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Abstract

In this thesis, non-orthogonal multiple access (NOMA) with multiple-
input multiple-output (MIMO) over millimeter wave (mmWave) channels is
investigated and characterized. These two techniques are merged to serve
multi-users in the next generation of wireless communication. The NOMA
multiplexing technique has witnessed lots of interest due to its ability to
enhance spectral efficiency significantly. Moreover, massive MIMO is the
mechanism of transmission over tens and hundreds number of antennas, which
also improves the system throughputs and reduced the required transmitted
power. Furthermore, the use of mmWave as a promising uncongested band
would enhance the system performance, increase the transmission bandwidth

and reduce the latency.

Two aspects are proposed and investigated in this thesis, the first aspect
is the employing of cooperative relays, in the decode-and-forward (DF) mode,
to tackle the path-loss issue inherent in the mmWave bands, while the second
one is to use beamforming with massive MIMO to increase the signal of

interest and reduce the interference at each user terminal.

In the first aspect, two links with different frequency bands are
considered to serve users by a base station (BS) via DF cooperative relays.
Backhaul and access links are proposed with sub-6 GHz and mmWave bands,
respectively. The NOMA is employed in the backhaul link to transmit a
superposed signal in the power domain simultaneously using the same band.
The superposed signals, which contain two signals that differ in power
allocation factors (PAFs), are constructed for two selected DF relays in the
BS. The two relays are chosen among several relays to be serviced by the BS
via utilizing a pairing algorithm depending on different users’ circumstances.
The furthest DF relay detects the incoming NOMA signal directly, while the

nearest one applies successive interference cancellation (SIC) before
II



extracting its signal. Each DF relay forwards the detected signals toward their
intended users over mmWave channels. Furthermore, three performance
metrics are utilized to evaluate the system’s performance, which are the outage
probability, the spectral efficiency, and the bit-error rate. Moreover, the
comparisons between two mmWave bands in the access link, which are
28GHz and 73GHz, are obtained to demonstrate the superiority of 28 GHz in

the three-performance metrics.

In the second aspect, massive MIMO with NOMA is considered to
serve multiple users wirelessly over mmWave channels, in which a BS with
tens of antennas is proposed to provide services to users in the coverage area
by applying zero-forcing (ZF) and maximum ratio transmission (MRT)
beamforming techniques. The BS first divides the area into clusters which
contain only two users via applying a pairing algorithm, then NOMA is
applied to the two users by providing different power allocation factors for
satisfying user fairness, and depending on users’ circumstances. The
achievable throughput for each user in the cluster along with the sum-rate
provided by the BS are analyzed and evaluated for the two beamforming
mechanisms. The results are obtained for different numbers of BS antennas
over different combinations of power allocation coefficients. The simulation
results reveal the improvement obtained by increasing the antennas in the BS.
Additionally, the two beamforming methods introduce similar throughput
when the same parameters are considered, with slight outperforming of MRT

in the outage portability.
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CHAPTER ONE

INTRODUCTION

1.1 Overview

Wireless communications have become more prevalent and have
permeated every facet of modern life, resulting in constant advancement and
qualitative leaps in the communications industry. The lack of spectrum, the
need to communicate with a large number of users, and the need for high data
speeds and reliability are some of the challenges. As with previous
generations, the urgent need for more services led to the development of the
fifth generation (5G) and beyond wireless networks. Non-orthogonal multiple
access (NOMA) can fulfill these objectives [1]. By using the same band of
frequency simultaneously for numerous users in the cell, NOMA can be
extremely helpful in achieving massive connections. By using the power
allocation approach, in transmissions between the base station (BS) and the
mobile station (MS) in the downlink and uplink phases. User fairness, secure

connectivity, and spectral efficiency can all be satisfied by NOMA.

To allow several users to share the same time-frequency resources,
NOMA is built on the superposition coding principle. This allows users to do
so by allocating different power levels or codes. Each user is given his own
frequency or time slot in conventional orthogonal multiple access (OMA)
schemes like frequency division multiple access (FDMA) or time division

multiple access (TDMA).

Millimeter-wave (mmWave) bands have attracted a lot of interest as a
potential supplementary spectrum band for 5G and beyond cellular networks
because standard microwave bands are so limited in the spectrum[2]. The

mmWave band is referred to as the area of the electromagnetic spectrum with

1



wavelengths between 10 mm and 1 mm and falling between 30 GHz and 300
GHz. The data rate and capacity of a mmWave communication system can be

increased by handling multiple gigahertz of bandwidth [3].

The BS and MS systems needed new antenna architectural concepts for
mmWave frequencies to successfully implement a fundamental element of 5G
wireless networks, a beam-steerable phased array antenna, and to do it at a low
cost. Sharp beamforming or multiple-input multiple-output (MIMO)
technologies are also made possible by the short wavelength of mmWave,
which makes it possible for mmWave antennas to be made smaller than those
used for conventional cellular frequency waves [4]. When tens, hundreds, or
even thousands of antennas are typically used in single antenna arrays then the
systems are called massive MIMO. Massive MIMO is a technology that uses
numerous antennas at the base station to provide service to many users at once.
Massive MIMO can enhance the system's coverage, capacity, and overall
performance by using spatial multiplexing and beamforming techniques. A
wide antenna array improves the signal-to-noise ratio (SNR), reduces

interference, and offers more reliable link performance.

There are many advantages when NOMA is used over mmWave
channels. Firstly, by assigning various power levels to various users, the
extensive bandwidth present in the mmWave spectrum may be effectively
exploited. As a result, spectral efficiency and system capacity can be
improved. Additionally, it is possible to successfully leverage the mmWave
broadcasts' narrow beams to facilitate the simultaneous transmission and
receipt of numerous user signals in the same time-frequency resources,

significantly enhancing system performance.

To achieve high-quality communication links in mmWave-NOMA
systems, beamforming techniques are essential. Beamforming makes it
possible to create highly directional beams that may be precisely guided

2



toward the designated receivers, reducing user interference. NOMA can offer
more degrees of freedom for multiple users to share the same resources by

utilizing the spatial dimension through beamforming.

1.2 Literature Review

Many related works on the subject of NOMA and mmWave bands have
been investigated in previous researches. In this section, the most relevant
works to the proposed system in this thesis are reviewed, which include the

following:

In 2003, M. Ghaddar et. al. presented wideband predicted results for
indoor wireless communications operating at 37.2 GHz, based on verified ray-
tracing modeling. The data analysis reveals that selecting the right location for
the antenna in the indoor channel is crucial to minimize the interference caused

by symbols [5].

In 2009, v. K. Sakarellos et. al. presented the physical models for the
dual-hop system's outage performance statistics. The investigation included
both transparent and regenerative radio relays that operate at frequencies over
10 GHz and meet the line-of-sight requirement. The performance of the outage
has been thoroughly evaluated with geometrical and operational

characteristics, various relay types, and various environmental circumstances
[6].

In 2012, Salam Akoum et al. compared large mmWave cellular
networks servicing one or more users per cell to conventional microwave
systems to characterize the probability of coverage. Given that the two
systems' coverage was comparable, mmWave frequencies' greater bandwidths

can enable substantially faster data rates than microwave systems [7].



In 2013, Beomju Kim et al. suggested a NOMA-beamforming system
to increase sum capacity. Because two users can share a single BF vector in
the proposed NOMA- beamforming system, more users can be supported.
Furthermore, by implementing the suggested clustering algorithm and
efficient power allocation, which gives the ability to reduce inter-cluster and
inter-user interferences, the proposed NOMA- beamforming's total capacity
was increased in comparison to the traditional multiuser beamforming system

while maintaining the weak user capacity [8].

Yuya Saito et al., in 2013 analyzed the system-level performance of
NOMA while taking into account more useful cellular system features as well
as some important long-term evolution (LTE) radio interface functionalities,
such as frequency-domain scheduling, as well as NOMA -specific features like

dynamic multi-user power allocation [9].

In 2014, Taehoon Kim et al. developed a mmWave-based small cell
with multiple directional antennas and suggested an antenna clustering scheme
(ACS) to enhance the small cell coverage. Additionally, they described two
design criteria for a mmWave-based small cell: a capacity-maximization

criterion (CapMC) and a coverage-maximization criterion (CovMC) [2].

In 2014, Jinho Choi discussed how to support a cell edge user ina NOMA
channel by using two-point systems, which can provide an acceptable
transmission rate to a cell edge user without decreasing the rates to users near

to BSs [10].

In 2015, Kenichi Higuchi and Anass Benjebbour presented NOMA as a
new and promising future radio access, using successive interference
cancellation(SIC) at the receiver side to achieve better user fairness and

system efficiency than OMA [11].



In 2015, Zhiguo Ding et al. studied a cooperative NOMA transmission
technique that makes use of certain users in NOMA networks who have
previous information. To illustrate the performance benefit of this cooperative
NOMA method, analytical findings have been provided. In this study, fixed
power allocation coefficients have been employed, and it is crucial to research

the best power distribution for cooperative NOMA [12].

Linglong Dai et al., in 2015 discussed NOMA as a solution for 5G
networks and beyond, NOMA is different from OMA. Through nonorthogonal
resource allocation, NOMA can support a lot more users. Power-domain
NOMA, multi-user shared access, sparse code multiple access, multiple access
with low-density spreading, and pattern division multiple access are some of
the dominant NOMA schemes that the current study divides into two

categories: power-domain multiplexing and code-domain multiplexing [13].

In 2016, Shu Sun et al. discussed and compared two types of
propagation path loss models, the close-in (CI) free space reference distance
model and the alpha-beta-gamma(ABG) model for the design of 5G wireless

communication systems [ 14].

Shimei Liu and Chao Zhang, in 2016 studied NOMA downlink
multiuser beamforming system with limited channel state information (CSI)
feedback. They incorporate the random beamforming and zero-forcing (ZF)
beamforming into NOMA downlink multiuser and provide feedback in the
form of channel direction information and a channel quality indicator that is

provided over a limited rate channel by the potential users [15].

