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ABSTRACT

One of the diversity configurations is transmit diversity. It is employed to mitigate multipath
fading channel in a time varying channels to improve wireless communication system and
make it more reliable. This paper presents a review of diversity techniques and
configurations with various signal processing techniques and space time coding system that
are mostly employed, diversity combining schemes and analysis of diversity schemes is also
exploited. We also proposed a robust space time coding scheme based on orthogonal design
by extending the Alamouti’s space time block coding to a higher order diversity and
evaluates its performance based on signal to noise ratio (SNR) and bit error rate (BER). The
advantage of this transmit diversity is to simplify the hardware requirement by providing a
cost effective solution in broadband wireless system with eliminating the need for adopting
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1. INTRODUCTION

Wireless communication system suffers from multipath
fading in a time varying channels which seriously affects
the channel capacity and degrades the system throughput.
This effect becomes a serious challenge for overcoming
recent user’s expectation and demands with the recent
migration of mobile communication into new generations to
enable the users to enjoy high quality services such as
qualitative multimedia services, easy and high internet
accessibility, among others [1-4]. Various improvements in
signal processing techniques, multiple access techniques,
channel coding, and other enhance services techniques have
been explored and studied over the years. One of these
technique is to employ multiple antenna at either
transmitting and/or receiving end or both. This is called a
diversity system, it is one of the efficient and effective
technique of improving channel capacity, system
throughput and mitigate fading [5-8]. The diversity system

many antennas at the receiver side.

configuration can be transmit diversity with multiple input
single output (MISO), receive diversity with single input
multiple output (SIMO) and multiple input multiple output
(MIMO) diversity. Figure 1 shows different types of
diversity configurations. Various forms of diversity
approaches developed in the literature are; diversity in terms
of time, space, frequency, polarization and angle [9-12].

A lot of works have been proposed to improve the wireless
communication links throughput and capacity by adopting
diversity techniques such as in [13,14]. Early works
suggests the used of antenna array at one end, mostly at the
receiver. Authors in [15,16] shows that by using antenna
arrays at both ends capacity gain would be improved in
scattering wireless links. Receive diversity have been
proposed in [17-19]. In a similar manner, reference [20,21]
have analyzed the used of receive diversity in cellular
system. Recently, researchers have explored that the
benefits of receive diversity can be fully achieved by
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transmit diversity [11,22,23]. [24] proposed an efficient,
simple and low in computation transmit diversity with two
antennas. As detection techniques, other works include the
proposed spatial multiplexing technique and the vertical bell
labs space time architecture (V-BLAST) technique [25].
Alamouti STBC performance using theoretical values
[26,27] was compared. Other works in literature include
[28-31]. MIMO have been explored and implemented to
enhance data rate (bit/sec) and bit error rate (BER) quality
by employing suitable coding techniques. It also maximizes
the efficient bandwidth use as well as to mitigate random
fading [32-34].

Space time block coding (STBC) was developed and used
to improve the efficiency of diversity gains of space time
coding (ST) system. Its advantage is to possibly combine
time, spatial diversity, and also it is easier to develop which
draws the attention of researchers in investigating its
efficacy to provide diversity and full rate. Alamouti [27]
proposed a scheme using STBC with M=2, and N=1, the
term M and N are the number of transmit and receive
antenna elements respectively. This scheme is simple
transmit diversity and is equal to maximal-ratio receiver
combining (MRRC). The scheme has low computational
complexity and easily be generalized to diversity of order
2M without any feed back to the transmitter as well as no
bandwidth expansion. Several works have focused on
improvement of STBC scheme such as in [35-41] that
proposed extension of Alamouti’s scheme for M=2, but
these codes are non-square, loss in bandwidth efficiency,
and complex orthogonal only in time domain.
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Fig. 1. Diversity techniques configurations

The majority of the published works have a limitation in that
channel information is needed at the receiver end. This
study proposed a new extended Alamouti’s scheme, the
scheme uses OSTBC to encode the data.

This paper is an extended version of the paper presented at
International Conference on Electrical Engineering
Applications (ICEEA'2020), Department of Electrical
Engineering, Ahmadu Bello University, Zaria, Nigeria [42].
This paper highlights some of the transmit diversity
configuration theories and other diversity coding such as
popular Alamouti’s space time coding, we then proposed
the extended version of Alamouti’s scheme based on
OFDM.

