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Abstract:Thespacetargetimagingisimportantinthedevelopmentofspacetechnology.Duetotheavailabilityof
trajectoryinformationofthespacetargetsandthearisingofrapidparallelprocessinghardware,thebackprojection
(BP)methodhasbeenappliedtosyntheticapertureradar(SAR)imagingandshowsanumberofadvantagesas
comparedwithconventionalFourier-domainimagingalgorithms.However,thepracticalprocessingshowsthatthe
insufficientaccuracyofthetrajectoryinformationresultsinthedegradingoftheimagingresults.Ontheother
hand,theautofocusingalgorithmsforBPimagingarenotwelldeveloped,whichisabottleneckfortheapplication
ofBPimaging.Here,ananalysisoftheeffectoftrajectoryerrorsonthespacetargetimagingusingmicrolocal
technologyispresented.Ouranalysisprovidesanexplicitquantitativerelationshipbetweenthetrajectoryerrorsof
thespacetargetandthepositioningerrorsinthereconstructedimages.Theexplicitformofthepositionerrorsfor
sometypicaltrajectoryerrorsisalsopresented.Numericalsimulationsdemonstrateourtheoreticalfindings.The
measuredpositionerrorsobtainedfromthereconstructedimagesareconsistentwiththeanalyticerrorscalculated
byusingthederivedformulas.Ourresultswillbeusedinthedevelopmentofeffectiveautofocusingmethodsfor
BPimaging.
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0 Introduction

Conventionalinversesyntheticapertureradar
(ISAR)imagingusesrange-Doppler(RD)meth-
od,in whichasimplefastFouriertransform
(FFT)isappliedinthecross-rangedimensionto
achievethecross-rangeresolution.TheRDmeth-
odworksundertheassumptionsofplanewave-
frontandsmallrotation-angleinthecoherentpro-
cessinginterval(CPI)[1].Motioncompensation
includingrangealignmentandphasecompensa-
tionisnecessarybeforetheFFTincross-rangeto
removethetranslationalmotioncomponentbe-
tweenthetargetandtheradar.ThisFFT-based
imagingmethodbecomesinvalidifthetargetun-
dergoesalargerrotationrelativetotheradarac-

companiedby migrationthroughresolutioncell
(MTRC)[1-3].

ManyliteraturesforISARimagingofspace
targetshaveappeared[4-9].Inspacetargetima-
ging,thetrajectoryinformationofspacetargets
isalwaysavailable.Thetargetsmostlyundergo
stationarymotion.Thisinfactenablestheappli-
cationsofthepolarformatalgorithm(PFA)[10,11]

andback-projection(BP)[12-14]imagingmethodto
integratelongerdatathanconventionalRDmeth-
od,andhenceobtainhigherimageresolution.As
comparedtoRDandPFA,theBPimagingmeth-
odhasseveraladvantages:(1)itdoesnotneed
motioncompensationrequiredbyRDalgorithm;
(2)itdoesnotneedtheassumptionofplane
wave-front;(3)itisapplicabletoarbitrarytraj-



ectoriesandimaginggeometries;(4)itcanbe
implementedefficientlyexploitingparallelpro-
cessingandhighspeedhardware,e.g.graphic
processingunit(GPU).Inthispaper,wearein-
terestedinperformingtheimageformationof
spacetargetsusingBP methodwiththeknown
trajectoryinformation.

Duetothelimitedaccuracyofthetrajectory
data,theerrorsinthetrajectorymayleadtomis-
positioningandsmearingofthespacetargetin
thereconstructedimage.Weprovideananalysis
oftheeffectoftrajectoryerrorsontheimagere-
constructionandusethemicrolocalanalysistoget
explicitexpressionsofthepositioningerrors.The
resultsshowtherelationshipbetweenthepositio-
ningerrorsandthetrajectoryerrors,andthede-
pendencyofthepositioningerrorsonthespace
targettrajectory,theflyingvelocityofthespace
target,etc.Wespecifythepositioningerrorsdue
totrajectoryerrorsforsometypicaltypesoftraj-
ectoryerrors.Numericalsimulationsareper-
formedtodemonstrateouranalysis.Ourresults
canbeeasilyextendedtothebistaticISARima-
gingcase.Theapproachforanalyzingthepositio-
ningerrorsduetospacetargettrajectoryerrorsis
initiallypresentedinourpreviousconferencepa-
per[15].

