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ABSTRACT

Weconsidertheproblemof low-complexity timing syn-
chronization in digital receiversfor DS-CDMA andUWB
systemsoperating over channels with single or multiple
propagationpaths.We extendsomeof our recent sampling
resultsfor certainclassesof non-bandlimitedsignalsand
develop a methodthat takesadvantageof transform tech-
niques to performpropagationdelayestimationfrom alow-
dimensional subspaceof a received signal,that is, by sam-
pling below the traditional Nyquist rate. By lowering the
samplingratewe reducecomputationalrequirementscom-
paredto existingsolutions,allow for slowerA/D converters
andsignificantly reducepower consumption of digital re-
ceivers.

1. INTRODUCTION

Synchronizationin wideband communicationsystemsis a
crucial taskthat imposesseriousrestrictions on thesystem
performance. There is a vast literaturethat hasappeared
recently, addressingboth algorithmic and implementation
issuesof various synchronizationtechniques,with a clear
trendto eliminateasmuchaspossiblethenecessityfor ana-
log componentsandperform all processingdigitally 1. Even
though many high-performanceschemeshavealreadybeen
proposed[1], their applicationin real time systemsis of-
tennot feasibledueto theirhighcomputationalcomplexity.
Furthermore,almostall of themusethe Nyquist sampling
rate,whichrequiresvery fastandexpensiveA/D converters
andtherefore high power consumption. This problem be-
comescritical in ultra-widebandsystems,wherein digital-
orientedsolutions A/D convertersmustoperatein thegiga-
hertzrange.

In this paper, we proposea low-complexity timing syn-
chronizationmethodwhichuseslow-rateuniform sampling
andwell developedalgorithmic solutions. We extend some

1Digital implementation offersmany advantages,suchaslower power,
cheapertechnology, full integration, robustnessetc.

of our recent samplingresultsfor certainclassesof non-
bandlimitedsignals[4] [6] to theproblem of multipathde-
lay estimationin widebandchannelsanddevelop an algo-
rithm for estimatingunknown propagationdelaysfrom a
low-dimensional subspaceof a received signal. Our ap-
proachleadsto reduced computational requirementsand
lowerpower consumption comparedto existing techniques,
thusallowing for a practicalhardware implementation and
all thebenefitsof a digital design.

2. SUBSPACE TIMING SYNCHRONIZATION

2.1. Problem Statement

A numberof propagation studiesfor wideband signalshave
beendone,whichtake into account temporal propertiesof a
channelor characterizea spatio-temporal channel response
[2]. A common model for an impulseresponseof an out-
doormultipathfadingchannelis

���
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���� � �����
��� ��	���	 � �

(1)

where
	 �

denotesa signaldelayalong the � -th pathwhile �
�

is acomplex propagation coefficientwhichincludesachan-
nelattenuationandaphaseoffsetalongthe � -th path.While
this modeldoes not adequatelyreflectspecificbandwidth-
dependenteffects,it providesagoodcharacterizationof the
propagationchannelusedfor diversityreception schemesin
wirelesscellularsystems.Equation(1) canbeinterpreted as
sayingthata received signal � �
	�� is madeup of a weighted
sumof attenuatedanddelayedreplicasof awideband trans-
mittedsignal � �
	�� , i.e.

� ��	���� �� � �����
� � �
	���	 � �� "!#��	�� (2)

where
!#��	��

denotes receiver noise. Note that the received
signal � ��	�� hasonly $&% degreesof freedom, time delays

	 �
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andpropagation coefficients �
�
, whichcanbeefficiently es-

timatedif weconsidertheproblemin thefrequency domain.
Let ' ��()� denote the Fourier transform of the received

signal

' ��()�
���� � ����* ��()� �
��+-,/.�021
3  54"��()�

(3)

where * �6()� and
4"�6()�

areFourier transforms of � ��	�� and!#��	��
respectively. Clearly, spectralcomponentsaregivenby

a sum of complex exponentials,where the unknown time
delaysappearascomplex frequencieswhilepropagationco-
efficientsappearasunknown weights.Thustheproblem of
estimatingthe channel parameterscanbe considered as a
specialcaseof classicharmonic retrieval problemsthatare
well studiedin spectralestimationliterature[5]. Thereis a
particularly attractiveclassof SVD-basedalgorithms,called
super-resolutionmethods,whichcanresolvecloselyspaced
sinusoidsfromashortrecord of noise-corrupteddata.In the
following, we will usea statespaceapproach[5] thatpro-
videsanelegant andnumerically robusttool to estimatethe
channel parameters.

