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ABSTRACT

Weconsidertheproblemof low-complexity timing syn-
chronizationin digital receiversfor DS-CDMA andUWB
systemsoperatingover channelswith single or multiple
propagationpaths.We extendsomeof our recentsampling
resultsfor certainclassesof non-bandlimitedsignalsand
develop a methodthat takesadvantageof transformtech-
niquesto performpropagationdelayestimationfrom alow-
dimensionalsubspaceof a receivedsignal,that is, by sam-
pling below the traditionalNyquist rate. By lowering the
samplingratewe reducecomputationalrequirementscom-
paredto existingsolutions,allow for slowerA/D converters
andsignificantly reducepower consumptionof digital re-
ceivers.

1. INTRODUCTION

Synchronizationin widebandcommunicationsystemsis a
crucial taskthat imposesseriousrestrictionson thesystem
performance.Thereis a vast literaturethat hasappeared
recently, addressingboth algorithmic and implementation
issuesof varioussynchronizationtechniques,with a clear
trendto eliminateasmuchaspossiblethenecessityfor ana-
log componentsandperformall processingdigitally1. Even
thoughmany high-performanceschemeshavealreadybeen
proposed[1], their applicationin real time systemsis of-
tennot feasibledueto theirhighcomputationalcomplexity.
Furthermore,almostall of themusethe Nyquist sampling
rate,which requiresvery fastandexpensiveA/D converters
andthereforehigh power consumption.This problembe-
comescritical in ultra-widebandsystems,wherein digital-
orientedsolutionsA/D convertersmustoperatein thegiga-
hertzrange.

In this paper, we proposea low-complexity timing syn-
chronizationmethodwhichuseslow-rateuniformsampling
andwell developedalgorithmicsolutions.We extendsome

1Digital implementationoffersmany advantages,suchaslower power,
cheapertechnology, full integration,robustnessetc.

of our recentsamplingresultsfor certainclassesof non-
bandlimitedsignals[4] [6] to theproblemof multipathde-
lay estimationin widebandchannelsanddevelop an algo-
rithm for estimatingunknown propagationdelaysfrom a
low-dimensionalsubspaceof a received signal. Our ap-
proachleadsto reducedcomputationalrequirementsand
lowerpowerconsumptioncomparedto existing techniques,
thusallowing for a practicalhardwareimplementationand
all thebenefitsof a digital design.

2. SUBSPACE TIMING SYNCHRONIZATION

2.1. Problem Statement

A numberof propagationstudiesfor widebandsignalshave
beendone,which take into accounttemporalpropertiesof a
channelor characterizea spatio-temporalchannelresponse
[2]. A commonmodelfor an impulseresponseof an out-
doormultipathfadingchannelis
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where
	 � denotesa signaldelayalongthe � -th pathwhile � �is acomplex propagationcoefficientwhichincludesachan-

nelattenuationandaphaseoffsetalongthe � -th path.While
this modeldoesnot adequatelyreflectspecificbandwidth-
dependenteffects,it providesagoodcharacterizationof the
propagationchannelusedfor diversityreceptionschemesin
wirelesscellularsystems.Equation(1) canbeinterpretedas
sayingthata receivedsignal � ��	�� is madeup of a weighted
sumof attenuatedanddelayedreplicasof awidebandtrans-
mittedsignal � �
	�� , i.e.
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where
$&�
	��

denotesreceiver noise. Note that the received
signal � �
	�� hasonly ')( degreesof freedom,time delays

	 �



andpropagationcoefficients � � , whichcanbeefficiently es-
timatedif weconsidertheproblemin thefrequency domain.

Let * ��+,� denotethe Fourier transformof the received
signal
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where
- �
+,�

and
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areFourier transformsof � ��	�� and$&��	��
respectively. Clearly, spectralcomponentsaregivenby

a sum of complex exponentials,wherethe unknown time
delaysappearascomplex frequencieswhile propagationco-
efficientsappearasunknown weights.Thustheproblemof
estimatingthe channelparameterscan be consideredas a
specialcaseof classicharmonicretrieval problemsthatare
well studiedin spectralestimationliterature[5]. Thereis a
particularlyattractiveclassof SVD-basedalgorithms,called
super-resolutionmethods,whichcanresolvecloselyspaced
sinusoidsfrom ashortrecordof noise-corrupteddata.In the
following, we will usea statespaceapproach[5] thatpro-
videsanelegantandnumericallyrobusttool to estimatethe
channelparameters.