2. SYSTEM THEORETICAL MODEL

2.1 Alamouti’s Space Time Transmit Diversity

Alamouti’s scheme is an efficient and simple transmit
diversity, the diversity has been achieved using space time
coding to achieve a full diversity in a wireless flat fading
channels. Alamouti’s proposes a 2 x 1 configuration scheme
and 2 x 2 MIMO scheme. M-array modulation scheme
modulates the transmitted symbol and transmitted via each
antenna. The transmitted symbols are encoded using Space
time block coded (STBC) scheme. To model the flat-
frequency-fading channel with signal bandwidth as B,
channel delay spread as T,,, T; is the time it takes for the
signal to travel from the transmit antenna to the receive
antenna. For this channel BT,, << 1 while BT, < 1. The
symbols can be transmitted from M number of transmit
antennas and also received by N number of receive antennas
as depicted in Figure 2.

To modeled the channel, the channel coefficients and the
received signal at time k are given in Equation (1) and (2)
respectively [8].

h=[h, hy ..hy_q] (1)
ylkl = |[=hx[k] +n[k] )

Where x[k] = [x, [k], x; [k], ... xy_q1 [K]]"isthe vector of
transmitted signal, while n[k] is the additive noise.

From Figure 3, the scheme is employed to perform certain
functions such as 1. Encoding the symbols at the transmitter
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and transmitting the sequence of information symbols 2.
Combining these symbols at the receiver side and 3. Carried
out the decision rule by maximum likelihood detector [6].

2.2 Encoding and Transmission Symbols

For simple Alamouti’s scheme with 2 x 1 antenna
configuration based on space time coding, the pairs of
symbols are transmitted in even and odd numbered interval.
Odd-numbered symbols are transmitted in complex
conjugate and inverted form, as shown in Equations (3) and
(4), whereas even-numbered symbols are transmitted
unchanged by two antennas.

Let’s denote the symbol as s,, x,[k]] is the transmitted
symbol by antenna zero, while x, [k] is for antenna one.

Xolk] = s,
{x1([)k] = Sn+1 @)
Xolk + 1] = =55,
{ 0xl[k +1] =s; ' @)

Complex multiplicative distortions are used in modelling the
channel with the assumption that the channel fading is flat as
seen in equation (5), over two consecutive symbol intervals

[5].

{ho[k + 1] = hy[k] = hy = aye/®°

h1[k + 1] = hl[k] = h1 = aoej‘pl (5)

At the receiver side, the received signal can be defined as in
(6) when the reception delay between x,[k] and x,[k] is
negligible.

ylk] = hoxolk] = hyx;[k] + n[k] (6)

2.3 Combining Scheme

As can be seen in Figure 4, across two consecutive symbol
instant the received signals are combined at the receiver’s
side with the assumption that the channel information is
known at the receiver.

TXo \
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\e?

Fig. 2. Time Transmit Across Antenna Array

Rx

ylk+1] by

h
Fig. 3. Combining Scheme based on Alamouti’s Technique

The channel estimator estimated h,; which is the channel
complex multiplicative factors and provide these channel

coefficient at the receiver side as in (7).

(50 = Riolhd + iyl + 1 0
Suvr = hiyl[k] — hoylk + 1]

{ 5, = (a¢ + a?)s, + hin[k] + hyn*[k + 1] ®

Sne1 = (@f + af)sneq + hinlk] — hon'[k + 1]

Equation (8) confirm that the combined symbols are
transmitted signals received in additive noise and have been
in scaled version.

2.4  Maximum Likelihood Decision Rule

Euclidean distance is used in the detector to make a decision
of which symbol is transmitted as in Equation (9)

$, =Sjj= arg min|3, — s;| 9
3. EXTENSION TO M RECEIVE ANTENNAS

3.1. STBC for the extended Alamouti’s scheme based on
Orthogonal design,
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Fig. 4. Simple transmit Alamouti’s diversity scheme
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To provide diversity of order 2N, Alamouti's simple transmit hoo - hoa
diversity scheme can be applied to a MIMO system with two H = : . :
transmit antennas and N number of receive antennas. In this hy-10 = hm-11

paper, we have proposed the extended version of Alamouti’s
scheme with M number of transmit antennas and N number
of receive antennas with transmission matrix remain the
same as in equation (5). Equation (10) is the channel matrix
with channel coefficients.

antennas.l,l € {0,1} and

nolk
O N R S
Yu-1l ny-1[k]

{ §, = [hog - hy—10]"YIk] + [ho1 o hy—11]Y" [k + 1]
Spa1 = (ot o -1 I YIK] + [hoo o ha—1 0]y " [k + 1][k + 1]

Replacing Egs. (11) and (12) into Eq. (7) yields Equation (13)

{ Sn = Sn Za=0(@ho + am1) + Zizo(hmonim [k] + (hypanm [k + 11)
Sn+1 = Spa1 2m=0(@mo + A1) + =0 (M1 Mun[K] + (Rpnonin [k + 11)

Table 1. Eight transmit antennas mapping and encoding of STBC using complex signals.

