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ABSTRACT

Spatial and multiplexing diversity of multiple-input multiple-output (MIMO) schemes
improves link reliability and data rates of wireless networks. MIMO-based space-time block
codes (STBCs) improve wireless network reliability by using different copies of the receiver’s
original data. Recently automatic repeat request (ARQ) technique was introduced for MIMO
schemes to enhance the system's link reliability. ARQ improves the link reliability by using
acknowledgments and timeouts to ensure efficient transmission of data over an insecure

system.

In this dissertation, we propose a new ARQ protocol based on Alamouti space-time block
code (STBC) over Rayleigh fading channels. The proposed system transmits data by
employing two transmit antennas (N; = 2) and four receive antennas (Np = 4), and it is
developed by applying the recent technique called uncoded space-time labeling diversity
(USTLD). The main idea behind the proposed technique is to use two distinct mappers to
improve the error performance of the system. The theoretical expression of the proposed
technique is derived employing the union bound approach, and the theoretical analysis is

validated with the simulation results.

Furthermore, the results revealed that there is a symbol error probability (SEP) performance
improvement of 4 dB for 16-QAM and 4.90 dB for 64-QAM when one mapper is employed
as compared to the Alamouti system at a SEP of 107°. The results also revealed that when
the proposed system uses two mappers, there is a SEP performance improvement of 7.98

dB for 16-QAM and 9.8 dB for 64-QAM compared to the Alamouti system at a SEP of 107°.
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CHAPTER 1

Research Background

1.1 Introduction

In wireless communication systems, data rates and/or link reliability are often enhanced by
employing multiple-input multiple-output (MIMO) technique [1]. MIMO systems achieve
this by offering spatial multiplexing, spatial diversity, or a trade-off of both. Spatial
multiplexing is accomplished with independent codewords sent to the receiver
simultaneously, with the aim of improving data rates of wireless networks. On the other
hand, spatial diversity is realized by transmitting redundant codewords to the receiver to

enhance link reliability [2].

The Alamouti space-time block code (STBC) is one type of two input MIMO system [3]. It
transmits data by employing two transmit antennas during two time slots. However, only
full-diversity and no multiplexing gain is accomplished by the Alamouti STBC [4]. The link
reliability in the Alamouti system is achieved by transmitting redundant duplicates of the
original symbol to the receiver through two transmit antennas. Signals are transmitted to
the receiver across different channels paths and at different times. The received signals are

combined in an optimal manner at the receiver to reconstruct the initial signals.

Reliability can be further improved in a wireless communication system by using diversity
techniques. Diversity approaches are employed to reduce the effect of channel fading on
wireless networks and thus improve the reliability between transmitter and receiver. [5].

This dissertation focuses on spatial diversity and labeling diversity.

Spatial or space diversity is achieved by implementing a multiple transmit and receive
antenna MIMO technique thus; multiple paths are established between the transmitter and
the receiver [6]. This approach offers significant error performance improvement without
compromising the vital bandwidth on the energy resources transmitted. Spatial diversity is

commonly applied as it is easy to deploy and very economical. In order to prevent the



correlation among the signals received from each received antenna, the spatial positions for
receive antennas are separated sufficiently [5]. The usual separation between the receive
antennas is a few wavelengths of the transmitted signal. Each received signal is combined to
increase its overall signal-to-noise ratio (SNR) by using selection combining (SC) or maximal

ratio combination (MRC), which thus mitigates the effects of fading.

Labeling diversity was initially introduced with iterative decoding to a bit-interleaved coded
system [7]. However, in such systems, the use of convolutionary encoding and decoding
techniques causes high detection complexity, leading to higher memory consumption. This
has led to studies, which apply labeling diversity to uncoded systems, which are typically
more cost-effective and more straightforward to implement. Examples of these uncoded
systems are: (i) multi-packets with automatic repeat requests for data transmissions [8] and

(ii) decode-and-forward relay systems [9].

In labeling diversity, the same information is encoded before transmission with different bit-
to-symbol mappers. The mappers are constructed so that each mapper can map the symbol
that corresponds to a given label [10]. Each label is therefore represented as a point in a
dimensional hyperspace for a labeling diversity scheme that uses x mappers. The purpose of
the mapper configuration in this hyperspace is to maximize the distance between points
that correspond to each label [10]. Each mapper's constellation would then literally be a

plane inside the dimensional space.

A summary of the key wireless technologies used in this dissertation is provided in the

sections below.

1.2 Key Wireless Technologies Used in This Dissertation

This section briefly presents the wireless technologies used in this dissertation.

1.2.1 MIMO Schemes

MIMO wireless networking techniques have become popular and have been introduced into
evolving broadband access technologies such as 5G (fifth generation) and LTE (long-term
evolution). More capacity is required as mobile data traffic keeps increasing. When more

transmit or receive antennas are mounted, the more potential signal paths, the better the



transmission range, and the more reliable the connection [1]. There are, however,
drawbacks such as increasing hardware complexity and power usage at both ends of signal

processing.

The MIMO system comprises multiple antennas for enhancing link reliability at the
transmitter and receiver ends, as displayed in Figure 1.1. The benefits of MIMO schemes are
increased capacity, transmission range, and robustness, such that multiple data streams are
permitted. In [1], MIMO systems are classified into three groups according to their

transmission techniques, namely spatial multiplexing, diversity coding, and precoding.

Spatial multiplexing is a wireless MIMO multiplexing approach used to transmit independent
space-separated channels [11]. The basic feature of spatial multiplexing technique is to
transform the data streams into separate streams of data. Hence, this improves the link

reliability by transmitting many independent streams over multiple antennas.

In diversity coding, the transmitter needs no information of channel state information (CSl)
when a single stream of data is transmitted; however, the transmitted signal is configured
by an approach known as space-time coding before transmission [12]. The variation of the
channel in time, frequency, and space with multiple copies of data arriving at the receiver
can be defined as diversity. The amount of improvement that can be achieved in terms of
the received signal (in diversity scheme) relies on the fading characteristics of the signal
being transmitted [12]. This technique utilizes the independent fading of the channel to

improve the reliability of the system.

Input Data Output Data

iy

RECEIVER

TRANSMITTER

m
ﬁm

Figure 1.1: MIMO communication scheme [13].
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Precoding is a type of transmit diversity technique which sends out pre-coded information
to the receiver according to the known CSI, employing multi-stream beamforming [14]. The
CSl is attained over a relatively large time for a fixed channel or for an evenly distributed
channel. If there is CSl on the transmitter side, the signals transmitted are divided on the
transmitter by pre-equalization. Signals are transmitted at the required phase and

amplitude at each of the available transmit antennas [14].

1.2.2 The Alamouti System

Alamouti introduced the first form of space-time block coding in 1998 [3]. Alamouti scheme
is a space-time block coding technique [3]. The Alamouti system achieve full diversity (2Ng),
where Ny is the number of receiving antennas. The Alamouti scheme also has a simple

linear detection algorithm since the Alamouti codeword matric is orthogonal [3, 4].