1 ISARImagingPrinciples

TheISARimagingfromtheperspectiveof
BPtheoryisbrieflydescribedinthissection.

ThereceivedsignalofISARisgivenas

d(s,t)=∫e-jω t-R(X(s))
c( )
0 A(X(s),ω)T(X(s))dωdX(s)

(1)

wheretdenotesthefasttime,stheslow-time,c0
theelectromagneticwavespeed,ωtheangular
frequencyofthetransmittedwaveform,X(s)the
coordinatesofthescatterersonthetarget,and
T(X(s))thetargetreflectivity.Thesdependency
ofthescattererpositionaccountsfortheposition
changeasthespacetargetfliesalongthetrajecto-
ry.Notethatthestop-goassumptionisusedin
Eq.(1),whichisvalidforthecasesofpulsed
transmittedwaveformandlittleradialmotionex-

istingbetweenthespacetargetandtheradar.
A(X(s),ω)isacomplexamplitudefunctioninclu-
dingthetransmittedwaveformandtheantenna
beampatterns.R X(s( )) denotesthetotalrange
ofthetwo-waypropagationoftheelectromagnetic
wave.FormonostaticISAR,R X(s( ))isgiven
by

R X(s( ))=2X(s)-p (2)

wherepdenotesthepositionofradar.Without
thelossofgenerality,wefocuson monostatic
ISARimagingintherestofthediscussion.

Let   X ( )s =γ( )s +X′ (3)

whereγ(s)denotesthetrajectoryofspacetarget
andX′thecoordinatesofthetargetscatterersin
thelocalcoordinatesystemembeddedonthetar-
get,asshowninFig.1.

Fig.1presentstheimaginggeometryfor
spacetargets.Ox1x2x3istheabsoluteorfixed
referencecoordinatesystem.O′x1′x2′x3′isthe
localcoordinatesystemembeddedonthespace
targetwheretheoriginO′isusuallychosentobe
atthemasscenterofthetarget.Thecoordinate
systemO′x1′x2′x3′istranslatedfromtheorigin
ofOx1x2x3bythespacetargettrajectoryγ(s).
Notethattherotationofthespacetargetisnot
consideredduringthesyntheticaperturetime.

Fig.1 Illustrationofimaginggeometryforspacetarget
imaging wheretheradarisstationaryonthe

ground

SubstitutingEqs.(2),(3)intoEq.(1),and
makingthechangeofvariablesX→X′,wehave

ds,( )t =∫e-jω t-2 γ(s)+X′-p
c( )
0 As,X′,( )ω T X( )′ dωdX′

(4)

  Intherestofourdiscussion,X′willbere-

419 TransactionsofNanjingUniversityofAeronauticsandAstronautics Vol.35



placedwithXfornotationalsimplicity.
Athree-dimensional(3D)imagecanbere-

constructedaslongasthedataiscollectedin3D
space,i.e.,γ(s)undergoessufficientvariationin
R3.Wefocusonthetwo-dimensional(2D)image
formation.Letz∈R2denotethepositioninthe
reconstructed2Dimage.ByusingthefilteredBP
(FBP)method[12],theimagecanbeformedas

T̂ ( )z =∫ejω t-R s,( )Z
c( )
0 Qz,s,( )ω ds,( )tdωdsdt

(5)

Here
Rs,( )Z =2γ(s)+Z-p (6)

whereZ∈R3,Z=(z,0).Theimageisassumed
tobereconstructedonazero-heightplane,i.e.,

z3=0.
InEq.(5),thephasetermaccountsforthe

matchedfiltering.ThefilterQcanbechosenac-
cordingtoavarietyofcriteria[16,17]tocompensate
theamplitudeterminEq.(5)ortoenhancethe
edgesintheimages,etc.

SubstitutingEq.(4)intoEq.(5),wehave

T̂ ( )z =∫ejΦ(ω,Z,X,s)Qz,s,( )ω A X,s,( )ω dωds

(7)

whereΦ ω,Z,X,( )s = ω
c0

Rs,( )X -Rs,( )[ ]Z .

