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ABSTRACT

A blind frequeny domainmethodfor estimatinghepropa-
gationdelaysof DS-CDMA signalsis presentedThealgo-
rithmis formulatedusinganantennaarray anduseshefact
thatthe spatiallyandtemporallycorrelatedadditive noise,
consistingof both interferingusersandthermalnoise,will
be asymptoticallyuncorrelatedn the FFT frequeng grid.
The algorithmis computationallysimple, and can be effi-
ciently implementedusingthe FFT algorithm. Simulations
illustratethatnearfar resistanceanbe achiezedusingspa-
tial diversity.

1. INTRODUCTION

Direct-sequenceodedivisionmultipleacces¢DS-CDMA)
is widely consideredo be a promisingtechnologyfor fu-
ture wirelesscommunicatiometworks. Dueto the nearfar
problemfor CDMA cellularsystemsn amultiusererviron-
ment, therehaslately beenan increasednterestin robust
time-delayestimationandblind adaptve interferencesup-
pressiorn(seg[1] andthemary referencesherein).Nearfar
resistantestimatorsare of greatimportancein caseswith-
out closedloop power controlschemesasit is well known
that the standarddetectorbecomeauselessn caseswhere
thepower recevedfrom differentusersbecomesinequal.
This paperfocusesonanovel methodfor efficientlycom-
puting an initial propagationdelay estimate,to be used
by, for instance the Approximative Maximum Likelihood
(AML) algorithmpresentedn [2]. The latteralgorithmis
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known to performpoorly for theacquisitionproblem,asthe
AML costfunctionis highly nonlineamwith mary localmin-
ima, but performswell for the trackingproblem. Similarly,
exploiting an accurateinitial timing estimatecan signifi-
cantly simplify several of the algorithmsin the recentlit-
erature Oneof thekey aspect®f theproposedechniquds
thatit canbeimplementedisinganarbitraryantennarray
It wasshawn in [3] thatexploiting spatialdiversityleadsto
substantiaperformancedvantagdor CDMA systemsOur
simulationsconfirmthis, andit is foundthatby theintroduc-
tion of spatialdiversity, the estimatobecomesncreasingly
nearfarresistant.

The presentecglgorithmonly assumeg&nowledgeof the
spreadingsequenceof the desireduser and can be effi-
ciently implementedusing the FFT algorithm. The algo-
rithm caneasily be rewritten to handlethe useof a known
trainingsequence.

2. PROBLEM FORMULATION

The paperconsidersan asynchronousk -userDS-CDMA

systemoperatingover an additive white Gaussiannoise
channel. The modulationis assumedo be binary phase
shift keying (BPSK),althoughthealgorithmmaybeapplied
to ary type of PSKmodulation. The transmittedsignalfor

the k:th user s (t), is formedby spreadinghe k:th users

datastream,g,(m) € {+1,—1}, with the pulse shaping
function, h(t), i.e.,
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whereT, is the chip period. The datastream,gy(m), is
formedby modulatinghek:th usersbit information b, (n),
with the k:th users signaturesequencey, (n):

S

wheretheprocessinggain NV is theratio of the bit andchip

periods,.N 2 Ty /T.. Thetransmitteistructures illustrated
in Figure 1. The pulseshapingmodulationof the spread
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Figurel: Transmitterstructure

datasequences not, asis commonlythe case(see,e.g.,
[1, 2]), assumedo bearectangulawaveform,butis instead
more realistically modeledas a known bandlimitedsignal
(e.g.,asin [4]). This bandwidthconstraintis likely to be
imposedon ary commerciakystem.

We considera casewith shortspreadingsequencesrhis
meansthat ¢; (n) is periodicwith periodequalto the pro-
cessinggain N. In Section6 we outline how the proposed
algorithmcanbeextendedo long, or random codes.

We assuméhatthesignalsfrom the K usersarereceved
at an M -elementantennaarrayin the presencef additive
white Gaussiamoise. It shouldbe notedherethatthe use
of anantennaarrayis not necessaryor the formulationof
the estimator However, aswe shallillustratein Section?,
theintroductionof anantennarraywill make theestimator
increasinglynearfar resistant.

