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Abstract Rapidly time-varying channelsare a major obstaclefor successfublata-trans-
missionvia OFDM. Theresultinglossof orthogonalityamongneighboringsub-
carrierseadsto intercarrierinterferencewhich affectschannekstimation.This
in turnimpedeghe subsequerdatadetection.Literaturecontainsnumerousap-
proachego copewith this problemworking eitherin time-or frequeng-domain.
Ourconcernin this paperis anovel time-domainmethodwhichreliesontheuse
of multiple directionalreceve antennas.Eachof theseantennasexperiences
only a fraction of the total Doppler spreadof a comparableomnidirectional
antenna.This not only easeshannelestimationbut alsoallows for a diversity
gain dueto maximume-ratio-combiningWe will demonstratehat our scheme
copeswell with large maximumbDopplerfrequencies.

1. Intr oduction

Transmittingdataover frequeng-selectve channelss easilyaccomplished
by the useof OFDM. Applying a suitablecyclic pre x not only avoidsinter
symbolinterferencébetweersuccessie OFDM symbolsbut alsoperformsthe
transformatiorof the linear convolution with the channel impulseresponse
into a circular convolution. In frequeng-domainthe subcarrierswill thenbe
recevedvia at-f adingchannelsHowever, rapidlytime-varyingchannelsvith
large Dopplerspreadwill introduceintercarrielinterferencgICl) in frequeng
domainsincesubcarriersoosetheir orthogonality
A popularapproachn literatureto dealwith rapid channel uctuationsis the
assumptiorof a linear model. Besideslinear channelvariation the authors
of [1] additionallyassumea block diagonalstructurefor the channelmatrix
neglectingoff-diagonalelementswhoseinversiondemanddesscomputional
complity but fails to capturethe effect of ICI sufciently for larger Doppler



anddelay spreads.Noticing that actuallythe FFT introducedCl the authors
of [2] proposéo estimatahetime-variantchanneimpulsefrom pilot symbols
in time-domain.Dependingon the channeparameterghis approactdemands
a large numberof training symbolsand becomesnfeasiblewith larger de-
lay spread. A pilot-basedmethodwas proposedin [3] basedon an initial
Least-Squarestimateof the meanchannelimpulseresponsefollowed by a
reconstructiorof thechannematrix by assumingagaina linearly time-variant
channelmodel. This schemerequiresa ratherhigh amountof computational
cost,i.e., settingup andinvertingthe channelmatrix, andwill degradeassoon
asthe Dopplerspreadeadsto channelariationswhich areno longerlineat
Our methodrelieson avoiding large Dopplerspreadn the rst placeby ap-
plying directionalantennasvhich divide the horizontalreceptionspaceinto
sectors.Thisallowsfor aseparatiomf incomingpathsaccordingo theirangle
of incidenceand, thereby their positionin the Dopplerspectrum.A suitable
arrangememf thesectodimits splitsthe Dopplerspectruninto evenly spaced
subspectravith reducedDoppler spread[4, 5]. Eachsector/antennéthese
termswill beusednterchangeablin thefollowing) is associatevith acertain
Dopplerrangecorrespondingvith its comprisedangeof anglesof incidence.
We presenta coherentrecever which exploits this structureanddemonstrate
that in fact channelestimationis alleviated. This eventually allows for the
applicationof higherlevel modulationatmaximumbDopplerfrequenciesvhich
couldnotbe handledn the caseof traditionalomnidirectionakeception.

2. SystemModel

Fig. 1 depictsthe assumedOFDM-transmitterin the equivalent complex
basebandlnformationbits b( ) (1ID) areconvolutionally encoded CC) and
b( ) c( '/ dy.(i) jX(k)
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Figurel. OFDM transmitter

randomlybit-interleared ( ). The codedbits ¢( ') arethen mappedby the
mappingfunctionM to an M -ary QAM/PSK signalconstellation.The data
symbolsare multiplexed (MUX) with pilot symbolswhich enablechannel
estimatiorattherecever side.We denotehesymbolonthen-th subcarriefor
thei-th OFDM symbolby d,,(i). The OFDM time-domairsignalis computed
by anN -point IFFT followed by prependinghe cyclic pre x (CP)consisting
of Ng symbols.Thetransmittedsignalthusreads

co N-1

X(k) — plﬁ Z Zdy(l) ei?ﬂ'l/(k—i(N-i—Ng))/N: (1)
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2.1 SectorizedReceve Antenna