2.2. Algorithm outline

Ouralgorithm canbesummarizedasfollows:7 Find the DFT coefficients '98 :9; , :=<>8 � %@?A%B; , of� �
	�� by samplingthe signal with the sinc sampling
kernel C ��	�� of bandwidth 8 � % ()D ?A% (�D ; .7 Definea EGFIH matrix J as

KML NOOOP
Q&RTS UWV Q&RXS Y�V Z[ZAZ Q&RTS \�VQ R S Y�V Q R S ]WV Z[ZAZ Q R S \_^`Y�V

...Q&RTS a�VbQ&RTS a_^`Y�VcZ[ZAZdQ&RTS a_^e\_^`Y�V
f�gggh (4)

where'#ij8 :9; � '_8 :k;
l * 8 :9; and Em?WHonp% .7 Compute thesingularvaluedecompositionof J
J �rqMsmtvud wqMx
syx
tzx{u (5)7 Estimatethesignalpoles| � � + ,}.�0-~[1
3 aseigenvalues

of a matrix � � ��t ��� t (6)

where
�[���

and
��� �

denotethe operations of omitting

thefirst andthelastrow of
�[���

respectively, while
�[��� �

denotesthepseudoinverseof
�[���

.7 Findthepropagation coefficients �
�
from theVander-

mondesystem

'�i�8 :k; � �� � �����
��+-,/.A�y0-~A1
3 ?�:><�8{�-?A%
; (7)

Notethatwe haveconvertedthenonlinear estimationprob-
lem into the simplerproblem of estimatingthe parameters
of a linearmodel,andthis usingtheshift invarianceprop-
erty of the matrix J . Nonlinearity is postponed for the
secondstep,wherein all spectralestimationmethods the
desiredinformation is extractedfrom the estimatedsignal
poles.Yet,a statespaceapproachprovidesa lot of flexibil-
ity in model parameterizationwith respecttofinite precision
errorsandsensitivity of estimatedparameters to modelmis-
match.

A majorcomputationalrequirementof the above algo-
rithm is dominated by the singular value decomposition
part, which results in the overall computational order of� � %)� � . An alternative approach is to avoid SVD andes-
timate the signal parametersusing the annihilating filter
method[6]. This algorithm has computational order of� � %)� � , however, it resortsto polynomial root finding and
typically has less numerical precision in the presence of
noise.

Thesameframework canbeextendedto multiusercom-
municationsystemsaswell asjoint angleanddelayestima-
tion usingmultipleantennasat thereceiver [4].

2.3. Synchronization of UWB signals

Ultra-wideband (UWB) technology has recently received
muchattentiondueto benefitsof exceptionally large frac-
tional bandwidth [2], suchasvery fine time resolution for
accurateranging, imaging andmultipath fadingmitigation.
UWB signalsaregeneratedby driving anantennawith very
shortelectricalpulses,typically on theorder of a nanosec-
ond,thusspreading thesignalenergy from nearDC to afew
gigahertz.As aresult,signalcomponentspropagatingalong
different propagation paths undergo different frequency se-
lective distortion and a more realistic channelmodel for
UWB systemsis of theform

���
	���� �� � �����
���}� ��	���	 � �

(8)

with differentpulseshapes

� � �
	��
corresponding to different

propagationpaths.In this case,theDFT coefficientsof the
receivedsignalaregivenby

'k8 :9; � * 8 :9; �� � ��� E
� 8 :9; �

��+�,}.A�y0 ~ 1
3  "4 8 :9; (9)

where E � 8 :k; arenow unknown coefficients. Onepossible
wayto jointly estimatetherelevant channel parametersis to
useanapproximation of thespectralcoefficients E � 8 :9; with
polynomialsof degree �k�d� � � , i.e.

