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ABSTRACT

In this paper we addresshe problemof secondrderstatisticses-
timationof aselectve Rayleighchannein thecontet of thewide-

bandCDMA modeof the UMTS. The datato be transmittedare
sentover slotsover which the channelis assumedo remaincon-

stant. Eachslot containsa pilot symbolsequencdrom which the

channelcanbe estimated. The covariancematrix of the channel
is usuallyestimatedy a denoised/ersionof the empiricalcovari-

ancematrix of thetrainedchannekstimate However, thisestimate
is not consistenin the UMTS context. In this paper we propose
a new consistentestimateof the channelcovariancematrix, and
evaluatethe performancesf two Wienerlike channelestimation
schemedasedntheproposecestimate.

1. INTRODUCTION

In the context of high ratemobile communicatiorsystemsthere-
ceived signalis often corruptedby a fading frequeny selectve
channel. In this case,the coeficients of the equivalentdiscrete-
time channelcan be consideredas highly low passtime-varying
centeredGaussiamandomvariables(seee.g. [7]) which mustbe
estimatedn orderto retrieve thetransmitteddata.In practice the
datato be transmittedare sentover slots on which the channel
coeficientscanbe consideredsconstantandcontaininga train-
ing sequencérom which the channekoeficientsareestimatedy
a least-squaresr a correlationprocedurg([1]). The accurag of
theseestimateswhich depend®f courseon boththelengthof the
trainingsequencandonthesignalto interferenceplusnoiseratio,
may have animportantinfluenceon the global performancef the
recever. Thisturnsoutto bethe casein the context of the wide-
bandCDMA modeof thethird mobilegeneratiorsystem(UMTS).
In the downlink, the size of the training sequencés rathershort,
andtheaccurayg of the conventionalchannekestimates very poor
whenthe systemis heaily loaded. This affectssignificantlythe
performance®f mostof the corventionalreceversbasedon this
channelestimate.

In orderto improve the performance®f the channelestimate,
onecanusesemi-blindapproachesThesemethodsaim atestimat-
ing the channelnot only from the obserationscorrespondingo
thetransmissiorof the training sequencehut alsofrom the entire
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slot. However, the existing algorithmshave a very high compu-
tationalcost,especiallyin the context of multi-userssystemgsee
e.g. [4],[3]). This paperis devotedto a completelydifferentap-

proach.We denoteby h,,, thevectorof the coeficientsof thedis-

cretetime equivalentchannelon slot numberm, andassumehat
eachvectorh,, canbeinterpretecasazero-mearslot-varying,i.e.

h,, # h,, if m # m', Gaussiamandomvector However, the
probability distributions of the vectors(h,, )3 canbe consid-
eredasslot-invariant,at leastif the numberof consideredlots M

is not too large enough. If the covariancematrix I" of this distri-

bution wereknown, it could be possibleto usea Wienerestimate
of h,,. In orderto explain this, assuméor the momentthat the
corventionaltrainedestimateh,,, canbewritten as

hy, =hy, + €m 1)

wheree,, is arandomvectorindependenof h,, with known co-
variancematrix 3. In this case,the1 classicalWiener estimate,
given by E(h,,hi) (E(ﬁmﬁg)) h, = I(T + =) 'hy,
may producesignificantimprovement.Wienerchannekestimation
seemgo have beenintroducedby [2] in the context of mono-user
system(the GSM system). However, we notethatit canbe con-
sideredasa simplificationof Kalmanprocedureslevelopedin the
context of fastfadingchannekstimation[10]), in whichthechan-
nel coeficientscannotbeassumedo beconstanbvertheduration
of aslot. In the context of GSM systemconsideredn [2], relation
(1) is satisfiedandthe covariancematrix X of €,, canbeassumed
to beamultiple o1 of theidentity matrix. As T' is of courseun-
known, [2] proposedo estimatet by