The impulseresponseaccordingto the widely acceptedNSSUSchannel

model[6] reads
Ne*l

(k) = P Y- a( )T () @)
e u=0

with delayindex * = 0;:::;L 1, timeindex k, samplingperiodt, andthe
lengthof thechannelmpulseresponsé.. TheN pathcomponentarecharac-
terizedby their pathamplitudea( ), Dopplerfrequeng f ( ) anddelay ( ).
Jales' Dopplerspectrumis generatedy choosingf ( ) = fpmaxcod ( ))
with maximum Doppler frequeny f p max and uniformly distributed phases

() in theintenal [0;2 ]. As an example Fig. 2 illustratesa sectorized
antennandits effect on Jales' Dopplerspectrum

1

P(f)= ( /T B.max f2> v fomax < f < fomax: 3)

Fig. 2a shaws its division into S = 4 sectors. The anglesare chosensuch
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Figure2. CorrespondencbetweerantennasectorsandJales' spectruma) receve antenna
with S = 4 sectorsp) division of Jales' spectruminto S=2 + 1 = 3 subspectragachwith
reducednaximalDopplerspread

that the correspondind®oppler subspectraare evenly spaced(Fig. 2b). In
Tah 1 we have summarizedhoseangleswhich leadto equisizedsubspectra
for up to eightantennas.In the currentcaseof S = 4 antennaghe original

correspondsvith a time-variantchannelimpulseresponseéh, (k). The key
pointhereis thattheimpulseresponseareaccompanietly areducedoppler
spread We assumeerfectsectorizatiorand nd theimpulseresponsehy ;(Kk)
by generating2) andby summatiorof thosepathswhoseangleof incidence
fall into theanglerangecompriseduy the s-th antenngcf. Tah1l).
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Tablel. Sectoranglesfor equalDopplerpartitioning(valuesin degree)

2.2 Recever

Fig. 3 depictsour coherentecever. Thereceve signalat the s-th antenna
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Figure3. OFDM-recever with maximum-ratio-combining

reads

L—1
oK)= Y heo(k) x(k )+ ngk); 1 s S 4)
=0

wheren,(k) denotesadditive white Gaussiamoise (AWGN). The Doppler
spectrumis divided into a setof subspectra.Theseexhibit no longera pure
Dopplerspreadbut additionally a frequeng shift (cf. Fig. 2) which is com-
pensatedn the block "Derot.”. In [4] we nd the approximationfor the
compensatindrequeny to be
fomaxCOY s=2); s=1
fe(s) = fomax SIN( s=2); s=S=2+1 (5)
fomax COY( s+ s-1)=2); else
Frequeng compensatiotis simply accomplishedby
yu(k) = ePEOThy (k) : (6)

Pleasenotethatf ¢(s) is not the centerfrequeng of the s-th subspectrumit
is an approximationfor the centerof gravity of the correspondinddoppler



frequencies,.e., f¢(s) considersa bias towards large Doppler frequencies
which occurwith higher probability than small Dopplerfrequencies.Subse-
quently afterremoving the cyclic pre x (CP~!) the frequeng-domainsignal
is computedby the DFT. Thereceve signal,r, s(i), onthen-th subcarriefor
thei-th OFDM symbolandthe s-th sectortherebyreads

N-1

s} = P Do+ (N + Ngermin @
pn=0

2.2.1  Channel Estimation.  We considertwo channelestimationap-
proaches.The rst follows [7] wherethe authorsdescribea two-dimensional
MMSE Iter. Pilot symbolsare multiplexed in the OFDM time-frequeng

grid. For simplicity we assumearectangulascatteregbilot grid throughouthe

paper Herepilot symbolsarespacedtadistanceof  ; symbolsin frequenyg

directionandatadistanceof ; symbolsin time direction.It is crucialthatthe

pilot symbolspacingadhereso the samplingtheorem.To capturethemaximal
Dopplerfrequenyg the pilot spacingn time directionshouldful |

t {ﬁJ ©)

with the normalizedmaximumDopplerfrequeny = fpma= f andsub-
carrierspacing f . To samplehechannekransferfunctioncorrectlythepilot
spacingn frequeng domainshouldfollow

