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ABSTRACT

Weconsidertheproblemof designinglow-complexity dig-
ital receiversfor CDMA systemsoperatingover channels
with singleor multiplepropagationpaths.Weextendsome
of our recentsamplingresultsfor certainclassesof non-
bandlimitedsignalsand develop a methodthat takesad-
vantageof transformtechniquesto performchannelesti-
mationandsignaldetectionfrom a low-dimensionalsub-
spaceof a receivedsignal,that is, by samplingbelow the
traditionalNyquistrate.By loweringthesamplingratewe
canreducecomputationalrequirementscomparedto exist-
ing solutions,allow for slower A/D convertersandsignif-
icantly reducepower consumptionof digital receivers. In
effect,weuseanalgorithmicsolutionto improvehardware
specificationsin termsof complexity andpower.

1. INTRODUCTION

Code-division multiple access(CDMA) is a widespread
accessprotocol well suited for voice and datatransmis-
sion, particularlyover wirelesscommunicationnetworks.
CDMA possessesseveral advantagesover earlier access
techniquesdueto a codedsignalformat andan expanded
bandwidth. In particular, selective addressingcapability,
low-densitypower spectraand interferencerejectionare
amongpropertiesthathave promptedincreasedinterestin
CDMA asaflexible andspectrallyefficientaccessstrategy
[10].

Although theoretically sound, implementation of
CDMA receiversis not trivial in practice.Ontheonehand,
in currentattemptsat low-powerintegratedradiosolutions,
a trendis to eliminateasmuchaspossiblethenecessityfor
analogcomponentsand perform all processingdigitally.
On the other, applicationof proposedhigh-performance
digital schemes[1] [5] [7] to realtimesystemsis oftennot
feasible,sincemost of them requirehigh samplingrates
(chip ratesamplingor evenfractionalsampling)andthere-
fore very fastandexpensive analog-to-digitalconverters.
Besides,samplingat the chip rate implies that all opera-

tionsareperformedon anextensive setof samples,which
makessuchschemescomputationallyintenseandoftenin-
efficient.

In this paper, we presenta new approachtoward de-
signing low-complexity digital receivers for CDMA sys-
tems which useslower than the Nyquist sampling rate
andyethasperformancessimilar to thoseof chip-sampled
schemes. We extend someof our recentsampling re-
sultsfor certainclassesof non-bandlimitedsignals[4] [9]
to the problem of channelestimationand signal detec-
tion from a lowpassapproximationof a received signal.
Ourapproachleadsto reducedcomputationalrequirements
andlower power consumptioncomparedto existing tech-
niques,while providing similarperformances.

2. SUBSPACE CHANNEL ESTIMATION

2.1. Problem Formulation

Considerthegeneralcaseof adirectsequence(DS)CDMA
systemwith � usersoperatingover a multipath fading
channelwith at most � propagationpathsfor eachuser.
We will assumethat the channelvariesslowly, i.e. it is
consideredconstantover a channelestimationwindow. A
commonmodelfor a receivedbasebandsignal�
	��� is
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where" � 	$�� isasignaturesequenceof length 2 assignedto
user 3 , '  �)!� denotesthedelayof thesignalof user 3 along

the 4 -th path, �
 �)!� is acomplex propagationcoefficient,

� ��� �
denotesthe * -th bit sentby user 3 , 1�	$�� is additive white
Gaussiannoiseand,�- denotesasymbolduration.

The above modelcanbe interpretedassayingthat the
received signal ��	��� is given by a sum of attenuatedand
delayedcopiesof transmittedsignalsandnoise.Notethat��	$�� hasonly 56�7� degreesof freedom(givenknowledge

of bits sentby eachuser), namely time delays '  � !� and
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propagationcoefficients �
 � !� , which canbeefficiently esti-

matedif weconsidertheproblemin thefrequency domain.
Let 8 �&9 :<; denoteDFT coefficientsof thereceivedsig-

nal �
	���
8 � 9 :=; �

�
���>�

� ��� �?�
� �����

 � !�A@ � 9 :<;CBED6FHG>IKJMLON)P QR /72 � 9 :<; (2)

whereSUTV�W5EXZY[, - and @ � 9 :=; and 2 �&9 :=; areDFT coef-
ficientsof signaturesequencesandnoiserespectively. A
morecompactform of (2) is givenby

