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ABSTRACT

A new techniquefor trackingof fastfadingchannelsin long
codeCDMA is proposedexploiting multipathdiversity of
mobilechannels.Basedona linearinterpolationmodel,the
proposedmethodblindly estimatesthechannelcoefficients
at the selectedpositionswithin a slot up to a scalefactor
andtracksthetime-varyingchannelusinganinterpolation.
The unknown scalefactorcanbe resolved usingonly one
pilot symbolwhich increasesthebandwidthefficiency. The
proposedmethodcanbe implementedusingseveral front-
endsincludingtheconventionalmatchedfilter, decorrelator,
andregularizeddecorrelator. A new identifiabilitycondition
is establishedandtheperformanceof theproposedmethod
is assessedthroughthemeansquareerrorandbit errorrate.

1. INTRODUCTION

Thirdgenerationcodedivisionmultipleaccess(CDMA) sys-
temssuchasWCDMA adoptedcoherentdetectionwith pi-
lot symbolsin the reverselink to increasethe systemca-
pacity. Channelestimationplays a importantrole in co-
herentschemes.To track a time-varyingchannelin a fad-
ing environment,usually a pilot channelis superimposed
on thedatastreamsin a code-divisionmultiplexing (CDM)
or pilot symbolsareinsertedperiodicallyin a time-division
multiplexing (TDM) [1]. AlthoughtheCDM pilot channel
is moreattractive for channeltracking,it usuallyincreases
the peak-to-averagepower ratio of the transmittingsignal,
which reducesthepowerefficiency of themobilestation.

Several channeltrackingmethodshave beenproposed
basedon time multiplexedpilot symbolsandinterpolation
techniques,e.g., [2] [3]. Thesemethodsutilize only pilot
symbolsover multiple slots,which requirespilot symbols
with high SNR anda frequentinsertionof pilot symbols.
Othersconsideredblind or semi-blindapproachesto ad-
dressthis problem[4] [5]. However, they aremostlybased
on theblock fadingassumptionwith blocksof a largesize
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which is not suitablefor fastfadingwherechannelchanges
rapidlywithin ablock(usuallythetimeinterval betweenpi-
lot symbols).

In this paper, we presenta new channeltrackingtech-
niquewhichutilizesmultipathdiversityandtracksfastfad-
ingchannelseffectivelywith onepilot symbolwithin ablock
whichcanbesignificantlylargerthanthechannelcoherence
time. Basedon a linear interpolationmodel,the proposed
methodblindly estimatesthechannelcoefficientsatselected
estimatingpointswithin ablockup to aunknown scalefac-
tor andobtainedthechannelfor thewholeslot with thees-
timateat theselectedpositions.Theproposedmethodcan
beimplementedwith theconventionalmatchedfilter where
thespreadinggain is high andthemultiaccessinterference
is notsevereor with adecorrelatingfront-endwhichcanbe
efficiently implementedwith a state-spaceinversiontech-
niquewith a comparableamountof complexity with short
spreadingcodesystems[6].

Thepaperis organizedasfollows. Thedatamodelof a
CDMA systemis describedin Section2. A blind channel
trackingmethodbasedon multipathdiversity anda linear
interpolationchannelmodel is proposedin Section3. In
Section4, the performanceof the proposedmethodis as-
sessedby MonteCarlosimulationsandcomparedwith the
estimationwith block fadingmodel.

2. DATA MODEL

We consideranasynchronousCDMA systemwith � users
with longspreadingsequencesof spreadinggain � . We as-
sumethattransmissionsareslottedwith sizeof � symbols.