Tx1 Txz Txs Tx4 Txs Txe Txy Txs

T S So S3 S4 Ss Se Sz Ss
t+1T -S, S S4 -Ss Se -Ss -Sg Sz
t+2T -S3 -S4 S1 Ss Sz Ss -Ss -Se
t+3T -S4 S3 -S; S Ss -S7 Se -Ss
t+4T -Ss -Se -S7 -Sg S So S3 Sy
t+5T -Se Ss -Sg Sz -5, S1 -S4 S3
t+6T -S7 Ss Ss -Se -Ss S4 Si -5,
t+7T -Ss -S7 Se Ss -S4 -S3 So Si
t+8T Si* So* Ss* Sy* Ss* Se* S7* Ss*
t+9T -So* Si* S4* -55* Se* -Ss5* -Sg* S7*
t+ 10T -S3* -S4* Si* Sy* S7* Ss* -S5* -S6*
t+ 11T -S4* Ss* -5y* Sr* Sg* -S7* Se* -S5*
t+ 12T -Ss* -S¢* -S7¢ -Sg* Sr* S>* Ss* Sq*
t+13T -S6* Ss* -Sg* S7* -5o* S* -S4* S5*
t+ 14T -S7* Sg* Ss* -S¢* -55* Sg* Sr* -5*
t+ 15T -Sg* -S7* Se* Ss* -54* -S5* Sy* Sr*

(10)

where h (I,m) is the complex scalar corresponding to the
transmission path between the transmit and
receive antenna m, m,me€
{0,1, ..., M — 1}. The received signals are in (11) and (12).

receive

(11)

(12)

(13)



Zaria Journal of Electrical Engineering Technology, Department of Electrical Engineering, Afmadu Bello University, Zaria — Nigeria.
Vol. 10 No. 1, March 2021. ISSN: 0261 — 1570.

The proposed popular Alamouti’s transmit diversity scheme
is based on STBC codes and also is a generalized version of
STBC with equal features. These features are the
orthogonality and with defined number of transmit antennas
both schemes achieved full diversity. Technically speaking,
Alamouti’s space time codes can be defined as a complex
version of STBC in which at both transmitter and receiver
ends they utilized equal encoding and decoding schemes. The
transmission matrix S which consist of data to be transmitted
is constructed with the number of transmit antennas nTx and
the number of time slots p needed to transmit the symbols as
the rows and columns, respectively. The transmitted signals
are then received at receiver ends in which they were
combined. When the combined signals are fed into the
maximum likelihood detector, the decision rules are
computed.

3.2. Eight Transmit and One Receive Antennas

To evaluate the performance of transmit diversity system
configuration, extended version of Alamouti’s scheme was
proposed and modelled. Equation (14), gives the space-time
block code transmission matrix for eight transmit antennas.

The matrix in Equation (14) serves as encoder for STBC
scheme and is employed for transmitting any complex
constellation signal, it has also a rate of half. Table 1 shows
the mapping, encoding and transmission of STBC scheme.

(S1 S22 S3 S4 S5 S Sy S8
=Sy S1 Sy -S3 S¢ -Ss -Sg Sy
-S3 -S4 S1 Sy Sy Sg -S5  -S¢
5S¢ 83 S S1 Sg 57 S S5
S5 8¢ Sy -Sg S1 S22 83 4

G8= * * * * * * * * (14)

* * * * * * * *
=Sz -S4 $1 Sy Sy Sg =-S5  -Sg
* * * * * * * *
84 S3 S S1 Sg 57 S S5
* * * * * * * *
S5 -S¢ -Sy -Sg S1 Sy S3 Sy
* * * * * * * *
-Sg S5 -Sg Sy =5y S1 -S4 S3
* * * * * * * *
-Sy Sg S5 =S¢ -S3 Sy S1 =Sy
* * * * * * * *

Table 2 shows the channel coefficients for proposed STBC
schemes with 8Tx and 1Rx antennas configurations.

Table 2. Channel coefficients for 8Tx and 1Rx antennas
configuration.

