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ABSTRACT

In thispaper, weaddresstheproblemof secondorderstatisticses-
timationof aselectiveRayleighchannelin thecontext of thewide-
bandCDMA modeof the UMTS. The datato be transmittedare
sentover slotsover which thechannelis assumedto remaincon-
stant.Eachslot containsa pilot symbolsequencefrom which the
channelcanbe estimated.The covariancematrix of the channel
is usuallyestimatedby a denoisedversionof theempiricalcovari-
ancematrixof thetrainedchannelestimate.However, thisestimate
is not consistentin theUMTS context. In this paper, we propose
a new consistentestimateof the channelcovariancematrix, and
evaluatetheperformancesof two Wienerlike channelestimation
schemesbasedon theproposedestimate.

1. INTR ODUCTION

In thecontext of high ratemobilecommunicationsystems,there-
ceived signal is often corruptedby a fading frequency selective
channel. In this case,the coefficientsof the equivalentdiscrete-
time channelcanbe consideredashighly low passtime-varying
centeredGaussianrandomvariables(seee.g. [7]) which mustbe
estimatedin orderto retrieve thetransmitteddata.In practice,the
data to be transmittedare sentover slots on which the channel
coefficientscanbeconsideredasconstant,andcontaininga train-
ing sequencefrom which thechannelcoefficientsareestimatedby
a least-squaresor a correlationprocedure([1]). The accuracy of
theseestimates,whichdependsof courseonboththelengthof the
trainingsequenceandonthesignalto interferenceplusnoiseratio,
mayhave animportantinfluenceon theglobalperformanceof the
receiver. This turnsout to be thecasein thecontext of thewide-
bandCDMA modeof thethird mobilegenerationsystem(UMTS).
In the downlink, thesizeof the training sequenceis rathershort,
andtheaccuracy of theconventionalchannelestimateis verypoor
whenthe systemis heavily loaded. This affectssignificantly the
performancesof mostof theconventionalreceiversbasedon this
channelestimate.

In orderto improve the performancesof the channelestimate,
onecanusesemi-blindapproaches.Thesemethodsaimatestimat-
ing the channelnot only from the observationscorrespondingto
thetransmissionof thetrainingsequence,but alsofrom theentire

slot. However, the existing algorithmshave a very high compu-
tationalcost,especiallyin thecontext of multi-userssystems(see
e.g. [4],[3]). This paperis devotedto a completelydifferentap-
proach.We denoteby ��� thevectorof thecoefficientsof thedis-
cretetime equivalentchannelon slot number� , andassumethat
eachvector ��� canbeinterpretedasazero-meanslot-varying,i.e.���	�
 � ��� if �
�
 ��� , Gaussianrandomvector. However, the
probability distributionsof the vectors ��� �������������� canbe consid-
eredasslot-invariant,at leastif thenumberof consideredslots �
is not too largeenough.If thecovariancematrix � of this distri-
bution wereknown, it couldbepossibleto usea Wienerestimate
of ��� . In orderto explain this, assumefor the momentthat the
conventionaltrainedestimate ��� canbewrittenas

 � � 
 � �"!$#�� (1)

where #�� is a randomvectorindependentof � � with known co-
variancematrix % . In this case,the classicalWiener estimate,

given by &������  �('� �*) &��  ���  �('� �,+ ���  ��� 
 �-��� ! % �.�/�  ���
mayproducesignificantimprovement.Wienerchannelestimation
seemsto have beenintroducedby [2] in thecontext of mono-user
system(theGSM system).However, we notethat it canbe con-
sideredasa simplificationof Kalmanproceduresdevelopedin the
context of fastfadingchannelestimation([10]), in whichthechan-
nelcoefficientscannotbeassumedto beconstantover theduration
of a slot. In thecontext of GSM systemconsideredin [2], relation
(1) is satisfied,andthecovariancematrix % of # � canbeassumed
to bea multiple 0�132 of theidentity matrix. As � is of courseun-
known, [2] proposedto estimateit by