NotethatX=(x,x3)andZ=(z,0).
The Hörmander-Satolemma[18-22] tells us

thattheimagingoperatorinfactreconstructsa
scattereratlocationxonthetargetatpositionzin
the image satisfying the following condi-
tions[12,19,20].

∂ωΦ Z,X,s,( )ω =0⇒Rs,( )Z =Rs,( )X (8)

∂sΦ Z,X,s,( )ω =0⇒fds,( )Z =fds,( )X (9)

HerefddenotestheDopplerfrequencywhichis
givenby

fds,( )X =ω
c0

γ̇( )s·γ( )s +X-
췍 췍——————

p (10)

wherêudenotestheunitvectorofthevectoru,

γ( )s +Z-
췍 췍——————

p the radar look-direction[12,23].
γ̇( )s isthefirstderivativeofγ( )s withrespectto
sdenotingtheflyingvelocityofthespacetarget.
Eqs.(8)and (9)showthatthereconstructed
scattereratzhasthesamerangeandDopplerfre-
quencywiththescattererlocatedatX [12,19,20].

2 AnalysisofPositioningErrorsDue
toTrajectoryErrors

Inthissection,weanalyzereconstructioner-
rorsinISARimagesduetoerrorsinthetrajecto-
ryofthespacetargetusing microlocalanaly-
sis[18,24,25].

Letγ(s)denotetheidealorassumedtrajecto-
ryandγε(s)=γ(s)+εΔγ(s)thetruetrajectoryof
thespacetargetwhereεisasmallconstant.Inan
idealcasewherethetargetistrackedwithsuffi-
cientaccuracy,i.e.Δγ(s)≈0,thescattererXon
thetargetismappedtoz0intheimage.Werefer
toz0asthecorrectpositionofthescattererinthe
reconstructedimage.Notethatthemappingfrom
Xtoz0isassociatedwiththeprojectionof3Dco-
ordinatesto2Dcoordinates.

Letz=z0+Δzbetheerroneousreconstructed
positionduetotrajectoryerrorΔγ(s).Using
Eqs.(8)and(9),wehave[23]

Rγε(s),( )z =Rγ(s),z( )0 ⇒
Rγ(s)+εΔγ(s),( )z =Rγ(s),z-Δ( )z (11)

fdγε(s),( )z =fdγ(s),z( )0 ⇒
fdγ(s)+εΔγ(s),( )z =fdγ(s),z-Δ( )z (12)

  Byexpandingthetermsontheleftsideof
Eqs.(11)and(12)inTaylorseriesaroundε=0
andkeepingthefirst-orderterms,Eqs.(11)and
(12)willrespectivelybecome

∇zR γ(s),( )z ·Δz=
-ε∂εR γ(s)+εΔγ(s),( )z ε=0 (13)

∇zfdγ(s),( )z ·Δz=
-ε∂εfdγ(s)+εΔγ(s),( )z ε=0 (14)

  BysimplifyingEqs.(13)and(14),wewill
obtain

Δz·Ξs,( )
췍 췍———z = -εΔγ(s)· γ(s)+Z-( )

췍 췍———————p
Ξs,( )z

(15)

Δz·̇Ξs,( )
췍 췍———z = 1

Ξ̇s,( )z
[-εΔ̇γ(s)·

γ(s)+Z-( )
췍 췍———————

p -ε̇γ(s)· Δγ⊥ Z,( )s
γ(s)+Z-p

]

(16)

where

Ξs,( )z =Dzγ(s)+Z-
췍 췍——————

p (17)

Ξ̇s,( )z =Dz
γ̇⊥ Z,( )s

γ(s)+Z-p
(18)
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and

Dz=
1 0 0æ

è
ç

ö

ø
÷

0 1 0
(19)

whereDzdenotestheprojectionmatrixthatpro-
jectsa3Dvectorontotheimageplane.Thus,Ξ
denotestheprojectionofradarlook-directiononto

theimageplane.WerefertoΔz·Ξs,( )
췍 췍———z asthe

radialpositioningerroranddenoteitbyΔzr,

z1Oz2.
InEq.(18),̇γ⊥ (Z,s)denotesthecomponent

ofthevelocityperpendiculartotheradarlook-di-
rection,whichisgivenby

γ̇⊥ Z,( )s =̇γ(s)- γ̇(s)· γ(s)+Z-( )
췍 췍———————

[ ]p ·

  γ(s)+Z-( )
췍 췍———————

p (20)