Rx1
Tx1 h
Tx2 ho
Txs hs
Tx4 hy
Txs hs
Txe he
Txy hy
Txs hs

At the receiving ends, the received signals as shown in
Equation (15) - (30) will be received by receiver with sixteen
number of different signals with equal time slots
respectively.

1y = hySy + hySy + hysz + hySy + hsSs + hgsg + h;5; + hgsg + 1y (15)

Tz = —h1$2 + h251 + h3S4 - h4S3 + h556 - hGSS - h758 + h857 + le (16)
7”3 = —h153 - h254 + h351 + h4SZ + hsS7 + hGSB - h755 - h856 + 113 (17)
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T'4 = _h154 + h253 - h352 + h451 + hSSS - h637 + h756 - hSSS + Tl4 (18)

15 = —hyS5 — hySg — h3S; — hySg + hss; + hgs, + hys3 + hgs, +ng (19)
Te = —hyS¢ + hySg — h3Sg + hyS; — hsS, + hgsy — hys, + hgss + ng (20)
r; = —hyS; 4+ hySg + hySg — hySg — hgSs + hgsy + hysy + hgs, +ny (21)
13 = —hySg — hyS; + h3Sg + hySs — hsS, — hgS3 + hys, + hgs; + ng (22)
19 = hyS] + hys; + hss; + hysy + hgs: + hgsg + h;s7 + hgsg + ng (23)
To = —NyS; + hyST + haSy — hyS3 + hesg — hgse — h,sg + hgs; +nqyy (24)
111 = —hys3 — hys; + hysy + hysy + hgsy + hgsg — hysé — hgs +nq; (25)
T2 = —hys; + hys; — hysy + hysy + hgsg — hgsy + h,sg — hgse +nq,  (26)
713 = —hysi — hys¢ — hys; — hySg + hgsy + hgs; + hys; + hgsy +ny3  (27)
T4 = —hyS{ + hysi — hysg + hys;—hss; + hgsy — hysy + hgs; +nqy, (28)
Ty = —hyS7 + hySg + haSi — hySg—hss; + hesi + hysy + hgs; +ns (29)

1‘16 = _h1$§ - hzs; + h3S§ + h4S§—hSSZ - h65§ + h7S; + hgsiI< + n16 (30)

The combiner builds the following eight combined signals as expressed in Equations (31)-(38):

{s1 = hiry + hyry + hirs + Ry + hirg + hirg + hory + hyrg + hyrd + hyriy + haryy + hyriy + hstiy + heriy + hoyrys
+ hgrye} (31)

{§2 = hz‘l"l - hik_rz + hZT?, - h§T4_ + hgrs - h;rﬁ - h§7'7 + h;rs + hzrg* - hlrfo + h47'1*1 - h37'1*2 + h6r1*3 - hsr]il_ - hsrfs
+ hyris} (32)

{§3 = h;‘l"l - h;;rz - h;r?’ + hET‘l- + h;rs + hgrﬁ - h;r7 - hgrs + h37'9* - h47'1*0 - hlrl*l + hzrl*z + h77'1*3 + hsr]il_ - hsrfs
— herie} (33)

{:94 = hary + h3r, — hyrs — hiry + hgrs — hyre + hery — hsrg + hytg + hariy — horyy — hariy + hetis — hyry + herys
— hs1e} (34)

{ss = hsry — hgr, — hyrs — hgry — hirs + hors + hary + harg + hsrg — heTip — hyriy — gty — haryis + horyy + hats
+ hatie} (35)

{§6 = hgrl + h;rz - hgr?’ + h;r4_ - h;rs - h;rﬁ - h27'7 + h;rs + hﬁrg* + hsrfo - hgrfl + h77'1*2 - h2T1*3 - hlr]il_ - h47'1*5
+ h1e} (36)

{8, = hary + hgry + hsrs — hgry — h3rs + harg — hir, — horg + hyrg + hgri + hs1iy — hetiy — hatiz + hyriy — hyrys
— hyris} (37)

{5g = hary — oy + hirs + hiry — Riyrs — Rt + Rry — Rirg + hgts — hytjo + Reryy + hstiy — huris — haryy + hotis
— hyris} (38)
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The original transmitted signals are recovered and estimated
when the combined signals from Equation (31) — (38) are fed
to the maximum likelihood detector.

4. RESULTS AND DISCUSSION

To evaluate the performance of our proposed developed
model, we first generated the random bit stream, then
specified the power level, and then the encoding scheme is
employed to generate the transmitted symbols. Some
assumptions used in the study are; the channel is a multipath
fading through which the symbols encoded are transmitted.

