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

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

. INTRODUCTION

The orthogonal frequeny division multiplexing
(OFDM) is avery populartransmissioriechniqueor
frequeng selectve multipathchannelslueto thesig-
ni cantly simpli ed equalizationprocesscompared
to an equialent single carrier systemin the same
ervironment. Provided that the delay spreadof the
channeldoesnot exceedthe lengthof the cyclic pre-
X (CP)the effectsof intersymbolinterferencgISI)
are completely suppressed.However, in scenarios
wherethe transmitterand/orrecever move at a very
high velocity, e.g.in caseof high-speedrainsor air-
planes,OFDM shaws its sensitvity to the Doppler
effect: Dueto the shifting andwideningof the spec-
trum of each subcarrierby the so called Doppler
spread,the orthogonality of the subchannelss vi-
olated. This leadsto intercarrierinterference(ICI)
which can strongly degradethe overall systemper
formancd1], [2].

The shifting of the subcarrierspectracan be cor
rectedby oneof thenumerougarrierfrequeng offset

(CFO) estimationandcorrectionalgorithmsfoundin

theliterature e.g.[3], [4], andtherefords notcovered
in this paper Insteadwe focuson the suppressiomf

ICI resultingfrom the wideningof the spectrum.For

thefollowing considerations/e assuméhatthechan-
nel coefcients are perfectly estimatedat eachtime.

On that condition a straightforvard solution would

be a minimum meansquareerror (MMSE) equaliza-
tion of all subcarriersat the sametime. The draw-

backof this methodis the large computationakffort

dueto theinversionof thechannelinterferencenatrix
whosesizeincreaseguadraticallywith thenumberof

subcarriersin [2] anapproactwith lowercompleity

is proposedwherethe channelinterferencematrixis

decomposedhto submatricesvhich areinvertedre-

cursiely.

In orderto improve the BER while still keepingthe
compl«ity low, an MMSE decision-feedbackqual-
izer (DFE) approachs presentedh [2], whichis also
basedon a recursve submatrixinversion. The per
formanceof this methodcould be stronglyimproved
if the decisionorderwas 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 presentecaper we there-
fore studythe applicationof this successie detection
structurefor the ICI cancellationin an OFDM sys-
tem and demonstratdts performancegain over the
low-compleity MMSE and MMSE-DFE techniques
presentedn [2]. Additionally, we derive a novel
approachperforminga blockwise MMSE-SQRD of
thechannelnterferencematrixin orderto reducethe
computationatompleity signi cantly.



The paperis organizedasfollows: Sectionll deals
with the descriptionof the OFDM systemand sec-
tion Il with ICI suppressiorby recursve MMSE
andMMSE-DFE solutions.In sectionlV we present
our novel approachof ICI cancellationbasedon the
MMSE-SQRD of the channelinterferencematrix.
SectionV comprisesthe simulation resultsfor the
comparisorof the algorithms,followed by a conclu-
sionof thepaperin sectionVI.

1. SYSTEM DESCRIPTION INCLUDING DOPPLER
EFFECTS

We considera corventional OFDM systemwith
N subcarriersan OFDM core symbol durationTs,
a subcarrierspacingof f = 1=Ts, and a sam-
pling frequeny of f¢ = N f. The guardin-
tenal (Gl) of length Ng=fs is dimensionedarger
than the maximum channeldelay max in orderto
avoid ISI. Applying the (N N) discreteFourier
transform(DF'lp') matrix F containingthe element$
F(; )=1= N exp( j2 =N), andde ning
avectorcomprisingthe sourcesymbolsin frequeny
domaind := [do;:::;dn 1]T,thetimediscret&eignal
atthe transmitteroutputs := [sS(N  Ng);::;; S(N
1);s(0);::;;s(N 1)]" canbewrittenas

s=TgF"d: 1)
Thematrix T = [I§;In]", with 1§ asthelastNg
rowsofthe(N N) identity matrix|y , accomplishes
theinsertionof the Gl.