1M—1
I'== > h,bh? -5’1 2
Mﬂ; m—0 @

if o2 is known. If ¢2 is unknavn, theseauthorsproposeto es-
timateit by the smallesteigevalue of matrix & M- " h,, hZ.
(2) is consistentissoonasT is rankdeficient,a conditionwhichis
oftenmetin practicewhenthe channeis supposedo bespecular
Theestimatg(2) of I turnsoutto beconsistentin thesensehatI'
corvergestowardI' whenM — oo) if relation(1) holds,andif the
covariancematrix of €,,, is amultiple of theidentity matrix. These
conditionsarehowever not verifiedin the context of thewideband



CDMA modeof theUMTS (seebelow). Thepurposeof this paper
is twofold. We first proposea new consistenestimationscheme
of the matrix I in the context of the downlink of the wideband
CDMA modeof the UMTS. Next, we studyandcomparethe per
formanceof two channelestimatioralgorithms(Wienerandrank
reductionWiener)usingour consistenestimationschemeof I

This paperis organizedas follows. In section2, we precise
the structureof the signalsthataretransmittedandrecevedin the
downlink of the widebandCDMA modeof the UMTS. In section
3, we presentour consistentestimateof I'. We studythe corre-
spondingestimationschemesn section4, andevaluatetheir per
formancesy numericalsimulationsin section5.

2. THE DOWNLINK UMTS SIGNAL STRUCTURE

2.1. The UMTS specifications

We considera mobile stationwhich is supposedo receve slotsof
QPSK datasymbolssequencéby, o(l))i=o,x transmittedby the
basestationof its closestcell. Here,the subscriptm represents
the index of the slot, I representshe index of the symbol of the
slot m, K is the numberof symbolsper slot. The basestation
transmitssimultaneouslyy otherdatasymbolslots(bym, 4 )g=1,...Q
to @ otherusers.

We first precisethe structureof the signalrecevved by mobile
station0. In the context of UMTS, differentusersmay usedif-
ferentspreadindactors.In orderto simplify the notationsof this
paper we assumehatthe samespreadingactor N is assighedo
the (Q + 1) usersof the cell underconsiderationThe numberof
chips per slot is thusequalto NK. The readermay checkthat
thisassumptiomoesnotinduceary restrictionandthatourresults
remainvalid if differentspreadingactorsareassignedo certain
users.Eachsequencef symbolsb,, ,(1) is spreacby a BPSKpe-
riodic sequencef period N ¢, (n). The correspondind@ + 1)
chip sequencesrefinally scrambledby the samelong aperiodic
code (this codecharacterizeshe cell). We denoteby s,,(n) the
value of the scramblingcodeon chip n of slotm. In the follow-
ing, we denoteby d.n, 4 (n) thechipsequenceorrespondingo slot
m of userg, which accordingto the above specificationsis given
bY dm,g(IN+k) = bm,q()cg(k)sm(IN+k)for0 <k < N-—1
and0 <1< K — 1.

The continuous-timesignal z,(¢) receved by mobile station
0 andcorrespondingo the transmissiorof slot m of the various
usersis thusgivenby zm,a(t) = S0 ptg 3, dma (n)him,a(t —
nTe) +wa(t). Here, T, representshechip period,hn, o (t) repre-
sentsthe (unknawn) impulseresponseesultingfrom the shaping
filter (i.e. a squareroot raisedcosineof roll-off 0.22), the prop-
agationchannelbetweenthe basestationand the mobile station
0, andthe receptionfilter. We assumewithout restrictionthat it
is causal.Note thatit dependn the slot m to take into account
the time variationsof the propagationchannel. The coeficients
Lo, - - - , o arepositive,andrepresenthesquargootsof thepow-
ersof the contritutionsof eachactive userto the receved signal.
In thefollowing, we assumevithoutlossof generalitythatuo = 1.
Thecoeficients(uq)q=1,... @ thusrepresentherelative powversof
the otherusers.Finally, w, (t) is anadditve noisedueto the sig-
nalsemittedby otherinterferingcellsandto thebackgrounchoise
assumedo be white Gaussiarwith spectraldensity Np/2. We
assumehat the mobile station0 hassynchronizedwith the base
station. This implies in particularthat the mobile hasa perfect
knowledgeof the scramblingcodesequence On the otherhand,

eachslot containsa pilot sequencedf P symbolswhich canbe
usedin orderto estimatethe channel.In otherwords, the mobile
station0 knows thefirst N P chipsof eachslot m transmittecby

user0 (i.e. thesequencd,,0(0), . .. , dm,0 (NP —1)). However,

themobilestation0 is notawareof thepilot sequencesansmitted
by theusersl, ... , Q.

