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Abstract—In transmissionscenarioswherethe trans-
mitter and/or receiver move at very high velocities,the
performance of an OFDM-based transmission system
can severely suffer fr om the effects of Doppler. In
the presentedpaper, we therefore proposethe appli-
cation of a low-complexity sorted QR decomposition
of the channel interfer ence matrix in order to sup-
pressthe intercarrier interfer enceresulting fr om high
Doppler spreads.The herebyachievablesystemperfor-
manceimpr ovementscomparedto existingMMSE and
MMSE-DFE approachesare shown in our simulation
results.

Index Terms— OFDM transmission, intercarrier in-
terferencesuppression,Doppler spread,QR decompo-
sition

I . INTRODUCTION

The orthogonal frequency division multiplexing
(OFDM) is averypopulartransmissiontechniquefor
frequency selectivemultipathchannelsdueto thesig-
ni�cantly simpli�ed equalizationprocess,compared
to an equivalent single carrier systemin the same
environment. Provided that the delay spreadof the
channeldoesnot exceedthe lengthof thecyclic pre-
�x (CP) the effectsof intersymbolinterference(ISI)
are completelysuppressed.However, in scenarios
wherethe transmitterand/orreceiver move at a very
high velocity, e.g.in caseof high-speedtrainsor air-
planes,OFDM shows its sensitivity to the Doppler
effect: Dueto theshifting andwideningof thespec-
trum of each subcarrierby the so called Doppler
spread,the orthogonalityof the subchannelsis vi-
olated. This leadsto intercarrierinterference(ICI)
which can strongly degradethe overall systemper-
formance[1], [2].

The shifting of the subcarrierspectracanbe cor-
rectedby oneof thenumerouscarrierfrequency offset

(CFO)estimationandcorrectionalgorithmsfoundin
theliterature,e.g.[3], [4], andthereforeis notcovered
in this paper. Instead,we focuson thesuppressionof
ICI resultingfrom thewideningof thespectrum.For
thefollowingconsiderationsweassumethatthechan-
nel coef�cients areperfectlyestimatedat eachtime.
On that condition a straightforward solution would
bea minimummeansquareerror (MMSE) equaliza-
tion of all subcarriersat the sametime. The draw-
backof this methodis the largecomputationaleffort
dueto theinversionof thechannelinterferencematrix
whosesizeincreasesquadraticallywith thenumberof
subcarriers.In [2] anapproachwith lowercomplexity
is proposed,wherethechannelinterferencematrix is
decomposedinto submatriceswhich areinvertedre-
cursively.

In orderto improvetheBERwhile still keepingthe
complexity low, anMMSE decision-feedbackequal-
izer (DFE)approachis presentedin [2], which is also
basedon a recursive submatrixinversion. The per-
formanceof this methodcouldbestronglyimproved
if the decisionorder was sortedon the basisof the
SINR for eachsubcarrier. In [5], a similar prob-
lem, the layer detectionof a BLAST architecture,
wasef�ciently solvedby performinga sortedQR de-
composition(SQRD) of the multiple input multiple
output (MIMO) channelmatrix with respectto the
MMSE criterion. In the presentedpaper, we there-
forestudytheapplicationof thissuccessivedetection
structurefor the ICI cancellationin an OFDM sys-
tem and demonstrateits performancegain over the
low-complexity MMSE andMMSE-DFEtechniques
presentedin [2]. Additionally, we derive a novel
approachperforminga blockwiseMMSE-SQRDof
thechannelinterferencematrix in orderto reducethe
computationalcomplexity signi�cantly.



Thepaperis organizedasfollows: SectionII deals
with the descriptionof the OFDM systemand sec-
tion III with ICI suppressionby recursive MMSE
andMMSE-DFEsolutions.In sectionIV we present
our novel approachof ICI cancellationbasedon the
MMSE-SQRD of the channel interferencematrix.
SectionV comprisesthe simulation results for the
comparisonof thealgorithms,followedby a conclu-
sionof thepaperin sectionVI.