The channelis assumedto have a wide-sense-
stationaryuncorrelated-scatteringVSSUS) charac-
teristic. The time over which the channelcan be
supposedas time-invariantis called coherencdime
tc = 1=fp.max - It directly dependon the maximum
Dopplerfrequeny fp:max = Vof c=G, wherevg de-
notestherelative velocity betweertransmitterandre-
cevwer, f¢ the carrierfrequeng, and cy the speedof
light.

In orderto obtainthefrequeng responsatthenth
subchanndior thetime k=f g, thediscretechanneko-
efcients h(k; ), with timeindex k = tf ¢ anddelay

index = fg, aretransformednto frequeny do-
main: p_

An(k) = NF(n;0:L)h(k) 2
with h(k) := [h(k;0);::;h(k;L)]T, and L =

b max f sC+ 1 asthe orderof the channelimpulsere-
sponseDe ning i, := [M,(0);::;AR(N 1)]7 we

! Applied notation: X (a:b;c:d) meansasubmatrixcontaining
therows a to bandthe columnsc to d of thematrix X .

canformulatethe impulseresponseof the nth sub-
channewith diag[F (n; ;)" ], aswell asthereceve
signalafterremoving the Gl:

g 1
r= diag F(n; )" hada+ n; (3)

n=0
wherer = [r(0);:5r (N D]7, while n =

[N(0);:::;n(N 1)]" denotesadditive white Gaussian
noise(AWGN) with avarianceof 2. After perform-
ing the DFT we obtain
X =Fr=Hd + r; 4)

with X := [xo; ;XN 1]T. Thechannelnterference
matrix H comprisegheelements

H(m;n):= F(:;m)Tdiag F(n;)" iy (5)
and can be interpretedas follows: The elements
in row m representhe signal componentsf each
subcarrierreceived on the mth subchannel.Conse-
quently columnn de neshow thesignalcomponents
of the nth subcarriemarespreadover all the subchan-
nels. Thus,if H is not a strict diagonalmatrix the
receve signal containsICI, which is the caseif the
channebehaestime-variantwithin the periodof one
OFDM symbol,i.e.t¢ < Ts+ Tg.

[1l. ICl SUPPRESSION BASED ON MM SE AND
DECISION FEEDBACK APPROACHES

The MMSE solutionfor the equalizatiorof there-
ceive vectorin (4) canbewritten as
y=(H"H+ Jiy) *H'% (8)
with 2 = Efjdsj?g. In caseof a quadratuream-
plitude modulation(QAM) schemenadditionalbias
correction
g =diag (H"H+ ZIn)(HTH) Yy (@)
becomesecessarin orderto obtainthe propersym-
bol magnitudes. Dependingon the numberof sub-
carriersthe matrix inversionin (6) canbecomevery
comple leadingto a high computationakffort. Ex-
ploiting the fact that in caseof Doppler spreadthe
major symbol enegy of a subcarrieris distributed
over theactualaswell asa few adjacensubchannels
only, i.e.thechannelmatrix H shaws a stronglydia-
gonal characteristicpffers several ways of reducing
the equalizatioreffort.



In [2] two suchapproachearepresentedThe rst
oneequalizegachsubcarriesseparatelypasednthe
evaluationof thenext Q subcarriersn eachfrequeng
direction,i.e. the total numberof consideredsubcar-
riersin eachstepis K = 2Q+ 1. Thestartingpointis
the creationof a (K 1) index vector ,, containing
theelements ,( ) = (n Q+ )modN; =
0;:: K 1 Withxp :== x( ,),Hn:=H( ,;:),and
iy = /() wecanrewrite (4) as

Xn=Hnpd+ Ap: (8)
Onthebasisof (8) the MMSE solutionfor theequal-
izationof thenth subcarrieiis

H
yn= ( ZHoHE + 21¢) Ha(n) " xn: (9)