In 2016, Zhang Han et al. claimed that more than one user with identical
resources might be chosen by using the user pairing algorithm approach. To
ensure maximum capacity and user fairness, this algorithm chooses users

based on various channel characteristics [16].



In 2017, Jinjin Men et al. studied the outage performance for downlink
NOMA with imperfect CSI over Nakagami-m fading channels. The
theoretical foundation for providing helpful advice in the real communication
system design is the closed-form expressions for the exact and lower bound of

the outage probability [17].

Khaled M. Rabie et al., in 2017 suggested NOMA for decode-and-
forward (DF) cooperative relaying power line communication (PLC) systems
to increase throughput and enhance user fairness. Additionally, they
researched conventional cooperative relaying (CCR) PLC systems to
objectively quantify the performance of the proposed system and compared

the two systems' performance based on their average capacity [18].

In 2018, Zhen Luo et al. presented a robust hybrid beamforming scheme
for mmWave amplify and forward (AF) MIMO relay networks. To establish
an approximate average received SNR as the design criterion, the imperfect
CSI with Gaussian-distributed errors is taken into consideration. The
beamformers at various nodes can be optimized alternately using an iterative

approach [19].

Mojtaba Ahmadi Almasi and Hani Mehrpouyan, in 2018 investigated
the use of NOMA in hybrid beamforming (HB) multiuser systems to serve a
high number of users. The HB-NOMA problem's sum-rate formulation is
created first. The second step is the proposal of an efficient method to optimize

the sum rate [20].

In 2018, K A I Yang et al. suggested a novel uniform beam selection
technique or the mmWave massive MIMO-NOMA system. To discover the
best channels for the users, they take advantage of the cross-correlation and

channel sparsity of the users. The numerical outcomes have demonstrated how



the suggested technique may enhance not only spectrum and energy efficiency

but also user computation [21].

Khagendra Belbase et al., in 2019 calculated the coverage probability
of three NOMA relay selection cooperative mmWave schemes. Closest-to-
source relay selection and closest-to-destination relay selection both exceed
OMA. However, depending on transmit power level and relay density,
coverage caused by a random relay could be worse than that of OMA. This
study takes into account a place that is not connected to the source directly

[22].

In 2019, Xiangbin Yu et al. investigated the energy -efficiency
optimization in a downlink multi-user mmWave-NOMA system with hybrid
precoding (HP) by considering fully-connected and sub-connected HP
architectures, and a suboptimal energy-efficient power allocation technique
with low complexity is provided for the system. The user pairing method and
two-step HP design are first given using the study of energy efficiency as a
foundation. The digital ZF precoding is intended to remove inter-cluster
interference for the strong users in all clusters, and the analog beamforming is
specifically presented to increase performance. With the use of these findings,
the energy efficiency maximization issue is then formalized, and the fractional
programming theory may be used to split it into separate convex sub-problems

[23].

In 2019, Lipeng Zhu et al. investigated the combination of NOMA and
mmWave communications. The authors considered a downlink cellular, in
which several users are served by BS with a single antenna using a single radio
frequency (RF) chain and a sizable antenna array. To lower hardware costs

and power usage, analog beamforming was used [24].



In 2020, Anthony Ngozichukwuka Uwaechia and Nor Muzlifah
Mahyuddin discussed a thorough analysis of upcoming 5G mmWave
propagation characteristics, including free-space path loss, rain and foliage-
induced attenuation, material penetration loss, atmospheric-induced
attenuation, and other propagation parameters. For the 5G channel modeling,
radio frequency spectrum and legal challenges have been provided. The
authors discussed mmWave communication, massive MIMO communication,
multiple access, and performance analysis which represented the most

challenging 5G systems communication scenarios [25].

In 2020, Ahmed Al Amin and Soo Young Shin proposed an orbital
angular momentum-based MIMO (OAM-MIMO) to increase the channel
capacity of downlink NOMA cellular communication. The user and sum
capacities of the proposed NOMA-OAM-MIMO system are examined, and
contrasted with those of other conventional schemes, such as OMA with

OAM-MIMO multiplexing and traditional NOMA with MIMO [26].

In 2020, Yue Wang et al. studied the spectrum and energy efficiency of
spectrum-shared NOMA-mmWave systems with massive MIMO, with
emphasis on learning-aided real-time system optimization, optimal sensing
resource allocation, high-performance, and low-complexity channel sensing,

security and privacy providing [27].

In 2021, Joydev Ghosh et al. described and compared how NOMA and
OMA work for mmWave massive MIMO-based wireless networks from the
perspective of operating principles, the authors have shown that mmWave
huge MIMO-NOMA can be implemented with adequate resource allocation
and precoding, compared to MIMO-OMA, based communications can
significantly enhance spectral efficiency, energy efficiency, and outage
probability performances. Additionally, the OFDM-based MIMO-OMA

systems' high peak-to-average power ratio issue can be resolved [28].
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Meng Han et al. in 2021, studied the mmWave massive multi-user
MIMO domain's mixed-structure DF relay systems. The goal of the hybrid
beamforming design is to increase the sum rate between the users and the
source node. An effective sorted serial design method is suggested to design
the analog beamforming of each node to resolve this difficult hybrid

beamforming design problem [29].

In 2022, Joonpyo Hong et al. suggested a simple user scheduling, power
allocation, and beam activation mechanism to maximize network utility. To
simplify the original problem and reduce its computational complexity,
several heuristic but useful approaches were introduced, including time scale
decomposition, sequential decision-making for beam activation, use
scheduling and power allocation, and abstraction of interference into a single

critical user [30].

Aditya S. Rajasekaran and Halim Yanikomeroglu in 2023, explained a
computationally effective two-stage machine learning-based approach that
uses neural networks to address the cluster assignment issue in a mmWave-
NOMA system while taking into account the unique SIC decoding abilities of
each user. To allocate users to clusters in real time, the artificial neural
network (ANN) uses the instantaneous CSI and SIC decoding capabilities of

each user as inputs [31].

In 2023, Waheed M. Audu and Olutayo O. Oyerinde presented joint
power allocation (PA) and power splitting (PS) optimization for simultaneous
wireless information decoding and energy harvesting (SWIDEH) with a
modified user grouping and HP design. By changing a fixed initial correlation
threshold into a function of changing discovered influencing parameters, an
adaptive initial threshold-based cluster head selection strategy is presented.

This enhances the analogous channel, correlation-based user grouping, and



quantized analog precoder for a ZF digital precoder design to eliminate inter-

user interference [32].

In 2023, Nhat Tien Nguyen et al. used mmWave technology to study
the effectiveness of a hybrid satellite-terrestrial relay system based on NOMA.
The relays also have several antennas and use the AF protocol to send the
information from the satellite that has been overlaid to other locations. The
best relay is then selected by taking the rain coefficient into account as the

mmWave band's fading factor [33].
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1.3 Problem Statement

The need to move toward new techniques with higher performance and
greater capacity becomes urgent to accommodate more users due to the
growing number of users. Communications methods can utilize the limited
spectrum resources effectively in the situation of multiple access. According
to numerous research, NOMA is one of the most significant multiple access
techniques that exhibit high efficiency in managing spectrum resources and

high throughput.

The main problem discussed in this thesis is how to increase user
fairness. In OMA, the edge user suffers from poor data rates and signal quality.
NOMA fixed this problem by giving the edge user more power than the near
user by employing suitable power allocation. The second problem is the
limited bandwidth of the sub-6 GHz frequency bands for a single carrier. One
solution to this issue is to use mmWave technology. The fourth generation
(4G) and 5G networks have made extensive use of sub-6 GHz frequency
bands, which are normally employed for cellular communication. However,
more bandwidth is needed because of the rising demand for higher data rates
and more capacity. The third issue considered in this thesis is beamforming
techniques. The latter plays a vital role in reducing interference and enhancing
the signals in the direction of the intended user. The three topics, which are
NOMA, mmWave, and beamforming, are merged in this study for the sake of
enhancing the SNR for the near user and signal-to-interference-plus-noise
ratio (SINR) for the far user from the BS by allocating more power for the far

user which will be explained later in chapter three and chapter four.
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1.4 Aims and Objectives of the Study

This thesis aims to investigate different methods and techniques to

enhance the performance of multi-user systems in the next generation of

wireless communications. For serving several users with high-quality service,

the MIMO-NOMA system is proposed to work over the new uncongested

mmWave band. Several issues are considered to tackle issues inherent in the

proposed system as listed below:

1.

The pairing algorithm is used and applied for user clustering, in which
two users in each cluster are served via NOMA depending on their

channel circumstances.

SIC is used to remove the interference caused by the superposed signal

of NOMA for the two users in a cluster.

To tackle the inherent path-loss of mmWave frequencies, cooperative
decode-and-forward (DF) relaying is used and applied for the sake of

performance enhancement.

