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Abstract. A new approach for implementing QO-STBC and DHSTBC over
OFDM for four, eight and sixteen transmitter antennas is presented, which
eliminates interference from the detection matrix and improves performance by
increasing the diversity order on the transmitter side. The proposed code pro-
motes diversity gain in comparison with the STBC scheme, and also reduces
Inter Symbol Interference.
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1 Introduction

Single-Input Single-Output (SISO) communication systems have a single antenna at
both the transmitter and the receiver, with resulting limitations in capacity. To increase
the capacity of SISO systems, large bandwidths and high transmit power would be
required. Alternatively, MIMO systems could give improvements without the need to
increase the transmission power or the bandwidth, also decreasing the error rates in
comparison with single-antenna systems [1].

High data-rate wireless systems with very small symbol periods usually face
unacceptable Inter-Symbol Interference (ISI) originating from multipath propagation
and the resulting delay spread. Orthogonal Frequency Division Multiplexing (OFDM)
is a multicarrier-based technique for mitigating ISI whose spectral efficiency improves
capacity. [2]

The structure of a MIMO-OFDM system is described in Fig. 1

In 2013, Dama et al. proposed a new approach for Quasi-Orthogonal Space-Time
Block Coding (QO-STBC), which eliminated interference from the detection matrix,
thus improving the diversity gain compared with the conventional QO-STBC scheme
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Fig. 1. MIMO-OFDM block diagram

[3]. The method was then extended to Diagonalized Hadamard Space-Time Block
Coding (DHSTBC), to provide full rate diversity. These approaches were implemented
for MIMO systems with three and four transmitter antennas [3-5].

In the present paper, QO-STBC and DHSTBC are implemented for OFDM systems
using four, eight and sixteen transmitter antennas.

2 Quasi-Orthogonal Space Time Block Coding (QO-STBC)

2.1 QO-STBC with Four Transmit Antennas

In quasi-orthogonal coding, the columns of the transmission matrix are divided into
groups. Columns within each group are not orthogonal to each other but those from
different groups are mutually orthogonal [6]. Pairs of transmitted symbols can be
decoded independently, but there is some loss of diversity in QOSTBC due to coupling
terms between the estimated symbols [7].

For four symbols xj, x;, x3 and x4, the encoding matrix Xagga is formed from two
(2 x 2) Alamouti code matrices X, and Xs4:

X1 X2 X3 X4
X = * Lk X‘ - )k 1
o= | R = | (1)
And so
| X2 X34
Xapa = {X34 Xu] (2)

The equivalent virtual channel matrix H, can be written as:

ok hy
| ng
Be= hy m o G)

Ky —I By —h
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Considering a linear system of the form
Y=HX+n (4)

A simple method to decode QO-STBC over OFDM is by applying the maximum
ratio combining (MRC) technique: the received vector Y is multiplied by H!! thus:

X = H?Y = H" H Xappa + Hn
= DyXappa +H'n

(5)

where D4 = HEIHV is a non-diagonal detection matrix, HIVH is the Hermitian of H, and n
is the noise vector of AWGN channel.

pOa0 (©)

The diagonal elements o and f in Eq. 6 o represent the channel gain and the
interference from other signals respectively, and they are defined as follows,

o = |l |* + || + B3| + |hal? )
B = hihy + hah} + Iyhy + hahth

Since the interference terms 5 will cause performance degradation, more complex

decoding methods have been introduced to estimate X [3, 4].
The solution of the eigenvalue problem of the detection matrix D4 can be written
as,

D4 Voo—stac — Voo-stecDgo—stac = 0 (8)

where Dqo-stec and Vqo-stec are the eigenvectors and eigenvalues of Dy
respectively,

a+p O 0 0
0 o+ 0 0
Dspo—stc = 0 0 b =B 0 9)

0 0 0 a—p

10-1 0
01 0 -1
Vago—-stac = 101 0 (10)

01 0 1
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From this basis, the channel matrix for four transmit antennas can be defined as:

Hypo—stsc = H,Vago—stBc (11)

where H4Q078TBC is given byZ

hi+hs hy+hy hy —hy hy — hy

o\ mg e hg =k — kg h - b —
Hago-stse = | 15 e hy+hy hy — hy hy — hy
B+ h —hy — B B — B K — B

(12)

