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ABSTRACT

We considetthe problemof low-complexity timing syn-
chronizationin digital receversfor DS-CDMA and UWB
systemsoperatingover channelswith single or multiple
propagatiorpaths.We extendsomeof our recentsampling
resultsfor certain classesof non-bandlimitedsignalsand
develop a methodthat takes advantageof transformtech-
niguesto performpropagatiordelayestimatiorfrom alow-
dimensionakubspacef a recevedsignal,thatis, by sam-
pling below the traditional Nyquist rate. By lowering the
samplingratewe reducecomputationatequirementgom-
paredto existing solutions allow for slowver A/D corverters
and significantly reducepower consumptionof digital re-
cewers.

1. INTRODUCTION

Synchronizatiorin widebandcommunicatiorsystemss a
crucialtaskthatimposesseriousrestrictionson the system
performance. Thereis a vastliteraturethat hasappeared
recently addressinghoth algorithmic and implementation
issuesof varioussynchronizatiortechniqueswith a clear
trendto eliminateasmuchaspossiblehenecessityfor ana-
log componentaindperformall processingligitally®. Even
thoughmary high-performancecheme$ave alreadybeen
proposed1], their applicationin real time systemsis of-
tennotfeasibledueto their high computationatomplexity.
Furthermorealmostall of themusethe Nyquist sampling
rate,which requiresveryfastandexpensve A/D corverters
andthereforehigh power consumption. This problembe-
comescritical in ultra-widebandsystemswherein digital-
orientedsolutionsA/D corvertersmustoperatan thegiga-
hertzrange.

In this paper we proposea low-compleity timing syn-
chronizationrmethodwhich usedow-rateuniform sampling
andwell developedalgorithmicsolutions.We extendsome

1Digital implementatioroffersmary adwantagessuchaslower pawer,
cheapetechnologyfull integration,robustnes®tc.

of our recentsamplingresultsfor certainclassesof non-
bandlimitedsignals[4] [6] to the problemof multipathde-
lay estimationin widebandchannelsand develop an algo-
rithm for estimatingunknovn propagationdelaysfrom a
low-dimensionalsubspaceof a receved signal. Our ap-
proachleadsto reducedcomputationalrequirementsand
lower power consumptiorcomparedo existingtechniques,
thusallowing for a practicalhardwareimplementatiorand
all the benefitsof a digital design.

2. SUBSPACE TIMING SYNCHRONIZATION

2.1. Problem Statement

A numberof propagatiorstudiesfor widebandsignalshave
beendone,whichtake into accountemporalpropertief a
channelor characterizea spatio-temporathannekesponse
[2]. A commonmodelfor animpulseresponsef anout-
doormultipathfadingchanneis

h(t) = ad(t —t) 1)
=1

wheret; denotesa signaldelayalongthe-th pathwhile ¢,

is acomplex propagatiorcoeficientwhichincludesachan-
nel attenuatioranda phaseoffsetalongthe(-th path. While

this model doesnot adequatelyreflect specificbandwidth-
dependenegffects,it providesa goodcharacterizationf the
propagatiorchannelusedfor diversityreceptionrscheme#n

wirelesscellularsystemsEquation(1) canbeinterpretedas
sayingthatarecevedsignaly(¢) is madeup of a weighted
sumof attenuatednddelayedeplicasof awidebandrans-
mittedsignals(t), i.e.

L
y(t) =Y ais(t — 1) +(t) (2)
=1

wherer(t) denotesecever noise. Note that the receved
signaly(t¢) hasonly 2L degreesof freedom,time delayst;



andpropagatiorcoeficientsa;, which canbeefficiently es-
timatedif we considetheproblemin thefrequeng domain.
Let Y (w) denotethe Fourier transformof the received

signal
L

Y(w)= Z S(w)ae ™t + N(w) (3)
=1

where S(w) and N (w) are Fourier transformsof s(¢) and
n(t) respectiely. Clearly spectracomponentsiregivenby
a sumof complex exponentialswherethe unknavn time
delaysappeaascomplex frequenciesvhile propagatiorco-
efficientsappeaasunknavn weights. Thusthe problemof
estimatingthe channelparametersan be consideredas a
specialcaseof classicharmonicretrieval problemsthatare
well studiedin spectralestimationliterature[5]. Thereis a
particularlyattractive classof SVD-basedlgorithmscalled
superresolutionmethodswhich canresole closelyspaced
sinusoidgrom ashortrecordof noise-corruptedata.In the
following, we will usea statespaceapproacH5] thatpro-
videsanelegantandnumericallyrobusttool to estimatethe
channebparameters.