 � 
54� �6�/�7
�����  � �� � '�98 0 1 2 (2)

if 0�1 is known. If 0�1 is unknown, theseauthorsproposeto es-
timateit by thesmallesteigenvalueof matrix ��;: �6�/������  ���� � '� .
(2) is consistentassoonas � is rankdeficient,aconditionwhichis
oftenmetin practicewhenthechannelis supposedto bespecular.
Theestimate(2) of � turnsout to beconsistent(in thesensethat  �
convergestoward � when �=<?> ) if relation(1) holds,andif the
covariancematrixof #�� is amultipleof theidentitymatrix. These
conditionsarehowever not verifiedin thecontext of thewideband



CDMA modeof theUMTS (seebelow). Thepurposeof thispaper
is twofold. We first proposea new consistentestimationscheme
of the matrix � in the context of the downlink of the wideband
CDMA modeof theUMTS. Next, we studyandcomparetheper-
formancesof two channelestimationalgorithms(Wienerandrank
reductionWiener)usingourconsistentestimationschemeof � .

This paperis organizedas follows. In section2, we precise
thestructureof thesignalsthataretransmittedandreceivedin the
downlink of thewidebandCDMA modeof theUMTS. In section
3, we presentour consistentestimateof � . We studythe corre-
spondingestimationschemesin section4, andevaluatetheir per-
formancesby numericalsimulationsin section5.

2. THE DOWNLINK UMTS SIGNAL STRUCTURE

2.1. The UMTS specifications

Weconsidera mobilestationwhich is supposedto receive slotsof
QPSKdatasymbolssequence�A@ �CB � ��D �E�,F �G�3B H transmittedby the
basestationof its closestcell. Here, the subscript� represents
the index of the slot, D representsthe index of the symbolof the
slot � , I is the numberof symbolsper slot. The basestation
transmitssimultaneouslyJ otherdatasymbolslots �A@ �CB K��LK.� � B M M M N
to J otherusers.

We first precisethe structureof the signalreceived by mobile
station O . In the context of UMTS, differentusersmay usedif-
ferentspreadingfactors.In orderto simplify thenotationsof this
paper, we assumethat thesamespreadingfactor P is assignedto
the ��J ! 4 � usersof thecell underconsideration.Thenumberof
chipsper slot is thusequalto PQI . The readermay checkthat
thisassumptiondoesnot induceany restrictionandthatourresults
remainvalid if differentspreadingfactorsareassignedto certain
users.Eachsequenceof symbols@ �CB K ��D � is spreadby a BPSKpe-
riodic sequenceof period PSR K �AT � . The corresponding��J ! 4 �
chip sequencesarefinally scrambledby the samelong aperiodic
code(this codecharacterizesthe cell). We denoteby U � �AT � the
valueof thescramblingcodeon chip T of slot � . In the follow-
ing,wedenoteby VW�CB KX�AT � thechipsequencecorrespondingto slot� of user Y , which accordingto theabove specifications,is given
by V �CB K ��DZP !Q[\� 
 @ �-B K ��D � R K � [\� U � ��D]P !Q[\� for O_^ [ ^"P 8 4
and O`^"D�^aI 8 4 .

The continuous-timesignal b\cd�Ae � received by mobile stationO andcorrespondingto the transmissionof slot � of the various
usersis thusgivenby b\�CB c �Ae � 
 : NK.���gf K :ih VW�CB KX�AT �,j �CB c �Ae 8T�kgl �W!Qm cd�Ae � . Here,kgl representsthechipperiod, jn�CB cn�Ae � repre-
sentsthe(unknown) impulseresponseresultingfrom theshaping
filter (i.e. a squareroot raisedcosineof roll-off 0.22), the prop-
agationchannelbetweenthe basestationand the mobile station
0, and the receptionfilter. We assumewithout restrictionthat it
is causal.Note that it dependson theslot � to take into account
the time variationsof the propagationchannel. The coefficientsf �porqrq3q/o f N arepositive,andrepresentthesquarerootsof thepow-
ersof thecontributionsof eachactive userto thereceivedsignal.
In thefollowing,weassumewithoutlossof generalitythat f � 
 4 .
Thecoefficients � f K � K.� � B M M M,B N thusrepresenttherelativepowersof
theotherusers.Finally, m cn�Ae � is anadditive noisedueto thesig-
nalsemittedby otherinterferingcellsandto thebackgroundnoise
assumedto be white Gaussianwith spectraldensity Ps�utpv . We
assumethat the mobile station0 hassynchronizedwith the base
station. This implies in particularthat the mobile hasa perfect
knowledgeof thescramblingcodesequence.On the otherhand,

