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ABSTRACT

A handshakingrotocolfor radiolocationis consideredis-

ing DS-CDMA paclettransmissionTheexpectation max-

imization (EM) algorithmis employed for codedelay ac-

quisition. It is shavn that the systematicapplication of

EM ontheflat-fadingchannelyields a parallelinterference
cancellation(PIC)-basedechniquefor acquisition. On the

frequeng-selective channel,it is necessaryo jointly esti-
mateboth the codedelaysand multipath coeficients. The
EM approachin this latter caseyields an algorithm that
combinesPICwith aneigendecomposition/eigealuemax-
imizationstepfor channeidentification.

1. INTRODUCTION

A handshakingrotocol(HP) basedntransmissiorof DS-
CDMA waveformsis consideredor radiolocation. In the
HP (e.g. [1]), a masternodetransmitsa request-to-send
(RTS) waveform to multiple referencenodes,which have
knowledgeof absoluteand/orrelative position. Upon re-
ceptionof the RTS waveform,eachreferencenodeimmedi-
atelytransmitsa DS paclet. The mastemodemeasureshe
time-of-arrival of all paclets,andthusdeterminegsangeto
thereferencesA navigationmessagés alsosuperimposed
onthe DS pacletwith eachreferences position.

The estimationof referencecodetime-of-arrival is hin-
deredby the nearfar effect — dueto the designof the HP,
power controlis not feasible. Thejoint estimationof code
delayshas previously beenconsideredn the CDMA lit-
erature,using algorithmssuchas MUSIC [2] and channel
subspacédentification[3]. Here,a new algorithmfor mul-
tiusercodedelayestimation(MCDE) basedn expectation-
maximization[4] is presented.t is shovn that systematic
applicationof the EM techniqueto MCDE leadsto a paral-
lel interferencecancellationPIC) structure.

The sequelis organizedasfollows. Signalandchannel
modelsfor the radiolocationchannelare presentedn Sec-
tion 2. The EM MCDE algorithmfor flat fadingchannelss
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developedin Section3 andextendedto frequeng-selectve
fadingin Section4. Simulationresultsandconclusiongol-
low in Sectionsb and6, respectiely.

2. SIGNAL AND CHANNEL MODELS FOR
RADIOLOCATION

Following receptionof the RTS signals themastemodere-
ceivespacletsof length M + 1 symbolsfrom K reference
nodesdescribedy thelowpassequialentrecevedsignal

K M N;j—1
DTN frwbr(m)si(t —mT — pTy = Te) + n(b),

k=1m=0 p=

wheresy (t) is the k-th referencenodes DS waveform,with
support[0,T) s.,and{bx(m)} is the k-th referencenodes
navigationmessageThefrequeng-selectvechannels mod-
eledby atappedielayline with spacindl’s s.,wherel /(2T5)
is the approximatesignalbandwidth,and f; , € C arethe
pathgainsfrom referencenodek to the mastemode. The
additive thermalnoisen(t) is circularwhite Gaussiarwith
bilateralspectraddensity2Ny.

The receved waveformr(t) is sampledat the Nyquist
rate1/T,, andsymbol-lengthvectorsof Ny = T/T, sam-
plesareformed,denotedby r(n) € CV+ anddefinedby

r(n) =
[r(nN,T,),r((nNy + 1)Ty), ... ,r(((n + )N, — )T,)]~.
Theresultingvectorrecevedsignalis givenby

K 1

r(n) = Y bp(n— D)Sk(Tx — IT)fx + n(n), (2)

k=1 1=0
wherethesignalmatrix S (1) € CN=*N7 is definedby
Sk(T) = [Sk(T)7Sk(T + Ts)7 .- ask(T + (Nf - I)TS)] ’

andfy, = [fr.o0,- ..fk,Nf,l]T is the channelvectorfor ref-
erencenodek. Thesignalvectorssy(7) € CN+ arein turn



definedby
Sk(T)Z[Sk(—T),Sk(TS—T),... —T)]T.

Thenoisevectorn(n) is circular Gaussiarwith covariance
matrix o2 1.

) Sk((Ns - ]-)Ts

3. EM MCDE ALGORITHM —FLAT FADING

Thejoint ML solutionfor the delays{T}} requiresexhaus-
tive searchover the hypercubg0, ) X. The EM algorithm
replacesthis exhaustive searchwith iterationsof K inde-
pendentsearche®over the intervals [0, 7). The EM algo-
rithm is first developedfor flat fading, in which casethe
channelectorf;, becomesiscalarfy, andtheproductfy by (m)
is modeledasasinglecomple coeficientay (m) € C. Fol-
lowing [5], a hiddendatasetat time n is definedby the
signalvectors

rg(n) = Z ar(n — s (T, — IT) + ng(n),
1=0

(3)

fork =1,..., K. Thenoisevectorsng(n) aremutuallyin-
dependenwith varianceg;o21. The 3; form aprobability
vector[5].