At eachantennaelement,the receved signalis passed
througha filter matchedo the pulseshapingfunction and
samplechtthesamplinginterval T; = T../Q, whereQ isan
integer andreferredto asthe oversamplingfactor There-
ceiverstructurds depictedn Figure2. Thesampledsignal,

T;

r(t) —= h*(—t) 7& y(nTy)
Figure2: Receverstructure
v, (nT;), canthenbewrittenas
yt(nTi) = aksk(nTi - Tk) + et(nT,-), (3)

forn =0,...,LNQ — 1, whereL is thenumberof trans-
mitted bits, 7, denotesthe propagationdelay anda;, the

M x 1 spatialsignatureof theantennarrayfor userk. The
additive noisesequencee;(n), is the temporallyand spa-
tially correlatedinterferenceconsistingof boththe K — 1
co-channeusersandthe additive thermalnoise.

The standarcharraovbandassumptioris employed here;
i.e., the propagatiortime of the signalacrossthe arrayis
assumedo be muchlessthanthe reciprocalof the signal
bandwidth. To simplify the problem,we do not usean ex-
plicit parameterizatiomf the spatialresponsen termsof
directionsof arrival (DOA), but insteadtreatthe elements
of a;, asdeterministicparameter$o be estimated.This al-
lows usto considera clusterof coherentarrivalsthat share
a giventime delay without the necessityof estimatingthe
numberof sucharrivalsnor their individual DOAs andam-
plitudes. In addition, this assumptioreliminatesthe need
for anaccuratelycalibratedarray

3. PROPOSED ESTIMATOR

The proposedlgorithmfor estimatingr first corvertsthe
receved signalinto a sequencef vectorsby dividing the
signalinto L — 1 overlappingblocks of length2NQ (for
n=0,...,2NQ—1,andj =1,... ,L—1):

yi(n)
In this section,we derive the estimateof 7, for a singlej,

andthenshaw in the next sectionhow to usethedatain all
L blocks.Let

=yi(nTi + (j - )NQT)). (4)

N-1
Z Ck t —mT, ) (5)
m=0

denotethe modulationof the spreadingcodefor the k:th
user Eachvectorcanthenbe seenasconsistingof partsof
threeconsecutie bits (see[1] for a discussiorconcerning
this vectorization):

apby (§)p:(nT; — )

+akbk(] — l)pt(nT + Ty — Tk)

+agbi(j + Dpe(nTi = Ty — 73) + €] (nT)
= apb(j)pe(nTi — 7)) + Wi (nT}) (6)

yi(n) =

wheree! (nT;) is the j:th noisevectorandw? (nT;) denotes
theadditive noisecombinedwith the“interfering” bits (i.e.,
the previousandthefollowing bits, j + 1).

We then make use of the fact that the temporally cor-
relatednoisesequencew? (n), will be asymptotically(for
largeNQ) uncorrelatednthe FFT frequeng grid (seeg.g.,
[5]). Thus,usingthetime-shiftpropertyof theFouriertrans-
form, we canapproximatelyrewrite thereceveddatain the
frequeng domainas

5, (1) = apbp (j)po (e ™™/Ne + wi(l),  (7)



wherer, = 0,---,2NQ — 1, andp,,(I) andw’ (1) de-
note the I:th bin of the Fourier transformof p;(nT;) and
wj (nT;), respectrely. Accordingto [5], the additive noise
w (1) in thefrequeny domainwill be (asymptoticallyun-
correlatedin 1, Gaussiardistributed, with variances? (1),
where

2NQ 2

on (1) = | Y wi(k)e mI/NQ (8)
k=1

In thefollowing, o2 (1) is assumedo be known, andin the
numericalexampless estimatedstheaveraged®SDof the
M differentsensors'measuredsignal vector As the k:th
userssignalenegy will only contributewith aboutoneK :th
the measure@nepgy (andevenlessin unfavorablenearfar
situations)this approximatiorwill bereasonablyaccurate.

We proceedwith the derivation of the ML estimatorfor
the j:th datavector aswrittenin (7), underthe assumption
thatthe additive noisein the frequeng domainis Gaussian
andspatiallycorrelatedbut uncorrelatedn frequeng.

