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Abstract

Abstract
Multiple-input-multiple-output (MIMO) is one of the most

promising directions in wireless communication systems with several
attractive features for decades. The deployment of MIMO systems offers
key advantages to their performance in many ways such as system capacity
and multiplexing gain. However, the applicability of these systems
especially in cellular network has have many drawbacks such as the
observation of some modest gain in addition to the slight decrease in the
throughput due to the extra overhead. Although these issues have a
substantial role in degrading the system performance, there is another non-
ideality which affects the performance of the MIMO systems. This non-
ideality is called the transceiver impairments which is the focus of this
thesis.

This thesis proposes two algorithms for analyzing the performance
of MIMO channels affected by Rayleigh flat fading in the existence of the
actual transceiver (physical transceiver). The first algorithm analyzes the
performance of the correlated MIMO channel and the uncorrelated MIMO
channel in the presence of the actual transmitter in four different scenarios:
multi-carrier multiple-input and multiple-output (MC-MIMO) system with
channel state information available to the transmitter (CSIT), MC-MIMO
system with channel state information available to the receiver (CSIR),
single-carrier multiple-input and multiple-output (SC-MIMO) system with
CSIT, and SC-MIMO system with CSIR. This algorithm takes the effect of
the physical transmitter to be additive Gaussian distortion noise with zero
mean and variance. While, the second algorithm analyzes the performance
of the correlated MIMO channel and the uncorrelated MIMO channel in
the existence of the actual transmitter and actual receiver in one scenario,
namely, the SC-MIMO system with CSIR. This method evaluates the



Abstract

influence of the physical receiver as additive uncorrelated Gaussian

distortion noise with zero mean and variance.

The work's most important result is that the MIMO channel's
capacity in the first and second algorithms at the high SNR rates stops
growing at a value called the capacity limit. In the meantime, the
correlation coefficient in the first algorithm does not own an effect on the
value of the capacity limit, while the correlation coefficient in the second
algorithm plays an important role in determining the capacity limit. More
clearly, The capacity limit of the 4*4 MIMO system is 29.19
bit/second/hertz for an impairment level of 0.08 and any value of
correlation coefficient in the first algorithm. For the second algorithm, the
capacity limit of the 4*4 MIMO system is 21.23 bit/second/hertz for an
impairment level equal to 0.08 and value of correlation coefficient equal to
zero, and its equal to 19.98 for an impairment level equal to 0.08 and value

of correlation coefficient equal to 0.4.
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Chapter One Introduction

CHAPTER ONE
INTRODUCTION

1.1 Overview

In the past decades, most wireless communication systems consisted of
one antenna for signal transmission and another for signal reception. Those
systems are called the single-input and single-output (SISO) systems. The
problem in those systems is represented that there is one link between the
transmitting and receiving sides, which means that the probability of a
successful transmitting process is not large. Therefore, other systems, such as
Single-Input and Multiple-Output (SIMO) system and Multiple-Input and
Single-Output (MISO) system, have appeared lately to generate more links
between the transmitting side and receiving side, which means increases the
probability of the successful transmitting process. However, the demand to
obtain a high data rate without increasing the transmitting power or bandwidth
led to the emergence of what is known as a multiple-input and multiple-output
(MIMO) system, which means having more than one antenna on both the
transmitting side and receiving side [1], [2]. In fact, the MIMO system can be
used in two different techniques. The first technique aims to fight channel
fading to increase reliability and improve the bits error rate. This technique
sends the same signal from each transmitting antenna, so it is called the spatial
diversity (SD) technique. In contrast, the second technique exploits channel
fading to increase the system capacity. This technique divides the transmitted
signal bits over the transmitting antennas to send them simultaneously, so this
technique is called the spatial multiplexing (SM) technique. The main purpose

of this technique is to maximize the MIMO system capacity [3], [4].

In addition, in the spatial multiplexing technique, the channel capacity

of the MIMO system increases semi-linearly with the increase in the signal-to-
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noise ratio (SNR) and degree of freedom, which means that in high SNRs, the
MIMO channel capacity grows unboundedly. Also, the maximum value of the
multiplexing gain of the MIMO channel is equal to the minimum number
between the number of transmitting antennas and the number of receiving
antennas [5]. However, there are many criteria that have a negative influence on
the performance of the MIMO capacity, and the most popular of them is the
correlation between the channel elements. This correlation depends on the
spacing between the antennas used in the system [6]. All these characteristics
mentioned are dedicated to the ideal MIMO system, which means that
transceivers used in the MIMO system are ideal. In other words, the ideal
MIMO system means that the transceivers used in the MIMO system do not
affect the signal that passes through them; Figure 1.1 shows the block diagrams
of the ideal transmitter and receiver in the wireless system.

I ay(t)

r:”l(f) |

x R() DAC 4)%* L PA T @
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Fig.1.1: Block diagrams for ideal transmitter and receiver in the wireless system
[7].

The above figure shows that in the transmitter, the digital-to-analogue

converters (DACs) take the real and imaginary parts of the digital baseband

signal u,,, (t) and turn them back into an analogue signal. The signal is then

turned up to radio frequency (RF), using the structure shown in the figure for
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guadrature mixing. Before being sent through the channel, the RF signal goes
through the power amplifier (PA), which is assumed to be perfect with a gain of
1. In contrast, Figure (1.1) indicates that in the receiver, the antenna receives the
signal and then enters the signal on the low noise amplifier (LNA), which will
be assumed to be perfect with unity gain. Then, the RF signal yrg, (t) flows
through two parallel branches. In the first branch, the RF signal is multiplied by
a sinusoidal signal generated by the local oscillator (LO). In the second branch,
the RF signal is multiplied by the same signal utilized in the first branch but
with a 90-phase shift. Low-pass filtering is employed in both branches to
remove higher-order modulation products. Both signals are then transferred
through the analogue to-digital converter (ADCs) and merged to generate the

baseband signal y,,_ (t), which is fed to the baseband RX modem [7].

Moreover, the ideal transceiver has advantages and disadvantages. The
most popular advantage is that the quality of the signal that comes out from the
ideal transceiver is very high. At the same time, the most popular disadvantage
Is represented that the ideal transceiver has a high manufacturing cost, which
makes the use of the ideal transceiver in practical systems very limited.
Therefore, the scientists turned towards designing the transceivers at the lowest
possible cost, which reduces the quality of these devices. In other words, in fine
conditions, the wireless system (e.g., MIMO system) contains a low-cost
transceiver (physical transceiver), which suffers from many defects such as
phase noise, quantization noise, non-linear amplifier, 1Q imbalance, sampling
jitter, etc. These defects affect the signal passing over the transceiver, which
degrades the system performance [8]. Therefore, the effect of the physical
transceiver cannot be neglected when analyzing the performance of the wireless

channel.
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In this chapter, some research that analyzes the performance of different
wireless systems in the presence of the physical transceiver (non-ideal
transceiver) will be offered. The studies that focus on a system containing a
MIMO channel will have the largest share because the proposed work here is
related to the MIMO channel.

1.2 Problem Statement

The MIMO system is one of the most important communication systems
currently relied upon. Compared to other systems, the most important benefit of
the MIMO system is the capacity increase without excessive power
consumption or expanding bandwidth allocated to the system. The MIMO
system contains three main parts: transmitter, channel, and receiver. Both
transmitter and receiver contain RF chains. The number of RF chains in the
transmitter equals the amount of transferring antennas, and the number of RF
chains in the receiver equals the number of receiving antennas. The signal in
each RF chain passes through many processes; in the transmitter, the signal
passes through a digital process, DAC, 1Q mixer, and power amplifier. In the
receiver, the signal also passes through the same processes but inversely, and
the converter used is ADC. However, in practical reality, the quality of the
devices that performs these processes is not high. In other words, the transceiver
used in the MIMO system on the transmission side, reception side, or both,
suffers from many impairments such as phase noise, quantization noise, non-
linear amplifier, 1Q imbalance, sampling jitter, etc. These impairments affect the
signal that passes through the transceiver, which degrades the system
performance. Also, the channel type impacts the system's performance, where if
the channel contains the correlation between its elements, its performance

degrades. Therefore, to get on results close to the results of real reality, the
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performance of the MIMO system must be analyzed and consider all these

Impacts.

1.3 Literature Survey

Studer et al (2010) [11] derived the ergodic capacity (EC) equation for
one realization for the uncorrelated MIMO channel that suffers from Rayleigh
flat fading in the presence of the physical transmitter. The researchers assumed
that the system used in their work is the multi-carrier (MC) MIMO system (one
subcarrier), and the channel state information is available in the receiver only
(i.e., CSIR). Also, they considered that the effect of the physical transmitter in
the system is modeled as an uncorrelated Gaussian distortion noise with zero
mean and variance represented as a unity matrix with size N X N (where N is
the number of the transmitting antennas), which is multiplied by an impairment
level of the transmitter. Their research results showed that the capacity of the
uncorrelated MIMO channel is affected in a negative form by the distortion of
the physical transmitter. Also, they showed that the capacity of the ith
eigenmode approaches the traditional capacity (capacity without the effect of
the physical transmitter) when the channel gain value of this eigenmode is
small. The level of impairment for the transmitter used in their research is
0.025.

Markus Wenk et al. (2011) [12] investigated the effect of the physical
transmitter on the ergodic capacities of the uncorrelated MIMO channel with a
very long distance between the transmitter and receiver and uncorrelated MIMO
channel with a natural or small distance between the transmitter and receiver.
They supposed that both channels suffer from Rayleigh flat fading. Also, the
researchers assumed that the system employed in their work is the multi-carrier

MIMO system (one subcarrier) and that only the receiver has access to channel
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state information (i.e., CSIR). In addition, they characterized the effect of the
physical transmitter in the system as an uncorrelated Gaussian distortion noise
with zero mean and variance represented by a unity matrix of size N X N
multiplied by a transmitter impairment level. They showed by their scientific
research that the capacity of the uncorrelated MIMO channel for the very long
link approaches the traditional capacity. In contrast, their research illustrates
that the distortion of the transmitter affects the capacity of the uncorrelated

MIMO channel for the short link or natural link.

Bjornson Emil et al. (2012) [13]. Illustrated the behavior of ergodic
capacity and multiplexing gain for the uncorrelated MIMO channel that suffers
from Rayleigh flat fading in the presence of the physical transmitter with
impairments level 0.05. The researchers assumed that the system used in their
work is the multi-carrier MIMO system (one subcarrier), and the channel state
information is available in the receiver and transmitter (i.e., CSIT). The authors
modeled the effect of the transmitter as an uncorrelated Gaussian distortion
noise. In more detail, the authors assumed that the total transmitter distortion is
equal to the sum of transmitter distortion power at each transfer antenna, which
Is proportional to the power of transmitted signal, divided by the number of
transmitting antennas. The drawings presented in their paper showed that at the
high SNR rates, the capacity of the uncorrelated MIMO channel in the presence
of the physical transmitter stopped growing at a particular value. That specific

value was called the capacity limit.

Merouane Debbah et al. (2013) [14] showed the behavior of amplify-
and-forward (AF) relaying system capacity under Nakagami-m flat fading. The
authors assumed that the system used in their work is the multi-carrier system

(one subcarrier), and the transmitters used on the source and relay sides are
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physical, with an impairment level of 0.05 for both. Their work depends on the
fact that the distortion of the transmitter on the source side is proportional to
signal power transmitted, and the distortion of the transmitter on the relay side
depends on the average signal power transmitted from the relay. The research
shows that the capacity of the AF relaying system under the proposed
conditions is stopped growing in the high SNRs at a limit that is inversely
proportional to the impairment level of the transmitter used on the source and
impairment level of the transmitter used on the relay. This work assumed a
single antenna on the source, relay, and Destination sides.

Zhang et al. (2014) [15] analyzed the uncorrelated MIMO channel
capacity (ergodic capacity) under Rayleigh flat fading in the presence of the
physical transmitter and physical receiver, with a degradation level of 0.15 for
both. The researchers assumed that the system used in their work is the single-
carrier (SC) system, and the channel information is available exclusively in the
receiver (i.e. CSIR). Their work is dependent on the fact that the effect of the
transmitter at the nth transmit antenna is commensurate to the signal power
transmitted through the same antenna and that the effect of the receiver in the
mth receive antenna is proportional to the average signal power received
through the mth row of the channel matrix (i.e., the receiver distortion at the
mth receive antenna is proportional to total received signal power through the
same antenna). Their research revealed that in a high SNR regime, the channel
capacity with the physical transmitter and the physical receiver stops growing at

a particular value called the capacity limit.

Papazafeiropoulos et al. (2015) [16] investigated the impact of hardware
impairments on the ergodic capacity of dual hop (DH) amplify and forward
(AF) massive MIMO relay systems. The work happens in the presence of the

physical hardware (transmitter of users, receiver of relay, transmitter of relay,
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and receiver of base station) with different impairment levels € {0,0.01}. The
authors assumed that entries of the two channels (channel from users to relay
and channel from relay to base station) are independent and have identical
distribution (Rayleigh flat distribute). Also, the authors considered that total
system channel state information is unknown at the relay station and the users.
Their work depended on the fact that the effect of the transmitter at the nth
transfer antenna in any channel is proportional to the transmitted signal power
through the same antenna, and the impact of the receiver at the mth receive
antenna in any channel is proportional to the total received signal power through
the same antenna. Their article results showed that capacity saturates after a
specific value of SNR, and the point of saturation is affected by the levels of
impairment of the hardware used in the system, which is of equal value in their

research.

Kefeng Guo and others (2016) [17] derived the instantaneous capacity
formula of the dual-hop decode-and-forward (DF) satellite relay system in the
Rician fading case. The system they depended on in their work consisted of a
source with N antennas, a satellite relay with a single antenna, and a destination
with M antennas. Also, their work assumed the presence of the physical
transmitters in the receiving process of the uplink signal and receiving process
of the downlink signal. The researchers considered that the effect of the
transmitters in uplink and downlink is proportional to the average power of the
transmitted signal. The graphics presented by their research showed that the
capacity of the proposed system is not affected by the hardware impairment in
the low SNR rates but is affected by the hardware impairment in the high SNR

rates. The levels of impairment used in this work are 0.3 and 0.6.
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Sharma et al. (2017) [18] investigated the impact of hardware
Impairments on the ergodic capacity of dual hop (DH) amplify and forward
(AF) MIMO relay systems with both finite and infinite numbers of antennas.
The researchers assumed that all hardware used in the system is physical with
impairment level 0.05 for all. The authors considered that entries of the two
channels (channel from users to relay and channel from relay to base station)
are independent and have identical distribution (Rayleigh distribute). Also, they
consider that total system channel state information is unknown at the relay
station and users. In addition, their work depended on the fact that the effect of
the transmitter at the nth transfer antenna in any channel is proportional to the
transmitted signal power through the same antenna, and the impact of the
receiver at the mth receive antenna in any channel is proportional to the total
received signal power through the same antenna. Their result showed that
capacity affected by impairments hardware in the high SNR regime for both
systems (DHAF MIMO system with finite numbers of antennas and DHAF
MIMO system with infinite numbers of antennas). Also, the results showed that

the capacity with transceivers impairments is directly proportional to relay gain.

A. Singal and others (2017) [19] examined the behavior of ergodic
capacity for the uncorrelated MIMO-OFDM channel with Rayleigh flat fading
in the presence of a physical transmitter with an impairments level of 0.05. The
researchers assumed that only the receiver has access to channel state
information (i.e., CSIR). In addition, the authors believed that transmitter
distortion is described as an uncorrelated Gaussian distortion noise with a zero
mean and a variance proportionate to the transmitted signal's strength. Drawings
shown in their work demonstrated that at high SNR rates, the capacity of the
uncorrelated MIMO channel in the presence of the physical transmitter ceased

to increase at a certain threshold, which is referred to as the capacity limit.




Chapter One Introduction

Singal and Kedia (2018) [20] investigated the energy efficiency of bulk
and per-subcarrier antenna selection strategies in the MIMO-OFDM system
with and without physical transmitter limitations (distortion of the transmitter).
The channel used in their work is the uncorrelated channel that suffers from flat
Rayleigh fading. Their work required finding the ergodic capacity of the
uncorrelated MIMO-OFDM channel with and without transmitter defects. Also,
their work assumed that the channel state information is available at the receiver
only (CSIR), and the effect of the transmitter at the nth transfer antenna is
proportional to transmitted signal power through the same antenna. From their
work, it has been noticed that as the value of these transmitter deficiencies
grows, the energy efficiency falls. The impairment level for the transmitter used
in their work is 0.05.

Mengyan Huang et al. (2018) [21] showed the behavior of the ergodic
capacity of the Large-scale uncorrelated MIMO channel that suffers from the
Rician fading in the presence of the physical receiver. The authors assumed that
the channel state information is available at the receiver only. Their work
depends on the fact that the impact of the receiver at the mth receive antenna is
proportional to the total received signal power through the same antenna, which

Is suffer from path loss and the shadowing.

Papazafeiropoulos and others (2018) [22] shifted their focus on the
ergodic capacity of Rayleigh-product MIMO channel with K number of scatters
and in the presence of the physical transmitter or a physical receiver. From their
research, it can be seen that the channel matrix in Rayleigh-product channel
consists of two matrices, the first matrix between the transmitter and scatters
and the second between the scatters and receiver. The researchers assumed that

the entries of the two matrices are independent of each other and all subject to
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Rayleigh distributed. In addition, they considered that the information of both
channels is known in the receiver (i.e., CSIR). Their work results showed that at
the high SNRs, the performance of capacity of the Rayleigh-product channel in
the case of the physical transmitter is better than its performance in the case of
the physical receiver. Also, their work results showed that at the medium SNRs,
the performance of capacity of the Rayleigh-product channel in the case of the
physical receiver is better than its performance in the case of a physical
transmitter. The impairment level that the researchers used in their work is 0.15
for both transmitter and receiver when one of them is used as a physical device.
Jingjing and others (2019) [23] studied the ergodic capacity of dual-hop
(DH) decode-and-forward (DF) multi-Relay Networks. Their studies depend on
a system consisting of a source with a single antenna, N number of relays, each
containing a single antenna for transmitting, a single antenna for receiving, and
a destination with a single antenna. The researchers used two methods to select
a relay used in a communicated process: random relay selection (RRS) and
opportunistic relay selection (ORS). Their work happens in the presence of a
physical transmitter on the source side and a physical receiver on the destination
side. Their research results showed that the capacity of the proposed system in
the case of ORS is better than in the case of RRS for any value of SNR. the

impairment level used in this work is 0.05.

S. Bharati et al. (2020) [24] investigated the ergodic capacity and
multiplexing gain of the uncorrelated MIMO channel that suffers from
Rayleigh flat fading in the presence of the physical transmitter with varying
values of impairment level (0.01, 0.02, 0.2, 0.3, and 0.4). The authors assumed
that the total transmitter distortion is equal to the sum of transmitter distortion
power at each transfer antenna, which is proportional to the power of the

transmitted signal, divided by the number of transmitting antennas. They
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devoted their work to multi-carrier systems (one subcarrier) with channel state

information know at the receiver only (CSIT).

1.4 Summary of Literature Review and Contribution

In the previous section, all researches that looked at the wireless
channel, which has multiple antennas on the transmission side, the reception
side, or both, and a physical transceiver, show that all of the authors focused on
the uncorrelated wireless channel.

Moreover, the studies focusing on the natural MIMO system fall into
two main groups. The first group analyzes the uncorrelated MIMO channel in
the presence of the physical transmitter, with differencing some criteria. This
group devoted their work to the multi-carrier system for one subcarrier. The
second group analyzes the uncorrelated MIMO channel in the presence of the
physical transmitter and physical receiver, with differencing some criteria. This
group devoted their work to the single-carrier system. As is known, any MIMO
system in practical reality is subject to the impact of the correlation between the
channel elements. Also, the practical reality has many MIMO systems, such as
single-carrier and multi-carrier MIMO systems. Therefore, it became necessary
to develop algorithms to analyze the two types of MIMO channels (correlated
MIMO channel and the uncorrelated MIMO channel) in the presence of the
physical transceiver. On the other hand, at least an algorithm for analyzing
MIMO channels in the presence of the physical transceiver for different systems
scenarios should be provided. As a result, this letter presented two algorithms to
analyze the MIMO channels that suffer from Rayleigh flat fading in the
presence of the physical transceiver. The first algorithm keeps pace with the
group that specializes in analyzing the MIMO channel in the presence of a
physical transmitter. The second algorithm keeps pace with the group that

specializes in analyzing the MIMO channel in the presence of the physical
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transmitter and the physical receiver. The two algorithms and the scenarios that

each one covers can be summed up as follows:

» The first algorithm analyzes the performance of the correlated MIMO
channel and uncorrelated MIMO channel in the presence of the physical
transmitter in several scenarios:

MC-MIMO system with CSIT

MC-MIMO system with CSIR

SC-MIMO system with CSIT

SC-MIMO system with CSIR

» The second algorithm analyzes the performance of the correlated MIMO
channel and uncorrelated MIMO channel in the presence of the physical
transmitter and physical receiver in one scenario, namely, SC-MIMO
system with CSIR.