HfQO—STBC'H‘*QO*STBC is a diagonal matrix which can achieve simple linear
decoding, because of the orthogonal characteristics of the channel matrix Higo—stBC

The encoding matrix X4qgo0-stc corresponding to the channel matrix Hiqgo-stBC
can be derived as follows:

X1 —X3 X2—Xa4 X1+X3 X2+XxXg
k * k k * * * *
Xy — X5 —X3+X] =Xy — Xy X3+X]
X1+XxX3 Xo4+X4 X3—X1 X4 —X2
—x3 — X5 X3+x] x3—x5 —x3+x]

Xapo-stBc = (13)

2.2 QO-STBC for Eight and Sixteen Transmit Antennas

In the case of four transmitter antennas the diagonal terms o are the channel gains and
off-diagonal terms f represent interference. With eight and sixteen transmitter antennas
ag, o6 are the channel gains described in Eqs. (14) and (15) respectively, and f,y5, 03,
Biss V16> Ti6s W16, C16, 116 and @4 are the interference from neighboring signals

Using the same methodology as in section the channel gains and the interference
terms for eight transmitter antennas can be written as follows,

ag = o+ |hs|” + e + |h7|* + |hs|*
Bs = B+ hehy + hehg + hihs + hghy
yg = hihs + hohg + W5hy + hahg + Rshy + hehs + hihs + hghy,
o3 = hihy + hohg + 5hs + hahg + Rshs + hehy + h5hy + hgh)

(14)

In the same way the channel gains and the interference terms are derived for sixteen
transmitter antennas:

o6 = ots + [ho|* + [hiol” + [An[* + [zl + s + [aal” + s | + ||

Bis = Pg +hohii + hiohl, + hiho + hiohiy + hishis + + hishlg + hishiz + hihiy
Yie = ¥+ hohiz + hiohl, + hi his + hiohi + hishe + Ry + hishi + hishi,

016 = 0+ hghis + hiohl + b hiz + hiohi, + hishi + hishy, + hishe + hihy,
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016 = Hho + halilg + Wik + haltly + hihis + heh'y -+ hihys + hshtg + hihy + hioht
+ I b ok ghi + huahy + ishs + highl
L1 = Wihiy + hohiy + h3ho 4 hahiy + hihis + hehig + h3his + hghl, + hohs + hiohy
IRy g+ Hishy + hyghl + hishs + hght
Mo = hihis + holtly -+ Bohys + haltlg + hsh -+ hhg -+ Hshy + hualty + Hishy + hygh
@16 = hihis +hahig + h3hys 4 haly + h5hyy + hehy, + h3ho 4 hghy + hghy 4 hiohg
+ Iy hs + hiohg + hishs + hiahy + hishy + highy

(15)

The eigenvalues matrix Dggo—srpc and the corresponding eigenvectors Vgpo—srac
for eight transmitter antennas are given by Eqs. (16) and (17).

0 0 0 0 0 0 0
ﬁ+9<*(7*7[5+o<—(7—y 0 0 0 0 0 0
9 0 —B—a+o+y 0 0 0 0 0
_ 0 0 0 —B—ato+y 0 0 0 0
Dsgpo-stsc = 8 0 0 0 —B+ato—7y 0 0 0
0 0 0 0 0 —B+oat+a—y 0 0
0 0 0 0 0 0 frot+a+y 0
0 0 0 0 0 0 pt+oato+y
(16)
(-1 0 -1 0 1 0 107
0 -10—-10-101
-10 1 0 -1010
0-10 1 0 101
Vsgo-stec = | 0 10 —-10 10 (17)
01 0-10 101
1 01 01 010
(01 0 1 0 —-101]

From Eq. (18), the new channel matrix is derived based on the virtual channel
matrix as shown in Eq. (19).

