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Abstract—The quasi-orthogonal space time block coding
(QO-STBC) over orthogonal frequency division multiplexing
(OFDM) is investigated. Traditionally, QO-STBC does not
achieve full diversity since the detection matrix of QO-STBC
scheme is not a diagonal matrix. In STBC, the decoding matrix is
a diagonal matrix which enables linear decoding whereas the
decoding matrix in traditional QO-STBC does not enable linear
decoding. In this paper it is shown that there are some interfering
terms in terms of non-diagonal elements that result from the
decoding process which limit the linear decoding. As a result,
interference from the application of the QO-STBC decoding
matrix depletes the performance of the scheme such that full
diversity is not attained. A method of eliminating this
interference in QO-STBC is investigated by nulling the
interfering terms towards full diversity for an OFDM system. It
was found that the interference reduction technique permits
circa 2dB BER performance gain in QO-STBC. The theoretical
and simulation results are presented, for both traditional QO-
STBC and interference-free QO-STBC applying OFDM.

Keywords—QO-STBC; STBC; OFDM; Decoding matrix; Null-
Interference; Interference;

. INTRODUCTION

Present days wireless communications systems are in great
quest for efficient communications. Wi-Fi and terrestrial base
stations are increasingly deploying the multi-antenna system
for seamless communications. For instance, the multiple input
multiple output (MIMO) antenna configuration is useful in
achieving higher throughput in these wireless communication
systems. Space Time block coding (STBC) is one of
interesting methods for deploying this technique. The
advantage of using, for example, the orthogonal STBC
(OSTBC) is that it exploits full power transmission for
orthogonal codes so long as the transmitter diversity order is
no more than two [1-3]. For more than two transmit diversity,
it has been shown that full rate power is not possible [4].
Meanwhile, it is possible to deploy the STBC technology in
way that full rate power transmission can be achieved. In such
case, the codes are rather formed in a special orthogonal way.
This is usually discussed as the quasi-orthogonal STBC,
hereinafter QO-STBC. The QO-STBC offers the advantage of
improved channel capacity and also improved bit error ratio
(BER) statistics for a multi-antenna transmission [2].

In [1, 5, 6], a QO-STBC was introduced. It achieves full
transmission rate but not full diversity [7]. QO-STBC
sacrifices both BER measure with increasing SNR and full
transmission diversity but offers excellent transmission rate.
The BER curves suggest that the codes outperform the codes

of orthogonal design only at low SNRs, but worsen at
increased SNRs [1]. This is due to the fact that the slope of the
performance curve depends on the diversity order gain. One of
the major problems that limits the BER performance of the
QO-STBC system is from the interference incurred in the
decoding process. If these interferences can be removed, then
the performance of the QO-STBC scheme will improve
towards full diversity gain.

An example of the approach deployed towards achieving
full diversity by interference reduction has been shown in [2,
8]. The method involves nulling the interfering terms in the
resulting decoding process to improve the performance of the
scheme. Then, it is well known that combining OFDM with
MIMO thrives towards achieving improved BER and better
throughput [9]. The OFDM treats frequency selective channel
as flat fading channel with cyclic prefix (CP) that is at least
equal to the channel delay spread. This is used to overcome
inter-symbol interference (ISI). In this study, the channel
model is limited to a correlated multipath transmission only.
In such case, the design exploits multipath channel gains due
to multipath of flat fading transmission or frequency non-
selective channel. The individual path gains for a particular
transmission branch are assumed to be uniform.

In this study, the QO-STBC method is studied for three
and four transmit antennas. Using the interference elimination
approach, it will be shown that the behaviour of QO-STBC
can be improved.

The OFDM system and channel model are discussed in
Section Il and the full transmission rate QO-STBC is
discussed in Section Ill. In Section 1V, the free interference
QO-STBC with full diversity while OFDM based QO-STBC
architecture is presented in Section V. The numerical
simulation results for QO-STBC OFDM system is discussed
in Section VI followed by summarized conclusion.

