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Abstract—
In an attempt to improve the performance under frequency

selective fading environment, we propose in this paper an
Orthogonal-Frequency-Division-Multiple-Access(OFDM) systemin
which MTCM (Multiple Trellis Coded Modulation) is applied to a
set of multiple subcarriers. The code is designedto enlarge the
summationof the Euclidean distanceand the product distance. We
alsoproposea schemefor assigningthe symbolsto subcarriers adap-
tively basedonthechannelstateinformation (CSI) fedback from the
receptionreceiveend,and evaluatethe performance applying these
two codesand the proposed schemeunder a multipath Rayleigh
fading environment.

I. IN� TRODU
�

CTION
�

Recently, Orthogonal-Frequency-Division-Multiplex
(OFDM) systemshave grown into becomingsuch im-
portantalternativesfor wirelesscommunications.Many
advantages,such as high efficiency of band-widthand
robustnessagainstmultipath fading, havebeenreported.
Also in OFDM systems,the inter-symbol interference
(ISI), dueto multipath,canbereducedby theinsertionof
aguardintervalbeforeeachtransmittedblock. However,
itsperformanceis limited dueto thebadlyattenuatedsub-
carrierscausedby frequencyselectivefading. Therefore,
it is importantto developschemestocopewith thisdeteri-
oration. A frequencyinterleavingtechniqueincorporated
with a forward error correctingcode(FEC) may be an
effectivewayto reducethisdegradation.In thispaper,we
investigatethe performanceof OFDM systemsemploy-
ing multiple trellis codedmodulation(MTCM) undera
frequencyselectivefadingenvironment.

Trellis Coded Modulation (TCM) was proposedby
Ungerboeck[1], and investigatedby Wei, Calderbank,
Sloaneand Benedetto[2], [3]. Ungerboeckextended
the TCM to multidimensionalcodes. The procedureof
set partitioning is basedon the conceptprescribingthe
Euclideandistanceand maximizing the minimum free
Euclideandistancebetweencode words. Enlargement
of the Euclideandistancebetweencode words is most
effectivein thepresenceof only additivewhite Gaussian
noise (AWGN). After this work, Divsalar and Simon
proposeda new set partitioning method [7]. The set
partitioningof MTCM is performedin multidimensional
signals.It enablesto assignall pairsof MPSKsymbolsto
differentpositionsin theparallelbranch.

In [5]–[7], theMTCM is performedto successivesym-
bolsin time domain. It is knownthat thesetpartitioning
methodwhich enlargesa productof the Euclideandis-
tanceis robust againstrapidly varying fading. In the
MTCM codedOFDM system,the coding is performed
to successivesymbolsin frequencydomainand the set
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Fig. 1. MTCM codedOFDM system.

partitioning is applied to the pair of subcarriers. If we
usetheMTCM with thesetpartitioningmethodproposed
by Divsalar, we have improvementof performanceby
interleavingadaptivelyin accordancewith achannelstate
information(CSI).

The paperis organizedas follows. After describing
theMTCM codedOFDM systemin thefollowing section,
the proposedadaptiveinterleavingschemesis developed
in Section III. In Section IV, the effect of frequency
selectivefading is analyzed. The performanceof the
proposedthe systemis discussedin SectionV through
numericalexamples. And finally, our conclusionsare
drawnin SectionVI.

II. S
�

YSTEM DESCRIPTION
�

TheMTCM codedOFDM systemis modeledasshown
in Fig. 1. At the transmitter, the input data is coded
by an MTCM encoder,convolutionallywith a coderate	

. The coded-bitsare mappedinto multiple complex-
valuedsignalpoints,whichwereferhereaspairsymbols.
The output symbolsof the MTCM encoderare fed to
a serial-to-parallelconverter(S/P),which convertsthem
into 
 low-speedsymbols: �� 0 � � 1 � � 2 ��������� ����� 1 � , each
of duration��� . Then,afrequencyinterleaver( ����� ) assigns
thesymbolsto eachof thesubcarriers,a fact that reduces
the influenceof error bursts. The interleavedsymbols,
referredtoas �! 0 �  1 �  2 ���������  �"� 1 � , aremodulatedand
summedupbyaninversefastFouriertransform(IFFT) [8].
The modulatedandsummed-upsignal in the equivalent
low-passexpressionis writtenas

# �$%� �'& 1( ) �"� 1* + , 0

 + exp� 2-/.102$) ��� (1)



where � denotesthe samplingperiodand
)

denotesthe
number3 of samples.The signalsarecyclically extended
by a guard interval 4 , followed by a parallel-to-serial
conversion(P/S),beforetransmissionin orderto prevent
ISI causedby multipathspread�%5 . The condition 476� 5 shouldbefulfilled.

