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ABSTRACT

A new semi-blindchannelestimationtechniqueis proposedfor
space-timecodedwidebandCDMA systemsusingaperiodicand
possiblymultiratespreadingcodes.Exploitingthesubspacestruc-
tureof theWCDMA signalingandtheorthogonalityof thespace-
timecode,theproposedalgorithmprovidestheleastsquareschan-
nel estimatein closedform. Usinga decorrelatingmatchedfilter,
the proposedmethodprojectsthe received signal into subspaces
from whichchannelparametersanddatasymbolscanbeestimated
jointly. A new blind identifiability conditionis established.The
meansquareerrorof theestimatedchannelis comparedwith the
Craḿer-Raobound,andbit error rate(BER) is assessedthrough
MonteCarlosimulation.

1. INTRODUCTION

Next generationwirelesssystemsaredesignedfor multimediacom-
municationwhich requirestransmissionsof high quality images
andvideo.This is especiallythecasefor thedownlink wheremo-
bile usersdemandahighvolumeof datafrom network servers.To
provide reliablecommunicationsover time-varying fadingchan-
nel, diversity techniquesin spaceandtime areexpectedto play a
crucial role [1] [4]. A varietyof space-timeprocessingor coding
schemeshave beenproposedwith multiple transmitantennasand
asingleor multiple receive antennas(e.g.,[2] [3] [5] [6] ). Indeed,
thethird generationwirelessstandardsupportsbasestationtrans-
mit diversityusingtheWCDMA physicallayer.

Many space-timetechniquesincludingBLAST andspace-time
blockcodesaredesignedfor coherentdetectionwherechanneles-
timation is necessary. Thereis a substantialliteratureaddressing
thechannelestimationissuefor (space-timecoded)multiple-input
multiple-output(MIMO) systems,rangingfrom standardtraining
basedtechniquesthat rely on pilot symbolsin the datastreamto
blind andsemiblindestimationwhereobservationscorresponding
to dataandpilots (if they exist) areusedjointly. Otherauthors
have considerednoncoherentdetectionschemesbasedon differ-
entialencodingwhich don’t requirechannelstateinformation[7]
[9] [8]. Although thesemethodsavoid theneedfor channelesti-
mation,they oftensuffer from problemssuchaserrorpropagation.

In this paper, we focus on space-timecodedcoherentlong
codeWCDMA systems.The increasein the numberof channel
parameters,dueto theuseof multipleantennas,makestheconven-
tional trainingbasedschemelessreliableandproneto multiaccess�
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interference.Forareasonableperformance,theconventionaltrain-
ing basedmethodrequiresmorepower andlargernumberof pilot
symbolswhich reducessystemefficiency. Fortunately, WCDMA
provides codediversitiesand signal structurethat could be ex-
ploitedin anestimationscheme.We proposea semiblindchannel
estimationtechniquethatrequiresnomorethantwo pilot symbols
per userper slot. Using a RAKE structure,our algorithm con-
sistsof a standardreceiver front-endthat suppressesmultiaccess
interference,andperformssingleuserdetection.Theproposedal-
gorithmexploits thesubspacestructureof thelongcodeWCDMA
transmissionand the orthogonalityof the Alamouti code. As a
subspacetechnique,theproposedalgorithmcanobtainchanneles-
timatesquickly usingonly few symbols,which allows us to deal
with fastfadingchannels.

Thepaperis organizedasfollows. Thedatamodelof aspace-
time codedlong codeCDMA systemis describedin Section2.
Section3 presentsa new blind channelestimationmethodbased
on a decorrelatingmatchedfilter, aswell asanidentifiability con-
dition andseveralextensionsof theproposedmethod.In Section
4, the performanceof the proposedmethodis evaluatedthrough
comparisonwith theCraḿer-RaoBound(CRB) andthebit error
rate(BER)is assessedvia MonteCarlosimulations.

2. DATA MODEL

Weconsideraspace-timecoded� userWCDMA systemwith two
transmitantennasandasinglereceiveantenna.Weassumethatthe
usersignalsaresynchronizedandspreadby aperiodicspreading
codesof spreadinggain � , andtransmissionsareslottedwith �
symbolsperslot.