Il.  THE OFDM SYSTEM AND CHANNEL MODEL

OFDM divides wideband into many narrow-bands and
treat the channel as a flat fading channel. In this section, both
the OFDM scheme and the channel model are presented.

A. Orthogonal Frequency Division Multiplexing (OFDM)
Technology

In the baseband of multicarrier system, OFDM
multiplexing scheme is used to divide a selected wideband
spectrum into many smaller narrow bands. This is achieved
using the fast Fourier transform (FFT). Over a frequency
selective channel, a predefined length of the symbol is used to
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overcome inter-symbol interference (ISI) for channel impulses
with long delay. This symbol length, usually called the cyclic
prefix (CP) is usually longer (or least equal to) the length of
the worst delay in time. In time domain, an N-point FFT
OFDM system can be defined as:

N-1
1 j27nk/N

b[n]=_ZB(k,I)eJ , n=0,12..,N-1 (1)
VN (5

In Equation 1, N is the number of narrowband sub-

channels, 1//N is a scaling factor with n as the index of the
prevalent subcarrier. By is the k™ sub-channel input symbol
of the I™ - constellation mapped using, for instance, QPSK.
Meanwhile, the number of FFT points adopted in the design of
any specific OFDM structure provides the number of
narrowband sub-channels over which the input symbols are
multiplexed. Since the design of QO-STBC requires at least 4
constellations, then the QPSK is applied in this study.
Considering the CP, Equation 1 is modified to include the
guard length as;

N-1
ZB(kJ)eJZ”nklN,—Ng <n<N (2)
9 k=0

blnl= TN

Where Ny is the pre-appended cyclic prefix length. This
CP is used to combat inter-symbol interference (ISI) which is
caused by multipath delay.

B. Channel Model

The channel model of QO-STBC involves Nt-transmit and
Ng-receive antennas. The channel is a typical correlated (non-
frequency selective fading) multipath channel with L-
independent propagation paths and the same power-delay
profile. If h;x(n) represent the channel impulse response, there
will be a vector of [hi(0) hix(1) hi(2)...hi(L-1)]e C™*
independent channel taps corresponding to i"-receive antenna
and k"-transmit antenna, where C*" is a complex vector.
Each of the taps is generally represented according to [10]
thus;

L-1
i () =D i (M) 5(t—7)e) 3)
1=0
Where o is the gain, 8 = (2znIn/N) is the phase and ¢ the
path delay corresponding to I"-path. 0 < n < N-1 characterizes
the independent OFDM frequency subcarriers. The channel
impulse response of Equation 3 for each path is a zero mean
complex Gaussian random variable with a normalized
variance of unity. For QO-STBC, the codewords are
modulated independently for each transmission branch. For
instance, if there are four different time slot codewords then
there must be four independent OFDM modulators, one for
each. For maximum diversity gains, it is required that number
of OFDM subcarriers be more than or equal to the number of
independent delay paths, L [11]. Now, if C is the independent
codeword resulting in the discrete bj[n]-term after OFDM
modulation, then the received message will be:
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Ny
= bjMHiM+Zm), o<nsN @)
i=1

Notice that Hitk(n) is the channel transfer function
(frequency response) which can be represented as;

L-1 _
Hicm=>"h' e 24N j=J=1, 0<n<N ()
=0

In Equation 4, Z, (n) is the Gaussian noise term of the n"-

OFDM subcarrier at t" OFDM duration. The channel model is
assumed to be frequency non-selective across all frequencies.