As illustratedin Fig.1,user� datastream���
	��
 is spread
with the long scramblingcode ���
	��
 andscaledby ��� and
transmittedthougha multipathtime-varying channel. We
assumethat thechannelof a particularuser � consistsof �
independentmultipathseachof which is a bandlimitedde-
terministic waveform with bandwidth ��� ( the maximum
Doppler frequency ). To dealwith fast fading,we let the
multipathcoefficientsvaryfromsymbolto symbolwhile re-
mainingconstantoveronesymbolperiod ��� . Thedelaysof



h   (t)
i,1

h   (t)
i,2

h   (t)
i,L

A i

s (t)
i

iC  (t) w(t)

y(t) y[n]

fs=1/Tc

MUI

User i

Fig. 1. Systemmodel

dominantmultipathsareassumedto beinvariantwithin one
slot1. We assumethatall usersarechipratesynchronized2,
thatis, thedelaysbetweenpathsaremultiplesof chip inter-
val ��� . Specifically, thecontinuous-timetime-varyingchan-
nel impulseresponseof user� is givenas� �
	������ "! #$ % &(' � �

% 	��

)*	��,+.-����/+.01�2������ (1)

where
� � % 	��
 is thechannelwaveformfor the - th path,03� the

delayof user� relative to theslot reference.
Considerthereceivedsignalcorrespondingtouser� first.

Thesignal45�6	��
 is passedthroughachipwaveformmatched
filter andsampledsynchronouslyat thechiprate.Sincethe
channelis linearandhasafinite impulseresponse,thenoise-
less chipratesample 4 �67 8:9 at the 8 th chip interval is ex-
pressedasanoutputof a time-varyingresponse

4 �
7 8:9 ! #$ % &('<; �
7 8 +=- 9 � �
7 8 ��- 9 � (2)

; � 7 8:9?>! ��� 7 8:9 �@� 7BA 8�DC 9 � (3)

where
� � 7 8 �6- 9 is the channelcoefficient of the - th path at

the 8 th chip interval, E��F� 7 8:92GIHKJ ' thechipratespreadingse-
quence,and EL� �
7 MN9OG�P J ' is thesymbolsequencefor user� .
The receivednoiselesssignalvector Q �RP correspondingto

the M th symbol � �RP 	 >!S� ��7 MT9  is givenin a matrix form asQ��RPU!WVX�RPZY(�RPZ���RP[� (4)

where V\�RP is the Toeplitz matrix whosefirst column is
madeof 	 M +S]I^�`_S01� zerosfollowed by vector a1�RPb!7 �F� 7 M �`_c] 9 �Fd@dFde�6��� 7 	 M _c]�^� 9f9hg andadditionalzerosto
make thesizeof Q��fP thetotal numberof chipsof theentire� -symbolslot. (SeeFig. 2.) Themultipathchannelvector
at the M thesymbolinterval Y(�RP is definedas

Y(�RP >!
ijjjj
k
�el '^m�fP�elfn m�fP

...� l # m�fP

oqpppp
r � ��l % m�RP >! � � % 	 M � � ��(-�!`]5�@dFdFde�6�sd (5)

1Fastfadingresultsmainly from thephasevariationof carriernot from
thedelaychanges

2With Nyquist sampling,the chipratesynchronismis not required. In
thatcase,thederivation herewill correspondsto theeven (or odd)subse-
quencewith a t5u�vxw samplingperiod.
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Fig. 2. Codematrix for onesymbol

For user� , thetotal receivednoiselesssignalis givenby

Q��?! |$P &}' VX�RPZY(�RPZ���RP[�! V\� diag	2Y}� ' �FdFd@de��Y(� | 
~@��� (6)

where~ � ! 7 � � ' dFd@d6� � | 9 g and V � >! 7 V � ' �@�F�@�e��V � | 9 which
hasa specialstructureof sparseblock Toeplitzform which
is exploitedfor efficient implementationof matrix inversion
[6]. Including ���2	
���= dominantusers,wehave thecom-
pletedatamodelas

Q ! ���$ � &}' V � diag	�Y � ' �Fd@dFde��Y � | 
~ � _����
! VX��~"_���� (7)

wheretheoverall codematrix V�! 7 V ' �Fd@dFde�6V � �  9 , ��!
diag	�Y '�' �Fd@dFde��Y ' | �6Y n ' �@dFd@d���Y n | �@dFdFd�Y � � |  , and� isad-
ditiveGaussiannoisewhichincludesthesignalsof usersnot
modeledin V . We assumethefollowing

A1: The codematrix V is known and has full column
rank.

