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Abstract-Quasi-orthogonal space-time block codes with or
thogonal frequency division multiplexing (QO-STBC-OFDM)
can exploit multipath diversity and achieve spectrally efficient
communications. However, future wireless communication sys
tems must be robust against both unintentional and intentional
interference. As a result, there is a need for proper analytical tools
to assess the performance of QO-STBC-OFDM in the presence
of partial-band noise jamming. First, analytical expressions for
the exact pairwise error probability (PEP) of the QO-STBC
OFDM system is derived using the moment generating function
(MGF). Second, the PEP is calculated under various situations,
and the closed-form expressions and union bound for the bit error
probability (BEP) are derived. Finally, simulations are performed
and compared with the theoretical results.

I. INTRODUCTION

Space-time coding [1], [2] is an attractive technique to
achieve both highly reliable and spectrally efficient commu
nications. Space-time block codes from orthogonal designs
provide full diversity and simple single symbol decoding at the
receiver. However, full-rate orthogonal space-time block codes
(OSTBCs) with complex elements in its transmission matrix
only exist for two transmit antennas, which is the Alamouti
scheme [1].

In an effort to provide full-rate transmission for space-time
block codes with more than two transmit antennas, quasi
orthogonal space-time codes (QO-STBCs) [3], [4] were pro
posed. With the quasi-orthogonal structure, the orthogonality
of the code is relaxed to provide a higher symbol transmission
rate and the maximum likelihood (ML) decoding can be done
by searching pairs of symbols instead of searching single
symbols in orthogonal designs. The tradeoff for the higher
transmission rate of QO-STBCs is the inability to achieve
full diversity. The performance of QO-STBCs is better than
OSTBCs at low signal-to-noise ratio (SNR), but worse at high
SNR. In other words, the slope of the QO-STBC is not as
steep as the OSTBC because the QO-STBC does not provide
full diversity.

In [5]-[7], the authors improve the QO-STBC bit error
ratio (BER) performance by introducing signal constellation
rotation into the QO-STBC design. In particular, the constel
lation rotation QO-STBC [6], [7] proposes that half of the
symbols in the quasi-orthogonal design be chosen from a
signal constellation A and the other half of the symbols be
chosen from a rotated constellation ej ¢ A. The constellation
rotation QO-STBC can achieve full diversity and fast ML
decoding.
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This paper considers the combination of constellation ro
tation QO-STBC with orthogonal frequency division mul
tiplexing (QO-STBC-OFDM) to exploit multipath diversity
and achieve high speed high quality transmissions. However,
such systems must co-exist with various forms of interference
to provide reliable communication [8]. Therefore, there is a
need for proper analytical tools to assess the performance
of QO-STBC-OFDM systems in the presence of partial-band
noise jamming. In partial-band noise (PBN) jamming, the
jammer's total power Jt ot is distributed over T randomly
jammed symbol blocks, which are not necessarily contiguous.
We define the jammer occupancy a = T / S as the ratio of
the symbol blocks jammed, where S is the total number of
symbol blocks. We assume there is an integer number of
symbol blocks S = Nc/no, where N; is the total number
of subcarriers and no is the number of subcarriers required to
transmit one encoded symbol block. The PBN jamming acts
like a Gaussian noise source with zero-mean and the effective
jamming power in any symbol block is Js .

In this paper, we consider multiple-input multiple-output
(MIMO) communication system that employs a constellation
rotated QO-STBC-OFDM and evaluate its performance under
frequency-selective fading and partial-band noise jamming.
The exact pairwise error probability (PEP) of the constel
lation rotated QO-STBC with quadrature phase-shift keying
(QPSK) modulation is derived by using the moment generating
function (MGF). Furthermore, we calculate the PEP under
various situations, and derive the closed-form expressions and
union bound for the bit error probability (BEP). Finally, the
simulation shows the union bound is tight.

This paper is organized as follows. In Section II, the QO
STBC-OFDM system is outlined. In Section III, the constel
lation rotation QO-STBC is briefly reviewed. The pairwise
error probability of the QO-STBC-OFDM system with and
without partial-band noise jamming is derived in Section IV.
The closed form expressions and the union bound are derived
in Section V and Section VI, respectively. Simulation results
are provided in Section VII. Finally, conclusions are drawn in
Section VITI.