The Alamouti system transmits data by employing two transmit antennas and two time
slots. As shown in [3], the Alamouti scheme is similar to a 1 X 2Ny MRC scheme with a 3dB

loss. The Alamouti STBC system is illustrated in Figure 1.2.

B
B

Input Data Output Data

v

Mapper —

ALAMOUTI ENCODER
)
ALAMOUTI RECEIVER

Figure 1.2: The Alamouti system [3].

The modulated symbol pairs are transmitted over quasi-static Rayleigh fading channels. The

transmission matrix also known as the Alamouti STBC is defined by [3]:



o1 SZ]. (1.1)

Sstamouti = —s; s
In (1.1), the rows denote time slot one and time slot two, and the columns denote the
modulated signals conveyed from antenna one and antenna two in a given time slot. The
signals that are transmitted are decoupled at the receiver, since the codeword matrix of the
Alamouti system is orthogonal. The orthogonality of Alamouti STBC is exploited for low-

complexity (LC) linear decoding [15].

1.2.3 The ARQ Protocol

Transmission errors are introduced by transmitting data over a channel; hence, such errors
decrease the reliability of the system. Therefore, error management should be performed to
build a system with reduced errors to combat errors that occur. Error management usually
includes the data link layer and error management systems such as automatic repeat

request (ARQ) [16].

The ARQ is an error management protocol, which automatically activates a demand for
retransmission of data streams once the incorrect or faulty data is received. If a
confirmation signal to confirm receiving of data is missing from the transmitter system, the
transmission of the data is normally retransmitted after a prescribed period and the
procedure is repeated until the acknowledgment is obtained in the transmitting system [17].
ARQs are utilized to deliver secure transmissions through untrustworthy upper layer

services. They are commonly utilized in global system for mobile communication (GSMC).

1.2.4 Uncoded Space-Time Labeling Diversity

The uncoded space-time labeling diversity (USTLD) is a space-time block code scheme with
two transmit antennas, proposed by Xu et al. [10]. The USTLD system attains an improved
error performance over the Alamouti STBC system [10]. USTLD accomplishes labeling

diversity by employing two labeling maps to map the binary streams to symbols.

The USTLD scheme transmit a mapped symbol pair in two time-slots [18]. The USTLD matrix
is not an orthogonal transmission matrix, unlike the Alamouti system. Consequently, there is
a higher complexity detection on the USTLD receiver since the joint ML detector detects all
possible symbol pairs compared to the Alamouti system.

5



In this dissertation, USTLD will be employed to enhance the error performance of the
proposed system. The USTLD technique will be applied to an ARQ protocol to create a new

system. The details of USTLD are presented in Chapter 3.

1.3 Research Motivation and Problem Statement

In this section, the motivation of this dissertation and the objectives of the research are
highlighted. Research carried out over the last decade has shown that the use of MIMO

systems offers a significant link reliability and diversity gain [19, 20].

MIMO schemes have several disadvantages including high inter-channel interference (ICl),
high proportion of radio frequency (RF) chains, high complexity of decoding due to ICl, high-
energy efficiency and increased hardware costs because of multiple parallel transmitters
and receivers [1]. There is also a trade-off regarding improved reliability and data rates.
Additional channel error protection is thus, required for the signal transmitted. Error
management systems are used with additional robustness to improve the system’s error
performance [21]. The proposed system employs the ARQ protocol as an approach for error
control. Hence, it is necessary to analyze the existence of the MIMO channels in the

presence of ARQ protocols.

MIMO-ARQ systems have been previously developed to improve the error performance of
wireless communication networks [16, 22, 23, 24]. In [16], the error performance of MIMO
systems in with ARQ has been investigated. However, [16] did not compare the different
number of retransmission, the results were concerned with implications of time-varying
signal power, MIMO-ARQ broad scale and data transmission models, but this was remedied
in [22, 23], where the different number of retransmissions were compared. This motivates
an investigation of different number of retransmissions in MIMO systems with ARQ

protocol.

Similarly, MIMO-ARQ proposed in [24, 25] investigated a technique for enhancing diversity
among packet retransmissions by symbol mapping for systems that employs modulation
schemes such as QAM and PSK in AWGN and fading channels. Labeling diversity is called
mapping diversity in both systems in [24, 25]. The diversity between M retransmissions has

been enhanced by adjusting the symbol mapping for every transmission. It was also noted



that four transmit and four receive antennas were used in both techniques in [24, 25]. In
addition, the study in [25], investigated mapping diversity on incoherent and coherent
decoding with signal space diversity in flat fading channels. However, the proposed system
does not employ flat-fading channels with coherent and incoherent and demodulation. This
motivates an investigation of mapping diversity or labeling diversity in MIMO-ARQ systems

over quasi-static Rayleigh fading channels.

MIMO-ARQ systems with Alamouti STBC can exhibits significant improvement when
compared to a conventional MIMO system of the same assumptions [26]. Additionally,
Alamouti STBC has been stated in the literature that it can further improve the error
performance of an ARQ system by employing two transmit antennas. As investigated in [26],
which demonstrates that the incorporation of Alamouti STBC in a MIMO-ARQ system can

further improve the error performance and ARQ is employed to enhance the link reliability.

In this dissertation, we propose an ARQ protocol in MIMO systems based on Alamouti STBC
that employs labeling diversity. The proposed system is known as a new ARQ protocol based

on Alamouti space-time block code over Rayleigh fading channels.

In [25], the bit error probability of symbol mapping for packet retransmission via fading
channels was derived using union bound, which does not match very well at the low SNR
region. In [26], the frame error probability was evaluated for Rayleigh fading channels using
an upper bound approach of two-user cooperative ARQ technique. Result shows that the
approach in [26] matches very closely at lower SNR validating the results from low SNR to
high SNR region than the method used in [25], which employs a union bound. This motivates
for the formulation of the theoretical analysis of the proposed system to validate the

simulation results.
1.4 Research Objectives
The following are the objectives of this research:

e Formulation of the analytical expression for ARQ protocol and validate it with

simulation results.



e Compare the first transmission and the second transmission with and without
labeling diversity.
e Formulation of the symbol error probability for the proposed system by employing

the upper bound approach.

1.5 Organization of Dissertation

The rest of this dissertation is presented as follows:

e Chapter 2 carries out a detailed overview of Alamouti transmission with ARQ protocol,

along with numerical results.

e Chapter 3 provides the USTLD system model with the theoretical error performance,
employing the union bound technique in frequency-flat Rayleigh fading channels and

confirm the validity of the Monte Carlo simulation results.

e Chapter 4 presents the proposed ARQ protocol based on Alamouti STBC over Rayleigh
fading channels. Chapter 4 further derives the proposed scheme's theoretical error
performance over independent and identically distributed (i.i.d) quasi-static Rayleigh
fading channels. Thereafter, it provides the simulation and theoretical results for the
proposed system and compares these results with the Alamouti system under the same

channels and AWGN conditions.

e Chapter 5 summarizes the dissertation and explores potential future directions for the

investigation.

