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　　摘　要:通过合并多输入多输出(MIMO)和无源相干定位(PCL)雷达的两种思想,可以同时获取近期

开始研究的这两种雷达的优势。虽然在发射机和接收机中使用多个天线,即采用机会照射可提供目标的空

间分集,但最重要的一点是雷达可对截击机进行隐蔽探测。但是,当单频网络(SFN)发射机用作非协作发射

机时也会产生一些问题。这种情况下,在接收机中无法辨别出多发射机探测多目标返回的信号。因此,为

了获取 MIMO 雷达的分集增益和定位目标,有必要开发一项技术将接收机中的每个回波分配至发射机和目

标。在以前的工作中已经提出这一技术,该文通过智能化算法改进来提升这项技术。
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　　Abstract:BycombiningthetwoideasofMIMO(MultipleInputMultipleOutput)andPCL(PassiveCo-
herentLocation)inradar,onecanachievetheadvantagesofbothrecentlydevelopedtechniquessimultane-
ously.Whileusingmultipleantennasintransmitterandreceiverprovidesaspatialdiversityoftarget,using
theilluminatorsofopportunity,mostimportantly,makestheradarcoverttotheinterceptors.Buttheprob-
lemariseswhenthetransmittersofasinglefrequencynetwork(SFN)areusedasthenoncooperativetrans-
mitters.Inthiscasethesignalsofmultipletransmittersfrom multipletargetscannotbedistinguishedinthe
receiver.Therefore,toobtainthediversitygainoftheMIMOradarandlocalizethetarget,itisnecessaryto
developatechniquetoassigneachechointhereceivertoatransmitterandatarget.Inpreviousworkswe
haveproposedsuchtechnique.Here,weimproveitbyasmartmodificationinthealgorithm.

Keywords:multipleinputmultipleoutput(MIMO);passivecoherentlocation(PCL);dataassociation;
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1　Introduction
1.1　PassiveRadar

Recentlypassiveradarhasattractedmuchat-
tentionduetoitsadvantagesovertheactivera-
dar.Low-costpassiveradar whichrequiresno
frequencyallocation,isagoodsolutionforin-
creasedsurveillanceatalowercost[1].Inaddi-
tion,itsundetectabilityasacovertradarsignifi-
cantlyincreasesitsimportanceinmilitaryapplica-

tions.Thefeasibilityofdifferentkindsofoppor-
tunisticsignalsforthepassiveradarapplication
hasbeeninvestigatedbefore,suchasFM[2],ana-
logueTV[3-4],DTV(DigitalTV)[5-7],satellite
systems[8],andGSM[9-10].New digitalsignals,

likeDigitalAudio/VideoBroadcast(DAB/DVB),

arealsoexcellentcandidates[11-12],astheyare
widelyavailableandcanbeeasilydecoded.

Intraditionalradarsystems,thetarget’s
rangeisdefinedbycomparingthetimeofthe
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transmittedandreceivedpulses.Howeversuch
informationisnotdirectlyavailableinthecaseof
thepassiveradarreceiver.Instead,twoantennas
areused:oneforreceivingdirectlythesignalfrom
itsmainsourcewithoutthereflectionsfromtar-
gets(referenceantenna)andtheotherforcollec-
tingthereflectionsfromtargetsintheenviron-
ment(targetantenna).Figure1depictstheover-
allstructureofthepassiveradar.

Fig.1 Structureofthepassiveradar
　

Detectionisdonethroughcomputation of
CAF(CrossAmbiguityFunction)computedac-
cordingto (1).Itisacriterionofhow much
correlationexistsbetweenthereferenceandthe
targetsignal.A givenCAF’speakinarange-
Dopplercellisarepresentativeofatargetinthat
rangeandDopplerfrequency.

|χ(τ,v)2|=|
1
N∑

N

n=1
x(n)r∗ (n-τ)e-j

2π
Nvn|2 (1)

Wherex[n]isthesignalatthetargetchannel,

r[n]isthereferencesignal,vistheDoppler
shift,τisthesampleshiftandNisthenumber
ofsamplescollected.