II. SYSTEM MODEL

We consider a QO-STBC-OFDM system with N; transmit
antennas and N; receive antennas, which are assumed to
be uncorrelated. The total number of subcarriers N; are
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of QO-STBCs [5]-[7] were proposed to provide full-rate and
full diversity. Specifically, the constellation rotation scheme
proposes that half of the symbols (Xl and X2) in the quasi
orthogonal design be selected from a signal constellation set
A and the other half of the symbols (X3 and X4) be selected
from signal constellation ej</> A, where ¢ is the rotation angle.
For QPSK symbols, Su and Xia [7] showed that ¢ = 1r / 4 is
the optimal value with respect to diversity product. The SP
scheme with rotation angle has the following code structure

distributed over the U = Nc/Nu users such that each user
is assigned Nu subcarriers. Note that each users' subcarriers
need not be contiguous. The data symbols are modulated with
quadrature phase-shift keying (QPSK).

Initially, a block of L g information bits are partitioned
into groups of 4 bits which are transformed into a stream of
complex symbols from the QPSK alphabet A. The resulting
complex symbol sequence with elements ak for k = 1, ... ,La
is parsed into S blocks of length ko where La = koSo For
8 = 1,2, ... ,S, we can represent each symbol block in vector
form as as = [ako(s-l)+l, ako(s-I)+2,··· ,ako(s-I)+ko]T.

Each block as is then encoded by a QO-STBC encoder,
resulting in a N, x no block matrix X, with rate-ko/no. The
block matrix X, = [Xm,Xm+I,··· ,Xm+no-l], where Xm =
[XI,m, X2,m, ... ,XNt,m]T and T is the transpose operation.
In matrix form, X, is represented as

XS P =

Xl

X2
ej</>X3

(ej</>X4) *

X2

-xi
-ej</>x4

(ej</>X3)*

ej</>X3

(ej</>X4) *
-Xl

-X2

ej</>X4

(ej</>X3) *
X2

-xi
(4)

IV. ANALYSIS OFTHE PAIRWISE ERROR PROBABILITY

and n, is defined as

(5)Ys

n, [nl,m,··· ,nNr,m, nl,m+l,··· ,nNr,m+l,

nl,m+(no-l),··· ,nNr,m+(no-I)]T. (7)

where 0 denotes the matrix Kronecker product, INr is the
N; x N; identity matrix, h, is defined as

Assuming channel state information is available at the
receiver, then the maximum likelihood (ML) decoding metric
becomes

In this section, we discuss the PEP performance of QO
STBC-OFDM system without interference and derive the PEP
performance of QO-STBC-OFDM system in the presence of
partial-band noise jamming. We assume the jammer interferes
all subcarriers transmitted in the sth QO-STBC-OFDM symbol
block if the symbol block is jammed.

A. Pairwise Error Probability Analysis without Jamming

The authors in [9] derived the exact PEP of various QO
STBCs without interference. In this subsection, we adopt the
authors result in [9] and derive the exact PEP for the QO
STBC-OFDM system.

The receive signal without jamming can be expressed as

Xs [xm Xm+l xm+(no-l)]

XI,m XI,m+1 XI,m+(no-l)

X2,m X2,m+1 X2,m+(no-l)
, (1)

XNt,m XNt,m+1 XNt,m+(no-l)

where Xi,m is the symbol transmitted from the mth subcarrier
of the ith transmitter, and m = no(8 - 1)+1 for each S block.
Finally, each symbol block X, is OFDM modulated with the
no subcarriers and transmitted over independent channels.

After OFDM demodulation with perfect channel state infor
mation (CSI), the receive symbol at the jth receive antenna
and mth subcarrier is

n,

Yj,m = L Xi,mhj,i,m + nj,m + Pj,mZj,m, (2)
i=l

for m = 0,1,··· .N; - 1, and where hj,i,m is the channel
fading coefficient of the mth subcarrier of the channel between
the jth receive antenna and ith transmit antenna, Xi,m is the
symbol transmitted from mth subcarrier of the ith transmit
antenna, nj,m is the zero-mean, complex, additive white
Gaussian noise (AWGN) with variance a~, Pj,m is the jammer
indicator function defined as

. = {O, No jamming on the mth subcarrier; (3)
PJ,m 1, Jamming on the mth subcarrier,

and Zj,m is the zero-mean, complex, jamming Gaussian noise
with variance Js . We denote the set of symbol blocks that
experience jamming as I and the set of symbol blocks that
do not experience jamming as I'.

III. QO-STBC WITH CONSTELLATION ROTATION

In this section, we discuss the Sharma and Papadias (SP) [5]
scheme used is this paper for analysis of the BEP performance
in the presence of partial-band noise jamming. The first class
of QO-STBCs [3], [4] provided full-rate transmission and
outperformed OSTBC at low SNR levels, but performed worse
than the OSTBC at high SNR levels. The loss in performance
at the high SNR levels is due to QO-STBC's lack of full
diversity. As a result, the constellation rotation (CR) class

We denote the PEP of the sth symbol block that does
not experience jamming as PI' (Xs , x, Ihs ) , which is averaged
over Rayleigh fading.