The first algorithm considers the effect of the physical transmitter as
additive uncorrelated Gaussian distortion noise with zero mean and variance
indicated by the symbol Y;. This algorithm considers that the distortion power
of the physical transmitter at the nth transmit antenna in the SC-MIMO system
Is proportional to the power assigned to the signal transmitted through the same
antenna. While in the MC-MIMO, this algorithm considers that the total
distortion power of the physical transmitter is equal to the sum distortion power
of each transmit antenna, which is calculated in the same way in the SC-MIMO

system, divided by number of transmitting antennas.

In addition, the second algorithm considers the effect of the physical

transmitter in the same way as the first algorithm, and it considers the effect of
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the physical receiver as additive uncorrelated Gaussian distortion noise with
zero mean and variance indicated by the symbol Y,.. This algorithm considers
that the distortion power of the physical receiver at the nth receive antenna in
the SC-MIMO system is proportional to the average signal power received

through the mth row of the channel matrix.

Finally, the two algorithms proposed in this work analyze the
performance of the correlated MIMO channel and uncorrelated MIMO channel
in terms of the ergodic capacity (EC) and the finite-SNR multiplexing gain (F-
SNRMG), and they use the Kronecker model to calculate the correlation
between the channel elements. Also, the value of the impairment level that will
be used in the simulation processes of these algorithms is 0.08, 0.175, or both.
Due to using these values of impairments level, the work becomes devoted to
the LTE system, where the impairments level of the transceiver in LTE systems

Is in the range from 0.08 to 0.175, as mentioned in [25].

1.5 Work Objectives

This research seeks to investigate the crucial properties and methods
appropriate to design a wireless MIMO channel. The objective of this work can
be summarized as follows:
1. The physical MIMO system can achieve great results with a finite upper

capacity limit, for any channel distribution and SNR.

2. It aims to adapt the suitable number of transmitting / receiving antennas
appropriate to achieve great gains from employing MIMO and spatial

multiplexing.

3. The practical MIMO gain is shown to be at least as large as with ideal

transceivers.
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1.6 Thesis Outlines

The first chapter presents an overview of the evolution of
communication systems and their gradation from the SISO system to the MIMO
system, the structure of the transceiver, a problem statement, and a literature

review of related works.

Chapter two introduces the theory of the ideal MIMO system, showing
the capacities of the ideal uncorrelated MIMO channel and ideal correlated
MIMO channel in the CSIT and CSIR cases. Also, it shows the most important

defects that the transceiver used in the MIMIO system suffers from them.

Chapter three introduces the proposed algorithms of the MIMO channels

in the physical form. Also it introduces flowcharts to these algorithms.

Chapter four Introduces the results and discussions of the algorithms

proposed in the third chapter.

Finally, chapter five concludes the major contributions of the present

work and proposes several extensions to our work.
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CHAPTER TWO
Background Theory

2.1 Introduction

This chapter outlines some of the fundamental principles required for
comprehension of this work. This chapter begins with an explanation of
multipath fading so that the reader may differentiate between slow and rapid
fading and understand what frequency flat fading and frequency selective fading
mean. Then, this chapter clarifies the conventional MIMO channel model and
the SVD technique for analyzing the MIMO channel matrix. This chapter then
describes the basic strategies required to implement the MIMO system. This
chapter next describes the capacity of the conventional MIMO channel model
and the factors that influence it. Then, this chapter begins with an introduction
to non-ideal physical transceivers, wherein the eighth section explains some of
the transceiver's problems and the final section demonstrates how to simulate

the transceiver's defects in communication systems with many antennas.

2.2 Multipath Fading

Multipath fading refers to the accumulation of several different
propagation paths within the channel for the same signal transmitted. More
clearly, when a signal is sent from the transmitter, it will take different paths on
its way to the receiver. These different paths are generated by the reflection,
refraction, and scattering of the transmitted signal within the channel, as shown
in Fig. (2.1) [26], [27].
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Fig. 2.1: Multipath signals due to: a) Reflection, b) Refraction, ¢) Scattering
[28]

Moreover, multipath signals arrive at the receiver and collect
constructively or destructively [29], [30]. The reason for this is that when the
signal is sent, it will take several paths, and each path will travel a certain
distance. Therefore, each path will have an arrival time and attenuation and
based on the access time of each path, the phase of this path changes [30]. Also,
the multipath environment induces rapid channel fluctuations and, therefore,
small-scale fading; Figure (2.2) shows that if the same impulse is sent from the
transmitter at different times, the received signal will be dissimilar due to

channel fluctuations [31].

18



Chapter Two

Review of Some Basic Concepts

Transmitted signals

I
o Time
Impulse transmission at = 74

|

3 Time
Impulse transmission at =7,

I AN

| 2 Time
t=1+ d]
_D
K Time
t= T+ dz

Received signals

Fig. 2.2: Impulse response of multipath channel [31].

Furthermore, channel fading in the time domain can be described by the

Coherence time and Doppler spread, and each can be defined as follows [31]:

» Coherence time(t,): It is the minimum time after which the form of the

channel impulse response becomes unrelated to the previous case. In a

clearer sense, it is the minimum time that the channel's impulse response

can remain constant [32].

> Doppler spread (DS): It describes how the bandwidth of the signal at the

receiver is extended [31], [33].

Doppler spread or what is called Doppler bandwidth can be given by

the following relationship [31], [34]:

BD ES ZFD

(2.1)

where Fp, represents a Doppler frequency shift (DFS), which refers to the change

in carrier frequency at the receiver when the receiver, transmitter, or both are

moving [31], [34]. The DFS for single path is given by the following relationship

[35]:
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Fp = z_e *f. * cos 9 (2.2)

e

where v, is the velocity of the moving body, C, is the light's speed, f. is the
carrier frequency, and 9 is the angle between the direction of movement of the
object and the line connecting the receiver to the transmitter. In the case of
multipath reception, the signals arrive by the individual paths to the receiving
antenna with different Doppler shifts. This difference in the Doppler shifts
happens due to the change of angle 9 at every moment during the body's
movement, so the received spectrum will be spread [35]. In light of these
definitions, it can be concluded that coherence time is inversely proportional to

the Doppler spread [36]:
TR — (2.3)

The above equation indicates that the Doppler shift frequency is zero in

the absence of movement. Thus, the coherence time will be equal to infinity.

Additionally, through the two terms coherence time and Doppler spread,
fading can be classified into two types [37]:

» Slow fading: The channel will have slow fading if the coherence time is
large, where it will be greater than the time of sending the unit data, which
means that the channel fading does not change during the transmission of
the unit data [37].

> Fast fading: Unlike the previous case in slow fading, here, the channel
will have a fast fade if the coherence time is short, where it will be smaller
than the time of sending the unit data, which means that the channel
fading will change during the transmission of the unit data [37]. The

contrast between fast and slow fading paths is adorned in Fig. (2.3) [38].
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Fig. 2.3: The contrast between slow fading and fast fading: a) path loss of power
over distance, b) slow fading effect, c) slow fading effect, fast fading effect, and

path loss effect at the same time [38].

As is the case in the time domain, where fading is characterized based on
coherence time and Doppler spread. In the frequency domain, channel fading can
be described by coherence bandwidth and delay spread, and they can be defined
as follows [31]:

» Coherence bandwidth (B¢): It is the frequency range over which two or
more frequency components maintain a significant amplitude correlation.
All multipath pulses within this range are almost of equal phase and
attenuation [39].

» Delay spread (Ty): it can be defined as the delay time between the first
received signal component and the last received signal component for one
transmitted pulse [40]. The delay spread is inversely proportional to
coherence bandwidth [40]:

Be= — (2.4)

Finally, through the two terms, coherence bandwidth and delay spread,
fading can be classified as either a frequency-flat fading (FFF) or frequency-

selective fading (FSF). If the bandwidth of the transmitted signal is smaller than
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the Coherence Bandwidth, the fading is considered FFF, which means that all
paths of the transmitted signal are exposed to the same effects through the
channel. On the other hand, if the bandwidth of the transmitted signal is greater
than the coherence Bandwidth, then the fading is considered FSF; therefore, we
will face the problem of ISI [40].

2.3 ldeal MIMO Channel Model (Narrowband)

In contrast to typical communication systems with one broadcast antenna
and one receive antenna, MIMO systems are equipped with several antennas at
both ends of the link. Therefore, the MIMO channel must be described regarding
its response between all broadcast and receive antenna pairs. In other words, if a
MIMO system has N transmit antennas and M receive antennas, as shown in Fig.
(2.4), the time-varying MIMO channel of this system can be described by the
M X N matrix and as in equation (2.5) [41].

hy;(t, 1) hy,(t1) - hyn(E 1)
H = l12,1 gtr t) h2,2 gt, T) ‘ hZ,N :(t' t) (25)
hy1(tt) hy(E1) -+ hyn(E 1)

Output
I

!
N

Transmitter

Radio Channel ———» Receiver
X Y

Fig. 2.4: A simplified MIMO channel with N antennas for transmission and M

antennas for reception.[42].

22



Chapter Two Review of Some Basic Concepts

where h;;(t,7) represents the time-varying impulse responses from the ith

transmit antenna to the jth receive antenna.

Moreover, according to figure (2.4), the relationship between the vector
of the input signal (S) and the vector of received signal (Y) can be given in the

following equation [41]:
Y(t) = H(t, 7) S(t, 7) + Z(t) (2.6)

Now, suppose the channel suffers from the FFF, which means that the
bandwidth of the signal is narrow enough to assume that the channel is nearly
constant over frequency. In this case, the input-output relationship represented

by equation (2.6) simplifies to the following equation [43]:
Y=HS+1Z (2.7)

Where Y € CM is the received signal vector, S € CN is the transmitted signal
vector with covariance matrix Q = E(S S"), H € CM*N s the channel matrix
whose entries are assumed random variables all subject to Rayleigh distribution,
and Z is zero-mean circular-symmetric complex Gaussian noise (i.e., Z ~
CN(0, D).

Finally, the MIMO channel model can be represented in another form

called the affine MIMO channel model, which means that the SNR becomes

seen in the equation of model, as shown in the following equation [44]:

Y=+VSNRHS+Z (2.8)
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2.4 Singular Value Decomposition (SVD) Analysis

The channel matrix H can be expressed as the product of a unitary
matrix U with size M x M, a Hermitian unitary matrix VH with size N x N, and
a diagonal matrix X whose diagonal contains only nonnegative singular values,
and its size M x N. This analysis of the channel matrix H can be given in the

following equation[45]-[47]:
H=Uym X Zmxy X Vysn® (2.9)

Moreover, the number of the singular values in the matrix X equals the
rank of the MIMO channel matrix (Ray). Also, the singular values can be

found from the square eigenvalues of the H HH [45]-[47].

2.5 Common MIMO Techniques

The MIMO system is used with two different techniques: one combats
fading, which is spatial diversity, and the other exploits fading, which is spatial
multiplexing. In the following subsection, these two techniques will be

explained.

2.5.1 Spatial Diversity

The concept of diversity in the MIMO system can be explained simply
by the following statement: "Do not put all your eggs in one basket". Therefore,
If the same information is sent through several independent paths called branches
of diversity, the probability of losing this information due to fading will be small
because it will require the fading of all paths simultaneously. The probability of
branch vanishing is denoted by P,,;, where If the same data is sent across n
branches, the probability of total vanishing is the probability of vanishing all

branches (i.e. the probability of total vanishing is denoted by P, , where n is

24



Chapter Two Review of Some Basic Concepts

the order of diversity). Therefore, the benefit of spatial diversity is to increase
the reliability of the link between the transmitter and receiver [48].

In addition, In the MIMO system, if the number of transmitting and
receiving antennas approaches infinity, the diversity order will approach infinity.
For example, if we assume the Rayleigh environment and there is one antenna in
transmitting and an M antenna in receiving, the transmitted signal will pass
through M of paths. Therefore, spatial diversity gain is given by the following
relationship: Diversity gain =M X N [49]. For example, the maximum

diversity gain of the 3 x 3 MIMO system is 9.

2.5.2 Spatial Multiplexing

Spatial multiplexing (SM) has been implemented in MIMO systems to
give a better transmission rate without assigning more bandwidth or boosting
transmit power. In SM technology, the input data streams can be split into
multiple separate sub-streams and transmitted concurrently via transmitting
antennas [50], [51]. Therefore, utilizing spatial multiplexing methods under
specific conditions and assumptions can enhance the capacity linearly with

respect to the minimum number of broadcast and receive antennas [51].

2.6 Capacity of the Ideal MIMO Channels

there are two types of MIMO channels, namely, the uncorrelated MIMO
channel and the correlated MIMO channel. Therefore, the capacity of the
uncorrelated MIMO channel will be offered in the following subsection, and the
capacity of the correlated MIMO channel will be explained in another
subsection. Also, in the two types of MIMO channels, if the fading is taken into

account, it will be considered that the channel suffers from Rayleigh flat fading.
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2.6.1 Uncorrelated MIMO Channel Capacity

In general, the MIMO channel is divided into two types, according to
fading. The first type is called the deterministic MIMO channel, and the second
type is called the random MIMO channel [52], [53]. Thus, the capacity of the
deterministic MIMO channel will be clarified firstly in both cases, CSIR and
CSIT. Then, it will be offered the capacity of the random MIMO channel for the
same cases (CSIR and CSIT).

I. Deterministic Uncorrelated MIMO Channel Capacity

In this type of MIMO channel, the derivation of the general equation of
the uncorrelated MIMO channel capacity will be offered. The derivation starts
from the definition devoted to the capacity of the wireless channel, which states
that the capacity of the wireless channel is the maximum mutual information
between the transmitted signal vector and received signal vector [54]. This

definition is given in the following equation for the MIMO channel [55], [56]:

Ciqg = ‘Sl]l«) max I(S,Y) (2.10)
tr(Q)=SNR

Where the C;q is the deterministic uncorrelated MIMO channel capacity in ideal
model shown in equation (2.7), I(S,Y) is the mutual information between two
vectors of random variables (S, Y), and tr(Q) = SNR is the power contrast of
the system. if the relationship of mutual information is written in terms of

entropy, equation (2.9) can be rewritten as follows [55], [56]:

Ca= SUP max [H(Y) - H(Y/S)] (2.11)
tr(Q)=SNR
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Where #H(Y) is the differential entropy of Y, and #H(Y/S) is the conditional
differential entropy of Y when S is known. Using the fact that Z and S are

statistically different from each other in Equation (2.7), we can write Equation
(2.11) as follows [55], [56]:

Ciq = .Sllf max [H(Y) — H(Z)] (2.12)
tr(Q)=SNR

The above equation is maximized when the two terms found in the same
equation are maximized. The two terms #H'(Y) and H(Z) are maximized when
S, Y, and Z are considered a zero mean circular symmetric complex Gaussian
(ZMCSCG) random variables. Therefore, the entropy equations for Y and Z

under this consideration are given as follows [55], [56]:

H(Y) = log(det(m + e * Qy)) (2.13)
H(Z) = log,(det(m+e xQz)) (2.14)

Where Qy is the covariance matrix of Y, and Q is the covariance matrix of Z.
Also, the Qy and Q are called the autocorrelation of the received signal vector

and the autocorrelation of the noise vector, respectively [57].

Now, the equations of Qy and Q; must be found. The equation of Qy
will be generated first [55], [56]:

Qy= E{Y*YT}=E{(HS+Z)*(HS++Z)"} = HQH" + Iy (2.15)
Where E (.) denotes the expectation operator, and (.) denotes performing the

Hermitian operation on the matrix within the bows. After that, the equation of
Q; will be created [55], [56]:
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Q; = E{Z+ 7} =1y (2.16)

Moreover, after finding the Qy and Q; equations, it now becomes easy
to find H(Y) and #H'(Z) and then insert them in equation (2.12). As a final
result, the deterministic uncorrelated MIMO channel capacity is given as follows
[55], [56], [58]:

Ca= SUP log,(det(ly+H Q HH)) B/S/HZ (2.17)
tr(a)q:SJNR

The above equation is found by considering that the channel state
information is available at the receiver only. Additionally, the deterministic
uncorrelated MIMO channel capacity can be found in two scenarios, namely
CSIR and CSIT, and as follows:

A. CSIT Scenario

In this scenario, the channel state information is public at the transmitter
and receiver. Therefore, the power allocated to system can be controlled. More
clearly, in this case, will be applied a process called the pre-coding process.
This process divides the MIMO channel into independent SISO channels. The
number of SISO channels generated is equal to the minimum number between
the number of transmitting antennas and the number of receiving antennas,
which represents the Ray; Figure (2.5) shows the block diagram of the pre-

coding process in ideal MIMO channel model [55], [59].
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Fig. 2.5: Block diagram of the pre-coding process in ideal MIMO channel model
[60].

From the above figure, it can be concluded some points such as, S =
VS, Y=HS+Z and Y = U Y. Based on the first point, the covariance matrix

of the transmitted signal in ideal MIMO model is becomes as follows [61], [62]:

Q= Vn.m * Dmum * VN*MH (2.18)

Where Dy.m 1S @ diagonal matrix, its diagonal element values represent the
power for the SISO channels (effective channels). The equation (2.18) is
inserted into the equation (2.17) to find the deterministic uncorrelated MIMO
channel capacity in the CSIT case, which is given in the final form as follows
[63]:

Ca= SUP {I%(log,(1+ A;* D))} (2.19)
Zi:MSNR

Where, D; is the power of the ith effective channel, and 2; is the channel gain
(eigenvalue) of the ith effective channel. All the values of A are the eigenvalues
of H+ HH,
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In addition, the power of each effective channel is found by using the
water-filling mechanism. This mechanism will show us which effective channel
has too much noise in order to be given a little or zero power. Also, this
mechanism will show us which channel has too little noise in order to be given
much power [64]. For understanding this mechanism, the following example is

offered:

Example: Discover the capacity and optimal power assignment for the MIMO

channel, considering SNR = 10 dB and the channel matrix is [55]:

a1 3 7
H=|5 4 .1] (2.20)
2 .6 .8
Solution:
STEP1: Applied the SVD analysis for H [55]:
—-.555 .3764 —.7418][1.3333 0 0
H=]-3338 —-9176 -—.2158 0 .5129 0
—-.7619 .1278 .6349 0 0 .0965 (2.21)
—-.2811 -.7713 -.5710 '
X |-.5679 —.3459 .7469
—.7736 .5342 —.3408
STEP2: Finding the eigenvalues [55]:
1.3333 0 0 1 [1.7777 0 0
A= 0 .5129 0 = 0 0.2631 0 (2.21)
0 0 .0965 0 0 9.312x 1073

From the above matrix, it can be found the channel gain of each

eigenmode (effective channel) and as follows:

A, =1.7777, A, = 0.2631, A5 = 9.312 x 103 (2.22)
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STEP3: Finding the inverse eigenvalues:

% = 0.5625281261, Ai = 3.801321499, Ai = 107.3854332 (2.23)

1 2 3

STEP4: Finding water level value in the presence of the three effective
channels. This value of the water level must be larger than the large inverse
eigenvalue shown in the previous step [55]. The water level value is found from

following equation [65]:

11,1 +
< SNR+5—+5—+5— ) _ (10+0.5625281261+3.801321499+107.3854332)

number of channel 3

40.582 (2.24)

From the above equation, it can be seen that the water level's value is

smaller than the value of xi which means that channel three has thunderous
3

noises. Therefore this channel will be not allocated any power [55]. In other
words, this channel will be cancelled and repeated the calculation of the water

level in the presence of two effective channels:

SNR4——+-* *
Q—( A VRV ) _(10+0.5625281261+3.801321499

2

) — 7181924813

number of channel
(2.25)

The value of the water level shown in the above equation is larger than

the two values of (_/\i) and (_/\i). Therefore, this value of the water level will be
1 2

adopted to calculate the power of two effective channels to get to the maximum

capacity, which will be offered in the next steps.
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STEP5S: Finding the power of each effective channel. The general low of
calculated the power is given in the following equation [65]:

D,=Q— (2.26)

1
A
According to the above equation, it can be found the power of each

effective channel [55]:

D, = 6.619396687 (2.28)
D, = 3.380603314 (2.29)
D; =0 (2.30)

STEPS: Finding the capacity of the MIMO channel by applying the equation
(2.19) [55].

Cia = XioH(log,(1 + A+ D;)) = log,(1 + (1.7777 * 6.619396687)) +

=1

log,(1 + (0.2631 * 3.380603314)) + 0 = 4.59 B/S/HZ (2.31)

B. CSIR Scenario

This scenario means that the transmitter do not have any information
about the channel, inversely to receiver that has the CSI. In this scenario, the best
case to get on the maximum capacity is divided the power in equally between the
transmit antennas. In other words, in the equations language, the covariance
matrix of the transmitted input becomes equal to SNR/N in the CSIR scenario.
Thus the deterministic uncorrelated MIMO channel capacity in the CSIR case is
given as follows [66]-[69]:

Ciq = log, (det (1 + (57) H HH)> (2.32)
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The equation (2.32) can be rewritten in the term of the eigenvalue to
become in the following form [70], [71]:

Cia = Zotlog, (14 35+ & ) (2.33)

1. Random Uncorrelated MIMO Channel Capacity
In the initial state (I), it is assumed that the MIMO channel is
deterministic. Typically, the MIMO channel varies at random. Consequently, H
Is @ random matrix and its channel capacity fluctuates randomly over time. In
reality, the MIMO channel capacity formulas for the CSIR and CSIT cases in

the random form can be represented in the following table [71]:

Table 2.1: The ergodic capacity formulas of the uncorrelated MIMO channel
for the CSIR and CSIT cases in the ideal model

Case The Formula of Ergodic Capacity (bit/second/hertz)

CSIT e
Ceia = E SJJB Zi=1 (logz(l + A x Dy )) , (2.34)
¥i=1 Dj< SNR

Ceig = ]E{ZileH log, <1 + (SNR/N) * A )} (2.35)
OR

Ceia = E{log, (det (1 + (57) H HH)>} [72]  (2.36)

CSIR

Moreover, it can be necessary to know the difference between the
capacity in the CSIT case and the capacity in the CSIR case in the random form.
Therefore, figure (2.6) is offered to show the capacities of the 4x4 MIMO
channel for the CSIR and CSIT cases in various values of SNR. This figure
shows that in the low SNRs, the ergodic capacity in the CSIT case is large than

that in the CSIR case. However, this benefit for the capacity in the CSIT

33



Chapter Two Review of Some Basic Concepts

decreases as the value of SNR increases more and more until it disappears in the
very high SNRs [71]. This analysis is seen in any antenna configuration, and to
prove this, figure (2.7) displays the ergodic capacity for different antennas
configuration with CSIT and without CSIT.

