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ABSTRACT
Throughput Enhancement and Power Optimization in NOMA-based Multiuser Multicast
Systems

Sareh Majidi Ivari, Ph.D.
Concordia University, 2023

In recent years, Non-Orthogonal Multiple Access (NOMA) has emerged as a promising
technique for enhancing the capacity and throughput of wireless communication systems. This
thesis investigates the potential of NOMA in improving the performance of multiuser multicast
systems, focusing on multibeam satellite communication systems in the forward link, throughput
enhancement, and power optimization. We propose a novel framework that combines a NOMA
scheme with multibeam architecture and frequency reuse in multicast transmission. The proposed
framework enhances system throughput by optimizing power allocation.

First, we present a comprehensive review of the principles and techniques related to NOMA
and multibeam multicast systems, highlighting their unique challenges and potential benefits.
Next, we introduce our proposed framework in 4-color frequency reuse satellite systems. In 4-
color frequency reuse, each user receives signals from other co-channel beams. However, the level
of isolation is such that the interbeam interference can be treated as background noise without
significant performance degradation. This means that there is no collaboration between beams,
and each beam can be isolated from the rest. Therefore, NOMA is considered in single-beam mul-
ticast satellite communication systems. The optimum power allocation to maximize the minimum
fairness rate and sum-rate is derived for a given user clustering in a single beam. Moreover, an
optimum user clustering is derived, which improves the system throughput.

Next, we investigate our proposed framework in full frequency reuse satellite systems under
perfect channel state information at the transmitter (CSIT). The proposed framework integrates
the NOMA scheme in multicast multibeam architecture. Linear precoding techniques, such as
zero-forcing (ZF) and minimum mean square error (MMSE), are used to cancel interbeam inter-
ference while NOMA is applied on a beam basis. NOMA and linear precoding are adopted for
the proposed framework in multicast transmission. A low-complexity user scheduling is proposed
to deal with the trade-offs between optimum user scheduling for linear precoding and the NOMA
scheme. Moreover, a low-complexity linear precoding in multicast transmission is proposed based
on unicast linear precoding methods and a mapper which deals with the lack of spatial degrees of
freedom. To improve the performance of linear precoding, we present three mappers, where the

proposed singular-value-decomposition (SVD) mapper demonstrates the best performance.
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To improve system throughput, power allocation should be optimized. In this thesis, we con-
sider two objective functions: max-min fairness rate (MMF) and sum-rate. This thesis introduces
a technique for addressing the non-convex MMF optimization issue in the proposed framework by
employing auxiliary variables to convert it into a semi-definite programming problem, which can
then be resolved using linear programming solvers. This thesis also suggests an approach to tackle
the non-convex sum-rate maximization goal function in MB-MC-NOMA systems by constructing
Lagrangian multipliers concerning the constraints. By employing quadratic transformations on
the sum-of-ratios, the problem is restructured within an iterative sum-rate power optimization
algorithm.

This thesis considers a realistic scenario with imperfect CSIT. To combat the effect of im-
perfect CSIT in multibeam multicast satellite communication systems, a rate-splitting approach is
proposed. An averaging rate (AR) framework for MMF rate and sum-rate optimization consider-
ing ICST is proposed. To render the formulated MMF and sum-rate problems convex, we utilize
the Weighted Minimum Mean Square Error (WMMSE) method. We first derive a rate-WMMSE
relationship and then, using this relationship along with a low-complexity solution based on Al-
ternating Optimization (AO), we transform the problems into equivalent convex ones.

To validate the effectiveness of our proposed frameworks, we conduct extensive simulations
and comparisons with state-of-the-art schemes. The results demonstrate significant improvements
in throughput and power efficiency, confirming the potential of NOMA-based multiuser multicast
systems for future wireless communication networks.

Finally, we discuss potential future research directions, including the integration of the pro-
posed frameworks in the cellular networks, calculating the transmitter and receiver complexity
of the proposed techniques, considering higher layers of RS. This thesis contributes to the ongo-
ing development of next-generation wireless communication systems, paving the way for more

efficient and reliable data transmission in multiuser multicast environments.
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CHAPTER 1
Introduction

1.1 Literature Survey and Motivation

Satellite communication systems play a crucial role in developing the next generation of
wireless communications, 5G [1, 2]. The potential for terrestrial wireless networks to become less
congested by utilizing satellite technologies allows for anytime-anywhere connectivity.

