HIGH RESOLUTION ACQUISITION METHODS FOR WIDEBAND COMMUNICATION
SYSTEMS

IrenaMaravict, Martin Vetterlitt and KannanRamardrant

* Audio-Visual Communicatios Laboratory
SwissFederalnstituteof Technologyin LausanneCH-1015LausanneSwitzerland

ttDepartmenbf EECS,University of Californiaat Berkeley, Berkeley CA 9472Q USA

ABSTRACT

We considettheprodem of low-comgexity timing syn-
chronzationin digital receversfor DS-CDMA and UWB
systemsoperatimg over chamels with single or multiple
propagationpaths.We extendsomeof our recer sampling
resultsfor certain classesof nonbandlimitedsignalsand
develop a methodthat takes advartage of transfam tech-
nigues to perform propagationdelayestimatiorfrom a low-
dimensimal subspacef areceved signal,thatis, by sam-
pling below the traditional Nyquist rate. By lowering the
samplingratewe redice computationalrequiementscom-
paredto existing solutions allow for slower A/D corverters
and significantly reducepower consumption of digital re-
ceiers.

1. INTRODUCTION

Synchpnizationin widebam communicationsystemss a
crucialtaskthatimposesseriousrestrictiors on the system
perfamance. Ther is a vastliteraturethat hasappeaed
recently addessingboth algorithnic and implemenation
issuesof various synchpnizationtechniqes, with a clear
trendto eliminateasmuchaspossiblethe necessityor ana-
log compmentsandperfom all processingdigitally *. Even
thoudh mary high-performanceschemes$ave alreadybeen
proposed[1], their applicationin real time systemsis of-
tennotfeasibledueto theirhigh computationalcomgexity.
Furthemore,almostall of themusethe Nyquist sampling
rate,whichrequiresvety fastandexpensive A/D corverters
andtherefae high power consumgon. This prodem be-
comescritical in ultra-widetandsystemswherein digital-
orientedsolutiors A/D cornvertersmustopeatein thegiga-
hertzrange.

In this paper we proposea low-complexity timing syn-
chrorizationmethodwhich usedow-rateuniform sampling
andwell developedalgotithmic solutiors. We exterd some

1Digital implementation offers mary adwantages, suchaslower power,
chegertechnology full integration, robustnesstc.
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of our recent samplingresultsfor certainclassesof non
bandlimitedsignals[4] [6] to the prodem of multipath de-
lay estimationin widebandchamelsanddevelop an algo-
rithm for estimatingunkrmown propagationdelaysfrom a
low-dimersional subspaceof a receved signal. Our ap-
proachleadsto redwced compuational requrementsand
lower power consumgion comgaredto existingtechniqies,
thusallowing for a practicalhardware implementatio and
all the benefitsof a digital design.

2. SUBSPACE TIMING SYNCHRONIZATION

2.1. Problem Statement

A numter of propagatio studiesfor widebar signalshave
beendone whichtake into accountempoel propertiesof a
channelor chaacterizea spatio-tempral channéresponse
[2]. A comma mocel for animpulseresponsef an out-
doormultipathfadingchannels

h(t) =) ad(t ) &
=1

wheret; dendesa signaldelayalorg the-th pathwhile a;
is acomple propagatian coeficientwhichincludesachan-
nel attenuatioranda phaseoffsetalongthel-th path. While
this modeldoes not adequatelyeflectspecificbandvidth-
depenénteffects,it providesagoodcharactazationof the
propaationchamelusedfor diversityreceptim schemen

wirelesscellularsystemsEquation(1) canbeinterpretel as
sayingthata receved signaly(t) is madeup of a weighted
sumof attenudéedanddelayedeplicasof awidebanl trans-
mittedsignals(¢), i.e.

L
y(t) =Y as(t —t1) +n(t) 2
=1

wheren(t) dendesrecever noise. Note that the receved
signaly(t) hasonly 2L degreesof freecbm, time delayst;
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andpropagatiom coeficientsa,;, which canbeefficiently es-
timatedif we corsidertheprablemin thefrequeng domain.
Let Y(w) derote the Fourie transfam of the receved

signal
L

Y(w) = Z S(w)aie " + N(w) (3)
=1

whereS(w) and N (w) are Fourier transfoms of s(¢) and
n(t) respectiely. Clearly, spectracompmentsaregivenby
a sumof conplex exponentials,whete the unknowvn time
delaysapparascomple frequencieswhile propagatio co-
efficientsappeamlsunknown weights. Thusthe prodem of
estimatingthe chanml paraneterscanbe consideed as a
specialcaseof classicharnmonic retrieval prablemsthatare
well studiedin spectralestimationliterature[5]. Thereis a
particulaly attractie classof SVD-basedilgorithns, called
superresolutionmethod, which canresole closelyspaced
sinusoiddrom ashortrecad of noise-corupteddata.In the
following, we will usea statespaceappoach(5] thatpro-
videsanelggart andnumericdly rohusttool to estimatethe
chanrel paraneters.

