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ABSTRACT

The third generation(3G) wirelesssystemssuchasWide-
bandCDMA(WCDMA) employ coherentdetectionwhere
pilot symbolsfor channelestimationaretransmittedsimul-
taneouslywith datausingorthogonalchannelizationcodes.
Theorthogonalityof codes,unfortunately, is losteasilydue
to multipathdelays. Furthermore,the useof long scram-
bling codeintroducestime variationin channelmodel. In
thispaper, basedontheprojectionof time-varyingsubspaces,
we presenta semi-blindchannelestimationtechniquefor
longcodeCDMA systemsthatusecodedivisionmultiplexed
pilot symbols.

1. INTRODUCTION

Codedivisionmultipleaccess(CDMA)systemssuchasWide-
bandCDMA havebeenadoptedasthestandardof thethird
generationmobilecommunicationsystemsthataredesigned
to supportmultimediacommunicationwith high datarate
andvariablequality of service.Oneof thenew featuresis
coherentdetectionin the reverselink [4] wherepilot sym-
bolsarecodedivision multiplexedin the quadraturephase
andtransmittedwith the traffic datasimultaneously[3]. In
suchsystems,channelestimationplaysa crucialrole to im-
provetheoverallperformance.

In theabsenceof multipathdelays,theorthogonalityof
thechannelizationcodemakesit possibleto separatetrain-
ing fromdatasymbols,andconventionaltraining-basedchan-
nel estimatorscanbeuseddirectly. Thepresenceof multi-
pathdelays,unfortunately, destroys the assumedorthogo-
nality. As a result, the accuracy of training-basedestima-
tors is severely limited by the crossinterferencebetween
dataand pilot symbols. The performancedegradationis
especiallypronouncedfor high ratesystemsthat have low
spreadinggainandwhenunbalancedpowerallocationsthat
favor dataare used. For suchsystems,semi-blindchan-
nel estimatorswhich utilize both training and data sym-
bols are appropriate. Mestreand Fonollosaanalyzedthe
asymptoticperformanceof maximumlikelihoodestimation

for WCDMA systemswith severalassumptionson dataus-
ing a randomizedcodeapproach,which shows that semi-
blind methodsoutperformthetraining-onlyestimation[5].

While thegainof semi-blindchannelestimatoris justi-
fiedtheoretically[2], findingeffectiveestimationalgorithms
remainsa majorchallenge.Themaximumlikelihood(ML)
basedapproaches,despitetheir asymptoticoptimality, suf-
fer from thepresenceof local optimaandprohibitive com-
plexity. For long codeWCDMA, closed-formsemi-blind
channelestimatorsaremissingcurrently.

In thispaper, weproposeanew semi-blindchannelesti-
mationmethodusingorthogonalprojectionsby exploiting a
specialstructureof long codeWCDMA. As a closed-form
batchalgorithm,the proposedalgorithmeffectively elimi-
natescrossinterferencebetweendataandpilot symbols,re-
sultingin aconsiderablegainovertrainingbasedtechniques
atmediumto highsignal-to-noiseratios.

Thepaperis organizedasfollows. Thedatamodelof a
CDMA systemis describedin section2. A semi-blindchan-
nelestimationmethodbasedonprojectionis proposedwith
reasonableassumptionin section3. In section4, theperfor-
manceof theproposedmethodis assessedby Craḿer-Rao
boundand Monte Carlo simulationsin additive Gaussian
andfrequency selectivefadingchannel.Possibleextensions
to themultiusercasearediscussedin section5.

2. DATA MODEL

We assumedifferent long scramblingcodesare assigned
to separateusers,andshortorthogonalcodesareusedfor
channelizationof pilot anddatasymbols.As illustratedin
Fig. 1, the datasequence����� �	� is assignedto the in-phase
componentandthecontrolsequence��
�� �
� to thequadrature
phasecomponent.Dataandcontrol channelsarespreaded
by orthogonalchannelizationcode ��� and ��
 . A user-
specificlongcomplex scramblingcode ����� � is appliednext.