25
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Fig. 2.6: The capacities of the 4x4 MIMO channel for the CSIR and CSIT cases

in various values of SNR [71].
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Fig. 2.7: The ergodic capacity for different antennas configuration with CSIT
and without CSIT [73]
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Finally, it must be noted that the representation of the water-filling mechanism
in the MATLAB program will be clarified in an appendix at the end of this
work. Also, the equation that generates the realizations of the channel matrix is

given as follows [71]:

H =,/(0.5) * (randn(M, max(N),L) + 1i * randn(M, max(N),L))
(2.37)

The above equation generates L. MIMO channels (L is the number of
realizations of the channel), each one of these channels whose components are
complex random variables subject to a Rayleigh distribution and independent of

each other.

2.6.2 Correlated MIMO Channel Capacity

In general, H components are correlated to varying degrees depending
on the propagation environment, the polarization of the antenna elements, and
their spacing. One alternative model for H that accounts for fading correlation
divides the fading correlation into two distinct components called receive

correlation and transmit correlation [74]. This amounts to modeling H as
follows [74], [75]:

H, = D,%° *+ Hx D,%° (2.38)

where Hy, is the correlated MIMO channel matrix, D, is the transmit correlation
matrix with size N X N, and D, is the receive correlation matrix with size
M x M. The model shown in the above equation is called the Kronecker model.
Both matrices D, and D, are found as follows [74], [76], [77]:
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N-1)2
1 o of e O(.E )
O 1 o :
D;=| aof oa 1 of
: Ot
N-1)2
N af o 1
(2.39)
M-1)2
1 o o M
D oy 1 a
Tl of oa 1 o
: : oy
M-1)2
aﬁ ) o a 1

where a; is the correlation coefficient on the transmitting side, and o, is the
correlation coefficient on the receiving sides. Generally, in most works, it is
considered that the correlation coefficient on the transmitting sides equals the
correlation coefficient on the receiving sides (i.e. o; = a, = a). The value of a
iIs from zero (an uncorrelated MIMO channel) to one (a highly correlated
MIMO channel) [74], [76], [77]. For example if « = 0. 4 and N =4,M = 4,

equation (2,39) becomes as follows [74]:

1 0.4  0.0256 2.62144 %10~
D, = 0.4 1 0.4 0.0256
0.0256 0.4 1 0.4
2.62144%10™* 0.0256 0.4 1 (2.40)
—4 "
1 0.4  0.0256 2.62144 %10
D, = 0.4 1 0.4 0.0256
0.0256 0.4 1 0.4
2.62144x107* 0.0256 0.4 1

In addition, the formulas of the ergodic capacity for the correlated
MIMO channel for the CSIR and CSIT cases are the same those for
uncorrelated MIMO channel for the CSIR and CSIT cases, but in the correlated
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MIMO channel the channel matrix is Hy. As result, the formulas of the ergodic
capacity for the correlated MIMO channel for the CSIR and CSIT cases given

as follows [74]:

CCeid=[E{ SuP Y (logy (1 + Ay * Dki))}, CSIT  (2.41)
2i=1Dkis SNR

CCrpid = E{z?j; log, (1 + (ONR/D * A )} CSIR  (2.42)

where Ay ; is the channel gain of the ith effective channel in correlated MIMO
channel, and Dy ; is the power assigned to ith effective channel in the correlated
MIMO channel.

Moreover, it can be necessary to know the difference between the
ergodic capacity for the uncorrelated MIMO channel and the ergodic capacity
for the correlated MIMO channel. Therefore, figure (2.8) is offered to show the
capacity of the 2 x 2 MIMO channel for the CSIR case in various values of
SNR over different correlation coefficients o € {0, 0.8}. This figure shows that
the correlation between the channel elements degrades the performance of the

channel capacity [78].

20 T
2 x 2 w/o WF, w/o Gor
x / W/ C

15 |

10 |-

Capacity in bitchannel use

i | 1 |
-10 -5 o S 10 15 20 25 30
SNR in dB

Fig. 2.8: The capacity of the 2 x 2 MIMO channel for the CSIR case in various

values of SNR over different correlation coefficients a € {0, 0.8} [78].
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At the end of the conversation, It should be noted that if the affine
MIMO model is used. The equations for channel capacity, whether correlated or
uncorrelated, are the same. The only thing that differs is that the power
constraint becomes equal to one, and the value of the SNR will be shown in the

equations.

2.7 Finite-SNR Multiplexing Gain (F-SNRMG)

As it is known, the multiplexing gain in the MIMO systems is given in

the following equation [79]:

im ot =y (2.43)
SNR—-oo log; SNR

where r is the multiplexing gain, and R is the data rate (bps) per unit hertz. The
concept of the multiplexing gain shown in the above equation has become
undesirable in systems in which the channel capacity is limited. Therefore, in
recent times, most works dealing with the concept of the multiplexing gain as a
ratio of the capacity of the MIMO channel to that of the SISO channel, which is
shown in equation (2.44). This concept of multiplexing gain is called finite-
SNR multiplexing gain [80], and it will be adopted in this work, as will be seen

in the next chapter.
Cseig = Eflog,(1+ SNR * |h|? )} (2.44)
Moreover, it is necessary to know how the SISO channel h generated in

the MATLAB programs. Therefore the following equation is offered to achieve
this knowledge:

h =,/(0.5) *xrandn(L,1) + 1i * randn(L, 1)) (2.45)
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2.8 Defects of the Physical Radio Frequency Transceiver

The non-ideal radio frequency transceiver (RFT) is a critical component
that impacts system performance. Where, the physical transceiver suffers from
many flaws such as phase noise, quantization noise, 1Q imbalance, etc.
Numerous of these flaws are avoided or compensated by implementing complex
compensation operations in the system. However, some of these flaws remain
unaffected by the compensation operations. Thus, these residual flaws, which
are also called transceiver distortion, affect the quality of the signal that passes
through the RFT [81], [82]. In the following subsection, the most common

transceiver flaws will be discussed.

2.8.1 1Q-Imbalance

It is known that the quadrature mixer (IQ mixer) is used in the
transmitter and receiver of the wireless system to convert the frequency from
the intermediate frequencies or baseband to radio frequencies and vice versa.
This mixer deals with the complex signals consisting of the real and imaginary
parts. The process of converting the frequency of the baseband signal to the
range of the radio frequencies is called the direct up-conversion process, and the
process of converting the frequency of the radio signal to the baseband
frequency is called the direct down-conversion process [83]. In the direct up-
conversion process, which happens in the transmitter, the real part of the input
signal goes to a branch called I (In-phase), and it mixes with the cosine wave
that has certain amplitude, which prefers to be equal to a unity value. At the
same time, the imaginary part of the signal goes to a branch called Q
(Quadrature-phase) and then mixes with the sine wave that has amplitude equal
to the amplitude of the cosine wave in the I branch. Then, the two signals from
the | and Q branches are subtracted from each other and then the resulting signal

Is transmitted over the channel to represent the radio signal [7]. In contrast, in
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the direct down-conversion process in the receiver, both the | and Q branches of
the quadrature mixer take the radio signal, where the radio signal in the | branch
Is multiplied with the cosine wave similarly in the up-conversion, and the radio
signal in the Q branch is multiplied with the sine wave similarly in the up-
conversion but with a negative sign. The signals from the | and Q branches are
summed together and entered into a low pass filter to remove the high
frequencies. The local oscillator shares with the phase shifter to generate the
sine and cosine waves used in the quadrature mixer [7], [84]. However, in real-
world applications, quadrature mixers are hampered by gain and phase
mismatches between the | and Q branches that degrade the SNR or generate
out-of-band noise. This problem of mismatches the gain and phase between the
| and Q branches is called 1Q imbalance [85], [86]. In this subsection, the
influence of this problem on the broadcast signal, assuming an ideal receiver,
will be clarified. Then, the transmitter is deemed ideal, and the impact of 1Q

imbalance on the received signal is elucidated.

I. Transmitter 1Q Mismatch
Here, it will be considered that the 1Q mixer in the transmitter suffers
from a mismatch in the gain and phase between the | and Q branches and that
the mixer in the receiver is ideal; Figure (2.9) displays the transceiver with 1Q

mismatch in the transmission.
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Fig.2.9: Transceiver with 1Q mismatch in the transmission [86].

From the above figure it can be seen that the radio frequency signal

yre(t) can be written as follows [86]:

yrr(t) = (1 — AZ—G) X{ COS (ooot — %) - (1 + AZ—G) Xq Sin (ooot + %) (2.46)

where x; and xq are the real part and imaginary part of the input signal,

respectively. The symbol AG is the gain imbalance that represents the difference
between the gain of I branch (G;) and the gain of Q branch (Gq), and A® is the
phase error between | and Q branches. In the ideal case, the value of AG is equal
to zero, and the value of A¢ is equal to zero. Also, the gain imbalance AG can
be determined as a percentage from the following equation [86]:

|Gi—Gq
Gq

AG = (2.47)

Moreover, to illustrate the effect of 1Q mismatch in the transmitter, it

can be assumed that the input signal is as follows [86]:

X + jXq = cos(2mAft) + jsin(2mAft) = el 2MALt (2.48)
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where Af is the frequency of baseband signal. The equation (2.48) is inserted in

equation (2.46) to get the following equation [86]:

where | %Tx = [COS (Aq)) +Jj= sm(Aq)/Z)] (2.49)
1[ AG

Brc =3[~ cos (57) ~isin(ad/2)]

The above equation indicates that the 1Q mismatch in the transmitter leads to
generating an image from the original signal. The image signal generated
represents the complex conjugate of the original signal. The effect of the image
signal is different according to the type of the transceiver; Figure (2.10) shows
the effect of the image signal generated due to the 1Q mismatch in the
transmitter in two different types of transmitters: zero-IF TX and low-IF TX
(zero intermediate frequency transmitter and low intermediate frequency
transmitter) [86]. Also, the ratio of the image power to the signal power is called
the 1Q mismatch image suppression ratio (ISR) or Image-to-Signal-Power-Ratio
[87]. Thus, the image suppression ratio according to equation (2.49) is

represented in the following equation [86]:

AG2 AP . (A AG2 S (Ad
|Brx|? _ —5 €os (2 )+sm (7) _ =,ttan (7)
ISRTX lorx|? COSZ(A¢) sz(ch) - 1+ATG2tan2(A2—¢) (2-50)

By considering that the values of the AG and A¢ are smaller than one,

the above equation can be rewritten as follows [86]:

AGZ+A?

ISRTX == 2

(2.51)
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Fig. 2.10: Impact of TX IQ mismatch in zero- and low-IF architectures [86].

The above figure indicates that in the zero-IF transmitter, there is

interference between the signal and the image inside the channel range. This

interference constrains the value of ISR and reduces the SNR of the desired

signal compared to the ideal scenario in which the gain and phase of the signal

generated by the local oscillator are perfect [86]. While in the low-IF

transmitter, figure (2.9) indicates that the image signal originating in the

transmitter is located equally far from the LO frequency (f,) as the desired

signal. As a result, the image signal causes interference with other channels

signals located in the frequency range from (f, —IF —B,/2) to (f, — IF +
B,/2), where B, is the bandwidth for the desired signal [86], [88].
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In addition, in the multichannel scenario in which multiple signals with
varying power levels are received as a whole, the image signal for some

channels may be 50-100dB greater than the desired signal, and the interference
may totally hide the desired signal [89].

Il. Receiver 1Q Mismatch

Now, the effect of IQ imbalance on received signals will be clarified;
Figure (2.11) shows the transceiver device under the influence of 1Q mismatch

in the mixer located in the receiver and considering that the mixer in the
transmitter is ideal.

cos(wyt) cos(wyt — AP/2)

Y, %éf 1-AG/2 "\ —
-

VBB

1+AG/2 \ —

sin(wyt) —sin(wgt + Ap/2)

Fig. 2.11: Transceiver with 1Q mismatch in the reception [86].

From the above figure it can be seen that the baseband frequency signal
yge(t) can be written as follows [86]:

yge(t) = [XI cos(wgt) — Xq sin(wot)] X
[(1 — AZ—G) cos (u)ot - %) - (1 + AZ—G) sin (ooot + %)]

(2.52)
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By doing some arithmetic steps and assuming that the low-frequency filter
removes the high frequencies around 2w, equation (2.52) becomes as follows
[86]:
yee(t) = arx(x; +jxq) + Brx (X1 — jXq)
ORx = % [cos (%) - jAZ—Gsin(AcI)/Z)] (2.53)

Brx = 3|~ cos (5) —sin(Ad/2)|

The above equation indicates that the effect of the 1Q mismatch in reception is
the same as the effect of the 1Q mismatch in the transmission, and ISR appears
in the same form [86]. Figure (2.12) shows the output spectrum of the down

converter frequency in low IF receiver with 1Q imbalance.

Adjacent channel Power AN
or Interferer
Signal
2\ "-.‘_
DC offset
Signal un:lgg -;-l!.-
.~ Interferer image
—IF DC +IF

Fig. 2.12: Impact of RX 1Q mismatch in low-IF architecture [86].

The above figure shows that in the low-IF architecture with RX 1Q
mismatch, the image of the interferer or adjacent channel interferes with the
desired signal. This interference leads to reduce the SNR of the desired signal
[86].
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2.8.2 Phase noise

In general, oscillating signals are employed in transceivers to convert
signals from and to radio frequencies. In real-world applications, oscillators
used to generate such signals are susceptible to several flaws. The most
Important of these flaws is the so-called phase noise (PN) [90]. PN is defined as
the difference in phase between the carrier signal and the local oscillator [91]. In
other words, PN happens when an oscillator is unable to produce clean
sinusoidal waves that match the Dirac spectrum. This spectrum broadening is a
result of fast, short-term, random fluctuations in the carrier wave phase
generated by oscillators during up-conversion or down-conversion procedures
of the baseband signal and radio frequency chain [92]-[94]. Figure (2.13)
depicts an ideal oscillator with the Dirac spectrum in comparison to a real

oscillator with PN.

Profile of an output
signal from an oscillator

\

Dirac profile of an Phase noise
ideal sine wave

N

Power

Offset ¥

frequency :T

vf > ' « 1 Hz bandwidth

Ll >

>

Frequency

Fig. 2.13: Frequency spectrum of carrier wave with and without PN [95]

Furthermore, scientists commonly describe PN in the frequency domain

with a Vf offset from the carrier over a 1 Hz bandwidth, as shown in above

46



Chapter Two Review of Some Basic Concepts

figure. The PN power over this bandwidth is normalized with respect to the
carrier power (— dBc/Hz) [95], [96]. For instance, in GSM applications, the
oscillator's PN must be less than -115 dBc/Hz at 600 kHz offset [97].

In addition, PN makes to disperse the signal's spectrum in a manner that
may create interference with other channels. For instance, it is known that the
spectrum observed by the receiver is the convolution of the passband received
signal spectrum and the local oscillator spectrum. The latter, however, spreads
due to PN, resulting in spectral spreading. This spreading might introduce
interference signals into the signal bandwidth, which degrades the performance

of the system. Figure (2.14) depicts this issue [97].

Interferer Mixer

I signal

| |

| I

| , |

I Desired I

signal

| > | -

f
f Local Interference
oscillator

Fig. 2.14: Interference of the desired signal with an adjacent signal due to PN
[97]

Finally, the time variation of the channel generated by PN is a crucial
consequence. In other words, because of the PN, the effective channel observed
by the receiver becomes time-variant, and the transmit signal constellation
rotates from symbol to symbol. PN also breaks the coherency between the
estimated channel gain and the real channel gain throughout the course of a data
frame. In total, these impacts will affect the performance of the wireless system
by decreasing the effective SNR, restricting the BER, and decreasing data
rates[98], [99].
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2.8.3 Transformer effect

In general, all transceivers used in the wireless systems contain the ADC
and DAC. The DAC is used to interface the digital portion of a transmitter with
its analog circuits, specifically the analog front-end, whereas ADC is used to
interface the analog front-end with the digital portion of the transceiver. The
low cost of the transceiver makes the quality of these converters is not high. In
other words, these converters distort the signal that passes through them. In this
section, the focus will be on the ADC, where the effect of the sampling jitter on
the SNR will be clarified. Then, the effect of quantizing noise on the SNR of the

signal in the presence of a sampling jitter will be clarified.

I. Sampling jitter

The sampling process is considered the first stage in the process of
converting the analog signal into a digital signal. In this stage, the analog signal
is multiplied by a periodic clock to take samples from it. Usually, the distance
between these samples is equal, but sometimes this distance does not remain
equal. This inequality in the distance happens due to the jitter when taking
samples. This jitter occurs due to instability or phase noise in the clock signal
[100], [101].

Moreover, the jitter effect can be measured through signal-to-noise ratio

(SNR), and to illustrate this, can be considered the input signal as follows [101]:
v(t) = A, sin(2mft) volt (2.54)

where A, is the signal's amplitude, and f is the frequency. The time derivative of

the signal is as follows [101]:

dv(t)
dt

= 2mfA, cos 2mft. (2.55)
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The RMS value of the equation (2.55) is given as follows [101]:

Di-rms — 2mefA \/ (% Lj2¢ COS2(2mft)dt = V2mfA (2.56)

Atj_rms

where the Av;_n,s is the RMS jitter noise, and the At; s is the RMS time of
jitter. If the jitter is Gaussian distribution with mean equal to zero and variance

equal to Atj_rmS = 0j_rms ", the equation (2.56) becomes as follows [101]:

AVj_rms = V2TfA, 6j_rms (2.57)

Now it can be calculated the SNR;;., as follows [101]:

Ay/V2
SNRiyer = 20log (4)

Vj_rms

: 1 (2.58)
= 20log (m) = 20log (M)

The above equation indicates that when the jitter variance increases, the SNR
value decreases. In other words, The above equation indicates that if the

randomness in the sampling process increases, the SNR will decrease [101].

Il. Quantization noise
It is the second stage of converting the analog signal into a digital
signal. At this stage, a few levels are distributed to the signal on which the
sampling process was applied. If the distance between these levels is equal, the
quantization process is called the uniform quantizer, where the distance between
the levels is symbolized by Aq, which is given in the following equation [101],
[102]:
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Aq =222 (2.59)
q

Also, Each level is given several bits, and the number of bits for each
level depends on the number of levels, according to equation (2.60) [29]:
Ly =2% (2.60)

Where L, represented the number of quantization levels, and w represented the

number of bits for each level.

In addition, each sample taken in the sampling process is rounded to one
of the levels to take its digital code. Typically, there is a difference between the
value of the quantization level to which the sample is approximated and the true
value of the sample. This difference is called quantization noise [101], [103].
The value of SNR in the presence of the quantization noise and jitter noise is

given as follows [101]:

Aq? 2+3(2mfLgo;)’ |’

Ay’ 3L3
SNR;q = 10log —~| = 10log [— (2.61)
2<?+2(1Tan O']) >

The above equation indicates that the quantization noise and jitter noise

affect the signal that passes through the ADC.

2.9 The model of the Physical Radio Frequency Transceiver

Defects in the Mobile Communication Systems
In most communication systems, the defects in the transceiver, some of
which were explained in the previous section, are modeled as additive complex

uncorrelated Gaussian distortion noise with zero mean and variance indicated
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by a certain symbol. This variance represented the power distortion of the
transceiver [104].

Moreover, to illustrate how to calculate the power distortion of the
physical transceiver in the transmission side, the DF Relay System with multi-
antenna terminals will be taken as an example to show this. In the DF Relay
System with multi-antenna terminals, the power distortion of the transmitter at
the nth transmit antenna is proportional to the power of the signal transmitted
from the same antenna. This concept for power distortion of the transmitter is
applied when the system is an SC. For more precise, the total power distortion
of the transmitter in the DF Relay System with multi-antenna terminals and

considering the system is SC, is given in the following equation:

YtDF = KtDFZ * diag(qal, ......... , an) (262)

where Yipg IS the variance of the distortion of the transmitter in the DF Relay
System with multi-antenna terminals, k.pp IS the level of the degradation of the
transmitter that is used in the system, and diag(qy, ... ... ... ,qn) IS a diagonal

matrix containing the power allocated of each transmit antenna.