As the equalizationhasto be performedfor each
subcarrierseparatelythe inverseof the (K K)) co-
variancematrix R, = ( 2H HH + 21¢) from
within the right handsideexpressiorof (9) hasto be
calculatedN times. Thecomplity of this operation
depend®nthe numberof involvedsubchannelghus
thevalueof K representatradeof betweeraccurag
andcomputationakffort. Dueto thefactthatthema-
tricesR, andR n+1 only differ by remaving the rst
row andappending@new oneattheend,theinverseof
Rn+1 canberecursvely calculatedirom the inverse
of Ry, reducingthetotal computationaéffort for de-
tectingone OFDM symbolfrom O(N 2), asrequired
for (6),to O(N 2K ) operationg2].

An alternatve approactio thelinearMMSE detec-
tion is the applicationof a decision-feedbackqual-
izer exploiting the nite symbol alphabetin order
to improve the equalizationaccurag. After select-
ing a subcarrieindex to startwith, e.g.by detect-
ing the columnof H offering the largestnorm, the
correspondingubcarriex canbeequalizedaccord-
ing to the MMSE solutionin (9). Then,the remain-
ing subcarrierareequalizedsuccessiely in theorder
given by the index vector %containingthe elements
% )=[( + )modN]; =0;::;;N 1. Inorder
to detectthe currentlyprocessedubcarrierthe sym-
bols of the previously equalizedsubcarriersare de-
cidedandtheir reconstructedignalcomponentsub-
tractedfrom thereceve vectorx, de nedin (8):

Xn
Hn(: % )y y;

=0

Ry = Xp (20)

wherethe symbol dn representshe decisionof yy,
n=1(n 1)modN, andn = %1);::;; %N 1).

Provided thatall of the previous decisionsare error
free, anotherexpressionfor &, can be formulated
basedn equation(8):

Rn= Hyd+ By (12)
with H, = H(; % +1: N 1)), andd =
d(%4 »+ 1: N 1)). Thisequationcanbe solved
separatelyor eachsubcarriein ananalogousnanner
to the MMSE solutionin (9). Therebytheinverseof
the covariancematrix again canberecursvely calcu-
latedin orderto reducethe computationakffort. The
compleity of thisMMSE-DFEapproachs compara-
ble with thebeforepresentedecursve MMSE equal-
ization[2].

IV. ICl CANCELLATION BY SORTED QR
DECOMPOSITION

The majordravbackof the MMSE-DFE approach
canbeseenin theprocessingrderof thesubcarriers,
becaus¢hatdoesnottake into accounthereliability
of a symboldecision,which directly dependsn the
signal-to-interference-and-noisatio (SINR) of the
correspondingubcarrierin orderto avoid wrongde-
cisionsaswell asresultanerrorpropagtion,it is im-
portantto processhe mostreliable subcarriersrst.
This problemis very similar to the layer detectionin
multiple antennaystemsasednthewell-knowvn V-
BLAST architecturg6]. The generallyappliedsuc-
cessve interferencecancellationtechniquesearches
for the strongestayer, detectst, andsubtractsts in-
terferencefrom the receve signal beforeit searches
for the strongesof theremaininglayerswhichis pro-
cessedhext. For this purposea very ef cient algo-
rithm called MMSE-SQRDwaspresentedn [5]. In
thefollowing, we will adaptthis techniqueto theICI
cancellationin high Doppler environmentsand fur-
thermorederive a low-compleity versionexploiting
the strongdiagonalcharacteristiof the channelma-
trix H.