  Werefertothedirectionoḟγ⊥ (s)asthe
transverseradarlook-direction[23].̇Ξdefinedby
Eq.(18)denotestheprojectionofthetransverse
radarlook-directionontotheimageplane.Thus,

Δz·̇Ξs,( )
췍 췍———z isreferedtoasthetransversepositio-

ningerrorandcanbedenotedbyΔzt.According-
ly,Δγ⊥ (s)inEq.(16)denotesthecomponentof
thetrajectoryerrorperpendiculartotheradar

look-directionγ(s)+Z-
췍 췍——————

p.Δ̇γ(s)isthederiva-
tiveofΔγ(s)withrespecttos,denotingtheve-
locityerrorofthespacetarget.Thedetailsofthe
derivationsofEqs.(15)and(16)arepresented
inRef.[26].

FromEqs.(15)and(16),wehavethefol-
lowingfindings:

(1)TheradialpositioningerrorΔzrisdeter-
minedbytheradialcomponentofthetrajectory
errors.ThetransversepositioningerrorΔztde-
pendsontheradialcomponentofthevelocityer-
ror,thetransversecomponentofthetrajectory
error,thevelocityofthespacetargetandthe
rangebetweentheradarandtarget.Notethatwe
refertotheradialcomponentastheprojectionof
avectorontotheradarlook-directionandthe
transversecomponentastheprojectionofavector
ontotheplaneperpendiculartotheradarlook-di-
rection.

(2)Thefirstterminthesquarebracketof
Eq.(16)makesmorecontributiontothetrans-
versepositioningerrorthanthesecondtermdue

tothelargerangeterminthedenominatorofthe
secondterm.ThisimpliesthatthevalueofΔztis
moreaffectedanddeterminedbytheradialveloci-
tyerrorofthespacetarget.

(3)ThedependencyofΔzrandΔztonsgives
theexplanationofsmearinginthereconstructed
image.Inthecase of wide-apertureimaging
wherethechangeoftheradarlook-directionbe-
comessignificantduringtheCPIandthecase
wherethetrajectoryerrorsaretime-varying,the
positioningerrorsaccordinglychangewithtime
leadingtothedefocusingofthetargets.

Thepositioningerrorsinduced bytypical
trajectoryerrorsincludingconstant,linear,quad-
raticandsinusoidaltrajectoryerrorsareanalyzed.
TheresultsarelistedinTable1.Theanglesare
definedasfollows.

Table1 Positioningerrorsduetodifferenttypesoftrajecto-
ryerrors

Δγ(s) Δzr Δzt

Δγ0 -Δγ
r
0

cosψ
- Δγt0cosθ
sinφcosψ⊥

ves - vre
cosψ

s -vre γ(s)+Z-p
γ̇⊥ (s)cosψ⊥

- vtecosθ
sinφcosψ⊥

s

1
2aes

2 - are
2cosψ

s2 -are γ(s)+Z-p
γ̇⊥ (s)cosψ

s- atecosθ
2sinφcosψ⊥

s2

Aesinωs -
(Aesinωs)r
cosψ

-
(Aeωcosωs)r γ(s)+Z-p

γ̇⊥ (s)cosψ
-

(Aesinωs)tcosθ
sinφcosψ⊥

ψ:Grazingangleofradarlookdirection(the

anglebetweenγ(s)+Z-
췍 췍——————

panditsprojectionon
theimageplane).

ψ⊥ :Grazingangleofradartransverselook
direction (theangelbetweenγ̇⊥ Z,( )s andits
projectionontheimageplane).

θ:Theangelbetweeṅγ(s)andΔγ⊥ (s).