8]\ � � 9 :<; �
�
�[���

� ��� �_^ G � /#2 � 9 :<; (3)

where
^ G � � @ � 9 :=; �� ��� 	 �

 �)!� B D6FHG`I J L NaP QR  , or equiva-
lently, bdc�e � /gf � �ih+\ � � (4)

Note that the coefficients
^ G � are given by a sum of

complex exponentials,wheretheunknown timedelaysap-
pearascomplex frequencieswhile propagationcoefficients
appearas unknown weights. Therefore,the problemof
channelestimationcanbe consideredasa specialcaseof
classicspectralestimationproblems[2] [6], wherethepa-
rameters'  � !� and �

 � !� canbeuniquelyfoundfrom 5j� coef-
ficients

^ G � , by applyingeithersubspacemethodsfor har-
monic retrieval [6] or the annihilatingfilter approach[9].
A setof 56� adjacentDFT coefficients 8 \ � �&9 :<; usedin (4)
canbe obtained,for example,from a setof uniform sam-
plestakenwith thesinckernelof bandwidth

9 %k�lSUTEmn�&SUT ;
[9].

Theminimumrequiredsizeof thematrix
b

is 5j�Aop� ,
thusin orderto estimate

b
(given

e �
and h+\ � � ) eachuser3 mustsenda trainingsequence

elq �e q � � 9 � q �0� � � q ��� rtsnsus � q ��� � ; (5)

In thenoiselesscase,ourmethodleadsto aperfectesti-
mationof thechannelparametersby takingonly 5j� sam-
plespersymbol,while thenumberof symbolsin thetrain-
ing sequencesdependson the numberof active users� .
In thenoisycase,thesamplingrateshouldbeincreasedto
make thealgorithmrobust to noise,however, the required
samplingrateis typically farbelow thechip rate.

Clearly, we havedecomposedtheproblemof multiuser
channelestimationinto a seriesof single userproblems,
whereparametersof eachuserareestimatedseparatelyby
consideringonly onecorrespondingcolumnof the matrixb

. Besides,unlike somehigh-resolutionchannelestima-
tion methodsthat useiterative searchand requirea long
training phase[5], our algorithm ensuresa high channel
throughputsincethelengthof thetraininginterval directly
affectsthechannelcapacity.

3. SUBSPACE SIGNAL DETECTION

Thedevelopedchannelestimationalgorithmis rathergen-
eral and allows for implementationof different detec-
tion strategies,suchasmatchedfilters,multiuserdetection
schemesor RAKE receivers.In thefollowing, wewill dis-
cussthe applicationof our samplingresultsto thecaseof
linearmultiuserdetectionwhereall theoperationsareim-
plementedon a reducedsetof samples,obtainedby sam-
pling both the received signaland the referencewith the
samekernelandat thesamerate.

3.1. Linear Subspace Detector

In quasi-synchronousCDMA systems,wherea maximum
delayspreadof eachuseris relatively small comparedto
thesymbolduration, - , equation(4) canbedirectlyusedto
solve for bits sentby eachuser, that is, without extracting
individual channelparameters.During the trainingphase,
thereceivershouldonly estimatethematrix

b
, while dur-

ing the detectionphase,bits sentby users v.m�56m s$sws � are
givenby e � � b D � c h � (6)

It is clear that in this casethe receiver doesnot require
knowledgeof theuser’s signaturesequences,however, (6)
canbesuccessfullyappliedto systemswhereapproximate
timing of usersis a priori known to thereceiver. If that is
not the case,the receiver mustfirst estimatethe unknown
channelparametersandthencomputeanew matrix

byx
that

will be usedfor detection. The elementŝ G � of
byx

are
givenby

^ G � � @ � 9 :<;<��)��� 	 �
 �)!� B.D6FHG`IEJ�z�L N)P QR  (7)

where {M'  � !� now denotesa delayshift with respectto the
new referenceat the receiver, which is assumedto be on
theorderof achipduration.Thesameapproachcanbeex-
tendedto sequencedetection,thatis, wecansolvedirectly
for a sequenceof bits

e � � 9 � ��� � � �0� r susns � ��� �
;

sentby
eachuser |

� bk} D � c h (8)