For massive MIMO transmissions, digital beamforming is investigated
and employed to increase the signal of the interest direction and reduce

the interference, which consequently, enhances the SINR

Two beamforming techniques are considered and designed for the
proposed system, i.e. ZF beamforming and maximum ratio transmission

(MRT) beamforming.
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1.5 Thesis layout

This thesis consists of five chapters: The introduction, and literature
review presented in chapter one. The theoretical background of NOMA,
mmWave, and other techniques that are used with them, such as massive
MIMO and beamforming illustrated in chapter two. In Chapter Three,
cooperative relays in a DF mode are utilized with the proposed NOMA-MIMO
system over mmWave bands to tackle the attenuation caused by the path-loss
of mmWave bands. Additionally, a combination of Sub-6 GHz and mmWave
bands are suggested for backhaul and access links, respectively, in which
NOMA is exploited in the backhaul link while conventional OMA is
employed in the access link. In Chapter Four, Massive MIMO with NOMA is
considered to serve multiple users over mmWave channels, and a BS with tens
of antennas is proposed to provide services to users in the coverage area by
applying beamforming techniques. Conclusion and future works suggestions

are presented in Chapter Five.
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CHAPTER TWO

THEORETICAL BACKGROUND

2.1 Non-orthogonal Multiple Access

As opposed to traditional OMA schemes, NOMA encourages multiple
users to transmit simultaneously by utilizing the same code, and over the same
frequency, but with different levels of power [9]. NOMA has two major
categories; power domain and code domain, in this study NOMA power
domain is proposed. In the power domain, users with better channel
conditions, are given less power depending on NOMA theory, and by using
SIC [34], these users can decode their data. Hence, these users will be aware
of the signals corresponding to other users. This prior information can be used
to improve performance, but it was not taken into account in previous forms
of NOMA [10]. To effectively utilize the historical information included in
NOMA systems, a cooperative NOMA transmission scheme is presented in
this study [12]. The sequential detection approach is used at the receivers, in
particular, since users with higher channel gain must detect and decode signals
of other users with weak channel conditions, by using the SIC strategy at their
terminals; the users with good channel conditions can be utilized as repeaters,
1.e., relays, to enhance the reliability of the received signals of the users with
weak channel gains with the service provider. Messages can be sent from users
with better channel conditions to those with worse channel conditions by
employing short-range local communication techniques like ultra-wideband
and Bluetooth. These analytical outcomes show that the largest diversity gain
for all users can be obtained via NOMA. The outage probability and diversity
order attained by this cooperative NOMA scheme are examined. Due to the
difficulty of coordinating user participation, requesting all users under the

coverage of a NOMA network to be engaged may not be feasible in practice.
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Moreover, grouping users with high channel quality does not always result in
a significant performance improvement over OMA, hence the technique of
user pairing can be a promising approach for the minimization of systems’
complexity [35]. Instead, it is preferred to connect users who have more
distinct channel profiles, i.e., they show a significant difference in channel

gains due to different distances and attenuation conditions [36].

Figure 2.1 illustrates the basic difference between NOMA and OMA,
where NOMA allows multiple users to use the same resources of time-
frequency with different levels of power, on the other hand, OMA only allows

each user to use the allotted resources of time-frequency.

Power Power

Time, Code, Freq. Time, Code, Freq.
(a) OMA (b) NOMA

Figure 2.1: The difference between OMA and NOMA [37].

2.1.1 Successive Interference Cancellation

The severe multiple-access interference seen in NOMA systems, which
is brought on by users sharing the same spectrum, is a distinctive characteristic
of these systems. It has been demonstrated that the technique of SIC is efficient
in reducing this interference. The overlapped signals' varying power levels are

one of the requirements for a successful SIC. Additionally, the SIC method
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reconstructs the signal with the greater level of power in the first step and
subtracts it from the full received signal to produce the next-order signal with
the lower power allocation factor (PAF) [16], and so on. By employing this
method, the SIC eliminates interferences brought on by signal overlap in the
power domain iteratively, by identifying and removing the signal of higher-
order power until the signal of interest is identified [38]. The perfect SIC is
proposed in this study.

% | Decode the strongest . /\/
signal first
Subtract ——{ Decode —h/\/

o

Figure 2.2: Successive interference cancellation technique [39].

b

2.1.2 Power Allocation (PA)

Given that users are multiplexed in the power domain, PA is essential in
NOMA. As with the management of interference, user admission, and rate
distribution, it has an immediate impact on the system's performance. An
ineffective PA may result in a system outage because of SIC failure as well as
an unjust rate allocation among users. Users' channel circumstances, CSI
availability, quality of service (QoS) requirements, total power constraint, the
system aims, and other factors need to be taken into account while creating

PA strategies. A few often-used PA performance parameters are the number
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of admitted users, energy efficiency, sum rate, outage probability, user
fairness, and total power usage. As a result, the objective of PA in NOMA is
to achieve either increased numbers of permitted users, a greater energy

efficiency, and sum rate, or balanced fairness with minimal power usage [40].

2.1.3 Superposition Coding

Superposition coding (SC) is a technique used with NOMA. It is
represented the sum of the multiuser signals at the transmitter, each user
receives the SC signal and decodes its signal, whereas the far user with bad
channel gain decodes its signal and treats other signals as interference, on the
other hand, the near user with good channel gain subtracts the far user signal

from the SC signal and decode its signal by using SIC [41].

2.1.4 Channel Capacity

The maximum rate at which data may be transmitted through a channel
is known as the channel capacity it is measured in bits per second (bps)

according to Shannon's theorem which can be written as [42]:
C = Blog,(1 + SNR) (2.1)

where C 1s the channel capacity, B is the bandwidth of the passband system in
(Hz), and SNR represented the signal-to-noise ratio, by adding the effect of
user’s interference the SNR changed to the SINR.
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2.1.5 Spectral Efficiency

The amount of data that can be sent over a specific bandwidth (BW) or
frequency range in a communication system is referred to as spectral
efficiency. In other terms, it is a measurement of how effectively a
communication system transmits data using the available frequency spectrum.
Spectral efficiency in wireless communication is commonly expressed as bits
per second per Hz (bps/Hz). More bits of data may be sent per unit of

frequency BW as spectral efficiency increases.

__Data Rate(bps)
System BW(Hz)

SE

(bps/Hz) (2.2)

There are many ways to boost spectral efficiency, including modulation
systems that can transport more bits per symbol and use numerous antennas

to increase spatial variety [43].

Since NOMA serves several users in the same resource block, it often has
a higher spectral efficiency than OMA. NOMA achieves this by allocating
varying power levels to users based on their channel circumstances,
maximizing the utilization of available bandwidth. Contrarily, OMA allots
orthogonal resources to every user, which might result in underutilization of
the spectrum, particularly in situations where users' channel conditions are
varied. Figure 2.3 shows the spectral efficiency comparison between NOMA

and OMA.
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Figure 2.3: Spectral efficiency comparison between NOMA and OMA for
2x2 MIMO system.

2.1.6 System Throughput

The quantity of information, tasks, or data that a system can process in a
specific length of time is referred to as system throughput. Often defined in
terms of bits per second, it is a measurement of the system's capacity to process
or send information. A system that can process more data and complete more
tasks in less time will often have a greater throughput. It is a crucial
performance indicator for systems that need to process a lot of data.
Depending on the system type, many factors may influence throughput. The
throughput of a computer system can be affected by several variables,

including the consumed power in the center processing unit, memory speed,
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the effectiveness of the software algorithms, and the storage devices' capacity.
In a network system, elements like the network connection's capacity, the
effectiveness of the network protocols, and the networking devices' computing

power can all affect the system's throughput [44].

2.1.7 Outage Probability

The probability that a communication system or network will not achieve
a specific performance standard, such as a minimum data rate or a maximum
error rate, under a given set of environmental factors is known as outage
probability. In other words, it is the probability that a certain set of conditions
will not result in the proper operation of the system or network [45]. To
analyze the outage probability, it has been considered the threshold
communication rate for each user. Let us denote the threshold rate for U; as
r; and the threshold rate for U, as1,. The outage event occurs when either
U, or U, fails to obtain their respective threshold rates. The outage probability
of the far user P,,;; can be directly defined as the probability that the data rate

falls below the target rate, which can be expressed as:

Poyt1 = P-(log,(1+7vy1) < 1) (2.3)

On the other hand, at the near user, i.e. U,, SIC is performed to cancel
the interference caused by the far user,U;, which makes the outage
probabilities rely on the accuracy of this process.

As a result, by assuming the perfect SIC process at U,, its outage probability
can be expressed as:

Pout2 = P.(log,(1+Q,) < 1) (2.4)
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2.1.8 Downlink NOMA

In a downlink NOMA transmission, the BS will schedule k users to use
the same spectrum resources. Assume additionally that the message signal for
irp, user is s;, where E[|s;|2] = 1, and transmit power is p;. The superposed

signal at the transmitter end can be written as [46]:

X =Xapisi . (2.5)

where Y . p; < p;, for BS total transmit power budget of p,. On the other
hand, at i;, user end the received signal can be written as [46]:

yi = hiX +n (2.6)

where h; represented the gain of the complex channel between BS and the user
[, and n; 1s the receiver Gaussian noise including the inter-cell interference at

the iy, user's receiver with power spectral density N ;.

A simple NOMA system with two users and a single BS is presented in Fig.2.4

SIC

Subtract Decoded Uy
Signal from Received »|  Decoding U, Signal
Signal

Decoding U, Signal

S~ ,
S~ )
- AE » Decoding U, Signal

Figure 2.4: Two-user downlink NOMA
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At the receivers, SIC is used to separate the signals from various users.
According to |h;|?/ N¢ ;. The best order for SIC decoding is in decreasing
order of the users' channels' strengths. Each user can effectively eliminate
interference from the signals of other users whose decoding commands occur
after them using this order. As a result, user 2 (with the strong channel) |h,|?/
N¢ ,, can cancel out interference from user 1 (with the weak channel) |h; 12/
Np ;. It is crucial to remember that the BS regularly orders SICs based on CSI
feedback from users and that the BS provides users with the latest information
on SIC ordering. Without losing generality, it can be said that to improve the
SINR, a user with a weak channel is given high power than a user with a strong
channel. For the two-user NOMA with |h|?/ Ny ,>|hy|?/ Nf; ( P,<P;), only
user 2 used SIC. It decodes s; first, the user 1 signal, and then remove it from
the signal received y,, after that, it decodes its signal. User 1 treats the user 2
signal s,, as noise and so directly decodes its signal from y; without using
SIC. If SIC is perfect, the NOMA user i achievable data rate, R4 for a

transmission, with 1 Hz BW can be expressed as [40]

NOMA _ _Pilhal®
R; = log, (1 + P2|h1|2+Nf’1). 2.7)
2
RYOMA = |og, (1 + ﬂ) (2.8)
Nf,2

The sum capacity that can be reached is RNOMA = RNOMA 4 RNOMA
According to equations (2.5) and (2.6), the BS can regulate each user's data

rate by adjusting the power allocation coefficients a; and a,, where a1=% and

oy == [40].
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2.1.9 Advantages of NOMA
Many advantages of NOMA are summarized below:

e Increased Spectral Efficiency: In comparison to OMA schemes,
NOMA provides better spectral efficiency. The capacity of the system
can be increased by NOMA by allowing several users to share the same
time and frequency resources. As a result, the spectrum is used more
effectively, and the system as a whole performs better.

e Low Latency: As simultanecous transmissions and receptions are
possible with NOMA, latency is decreased. Users can send and receive
data at the same time slot, reducing waiting periods and enhancing
system responsiveness overall.

e Energy Efficiency: The communication system's power consumption
can be decreased with NOMA to increase energy efficiency. NOMA
minimizes the need for extra frequencies and time slots, which in turn
results in less power usage by allowing several users to share the same
resources.

e Improved User Fairness: Resource allocation among users is made
more egalitarian by NOMA. With NOMA, each user is given a variable
power level, with users with weaker channel conditions receiving
greater power allocations than with OMA schemes, which distribute
resources equally among users. By doing this, regardless of the channel
quality, it is made sure that every user has an equal opportunity to access
the system's resources.

e Enhanced Coverage: Wireless communication systems' coverage
areas can be expanded with NOMA. NOMA can reduce interference
and improve the signal quality for users near the cell edge or in poor

channel circumstances by allowing numerous users to share the same
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resources. In regions with difficult propagation circumstances, this
results in higher coverage and a better user experience.

e Enhanced Connectivity: For users at the cell edge, NOMA can offer
improved connectivity. OMA methods frequently result in performance
degradation for cell-edge users as a result of scarce resources and
interference from nearby cells. Cell-edge customers are given higher
priority and improved connectivity because of NOMA's more effective

resource distribution.