The signal affectedby frequencyselectivefading is
received,andsampledwith the samesamplingperiod �
asin thetransmitter. This sampledsignal,which we refer
to as 89�:$%� � , is then fed into an S/P converterand the
guardintervalis removedfrom it. Thenit is fedinto afast
Fouriertransform(FFT) which dividesanddemodulates
it. The demodulatedcomplex-valuedsignal for the 0 -th
subcarrieris:; + & 1( )=< � 1*> , 0

89�:$%� � exp�@? 2-/.�0�$) ��� (2)

arefed into the frequencyde-interleaver( � � 1��� ), andthen
 parallel complex symbols �A 0 � A 1 � A 2 ��������� A �"� 1 � are
obtained. Thesesymbolsarecombinedto a high-speed
symbol sequencewith a P/S converterand fed into an
MTCM decoder. The MTCM decodercomputesthe Eu-
clideandistancebetweenthedemodulatedreceivedsignals
andthe preparedsymbolsat the receptionend. Then, it
decidesthesymbolswhich showtheminimumEuclidean
distancebasedon soft decisionViterbi algorithm,which
resultsin providingabinaryreceiveddatasequence.

III. PROPOSED ADAPTIV
B

E IN
�

TERLEAV
B

IN
�

G

OFDM systemsarerobustagainstmultipathfading,but
someamountof degradationmay still remainbecauseof
clusteringof low-level subcarriers. In the conventional
OFDM systems,symbolsareassignedto subcarrierswith
blockinterleaver. It isknownthatTCM, includingMTCM,
combinedwith interleavinggives betterperformancein
fadingenvironment.Assumingthatthetransmitterknows
perfectlyCSI basedon theinformationfed backfrom the
receptionend,in thefrequencyinterleaver,theprocessof
assigningsymbolsto subcarriersbasedon CSI is more
effectivethanassigningthemrandomly. To reducetheef-
fectof fluctuationamongsubcarriers,causedby frequency
selectivefading,andto avoidclusteringof low-level sub-
carriersat thereceptionend,eachdatasymbol,consisting
of severalbits, is assignedapairof ahigh-levelsubcarrier
andalow-levelsubcarrierfor MTCM. Forsetpartitioning,
we adopt the methodsproposedby Divsalarand Simon
[7].

TheMTCM proposedby DivsalarandSimonarranges
all thesymbolpairsinto differentpositions.This enables
to averagethe power of multiple symbols,by assigning
eachsymbolpair to a low levelandahighlevelsubcarrier
basedon CSI.

In [7], multiple symbols are spannedover the time
domain,in our scheme,we considerto spanthem over
frequencydomain. MTCM signals consistof C sym-
bols,which arecalledmultiplicity coefficients.Theyare
assigned
 separatesubcarriersand are transmittedsi-
multaneouslyin onesymbol interval. Considerthe use
of two PSK symbolsof multiplicity C & 2 and 
 & 8
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Fig. 2. The rule of adaptiveinterleavingin thecaseof 4-Dimensional
signals,thenumberof subcarriersD =8.

subcarriersasareferencesystem.Theruleof constructing
the adaptiveinterleaveris describedas follows, and its
stepsareillustratedin Fig. 2 (caseof 4-D signals,
 & 8).

(1) The receivedpowers of each subcarrier E/F 0G =
( H F 0 G0 � H F 0 G1 ��������� H F 0 G�"� 1) is computed.
( 0 & 0 � 1 ��������� 
 ? 1)

(2) Thevaluesof thereceivedpowersH F 0 G+JI +
aresorted

fromhigh-levelto low-level,andarelabeledasH F 1 G+KI +
suchthat H F 1G+ 6LH F 1 G+�M 1

I +
. ( 0 & 0 � 1 ��������� 
 ? 1)

(3) Thepair E F 2G+ = ( H F 1G+ , H F 1 G�"� + ) is defined.
( 0 & 0 � 1 ��������� 
ON 2 ? 1)

(4) Thepair E F 3G+ = ( E F 2 G+ , E F 2 G�QP 2 � + ) is defined.
( 0 & 0 � 1 ��������� 
ON 4 ? 1)

The adaptiveinterleaving can be given by the inverse



processof adaptivede-interleaving.Therefore,assigning
multipleR symbolsto low-level andhigh-levelsubcarriers
at thetransmitteris achievedby theinverseprocessof the
aboveproceduredescribedin Fig. 2.

