections).
Attheendoftheflight,thehorizontalvelocity
ejectedisupto1 331 m/s.Inthiscase,the
accelerationoftheverticalcomponentacts.
 InassessingtheresultsofthereceiversCH-4706
and RNPI,accordingtothedevelopedscenario,
deviationsinthespeeddatareach1.34m/s.With
thisversionofthetrajectory,almostthewholeflight
passesatahorizontalspeedoflessthan9m/s.At

theendoftheflight,thehorizontalvelocityis
releasedto1138m/s.
 InassessingtheresultsofthereceiversCH-4706
and RNPI,accordingtothedevelopedscenario,
deviationsinthespeeddatareach1.9m/s.Withthis
versionofthetrajectory,almostthewholeflight
passesatahorizontalspeedoflessthan800m/s,
excludingtheareasoftake-offandfall.
 Inthisversionoftherocket’strajectory,almost
thewholeflightpassesatahorizontalspeedofabout
52m/s,excludingtheareasoftake-offandfall.
 Ingeneral,itcanbenotedasthesatisfactory
resultsofbothreceiversforallfourscenariosof
rocketmotion.

2.4 Program moduleofGNSSsignalsimulation
scenarioforlowdynamicspaceobjectsduring
docking

 Thesimulationscenario wascreatedforstop
mode,thelengthofthebaselineinthescenariowas
laidat2.00m,andtheazimuthis45°.Thescenario
durationisapproximately65min.Thefollowing
resultsareintheformastheyaregeneratedbythe
program“Saturn”.
 Tables10-11showthattheerrorsregardingthe
scenarioparametersobtainedbycodemeasurements
aremuchhigherthanthatforphasemeasurements.

Table10 Codesolution

Direction(1t>2t)

X (m) RMS(m) Z(m) RMS(m)

Baselinelength(2.8737m)

Y (m) RMS(m) Azimuth Excess(m)

-2.4107 0.0184 1.5345 0.0264 0.3031 0.0157 32°10'58.6560 -0.0713

Table11 Phasesolution

Direction(1t>2t)

X (m) RMS(m) Z(m) RMS(m)

Baselinelength(2.8737m)

Y (m) RMS(m) Azimuth Excess(m)

-1.6562 0.0002 0.9254 0.0001 0.6362 0.0001 44°59'20.9631 0.0010

 Asaresultofthework,itwasnotpossibleto
obtainafixedsolution,butonlyafloatingone.
 However,theerrorsofthefloatingsolution,as
canbeseenfromTable11,aresatisfiedforsolving
technicalproblemsintheorientationofspaceobjects
duringdocking (1 mm alongthelength ofthe
baselineand0.79angular minutesinazimuth).
Technically,thetaskwasaccomplished,butthelack
of a fixed solution does not yet provide an
opportunitytomoveontothenextstagewhichisthe
developmentandtestingofascenarioforconnecting
highlydynamicobjects.

3 Discussion
 AccordingtoRefs.[3-4],afloatingsolutionisthe
initialsolutionofphaseambiguity.Withthemethod
ofleastsquares(MLS),anon-integersolutionof
phase ambiguities is searched. The solution
simultaneously contains corrections to the
coordinates and ambiguities of the phase
measurements.Thefixedsolutionisthefinalstage
ofsolvingthephaseambiguity.Atthisstage,an
integernumberofphasecyclesiscalculatedbasedon
thefloatingsolution,aswellasthephasefraction
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valuesthatGNSSreceiversmeasure.Unfortunately,
inpractice,eventakingintoaccountthehardware
capabilities,severalvariantsoftheintegersolution
are possible.To find thetrue solution,priori
informationaboutphasemeasurementsatthesecond
frequency L2, knowledge of the baseline and
informationfrominertialnavigationsystems(INS)
areused.Inrecentyears,fortranstiontoaninteger
solution,theLambdamethodhasbeenused,which
usesdecorrelationoftheoutputdata(thefirstand
secondphasedifferencesarecorrelated)andprovide
solutionsin theform ofsomeinteger sets of
ambiguitiesthataremostsuitablefortheresulting
floatingsolution.Therecanbemanyofsuchsets.
Thecontrastofafixedsolutionistheratioofthe
root-mean-squareerrorsoftheresidualdeviationsof
thephasemeasurementsobtainedbysubstitutingtwo
integersetsintheoutputdatathatgivethebest
mean-squareestimates.Thecriterionforafixed
solutionhasathresholdcontrastvalueofatleast2.