I I . SYSTEM DESCRIPTION INCLUDING DOPPLER

EFFECTS

We considera conventional OFDM systemwith
N subcarriers,an OFDM core symbol durationTs,
a subcarrierspacingof � f = 1=Ts, and a sam-
pling frequency of f s = N � f . The guard in-
terval (GI) of length Ng=f s is dimensionedlarger
than the maximumchanneldelay � max in order to
avoid ISI. Applying the (N � N ) discreteFourier
transform(DFT) matrix F containingthe elements1

F(�; � ) := 1=
p

N � exp(� j 2� �� =N ), andde�ning
a vectorcomprisingthesourcesymbolsin frequency
domaind := [d0; :::; dN � 1]T , thetimediscretesignal
at the transmitteroutputs := [s(N � Ng); :::; s(N �
1); s(0); :::; s(N � 1)]T canbewrittenas

s = T gFH d : (1)

The matrix T g = [I T
g ; I N ]T , with I g as the last Ng

rowsof the(N � N ) identitymatrix I N , accomplishes
theinsertionof theGI.

The channel is assumedto have a wide-sense-
stationaryuncorrelated-scattering(WSSUS)charac-
teristic. The time over which the channelcan be
supposedas time-invariant is called coherencetime
tc = 1=f D ;max . It directly dependson themaximum
Dopplerfrequency f D ;max = v0f c=c0, wherev0 de-
notestherelativevelocitybetweentransmitterandre-
ceiver, f c the carrier frequency, andc0 the speedof
light.

In orderto obtainthefrequency responseat thenth
subchannelfor thetimek=f s, thediscretechannelco-
ef�cients h(k; � ), with time index k = tf s anddelay
index � = � f s, are transformedinto frequency do-
main:

~hn (k) =
p

N F(n; 0:L )h(k) (2)

with h(k) := [h(k; 0); :::; h(k; L )]T , and L =
b� max f sc+ 1 astheorderof thechannelimpulsere-
sponse.De�ning ~hn := [~hn (0); :::; ~hn (N � 1)]T we

1Appliednotation:X (a:b;c:d) meansasubmatrixcontaining
therowsa to bandthecolumnsc to d of thematrixX .

can formulatethe impulseresponseof the nth sub-
channelwith diag[F(n; :)H ]~hn aswell asthereceive
signalafterremoving theGI:

r =
N � 1X

n=0

diag
�
F(n; :)H � ~hndn + n ; (3)

where r = [r (0); :::; r (N � 1)]T , while n =
[n(0); :::; n(N � 1)]T denotesadditivewhiteGaussian
noise(AWGN) with a varianceof � 2

n . After perform-
ing theDFT weobtain

x = Fr = Hd + ~n ; (4)

with x := [x0; :::; xN � 1]T . Thechannelinterference
matrixH comprisestheelements

H (m; n) := F(:; m)T diag
�
F(n; :)H � ~hn (5)

and can be interpretedas follows: The elements
in row m representthe signal componentsof each
subcarrierreceived on the mth subchannel.Conse-
quently, columnn de�neshow thesignalcomponents
of thenth subcarrierarespreadover all thesubchan-
nels. Thus, if H is not a strict diagonalmatrix the
receive signal containsICI, which is the caseif the
channelbehavestime-variantwithin theperiodof one
OFDM symbol,i.e. tc < Ts+ Tg.

I I I . ICI SUPPRESSION BASED ON MMSE AND

DECISION FEEDBACK APPROACHES

TheMMSE solutionfor theequalizationof there-
ceivevectorin (4) canbewrittenas

y = (� 2
sH H H + � 2

n I N ) � 1H H x ; (6)

with � 2
s = Efj dn j2g. In caseof a quadratuream-

plitudemodulation(QAM) schemeanadditionalbias
correction

ŷ = diag
�
(H H H + � 2

n I N )(H H H ) � 1�
y (7)

becomesnecessaryin orderto obtainthepropersym-
bol magnitudes.Dependingon the numberof sub-
carriersthe matrix inversionin (6) canbecomevery
complex leadingto a high computationaleffort. Ex-
ploiting the fact that in caseof Doppler spreadthe
major symbol energy of a subcarrieris distributed
over theactualaswell asa few adjacentsubchannels
only, i.e. thechannelmatrix H shows a stronglydia-
gonalcharacteristic,offers several waysof reducing
theequalizationeffort.