2.1.10 Drawbacks of NOMA
There are some of NOMA drawbacks [47] which can be listed as:

e Complexity in the receiver: Each user in the cluster is required to
decode the information of every other user, even the one with the
weakest channel gains. The receiver becomes more complex as a result.
Additionally, energy consumption has increased.

¢ Limitation in maximum number of users: All of the other users'
information will be incorrectly decoded if a single user has SIC error.
This restricts the maximum number of users that each of the cell's
clusters can serve.

o Sensitivity of the system: Because each user needs to send feedback to
the base station about their channel gain, NOMA is sensitive enough to

measure these parameters.

2.2 Millimeter Wave Spectrum

The huge demand for mobile multimedia services and for accessing data
at anytime and anywhere forced telecommunications companies to reconsider
how cellular networks are built. Wireless businesses have developed a new

5G standard to satisfy this demand. Over the past few years, interest in
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research on next-generation 5G wireless systems, which aspires to address
multiple unprecedented technical requirements and obstacles, has grown in
both academia and industry. It is possible to consider increasing the efficiency
of the energy and spectrum of the current generation network, i.e. the 4G, in
which the bands in the range (0.6-3) GHz are essentially congested, to satisfy
the 5G criteria. Studies indicate that this gain will not be enough to support
the 5G network's capacity. Due to the vast amount of accessible bandwidth,
mmWave frequency ranges between 30 and 300 GHz have drawn a lot of
attention regarding addressing the capacity requirements of 5G networks.
Although mmWave frequencies have a very wide range of usable BW [4§],
their propagation properties differ greatly compared to sub-6 GHz and
microwave. Theoretically, mmWave frequencies range from 30 to 300 GHz,
or from 1 to 10 mm in wavelength. However, mmWave bands are the name

given by wireless researchers to frequency ranges over 6 GHz [14].

Figure 2.5 illustrates how the mmWave signals are shorter than radio waves
or microwaves but slightly longer than X-rays or infrared radiation. Based on
comprehensive measurements made for the 28 GHz, 38 GHz, 60 GHz, and 73
GHz frequency bands.

Electronics Photonics

, Radio | Microwave ; Infrared IVisibIel Ultraviolet ; X-Ray , Gamma-Ray |
" i - b o T i " il
mmWave|Terahertz
" i I-—ﬁ-—t{
Wavelength  10%m 1m 10mm 1 mm 0.1 mm 700 nm 390 nm 10 nm 0.01 nm

Radiation Type W—W

Frequemcy 3Hz 300MHz 30GHz 300GHz 3THz  430THz V30THz 30 PHz 30 EHz

Figure 2.5: The electromagnetic spectrum [48].
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2.2.1 Millimeter Wave Propagation Characteristics

The propagation characteristics of the mmWave band are different from

those of normal lower frequency band communication networks, involving

more modeling and design work for communication systems, the size of

wireless links, as well as their power needs.

The main propagation characteristics of mmWaves are explained in

Fig.2.6 [49], including atmospheric attenuation, free-space path loss, material

penetration, Doppler effect,

propagation mechanisms (multipath, reflection,

foliage attenuation,

scattering,

rain-induced fading,

diffraction,

refraction). Only the free-space path loss discussed in this study.
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Figure 2.6: Propagation characteristics of mmWave [49]
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2.2.2 Free Space Path Loss

Free space path loss (FSPL) is defined as the loss in signal strength of
an electromagnetic wave between the transmitter and receiver of the
communication system through free space which can be expressed in decibel

scale as [50]:
FSPL =924+ 20logf + 10logd, (2.9)

where d is the distance between the transmitter and receiver in km, f is the

carrier frequency in GHz.

The FSPL is not the only environmental component that affects the
propagation of the mmWave signal. Other environmental parameters, such as
atmospheric absorption by gases like oxygen and water vapor, and rainfall, are

also very important as shown in Fig.2.7 [49].
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Figure 2.7: Specific attenuation curves of O2, H20, and rain at sea level.

The term p refers to the density of H,0 in grams per meter> [49]

There are various types of path loss models. Some of them include the
close-in free space reference distance (CI) model, the floating intercept (FI)
model, the dual-slope model [14], and the parabolic model, only the first and

second models would be discussed in this study.

CI path loss model can be expressed as [49]
PLY [dB] = FSPL+ 10nlog (=) + X§', (2.10)
0

where dy = 1m,d = d,, n is the path loss exponent, X¢! is a zero-mean

Gaussian random variable with ¢ as the standard deviation in (dB).

On the other hand, the FI path loss model can be expressed as [49]
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PLF' [dB] = & + 10 8 log (di) + XFI. @2.11)
0
where 6 is the FI coefficient in dB, B represented the line slope, and o is the

standard deviation of the linear fit line.

2.2.3 Cooperative Communication

Cooperative communication performance has been thoroughly
investigated for various relaying protocols, system topologies, and system
parameters. It has been specifically determined how well AF and DF relay
networks perform for various fading channels in terms of diversity gain,
capacity, bit error rate (BER), and outage probability [51]. To estimate the
transmitted signals in networks with several relays, the destination must first
combine the received signals. The maximum signals received from many

routes have regularly been combined using ratio combining.

2.3 Multiple Input Multiple Output

Due to the enormous number of subscribers, wireless communication is
being used more frequently, which has increased the need for methods to meet
the rising demand for high data speeds with acceptable outage probabilities
and low BER. These requirements can be satisfied by the MIMO technology,
which uses multiple antennas at the transmitter and multiple antennas at the
receiver. Through the use of spatial multiplexing, or multi-path transmission,
which involves data being sent simultaneously from all transmitter antennas
by uncorrelated channels to all receiver antennas via various paths, MIMO
significantly increases gain diversity. As a result, the data rate is greatly
increased and the BER is significantly decreased. Multiple copies of the signal

that arrive at the receiver assure a positive combination of the sent signal [52].
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Figure. 2.8, shows the MIMO technique between the BS with the users.

RV S

e S MINMO

Figure 2.8: MIMO system[53].

When the BS uses a large number of antennas the new system is called massive

MIMO.

Massive MIMO is generally understood to be a physical layer
technology that provides each BS with a sizable number of active antennas
which can be used to spatially multiplex numerous users to communicate with
them on the same time and frequency resource. By using spatial signal
processing methods like receive combining and transmit precoding to deal
with signal attenuation and interference, spectral efficiency per cell can be
increased by orders of magnitude over traditional cellular networks. In
summary, massive MIMO pushes spatial multiplexing to the limit by

upgrading the Space-Division Multiple Access (SDMA) protocols.

The main advantages of massive MIMO systems are high energy
efficiency, reliable communications, huge spectral efficiency, favorable

propagation, low complexity signal processing, and channel hardening [54].
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In Massive MIMO, the base station is equipped with hundreds or even
thousands of antennas, which are utilized to produce many beams that may be
aimed at specific users. The base station can simultaneously serve numerous
users with large data rates, decreased latency, and improved spectral

efficiency [55].

Massive MIMO has the potential to transform wireless communication,
particularly in the context of 5G networks and beyond. While utilizing less
power and spectrum, it provides larger capacity and improved dependability.

[56].

2.4 Beamforming

Beamforming is a signal processing method used in wireless
communication networks to enhance system performance by directing the
signal's transmission or reception in a particular direction. The method is
based on concentrating the signal in the receiver's direction using several
antennas, which reduces interference and improves the SNR. To enhance the
performance of wireless communication systems, beamforming, and NOMA
have been suggested as a combination. The system's spectral efficiency can be
raised via beamforming, which focuses the signal in the direction of the
intended user, and NOMA, which allows several users to use the same
resource block [57] [58]. Figure 2.9 shows, in general, how the BS creates
beams for several users depending on their locations and channels
circumstances. There are several types of beamforming such as: analog

beamforming, digital beamforming, and hybrid beamforming.
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Figure 2.9: Beamforming with massive MIMO antenna [57].
2.4.1 Advantages of Beamforming
The advantages of beamforming can be listed as:

e Increased Range and Coverage: In comparison to conventional
omnidirectional antennas, beamforming offers greater range and
coverage. Beamforming increases the range of wireless communication
systems and permits communication over greater distances by
concentrating the transmitted energy in a particular direction. This is
especially helpful in situations where signals need to be sent over long
distances or in environments with obstacles or interference [59].

e Improved Signal Quality: Beamforming minimizes the effects of
background noise and multipath interference by directing the sent or

received signals toward the desired target or receiver. As a result, the
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total system performance is increased along with the signal quality and
signal degradation [60].