The EM algorithm|[5] is compactlywritten astheitera-
tion

T+t aM™tt — arg F}ngﬁ Q(T,aM|T?, aMi), 4)
where
Q(T,a|T?,aM") = (5)
E {logp(x™, {r}'}|T,a™)}r, %, ™" }
Thevectorsandsequencem (5) aredefinedby
T [Ty,...,Tk]*,
a® = {a(0),a(1),...,a(M)},
a(m) = [ai(m),... ,ax(m)]",
™ = {r(0),...,r(M)}.

(6)
Thecorresponding-th EM iterationestimatesreT?, aM’

In orderto evaluatethe objective function Q(e|e) (5),
thefollowing conditionalmeanis required.

Ti(n) = E{re(n)|r™ (7)

Note thatry (n) is independentf r(m) for n # m, when
conditionedon T?, a™*. Then

,Ti,aMz}.

1
=(1=-B)Y_ai(n—Dsp(Ti —IT)+  (8)
=0
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Notethat(8) incorporateshe prior estimateof the k-th sig-
nal with weight (1 — 3, ), anda PIC term subtractedrom
r(n) proportionalto g.

The objectie function (5) is readily shavn to equalthe
following

Q(T,a™|T,aM") ©)
ZZ2R€{Z% (n — Dsi(Ty, — IT) T} (n )}
k=1 n=0

1

=1 ar(n — Dsi(Ty — 1T,

=0

A similar objective function was consideredn [6]. Here,
the unconstrained estimateof a is used,which leadsto a
simplerupdatefor the delaysT asfollows. Differentiation
of (9) w.r.t. ax(n) yieldsthefollowing solution,notingthat
Sk (Tk)HSk(Tk - T) =0.

t(n) +sg(T — T)IT8 (n + D],

(10)

. 1
a?_l = E_k [Sk(Tk)

where By, = ||sk(Tk)||* + ||sk(Tx — T)||* is the signal
enegy. Substitutionof the amplitudeestimateafjl, which
is implicitly afunctionof T, into theobjective function(9),
finally yieldsthefollowing separableipdatefor the delays.

T = (11)

M
arg maxz sk (T3) 77e (n) + sp (T — T) T8 (n + 1) %,
T n=0

The update(11) can be interpretedas computingthe
maximumof theervelopeof theoutputof afilter matchedo
sk (Tk), over T}, € [0,T), wherethefilter inputis obtained
via parallelinterferencecancellation.

4. EM MCDE ALGORITHM -
FREQUENCY-SELECTIVE FADING

Whenfrequeng-selectvefadingis presentthesignalmodel
(2) is employed,wherefy, is thevectorof Ny channekcoef-
ficients. Themultipathspread Ny — 1)T is assumedo be
muchsmallerthanthe symboldurationT’, thusintersymbol
interferencgISI) canbe neglected.The hiddendatais then
givenby

ri(n) = > ar(n — )Sk(Ti — IT)fx + np(n),  (12)
=0



fork = 1,..., K. Following a similar analysisleadingto
(9), the EM objectie functioncanbe shovn to equal

K
Q(T,a™ T, a™" £) Z ,Bk% (13)

M 1
{Z > ap(n — 1) S (Ty, — IT) T} (n )}
n=0 [=0
M 1 1
Z Z ar(n —D*ar(n —1")x
=017=01'=0
f,{f Sk(Ty —IT)*S (T — I'T) } -
Theestimatediddendatar (n) is derivedsimilarly to (8),
andalsohasanembeddedPIC step.

a}'c(n — l)Sk(T,i

M-

T},(n) = (1 - B) —IT)fi+ (14)
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The unconstrainedstimatesof the dataa™ are com-
puted,andinsertedinto the objective function (13) to ob-
tain a maximizationstepin termsof the channelvectorsfy,.
Theseestimatesrein turn,

agtt (m) = (15)

£ [Sk (Th) 7Sk (Tx) + Sk(T — T)HSk (T}, — T)] £,
£t

= arg max
i

M, £ (Sk(Tw) T (n) + Sk (T, — T)AT}(n + 1)) |2
£ [Sk (Tr) Sk (Tk) + Sk (Th — T)H Sy (T, — T))f,

Straightforvard analysisshows that the f,ﬁ“ is the eigen-
vectorcorrespondingo the maximumeigervalueof the ob-
jective matrix M(T},), definedby

M(Ty) = (16)
[Sk(Tk) " Sk (Tk) + Sk (T — T)"Sk(Ty — T)]il X

[Sk (Tk)HR(O)Sk(Tk) + Si (Tk — T)HR(O)Sk (Tk — T)

+2Re {Sk(Tr) "R(-1)Sk (T — T)}] ,
whereR(l) = "M ¥ (n)F,(n — )" is asamplecorrela-
tion matrix.