Specifically, user � ’s datastreamfor eachtransmitantennais
space-timeencodedas[5]�
	�
� ���������������� ����� �
� (1)� ��
� ��� ��� 	����� ����� � �! ��" �$#��
%&%&%'� �)( #�� (2)

where �$* ��� +-,�.�$* �0/
132'465 �87 �:9 � " � is the 1 th datasymbolof
user� for transmitantenna7 , 2 4 is thesymbolinterval, and /;5 � is
complex conjugate.Eachcodedstreamis spreadby anaperiodic
spreadingcode < � />=?5 andtransmittedfrom the correspondingan-
tenna.Notethat thesamecodeis usedby bothantennasin figure
11.

1Theseparationof two antennasignalsis possibledueto thedifferent
sequencesfor antennas.If differentcodesareused,thereceiver coulduse
bothspatialandcodeinformation[3].
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Fig. 1. Downlink Model with Space-timeCoding(STC: Space-
TimeBlock Encoder, MUI:OrthogonalOtherUserSignal).

We assumethat thechannelfor eachtransmitterandreceiver
pair is a finite lengthmultipathchannelwith complex pathgains
separatedby multiplesof thechip interval andthechanneldoesn’t
changeover a slot period. Thecontinuous-timeimpulseresponse
of channelfor the 7 th transmit-receivepair for user� is givenbyN � * />=$5 �PO ADQR S T � NVU

SXW� *ZY />= �\[ 2^] �`_ � * 2^]a5 �
where b N U SXW� *dc is the complex gain for path [ , 2^] � 2 4 (�� is the
chip duration.We assumethatthemultipathdelays,the _ � * ’s,are
known. Whenthechannelis sparse,it is moreefficient to model
thechannelasseparateclustersof fingers.In thatcase,weassume
that theapproximatelocationsof theseclustersareknown. Since
any pathgaincanbezero,onecanover-parameterizethechannel
to accommodatechanneluncertainties.Thus, e � * is often a de-
sign parameter. We canset e � * � e � �)7 �f9 � " by taking the
maximumof bge � * c .

At thereceiver, thesignalh />=$5 ispassedthroughachip-matched
filter and sampledsynchronouslyat the chip rate. The received
noiselesssignalvector i �j+ that correspondsto the 1 th symbol
interval of user� is givenbyi �D+ � k �j+ml no� 	 � 	�j+qp no� � � ��j+�r � (3)no� * ,� l NVU � W� * � N'U � W� * �&s&s6sV� N'U O W� * rjt �^7 �89 � " �
where k �j+ is the Toeplitzmatrix whosefirst columnis madeof/
1 �)" 5 � p _ * zerosfollowedby thecodevector u �D+ —the 1 th
segmentof � chipsof thespreadingcodeof user� —andadditional
zerosthat make the sizeof i �D+ the total numberof chipsin the
entire � -symbolslot. The received noiselesssignalfor user � is
givenbyi � � vR+ T � k �D+ l n � 	 � 	�D+ p n � � � ��D+ r ��k � /�w vyx l n � 	 n � � r 5�z � �z � ,� l � 	� � � � �� � � � 	�{� � � ��j� �
s&s&s'� � 	� v � � �� v rjt �k � ,� l k � � � k �j� �&s&s6sV� k � v r � (4)

where x is theKronecker productand k � is user � ’s codematrix
whichhasa specialblock shiftingstructure.Including �}| /�~ � 5
dominantusers,wehave thecompletematrixmodeli � l k � s6s&s k���� r diag/�w v�x�� � �&s&s&s'� w vyxq� ��� 5�z p�� �� k�� / � 5�z p�� � (5)

wheretheoverallcodematrix k andsymbolvector z containcode
matricesandsymbolsof � | dominantusers,respectively. Matrix

� / � 5 is block diagonalwith w v x�� � astheblock elementand� � ,� l n � 	 n � � r . Theadditive noiseis denotedby � which may
includetheusersnotmodeledin thesignalpart.

Wewill make thefollowing assumptions.

A1: Thecodematrix k is known.

