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ABSTRACT

In this paper the useof Orthogonal FrequencyDivision
Multiplexing (OFDM), combinedwith a Time Domain
Equalizer (TEQ), is investigatedfor broadband fixed
wirelessaccesssystems. OFDM systemsause a Cyclic
Prefix (CP) thatis insertedat the beginning of ead sym-
bol to corvertthelinear corvolutionof dataand channel
into a circular one If the CP is longer thanthe channel
length, Inter Symbolinterference(ISI) is avoided. How-
ever the useof the CP reducesghe efficiencyof the sys-
tem. A TEQ s oftenusedto reducethe channellength,
enablinga shorterCP to beused.TheTEQ schemeghat
havebeenproposedo dateresultin the EffectiveChan-
nel ImpulseRespons€EIR), (i.e. including the TEQ)
havingspectal nulls. This preventssomeof subdannels
frombeingusedfor datatransmissionAn alternativeal-
gorithmis presentedo optimisethe TEQ coeficientsin
boththetimeandfrequencylomainsknownasFrequency
Scaledlime DomainEqualization(FSTEQ)whichresults
in aflatter spectal responseThesimulationresultsshow
upto a 100fold improvemenin the BERat an SNRof 20
dB.

. INTRODUCTION

The conceptof Multicarrier Modulation (MCM) was
proposedas early as early asthe 1960%s [1]. The mo-
tivation was to transmitthe datain a large numberof
subcarrierstherebyreducingthe symbol rate for each
subchannel. The theoreticallyideal MCM systemhas
aninfinite numberof subchannelsand consequentlyan
infinite length symbol. If the channelimpulseresponse
(CIR) is finite, the MCM systemremainsmmuneto dis-
tortion. However the ideawas not practicaluntil it was
foundthatthe modulationcanbe achievedvia a Discrete
Fourier Transform(DFT) [2]. Todayit looks evenmore
attractve with the use of the computationallyefficient
FastFourierTransform(FFT). Themostwidely usedFFT
basedMCM methodsareOrthogonalFrequeng Division
Multiplexing (OFDM) and Discrete Multitone (DMT).
The former is mainly usedfor terrestrialbroadcasting
while the latteris usedfor Digital SubscribelLines. We
will addressonly OFDM systemsin this paper Both
schemesause symbolsgeneratedy a finite length FFT
with size N. Theorthogonalityof theconsecutie OFDM
symbolsis maintainedby appendinga length v cyclic
prefix (CP) at the startof eachsymbol[3]. The CPis
obtainedby takingthelastv samplef eachsymboland
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Fig. 1. Block Diagramof the OFDM System

so the total length of the transmittedOFDM symbolis
(N + v) samples.By this meansthe linear corvolution
of thetransmittedsignalwith the CIR is corvertedinto a
circularone. For eachOFDM symbolto beindependent
andto avoid ary Inter SymbolinterferencgISl) or Inter
Carrier Interference(ICl), the length of the CIR should
belessthanv + 1 samples.Hencethe distortioncaused
by the CIR only affectsthe sampleswithin the CP. The
recevertakesonly thelast N samplegor decodingatthe
recever FFT, disregardingthe CP. Consequentlythe ef-
fectsof the CIR canthenbe easilyequalizedby anarray
of one-tapFrequenyg DomainEqualizergFEQ) follow-
ing demodulatiorby the FFT. Figure 1 shows the block
diagramof the systemwhereP/SandS/Pmeanparallel
to serialandserialto parallelcorversionrespectiely.

Dueto therobustnes®f OFDM, it hasbeenadoptedas
the physicallayer standardor examplein, Digital Video
BroadcastindDVB) [4] andHIPERLAN-2[5]. Onema-
jor disadwantagewith the OFDM systemis thereduction
in the transmissionefficiengy by a factor N/(N + v)
causedby the CP. This is of even more concernwhen
the transmittedsymbolrateis higher, becauséhis makes
a CIR with the samerms delay spreadspana greater
numberof sampleshencerequiringa longer CP. Future
broadbandvirelessapplicationsarelik ely to requiredata
ratesin excessof 50 Mb/s. Although the wirelessfixed
accesschanneldelay spreadsare short comparedwith
the symbolratefor transmissiorratesthatarein useto-
day, it will not be the casefor higherrates. One way
of increasingthe efficiengy is to increasethe FFT size,
N. However this increaseshe compleity of the system
andreducesheintercarrierspacingof subcarriersvhich
subsequentlynakesthe systemmore susceptibleo fre-
gueng offsetand oscillator phasenoise. Also a higher
numberof subcarrierswill increasehe Peakto Average
Pawver Ratio (PAPR), demandingthe use of linear and
consequentlynefficient power amplifiers. Besides,for



datatransmissiorsystemssuchasHIPERLAN-2, short
burstsusinglow numberof subcarrier@reusedowing to

lateng/ considerations.The alternatve is to usea Time

Domain Equalizer(TEQ) precedingthe FFT demodula-
tor atthereceverin orderto constrainthe lengthof the

Effective ChannellmpulseRespons€EIR) to be shorter
thanthe selectedCP duration. This permitsthe useof a

muchshorterCP thancould otherwisebe employed and
soraisesthetransmissiorefficiency.