E � 8 :9; ���
, ��� � D
� � � � :

�
(10)
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Equation (9) now becomes

'k8 :k; � * 8 :k; �� � �����
� �
, ��� � D
� � � � :

� +-,/.A�y0-~A1
3  54 8 :9; (11)

We canusethemethod from [6] andsolve for anannihilat-
ing filter � � | � (having zerosat | � � + ,}.�0-~[1
3

) from theset
of at least $&�M% DFT coefficients '98 :9;

� � | �
� ��� ��� � � �
+ ,/.�0 ~ 1 3 | , � � � (12)

Oncethe time delayshave beenestimatedby finding the
rootsof � � | � , the polynomial coefficients

� � � � canbe ob-
tainedby solvingtheVandermonde system(9).

While this methodusesstandardcomputationalproce-
dures,it suffersfrom apoornumericalbehavior for low val-
uesof signal-to-noiseratio. It is interestingto note,how-
ever, that the propagationdelays

	 �
canbe estimatedpre-

cisely by plugging the coefficients 'k8 :k; directly into (4),
dueto robustnessof thestatespaceapproachto modelmis-
match. The estimateddelayscanbe thenusedto find the
coefficients �

�
and

��� � � .
2.4. Timing recovery in UWB localizers

An especiallyappealing application of our framework is
in UWB systemsusedfor precisepositionlocation. Such
UWB transceivers, calledlocalizers,have alreadybeende-
veloped[3] andthey uselow duty-cycle episodic transmis-
sionof a codedsequenceof impulsesto ensure low power
operation and good performancein a multipath environ-
ment. Yet, rapid sequence acquisitionstill presentsa bot-
tleneckin thecurrentreceiver design.For example, a solu-
tion proposedby Aetherwire[3] usesacascadeof 32analog
correlatorsandexhaustive searchthroughall possiblecode
positions.A seriousdrawbackof this approach,apartfrom
beinganalog, is that it is inherently time consuming2 since
transmissionsarespacedapartwhile thecorrelationwindow
spansa smallfraction of thesequencecycle time �)����� � � .

Ourpreviousresultscanbedirectlyextendedto thiscase
by modeling thereceived signal � ��	�� asa convolution of %
delayed(possiblydifferent) impulseswith a known coding
sequence � �
	��

� �
	��
���� � �����
� � � �
	���	 � � � � ��	�� (13)

while thecorreponding DFT coefficients '98 :9; aregivenby

'_8 :k; ���� � �����
� E � 8 :9;¢¡e8 :9; +-,/.A�y02£�1
3 ? ( � � $&¤�l�� ����� � �

(14)
2It takesapproximately 1000cyclesto acquire synchronization.

where ¡e8 :9; denote DFT coefficientsof � ��	�� . If we usethe
polynomial approximation (10) of the spectralcoefficientsE � 8 :9; , thetotalnumberof degreesof freedom peronecycle
is $&�M% . Thusthesignalparameters canbeestimatedusing
low-rateuniform sampling andthemethodwe alreadyde-
scribed.Thispotentiallyleadsto a few orders of magnitude
fasteracquisition, aswill beshown in thenext section.

3. PERFORMANCE ANALYSIS

We presentsimulationexamples that illustrate the perfor-
manceof our developedalgorithm. We first considerthe
timing synchronizationperformance of a DS-CDMA sys-
temwith BPSKmodulation in anoutdoor AWGN channel,
wherespreading is achievedwith pseudo-randomsequences
of length511. Figure1 shows anaverage delayestimation
error (normalizedto the chip duration �¥� ) versusthe sam-
pling rate,andthat for both non-fadingchannels1(a) and
multipathfading channelswith 3 closelyspacedpaths1(b).
Ourmethodclearlyyieldshighresolution estimates,for ex-
ample,by samplingthereceivedsignalat onefourth of the
chip rate,the estimationerror is lessthanonetenthof the
chip duration(for ¦z§Wl 4¨D nª©&�-« ). The average error is
somewhathigher for multipath channels,however, if wees-
timate the delay along the dominant pathonly (assuming
thereis onestrongestcomponentcorresponding to a direct
path),thealgorithm performanceis basicallythesameasin
thenon-fadingchannels.

