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ABSTRACT

A new techniquefor trackingof fastfadingchannelsin long
codeCDMA is proposed.Usingalinearinterpolationmodel,
theproposedmethodtracksthetime-varyingchannelwith-
out pilot symbolsor with sparselyinsertedpilots. Thepro-
posedmethodcanbeimplementedefficiently usinga state-
spaceinversiontechnique.A new identifiabilityconditionis
establishedandthe performanceof themethodis assessed
throughthemeansquareerrorandbit errorrate.

1. INTRODUCTION

RecentcodedivisionmultipleaccesssystemssuchasWCDMA
adoptedcoherentdetectionschemeswith pilot symbolsin
the reverselink to increasethe systemcapacity. In such
systems,channelestimationwith a reasonableperformance
overawide rangeof fadingratesplaysa crucialrole.

Channelestimatorsbasedon theblock fadingmodeldo
notworksatisfactorilyfor fastfadingwherechannelchanges
rapidlywithin a time interval betweenpilot symbols;Addi-
tional pilot insertionis requiredwith the conventionales-
timation methods. Several channeltracking methodsare
proposedbasedon time multiplexedpilot symbolsandin-
terpolationtechniquese.g. [1] [8]. Thesemethodsutilize
only pilot symbolsover multiple slots,which requirespilot
symbolswith high SNRandlong observationtime. Others
considerWienerfilter approacheswhichrequirestheknowl-
edgeof the Dopplerspreadand the signal-to-interference
ratio [4].

In thispaper, wepresentanew channelestimationtech-
niquewhichutilizesmultipathstructureandtracksfastfad-
ing channelseffectively without the insertionof additional
pilot symbols.Usinga linear interpolationmodel,thepro-
posedmethodestimatesthechannelcoefficientsat selected
samplingpointsandtracksthe channelfor the whole slot.
Theproposedmethodcanbeimplementedwith astate-space
inversiontechniquewith acomparableamountof complex-
ity with conventionalRAKE receiver [5].
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N00014-00-1-0564.

The paperis organizedasfollows. The datamodelof
a CDMA systemis describedin Section2. A blind chan-
nel trackingmethodbasedon linear interpolationchannel
model is proposedin Section3. In Section4, the perfor-
manceof theproposedmethodis assessedby MonteCarlo
simulationsand comparedwith the estimationwith block
fadingmodel.

2. DATA MODEL

We consideranasynchronousCDMA systemwith � users
with longspreadingsequencesof spreadinggain � andslot-
tedtransmissionsof � symbolsize.As illustratedin Fig.1,
user � symbol sequence���
	��� is scrambledwith the long
spreadingcode����	��� andtransmitted.
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Fig. 1. Systemmodel

We assumethat the channelof a particularuser � con-
sistsof � independentmultipathseachof which is a ban-
dlimiteddeterministicwaveformwith bandwidth��� themax-
imum Dopplerfrequency [3]. Dueto fastfading,we let the
multipath coefficients vary from symbol to symbol while
remainingconstantover onesymbolperiod ��� . Thedelay
profile of multipathsis assumedto be invariantwithin one
slot1. To simplify the model,we assumethat all usersare
chipratesynchronized,thatis, thedelaysbetweenpathsare
multiplesof chip interval ��� . Specifically, thecontinuous-
timetime-varyingchannelimpulseresponseof user� isgiven
as
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1Fastfadingresultsmainly from thephasevariationof carriernot from
thedelaychanges



where
� � $ 	��� is thepathcoefficient waveform, .0� thedelay

of user� relativeto theslotreference.Weassumethat .1� and� is known2. Thereceivedsignal 2 � 	��� is passedthrougha
chip waveform matchedfilter andsampledsynchronously
at thechiprate.Sincethechannelis linearandhasa finite
impulseresponse,thenoiselesschiprateoutputsample2 ��3 465
correspondingto user� is expressedastheconvolutionsum

27� 3 465  "# $ %8& .0� 3 4 *-, 5 � �
$ 3 465 � (2)

where.0� 3 465  9��� 3 465 ��� 3;:7<=?> 5 , ��� 3 @A5 is thediscrete-timesym-
bol ratedatasequence,and ��� 3 465 thechipratespreadingse-
quence.Thereceivednoiselesssignalvector B �DC dueto the@ th symbol ���DC of user� is givenin a matrix form as

B��ECF HGI�ECKJ8�ECK���ECL� (3)

where GM�EC is the Toeplitz matrix whosefirst column is
madeof @ �AN+.1� zerosfollowedby vectorO7�DCP 3 ��� 3 @ �ANQ 5 �SRTRSRU�
� ��3 	 @ N Q �� 5E5WV andadditionalzeros.Vector J �DC is
definedas
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Thesizeof B �EC is thetotalnumberof chipsof theentire � -
symbolslot. For user� , thetotal receivednoiselesssignalis
expressedas