To achieve broadband interactive data traffic and provide extensive data rates in satellite
communication systems, utilization of two key techniques is inevitable; full frequency reuse and
multibeam architecture [3]. Full frequency reuse allows for efficient spectrum utilization by
reusing the same frequency bands across different beams, maximizing the available bandwidth.
This technique enables higher capacity and improved system performance.

In addition, the implementation of a multibeam architecture further enhances the system’s
capabilities. With a multibeam architecture, the satellite is equipped with multiple beams, each
covering a specific geographic area [4]. This allows for simultaneous transmission to multiple users
in different regions, enabling better coverage and capacity allocation. By dynamically adjusting
beam shapes and power allocation, multibeam architectures can efficiently manage resources and
adapt to varying traffic demands and user distributions.

It is important to note that the combination of full frequency reuse and multibeam architecture,
while bringing significant advantages to satellite communication systems such as high data rates,
increased capacity, and improved quality of service, can also introduce interbeam interference
[4]. This interference occurs when signals from adjacent beams overlap, leading to potential
performance degradation if not properly managed. Therefore, effective interference mitigation
techniques need to be employed to minimize the impact of interbeam interference and optimize

system performance.



According to state-of-the-art technologies in DVB-S2X [5], the multibeam design includes
a multicast framework due to the large codewords. The transmitter sends a single coded frame
to multiple users within a beam simultaneously. It means that users within the same beam share
the same precoding vector, thus, the coding gain increases. The multibeam multicast adopts the
physical layer (PHY) multigroup multicast transmission, and different beams represent different
groups of users [6]. Besides the interbeam interference, the multibeam satellite systems face
other obstacles, such as the per-feed available power constraints, the uncertainty of channel
status information at the transmitter (CSIT), and the overloaded regime [7]. According to the
literature, there are three methods to cancel interbeam interference including linear precoding,
non-orthogonal multiple access (NOMA), and rate-splitting (RS) which are discussed in the
following sections.

1.1.1 Linear precoding

One technique to mitigate interbeam interference is linear precoding, which effectively mit-
igates interbeam interference in underloaded systems and under perfect CSIT conditions [8].
Linear precoding involves applying a linear transformation to the transmitted signals at the satel-
lite’s beams to suppress interference and enhance the received signals at the intended users. In
linear precoding, the interference is detected and canceled at the transmitter and the receiver treats
it as background noise.

Employing the linear precoding technique for multibeam satellite communication systems
involves the initial design of zero-forcing (ZF) and minimum mean square error (MMSE) precoding
[9]. These precoding techniques, commonly utilized in scenarios with one user per frame, are
adapted from linear precoding approaches employed in multiuser multiple-input-multiple-output
(MIMO) systems [10, 11, 12]. ZF is a straightforward method that employs a prefiltering operation
using the channel pseudo-inverse, effectively eliminating inter-user interference [10]. MMSE, on
the other hand, builds upon ZF by taking into account the noise variance to further enhance

performance, particularly in low signal-to-noise ratio (SNR) conditions [11, 12].



The multicast fashion entails a modification of the overall precoding scheme since multiple
users within the same frame share the same precoding vector, and each user requires a particular
SINR to stay connected. Therefore, applying the linear precoding in the multicast framework needs
a particular scheduling scheme to include multiple users data, with various SINR rates, within the
same frame with the same precoding filter [4, 13, 14, 15, 16, 17]. Such scheduling optimizations
in designing the multicast linear precoding result in a trades-off between the complexity and
the performance in precoding techniques [18, 19, 20, 21, 22]. The first attempt of designing
a multicast multigroup precoding was a modification of the regularized channel inversion [18],
where the equivalent channel for each multicast group is the average of the users’ channels. This
technique has low complexity and spectral efficiency. To improve the performance, a method based
on the singular value decomposition (SVD) is proposed in [19] to compute the precoding vectors.
The precoding matrix is constructed row by row, where each row is the null space projection to
reject the other beams’ interference. This method achieves higher spectral efficiency, whereas the
computational complexity is increased.

Another approach in designing the linear precoding matrix is based on sum-rate optimization,
as discussed in [20]. This approach aims to maximize the overall system throughput while
considering per-antenna power constraints. However, it is important to note that this approach
often comes with increased computational complexity.