The probability that the ML decoder decodes the correct X,
into incorrect x, =1= X, is given as
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(16)

o ]-jbs

1 ~as
(18)

A 1 r~ -1
PI(Xs,Xs) = :; io Me. (sin20) dO

H A H A

where es = /3hs [INr 0 (X, - Xs)] [INr 0 (X, - Xs)]hs is
a quadratic form of complex variables with MGF Mes(l) =
Ees{exp(les)}.

Assuming the channel is Rayleigh distributed, we can make
use of a result due to Turin [11] to evaluate the MGF Mes(l).
Furthermore, assuming that the channel gains have identical
statistics and making use of the block diagonal structure of
[INr 0 (X, - Xs)]H[INr 0 (X, - Xs)], it is then straightforward
to show that

A 11~ [( 1Px(Xs,Xs) = - det INt + /3-.-2-
1r 0 SIn 0

x rx, - Xs)H (Xs _ Xs)) ] -N

r

(17)

Using (17), we will find the closed-form expression for
the exact PEP of constellation rotation QO-STBC (4) under
partial-band noise jamming.

In order to find the exact PEP of the SP rotated QO
STBC scheme with N; = 4 transmit antennas, we have
to calculate the determinant in (17). Defining K,s = (14 +
/3 (Xs - Xs )H (X s - Xs ) )

sin2 (J as

[

1 + as 0 ».
d

o 1 + as 0
et -jbs 0 l+as

o jb s 0

[(1 + as )2 - b;]2,

where as = /3 Si;2 (J E;=l IXi,m - Xi,m 1

2 and bs
/3sin12 (J 2Im{(x l ,m - Xl,m)*(X3,m - X3,m)}e j 4> + (X2,m
X2,m)* (X4,m-X4,m) }e-j 4> . Recall that the ML decoding of the
SP scheme is done pair by pair Le., symbol pairs (Xl,m, X3,m)
are jointly decoded and (X2,m, X4,m) are jointly decoded,
but each pair is decoded independently. Hence, we consider
only symbol pair (Xl,m, X3,m) to derive the PEP and use
the notations Xm = (Xl,m, X3,m) and x., = (Xl,m, X3,m).
Substituting (18) into (17) and performing some algebraic
simplification, we can express the exact PEP of the SP scheme
as

associated with the receivers, the unconditional PEP can be
expressed in terms of a single integral whose integrand is the
MGF's associated with each of the receivers

(15)

(13)

(11)

(10)

Pr{(x' 21]slhs}

Q(it)
Q ({iii),

11~- exp [-/3 si~2 (J ] dO,
1r 0

Ys

where Zs is defined as

where 1]s = 11[INr0(Xs-Xs)]hsI12, and (x' = 2Re{n~[INr0
(Xs - Xs)]hs} is conditionally zero mean real Gaussian
random variable with variance O'~I' = 4O'~1]s. Note that (.)H
denotes the complex conjugate transpose, and Q(.) is the
Gaussian Q-function defined as Q(x) = ~ Jo~ exp( - 2~:(J)dO
[10].

11~ [-!IS]- exp 4(7a+(7~) dO
1r 0 2 sin2 (J

11~ [ -'TJ ]- exp 8(0-2+0-2) sin2 (J dO (14)
1r 0 n z

Substituting o'~ = ~; and a; = ~ into (14), we can obtain

B. Pairwise Error Probability Analysis with Jamming

In this subsection, we derive the PEP of QO-STBC-OFDM
system in the presence of partial-band noise jamming.

The receive signal that experience jamming can be ex
pressed as

Zs [Zl,m,··· ,ZNr,m, Zl,m+l,··· ,ZNr,m+l,

Zl,m+(no-l),··· ,ZNr,m+(no-l)]T. (12)

We denote Px(Xs,Xslhs) as the PEP of the sth symbol
block that experience jamming. Similarly to the jamming-free
case we can derive the PEP of the jammed symbol blocks as

After substituting (8) into (9) and performing some calcu
lations, we obtain

where, 1]s is defined in Section IV-A, and (x = 2Re{(n~ +
z~)[INr 0 (Xs - Xs)]hs} is conditionally zero mean real
Gaussian random variable with variance O'~I = 4(O'~ + O';)1]s.