φ:Viewingangle(theanglebetweenγ̇(s)

andγ(s)+Z-
췍 췍——————

p).
Fig.2illustratestherelatedvectorsandan-

gles.Thegrayplanedenotestheimageplanede-
notedbyz1Oz2.ThecoordinatesOz1z2z3coin-
cideswiththelocalcoordinatesO′x1′x2′x3′atthe
startingtimeofthesyntheticaperture.Thedark
redandgreenarrowsdenotethedirectionsofΞ
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Fig.2 Illustrationofanglesandvectorsusedintrajecto-
ryerroranalysis

anḋΞ,respectively.
NotethatinTable1,thesuperscriptrandt

denotetheradialandtransversecomponentsofa
vector,respectively.Forexample,Δγr0 =Δγ0·

γ(s)+Z-( )
췍 췍———————

p andΔγt0= Δγ⊥
0 .Aesinωsin

thelastrowdenotesa3Dsinusoidalfunction,

i.e.,Aesinωs=[A1
esinω1sA2

esinω2sA3
esinω3s].

Nextlythepositioningerrorsforeachcasein
Table1areanalyzedindetail.

(1)ConstanttrajectoryerrorΔγ0Thesecond
rowofTable1givespositioningerrorsinducedby
theconstanttrajectoryerror.TheradialerrorΔzr

isdependentontheradialcomponentofΔγ0and
thetransverseerrorΔztisdependentonthetrans-
versecomponentofΔγ0.Forarelativelyshort
syntheticaperture,theradarlook-directiondoes
notchangemuch.ΔzrandΔztareapproximately
constantwithonlypositionshiftintherecon-
structedimageratherthandefocusing.However,

foralargesyntheticaperture,theradarlook-di-
rectionundergoesrelativelylargechangeleading
tolargechangesofanglesψ,ψ⊥andθ.Thus,Δzr

andΔzt mayvarysignificantlywithslowtime,

whichleadstothesmearingofthereconstructed
targetevenifthetrajectoryerrorisconstant.

(2)LineartrajectoryerrorvesThethirdrow
ofTable1showsthepositioningerrorsduetothe
lineartrajectoryerrorveswherevedenotestheve-
locityerror.Forashortsyntheticaperturewhere
theradarlook-directionandrelatedanglesareal-
mostconstant,ΔzrandΔztvarylinearlywithslow

timewiththeradialvelocityerrorvreandtrans-
versevelocityerrorvtebeingtheslopes,respec-
tively.Asshownbythefirstterminthethird
rowandthethirdcolumn,Δztisalsodependent
onvre.Thisvredependenttermismuchlargerthan
thesecondlinearterminΔztandalsolargerthan
theradialpositioningerrorΔzrduetothemulti-
plicationoftherangeterm|γ(s)+Z-p|.

(3)Quadratictrajectoryerroraes2/2Ignoring
thechangesoftheradarlook-directionandthere-
latedanglesinarelativelyshortimagingtime,

ΔzrandΔztarebothquadraticallydependenton
theradialandtransverseaccelerationerror,areand
ate,respectively.Thetransversepositioninger-
rorΔztismuchlargerthantheradialcomponent
Δzrduetotherangedependentterm,aslistedin
thefourthrowandthethirdcolumn.

(4)SinusoidaltrajectoryerrorAesinωs As
showinthefifthrowofTable1,ΔzrandΔztoscil-
latewithtimeinthecaseofsinusoidaltrajectory
errors.Similartothecases(2)and(3),Δztis
muchlargerthanradialpositioningerrorand
mainlydependsontheradialcomponentofthesi-
nusoidaltrajectoryerror.Thus,thetargetgets
smearedinthetransverseradarlook-directionif
thereisaradialcomponentofthesinusoidaltraj-
ectoryerror(Aeωcosωs)r.

3 Demonstrations
3.1 Configurationandparameters

Inthissection,simulationsareconductedto
demonstrateouranalysis.Thesatellitetoolkit
(STK)isusedtoobtaintherealtrajectorydataof
in-orbitspacetargets,whichisrequiredbythe
rawdatageneration.Thetransmittedwaveform
isalinearfrequencymodulatedsignal.Thepa-
rametersoftheorbit,waveformandsystemcon-
figurationarelistedinTable2.

