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Abstract— Wir elesssystemsoften implement oneor more types
of diversity in order to achieve reliable communication. Differ ent
types of diversity techniquessuch as temporal, frequency code,
and spatial have beendevelopedin the literatur e. In addition to
the destructive multipath nature of wir elesschannels,frequency
selective channels pose intersymbol interference (ISI) while
offering frequency diversity for successfully designed systems.
Orthogonal frequency division multiplexing (OFDM) has been
shown to combat ISI extremely well by corverting the frequency
selective channelinto parallel at fading channels.On the other
hand, bit interleaved coded modulation (BICM) was shown
to have high performance for at fading Rayleigh channels.
Combination of BICM and OFDM was shown to exploit the
diversity that is inherited within the frequency selective fading
channels.In other words, BICM-OFDM is a very effective tech-
nique to provide diversity gain, employing frequency diversity.
Orthogonal space-timeblock codes(STBC) make useof diversity
in the space domain by coding in space and time. Thus, by
combining BICM-OFDM and STBC, diversity in frequencyand
space can be taken advantage of. In this paper we showv and
quantify both analytically and via simulations that for frequency
selective fading channels,BICM-STBC-OFDM systemscan fully
and successfullyexploit the frequencyand spacediversity to the
maximum available extent.

|. INTRODUCTION

Problemsdueto multipathandinterferencdrom otherusers
in wireless channelsare well known. In order to alleviate
theseproblems,a numberof diversity techniqueshave been
proposed.There are examplesof such techniquesin time,
frequeng, spaceand codedomains.

An important way to achieve this diversity for coded
systemswas invented by Zehari who shaved that the code
diversity couldbeimprovedby bit-wiseinterleaving [1]. Using
an appropriatesoft-decisionbit metric at a Viterbi decoder
Zehai achiezed a codediversity equalto the smallestnumber
of distinct bits, ratherthan channelsymbols,alongary error
event. On the otherhand,the orderof diversity for ary coded
systemwith a symbol interleaver is the minimum number
of distinct symbolsbetweencodeavords. This differencebe-
tween bit-wise interleaving and symbol interleaving results
in improved performancefor BICM over a fading channel.
Following Zehavi's paper Caireet al [2] presentedhe theory
behind BICM. Their work provides tools to evaluate the

performanceof BICM with tight error probability boundsand
designguidelines.

However, whenthereis frequeng selectvity in the channel,
the designof appropriatecodeshecomesa more complicated
problem due to the existence of intersymbol interference
(ISl). On the other hand, frequeng selectve channelsoffer
additionalfrequeng diversity [3], [4], and carefully designed
systemscan exploit this property OFDM can be used to
combatlSI andthereforecansimplify the codedesignproblem
for frequeng selectve channels.lt is shavn in [5] that the
combinationof BICM andOFDM systemsanachieve the full
diversity orderof L for L-tap frequeng selectve channels.

In recentyearsdeplosing multiple transmit antennashas
becomean importanttool to improve diversity The use of
multiple transmitantennasallowed signi cant diversity gains
for wireless communications.In general, spatial diversity
systemsare calledspace-timgST) codesand someimportant
resultscanbe listed as[6], [7], [8], [9], [10]. In thesepapers
the multi input multi output (MIMO) wireless channelis
assumedo be at fading.If thechanneis frequeng selectve,
then carefully designedspace-time-frequegccoded systems
have beenproposedto exploit the diversity order in space
andfrequeny, [11], [12], [13], [14], [15], [16]. Out of these
papers[15] combinesspacetime block codes(STBC) of [7]
and [8] with bit interleaving for OFDM systems.Reference
[16] usesBICM-OFDM directly with multiple antennasand
without external STBC to achieve higherdataratein the cost
of lower diversity.