Assumingthe spatialstatisticsof theinterferencerefre-
gueng independentywe definethe spatialnoisecovariance
matrix, Q!,, as

Ql

B [wl,()(wl,(1)* ]

= Uiy(l)Q’UJJ (9)
where(-)* denotescomplex conjugatetransposelet @ =
{ Qu ar 7 br(j) } denotethe unknown parame-

ters. Alsolet® = { a;, 7 bi(j) }. The negatve
log-likelihoodfunction for 2N @) samplesof datais easily
shawn to be, after eliminating multiplicative and additive
constants,

Vang(8) =log| QL[ +tr {Q'C(O)},  (10)

where| - | andtr {-} denotethe determinanendthe trace
operationyespectiely, and

CO) = g X 0B Ay

eol) = yi() —awbs(ipo(De ™M (12)

Using standardnatrix calculus(see,e.g.,[6]), the gradient
of the criterionin (10) with respecto Q,, is easilyshovn
to be
Vang(6)
0Qu
from whichit is clearthatthe ML estimateof Q,, is given
by

=Q,' - Q,'C(H)Q,’ (13)

Qu =C(0). (14)

When (14) is substitutednto (10), the concentrateatrite-
rion

Vang(8) = log|C(8)| + M (15)

results.
Droppingthe scalingby 2N @Q, we canrewrite (11) as

CO) = (YiV,—ab(j)p.)A()" (16)
= (Yivo—amGipe) (1) an)

where (-)* denotesthe first parenthesigransposeconju-
gated,

v, = [ emﬁTk/NQ 627ri7-,c ]T
Po = [ pu(l) P.(2NQ) ]
Po = pr1/2
V, = diagv;)
Yi = [yi(1) y,(2NQ) ]
Y, = YLA'Y?
A = [o,%D) 0,2(2NQ) ]
A = diag(A),

diag(v,) denotesamatrixwith thevectorv, alongits diag-
onal,and(-)” denoteshe matrix transposeMinimization

of Vang(0) in (15) with respecto ay, yields
YiV,p,

ap = Popbe(i)’ (18)
andinserting(18)in (17) gives
C(m) = R;j — a(mi) " (1) (19)
where
R, = YIAY*
a(r) = YBVoBL

vV Pubj
It is worth notingthatthecostcriterionin (19) only depends
onthepropagatiordelay not onthetransmittedit. Thisis
aresultof thefactthatby, (4)by (j) = 1in (19).

By makinguseof the determinantules|AB| = |A||B|
and|I + AB| = |I + BA| the concentratedriterion (15)
canbeexpresse@s

VQNQ(Tk) =10g( 1 —a*(Tk)Rj_la(Tk) ) (20)
wheretermsnot dependingn 7, have beendropped.Thus

Tp = argmaxa*(Tk)Rj_la(Tk)
Tk
= argmaxv:ﬁjRj*lﬂ;vT
Tk

= argmax [[vi8,R; ], (21)



where|| - || denoteghe Euclideamorm,and

B; = diagp.,)AY3"
= (em(poOA) OYZ, (22)

whereey, = [ 1 1 ]T is M x 1, andwhere® de-
notesthe SchurHadamardgroduct.

Duetothepresencef noisein (20),a*(Tk)R;1a(Tk) <
1 with probability oneandthe criterionis well defined(see
also[7]). Sincev, is a DFT vector the maximumof the
criterionin (21) is simply the maximumof the sumof M
FFTs. Note thatthe computationatompleity canbelow-
eredsignificantlyby evaluatingR ; as

R; = (Y], © (euN)) Y7 . (23)

It is worth stressingagainthat the costfunctionin (19)
is independentf thetransmittedbit. This canalsobeseen
from (21) which doesnotdependn b ().

4. COMBINATION OF MULTIPLE BITS

Clearlyit is preferabldo considemll the LN Q) x m samples
in the estimationof 7, atthe sametime. Thisis possibleif
we know all the transmittedbits, asis the casewhentrain-
ing symbolsare available. In this case,we form a block
y?(n) which containsthe (spread)training sequenceand
apply the proposedalgorithm on that block. The signal
br, (7)pe(nT;) will in this casespanthe entire training se-
quencewith by (j) now denotingall theknowntrainingbits,
andp;(nT;) thecorrespondingnodulateccodevords).