Increased Capacity and Spectral Efficiency: Beamforming
techniques can be used in wireless communication networks to target
particular users or objects with signals. As a result, the frequency
spectrum can be used spatially by several users or devices to transmit
and receive signals at the same time, boosting system capacity and
spectral efficiency [59].

Reduced Power Consumption: Beamforming reduces the energy lost
in other directions by concentrating the transmitted energy towards the
intended target. Reduced power usage is the result, which is significant
for systems that are energy-constrained and use batteries [60].

Privacy and Security: Beamforming enables more targeted and
directed signal transmission, which lowers the possibility of listening in
or intercepting. By reducing the chance that signals would reach
undesired recipients, it improves privacy and security [60].
Compatibility with Multiple Antennas: MIMO systems and other
multi-antenna systems are good candidates for beamforming. It takes
advantage of the spatial dimension to boost wireless connection quality,
increase system capacity, and strengthen link reliability [61].
Flexibility and Adaptability: Techniques for beamforming can
dynamically adjust to shifting environmental factors such as: shifting
interference levels, multipath propagation, and user mobility. To
improve system performance and keep reliable communication links,
adaptive beamforming algorithms can change the beam's direction and

shape in real time [59].
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2.4.2 Drawbacks of Beamforming
Following is some of Beamforming Drawbacks [62]:

e Hardware complexity: Due to the utilization of many antennas and
other hardware systems, hardware complexity has increased.

e High cost: The cost of a beamforming system is more expensive than a
non-beamforming system due to increased hardware resources and the
use of powerful digital signal processing chips.

o High signal processing: Because mathematical techniques were used
in the construction of the beamforming system, a high-performance

digital signal processor is required.

2.4.3 Analog Beamforming

In this architectural scheme, an analog beamformer is constructed using
one RF chain which is consist of many electronic components such as mixer,
amplifier, bridge, etc, and several shifters distributed over the antenna
elements. The phases of each antenna signal are changed in the RF domain.
The antenna gain increase that analog beamforming provides partially
mitigates the effect of high path loss in mmWave by altering the pattern of
radiation and the performance of antenna arrays. An Analog beamformer with

one RF chain is shown in Fig.2.10 [57].
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Figure 2.10: Analog beamforming basic diagram

Baseband beamforming or precoding are two ways to explain digital

beamforming. In the baseband processing step before RF transmission, the

signal is precoded (amplitude and phase adjustments). The same group of

antenna elements can simultaneously produce multiple beams, one for each

user. Since numerous users can receive data from a cell concurrently using the

same frequency and time resources, digital beamforming improves cell

efficiency [57]. The digital beamforming structure 1s described in Fig.2.11.
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Figure 2.11: Digital beamforming basic diagram

2.4.5 Hybrid Beamforming

It combines digital and analog beamforming. It has been determined to
adopt a certain type of hybrid beamforming with mmWave in 5G. The number
of entire RF chains can be decreased to significantly lower costs. Additionally,
less overall power is consumed as a result of this. There are fewer degrees of
freedom for digital baseband processing since the number of converters is less
than the number of antennas. In comparison to fully digital beamforming, the
number of concurrent streams supported is thus decreased. Due to the unique
channel characteristics in mmWave frequencies, the ensuing performance gap
is predicted to be rather small[63]. A hybrid beamforming system with all
antennas and each RF chain connected to a specific number of phase shifters

is seen in Fig.2.12 [57].
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Figure 2.12: Hybrid beamforming basic diagram

Two types of digital beamforming are discussed in this study which are:

ZF beamforming and MRT beamforming.

ZF beamforming is spatial signal processing for wireless devices with
numerous antennas. The ZF beamforming algorithm for downlink enables a
transmitter to send data to a preferred user while negating the directives of an
undesirable user. In contrast, ZF beamforming receives just desirable signals
for uplink while canceling out undesired signals. This method of ZF precoding
is often referred to as null-steering. ZF-based precoding will improve the
system's optimum capacity for a sufficient number of users when the
transmitter is fully aware of the CSI of a specific downlink. Otherwise, the

final output of the ZF-based precoding will exhibit reductions [64] [15].
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The realization of a large order of diversity can be achieved using the
transmit beamforming technique known as MRT beamforming, assuming the
transmitter has the necessary side information. The effectiveness of MRT
beamforming when cochannel interference is present has recently become the
subject of analysis [65]. Different scenarios of NOMA beamforming are

analyzed later in this thesis in Chapter Four.
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CHAPTER THREE

PERFORMANCE ENHANCEMENT OF COOPERATIVE
MIMO-NOMA SYSTEMS OVER SUB-6 GHZ AND
MMWAVE BANDS

3.1 Introduction

In this chapter, two links with different frequency bands are considered
to serve users by a BS via DF cooperative relays. Backhaul and access links
are proposed with sub-6 GHz and mmWave bands, respectively. NOMA is
employed in the backhaul link to transmit a superposed signal in the power
domain simultaneously using the same band. The superposed signals, which
contain two signals that differ in PAFs, are constructed for two selected DF
relays in the BS. The two relays are chosen among several relays to be serviced
by the BS via utilizing a pairing algorithm depending on different users’
circumstances. The furthest DF relay detects the incoming NOMA signal
directly, while the nearest one applies SIC before extracting its signal. Each
DF relay forwards the detected signals toward their intended users over
mmWave channels. Furthermore, three performance metrics are utilized to
evaluate the system’s performance, which are the outage probability, the
achievable throughput, and the bit-error rate. Moreover, a comparison
between two mmWave bands in the access link, which are 28GHz and
73GHz, is obtained to demonstrate the superiority of 28 GHz in the three

performance metrics.
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3.2 System Modeling

Without loss of generality, it has been proposed a pairing algorithm, as
illustrated in algorithm 3.1, that couples an even number of relays, 1.e. 2K, into
K pairs. This algorithm is applied by the BS after collecting the required data
regarding the CSI of all BS to relay channels, in addition to the intended rate
for each user connected to a relay in the coverage area. It has been assumed
that the BS is equipped with N;, and N,, antennas for transmitting and
receiving simultaneously. The PAFs are evaluated for each relay in the created
pair, depending on the required rate of the user of interest in that link.

After applying this algorithm, it focused on analyzing and evaluating the
performance of one pair that contains two DF-relays, in which the BS provides
NOMA services over sub6 GHz channels, and each relay delivers the BS

services to an intended user with a required rate.

This system is shown in Fig.3.1, where all nodes are supplied with
multiple antennas for their transmission, i.e., the system works in MIMO
mode. It has been assumed N;, and N,, antennas for transmitting and
recelving signals at each terminal, respectively. The BS transmits the signal,
over a frequency non-selective Rayleigh fading channel, to the DF relay in the
backhaul link, where the relay decodes and retransmits it over the mmWave
channel to the terminal user. The two links work with different frequencies, in
which the backhaul link employs the RF in the sub-6 GHz band, while the

access link operation is in the mmWave band at 28GHz or 73GHz.
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Figure 3.1: Backhaul and Access Links via DF Relays.

3.2.1 First Hop from BS to Relay (Backhaul Link)

In this section, Fig.3.1 illustrates how the BS interacts with two relays,
which simultaneously use the same frequency resources while utilizing power
domain multiplexing. By assigning power to each relay according to their
distances away from the source, superposition coding is accomplished. When
employing the PAF technique, the higher ratio of the available power is
supplied to the furthest relay, and the remained power is allocated to the close
one. Nevertheless, the sum of this factor for all relays must be equal to one.
Since more power is allocated to the far terminal relay, the superposed power
of the near relay is considered additive noise. As a result, direct detection is

used at the far relay without the requirement of the SIC.

On the other hand, at the near relay terminal, the SIC process must be
applied. This process includes detecting first the signal of the far relay, which
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is subtracted then from the whole received NOMA signal for the near relay’s
signal construction. Algorithm 3.2 and Fig.3.2 explain and show the SIC
process in detail. Moreover, it has been assumed flat Rayleigh fading
channels, i.e. frequency non-selective channels, for the first hope of this
system. Furthermore, the modulated signals for the far and near relays are

denoted by x; and x,, respectively, and the Quadrature phase shift keying

(QPSK) modulation scheme is used for all links.

In this study, the BS employs a pairing algorithm for the sake of choosing
two relays among several relays in the coverage area. NOMA technique is
applied on those two paired relays, where each DF relay receives, decodes,
and retransmits its incoming signal to a user in the access link via the mmWave
channel. PAF is applied at the BS for those two relays, the far and near relays
are allocated power with ag p; and ay p;, where arp + ay =1, and ap >ay.
Additionally, at the BS, the NOMA signal is created by superposing the two
signals that allocated the suitable PAF for each of them. This process can be

expressed as:

Ny
XNoMA = Z . \ Pt @i X, (3.1
l=

where Ny is denoted to represent the number of users. However, here, for two
users, it has been assumed near and far users are identified with N and F

symbols, respectively.

The received signals at the two relays are defined as Y; and Y,, and can be

written as:
Y; =H; xyoya +W;, 1 €E{F,N} (3.2)
in which Hp and Hj are the channels for far and near relays, respectively,

with ||HF||F2< ||HN||F2, where ||A||F represents the Frobenius
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L : : 2
normalization of the matrix A. It is noteworthy that ||H| |F = trace(H x HY)

is exploited to measure the channel gain. In more detail, this process is

obtained as:
||H||12: = trace(H x H),

=¥ YN H(n,m) |2 = T4kl (3.3)

n=1 ~&m=1

in which A, are the eigenvalues associated with the eigenvectors of the MIMO
channel matrix. An alternative method is employed as detailed in [66][67][68]
by using generalized singular value decomposition (GSVD), which is
considered as an efficient technique for channel evaluation. It is noteworthy
that the two methods can be applied to any number of transmitting and

receiving antennas, i.e., squared and non-squared channels.