A2: Thenoisevectoriscircularlysymmetriccomplex Gaus-
sian ������	2����� n��  with possiblyunknown � n .

Assumption(A1) impliesthatthereceiverknows thecodes
anddelaysof usersof interest.This assumptionis usually
valid for theuplink. Assumptionof full columnrankis eas-
ily satisfiedwith properchoiceof ��� . In the caseof long
spreadinggain,we canmodela singleuseronly regarding
all otherusersignalsasadditivenoise.

3. FAST FADING CHANNEL ESTIMATION

3.1. Linear interpolation model

The channelover a time slot canbe modeledasa sumof
weightedbasisor aninterpolationof samplesat severalpo-
sitions. We considera linear interpolationchannelmodel



under the deterministicparameterassumption. Sincethe
numberof sampleswithin a slot is limited, we focuson the�

-sampletime domainapproachwhich includesa broad
rangeof interpolationtechniquessuchaspiecewise linear,
polynomial,ideal low passinterpolations.A similar mod-
eling of a time-varyingchannelwith a truncatedbasiswas
proposedin [8].
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We assumethat the channelat an arbitrarysymbol in-
terval within a slot is a linear combinationof channelsat
selectedestimatingpointswhich arenot necessarilythepi-
lot positions.Considerthe - th multipathof user� ’schannel.
Thechannel

�el % m�fP at the M th symbolinterval is modeledas� l % m�fP !¦¥ P '6§ l
% m� ' _W�F�@��_�¥ P©¨ § l

% m�f¨ � M !�]5�@dFdFde�x�ª� (8)

where¥ P H is theinterpolationcoefficientfor symbolM and
sample8 , and § l

% m� H is thechannelcoefficientat the 8 th esti-
mationposition. Stackingall themultipathscorresponding
to thesamesymbolandusergives

Y}�fP !
ijjjj
k
§ l '
m� ' § l '^m� n �F�@� § l '^m�f¨§ lRn m� ' § lfn m� n �F�@� § lRn m�f¨

...
...§ l # m� ' § l # m� n �F�@� § l # m�R¨

oqpppp
r

ijjj
k
¥ P '¥ P n

...¥(P©¨
oqppp
r

>! « �2¬ P � (9)

where « � and ¬P aredefinedcorrespondingly. The inter-
polationcoefficientvector ¬P is determinedby theselected
interpolationmethodand « � is theunknownparameterma-
trix which containsthe channelsat the selectedestimating
points.Noticethat « � is invariantwithin a slot. Theuseof
interpolationmodelconvertstheproblemof a time-varying
channelestimationto theestimationof invariantparameters
within a slot. We furtherassumethefollowing

A3: Thematrix « hasfull columnrank.

Assumption(A3) implies that the numberof multipathsis
larger thanor equalto that of the estimatingpoints. Due
to theabundanceof themultipathsin mobilechannels,this
assumptioncanbesatisfiedwith theproperselectionof the
numberof estimatingpoints

�
. If weselecttwo endpoints

of slotastheestimatingpointswith pilot symbolplacement
at eachend, the modelcanbe consideredas the common
interpolationbasedon the pilot symbols.When

�
is one,

theinterpolationmodelreducesto thegeneralblock fading

model. The assumptionalso requiresthat
�

is designed
consideringthe fading rate so that the channelvectorsat
different samplingpoints are linearly independentalmost
surely.

3.2. Blind multiuser channelestimationalgorithm

We proposeablind channelestimationbasedona linearin-
terpolationmodelexploiting multipathdiversityof channel.
We assumethat thechannelandsymbolsaredeterministic
parameters.