In addition, if the system uses is considered a MC system, there is a
distortion leakage between the subcarrier. Therefore equation (2.62) becomes as
follows [105]:

Yipr = Kipp? * 2ivq Qai/N (2.63)

Furthermore, to illustrate how to calculate the power distortion of the
physical transceiver on the reception side, the same way mentioned in [22] will
be adopted. This way considers that the distortion power of the physical
receiver at the nth receive antenna in the SC-MIMO system is proportional to

the average signal power received through the mth row of the channel matrix.
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CHAPTER THREE
RESEARCH METHODOLOGY

3.1 Introduction

In the second chapter, the performance of the random MIMO channel
that suffers from Rayleigh flat fading was analyzed. That analysis was limited
to channel capacity (ergodic capacity (EC)) and multiplexing gain in two
different cases, CSIR and CSIT. However, the analysis mentioned in the second
chapter was based on the traditional premise, which assumes the existence of
ideal transceivers in the MIMO systems. In other words, the analysis presented
in the previous chapter considered that the transceivers used in the MIMO
systems do not affect the signal that passes through them. That consideration is
in contrast to the truth found in practical reality, in which the practical MIMO
system must be contained the physical transceiver, which suffers from many
disabilities that generate distortion in the signal that passes through it. Thus, to
get results similar to the behavior of practical results, this distortion effect
cannot be neglected in the analysis of the performance of the MIMO channel.
Therefore, this chapter will be proposed two algorithms to analyze the
performance of the random MIMO channel that suffers from Rayleigh flat
fading in the presence of the physical transceiver. These two algorithms analyze
the performance of the MIMO channel in terms of the channel capacity (ergodic
capacity (EC)) and finite-SNR multiplexing gain (F-SNRMG). Also, these two
algorithms accept that receiving number antennas smaller than or equivalent to
transmitting antennas number. The two algorithms are implemented by the
MATLAB software, released in 2018.

For extra clearly, two of the most important things that will be relied

upon in this work:
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» Modeling the effect of the transmitter in the MIMO system as additive
complex uncorrelated Gaussian distortion noise (o) with a zero mean
and variance indicated by the symbol Y;,

» Modeling the effect of the receiver in the MIMO system also as additive
complex uncorrelated Gaussian distortion noise (o) with a zero mean

and variance indicated by the symbol ;..

3.2 The First Algorithm

This algorithm considers only the effect of the physical transmitter on
both the MIMO channel capacity (EC) and the finite-SNR multiplexing gain, in
which it considers the effect of the physical transmitter as additive uncorrelated
Gaussian distortion noise (o) with zero mean and variance indicated by the
symbol Y;. This algorithm is applied to both the uncorrelated MIMO channel
and the correlated MIMO in many scenarios: multi-carrier (MC) system with
CSIT, multi-carrier (MC) system with CSIR, single-carrier (SC) system with
CSIT, and single-carrier (SC) system with CSIR. Figure (3.1) illustrates all

cases covered by the first algorithm.

EC & F-SNRMG in first algorithm

¥ ¥

Uncorrelated MIMO channel Correlated MIMO channel

ll ll

Multi-carrier system Single-carrier system
R 2 2
CSIR CSIT

Fig. 3.1: Cases covered by the first algorithm.
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Before implementing this algorithm in the MATLAB program, the
ergodic capacity equation and the finite-SNR multiplexing gain equation under
the influence of the physical transmitter will be clarified in both the
uncorrelated MIMO channel and the correlated MIMO channel for all scenarios

shown in Fig. (3.1).

3.2.1 Uncorrelated MIMO Channel Model In First Algorithm

In the previous chapter, the traditional affine MIMO channel model was
explained in detail, in which the transceiver used in that model is perfect. Thus,
the signal that comes out of the transmitter is the same as the signal intended to
be sent, and the signal that comes out of the receiver is the same as the received
signal. In this subsection, the same model will be clarified, but with the effect of
the physical transmitter (effect of the transmitter distortion), so the ousted signal
from the transmitter is not the same as the signal planned to be sent. The block
diagram of the affine model to the UMIMOC in presence physical transmitter is

revealed in Fig. (3.2).

The intended
signal

X

The received
signal

Y,

a

~ MIMO
"‘( + ’ channel
= (X+6) SNRH

1

Distortion of Noise of
transmitter channel
O Z

Fig. 3.2: The block diagram of the affine model for the uncorrelated MIMO
channel in the first algorithm.
The model clarified in Fig. (3.2) consists of N antennas to send the
signals and M antennas to receive them. Also, the received signal in this model

(Y,; € CM) can be expressed as in equation (3.1).
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Y,; = VSNRH * (X + 6,) + Z (3.1)
where SNR is the ratio between the power of the transmit signal to the power of
the noise that the channel adds to the signal, and X € CNt is the transmitted
signal with covariance matrix Ryx = E(x x"). The symbol H € CM*N refers to
the channel matrix whose entries are random variables all subject to Rayleigh
distribution, and Z is zero-mean circular-symmetric complex Gaussian noise
(e, Z ~ CN (0, I)). The term (X + o, ) indicates the signal that will come out
of the radio spreader, and the symbol o, indicates the misalliance between the
signal intended to be transmitted and the signal that will be sent from the

transmitter "(i.e., the symbol o, is the transmitter distortion)".

Moreover, it is known that every MIMO system runs with a particular
power constraint. Thus, the power constraint of any MIMO system in the first
algorithm will be considered equal to one (i.e., tr(Rxx) = 1). Also, it is known
that each MIMO system contains an RF chain for each transmitting antenna
used in the system, as shown in Fig. (3.3). Thus, the variance of distortion of the
transmitter in the MIMO system can be calculated in the same way adopted in
equation (2.61), which means the distortion power of each RF chain is

proportional to the power assigned to the signal transmitted through the antenna

of this chain.
N
| X, > | RF Chain |
N
| X, > RF Chain '
N/
N \
o
|| Xn | RF Chain |

Fig. 3.3: Arrangement of RF chain in the MIMO system (transmitter side).
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Based on what was mentioned in the previous paragraph, the variance of
distortion of the transmitter (Y;) in the single-carrier MIMO system (SC-MIMO

system) can be expressed as equation (3.2).

Y; = k2 * diag(qy, e oor oo ,qN) (3.2)

The parameter k, indicates the level of the degradation of the transmitter that is

used in the MIMO system, the term (qq, ... ... ... ,qy,) indicates the diagonal
components of the matrix Rxx, and the term diag(qyq, ... ... ... ,qy) indicates to
work a diagonal matrix from elements (qq, ... ... ... ,qn)- The degradation level

of the transceivers is given in the range of 0.08 to 0.175 in the long-term

evolution (LTE) systems.

In the multi-carrier MIMO system (MC-MIMO system), in which
equation (3.1) can express each sub-carrier, there is a distortion leaked between
the sub-carriers. Thus, equation (3.2) cannot be applied. Therefore, the same
way in equation (2.62) is adopted to calculate the transmitter distortion power in
the MC-MIMO system. Hence, if the system is MC, the transmitter's distortion

variance can be expressed as equation (3.3).

Y, = K2 * Zyzl qi/N (3.3)
where q; is the power of the ith transmit antenna.

After knowing how to find the variance of distortion of the transmitter
depending on the type of the system used, equations (3.2) and (3.3) can be

summed up in one equation as follows:

Y, = k2 ((1 — B) = diag[qq, ... ... ... ,qn,| + B * %) (3.4)
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where the parameter p has a value of zero or one. In other words, if p equals
zero (B = 0), the system used is the single carrier system, and if p equals one (p

= 1), the system used is the multi-carrier system.

I. EC of Uncorrelated MIMO channel in First Algorithm

The basic equation of the EC in the first algorithm will be derived in this
subsection. This derivation is based on the basis that considers the channel state
information available at the receiver. Also, the same steps used to derive the
deterministic MIMO channel capacity in the presence of the ideal transceiver
will be relied upon here. Therefore, the derivation will be started from the basic

definition of the wireless channel capacity and as follows:
Car = 5;_L£Ij max I(X, Y,1) (3.5)

tr(Rxx)=1

where C,, is the deterministic MIMO channel capacity in the first algorithm,
and I(X,Y,;)is the mutual information between two vectors of random
variables (X, Y,;). The mutual information rapport between two vectors of

random variables is given as follows:
(X, Yal) = }[(Yal) - }[(Yal/x) (3-6)

where #£(Y,1) is the entropy of the received signal vector (Y,q1), and # (Y,1/X)
is the entropy of the received signal vector (Y,1) given the transmitted signal
vector (X). Equation (3.1) is inserted into equation (3.6) to obtain the following

equation:

I(X,Ya) = H(VSNRH * (X + o) + Z) — H((VSNRH * (X + o) + Z)/X)
= H(VSNRH * X+ o) +Z) — H(VSNRH o, + Z) (3.7)
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The mutual information I(X,Y,4) in equation (3.7) is maximized when

the two terms found in the same equation are maximized. The two terms

H(VSNRH * (X + o) + Z) and H(vVSNR H o, + Z) are maximized when X,
Y,1, and o, are considered a zero mean circular symmetric complex Gaussian
random variables. Therefore, the entropy equations for Y,; and Y,; / X under

this consideration are given as follows:

H(Ya;) = H(VSNRH* (X + o) +Z) = log,(det(m e xRy, )) (3.8)
H (Ya1/X) = H(VSNRH o, + Z) = log,(det(mt* e *Ry_ /x )) (3.9)

where Ry_ is the autocorrelation of the received signal (Y1), and Ry_ x is the

autocorrelation of the received signal given the transmitted signal (Y, / X).

Now, the equations of Ry  and Ry_, ,x must be found. The equation of

Ry,, will be created first:

RYal = E{Ya1 * YalH}
=E{(VSNRHX +VSNRH o, +7Z) * (VSNRHX + VSNRHo, +2) |

= E{(VSNRH X + VSNR H o, + Z) * (VSNR X" H¥ + VSNR o ! HH + ZH)}

= E{(SNRH X X" H" + SNRH X o H + /SNRH X Z" + SNR H o X" HH +

SNR H o, 0! H! + VSNR H 6, ZH + VSNR Z X" HY + V/SNRZ o ! HY + Z ZH)}
(3.10)

where E (.) refers to the expectation operator, and (.)™ Indicates applying the

Hermitian operation on the matrix inside the bows.

Because X, Z, and o, are independent of each other, the equation of the

autocorrelation of the received signal (Ry,,) becomes as follows:

Ry, = E{(SNRH X X" HH 4+ SNR H o, o, HY + Z ZH)}
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=SNRH E(XX") HY + SNRH E(o, o,') HY + E(Z ZH)
=SNRH Ryxy H' + SNRH Y, HY + 1 (3.11)

After deriving the equation of autocorrelation of the received signal

vector (Ry,,), the equation of the autocorrelation of the received signal given
the transmitted signal (Ry,_, ,x) will be found now in the same way:

Ry, /x = E{(Ya1/X) * (Ya1/X)"}

= E{(VSNRH o, + Z) * (VSNR H o, + Z)"}

= E{(VSNRH o, + Z) * (VSNR o, HY + Z)}

= E{(SNRH o, o, HY + VSNRH 0, Z" + V/SNR Z 0,/ HH + Z Z7)}

= E{(SNR H o, ol H! + ZZH)} = SNR H E(o, o,"") H? + E(Z Z})

=SNR HY; H¥ + Iy (3.12)

After that, equation (3.11) will be inserted into equation (3.8), and

equation (3.12) into equation (3.9) to get the following equations:

3 (Y1) = log, det (m+ e+ (SNRH Ryy HY + SNRH Y, H¥ +11)) (3.13)

H(Ya1/X) = log; det (m+ex (SNRHY, H + 1)) (3.14)

The two equations (3.13) and (3.14) show the maximum entropies of
Y,; and Y,1/X, respectively. These two equations are entered into equation
(3.6) to obtain the maximum mutual information between the received signal
vector (Y,;) and the transmitted signal vector (X), as apparent in equation
(3.15).
I(X,Y,,) = log, (det (n xe* (SNRH Ryx H¥ + SNRH Y, HH + IM)))
—log, (det (11 xe* (SNRH Y, HY + IM)))
(3.15)
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To continuity in derivation, equation (3.15) will be inserted into
equation (3.4) to get the deterministic uncorrelated MIMO channel capacity in

the first algorithm, which is represented in equation (3.16).

det(SNRH Ryxx HH+SNRH Y¢ HH+IM))

Car = SUP log, ( det(SNR H Yy HH+Iy)

tr(Rxx)=1
SNRH Ryxy HE+SNR H Yy HH+I
= SUP log, det( XX : M)
—— SNR H Y, HH+Iy
tl'(RX)()=1

. SNRH Rxx HH i
= log, (det (IM t srn T HH+IM)> bit/second/hertz  (3.16)

Moreover, it is known that the random MIMO channel has L number of
realizations. Thus, the capacity of the uncorrelated random MIMO channel in
the first algorithm can be computing by applying equation (3.16) for each
realization of the channel. Then, the mean of the calculated values is taken.
Therefore, the EC (random capacity) of the UMIMOC in the first algorithm can
be expressed by equation (3.17).

H
Ceay = E {logz (det (IM + s;l:iHYTXP’I‘HILM))} bit/second/hertz (3.17)

where Cq,q i the EC for UMIMOC in the first algorithm.

Now, the EC of the UMIMOC shown in equation (3.17) will be studied
In two systems:
A. Multi-carrier MIMO system (for one sub-carrier)
B. Single-carrier MIMO system
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In the above systems, the EC of the uncorrelated MIMO channel with
the presence of the physical transmitter will be clarified in two different cases,
namely CSIT and CSIR.

A. Multi-Carrier MIMO System

Here, the system used will be considered the multi-carrier MIMO
system. Therefore, the variance of the transmitter distortion (Y;) is computing
by applying the equation (3.3) or equation (3.4) with p = 1. These two equations
can be rewritten to become like the form shown in equation (3.18), in which the
term YN, q; is equaled to one (i.e. YN, q; = 1) because the power constraint

of any MIMO system in the first algorithm is tr(Ryx) = 1.
Yo =2 * XL, qi/N=1** 1/N= k?/N (3.18)

Furthermore, equation (3.18) is inserted into equation (3.17) to get the

following equation:

_ SNRH Rygx HH
Coar = {logz <det<IM T BNRewZ/N)) H“+1M)>} (519

Now, the ergodic capacity shown in equation (3.19) will be clarified in

two different cases:

1) Information of channel is known at transmitter(i.e. CSIT)

2) Information of channel is known at receiver Only(i.e. CSIR)

1) Information of Channel is Known at Transmitter (i.e. CSIT)
This event means that the channel state information is available at the

receiver and transmitter. Therefore, the pre-coding process can be applied,
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which works with the help of the analysis technique SVD to divide the MIMO
network into similar SISO networks. The number of these SISO channels
(effective channels) is equal to the rank of the channel matrix H, which is
equivalent for minimum (M,N). Also, power allocated to each channel of these
effective channels will be computed by applying the WATER-FILLING

mechanism. As a result, equation (3.19) can be simplified as follows:

B SNRH Ryyx HH
Cear = E {logz <det (IM T (SNR#k¢*/N)) H HH"‘IM))}

E {logz ( det (IM +

SNR * UpM * ZMsN * VNsN' * VNum* DMam * VNsM' * VNN * EMan' * Upam™ )>}

(SNR#kt?/N) * Upam * EMeN * VNeN' * VNeN * EMaNT * Umam +1m

(SNR*Kkt?/N) * Upam * EMeN  * EMeNT * Uptem '+

* * * * * H
:]E{logz <det(IM+ R )>} (3.20)

where D is a square diagonal matrix containing the power assigned to each
effective channel, the size of the matrix D is M*M ( Dy.m ) because the
number of effective channels is equal to the rank of matrix H, which considers
equivalent for receiving antennas (M)number at this chapter. Also, sum for
power of the effective channels must be equal to the power constraint of the
system (i.e. tr(D) = 1).

Moreover, equation (3.20) can be simplified more by getting help from
the mathematical property shown in equation (3.21).

ACAH
AFAH4]

det (I +

) = det 1+ 440

AH A F+1 (3'21)
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where A is a square matrix with any size, C is a diagonal matrix with a size
similar to the size of A, and F is a diagonal matrix with a size similar to the size

of C. By applying this property, equation (3.20) can be rewritten as follows:

* H, % " "
Ceal = IE{logZ (det (IM + SNR « Um:m UMM * ZM«M * DMsm ZM«M )>}

(SNR#k2/N) * Upam™ * Upamt * EMaN * Emen T+

det (1, + —>NB*Zm-m * Dmam * Zmim )
M (SNR#K¢®/N) * Zpun * ZMen' +Im

SNR * A * Dpam .
det( Iy + (SNR*KtZ/N)*xHM))} bit/second/hertz  (3.22)

_ SNR * ZpuMm * ZMs«M * Dmam
=E {1082 <d8t (IM + (SNRZ/N ) * Znion * Zapong _HM))}

where A is a square diagonal matrix with size M*M, which is equal to {Zp.n *

Tven Y or { Sym * Zmem}- Also, the values of matrix A are the same as the
eigenvalues of the matrix that result from multiplying the matrix H with the

matrix HH. This matrix (A) contains the channel gain of each effective channel.

In addition, the equation (3.22) can be abridged more by using some
mathematical properties and as follows:

Cear = E {logz <det (IM T (SNR = k¢?/N )Ni I\;HM))}

IE{logz (Hf:rllk(H)zM (1+ SNR * A; * Dj ))}

(SNR * k¢2/N) * Aj +1

E {2?11 <log2 (1 + SHR A+ Dy ))} bit/second/hertz (3.23)

(SNR * k¢2/N) * A; +1

where A; is the channel gain of the ith effective channel in the uncorrelated

MIMO channel, and D; is the power assigned to the ith effective channel in the
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uncorrelated MIMO channel. Also, the sum of values of D is equal to one (i.e

Yix1 D; = 1), according to the power constraint allocated to the system.

The equation (3.23) computes the EC for UMIMOC to the CSIT case in
the multi-carrier system with the physical transmitter. The value result from
equation (3.23) needs to multiply by the number of sub-carriers to get the total

capacity.

Furthermore, in the very high SNRs, the maximum capacity of the
UMIMOC for the CSIT case in the multi-carrier system with the physical
transmitter can be found by putting the SNR is approaching infinity in equation

(3.23). Also, the values of D in the same equation must be equal and as follows:

. SNR * A * Dj
Cea1 (SNR~0) = limgnp~o E {2?11 (logz (1 + (SNR*Kk¢?/N) * A +1)>}

=E {ZlNil <10g2 (1 + (Kt;;;\]) )>}

1 .
= M * log, (1 + W) bit/second/hertz (3.24)

The result in equation (3.24) represents the capacity limit, which is the

value that the channel capacity (EC) stops growing in the high SNRs.

2) Channel Information is Known at the Receiver Only (i.e.CSIR)

This case means the information of channel is obtainable at receiver

only. Thus, equal power will be allocated to each transmitting antenna

(i.e. Rxx = %‘). Therefore, equation (3.19) can be rewritten as follows:
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SRR H « pH
— N
Cear = Elog, | det <IM + (SNR*%¢?/N)) * H * HH+IM>

SNR
Sl

=E {Zfil log, (1 + N )} bit/second/hertz  (3.25)

(SNR*Kk2/N) * Aj +1

The result from equation (3.25) represents the EC of the UMIMOC for

the CSIR case in the multi-carrier system with the physical transmitter.

Moreover, in this case (CSIR case), the capacity limit of the
uncorrelated MIMO channel in the multi-carrier system having a physical

transmitter becomes as in equation (3.26).

SNR 5
~ = 1 M N !
Cea1 (SNR~00) SI\IIIRHJOOIE {Zl=1log2 <1 + ( SNR#Kky?/N) * xi+1>}
= M * log, (1 + %) bit/second/hertz (3.26)
t

Finally, it can be seen that equation (3.26) becomes similar to equation
(3.24) when the amount of transferring antennas is equivalent to the amount of
receipting antennas. Thus, it can be said that if the numeral of transferring
antennas is equivalent to the numeral of accepting antennas, the capacity limit
of the UMIMOC in the multi-carrier system holding a physical transmitter is
equal in both cases, CSIT and CSIR.

B. Single-Carrier MIMO System

Here, the variance of the transmitter distortion is computed by applying
the equation (3.2) or applying equation (3.4) with 8 = 0. Thus, the EC of the
UMIMO in the first algorithm, which is shown in equation (3.17), becomes as

follows:
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_ SNR * H * Ryx * HH
Ceal =E {logz <det (IM + (SNR * k¢?) * H * diag(diag(Rxx)) * HH+IM)>} (3'27)

The equation (3.27) will be presented in two different cases, CSIR and
CSIT. Therefore, Table (3.1) is developed to show the forms of the equation
(3.27) for the CSIR case and the CSIT case.

Table 3.1: The EC formulas of the UMIMOC for the CSIR & CSIT cases in the
SC system containing a physical transmitter

Case The formula of ergodic capacity (bit/second/hertz)

_ SNR * H * Ryx * HH
CSIT | Cear = E {logz (det (IM + (SNR  k¢2) * H * diag(diag(Ryy)) * HH+IM)>}’

where RXX = VN*M * DM*M * VN*MH

Cear = E{TM, log, (1 + —C 0N
eal — i=11082 (SNR#ky?/N)* Aj+1))"

CSIR | Note: This equation results from simplifying the equation (3.27) when

putting the Rgx equals to %N ( Ryx = IFN ). Also, this equation is the

same equation (3.25).