In [2] two suchapproachesarepresented.The�rst
oneequalizeseachsubcarrierseparately, basedonthe
evaluationof thenext Q subcarriersin eachfrequency
direction,i.e. the total numberof consideredsubcar-
riersin eachstepis K = 2Q+ 1. Thestartingpoint is
thecreationof a (K � 1) index vector� n containing
the elements� n (� ) := (n � Q + � ) mod N; � =
0; :::; K � 1. With xn := x(� n ), H n := H (� n ; :), and
~nn := ~n(� n ) wecanrewrite (4) as

xn = H nd + ~nn : (8)

On thebasisof (8) theMMSE solutionfor theequal-
izationof thenth subcarrieris

yn =
�
(� 2

sH nH H
n + � 2

n I K ) � 1H n (:; n)
� H

xn : (9)

As the equalizationhasto be performedfor each
subcarrierseparately, the inverseof the (K � K ) co-
variancematrix R n = (� 2

sH nH H
n + � 2

n I K ) from
within theright handsideexpressionof (9) hasto be
calculatedN times.Thecomplexity of this operation
dependson thenumberof involvedsubchannels,thus
thevalueof K representsatradeoff betweenaccuracy
andcomputationaleffort. Dueto thefactthatthema-
tricesR n andR n+1 only differ by removing the�rst
row andappendinganew oneattheend,theinverseof
R n+1 canbe recursively calculatedfrom the inverse
of R n , reducingthetotal computationaleffort for de-
tectingoneOFDM symbolfrom O(N 3), asrequired
for (6), to O(N 2K ) operations[2].

An alternativeapproachto thelinearMMSE detec-
tion is the applicationof a decision-feedbackequal-
izer exploiting the �nite symbol alphabetin order
to improve the equalizationaccuracy. After select-
ing a subcarrierindex � to startwith, e.g.by detect-
ing the column of H offering the largestnorm, the
correspondingsubcarrierx � canbeequalizedaccord-
ing to the MMSE solutionin (9). Then,the remain-
ing subcarriersareequalizedsuccessively in theorder
given by the index vector%containingthe elements
%(� ) := [(� + � ) mod N ]; � = 0; :::; N � 1. In order
to detectthecurrentlyprocessedsubcarrier, thesym-
bols of the previously equalizedsubcarriersare de-
cidedandtheir reconstructedsignalcomponentssub-
tractedfrom thereceivevectorx n de�ned in (8):

x̂n := xn �
� nX

� =0

H n (:; %(� )) d̂%(� ) ; (10)

wherethe symbol d̂n representsthe decisionof yn ,
� n = (n � � � 1) mod N , andn = %(1); :::; %(N � 1).

Provided that all of the previous decisionsareerror-
free, anotherexpressionfor x̂n can be formulated
basedonequation(8):

x̂n = ~H n ~d + ~nn ; (11)

with ~H n = H n (:; %(� n + 1 : N � 1)), and ~d :=
d(%(� n + 1 : N � 1)). This equationcanbesolved
separatelyfor eachsubcarrierin ananalogousmanner
to theMMSE solutionin (9). Thereby, theinverseof
thecovariancematrix again canberecursively calcu-
latedin orderto reducethecomputationaleffort. The
complexity of thisMMSE-DFEapproachis compara-
blewith thebeforepresentedrecursiveMMSE equal-
ization[2].

IV. ICI CANCELLATION BY SORTED QR
DECOMPOSITION

Themajordrawbackof theMMSE-DFEapproach
canbeseenin theprocessingorderof thesubcarriers,
becausethatdoesnot take into accountthereliability
of a symboldecision,which directly dependson the
signal-to-interference-and-noiseratio (SINR) of the
correspondingsubcarrier. In orderto avoid wrongde-
cisionsaswell asresultanterrorpropagation,it is im-
portantto processthe mostreliablesubcarriers�rst.
This problemis very similar to the layerdetectionin
multipleantennasystemsbasedonthewell-known V-
BLAST architecture[6]. The generallyappliedsuc-
cessive interferencecancellationtechniquesearches
for thestrongestlayer, detectsit, andsubtractsits in-
terferencefrom the receive signalbeforeit searches
for thestrongestof theremaininglayerswhich is pro-
cessednext. For this purpose,a very ef�cient algo-
rithm calledMMSE-SQRDwaspresentedin [5]. In
thefollowing, we will adaptthis techniqueto theICI
cancellationin high Doppler environmentsand fur-
thermorederive a low-complexity versionexploiting
thestrongdiagonalcharacteristicof thechannelma-
trix H .