If we normalize the average transmit symbol energy from
each antenna i.e Elxi,ml2 = 1, then the noise variance
o'~ = ~ and jamming variance a; = ~~, where 'r is
the average signal-to-noise ratio (SNR) and w is the average
signal-interference-ratio (SIR). Using Craig's representation of
the Gaussian Q-function [10], the conditional PEP of (13) can
be rewritten as

where, f3 = ( Nt 1 Nt)'
4 -::y+-:;-

To evaluate the exact PEP, we need to average over the
channel. Due to the independence of the channel gain vectors

Note that the interference-free case Px' (X,, Xs) can be derived
in a similar matter. For the interference-free case, replace /3

ith ~- 'YWIt u - 4N
t

•
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Using the results in [12], the closed-form expressions of the
PEPs in the presence of partial-band noise jamming for QO
STBC-OFDM can be derived as

Type III is the case when Us and Vs are nonzero and distinct.
In this case, there are two symbol errors between X, and x,
The exact PEP of Type III can be expressed as (21),

P111(Xs, Xs) = PI(Xs, x.), (24)

c. Overall Pairwise Error Probability Analysis

The average PEP of a QO-STBC-OFDM system over S
blocks can be written as

pQO-STBC-ODFM = ~ [2: PI,(Xs,Xslhs)
sEI'

+ 2:PI(Xs,Xslhs)]
sEI

~ t. [(1 - a)P:p(Xs,Xslhs)

+ aPI(Xs,Xslhs)] (20) x

where, a = T / S is the fraction of symbol blocks that
experience jamming.

V. CLOSED-FoRM EXPRESSIONS

In this section, we present the closed-form expressions for
the sth symbol block of the SP scheme with N; transmit
antennas and N; receive antennas. In our calculations of the
closed-form expressions we consider the PEP of the jammed
symbol blocks PI(Xs,x, [h,'), and only consider the symbol
pair (Xl,m,X3,m). The exact PEP expression (19) can be
simplified by defining variables Us and Vs as

(26)

(27)

Us I(Xl,m - Xl,m) + jej <P (X3,m - x3,m)1 2
,

V s I(Xl,m - Xl,m) - jej <P (X3,m - x3,m)1 2
•

Substituting the variables Us and VS, (19) can be rewritten as

where,

2Nr

II (4Nr - n),

Depending on the values of Us and VS, the exact PEP in (21)
can be classified into three types. Note that both Us and V s
cannot be zero because we are considering PEP.

Type I is the case when either Us or vs is equal to zero.
In this case, there are two symbol errors between X, and x;
The exact PEP of Type I can be expressed as

rt[ ~ (2n - I)!! ]
h(t) = 1- VT+t 1 +~ n!2n(1 +t)n ·

Note (2k - I)!! denotes the product of only odd integers from
1 to 2k - 1.

VI. UNION BOUND OFBIT ERROR PROBABILITY

Using the result of [9], we derive the the union bound on
the BEP of the SP scheme in the presence of partial-band
jamming using the exact PEP as

(21)

(23)11~ ( 2 )
4N

r- sinO dB
1r 0 sin20+{3u

s •

A 1 r~ ( .20 ) 2Nr

P1(Xs,Xs) = :; i
o

sin28~~(us+vs) dO. (22)

Note that the SP scheme with constellation rotation does not
have a Type I closed-form expression because it has full
diversity.

Type II is the case when Us = Vs =1= O. In this case, there
are one or two symbol errors between X, and XS • The exact
PEP of Type II can be expressed as
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Fig. 1. Union bound on the BEP and simulation results for QO-STBC in
frequen cy-selective fading (NT = 2).
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TABLE I
DISTRIBUTION OF U s AND Vs FORSP SCHEME WITH QPSK [9]

Type U s V s b! b2 b3 b4
II 2 2 64 0 0 0

4 4 0 32 0 0
6 6 0 0 32 0

III 0.343 11.657 0 0 16 0
U72 6.828 0 32 0 0
2.343 13.657 0 0 0 8
6.828 1.172 0 32 0 0
11.657 0.343 0 0 16 0
13.657 2.343 0 0 0 8

where nb is the number of bits of Xs, dBH(X s, Xs) is the
number of different bits between X, and x; and p(Xs ) is the
probability that X, is transmitted.

Only considering X = (Xl , X3) and assuming that each
QPSK symbol is equiprobable, nb = 4 and p(X s ) = l~' The
union bound in terms of symbol pair (Xl, X3) can be expressed
as

BEP ~ 6
14 2: [2: P (X, X)dBH(X, X )] , (29)

X l,XS v

where v ~ (Xl ,X3) =1= (Xll X3). Similarly, the union bound
can be derived for the BEP for symbols X 2 and X 4 . Table I
shows the distribution of Us and V s for the SP scheme, where
bi is the number of i-bit error cases.

VII. NUMERICAL EVALUATIONS AND SIMULATIONS
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