B��e f#C %8& GM�DCKJ'�DCg�T�DC GM� diag	�J8� & �TRSRSRh�
J8� f _i��
� (5)

wherei��h 3 ��� & RTRSRj�T� f 5kV and GM�!X 3 GM� & �TlSlSlU��GM� f 5 which
hasa specialstructureof sparseblock Toeplitzform which
is exploitedfor efficient implementationof matrix inversion
[5]. Including all usersandnoise,we have the multiuser
datamodelas

B  m# � %'& GM� diag	�J8� & �TRSRSRU��J'� f _i��nNpo GMqrisNpor� (6)

wherethe overall codematrix Gt 3 G & �SRTRSRU��G m  5 , qu 
diag	vJ &�& �SRSRTRU�
J & f ��J ` & �TRSRSRU��J ` f �SRTRSR
J m f  , ando isad-
ditiveGaussiannoise.We alsoassumethefollowing

A1: The code matrix G is known and has full column
rank.

2Roughtiming knowledgeis enoughsincewe parameterizethe delay
clusterwith sufficient numberof fingersw

A2: Thenoisevectoriscircularlysymmetriccomplex Gaus-
sian oyxpz{	v|h�
} `�~  with possiblyunknown } ` .

Assumption(A1) implies that the receiver knows codesof
all users. This assumptionis usually valid for the uplink
andfull columnassumptionis satisfiedalmostsurelywith
reasonablyhighspreadingfactors.

3. FAST FADING CHANNEL ESTIMATION

3.1. Linear interpolation channelmodel

We considera linearinterpolationchannelmodelunderthe
deterministicparameterassumption.Amongvariouslinear
interpolations,we considerthe � -sampletime domainap-
proach3 which includesabroadrangeof interpolationtech-
niquessuchaspiecewiselinear, polynomial,ideallow pass
interpolations.A similar modelingof a time-varyingchan-
nel with a truncatedbasiswasproposedin [7].

We assumethat thechannelat anarbitrarytime within
a slot is a linearcombinationof channelsat samplepoints
which arenot necessarilythepilot positions.Considerthe, channelpathof user � . The channel
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interval is modeledas�U] $ ^�DC  H�'C &�� ]
$ ^� & NHlSlTl�N��'C�� � ]

$ ^�E� � @  Q �SRSRTRU���P� (7)

where�8C < is theinterpolationcoefficientfor symbol@ and
sample4 . Stackingall themultipathscorrespondingto the
samesymbolanduser, wehave
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acbbbb
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(8)

where � � and ��C aredefinedcorrespondingly. The inter-
polationcoefficientvector � C is determinedby theselected
interpolationmethodand ��� is the unknown channelpa-
rameterwhich is invariantover a slot. We further assume
thefollowing

A3: Thematrix � hasfull columnrank.

3Frequency domainapproachcanbealsousedwith � frequency com-
ponentsfor bandlimitedchannels.



Assumption(A3) implies that the numberof multipathsis
largerthanthatof thesamplingpointswhichis usuallyvalid
dueto theabundanceof themultipathsin mostmobilechan-
nels and several samplepoints are sufficient to track the
channelchangewithin a slot effectively. The designpa-
rameter� is chosenconsideringthefadingvelocitysothat
thechannelvectorsatdifferentsamplingpointsarelinearly
independentalmostsurely. This sufficesto the validity of
theassumption(A3).

3.2. Blind multiuser channelestimationalgorithm

We proposea blind channelestimatorbasedon the linear
interpolationchannelmodelexploiting themultipathstruc-
ture of channel.We assumethat the channelandsymbols
aredeterministicparameters.

Themultiusersignalsareseparatedby decorrelatingor
regularizedleastsquarefront end. The requiredmatrix in-
versionis efficiently implementedby analgorithmusingthe
state-spacetechnique[5][6]. Theoutputof thedecorrelator
is givenby�  G ��B diag	�J &�& �TRSRSRU��J & f �
J ` & �SRTRSRU�
J m f _isN�¡s�
where 	_l� � is pseudoinverse. Let � �DC be the subvectorof
length � correspondingto @ th symbolof user� . Dueto the
diagonalstructureof q , thevector � �EC usgivenby� �EC  J �EC � �EC Np¡ �DC � �;��C � �DC N�¡ �DC � @  Q �SRTRSRU���P� (9)

wherethecolorednoise¡8�EC hasdistributionof z{	v|h�
} `�¢ �ECg ,
and the covariance ¢ �EC is the �¤£p� submatrixobtained
from the 	��8* Q ��¥N @ th diagonalblockof G � 	vG � _¦ .

