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Abstract Rapidly time-varying channelsarea major obstaclefor successfuldata-trans-
missionvia OFDM.Theresultinglossof orthogonalityamongneighboringsub-
carriersleadsto intercarrier-interference,whichaffectschannelestimation.This
in turn impedesthesubsequentdatadetection.Literaturecontainsnumerousap-
proachesto copewith thisproblemworkingeitherin time-or frequency-domain.
Ourconcernin thispaperis anovel time-domainmethodwhichreliesontheuse
of multiple directionalreceive antennas.Eachof theseantennasexperiences
only a fraction of the total Doppler spreadof a comparableomnidirectional
antenna.This not only easeschannelestimationbut alsoallows for a diversity
gain dueto maximum-ratio-combining.We will demonstratethat our scheme
copeswell with largemaximumDopplerfrequencies.

1. Intr oduction

Transmittingdataover frequency-selective channelsis easilyaccomplished
by theuseof OFDM. Applying a suitablecyclic pre�x not only avoids inter-
symbolinterferencebetweensuccessive OFDM symbolsbut alsoperformsthe
transformationof the linear convolution with the channel's impulseresponse
into a circular convolution. In frequency-domainthesubcarrierswill thenbe
receivedvia �at-f adingchannels.However, rapidlytime-varyingchannelswith
largeDopplerspreadwill introduceintercarrierinterference(ICI) in frequency
domainsincesubcarriersloosetheirorthogonality.
A popularapproachin literatureto dealwith rapidchannel�uctuations is the
assumptionof a linear model. Besideslinear channelvariation the authors
of [1] additionallyassumea block diagonalstructurefor the channelmatrix
neglectingoff-diagonalelements,whoseinversiondemandslesscomputional
complexity but fails to capturetheeffect of ICI suf�ciently for largerDoppler



anddelayspreads.Noticing that actuallytheFFT introducesICI the authors
of [2] proposeto estimatethetime-variantchannelimpulsefrom pilot symbols
in time-domain.Dependingon thechannelparametersthisapproachdemands
a large numberof training symbolsand becomesinfeasiblewith larger de-
lay spread. A pilot-basedmethodwas proposedin [3] basedon an initial
Least-Squareestimateof the meanchannelimpulseresponse,followed by a
reconstructionof thechannelmatrixby assumingagaina linearly time-variant
channelmodel. This schemerequiresa ratherhigh amountof computational
cost,i.e.,settingupandinvertingthechannelmatrix,andwill degradeassoon
astheDopplerspreadleadsto channelvariationswhichareno longerlinear.
Our methodrelieson avoiding large Dopplerspreadin the �rst placeby ap-
plying directionalantennaswhich divide the horizontalreceptionspaceinto
sectors.Thisallowsfor aseparationof incomingpathsaccordingto theirangle
of incidenceand,thereby, their positionin theDopplerspectrum.A suitable
arrangementof thesectorlimits splitstheDopplerspectruminto evenlyspaced
subspectrawith reducedDoppler spread[4, 5]. Eachsector/antenna(these
termswill beusedinterchangeablyin thefollowing) isassociatedwith acertain
Dopplerrangecorrespondingwith its comprisedrangeof anglesof incidence.
We presenta coherentreceiver which exploits this structureanddemonstrate
that in fact channelestimationis alleviated. This eventually allows for the
applicationof higher-level modulationatmaximumDopplerfrequencieswhich
couldnotbehandledin thecaseof traditionalomnidirectionalreception.

2. SystemModel

Fig. 1 depictsthe assumedOFDM-transmitterin the equivalent complex
baseband.Informationbits b(� ) (IID) areconvolutionally encoded(CC) and
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Figure1. OFDM transmitter

randomlybit-interleaved (� ). The codedbits c(� ′) are then mappedby the
mappingfunction M to an M -ary QAM/PSK signalconstellation.The data
symbolsare multiplexed (MUX) with pilot symbolswhich enablechannel
estimationatthereceiverside.Wedenotethesymbolonthen-th subcarrierfor
thei -th OFDM symbolby dn(i ). TheOFDM time-domainsignalis computed
by anN -point IFFT followedby prependingthecyclic pre�x (CP)consisting
of Ng symbols.Thetransmittedsignalthusreads

x(k) =
1

p
N

∞
∑

i=−∞

N−1
∑

ν=0

dν(i ) � ej2πν(k−i(N+Ng))/N : (1)