CIR shorteninghasbeenproposedasiong agoas1973
to permit the designof practical Maximum Likelihood
Sequencé&stimation(MLSE) receversbasedon Viterbi
Algorithm [6]. Later therewas a flurry of researcho
reducethe lengthof CP in DMT systemq[7], [8], [9].
Thefirsttwo referencesarebasednthe Minimum Mean
Squareerror (MMSE) criterionandthelatteris basedn
minimisationof the ShortenedSNR (SSNR),wherethe
ratio betweenthe consecutie v samplesof the EIR to
the restof the residualsis considered. To avoid trivial
all-zerosolutions,additionalconstraintsuchasthe Unit
Enegy Constraint(UEC) or Unit Tap Constraint(UTC)
areseton the TargetImpulseRespons€TIR). However
the emphasiss to reducethe power of the residualsof
the EIR in thetime domain. Thetransferfunction of the
resultingEIR in the frequeny domainoften hasspectral
nulls renderingunusablesubchannelsvith a low SNR.
Attemptshave also beenmadeto optimisethe TEQ in
thefrequeny domain[10], [11]. In particular [10] rarely
resultsin a globalminimumerror.

In this papera new Frequeng ScaledTime Domain
Equalizer(FSTEQ)is presentedhat effectively avoids
spectralnulls in the frequeny domainandyet achieses
a bettertime domaincorvergenceof the EIR. The re-
maining sectionsof the paperare organisedasfollows.
In sectionll we presentthe backgroundof the TEQ al-
gorithm. In sectionlll we presenthe FSTEQalgorithm.
Thechannemodelsusedarepresentedh sectionlV. We
presentsimulatedresultsin sectionV and Concludein
sectionVI.

[I. TIME DOMAIN EQUALIZATION BASICS

All simulationsand analysisin this paperare done
in the complex basebanddomain. Channelshorten-
ing with the useof a TEQ can be explained with ref-
erenceto the Block diagramshaowvn in Figure 2. The
objectie is to shortenthe sampledCIR of length Ny,
h = [ho, -, hn,—1]T to anEIR having significantsam-
plesfor a length Ny, where N, < Np,, with the use of
a TEQ of length N,,, w = [wo,..,wn,_1]T. Theer
ror sequenceas generatecby comparingthe output se-
guenceof the TEQ to thatof thetransmitteddatastream,
z = [z(k),..,z(k — Ny + 1)]T, sentthrougha desired
TIR, b = [bo,..,bn, 1] of length N,. Here, k repre-
sentsthetime index andz(k) = 0 for k < 0. If the TEQ
performsperfectly theoverall OFDM systencanoperate
with ashorterCP of lengthV;, (i.e.v = Ny — 1).

If thereceveddatais givenby r(k), then

r(k) = k' .z’ +n(k) 1)

wheren(k) is thezeromeanAdditive White Gaussian
Noise (AWGN) term. Herez' = [z(k),..,z(k — Ny +
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Fig. 2. Block Diagramof the TEQ

1)]T. Hencetheerrorsignalafterthe TEQis givenas

z )

wherer = [r(k), ..,r(k — N, + 1)]T. Thetime index
k is definedasbeforewith r(k) = 0 for £ < 0. The
squarecerroris givenby

E{je(k)I}

e(k) =w".r—0".

MT-RTT-Q* + bTwab* - QT-RTw-b*
_bT-Rr:c -w* (3)

where(.)* denotecomplex conjugatiomrandR,.,. ,R,
and R,., arethe correspondingorrelationmatricesof r
andz. The optimalequalizertap coeficientscanbe ob-
tainedby solving for the Minimum MeanSquarederror
(MMSE) givenby

d(E{le(k)[*})/dw = 0 4
which leadsto

éR[wopt] = R;rl 'RTZC §R[b]
%[wopt] = R;rl 'RT'CU (\\S[b] (5)

whereR and$ arerespectrely the Realandthelmag-
inary partof a complec variable. Note that (5) depends
onb. Substitutingheaboverelationin Equation3 results
in

E{le(k)|*} = b".(Rye — RT,R'R,,).b* = b".0.0*
(6)

By minimising Equation6 the optimal coeficientsfor
theTIR b,,¢, canbefoundastheeigervectorcorrespond-
ing to thesmallesteigervalueof thematrix O. Solutions
for the caseof realdatacanbefoundin [12].