After that, It can be seen that if the information of the channel state is
present at the receiver only (i.e. CSIR), the random uncorrelated MIMO channel
capacity with the presence of the physical transmitter is equal in both systems,

the multi-carrier system (for one sub-carrier) and the single-carrier system.

In addition, Table (3.2) is presented to show the capacity limit formulas of
the uncorrelated MIMO channel for the CSIR case and CSIT case in the single-
carrier system with the physical transmitter.
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Table 3.2: The capacity limit formulas of the uncorrelated MIMO channel for
the CSIR and CSIT cases in the SC system with the physical transmitter.

Case The formula of capacity limit (bit/second/hertz)

Cea1 (SNR~OOin Eq.(3.27)) =

CSIT H
H * Ryx * H
E {logZ (det (IM + k¢? * H » diag(diag(Rxx)) * HH)>}

(3.28)

CSIR ) _
Cea1 (SNR~00;, £q (325)) = M * log, (1 + F) same equation (3.26)
t

II. F-SNRMG of Uncorrelated MIMO Channel in First Algorithm
In this subsection, the same concept of the MG of the MIMO network
explained in section (2.7) will be trusted. That concept considers that the MG of
the MIMO network can be calculated by dividing the capacity of the MIMO
network by the capacity of the SISO network. That concept is called the F-
SNRMG. Therefore, the F-SNRMG of the UMIMOC in the first algorithm can

be given as in equation (3.30).

Cea
Hap = = (3.29)

where ,; is the F-SNRMG of the UMIMOC in the first algorithm, and Cge,q IS
the channel capacity of the SISO system in the first algorithm, which is given as

in equation (3.30).

_ SNR *|h|? .
Csea1 = IE{log2 (1 + CSNRewZ)» TN +1)}, derived from Eq. (3.17). (3.30)

where |h|? is the channel gain of the SISO system.
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In addition, here, the focus will be on the F-SNRMG of the UMIMOC
In multi-carrier system containing a physical transmitter. Therefore, the finite-
SNR multiplexing gain formulas of the uncorrelated MIMO channel for the
CSIR and CSIT cases in the multi-carrier system containing a physical

transmitter will be found at both the high and low SNRs.

A.Case of CSIT

In this case, the limit of the finite-SNR multiplexing gain in the low

SNRs can be found from equation (3.31):

M SNR*A; * Dj
E[Zl=1<logz(1+ (SNR=1cZ/N)+ g +1)>}

SNR #|h|2 )}
Efl (1
{ng +(SNR*Kt2)* |h|2 +1

a1 (SNR~0) = limgyr~g

(3.31)

In the CSIT case, it is known that if the value of SNR is minimal, the
power of the system will be allocated to the channel owning the highest gain

(highest value of A). Therefore, equation (3.31) can be rewritten as follows:

(SNR*kt2/N) * Amax +1 (3 32)

SNR #|h|2 )}
Efl (1
{ 08z( 1+ (SNR*k¢2) * |h|2 +1

E{log2(1+

Hq1 (SNR~0) = limgyg~o

The equation (3.32) can be solved with L'H6pital's method and get the

following result:

E{ Amax)
Ha1 (SNR~0) = —7mex (3.33)

The above equation computes the finite-SNR multiplexing gain limit in
the low SNRs for the uncorrelated MIMO channel for the CSIT case in the

multi-carrier system with the physical transmitter.
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Moreover, in the high SNRs, the F-SNRMG limit of the UMIMOC for
CSIT case in the multi-carrier system with the physical transmitter can be given

as in equation (3.34):

M SNR#*A;*D;

SNR #|h|2 )}
E{IOgZ(H (SNR*Kk¢2) * |hI2 +1

Hag1(SNR~) = limgng~oo

1
M*]Og2(1+ 7M N (KtZ/N) )
log2(1+ L )

Ktz

(3.34)

B. Case of CSIR

Here, the same scenario followed in the case of CSIT will be adopted.
Therefore, Table (3.3) is developed to show the finite-SNR multiplexing gain
formulas at the low and high SNRs for the uncorrelated MIMO channel for the

CSIR case in the multi-carrier system carrying a physical transmitter.

Table 3.3: The F-SNRMG formulas at low and high SNRs for the uncorrelated
MIMO channel for the CSIR case in the MC system carrying a physical
transmitter

Rates of
S F-SNRMG Formula
SNR/ ), 2
[E{Zfillog2<1+ ( z/N) — >} M .
o SNRe | Hat SNR~0) = lim. e e BRSO
E{log2(1+ (SNR * k¢2 ) * |h|2 +1)}
(3.35)
SNR/ 4 s
E{Zﬂllog2(1+ ( /ZN) ! >}
. (SNR#k?/N)* Aj+1
. IJ.al(SNRNOO) = lim SNRA|hI2 =M
High SNRs SNR~eo E{10g2(1+ (SNR*¥k¢2 ) * |h|2 +1)}
(3.36)
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3.2.2 Correlated MIMO Channel Model In First Algorithm

In this subsection, the affine correlated MIMO channel model with the
presence of the physical transmitter is being presented, in which the Kronecker
model is applied to consider the effect of the correlation between the channel
elements. Figure (3.4) shows the block diagram of the affine correlated MIMO

channel model with the presence of the physical transmitter.

The intended
signal

X

The received
signal

Y,

C

—~ MIMO
|+ , channel
= (Xt0y) /SNR H,

al

Distortion of Noise of
transmitter channel
O Z

Fig. 3.4: Block diagram of the affine correlated MIMO channel model in the

first algorithm

The above model consists of N antennas to send the signals and M
antennas to receive them. Also, the received signal in this model (Y1 € CY)

can be expressed as in equation (3.37).

Y1 = VSNR Hy * (X + o) + Z (3.37)

where symbol Hy, € CM*N refers to the channel matrix whose entries are random
variables not independent, which is computed by equation (2.38). Also, the
interconnection matrix on receiving side&interconnection matrix on transferring

side, which are mentioned in equation (2.38), are computed by equation (2.39).
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I. EC and Capacity limit of Correlated MIMO channel in First

Algorithm

In the first algorithm, the EC equations and capacity limit equations of

the correlated MIMO channel are the same as those of the uncorrelated MIMO

channel, but in the correlated MIMO channel, the channel matrix used is Hy,.

Therefore, table (3.4) is developed to clarify the EC and capacity limit equations

for the correlated MIMO channel in all scenarios covered by the first algorithm.

Table 3.4: The ergodic capacity formulas and capacity limit formulas for the
correlated MIMO channel in the first algorithm.

Name of
equation,
and Case The formula in (bit/second/hertz)
system
used
Cear = E {2?11 (logz (1 T (SNEI::Z?E)**D;; +1)>}’ (3.38)
where, C,; IS the EC of the CMIMOC in the first algorithm,
EC. MC s Ak Is the channel improvement of the ith effective channel
in CMIMOC, and Dy; is the power assigned to ith effective
channel in the CMIMOC.
SNR 5
CSIR |Ceay = E{Z}‘illogz <1 + (SNR*KI:Z/N)* }\ki+1>}, (3.39)
Capacity | CSIT Ccal(SNR~Ooin Eq.(3.38)) = M * log, (1 + m),
limit, H (3.40)
MC 1 CSIR | Cear (SNR~04 5q (3.39)) = M * log, (1 + K—tlz) (3.41)
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_ SNR * Hy * Ryxx * HkH
Cear = E {logz (det (IM + (SNR * k¢2) * Hy * diag(diag(Rxx)) * HkH+IM)>}

(3.42)

CSIT
EC, SC Note: The covariance matrix (Ryx) in the correlated MIMO
channel is equal to (Vi .y * Pi s * Vieyuw -
CSIR | Same equation (3.39).
Cea1 (SNR~00 £q 3.42)) =
e T o ey e ) 4

CSIR

Same equation (3.41).

Moreover, the above Table shows that the capacity limit formulations of

the CMIMOC for the CSIT case and CSIR case in the multi-carrier system are

not dependent on the correlation between channel elements. Also, it shows that

the capacity limit of the CMIMOC for the CSIR case in the single-carrier

system is not dependent on the correlation between channel elements. In
contrast, it shows that the capacity limit of the CMIMOC for the case of CSIT

case in the single-carrier system may be dependent on the correlation between

channel elements. Therefore, it can be said that in the multi-carrier system

owning a physical transmitter, the capacity limit formulas of the correlated

MIMO channel for the CSIR and CSIT cases are the same capacity limit

formulas of the uncorrelated MIMO channel for the CSIR and CSIT cases.

II. F-SNRMG of Correlated MIMO channel in First Algorithm
The same concept of the F-SNRMG shown in the uncorrelated MIMO

channel owning a physical transmitter will be dependent here. Thus, in the first
algorithm, the F-SNRMG equation for the CMIMOC will be the same as that
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for the UMIMOC, but the MIMO channel capacity engaged in the equation of
the F-SNRMG for the correlated MIMO channel is C.;1 Not Cea1.

In addition, the focus here also will be on the multi-carrier system as in
the uncorrelated MIMO channel. Therefore, the F-SNRMG formulas of the
correlated MIMO channel for the CSIR and CSIT cases in the first algorithm
will be presented at the low and high SNRs in the multi-carrier system, as
shown in the Table (3.5).

Table 3.5: The F-SNRMG formulas at low and high SNRs for the correlated
MIMO channel for the CSIR and CSIT cases in the MC system with the
physical transmitter

Name, and
; . Case F-SNRMG Formula
system use
s Cca1 _ IE{}\kmax}
F-SNRMG Hea1 (SNR~0) = limsnr~o == = —pr ey (3.44)

limit in Low CSIT | \where Ueq1 1S the F-SNRMG of the correlated MIMO
SNRs, Multi- channel in the first algorithm.

carrier : Cea E{X}; Aki
CSIR | pcar (SNR~0) = limgyg-g CSe:l = fV*Eglhrz}} (3.45)

_ M*lOg 1++
F-SNRMG ucal(SNRNOO) — 1imSNR~oo (f:cal — 2( M (1 t2/N) )
limit in high | CSIT seat log (1+ 1)

SNRs, Multi- : (3.46)
carrier | CSIR | g1 (SNR~00) = limgypo == = M (3.47)
Seal

After that, it can be seen that in the multi-carrier systems owning a
physical transmitter and for the CSIT and CSIR cases, the F-SNRMG formulas
of the correlated MIMO channel in the high SNRs are the same as those of the
uncorrelated MIMO channel in the high SNRs, which means that the F-SNRMG
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formulas of the MIMO channel for the CSIR and the CSIT cases in the multi-
carrier systems owning a physical transmitter are not dependent on the

correlation between the channel elements in the high SNRs.

Finally, all equations of the correlated MIMO channel and uncorrelated
MIMO channel mentioned in the first algorithm can be allocated to the

traditional MIMO system by putting the value of k. equal to zero.

3.2.3 Implementing of First Algorithm in MATLAB Program

This subsection presents the steps of implementing the first algorithm in
the MATLAB program. These steps provide all the necessary needs to calculate
the random MIMO channel capacity in any case of t3he cases that the first
algorithm covers. Before presenting these steps, there are some considerations

must be taken into account:

1. The number of transmitting antennas in the system must be larger or
equivalent to amount of receipt antennas.

2. The correlation coefficients must be greater or equal to zero and smaller than
one (i.e. 0 < a< 1l and 0 < a.< 1). Also, if the a; is equal to a,, the
correlation coefficients are represented by the parameter o (i.e. o = o, = ).

3. The required cases must be selected in which the channel capacity & F-
SNRMG are calculated under the transmitter distortion effect. All cases

ready for selection are shown in Fig. (3.1).

After taking into account the matters mentioned above, the algorithm is
implemented by the MATLAB program, and the implementation steps are as

follows:
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Step 1: Entering all required inputs (number of transmitting antennas (N),
number of receiving antennas (M), the correlation coefficient of the antennas on
the transmitting side (ay), the correlation coefficient of the antennas on the
receiving side (a;), number of realizations of the channel (L), transmitter

impairments level (k.), and a range of SNR values in decibel).

Step 2: Converting the range of SNR from decibel to linear scale by using the

following equation:

SNRdB

SNR = 10. w0 (3.48)

Step 3: This step includes the following points:

» Generating the MIMO channel matrix (H), whose components are
complex random variables subject to the Rayleigh distribution and are
independent of each other. The generating of the H matrix is done by

using equation (2.37).
» Generating the SISO channel by using the equation (2.45).

Step 4: Creating zero matrices for each selected case from Fig. (3.1). The size
of each one of these matrices is (length (SNR) * L). Also, the number of these
zero matrices in each selected case is equal to the length of the impairment level
vector (e.g., if the impairments level entering consists of two values, the number
of zero matrices generated in each selected case will be two matrices). Each
matrix of these zero matrices in each selected case is devoted to saving the
value of the EC of the MIMO channel at first algorithm for each value of SNR
values at each realization of the channel.
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For example, suppose the ergodic capacity of the uncorrelated MIMO
channel in the multi-carrier system having a physical transmitter is required in
two cases, CSIR and CSIT, and with two values of the transmitter impairment
level (k;). In this case, the total number of zero matrices generated is four

matrices. Each two of these matrices are devoted to one case.
Step 5: Finding the D, and D, matrices by using equation (2.39).

Step 6: Creating the first loop to encompass all MIMO channel matrix
realizations. This loop determines the matrix Hy at each channel realization.
The equation (2.38) is used to determine the Hy, matrix at each realization of the
MIMO channel (H). Additionally, this loop does an SVD analysis on each of
the H, and H matrices at each realization of the MIMO channel. Thus, at each
realization of the channel, the channel gain of each effective channel in the
UMIMOC and the channel gain of each effective channel in the CMIMOC can

be determined.

Step 7: Creating the second loop inside the first loop to cover all the values of
the SNR at each realization of the channel. This loop includes applying the
WATER-FILLING mechanism on each MIMO channel (the correlated and
uncorrelated MIMO channels). In other words, the power assigned to each
effective channel in each of the correlated and uncorrelated MIMO channels
will be computed for each value of SNR at each realization of the channel,
assuming the channel state information is available at the transmitter (i.e., the D
and Dy matrixes will be computed for each value of SNR at each realization of
the channel, both matrices D and Dy resulting from the WATER-FILLING
mechanism in the MATLAB program will be with the size M * 1).
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Step 8: Creating the third loop inside the second loop to cover all values of the
impairment level when the impairment level is entered with more than one

value. This loop includes the following points:

» Finding the covariance matrix of the transmitted signal (R,) in the
uncorrelated MIMO channel, which is equal Vy.y * Dyam * Vnem® iN
the case of CSIT

» Finding the covariance matrix of the transmitted signal (R ) in the

correlated MIMO channel, which is equal Vi ./ * Dk ym * Vi N*MH in

the case of CSIT

> Apply the ergodic capacity equation of each selected case to compute the
random MIMO channel capacity in the first algorithm. Then, saving the
calculated value of the ergodic capacity of each selected case in the
matrix defined for it in the fourth step with location (b, a, c), where a is
the counter of the first loop, b is the counter of the second loop, and c is

the counter of the third loop.

Step 9: Finding the SISO channel capacity at each value of impairment level
(k). The SISO channel capacity in the first algorithm is shown in equation
(3.30). The result from applying this equation at each time is a matrix with size
(length (SNR) * L). Also, the mean is taken for the result matrix to produce a
matrix with size (length (SNR) * 1). The final matrix holds the SISO channel

capacity value (random capacity) in the first algorithm for each SNR value.

Step 10: Taking the mean for each matrix which was filled in step 8. The result
from taking the mean for one matrix of these matrices is a matrix with the size
(Ilength (SNR) * 1). The resulting matrix has the ergodic capacity value of the

MIMO channel at each SNR value for one case of the selected cases in the first
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algorithm. Also, the values in the resulting matrix were computed at one value

of impairment level (k).

Step 11: Computing the finite-SNR multiplexing gain for each value of
impairment level (k) at each selected case. This is done by dividing the matrix
containing the ergodic capacity values of the MIMO channel by the matrix
containing the values of the SISO channel capacity. The matrix containing the
ergodic capacity values of the MIMO channel is the matrix resulting from step
10. Also, the matrix containing the capacity values of the SISO channel is the

matrix resulting from step 9.

Step 12: Drawing the values of the random MIMO channel capacity calculated

in each selected case as a function of SNR and showing the result as a curve.

Step 13: Drawing the values of finite-SNR multiplexing gain calculated in each

selected case as a function of SNR and showing the result in a new curve.

In addition, the above steps can be simplified by a flowchart. Therefore,
Fig.(3.5) shows the flowchart of implementing the first algorithm in the
MATLAB software with two values of the impairment level. This flowchart is
devoted to showing the ergodic capacity and F-SNRMG in two cases selected
from Fig. (3.1):

» Uncorrelated MIMO channel, Multi-carrier, CSIT.
» Correlated MIMO channel, Multi-carrier, CSIT.

Furthermore, this flowchart is designed to provide all the required needs
to calculate the random MIMO channel capacity in the first algorithm for any

case of the cases shown in Fig. (3.1).
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)

Read all inputs
\L No (M,N,x, a, L,range SNR)

a=a+l
Generating the MIMO channel

matrix and SISO channel (H , k).
WATER-FILLING
function Equation (2.37) and equation (2.45)

c=0 [ —\‘/

Generating Zero matrices Computed

SISO capacity
No
of each value
v of x;

Finding D, and D,

Equation (2.39) l/
Take the mean
a=0 of EC
G l
Finding R, Computed the
F-SNRMG

Computed the jrgodic
capacity of the selected Computing Hy, plot the EC
cases \ and F-SNRMG
Applylng SVD on Hk' H verse the SNR

c=c+l \L
b=0

[ End

Fig 3.5: The flowchart for implementing the first algorithm in the MATLAB
software, (Selected cases: the uncorrelated MIMO channel, and correlated
channel, both for the case of CSIT in the MC system).
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Moreover, the same steps shown in the above flowchart can be applied to
show the ergodic capacity and F-SNRMG for any case shown in Fig. (3.1).
Also, the WATER-FILLING function MATLAB code can be watched in the

appendix.

3.3 The Second Algorithm

This algorithm evaluates the effects of the physical transmitter and
physical receiver on both the MIMO ¢
hannel capacity (EC) and the finite-SNR multiplexing gain, in which this
algorithm considers the effect of the physical transmitter as the same method
followed in the first algorithm. Also, it considers the effect of the physical
receiver as additive uncorrelated Gaussian distortion noise (o,) with zero mean
and variance indicated by the symbol Y,. Additionally, the second algorithm's

topics are shown in Fig. (3.6).

EC & F-SNRMG in second algorithm

¥ ¥

Uncorrelated MIMO channel Correlated MIMO channel
Single-carrier system, CSIR Single-carrier system, CSIR
Case Case

Fig. 3.6: Cases Covered By the Second Algorithm.

Before implementing this algorithm in the MATLAB program, the
correlated MIMO channel model and the uncorrelated MIMO channel model
will be presented under the second algorithm. Then, the ergodic capacity
equation and finite-SNR multiplexing gain equation will be presented in both

these models, assuming the system used is a single-carrier system containing a
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physical receiver knowing the channel information and a physical transmitter

not knowing the channel information.

3.3.1 The Affine Model for MIMO Channels in Second Algorithm

In this subsection, the affine models for the correlated MIMO channel
and uncorrelated MIMO channel will be presented with the presence of the
physical transmitter and physical receiver. The block diagrams of the affine
models for the CMIMOC and the UMIMOC in the second algorithm are not
different from those in the first algorithm, but in the second algorithm, both the
receiver distortion and transmitter distortion will be taken into account. Thus,
the block diagrams of the affine models for the correlated MIMO channel and
uncorrelated MIMO channel under the second algorithm can be given in Fig.
(3.7).

()

MIMO
channel

VSNR H

@)

MIMO
channel

VSNR H;,,

| o
(b)

Fig. 3.7: Block Diagrams of the Affine Models in the second algorithm: a)
Uncorrelated MIMO Channel, b) Correlated MIMO Channel
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The above models consist of N antennas to send the signals and M
antennas to receive them. Also, the received signals for the uncorrelated and
correlated models can be represented in equations (3.49) and (3.50),

respectively.

Y,, = VSNRH*(X+o0,) + VSNR x o, + Z (3.49)
Y..> = VSNR Hy * (X + 6,) + VSNR * 6, + Z (3.50)

where, Y,, and Y.,, represent the received signals of the UMIMOC and the

CMIMOC in the second algorithm, respectively.

Moreover, the variance of the receiver distortion (Y;) in the MIMO
system will be computed as the same method shown in section (2.9). Thus, the
receiver distortion variance in the MIMO system can be given as equation
(3.51).

Y, = k2 *tr(Ry) * I (3.51)

where K, is the receiver impairment level.

Furthermore, in the second algorithm, the MIMO system's power
constraint will be considered equal to one (i.e. tr(R,,) = 1). Thus, equation
(3.52) can be rewritten as follows:

Y, = k2«1 (3.52)

In addition, the variance of the transmitter distortion (Y;) in the second
algorithm will be computed from equation (3.4) by putting p =1 because the
system-dependent here is the single-carrier system. Also, the term

diag(qq, ... - - ,qy) that appears in the equation (3.4) after putting p =1 is
equal to %N because the case depended here is the CSIR case, which means that

the covariance matrices of the transmitted signals in the MIMO channels
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(correlated MIMO channel and uncorrelated MIMO channel) are equal to %N as

mentioned earlier. Thus, the variance of the transmitter distortion in the second

algorithm is given as the following equation:

Y= k2 (3.53)
Finally, in the second algorithm, the impairment level of the transmitter
distortion will be considered equal to the impairment level of the receiver

distortion (i.e. Kk, = K; = K).