2.2. Algorithm outline

Ouralgoiithm canbe summaizedasfollows:

e Find the DFT coeficients Y[m]|, m € [-L, L], of
y(t) by samplingthe signal with the sinc sampling
kerrel ¢(t) of bandwidh [— Lwg, Lwo].

e DefineaP x Q matrixJ as

Y5[0] Y[l Y,[Q]
Ys[1] Y5 (2] Y5 [@Q + 1]

J= : 4)
YelP] YilP+1] ... Yi[P+Q+1]

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

e Compue thesingularvaluedecanpositionof J
J=UAVE +UANV'H (5)

¢ Estimatethesignalpolesz; = e~7«o! aseigervalues
of amatrix Z .
Z=Vt.V (6)

where(-) and (-) denotethe operdions of omitting

thefirst andthelastrow of (-) respectiely, while (-)*
derotesthe pseudinverseof (-).

¢ Findthepraopagatio coeficients a; from theVander
mordesystem

L
Yiiml =Y ae 7ot me[LI] (1)
=1

Notethatwe have corvertedthe nonlinea estimationprob
lem into the simplerprodem of estimatingthe paraneters
of a linear model,andthis usingthe shift invarianceprop
erty of the matrix J. Nonlinearity is postpamed for the
secondstep,wherein all spectralestimationmethod the
desiredinformation is extractedfrom the estimatedsignal
poles.Yet, a statespaceappr@achprovidesa lot of flexibil-
ity in mockl paraneterizatiorwith respecto finite predsion
errorsandsensitvity of estimategarameteyto modelmis-
match.

A major compuationalrequilementof the above algo-
rithm is domirated by the singular value deconposition
part, which resultsin the overall compuational order of
O(L?). An alternatve apprachis to avoid SVD andes-
timate the signal paraneters using the annihilating filter
method[6]. This algorithm has conputation order of
O(L?), however, it resortsto polynomial root finding and
typically hasless numeical predsion in the presece of
noise.

Thesameframenvork canbeexterdedto multiusercom-
municationsystemsaswell asjoint angleanddelayestima-
tion usingmultiple antemasat thereceier [4].

2.3. Synchronization of UWB signals

Ultra-wideband (UWB) technol@y hasrecently receved
muchattentiondueto benefitsof excegionally large frac-
tional bandvidth [2], suchasvely fine time resolutia for

accurateangng, imaging andmultipah fadingmitigation

UWSB signalsaregeneatedby driving anantennawith very
shortelectricalpulses typically on the order of a nansec-
ond,thusspreathg thesignalenegy from nearDC to afew

gigaltertz. As aresult,signalconponerts propagatingalong
differert propagatian paths undego differert frequeng se-
lective distortion and a more realistic channelmodel for

UWB systemss of theform

L
h(t) = api(t —tr) (8)
=1

with differentpulseshapeg; (t) correspndirg to different
propajationpaths.In this case the DFT coeficientsof the
recevedsignalaregivenby

Y[m] = S[m] Z P[m]aie™ 7™t + N[m]  (9)
=1

where P;[m] arenow unkrown coeficients. One possible
wayto jointly estimateherelevant chanmel paranetersis to
useanappoximation of thespectrakoeficients P;[m] with
polynamialsof degreed < R — 1, i.e.

R—-1
Pm] = p,m" (10
r=0
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Equation (9) now becanes

L R—1
Y[m]=S[m]> @Y prom"e im0t 4 Nim] (11)
=1 =0

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

L
H(z) = [J(1 — e7dwotiz )R (12)
=1

Oncethe time delayshave beenestimatedby finding the
rootsof H(z), the polynomial coeficients p; , canbe ob-
tainedby solvingthe Vandemonde system(9).

While this methodusesstandarccomputationalproce-
duresijt suffersfrom apoornunericalbehaior for low val-
uesof signal-tenoiseratio. It is interestingto note, how-
ever, that the propagationdelayst; canbe estimatedore-
cisely by plugging the coeficients Y[m] directly into (4),
dueto robustressof the statespaceapprachto modelmis-
match. The estimateddelayscanbe thenusedto find the
coeficients a; andp ..

2.4. Timingrecovery in UWB localizers

An especiallyappealiig applicdion of our framework is
in UWB systemsusedfor precisepositionlocation. Such
UWB transcevers, calledlocalizers,have alreadybeende-
veloped[3] andthey uselow duty-cycle episodc transmis-
sion of a codedsequencef impulsesto ensue low power
operdion and goa perfamancein a multipath erviron-
ment. Yet, rapid sequene acquisitionstill presents bot-
tleneckin the currentrecever design.For exampe, a solu-
tion proposedoy Aetherwire [3] usesacascadef 32analog
correldors andexhaustive searchthrough all possiblecode
positions.A seriousdravback of this approach,apartfrom
beinganalog is thatit is inheently time consuming? since
transmissionarespacedpartwhile thecorrelationwindow
spansasmallfraction of thesequenecycletime T'yje.