3.2.1. Front-EndProcessing

The multiusersignalsare separatedby variousfront-ends
suchastheconventionalmatchedfilter, decorrelator, or reg-
ularizeddecorrelator. Although the conventionalmatched
filter cannotseparatemultiusersignalsperfectly, it works
satisfactorily with largespreadingfactors.For thesystems
with smallspreadinggains,wecanusemoreadvancedfront-
endprocessinglikedecorrelator. For longcodesystems,the
computationalcomplexity of thedecorrelatoris prohibitive.
However, the requiredmatrix inversioncan be efficiently
implementedbyanalgorithmusingthestate-spacetechnique[6].
Thecomplexity of theproposedinversiontechniqueis pro-
portionalto theproductof theslot lengthandthesquareof
thenumberof users(�¦�\�®	�� �  n ).

Theoutputof thefront endis givenby¯ !¦V\°�Q±� ¯ !WV³²6Q±� ¯ !`	2V\°�V¦_{� n � x´ ' Q±� (10)

where 	^�� ° and	
�  ² representthe conjugatetransposeand
pseudoinverse,respectively. Segmentthe front-endoutput¯ accordingto thesymbolanduser. Let ¯ �fP bethesubvec-
tor of length � correspondingto M th symbolof user� . Due
to thediagonalstructureof � in (7), thevector ¯ �fP is given
by ¯ �RP ! Y �fP � �fP _{µ �fP �! «D� ¬ P¶���RP�_�µ(�RP³� M !�]5�Fd@dFde�x�ª� (11)

wherethenoiseµ �fP containstheadditivenoise.It alsocon-
tainsthe otheruserinterferencein the caseof the conven-
tionalmatchedfilter.

3.2.2. SubspaceIdentificationwith CrossReferencing

Considerthe noisefree casefirst. With the deterministic
assumptionon « � , thecolumnspaceof « � is obtainedby
singularvaluedecomposition(SVD)· � >! 7 ¯ � ' � ¯ � n �FdFd@d�� ¯ � | 9 !¦¸D�B¹º�2» °� d (12)

Theparametermatrix « � is givenby« � !¦¸ �½¼�� � (13)



where¼�� is ainvertible
��¾s�

unknownsquarematrixfrom
theassumptionA(3). Projectinḡ �fP to thecolumnspaceof¸T� , wehave thefollowing systemof equations¿ �RP >! ¸ °� ¯ �fP �! ¼ � ¬ PÀ���fP³� M !`]5�@dFdFde�x�ªd (14)

Define ÁÂ� astheinverseof ¼ � andlet ÁÂ� havethefollow-
ing row partition

Á � !
ijjj
k
� °� '� °� n

...� °�f¨
o ppp
r d (15)

Multiplying Á � from theleft in (14),wehaveijjj
k
� °� '� °� n

...� °�f¨
oqppp
r ¿ �fPª!

ijjj
k
¥ P '¥ P n

...¥ P©¨
oqppp
r �@�fP³d (16)

Assumethat � �fPÄÃ!®Å for given M which is valid for most
modulationschemessuchasBPSK,QPSK,andQAM. No-
ticethateachrow of Á�� ¿ �RP is ���fP scaledby aknown inter-
polationcoefficient ¥(P H , which makesit possibleto elim-
inatethe unknown ���fP by crossreferencing[9] . Specifi-
cally, multiplying row Æ , Ç by ¥(P©È , ¥(P±É respectively gives
the samevalue ¥(PÊÉ@¥}P�È����fP . Taking differencebetween
two rowsrelatedto M th symboldata,weobtainthefollow-
ing equation ËÌ �fP � � !¦��� (17)

where�Í� >! 7 � °� ' �@�F�F���
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Ë¿ �fP�È >!ß¥ PÊÉ ¿ �RP for the pair	RÆ1�6Ç  . Now, combiningall thesymboldatagivesÌ �2�,�}!W��� (18)

where
Ì � >! 7 ËÌ °� ' �@�F�@��� ËÌ °� | 9 ° . The identifiability of the

proposedmethodis givenby thefollowing proposition.