2.2. The discrete-timeequivalent model

The signal z.(¢) is sampled at the period T./2. We
denote by x,,(n) the two-dimensional vector x,,(n) =
(Zm,a(NT2), Tmo(nT. + Te/2))T and by h,, (k) the vec-
tor hy (k) = (hma(kTe), hmo (KT + Tc/2))T. We put
hy, = (hn(0)7, ... hy(L)T)T where LT. representthe
maximum duration of the channel. It is easily seen that
the discrete-timesignal x,, (n) can be written as x,(n) =
25:0 Z?:o tohm (K)dm,q(n — k) + Wi (n) wherew,, (n) is
definedasx., (n). We now formulatethe following assumptions

e (Al) Foreachm, h,, is acomple Gaussiamandomvector
andits covariancematrixis timeinvariant,i.e. it doesnotde-
pendonm. In thefollowing, we denoteby T' = E(h,,hf)
this covariancematrix.

e (A2) The (known) sequence(sm(n))n=o,... NK—1, mez
is assumedto coincide with a realization of an in-
dependent identically distributed centered QPSK se-
quence. In particular for eachp and each function @,
UM too o om0 B(sm(n+71), .., $m(n + 7)) =
Es(®(s(r1),...,s(1p))) where s representsa centered
QPSKi.i.d. sequence.

e (A3) Forgq > 0, thesymbolsequence&ransmittedy userg is
i.i.d. Thevarioussequencearealsomutuallyindependent.

3. ESTIMATION OF THE CHANNEL COVARIANCE
MATRIX

The cornventionalestimateis obtainedby correlatingthe receved
signalwith delayedversionsof the chip sequenceorresponding
to the pilot symbolssequence h,,, (k) = w5 SN2 % (n +
k)d;, 0(n). Using the expressionof x,,(n + k), we get that
the estimationerror €,, = h,, — h,, hasthree components.
The first oneis the contrikution of the auto-correlation®f d., o
given by 5 7o i (D) Cn 5" dimo(n + k — )d5 0(n) —
h,, (k), the secondis the interferenceof otherusersof the cell:
¥ Lget o g o () 025 dim g (n+ k= 1), o(n) and
thethird is 5 S0 55" Win(n + k)d, 0 (n). Our problemthus
differs deeplyfrom the contet usedby [2], wherethe first com-
ponentis zeroandthe secondonedoesnot exist (see(1), andthe
correspondingassumptions).Moreover, we obsere that vectors
h,, ande,, arenot statisticallyindependentndthat the covari-
ancematrix of €., is nota multiple of theidentity matrix: it actu-
ally dependonT', andon the unknavn distribution of the co-cell
interference Moreover, dueto thescramblingcode,it is nottime-
invariant, i.e. it dependson the slot underconsideration. This
shavsthatthestandardestimatg2) is notconsistenin thepresent
contet, andthatits performancemay be very poorif the multi-
userinterferenceandthe co-cellinterferenceermsare dominant.
A quitedifferentapproachs thusneededo estimatematrix T'.