In [21], a frame-based technique is proposed, which considers joint sum-rate optimization
with per-antenna power constraints and user scheduling. This technique aims to maximize the
sum rate of the system while efficiently managing power allocation and user selection. Another
approach, presented in [22], proposes a two-stage linear precoding design that achieves higher
spectral efficiency and lower complexity compared to other techniques. These advancements in
linear precoding techniques have contributed to enhancing the overall system performance.

In the context of employing linear precoding in a multicasting framework, the design of a

low-complexity and high-performance linear precoding scheme presents significant challenges.



Additionally, an important issue that needs to be addressed is the user scheduling in multicast
linear precoding systems. This thesis focuses on addressing these issues.
1.1.2 Non-orthogonal Multiple Access

In addition to linear precoding, NOMA scheme has emerged as another technique to mitigate
interbeam interference. The NOMA scheme relies on the superposition coding at the transmitter
and the successive interference cancellation (SIC) at the receiver [23, 24]. The NOMA scheme
is suitable for the overloaded systems and serves a number of users that could be much higher
than the number of feeds [25]. In this case, the SIC receiver is able to cope with the strongest
interfering signal that generally cannot be completely removed by mentioned linear precoding
techniques. In the NOMA scheme, users could be ordered after the precoding based on their
effective scalar channel from the weakest to the strongest users. Users can decode the messages
of the weaker users in a successive manner [26, 27]. Therefore, the strongest receiver can decode
all messages. Consequently, the NOMA can transform the multi-antenna non-degraded channel
into a single-antenna degraded channel. Moreover, it is well established that NOMA offers an
impressive throughput boost compared to orthogonal multiple access (OMA) techniques.

The NOMA scheme in the multicast framework of the terrestrial networks is investigated in
[28, 29, 30]. In [28], a cooperative NOMA scheme is designed for a unicast-multicast system. In
the first phase, the base station transmits a superposed message containing all users information.
Then, in the second phase, a multicast user is selected to forward the information intended by
unsuccessfully decoded users (multicast or unicast). In [29], the NOMA scheme is studied in a
two-layered multicast system. The multicast users are divided into the base layer and the enhanced
layer. Also, an algorithm is proposed to maximize the sum-rate while the minimum rate of the
base layer is guaranteed. However, in [30], the cooperative NOMA is designed for a system with
only multicast users. In the second phase of the proposed system, successfully received users

forward the received message to the remaining users through a device-to-device multicast way.



The application of NOMA in satellite communication systems has been extensively researched
[24, 25, 31, 32, 33, 34, 35]. These studies discuss various non-orthogonal schemes and payload
architectures suitable for satellite environments, highlighting the potential advantages of NOMA in
satellite multibeam communications. However, further investigation is needed to fully understand
and optimize the benefits of NOMA in satellite communication systems.

Some research focuses on addressing the challenges of implementing NOMA in multibeam
satellite systems. For instance, [31] investigates joint precoding of signals in NOMA systems,
while exploring the use of simultaneous non-unique detection (SND) to enhance spectral efficiency.
Novel scheduling algorithms that consider both successive interference cancellation (SIC) and SND
strategies are proposed to improve system performance and spectral efficiency.

In the context of multibeam satellite communication, [32] proposes a cooperative NOMA
scheme where beams collaborate to serve users at the beam edges, utilizing the strongest co-channel
interference (CCI) as additional information. [33] introduces NOMA to enhance frequency reuse
and mitigate intra-beam interference by formulating a max-min resource allocation problem. The
study proposes a suboptimal algorithm to optimize the Offered Capacity to requested Traffic Ratio
(OCTR), demonstrating the potential benefits of incorporating NOMA in multibeam satellite
systems.

Additionally, [34] presents a geographical NOMA-based multiuser beamforming (NOMA-
BF) scheme for improving spectral efficiency in multibeam satellite-based Internet of Things (IoT)
systems. The paper explores the advantages of NOMA in enhancing spectral efficiency. While
[35] provides a comprehensive overview of NOMA’s application in various satellite architectures,
addressing the availability, coverage, and efficiency requirements of 5G networks.

Considerable research has been conducted on the application of the NOMA scheme in various
scenarios. However, to the best of our knowledge, there is no research that specifically addresses the

use of NOMA in beam basis of a multibeam multicast satellite communication system. This thesis



aims to fill this research gap by investigating the potential benefits and challenges of implementing
the NOMA scheme in such a scenario.
1.1.3 Rate-splitting

RS is a versatile framework that offers a flexible approach to interference mitigation in
multiuser communication systems, making it more generalized compared to linear precoding or
NOMA [36]. In RS, the message for each user is divided into a common part and a private part.
The simplest form of RS, known as 1-layer RS, combines the common parts into a single common
stream, while encoding the private messages as individual private streams [37]. At the receiver,
the common stream is decoded and removed from the received signal using SIC. Subsequently,
the private stream intended for a specific user is decoded, treating the other interfering streams as
noise [37].