2.2. Algorithm outline

Our algorithmcanbesummarizedasfollows:: Find the DFT coefficients *<; =%> , =@?A; � (�BC(D> , of� �
	�� by samplingthe signal with the sinc sampling
kernel E ��	�� of bandwidth; � ( +�F BG( +HF > .: Definea IKJ�L matrix M as
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where *ml0; =%> 
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: Estimatethesignalpoles} � 
 . /~1320�_4�6 aseigenvalues
of a matrix � � 
�w �h� w
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where
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and
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denotethe operationsof omitting

thefirst andthelastrow of
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respectively, while
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denotesthepseudoinverseof
���
�

.: Find thepropagationcoefficients � � from theVander-
mondesystem
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Notethatin theabovealgorithm,weusedalowpassapprox-
imationof thesignalto estimateall therelevantparameters.
In general,thebestperformanceof our methodis achieved
if weuseafrequency bandwherethepowerspectraldensity
of thesignalishighest.Alsonotethatwehaveconvertedthe
nonlinearestimationprobleminto the simplerproblemof
estimatingtheparametersof a linearmodel,andthis using
the shift invariancepropertyof the matrix M . Nonlinearity
is postponedfor the laststep,wherein all spectralestima-
tion methodsthe desiredinformationis extractedfrom the
estimatedsignalpoles.

Thecomputationalrequirementof thealgorithmis dom-
inatedby the singularvaluedecompositionpart,which re-
sults in the overall computationalorderof � � (D� � . An al-
ternative approachis to avoid SVD andestimatethesignal
parametersusing the annihilatingfilter method[6], which
hascomputationalorderof � � (D� � andis particularlysuit-
ablefor high andmediumsignal-to-noiseratios. Thesame
framework can be extendedto multiuser communication
systemsas well as joint angleanddelayestimationusing
multiple antennasat thereceiver [4].

2.3. Synchronization of UWB signals

Ultra-wideband(UWB) technologyhas recently received
muchattentiondueto benefitsof exceptionallylarge frac-
tional bandwidth[2], suchasvery fine time resolutionfor
accurateranging,imagingandmultipathfadingmitigation.
UWB signalsaregeneratedby driving anantennawith very
shortelectricalpulses,typically on theorderof a nanosec-
ond,thusspreadingthesignalenergy from nearDC to afew
gigahertz.As aresult,signalcomponentspropagatingalong
differentpropagationpathsundergodifferentfrequency se-
lective distortion and a more realistic channelmodel for
UWB systemsis of theform
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with differentpulseshapes�m� �
	�� correspondingto different
propagationpaths.In this case,theDFT coefficientsof the
receivedsignalaregivenby
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where I � ; =o> arenow unknown coefficients. Onepossible
way to jointly estimatetherelevantchannelparametersis to
useanapproximationof thespectralcoefficients I � ; =%> with
polynomialsof degree���f� � � , i.e.
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Equation(9) now becomes
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We canusethemethodfrom [6] andsolve for anannihilat-
ing filter � � } � (having zerosat } � 
 . /~1320�_4�6 ) from theset
of at least')�P( DFT coefficients *�; =o>
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Oncethe time delayshave beenestimatedby finding the
rootsof � � } � , the polynomialcoefficients �m��� � canbe ob-
tainedby solvingtheVandermondesystem(9). For a more
detaileddiscussionon theannihilatingfilters, see[6]. It is
interestingto note,however, that the propagationdelays

	 �
canbeestimatedwith highaccuracy by pluggingthecoeffi-
cients *<; =%> directly into (4), dueto robustnessof thestate
spaceapproachto modelmismatch.The estimateddelays
canbethenusedto find thecoefficients � � and� ��� � .
2.4. Timing recovery in UWB localizers

An especiallyappealingapplicationof our framework is
in UWB systemsusedfor preciseposition location. Such
UWB transceivers,calledlocalizers,have alreadybeende-
veloped[3] andthey uselow duty-cycle episodictransmis-
sion of a codedsequenceof impulsesto ensurelow power
operationand good performancein a multipath environ-
ment. Yet, rapid sequenceacquisitionstill presentsa bot-
tleneckin thecurrentreceiver design.For example,a solu-
tion proposedby Aetherwire[3] usesacascadeof 32analog
correlatorsandexhaustive searchthroughall possiblecode
positions. A major drawbackof this approach,apartfrom
beinganalog,is that it is inherentlytime consuming2 since
transmissionsarespacedapartwhile thecorrelationwindow
spansa smallfractionof thesequencecycle time �&�3��� ��  .

Ourpreviousresultscanbedirectlyextendedto thiscase
by modelingthereceivedsignal � �
	�� asa convolution of (
delayed(possiblydifferent)impulseswith a known coding
sequence¡ �
	��
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while thecorrepondingDFT coefficients *<; =%> aregivenby
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2It takesapproximately1000cyclesto acquiresynchronization.

where £¤; =o> denoteDFT coefficientsof ¡ ��	�� . If we usethe
polynomialapproximation(10) of the spectralcoefficientsI � ; =%> , thetotalnumberof degreesof freedomperonecycle
is ')�P( . Thusthesignalparameterscanbeestimatedusing
low-rateuniform samplingandthe methodwe alreadyde-
scribed.Thispotentiallyleadsto a few ordersof magnitude
fasteracquisition,aswill beshown in thenext section.