eachslot containsa pilot sequenceof w symbolswhich can be
usedin orderto estimatethechannel.In otherwords,themobile
station0 knows thefirst PQw chipsof eachslot � transmittedby
user0 (i.e. thesequenceVW�CB �x��O � orqrqrqGoEVW�CB �x��PQw 8 4 � ). However,
themobilestation0 is notawareof thepilot sequencestransmitted
by theusers4 oyqrq3q/ozJ .

2.2. The discrete-timeequivalent model

The signal b c �Ae � is sampled at the period k l t{v . We
denote by | � �AT � the two-dimensional vector | � �AT � 
�Abg�CB c �AT�k l � o�bg�CB c �ATGk l ! k l t{v �E�,} and by ���_� [n� the vec-
tor ���_� [n� 
 � j �-B c � [ k l � o j �CB c � [ k l ! k l t{v �E� } . We put� � 
 ��� � ��O � } orqrqrqGoz� � ��~ � } � } where ~*kgl representthe
maximum duration of the channel. It is easily seen that
the discrete-timesignal | � �AT � can be written as | � �AT � 

:��� ��� : NK.��� f K � � � [n� V �CB K �AT 8 [\��!���� �AT � where ��� �AT � is
definedas |/�`�AT � . We now formulatethefollowing assumptions:� (A1) For each� , � � is a complex Gaussianrandomvector,

andits covariancematrix is timeinvariant,i.e. it doesnotde-
pendon � . In thefollowing, we denoteby � 
 &6��� � � '� �
this covariancematrix.� (A2) The (known) sequence ��U � �AT �E� h ���3B M M MEB ��H �/� By�C�{�is assumedto coincide with a realization of an in-
dependent identically distributed centered QPSK se-
quence. In particular, for each � and each function � ,����� �`�s�/� �� : ���������� ����U � �AT !"� � � o3qrqrqGo�U � �AT !"�.�X�E� 
&C��������Ux� � � � orqyqrqGo.Ux� � � �E�E� where U representsa centered
QPSKi.i.d. sequence.� (A3) For Y`�"O , thesymbolsequencetransmittedby userY is
i.i.d. Thevarioussequencesarealsomutuallyindependent.

3. ESTIMA TION OF THE CHANNEL COVARIANCE
MATRIX

Theconventionalestimateis obtainedby correlatingthe received
signalwith delayedversionsof the chip sequencecorresponding
to thepilot symbolssequence:  � � � [\� 
 ���� : ��� ���h ��� | � �AT ![n� Vd��CB � �AT � . Using the expressionof |/�`�AT !�[n� , we get that
the estimationerror #{� 
  � � 8 � � has three components.
The first one is the contribution of the auto-correlationsof VW�CB �
given by ���� : �F �G� ���`��D � : ��� ���h ��� VW�CB �x�AT !�[ 8 D � Vd��CB � �AT � 8� � � [n� , the secondis the interferenceof otherusersof the cell:���� : NK.� � f K :��F ��� � � ��D � : � � �/�h �G� V �CB K �AT !¡[ 8 D � V ��CB � �AT � and

the third is ���� : ��� ���h ��� � �_�AT !9[n� Vd��CB � �AT � . Our problemthus
differs deeplyfrom the context usedby [2], wherethe first com-
ponentis zeroandthesecondonedoesnot exist (see(1), andthe
correspondingassumptions).Moreover, we observe that vectors� � and #{� arenot statisticallyindependentandthat the covari-
ancematrix of #�� is not a multiple of theidentity matrix: it actu-
ally dependson � , andon theunknown distribution of theco-cell
interference.Moreover, dueto thescramblingcode,it is not time-
invariant, i.e. it dependson the slot underconsideration. This
shows thatthestandardestimate(2) is notconsistentin thepresent
context, andthat its performancemay be very poor if the multi-
userinterferenceandtheco-cell interferencetermsaredominant.
A quitedifferentapproachis thusneededto estimatematrix � .