2.1 SectorizedReceiveAntenna

The impulseresponseaccordingto the widely acceptedWSSUSchannel
model[6] reads

h`(k) =
1

p
N e

Ne−1
∑

µ=0

a(� )ej2πf(µ)Tk � (` � `(� )) (2)

with delayindex ` = 0; : : : ; L � 1, time index k, samplingperiodt, andthe
lengthof thechannelimpulseresponseL . TheN e pathcomponentsarecharac-
terizedby their pathamplitudea(� ), Dopplerfrequency f (� ) anddelay`(� ).
Jakes' Dopplerspectrumis generatedby choosingf (� ) = f D,max cos(� (� ))
with maximumDoppler frequency f D,max and uniformly distributed phases
� (� ) in the interval [0; 2� ]. As an example Fig. 2 illustratesa sectorized
antennaandits effecton Jakes' Dopplerspectrum

P(f ) =
(

�
√

f 2
D,max � f 2

)

−1

; � f D,max < f < f D,max : (3)

Fig. 2a shows its division into S = 4 sectors.The anglesarechosensuch
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Figure 2. CorrespondencebetweenantennasectorsandJakes' spectrum,a) receive antenna
with S = 4 sectors,b) division of Jakes' spectruminto S=2 + 1 = 3 subspectra,eachwith
reducedmaximalDopplerspread

that the correspondingDoppler subspectraare evenly spaced(Fig. 2b). In
Tab. 1 we have summarizedthoseangleswhich leadto equisizedsubspectra
for up to eight antennas.In the currentcaseof S = 4 antennasthe original
Dopplerspreadhasbeenreducedby 1=3 persector. Eachsectors = 1; : : : ; S
correspondswith a time-variantchannelimpulseresponseh`,s(k). The key
pointhereis thattheimpulseresponsesareaccompaniedby areducedDoppler
spread.Weassumeperfectsectorizationand�nd theimpulseresponsesh`,s(k)
by generating(2) andby summationof thosepathswhoseangleof incidence
fall into theanglerangecomprisedby thes-th antenna(cf. Tab.1).



S � 1 � 2 � 3 � 4 � 5 � 6 � 7 � 8

2 90 270
4 70:5 109:5 250:5 289:5
6 60 90 120 240 270 300
8 53:1 78:5 101:5 126:9 233:1 258:5 281:5 306:9

Table1. Sectoranglesfor equalDopplerpartitioning(valuesin degree)

2.2 Receiver

Fig. 3 depictsour coherentreceiver. Thereceive signalat thes-th antenna

Derot.

Derot.

Derot.

PSfragreplacements

CP−1

CP−1

CP−1

FFT

FFT

FFT

CE

CE

CE

M
R

C � −1

CC-1

y1(k)

y2(k)

yS(k)

n1(k)

n2(k)

nS(k) b̂(� )

Dem

zn(i )

Figure 3. OFDM-receiver with maximum-ratio-combining

reads

ys(k) =
L−1
∑

`=0

h`,s(k) � x(k � `) + ns(k); 1 � s � S (4)

wherens(k) denotesadditive white Gaussiannoise(AWGN). The Doppler
spectrumis divided into a setof subspectra.Theseexhibit no longera pure
Dopplerspreadbut additionallya frequency shift (cf. Fig. 2) which is com-
pensatedin the block "Derot.". In [4] we �nd the approximationfor the
compensatingfrequency to be

f c(s) =











f D,max cos(� s=2) ; s = 1
� f D,max sin(� s=2) ; s = S=2 + 1
f D,max cos(( � s + � s−1)=2) ; else:

(5)

Frequency compensationis simplyaccomplishedby

~ys(k) = e−j2πfc(s)Tkys(k) : (6)

Pleasenotethat f c(s) is not the centerfrequency of thes-th subspectrum.It
is an approximationfor the centerof gravity of the correspondingDoppler



frequencies,i.e., f c(s) considersa bias towards large Doppler frequencies
which occurwith higherprobability thansmall Dopplerfrequencies.Subse-
quently, afterremoving thecyclic pre�x (CP−1) the frequency-domainsignal
is computedby theDFT. Thereceive signal,r n,s(i ), on then-th subcarrierfor
thei -th OFDM symbolandthes-th sectortherebyreads

rn,s(i ) =
1

p
N

N−1
∑

µ=0

~ys(� + i (N + Ng))e−j2πµn/N : (7)

2.2.1 Channel Estimation. We considertwo channelestimationap-
proaches.The �rst follows [7] wheretheauthorsdescribea two-dimensional
MMSE �lter . Pilot symbolsare multiplexed in the OFDM time-frequency
grid. Forsimplicityweassumearectangularscatteredpilot grid throughoutthe
paper. Herepilot symbolsarespacedatadistanceof � f symbolsin frequency
directionandatadistanceof � t symbolsin timedirection.It is crucialthatthe
pilot symbolspacingadheresto thesamplingtheorem.To capturethemaximal
Dopplerfrequency thepilot spacingin time directionshouldful�l