3.3.2 EC and F-SNRMG of MIMO channels in Second Algorithm

In this subsection, the EC equations and F-SNRMG equations of the
UMIMOC and CMIMOC will be presented with the presence of the physical
transmitter and physical receiver. The steps for finding the EC equations and F-
SNRMG equations of the uncorrelated MIMO channel and correlated MIMO
channel for the CSIR case in the second algorithm are the same as those
mentioned in the first algorithm. Therefore, Table (3.6) is developed to clarify
the EC equations and F-SNRMG equations for the UMIMOC and CMIMOC in

the second algorithm.

Table (3.6): The Ergodic capacity equations and F-SNRMG equations for the
UMIMOC and CMIMOC in the second algorithm

Name | Channel type Equation
Ceaz =
SNR 5
M N !
. | Uncorrelated E{Zi=110g2 (1 + (SNR#k?/N) M+SNR*K2+1>}
Ergodic MIMO _
capacity : bit/second/hertz (3.54)
channel
where C.,, is the EC of the uncorrelated MIMO
channel in the second algorithm.
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Ceaz =
SNR*}\k_
M N !
Ergodic CK/rIrI?\I/IaCt)ed [E{Zi=110g2 (1 t SNReE/N) - Aki+SNR*K2*1>}
capacity | .o nel bit/second/hertz (3.55)
where C.,, is the EC of the uncorrelated MIMO
channel in the second algorithm.
_ Ceaz _
uaZ B Cseaz B
M SER*Ai
]E{Zi=1log2<1+ (SNR+KkZ/N)* A +SNR*K2*1>}
< hl2
F Uncorrelated E{1°g2<1+ (SNR~ Kzs)lﬁh:ZLSNR*KzH)}
SNRMG MIMO (3.56)
channel where p,, IS the F-SNRMG of the uncorrelated
MIMO channel in the second algorithm, and Cge,, IS
the capacity of the SISO channel in the second
algorithm. The capacity equation of the SISO channel
Is derived from Eq.(3.54).
— Ccaz _
Heaz = Coons
M X M
E Correlated E{Ziﬂlogz T CSNRa/N )+ 7‘ki+SNR*K2*1>]
R MIMO SNR +[h ]2
SNRMG Channel E{10g2(1+ (SNR * k2 ) * |h|2 +SNR*K2+1)}

(3.57)
where .4, IS the F-SNRMG of the correlated MIMO
channel in the second algorithm.

3.3.3 Implementing of Second Algorithm in MATLAB program

This subsection presents the steps of implementing the second algorithm

in the MATLAB program. These steps allow computing the ergodic capacity
and F-SNRMG of the uncorrelated MIMO channel under the influences of the

physical transmitter and physical receiver. Also, these steps allow computing
the ergodic capacity and F-SNRMG of the correlated MIMO channel under the

impact of the physical transmitter and the impact of the physical receiver.

However, there are some considerations that must be taken into account before

applying these steps:
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1. The number of transmitting antennas in the system must be bigger or
equivalent for amount of acceptance antennas.

2. The correlation coefficients must be greater or equal to zero and smaller than
one (i.e. 0 <4< 1 and 0 < o< 1). Also, if the a; is equal to a,, the
correlation coefficients are represented by the parameter « (i.e. o; = o = ).

3. The required cases must be selected in which the channel capacity & the F-
SNRMG are calculated under transmitter distortion & receiver distortion

effects. All cases ready for selection are shown in Fig. (3.6).

After taking into account the points described previously, the algorithm

Is implemented using the MATLAB software in the following manner:

Step 1: Entering all required inputs (number of transmitting antennas (N),
number of receiving antennas (M), the correlation coefficient of the antennas on
the transmitting side (ay), the correlation coefficient of the antennas on the
receiving side (o), number of realizations of the channel (L), impairments

level (), and a range of SNR values in decibel).

Step 2: Converting the range of SNR from decibel to linear scale by using the
equation (3.48).

Step 3: This step includes the following points:

» Generating the MIMO channel matrix H, whose components are complex
random variables subject to a Rayleigh distribution and are independent
of each other. The generating of the H matrix is done by using equation
(2.37).

» Generating the SISO channel by using equation (2.45):
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Step 4: Creating zero matrices for each selected case from Fig. (3.6). The detail
about this step was explained in step four in the implementation steps of the first
algorithm, which was displayed in subsection 3.2.3.

Step 5: Finding the D, and D, matrices by using equation (2.39).

Step 6: Creating the first loop to cover all the realizations of the MIMO channel
matrix (H). This loop includes finding the matrix Hy, at each realization of the
channel. The finding of the Hy, matrix is done by applying the equation (2.38) at
each realization of the MIMO channel (H). Also, this loop includes applying the
SVD analysis to each of the H,, and H matrices at each realization of the MIMO
channel. Thus, the channel gain of each effective channel in the UMIMOC and
the channel gain of each effective channel in the CMIMOC can be found in

each realization of the channel.

Step 7: Creating the second loop inside the first loop to cover all the values of

the SNR at each realization of the channel.

Step 8: Creating the third loop inside the second loop to cover all values of the
impairment level when the impairment level is entered with more than one
value. This loop includes applying the ergodic capacity equation of each
selected case to compute the random MIMO channel capacity in the second
algorithm. Then, saving the calculated value of the ergodic capacity of each
selected case in the matrix defined for it in the fourth step with location (e, d, f),
where d is the counter of the first loop, e is the counter of the second loop, and f

is the counter of the third loop.

Step 9: Finding the SISO channel capacity under the second algorithm at each
value of impairment level (x). The SISO channel capacity equation in the
second algorithm was shown in the denominator of equation (3.56). The result
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from applying this equation at each time is a matrix with size (length (SNR) *
L). Then, the mean is taken for the result matrix to produce a matrix with size
(length (SNR) * 1). The final matrix contains the value of the SISO channel
capacity (random capacity) under the second algorithm at each SNR value for
one value of impairment level (k).

Step 10: Taking the mean for each matrix that was filled in step 8. The result
from taking the mean for one matrix of these matrices is a matrix with the size
(length (SNR) * 1). The resulting matrix has the EC value of the MIMO
network in the second algorithm at each SNR value for one case of the selected
cases. Also, the values in the resulting matrix were computed at one value of

impairment level (k).

Step 11: Computing the F-SNRMG of the MIMO network for each value of (k)
in each selected case. This is done by dividing the matrix containing the ergodic
capacity values of the MIMO channel by the matrix containing the values of the
SISO channel capacity. The matrix containing the ergodic capacity values of the
MIMO channel is the matrix resulting from step 10. Also, the matrix containing

the capacity values of the SISO channel is the matrix resulting from step 9.

Step 12: Drawing the values of the random MIMO channel capacity calculated

in each selected case as a function of SNR and showing the result as a curve.

Step 13: Drawing the values of finite-SNR multiplexing gain calculated in each

selected case as a function of SNR and showing the result in a new curve.

Additionally, the flowchart can be used to simplify the above processes.
As a result, Fig. (3.8) depicts the flowchart for implementing the second

algorithm in the MATLAB program with two values of impairment level (x).
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This flowchart illustrates the ergodic capacity and F-SNRMG in each instance

presented in Fig. (3.6).
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Fig 3.8: The flowchart for implementing the second algorithm in the MATLAB

software.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Introduction

The previous chapter displays two algorithms to analyze the
performance of the MIMO channels in the presence of the physical transceiver.
The previous chapter mentioned that the first algorithm analyzes the
performance of the MIMO channels in the presence of the physical transmitter,
while the second algorithm analyzes the performance of the MIMO channels in
the presence of the physical transmitter and physical receiver. Also, it indicates
that those algorithms analyze the performance of the MIMO channels in terms
of the ergodic capacity and the finite-SNR multiplexing gain. Furthermore, it
shows that the first algorithm can be applied to the uncorrelated MIMO channel
and the correlated MIMO channel in many scenarios shown in Fig. (3.1), and
the second algorithm can be applied to the uncorrelated MIMO channel and the
correlated MIMO channel in one scenario shown in figure (3.1). This chapter
presents the simulation results of those algorithms and discusses these results.
All simulation processes are run in MATLAB 2018. The number of channel
realizations used in each simulation is 10000. Also, the impairment level for the

physical transceiver used in each simulation is 0.08, 0.175, or both.

This chapter consists of four main sections. The first section is presented
under the name Introduction, which contains a summary of the algorithms
proposed in the third chapter, what will present in this chapter, and the value of
some main criteria used in each simulation process. The second part presents
the simulation results of the first algorithm, while the third section presents the
simulation results of the second algorithm. Finally, the last section compares the
results of this work with some related work that is very near to the work

presented in this letter.
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4.2 Results of First Algorithm

The third chapter mentioned that the first algorithm analyzes the
performance of the UMIMOC and the performance of the CMIMOC under the
influence of the physical transmitter in many scenarios. Thus, the uncorrelated
MIMO channel analysis results under the first algorithm will be presented in the
following subsection. Then the correlated MIMO channel analysis results

according to the same algorithm will be given in another subsection.
4.2.1 Uncorrelated MIMO Channel Analysis Results in the First
Algorithm

As mentioned in the previous chapter, the first algorithm analyzes the
performance of the MIMO channel under the influence of the physical
transmitter in terms of the ergodic capacity and finite-SNR multiplexing gain.
Therefore, the uncorrelated MIMO channel analysis results in the first algorithm
include two main parts: I. EC Results of the Uncorrelated MIMO Channel in the
First Algorithm, Il. F-SNRMG Results of the uncorrelated MIMO Channel in
the First Algorithm.

I. EC Results of the Uncorrelated MIMO Channel in the First

Algorithm

In the previous chapter, the EC (Average capacity) of the UMIMOC in
first algorithm is clarified in many scenarios: Multi-carrier MIMO system
with CSIT case, Multi-carrier MIMO system with CSIR case (which is the
same as the SC- MIMO system with CSIR case), and Single-carrier MIMO
system with CSIT case. Here, the ergodic capacity simulation results of the
uncorrelated MIMO channel for these scenarios under the influence of the
physical transmitter will be presented. Also, the discussion of these results and

the comparison between them will be given.
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A. Multi-carrier MIMO system with CSIT case

In this scenario, the EC behavior of the UMIMOC with the ideal
transmitter will be compared with the EC behavior of the UMIMOC with the
physical transmitter, assuming that the information of the channel is obtainable
at the receiver and the transmitter. Then, effect of increase in the number of
transmitting antennas on the EC of the UMIMOC in MC system with the

physical transmitter will be clarified.

Initially, it can be considered the existence of an uncorrelated MIMO
channel with M =4, N=4, =1, and varying SNR values. Figure (4.1)
shows the ergodic capacity of this model over different impairment levels
K; € {0,0.08,0.175}, assuming that the information of the channel is obtainable

at the receiver and transmitter.

Low SNRs Medium SNRs High SNRs
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Fig. 4.1: EC of the 4*4 UMIMOC for the CSIT case in the MC system with
different impairment levels ; € {0,0.08,0.175}.
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The above figure illustrates that in low and medium SNRs, the ergodic
capacity behavior with the ideal transmitter (k. = 0) is the same as the ergodic
capacity behavior with the physical transmitter for any level of impairment
(k; € {0.08,0.175}). While in the high SNRs, the above figure shows that the
ergodic capacity behavior with the ideal transmitter is fundamentally different
from the ergodic capacity behavior with the physical transmitter for any level of
Impairment. In other words, figure (4.1) shows that the ergodic capacity with
the ideal transmitter grows unboundedly in the high SNRs, while the ergodic
capacity with the physical transmitter for any level of impairment (x; €
{0.08,0.175}) approaches the capacity limit Cg,;;(SNR~) =4 *

1 . . .
log, (1 + W) in the high SNRs. Also, figure (4.1) presents that the

value of the capacity limit is inversely proportional to the impairment level for
the transmitter, which means that the capacity limit's value decreases as the
impairment level for the transmitter increases. Table (4.1) shows the capacity
limit value of the 4*4 uncorrelated MIMO channel for the CSIT case in the MC
system with k, € {0,0.08,0.175}.

Table 4.1: The capacity limit value of 4*4 uncorrelated MIMO channel for the
CSIT case in the MC system with different impairment levels k, €
{0,0.08,0.175}

Value of k; Capacity limit value
0 Unboundedly
0.08 29.19 bit/second/hertz
0.175 20.29 bit/second/hertz

In addition, the above figure shows that both values of the SNR at which
the effect of the physical transmitter on the ergodic capacity starts to appear and
at which the channel capacity arrives at its limit decrease as the impairment

level of the transmitter increases.
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Next, the effect of increment the amount of transferring antennas on the
EC of the UMIMOC for the CSIT case in the MC system with the physical
transmitter will be clarified. Figure (4.2) presents the EC of the UMIMOC for
the CSIT case in the MC system with M = 2, different N, varying SNR values,

and different impairment levels for the transmitter k. € {0.08,0.175}.
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Fig. 4.2: EC of the UMIMOC for the CSIT case in the MC system with M = 2,
N € {2, 4, 6,8}, and different impairment levels k, € { 0.08,0.175}.

The above figure illustrates that the capacity limit of the uncorrelated
MIMO channel for the CSIT case in the MC system for any impairment level
(x; € {0.08,0.175}) increases as the number of the transmitting antennas
increases. Also, it shows that the EC of UMIMOC for the CSIT case in the MC
system for any impairment level (k. € { 0.08,0.175}) at any SNR value also
Increases as the number of transmitting antennas increases. However, figure

(4.2) shows that the amounts of increase in the ergodic capacity and capacity
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limit, which happen due to adding several antennas to the transmitting antennas,
reduce when the same number of the antennas is added to the transmitting
antennas again. Thus, it can be concluded that the incensement in amount of
transferring antennas to a large quantity without increasing the number of

receiving antennas may not give many benefits.

Moreover, Table (4.2) offers the capacity limit value of the uncorrelated
MIMO channel for the CSIT case in the MC system with M =2, N€
{2,4, 6,8}, and different impairment levels k. € { 0.08,0.175}.

Table 4.2: The capacity limit value of the uncorrelated MIMO channel for the
CSIT case in the MC system with M = 2, different N, and different impairment
levels k. € { 0.08,0.175}.

Value of Number of transmitting Capacity limit value in
K¢ antennas (N) bit/second/hertz

2 14.59

16.58

0.08 17.75

18.58

10.15

12.1

0.175 13.26

0|~ N0 IO |~

14.08

After that, it can be seen that the value of the capacity limit with M = 2,
N =4, and k. = 0.08 is equal to 16.58 bit/second/hertz, as shown in Table
(4.2), while the capacity limit value with the same criteria, but M = 4, is equal
to 29.19 bit/second/hertz, as illustrated in Table (4.1). Therefore, it can be
concluded that the ergodic capacity and the capacity limit of the uncorrelated
MIMO channel for the CSIT case in the MC system with the physical

transmitter are directly proportional to the number of receiving antennas.
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B. Multi-carrier MIMO system with CSIR case

Here, the EC of the UMIMOC for the CSIR case in the MC system with
the actual transmitter (physical transmitter) will be presented. Also, it will be
compared with the EC of the UMIMOC for the CSIT case in the MC system
with the actual transmitter. Therefore, it can be assumed the existence of an
uncorrelated MIMO channel with M = 4, different N, B = 1, and varying SNR
values. Figure (4.3) shows the ergodic capacity of this model over different
impairment levels x; € { 0.08,0.175} in two different cases, CSIR and CSIT.
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Fig. 4.3: Ergodic capacities of the uncorrelated MIMO channel for the CSIT
and CSIR cases in the MC system with M = 4, N € {4, 6, 8}, and different

impairment levels k, € {0.08,0.175}.

The above figure shows that the ergodic capacities of the uncorrelated
MIMO channel for the CSIR and CSIT cases in the MC system for any
impairment level (k. € {0.08,0.175}) and any number of the transmitting

antennas (N € {4, 6,8}) have the same behavior in the low, medium, and high
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SNRs. Also, it shows that at any value of the SNR (from the beginning of the
SNR range to the value at which the capacity limit begins), the EC of the
UMIMOC for the CSIR case in the MC system for any impairment level
(x; € {0.08,0.175}) increases as the number of transmitting antennas increases.
However, figure (4.3) indicates that in the CSIR case, for any impairment level
(x; € {0.08,0.175}), the improvement in channel capacity that results from
adding several antennas to the transmitting antennas reduces when the same

number of antennas is added to the transmitting antennas again.

Furthermore, the above figure illustrates that the incensement in amount
of transferring antennas does not affect capacity limit for the UMIMOC for the
CSIR case in the MC system with the actual transmitter, which is in contrast to
the CSIT case. Therefore, it can be said that the capacity limit of the
uncorrelated MIMO channel for the CSIR case in the MC system with the
physical transmitter does not depend on the number of transmitting antennas.
Table (4.3) displays the capacity limit values of the uncorrelated MIMO channel
for the CSIR and CSIT cases in the MC system with M = 4 , N € {4, 6,8}, and
different impairment levels (x, € { 0.08,0.175}).

Moreover, figure (4.3) shows that when the number of transmitting
antennas is equal to the number of receiving antennas, the ergodic capacities of
the uncorrelated MIMO channel for the CSIR and CSIT cases in the MC system
for any impairment level get closer to congruence as the SNR value increases.

In addition, it can be seen from Fig. (4.3) that in the MC system with
any impairment level, when N > M, the EC of the UMIMOC for the CSIT case
at any value of the SNR is greater than the EC of the UMIMOC for the CSIR

case.
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Table 4.3: The capacity limit values of the uncorrelated MIMO channel for the
CSIT and CSIR cases in the MC system with M = 4, N € {4, 6, 8}, and different
impairment levels k. € { 0.08,0.175}.

Value Numb(_er_of C_:apa_lcity limit value C_:ape_lcity limit value
of K, transmitting in bit/second/hertz in bit/second/hertz

antennas (N) CSIT CSIR
4 29.19 29.19
0.08 6 31.52 29.19
8 33.17 29.19
4 20.29 20.29
0.175 6 22.57 20.29
8 24.2 20.29

The above table indicates that the capacity limit values of the
uncorrelated MIMO channel for the CSIR and CSIT cases in the MC system are
inversely proportional to the impairment level of the transmitter. Also, the
values of the capacity limit of the CSIR case found in the above table are taken
from Fig. (4.3). These values can also be found from the formulation of the
capacity limit of the UMIMOC for the CSIR case in the MC system. That
formula was shown in equation (3.26). Thus, depending on that formula, it can
be said that the capacity limit of the uncorrelated MIMO channel for the CSIR
case in the MC system with the physical transmitter is directly proportional to

the number of receiving antennas.

C. Single-carrier MIMO system with CSIT case

Here, the EC of the UMIMOC for the CSIT case in the SC system with
the physical transmitter will be discussed. In addition, it will be compared to the
EC of the UMIMOC for the CSIT case in the MC system with the physical
transmitter. Therefore, it can be assumed the existence of an uncorrelated
MIMO channel with M = 4, different N, and varying SNR values. Figure (4.4)
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shows the ergodic capacity of this model for the CSIT case over different

impairment levels x; € { 0.08,0.175} in two different systems, MC and SC.
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Fig. 4.4: EC of the UMIMOC for the CSIT case in the MC and SC systems with
M =4, N € {4,6,8,10,12}, and different impairment levels k; €
{0.08,0.175}.

The above figure shows that all mentioned in the discussion of the EC of
the UMIMOC for the CSIT case in the MC system with the physical transmitter
applies to the EC of the UMIMOC for the CSIT case in the SC system
containing a physical transmitter. However, the above figure indicates that in
the CSIT case, for any impairment level (x, € { 0.08,0.175}) and when N > M,
the capacity limit of the uncorrelated MIMO channel in the MC system is
greater than the capacity limit for the uncorrelated MIMO channel in the SC
system. In contrast, Fig. (4.4) indicates that in the CSIT case, for any
impairment level (k, € { 0.08,0.175}) and when N = M, the capacity limit of
the uncorrelated MIMO channel in the MC system is identical to the capacity
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limit for the uncorrelated MIMO channel in the SC system. Also, it can be seen
from Fig. (4.4) that in the CSIT case, for any impairment level (k. €
{0.08,0.175}) and when N = M, the EC value of the UMIMOC in the MC
system at any value of SNR is almost identical to the EC for the UMIMOC in
the SC system.

Furthermore, Table (4.4) displays the value of the capacity limit of the
uncorrelated MIMO channel for the CSIT case in the SC system with M = 4,

Results and Discussion

N € {4,6,8,10, 12}, and different impairment levels k, € { 0.08,0.175}.

Table 4.4: The value of capacity bound of UMIMOC for the CSIT case in the
SC system with M = 4, N € {4, 6, 8,10, 12}, and different impairment levels

k. € {0.08,0.175}.