In [5] it is shavn that BICM-OFDM can successfully
exploit the frequeng diversity for single antennasystems.
Here,STBCis addedto BICM-OFDM to exploit the diversity
not only in frequeng but also in spaceto its maximum
extent. The resultsof [5] are usedasa basisto carry out the
analysisfor BICM-STBC-OFDM. The readeris urgedto note
that unlike [15], we formally prove that BICM-STBC-OFDM
systemzanachieve thefull diversity orderthatcanbe offered
by the channel.In addition to analysis,through simulations,
the performanceof BICM-STBC-OFDM as comparedto [6]
and [10] with OFDM are illustrated. We will shov that for
systemsemploying N transmitandM receve antennasopver



L -tap frequeng selectve channelsBICM-STBC-OFDM can
achieve the maximumdiversity orderof NM L.

The rest of the paperis organizedas follows. We present
brief overviews of STBC and BICM in Sectionsll and I,
respectrely. The systemmodel for BICM-STBC-OFDM is
introducedn SectionlV. Thediversity orderof BICM-STBC-
OFDM systemover frequeny selectve fading channelsis
givenin SectionV. Simulationresultssupportingour analysis
are presentedn SectionVI. Finally, we endthe paperwith a
brief conclusionin SectionVIl wherewe restateheimportant
resultsof this paper

Il1. SPACE TIME BLOCK CODES (STBC)

Comple orthogonalspacetime block codes[8] areconsid-
eredin this paper For N transmitantennasS=T rate STBCis
de ned asthe complex orthogonablock codewhich transmits
S symbolsover T time slots.Codegeneratomatrix Gsty is
aT £ N matrix and satis es[8]

Gy Gstn = - (iXaj® + jx2j? + 111+ jxsj?)In
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where - is a positive constantand fx; g%, are the complex
symbols transmittedin one STBC codevord. For example,
Alamouti code[7] is a rate one STBC given as
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BICM canbe obtainedby usinga bit interleaver, ¥4 between
an encoderfor a binary code C anda memorylessmodulator
over a signalsetA p C of sizejAj = M = 2™ with a binary
labelingmap? : f0;1g™ ! A. Grayencodingis usedto map
the bits onto symbolsand plays an importantrole in BICM's
performancdor non-iteratve decoding2]. It is shavnin [17]
thatthe capacityof BICM is surprisinglycloseto the capacity
of multilevel codes(MLC) schemédf andonly if Graylabeling
is used.Moreover, Gray labeling allows parallelindependent
decodingfor eachbit. In [17] it is actuallyrecommendetb use
Gray labelingand BICM for fading channelslf setpartition
labeling or mixed labelingis used,thenan iterative decoding
approachshould be usedto achieve high performance[18].
Note that, dueto the ability of independenparalleldecoding
of Gray labeling, iteratve decodingdoesnot introduce ary
performancemprovement[18]. Therefore non-iteratve max-
imum likelihood (ML) decodingis consideredn this paper

During transmissionthe codesequence is interleaved by
Y, and then mappedonto the signal sequencex 2 A. The
signal sequence is thentransmittedover the channel.

The bit interleaver canbe modeledas¥s: k9! (k;i) where
k9 denoteghe original orderingof the codedbits cxo, k denotes
thetime orderingof the signalsxy transmittedandi indicates
the position of the bit cxo in the symbol xy.

Let A denotethe subsetof all signalsx 2 A whoselabel
hasthevalueb 2 f0; 1g in positioni. Then,the ML bit metrics
aregivenby [2]

BIT-INTERLEAVED CODED MODULATION (BICM)
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Fig. 1. Block diagramof BICM-STBC-OFDM
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where denoteshe channelstateinformation (CSI) for the
time orderk.

Following (3), the bit metricsfor the at fading Rayleigh
channelscan be calculatedusing the ML criterion with CSI
as[1]

ko) = min ky i Yk 4)
X2A|cko

where¥denoteghe Rayleighcoefcient andk(§k? represents
the squaredEuclideannorm of (9.