IV
S

. PERFORMAN
�

CE AN
�

ALYSIS

The mobile radio channel can be representedas a
linear channelcharacterizedby a time-varyingcomplex
basebandimpulseresponse,

T �VU ; W �X& Y � 1*5 , 0

T 5 �VU ��Z �W ? W 5 ��� (3)

wherethevalue W 5 is referringto thetimeof arrivalat the
receiverof the [ -th pathof \ components,andT 5 �VU �]&_^ 5a`cb�dce � (4)

representsthe time-variantmultipath signal component,
with ^ 5 denoting the attenuationfactor, and f 5 the
carrierphaseof path [ , This canbe characterizedasan
independentzero-meancomplexGaussianprocesswith
variance:

E gih T 5 �iU � h 2 j &lk 25 � (5)

whereE[ � ] denotestheensembleaverage.WeassumethatT �iU ; W � is wide-sensestationaryfor uncorrelatedscattering
[10]. Its auto-correlationfunctionis givenas:m g T%n �VU ; W � T �VU1o_pqU ; ˆW � j & 	sr �pqU ; W �cZ �W ? ˆW ��t (6)

ConsideringpqU & 0 for the slowly fading channel,the
auto-correlationfunction

	ur � 0; W �v& 	sr �W � is simply the
averagepoweroutputof thechannelasafunctionof delay
time. And we have the root meansquare(rms) delay
spread Ww� 5 � , defined as the squareroot of the second
centralmoment[11],

W � 5 � &
xyyyyyyyyz
Y � 1*5 , 0

�W{5 ?K| � 2 k 25Y � 1*5 , 0

k 25 � (7)

where | denotesthe averagedelay, i.e., the centroidof
arrival time delayof eachpath. It is expressedas

| &
} W 	~r �W �c� W} 	"r �W �c� W t (8)

The observedOFDM signal at the receiver can be
writtenas:

89�iU �v& Y � 1*5 , 0

T 5 �VU � # �VU ? W 5 � oJ$��VU ��� (9)

where # �iU � is the transmittedsignal, and $��VU � is the
AWGN with a double-sidedpower spectraldensity of)

0 N 2. Performingthe Fourier transformto equation(9)
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Fig. 3. Signalpoint constellation.

andsquaringit, the receivedpowerof eachsubcarrieris
writtenas

h 	 �:02p�� � h 2 & Y � 1* � , 0

Y � 1*5 , 0

exp� 2-@.�0�p��%W ��� 5 o�-/f ��� 5�� o�$ + �
(10)

where $ + denotesthe componentdue to AWGN on the0 -th subcarrier,p�� & 1N�� � , W �i� 5 & W � ? W{5 and f ��� 5 &f � ? f 5 .
The MTCM decodercomputesthe squaredEuclidean

distancebetweenthedemodulatedreceivedsymbol � and
preparedcodewords,

� 2 ��� � ˆ� ��& *�� h A � ? H
�
ˆ� � h 2 � (11)

andperformsthemaximumlikelihoodsequencedetection
(MLSD) basedon the Viterbi algorithm. H � denotesthe
amplitudeof the � th symbolafterde-interleaving.
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MERICAL EXAMPLES

In this section,the averagebit error rate (BER) per-
formanceof MTCM codedOFDM systems,and that of
our proposedscheme,arepresentedunderthe following
conditions:�

Bit rate: 20 Mbps.�
Thenumberof subcarriers:

)
=48.�

Symbolduration: ��� =4.0 � sec.�
Guardinterval : 4 & 800nsec.�
Constraintlength: � =3.

Let usconsiderthetwo setpartitioningmethodsenlarg-
ing thesummationandtheproductof Euclideandistances
proposedin [4] and [7], respectively. we usetheseset
partitioningschemesto be performedin two 8PSKsym-
bols. To studythe effectsof frequencyselectivefading,
we usetheequalamplitudeslowly varying2-pathprofile
channelmodel(i.e. \ & 2) with synchronouslyreceived
signals. The amplitudê 5 of eachpathis subjectto the
uncorrelatedRayleighfadingwith meanvalue k 25 & 1N 2.
However the receivedpower of eachsubcarrieris not
independentof the adjacentsubcarriers.We assumethat
the relative arrival time delay betweenthe first and the
secondpath: W 0 ? W 1, isarandomvariablethatisuniformly
distributedin [0, 4 ).
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Using the set partitioning methodwhich enlargesthe
summationof Euclideandistance,thesymbolsassignedto
eachbranchareexpressedas:
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The numbersin the abovesetsare denotingthe 8PSK
symbolnumbershownin Fig. 3. Eachsetconsistsof 4
multiple symbols,so in the caseof 4 stateMTCM, each
branchhas4 parallel paths. Using the set partitioning
methodwhich enlargesthe productof the Euclideandis-
tance,the symbolsassignedto eachpath are expressed
as:
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Figure 4 showsa 4 statetrellis diagramusing these
set partitioning methods. The characterof each path
is showinga set in the equationsof (12) and (13). In
the simulation, it is assumedthat the lengthof the path
memoryis 120 multiple symbolswhich is similar to the
packetlength, that the attenuationfactor ^ 5 retainsthe
samevalue throughoutonepacket,andthat the receiver
has a perfect channelestimation. The interleaving is
performedin oneOFDM symbol.