� t �
⌊

N
2
 (N + Ng)

⌋

(8)

with the normalizedmaximumDopplerfrequency 
 = f D,max=� f andsub-
carrierspacing� f . To samplethechanneltransferfunctioncorrectlythepilot
spacingin frequency domainshouldfollow

� f � bN=Lc : (9)

We �nd an estimatefor the channelcoef�cients at all pilot symbolpositions
throughdivision by therespective pilot symbol

Ĥ LS
n∆f

(i ) = ~rn∆f
(i )=dn∆f

(i ) : (10)

Basedon(10)MMSE �ltering allowsfor computationof all remainingchannel
coef�cients associated with data carrying subcarriers denoted by
Ĥ MMSE

n (i ). In [7] omnidirectionalreceptionis assumed.Hence,time cor-
relation of neighboringreceive samplesis governedby the Besselfunction
of the �rst kind, J0(�). Time correlationin eachbranchof our sectorized
receiver is different from the omnidirectionalcase. For the latter the Bessel
function holds, for the former one can assumethat a suf�cient numberof
sectorsS leadsto correlationsdescribedby a Sinc function. Although this
is not strictly true,we found from simulationsthat the resultingperformance
penaltyis negligible. Furthermore,thisassumptionallows theuseof thesame
estimatorfor all sectors.



OursecondCEalgorithmperformslinearinterpolationin bothdirections,fre-
quency andtime,basedon thesamerectangulargrid astheMMSE approach.
In a �rst stepwe determinethe remainingchannelcoef�cients for the i -th
OFDM symbol, i.e., in frequency direction. The linearly interpolatedchan-
nel coef�cients betweenthe (n� f )-th andthe ((n + 1)� f )-th pilot carrying
subcarrieris givenby

Ĥ LIN
n∆f+n′(i ) =

Ĥ LS
(n+1)∆f

(i ) � Ĥ LS
n∆f

(i )

� f
n′ + Ĥ LS

n∆f
(i ); 1 � n′ < � f (11)

Upon interpolationin frequency domainwe performinterpolationin time di-
rection,i.e.,

Ĥ LIN
n (i � t + i ′) =

Ĥ LS
n (( i + 1)� t) � Ĥ LS

n (i � t)
� t

i ′ + Ĥ LS
n (i � t); 1 � i ′ < � t:

(12)
This schemefollows no optimalitycriterionlike theMMSE approach.Never-
theless,its simplicity is appealingsinceno knowledgeaboutchannelcorrela-
tion or noisevarianceis required.But usuallylinear interpolationcanhandle
only a limited Dopplerrangesincerapidchannel�uctuationsbetweenOFDM
symbolswill violate the necessityof linear channelvariations. However, di-
viding theDopplerspectruminto subspectraavoidslargeDopplerspreadin the
�rst place. Hence,linear interpolationbecomespossibleagaineven for large
Dopplerspread,if thenumberof sectorsis chosensuitablylarge.
To improve the performanceof linear interpolation,especiallyfor channels
with long impulseresponses,i.e., which exhibit strongfrequency selectivity,
we incorporatethe�ndings of [9] into our subsequentsimulationresults.The
respective authorsobserve that as a side effect convolution with a long im-
pulseresponseintroducesa timing offset which actsasa frequency offset in
frequency domain. In [9] it is proposedto remove this frequency offsetprior
to linearinterpolationandattachingit afterwards.
The �nal stepsof our receiver after channelestimationaremaximum-ratio-
combining

zn(i ) =

S
∑

s=1

(

Ĥ LIN/MMSE
n,s (i )

)

∗

rn,s(i )

S
∑

s=1

∣

∣

∣
Ĥ LIN/MMSE

n,s (i )
∣

∣

∣

2
(13)

followed by APP demodulation("Dem"), deinterleaving (� −1) and Viterbi
decoding(CC−1).

3. Simulation Results

We presentresultsfor an OFDM systemwith N = 64 subcarriersand
Ng = 16guardstaps.Thechannelis characterisedby anuniformly distributed



power-delaypro�le with eitherL = 3 or L = 10 tapscorrespondingto the
weak and strongfrequency-selective case,respectively. We apply the non-
systematicconvolutional code (133; 171)8 and QPSK as well as 16-QAM.
MMSE-CE is performedaccordingto [7]. The MMSE �lters had20 coef�-
cients.Perfectknowledgeaboutchannellength,maximumDopplerfrequency
anddirectionof motionat thereceiver sidewasassumed.