1.2　MIMORadar,anUpcomingTechnology

　　Afterasparkincommunicationin1998[13]

thatresultedinMIMOcommunication,therehas
beenagreatattentiontowards MIMOinradar
technologyrecentlytoo.Researchershavestudied
thistopicfromseveralpointsofview.Generally
MIMOradarsaredividedtotwocategories:MI-
MOradar with widelyseparatedantennasand

MIMOradarwithcollocatedantennas[14-15].Gen-
erallyinaMIMOradarwithwidelyseparatedan-
tennas,weusemultipletransmittersandmultiple
receiversthatarewidelyseparatedinordertode-
tectthetargets.Thedifferencewith multistatic
radarisinitsjointlyprocessingnature.Asshown
in[14]theconceptsofspatialdiversityandmul-
tiplexinggainemergehereinadualmannertothe
MIMOcommunication.The mainpointinthis
radaristhat,withlookingtoatargetfromdiffer-
entanglestheprobabilityofmisseddetectionde-
creases,aconceptcalledspatialdiversityin MI-
MOcommunication.

Ontheotherhand,ina MIMOradarwith
collocatedantennastransmittersandreceiversin-
steadofbeingwidelyseparated,arecollocated.
Thatissimilartophasedarrayradar,buthere
thesignalsemittedbyeachantennacanbetotally
uncorrelatedwitheachanother.

Thestudieshaveshownthatwecanhaveen-
hanceddetectionperformance(Diversity Gain)[16-17]

andhighresolutiontargetlocalization(SpatialMulti-
plexingGain)[18]withaMIMOradarwithwidely
separatedantennas;andsignificantlyimproved
parameteridentifiability[19],directapplicabilityof
adaptivearraysfortargetdetectionandparameter
estimation[20],andmuchenhancedflexibilityfor
transmitbeam patterndesign[21-22] with MIMO
radarwithcollocatedantennas.

1.3　MIMOPassiveRadar,aNewConcept

　　Bycombiningthesubjectsexplainedinsec-
tions1.1and1.2,onecangetthebenefitsof
both MIMO radarandpassiveradarby using
multiplereceiverstodetecttargetsilluminatedby
multiplenoncooperativetransmitters.Generally,

eventheilluminatorscanbesendingdifferentsig-
nals(e.g.abroadcastingFMradiostationwitha
GSMbasestation).

1.4　DataAssociationProblemintheMIMOPCL

　 　InaDVB-T SFN(SingleFrequency Net-
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work)allofthetransmittersarebroadcastingthe
samedataonthesamefrequency.IntheDVB-T-
basedpassiveradar,thetargetantennaatthere-
ceiversidecollectstheechoesoftheDVB-Tsig-
nalintheenvironment.Theseechoesmaybedue
tocluttersintheregionortargets;andalsoit
maybeduetoeitherofthetransmitters.Some
techniqueshavebeen developedforthesignal
processingpartofthereceivertodetectthetar-
getsaccordingtothe CW (continuous wave),

OFDM(OrthogonalFrequencyDivisionMultiple-
xing)DVB-Techoeseachtargetproduces[6-7].In
allofthemthecorrelatoroutputsapeakinthe
range-Dopplerboardforeachtarget(ofcourse,

withsomeprobabilities,wehavemisseddetec-
tionsandfalsealarms).Theproblemariseshere,

thatwedonotknowwhichpeakisduetowhich
targetandorientedfromwhichtransmitter.This
data association problem becomes important
whenwewanttobenefittheMIMOcharacteris-
ticsoftheradar.Asmentionedinsection1.2,

the maincontribution ofa MIMO radar with
widelyseparatedantennasisitsspatialdiversity.

Aseachtransmitterlooksatthetargetfrom
adifferentangle,whenwecombinethedifferent
illuminationsofthetargetbydifferenttransmit-
ters,itresultsindiversityatreceiver.But,in
thepapersstudiedthisfeatureoftheMIMOra-
dar,waveformsofthetransmittersarechosenin
amannerthatcanbeseparatedinthereceiver,

e.g.eachtransmittersendsthroughadifferent
frequencyorthogonaltotheothers[23].Buthere
asaresultofusingnoncooperativeopportunistic
illuminatorsweshoulddevelopsometechniques
todistinguishtheechoes.Soitisnecessarytode-
velopeamethodtoresolvetheoriginsoftheech-
oes,sothateachecho(measurements)detected
atthereceiverisassociatedtothetransmitteritis
transmittedfrom.In[24],wederivedamethod
forthisproblembyasmartuseofthealgorithm
thathasbeenproposedin[25]forthemultisen-
sormulti-targettracking.Here,wewillpropose

amethodtoimprovetheaforementioneddataas-
sociationalgorithm.Infactwe willshowthat
thereissomeinformationlaidinthedatawhich
wasignoredbefore.