1.6 Notation

Bold italics symbols denote matrices or vectors however, normal letters are scalar.
1, O 17, II'llg, and denote the Euclidean norm, Hermitian, transpose, Frobenius
norm, and complex conjugate of a number. Q(-) denote the Gaussian Q-function, Re{-} is
the real part of a complex value, whereas Im{-} is the imaginary part of a complex value and
E{-} is the expectation operator. denote the maximum value of the argument

for x. Ny and represent the number of transmit and receive antennas.



CHAPTER 2

Alamouti Transmission with Automatic Repeat Request
Protocol

2.1 Introduction

Multiple-input multiple-output (MIMO) based communications schemes have significantly
improved reliability and data rates in wireless systems over the past few decades compared
to single-input single-output (SISO) schemes [1]. The reliability of MIMO systems can be
improved by combining it with an ARQ technique, which lessens communication system
errors. MIMO based automatic repeat request (MIMO-ARQ) systems improve reliability by
retransmitting the same information bits for different number of transmissions to reduce
errors in communication systems. Over the past few years, MIMO-ARQ systems have
developed a significant attention in the research community because of their diversity-

multiplexing trade-off [17].

ARQ systems have been configured to assume linear transmission through a channel [27]. In
the ARQ schemes, if errors occur during error detection when a data packet is being
processed an error is reported, and a demand for transmission is made. A number of studies
have been reported for combining packets and producing diversity between retransmission
systems equipped with the ARQ technique [8]. For instance, Chase has established an ARQ
system that employs maximum likelihood for specific packet numbers [28]. The authors in
[29] suggested ARQ methods, such as a strategy in which soft-decoded codewords are
merged in a single soft codeword in the multiple packet transmission. Others have
established systems that are associated with rate-compatible codes, such as Rowitch et al.
[30] and Hagenauer [31], where the duplicates being transmitted of the packet is fractured
so that reliability is improved. Stuber and Narayanan have created a turbo-code ARQ

receiver for reuse of the extrinsic data from previous packets. The work in [16] has



developed diversity strategies generated by inter-symbol interference (ISI) channels

retransmissions.

This chapter aims to address the Alamouti transmission with ARQ protocol for schemes that
employ quadrature amplitude modulation (QAM) over Rayleigh fading channels.
Additionally, we establish a theoretical error analysis for N transmissions over Rayleigh

fading channels.

2.2 System model

We consider the case whereby we have N retransmission for the ARQ protocol, where N is
the maximum number of retransmissions. The transmission is based on frames, where each

frame has a length of 2N, symbols and N, is the maximum number of symbols in a frame.

We focus for N = 1 and N = 2 number of transmissions. When N = 1, for the first frame
consider an Nz X N MIMO scheme with Ny = 2 transmit antennas and Ny receive
antennas. Initially, two binary streams §; = [61,1 812 . 61,m] and 8, = [62,1 832 e 52,m]'
each of length m = log, M are fed into a Gray-coded mapper (£2) which maps m bits into an
M-QAM constellation point and yields symbols s; and s,. Each symbol is normalized such

that E{|s;|?} = E{|s,|?} = 1. The Alamouti STBC encoder matrix is defined by:

S1 52]

Salam = —s5 st (2.1)

At time slot one, the first and second antenna concurrently transmit symbols s; and s,. At
time slot two, the first and second antenna concurrently transmit symbols —s; and sj,

respectively. The received signal vectors are given by

Y= \/%(hrﬁ + h,s,) + ng, (2.2)
Y2 = \/%(_hﬁ; + h,s7) + n,, (2.3)

where y, € CVrRX1 js the £t received signal vector, for £ € [1: 2], E; signifies the average
signal-to-noise ratio (SNR) of transmission. n, € CW&XD and h, € CVr*V signifies the £t"
additive white Gaussian noise (AWGN) vector and the fading channel vector for £ € [1: 2].

The complex entries of h, and n, are independent and identically distributed (i.i.d) Gaussian

10



random variables (RVs) distributed as CN (0,1). In addition, it is assumed that each entry of
h, is quasi-static Rayleigh fading [15]. The channel remains the same value in two-time slots

and takes an independent value in another two-time slots.

Based on [3, 32], it is assumed that full channel state information (CSl) is known at the
receiver. The received signals in (2.2) and (2.3) are sent to the combiner and the output of

the combiner is given by:

(M) (y1) + 5)(hy) = gy51 + 13, (2.4)

41

r, = (W) (y1) — @) (hy) = gis, + 7y, (2.5)

E¢ ~ ~
where gy = [ (Ihull2 + NallE), 7 = himy +nilhy and 7, = hifmy — i hy (33]

Equation (2.4 — 2.5) can be further expressed by
=915+ 1 €[1:2], (2.6)

Therefore, the estimation of the M-QAM symbols is done by minimizing the ML metric

expressed as:

8 = argming, ¢ (Iry — 511), (27)
8, = argming, e, (Ir; — 551, (2.8)
where y is a set containing all the possible modulated symbols such that s;, s, € ¥.

If there are errors in the first frame for 2N, symbols after detection, previous erroneous
transmissions will be saved to the data buffer to minimize current transmission errors,
typically by combining the ML detection of recent transmission. The transmitter will request
a new transmission by transmitting the same symbols as from the first transmission. Only
the fading channel and AWGN noise will differ from the first transmission. Then for the
second frame the Ni X 1 received signal vector for the second transmission (N = 2) is

given by

Y3 = \/%(h351 + hys;) + ng, (2.9)
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y4 == \/%(_hzgsz + h4SI) + n4_, (2.10)

where y,,, € CNr*1 js the £t received signal vector, for £ € [1: 2], E signifies the average
SNR of transmission. hy,, € CV®*V and n,,, € CV&*XD sjgnifies the £t" fading channel
vector and AWGN vector for £ € [1: 2]. The complex entries of h,,, and n,,, are i.i.d
Gaussian RVs distributed as CN (0,1). In addition, it is assumed that each entry of h,,, is
quasi-static Rayleigh fading [15]. The channel remains the same value in two-time slots and

takes an independent value in another two-time slots.

Based on [3, 32], it is assumed that CSl is known at the receiver. The received signals in (2.9)

and (2.10) are sent to the combiner and the output of the combiner is given by:

r3 = (K)(y3) + O (hy) = gos1 + Ay, (2.11)
1y = (R (y3) — V) (h3) = gy5, + Ay, (2.12)
where g, = %(||h3||12: + |hylI7), Ay = h¥ns + nfh, and A, = hin; —nf h; [33].

Equation (2.11 — 2.12) can be further expressed by
Tiv2 = g2 +A;; 1 €[1:2], (2.13)

Since the first transmission and the second transmission transmit the same symbols, the
equivalent model for the second transmission can be combined with that of the first

transmission given by

Hi = Vi + Vipa = (918; + Ay) + (gasi + ). (2.14)
Equation (2.14) may be further simplified as:

Ui = (g1 +g2)s;i+n;; i€[1:2], (2.15)
wheren; = #; + 7; ; i € [1:2].

Finally, the estimation of the M-QAM symbols is done by minimizing the ML metric

expressed as:

$1 = argming, ¢, (lpy — s11?), (2.16)
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§, = argming, e, (lu; — s21%), (2.17)

where ¥ is a set containing all the possible modulated symbols such that s4, s, € ¥.