Proposition1 (Identifiability) The � � 	 � +z]�6à�á ¾â� n
matrix

Ì � is a matrix with rank
� n +U] , i.e. the column

rankis deficientby one. Hence, �,� is theuniquenull space
of
Ì � andis blindly identifiableup to a scalefactor.

Proof.See[7].

Hence,the parametermatrix «D� is givenby (13). The
channelat anarbitrarypositionwithin a slot is obtainedby
interpolation.

For noisyobservation,we canconstructa leastsquares
estimatorbasedon (18)which is givenbyã� � !Wä�å6æ±çÍèRéê�ê ë � ê�ê ¡Uìfì Ì � � � ìfì n d (19)

4. NUMERICAL RESULTS

In this section,we presentsomenumericalresultson the
performanceof the proposedmethod. The error perfor-
manceof theproposedestimationresultsfrom two factors.
Oneis thenoiseaddedin thesignalandtheotheris themod-
elingerrorusingafinite sampleinterpolation.Weevaluated
the meansquareerror (MSE) of the methoddue to noise
only usinga channelgeneratedaccordingto a interpolation
model.Wealsoassessedthemodelingerrorusingalowpass
channelwith Jakes’sspectrum[10].

Fig. 4 shows the MSE performanceof the proposed
methodfor asingleusersystemwith theinterpolationchan-
nel with sync coefficients and threeestimatingpoints in-
cluding both endsand the middle of a slot. We usedthe
decorrelatingfront-end. The scramblingcodewas gener-
atedrandomlywith spreadingfactor ��!¦í1á andslot length� !ïî5Å symbolsand fixed throughoutthe Monte Caro
runs. Thenumberof multipaths� is ð with equalaverage

magnitude.Thesignal-to-noiseratioisdefinedas ñeò � l ê�ê ó �R¤ ê�ê ¡ m�ôõ ¡ .
Thescaleambiguityis resolvedusingonepilot symbolplaced
at the left endof slot. As shown in the figure, the method
showed a goodMSE performanceandalmostreachesthe
theCraḿer-Raobound(CRB)atmediumandhighSNR.
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Fig. 4. Meansquareerror: interpolationchannel



The MSE performanceof the proposedestimatorto a
lowpasschannelis shown in Fig. 5. The channelwave-
form was generatedwith Jakes’s model with fading rate� � � � %Rö
÷ !ÄÅd ø�ù and truncatedfor oneslot length. Other
parameterswere the sameas in the interpolationchannel
case.TheproposedalgorithmimprovedMSE performance
muchover theestimationusingthepilot symbolat the left
endof slot andthe block fadingassumption.The new es-
timatorperformedbetterthanthetrainingbasedestimation
evenat thepilot symbolposition. This is becausethepro-
posedmethodutilizedthewholeslotobservationtoestimate
the samplepointswhile the training basedmethoddidn’t.
However, theproposedmethodalsoshoweda performance
floor at high SNRdueto theimperfectmodelingof theac-
tual channel. Fig. 6 shows the bit error rate (BER) of a
RAKE receiverwith theestimatedchannel.Theincreaseof
BERwith respectto SNRfor theestimationwith blockfad-
ing modelshows that theadditive noiseworksbeneficially
for detectionsincetheestimatorworksadverselyfor detec-
tion dueto lack of trackingcapabilityin a very fastfading
environment.
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5. CONCLUSION

Weproposedanew blindchannelestimationtechniquewhich
effectively tracksfastfadingchannelsin long codeCDMA

systems.Exploiting the multipathdiversity andinterpola-
tion model, the proposedmethodshows a significantim-
provementover the channelestimationwith block fading
model without insertionof additionalpilot symbols. The
proposedmethodis usefulin a scatteringrich environment
andrequirestheroughknowledgeof fadingrate.
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