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ABSTRACT

In this paper, theuseof OrthogonalFrequencyDivision
Multiplexing (OFDM), combinedwith a Time Domain
Equalizer (TEQ), is investigatedfor broadband fixed
wirelessaccesssystems. OFDM systemsusea Cyclic
Prefix(CP) that is insertedat thebeginningof each sym-
bol to convert thelinear convolutionof dataandchannel
into a circular one. If theCP is longer than thechannel
length,Inter SymbolInterference(ISI) is avoided.How-
ever the useof the CP reducesthe efficiencyof the sys-
tem. A TEQ is oftenusedto reducethe channellength,
enablinga shorterCPto beused.TheTEQschemesthat
havebeenproposedto dateresultin theEffectiveChan-
nel ImpulseResponse(EIR), (i.e. including the TEQ)
havingspectral nulls. Thispreventssomeof subchannels
frombeingusedfor datatransmission.Analternativeal-
gorithm is presentedto optimisethe TEQ coefficientsin
boththetimeandfrequencydomainsknownasFrequency
ScaledTimeDomainEqualization(FSTEQ)which results
in a flatterspectral response. Thesimulationresultsshow
up to a 100fold improvementin theBERat anSNRof 20
dB.

I. INTRODUCTION

The conceptof Multicarrier Modulation(MCM) was
proposedas early as early as the 1960’s [1]. The mo-
tivation was to transmit the data in a large numberof
subcarriers,therebyreducingthe symbol rate for each
subchannel. The theoretically ideal MCM systemhas
an infinite numberof subchannels,andconsequentlyan
infinite lengthsymbol. If the channelimpulseresponse
(CIR) is finite, theMCM systemremainsimmuneto dis-
tortion. However the ideawasnot practicaluntil it was
foundthatthemodulationcanbeachievedvia a Discrete
FourierTransform(DFT) [2]. Todayit looksevenmore
attractive with the useof the computationallyefficient
FastFourierTransform(FFT).ThemostwidelyusedFFT
basedMCM methodsareOrthogonalFrequency Division
Multiplexing (OFDM) and DiscreteMultitone (DMT).
The former is mainly usedfor terrestrialbroadcasting
while the latter is usedfor Digital SubscriberLines. We
will addressonly OFDM systemsin this paper. Both
schemesusesymbolsgeneratedby a finite length FFT
with size � . Theorthogonalityof theconsecutiveOFDM
symbolsis maintainedby appendinga length � cyclic
prefix (CP) at the start of eachsymbol [3]. The CP is
obtainedby takingthelast � samplesof eachsymboland
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Fig. 1. Block Diagramof theOFDM System

so the total length of the transmittedOFDM symbol is
 ������ samples.By this meansthe linear convolution
of thetransmittedsignalwith theCIR is convertedinto a
circularone. For eachOFDM symbolto beindependent
andto avoid any Inter SymbolInterference(ISI) or Inter
Carrier Interference(ICI), the lengthof the CIR should
be lessthan ����� samples.Hencethedistortioncaused
by the CIR only affectsthe sampleswithin the CP. The
receivertakesonly thelast � samplesfor decodingat the
receiver FFT, disregardingtheCP. Consequently, theef-
fectsof theCIR canthenbeeasilyequalizedby anarray
of one-tapFrequency DomainEqualizers(FEQ) follow-
ing demodulationby the FFT. Figure1 shows the block
diagramof thesystem,whereP/SandS/Pmeanparallel
to serialandserialto parallelconversionrespectively.

Dueto therobustnessof OFDM, it hasbeenadoptedas
thephysicallayerstandardfor examplein, Digital Video
Broadcasting(DVB) [4] andHIPERLAN-2[5]. Onema-
jor disadvantagewith theOFDM systemis thereduction
in the transmissionefficiency by a factor ��� 
 �������
causedby the CP. This is of even more concernwhen
thetransmittedsymbolrateis higher, becausethis makes
a CIR with the samerms delay spreadspana greater
numberof sampleshencerequiringa longerCP. Future
broadbandwirelessapplicationsarelikely to requiredata
ratesin excessof 50 Mb/s. Although the wirelessfixed
accesschanneldelay spreadsare short comparedwith
the symbolratefor transmissionratesthatarein useto-
day, it will not be the casefor higher rates. One way
of increasingthe efficiency is to increasethe FFT size,� . However this increasesthecomplexity of thesystem
andreducestheintercarrierspacingof subcarrierswhich
subsequentlymakesthe systemmoresusceptibleto fre-
quency offset andoscillatorphasenoise. Also a higher
numberof subcarrierswill increasethePeakto Average
Power Ratio (PAPR), demandingthe useof linear and
consequentlyinefficient power amplifiers. Besides,for



datatransmissionsystems,suchasHIPERLAN-2, short
bursts� usinglow numberof subcarriersareusedowing to
latency considerations.The alternative is to usea Time
DomainEqualizer(TEQ) precedingthe FFT demodula-
tor at the receiver in orderto constrainthe lengthof the
Effective ChannelImpulseResponse(EIR) to beshorter
thanthe selectedCP duration. This permitstheuseof a
muchshorterCPthancouldotherwisebeemployedand
soraisesthetransmissionefficiency.