4.1. Multiple input single output (MISO)

The bit error rate curves for various numbers of transmit
antennas nTx are shown in Figure 5. The error likelihood
decreases inversely with the nTx-th power of the SNR,
according to the results. The transmit diversity technique
decreases the transmitting capacity by around 4dB and 1.5dB
with a 10¢9 error rate, when the number of transmit diversity
order increases from two to four and four to eight
successively.

4.2. Performance comparison of Transmit and Receive
Diversity

The performance of transmit and receive diversity was
evaluated and compared for different scenarios. In the
simulation, coherent binary phase shift keying (BPSK)
modulation was used in a flat faded channel. The model
consists of two transmit antenna and one receive antenna
while for receive diversity, maximum ratio combining is used
with one transmit antenna and two receive antennas. As can
be seen from Figure 6, both configurations have the same
diversity order. Also it can be observed from the figure that
the receive diversity using MRC has 3db advantage over
transmit diversity, this is because our model has the same
total transmitted power in both scenarios. If the transmitted
power is calibrated to be the same with receive power, then
their performance would be the same.

Four transmit antenna was experimented and evaluated using
OSTBC with diversity order of four, the model is compared
with 2x2 and 1x4 configurations that offer the same diversity.
As shown in Figure 7, both curves have the same slope which
confirm that both configuration offer the same diversity
order. Also, from the figure it can be seen that the 3db
disadvantage shown by 4x1 transmit diversity is due to the

Perormance of Transmit dvesity(MISQ)

T T
Alamouti 2T¥&1R«
Exended Namodi EDGIR

0 2 § § 8 0 2 " 5 8 0
SNRIGE)

Fig. 5. Performance Comparison of Transmit Diversity
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¥ NoDiversty (1Tx, 1Rx)
Alamouti (2Tx, 1Rx)

0 Maximal-Ratio Combining (1Tx, 2Rx)

— Thearetical 2nd-Order Diversty

EbiNo (dB)

Fig. 6. Performance Comparison of second order Transmit and Receive
Diversity
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same reason as in second order diversity. However, the
performance of simulation matches the theoretical
performance of 4x1 transmit configuration.

10{;‘ -

¥ No Diversity (1Tx, 1Rx), BPSK
O QSTBC (4Tx, 1Rx), QPSK

3 Alamouti {2Tx, 2Rx), BPSK
10" ‘\“\ O MaxinabRatio Cambiing (1T, 4Rx),BPSK
Thearetical dth-Order Diversity, QPSK

EbiNo dB)

Fig. 7. Performance Comparison of Fourth Order Transmit and Receive
Diversity

Table 3. Performance of different modulation schemes nTx
and nRx antennas

Modulation Number BER BER BER BER
Scheme of TR- for for for for
RX 2dB 4dB 6dB 8dB
BPSK 2:2 0.0182 0.0065 0.0018 0.0006
4:2 0.0124 0.0029 0.0005 0.0002
QPSK 2:2 0.0563 0.0278 0.0096 0.0035
4:2 0.0213 0.0031 0.0.004 0.0001
8PSK 2:2 0.1231 0.0909 0.0549 0.0289
4:2 0.5496 0.0348 0.0160 0.0045
16PSK 2:2 0.2178 0.1590 0.1289 0.0494
4:2 0.0597 0.0376 0.0153 0.0005

4.2. Performance of extended Alamouti and maximum
ratio combining for higher order diversity

Figure 8 shows the performance results for Alamouti OSTBC
with four transmit and one receive antenna, MIMO system
with two transmit and two receive antennas and maximum
ratio combining with one transmit and four receive antenna
that is a diversity of order four. The slopes of both curves are
the same, as can be seen in this diagram. Despite the similar
diversity of the curves, the 2x2 MIMO based on Alamouti's
scheme and the 4x1 Alamouti scheme tend to have less
advantage than the 1x4 MRC. This is due to the fact that the
Alamouti scheme's power is split between the antennas. (i.e.
approximately 3dB less per antenna than the power from the
MRC scheme, which has only one antenna).

) Performance of fourth order Diversity
10 Iy It T

Extended Alamouti 2Tx&2Rx
Extended Alamouti 4Tx&1Rx |]
—H— MRC 1Tx&4Rx
102
4 i
¢ N
i
10°
10° o
0 2 4 6 8 10 12 14

SNR

Fig. 8. BER Performance of Fourth Order Diversity

The type of modulation and the antenna configurations
influence the performance of STBC. Using Rayleigh faded
with an AWGN channel and only the receiver's channel state
information, we evaluate the performance of OSTBC-MIMO
in terms of BER with respect to SNR using different
modulation schemes. The performance of BPSK, QPSK, 8-
PSK, and 16-PSK for different antenna combinations was
presented.