The developedsubspacedetectoris only onepossible
linear strategy that leadsto error-freedetectionin the ab-
senceof noise,while theconceptof subspacedetectionis
moregeneralandcanbe appliedto otherlinear detection
methodsaswell. For example,consideradecorrelatingde-
tectorfor a synchronousnon-fadingchannel[8]. Assume
that thereceivedbasebandsignal �
	��� is sampledwith the
sincsamplingkernelandthenpassedthrougha bankof �



matchedfilters, eachmatchedto the lowpassapproxima-
tion of thecorrespondingsignaturewaveform. Theoutput
of suchafilter bankis givenby

~]� ���p� e /<1 (9)

where ������� �n� 	 � � � r m s$sws m � � e �W	 � � � r m sws$s m � � 
while � is the normalizedcross-correlationmatrix of the
filteredsignaturesequences" � 	��� and " F 	$�� , with elements� � F givenby

� � F � G " ��� 	 : , - G`�  " F 	 : , - G`�  (10)

By multiplying thevectorof matchedfilter outputs(9) by� D � , we get � D � ~ � ��� e (11)

for ���?� . In order to recover transmittedbits, onecan
take thesignof eachcomponentin (11), thatis,�� � � sgn	�� D&� ~]�  � � sgn	�� e  � � � � (12)

whichachievesperfectdetectionfor eachactiveuserin the
absenceof noise.Thesubspacedetectionis thusa simple
andnaturalstrategy that canbe implementedin virtually
any detectionscheme,thuspotentiallyallowing CDMA re-
ceiversto exhibit agoodperformance/complexity tradeoff.

4. COMPUTATIONAL COMPLEXITY

It is of interestto explicitly evaluatecomputationalorder
of our developedschemeandcompareit with that of the
existing techniques.

The major computationalrequirementof the channel
estimationmethodis dominatedby the singularvaluede-
compositionpart,which in thecaseof timing synchroniza-
tion resultsin an overall computationalorder of ��	H�i�]
peruser(in onesynchronizationframe),where� denotes
the numberof samplesper symbol. It is worth noting at
this point that reducingthe samplingrate �y- times not
only reducesthecomputationalcomplexity, but alsopower
consumptionof A/D convertersandtherequiredprocessor
speed,andthatapproximatelyby a factorof � r- .

Implementationof thesimplesttiming synchronization
methodbasedon matchedfilters requires ��	H2 r  opera-
tions,where2 denotesthespreadingfactor. As wewill see
in the next section,the subspaceestimatorhasessentially
the samecomputationalorder, yet the techniquebasedon
matchedfilters doesnot have the satisfactory resolution
performanceand is suitableonly for initial synchroniza-
tion. High resolutionmethods[1] typically involve two

computationallyintensesteps,namely, estimationof the2�o�2 signal correlationmatrix and the singular-value-
decompositionstep,bothrequiringon theorderof ��	H2��]
computations.

We next focuson the computationalcomplexity of de-
velopedsubspacedetectors. In the caseof the subspace
detection(6), the receiver mustfirst computea pseudoin-
verseof the matrix

b
, which requires ��	���� r  opera-

tions, while the detectionphaseitself hascomputational
orderof ��	H��4�� � 	H��� persymbol(associatedto comput-
ing � DFT coefficientsof thereceivedsignal).Similarly,
implementationof the subspacedecorrelatingor MMSE
linear detectorinvolves inversionof a � o�� matrix, a
stepthatrequires��	H�p�O computations,whereasthecom-
putationalorderduringthedetectionphaseis ��	H�� . This
is clearlymuchlower thantheorderof thechannelestima-
tion part,yet thedetectionphaserequireshighersampling
ratesto achieveperformancescomparableto thoseof chip-
sampledschemes,aswe will seein thenext section.Note
thatequivalentchip-sampledmultiuserdetectionschemes
requireon theorderof ��	��¡�¢/g2£ operationsperonede-
tectionframe.