Insection2weformulatetheproblemand
suggestanalgorithmtosolveit.Section3isded-
icatedtotheresultsofthesimulationsofthepro-
posedmethod.Finally,thepaperisconcludedin
section4.

2　ProblemFormulationandSolution
　　First,weintroducebrieflythedataassocia-
tionalgorithmfortheMIMO PCLsuggestedin
[24]andthenexplaintheimprovement.

Assumethereareanunknownnumberof
targets(N)withM illuminatorsofopportunity
(e.g.broadcastingDVB-TsignalinaSFN)and
onereceiver(includingareferenceandatarget
antenna).Thetargetantennaisomnidirectional
andcollectsthesignalinalldirections.Each
transmitterwillilluminateeachtargetinthere-
ceiverwiththeprobabilityPd,alsowewillhave
falsealarmswiththeprobabilityPfa .Inthere-
ceiverafterDPIcancellation,thesignalispassed
throughaCAFprocessortoobtainthedelaysand
Dopplersofdifferentechoescollectedfrom the
targets.Weusethetermmeasurementforthein-
formationwegetfromeachecho.Usuallyeach
measurementconsistsofadelayandaDoppler.
Afterconstructingthesemeasurementsthereare
twostagestosolvetheassociationproblem:first
measurement-to-target association and second
measurement-to-transmitterassociation.Itshouldbe
noticedthatthetwostagesarenotcompletelydis-
tinct.Butformoreclarity,wechoosethisstruc-
turefortherestofthepaper.

2.1　Measurement-to-TargetAssociation

　　Todescribethealgorithm moreclearly,first
weassumethatthemeasurementsareassignedto
thetransmittersbysomecriteria.Bythisas-
sumptionwehaveM groupsofmeasurements,
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eachfromadifferenttransmitter.Thenumberof
measurementsinthem’thgroupisdenotedby
nm,withim =1,…,nm,theindexofeachmeas-
urement.

Wewanttoassociatetheobservationsfrom
M groupsofnm,m=1,…,M,measurements.
Letthepositionofthetransmitterrelatedtothe
m’thgroupbeTXm,thenatarget,xq willre-
sultinameasurementofT(TXm,xq)plussome
additivewhiteGaussiannoisen(t)~N(0,σr).

In the algorithm we consider only the
TDOAsforthemeasurements:

wm,im =T(TXm,xq)+n(t)

T(TXm ,xq)=
‖TXm -xq‖+‖RX-xq‖

c

Herewewanttoestimatethenumberand
locationofthetargets.ForeachM-tupleofmeas-
urements(eachelementfromadifferentgroup)

weassignacostbyusingageneralizedlikelihood
ratio.

Toobtainthelikelihoodratioswehave

p(wmim|xq)=
1
2π

σrexp
[wmim-T(TXm,xq)]2

2σ2
r

(2)
and

Λ(Wi1…iM|xq)=∏
M

m=1
[1-Pd]1-u(im)×

[Pdp(wmim |xq)]u(im) (3)

where

u(im)=
0,ifim =0
1,　else{

Thelikelihoodthatall measurementsare
spurious(i.e.xq=ø)is

Λ(Wi1…iM |xq =ø)=∏
M

m=1

(1
Ψ

)u(im)

whereΨisthenumberofdistinctTDOAsthere-
ceivercan sense,fora detailed discussion of
see[26].

ThecostofassigningaM-tupletothetarget
xqisgivenby

ci1…iM =-ln
Λ(Wi1…iM|xq)

Λ(Wi1…iM|xq =ø) (4)

Butaswedonotknowxq,weuse

x̂q =argmax
xq

Λ(Wi1…iM|xq) (5)

Ifweputallthesepossiblecostsinamatrix,

itwillhaveM dimensionswithn1×n2×…×nM

elements,eachrelatedtothecostofanindividual
M-tuple.