3. PERFORMANCE ANALYSIS

We presentsimulationexamplesthat illustrate the perfor-
manceof our developedalgorithm. We first considerthe
timing synchronizationperformanceof a DS-CDMA sys-
temwith BPSKmodulationin anoutdoorAWGN channel,
wherespreadingis achievedwith pseudo-randomsequences
of length511. Figure1 shows anaveragedelayestimation
error (normalizedto the chip duration�&� ) versusthe sam-
pling rate,andthat for both non-fadingchannels1(a) and
multipathfadingchannelswith 3 closelyspacedpaths1(b).
Ourmethodclearlyyieldshigh resolutionestimates,for ex-
ample,by samplingthereceivedsignalat onefourth of the
chip rate,the estimationerror is lessthanonetenthof the
chip duration(for ¨�©�p 7ªF q¬«0�®­ ). The averageerror is
somewhathigherfor multipathchannels,however, if wees-
timate the delay along the dominantpath only (assuming
thereis onestrongestcomponentcorrespondingto a direct
path),thealgorithmperformanceis basicallythesameasin
thenon-fadingchannels.

UWB timing performancein a low duty-cycleregimeis
illustratedin Figure2. We assumedthat a transmitterpe-
riodically sendsa codedsequenceof 1023 first-derivative
Gaussianimpulses,wherethesequencedurationspansonly
10% of the cycle time �&�3��� �|  . We considereda multipath
channel(8) with 8 closelyspacedpathsandonedominant
(direct) path. While synchronizationcan be achieved by
consideringthesetof samplestakenuniformly over �&�3��� ��  ,
it is more sensibleto have a “multiresolution approach”,
wherewe first obtaina roughestimateof thesequencetim-
ing andthenperformprecisedelayestimationby sampling
the receivedsignalonly within a narrow window. Besides,
for very low SNR’s, it is desirableto considera set of
samplesaveragedover severalcycles,which effectively in-
creasestheprocessinggainandresultsin betterestimation
performance.For example,for

- 7 � 
f� '°¯~�®­ andasam-
pling rateof onetenththe Nyquist rate(

7 l 
±7,² p5�Z¯ ), it
takeslessthan20 cyclesto achieve coarsesynchronization
(Figure2(a)) andabout50 cycles for precisetiming (Fig-
ure 2(b)) with

7 l 
³7P² pG´ , which is clearly a significant
improvementcomparedto theexisting solution[3].

Another attractive featureof our schemeis good per-
formancein the presenceof a strongnarrowbandinterfer-
ence. Namely, UWB systemsmustcontendwith a variety
of interferingsignalsfrom narrowbandsystemsandbuild-



ing high-Q notchfilters on chip would be technicallyvery
difficult. Sinceourmethodsolvestheestimationproblemin
thefrequency domain,wecansimplyexcludespectralcom-
ponentsthat belongto frequency bandsof interferingsig-
nals,while thestatespacealgorithmcanbeeasilymodified
to handlemissingblocksof data[5]. The performanceof
our estimatorin thepresenceof 3 strongsinusoidalsignals
is illustratedin Figure2(b).

4. CONCLUSION

We presenteda high-resolutionmethodfor timing synchro-
nizationin DS-CDMA andUWB communicationsystems
operatingover multipath fading channels,where all the
stepsarecarriedout on a low-dimensionalsubspaceof the
receivedsignal. Our approachtakesadvantageof thewell-
know spectralestimationtechniques,requiresmuchlower
samplingrate, and thereforelower complexity and power
consumptioncomparedto existing methods. Besides,it
leadsto standardcomputationalproceduresandallows for
identificationof morerealisticchannelmodelswithout re-
sorting to complex algorithms. In effect, we presenteda
“fully digital” solution that offers a possibility for low-
powersingle-chipimplementation.
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Fig. 1. Timing performance for CDMA signals (a) Timing synchro-
nizationerror (normalizedto µ)¶ ) in a non-fading channelvs. sampling
rate.(b) Comparisonof delayestimationerrorsin single-pathandmulti-
pathchannels(3 propagationpaths,total delayspreadis

\�X µ ¶ ).
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Fig. 2. Timing recovery in UWB systems (a) Acquisitionerror normal-
izedto µ ¶¸·Z¶�¹|º (b) Trackingerror normalizedto thechip time. Dottedlines:
performancein thepresenceof 3 sinusoidalsignals,»~¼�½ O%¾À¿ZÁ�ÂGÃ .
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