Furthermore, wy~CN(0,05,) and wy~CN(0,0;,) are the additive white
Gaussian noise (AWGN) at the far and near relay terminals, with zero mean
and variance of o7, and gy, , respectively. The DF relays achieve processing
for the received NOMA signals, whereas the far relay implements direct
detection for the incoming signal without the need to apply SIC. This detection
starts with equalizing the channel by using ZF equalization, then detecting the
transmitted symbols, xr. These symbols are transmitted to the first user, Uj,

via mmWave channel.

For the near relay, the SIC process is compulsory for signal construction
from the entire incoming NOMA signal as explained in algorithm 3.2. After
applying SIC, the detected symbols of the near relay are forwarded to the

second user, U,.

At the far relay, the throughput can be evaluated as:

43



Rp =log,(1 +vr), (3.4)

where yr is the SINR at the far relay and is expressed as:

ptar ||HF||F2

=
Pt an ||HF||F2+05vF’

(3.5)

On the other hand, the throughput at the near relay terminal is calculated as:
R, =log,(1 + Qy), (3.6)

where Q1 1s the SNR at the near relay after applying SIC, after removing the
far relay’s signal. The SNR (Qy) is:

2
ptan“HN”F
QN == -

O'WN

(3.7)

3.2.2 Second Hop from Relay to User (Access Link)

Transmission over mmWave is another promising technology that has
recently gained significant attention in the wireless communication
community due to its potential to provide high data rates and large bandwidth.
There are several types of large-scale path losses analyzed in this study, as

shown in Table 3.1.

Table 3.1: Path loss exponent (PLE) for different environments scenario[69].

Environment Scenario PLE

Free-space 2
Urban-area (2.7-3.5)
Suburban-area (3-5)

Line of sight for indoor | (1.6-1.8)
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Algorithm 3.1: Paring Algorithm for NOMA Relays with PAF
Evaluation [16]

Input— all BS-Relays channels gains, {Hq, Hy, ..., Hyx}, number of
groups, (K), number of relays, (2K) , and number of users, (2K).
Input— The target rates for all users that are connected to the relays,
{ry, 12, ., ok}

1. The gains of BS-relays channels are sorted in descending order, i.e.

||H1||i > ||H2||i > > ||H2K||12: in which the first half contains

the channels of relays with higher channel gain, and the 2nd half

would be for relays the lower channel gain, i.e.

2 2 2 2
NHL HA| L oo [IH | [y | s [1Hog D]

2. Do pairing of the Ist relay in the first half, i.e. relay with channel H4,

2
F}

with the 1st relays of the 2nd half, relay with channel Hy, 1.

3. Removing the paired relays from the list, and repeat 2, until all relays
are paired into K groups.

4. According to the given target rates of all users, evaluating the PAFs
for the paired relays, by giving the user with a lower channel gain a
higher PAF, while the other user would have the rest of the power.

5. Do 4 for all pairs.

6. Examining the achieved rates for all users, and calculate the gap
between the obtained and the required rate.

7. If the gap is less than a threshold level, modify the PAF inside the pair
itself, else substitute this user with a user in another pair that has a gap
with a positive value, i.e., perform rate greater than its required rate.

Output: Set of pairs with the optimum PAF for each user.
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It has employed CI free-space reference distance (d,) for the path loss
(PL) model of 28 GHz and 73 GHz bands. The equation for the CI model is
given by [70] as:

PL[dB] = FSPL(d,) + 10nlog1o()+ X, (3.8)
0

where n is the path loss exponent, which has measured values for LOS and
NLOS. Hence, it differs from frequency to frequency in the mmWave bands.
Also, the shadow factor is denoted as X, which is represented by a Gaussian
distribution random variable with a zero-mean and standard deviation of o in
dB. The distance between the transmitter and receiver is denoted by d in Eq.
(3.8). All these factors are illustrated in Table 3.2 for the frequencies utilized
in this study, and for measurements achieved by [70],[49] over antennas at the
transmitter and receiver with isotropic gains defined in dB; as G, and Gg,,

respectively.

Table 3.2: summarizes the PLE (n) and standard deviations (o) of the
shadowing factor (Xo) for the frequencies 28 GHz and 73GHz at dy,= 1m
[70][49].

Frequency | Grx/Ggrx LOS NLOS
(GHz) [dBi] n | Xo[dB]| n | Xo[dB]
28GHz 24.5/24.5 1.9 1.1 4.5 10.0
73GHz 27/27 24 6.3 4.7 12.7

DF relays decode the signals after they have been received from the
source and send the decoded signals to the destinations after changing the

carrier to mmWave frequencies. To prevent error propagation, the relay
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successfully decoded estimates before sending them to the destination [71].

After extracting the signal of the intended user from the incoming NOMA
signal at the far and near relays, the relays forward the decoded signals to

U; and U,. At each user terminal, the received signal can be expressed as:
yUk = HUk Xk + WUk k € {1,2}, (39)

where wy, ~CN (0, JMZ,Uk) fori € {1,2}, is denoted for the AWGN at each user

terminal.

As the access hops are achieved via conventional orthogonal multiple access
OMA, the capacity of this link for the two users can be evaluated as:

pe |IHl[

2
O'WUk

Ry, =>log,(1+ ) k €{1,2}, (3.10)

in which half refers to the use twice of the bandwidth for the OMA access link,
while for the NOMA system in the backhaul link, this factor was equal to one,
since half of the bandwidth is exploited compared to OMA.

The end-to-end (E2E) rates for the two links at the two users’ terminals

are easily calculated as:

RT == min(RF, RUl)’

1

Ry, = min(Ry,Ry,), (3.11)

2

in which the lower capacity for any link would be dominant for that link.
Furthermore, the achievable sum rate, Ry, which achieved by the BS can be

evaluated as:

Ry = E{Rr, + Ry}, (3.12)
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where E{. } is denoted for the expectation process, which represents the mean

of the achievable throughput of the two users.

Algorithm 3.2: SIC at the near user terminal

Input: Hy and Yy

1. Apply ZF equalization to remove the effect of the channel, Hy. i.e.,

_ Yy
XNomA = Hy

w

= Xnoma T ﬁ

2. FromXyoma, XF 1s detected directly since it has higher superposed
power.

3. Convolve the detected xr with Hy, to create the far user signal
over the near user channel, i.e., HyXp.

4. Hyxp is subtracted from the entire received NOMA signal, i.e.,
Yy — Hyxp, for construction of the near relay’s signal with a level
of inherent noise, i.e. Hyxy + wy.

5. Apply equalization to the signal obtained in 4, 1.e. Xy = xy + ?
N

6. The noisy version of the near symbol user, Xy 1s then obtained and
converted to bits depending on the modulation scheme used
already at the BS.

Output: The interference-free near-user signal x .

3.3 Complexity Analysis of The Proposed System

In this section, the arithmetic complexity of the proposed MIMO-
NOMA is presented, in which the number of arithmetic operations such as
matrices multiplication, the inverse of a matrix, and addition, that are required
to complete the processing of the received signal at each node, are evaluated.
As mentioned earlier that each receiving terminal, 1.e., at the DF relay and the
user receiver, is required to apply a ZF equalizer to remove the effect of the

channels. Moreover, it is required to apply SIC at all nodes operating with
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NOMA except the higher order node, which is the furthest node from the
service provider or the node that allocated a higher portion of the available
power. Thus, in this section, it has been evaluated the number of operations
required to accomplish the reception of the signal. Following the athematic
complexity derived in [72], can be obtained the computational operations
required to perform ZF and SIC at each relay. All nodes are equipped with N,
transmitting antennas, N,., receiving antennas, and for K DF relays, each one
is connected to a user. According to this system’s parameters, the required
number of matrix inversion is K, while the number of SIC operations is K-1.

Furthermore, the mathematical complexity can be expressed as O (KN, N3,).

3.4 Simulation Results

In this section, two hops for the signals from a BS to two users are
assumed, i.e., backhaul and access links. Multiple cases are considered to
evaluate the error probability, system capacity, and outage probability.
Rayleigh fading channels are assumed for the sub-6 GHz backhaul link, 1.e.,
the link from the BS to the relays, while mmWave frequency is considered in
the access link between the relays and users. All details about the two links

are defined in Table 3.3.

In the first hop, the relay associated with the U; is assumed to be far from
the BS. It has been assumed the distance between them as d; = 500m, and the
PAF is a;= 0.7. On the other hand, the relay associated with U, is assumed in
a near position to the BS, in which the distance 1s denoted and assumed as d,
= 300m, with a PAF of a, = 0.3. On the other hand, the access link between
the DF relays and the users exploits the mmWave band with 28 GHz or 73GHz.
In this link, it has been assumed without the loss of generality that the two

users have the same distance from their corresponding relays, i.e., d3 = d, =
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100m, OMA is used in this link. It is noteworthy that the modulation scheme
exploited in this study is QPSK.

Table 3.3: Simulation parameters and notations.

Notation Parameter Value

(fo, BW) | (Operating frequency for | (28GHz, 100MHz ) and

the access  link, | 73GH, 2000MHz)
Bandwidth)

(fp, BW) (Operating frequency for | (3.5GHz, 25MHz) [73]
the backhaul link,

Bandwidth)
P; Transmitted power [0-50] (dBm)
No Noise power -174dBm/Hz +10log10(BW)
a, s PAFs for the near and far | a; + a, = 1

€ {0,1} relays, respectively.

Modulation PSK 1 ;
Q 5 (£1+j51)

Scheme

3.4.1 Backhaul link and mmWave access link of 28GHz

In this scenario, a sub-6 GHz band of 3.5GHz with 25MHz bandwidth
1s assumed to work with MIMO-NOMA in the backhaul link, i.e. the link
between the BS and the relays. The access link, between the relays and the
user, exploits mmWave mode of 28GHz with 100MHz bandwidth to transmit

the detected data by the DF relays to the users over different transmitted
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powers in (dBm). Figure 3.2 shows the throughput obtained by each user with
the achievable sum rate applied by the BS. It has been considered in this
simulation that N, = N,.,, = 2 for all terminals of the two hops. Moreover,
the distances between the nodes are mentioned in the caption of this figure as

defined earlier in this section.