Also, from table 3, it is very clear to see that the performance
of OSTBC with BPSK modulation is improved by
approximately 3dB when compared with QPSK modulation
scheme. Also, for OSTBC with QPSK modulation, the
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performance is improved by approximately 5dB as compared
with 8PSK modulation scheme. The BER performance of
OSTBC that employs 16PSK modulation scheme is less than
the performance of QPSK scheme with the same OSTBC
approach. The improved in performance by some modulation
schemes more than the others is due to the number of bits
each modulation schemes take. For example, in 16PSK
modulation, the number of bits are higher than in QPSK,
therefore, it’s performance is higher than 16PSK. Likewise,
when comparing QPSK and BPSK modulation schemes, the
improved in performance in BPSK is due to lower number of
bits used as compared to QPSK.

CONCLUSIONS

This paper highlights some of the theories behind transmit
diversity system configuration based on Alamouti’s scheme.
The scheme was analysed and evaluated with the proposed
extended version of Alamouti’s scheme based on OSTBC
scheme. It has been determined that STBC with a large
number of transmit antennas often outperforms STBC with a
smaller number of transmit antennas. In order to transmit
more data, it is clearly evident that higher number of transmit
antennas need to be implemented with the receiver ability to
recover the transmitted data. Also, at the receiving end,
higher number of received antennas will receive the same
number of transmitted data. The advantage of having
multiple antennas is in the recovering of original transmitted
signal as if one antenna fails to recover the signal correctly,
the other one can correctly recover. This advantage increases
the chance of receiving uncorrupted data symbols by at least
one out of many antennas than if one antenna is employed.
The proposed scheme also minimizes the multipath effect
and maximize the information rate. MIMO-STBC with
channel estimation scheme need to be further investigated.

ACKNOWLEDGEMENT

This work was supported by the Nigerian Communication
Commission (NCC) under 2021 Telecommunications-Based
Research Innovation from Academic in Nigeria Tertiary
Institutions with grant number NCC/R&D/TSU/001.

REFERENCES

[1] B. Zhiquan, P. Shanshan, Z. Qi, et al. “OCC-Selection-
Based High Efficient UWB Spatial Modulation System Over
a Multipath Fading Channel”, IEEE Systems Journal.13(2):
1181-1187, 2019.

[2] O.N. Acharya, S. Upadhyaya, “Space-Time coding for
wireless communication” School of computer science,
physics and mathematics, Linaeus university, 2012.

[3] A. H. Jabire, A. Abdu, S. Saminu, A. M. Sadiq, and M. J.
Adamu, “Isolation Frequency Switchable MIMO Antenna
for PCS, WIMAX and WLAN Application”, Elektrika
Journal of Electrical Engineering, 18(3): 27-33, 2019.

[4] T. Do-Hong, “Principles of digital communications”
Rice University, Houston, Texas, 2008.

[5] R. Ayman Ayd Saad, and A. H. Mohamed, “Conceptual
Design of a Compact Four Element UWB MIMO Slot
Antenna Array”, IET Microwave Antennas and Propagation.
13(2): 208-215, 2019.

[6] Z. S. Asif, “Mobile Receive Diversity Technology
Improves 3G Systems Capacity”, IEEE Communications,
7803-8451, 2004.

[7] A. H. Jabire, A. Abdu, S. Sani, S. Saminu, A. U. Taura,
and M. O. Obalowu, “Modal Analysis of a Circular Slot
Monopole Antenna for UWB application”, Elektrika Journal
of Electrical Engineering, 18(3): 34-43, 2019.

[8] K. Mahender, T. Kumar, “Simple Transmit Diversity
Techniques for Wireless Communications in Smart
Innovations in  Communication and Computational
Sciences”, Advances in Intelligent Systems and Computing:
329-337, 2019.

[9] K. Sengar, “Study and Capacity Evaluation of SISO,
MISO and MIMO RF Wireless Communication Systems”,
IJETT, 9: 2014.

[10] H. A. Ali, H. Khaled, I.S. Ahmed, and A.
Abdulhameed, “Experimental Evaluation of MIMO-OFDM
System with Rateless Space-Time Block Code, Hindawi
International Journal of Antennas and Propagation, Vol.
2019, Article 1D 6804582, 8 pages, 2019.