The ML decodefat the recever canmalke decisionsaccord-
ing to the rule

(YK Gco): (5)

¢ = argmin
c2C
cC

IV. SYsTEM MODEL oF BICM-STBC-OFDM

In BICM-STBC-OFDM, arate S=T STBCis usedto code
the tonesof an OFDM symbol acrosstime and space,and
BICM is appliedfor codedmodulation.One OFDM symbol
has K tones, where each tone is a comple constellation
point. STBC for the tone k is given by the T £ N matrix

matrix Gsn -

The output bits of a corvolutional encoderare interleaved
within T OFDM symbolsto avoid extra delay requiremento
start decodingat the recever. After interleaving, the output
bit cko is mappedonto the tone xs(k) at the ith bit location,
wherel - s- S. It is assumedhatan appropriatdength of
cyclic pre x (CP)is usedfor eachOFDM symbol.As aresult,
the receved signal for eachtone over M receve antennass
givenby the T £ M matrix

R(k) = C(k)H (k) + N (k) (6)
whereN (k) isaT £ M comple additve white Gaussian
noisewith zeromeanandvarianceN, = N=SN R, andH (k)
is given by
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Fig. 2. Grayencodedl6 QAM constellation
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whereh,,, representshe L tap frequeny selectve channel
from the transmitantennan to the receve antennam. Each
tap is assumedo be statisticallyindependenand modeledas
zero meancomple Gaussiarrandomvariable with variance
1=L. It is assumedhatthe tapsarespacedat integer multiples
of the symbol duration, which is the worst casescenarioin
termsof designingfull diversity codeg[19]. Thefadingmodel
is assumedo be quasi-static,.e., the fading coefcients are
constantover the transmissiorof one paclet, but independent
from one paclet transmissiorto the next. Note that, the aver-
age enepgy transmittedfrom eachantennaat eachsubcarrier
is assumedo be 1. Then, with the given channeland noise
models,the receved signalto noiseratio is SN R.
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V. DIVERSITY ORDER OF BICM-STBC-OFDM

In this section,by calculatingthe pairwiseerror probability
(PEP),wewill showv thatBICM-STBC-OFDM-canachieve the
maximum achievable diversity order of NM L. Assumethat
binary codavord c is sentandt is detected.Then,the PEPis
written as

min kR(K) i CH (K)k2 .

Pc! tH)=P B B 5
(et a)= min kR(K) i CH (K)KZ
KO XSZAICkO
C)
wherek(9kZ denotesk(9kZ = Trf(§H (9g (squareof the
Frobeniusnorm of (9), andC and € denotethe two distinct
STBC codevords.
NotethatkR(k)j CH (k)k2 providesS equationgo decode
S symbolswithin STBC C [8], [9]. As mentionedin Section
IV, the output bit cco is mappedonto the ith bit of xs(k).
Sothe bit metric for eachcyo is found by minimizing the sth
equationgiven by kR(k) j CH (k)kZ with respectto xs 2
AL,

For a kg=ng corvolutional code with the minimum Ham-
ming distanced; ; ¢, the worst casescenarioin (8) simpli es
to a summationfor only df ;e terms.Note that, for the ds ; ee
points o = &, where(ltl) denoteghe binary complemenbf
(9. Also, A, , andA, ; arecomplemenisetsof constellation
points within the signal constellationset A (seeFigure 2 for
16 QAM example).Let's denote

C(k) = arg min kR(k) i CH (k)k2
C=GgsTN (xl:_::: Xs)
sit: x52A'CKO
(k) = arg min kR(k) i CH(K)kZ (9)

C=GsTN (xgi Xs)
sit: ><52A'eko

C(k) andC(k) aredistincttwo matriceswhosesth elements
arefrom A,‘:ko andAieko, respectrely. For corvolutional codes,
d r ee distinct bits betweenary two codevords occurin con-
secutve trellis branchesThe bit interleaver can be designed
such that consecutie dds;ee=ngeny bits are mappedonto
dds r ee=np€eNng differenttonesof an OFDM symbol.This guar
anteesthat there exists ds e distinct pairs of (C(k); €(k))
for PEP analysis.Also note that, kR(k) i C(k)H (k)k2 |
kR(k) i C(K)H(K)kZ, and C(k) & C(k) for the dee
matricesunderconsiderationThen, (8) canbe rewritten as