De�ning a (2N � N ) extendedchannelmatrix
H :=

�
H T � n I N

� T aswell asan extendedreceive

vectorx :=
�
xT 01;N

� T the MMSE solution in (6)
canberewrittenas

y = (� 2
sH H H ) � 1H H x : (12)

PerformingaQRdecompositionof H weobtain

H =
�

H
� n I N

�
= QR =

�
Q1

Q2

�
R ; (13)



wheretheunitarymatrixQ is partitionedinto thetwo
(N � N ) matricesQ1 andQ2, while R denotesan
(N � N ) uppertriangularmatrix. From(13)directly
follows QH H = QH

1 H + � nQH
2 = R and� n I N =

Q2R ; i.e. R � 1 = Q2=� n : Togetherwith (4), this
leadsto theexpressionfor the�ltered receivevector

~x := QH x = QH
1 x = R d � � nQH

2 d + QH
1 ~n (14)

with ~x = [~x0; :::; ~xN � 1]T . Neglecting the remain-
ing interference� � nQH

2 d aswell asthe noiseterm
QH

1 ~n, thenth elementof ~x canbewrittenas

~xn = R (n; n)dn +
NX

� = n+1

R (n; � )d� ; (15)

becauseof the triangular structureof R . Conse-
quently, startingfrom thelastrow, thesubcarrierscan
beequalizedsuccessively by subtractingtheinterfer-
encefrom thepreviouslydecidedones:

yn = 1=R (n; n)

0

@~xn �
NX

� = n+1

R (n; � )d̂�

1

A ;

(16)
whered̂n denotesthesymboldecisionbasedonyn .

As alreadymentioned,theprocessingorderof the
subcarriersis crucial for a successfulinterference
cancellation.Therefore,prior to eachorthogonaliza-
tion step,i.e. calculatingthe next columnof Q and
next row of R in (13), thecolumnsof H arepermu-
tatedin suchaway, thatthemagnitudeof thediagonal
elementsR (n0; n0) increaseswith n0 [5]. This proce-
dureaimsat maximizingthe SINR of the equalized
subcarriersbelongingto thebottomrowsof R , which
are processed�rst in (16). However, the MMSE-
SQRDapproachdoesnotalwaysleadto theoptimum
detectionorder. Thiscanonly beassuredby applying
a subsequentpost-sortingalgorithm, also presented
in [5], but at the cost of a slightly highercomputa-
tional effort. The complexity of the MMSE-SQRD
with O(N 3) perOFDM symbolis comparableto the
conventionalMMSE solutionin (6).

As in the last section,the strongdiagonalcharac-
teristicof thechannelmatrixH motivatesareduction
of the computationalcomplexity. In the following,
we presenta novel approachwherethe matrix H is
divided into J submatricesof equalsize,so that the
ICI canbecancelledblockwisebyamodi�ed MMSE-
SQRD.Let P := N=J be thenumberof subcarriers
to be equalizedin eachblock. This valueobviously
limits the numberof possiblesubchannelpermuta-
tions and,on the otherhand,the sizeof the subma-
trices, i.e the computationaleffort, for eachSQRD

cycle. Thus,theparameterJ representsa tradeoff be-
tweentheaccuracy andthecomplexity of theequal-
ization.

The block to be processedin the �rst SQRD cy-
cle canbe determinedby searchinga setof P con-
secutive subchannelswith the greatestaveragecol-
umn norm in H . With � 0 denotingthe index of the
�rst subcarrierof this block, the index vector� 0 :=
[(� 0� Q)modN; :::; (� 0+ P+ Q� 1)modN ]T de�nes
the corresponding((P + 2Q) � (P + 2Q)) subma-
trix H 0 := H (� 0; � 0). As in the last section,the
parameterQ denotesthe numberof consideredsub-
carriersto bothsidesof theprocessedblock, in order
to canceltheir ICI especiallyat thesubchannelsin the
borderareaof thisblock.

Analogousto (13),asortedQRdecomposition

H 0 =
�

H 0

� n I P +2 Q

�
= Q

0
R 0 =

�
Q0;1

Q0;2

�
R 0

(17)
is performed, where the columns of H 0 are per-
mutatedin such a way, that the diagonalelements
R 0(n; n) belonging to the �rst Q as well as the
last Q subcarriersof the submatrixare arrangedto
the top of R 0 without a specialordering. The re-
mainingP columnsaresortedaccordingto the full
MMSE-SQRDapproachand make up the P lower
rows of R 0. This assuresthat by orthogonalization
the correspondingsubcarrierswith indices � 0

0 :=
[� 0(Q + 1); :::; � 0(Q + P)]T are freed from ICI of
the other ones. In the subsequentequalizationpro-
cessonly thosesubcarriersareprocessedanalogous
to (16), i.e. the elementsy� 0

0 (1) ; :::; y� 0
0 (P ) detected.