CIR shorteninghasbeenproposedaslongagoas1973
to permit the designof practicalMaximum Likelihood
SequenceEstimation(MLSE) receiversbasedon Viterbi
Algorithm [6]. Later therewas a flurry of researchto
reducethe length of CP in DMT systems[7], [8], [9].
Thefirst two referencesarebasedontheMinimum Mean
SquareError (MMSE) criterionandthelatteris basedon
minimisationof the ShortenedSNR (SSNR),wherethe
ratio betweenthe consecutive � samplesof the EIR to
the rest of the residualsis considered.To avoid trivial
all-zerosolutions,additionalconstraintssuchastheUnit
Energy Constraint(UEC) or Unit TapConstraint(UTC)
areseton the Target ImpulseResponse(TIR). However
the emphasisis to reducethe power of the residualsof
theEIR in thetime domain.Thetransferfunctionof the
resultingEIR in thefrequency domainoftenhasspectral
nulls renderingunusablesubchannelswith a low SNR.
Attemptshave also beenmadeto optimisethe TEQ in
thefrequency domain[10], [11]. In particular, [10] rarely
resultsin a globalminimumerror.

In this papera new Frequency ScaledTime Domain
Equalizer(FSTEQ) is presentedthat effectively avoids
spectralnulls in the frequency domainandyet achieves
a better time domainconvergenceof the EIR. The re-
mainingsectionsof the paperareorganisedas follows.
In sectionII we presentthe backgroundof the TEQ al-
gorithm. In sectionIII we presenttheFSTEQalgorithm.
Thechannelmodelsusedarepresentedin sectionIV. We
presentsimulatedresultsin sectionV and Concludein
sectionVI.

II. TIME DOMAIN EQUALIZATION BASICS

All simulationsand analysisin this paperare done
in the complex basebanddomain. Channelshorten-
ing with the useof a TEQ can be explainedwith ref-
erenceto the Block diagramshown in Figure 2. The
objective is to shortenthe sampledCIR of length ��� ,� ��� � �"!$#%#%!&�('*),+.-0/21

to an EIR having significantsam-
ples for a length ��3 , where �43657� � , with the useof
a TEQ of length ��8 , 9 �:� 9 � !;#<#%! 9 '*=.+>- /?1 . The er-
ror sequenceis generatedby comparingthe output se-
quenceof theTEQto thatof thetransmitteddatastream,@ ��� @ 
BA � !$#%#<! @ 
CA6D ��3E�F�G� /21 , sentthrougha desired
TIR, H �I� H � !$#%#<! H '*JK+>- /?1 of length �43 . Here,

A
repre-

sentsthetime index and @ 
CA � �ML
for

A 5 L
. If theTEQ

performsperfectly, theoverallOFDM systemcanoperate
with ashorterCPof length �43 (i.e. � � �43 D � ).

If thereceiveddatais givenby N 
BA � , then

N 
BA � �O� 1 # @ P �RQ 
CA � (1)
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Fig. 2. Block Diagramof theTEQ

�G� /21 . HencetheerrorsignalaftertheTEQis givenasY 
BA � � 9 1 # N D H 1 # @ (2)

whereN �F� N 
BA � !$#%#<! N 
BAZD � 8 �[�\� /?1 . Thetime indexA
is definedasbeforewith N 
BA � ��L

for
A 5 L

. The
squarederroris givenby]Z^�_ Y 
BA � _ `,a � 9 1 # bdc&c,# 9 ef�gH 1 # bih;h # H e D 9 1 # bdc&hj# H eD H 1 # b c&h # 9 e (3)

where

 # � e denotescomplex conjugationand

b c&c
,
b hGh

and
bicKh

arethe correspondingcorrelationmatricesof N
and @ . Theoptimalequalizertapcoefficientscanbeob-
tainedby solving for theMinimum MeanSquaredError
(MMSE) givenbyk 
 ]Z^�_ Y 
BA � _ ` a �K�

k
9 �lL

(4)

which leadstom � 9 nporq /s�lb +.-c&c # bicKh # m � H /t � 9 nporq /s�lb +.-c&c # b cKh # t � H / (5)

where
m

and
t

arerespectively theRealandtheImag-
inary part of a complex variable. Note that (5) depends
on H . Substitutingtheaboverelationin Equation3 results
in]Z^�_ Y 
BA � _ `,a � H 1 # 
 b hGh D b 1c&h b +.-cKc b c&h � # H e � H 1 # u4# H e