Ourpreviousresultscanbedirectly extendedto thiscase
by moceling thereceved signaly(t) asa corvolution of L
delayed(possiblydifferent) impulseswith a known coding
sequene g(t)

L
y(t) =D api(t —tr) * g(t) (13)
=1
while thecorrepondng DFT coeficients Y [m] aregivenby

L
Y[m] = ZalPl[m]G[m]e_jm“’ct’, We = 27/ Teycle
I=1
(14)

2|t takes approvimately 1000cyclesto acquie synchronzation.

whereG[m] dende DFT coeficientsof g(t). If we usethe
polynamial appoximatian (10) of the spectralcoeficients
P[m], thetotalnunmberof degreesof freedan peronecycle
is 2R L. Thusthe signalparametes canbe estimatedising
low-rate uniform samplirg andthe methodwe alreadyde-
scribed.This potentiallyleadsto a few ordes of magnitude
fasteracqusition, aswill beshavn in the next section.

3. PERFORMANCE ANALYSIS

We presentsimulationexanples that illustrate the perfa-
manceof our developed algorithm. We first considerthe
timing synchionizationperormarce of a DS-CDMA sys-
temwith BPSK moddation in anoutdamr AWGN chanrel,
wherespreathg is achieved with pseudorandan sequences
of length511. Figure1l shovs anaverag delayestimation
error (normalizedto the chip durationT'.) versusthe sam-
pling rate, andthat for both nonfadingchannelsl(a) and
multipathfadirg chanrelswith 3 closelyspacedathsl(b).
Ourmethodclearlyyieldshigh resolution estimatesfor ex-
ample,by samplingtherecevedsignalat onefourth of the
chip rate, the estimationerra is lessthanonetenthof the
chip duration(for Ey /Ny > 7dB). The averag erroris
somevhathigherfor multipath chamels,however, if we es-
timate the delay along the dominant path only (assumig
thereis onestrongstcommnentcorresponthg to a direct
path),thealgoiithm periormarceis basicallythe sameasin
thenonfadingchanmels.

UWSB timing performarcein alow duty-cycle regimeis
illustratedin Figure2. We assumedhat a transmitterpe-
riodically sendsa coded sequencef 1023 first-deivative
Gaussiarmpulseswherethesequencéurationspansonly
10% of the cycle time T.y.;.. We consideed a multipath
channel(8) with 8 closelyspacedhathsand onedomirant
(direct) path. While synchpnizationcan be achiered by
considerilg the setof samplegakenuniformly over T’y e,
it is more sensibleto have a “multiresolution appoach”,
wherewe first obtaina roughestimateof the sequenetim-
ing andthenperiorm precisedelayestimationby sampling
the received signalonly within a nariow window. Besides,
for very low SNR's, it is desirableto considera set of
samplesaverggedover several cycles,which effectively in-
creaseghe proessinggain andresultsin betterestimation
perfomance For exanple,for SN R = —20dB andasam-
pling rate of onetenththe Nyquistrate (N, = N,,/10), it
takeslessthan20 cyclesto achieve coarsesynchionization
(Figure2(a) andabout50 cyclesfor precisetiming (Fig-
ure 2(b)) with N, = N, /5, which is clearly a significant
improvementcompaedto theexisting solution[3].

Anothe attractve featureof our schemes goad per
formarcein the presencef a strongnarravbandinterfer-
ence. Namely UWB systemamustcontendwith a variety
of interfering signalsfrom nariowbandsystemsand build-
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ing high-Q notchfilters on chip would be techrically very
difficult. Sinceourmethal solvestheestimatiorprodemin

thefrequeng domain, we cansimply exclude spectratom-
ponants that belongto frequeng bandsof interfering sig-

nals,while the statespacealgoiithm canbeeasilymodified
to handlemissingblodcks of data[5]. The perfamanceof

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

4. CONCLUSION

We preseteda high+esolutionmetha for timing syncho-
nizationin DS-CDMA and UWB comrunicationsystems
operding over multipath fading chamels, where all the
stepsarecarriedout on a low-dimensionalsubspacef the
receved signal. Our appr@achtakesadwentageof the well-
know spectralestimationtechniques, requites muchlower
samplingrate, and therebre lower compleity and power
consunption comparedto existing method. Besides,it
leadsto standarccomputationalprocediresandallows for
identificationof morerealisticchanrel modelswithout re-
sortingto comgex algorithis. In effed, we presenteda
“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 (normalzedto 7¢) in a non-fading chamel vs. sampling
rate(b) Comparson of delay estimaton errorsin single-pathand multi-
pathchanrels (3 propagdion paths,total delayspreads 107;).
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Fig. 2. Timing recovery in UWB systems (a) Acquistion error normal-
izedto Ty ;e (b) Tracking error normalizedto thechip time. Dottedlines:
performancein the presene of 3 sinusoidalsignals, STR = —35dB.
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