2.2. Algorithm outline

Ouralgorithmcanbe summarizeasfollows:

e Find the DFT coeficientsY [m], m € [—L, L], of
y(t) by samplingthe signal with the sinc sampling
kernely(t) of bandwidth[— Lwg, Lw).

e Definea P x () matrixJ as

Ys[0] Ys[1] Ys[Q]
Ys[1] Ys[2] Ys[Q + 1]

i=1 " (4)
YilP] Yi[P+1] YalP+Q+1)

whereY;[m] = Y[m]/S[m]andP,@Q > L.

e Computethe singularvaluedecompositiorof J
J=UAVI 4+ UANV'H (5)

¢ Estimatethesignalpolesz; = e~ 7«0t aseigervalues
of amatrix Z -

Z=V".V (6)

where(-) and (-) denotethe operationsof omitting

thefirstandthelastrow of (-) respectiely, while (-)*
denoteghe pseudoinerseof ().

e Findthepropagatiorcoeficientsa; from the Vander
mondesystem

L
Ys[m] = Zale_jm“’ot’, me[l,L] (7)
=1

Notethatin theabove algorithm,we usedalowpassapprox-
imationof thesignalto estimateall therelevantparameters.
In generalthe bestperformanceof our methodis achieved
if we useafrequeny bandwherethepowerspectrablensity
of thesignalis highest.Also notethatwe have corvertedthe
nonlinearestimationprobleminto the simpler problem of
estimatingthe parametersf a linear model,andthis using
the shift invariancepropertyof the matrix .J. Nonlinearity
is postponedor the laststep,wherein all spectralestima-
tion methodsthe desiredinformationis extractedfrom the
estimatedsignalpoles.

Thecomputationatequiremenbf thealgorithmis dom-
inatedby the singularvalue decompositiorpart, which re-
sultsin the overall computationabrderof O(L?). An al-
ternative approachs to avoid SVD andestimatethe signal
parametersising the annihilatingfilter method[6], which
hascomputationabrderof O(L?) andis particularly suit-
ablefor high andmediumsignal-to-noiseatios. The same
framawork can be extendedto multiuser communication
systemsaswell asjoint angleand delay estimationusing
multiple antennasittherecever[4].

2.3. Synchronization of UWB signals

Ultra-wideband(UWB) technologyhasrecently receved
much attentiondueto benefitsof exceptionallylarge frac-
tional bandwidth[2], suchasvery fine time resolutionfor
accurateanging,imagingand multipathfadingmitigation.
UWSB signalsaregeneratedby driving anantennawith very
shortelectricalpulses typically on the orderof a nanosec-
ond,thusspreadinghesignalenegy from nearDC to afew
gigahertz As aresult,signalcomponentpropagatinglong
differentpropagatiorpathsundego differentfrequengy se-
lective distortion and a more realistic channelmodel for
UWB systemss of theform

L
h(t) = amp(t—t) (8)
=1

with differentpulseshapew;(t) correspondingdo different
propagatiorpaths.In this casethe DFT coeficientsof the
recevvedsignalaregivenby

Y[m] = S[m] Z Pi[m]age 9™+t 1 N[m] 9)
=1

where P,[m] arenow unknown coeficients. Onepossible
way to jointly estimateherelevantchanneparameterss to
useanapproximatiorof thespectrakoeficients P, [m] with
polynomialsof degreed < R — 1, i.e.

R—1
Pi[m] = Z prrm” (20)
r=0



Equation(9) now becomes

R—1
Y [m] = S[m] Z a Z prrm’e IOt 4 Nim]  (11)
=1 r=0

We canusethe methodfrom [6] andsolve for anannihilat-
ing filter H(z) (having zerosat z; = e~J«ot) from the set
of atleast2RL DFT coeficientsY [m)]

=

H(z) = || = edwoti,71)E (12)

~

1

Oncethe time delayshave beenestimatedby finding the
rootsof H(z), the polynomial coeficientsp; ,. canbe ob-
tainedby solvingthe Vandermondaystem(9). For amore
detaileddiscussioron the annihilatingfilters, see[6]. It is

interestingto note,however, thatthe propagatiordelayst;

canbeestimatedvith high accurag by pluggingthe coefi-

cientsY [m] directly into (4), dueto robustnes®of the state
spaceapproachto modelmismatch. The estimateddelays
canbethenusedto find the coeficientsa; andpy, .

2.4. Timing recovery in UWB localizers

An especiallyappealingapplicationof our framework is
in UWB systemausedfor precisepositionlocation. Such
UWB transcevers,calledlocalizers,have alreadybeende-
veloped[3] andthey uselow duty-cycle episodictransmis-
sion of a codedsequencef impulsesto ensurdow power
operationand good performancein a multipath environ-
ment. Yet, rapid sequencecquisitionstill presents bot-
tleneckin the currentrecever design.For example,a solu-
tion proposedy Aetherwire[3] usesacascadef 32analog
correlatorsandexhaustve searchthroughall possiblecode
positions. A major drawbackof this approachapartfrom
beinganalogiis thatit is inherentlytime consuming since
transmissionarespacedipartwhile thecorrelatiorwindow
spansasmallfractionof the sequenceycletime ...