Hgopo—stec = Hy8Vgpo—stsc (18)
Where,

hy hy hs hy hs he hy hg
Wy —h B —h B —hE B —h
hy hy hy hy hy hg hs he
Ky —hy By =t By —hs B —h
hs he hy hs hy hy hy hy
e —h% by —h By =k B —h;
h7 hg h5 h6 h3 h4 hl h2
Ky —I B —h% B —h5 B —h;
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Then the encoding matrix Xggo-stc is derived corresponding to the channel
matrix Hggo-stec as in Egs. (20) and (21)

Hy o-stac

e kg + B+ hy—hy — Ry + hg + hghy + by + hy + hy hy + g + b+ hy by — g + Ry — by hy —hy +hg —hg by —hy — hg + hy —hy + hs + hs — hy
—hy = h + g+ hy by + B3 = hy = By hy + hy + hg + hg—hi — h3 — hg — b3 h — hj + hg — h —hi + h — h + hy—hj + h3 + h§ — hy —h} + h} + hg — hy
—hy — hy + hg + hy—hy — hy + hg + hghy + hg + hg + hy hy + hy + hg + hg hy —hy +hy —hs hy —hy +hg —hg hy—hy — hg + hg —hg + hy + hy — hg
—hy = hy+hi+hy B+ Ry — hg — by Ry + by + hy + hg—hi — b3 — hg — by h — hj + hy — h —h3 + ki — h + hi—h} + hi + hy — h —h} + hj + hg — h}
—hg = hy + hy + hs—hg — hg + hy + hyhy + hg + hg + hy hy +hy + g +hg hy —hg +hs —hy hy —hy +hg —hg hy—hy = hg + hg —hg + hy + hy — hg
—h = hg + R + h hi+ by — by — hy hy + hy + hg + hy —hi — hi—hs — hy hy — hj + hg — h —hj + h — h + hy—hj + hi + hj — h —h} + h} + hg — hg
—hg = h+hy + hy —hg = hg + hy + hyhy + hs + hs + hy hy + by + hg+ hg hs —hy +hy — hs hy — hy +hg — hg hy —hy —hg +hg —hy + hs + hs — hy
—h = h + Ry + Ry hE+ by — by — by Ry + R+ hg + hg—hi — by — hg — by By — hy+hy — hy —hj + b — h + hi—h} + h} + h§ — by —h} + h} + hg — hy

(20)
Xs go-stBC

—X; — X3+ X5+ X=Xy — Xy —Xg+Xg—X; + X3 —Xs + X=Xy +Xg+XgFXg Xy —X3—Xs+X; Xp—Xg+XgtXg Xy Fxz+xs+X; Xp+ Xy~ Xet+Xg
X5+ X5+ Xg—Xg =X — X3+ X5+ X5 X5 —Xg — Xg— Xg —X{ + X3 — X5 +X5—X; + Xy —Xg— Xg X] — X3 — X5 + X7 —X3 — X3+ X, —Xg X +X3+x5+x;
=Xyt X3 — X5+ X=X, + X3+ X+ Xg—X; — X3+ Xs+ X=Xy —Xg—Xg+Xg Xyt X3+ Xs+X; Xp+X3—Xg+Xg X3 —X3—Xs+X; Xp— X4+ Xg+Xg
X;— X3 —Xg—Xg —X] +X3—X5+X; X3+ X3+ X5 —Xg —X{ — X3+ X5 +X5—X; —Xj+X5— Xg X +x3+X5+X5 —X;+X;—Xg—Xg X] —X3— X5 +X7
= Xy —X3—Xs+X; Xp—Xg+Xe+Xg Xy +x3+x5+X; Xp+xg—Xg+Xg —X; — X3+ X5+ X7—X; —Xg — Xg+Xg—X; + X3 — X5+ X7 X+ X4 + X6+ Xg
—X5 4+ X5 — Xg—Xg X] — X3 — X5+ X5 —X5 —Xp+Xg —Xg X1+ X5+ X5+ X5 x5+ x5+ X5 —Xg —X] — X5+ X2+ X X5 — x5 —Xg—Xg —X] + X5 — x5+ x5
Xi+ X3+ X5+ Xy Xy Xy —Xg+Xg Xy —Xg— X5+ Xy Xp— Xy + X+ Xg —Xp + Xz — X5+ X=Xy + Xy + Xg + Xg—X; — X3 + X5 + Xy —Xp — X — X6 + X
—Xy =Xy HXg— X3 x] Hx3H x5 H X7 Xy H XL —Xg—Xg Xp — X3 — X5+ X7 Xp —Xj—Xg—Xg —X;+X3—X5+x; X3+ X5 +x5— x5 —x; —x3+ x5+ x5

(21)
Similarly, the detection matrix for sixteen transmitters can be derived to eliminate

the interference terms. The resultant channel model and coding matrices result in an
interference-free detection matrix.