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



¢ � the covariance matrix &��  ���  �('� � of vector  ��� , which
as shown below, dependson � . Next, we denote

¢ �
the ”temporal mean” of matrices

¢ � defined by
¢ � 
����� �_�s� �� : �6�/������ ¢ � . Fromnow, we denoteby |��CB � �AT � thevW��~ ! 4 � –dimensionalvector |��CB � �AT �


 �A|��£�AT �,} orqrqrqGoE|/�`�AT !~ � } � } andput ¤¦¥pB � 
 &��A|��-B � �AT � |/�CB � �AT � ' � and ¤6¥pB � 
����� �_�s� �� : �6�/������ ¤ ¥pB � . Vector ���CB � �AT � andmatrices¤¦§ B �
and ¤ § B � are definedsimilarly. Our approachis basedon the
following identities:

Proposition1 The matrices ¤6¥pB � and
¢ � can be written :

¤ ¥pB � 
 � N7K.�G� f 1K �,¨ ��� ��! ¤¦§ B � (3)

and

¢ � 
 � ! 4P�w �
N7
K.��� f 1K � � ¨ ��� � 8 � ��! 4PQw ¤ § B � (4)

where matrix ¨ ��� � represents the block Toeplitz matrix whose
each v�©ªv block ¨ ��� � � [ ozD � is given by ¨ ��� � � [ ozD � 

:¬«�­ B ®3¯�B ­ � ®3� � � F ���A°Eo�± � .
It turnsout that

¢ � 8 4PQw ¤ ¥pB � 
 � 4 8 4P�w �
N7
K.��� f 1K �E� � (5)

Under certain standard mixing assumptions on sequence��� ��� �C�p� , matrices
¢ � and ¤ ¥pB � can be consistentlyes-

timated by  ¢ � 
 �� : �6������G�  � �  � '� and by  ¤ ¥pB � 

�� ��H : ���������� : � H ���h �G� |��CB � �AT � |/�CB � �AT ��' Therefore, relation

(5) providesa direct way to estimate� consistentlyup to a con-
stantmultiplicative factorby thematrix  � definedby :

 � 
  ¢ � 8 4PQw  ¤6¥pB � (6)

Note that proposition1 canbe interpretedasa generalizationto
randomtime-varyingchannelsandto thecontext of theUMTS of
the resultsof [9], whereit is shown that a time invariantchannel
canbededucedfrom thedifferencebetweenthecovariancematrix
build from theobservationbeforeandafterdespreading.

4. IMPR OVEMENT OF CHANNEL ESTIMA TION USING
THE CHANNEL COVARIANCE MATRIX

4.1. Modified Wiener estimation

The classicalWiener channelestimatorof � � is definedas the
orthogonalprojectionof ��� over thespacegeneratedby thecom-
ponentsof theobservedrandomvector  � � . It is thusgivenby

���²t  ��� 
 &������  � '� � ��&��  ���  � '� �E� ���  ��� 
 &������  � '� � ¢ �/��  ���
where t standsfor theusualorthogonalprojectionoperatorin the
spaceof finite secondorder momentsrandomvariables. How-
ever, this channelestimatorcannotbe implementedin practice
becauseit is impossible to estimateconsistentlymatrix

¢ � .
We thereforeproposeto usea modifiedWienerestimatedefined
by ³¦´��rµ  ��� , where matrix ³¦´��rµ minimizes the cost function

����� �_�s� ��;: �6�/������ &��z¶3��� 8 ³  ���`¶ 1 � Theoptimalmatrix ³¦´��rµ
canbeshown to coincidewith ³ ´��yµ 
 � ¢ �/�� andcanbeconsis-

tently estimatedby matrix  �· ¢ ���� . Our modifiedWienerchannel

estimateis thusthevector � � givenby � � 
  �$ ¢ �/��  � �
4.2. Rank reduction of channelsubspace