A1’: Thecodematrix k hasfull columnrank.

A2: The noisevector is complex Gaussian����� /�� �?� � w&5
with possiblyunknown variance� � .

Assumption(A1) implies that the receiver knows the codesfor� | dominantusersof interest(as well as the delay _ � * and the
maximumchannelorder e � ). For thedownlink, therelativedelays_ � * andthenumberof multipathse � arethesamefor all theuser
signals. Assumption(A1’) is sufficient but not necessaryfor the
channelto beidentifiable.This conditionis easilysatisfiedwith a
relative largespreadinggainandproperchoiceof �}| . When(A1’)
fails, the channelmaystill be identifiableasshown in Section3.
In assumption(A2), we considerusersignalsnot modeledin the
signalpartasadditionaladditiveGaussiannoise.

3. SEMI-BLIND CHANNEL ESTIMATION

Weproposeablind channelestimatorwhichrequiresnomorethan
two pilot symbolsper space-timeslot. The proposedmethodis
basedondecorrelationof usersignals.Thedecorrelatingmatched
filter projectsthereceivedsignalontoa subspacefrom which the
channelsof both transmitter-receiver pairsareestimatedsimulta-
neouslyusinga low rank approximation.For a singleusersce-
nario,thedecorrelatingfront endcanbereplacedwith theconven-
tionalmatchedfilter withoutsignificantperformanceloss.

3.1. Blind Channel Estimation

Thedecorrelatingfront end k � canbeefficiently implementedus-
ing a state-spaceinversiontechniquewhich significantlyreduces
the complexity and storagerequirementof the decorrelatingre-
ceiver by exploiting the structureof the codematrix [11]. The
outputof thedecorrelatingmatchedfilter is givenby���8k � i � diag/�w x�� � �6s&s&s'� w xq� � � 5�z p�� � (6)

wherethe e��}|
��� " vector � ��k � � is colored. Due to the
decorrelation,usersareseparated.Segmenting� to thesubvectors
correspondingto symbol #g �q" , #g of user� gives� ��� ����� � � � ��� � 	�
� ����� �� ��
� ����� ��� p�� ����� � �� ��� ��� � � � � ��� ����
� ����� �� 	���
� ����� ��� pq� ��� � (7)

where  ��" �a#��&%
%&%'� �)( # , � �j+ is the /?/ � ��" 5 � p 1}5 th e -
dimensionalsubvectorof � . Collectingdatafor two consecutive
codedsymbolsof user� , wedefineamatrix   �D� as  �D� ,� l � ��� ����� � � ��� ��� r � � �¢¡V�D� p�£ � � (8)

where£ � ,� l � ����� � � ��� r , and¡V�D� ,� � � 	�
� ����� � ��� ����
� ����� �� ��
� ����� � � 	���
� ����� � � % (9)
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Here, ¡V�j� is ascaledunitarymatrix, i.e.,¡V�j�¤¡¦¥�D� � ¡¦¥�j� ¡V�D� �¨§ � w % (10)

where § � �ª© � 	��� ����� � © � p © � ��
� ����� � © � . This is the key property
thatweexploit in developingtheblind algorithm.In thenoiseless
case,thedecompositionof   �j� givesanexactvalueof thechannel
matrix � � up to a unknown unitary matrix factor. For noisy ob-
servation,we considerleastsquaresestimation.Theleastsquares
estimatorof theproduct� � ¡ �D� is givenby«0¬$­�®�¯X°± � ² Aj³ ©X©   �D� � � � ¡ �D� ©X© �´ �
which yields estimatesof � � and ¡V�D� (with an unknown unitary
matrixfactor)fromthedecompositionof   �D� . Sincewehavemul-
tiple observations,usingall the   �D� ’s yields the channelmatrix
estimate µ� � �8¶ �I· �¢¸ ��º¹ � � (11)

where ¹ � is anunknown # � # unitarymatrix,and ¶ � and ·Z� are
givenby SVD of thefollowing covariancematrixµ» � ,� #§ � v ¸ �R� T �   �D�   ¥�j� �¨¶ �I·Z� ¶ ¥� � (12)

where §��½¼ v ¸ �� T � § � and § � is definedin (10). The rotational
ambiguity in the above estimatecanbe resolved eitherby using
pilot symbols,or by differentialencoding.