0 1

L X kR(K)i C(K)H (K)K2 |
Pt 81=PC Rl Clrmke - %
o e 1

X kR(K) i C(K)H (k)kZ i

PO WK Rk O
02 (1(.)|.)
@t X g HTMCH T GO s~ oA

T €W CONHK) L
(11)
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where = 4 _ (k), and (k) = TerH(k)(C(k)i

CKN"N(K) + NP (k)(E(k) | C(k)Hg. ~(k)s are zero-
mean, independent complex Gaussian random variables
with variance 2Nok(C€(k) i C(k))Hk2. Then, ~ is
a zgyo-mean Gaussian random variable with variance
2No 44, K(C(k) i C(k)HKZ. Note that, the upper
boundin (10) is tight, since for high SNR valuesC(k) =
C(k). Finally, PEP canbe written as

0 1
P(c! ¢H)  P@ | K(C(K) i C(k)H (K)kEA
oy, e 1
p k(C(k) i C(k)H (k)k2

K;df ree

- Q

2N,

(12)



whereQ(9 is the well-known Q-function.

Letsdene D(k) = C(k) i €(k), whichisstill aT £ N
(generalized)complex orthogonaldesign(i.e., D (k) satis es
(2)). H (k) canbe rewritten as

H(k)=V2VH(k)h
W(k) Og; ¢ 0,
Oer W(k) ¢ 0
W(k):§ T e
) Og1 Ogq 00 W(lé) NLEN
hy;  hy, ¢¢ hy,
h h ¢¢¢ h
h :§ T T2 T z (13)
le DNZ cee bNM NLEM
whereQ, ; ; denotesa zerovectorof sizeL £ 1. Then,
kD (k)H (k)kZ =Trfh" zhg
K;df r ee
X
Z= Zy
k;df r ee
Z =W (k)D" (KD (KW " (k)  (14)

From (1), D" (K)D(k) = jd(k)j’ln, where jd(k)j?> =
- (jd1(K)j? + jda(K)j? + :::+ jds(K)j?) is a non-zeropositive
constantwith d;(k)s denoting the S complex numbers of
D(k), andly is the N £ N identity matrix. Then, Zy can
be written as

Ak Ogp GC 0 g
Z=§0e Ao O @9
QL£b Oer ¢ A ienL 3
1 W oee wt D
o B WK 1 eee witi Ak
A =jd(k)j :
wi Bk Gk g 1 LEL
(16)

whereeachAy is alsoHermitianwith asquareootW(k)d” (k)
suchthat A, = W(k)d*(K)(W(K)d*(k))", andrank(Ag) =
1. Then,rank(Zy) g N.It is shawvn in [5], the rank of the

L £ L matrixA = Kids 1o Ak is min(dsree; L). Then,
? A QgL € Oy °
7= E e A e (17)
QLEL QLEL ¢ee A NLENL

has rank r = N min(di ee;L). From linear algebra, it
is known that ary matrix with a squareroot is positive

semide nite[6], [20]. Also, ary non-negative linear combina-
tion of positive semide nite matricesis positive semide nite.
ThereforeAxs and A are positive semide nite, and similarly
Zys (with a squareroot W (k)DH (k)) and Z are positive
semide nite. Then,the singularvaluedecompositiorof Z can
be written as[20]

Z=VHav (18)

whereV is a unitary matrix and e is a diagonalmatrix with
eigevaluesof Z, f ;g\l on the diagonal. Note that the
eigervaluesof the positive semide nite matrix Z arereal and
non-n@ative. As a result,

kD (k)H (k)k2 =Trfh"zhg= Trfh"vHavhg
K;ds ree
oxe
= . niVnm ]
m=1 n=1

(19)

of the NL £ M matrix Vh. Note that each vy, is a
complex Gaussiarrandomvariable.Then,jvny, j areRayleigh
distributed with pdf 2jvnm jeil V™ i*. Using an upper bound
for the Q functionQ(x) - (1=2)el x*=2 pEPcanbefoundas