Thetotalpassingtimeoftheorbitusedin
thesimulationsis860.43s.Weselectapartof
thetrajectoryinthesimulations,whichcorre-
spondsaCPIof3.75shaving1500pulses.The
rangebetweenthetargetandtheradaratthe
startingtimeis680.85km.
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Table2 Systemparametersusedinsimulations

Parameter Value

Orbitheight/km 680

Inclinationoftheorbit/(°) 68

Radarlongitude,
latitude/(°)

Eastlongitude129
Northlatitude44

Wavelength/m 0.03

Bandwidth/GHz 1

PRF/Hz 400

Pulsewidth/μs 8

Inthecurrentconfiguration,thesynthetic
aperturelengthismuchsmallerthantheradar-to-
targetrange.Thus,theradarlook-directionand
transverselook-directiondonotchangesignifi-
cantlyduringthecoherentintegrationtime.

Theimageplaneisselectedasthex1′O1x2′
planeatthestartingtimeofthesyntheticaper-
ture.Thesizeofthesceneconsideredintheim-
agereconstructionis20m2×20m2andisdis-
cretizedinto300pixels×300pixelswithapixel
sizeof0.067 m×0.067 mapproximately.A
pointtargetisassumedinthesimulations.The
targetislocatedat[0 0 0]inthelocalcoordi-
natesystemO1x1′x2′x3′ withunitreflectivity,

correspondingtothe[150 150]thpixelinthe
image.

Thepositionerrorsinthereconstructedima-
gesaremeasuredandcomparedwiththeanalytic
onescalculatedusingEqs.(15),(16).Thesub-
apertureprocessingisusedinmeasuringtheposi-
tionerrors.Thedataisdividedintoseveralpat-
cheswithorwithoutoverlapping.Theimagesare
reconstructedusingeachpatchofdata,whichre-
fertoasthesub-images.Thepositionerrorsin
eachsub-imagearemeasuredandtheninterpola-
tedtoobtainthepositioningerrorsovertheaper-
ture.

3.2 Results

Fig.3showsthereconstructedimageofthe
pointtargetwithcorrecttrajectoryinformation.
Thetargetis well-focusedat [-0.085 m,

-0.085m],whichbasicallycoincideswiththe
truepositionofthepoint[0m,0m].Thetrails

intersectingatthetargetpositionindicatethedi-
rectionsofΞanḋΞ,i.e.theprojectionsofthera-
darlook-directionandtransverselook-directionon
theimageplane,asindicatedbythewhitearrows
inFig.3.

Fig.3 Imageofapointtargetreconstructedusingcor-
recttrajectoryinformation

3.2.1 Constanttrajectoryerrors
Weassumed aconstanttrajectory error,

Δγ0 = 2m,2m,[ ]0m intheimageformation.
Fig.4showsthereconstructedresultusingtheer-
roneoustrajectory.Theyellowcircledenotesthe
truepositionofthetarget.

Fig.4 ReconstructedISARimageforthecaseofacon-
stanttrajectoryerror

Itcanbeseenthatthetargetiswellrecon-
structed,howeveratanerroneouspositionof
-2.01m,-[ ]2.01m .Thepositioningerroris
aconstantpositionshift,whichisconstantwith
ouranalysisinSection2.
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Fig.5presentstheanalyticandmeasuredra-
dialandtransversepositioningerror.Itcanbe
seenthatthemeasuredandanalyticvaluesmatch
verywell.Notethatthediscretizationoftheim-
ageandtheimagingresolutiondeterminedbythe
configurationandwaveformparametersaffectthe
accuracyofthemeasuredpositionerrors,which
leadstoadiscrepancybetweenthemeasuredand
analyticvalues.

Fig.5 Theanalyticandmeasuredradialandtransverse

positioningerrorsinthecaseofaconstanttrajec-
toryerror

Bycomparingtheradialandtransversecom-
ponentsofthepositioningerrors,wecanseethat
ΔztissmallerthanΔzr.Thisisalsoindicatedin
theimageshowninFigure4,inwhichtheposi-
tionshiftintheradialdirectionisdominant.The
curvesinFig.5showthatΔzrisnearlyconstant
duringtheintegrationtime,whileΔztundergoesa
largerchangewiththeslowtimethanΔzr.This
maybeduetothelargerchangeofanglesθandφ,

asshownbytheterminthesecondrowandthe
thirdcolumn.However,sinceΔztvariesina
smallrange,thereisnovisiblesmearinginthe
reconstructedimage,asshowninFig.4.
3.2.2 Linertrajectoryerror