2.3 Error Performance Analysis

In this section, we derive the error performance for the ARQ protocol. The overall error

probability for the protocol is expressed as

Pe = PSEP(N:l) X (1 - Pe(frame error)) + PSEP(N:Z) X Pe(frame error)s (2-18)

where Psgp(y=1) is the symbol error probability for the first transmission (N = 1), Psgp(n=2)
is the symbol error probability for the second transmission (N = 2) and Pe(frame error) i

the frame error probability.

The frame error probability can be found in [27] which is expressed by

No (No

Pe(frame error) = Zi=1( :

l )Pé(l — p,)No—t, (2.19)

where N, is the maximum number of symbols in a frame and we assume that N, = 100. P,

is the symbol error probability of the symbols being successfully transmitted.

In the sections below, the symbol error probabilities are addressed separately for Psgpy=1)

and Psgp(n=2)-

2.3.1 Theoretical Analysis of Psgp(y=1)

In this section, we derive the error performance for Psgp(y=1), Which is the theoretical
analysis for the first transmission (N = 1); the theoretical analysis is based on (2.6). The
error probability for Psgp(y=1) is obtained by replacing y and Ny with %)7 and 2Ny in the
symbol error probability for maximal ratio combining (MRC), since it is the same as the error
probability for Alamouti system. In [34], the Alamouti system with N receive antennas has
been confirmed to be the equivalent to the MRC scheme with half SNR and 2Ny receive

antennas. The conditional pairwise error probability (PEP) for MRC has been formulated in

[35, 36] and is expressed as:
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V) _[_(F) ‘(b7+1) X (b)_/-iksi) Z (b7+isi) ]

(2.20)

Therefore, the symbol error probability (SEP) for , is derived by replacing ¥ and N

with -y and in (2.20). Hence, (2.20) becomes

_[_(b7+2) _(b7+1) 2 (Wisi) 2 (b’_’is") ]

(2.21)
where S; = 2sin?(—),a = 4(1 — \/_M)’ b= (—), - — is the average SNR at each
receive antenna and n is the number of iterations for 10.

2.3.2 Theoretical Analysis of
In this section, we derive the error probability of ; the analysis is based on (2.15).

The SEP of Psgp(y=2) can be acquired by using -~ and N to replace y and Ng in (2.20).

Hence, (2.20) becomes

16 G 2 e X GE) |

(2.22)

Therefore, equation (2.21) and (2.22) are substituted into (2.18) yielding the final expression
for P,.

2.4 Numerical Results

In this section, the numerical and theoretical results for an Ny X N Alamouti transmission
with ARQ protocol, where N = 4 and N = 2 are presented for 16-QAM and 64-QAM. This
section aims to demonstrate the different transmission error performance gains and
validate the analytical framework established in Section 2.3. Monte Carlo simulations have
been carried out, where the SEP is plotted per receive antenna against SNR (dB).
Performance comparisons for 16-QAM and 64-QAM were made at a SEP value of 10° due

to the long simulation period. Simulation parameters for the channels and AWGN are in line

14



with those mentioned in Section 2.2. During simulation, the channel at the receiver is

assumed to be known and the frame length is 2N, symbols where N, = 100.

The results presented in Figure 2.1 and Figure 2.2 show that the second transmission (N =
2) outperforms the first transmission (N = 1); for example, for 16-QAM there is a SEP
improvement of approximately 4 dB and for 64-QAM there is a SEP improvement of
approximately 4.90 dB. In addition, Figure 2.1 and Figure 2.2 also indicate that the analytical

results converge with simulation results in high SNR regions in all cases.

4 X 2 16-QAM
T T T T T
—0-- N=1 Theory
=©— N=1 Simulation
=»=N=2 Simulation
N=2 Theory

’]00E T T T

10718

1072

SEP

103 F

0 2 4 6 8 10 12 14 16 18 20
SNR (dB)

Figure 2.1 SEP performance of the ARQ protocol for 16-QAM, over different number of
transmissions (N = 1 and N = 2).
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4 X 2 64-QAM

100 . :
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=E3--N=2 Theory ]

102 F 1

o
L
n

103 F |

104 E 4

10 : :
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Figure 2.2 SEP performance of the ARQ protocol for 64-QAM, over different number of

transmissions (N = 1 and N = 2).

2.5 Conclusion

In this chapter, the automatic repeat request protocol was presented for wireless
communication systems. The ARQ system's theoretical error performance to verify the
Monte Carlo simulation results over Rayleigh fading channels was formulated. The analytical
results agreed well with the numerical results. Furthermore, results confirmed that the
second transmission (N = 2) outperforms the first transmission (N = 1) with a SEP

performance improvement of approximately 4 dB for 16-QAM and 4.90 dB for 64-QAM.
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CHAPTER 3

The Uncoded Space-Time Labeling Diversity

3.1 Introduction

Space-time coded modulation (STCM) is a system commonly used in wireless
communication networks, because of the reliability and data rates improvements of
multiple-input multiple-output (MIMO) technologies [37]. The STCM system offers three
ways of improvement in error performance namely, time diversity, antennas diversity and
labeling diversity [37]. In uncoded and coded communication networks, labeling diversity

has been investigated.

In uncoded communications schemes, the constellation rearrangement (CR) method of
labeling diversity has been employed to enhance system error performance, using the same
bit streams in multiple data transmission of packets and relay network schemes [25]. The
labeling diversity design maps the bit streams into several transmission constellations and
has been used in several packet transmission systems, such as wireless relay systems [9]. In
[10], uncoded space-time labeling diversity (USTLD) was proposed and system has an
improved error performance compared to the Alamouti system [10]. Another uncoded
system proposed by Ayanda et al. [37] expanded the USTLD system introduced by Xu et al.
[10] incorporating three mappers and three transmit antennas. However, in [37], they used

three time-slots, thus attaining the same spectral efficiency as the existing USTLD system.

For coded schemes, study efforts to optimize asymptotic diversity gain were considered. In
[38] an ideal constellation diversity approach was proposed for bit-interleaved space-time
coded modulation (BI-STCM). Besides that, Huang et al. [38] introduced an enhanced 16-
QAM labeling technique for BI-STCM iterative decoding utilizing Alamouti space-time block

code.

In this chapter, the USTLD is presented. Additionally, the theoretical analysis for the USTLD

scheme will be derived to verify the Monte Carlo simulation results.

17



3.2 System Model

Consider an Ni X Ny MIMO system where N; = 2. Initially, two binary streams
6, = [61,1 812 . 61,,(] and 6, = [62,1 822 .. 62,,{] each of length k = log,M are generated,
where M is the modulation order. The USLD system uses two M-QAM mappers. Mapper 1
(@l follows a Gray-coded M-QAM mapper and mapper 2 (Q3) follows the optimized
labelling mapper, the design of the optimized labelling mapper can be found in [10]. Initially,
the binary streams &,, 1 € [1:2] are fed into mapper 1 (Q}) yielding the two symbols,
xt = Q41(8,) and x2 = QY (8,), where p =1+ X§_, 28745, , and r = 1 + XTf_, 2K7%5,,
are symbol labels. Mapper 2 (Q}) fed the same binary streams, yielding two symbols,
= QM(8,) and x5 = QY (8,). We assume that

E{|x!|?} = E{|x}|?} = E{|x§|2} = E{|f§|2} = 1. Let the overall USTLD codeword vector

T T
transmitted be expressed as X = [x; x,], where x; = [x! x2]' and x, = [¥2 %] .