We assumethat the channelis constantover one slot
periodandhasan � -tapfinite impulseresponse(FIR). The
multipathdelays��� , muchlessthanthesymbolinterval, are
multiplesof chip duration ��� . We furtherassumethat the



basestationhasacquiredtiming, andthesignalis sampled
at thechip-ratefollowedby a descrambler.
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Fig. 1. Systemmodel

Channelestimationis performedbasedupon � pilot
symbolswithin oneslot. Stackingthe chip-ratedescram-
bledsamplesandremovingthosecorruptedby thedatafrom
thepreviousslot,weobtain� � � �"! 
$#&%	')( � %*# ! �+'-, (1)

where � is thedescrambledobservationvector, .0/-1 2 ��3�4�4�453 2�687:9
the �<;>= complex channelvector, ? 
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the �H;I= pilot symbolvector, ? � /J1 A � 1 BC7 3�4�4�4�3 A � 1 EF7:9 the�K;L= unknown datasymbolvector, � �"! 
M# theknown data
matrixgeneratedfrom pilot symbols,( � %*# theunknownfil-
teringmatrix,and, thepropercomplex Gaussiannoisevec-
tor with zeromeanandvariance NPOQ�R . It is alsoassumedthat
the pilot, data,and noisesignalsareuncorrelatedto each
other. Due to the codedivision multiplexing, the received
signal hascomponentsfrom training and datasimultane-
ously. The first term in eq.(1)representsthe training part
of thereceivedsignal.It is necessaryto exploit thestructure
of themodelgiven in eq.(1). Let � � be thechip interval,S � the spreadinggain, TU�)V� ���XW�� � the delayof the Y -th
path,and Z thepilot gain.The [\[]E_^ B�`\ab�*c ab�d^	ef6�`hgji
datamatrix � �"! 
 # canthenbeexpressedas
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where �� � �"! 
M# is a []ab�d^
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and� �C� � 1 ��7 V/L������ � 1 ��7:� ��� � 1 �b^fe � 7 whichresultsfrom descram-
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where � ¥ /¯[°¢@^FB�`±a � . The [\[]E¤^FB�`±a � cLa � ^ ef6�`²g
E
filtering matrix ( � %P# is blockbidiagonalandexpressedas
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where �% O � � is an [µa��{^	e 6 ` -columnvector
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For �¸ £¢¹ @E , % �C� ¥ , % O � ¥ are a � -columnvectorsof
whichelementsareexpressedas

. �C� ¥ 1 º»7¼/ 6½��¾ O ¿ 1 e � ^	º»7G� �C� � 1 � ¥ c�º»7:� � 1 ab�²^
e � c¡º»7:2 � (7)

. O � ¥ 1 º»7¼/ 6½��¾ � ¿ 1 º�^�e � ^ÀBC7G� �C� � 1 � ¥ c¡º»7:� � 1 º8^	e � 7:2 � (8)

where º¦/ÁB 3D4�4�4�3 ab� , � �C� �
Â B , e � /ÄÃ , and ¿ 1 º»7 is an
unit stepfunction. %d�C� ¥ includestheeffect of theprevious
symbolto thecurrentobservationand % O � ¥ representsthe
effectof thecurrentsymbolto theobservation.

3. PROJECTION-BASED CHANNEL ESTIMATION

For long codeCDMA systems,several channelestimation
schemesareproposed[1] [6]. In this section,basedon pro-
jectionmethod,wepresentasemi-blindchannelestimation
techniquefor long codeCDMA systemsusingdatafrom a
singleslot. This methodeliminatesthe datapart ( � %P# ! �
in eq.(1)by projectingtheobservationvectorto theorthog-
onal complementof the filtering matrix ( � %*# . Sincethe
unknown channelparameter % is incorporatedin the fil-
tering matrix ( � %*# , it is impossibleto get the orthogonal
complementof thematrix ( � %*# directly without knowing
thechannelparameter % . Thefiltering matrix ( � %*# , for-
tunately, is block lowerbidiagonalsincethedelayspreadis
assumedto belessthanonesymbolduration.Furthermore,
sincetheprevioussymboldoesnot affect observationafter
the largestpropagationpathdelay, the elementsof vector%d�C� ¥ in eq.(5)arezeroafter T 6 chip-ratesamples.Theel-
ementof thevector % O � ¥ is a linearcombinationof thesig-
nalsof all propagationpathsafter T 6 . DecimatingthefirstT 6 chip-ratesamplesfrom observationsduringeachsym-
bol interval, we obtainthe modifiedfiltering matrix �( � %*#
of dimensionE¬[]a � ^
ef6�`Pg0E , which is expressedas