Alsoweaddadummymeasurement,wm0to
eachgroup,representingthetargetsthatwere
notdetectedbythecorrespondingtransmitter.
ThegoalistofindthemostlikelysetofM-tuples
suchthateach measurementisassignedtoone
andonlyonetarget,ordeclaredfalse,andeach
targetreceivesat mostone measurementfrom
eachgroup.Thiscanbereformulatedasthefol-
lowing

J= min
μi1i2…iM

∑
n1

i1=0

…∑
nM

iM =0
ci1…iMμi1…iM

(6)

subjectto

∑
n2

i2=0
…∑

nM
iM =0μi1…iM =1;i1=1,…,n1

∑
n1

i1=0
…∑

nM
iM =0μi1…iM =1;i2=1,…,n2

　　　　　　　　︙

∑
n1

i1=0
…∑

nM-1

iM-1
=0μi1…iM =1;iM=1,…,nM

(7)

where,μi1…iMsarebinaryassociationvariables
suchthatμi1…iM =1ifthe M-tupleWi1…iM =
{w1i1

,w2i2
,…,wMiM

}isassociatedwithacandi-
datetarget.Otherwise,itissettozero.

Althoughthisgeneralizedassignmentalgo-
rithmis NP-hardforM ≥3,Debetal.have
developed a suboptimal polynomial-time algo-
rithmin [25](S-Dalgorithm)forit.Byusing
thisalgorithm,thetargetswillbedefinedandthe
measurementswillbeassignedtothetargetsin
anefficientway.

2.2　Measurement-to-TransmitterAssociation

　　Foreachtransmitterassignment(orgroup
configuration)intheprevioussection,thealgo-
rithmwillminimizethecostfunctionandgivethe
M-tuplescorrespondingtothatminimum.Ifwe
comparetheminimizedfunction,J,forallgroup
configurations,wecanchoosetheminimumJ,

sothatthegroupconfigurationcorrespondingto
thisminimumJ willbethesolutiontotheMeas-
urement-to-Transmitterassociationproblem.
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Theblockdiagramofthealgorithmisdepic-
tedinFigure2.

Fig.2 Blockdiagramoftheproposedalgorithm

2.3　ImprovingtheDataAssociationAlgorithm

　　In (3),inordertocomputep(wmim|xq),

themaximumRT andRR areused,i.e.inthe
mathematicalcomputationofthecostfunctionfor
thetruetargets,weassumetheworstcasefor
thebistaticrange measurement,whichisinde-
pendentoftheRR,RT andisthesameforall
measurements.Here,wemodifythenoisemodel
(ofthemeasurements)toreducethecostfunc-
tionforthetruetargetsandconsequentlythe
numberoffalsetargets.

Inour multistaticPCLconfiguration,each
targetisilluminatedbythesignaltransmittedby
thenoncooperativetransmitter,reflectedfrom
thetargetandreceivedatthereceiver.There-
fore,theSNRofthisreceivedsignalwillbepro-
portionaltotheinversesquareoftheRTandRR

(i.e.SNR ~
1

R2
TR2

R
).Ifwedefineσr,maxasthe

maximum noise powerfor thelargest range
(rmax),wewillhave:

σr =σr,max
R∗

RR∗
T

r2
r,max

(8)

Whereσ2
risthevarianceofthebistaticrangede-

tectedatthereceiverfromthetarget(xq)located
atadistanceR∗

R fromthereceiverandR∗
T from

thetransmitter.
Bysubstituting(8)in(9)wewillconclude

that:
p(wmim|xq)=

1
2π

[σr,max
R∗

RR∗
T

r2
r,max

]×

exp
[wmim -T(TXm,xq)]2

2[σr,max
R∗

RR∗
T

r2
r,max

]2
(9)

Byusingthisvalueinthelikelihoodratioof
(3)andsubsequentlyinthecostfunctionof(4),

weexpecttogetbetterresultsaswehaveused
theinformationlaidinthebistaticranges.