I1l.  CONVENTIONAL QO-STBC WITH FuLL RATE

The well-known conventional QO-STBC with full
transmission rate for three antennas or more [1, 6] encode
matrix columns by dividing them into two orthogonal groups.
The codes in the columns within each group are not
orthogonal but the codes from columns of different groups are
orthogonal. This scheme does not achieve full diversity due to
some coupling terms between the estimated symbols [8]. The
coupling terms are the problems that deplete the BER
performance of the QO-OSTBC scheme. However, using the
interference mitigation technique reported in [2, 8], improved
BER performance can be achieved without losing the full rate
transmission and diversity. Meanwhile, let the conventional
QO-STBC defined in [6] be expressed as:

G C C G4

Co |:Qiz Q§4:| _|- C; CI — CZ C3 (6)
Q3 Qpp G G & ©

—C C —C ¢

where Q represents the traditional Alamouti orthogonal
space time block codes [4] defined as:

G G C3 C4
Q = * * and Q = * *
12 {_ & o } 34 {_ ¢ CJ (7)

Equation 6 constructs a code of P constellations
transmitted at T time slots. Here, there are 4 constellations and
4 time slots so that the achieved transmission rate R = 1 (full
rate) where R = P/T. It must be emphasized that the entries [c;,
C,, Ca, C4] Of the matrix C are related to b-terms by the OFDM
transformation and should not be confused. However, the
QPSK mapping scheme is applied in this study.

Following the tradition in [3, 12], the equivalent virtual
channel matrix following Equation 6 can be defined as:

hl hz h3 h4

L
M=l h by ®

hy —h3 hy —-hy
Let there be Ng maximum receive antennas and Ny

maximum transmit antennas (It is assumed Nt = 4 in this
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study). Then, the received signal at t time slot and on i-receive
antenna (1 <i < Ng) can be expressed in a simplified form as:

L1
i =Zal,i be,i +Z,i )
1=0

an, is the path gain of the I path and Z,; is the additive
white Gaussian noise (AWGN) and necessarily a matrix
(vector) of the form:

A

The path gains are contributed from the impulse responses
of the channel individually obtained as in Equation 3. Notice
that h; «(n) belongs to the entries of the virtual channel matrix,
H, of Equation 8. This study is a case of a flat-fading
transmission with the impulse responses of the channel
individual path being correlated, hence,

i =Hyb+Z (11)

Equation 11 represents the received symbols at t" -time

slot on i — receive antenna of the receiver. Now, let the
decoding method proceed as:

b=H" . r=H"H, b+HT.Z (12)
Or,
S H
b=D,-b+H-Z

Where D, is the quasi-orthogonal detection matrix for four

transmit antennas and HJ" is the Hermitian equivalent of the

matrix H,. This conventional quasi-orthogonal detection
matrix is defined as:

20 B 0
o2 0 p 1

D4_ﬁ0/10 (13)
0 5 0 A

Equation 13 represents the estimate of the codes that are
inseparable, one from another, and the interference terms also.
In orthogonal STBC, the detection matrix, D, is always a
diagonal matrix, and so enables a simple linear decoding [13].
This is not possible in QO-STBC since the resulting detection
matrix (for instance, Equation 13) is not orthogonal and so not
a diagonal matrix, instead quasi-orthogonal. Therefore the
simple linear decoding cannot be implemented. Thus, an
interference free quasi-orthogonal detection matrix must be of
the form [2, 8]:

Vol. 4, No. 8, 2013

A+B 0 0 0
0 i+ 0 0
0 0 i-B8 O
0 0 0 i-p

Where 4 is the diagonal of the (4 x 4) I, matrix. This is the
sum of the channel power (or the path gains) and represented

N
asﬁzzuhn“z, vn=0,1,234. Also, B represents the
n=1

interfering terms that deplete the full diversity performance
expected of the 4-transmit antenna elements and is computed

as: B=hhg +hyhy +hy'hg +hohy .

Thus, g will degrade the BER performance of the system
as long as the aforementioned decoding approach is followed.
This can be improved by using a more complex decoding
approach such that the better estimate of the transmit symbol
be obtained [8, 13]. Let the effective estimate of the transmit
symbols be:

b=(HI-HYHT r
=(Hy' -H,) ™Dy -b+(Hy -H)H? -z

14
—(Hy )R bty 2 (9
So that,
b=b+(H" -H)IHH Z (140)
bis the effective received symbol after channel

compensation. This symbol contains the interfering terms
which deplete the BER performance. In the next section, a
method of eliminating the interference term discussed in [2, 8]
is discussed.