Unfortunatelythe estimatesI'+! andfi+! arecoupled
throughthe form of (16), sothatthe maximizingeigervec-
tor mustbe re-computedor every trial delayvector How-
ever, the solutionsfor the delayvectorsareseparablén the
usersk. Thefinal MCDE algorithmis expressedsfollows,
whereN; is thetotal numberof EM iterations.

Fori=1,...N;
GivenT? {aM}i fi
ComputePIC estimates?, (n) using(14)
Computesamplecorrelationmatrix R(0), R(1)
Fork=1,... , K
Forl=0,1,...
Ty = lor
Computeobjective matrix M (T},) (16)
Computefy, (T ) asmaximumeigervectorof M
Save A\, (T}) (maximumeigervalue)
Next ]
T = arg maxy, M\ (Th,)
Saefit! = £, (Ti ™) (maximumeigervector)
Computea’“( ) using(15) andf;
Next k&
Next ¢

7T/6T

Table 1. EM-MCDE algorithm,frequeny selectve fading.

5. RESULTS

The EM-MCDE algorithm for flat fading (11) was simu-
latedunderthe following conditions. Gold codesof length
N = 31 chipswere employed for a nominal SNR of 15
dB, where SNR = E; /Ny, with E;, the enegy per navi-
gation messagesymbol. Note thatthe symboldurationis
T = NT, s.,whereT, is thechip duration. User1 wasset
tothenominall5 dB SNR,while usersk = 2,... , K were
setto J/S = 10 dB aboveuserl, thusrepresentingstrong
nearfar condition. The paclet lengthwassetto M = 15
symbols.

Figurel plotsdelayestimatiorerrorin chipsversusEM
iterationsfor K = 5 users.Thehigh SNRuserk > 1 delay
estimatescorverge on the first passof the EM algorithm.
User 1, which is subjectto strongmultiuserinterference,
corvergesafters iterations.Figure2 is identicalto 1, except
that K = 6 usersarenow consideredDueto the additional
multiuserinterferencegorvergencds slowerfor userl, but
thedelayerroreventuallysettlesto lessthan.1 chip.

The EM-MCDE algorithmin Table1 wassimulatedfor
K = 2 usersandlengthN = 31 Gold codes.Userl SNR
wassetto 10 dB, anduser2 SNRwas20 dB. The chan-
nel lengthwassetto Ny = 2, with equalcoeficients. A
normalizedcoeficient vector error at EM iterationi was
definedby

i H
£ f1?

* Ik 121 |2

(17)

Both thedelayestimationerrorandcoeficienterror E are
plotted versusEM iterationis Figure 3. Thereis a fairly
significanterrorfor wealeruserl in bothdelayandchannel



estimation.This is dueto ill-convergencessuesof the EM
algorithmdiscussedbelow.

6. CONCLUSIONS

New EM-basedcodeacquisitionalgorithmshave beenpre-
sentedor terrestrialradiolocationapplications.The EM al-
gorithm for flat-fadingchannelds particularly simple,and
canbeviewedasiterative matchediltering/envelopedetec-
tion with parallelinterferencecancellation.For frequeng-
selectve channelsanEM-MCDE algorithmwasdeveloped
which jointly computesunconstrainediserdataestimates,
multipath channelcoeficients, and code delays. It is in-
terestingto notethatthe algorithmfor frequeng-selectve
channelseverthelesemploys PIC.

Initial resultsfor the flat-fading caseare very encour
aging,in thatthe delayof a weakusercanbe successfully
estimatedusing a short paclet, in the presenceof signifi-
cantnearfarinterferenceHowever, ill corvergencds seen
in the K = 2 usercasefor frequeng-selectvefading. This
is aconsequencef thebasicEM algorithmlimitation —the
true datalikelihoodis a nondecreasing function of the EM
estimatesandthus,it is possibleto becomerappedn local
maximaof the likelihoodfunction. Futurework will focus
onmultipleinitialization strateyiesfor EM to reducehefre-
gueng of ill-convergence.
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Fig. 1. Codedelayestimationerror, flat fading— 5 users.
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Fig. 3. Estimationerrors,frequeng-selectvefading.