4 Conclusions
 Thecreatedsoftwarecontrollednavigationfield
simulatorallowssynthesizingGNSSsignalsatthe
receiverlocation.Thisprovidesthepossibilityofits
testingontheearthforvariousscenariosofthe
motionofitscarrier.Especiallyitsusinginthe
developmentofreceiversandtheirsoftwareforspace
objectsisrelevantwhenthedevelopmentoftechnical
solutionsinvolvesalotoftechnicalproblemsand
significanteconomiccosts.Theprocessingoffilesof
severalrealscenariosofspaceobjectsmotionmakes
itpossibletoestimatetheerrorsoftheorbitpassage
parametersandtoformageneralapproachtothe
technology oftesting the navigation systems of
spacecraftinthelaboratory.Also,testingshowsan
unpredictablylargespeederrorinstandard GNSS
receiversfor large vertical accelerations of the
carrier.Theobtainedresultsserveasastartingpoint
fortheinvestigationoftheDopplersignaltracking
ringsinGNSSreceiversinordertolocalizethesource
ofincreasederrorsinvelocity.Theresultsofthe
experiments allowed to formulate the following
conclusions:
 1)Forallfourscenariosofmotion,thereareno

unacceptablylargeerrorsinthecoordinates.The
errorinthecoordinatesisobtainedlessthanthe
technicaldocumentationofthereceivers.
 2)Forallfourscenariosofmotion,thereisalarge
errorindeterminingthespeed.Excessreachesupto
twoordersofmagnitude.
 3)Themagnitudeofthespeeditselfdoesnothave
adecisiveinfluenceonthespeederror.Adecreasein
speedbyanorderofmagnitudereducestheerrorin
estimatingthespeeditselfbyafactorof2.
 4)Thepresenceofaverticalcomponentofthe
velocity,especiallyverticalacceleration,makesa
significantcontributiontothevelocityerroroverall.
 5)Relativelysmallvaluesofthecoordinateerrors
indicatethatthevaluesfrom Fig.5areduetothe
inaccuracyoftheforecastscenariorelativetothe
actuallocationoftheobject.Thefinaldecisiononthe
scenarioshouldbetakenbasedontheresultsof
testingandnotaccordingtotheforecast.
 6)Asignificanterrorincreaseinestimatingthe
speedisevidentlyfromthefactthat,dependingon
theimplementationofDopplerfrequencyfilteringand
thedeterminationofobjectspeed,the weighting
factorsforverticalspeedandverticalacceleration
require correction. The development for most
receivers,includingforaviationpurpose,wascarried
outatlowverticalspeedsandacceleration.Atthe
sametime,spaceobjectsischaracterizedbythe
presenceoflargeverticalaccelerations,especially
whentheystart.
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基于GNSS信号模拟器的地球条件下
空间物体接收器的测试
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摘 要: 提出了一种利用导航场GNSS信号模拟器对空间物体接收器进行测试的技术。其结构由两大模块

组成,用以合成接收器与导航卫星的相对位移的场景及信号。在第一个模块中,根据已知的以表格形式或分

析方法得到的接收器坐标,计算出接收器与导航卫星之间的距离以及它们的相对速度。根据这些数据,在第

二个模块中,将导航旅行者信号和特定特征进行了合成,这些信号通过空气或电缆传输,到达接收器有一定

的衰减。这允许在不同的运动场景下对飞机和太空物体的地面接收器进行测试,既降低了飞行过程中出现

问题的风险,又可以避免巨大的经济成本。利用模拟器接近两艘宇宙飞船获得的真实数据对接收器进行了

测试,展示了所研究技术的前景。

关键词: 全球定位系统(GPS);俄罗斯全球导航卫星系统(GLONASS);全球导航卫星系统模拟器;卫星导

航系统(SNS)
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