3.2.1. Noisefreecase

Considerthe noise free case. With the deterministicas-
sumptionon ��� , the column spaceof ��� is obtainedby
singularvaluedecomposition§ � ¢ ��¨ ¦�  P©!� X 3 � � & � � � ` �SRSRTRU� � � f 5 R (10)

Then ��� is givenas

���' § �«ª���� (11)

whereª � is ainvertible �{£¬� unknownsquarematrixfrom
theassumptionA(3). Projecting� �DC to thecolumnspaceof§ � , wehave thefollowing squaresystem

 �DC X § ¦� � �DC{ 9ªh� � CK���ECL� @  Q �SRTRSRU�j�PR (12)

Let ®¯�°X Pª²± &� with thefollowing row partition
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d R (13)

Multiplying  �EC by ®¯� from theleft givesZ[[[
\
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...o³¦�D�
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d  �DCP 

Z[[[
\
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acbbb
d ���DCL�

Assume� C <9´ ¶µ�� 4  Q �SlTlSlU�
� and � �DC ´ ¶µ for given@ , which is valid for most interpolationpointsand mod-
ulationschemes.Notice thatmultiplying row · , ¸ by �'C?¹ ,�8C»º respectivelygivesthesamevalue �'C!ºT�8C�¹7�T�DC . Taking
differencebetweentwo rows relatedto @ th symboldata,a
systemof equationsareobtainedsimilarly asin [2]¼½ �DC¾o¿�8 9| (14)

whereo+�»X 3 o ¦� & �SlSlTlU��o ¦�D� 5 ¦ and
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where
½ � X 3 ¼½ ¦� & �SlSlTlU� ¼½ ¦� f 5 ¦ .

Proposition1 (Identifiability) The �F�p	v�×* Q �ØÚÙL£Û� `
matrix

½ � is a matrix with rank � ` * Q
, i.e. the column

rankis deficientby one. Hence, o+� is theuniquenull space
of
½ � andis blindly identifiableup to a scalefactor.

Hence,��� is identifiableby eq.(11).



4. NUMERICAL RESULTS

The performanceof the proposedmethodfocusedon the
algorithm itself is evaluatedfirst thoughthe Craḿer-Rao
boundandMonteCarlo simulationusinga channelgener-
atedby the interpolationmodel in section3.1 for a single
usercase.To excludethechannelmodelingerror, thechan-
nel is generatedaccordingto the interpolationmodelwith
threesamplepointsandsincinterpolationcoefficients.The
scramblingcodeis generatedrandomlywith spreadingfac-
tor �{ QTÜ

andslot length �e QTÜ µ symbols.Thenumber
of multipaths � is Ý with equalaveragemagnitude. The

signal-to-noiseratio is definedas ÞUßjà ]vá�á â ÂcÃ á�á Ì ^ =ã Ì . Thescale
ambiguityis resolvedusingonepilot symbolplacedat the
left endof slot. As shown in fig. 3, themethodshowsagood
meansquareerrorperformanceandalmostreachesthe the
Craḿer-RaoboundatmediumandhighSNR.
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Fig. 3. Meansquareerror:interpolationchannel

The performanceof the proposedmethodis evaluated
for a bandlimitedwaveformchannel.Sincewe assumethe
channelis deterministic,the channelwaveform is gener-
atedwith Jakes’s model[3] with ������� $Eä�å  ¶µ�R�æ7ç andtrun-
catedfor oneslot length. Two equalpower asynchronous
userswith delay of a half symbol interval are simulated.
Otherparametersarethesameasin theinterpolationchan-
nel case. Fig. 4 shows the MSE performanceof the pro-
posedmethodwith various interpolationtechniqueswith
threesamplepoints.TheproposedalgorithmimprovesMSE
performancemuchover theestimationusingthepilot sym-
bol and the block fading model. However, the proposed
methodalso shows a performancefloor at high SNR due
to the imperfectmodelingof the actualchannel.Figure5
shows theaveragebit errorrateperformanceof a whitened
RAKE receiverwith theestimatedchannel.Theincreaseof
BERwith respectto SNRfor theestimationwith blockfad-
ing modelshows that theadditive noiseworksbeneficially
for detectionsincetheestimationgivesadversevaluesdue
to lackof trackingcapability.
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0 5 10 15 20 25 30
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

SNR[dB]

B
E

R

One pilot symbol
Sinc
Polynomial
Piecewise linear
Known channel

Fig. 5. Bit errorrate:low-passchannel

5. CONCLUSION

Weproposeanew blindchannelestimationtechniquewhich
effectively tracksfastfadingchannelsin long codeCDMA
systemsanda new blind identifiability is established.Ex-
ploiting themultipathstructureandinterpolationmodel,the
proposedmethodshowsasignificantimprovementover the
channelestimationwith block fadingmodelwithout inser-
tion of additionalpilot symbols.
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