In order to presentthe core of our new estimationmethod,
we need to introduce some notations. First, we denote by



A,, the covariance matrix E(h,,h) of vector h,,, which
as shavn below, dependson m. Next, we denote A
the “temporal mean” of matrices A,, definedby A, =
Mmoo o Yo Zo Apm. Fromnow, we denoteby x,,, . (n) the
2(L+1)—d|menS|ona1/ectorxm,L(n) = (xm(n)T, ce X (n+
L)hHT andputRxm = E&Xm,.(M)Xm,(m)¥) andRy, 00 =
im0 77 E Rm m. Vectorw,, r.(n) andmatricesR.,,m
andR,- are deflnedS|m|IarIy Our approachis basedon the
following identities:

Proposition1 The matricesR;,.. and A can bewritten :

R0 = (Z/‘q

)+ Ruoo (3)

and

1 & 1
Aw =T+ 5 M) T =D+ gpRe (@

where matrix 7 (T') represents the block Toeplitz matrix whose
each 2 x 2 block 7(I')(k,l) is given by T(T)(k,l) =
Z(i,j),i—j:k—l I‘(Z’J)

It turnsout that
Aw——Rs00o=(1-—— E ;l,q (5)
NP ™%

Under certain standard mixing assumptionson sequence
(hyn)mez, matrices Ao, and R, can be consistently es-
timated by A = LM b and by Reee =
e ML S VKL xm,L(n)xm,L(n)H Therefore, relation
(5) prcmdesa directway to estimatel’ consistentlyup to a con-
stantmultiplicative factorby the matrix T definedby :

~ ~ 1 -
NPR’ (©)

Note that proposition1 canbe interpretedas a generalizatiorto

randomtime-varying channelsandto the context of the UMTS of

the resultsof [9], whereit is shavn that a time invariantchannel
canbededucedrom thedifferencebetweerthe covariancematrix

build from the obserationbeforeandafterdespreading.

4. IMPROVEMENT OF CHANNEL ESTIMATION USING
THE CHANNEL COVARIANCE MATRIX

4.1. Modified Wiener estimation

The classicalWiener channelestimatorof h,, is definedasthe
orthogonabprojectionof h,, overthespacegeneratedy thecom-
ponentf the obsenedrandomvectorh,,. It is thusgivenby

h,,/hy, = E(h,,hE)(E(h,h2)) 'h, = E(h,,h})A hy,

where/ standgor the usualorthogonalprojectionoperatorin the
spaceof finite secondorder momentsrandomvariables. How-
ever, this channelestimatorcannotbe implementedin practice
becauseit is impossibleto estimateconsistentlymatrix A,

We thereforeproposeto usea modified Wiener estimatedefined

by Aoptﬁm, where matrix A,p+ minimizes the cost function

Mmoo o SN 20 E(||hm—Ahy, ||?) Theoptimalmatrionpt
canbeshavnto c0|nC|deWith A, =TAL ! andcanbe consis-

tently estimatedby matrix f‘A;l. Our modified Wienerchannel

estimatds thusthevectorh,, givenby b, = PA by,

4.2. Rank reduction of channelsubspace
In practice,the performanceof the estimateh,, = I‘A_lfl
may be very far from thoseof the true modified Wienerestimate
raz! h,,,. Thisisin particularthe casewhenthe numberof slots
M usedto estimatematricesI’ and A, is notlargeenoughcom-
paredto thedimensiorof thematricego beestimatedin thiscase,
theestimated" andA ., arenotaccurateenough Fortunatelythe
performanceof the estimateh,,, canbe improved significantlyif
matrix T is rank deficient(or closeto be rank deficient) which
turnsout to be the casein the context of the so-calledmulti-path
Clarke model([5]). Letthendenoteby r its rank. In this case the
channelh,, canbe written ash,, = Ug,, whereU represents
thematrix build from ther eigervectorsassociatetb thenonzero
eigevaluesof T', andwhereg,,, is ar—dimensionalector

Let usfirst assumehat U is known. The estimationof vector
h,, reducedo theestimationof ther componentsf g,,, whichis
an easierproblemif r is significantly smallerthanthe numberof
componentg(L + 1) of h,,. g,», canbeestimatecdby meanwf a
modified Wienerestimateg,, basecong,, = UZh,,. However,
matrix U is of courseunknavn, and replacedin practicein the
above procedureny thematrix U of the eigervectorsassociatetio
ther greatestigevaluesof matrix I".