UWB timing performancein a low duty-cycleregimeis
illustratedin Figure2. We assumedthat a transmitterpe-
riodically sendsa coded sequenceof 1023 first-derivative
Gaussianimpulses,wherethesequencedurationspansonly
10% of the cycle time ������� � � . We considered a multipath
channel(8) with 8 closelyspacedpathsandonedominant
(direct) path. While synchronizationcan be achieved by
considering thesetof samplestakenuniformly over �¥����� � � ,
it is more sensibleto have a “multiresolution approach”,
wherewe first obtaina roughestimateof thesequencetim-
ing andthenperform precisedelayestimationby sampling
thereceived signalonly 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 * 4 � �¬� $&­-�-« andasam-
pling rateof onetenththe Nyquist rate(

4 i �®4z¯ l°�T­ ), it
takeslessthan20 cyclesto achieve coarsesynchronization
(Figure2(a)) andabout50 cycles for precisetiming (Fig-
ure 2(b)) with

4 i �±4²¯ l&³ , which is clearly a significant
improvementcomparedto theexistingsolution[3].

Another attractive featureof our schemeis good per-
formance in the presenceof a strongnarrowbandinterfer-
ence. Namely, UWB systemsmustcontendwith a variety
of interfering signalsfrom narrowbandsystemsandbuild-
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ing high-Qnotchfilters on chip would be technically very
difficult. Sinceourmethod solvestheestimationproblemin
thefrequency domain,wecansimplyexcludespectralcom-
ponents that belongto frequency bandsof interfering sig-
nals,while thestatespacealgorithm canbeeasilymodified
to handlemissingblocks of data[5]. The performanceof
our estimatorin thepresenceof 3 strongsinusoidal signals
is illustratedin Figure2(b).

4. CONCLUSION

We presenteda high-resolutionmethod for timing synchro-
nizationin DS-CDMA andUWB communicationsystems
operating over multipath fading channels, where all the
stepsarecarriedout on a low-dimensionalsubspaceof the
received signal. Our approachtakesadvantageof thewell-
know spectralestimationtechniques, requiresmuchlower
samplingrate, and therefore lower complexity andpower
consumption compared to existing methods. Besides,it
leadsto standardcomputationalproceduresandallows for
identificationof morerealisticchannel modelswithout 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-
nization error (normalized to ´¶µ ) in a non-fading channel vs. sampling
rate.(b) Comparisonof delay estimation errorsin single-pathand multi-
pathchannels(3 propagation paths,total delayspreadis

Y�U ´ µ ).

−25 −20 −15 −10 −5 0 5 10
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
x 10

−3

E
b
 / N

0
 [dB]

er
r 

/ T
cy

cl
e

Acquisition error (normalized to Tcycle)

N
s
=N

n
/10, 15 cycles

N
s
=N

n
/10, 40 cycles

(a)

−25 −20 −15 −10 −5 0 5 10
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

E
p
 / N

0
[dB]

er
r 

/ T
c

Synchronization (tracking) error for UWB signals

N
s
=N

n
/5, 10 cycles

N
s
=N

n
/5, 20 cycles

N
s
=N

n
/5, 50 cycles

(b)

Fig. 2. Timing recovery in UWB systems (a) Acquisition error normal-
izedto ´ µ¸·Wµ�¹�º (b) Trackingerror normalizedto thechip time. Dottedlines:
performancein thepresence of 3 sinusoidalsignals, »/¼�½ L�¾�¿ÁÀÁÂ�Ã .
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