�( � %*# � diag� �% O � �yÅ�ÆyÆ�ÆÇÅ �% O � È�# (9)

where �% O � ¥ is a [µa � ^
ef6�` -columnvectorwhich is repre-
sentedas



�% O � ¥ �ÊÉ ¥ % (10)

wheretheentriesof ÉÇ¥ aregivenasË ¥ 1 º 3µÌ 7�/F� �C� Í 1 [»¢Î^¸B�`\ab�*c ef6Ïc�º»7:� � 1 em6U^
e Í c�º»7 (11)

,Ð � =XÅyÆ�Æ�Æ�Å S �+Ñ>T 6 , §Ï� =XÅyÆ�Æ�Æ�Å��
Proposition 1 (Decomposition) Thefirst T 6 row decimatedfil-
teringmatrix �( � %P# hasthefollowingdecompositionasa formof
compositelinear transformation.�( � %*# �<ÒÓ� R ÈÕÔ>%*# (12)

where Ö is the Kronecker product, R È is a E×g¸E identity
matrix, % � � Ø � Å�ÆyÆ�Æ�Å�Ø 6 � 9 , andthematrix Ò is determinedby
onlyknowndataandexpressedasÒÓ� diag�"Ò O � �yÅ�Æ�ÆyÆ�Å Ò O � È	# (13)

andthesubmatrix Ò O � ¥ is É ¥ definedin eq.(11).

Ò is a tall matrix sincethe numberof decimatedrows
is muchsmallerthanthespreadinggainandis full column
rankalmostsurelyfor thepracticalrangeof spreadinggain
sincethecolumnsof submatrix Ò O � ¥ arenonzeroandin-
dependentdueto the fact that they aredeterminedby the
channelizationcodesand the delayedrandomscrambling
sequence����� � asshown in eq.(11).Thelossof signalpower
dueto decimationof thefirst T 6 chip-rateobservationsam-
plesfor thedecompositionis not significantsincethedelay
spreadis muchlessthanonesymbolduration.

Themodifieddatamodelis expressedas

��À� �� �"! 
 #&%	' ÒÙ� R È ÔI%*# ! � ' �, (14)

where �� is the row decimatedversionof � , ��¡�"! 
 # is the
row decimatedof �¡�"! 
 # , and �, is an i.i.d. circularly sym-
metricGaussiannoisevector.

The columnsof matrix Ò spanthe signalsubspaceof
dimension � andthebasisof theorthogonalcomplement
of Ò is obtainedusingsingularvaluedecompositionand
andformsthecolumnsof thematrix Ú . Any columnvector
in Ú is orthogonalto thecolumnvectorsof Ò . We have

Ú�Û ÒÙ�ÊÜ (15)

projectingthemodifiedobservationvectorin eq.(14)onthe
orthogonalcomplementof Ò , weobtain

Ú Û ��¸� Ú Û ��¡�"! 
M#&%	'ÝÚ Û �, (16)

where Ú Û �, is Gaussiannoisewith zero meanand co-
variancematrix Þ � Ú Û Ú . Thedatamodelin eq.(16)is a
generallinearmodelandis solvedby astandardleastsquare
algorithm.

4. NUMERICAL RESULTS

Theperformanceof theproposedmethodisanalyzedthrough
theCraḿer-Raobound(CRB)andtheMonteCarlosimula-
tion andcomparedwith the training-onlyestimation. The
effects of the variousparametersin code division multi-
ple accesssystemssuchasspreadinggain, numberof pi-
lot symbols,power ratio of pilot to datachannel,and the
signalto noiseratio(SNR)areconsidered.TheSNRis de-
finedas ß~à�ß x�á �±â�ã x�äµå �æ xç . Thechannelusedfor simulationis
a two tap channelwith è chip delayand its coefficient is.¸/@1 B 3 Ã 3 Ã 3~éCêXë [±^ Ì�ì í `µ7:9 . Thenoisevariance N OQ is assumed
to beknown. Thescramblingcodeusedfor simulationis a
realizationof randomcode. For the channelizationcodes,
two Walsh-Hadamardcodeswith thesamelengthareused.
Thepilot sequenceis prefixedandthedatasequenceis ran-
domlygeneratedfor eachslot.
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Fig. 2. Normalizedmeansquareerror versusSNR for
M=8(solid line:projection-based,dottedline:training-only,
dashed-dottedlin: CRB)