(6)
By minimisingEquation6 theoptimalcoefficientsfor

theTIR H nvorq , canbefoundastheeigenvectorcorrespond-
ing to thesmallesteigenvalueof thematrix

u
. Solutions

for thecaseof realdatacanbefoundin [12].
An alternative iterativesolutionis presentedin [6] for

real data, a modified form of which is presentedhere
for the caseof complex data. Assumingthe transmitted
sequenceis known during training, both the TIR coeffi-
cients H , andtheTEQ coefficients 9 , canbeobtainedit-
eratively throughsteepestgradientmethodssuchasLeast
MeanSquare(LMS). Hence

9 wyx - � 9 w DRz - # Y 
BA � # N e (7)

and H wrx - � H w � z ` # Y 
BA � # @ e (8)

where9 w and H w arethetapcoefficientsat
A q � iteration

and
z -

and
z ` aretheLMS convergencecontrolparam-

eters.To avoid thetrivial solution,theUECconstrainton
the TIR is used. We call the above algorithmthe Dual
OptimisingTEQ(DOTEQ).
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Fig. 4. DOTEQ Performance:TransferFunctions

Figure3 shows the performanceof the DOTEQ algo-
rithm in time domainusingtheUEC. It canbeobserved
that the EIR is similar to the TIR within the length of
theTIR andalsothattheresidualsbeyondtheTIR length
(hencetheCP)arelow in magnitudecomparedwith the
pulseswithin theTIR length.However, asshown in Fig-
ure4, theEIR in thefrequency domainobtainedusingthe
DOTEQ algorithmhasspectralnulls. Assumingthat the
transferfunction of EIR is constantover eachsubchan-
nel, theFEQtapcoefficientsarecalculatedastheinverse
of theEIR. Consequentlythesubchannelsthat fall in the
nulls areseverelydegradeddueto thelow SNRandsub-
sequently, theAWGN is amplifiedby theFEQ.

To addressthisproblem,analgorithmwill now bepre-
sentedthatachievesbotha flatter responseof theEIR in
thefrequency domainanda reductionof residualsof the
EIR in thetime domain.

III. FREQUENCY SCALED TIME DOMAIN
EQUALISER (FSTEQ)

The coefficientsrequiredfor the FEQsarecalculated
usinga known OFDM training symbol. The inverseof
theFEQcoefficientswill giveanestimateof theCIR.
1. Using the CIR both UpperandLower frequency do-
mainthresholdsareset.Thethresholdsareselectedsuch
that they follow the envelopeof the power delayprofile
of thechannelasshown in Figure5. Thesethresholdsare
usedto constrainthe TIR in the frequency domain,thus
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Fig. 5. FSTEQAlgorithm:Initial TIR
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Fig. 6. FSTEQAlgorithm: Block Diagram

reducingthenull depthsin theEIR.

2. TheTIR is initialized to beanexponentiallydecaying
functionsothattheinitial TIR is within thetwo threshold
values.

3. At eachstepof the iteration, the TIR and TEQ are
optimisedconcurrentlyusingtheLMS algorithm(Equa-
tion 7 and Equation8) or by the useof the Recursive
LeastSquares(RLS) algorithm. In otherwords,thepre-
scaledTIR H wyx - is calculatedfrom H w .
4. Next thefrequency domaintransferfunction � wyx - ofH wyx - is calculatedby an FFT alsoof size � . (seeFig-
ure 6). If � wyx - exceedsthe two thresholdvalues,it is

scaledsothattheresultant �� wyx - is within thethresholds.

TheupdatedTIR coefficients, �H wyx - , arecalculatedbyper-

forming anIFFT on �� wyx - .
5. The TIR coefficients are updatedby the post-scaled

values �H wyx - , exceptfor �H wrx -�
which is forcedto beequal

to H �� of the initial TIR. Thus the TIR in the frequency
domainis constrainedto lie within the upperandlower
thresholds.

The coefficientsrequiredfor the FEQsarecalculated
using a known OFDM training symbol. The training
symbol, emanatingfrom the TEQ can be usedto esti-



matetheEIR. It wasobservedthattrainingtheTEQneeds
at least� 1500 iterations. The overheadof transmitting
sucha long training sequencecannotbe justified. This
is avoidedby sendinga shortertrainingsequenceandus-
ing acceleratedtrainingat the receiver. That is thesame
receivedtrainingsequenceis usedseveral timesuntil an
acceptablelevel of convergenceis achieved.