We have so far assumedthat thecodematrix k of thedomi-
nantusershasfull columnrankandthereforeinvertible from the
left, i.e., k � k¾� w . This assumptionis easily satisfiedif the
spreadinggainis largeand � | is well-chosen.Underthisassump-
tion, it is clearthateachuser’s channelis identifiableup to a ro-
tationalfactor. Whenthespreadinggainis smallandwe choosea
large � | , k canbe singular. We presenta generalidentifiability
conditionfor theproposedmethod.Theconditionis independent
of thechannelparameters,andcanbeeasilycheckedoff-line.

Proposition 1 Let ¿k �D� ,� l k ��� ����� � k �
� ��� r be the matrix com-
posedof two consecutivecodematricesdefinedin (3) for symbol#0 �¨" , #0 of user � , and Àk �D� thesubmatrixof k after removing¿k �j� . Thechannel � � is identifiableif there existsa  for user �
such that Á b�¿k �D� cÃÂ Á bZÀk �j� c � b � c � (13)

where

Á b s c denotestherange spaceof a matrix.

Proof: Suppose(13) holdsfor some� and  . Then,therange
of k canberepresentedasa directsumof two linear subspaces,
i.e., there existsa matrix Ä with rank(k ) - rank( ¿k �j� ) linearly
independentcolumnssuch thatÁ b l ¿k �D� Ä r c � Á b k c %
Let Å ,� l ¿k �D� Ä r . We have, for thenoiselesscase,

Å � i �-ÆÇÇÈ Én � 	 � 	��� ����� � � n � � � ��
� ����� �� n � 	 � ������ ����� � p n � � � 	���
� ����� �É
Ê ËËÌ �

which impliesthat � � is identifiableup to a rotationalambiguity.Í
Since(13)needsto bevalid only for some , theuseof longcodes
makestheidentifiability conditioneasierto satisfy.

3.2. Extensions

Sincethe noise � �D+ after decorrelationis coloredwith a covari-
anceÎ �j+ , abiasis introducedin estimation.Wecanapplywhiten-
ing to remove thebias.Theexpectationof

µ» � in (12) is givenbyÏ b µ» � c � � � � ¥��p � �
Ð � �Ð � � "� vR+ T � Î �j+ � (14)

where Î �D+ is the / � �8" 5 � p 1 th diagonalblock of k � / k � 5 ¥
with size e � �}e � . Thewhitenedestimatoris givenbyµ� � � Ñ � ¹ � � (15)Ñ � ,� Ð �¢¸ �� ¿¶ � ¿· �¢¸ �� � (16)

where
Ð �¢¸ �� is theCholesky factorof

Ð � (
Ð � � Ð �¢¸ �� Ð ¥ ¸ �� ) and¿¶ � , ¿·Z� aregivenby SVD of thewhitenedcovariancematrixasoÐ � �¢¸ �� µ» � Ð � ¥ ¸ �� � ¿¶ � ¿·Z� ¿¶ ¥� % (17)

For thedownlink case,thedataof all theusersexperiencethe
samechannel.We canimprove theestimatorperformanceby ex-
ploiting this. A simpleapproachis to combinetheouterproductsµ» � . µ» � "� | � �R � T � µ» � � #§ � | � � �R � T � v ¸ �R� T �   �j�   ¥�D� �Ð � "� | � �R � T � Ð � % (18)

This processfurther improvesthe performanceby averagingout
thenoise.

For multiple receive antennas,joint estimationdoesn’t im-
prove theperformancewhenthefadingchannelbetweenthetrans-
mit antennasandeachreceive antennaareuncorrelated,which is
thedesigngoalof antennadiversity. In this case,we canperform
theabove channelestimationseparatelyfor eachreceive antenna.