IV. FREE-INTERFERENCE QO-STBC WITH FULL
DIVERSITY

In this section, the approach for reducing the coupling
(interfering) terms in the decoding matrix of the traditional
QO-STBC system is discussed. The code structure adopted
has been discussed in [8] following the QO-STBC method of
code construction discussed in [6]. An interference free QO-
STBC system achieves full diversity (see [11]) and the
decoding matrix should be of the Equation 15 form [2, 13].
Equation 14 can be obtained as in [2, 8] by formulating:

A+B 0 0 0
0 A+B O 0

D (15)
0 0 4A-p 0
0 0 0 i-p
This can be obtained as in [2, 8] by formulating:
D,-V-V-D=0 (16)
Where V is the eigenvector as:
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10 -1 0
01 0 -1
V= 17
10 1 O
01 0 1
From Equation 16,
D=v 1D,V
p=1vH.p,v
2 (18)
D=%VH-HVHHV-V
y-1_1yH
Where 2
Now the resulting virtual channel matrix would be;
Hpew =Hy -V
h1+h3 h2+h4 h3—h1 h4—h2
_[hp+hy —hp—hg hy—h; by —h (19)
h+hg  hp+hy  y—hg hy—hy
hy+hy —h —hg hy—hy hg—hy

Following the channel matrix of Equation 17 and the
tradition in [3, 12], the encoding matrix can be formulated as:

G-C C—-C CG3—G C+0C
* * * % * * * *
Cs—Cr —Cay+ —C4—C, Ca+
Crow=| 2~ 3+C 4-C G+ (20)
G—C C+C C3—-C C—-C

—C4—Cy C3+C C4—Cp —C3+Cf

By deleting the fourth column of the new matrix, the new
matrix for a 3x1 QO-STBC can he formed thus;

Ci—C C—C C3+C
* * * * * *
Cq4—0Co —C3+C —C4—0Cy (21)
€ +C3 Co+Cy C3—C
* * * * * *
—C4 —Co —C3+0_|_ Cq—Co

By nulling the fourth antenna elements of the channel
matrix in Equation 8, then the equivalent channel matrix for
3x1 can be formed.

hy +hg hy hg—hy  —hy 22)
oo e - hg —hy h-hy
news = by +hy hy hh—hg hy

hy —h-hy h;  hg-hf
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As it would be expected, the 4 x 1 QO-STBC
outperforms the 3 x 1QO-STBC as shown in Figure 1.

10°

Traditional QO-STBC (3x1) Theor i
Dama QO-STBC (3x1) Theor |
Traditonal QO-STBC (4x1) Theor
**** Dama (4x1) Theor E

10

10

10

Bit Error Ratio

10

10

10°

0 5 10 15 20 25 30
EbNO (dB)

Fig1l. Comparison of Traditional QO-STBC and Interference-free QO-
STBC

It is observed that interference elimination approach
achieves circa 2dB gain with respect to the traditional QO-
STBC for both 4 x 1 QO-STBC and 3 x 1 QO-STBC. This
approach is then extended to include the OFDM as discussed
in the next section.