In practice,the performanceof the estimate� � 
  �  ¢ �/��  � �
may be very far from thoseof the true modifiedWienerestimate� ¢ ����  ��� . This is in particularthecasewhenthenumberof slots� usedto estimatematrices� and

¢ � is not largeenoughcom-
paredto thedimensionof thematricesto beestimated:in thiscase,
theestimates � and  ¢ � arenotaccurateenough.Fortunately, the
performanceof the estimate��� canbe improved significantlyif
matrix � is rank deficient(or closeto be rank deficient)which
turnsout to be thecasein thecontext of the so-calledmulti-path
Clarke model([5]). Let thendenoteby ¸ its rank. In this case,the
channel� � canbe written as � � 
º¹¦» � where ¹ represents
thematrixbuild from the ¸ eigenvectorsassociatedto thenonzero
eigenvaluesof � , andwhere» � is a ¸ –dimensionalvector.

Let usfirst assumethat ¹ is known. Theestimationof vector��� reducesto theestimationof the ¸ componentsof » � , which is
aneasierproblemif ¸ is significantlysmallerthanthenumberof
componentsv¼��~ ! 4 � of � � . » � canbeestimatedby meansof a
modifiedWienerestimate½» � basedon  » � 
�¹ '  � � . However,
matrix ¹ is of courseunknown, and replacedin practicein the
above procedureby thematrix  ¹ of theeigenvectorsassociatedto
the ¸ greatesteigenvaluesof matrix  � .

5. SIMULA TIONS

In orderto simulatethe propagationchannel,we have useda re-
alistic simulator([6]) developedby the researchcenterof France
Telecom. We have chosena 3 pathschannelwith time-varying
complex amplitudecorrespondingto a mobile speedof 5 Km/h.
Thespreadingfactorof theuserof interest(i.e. theuser0) is 256.
Eachslot thuscontains6 usefulQPSKsymbols,and4 QPSKpi-
lot symbols(see[1]) which areassumedto besentwith thesame
power. We take J 
¿¾{¾ otherusers,sothat theloadof thecell isÀ�Á �Â . Theco-cell interferenceis absent.In orderto comparethe
statisticalperformanceof thevariousestimatorsof thechannel,we
evaluatethebit error ratecorrespondingto a conventionalRAKE
receiver basedon the channelestimates.In otherwords, the de-
cision on symbol @3�CB �x��D � is basedon theargumentof  @3�CB �p��D � 
�� :��� �G� : � ���h ���_Ã '� | � ��D]P ! T !9[n� R � �AT � U � ��DZP ! T � � whereÃ � representsoneof thepossiblechannelestimates.

In figure 1, we comparethe conventionalpilot basedestimate � � , thetruemodifiedWienerchannelestimate
¢ ���� �  � � , thees-

timatedmodifiedWienerchannelestimatebasedon the estimate
(2) of Ä , andtheestimatedmodifiedWienerestimatebasedon the
proposedestimationprocedureof Ä (6). The performanceof the
Rake receiver associatedwith thetruechannelis alsorepresented.
Here,thenumberof slotsusedto estimatethevariousmatricesis� 
 v�ÅxO , which, in thecontext of the UMTS, correspondsto a
durationof 160ms.Wetake ~ 
 v{O chipsfor thechannelsize.

We observe that the performanceof the true modifiedWiener
channelestimateis closeto thatof the truechannel.If &-Æ.t3P ��ÇÈ VWÉ , the proposedestimatesignificantly outperformsthe ap-
proachof (2) because(2) is not a consistentestimateof � . Note



in particularthat if & Æ t3Ps� Ç 4 v�VWÉ , (2) behaveslike theconven-
tional trainedestimate.Nevertheless,both estimationprocedures
of � arefar from thetruemodifiedWienerchannelestimate.For-
tunately, rankreductionproceduresallow to improve a lot theper-
formance.This claim is illustratedin figure2 wherewe compare
the performanceof the proposedreducedrank estimate(6) of �
and the reducedrank estimatebasedon the eigendecomposition
of (2). In both cases,the rank of the estimateof � is evaluated

by theprocedureproposedin [8], i.e.  ¸ 
¬Ê ¸uËW��°�T ­·ÌZÍÎ�Ï ÌÌZÍÎ�ÏÑÐ\Ò Ì where

 Ó � �  Ó 1 ��ÔrÔrÔg�  Ó 1 � � 1 aretheeigenvaluesof theestimateof �
arrangedin decreasingorder.