Finally, thesearedecidedandtheir reconstructedsig-
nal componentssubtractedfrom thereceivevector:

x̂0 = x � d̂� 0
0
H (:; � 0

0) (18)

The secondcycle is intendedfor equalizing the
next block of P subcarriersstartingwith index � 1 =
� 0 + P. Consequently, the vector � 1 := [(� 1 �
Q)modN; :::; (� 1 + P + Q � 1)modN ]T contains
the indices of the consideredrows of the chan-
nel matrix H . Becausethe ICI from the preced-
ing P subcarriershas alreadybeencancelledfrom
the receive vector, the correspondingcolumnsof H
can be neglected. SupposingP � Q, we ob-
tain the ((P + 2Q) � (P + Q)) submatrixH 1 :=
H (� 1; � 1(P + 1 : 2P + Q)) . While performing
the sortedQR decomposition,the columnsof H 1

areagain rearrangedin sucha way, that the rows of
R 1 representingthelastQ consideredsubcarrierscan
be found at the top of R 1, while the P subcarriers



which areintendedto be equalizedwithin this cycle
aresortedat thebottom.After their detection,there-
constructedsignalis alsosubtractedfrom thereceive
vector. Thus,weobtain

x̂1 = x̂0 � d̂� 0
1
H (:; � 0

1) ; (19)

whichcanbeevaluatedin thesubsequentcycle.
Thisprocedureis repeateduntil all J blocksof sub-

carriersare equalized. The resultingcomputational
effort canberatedwith O

�
J (P + 2Q)3

�
. In caseof

anoptimizedadjustmentof theparametersP andQ,
this leadsto an extremecomplexity reductioncom-
paredto the O(N 3) operationsof the full MMSE-
SQRDapproach.

V. SIMULATION RESULTS

In this section, we presenta performancecom-
parisonof the before introducedfrequency domain
equalizationtechniquesfor cancellingICI causedby
Dopplerspread.Our simulatedtransmissionscenario
comprisesan OFDM systemwith N = 64 subcar-
riers, a samplingfrequency of f s = 20MHz, and
a carrier frequency of f c = 60GHz. The chan-
nel coef�cients were randomlycreatedaccordingto
a10-tapRayleigh-fadingchannelmodel.Therelative
velocity betweentransmitterandreceiver wasset to
v0 = 600m=s resultingin a maximumDopplerfre-
quency of f D ;max = 120kHz. That correspondsto
approx.40%of thecarrierspacing� f = 312:5kHz.
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Fig. 1. Bit error rates: Comparisonof ICI suppressiontech-
niquesfor QPSK-modulatedsubcarriers

The obtained bit error rates (BER) in case of
QPSK-modulatedsubcarriersarepresentedin Fig. 1.
At a BER of 10� 4 the standard('MMSE') as well
as the low-complexity successive ('succ. MMSE')

MMSE approachesshow a loss of approx.2 dB in
Eb=N0 comparedto theDoppler-freecase.TheBER
of the latter representsa lower bound that cannot
be reached,even with the optimum performanceof
a maximum likelihood detector. Surprisingly, the
MMSE-DFEtechniqueperforms1 dB worsethanthe
MMSE approaches.Thecauseof thatlossis thesub-
optimumprocessingorderof the subcarriers,which
leadsto wrong decisionsandtherebyprovoked con-
secutiveerrors.

In contrast,theMMSE-SQRDalgorithmwith post-
sorting('SQRD') assurestheoptimumprocessingor-
der, resultingin a performancecloseto theDoppler-
free caseandat a BER of 10� 4 nearly1.5 dB better
thantheMMSE approaches.For thecostof only 0.5
dB, the applicationof the successive MMSE-SQRD
technique('succ.SQRD'), with J = 8 blocks and
Q = 8 additionally consideredsubcarriersto each
sideof a block, signi�cantly reducesthecomplexity,
comparableto the computationaleffort of the low-
complexity MMSE approach.

VI . CONCLUSIONS

In the presentedpaper, we adaptedthe sortedQR
decompositionfor cancellingintercarrierinterference
causedby Doppler spread. We also derived a low-
complexity versionbasedon a successive processing
of subblocksinsteadof equalizinga whole OFDM
symbolat once.Both novel approachesshow a supe-
rior performanceoverexistingMMSE andDFEtech-
niques,aswedemonstratedin oursimulationresults.
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