An alternatie iterative solutionis presentedn [6] for
real data, a modified form of which is presentechere
for the caseof complex data. Assumingthe transmitted
sequencés known during training, both the TIR coefi-
cientsd, andthe TEQ coeficientsw, canbe obtainedit-
eratively throughsteepesgradientmethodssuchasLeast
MeanSquarg(LMS). Hence

wht! = wk — Aq.e(k).r* @)

and
bFH = bF + Ay e(k).2* (8)

wherew* andb® arethetapcoeficientsatk*” iteration
andA; andA, aretheLMS corvergencecontrolparam-
eters.To avoid thetrivial solution,the UEC constrainn
the TIR is used. We call the above algorithmthe Dual
Optimising TEQ (DOTEQ).
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Fig. 4. DOTEQ PerformanceTransferFunctions

Figure 3 shaws the performanceof the DOTEQ algo-
rithm in time domainusingthe UEC. It canbe obsened
that the EIR is similar to the TIR within the length of
the TIR andalsothattheresidualdeyondtheTIR length
(hencethe CP) arelow in magnitudecomparedwith the
pulseswithin the TIR length. However, asshavn in Fig-
ure4, theEIR in thefrequeny domainobtainedusingthe
DOTEQ algorithmhasspectralnulls. Assumingthatthe
transferfunction of EIR is constantover eachsubchan-
nel, the FEQtap coeficientsarecalculatecastheinverse
of the EIR. Consequentlyhe subchannelthatfall in the
nulls areseverelydegradeddueto thelow SNRandsub-
sequentlythe AWGN is amplifiedby the FEQ.

To addresghis problem,analgorithmwill now bepre-
sentedthatachierzesboth a flatterresponsef the EIR in
the frequeny domainanda reductionof residualsof the
EIR in thetime domain.

1. FREQUENCY SCALED TIME DOMAIN
EQUALISER (FSTEQ)

The coeficientsrequiredfor the FEQsare calculated
usinga known OFDM training symbol. The inverseof
the FEQ coeficientswill give anestimateof the CIR.

1. Usingthe CIR both UpperandLower frequeng do-
mainthresholdsareset. Thethresholdsareselectedsuch
thatthey follow the ervelopeof the power delay profile
of thechannelsshavnin Figure5. Thesethresholdsare
usedto constrainthe TIR in the frequeny domain,thus

g
~

T
— CIR

=+ Initial TIR
13r — - Thresholds |]
1.2?*\\ -
TH T - -7 At
- - N - — — +
1.1 +++ +T 4
£ e ++
z 1
z + +
I +
09r +

o
©
T
!
!
—
i

o
~
T

1
!

|
|
|
\
\

-1 -08 -06 -04 -02 0 02 04 06 0.8 1
Normalised frequency x (pi rad/s)

Fig.5. FSTEQAIlgorithm:Initial TIR
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reducingthe null depthsin the EIR.

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

3. At eachstepof the iteration, the TIR and TEQ are
optimisedconcurrentlyusingthe LMS algorithm(Equa-
tion 7 and Equation8) or by the useof the Recursie
LeastSquaregRLS) algorithm. In otherwords,the pre-
scaledTIR b**! is calculatedrom b*.

4. Next thefrequeny domaintransferfunction B*** of
bF*1 is calculatedby an FFT alsoof size N. (seeFig-
ure 6). If B**! exceedsthe two thresholdvaluesiit is
scaleobothattheresultantBkJr1 is within thethresholds.
TheupdatedrIR Coeficients,ékH, arecalculatedy per
forming anIFFT on B

5. The TIR coeficients are updatedby the post-scaled

valuesh' ", exceptfor b5+ which s forcedto be equal
to b3 of theinitial TIR. Thusthe TIR in the frequengy
domainis constrainedo lie within the upperand lower
thresholds.

The coeficientsrequiredfor the FEQsare calculated
using a known OFDM training symbol. The training
symbol, emanatingfrom the TEQ can be usedto esti-



matetheEIR. It wasobsenedthattrainingthe TEQneeds
at least 1500 iterations. The overheadof transmitting
sucha long training sequenceannotbe justified. This

is avoidedby sendinga shortertraining sequencandus-

ing acceleratedraining at the recever. Thatis the same
recevedtraining sequencés usedseveral timesuntil an

acceptabléevel of corvergences achieved.