Therefore, the N X 1 received signal vector is expressed by
yt = \/%Htxt + nt ; t € [1. 2], (3.1)

where y, = [3’1,t Vot o yNR’t]T signifies the received signal vector for t € [1: 2], E, signifies
the average signal-to-noise ratio (SNR), n; signifies the Nz X 1 additive white Gaussian
noise (AWGN) vector, H, signifies the Ny X 2 channel matrix defined as H, = [h} h],
where ht = [h RS, .. h,t\,R’l]T, 1 € [1:2]. The complex entries of h, and n, are
independent and identically distributed (i.i.d) random variables (RV) distributed as CN (0,1).
h, is considered to be Rayleigh frequency-flat fading channel, with channel gains remaining
constant during a time slot but assuming independent values from time slot to another time

slot.

Therefore, the estimation of the M-QAM symbols is done by minimizing the joint maximum

2
>, (3.2)
F

likelihood (ML) metric expressed as [10]:

ES
Ye — ?Htxt

[/x\l /x\Z] = argmin(xl,xz)E)( (2521
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where y is a set containing all the possible modulated symbols such that X-

3.3 Error Performance Analysis

The theoretical analysis in Xu et al. [10] uses the union bound to derive the error
performance analysis of the USTLD system. The technique was based on the assumption
that only one of the symbols is detected correctly in the symbol pairs transmitted at high
SNR, while another is detected in error. Therefore, we assume x! is detected correctly,
while xg is erroneously detected. The average bit error probability (ABEP) is union bounded

by [10]

—Y  Ys "P(Xx X), (3.3)
#p

where P(X 7() is the pairwise error probability (PEP) between the transmitted codeword

[x ]and the received codeword X [®; %], where [x ], [%2 %}
X [x x%] and X, = [x; x}] . " is the number of bit errors between the labels
and p , and M. The unconditional PEP has been formulated in [10] and is expressed
as:
e B - ) 2 ) )} ea
where (—), |x§ - x§| , |9?§ - 9212,| , — is the average SNR at each
receive antenna and is the number of iterations.

The unconditional PEP in (3.4) is substituted into (3.3) to get the final expression for

).

3.4 Numerical Results

In this section, the numerical and analytical results for an Ny X N USTLD system, where

4 and Ny = 2 are presented for 16-QAM and 64-QAM. This section aims to verify the
analytical framework developed in Section 3.3 how tight the simulation and analytical
results converge; maximal ratio combining (MRC) reception is employed. Monte Carlo

simulations have been carried out, where the BER is plotted per receive antenna against
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SNR (dB). Performance comparisons for 16-QAM and 64-QAM were made at a BER value of

due to the long simulation period. Labeling mappers are demonstrated in Xu et al.
[10]. Simulation parameters for the channels and AWGN are in line with those mentioned in
Section 3.2. During simulation, we assumed that the channel is known at the receiver. The

results in Figures 3.1 and Figure 3.2 illustrates that the simulation results are consistent with

the analytical results at higher SNR regions.

100 T T T T T T T T

=4 X 2-16-QAM-USTLD-Theory
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Average BER
3

104
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Average SNR(dB)

Figure 3.1: BER performance of the USTLD system for 16-QAM.
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Figure 3.2 BER performance of the USTLD system for 64-QAM.
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3.5 Conclusion

In this chapter, the USTLD technique was presented. The theoretical expression was derived
using the union bound approach and perfectly correlated with the simulation results for

16-QAM and 64-QAM, respectively.
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CHAPTER 4

A New Automatic Repeat Request Protocol Based on
Alamouti Space-Time Block Code over Rayleigh Fading
Channels

4.1 Introduction

Multiple-input multiple-output (MIMO) technique is employed in wireless networks to
enhance the link reliability and/ or data rates [1]. MIMO systems achieve this by offering
spatial multiplexing, spatial diversity, or a trade-off of both. Spatial multiplexing is
accomplished with independent codewords sent to the receiver simultaneously, with the
aim of improving data rates of wireless networks [2]. On the other hand, spatial diversity is
realized by transmitting redundant codewords to the receiver to enhance link reliability.
However, MIMO schemes have several disadvantages including high inter-channel
interference (ICl), high proportion of radio frequency (RF) chains, high complexity for
decoding due to ICl, high-energy efficiency and increased hardware costs because of
multiple parallel transmitters and recipients [1]. There is also a trade-off regarding improved
reliability and data rates. Consequently, extra protection regarding channel errors for the
transmitted signal is necessary. Error management systems, such as automatic repeat
request (ARQ) can be utilized to improve overall system error performance by offering

additional robustness.

The ARQ protocol can be adopted into a MIMO system to improve diversity and error
performance of the system by retransmitting the binary streams employing different symbol
mapping in each transmission. ARQ protocol is a popular communications approach for

improving the reliability of frames obtained in error through demanding retransmission [39].

MIMO based ARQ (MIMO-ARQ) schemes employing symbol mapping diversity (labeling
diversity) have been studied to enhance the error performance of wireless communication
systems [24, 25, 22]. In [24], Samra et al. proposed a MIMO-ARQ system employing symbol

mapping for multiple packet retransmission using additive white Gaussian noise (AWGN).

22



The study by Samra et al. in [24] was later extended to fading channels, the system's
diversity and error performance was improved by using symbol-mapping diversity among
each retransmission [25]. Also, in [22], there is a published work in MIMO-ARQ. This scheme
includes an incorporated receiver and mapping diversity, which significantly improves error

performance by integrating a number of mapped transmissions into MIMO channels.

Alamouti scheme is another diversity technique that has the potential to improve the error
performance and diversity in MIMO-ARQ wireless communication systems. The Alamouti
scheme can achieve this by transmitting redundant duplicates of the original symbol to the
receiver through two transmit antennas [35]. Alamouti MIMO-ARQ schemes in combination
with MIMO communications were introduced for space-time coding. Onggosanusi et al. [40]
proposed approaches of employing minimum mean squared error (MMSE) and zero-forcing
(ZF) receivers to combine packet transmissions. In [41], a new hybrid automatic repeat
request (HARQ) based on Alamouti STBC system was proposed. By using spatial and time
diversity of MIMO channels, the approach improves the reliable HARQ packet transmission;
it utilizes the pre-combining method and the Alamouti STBC full diversity to establish a

reliable link. Simulation results indicate an improved error performance in the new system.