[11] S. A. Noor, K.A. Kasim, A. K. Sameer, “BER
Performance Improvement of Alamouti MIMO-STBC
Decoder Using Mutual Information Method”, J. Phys.: Conf.
Ser. 1530 012016, 1-8, 2020.

[12] A. H. Jabire, A. Ghaffar, X. J. Li, A. Abdu, S. Saminu,
A. M. Sadig, A. M. Jajere, "Design of a Compact
UWB/MIMO Antenna with High Isolation and Gain," 2020
IEEE Microwave Theory and Techniques in Wireless
Communications (MTTW), Riga, Latvia, 72-75, 2020.



Zaria Journal of Electrical Engineering Technology, Department of Electrical Engineering, Afmadu Bello University, Zaria — Nigeria.
Vol. 10 No. 1, March 2021. ISSN: 0261 — 1570.

[13] N. S. Kumar, G. J. Foschini, G. D. Golden & R. A.
Valenzuela, “Bit Error Rate Performance Analysis of ZF,
ML and MMSE Equalizers for MIMO Wireless
Communication Receiver”, European Journal of Scientific
Research, 59, (4), 522-532, 2011.

[14] V. Nandal, D. Nandal, “Improving Performance of
MIMO System using OSTBC, International Journal of
Applied Research and Studies, 4(8): 1-4, 2017.

[15] A. Sharma, A. Garg, “BER Analysis Based On Transmit
& Receive Diversity Techniques in MIMO-OFDM System”,
International Journal of electronics & communication
technology, 3(1): 8-10, 2012.

[16] A. H. Jabire, A. G. Abdullahi, S. Saminu, A. M. Jajere,
A. M. Sadiq, “Mutual Coupling Reduction For Triple Band
MIMO Antenna Using Stub Loading Technique”, Sule
Lamido University Journal of Science and Technology
(SLUJST), 2(1): 53-64, 2021.

[17] Sigh, H. Shankar, P. Kumar Bharti, G. Kumar Pandey,
and Kumar Meshram, “A compact tri-band MIMO/diversity
antenna for mobile handsets”, In International Conference
on  Electronics, Computing and Communication
Technologies (CONECCT), 1-6, 2013.

[18] B. Delango, “Performance Evaluation of Simple Space
Time Block Coding on MIMO Communication System”,
School of Computer Science, Physics and Mathematics,
Linnaeus University, Feb. 2010.

[19] Y. Devlal and M. Awasthi, “Capacity analysis of MIMO
technology”, 1JECS, 4(1): 9819-9824, 2015.

[20] D. Haider, A.A. Shah, S.I. Shah, U. Iftikhar, “MIMO
Network and the Alamouti, STBC (Space Time Block
Coding)”, American Journal of Electrical and Electronic
Engineering, 5(1): 23-27, 2017.

[21] N. Parveen, K. Abdullah, R. Islam and R. Islam Boby,
“Diversity Technique Using Discrete Wavelet Transform In
OFDM System”, International Journal of Engineering and
Advanced Technology (IJEAT), 8(2): 2019.

[22] N. Junyoung, G. Caire, and J. Ha, “On The Role of
Transmit Correlation Diversity in Multiuser MIMO
Systems”, IEEE Transactions on Information Theory, 63(1):
336-354, 2017.

[23] S. S. Sarnin, S. M. Sulong and N. A. Hasan Asa’Ari,
“BER Performance of QAM and QPSK Modulation
Technique for DCT Based Channel Estimation of STBC

10

MIMO OFDM”, MATEC Web of Conferences, 2016
International Conference on Measurement Instrumentation
and Electronics (ICMIE 2016), 1-5: 2016.

[24] V. D. Ravva, A. McLauchlin, “The BER Analysis of
MIMO System for M-PSK over Different Fading Channels
using STBC Code Structure”, International Journal of
Recent Technology and Engineering (1JRTE), 8(3): 2019.

[25] S. Karri, R. Ramesh, G.K. Manikanta, and B.
Gangadhar, “BER Analysis Of MIMO-Wimax System Using
Orthogonal Space Time Block Codes”, IEEE International
Conference on Power, Control, Signals and Instrumentation
Engineering (ICPCSI), 3062-3068, 2017.

[26] D. Haider, S. A. Shah, S. I. Shah, U. Iftikhar, “MIMO
Network and the Alamouti, STBC (Space Time Block
Coding)”, American Journal of Electrical and Electronic
Engineering, 2017, 5(1): 23-27, 2017.

[27] S. M. Alamouti, “A simple transmit diversity technique
for wireless communications”, IEEE Journal on Selected
Areas Communication, 16: 1451-1458, 1998.