I{ T T T
j-.-l.ll p

14 [—o—Y;

=@ BS average-rate

Spectral Efficiency (bps/11z)

0 10 20 30 40 50
Transmut power (dBm)

Figure 3.2: E2E spectral efficiency of two users with d; = 500m, d, = 300m,
andd; =d, = 100m, Ni = N, = 2.

It 1s observed that the near user achieves better spectral efficiency than
the far user because of employing SIC to remove the signal of the far user as
discussed earlier in this study. Moreover, the far user’s spectral efficiency
becomes saturated after approximately 25 dBm, with 1.68 bps/Hz. The
average rate achievable capacity is calculated by taking the mean of the sum

of the spectral efficiency of the two users.
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Figure 3.3 shows the outage probability of this scenario. The outage
probability is the probability that the rate in bits/sec/Hz (bps/Hz) goes below
the minimum threshold level required for a user. It can be seen that U;, which
is connected to the far relay, with a higher PAF of0.7, has an outage
probability of about 1dBm better than the outage probability of U,, which is
connected to the near relay, with a lower PAF of 0.3, when the target rates for
the U; and U, are considered as r;= 1 bps/Hz and r,= 3 bps/Hz, respectively.
Furthermore, it can be noticed that increasing the number of antennas at the
BS for both links reduces the transmitted power by more than 5dBm. A
significant role is played by the PAF in optimizing the performance of the two
users and the entire system. This can be achieved by verifying this factor

depending on the required rate of each node.
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Figure 3.3: The outage probability of two users with d; = 500m, d, = 300m,

and d; = dy, = 100 m, (Ng, Ny») = (2,2) and (10,2), the target rates are

assumed r; = 1 and r, = 3 bps/Hz.

In this scenario, the BER over different transmitted powers in (dBm) is
shown in Fig.3.4. In this figure, two scenarios have been taken into account
by changing the number of antennas in the BS from 2 to 4, while keeping the
number of antennas in receiver terminal of the relay, and the user with two
antennas. It can be noticed from this figure that an increase in the transmitting
antennas gives more than 25 dBm improvement in this performance metric at

10~* BER.
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Figure 3.4: E2E BER of two users over 28GHz access link, with d; = 500m,
d, =300m and d; = dy, = 100 m, (N, Ny) = (2,2) and (2,4).

Moreover, by utilizing 28 GHz in the access link, Fig.3.5 shows a three-
dimension (3D) plot for the E2E spectral efficiency of the proposed system
over a different number of transmitting antennas, N;,, and with a range of
transmitted power, Pt in dBm. It can be seen that increasing the number of
antennas in the BS of the proposed system can significantly improve the
spectral efficiency and this increase in N, can satisfy spectral efficiency with
a minimum required Pt with N,,=2. Furthermore, this plot indicates the

required power at a specific N,., to achieve an intended spectral efficiency.
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Figure 3.5: 3D-E2E spectral efficiency for different numbers of transmitted
antennas at each terminal, N, and several values of transmitted power Pt

(dBm) with N,.,=2.

3.4.2 Compassion for access links with 28GHz and 73GHz

In the second part of the simulation results, it has been introduced a
compassion between two mmWave frequency bands, which are 28GHz and
73GHz. This compassion can be achieved by changing the band of the access
link of the proposed system between these two bands. Three performance
metrics have been considered to implement this compassion, which is the
spectral efficiency of the BS, the outage probability, and the error probability,
which is represented by the BER. In Fig.3.6, the sum rate produced by the BS
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is obtained for the two mmWave bands, in which the spectral efficiency of the
two users is evaluated in the two hops and taking the minimum Ergodic
capacity for each link, i.e. the minimum capacity at any link would be
dominant, then by evaluating the mean of the summation of the two users
capacity, the spectral efficiency of the BS is obtained. It can be seen that the
28GHz mmWave band outperforms 73 GHz over all transmitting power
ranges, with more than 7bps/Hz at Pt=50dBm. In this figure simple MIMO
case of (N, Ny,) = (2,2) has been considered.

= 8 =73GHz Access link p
g H=—8—280GHz Access link

Spectral Efficiency (bps/11z)
L E LA ) -l

(S
T

O

E](,_____e____.e_____e__._..e.___.g.—;Q - -0
0 10 20 30 40 50

Transmt power (dBm)

Figure 3.6: The BS spectral efficiency for the E2E system for access links of
28 and 73 GHz, d; = 500m, d, =300m and d3 = d4 = 100 m, (N¢y, Nyy) =
(2,2).

Figure 3.8 shows the E2E BER for those mmWave frequency bands

which are operating in the access link of the two users. In this simulation, it
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has been increased the number of antennas at each receiving terminal to 10,

while keeping the transmitting antennas at 2 as before. Again, it can be seen

that the band of 73GHz needs about 15dBm transmitting power from the BS

to satisfy the same BER at 10™>. The purpose of this figure is to comapre two

mmwave frequencies which are 28GHz and 73GHz over a NOMA system that

serves two users.

10"

107" |

73GHz

2L
10+ 28GHz

107 F

-5 U,

107 '
0 10 20 30

Transmit power (dBm)

Figure 3.8: BER comparison of two users with d; = 500m, d, = 300m
and d3 = d4 = 100 m, (Ntxr NTX) = (2,10), a, = 07, a, = 0.3.
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CHAPTER FOUR

MULTIUSER BEAMFORMING SYSTEM WITH
MASSIVE MIMO-NOMA OVER MMWAVE CHANNEL

4.1 Introduction

In this chapter, massive MIMO with NOMA is considered to serve
multiple users wirelessly over mmWave channels. A BS with tens of antennas
is proposed to provide services to users in the coverage area by applying ZF
and MRT beamforming techniques. The BS first divides the area into clusters
that contain only two users via applying a pairing algorithm, then NOMA is
applied to the two users by providing different power allocation factors for
satisfying user fairness, and depending on users’ circumstances. The
achievable throughput for each user in the cluster along with the sum-rate
provided by the BS are analyzed and evaluated for the two beamforming
mechanisms. The results are obtained for different numbers of BS antennas
over different combinations of power allocation coefficients. The simulation
results reveal the improvement obtained by increasing the antennas in the BS.
Additionally, the two beamforming methods introduce similar throughput
when the same parameters are considered, with slight outperforming of MRT

in the outage portability.

4.2 System Modeling

In this chapter, one BS with Ny, number of antennas, K potential users,
each of which has Ny, antennas have been considered. The system under
consideration is assumed to work in the downlink mode as shown in Fig.4.1.
For more clarification, the k;, user is denoted as U,. To offer multiuser
downlink transmission, the BS simultaneously transmits K beams, each beam

supports a cluster with two users or more for serving the users in a particular
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cluster via the NOMA technique. In this chapter, it is assumed that each cluster
has two users only. This assumption can be achieved in practice by utilizing a
pairing algorithm for the sake of reducing the complex process in the BS.
Furthermore, to obtain the full benefits of NOMA, the BS examines the
channel gain for each user in a particular cluster. For two users in a cluster, U;
is denoted for the user who has weak channel gain, i.e. the far user or the user
that suffers from high attenuation circumstance. Whereas U, is denoted for
the second user in that cluster with the higher channel gain. The channel gains
for those users are denoted as H; € CN*M H, € CNr*M respectively. At the
BS, beamforming is applied for each user assy, = Zivzr L Wik X, with
power p;, here w; , € C"*Nr is the beamforming weight for the k¢, user, it is
worth noting that p; represents the overall transmitted power at the BS.
Besides, xj represents the k;, user’s symbols after applying the modulation
scheme. The superposed transmitted NOMA symbol for the users in a
particular cluster is expressed as Xyoma = V& Sy1 + Vo, Sy2, where sy4
and sy, are the transmitted symbol for U; and U, users, respectively. Besides,
ay € (0, 1] is the k;j user power allocation coefficients. The BS allocates o,
for the k;j user in a particular cluster depending on its knowledge of the CSI
of that user, in which the user with a weak channel is given more portion of
p; than the user with strong channel conditions. It is noteworthy that the BS is
assumed to have full knowledge of the CSI of all users, as the channel

estimation is out of the scope of this thesis.
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i Wave channel

Cluster2

Figure 4.1: Two clusters of NOMA with beamforming to serve two users in

each cluster over the mmWave channel.

The received signal for the k¢, user, y,, can be written in different

expressions depending on the definitions explained earlier as:

Vi = \/E Hyxnoma + Ny, (4.1)
Vi = \/EHk(\/OH sy1 + Vo syp) + 1y, (4.2)

Y = /Pe Hi (\/@ Z?I:Tl Wi X1+
Vag Vi Wiz Xz) Ty (4.3)

where n, ~CN (0, J,%k) 1s the AWGN with zero mean and variance equal to

2
O-nk.
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The last expression of (3) can be simplified more to be written as:

Ny
Yi =+ 1pe Hy Zi=1 Wi X+
Ny
VP Hy Zi=1 Wiz Xz + 1y, (4.4)

the first term to the right of the equality sign in (4.4) represents the signal of
interest related to the k;, user, while the second term represents the
interference caused by the second user in the cluster.

The k¢, user's received SINR, yy, can thus be written as [74]:

Nr
QullHy X0 win ] ?

= Ny b
Qa||Hy )iz, Wiz |2 +1

V1 (4.5)

where Q; = ilzpt and Q, = izzpt represents the SNR for the first and the second

1 12
users, respectively. It is noteworthy that at the first user, the interference
caused by the second user is ignored as it is considered as additive noise only.
This 1s due to allocating higher power allocation weight for this user. On the
other hand, for the second user, SIC should be applied to remove the strong

signal of the first user, therefore, the expression in (4.5) becomes:

Ny
Y2 = Qz|[H; Zi=1 wi, || 2 (4.6)

4.2.1 ZF Beamforming

The ZF beamforming is a technique used in wireless communication to
transmit signals efficiently and minimize interference between multiple
antennas. The inter-user interference can be eliminated at each user using a
linear precoding approach called ZF. The ZF beamforming weight for the
transmitter signal from a BS to a user over a channel H is expressed as:

wy = pHi{ (H H{)™! (4.7)
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with
1

p= JTr(HHA)T)

where p is used for normalization purposes to avoid transmission with greater

(4.8)

than the maximum available power at the BS. Moreover, A? | Tr(4), and
(A)~ 1 are denoted for the Hermitian transport, Trace, and Inverse of matrix A,

respectively.