P(c! € =E[P(c! ¢H)]
2 PoRL
§1 % ) 1,nJVnmJZ§Z 1
< . m=1n= - ;
E 2exp i 4N, —S—DQ v
1+ZI\?_0
n=1
(20)

For rank(Z) = r = N min(ds ee; L), without loss of
generalitywe canorderthe , ,'s suchthat,, 1, ,2:::, .«
and, 41 = i = ,nL = 0.UsingNg = N=SNR from

SectionlV, PEPbecomeaupperboundedby

1
P(c! ¢)- -
' © ©|1+ anNR¢M
=1
I
rKY M gy .
~ L N for high SNR
(21)

It is clearly evident from (21) that the BICM-STBC-
OFDM systemsuccessfullyreachego the diversity order of
NM min(df;ee;L).

V1. SIMULATION RESULTS

In our simulations,eachOFDM symbol has 64 tones,and
has a duration of 4 s of which 0.8 s is CP 250 bytes
are sent with each paclet and the channelis assumedto
be the samethrough the transmissionof one paclet. The
maximumdelay spreadof the channelis setto be ten times



the root meansquare(rms) delay spread.The systemhastwo
transmitantennador all the resultspresentedn this section.
For BICM-STBC-OFDM, Alamouti's code[7] is usedin order
to implementtwo transmitantennas.

Figure 3 shaws the results for the industry standard
(133,171)1/2 rate 64 statesds ree = 10 corvolutional code
with different rms delay spreadvalues.It can be seenfrom
the gures thatasthe numberof tapsincreasesn the channel,
the diversity orderof BICM-STBC-OFDMincreasesp to the
maximum diversity of NM min(dee;L). Note that, as the
numberof receve antennads increasedthe diversity order
getsmultiplied in the gures. For 2 transmit4 receve antenna
case,even at low SNR values, the performancecure is
extremely steep.

STBC BICM OFDM 64 States 112 rate cod STBC BICM OFDM 64 States 112 rae
T T T T

Vo ¥y

(a) BER vs SNR (b) PERvs SNR

Fig. 3. BICM-STBC-OFDM resultsusing 1/2 rate 64 statesd; ree = 10
code

Figure 4 shavs the performancecurvesfor 4 stateBICM-
STBC-OFDM, 4 state QPSK SOSTTC [10] with OFDM,
and 4 StateQPSK STTC [6] with OFDM. 4 state 1/2 rate
di ree = 5 convolutionalcode[21] with 16 QAM modulationis
usedfor BICM-STBC-OFDM sothatall the systemdransmit
2 bits/sec/Hzat eachtone. As can be seenfrom the gures,
BICM-STBC-OFDM reachesa higher diversity value for
frequeny selectve channels.

(a) BER vs SNR (b) PERvs SNR

Fig. 4. ComparisonbetweenBICM-STBC-OFDM, SOSTTC-OFDMand
STTC-OFDM

VIlI. CONCLUSION

Diversity order being de ned as the negative slope of the
errorratevs signalto noiseratio curve, is adominantcriterion
for the performanceof wirelesscommunicationsystems.In
this paperwe introduced BICM-STBC-OFDM in order to
exploit diversity in spaceandfrequeng. We have shavn both

analytically and via simulations that BICM-STBC-OFDM
reacheghe maximumdiversity orderin spaceand frequeng
by using an appropriatecorvolutional code. If the convolu-
tional code beingusedhasa minimum Hammingdistanceof
di ree, We shaved that the diversity order of BICM-STBC-
OFDM is NM min(dsree; L) for a systemwith N transmit
and M receve antennasover an L tap frequeng selectve
fading channel.
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