3.3. Resolving the Rotational Ambiguity with Pilot Symbols

The unknown unitary matrix ¹ � in (11) and (15) canbe solved
usingleastsquares.Theleastsquaresformulationis givenbyµ¹ � � «g¬$­�®�¯D°Ò A?ÓÕÔ
Ö6×ØÖ ©X©   � Ù �\Ñ � ¹ ��¡;Ù ©X© �´ �� «g¬$­�®�¯D°Ò A?ÓÕÔ
Ö6×ØÖ ©X©   � Ù�¡V¥Ù �\§ Ù Ñ � ¹ � ©X© �´ � (19)

undertheconstraint ¹ � ¹ ¥� � w �
where,for the exampleof two pilot symbolsat slot front, § Ù �/ © � 	� � © � p © � �� � © � 5 and the pilot relatedmatrices   � Ù and ¡;Ù are
givenas   � Ù � l � � � � � �j� r � ¡;Ù � � � 	� � ��� ���� �� �� � � 	��� � � % (20)
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Thesolutionof theoptimizationproblem(19)canbeobtainedus-
ing singularvaluedecompositionandis givenby [10]µ¹ � �  ÛÚ ¶ ¥Ú � (21)

where § Ù Ñ ¥�   �ÜÙ ¡ ¥Ù �   Ú · Ú ¶ Ú % (22)

3.4. Detection

Insteadof resolvingthe unknown rotationalambiguityas in the
previoussection,wecanemploy differentialdecodingwithout the
knowledge of ¹ � . Several differential detectionschemeshave
beenproposed[8] [9]. In [9], the differentialdetectionrelieson
the assumptionthat the channelsarezeromeanandindependent
randomvariables. The detectormaximizesthe likelihood aver-
agedover the channel. In this section,we give an extensionof
the differentialdetectionschemein [9] for CDMA systemswith
multipathchannelwith a deterministicassumptionon thechannel
parametersandtheknowledgeof thechannelsubspaceidentified
by theproposedblind method.

Considerthenoiselesscase.From(8), wehave  �D� � � � ¡ �D� �8Ñ � ¹ � ¡ �j� �  �
� ��Ý � � � � ¡ �
� �ØÝ � �8Ñ � ¹ � ¡ �
� ��Ý � � (23)

whereÑ � is blindly estimatedvia (16) (using(14),(12),and(17)).
Multiplying theinverseof Ñ � from theleft in (23)givesÞ �D� ,� Ñ ��   �D� � ¹ ��¡'�j� �Þ �
� ��Ý � � Ñ ��   �
� ��Ý � � ¹ � ¡ ��� ��Ý � % (24)

Sincetherotationalambiguity ¹ � is a unitarymatrix,
Þ

becomes
unitary if ¡V�D� is chosenfrom a unitarygroupcode,which makes
theblind estimationstill possiblesincetheproposedalgorithmde-
pendsonly on the unitary propertyof the codeblock ¡ �j� . Ap-
plying thedifferentialencodingschemein [9] to ¡V�D� , differential
detectionis possiblewithoutknowing ¹ � .

Althoughdifferentialdecoding(DD) doesn’t requirechannel
estimation,DD usuallysetstheinitial block to afixedstatefor the
ensuingdifferentialencoding.For the proposedblind estimation
method,this informationis enoughto estimatetheentirechannel,
so that coherentdetectioncanbe performed.With the estimated
channel,we canperforma blockwisemaximumlikelihood(ML)
detectionto obtain the symbol sequence.Rewriting eq.(7), we
have� � �
� ����� �� ��
� ��� � � � n¦� 	 no� �n �� � � n �� 	 � � � 	��� ����� �� ���� ����� ��� p � � ����� �� ���� � %

(25)

ML estimatesfor symbol � 	��� ����� � and � ���� ����� � aregivenby� µ� 	��� ����� �µ� ���� ����� ��� �yß�à � µn ¥� 	 µn t� �µn ¥� � � µn t� 	 � � � �
� ����� �� ��
� ��� ��á � (26)

wheresuperscripts2 and â denotetransposeandHermitian(con-
jugatetranspose),respectively and ß is thequantizationfunction
which selectsthesymbolvectorwith minimumdistance.Thede-
tectorin (26)canbeconsideredasavectorform of thatin [5].