Motivated by the published work in [25, 22], a new automatic repeat request protocol
based on Alamouti space-time block code over Rayleigh fading channels is introduced in this
chapter. In [22, 25], results were presented for 16PSK and 16QAM employing flat fading
channels. Labeling diversity is called mapping diversity in both systems in [22, 25]. The
diversity between M retransmissions has been enhanced by adjusting the symbol mapping
for every transmission. It was also noted that four transmit and four receive antennas were
used in both techniques in [22, 25]. In addition, the study in [25], investigated mapping
diversity on incoherent and coherent decoding with signal space diversity in flat
fading channels. However, the proposed system does not employ flat-fading channels with
coherent and incoherent and demodulation. This motivates an investigation of mapping
diversity or labeling diversity in MIMO-ARQ systems over quasi-static Rayleigh fading
channels. The proposed system also limits the system to two transmit antennas and four

receive antennas.
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4.2 Proposed System Model

Figure 4.1 displays the proposed system model with N = 2 transmit antennas and Nj
receive antennas.

NO in wpone”

1 N

Errors .
1 Lot exist? » “Retransmit”’

Mapper 1 S1 5 Alamouti 2 n YES|
L 1 2
w encoder T
2

Receiver

: NnRr
FIRST TRANSMISSION
N :%

1 na
J 1139_
. Mapper 2 S5 5 . n,
w? Alamouti ,2 2(
encoder i
. YES

Y
l Data buffer l

— “Done”

Receiver —m--""Give up”

SECOND TRANSMISSION

Figure 4.1: System model

The transmission is based on frames, where each frame has a length of 2N, symbols and N,
is the maximum number of symbols in a frame. The proposed system considers two

transmissions.

For the first frame, consider an Np X Ny MIMO system, where Nr = 2 is the number of
transmit antennas and Ny is the number of receive antennas. The binary streams
b, = [bm by ... bl,m] and b, = [bz,l by ... bz,m], each of length m = log, M, where M is
the modulation order, are fed into mapper 1 (w?!), which follows a Gray coded mapper,
maps m bits into an M-QAM constellation points and yields symbols s; and s,. The two
symbols are normalized such that E{|s;|?} = E{|s,|?} = 1. Then both symbols are fed into

the Alamouti STBC encoder, to yield the STBC S4;4m, denoted by:

S1 52]

Sstam = —s; s} (4.1)

At time slot one, the first and second antenna concurrently transmit symbols s; and s,,
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respectively. At time slot two, the first and second antenna concurrently transmit symbols

—s, and sj, respectively. The received signal vectors are expressed as:

Y1 = \/%(hlsl + h;,ss) + ny, (4.2)
Y = \/%(_hls; + h,s7) + n,, (4.3)

where y, € CN*X1 denotes the t" received signal vector for t € [1:2], E, is the average
SNR at each receive antenna. n, € CV®*1D and h, € CV&rXD signifies the t™* additive white
Gaussian noise (AWGN) and the fading channel vector for t € [1: 2]. The complex entries of
h; and n; are independent and identically distributed (i.i.d) Gaussian random variables
(RVs) distributed as CN (0,1). Furthermore, it is assumed that each entry of h; is quasi-
static Rayleigh fading [15]. The channel remains the same value in two-time slots and takes

an independent value in another two-time slots.

Based on [3, 32], it is assumed that the channel is known at the receiver. The received

signals in (4.2) and (4.3) are sent to the combiner and the output of the combiner is given

by:
r = () (1) + @) (hy) = gysi + 7y, (4.4)
r = (h)(¥) - ) (h) = gis, + 7y, (4.5)
where g; = %(Ilhlllﬁ + ||h,||2), 7, = hiln; + nfh, and 7, = hiin, —nfh, [3, 33].

Furthermore, i;,7i,~CN(0, ||h.||% + ||h,]|%) [3, 33]. Equations (4.4 — 4.5) can be further

expressed as
Tp = g1Se + ﬁg; { e [1 2], (46)

Therefore, the estimation of the M-QAM symbols is done by minimizing the ML metric

expressed as:
§1 = argminslex(lrl - Sllz): (4.7)

8, = argming, e, (I, — 551, (4.8)
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where y is a set containing all the possible of modulated symbols, such that X-

If there are errors from the first frame for symbols after detection, previous erroneous
transmissions will be saved to the data buffer to minimize current transmission errors,
typically by combining the ML detection of recent transmission. The transmitter will request
a new transmission by transmitting the same binary streams b; and b, employing the

second mapper (w?).

For the second frame, the binary streams b; and b, are fed into mapper 2 (w?), yielding
the two symbols, and . The construction of the optimized labelling mapper, which
ensures labeling diversity, includes solving a massive combination problem. The details on
the construction of the optimized mappers for both 16-QAM and 64-QAM can be found in
[10, 42]. We assume that E{|s3|} E{[s4]} 1. Afterwards, the symbols are fed into the
Alamouti encoder. At time slot one, the first and second antenna concurrently transmit
symbols s; and s,, respectively. At time slot two, the first and second antenna concurrently

transmit symbols and , respectively. The received signals can be modelled as

- 0o
\ﬁ ) (4.10)

where y;,, € CNRXD jsthe t received signal vector for t € [1:2], is the average SNR

at each receive antenna. n and are the AWGN vector and
the fading channel vector for [1:2]. The complex entries of and n;,, are i.i.d
Gaussian RVs distributed as CN ). It is assumed that each entry of is quasi-static

Rayleigh fading [15]. The channel remains the same value in two-time slots and takes an

independent value in another two-time slots.

Based on [3, 32], it is assumed that the channel is known at the receiver. The received
signals in (4.9) and (4.10) are sent to the combiner and the output of the combiner is given

by:
g, (4.11)

i (4.12)
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Eg ~ ~
where g = [ (Ihall3 + IRAIE) A5 = Ry +mifhy ond iy = hifm, = nihy[3,33].

Furthermore, iz, fiy,~CN(O0, ||h3||2 + ||h4||%) [3,33]. Equations (4.11 - 4.12) can be further

expressed as
Torz = aSevz + flpyz; €€ [1:2], (4.13)

Finally, the estimation of the M-QAM symbols is done by minimizing the joint ML metric

expressed as:
[$1,83] = argming, ., (I — s11? + |r3 — s31%), (4.14)
[$2,34] = argminSZ,S‘}EX(er — 512 + |1y = s41%), (4.15)
where ¥ is a set containing all the possible of modulated symbols such that s4, 55, 53,54 € .

4.3 Error Performance Analysis

In this section, we derive the theoretical analysis for the proposed scheme. The overall error

probability of the system is formulated as:

Pe = Pa X (1 - PeO’rame error)) + Pb X Pe(frame error): (4-16)

where P, is the symbol error probability for the first transmission, P, is the symbol error

probability for the second transmission and Pe(frame error) is the frame error probability.

The frame error probability can be found in [27] which is expressed by

No N . _-
Pe(frame error) — Zi:l( io) Pcl(l - PC)NO L (4.17)

where N, is the maximum number of symbols in a frame. P. is the symbol error probability

of the symbols being successfully transmitted.

In the following sections, the symbol error probabilities are addressed separately for P, and

P,.
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4.3.1 Theoretical Analysis of P,

In this section, we derive the symbol error probability for P,, which is the theoretical
analysis for the first transmission; the theoretical analysis is based on (4.6). The error
probability for P, is equivalent to the Alamouti system. In [34], the Alamouti system with Ng
receive antennas has been confirmed to be equivalent to an MRC system with half SNR and

2Np, receive antennas.