5. NUMERICAL RESULTS

In this section,we show simulationresultsthat illustrate
the performanceof the developedscheme. Figures1-4
illustrate the timing synchronizationperformanceof our
methodfor an AWGN channelwith BPSK modulation,
wherethe spreadingis achieved with pseudo-randomse-
quencesof length 511. Figure 1 shows an averagetim-
ing estimationerror (normalizedto the chip duration ,�¤ )
versusthe samplingrate in non-fadingchannelswith 10
users. Our algorithm clearly yields high resolutionesti-
mates1 even with a modestnumberof samples. For ex-
ample,by samplingthereceivedsignalatonefourthof the
chiprate,theaverageestimationerroris lessthanonetenth
of the chip duration(for ¥�¦uYu2§TW¨ ©E��ª ). Comparison
of the timing estimationerrorsfor systemswith 5 and10
usersis illustratedin Figure2, indicatingthat thenumber
of active usersdoesn’t affect the estimatorperformance,
sincewe have decomposedthemultiuserestimationprob-
lem into a seriesof single-userequivalents. Due to the
samereason,our schemeis near-far resistant,as shown
in Figure 3. The performanceof our estimatorin multi-
path fadingchannelsis illustratedin Figure4, wherewe
assumed3 propagationpathsfor eachuser. The error is
somewhathigherthanin thecaseof non-fadingchannels,
however, it is interestingto note that if thereis only one
dominantpath, the estimationerror is basicallythe same
asin thenon-fadingchannels.

1Within a fractionof thechipduration.



We next consider the bit-error-rate performanceof
the developed subspacedetection scheme in quasi-
synchronoussystems,wheretimings of all usersare as-
sumedto be perfectlyestimated.Figure5 illustratesthe
performancein the systemwith 10 usersversusthe sam-
pling rate, while dotted lines correspondto the decorre-
lating detectorimplementedon the sameset of samples.
The two methodshave essentiallythe sameperformance,
however, the BER exhibits a relatively slow decayrate.
Namely, if thesamplingrateis below thechip rate «¢¤ , we
losea partof the signalenergy andeffectively reducethe
SNR,which in turn increasesthe averageBER. Note that
thesameargumentholdsfor thetiming estimationperfor-
mance,however, in this casea dependenceof the estima-
tion error on the SNR is not the same. In Figure 6 we
comparethe detectionperformanceof chip-sampledand
subsampledschemesfor differentvaluesof SNR.Roughly
speaking,samplingat half thechip rateis sufficient to at-
tain the averageBER close to that of the chip-sampled
scheme.Whetheror not it is advisableto detectthe sig-
nal from its subspaceis obviously a matterof tradeoff be-
tweenthecomplexity of the receiver on the onehandand
its performanceon theother, which is particularlyrelevant
in the casewhen computationalrequirementsand power
consumptionarethemainconstraintsin thesystemdesign.

6. CONCLUSION

We have presenteda new approachto the problemof de-
signing low-complexity digital receivers for DS-CDMA
systems,whereall the necessarystepsarecarriedout on
a sampledlowpassversion of the received signal. We
extendedsomeof our recentsamplingresultsfor certain
classesof non-bandlimitedsignalsto the multiuserchan-
nel estimationproblemanddevelopeda methodthatesti-
matestheunknown channelparametersof all userssimul-
taneously, andthat from theuniform setof samplesof the
received signal taken well below the chip rate. Oncethe
channelparametersof eachuserhavebeenestimated,they
areusedin thedetectionprocess,carriedout on a lowpass
versionof thereceivedsignalaswell. Our approachleads
to lower computationalrequirementsand reducedpower
consumptioncomparedto existingsolutions,thusallowing
for a practicalhardwareimplementationandall the bene-
fits of a digital design.
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