3 DHSTBC for Multiple Transmit Antennas

In this section a full-rate full-diversity order Diagonalized Hadamard Space-Time Code
(DHSTBC) over OFDM for 4, 8 and 16 transmitter antennas is implemented. The
detection matrix generated, D = XX isa diagonal matrix [5, 8]. The generated codes
provide full rate and full diversity when the number of the receiver antennas are at least
equal to the number of transmitter antennas, the code matrices for DHSTBC are
Hadamard matrices of size N = 2" where n> 1.

Let sy,s2,...... ,sn be the transmitted symbols. These symbols are sorted to form
the cyclic matrix Sg as in Eqs. (22) to (24) as follows,

S1 $2 53 84
§2 81 S4 83

oe[23] el

S6 S5 S8 87

S, = S12 S34 S5 = Ss6  S78
S3a Siz S8 Sse

The transmitted matrix is,

sy Ss
=g 3] 23)
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The same procedure is applied to form the transmitted matrix Sj¢, as follows,

So—10  Sii-12 S13-14 S15-16
So = S0 = 24
’ [51112 So-10 ] 10 {51516 51314} (24)

Sg Sl() SS Sll
. {510 Sy } 10 {511 Sg } (25)

The Hadamard matrices of order four, eight and sixteen which are used to form the
new channel matrix are given in Eqgs. (26, 27 and 28) respectively:

11 1 1
1-11 -1
11 —-1-1
1-1-11

Hy

(26)

1 1 1 1 1 1 1
-11 -11-11 -1
1 -1-11 1 —-1-1
-1-11 1 —-1-11
1 1 1 —-1-1-1-1
-1 1 -1-11 —-11
1 -1-1-1-11 1
-1-11-11 1 -1}

(27)

Y G G G WY

1111111111 1 1 1 11
-11-11-11-11-11-11-11 -1
i1 -1-1r1 1 -1-11 1 -1-11 1 —-1-1
-1-1r1 1 -1-11 1 -1-11 1 —-1-11
111 -1-1-1-11 1 1 1 —-1-1-1-1
-11 -1-11-111-11-1-11 —-11
i1 -1-1-1-11 1 1 1 -1-1-1-11 1
-1-11 -1r11-11-1-11-11 1 -1
1111111 ~-1-1-1-1-1-1-1-1
-1171-11-11-1-11-11-11 -11
l1 -1-r1 1 -1-1-1-11 1 -1-11 1
-1-11 1 -1-11-111-1-11 1 —1
1 11 -1-1-1-1-1-1-1-11 1 1 1
-117-1-11-11-11-111-11 -1
1 -1-1-1-11 1 -1-11 1 1 1 —1-1
-1-11-1r11-1-111-11 —-1-11 |

Hig = (28)

m e e e e e b ek e b e e e e e e
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The resultant encoding matrix X. for 4, 8 and 16 transmitter antennas is a DHSTBC
over OFDM and hence, the overall expression is given by,

X=HS (29)

The encoding matrix for four transmitter antennas can be generated using
Eq. (30) as,

S1+S2+8534+854 S +S52+8534+854 S +S0+853+854 S+ 5+ 53+ 854
S| — 82 +83— S48 —S1+S4—5385 —S2+S53— 54 S — S +54— 53
X = (30)

SIS —853—854 51+ —853—854853+54—85—5 $3+853—85 —5

S| — 8 —S3+84 5 — 8] —S4+8385 —8S —S4+85385 —8—853+5_4

The Same Procedure Can Be Followed to Generate the Encoding Matrices for 8 and
16 Transmit Antennas

4(51 + 52+ 83 +S4) 0 0 0

H 0 4(S1 — 8 +S3 - S4) 0 0

X4.X4 o 0 0 4(3‘1 +5 — 853 — S4) 0
0 0 0 4(S1 — 852 — 83 +S4)

(31)

One can notice that the detection X4X! is diagonal matrix where the interference
terms have been eliminated which can achieve simple linear decoding as the shown in
Eq. (31).