V.  THEQOo-STBC OFDM SYSTEM MODEL

Combining the QO-STBC scheme and the OFDM system
presented in Section Il, the QO-STBC OFDM architecture is
represented in Figure 2. The combination of QO-STBC
scheme with OFDM drives the system towards achieving
maximum diversity gain since in achieving maximum
diversity gain, the number of subcarriers, N, must be larger
than or equal to the number of independent delay paths, L,
[11].

h
vl

. S -c‘ —
}11(1\'-2) [, : :0

e ’ g .
k G

b(n)

QO-STBC

L]

Fig 2. Design Architecture for QO-STBC OFDM System

This architecture is shown for a QPSK system with b(n) as
the resulting QPSK mapped symbols in the transmitter. Its
encoding is according to the descriptions of the QO-STBC
above. According to the number of the required transmit
antennas, the output QO-STBC coded symbols Co, ..., Cya,
Ci1 (where k is the maximum number of transmit antennas)
are individually modulated by the OFDM modulation scheme.
After traversing the channel the OFDM symbols are received
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as Iy, .- fg_o, kg corresponding to each transmission
branch. Then, the estimates are demodulated by the OFDM of
each transmission branch to obtain the estimates of the QO-
STBC encoded symbols, &, -, €_o, €1, for onward QO-
STBC decoding. These estimates of the OFDM modulated
symbols are obtained by performing an N-point inverse
Fourier transform (IFFT) and removing the CP. After

decoding, an estimate of the transmitted symbol, B(n), is

obtained. This is fed to the QPSK de-mapping block and then
for error computation.

VI. NUMERICAL SIMULATION RESULTS AND DISCUSSION

In the simulation, the symbols are constructed according to
the codes. The codes provide, for three transmit antenna
system, three time slots. So, the QO-STBC OFDM system
symbols will be quasi-static for three slots. Also, for four time
slots where no column of the encoding matrix is eliminated,
then the QO-STBC OFDM symbols will be quasi-static for
four time slots. The OFDM was designed with a CP length of
25%. Recall that one of the major advantages of OFDM
system is that it converts a frequency selective transmission
channel to a non-frequency selective channel such that
correlation difference of one channel impulse response to
another is highly negligible. In addition to this advantage, this
study investigated a scenario where the channel is necessarily
correlated. This condition is described for a frequency non-
selective transmission. Thus, the flat fading channel has the
characteristics that the channel coefficients are strictly
uniform for each transmission branch. The results in Figure 3
are identical in behaviour to the results earlier reported in
Figure 1. It is shown that for all cases the QPSK QO-STBC
interference-free OFDM systems outperformed the traditional
QPSK QO-STBC OFDM systems. Notice that the interference
free method is designated in Figure 3 after the name of the
proposer, Dama et al.

10°

Trad Simulation (3x1)
—— | —— Dama Simulation (3x1) 1
10" Trad Simulation (4x1) g
Dama Simulation (4x1) f}
-2
o 10
T
14
5 10°
b=
w
=
o0 10’4
10°
10° \
0 2 4 6 8 10 12 14 16 18

EbNO (dB)

Fig 3. Comparison of Simulated results of interference QO-STBC OFDM
system with traditional QO-STBC OFDM system

It is necessary to emphasize that the OFDM is
characterized with better performance than the theoretical
result. In QO-STBC OFDM, diversity advantage improves
with the number of subcarrier. Also, the presence of cyclic
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prefix provides a phenomenon that reduces the irreducible
error that is not possible in the traditional systems. In that
sense, the inter-symbol interference are well overcome.

VII. CONCLUSION

QO-STBC scheme that improve the performance of multi
antenna system using diversity over OFDM system has been
presented. Traditional QO-STBC systems achieve only full
transmission rate but not full diversity. The full diversity
limitation has been shown to be consequent on the interfering
terms incurred during decoding. These interfering terms exist
as off-diagonal elements in the decoding matrix, which when
there is no interference the matrix is a diagonal matrix and so
permit linear decoding. An interference elimination technique
was used in the case of a QO-STBC OFDM system to
improve the performance of the QO-STBC scheme over an
OFDM system. The decoding matrix of the QO-STBC is
constructed for a free-interference decoding which improves
the system performance. It was observed that the scheme
achieved about 2dB gain both in theory and when OFDM
system was applied during simulation. Consequently, the
interference elimination method must be considered in the
deployment of QO-STBC for multi antenna transmission in
OFDM systems.
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