Weconsidered alineartrajectory error,

Δγ(s)=ves,whereve=[0.001m/s,0.001m/s,0
m/s]intheimageformation.Fig.6showsthe
reconstructedimageundertheassumptionofline-
artrajectoryerror.Itcanbeseenthatthetarget
isreconstructedatapositionshiftingmainlyin
thetransverselook-directionascomparedtothe
targettrueposition.Thisisconsistentwithour

Fig.6 ThereconstructedISARimageinthecaseofa
lineartrajectoryerrorve=[0.001m/s,0.001m/s,

0m/s]

analysisinSection2.Theradialcomponentofthe
velocityerrorinducesamuchlargertransverse
positioningerrorthantheradialpositioninger-
ror.

Fig.7showstheanalyticandmeasuredradial
andtransversepositioningerror.Itcanbeseen
thatthemeasuredvaluesmatchwiththeanalytic
oneswell.Boththeradialandtransverseerror
changelinearlywithtime.ΔztislargerthanΔzr,

asindicatedbytheredandblacklinesinFig.7.
ThisisconsistentwiththeimageshowninFig.6
andthetheoreticalresultinSection2.

Fig.7 Theanalyticandmeasuredradialandtransverse

positioningerrorsinthecaseofalineartrajectory
error,ve=[0.001m/s,0.001m/s,0m/s]

3.2.3 Quadratictrajectoryerrors

WeassumeΔγ(s)=12aes
2whereae=[0.000

2m/s2,0.0002m/s2,0m/s2].Fig.8showsthe
reconstructedimage.Notethatinthiscasethe
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Fig.8 Thereconstructedimageinthecaseofaquadratic

trajectoryerror,ae=[0.0002m/s2,0.0002m/

s2,0m/s2]

sizeofthesceneisincreasedtobe40m2×40m2

toshowthecompletesignatureofthetargetin
thereconstructedimage.

Itisseenthatthetargetisdefocusedwitha
streakingartifact.Ascomparedtothecorrectre-
constructioninFig.3,thesmearingoccursmain-
lyinthetransverselook-direction.

Fig.9 Theanalyticandmeasuredradialandtransverse

positioningerrorsinthecaseofaquadratictraj-
ectoryerror,ae=[0.0002m/s2,0.0002m/s2,

0m/s2]

Fig.9presentstheanalyticandmeasuredra-
dialandtransversepositioningerrorsinthecase
ofaquadratictrajectoryerror.Themeasuredpo-
sitioningerrorsindicated bythedashedlines
matchwiththeanalyticonesindicatedbythesol-
idlines.Theradialpositioningerrorapproaches
zero,whilethetransversepositioningerroris
muchlargerthantheradialcomponentandunder-
goesalargechangeduringtheintegrationtime.

Thisinfactleadstothesmearedtargetsignature,

asshowninFig.8.ItcanbealsoseenfromFig.
8thatthetransversepositioningerrorchanges
quadraticallywiththetime.Thisisconsistent
withourtheoreticalanalysisinSection2.
3.2.4 Sinusoidaltrajectoryerrors

Weassumeasinusoidalerror,Δγ(s)=
[0.01sinπs/( )16 m,0.01cosπs/( )16 m,0m]in
thetrajectoryofthetarget.Fig.10showsthere-
constructedimageundertheassumptionofthis
sinusoidaltrajectoryerror.

FromFig.10,itisseenthatthetargetisnot
focusedatitstrueposition.Thetargetenergy
spreadsseverelyinthetransverselook-direction.
Comparingthetargetsignaturewiththatofin
Fig.8,i.e.theimagereconstructedinthecaseof
aquadratictrajectoryerror,weseethesmearing
occurs mainlyinthetransverselook-direction
similarly,butinthecaseofasinusoidaltrajectory
error,thesmearingiscenteredaroundthetrue
positionofthetargetratherthantheone-side
smearinginFig.8inthecaseofaquadratictraj-
ectoryerror.