Ourpreviousresultscanbedirectly extendedo thiscase
by modelingthe received signaly(t) asa corvolution of L
delayed(possiblydifferent)impulseswith a known coding
sequence(t)

L
y(t) = api(t —t;) % g(t) (13)
=1
while the correpondindFT coeficientsY [mn] aregivenby

L
Y[m] = Z aiP[m]Gm]e 7™t | w. =21/ Toyeie
=1

(14)

2|t takesapproximatelyl000cyclesto acquiresynchronization.

whereG[m] denoteDFT coeficientsof ¢(t). If we usethe

polynomialapproximation(10) of the spectralcoeficients
P,[m], thetotalnumberof degreesof freedomperonecycle

is 2R L. Thusthesignalparameterganbe estimatecdising
low-rate uniform samplingandthe methodwe alreadyde-

scribed.This potentiallyleadsto a few ordersof magnitude
fasteracquisition,aswill be shovn in the next section.

3. PERFORMANCE ANALYSIS

We presentsimulationexamplesthat illustrate the perfor
manceof our developedalgorithm. We first considerthe
timing synchronizatiorperformanceof a DS-CDMA sys-
temwith BPSKmodulationin anoutdoorAWGN channel,
wherespreadings achievedwith pseudo-randoreequences
of length511. Figure1 shawvs an averagedelay estimation
error (normalizedto the chip duration?,) versusthe sam-
pling rate, andthat for both non-fading channelsl(a) and
multipathfadingchannelsvith 3 closelyspacegathsl(b).
Our methodclearlyyieldshigh resolutionestimatesfor ex-
ample,by samplingthe recevedsignalat onefourth of the
chip rate, the estimationerror is lessthan onetenthof the
chip duration (for E,/Ny > 7dB). The averageerroris
somavhathigherfor multipathchannelshowever, if we es-
timate the delay along the dominantpath only (assuming
thereis one strongestomponentorrespondingo a direct
path),thealgorithmperformancés basicallythe sameasin
thenon-fadingchannels.

UWB timing performanceén alow duty-cycleregimeis
illustratedin Figure2. We assumedhat a transmitterpe-
riodically sendsa codedsequencef 1023 first-deriative
Gaussianmpulseswherethe sequenceéurationspanonly
10% of the cycle time T,,... We considereda multipath
channel(8) with 8 closely spacedpathsand onedominant
(direct) path. While synchronizationcan be achieved by
consideringhe setof sampledakenuniformly over T..,.;,
it is more sensibleto have a “multiresolution approach”,
wherewe first obtaina roughestimateof the sequencéim-
ing andthenperformprecisedelayestimationby sampling
thereceived signalonly within a narrov window. Besides,
for very low SNRY, it is desirableto considera set of
samplesaveragedver several cycles,which effectively in-
creaseghe processinggainandresultsin betterestimation
performanceFor examplefor SN R = —20d B andasam-
pling rate of onetenththe Nyquistrate (N, = N,,/10), it
takeslessthan20 cyclesto achieve coarsesynchronization
(Figure 2(a)) and about50 cyclesfor precisetiming (Fig-
ure 2(b)) with Ny = N, /5, which is clearly a significant
improvementcomparedo the existing solution[3].

Another attractve featureof our schemeis good per
formancein the presenceof a strongnarrovbandinterfer
ence. Namely UWB systemamustcontendwith a variety
of interferingsignalsfrom narrovbandsystemsand build-



ing high-Q notchfilters on chip would be technicallyvery
difficult. Sinceour methodsolvesthe estimatiorproblemin

thefrequeng domain,we cansimply excludespectrakcom-
ponentsthat belongto frequeng bandsof interfering sig-
nals,while the statespacealgorithmcanbe easilymodified
to handlemissingblocksof data[5]. The performanceof

our estimatorin the presencef 3 strongsinusoidalsignals
is illustratedin Figure2(b).

4. CONCLUSION

We presented high-resolutiormethodfor timing synchro-
nizationin DS-CDMA and UWB communicatiorsystems
operatingover multipath fading channels,where all the

stepsarecarriedout on a low-dimensionakubspacef the

recevedsignal. Our approachakesadvantageof the well-

know spectralestimationtechniquesrequiresmuchlower

samplingrate, and thereforelower compleity and power

consumptioncomparedto existing methods. Besides,it

leadsto standardcomputationaproceduresandallows for

identificationof morerealisticchannelmodelswithout re-

sortingto complec algorithms. In effect, we presenteca

“fully digital” solution that offers a possibility for low-

power single-chipimplementation.
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Fig. 1. Timing performance for CDMA signals (a) Timing synchro-
nization error (normalizedto 7¢) in a non-fading channelvs. sampling
rate(b) Comparisonof delay estimationerrorsin single-pathand multi-
pathchannelq3 propagatiorpaths total delayspreads 107%).
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Fig. 2. Timing recovery in UWB systems (a) Acquisitionerror normal-
izedto Ty e (b) Tracking error normalizedo thechip time Dottedlines:
performancen the presencef 3 sinusoidalsignals,SIR = —35dB.
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