5. SIMULATIONS

In orderto simulatethe propagationrchannel,we have useda re-
alistic simulator([6]) developedby the researctcenterof France
Telecom. We have chosena 3 pathschannelwith time-varying
complex amplitudecorrespondingo a mobile speedof 5 Km/h.
The spreadingactorof the userof interest(i.e. the user0) is 256.
Eachslot thuscontainsé usefulQPSKsymbols,and4 QPSKpi-
lot symbols(see[1]) which areassumedo be sentwith the same
pover. Wetake Q = 55 otheruserssothattheload of thecell is
p ~ £. Theco-cellinterferencés absentIn orderto comparethe
statisticaperformancef thevariousestimatorof thechannelwe
evaluatethe bit errorrate correspondingo a corventionalRAKE
recever basedon the channelestimates.In otherwords, the de-
cision on symbolb,, o (1) is basedon the amgumentof b,,,0(1) =
¥ S o SN % (IN + n 4 k)co(n)sm (LN + n)* where
o representsneof thepossiblechannekstimates.

In figure 1, we comparethe corventionalpilot basedestimate
h,,, thetrue modifiedWienerchannelestimateA;,lI‘Bm, thees-
timatedmodified Wiener channelestimatebasedon the estimate
(2) of I, andthe estimatednodifiedWienerestimatebasedn the
proposecdestimationprocedureof I' (6). The performanceof the
Rake recever associatedvith thetrue channels alsorepresented.
Here,the numberof slotsusedto estimatethe variousmatricesis
M = 240, which, in the contet of the UMTS, correspondso a
durationof 160ms. We take L = 20 chipsfor thechannekize.

We obsenre that the performanceof the true modified Wiener
channelestimates closeto thatof the true channel.If E, /Ny >
8dB, the proposedestimatesignificantly outperformsthe ap-
proachof (2) becausd?) is not a consistenestimateof I'. Note



in particularthatif £y, /No > 12dB, (2) behaeslike the conven-
tional trainedestimate.Neverthelessboth estimationprocedures
of I arefar from thetrue modifiedWienerchannelestimate For-
tunately rankreductionproceduresillow to improve alot the per
formance.This claimis illustratedin figure 2 wherewe compare
the performanceof the proposedreducedrank estimate(6) of T'
andthe reducedrank estimatebasedon the eigendecomposition
of (2). In both casesthe rank of the estimateof I" is evaluated

by the procedureproposedn [8], i.e. # = argminid%lﬁ where

M> > > 5\2L+2 aretheeigervaluesof the estimateof IT"
arrangedn decreasin@rder

Again, our proposaloutperformsa lot the standardprocedure
basedon (2). In particular if Ey,/No > 16dB, the performance
of the proposedankreducedestimatds closedto thatof thetrue
modified Wiener estimate. However, if E,/No < 12dB, thisis
no longerthe case.Apparently this is becausehe detectedvalue
of r is 1 in mostcaseginsteadof 3) for thoseSNR, thusinducing
a lossof performance.In orderto overcomethis dravback, we
alsoplot the performanceorrespondindo therankdetermination
procedureconsistingin estimatingr by 7 definedasthe number
of positive eigervaluesof (6). We obsere animportantimprove-
ment. Note alsothat this last procedureis not applicableto the
corventionalestimatg2).

6. CONCLUSION

In this paper we have addressedhe problemof estimatingcon-
sistentlythe covariancematrix T' of the discrete-timeversionof
a Rayleighfading channelin the contet of the WCDMA mode
of UMTS. Our estimates basedon the obserationthatT* canbe
obtainedby substractinghetemporalmeanof the covariancema-
trix of the obsered signalto thetemporalmeanof the covariance
matrix of the corventionaltrained estimate. We have also stud-
ied the performanceof two Wienerlike channelestimatordased
on our new estimate andhave comparedheir performancesvith
thatof a classicalestimateof T' usedin the context of mono-user
systemsThe simulationresultshave shavn thatthe new estimate
outperformgquite significantlythe classicalone.
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