4.2.2 MRT Beamforming

The MRT beamforming is another linear precoding technique used in
wireless communication to transmit signals efficiently and maximizes the
SNR at the receiving antenna. The MRT beamforming weight for the
transmitter signal from a BS to a user over a channel H is expressed as:

wy, = pH!! (4.9)

4.2.3 Achievable Data Rate

The achievable data rate is one way to evaluate a system's performance.
The Shannon theorem expresses a formula to calculate the data rate.
According to this theorem, the transmitter can transmit data through a channel
at a maximum rate. The possible data rate with ZF and MRT for the system
under consideration is detailed in this section under this theorem, in which the
total downlink power is fixed and distributed equally among all users, if equal
power allocation is utilized in orthogonal multiple access systems, or the
power is allocated depending on the users’ circumstances like the proposed
NOMA system in this study. The channel capacity, in bits per second per hertz
(bps/Hz), over the AWGN channel is calculated from the Shannon theorem
by:

R = Blog,(1 + Q), (4.10)
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where B and () are the bandwidth and the SNR, respectively. For multi-user
communications that apply the NOMA technique, interference plays a
significant role in affecting the achievable rate. As a result, the achievable rate
becomes a function of SINR instead of SNR. Hence, (4.10) can be rewritten

for a k;y, user as:

Ry = Blog,(1 + y3), (4.11)

and the achievable sum rate for K users for any type of beamforming is given

as:

Rsim = B E{Xk=11082(1 + v}, (4.12)

where E{.} is denoted for the expectation process, and beamforming €

(ZF,MRT).

4.3 Simulation Results

In this section, it has been assumed a cluster that has two users to be
served by a massive MIMO BS via applying beamforming and NOMA
techniques. The two users have been chosen to be served in a particular cluster
by utilizing a pairing algorithm. Inside this cluster, the two users have different
channel circumstances, i.e. one of them has a channel with a strong gain, while
the other has a weak channel gain. Many scenarios are considered to evaluate
the system capacity and the outage probabilities over mmWave channels. All

details about the simulation parameters are illustrated in Table 4.1.
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Table 4.1: Simulation parameters and notations.

Notation Parameter Value

(f., BW) (Operating frequency, (28GHz, 100MHz )
Bandwidth)

D¢ Transmitted power [0-50] (dBm)

Ny Noise power -174dBm/Hz

+10log1 0(BW)

aq, a, € (0,1] PAFs for the near and a,ta, =1
far users, respectively.

Digital carrier scheme | QPSK +0.707 +£30.707

Moreover, as it has been assumed mmWave channels in this study, the CI
model of 28 GHz for a reference distance (d,) is used to model this channel

similar to [70] [49]as in equation 2.10.

Figure 4.2 shows the sum rate achieved by a BS that employs NOMA
with ZF or MRT beamforming to serve two users. The distances of the users
are assumed as d; = 150m, and d, = 100m for U; and U,, respectively.
Besides, depending on the channel gains of those two users, the power
allocation factors are assumed as a; = 0.7 and a, = 0.3. It has been assumed
that the BS is equipped with a different number of antennas, i.e. Ny, =
[16,32,64,128] to work in the massive MIMO mode. Moreover, each user
is assumed to have two antennas at its receiving terminal, i.e. N, = 2. It can

be noticed from this figure that an additional 3bps/Hz can be obtained when
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Nr, is doubled at the BS. The study has used one plot for the two beamforming

techniques as it has been noticed exact results for them in this performance

metric.
_1'5 T T T T
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Figure 4.2: The spectral efficiency by a BS that serves two users via NOMA
with ZF/MRT beamforming, d; = 150m, d, = 100, (a4, a;) =(0.7, 0.3),
Ny, = [16,32,64,128], and Ng, = 2.

In Fig.4.3, the previous setting is considered for the BS and the users.
This figure shows the achievable data rate for each user over a different
number of Nr,. It can be seen that the near user, 1.e. U,, outperforms the far
user, U;, significantly in this performance metric. This is due to perform SIC,
which is not applied at the far user depending on NOMA theory. Moreover,
the far user reaches saturated rates after about p, = 40dBm due to the

dominant interference at this user terminal.
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Figure 4.3: The spectral efficiency of the far and near users of NOMA with
ZF/MRT beamforming, with d; = 150m, d, = 100, (a4, @) = (0.7, 0.3)
Nr, = [16,32,64,128] and Ng, = 2.

Figure 4.4 shows the spectral efficiency for the two users, i.e. the far and
the near users, which are served by a massive MIMO BS that applies NOMA
with ZF/MRT beamforming. In this figure, the number of antennas at the BS
is assumed 128, and the two users have two antennas. The PAF for the two
users is changed using different combinations of (a4, @;) as (0.7, 0.3), (0.8,
0.2),and (0.9, 0.1). It can be seen the effect of this factor on this performance
metric, that the rate of the far user is significantly increased by increasing the

power allocation coefficient.
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Figure 4.4: The spectral efficiency of the two users served by NOMA and
ZF/MRT beamforming, with d; = 150m, d, = 100, (Nr,, Ng,) = (128,2),
a;=1[0.7,0.8,0.9 ],and a,=1[0.3,0.2, 0.1].

Moreover, the outage probabilities are examined for the proposed system
by employing the two beamforming techniques as shown in Fig.4.5 Two
combinations of (N, Npy) as(16,2), and (128,2) are considered by
assuming threshold rates for the far and the near users as r; =, = 7bps/Hz.
A significant improvement can be noticed in this performance metric for the
two users by increasing the number of antennas at the BS to work as massive
MIMO with 128 antennas. Moreover, for 16 antennas it can be seen that the

MRT beamforming approach outperforms the ZF slightly.
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Figure 4.5: The Outage probability of the two users served by NOMA and
ZF/MRT beamforming, with d; = 150m, d, = 100, (Ng,, Ngy) =
(16,2) and (128,2), with (a4, ;)= (0.7, 0.3).

For more details about the case of Ny, = 128, Fig.4.6 is drawn
over more precise values of P, to clarify the two beamforming
techniques. Also, a slight improvement in outage probability can be

noticed by using MRT compared to ZF.
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Figure 4.6: The Outage probability of the two users served by NOMA and
ZF/MRT beamforming, with d; = 150m, d, = 100, (N, Ng,) = (128,2)
with (aq, @3) = (0.7, 0.3).

In Fig.4.7, the spectral efficiency for each user, i.e. the far and the near
users, along with the BS’s sum rate are shown against a different number of
BS’s transmit antennas, i.e. Nt,. It can be noticed the effect of increasing Ny,
on the capacity of each user and the BS spectral efficiency. This figure is
simulated with transmit power equal to 30 dBm, and for (a4, a;) equal to

(0.7, 0.3).
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Figure 4.7: The BS’s sum rate and the two users’ spectral efficiency for
NOMA with ZF/MRT beamforming, d; = 150m, d, =100, Nr, = (2,4,
8,16,32,64,128,256), Ng, = 2, and with (a4, a;) = (0.7, 0.3).
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CHAPTER FIVE
CONCLUSIONS AND FUTURE WORKS

5.1 Conclusions

In this thesis, two techniques are proposed to enhance the system
performance of MIMO-NOMA over mmWave bands, which are cooperative

relaying and digital beamforming.

¢ In the first aspect, wireless communication services have been delivered
to users from a BS via a DF-relays by utilizing two links. The first link
is from a BS to DF relays, 1.e. the backhaul link which uses sub6 GHz
mode, while the second link is from the DF relays to users, i.e. access
link that exploits mmWave mode with 28GHz or 73 GHz.

e The MIMO-NOMA technique has been used in the backhaul link for a
pair of relays that are chosen depending on the proposed pairing
algorithm. The signals then have been delivered to the users after
applying full detection in the DF relays, which may include SIC
depending on the value of PAF allocated to each relay.

e Achievable throughput with error and outage probabilities have been
evaluated for this system over different scenarios. Furthermore, MIMO
systems with a different number of antennas have been assumed.
Comparisons between the two mmWave modes mentioned above have
been achieved showing outperforming of 28 GHz over 73GHz due to
higher attenuation induced by the latter mode.

e The results of this aspect demonstrate the achievable rate that can be
obtained over a different number of receiving antennas in all nodes, and
over a range of transmitted power from the BS. This would assist
significantly to choose the required number of receiving antennas for a

particular transmitted power, and verse versa.
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In the second aspect, massive MIMO has been investigated with
NOMA and beamforming techniques. A BS that has been equipped
with tens of antennas was exploited with ZF and MRT beamforming
methods to serve two users in a cluster. Those users and clusters have
been chosen by assuming the presence of a pairing algorithm in the BS.
The BS is also assumed to have full knowledge of the CSI of all users.
Depending on these CSI, the BS allocates portions of the total available
power between the two users depending on their channel conditions.
The proposed system has been analyzed, and the throughput and sum-
rate expressions have been expressed.

The simulation results show a close similarity between the ZF and the
MRT in the throughput performance metric, outperforming the MRT
when outage probabilities are evaluated. Moreover, the results
demonstrate the key role played by increasing the number of antennas

in the BS in improving the overall system’s performance.
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5.2 Future Works

There are several aspects can be considered to extend the proposed

systems. These aspects are listed below:

1. Code domain NOMA can be used instead with the power domain type.

2. Other types of cooperative relaying techniques can be considered such
as decode amplify-and-forwards (DAF) and compressed-and-forwards
(CF).

3. Selected antennas approach for massive MIMO systems can be
investigated more to choose the best antennas for transmission.

4. Optimization techniques can be employed for performance
reinforcement.

5. Other types of beamforming techniques can be used instead of the
utilized methods, such as maximum ratio combining (MRC), hybrid

beamforming, and optimum precoding beamforming.
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