Fig.10 Thereconstructedimageinthecaseofasinu-
soidaltrajectoryerrorΔγ(s)=[0.01sin(πs/16
m,0.01cos(πs/16)m,0m]

Fig.11showstheanalyticandmeasuredra-
dialandtransversecomponentsofthepositioning
error.Theconsistencyofthemeasuredandana-
lyticvaluesverifiesthecorrectnessofourformu-
lasofthepositioningerrors.

ItcanbeseenfromFig.11thattheradial
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Fig.11 Theanalyticandmeasuredradialandtransverse

positioningerrorsinthecaseofasinusoidaltraj-
ectoryerror,Δγ(s)= [0.01sin(πs/16) m,

0.01cos(πs/16)m,0m]

positioningerrorismuchclosetozero,butthe
transversepositioningerrorislargeandvariesin
asinusoidallaw.Thisexplainsthesmearedtarget
signatureinFig.10,whichisduetotheoscilla-
tionofthetransversepositioningerroraround
zero.

3.3 Remarks

Fromthedemonstrationabove,weseethat
ouranalysisprovidesaqualitativerelationshipbe-
tweenthesmearedtargetsignaturesintherecon-
structedimagesandthetrajectoryerrors.Thede-
terministictrajectoryerrorsinthedemonstration
includingconstant,linear,quadraticandsinu-
soidalerrorsaremainlyconsidered.Therandom
trajectoryerrorsarewidebandnoise-likeerrors.
Givenaspecifieddataset,therealizationofaran-
domtrajectoryerrorcanberegardedasacombi-
nationofanumberofsinusoidalsignals,which
leadstoasuperpositionofthedefocusingeffects
asshowninFig.10.

OurresultsgivenbyEqs.(15),(16)indicate
thatastraightforwardinversionfrom2Dpositio-
ningerrors(acommon2Dimagingisassumed.)

tosixindependentunknowns(threecomponents
ofthetransmittertrajectoryerrorsandthreefor
thereceiver)isnotsolvable.However,under
certainscenarios,therelationshipbetweenthe
positioningerrorsandthetrajectoryerrorsmay
besimplified,e.g.,inthemonostaticconfigura-
tion.Inthemonostaticcase,thetrajectoryerror

canbeexpressedintermsofaradialcomponent
andatransversecomponent.Thus,theinversion
maybesolvable.Sincethetruepositionofthe
targetisnotknownaprior,thepositionerrors
cannotbedeterminedwithonlythemeasurements
oftheerroneouspositions.Wemaydividetheda-
taintoseveralsub-aperturesand measurethe
changeoftheerroneouspositionsthroughthe
sub-apertures.Thedifferentialpositionerrorsin
horizontalandverticaldirectionsarethenusedto
retrievetheradialandtransversetrajectoryer-
rors.Wearedevelopingautofocusingmethodson
thistrack.

4 Conclusions

Wepresentedanapproachtoanalyzethere-
constructionerrorsinISARimagingofspacetar-
getsduetoerrorsinthetrajectoryinformation.
Wederivedtheexplicitformulasofthepositio-
ningerrorsintheradarlook-directionandtrans-
verselook-directionusingmicrolocalanalysisand
obtainedaquantitativerelationshipbetweenthe
trajectoryerrorsofthespacetargetsandpositio-
ningerrorsinthereconstructedimages.Thecon-
stanttrajectoryerrorleadstoconstantposition
shiftsinthereconstructedimagesforarelatively
shortimagingtime.Thelineartrajectoryerror
leadstoamuchlargepositionshiftinthetrans-
verselook-directionforarelativelyshortimaging
time.Forwide-apertureimagingorlongimaging
time,thedependencyofthepositioningerrorson
slowtimecannotbeignoredandmayleadtodefo-
cusingofthetargetratherthanonlyaconstant
positionshift.The quadratictrajectory error
leadstoobvioussmearinginradartraverselook-
directionandsmallradialpositioningerror.The
sinusoidaltrajectoryerrorleadstosmearingof
thetargetinradartransverselook-directioncen-
teredatthetargettrueposition.Numericalsimu-
lationresultsdemonstratedourtheoreticalanaly-
sis.Theautofocusingresearchmaybenefitfrom
ourresults.Todeveloptheautofocusingmethod
exploitingtheobtainedquantitativerelationship
betweenthetrajectoryerrorandreconstructed
positionerrorisoneofourundergoingworks.
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