Again, our proposaloutperformsa lot the standardprocedure
basedon (2). In particular, if & Æ t3Ps� Ç 4yÕ VWÉ , the performance
of theproposedrankreducedestimateis closedto thatof thetrue
modifiedWienerestimate.However, if &CÆ.t3P �×Ö 4 vuVWÉ , this is
no longerthecase.Apparently, this is becausethedetectedvalue
of ¸ is 4 in mostcases(insteadof Ø ) for thoseSNR,thusinducing
a lossof performance.In order to overcomethis drawback, we
alsoplot theperformancecorrespondingto therankdetermination
procedureconsistingin estimatinģ by Ù¸ definedas the number
of positive eigenvaluesof (6). We observe animportantimprove-
ment. Note also that this last procedureis not applicableto the
conventionalestimate(2).

6. CONCLUSION

In this paper, we have addressedthe problemof estimatingcon-
sistentlythe covariancematrix � of the discrete-timeversionof
a Rayleighfadingchannelin the context of the WCDMA mode
of UMTS. Our estimateis basedon theobservation that � canbe
obtainedby substractingthetemporalmeanof thecovariancema-
trix of theobservedsignalto thetemporalmeanof thecovariance
matrix of the conventionaltrainedestimate. We have alsostud-
ied theperformanceof two Wienerlike channelestimatorsbased
on our new estimate,andhave comparedtheir performanceswith
thatof a classicalestimateof � usedin thecontext of mono-user
systems.Thesimulationresultshave shown thatthenew estimate
outperformsquitesignificantlytheclassicalone.
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[3] V. Buchoux,O. Capṕe, É. Moulines,A. Gorokhov, ”On the
performanceof semi-blindsubspace-basedchannelestima-
tion”, IEEE Trans.on SignalProcessing, vol. 48,no.6, June
2000,pp.1750-1759.

[4] H.A. Cirpan,M.K. Tsatsanis,”Stochasticmaximumlikeli-
hood methodsfor semi-blindchannelequalization”,IEEE
SignalProcessingLett., vol. 5, January1998,pp.21-24.

[5] R.H.Clarke,”A statisticaltheoryof mobileradioreception”,
Bell Syst.Tech.J., 47,pp.987-1000,1968.

[6] P. Laspougeas,P. Pajusco, J.-C. Bic, ”Radio propagation
in urbansmall cells environmentat 2 GHz: Experimental

spatio-temporalcharacterizationandspatialwidebandchan-
nel model”, Proc. IEEE VehicularTechnologyConference,
Boston,September2000.

[7] W.Y.C. Lee, ”Mobile CommunicationsEngineering”,New-
York, Mac-Graw Hill, 1982.

[8] A.P. Liavas,P.A. Regalia,J.-P. Delmas,”Robustnessof least-
squaresand subspacemethodsfor blind channelidentifi-
cation/equalizationwith respectto effective channelunder-
modeling/overmodeling”, IEEE Trans. Signal Processing,
vol. 47,June1999,pp.1636-1645.

[9] H. Liu, M.D. Zoltowski, ”Blind equalizationin antennaarray
CDMA systems”,IEEETrans.onSignalProcessing, vol. 45,
no.1, January1997,pp.161-172.

[10] M.K. Tsatsanis,G.B. Giannakis,G. Zhou, ”Estimationand
equalizationof fading channelswith randomcoefficients”,
SignalProcessing, 53 (1996),pp.211-229.

0 2 4 6 8 10 12 14 16 18 20

10
−1

10
0

Eb/N0

B
it 

E
rr

or
 R

at
e

true channel                  
classical trained estimate    
true modified Wiener estimate 
classical estimation of Γ
proposed estimation of Γ 
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