The conditional pairwise error probability (PEP) for maximal ratio combining (MRC) has been

formulated in [36, 35] and is expressed as:

Pegp(7) = %E( 2 )NR -2 )NR +(1-0) T (L)NR + y2nst (L)NR],

wy+2 wy+1 wy+S, wy+S,
(4.18)

where S, = Zsinz(%), 0= 4(1 — \/LM)’ w = (ﬁ), y = % is the average SNR at each

receive antenna and n is the number of iterations forn > 10.

Therefore, the symbol error probability (SEP) for P,, is derived by replacing ¥ and Nz with

%]7 and 2N in (4.18). Hence, (4.18) becomes

Psgp(7) = %E( ) () a— o m (S2) T (L)ZNR],

Wy +2 wy+1 Wy +S, wy+S,

(4.19)

4.3.2 Theoretical Analysis of Py,

In this section, we derive the theoretical analysis for P, of the second transmission, which is
the labelling diversity part. The theoretical analysis for P, is based on the technique used in
[10] and [42]. As indicated by Xu et.al [10], only one transmitted symbol pair is assumed to
be detected with errors at high SNR, and the other transmitted symbol pair is correctly
detected in the USTLD scheme. In this section, we assume that s; and s; are detected with
errors while s, and s, are correctly detected. The theoretical expression for P, is union

bounded by [42]
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e ) -
Py < —— 300 S0 N(p, p)P(S = S) . (4.20)
p*P

In (4.20), p=1+Y7,2™*b,, is the symbol label, P(S—>§) is the pairwise error
probability (PEP) of selecting the codeword S given that S was transmitted, § = [s; s3] and
S =[5, 3]. N(p,p) is the number of bit errors between the labels p and p, m = log,M
and M is the modulation order. The conditional PEP is expressed as:

Es 4 Es 4 Es
Z1— \/;g1s1 Z3 — \/;g253 Z1— \/;9151

2

Es

Z3 — \/;gz% >, (4.21)

where g; = ([lhyI7 + k2 I7) and g, = (I3l + |[h4ll%). Subtituting (4.6) and (4.13) into

(4.21) yields:
—~ Es ~ Eg N Es ~ Eg A
P(S - S|h1:h2»h3»h4) =P (‘\/;gﬁl +ny — \/;glsl \/;gz% +nz — \/;gz%
2
>, (4.22)

2
Es N Eq Eq N Eq
‘\/;9151 +n — \/;g1s1 + ‘\EQZ% +nz — \E9253
2

(4.22) can be simplified as:
<

2
+

2

P(S i §|h1J hz, h3, h4) = P( < +

2

+ <

2
E . _
+ |\/;92(53 —8§3) + 1713

|7, 1% + Iﬁslz), (4.23)

P(S > S|hy, hy, hs, hy) = P <|\/%91(51 —3$) + 7,

Treating the square as binomial and expanding likewise yields into:

Es A ~ Es A\ ayx
J;g1(51 -S| + |n1|2 + 2Re {J;!h(% - 51)”1} +

. Es o N x . -
+ |7iz|? + 2Re {J;gz(% - 53)713} < |7y |* + |n3|2>, (4.24)

2
P(S - ’S\lhll h2, h3, h4) = P(

Eg R
\/;92(53 —$3)

the expression in (4.24) can be further simplified as

2
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P(S S|

L\
\F

\f_

*

iz

>
~—

$)

e F A F

A

} are Gaussian random variables with zero mean and variances of

SRS

and . The total of these Gaussian random variables

generates a new Gaussian random variable with zero mean and variance defined by:

-

. We know that for a Gaussian random variable

with zero mean and unit variance [43]

Therefore,

P(S S|h

§

), exp (— —) dv . (4.26)

)

oL E

\

JETE

/

(Jélg 1?ls "1 —lgzl?ls “I2>, (4.27)

where

is the Q-function, (4.27) can be expressed as:

P(S - ’S\lhlJ hz, h3, h4) = Q(,;VI + Vz) ’ (428)

where V

variables with

—1g11%Is; — $;1% and —lg21%ls " |? are central Chi-squared random

degrees of freedom given by:

i 2 , (4.29)
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— Is 1 X , (4.30)

where ay,, @, _n(o,03).Withe  —Is " |*and —|s3 — 8312
The probability density function (PDF) of [1 2] isindicated by [44]:
e exp (— > ) (4.31)

The unconditional PEP is obtained by integrating the conditional PEP through the entire

spectrum for and  expressed by
P(s->8)=["f P(S Sl ) , (4.32)
substituting (4.28) into (4.32), yields

P(s-8)=["["e/(Vi +V))f (4.33)

The integral in (4.33) is obtained by applying a trapezoidal approximation to the Q-function

as revealed in [45]

_ (1 exp (_ C_) + Y Lexp <_ ﬁ)) , (4.34)

where is the total number of iterations ) [45]. Applying the parameter

~/ into (4.34) yields:

e ) —l— (-—)+x (— 2(_)>l. (4.35)

Substituting (4.36) into (4.34), results into

w6 9L -f () () '

(4.36)

the expression in (4.36) can be expanded as
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P(S - 3) =
I 5 e (- Dew (-2 +

D=1 €Xp (_ #?t_n)) exp <_ #Z(z_n))] fv, (V1)fv2 (V)av,dv,, (4.37)

2n 2n

(4.37) can be simplified by employing the moment generating function (MGF) of the random

variables, resulting in the following:

P(s—8) == [ My (2 M, (2) + i ( (ﬂ)) M, <ZSing(ﬂ))], (4.38)

where M,.(+) is the MGF of the random variables V; and V, defined as [44]

- L 2Ng
M, (s) = fo fv.exp(=sV,)dv,= (—) ; K €[1:2]. (4.39)

14205, 5

The expression in (4.39) can be expanded as:

oy _ 1|1 1 PNy o1 NNRO 0 RO e
P(S_)S)_z E(1+DS§) (1+55§) +Zl=1 1+ﬁ 1+k ) (440)

In (4.41), Dgs = §|S1 —$,1%, Dge =g s3 — 83|% and S, = sin® (E) and y = % is the

2n

average SNR at each receive antenna.

Therefore, the unconditional PEP in (4.40) is substituted into (4.20) yielding the final

expression for P,.

Finally, equation (4.19) and (4.20) are substituted into (4.16) yielding the final expression for
P,.

4.4 Numerical Results

This section presents the numerical and theoretical results of an Ny X N new ARQ protocol
based on Alamouti STBC over Rayleigh fading channels and Alamouti system where N = 4
and N; = 2 are presented for 16-QAM and 64-QAM. This section aims to demonstrate the

error performance gains for the proposed scheme when compared to the Alamouti system
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under the same channel conditions, also compare the proposed system results when
labeling diversity is employed or not employed and confirm the theoretical analysis
established in Section 3.3. Monte Carlo simulations have been carried out, where the SEP is
plotted per receive antenna against SNR (dB). Performance comparisons for 16-QAM and
64-QAM are made at a SEP value of 10™> due to the long simulation period. Simulation
parameters for the channels and AWGN are in line with those mentioned in Section 4.2.
During simulation, we assumed that the channel is known at the receiver and the frame
length is 2N, symbols where N, = 100 . The Gray-coded and optimized labeling maps are
illustrated in Figures A-1 and Figures A-2 for 16-QAM, and Figure A-3 and Figure A-4 for 64-

QAM, respectively.