4 Simulation and Results

The performance of QO-STBC and DHSTBC over OFDM was evaluated over Ray-
leigh fading channel using MATLAB. The signals were modulated using 16-QAM, and
the total transmit power was divided equally among the number of transmitter anten-
nas. The fading was assumed to be constant over four, eight and sixteen consecutive
symbol periods for four, eight and sixteen transmitter antennas respectively and the
channel was known at the receiver. Finally the results of these methods were compared
with STBC results, using the same data and channel parameters. Table 1 shows the
simulation parameters.

Table 1. OFDM Simulation Parameter

Parameter Specifications

Carrier frequency (MHz) 5.8
Sample frequency (MHz) | 40

Bandwidth (MHz) 40

FFT size 128
Cyclic prefix ratio 0.25
Constellation 16-QAM

Data subcarrier/Pilots 108/6
Virtual carrier 14
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Figure 2 shows the BER performance of QO-STBC over OFDM for four, eight and
sixteen transmit antennas. The best BER is achieved by using sixteen transmitter
antennas, since this gives the largest diversity order.

BER \Dls. SNR for MISO-OFDM 16Tx x 1Rx and 8Tx x 1Rx and 4Tx x 1Rx QOSTBC
—
i

‘Q"\f

e 4Tx x 1R[]
O [ —0—38Txx1Rx []
A § ™~ 16Tx x 1Rx [

0 5 10 15 20 25 30
SNR-dB

Fig. 2. BER performance of QO-STBC over OFDM for Four, Eight and Sixteen Transmitter
Antennas.

BER Vs. SNR for MISO-OFDM 16Tx x 1Rx and 8Tx x 1Rx and 4Tx x 1Rx DHSTBC

e
[ — —+—4Txx1Rx {
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‘ Ay
10 " \
N \
AW A ¥
() \
\ A
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o \ N
10°
10°
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Fig. 3. BER performance of DHSTBC over OFDM for Four, Eight and Sixteen Transmitter
Antennas

Figure 3 shows BER performance of DHSTBC over OFDM for four, eight and

sixteen transmitter antennas. Again the best BER performance is achieved using sixteen
transmitter antennas.
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Next we compare the BER performances of QO-STBC, DHSTBC and the con-
ventional STBC method with the same number of transmitter antennas. It’s noticeable
in Figs. 4, 5 and 6 that proposed DHSTBC achieves the best performance, and pro-
posed QO-STBC outstrips conventional STBC.

0 BER Vs. SNR for MISO-OFDM 4Tx x 1Rx DHSTBC , STBC and QOSTBC

10

~ \ ~
-
% N

a ~
10" ‘\&“ \

AN

»
X
10° \

S
253

BER

I
=& DHSTBC 4Tx x1Rx H
==+ STBC 4Tx x 1Rx
QOSTBC 4Tx x 1Rx [
5 [
0 5 10 15 20 25
SNR-dB

Fig. 4. BER performance of STBC, QO-STBC and DHSTBC over OFDM for Four Transmitter
Antennas.

OBER Vs. SNR for MISO-OFDM 8Tx x 1Rx DHSTBC , STBC and QOSTBC

(Ljg— =
e 1 ——

.
X N

N N

~

i
| 1

BER

3
ot

——6— DHSTBC 8Tx x1Rx [
——4— STBC 8Tx x 1Rx
QOSTBC 8Txx 1Rx [

0 5 10 15 20 25 30 35

Fig. 5. BER performance of STBC, QO-STBC and DHSTBC over OFDM for Eight Transmitter
Antennas
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0BEF{ Vs. SNR for MISO-OFDM 16Tx x 1Rx DHSTBC , STBC and QOSTBC
10

=
b= s ~
T\ \\
10" L N
X\ N
X, e
— \
o \ \
@ \
\ N
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==©— DHSTBC 16Tx x1Rx
=4 STBC 16Tx x 1Rx
QOSTBC 16Tx x 1Rx
10° I I I
0 5 10 15 20 25 30 35

SNR-dB

Fig. 6. BER performance of STBC, QO-STBC and DHSTBC over OFDM for Sixteen
Transmitter Antennas.

5 Conclusions

New methods for QO-STBC and DHSTBC over OFDM for four, eight and sixteen
transmitter antenna were implemented by deriving the orthogonal channel matrix that results
in simple decoding scheme. The performance of QO-STBC and DHSTBC over OFDM was
evaluated by varying the number of transmitter antennas and tested with different modu-
lation schemes. When these compared with real STBC it shows a better performance.
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