5 bN=Lc: 9)

We nd an estimatefor the channelcoefcients at all pilot symbolpositions
throughdivision by therespectie pilot symbol

na, (1) = Faa, ()=, (1) : (10)

Basedon (10) MMSE ltering allowsfor computatiorof all remainingchannel
coefcients associated with data carrying subcarriers denoted by
KMMSE(j), In [7] omnidirectionalreceptionis assumed. Hence, time cor
relation of neighboringreceive samplesis governedby the Besselfunction
of the rst kind, Jy(). Time correlationin eachbranchof our sectorized
recever is differentfrom the omnidirectionalcase. For the latter the Bessel
function holds, for the former one can assumethat a sufcient numberof
sectorsS leadsto correlationsdescribedby a Sinc function. Although this
is not strictly true, we found from simulationsthat the resultingperformance
penaltyis nggligible. Furthermorethis assumptiorallows the useof the same
estimatoifor all sectors.



OursecondCE algorithmperformslinearinterpolationin bothdirections fre-

gueng andtime, basedon the samerectangulagrid asthe MMSE approach.
In a rst stepwe determinethe remainingchannelcoefcients for the i-th

OFDM symbol,i.e., in frequeng direction. The linearly interpolatedchan-
nel coefcients betweernthe (n f)-th andthe((n + 1) ;)-th pilot carrying
subcarrieiis givenby

Alfmna, 0 AR,
!

Uponinterpolationin frequeng domainwe performinterpolationin time di-
rection,i.e.,

RANG o+ 1)

wA (1) = +AR,0: 1 n'< 1)

I Pl (R P L P (D

t

+HSG )1 i< g

(12)
This schemdollows no optimality criterionlike the MMSE approach Never
thelessijts simplicity is appealingsinceno knowledgeaboutchannelcorrela-
tion or noisevarianceis required. But usuallylinearinterpolationcanhandle
only alimited Dopplerrangesincerapid channel uctuations betweenrOFDM
symbolswill violate the necessityof linear channelvariations. However, di-
viding the Dopplerspectruminto subspectravoidslarge Dopplerspreadn the
rst place. Hence linearinterpolationbecomegossibleagaineven for large
Dopplerspreadif thenumberof sectords chosersuitablylarge.
To improve the performanceof linear interpolation,especiallyfor channels
with long impulseresponses,e., which exhibit strongfrequeng selectvity,
we incorporatethe ndings of [9] into our subsequengimulationresults.The
respectre authorsobsere that as a side effect convolution with a long im-
pulseresponséntroducesa timing offset which actsasa frequeng offsetin
frequeng domain. In [9] it is proposedo remove this frequeng offset prior
to linearinterpolationandattachingt afterwards.
The nal stepsof our recever after channelestimationare maximum-ratio-
combining

> (Asmms()) ", ()
z,(i) = =5 5 (13)
Sgl "ﬁi‘klglMMSE(i) ‘

followed by APP demodulation("Dem"), deinterleging ( —!) and Viterbi
decoding(CC™1).
3. Simulation Results

We presentresultsfor an OFDM systemwith N = 64 subcarriersand
Ng = 16guardgaps.Thechannels characterisetdy anuniformly distributed



power-delay pro le with eitherL = 3 or L = 10 tapscorrespondingo the
weak and strongfrequeng-selectve case,respectiely. We apply the non-
systematiccorvolutional code (133, 171)s and QPSK as well as 16-QAM.
MMSE-CE is performedaccordingto [7]. The MMSE Iters had 20 coef-

cients.Perfectknovledgeaboutchannelength,maximumbDopplerfrequeng
anddirectionof motionattherecever sidewasassumed.