The results illustrated in Figure 4.2 and Figure 4.3 show that the proposed system exhibits
an SNR performance gain of approximately 4 dB for 16-QAM and 4.90 dB for 64-QAM when
one mapper is used as compared to the Alamouti scheme. However, it is noted from both
results that when the proposed system uses two mappers, there is a significant gain of
approximately 7.98 dB for 16-QAM and 9.8 dB for 64-QAM compared to the Alamouti
system. The improved error performance is achieved from the secondary mapper
introduced by the USTLD technique. Moreover, Figure 4.2 and Figure 4.3 also reveal that the

theoretical expression results overlap with the simulation results in high SNR regions.

4 X 2 16-QAM

100 E T T T
F =€)~ - Alamouti Theory
=8— Alamouti Sim
=¥~ Proposed System With Labelling Sim
Proposed System With Labelling Theory
—D-- Proposed System Without Labelling Sim
== Proposed System Without Labelling Theory |

107"

102 £ N

SEP

0 2 4 6 8 10 12 14 16 18 20
SNR(dB)

1
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Figure 4.2: 4 X 2 16-QAM comparison of the proposed system and the Alamouti system.

4X 2 64-QAM
100 \ .
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Figure 4.3: 4 X 2 64-QAM comparison of the proposed system and the Alamouti system.

Furthermore, results show that with the increase in modulation order the error
performance improves. Multiple receivers and higher modulation orders mean more receive
diversity as they increase the SNR at the destination. This, in turn, leads to an improved
error performance [46]. This is because of the assumption that the theoretical analysis for
P, is obtained through the PEP technique for modulation order such as 64-QAM and
therefore generate all possible error occurrences, overestimates the probability of error
occurring at low SNR value. In addition, a codeword is very highly doubtful to really be
decoded as the most improbable candidate in simulations at low SNR values. Such
improbable candidates are higher in error, generated throughout the PEP bound; thus,
further contributes to the overestimation of SEP at low SNR. Furthermore it can be noted
from the results on the impact of retransmission, whereby the more you retransmit is the

more the system improves in terms of error performance analysis.

4.5 Conclusion

In this chapter, a new ARQ protocol based on Alamouti STBC over Rayleigh fading channels
was proposed for wireless communication systems. In addition, labeling diversity was
employed in the proposed system to improve the error performance. To verify the
simulation results, the theoretical expression was derived. The results revealed that there is

a SEP performance improvement of approximately 4 dB for 16-QAM and 4.90 dB for 64-
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QAM when one mapper is employed as compared to the Alamouti scheme at a SEP of 107°.
The results also revealed that when the proposed system uses two mappers, there is a SEP
performance improvement of approximately 7.98 dB for 16-QAM and 9.8 dB for 64-QAM as

compared to the Alamouti system at a SEP of 107°.
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CHAPTER 5

Conclusion and Future Research

This chapter highlights the contributions of the study and finally proposes future work

regarding the work presented in this dissertation.

5.1 Concluding Remarks

In this dissertation, an automatic repeat request (ARQ) protocol in multiple-input
multiple-output (MIMO) communication systems was investigated. The mathematical

models, design methodology, and theoretical analysis were also developed.
The research contributions are provided below.

Firstly, an Alamouti transmission with ARQ protocol was investigated. The fundamental
concept of the system was to incorporate Alamouti transmission to improve the error
performance and data throughput by using two transmit antennas. The system only
considered the first transmission (N=1) and second transmission (N=2). Furthermore, an
error performance analysis on the symbol error probability (SEP) for the scheme employing
M-ary quadrature amplitude modulation (M-QAM) over independent and identically
distributed (i.i.d) quasi-static fading channels was derived and agree well with the
simulation results. The approximate error performance gains for N =1 and N =2 is

summarized in Table 5.1.

Modulation and | Target
configuration SEP N=1 N =2 | Gain (dB)

16-QAM 10°5 16.1 12.1 4

64-QAM 10°° 22.4 17.5 4.90

Table 5.1: Summarized error performance gains of different number of transmission (N = 1

and N = 2) for various modulation schemes and orders.

Secondly, the uncoded space-time labeling diversity (USTLD) system was investigated. The

theoretical expression was derived to validate simulation results. Simulation results were
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performed for 4 X 2 USTLD scheme over i.i.d Rayleigh frequency-flat fading channels. In
addition, the results presented were conducted for 16 QAM and 64-QAM and show that the

theoretical expression results are consistent with the simulation results at high SNR regions.

Lastly, a new ARQ protocol based on Alamouti space-time block code over Rayleigh fading
channels was proposed, which incorporates labelling diversity. Motivated by the error
performance improvement advantages of the USTLD technique, it was employed in the
system in Chapter 2 resulting on the proposed system in Chapter 4. In addition, the
theoretical expression of the proposed system was derived over i.i.d quasi-static Rayleigh
fading channels to validate the simulation results. Moreover, the simulation results for the
proposed system were compared for the proposed system with labeling diversity, without

labeling diversity and Alamouti system under the same channel assumptions.

The results revealed that there is a SEP performance improvement of approximately 4 dB
for 16-QAM and 4.90 dB for 64-QAM when one mapper is employed as compared to the
Alamouti system at a SEP of 10™°. The results also revealed that when the proposed system
uses two mappers, there is a SEP performance improvement of approximately 7.98 dB for
16-QAM and 9.8 dB for 64-QAM compared to the Alamouti scheme at a SEP of 107°.
Furthermore, in all cases the theoretical expression developed of the proposed scheme

match the simulation results at high SNR regions.

5.2 Future Research

The following aspects can be considered for investigation in future studies initiatives in

addition to the work carried out in this dissertation:

i. The proposed system used two transmit antennas and employed M-QAM
modulation scheme. Future studies could be conducted for more than two transmit
antennas and a comparative study could be investigated between M-ary phase shift
keying (M-PSK) and M-QAM.

ii. The proposed system could be investigated utilizing fading channel models, such as
Rician fading channel models and Nakagami-m fading.

iii.  The proposed system could be implemented with differential space-time block codes

(DSTBC) with a purpose of minimizing the power consumption of the system.
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iv.  The delay of the system can be further investigated and the throughput of the

proposed system.
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APPENDIX A

Quadrature-Phase

A
0010 0110 1110 1010
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® o ® ®
0000 0100 1100 1000
® o o o
v

Figure A.1: 16-QAM Gray-coded labelling map (w?) [10, 43].
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A\

Figure A.2: 16-QAM optimized labelling map (w?) [10, 43].
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Quadrature-Phase
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Figure A.3: 64-QAM Gray-coded labelling map (w?) [10, 43].
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Figure A.4: 64-QAM optimized labelling map (w?) [10, 43].
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