IV. CHANNEL MODEL USED

Channelmodelsfor broadbandfixed wirelessaccess
channelsare in the processof being defined[13]. The
StanfordUniversityInterim (SUI) channelsthataresug-
gestedcomprise6 modelsfor 3 different terrain condi-
tions. All of them are simulatedusing 3 taps, having
either Rayleighor Riceanamplitudedistributions. The
modelemployedhereis of this generaltype. The chan-
nel is assumedto be wide-sensestationaryuncorrelated
scattering(WSSUS)andeachtapof theCIR is modeled
as

� �Z���(� Yr�&�\� , wherethe amplitude
�(�

and the phase�(�
areselectedindependently[14]. The modelselected

is basedon 5 tapswith the averagepower definedto be
exponentiallydecaying.Themaximumdelayis specified
to be1 � swith anrmsdelayspreadof 0.3 � s. TheRicean
K factorsfor eachtaparesetto be[18 10 0 0 0] dB and
thechanneldelaysarespecifiedto be0, 0.42,0.6,0.8and
1 � s. Figures3 and7 show a typical CIR for thechosen
model.

V. SIMULATION RESULTS

Therequireddatarateto be transmittedis assumedto
begreaterthan60Mb/s. An OFDM systemwith � �O�,�
hasbeenassumed,which is similar to the HIPERLAN-
2 standard,but in this casea higher samplingrate of
40 MHz hasbeenassumed.Without lossof generality,
QPSKmappingfor all subchannelshasbeenemployed
andall subchannelsareused.This dictatesa datarateof��LE����� ��� 
 ������� � � L"� bits/s.For instance,for � � �G�
thedatarateis 64.8Mb/s.

A burst of 2500 OFDM symbols(i.e. equivalent to� � L�L����,�������[���,L"L�L"L
databits) is assumedto betrans-

mitted, which requiresa time of lessthan5 ms. Hence
the channelis assumedconstantfor eachburst. Each
datapoint in the simulationresultsis obtainedby aver-
agingover200suchbursts,changingthetapcoefficients
of the channelrandomlyin accordancewith the power
delayprofile. ThereceivedSignalto NoiseRatio(SNR)
is setto 20 dB for all thesimulationsandtheTEQlength
is setat 60.

Figure7 shows theperformanceof FSTEQalgorithm
in the time domainfor a typical channel. Note that the
peak magnitudeof the EIR is at the beginning, well
within the length of the CP. Figure 8 shows the corre-
spondingtransferfunctionsin thefrequency domain.The
final EIR shows very closeconvergencewith the Initial
TIR (seeFigure5) andmoresignificantly, anabsenceof
deepnulls in theEIR comparedwith thatachievedby the
DOTEQ presentedin Figure4. The valuesusedfor

z -
and

z ` in thesesimulationsare0.005and0.08 respec-
tively.

Figure9 showstheMSEof asafunctionof thenumber
of iterationsfor different optimisationalgorithms. The
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Fig. 8. FSTEQPerformance:TransferFunctions

TEQtrainingheaderhasa lengthof 5 symbolsandis run
throughtheTEQ4 timesduringtraining.Hencethetotal
numberof iterationsis

�"�i����� � � � �,��L . Note that the
MSE of DOTEQ is high evenafter1200iterations.The
FSTEQachievesmuch lower MSE but the LMS based
trainingseemsto beslightly moreerraticat thebeginning
of thetrainingperiod.

Figure 10 shows a comparisonof different TEQ
schemes.The FSTEQutilising RLS achievesa Bit Er-
ror Rate (BER) some10 to 100 times lower than that
achievedusingDOTEQ.For comparison,theOFDM per-
formancein theabsenceof TEQis alsoincluded.FSTEQ
utilising LMS hasa higherBER thanthatwith RLS but
achieves a generallybetter BER than OFDM without
TEQ. InterestinglyDOTEQ actuallyperformanceworse
than the OFDM without TEQ. It was also found that
DOTEQ performanceis very sensitive to the valuesof
theconvergenceparameters

z -
and

z ` .
VI. FUTURE WORK AND CONCLUSION

We have presentedan algorithm that optimisesthe
TEQdesignbothin thetimeandfrequency domains.We
haveshown throughsimulationsthattheimprovementin
BER performancecan be up to 100 fold comparedto
that achieved with OFDM without FSTEQ.Admittedly
the algorithm needsa reasonableamountof processing
time andmemoryto storethe incomingdataduring the
trainingof theTEQ.However theobjectivehereis not to
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optimisetheresourcesused,but ratherto seewhatperfor-
mancegainsarepossibleby the useof TEQ for OFDM
in broadbandfixedwirelessscenario.It shouldbenoted
thatsincetheFFT is alreadyimplementedin theOFDM
demodulator, theadditionalhardwarerequiredfor theim-
plementationof theFSTEQis somewhatrelieved. In fu-
ture,thealgorithmwill beappliedto otherSUI channels
andalso techniquesto enhanceperformanceof FSTEQ
algorithmin termsof itserrorrateandprocessingrequire-
mentswill alsobeinvestigated.
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