3.1 SingleAntenna Performance

We startto investigatetheperformancelimits for singleantennareception,
i.e., S = 1. Fig. 4 depictssimulationresultsfor a QPSKtransmissionover
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Figure 4. Single antennabit error performancevs. normalizedDoppler frequency 
 for
differentsignal-to-noisepower ratios,QPSK,S = 1, � f = 5, MMSE channelestimation

weaklyandstronglyfrequency-selective channelsfor differentsignal-to-noise
ratios. In Fig. 4a the pilot spacingin time directionwas� t = 2, in Fig. 4b
� t = 4. According to (8) the maximal Doppler frequency which can be
capturedin a critical senseis 
 � 0:19 for � t = 2 and
 � 0:094for � t = 4.
However, we seethat the BER deterioratesalreadybefore the normalized
Dopplerfrequency closesin on thesecritical values.If theDopplerfrequency
surpassesthe critical Dopplerfrequenciesthe samplingtheoremis evidently
violatedandchannelestimationfails.

3.2 Multiple Antenna Performance

To facilitatechannelestimationfor large Dopplerenvironmentswe could
chooseto decreasethepilot spacingto � t = 1. But sincethenevery OFDM



symbolcarriespilot data,bandwidtheffciency isdecreased.Besides,thelargest
Dopplerfrequency whichwecouldcaptureaccordingto (8) for thiscaseamounts
to 0:375. Thechannel�uctuationsaccompaniedby suchlargeDopplerspreads
leadto intercarrierinterferencewhich furtherimpedeschannelestimation.
Insteadweapplyoursectorizationapproachto decreasethetime-selectivity of
thechannel.This allows us to keepa scatteredpilot schemewith reasonable
bandwithef�ciency.

3.2.1 Sectorizedvs. SingleAntenna Performance. In Fig. 5 we have
�x ed the maximal Doppler frequency to 
 = 0:2 which is critical for the
pilot spacing� t = 2. Again resultsaregivenfor weakandstrongfrequency
selectivity. Thenumberof sectorsrangesfrom S = 1; � � � ; 8. Fig. 5adepicts
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Figure 5. 
 = 0:2, QPSK,� f = 5, � t = 2

resultsfor MMSE channelestimationandFig. 5b for linearinterpolation.
Singleantennareception(S = 1) leadsto an error-�oor in all casesdue to
critical samplingof thechannel.Usageof two sectors(S = 2) alreadyavoids
anerror-�oor .
WeseethatMMSEchannelestimationcopesbetterwith thestronglyfrequency
selctive channelthanlinear interpolationdoes.This problemwasmentioned
at the end of Sec.2.2.1 and is rootedin the timing offset accompaniedby
long channelimpulseresponses.For the resultsin Fig. 6 we performphase
compensationprior to linearinterpolationasproposedin [9]. Theperformance
improvementis impressive. However, the receiver has to have knowledge
aboutthechannellength.
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Figure 6. 
 = 0:2, QPSK, � f = 5, � t = 2; LIN=linear interpolation,LINP=linear
interpolationwith phasecorrection

3.2.2 Diversity vs. Sectorization. In the previous sectionwe have
seenthebene�tsof sectorization.Reducingthetime-selectivity of thechannel
greatlyalleviateschannelestimationallowing for reliabledatadetectioneven
for severeDopplerconditions.Wecomparenow theperformanceof sectoriza-
tion againstdiversity reception.The lattermeanswe apply thesamenumber
of omnidirectional antennaswhicharespacedfarenoughto yield uncorrelated
signals.However, eachof thesesignalsexperiencesthefull Dopplerspread.
Fig. 7 shows that diversity receptionis superiorto sectorizationfor small
Dopplerfrequencies.The sectorizedreceiver suffers from a lack of time di-
versitysincethealreadyslowly �uctuating channelbecomesquasi-staticafter
sectorizedreception.It is however evidentthat largeDopplerfrequenciescan
not be handledby diversity reception. Here, sectorizedreceptionperforms
muchmorerobust.

4. Conclusions

We have describeda coherentOFDM-receiver with Dopplercompensation
basedon directionalantennas.Thesedevide theDopplerspectruminto a set
of subspectrawith smallerDopplerspread.Sincethesesubspectracorrespond
with slowly time-varyingchannels,channelestimationis alleviated. We have
presentedsimulationresultsfor two CE algorithmsbasedon the MMSE cri-
terion andon linear interpolation. We have shown that diversity receptionis
superiorover sectorizationfor small Doppler frequencies,however, rapidly
�uctuating channelsaresuccessfullycopedwith only by sectorization.
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Figure 7. S = 8, � f = 5, � t = 4, 16QAM, MMSE channelestimation
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