IV. CHANNEL MODEL USED

Channelmodelsfor broadbandixed wirelessaccess
channelsarein the processof beingdefined[13]. The
StanfordUniversity Interim (SUI) channelghataresug-
gestedcomprise6 modelsfor 3 differentterrain condi-
tions. All of them are simulatedusing 3 taps, having
either Rayleighor Riceanamplitudedistributions. The
modelemployed hereis of this generaltype. The chan-
nel is assumedo be wide-sensestationaryuncorrelated
scattering WSSUS)andeachtap of the CIR is modeled
ash; = f;el%, wherethe amplitude; andthe phase
¢; areselectedndependenthyf14]. The modelselected
is basedon 5 tapswith the averagepower definedto be
exponentiallydecaying.The maximumdelayis specified
tobel uswith anrmsdelayspreadf 0.3 us. TheRicean
K factorsfor eachtaparesetto be[18 100 0 0] dB and
thechannebdelaysarespecifiedo be0, 0.42,0.6,0.8and
1 ps. Figures3 and7 shaw atypical CIR for thechosen
model.

V. SIMULATION RESULTS

Therequireddatarateto be transmitteds assumedo
begreateithan60 Mb/s. An OFDM systenwith N = 64
hasbeenassumedwhich is similar to the HIPERLAN-
2 standard,but in this casea higher sampling rate of
40 MHz hasbeenassumed.Without loss of generality
QPSK mappingfor all subchannelfiasbeenemployed
andall subchannelareused.This dictatesa datarateof
40 x 2 x N/(N + v) = 106 bits/s.For instancefor v = 15
thedatarateis 64.8Mb/s.

A burst of 2500 OFDM symbols(i.e. equialentto
2500 * 64 x 2 = 320000 databits) is assumedo betrans-
mitted, which requiresa time of lessthan5 ms. Hence
the channelis assumedconstantfor eachburst. Each
datapoint in the simulationresultsis obtainedby aver-
agingover 200 suchbursts,changingthe tap coeficients
of the channelrandomlyin accordancevith the power
delayprofile. TherecevedSignalto NoiseRatio (SNR)
is setto 20 dB for all the simulationsandthe TEQ length
is setat 60.

Figure7 shaws the performanceof 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-
spondingransferfunctionsin thefrequeng domain.The
final EIR shavs very closecorvergencewith the Initial
TIR (seeFigure5) andmoresignificantly an absencef
deepnullsin the EIR comparedvith thatachiesedby the
DOTEQ presentedn Figure4. The valuesusedfor A,
and A in thesesimulationsare 0.005and 0.08 respec-
tively.

Figure9 shavsthe MSE of asafunctionof thenumber
of iterationsfor differentoptimisationalgorithms. The
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TEQtrainingheadehasalengthof 5 symbolsandis run

throughthe TEQ 4 timesduringtraining. Hencethetotal

numberof iterationsis 64 x 4 x 5 = 1280. Notethatthe

MSE of DOTEQ is high even after 1200iterations. The

FSTEQachiezes much lower MSE but the LMS based
trainingseemso beslightly moreerraticatthebeginning

of thetrainingperiod.

Figure 10 shavs a comparisonof different TEQ
schemes.The FSTEQuitilising RLS achieresa Bit Er-
ror Rate (BER) some10 to 100 times lower than that
achievedusingDOTEQ. For comparisonthe OFDM per
formancein theabsencef TEQis alsoincluded.FSTEQ
utilising LMS hasa higherBER thanthatwith RLS but
achieves a generally better BER than OFDM without
TEQ. InterestinglyDOTEQ actually performanceworse
than the OFDM without TEQ. It was also found that
DOTEQ performances very sensitve to the valuesof
thecorvergenceparameterg); andA,.

VI. FUTURE WORK AND CONCLUSION

We have presentedan algorithm that optimisesthe
TEQ designbothin thetime andfrequeng domains.We
have showvn throughsimulationsthattheimprovementin
BER performancecan be up to 100 fold comparedto
that achieved with OFDM without FSTEQ. Admittedly
the algorithm needsa reasonablemountof processing
time and memoryto storethe incomingdataduring the
training of the TEQ. Howeverthe objective hereis not to
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optimisetheresourcesised but ratherto seewhatperfor
mancegainsare possibleby the useof TEQ for OFDM
in broadbandixedwirelessscenario.lt shouldbe noted
thatsincethe FFT is alreadyimplementedn the OFDM
demodulatortheadditionalhardwarerequiredfor theim-
plementatiorof the FSTEQis someavhatrelieved. In fu-

ture,thealgorithmwill be appliedto otherSUI channels

and

alsotechniquego enhanceperformanceof FSTEQ

algorithmin termsof its errorrateandprocessingequire-
mentswill alsobeinvestigated.
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