Withoutknowledgeof thetransmittedsignal,we propose
an ad-hoccombiningof the L — 1 datavectorsin (7) by
addingtheirrespectie “pseudospectrasgsformedin (21),
prior to finding themaximum,i.e.,

2
v:ﬂjR;1/2H . (24)

L-1

Tp = argmax E |
Tk

=1

5. COMPUTATIONAL COMPLEXITY

The algorithmis found to be computationallysimple, re-
quiringroughlyO(LM N Q log[N (Q]) operationsThisis to
be comparedvith, for instancethe MUSIC algorithmpro-
posedy Strometal. [2] whichrequiresaboutO (L[N Q]+
[NQ]?) operations Typically, thefirst L[N Q]?, which are
due to the computationof the samplecovariancematrix,
will form a significantpart of the computationaload, as
the MUSIC algorithmrequiresabout. = 100 symbolsto
giveanaccurateestimateof thecovariancematrix. SeeSec-
tion 7 for a studyof haw the numberof symbolsaffect the
estimationaccurag for the proposedalgorithm.

6. EXTENSION TO LONG CODES

The mainideaof the proposedalgorithmis that the block
y: (n) definedin (4) mustcontaina signal, whoseFourier
transformis known up to a complex constant. With short
codes this is easyto accomplish:any block of length 27

will containaperiodof thecodesequenceWith longcodes,
this is not the case;the spreadingcodevariesfrom symbol
to symbol. Sincewe arenot synchronizedye do notknow

which part of the signaturesequencés usedto spreadthe
currentsymbol.

A solutionto this problemis to increasehelengthof the
block y/(n), sothatwe are sureit containsa given part
of thelong spreadingcode. For instanceif we know that
the signal from the transmitterarrives within a period of
10 symbols,we form blocksof length 107, andapply the
algorithmdescribedn Section3. Sincetheblocksareover
lapping,thenumberof blockswill only decreasslightly.

With this trick, the algorithmcanbe appliedin a system
emplgying long codes. The extensionof the blocks will
cause highernoiselevel: thevarianceof thetermw (nT;)
will increaseln practiceJongcodesarepreferrediuetothe
inherentinterferenceaveragingthey provide, whichis also
adwantageousor the proposedilgorithm.

7. NUMERICAL RESULTS

To evaluatethe proposedalgorithm, Monte Carlo simula-
tionswereperformed.The simulatedsystemwasa 10-user
scenariowith N = 31 chipsperbit and7, = 1 Gold code
sequencesThe measuredlatawas sampled) = 3 times
perchip. Thedesiredusers signalis assumedo beimping-

ing on the arrayfrom broadsidewith a (randomlychosen)
time-delayof 7, = 3.9517,, whereaghe otherusershave

randomDOAs andtime-delays.The carrierpower for the
desireduseris assumedo beone, Py, = 1, while all thein-

terferingusershave the samerecevedpower, P, = Py, for

k=1,...,K — 1. TheNearFarRatio(NFR)is definedas
NFR = P, /Py. In thefigurespresentedbelow, weillustrate
the probability of a correctacquisition,i.e., the probability
thattheestimatds within a half sampleof thetruevalue. A

total of 500 Monte Carlo runsweredonefor eachsimula-
tion.

Figure 3 shaws the estimators code acquisitionproba-
bility as the signal-to-noiseratio (SNR) and the number
of transmittedsymbols, L, varies. We seethat with only
L = 10 symbolsthepropagatiordelaycanbereliably esti-
matedusingthreesensorsn over 95%of thecasesor SNR
> 0 dB. As seenin Figure4, spatialdiversity canbe used
to give nearfar resistance.The figure shows the probabil-
ity of a correctacquisitionasthe NFR, andthe numberof
antennas)M, varies.

As wasmentionedn section4, thealgorithmcanbeim-
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Figure3: Probabilityof correctacquisition,NFR=1, M =
3 sensors.
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Figure4: Probabilityof correctacquisition;L = 20 sym-
bols,SNR=10dB.

plementedusingtraining sequencesin the following ex-
amplewe examinethe codeacquisitionprobabilityfor a18
symboltraining sequenceThe symbolsynchronizatiorof
thetrainingsequencés assumedo beknown, i.e., the k:th
usergime-delayis known within onesymbolperiod.

Figure 5 shaws the estimators code acquisitionproba-
bility asthe NFR andthe numberof antennawaries. As
canbeseerby comparingrigure4 andFigure5, the useof
thetrainingsequencemprovestheestimatorsperformance,
but interestinglynotby much.
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Figure5: Probabilityof correctacquisitionfor a known 18
symbolslong training sequencel. = 20 symbols,SNR =
10dB.
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