3　NumericalSimulation
3.1　RadarParameters

Inoursimulations,weassumeasquarere-
gionof30kmsidesandDVB-Tstationsasnonco-
operativeilluminators.Inourpassiveplatform,

weuseadifferentformofrangecellscalledbi-
staticrangecellsinsteadoftypicalrangecellsde-
finedformonostaticcases.Suchcellsrepresent
theresolutionofthepassivescheme’sobjectposi-
tionestimation,approximatedby[27]as:

ΔRB ≈
c

2βcosψ
2

(10)

whereβ isthe DVB-T transmitterbandwidth
whichisabout6MHz,andψisthebistaticangle:

ψ=cos-1[R
2
R +R2

T -L2

2RRRT
] (11)

whereListhetransmitter-receiverdistance.The
parametersRR,RT denotethedistancesbetween
theobjectandreceivingandtransmittinganten-
nas,respectively.Accordingly,spatialresolution
willbeapproximatelyintherangeof25~47m.
Fortherange-likelihoodfunctionp(wmim|xq),

weusetheGaussiandistributionwithparameters
N(T(TXm,RXm,xq),σ2

r).Thevarianceofthe
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bistaticrangeisthenasfollows:

σ2
r =c2·σ2

t (12)

whereforσ2
t wehave[28]:

σ2
t =

1
2βSNR(xq)

(13)

andtheSNR(xq)isdefinedas

SNR(xq)=
K

R2
RR2

T
(14)

TheparameterKisderivedasfollows

K =
PTGTGRλ2

fσrcsF2
TF2

R

(4π)3kT0(
1

Tint
)(NF)

(15)

Thereceiverandtransmitterparametersused
intheaboveexpressionarealldenotedinTable1.
TheseparametersarethetransmitterpowerPT ,

gainsfortransmitterandreceiverantennasGTand
GR ,andtheDVB-Tsignalwavelengthλf=c/f,

wherefistheDVB-Tsignalcarrierfrequency.
Theobject’sbistaticcrosssectionisdenotedby
σrcs ,wherekistheBoltzmann’sconstant,and
FTandFRarethesignalpropagationfactors.Tint

denotestheintegrationintervalfortheDVB-T
signalinourpassiveschemeandparameterNF
denotesthereceivernoisefigure.Basedonthe
aforementionedparametervalues,σr willbede-
rivedasafunctionofRT (thedistancebetweenthe
transmitterandtheobject)andRR (thedistancebe-
tweenthereceiverandtheobject).

Table1　Systemparameters

Parameter Value

PT

GT =GR

λf

σrcs

FT =FR

NF
Ψ

10kW
0dB
0.6m

10dBsm
0dB
30dB
1708

ForΨ wehave:

Ψ≅
rangeextent

ΔRB
=

1.5×2×30km
37.5 =1708(16)

(1)Scenarioconfiguration:Thescenariois
showninfigure3.AlsoTable2showsthecorre-
spondingpositionsofthereceiver,transmitters
andtargets.

Fig.3 Scenarioconfiguration
　

Table2　Positionoftransmitters,
receiverandtargets

x/km y/km

Rx1
Rx2
Tx1
Tx2

Target1
Target2

0
4

-12.45
12.01
-5.37
5.01

5
-10
6.15
14.46
-5.28
0.01

　　Thepositionsofthetargetsdetectedwithout
employingthe modificationdiscussedinsection
2.3isshowninfigure4.Ascanbeobserved,one
targetismissedandinstead,afalsetargethasap-
peared.

Fig.4 Targetlocalizationwithoutemploying
themodification

　

Theresultsforthesameconfiguration,this
timewithemployingtheaforementionedmodifi-
cationisshowninfigure5.Itcanbeseenthatthe
numberoftargetsandtheirpositionsaretrulyde-
tected.This verifiestheimprovementofour
modificationforthetargetlocalizationin MIMO
passiveradar.
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Fig.5 Targetlocalization afteremploying
themodificationinthedetectionpart

4　Conclusion
　　Inthispaper,wedescribedthenewconcept
ofMIMOpassiveradar,whichseemstogetmuch
moreattentionduringthecomingyearsafterthe
passiveradardid.To makethisconceptpracti-
cal,thereareanumberofproblemsthatshould
besolvedefficiently.Animportantoneistheda-
taassociation,whichaimstoassociatethemeas-
urements(orechoes)inthereceivertothetargets
andtransmitters(theirsources).Westatedthat
thisisessentialinordertogetthebenefitofMI-
MOradar.Havingproposedatechniquetosolve
thisprobleminthepreviousworks,here,wede-
velopedatechniquetoimprovethelocalization.
Thesimulationsgavesatisfyingresultsforthis
method.
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