3.1 Single Antenna Performance

We startto investigatethe performancdimits for singleantennaeception,
i.e., S = 1. Fig. 4 depictssimulationresultsfor a QPSKtransmissiorover

Figure 4.  Single antennabit error performancevs. normalizedDoppler frequeny  for
differentsignal-to-noiseowerratios,QPSK,S = 1, ; = 5, MMSE channelestimation

weaklyandstronglyfrequeng-selectve channeldor differentsignal-to-noise
ratios. In Fig. 4athe pilot spacingin time directionwas ; = 2, in Fig. 4b

+ = 4. Accordingto (8) the maximal Doppler frequeng which can be
capturedn acritical sensés 0:19for ;= 2and 0:094for ;= 4.
However, we seethat the BER deterioratesalready before the normalized
Dopplerfrequeng closesin onthesecritical values.If the Dopplerfrequenyg
surpassethe critical Dopplerfrequencieghe samplingtheoremis evidently
violatedandchannelestimatiorfails.

3.2 Multiple Antenna Performance

To facilitate channelestimationfor large Doppler ervironmentswe could
chooseo decreasehe pilot spacingto ; = 1. But sincethenevery OFDM



symbolcarriespilot data,bandwidtheffciengy is decreasedesidesthelargest
Dopplerfrequeng whichwe couldcaptureaccordingo (8) for thiscaseamounts
to 0:375 Thechanneluctuationsaccompanietdy suchlarge Dopplerspreads
leadto intercarrierinterferencevhich furtherimpedeschannelestimation.
Insteadwe applyour sectorizatiorapproacho decreas¢hetime-selectiity of
the channel. This allows usto keepa scatteregilot schemewith reasonable
bandwithef ciency.

3.2.1 Sectorizedvs. Single Antenna Performance. In Fig. 5 we have

x ed the maximal Doppler frequeng to = 0:2 which is critical for the
pilot spacing ; = 2. Againresultsaregivenfor weakandstrongfrequeng
selectvity. Thenumberof sectorgangedrom S = 1; ;8. Fig. 5adepicts
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resultsfor MMSE channelestimatiorandFig. 5bfor linearinterpolation.
Single antennareception(S = 1) leadsto an error oor in all casesdueto
critical samplingof the channel.Usageof two sectorgS = 2) alreadyavoids
anerror oor.

WeseethatMMSE channekstimatiorcopedetterwith thestronglyfrequenyg
selctive channelthanlinearinterpolationdoes. This problemwasmentioned
at the end of Sec.2.2.1andis rootedin the timing offset accompaniedy
long channelimpulseresponsesFor the resultsin Fig. 6 we performphase
compensatioprior to linearinterpolationasproposedn [9]. Theperformance
improvementis impressie. However, the recever hasto have knowledge
aboutthechannelength.
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Figure 6. = 02, QPSK, s = 5, ; = 2; LIN=linear interpolation, LINP=linear
interpolationwith phasecorrection

3.2.2 Diversity vs. Sectorization. In the previous sectionwe have
seerthebene tsof sectorizationReducinghetime-selectiity of thechannel
greatlyalleviateschannelestimationallowing for reliable datadetectioneven
for severeDopplerconditions.We comparenow the performancef sectoriza-
tion againstdiversity reception. The latter meanswe apply the samenumber
of omnidirectional antennasvhich arespacedarenoughto yield uncorrelated
signals.However, eachof thesesignalsexperienceshefull Dopplerspread.
Fig. 7 shavs that diversity receptionis superiorto sectorizationfor small
Dopplerfrequencies.The sectorizedecever suffers from a lack of time di-
versity sincethealreadyslowly uctuating channebecomegjuasi-statiafter
sectorizedeception.lt is however evidentthatlarge Dopplerfrequenciecan
not be handledby diversity reception. Here, sectorizedreceptionperforms
muchmorerobust.

4, Conclusions

We have describeda coherentOFDM-recever with Dopplercompensation
basedon directionalantennas.Thesedevide the Dopplerspectruminto a set
of subspectravith smallerDopplerspread Sincethesesubspectraorrespond
with slowly time-varying channelschannelestimationis alleviated. We have
presentedgimulationresultsfor two CE algorithmsbasedon the MMSE cri-
terionandon linear interpolation. We have shavn that diversity receptionis
superiorover sectorizationfor small Doppler frequencieshowever, rapidly

uctuating channelsaresuccessfullycopedwith only by sectorization.



Figure7. S=8, ;=05 = 4, 16QAM, MMSE channekstimation
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