4. SIMULATION RESULTS

In thissection,wepresentsomenumericalresults.For channeles-
timation,MSE of theproposedestimatorwasevaluatedandcom-
paredwith the Craḿer-Raobound(CRB).For symbol detection,
BERwasusedastheperformancemeasure,andMonteCarloruns
wereusedto estimatetheBER.

We considereda CDMA systemwith two transmitantennas
anda singlereceive antenna.Five ( � �½ã ) synchronousBPSK
userswith equalpower wereconsidered.Thespreadingcodesfor
the userswererandomlygeneratedwith spreadinggain � �åä #
and fixed throughoutthe Monte Carlo simulationfor MSE and
BER.Sinceour channelmodelwasdeterministic,thechannelpa-
rameterswere also fixed during the Monte Carlo runs. For the
CRBcalculation,thesymbolsequencewasfixedandfor MSEand
BER,symbolsequencesweregeneratedrandomlyfor eachMonte
Carlorun.

The channelfor eachTX-RX pair hadthreefingers e �æä .
The slot sizewas � �çãÕ9 andtwo pilot symbolswereincluded
at the beginning of the slot of eachuser. Thesepilot symbols
were usedto remove the rotationalambiguity of the blind esti-
mator. The signal-to-noiseratio (SNR) is definedby / ©D© n 	 ©X© � p©X© n � ©D© � 5 �éè ] ( � � where è ] is the chip energy and � � is the chip
noisevariance.
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Fig. 2. ChannelMSEvs. SNR.Two pilot symbolsperuser.

We comparedthemeansquareerrorperformanceof thepro-
posedchannelestimatorusingthedecorrelatingfront end(DRR)
andregularizeddecorrelatingfront end(RDRR)with theCRBand
theconventionaltrainingbasedalgorithm(TRR)basedonthestan-
dardmatchedfilter. Theregularizeddecorrelatingfront endwhich
is given as / k ¥ k p � � w65 � � k ¥ wasusedto mitigatethe noise
enhancementof thenormalinversion.It requirestheestimationof
noisepower. In this simulation,the true noisepower wasused.
Due to the two pilot symbolsinsertedfor rotational ambiguity
resolution,we usedthe semi-blindCRB with a deterministicas-
sumptionon datasymbols[17]. For the training basedmethod,
a least-squareschannelestimatewasobtainedusingobservations
correspondingto thepilot symbols.Fig. 2 shows theMSE perfor-
mance.WeobservethatasSNRincreases,theMSEof theconven-
tionalmethod(TRR)deviatesfromtheCRBdueto themultiaccess
interference.TheDRR,on theotherhand,trackstheCRBclosely
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at high SNR. The high MSE of DRR at low SNR is due to the
enhancementof the noiseby the decorrelating(zero-forcing)re-
ceiver. Thebetterperformanceof RDRRover theunbiasedCRB
is due to the noisereductionin regularizationwhich makes the
estimatorbiased.
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Fig. 3. BERvs. SNR.Two pilot symbolsperslot.

WeevaluatedtheBERperformanceof theML detectorin Sec-
tion 3 with decorrelating,regularizeddecorrelating,andHermitiank ¥ front ends,usingRDRRwith truechannelastheperformance
bound. Fig. 3 shows the BER performanceaveragedover users.
We observe a 4dB loss at BER of "&9 �;ê due to channelestima-
tionerrors.Theproposedmethodshowsasignificantimprovement
over theconventionalRAKE receiver asSNRincreases:theBER
improvementwith respectto TRR is severalordersof magnitude
at 14 dB SNR. The well known floor effect of the conventional
receiver is dueto multiaccessinterference.

5. CONCLUSION

We proposea new semi-blindchannelestimationtechniquefor
space-timecodedwidebandCDMA systemswhich requiresonly
two pilot symbolsper slot. A new identifiability conditionis es-
tablished. The proposedmethodidentifies the channelof each
transmit-receivepairsimultaneouslyexploiting thesubspacestruc-
tureof WCDMA signalsandtheorthogonalityof space-timecodes
with a few pilot symbols.Thedecodingprocedurefor differential
modulationfor CDMA systemsis given.
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