10

10

10

10

1

0 5 10 15 20 25

Ungerboeck code, block interleaving
Divsalar code, block interleaving

Divsalar code, adaptive interleaving

-1

-2

-3

-4

A
ve

ra
ge

 B
E

R

Eb  /  N0  [dB]

AWGN channel

2-path Rayleigh fading channel

Proposed scheme

Fig.5. Theperformanceof MTCM codedOFDM systemunderAWGN
and 2-pathRayleigh fading environmentusing block interleaving
and adaptiveinterleaving, 48 subcarriers,constraint length � =3,
multiplicity ªs� 2.

Figure5 is showingthe averageBER performanceof
theMTCM codedOFDM systemsapplyingthesesetpar-
titioning methodswith block interleaving. It showsalso
theBER performanceof theproposedadaptiveinterleav-
ing schemeunderAWGN anda 2-pathRayleighfading
environmentgiven by Monte Carlo simulations. When
comparingtheresultsunderAWGNchannel,it canbeseen
thattheperformanceapplyingthecodewhichenlargesthe
summationof the Euclideandistance(Ungerboeckcode)
is betterthanthatapplyingthecodeenlargingtheproduct
of theEuclideandistance(Divsalarcode).In thiscase,the
proposedadaptiveinterleavingschemeandconventional
block interleavingschemeusing the Divsalar codehave
the sameperformance,becauseit is uselessto perform
interleavingundersucha flat channel. Whencomparing
the resultsunderthe considered2-pathRayleighfading
environment,we canconfirmthat theperformanceof ap-
plying the Divsalarcodeis betterthanUngerboeckcode
for SNR valueslarger than 13 dB. As for our proposed
scheme,from thefigureabovewe canseethatit givesthe
bestperformanceunderthis 2-pathRayleighfadingenvi-
ronment. Note that the performanceis mainly degraded
due to flat fading becauseof the small numberof paths
accounted.

As a secondnumericalexample,in order to evaluate
the performanceof the proposedschemein a practical
situation,weapplythetypicaldelayprofileof indooroffice
areasrecommendedby theEuropeanTelecommunications
StandardsInstitute(ETSI).Theconsidereddelayprofile is
shownin Fig. 6, plotting thepowermeanvaluesof each
of the tapsthat aresubjectto the uncorrelatedRayleigh
fading. The AverageBER performanceof the proposed
adaptiveinterleaverunderthis environmentis shownin
Fig. 7. For the purposeof comparison,we introducein
thefiguretheperformancewhenapplyingtheUngerboeck
codes,andthatwhenapplyingDivsalarcodes.Comparing
theperformanceof theproposedschemeusingtheadaptive
interleavingof SectionIII, with thatusingtheconventional
block interleaving,onecanseethat for a BER=10� 4 the
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proposedschemerequiresan SNR lessthan that for the
conventionalschemesby about5 dB.

From theseresults,we can concludethat, under fre-
quency selectiveenvironments,the proposedadaptive
interleavingschemeis muchmoreefficient thanthe con-
ventionalblockinterleaving.This is becausetheproposed
interleavingschemeassignssymbolsadaptivelyto sub-
carriers,a fact thatenablesequalizingthereceivedpower
of pair symbols,in consequenceto which the Euclidean
distanceis enlarged.
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In this paper, we haveexaminedthe performanceof
the MTCM codedOFDM system. As set partitioning
methods,we consideredthe two basicschemesbasedon
the conceptof enlargingthe summationand the prod-
uct of the Euclideandistances. In addition to applying
MTCM expandedover frequencydomain,we havepro-
posedtheadaptiveinterleavingschemewith channelstate
informationfed backfrom thereceptionend.

UsingMonteCarlosimulations(of 1 million samples),
we determinedthe approximatedBER performancesof
our proposedschemeusingadaptiveinterleavingandthe
schemesusingtheconsideredtwosetpartitioningmethods
mentionedabove. We note here that the simulation is
performedfor a one OFDM symbol. Comparingthe
aboveBER performances,we found that our proposed
schemeusingadaptiveinterleavingwith set partitioning
methodenlargingtheproductof theEuclideandistancesis
moreefficientthantheconventionalschemesusingblock
interleavingwith boththe two consideredsetpartitioning
methods. We can concludefrom theseresultsthat the
proposedadaptiveinterleavingschemeis aneffectiveway
to copewith thefrequencyselectivefading.
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