De ning a (2N N) extendedchannelmatrix
H:= HT ,ly T aswell asan extendedreceie

vectorx := xT Opy | the MMSE solutionin (6)
canberewritten as

y=( 2H"H) H"x: (12)

Performinga QR decompositiorof H we obtain

H Q1

H= o TR o

R; (13



wherethe unitarymatrix Q is partitionedinto thetwo
(N N) matricesQ1 aFsz, while R denotesan
(N N) uppertriangularmatrix. From(13) directly
followsQ"H = QYH + QY =R and Iy =
QsR;ie.R ! = Qy= ,: Togetherwith (4), this
leadsto theexpressiorfor the Itered receve vector

x:=Q"x=Qf'x=Rd .QYd+QYn (14)

with ¥ = [xo; ;%8 1]7. Neglecting the remain-
ing interference QY d aswell asthe noiseterm
Q! m, thenth elemenbf x canbewritten as

*n = R(n;n)d, + R(n; )d ;

=n+1l

(15)

becauseof the triangular structureof R. Conse-
guently startingfrom thelastrow, the subcarriergan
be equalizedsuccessiely by subtractinghe interfer

encefrom the previously decidedones:
0 1

R(n; )4 A

=n+l

Yn = 1=R(n; n) @X'n

(16)
whered, denoteghesymboldecisionbasedny,,.

As alreadymentionedthe processingrderof 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), the columnsof H arepermu-
tatedin suchaway, thatthemagnitudeof thediagonal
elementR (n® nY increasesvith n°[5]. This proce-
dure aims at maximizingthe SINR of the equalized
subcarrierbelongingto thebottomrows of R, which
are processedrst in (16). However, the MMSE-
SQRDapproachdoesnotalwaysleadto theoptimum
detectiornorder This canonly beassuredy applying
a subsequenpost-sortingalgorithm, also presented
in [5], but at the cost of a slightly higher computa-
tional effort. The compl«ity of the MMSE-SQRD
with O(N 3) per OFDM symbolis comparabléo the
corventionalMMSE solutionin (6).

As in the last section,the strongdiagonalcharac-
teristicof thechannematrixH motivatesareduction
of the computationalcompleity. In the following,
we presenta novel approachwherethe matrix H is
dividedinto J submatrice®f equalsize,sothatthe
ICI canbecancelledlockwiseby amodi ed MMSE-
SQRD.Let P := N=J bethe numberof subcarriers
to be equalizedn eachblock. This value olbviously
limits the numberof possiblesubchannepermuta-
tions and, on the other hand,the size of the subma-
trices, i.e the computationalkeffort, for eachSQRD

cycle. Thus,theparameted representatradeof be-
tweenthe accurag andthe compleity of the equal-
ization.

The block to be processedn the rst SQRD cy-
cle canbe determinedby searchinga setof P con-
secutve subchannelsvith the greatestaveragecol-
umnnormin H. With ¢ denotingthe index of the
rst subcarrierof this block, theindex vector ¢ :=
[( 0 QmModN;::;( o+P+Q 1)modN]" de nes
the corresponding(P + 2Q) (P + 2Q)) subma-
trix Ho := H( o; o). Asin thelastsection,the
parameteiQ denoteshe numberof consideredsub-
carriersto bothsidesof the processedblock, in order
to canceltheir ICI especiallyatthesubchannels the
borderareaof this block.

Analogougo (13), a sortedQR decomposition

Qo1
Qo;2

Ho

Ho= |
nlP+2Q

Ro

17)
is performed, where the columnsof Hg are per
mutatedin sucha way, that the diagonalelements
Ro(n; n) belongingto the rst Q as well as the
last Q subcarriersof the submatrixare arrangedto
the top of R, without a specialordering. The re-
maining P columnsare sortedaccordingto the full
MMSE-SQRD approachand make up the P lower
rows of Ry. This assureghat by orthogonalization
the correspondingsubcarrierswith indices § :=
[ o(Q+ 1) o(Q+ P)]" arefreedfrom ICI of
the otherones. In the subsequenéqualizationpro-
cessonly thosesubcarriersare processe@nalogous
to (16), i.e. the elementsy o;y; 1y 9(p) detected.
Finally, thesearedecidedandtheir reconstructedig-
nal componentsubtractedrom thereceve vector:

= QORO =

Ro=x dgH(; §) (18)
The secondcycle is intendedfor equalizingthe
next block of P subcarrierstartingwith index 1 =
o + P. Consequentlythe vector ; = [( 1
Q)modN;::;;( 1+ P+ Q 1)modN]" contains
the indices of the consideredrows of the chan-
nel matrix H. Becausethe ICI from the preced-
ing P subcarriershas alreadybeencancelledfrom
the receve vector the correspondingolumnsof H
can be ngylected. SupposingP Q, we ob-
tain the (P + 2Q) (P + Q)) submatrixH, :=
H( 1; 12(P+ 1: 2P + Q)). While performing
the sorted QR decomposition,the columnsof H;
areagain rearrangedn sucha way, that the rows of
R representinghelastQ consideredgubcarriergan
be found at the top of R ;, while the P subcarriers



which areintendedto be equalizedwithin this cycle
aresortedat the bottom. After their detectionthere-
constructedignalis alsosubtractedrom thereceve
vector Thus,we obtain
R1=% doH(EG D; (19)

which canbe evaluatedn the subsequentycle.

Thisproceduras repeatedintil all J blocksof sub-
carriersare equalized. The resultingcomputational
effort canberatedwith O J(P + 2Q)2 . In caseof
anoptimizedadjustmenof the parameter® andQ,
this leadsto an extreme compleity reductioncom-
paredto the O(N 3) operationsof the full MMSE-
SQRDapproach.

V. SIMULATION RESULTS

In this section, we presenta performancecom-
parisonof the beforeintroducedfrequeny domain
equalizationtechniquedor cancellingICl causedby
Dopplerspread Our simulatedransmissiorscenario

comprisesan OFDM systemwith N = 64 subcar
riers, a samplingfrequeng of fs = 20MHz, and
a carrier frequeng of f, = 60GHz. The chan-

nel coefcients were randomlycreatedaccordingto
a10-tapRayleigh-adingchanneimodel. Therelative
velocity betweentransmitterand recever was setto
Vo = 600ms=s resultingin a maximumDopplerfre-
queny of fp:max = 120kHz. Thatcorrespondso
approx.40%of thecarrierspacing f = 3125kHz.
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Fig. 1. Bit errorrates: Comparisonof ICI suppressiortech-

niguesfor QPSK-modulatedubcarriers

The obtained bit error rates (BER) in case of
QPSK-modulatedubcarriersarepresentedn Fig. 1.
At a BER of 10 4 the standard'MMSE') as well
as the low-compleity successie (‘succ. MMSE")

MMSE approacheshowv a loss of approx.2 dB in
Epr=No comparedo the Dopplerfreecase.The BER
of the latter representsa lower bound that cannot
be reachedeven with the optimum performanceof
a maximum likelihood detector Surprisingly the
MMSE-DFEtechniqugperformsl dB worsethanthe
MMSE approachesThe causeof thatlossis the sub-
optimum processingprder of the subcarrierswhich
leadsto wrong decisionsandtherebyprovoked con-
secutve errors.

In contrasttheMMSE-SQRDalgorithmwith post-
sorting('SQRD") assureshe optimumprocessingr-
der, resultingin a performancecloseto the Doppler
free caseandata BER of 10 # nearly1.5dB better
thanthe MMSE approacheskor the costof only 0.5
dB, the applicationof the successie MMSE-SQRD
technique(‘'succ. SQRD"), with J = 8 blocks and
Q = 8 additionally consideredsubcarrierso each
sideof a block, signi cantly reduceghe compl«ity,
comparableto the computationaleffort of the low-
compleity MMSE approach.

V1. CONCLUSIONS

In the presentedaper we adaptedhe sortedQR
decompositiorior cancellingintercarrierinterference
causedby Doppler spread. We also derived a low-
compleity versionbasedon a successie processing
of subblocksinsteadof equalizinga whole OFDM
symbolat once.Both novel approacheshav a supe-
rior performancever existing MMSE andDFE tech-
nigues,aswe demonstrate¢h our simulationresults.
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