[28] J. Anu, J. Jithin, D. Andrew, “high rate reliability
beamformer design for 2x2 MIMO-OFDM system under
hostile jamming”, Networking and Internet Architecture,
arXiv:2004.14306v2, pp. 1-9, 2020.

[29] M. Patel, N. Patel and A. Paliwal, “Performance
Analysis of Different Diversity Combining Techniques with
MIMO Systems”, International Journal of Advanced
Research in Electrical, Electronics and Instrumentation
Engineering, 4(12): 2015.

[30] A. H. Jabire, S. Saminu, A. Abdu, N. A. Abel, A. M.
Sadiq, “Characteristic Mode Analysis of a Stepped Gradient
Planar Antenna for UWB Application”, Zaria Journal of
Electrical Engineering Technology, 9(1): 1-9, 2020.

[31] Ujjwal, V. Nandal and D. Nandal, “Improving
Performance of MIMO System using OSTBC”, International
Journal for Research in Technological Studies, vol. 4(8):
2017.

[32] M. Roopa, B. N. Shobha, “Performance Improvement of
MIMO System Using OSTBC”, International Journal of
Innovative Science and Modern Engineering (1JISME),
5(11): 2019.

[33] S.B. Patel, J. Bhalani, and Y. N. Trivedi,
“Performance of Full Rate Non-Orthogonal STBC in



Zaria Journal of Electrical Engineering Technology, Department of Electrical Engineering, Afmadu Bello University, Zaria — Nigeria.
Vol. 10 No. 1, March 2021. ISSN: 0261 — 1570.

Spatially Correlated MIMO Systems™, Radioelectron.

Commun. Syst., 63(2): 88-95, 2020.

[34] A. H. Jabire, A. Ghaffar, X. J. Li, A. Abdu, S. Saminu,
M. Alibakhshikenari, F. Falcone, E. Limiti, "Metamaterial
Based Design of Compact UWB/MIMO Monopoles
Antenna with Characteristic Mode Analysis" Appl. Sci.
11(4): 1542, 2021.

[35] G. Kaur, N. Kaur, L. Kansal, G. S. Gaba, M. Baz, A
“Survey on Space Time Block Coding Massive MIMO”,
International Journal of Pure and Applied Mathematics,
118(7): 291-295, 2018.

[36] S. Saminu, A. H. Jabire, A. M. Jajere, A. M. Sadiq,
R. Zakariyya, “OSTBC-MIMO Performance Evaluation
Using Different Modulation Schemes”, Journal of Science
Technology and Education, 8(3): 49-58, 2020.

[37] H. A. Ali, H. Khaled, I. S. Ahmed, and A.
Abdulhameed, “Experimental Evaluation of MIMO-OFDM
System with Rateless Space-Time Block Code”, Hindawi
International Journal of Antennas and Propagation, Vol.
2019, Article 1D 6804582, 8 pages, 2019.

[38] S. Saminu, A. H. Jabire, Y. K. Ahmed, A. M. Jajere, I.
S. Ahmad, “Performance Comparison of Transmit and
Receive Diversity under Rayleigh Faded Channel Using
Extended Alamouti’s Scheme”, Journal of Science
Technology and Education, 9(1): 257-269, 2021.

11

[39] K. Mahender, T. Kumar, “Simple Transmit
Diversity Techniques for Wireless Communications”, Smart
Innovations in Communication and Computational Sciences,
Advances in Intelligent Systems and Computing, 329-337,
20109.

[40] A. H. Jabire, S. Saminu, A. D. Goje, A. L. Ochonu, and
D. N. Wesley, “Performance Comparison of Two Planar
Monopole Antenna for Ultra-Wideband Applications. Zaria
Journal of Electrical Engineering Technology, 9(1): 47-57,
2020.

[41] S. Karri, R. Ramesh, G. K. Manikanta and B. gangadhar,
“BER Analysis of MIMO-Wimax System Using Orthogonal
Space Time Block Codes”, IEEE International Conference
on Power, Control, Signals and Instrumentation Engineering
(ICPCSI), 3062-3068, 2017.

[42] S. Saminu, A. H. Jabire, A. Abdulkarim, Y. K. Ahmed, .
A. Karaye, 1. S. Ahmad, “Performance of Extended
Alamouti’s Scheme Using Orthogonal Space Time Block
Codes” International Conference on Electrical Engineering
Applications (ICEEA'2020), Department of Electrical
Engineering, Ahmadu Bello University, Zaria, Nigeria, 1-6,
2020.