Value of Number of transmitting Capacity limit value in
K¢ antennas (N) bit/second/hertz
4 29.19
6 31.21
0.08 8 32.68
10 33.83
12 34.79
4 20.29
6 22.27
0.175 8 23.72
10 24.86
12 25.81

Moreover, it can be presented a new figure to prove that the capacity
limit of the uncorrelated MIMO channel for the CSIT case in the SC system
with the physical transmitter is directly proportional to the number of receiving
antennas. Thus, Fig. (4.5) illustrates the average capacity of the 2*4

uncorrelated MIMO channel for the CSIT case in the SC system over different

impairment levels x; € { 0.08,0.175}.
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Fig. 4.5: EC of the 2*4 UMIMOC for the CSIT case in the SC system over
different impairment levels x, € { 0.08,0.175}.

The above figure shows that the capacity limit value of the uncorrelated
MIMO channel for the CSIT case in the SC system with M = 2, N = 4 is equal
to 16.13 bit/second/hertz if the impairment level is equal to 0.08, and it is equal
to 11.65 bit/second/hertz if the impairment level is equal to 0.175. While the
capacity limit value of the uncorrelated MIMO channel for the CSIT case in the
SC system with the same criteria but M =4 is equal to 29.19 bit/second/hertz if
the impairment level is equal to 0.08, and it is equal to 20.29 bit/second/hertz if
the impairment level is equal to 0.175, according to table (4.4). Therefore, it can
be concluded that the ergodic capacity and the capacity limit of the uncorrelated
MIMO channel for the CSIT case in the SC system with the physical transmitter

are directly proportional to the number of receiving antennas.
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I. F-SNRMG Results of the Uncorrelated MIMO Channel in the

First Algorithm
The previous chapter focused on clarifying the F-SNEMG of the
uncorrelated MIMO channel in the first algorithm in the MC system, in which it
clarified the F-SNEMG in the MC-MIMO system with the physical transmitter
in two different cases, CSIR and CSIT. Therefore, this subsection presents the
F-SNEMG simulation results of the uncorrelated MIMO channel for CSIR and
CSIT cases in the MC system with the physical transmitter.

A.CSIT case

In this case, the F-SNRMG of the UMIMOC in the MC system with the
physical transmitter will be compared with the F-SNRMG of the UMIMOC in
the MC system with the ideal transmitter. Therefore, it can be considered the
presence of an uncorrelated MIMO channel with M =4, N € {4,8,12}, B =1,
and varying SNR. Figure (4.6a) displays the simulation result of the F-SNRMG
for this channel with impairment levels k; € {0,0.08}. At the same time, Figure
(4.6b) displays the simulation result of the F-SNRMG for the same channel but

with impairment levels k, € {0,0.175}.
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Fig. 4.6: F-SNRMG of the uncorrelated MIMO channel for the CSIT case in the
MC system with M = 4, N € {4, 8,12}, and different impairment levels: (a)
K, € {0,0.08}, (b) %, € {0,0.175}
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The above figure illustrates that the F-SNRMG of the uncorrelated
MIMO channel for the CSIT case in the MC system with the ideal transmitter
for any number of the transmitting antennas (N € {4,8,12}) approaches the
value M in the high SNRs. At the same time, it illustrates that the F-SNRMG of
the uncorrelated MIMO channel for the CSIT case in the MC system with the
physical transmitter for any impairment level (k. € { 0.08,0.175}) and any

number of the transmitting antennas (N € {4,8,12}) approaches the limit

1

M Gt /N) ) in the high SNRs.
log2(1+ 2 )

M*10g2<1+

Moreover, Table (4.5) displays the value of the F-SNRMG limit in the
high SNRs for the uncorrelated MIMO channel for the CSIT case in the MC
system withM =4, N € {4,8,12}, and different impairment levels k; €
{0.08,0.175}.

Table 4.5: The F-SNRMG limit in the high SNRs for the uncorrelated MIMO
channel for the CSIT case in the MC system with M = 4, N € {4, 8,12}, and
different impairment levels x; € {0.08,0.175}.

Number of transmitting F-SNRMG limit F-SNRMG limit
antennas (N) value, value,
k; = 0.08 K. = 0.175
4 4 4
8 4.546 4.772
12 4.865 5.227

The above table indicates that in the MC system with the physical

transmitter, for any impairment levels (k, € {0.08,0.175}), the F-SNRMG limit
in the high SNRs for the uncorrelated MIMO channel for the CSIT case is equal
to M when N = M, and it is greater than M when N > M,
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B. CSIR case

Here, the F-SNRMG of the uncorrelated MIMO channel for the CSIR
case in the MC system with the physical transmitter is discussed. Also, it will be
compared to the F-SNRMG of the uncorrelated MIMO channel for the CSIR
case in the MC system with the perfect transmitter. Therefore, it can be
regarded as the presence of an uncorrelated MIMO channel with M = 4,
N € {4,8,12}, B = 1, and variable SNR. Figure (4.7a) depicts the simulation
result of the F-SNRMG for this channel for the CSIR example in the MC
system with impairment levels x; € { 0,0.08}. Similarly, Fig. (4.7b) depicts the
simulation result of the F-SNRMG for the same channel for the CSIR example

in the MC system but with impairment levels k. € { 0,0.175}.
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Fig. 4.7: F-SNRMG of the uncorrelated MIMO channel for the CSIR case in
the MC system with M = 4, N € {4, 8,12}, and different impairment levels: (a)
k. € {0,0.08}, (b) x. € {0,0.175}

The above figure directs that the F-SNRMG for the uncorrelated MIMO
channel for the CSIR case in the MC system for any impairment level (k; €
{0,0.08,0.175}) and any number of the transmitting antennas approaches the
value M in the high SNRs (i.e., the F-SNRMG limit in the high SNRs depends

on the number of receiving antennas only, whatever the system's criteria other).

104



Chapter Four Results and Discussion

Finally, from Fig. (4.6) and Fig. (4.7), it can be seen that the F-SNRMG
with the physical transmitter arrives at its limit faster than the F-SNRMG with

the ideal transmitter.

4.2.2 Correlated MIMO Channel Analysis Results in the First
Algorithm

The correlated MIMO channel analysis results in the first algorithm
include two parts. The first part is devoted to displaying the simulation results
of the EC of the CMIMOC under the effect of the physical transmitter in
different scenarios: MC-MIMO system with CSIT case, MC-MIMO system
with CSIR case, and SC-MIMO system with CSIT case. The second part is
devoted to showing the simulation result of the F-SNRMG of the CMIMOC in
the MC scheme having the physical transmitter in two cases, CSIR and CSIT.

EC Results of the Correlated MIMO Channel in the First

Algorithm
In this subsection, the emulation results of the EC of the CMIMOC for
the scenarios mentioned in the previous subsection will be offered under the

effect of the physical transmitter:

A. MC-MIMO system with CSIT case

In this scenario, the EC of the CMIMOC will be presented under the
influence of the physical transmitter. Also, it will be compared with the EC of
the UMIMOC in the presence physical transmitter. Thus, it can be assumed the
presence of the 4*4 MIMO channel with 8 = 1 and varying SNR values. Figure
(4.8) shows the ergodic capacity of this model for the CSIT case over different
impairment levels x; € {0.08,0.175} and different correlation coefficients
a € {0,0.4} .
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Fig. 4.8: Ergodic capacity of the 4*4 MIMO channel for the CSIT case in the
MC system over different impairment levels k; € {0.08,0.175} and different

correlation coefficients a € {0, 0.4}.

The above figure indicates that in the MC system for the CSIT case with
any impairment level (k. € {0.08,0.175}), there is a spacing between the
ergodic capacity of the uncorrelated MIMO channel (oo = 0) and EC of the
CMIMOC (a = 0.4). The above figure shows that at any impairment level
(x; € {0.08,0.175}), this spacing started to grow in the low SNRs, and then it
started to decrease in the medium SNRs until it completely disappeared in the
very high SNRs. Thus, according to the above figure, it can be said that the
capacity limit of the MIMO channel for the CSIT case in the MC system with
the physical transmitter is not influenced by the connection between the channel

components.

Moreover, it can be presented a table to show the EC value of the 4*4

MIMO network for CSIT case in the MC system over different impairment
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levels k. € {0.08,0.175}, different SNR values, and different correlation
coefficients a € {0, 0.4}, according to Fig. (4.8).

Table 4.6: The ergodic capacity value for the 4*4 MIMO channel for the CSIT
case in the MC system over different impairment levels x; € {0.08,0.175},
different SNR values, and different correlation coefficients a € { 0,0.4}.

SNR Ergodic ca_pacity Ergodic ca_pacity
Value value _ value in _ value in _ The
of ky | . bit/second/hertz bit/second/hertz difference
in dB
a=10 a=04

0 4.187 4.133 0.054
5 7.247 6.927 0.32
10 11.2 10.56 0.64
20 19.85 18.7 1.15
0.08 22 21.37 20.2 1.17
23 22.055 20.89 1.165
30 25.85 24.93 0.92
40 28.34 27.97 0.37

70 29.19 (capacity limit) | 29.19 (capacity limit) 0
0 4.093 4.034 0.059
5 6.914 6.594 0.32
10 10.24 9.638 0.602
18 15.05 14.21 0.84
0.175 19 15.52 14.69 0.83
20 15.99 15.17 0.82
30 19.02 18.54 0.48
40 20.03 19.89 0.14

70 | 20.29 (capacity limit) | 20.29 (capacity limit) 0

The above table shows that in the low SNRs, medium SNRs, and high
SNRs, the EC of the MIMO channel for the CSIT case in the MC system with
the physical transmitter is inversely proportional to the correlation coefficient.
In contrast, the above table shows that this inverse proportion disappears in the
very high SNRs. Also, according to the above table, it can be seen that the

maximum value of the difference between the uncorrelated MIMO channel
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capacity and correlated MIMO channel capacity decreases as the impairment
level increases. Therefore, it can be concluded that the effect of the correlation

Is almost ignored when the impairment level value is very large.

B. MC-MIMO system with CSIR case

Here, the EC of the CMIMOC for the CSIR case in the MC system
having the physical transmitter will be offered. Also, it will be compared with
the EC of the UMIMOC for the CSIR case in the MC system holding a physical
transmitter. Then, the effect of the increase in the correlation coefficient on the
EC of the MIMO channel for the CSIR case in the MC system containing the
physical transmitter will be discussed. Finally, the effect of the incensement in
amount of transferring antennas on the EC of the CMIMOC for the CSIR case

in the MC system with the physical transmitter will be clarified.

Initially, it can be considered the existence of a MIMO channel with
M =4, N =4, 8 =1, and varying SNR values. Figure (4.9) shows the ergodic
capacity of this model over different impairment levels k; € {0.08,0.175} and
different correlation coefficient o € { 0,0.4}, assuming the information of

channel state are obtainable at receiver only.
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Fig. 4.9: EC of the 4*4 MIMO network for CSIR case in the MC system over
different impairment levels x; € { 0.08,0.175} and different

correlation coefficients o € { 0,0.4}.

The above figure is almost similar to Fig. (4.8). Therefore, everything
mentioned in the discussion for Fig. (4.8) can be adopted as a discussion for this
figure. The one difference is that Fig. (4.9) is devoted to showing the EC of the
MIMO network for the CSIR case in the MC system over different impairment
levels and different correlation coefficients, while Fig. (4.8) is devoted to
showing the EC of the MIMO network for the CSIT case in the MC system over

different impairment levels and different correlation coefficients.

Now, the impact of growing the correlation factor on the capacity of the
MIMO network for the CSIR case in the MC system with the physical
transmitter will be clarified. Figure (4.10) shows the effect of increasing the

correlation coefficient on the EC of the MIMO network for the CSIR case in the
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MC system with M = 4, N = 4, varying SNR values, and different impairment

levels k, € {0.08,0.175}.
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Fig. 4.10: Ergodic capacity of the 4*4 MIMO channel for the CSIR case in the

MC system over different impairment levels k; € {0.08,0.175} and different

correlation coefficients a € {0.4, 0.6, 0.8}.

The above figure offers that the capacity limit value of the MIMO
channel for the CSIR case in the MC system for any impairment level (x; €
{0.08,0.175}) remains constant, whatever the correlation coefficient value
(ax € {0.4,0.6,0.8}). Also, the above figure shows that at low SNRs, medium
SNRs, and high SNRs, the capacity of the MIMO channel for the CSIR case in
the MC system for any impairment level k, € {0.08,0.175} decreases when the
correlation coefficient increments. At the same time, the above figure shows
that the value of the SNR at which the correlation effect ends increases as the

correlation coefficient increases.
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Moreover, Table (4.7) displays the ergodic capacity value of the 4*4

MIMO channel for the CSIR case in the MC system over different impairment

levels k. € {0.08,0.175}, different SNR values,

coefficients a € {0.4, 0.6, 0.8}, according to Fig. (4.10).

and different correlation

Table 4.7: The ergodic capacity value for the 4*4 MIMO channel for the CSIR
case in the MC system over different impairment levels k. € { 0.08,0.175},
different SNR values, and different correlation coefficients a € { 0.4, 0.6, 0.8}.

SNR | Ergodic capacity Ergodic capacity | Ergodic capacity
Value | value value in value in value in
ofk, | in bit/second/hertz, bit/second/hertz, | bit/second/hertz,
Db oa=0.4 a=20.6 a=20.8
5 6.001 5.418 4.611
10 9.832 8.758 7.243
20 18.49 16.47 13.22
0.08 | 30 24.91 22.91 18.51
40 27.97 26.85 22.71
70 29.19 (capacity 29.19 (capacity 28.96
limit) limit)
5 5.683 5.102 4.299
10 8.92 7.892 6.445
20 14.96 13.35 10.65
0.175] 30 18.51 17.26 14.03
40 19.89 19.38 16.68
70 20.29 (capacity 20.29 (capacity 20.22
limit) limit)

The above table shows that the value of the ergodic capacity when

SNR= 70 dB, a = 0.6, and k; = 0.08 is equal to 20.29 bit/second/hertz, which

Is represented the capacity limit. In contrast, the same table shows that the value

of the ergodic capacity with the same criteria, but « = 0.8, is equal to 20.22

bit/second/hertz, which is not represented the capacity limit. Therefore it can be

said that the ergodic capacity needs to more increase in the SNR value to arrive

at its limit when the correlation coefficient increases.
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Next, the effect of increasing the number of transmitting antennas on the
EC of the CMIMOC for the CSIR case in the MC system with the physical
transmitter will be clarified. Figure (4.11) presents the EC of the MIMO
network for the CSIR case in the MC system with M = 2, different N, a = 0.4,
varying SNR values, and different impairment levels for the transmitter
K, € {0.08,0.175}.
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Fig. 4.11: EC of the MIMO network for the CSIR case in the MC system with
M = 2,N € {2,4,6,8}, a = 0.4, and different impairment levels for the
transmitter k, € {0.08,0.175}.

The above figure indicated that at any value of the SNR (from the
beginning of the SNR range to the value at which the capacity limit begins), the
EC of the CMIMOC for the CSIR in the MC system for any impairment level
(x; € {0.08,0.175}) increases as the number of transmitting antennas increases.
However, figure (4.11) demonstrates that the improvement in channel capacity

that follows from adding several antennas to the sending antennas diminishes
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when the same number of antennas is added to the transmitting antennas a

second time.

C.SC-MIMO system with CSIT case

Here, the focus will be on showing the effect of the increase in the
correlation coefficient on the EC of the MIMO network for the CSIT case in the
SC system containing the physical transmitter. Therefore, it can be considered
the presence of the MIMO channel with M =4, N =4, =0, and varying
SNR values. Figure (4.12) shows the ergodic capacity of this model over
different impairment levels and different correlation coefficients,” assuming the

information of the channel is obtainable at the receiver and the transmitter.
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Fig. 4.12: EC of the 4*4 MIMO network for CSIT case in the SC system over
different impairment levels x; € { 0.08,0.175} and different correlation

coefficients a € { 0.4, 0.6, 0.8}.

The preceding figure is nearly identical to Fig (4.10). Consequently,
everything discussed in the description for figure (4.10) may be applied to this
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figure. The only difference is that figure (4.12) depicts the EC of the CMIMOC
for CSIT case in the SC system at various impairment levels, whereas figure

(4.8) depicts the EC of the CMIMOC for CSIR case in the MC system at
various impairment levels.

I. F-SNRMG Results of the Correlated MIMO Channel in the

Finite-SNR Multiplexing Gain

First Algorithm

In this subsection, the simulation results of the F-SNRMG of the
correlated MIMO channel for the CSIT and CSIR cases in the MC system with
the physical transmitter will be offered. Also, these results will be compared
with the F-SNRMG results of the uncorrelated MIMO channel for the CSIT and
CSIR cases in the MC system with the physical transmitter. Thus it can be
considered the existence of the MIMO channel with M =4, N € {4,8}, B =1,
and varying SNR values. Figure (4.13)" shows the F-SNRMG simulation results
of this model for the CSIT and CSIR cases in the MC system over an

impairment level of 0.08 and different correlation coefficients a € {0, 0.4}.
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Fig. 4.13: F-SNRMG of the MIMO channel in the MC system with M=4,
N € {4,8}, a € {0,0.4}, and x, = 0.08: (a) CSIR case, (b) CSIT case
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From figure (14.13), it can be seen that the correlation between the
channel elements is decreases the F-SNRMG value of the MIMO channel in the
low SNRs, medium SNRs, and some value of the high SNRs. However, the
same figure is indicates that the limit of the F-SNRMG in the high SNR is not

affected by the correlation between the channel elements.

4.3 Results of Second Algorithm

The third chapter mentioned that the second algorithm considers the
effect of the physical transmitter and the effect of the physical receiver on the
ergodic capacity and finite-SNR multiplexing gain of the MIMO channel. Also,
it mentioned that the second algorithm is applied to the uncorrelated MIMO
channel and correlated MIMO channel. Therefore, the second algorithm's
simulation results can be divided into two parts. The first part is devoted to
showing the simulation results of the ergdoc capacity and F-SNRMG of the
uncorrelated MIMO channel for the CSIR case in the SC system with the
physical transmitter and physical receiver. In contrast, the second part is
devoted to showing the simulation results of the ergodic capacity and F-
SNRMG of the correlated MIMO channel for the CSIR case in the SC system

with the physical transmitter and physical receiver.

4.3.1 The Simulation Results for the EC and F-SNRMG for the

UMIMOC in Second Algorithm

In this subsection, the simulation results of the EC of the UMIMOC
under the influences of physical transmitter and physical receiver will be
offered. These results consist of two figures. The first figure comperes the EC
of the UMIMOC for the CSIR case in the SC system having the physical
transmitter and physical receiver with the EC of the UMIMOC for the CSIR

case in the SC system having the physical transmitter and ideal receiver. The
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second figure shows the effect of the increase in the number of transmitting
antennas on the EC of the UMIMOC in the second algorithm. Then, the F-
SNRMG of the UMIMOC under the second algorithm will be presented.

Initially, it can be assumed the existence of an uncorrelated MIMO
channel with M =4, N =4, =0, and varying SNR values. Figure (4.14)
shows the ergodic capacity of this technique over the first algorithm and second
algorithm with different impairment levels, assuming that the information of the

channel is obtainable at the receiver only.
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Fig. 4.14: EC of the 4 x 4 UMIMOC over the first algorithm and second
algorithm for the CSIR case in the SC system with different impairment levels.

The above figure indicated that in the CSIR case in the SC system, the
EC behavior of the UMIMOC in the second algorithm is similar to the EC
behavior of the UMIMOC in the first algorithm. However, the above figure
shows that in the SC system for the CSIR case for any impairment level, at the
low, medium, and high SNRs, the EC of the UMIMOC in the second algorithm
Is smaller than the EC of the UMIMOC in the first algorithm. Table (4.8)
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displays the capacity limit value of the 4 X 4 uncorrelated MIMO channel over
the first algorithm and the second algorithm for the CSIR case in the SC system

with different impairment levels.

Table 4.8: The capacity limit value of the 4 x 4 uncorrelated MIMO channel
over the first and second algorithms for the CSIR case in the SC system with
different impairment levels

Capacity limit value Capacity limit value for
VEE 0 for 'lcohe fi)r/st algorithm Valllie 2l thepsecoxrad algorithm in
Ke in bit/second/hertz bit/second/hertz
0.08 29.19 0.08 =~ 21.24
0.175 20.29 0.175 = 13.2

The above table indicates that in the CSIR case in the SC system for any
impairment level, the capacity limit of the uncorrelated MIMO channel
decreases more if the effects of the physical transmitter and physical receiver
are taken together into account. Also, it can be seen from above table that the
capacity limit of the uncorrelated MIMO channel in the second algorithm is

inversely proportional to the impairment level for the transceiver hardware (k).

Now, the effect of increasing the number of transmitting antennas on the
EC of the UMIMOC in the second algorithm will be clarified. Figure (4.15)
presents the EC of the UMIMOC in the second algorithm with M = 2, different
N, varying SNR values, and different impairment levels for the transceiver
hardware k € {0.08,0.175}.
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Fig. 4.15: EC of the UMIMOC in second algorithm with M = 2, N € {2, 4, 6},

and different impairment levels for the transceiver hardware k € {0.08,0.175}.

The above figure illustrates that the EC of the UMIMOC for any
impairment level (k € {0.08,0.175}) in the second algorithm is directly
proportional to the number of transmitting antennas, which means that at any
value of SNR, the ergodic capacity increases by a random amount as the
number of the transmitting antennas increases. Also, the figure displayed above
shows that this amount of increase in the ergodic capacity, which happens due
to the incensement in amount of transferring antennas by a specific quantity,
decreases each time the number of transmitting antennas increases again by the
same specific number.