Figure2 showsthenormalizedmeansquareerrorof the
training-onlyestimation,theproposedmethod,andCRBfor
thecaseof î pilot symbolsandspreadingfactorof =yï . We
observe that the performanceof the training-onlymethod
degradessignificantlyfrom CRB asthe SNR increasesre-
gardlessof the pilot gain. At the low SNR, the additive
noiseis dominantover the unknown datachannel. How-
ever, theeffectof theunknowndatachannelonthetraining-
only estimatorbecomesdominantat the high SNR. Thus,
the training-onlyestimationshows a performancelimit as
SNR increases. The proposedmethodshows no perfor-
mancedegradationat mediumandhigh SNRsinceit elim-
inatestheunknown datainterferenceeffectively. Its perfor-
manceis slightly worsethanCRB dueto thesignalpower
lossby the decimationof the first T 6 chip-ratesamples.
However, the differenceis negligible whenspreadinggain
is higher.

Figure3 shows the normalizedmeansquareerror asa
functionof spreadinggainat ð Ü dB SNRandpilot gainof



Ü Æ ðXñ . Actual operationrangeof SNR is consideredto be
higherthan = Ü dB in this definitionof SNRto have bit er-
ror ratelower than = Ü�ò�ó . As shown in figure3, bothof the
proposedmethodandthetraining-onlyestimationapproach
the CRB asthe spreadinggain increases[5]. However, the
performanceof training-onlyestimationis muchworsethan
CRBatlow spreadinggainwheretheperformanceimprove-
mentby theprojection-basedmethodis significant.Theno-
ticeabledeviationof theproposedmethodfrom CRBat low
spreadinggainis dueto therelative high signalpower loss
dueto thedecimation.
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5. DISCUSSION

In this paper, theproposedmethodis appliedto thesingle
userscenarioby assumingthatthe ô includesotheruserin-
terference. However, it canbeextendedto multiusercases.
Consider, for example,when thereare õ users. We then
have thefollowing datamodel

� �÷öø��¾ � � � � �"! 
�ù�#&%*�b'>(	� � %*�X# ! � ù ��'-, (17)

Assumingthetiming is acquiredfor all usersatthereceiver,
we obtaina similar decompositionby decimatingthe ob-
servation samplesoverlappedby two adjacentsymbolsof
eachuser. For asynchronoustransmission,the numberof
requireddecimationblocks is the sameas the numberof
usersin general. After properdecimationof observation
samples,wehave

vú r û vk w l:n o w pb���D� vkdü�l:n o ü p]ýjþÿÿ� ´8w..
.´ ü

� ��
�

� � �fw¦������� ü � þÿÿ� l��&z	��´8wCp]n ¶ w
.
.
.l
�Cz	��´ ü p]n ¶ ü

� ��
� � v� (18)

Thus,we canobtainthe orthogonalspaceof the concate-
natedfiltering matrix � Ò � Æ�ÆyÆ Ò ö � . As the numberof
usersincreases,the concatenatedfiltering matrix becomes
less overdeterminedwhich makes applying the proposed
methoddifficult in many user case. However, when the
numberof usersis small and the power control between
usersis not available, the proposedmethodis very useful
sinceit effectively eliminatesotheruserinterference.

6. CONCLUSION

A new semi-blindchannelestimationtechniquebasedon
projectionmethodis proposedfor long codeCDMA sys-
temswhich employ codedivision multiplexed pilot sym-
bols.Theconventionaltraining-onlychannelestimationap-
pliedto CDMA systemsis shown to haveperformancelimit
at mediumandhigh SNRwith a finite spreadinggain. The
proposedprojection-basedchannelestimationovercomesthis
effect. This methodcanbeextendedto multiuserscenario
especiallywhentherearea small numberof usersandthe
power control is not available. It can also be usedas an
initialization techniquefor high performanceiterative tech-
niquessuchasthemaximumlikelihoodapproach.
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