In addition, Table (4.9) displays the capacity limit value of the
uncorrelated MIMO channel in the second algorithm with M = 2, N € {2, 4, 6},

and different impairment levels for the transceiver hardware k € {0.08,0.175}.
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Table 4.9: The capacity limit value of the uncorrelated MIMO channel in the
second algorithm with M = 2, N € {2, 4, 6}, and different impairment levels for
the transceiver hardware k € {0.08,0.175}

Value of Number of transmitting Capacity limit value in
K antennas (N) bit/second/hertz

2 = 10.85

0.08 4 = 11.94
6 =12.2
2 = 6.744

0.175 4 =7.62
6 = 7.851

The above table shows that the capacity limit value of the uncorrelated
MIMO channel in the second algorithm with M = 2, N = 4, and x = 0.08 is
almost equal to 11.94 bit/second/hertz. At the same time, the capacity limit
value of the uncorrelated MIMO channel in the second algorithm with the same
criteria but M = 4 is almost equal to 21.24 bit/second/hertz, as shown in the
Table (4.8). Therefore, it can be said that the capacity limit and the EC of the
UMIMOC in second algorithm is directly proportional to the number of

receiving antennas.

Now, the F-SNRMG of the uncorrelated MIMO channel for the CSIR
case in the SC system containing the physical transmitter and physical receiver
is compared with the F-SNRMG of the UMIMOC for the CSIR case in the SC
system containing the physical transmitter only. Figure (4.16) shows the F-
SNRMG of the uncorrelated MIMO channel over the first algorithm and the
second algorithm for the CSIR case in the SC system with M =4, N €
{4,8,12}, and impairment level 0.08 (k. = 0.08 for first algorithm, x = 0.08

for the second algorithm).
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Fig. 4.16: F-SNRMG of the uncorrelated MIMO channel over the first
algorithm (x; = 0.08 ) and second algorithm (x = 0.08) for the CSIR case in
the SC system with M = 4, N € {4,8,12}.

The critical thing seen from the above figure is that the F-SNRMG limit
in the high SNRs for the uncorrelated MIMO channel in the second algorithm is
greater than M when N > M, but it is smaller than M when N = M. This is in
contrast to what is found in the first algorithm. The above figure and figure (4.7)
show that the F-SNRMG limit in the high SNRs for the uncorrelated MIMO
channel for the CSIR case in the SC system having the physical transmitter

equals M, whatever the number of transmitting antennas (N).

4.3.2 The Simulation Results for the EC and F-SNRMG for the

correlated MIMO Channel in the Second Algorithm

This subsection presents the simulation results of the EC and F-SNRMG
of the CMIMOC according to the second algorithm. These results consist of
four figures. The first figure compares the EC of the CMIMOC with the EC of
the UMIMOC under the impact of the physical transmitter and physical
receiver, assuming the system used is the SC-MIMO system, and the
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information of channel state are obtainable at receiver only. The second figure
shows the effect of the increase in the correlation coefficient on EC of MIMO
network under second algorithm, while the third figure shows the effect of the
incensement in amount of transferring antennas on the EC of the CMIMOC
according to the second algorithm. Finally, the fourth figure compares the F-
SNRMG of CMIMOC with the F-SNRMG of UMIMOC according to second

algorithm.

Initially, we assumed a 4 x 4 MIMO channel with § = 0 and varying
SNR values. Figure (4.17) shows the ergodic capacity of this model in the
second algorithm over different impairment level x € {0.08,0.175} and

different correlation coefficients o € { 0,0.4}.
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Fig. 4.17: The EC of 4 x 4 MIMO network in second algorithm over different

impairment level x € {0.08,0.175} and different correlation coefficients
a € {0,0.4).
The above figure shows that in the second algorithm for any impairment
level x € {0.08,0.175} at any value of SNR, the EC of the UMIMOC (a = 0) is
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greater than the EC of the CMIMOC (o = 0.4). In other words, figure (4.17)
illustrates that at any impairment level x € {0.08,0.175}, there is a spacing
between the EC of the UMIMOC (o = 0) and the EC of the CMIMOC (a = 0.4).
The above figure shows that this spacing started to grow in the low SNRs, but it
stopped growing in the high SNRs. Also, from the above figure, it can be seen
that the maximum difference between the EC of the UMIMOC and the EC of
the CMIMOC decreases as the impairment level increases, so it can be
concluded that the effect of the correlation is almost ignored if the impairment
level value is very large, taken in to account the antennas configurations and

value of the correlation coefficient.

Moreover, Table (4.10) offers the capacity limit value of the 4 x 4
MIMO channel in the second algorithm over different impairment level
k € {0.08,0.175} and different correlation coefficients o € { 0,0.4}.

Table 4.10: The capacity limit value of the 4 x 4 MIMO channel in the second
algorithm over different impairment level x € {0.08,0.175} and different
correlation coefficients o € { 0,0.4}.

Vallie of Capacity limit value in Capacity limit value in
bit/second/hertz bit/second/hertz
K
a=0 o =04
0.08 = 21.24 = 19.98
0.175 =13.2 = 12.24

The above table demonstrates that the capacity limit of the MIMO
channel in the second algorithm is inversely commensurate to the correlation

coefficient, impairment level, or both.

Now, it will be clear what happens to the MIMO channel's capacity

when the correlation coefficient goes up in an SC system with physical
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transmitter and physical receiver. Figure (4.18) shows what happens to the EC
of the MIMO network when the correlation coefficient is increased in the SC
system with M=4, N=4, different SNR values, and different impairment levels

for the transceiver hardware k € {0.08,0.175}.
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Fig. 4.18: Effect of increasing the correlation coefficient on the EC of the
MIMO medium in the second algorithm with M=4, N=4, different impairment
levels k € {0.08,0.175}.

The above figure shows that at any value of the SNR, the EC of the
MIMO medium for the CSIR case in the SC system having the physical
transmitter and physical receiver with any impairment level x € {0.08,0.175}
decreases as the correlation coefficient increases. Also, the above figure proves
that the correlation between the channel elements plays an essential role in
determining the capacity limit of the MIMO channel for the CSIR case in the
SC system having the physical transmitter and physical receiver. Table (4.11)
offers the value of the capacity limits found in Fig. (4.18).
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Table 4.11: The capacity limit value of the 4 x 4 MIMO channel in the second
algorithm over different impairment levels k € {0.08,0.175} and different
correlation coefficients a € { 0.4, 0.6, 0.8}.

Value (?apa_lcity limit value C_:apa_lcity limit value C_:apa_tcity limit value
of k in bit/second/hertz in bit/second/hertz in bit/second/hertz
oa=04 oa=0.6 oa=20.8
0.08 = 19.98 = 17.87 = 14.33
0.175 =~ 12.24 = 10.82 = 8.667

Next, the effect of increment the number of transmitting antennas on EC
of CMIMOC for CSIR case in the SC system harboring a physical transmitter

and physical receiver is presented; Figure (4.19) shows this effect.
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Fig. 4.19: EC of the CMIMOC in second algorithm withM = 2, N € {2, 4, 6},
a = 0.4, and different impairment levels k € {0.08,0.175}.

The above figure indicates that the incensement in amount of
transferring antennas affects the EC of CMIMOC in the second algorithm in the
same way that it affects the EC of the UMIMOC in the second algorithm.
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Therefore, all mentioned in the discussion of Fig. (4.15) can be considered a

discussion of the above figure.

Finally, the F-SNRMG of the correlated MIMO channel for the CSIR
case in the SC system having the physical transmitter and physical receiver
compares with the F-SNRMG of the uncorrelated MIMO channel for the CSIR
case in the SC system having the physical transmitter and physical receiver.

Figure (4.20) shows this comparison.

Transceiver Impairments, a =0, « =0.08, N =
Transceiver Impairments, a = 0.4, x =0.08, N
= = = -Transceiver Impairments, « =0, x =0.08, N=8
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Fig. 4.20: F-SNRMG of the MIMO channel in the second algorithm with
M =4, N € {4,8}, x = 0.08, and different correlation coefficients a € {0, 0.4}.

The above table shows that the F-SNRMG of the MIMO channel for the
CSIR case in the SC system having the physical transmitter and physical
receiver in any value of SNRs decreases as the correlation coefficient increases.

This means that the F-SNRMG limit in the high SNRs is inversely proportional

125



Chapter Four Results and Discussion

to the correlation coefficient value. Thus, the above figure indicates that when
the N > M, the F-SNRMG limit in the high SNRs may become smaller than M
if the value of the correlation coefficient increases, which is in contrast to what
Is found in the F-SNRMG of the uncorrelated MIMO channel.

4.4 Comparison with related work

In this section, we will be compared the results of the proposed
algorithms in this work with the results of the some of the related work such as
[13], [15], [19], [24]. The comparison will be created in terms of the ergodic
capacity, where the first algorithm for the MC-MIMO system will be compared
with [13], [19], [24], and the second proposed algorithm will be compared with
the [15]. Table (4.12) offers this comparison. This table shows that the proposed
algorithms in this work give accurate results for the EC of the MIMO network,
where these algorithms take into account the effect of the correlation between
the channel elements. Also, table (4.12) indicates that the ergodic capacity at a
specific SNR value, especially in the medium SNRs, may be very negatively

affected if the correlation coefficient increases.
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Table 4.12: Comparison between the proposed algorithms in this thesis and
previous proposed works

Capacity (MC-MIMO)
Effect factor )
bit/second/hertz
The works | Case 3 3 3 “TSNR=
« a NIMm SNR= | SNR = | SNR= | SNR= end
10 dB| 20 dB | 30dB | 40 dB dB
Bharati [24] |CSIT| 002 | 0 | 4 | 4 | 11.52 | 22.07 33.2 | 40.74 | 45.15
B“Eg?o” CSIT 005 | 0 4 4 114 | 2114 | 2017 | 33.03 | 3451
Singal [19] |CSIR| 0.05 | 0 | 4 | 4 - 14166 | 21.66 | 26.66 | 34.61
0.08 0O 4|4 11.2 19.85 | 25.85 | 28.34 | 29.19
Propsed | csiT|  [04[4| 4 | 1056 | 18.7 | 24.93 | 27.97 | 29.19
algorithm in
this work O 4| 4| 10.24 | 1599 | 19.02 | 20.03 | 20.29
0.175
0444|9638 | 15.17 | 1854 | 19.89 | 20.29
O |44 1036 | 19.72 | 25.83 | 28.34 | 29.19
0414 | 4| 9832 | 1849 | 2491 | 27.97 | 29.19
0.08
064 4| 8758 | 1647 | 2291 | 26.85 | 29.19
Propsed 08|44 | 7243 | 13.22 | 1851 | 22.71 | 29.19
algorithm in | CSIR
T —_ 0 |4|4]9679| 1587 | 19 | 20.03 | 20.29
. 04|14 4| 892 1496 | 1851 | 19.89 | 20.29
' 0644|7892 | 1335 | 17.26 | 19.38 | 20.29
084 4| 6.445 | 1065 | 14.03 | 16.68 | 20.29
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Capacity (SC-MIMO)

Effect factor

bit/second/hertz
The works Case SNR=| SNR SNR=

SNR= | SNR=
K a N M 10 =20 30dB | 40 dB end
dB dB dB
Zhang [15] CSIR| 015 | 0 |4 | 4  9.282| 136 | 14.56 | 14.68 | 14.7
0 (4|4 1038 17.89| 20.76 | 21.18 | 21.23
0.08 044 | 4| 958 |16.67| 195 | 19.93 | 19.98
' 064 | 4 |8533|1481| 1741 | 17.82 | 17.87
in this work 0 |4 48839 | 124 | 13.11 | 13.18 | 13.19
n 044 | 4 |8.125 (1148 | 12.16 | 12.23 | 12.24

175

064 | 4| 7.201 |10.13| 10.74 | 10.81 | 10.82
084 | 4| 5915 |8.142 | 8.608 | 8.661 | 8.667
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CHAPTER FIVE
CONCLUSIONS AND FUTURE WORKS

5.1 Conclusion

The work provided in this thesis is divided into two algorithms. The first
algorithm takes into account only the effect of the physical transmitter on the
EC and F-SNRMG in many cases shown in Fig. (3.1). In contrast, the second
algorithm considers the effect of the physical transmitter and the impact of the
physical receiver on the EC and F-SNRMG in the cases shown in Fig.(3.1).

Therefore, the following points represent the important conclusions:

1. When a MIMO system contains a physical transmitter or physical
transmitter and physical receiver, its channel capacity at high SNRs
reaches a value known as the capacity limit and stops growing.

2. The capacity limit value of the MIMO channel is inversely proportional
to the level of the degradation .

3. In the first algorithm, the value of the capacity limit for the MIMO
channel in the CSIT case increases as the amount of transferring antennas
increases. This incensement in the amount of the capacity limit decreases
every time the number of transferring antennas is increased by the same
number that is added the first time. In contrast, the value of the capacity
limit for the MIMO channel in the CSIR case is not affected by the
number of transmitting antennas. This statement applies whether the
system is MC or SC. While, in the second algorithm, the value of the
capacity limit for the MIMO channel in the CSIR case increases as
quantity of transferring antennas increase. This incensement in amount of
the capacity limit also decreases every time the amount of transferring

antennas is increased by same number that was added the first time.
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4.

In the first algorithm, when M = N, the value of the capacity limit of the
MIMO channel is not affected by the type of the system used (SC or MC)
or by the nature of the party that owns the channel information, but it is
affected by the level of degradation of the transmitter only.

When M < N and the channel status information is available in the
transmitter, the multi-carrier system achieves a higher capacity limit
incident value than the single-carrier system.

In general, the capacity limit value for the MIMO channel is directly
proportional to the number of receiving antennas.

In the first algorithm, the capacity limit value of the MIMO channel is not
affected by the correlation coefficient. While in the second algorithm, the
correlation between the channel elements plays an essential role in
determining the MIMO channel’s capacity limit value, where the capacity
limit value of the MIMO channel is inversely proportional to the
correlation coefficient.

In the first algorithm, the MIMO capacity for the CSIR case in the MC
system is equal to the MIMO capacity for the CSIR case in the SC
system.

In both algorithms, the EC of the MIMO network grows with quantity of
transmitting antennas. However, this enhancement in channel capacity
diminishes when the same number of antennas is added to the
transmitting antennas a second time. This point does not include the

period at which capacity bound of the MIMO network begins.

10.The capacity of the MIMO network is affect by the value of the

correlation coefficient, as the higher the correlation coefficient, the lower
the MIMO channel capacity. This point does not include the period at
which the capacity limit of the MIMO channel begins.
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11. The higher the correlation coefficient, the more power the MIMO
channel needs to reach its limit in the high SNRs.

12.In the SC system for the CSIR case for any impairment level x, at the
low, medium, and high SNRs, the EC of the UMIMOC in the second
algorithm is smaller than EC of the UMIMOC in the first algorithm.

13. In the MIMO system with a physical transmitter, the value of F-SNRMG
at the high SNR rates depends on the party that owns the channel state
information. If information of channel is obtainable at the receiver, F-
SNRMG limit is equal to M. Whereas if information of channel is
obtainable in the transmitter and receiver, the F-SNRMG limit is equal to
M when M =N and is greater than that when N > M. while, In the
MIMO system with a physical transmitter and physical receiver, the F-
SNRMG limit in high SNRs for the uncorrelated MIMO channel is larger
than M when N > M, while it is less than M when N = M,.

14. In the first algorithm, the F-SNRMG limit value of the MIMO channel is
not affected by the correlation coefficient. While in the second algorithm,
The F-SNRMG limit in the high SNRs is inversely proportional to the

correlation coefficient value.

5.2 Future Works

The following points represent some ideas that may be applied to
improving and developing the work proposed in this thesis:

1. The two algorithms proposed may be repeated apply with other types of
fading, such as Rician fading, Nakagami fading, and Weibull fading.

2. The two algorithms proposed may be repeated apply with taken into
account the cross correlation (mutual compiling).

3. The second algorithm can be developed by including many scenarios
such as SC with CSIT, MC with CSIR, and MC with CSIT.
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The scope of the analysis in both algorithms can be expanded to include
the BER, SER, PER, and throughput, leading to whole analysis of system
performance.

Systems studied in this thesis can be expanded to include MU-MIMO,

and downlink systems.

. Systems studied in this thesis can be expanded to the massive MIMO

systems.

. Study the impact of imperfect CSIT on the EC and F-SNRMG.
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Appendix

Appendix
function ps = function Waterfilling_ (SNR, Invers 1)
N = length (Invers A);
Invers A Sorted = sort (Invers A,'ascend’);
Lagrange coefficients = (SNR+ cumsum (Invers A Sorted))./(1:N)";

Correct Lagrange select condition = Lagrange coefficients - Invers A Sorted
(1:end,1)>0 & Lagrange coefficients -[ Invers A Sorted (2:end,1); Inf]<O0;

Water Level = Lagrange coefficients (Correct Lagrange select condition);
D = Water Level - Invers A;
D(D<0) =0;

end



AadAl

-

dLadal)
Connd) 3 gny Ai€ae A5 B 5 Y1 5eaY) el st dllall dndy pualall il b

8 A g Ay S adadll (e anll aladiiol Qi A5 SV 3 jeal) prany (& 4d) ) 4as gl 1
Al 2 bl e V) Gaang e 5 Y () alei LSyl g Slea A ST e ) asae Juay
Aabil gl S8 aa gl 13 (o)) LS L ga coln e (1adsii5 45 5iSIV) 5 e aia 44IS5 (6 1)
8 Aalail) oda (5 siad um ¢ (MIMO aldai sf) il yaall 5 codlanall saasie L1 Y Lasy!
LSSl L) cails 5l ey cila e Jad Jliad 5 Jl)) Jlea e dmpdall Cag Ll
G Baxeie AL VLAY Lakail A dsa el el JLELYT s Ju)¥1 Slea e
¢ phdd Glidias ge ) 3Y) axe -|Q 5 skl slia ga Jie Qe YT (e il (e Sl jall
W BN 4588 ) 1 (el JLsinll s Jla )Y e o ( il & ¢ aeSill sl s

Al elal Hsaxi ) g2 las co e sl

(Rayleigh) s 353l (MIMO) <l elal didail (yine 5 )55 Al )l 020 ¢ 55
(MIMO) 5L slaf 358 da ) sall Jlas | adl) JLiia¥) s Sl Slen 25ns Jl & elaasal
Al il g s dag )l (B el QY1 Slen 25n 5 B Adasi sl e (MIMO) 8L 5 4 5l
-SC) st «(CSIR) = (MC-MIMO) s2bisss «(CSIT) &= (MC-MIMO) s st
Q) il Ly a0 o3 336 (CSIR) g (SC-MIMO) s tismss «(CSIT) g (MIMO
S OS5 Yy el ) L8 (s shan T giag Ailine agle 45 sl s (5S40 Ladl
SC-) aldai i n Juu,Y) 3 sa ie galall Jlu Y Slead 4 il 5 68 () gl 138 ia yidy (& guia g
MC-) alai b Ly lsell udd e 5LEY) Cud duacadall 5,0l ae sy (MIMO
58 g gene g i ladl) Ju el 4p 050l 558 Jlaa) of dua 3yl a) eda (g (MIMO
Al Y il g e e U seie Jlas ) 58 IS 4y 50

s (MIMO) 3L 5 dasiyall (MIMO) 5L slal 4l daa ) ) sal) Jlas (Jilaall 3

(SC-MIMO) sl sa 5 canly s b A il Jifiaal) g adll Juo pall 253 5 3 A yal
DA s 55 ¢ (W) Ayl sl ARy yla iy (galall Jus el il 45yl 028 55 (CSIR) e
ool 4l L Gy s Jawgley Al e e Ailias A st 4 gl elia suaS (galal) Juiiaall




AadAl

vie galal) Jitall 4yl 568 () laad)l (8 daa ) sall o2 28l ¢ Wy 6T S Y,
M caall ye dldiadl 3 LAY 8 )8 dau sie ae caliii SC-MIMO alai 8 m JLEiay) Al s

BLaal) 48 gdima (ya

MIMO @l 58 elal Jlasi dl jall o288 Cptia yiall (pine ) ) a8 celld ) dalay

F-) 253aall (SNR) wielias sl ((EC) ergodic) Amud) Cua (po dasi yall ye 5 Adasi 1l

LY Clual (Kronecker) g s axiiud (piiae 3l sall IS Gl ey ) byl (SNRMG

Ll 52 il sad) o2gd sSall Cillee L addiiall LlasiV) (5 giue Of LS 3Ll jualic o
L 510.175 510.08

C¥ana 8 4l 5 IV e 51 sl 3 MIMO U8 das 0 (8 Jand) milis aa Jiai
A sAl A el yY) Jalas elliay ¥ g ¢ dand) aa et A die salll (e a8 68 Al (SNR)
8 Lage 1590 Lalsi W) e camdy ¢ 20l Gy sad) 8 Lt ¢ Gl 2a A e 1580 15V

A as A8 s




alal Giadly Mal) agdasl) 50 3
Aaurigl) A0S / s daals

Al gl Aduidigl) andd

513 hitaind -l e | 5 ety i | | 1] Jualii
Joaid|§ Jhuiyd| LR ke Fuo il |

S
Qb daala (& gl 4408 ) danie
Asig) fluigl 8 piiealall da 0 Ja il (e s 3aS
iy Al sl

o o

O g RS S 2

2022 21444