RS has demonstrated its effectiveness in mitigating interference and achieving good perfor-
mance, even in scenarios with imperfect CSIT and in overloaded regimes [8, 38]. The flexible
nature of RS enables it to adapt to different levels of interference. It can automatically switch
between linear precoding and NOMA by adjusting the powers and contents of the common and
private streams, depending on the strength of the interference. Thus, RS acts as a bridge be-
tween linear precoding and NOMA, encompassing any possible hard switching between the two
techniques.

RS has been extensively studied in the context of multiuser MIMO systems with perfect CSIT
[38, 39]. It enables the exploitation of multiuser interference, leading to higher spectral efficiency
and increased system capacity, and improve MMF rate performance in scenarios with perfect CSIT
[8]. However, the assumption of perfect CSIT may not hold in practical scenarios, leading to the
investigation of robust RS algorithms to mitigate the impact of imperfect CSIT [39, 40].

In the context of multicast transmission, RS has gained attention due to the challenges
associated with multicast transmission [41]. Multicast transmission presents unique challenges,

as it involves simultaneously transmitting the same information to multiple users. The problem



of MMF transmit beamforming in the multigroup multicasting framework under perfect CSIT is
studied and showed that the RS outperforms the conventional linear precoding [41].

RS has also been investigated in the context of satellite communication systems, as highlighted
in [42, 43, 44]. In [42], the focus is on superposition coding (SC) and RS in a two-beam satellite
communication system, where orthogonal multiple access schemes like TDMA are considered
within each beam. The study examines the performance of SC and RS in this specific satellite
configuration.

In [43], RS is evaluated in the context of multibeam multicast satellite communication
systems. The authors address a per-feed power-constrained max-min fair (MMF) problem, taking
into account various qualities of CSIT, including both perfect and imperfect CSIT. They assess the
performance of RS under different CSIT scenarios and validate its potential in improving system
performance compared to existing techniques.

Building upon the previous work, [44] considers a more realistic scenario by incorporating
imperfect CSIT in both underloaded and overloaded systems. The proposed RS framework is
investigated in the context of multibeam multicast systems, and the results demonstrate significant
performance improvements over existing techniques.

All the existing research mentioned focuses solely on the application of RS technique for
mitigating interbeam interference in multicast transmission. However, none of them consider the
combination of RS with other techniques to further improve system performance. Ongoing research
continues to explore the potential of RS and its performance in practical satellite communication
systems such as NOMA-based multibeam multicast satellite systems.

1.2 Objectives and Thesis Contributions

In the previous section, we discussed the most important interbeam interference cancellation
techniques in satellite communication systems such as linear precoding, NOMA, and RS. While
each technique has its benefits and limitations, it is important to carefully consider their charac-

teristics and trade-offs in the context of multibeam multicast satellite communication systems.



Linear precoding offers advantages such as low complexity and the ability to perfectly mitigate
interference under perfect CSIT and underloaded conditions. However, its performance may
degrade under imperfect CSIT and in overloaded scenarios, which are limitations of this technique.
Furthermore, designing multicast linear precoding is not straightforward, and there exists a trade-
off between complexity and performance.

NOMA provides benefits in efficiently handling an overloaded regime and achieving high
spectral efficiency. However, it is important to address some limitations associated with NOMA.
As the number of users increases, the complexity of NOMA systems escalates, posing challenges
in terms of implementation and processing. Additionally, the performance of NOMA is influ-
enced by signal-to-noise ratio (SNR) imbalances among users, which can impact overall system
performance.

The RS is a promising solution to mitigate interbeam interference, and it has better per-
formance than the other techniques, even in systems under imperfect CSIT. RS offers a flexible
approach to interference mitigation and can automatically adapt to different levels of interference
by adjusting the common and private streams. However, it has higher computational complexity.
The additional complexity arises from the need to design the RS and decoding strategies.

In conclusion, considering the benefits and limitations of each technique, using only one
method to mitigate interbeam interference in a fully overloaded multicast multibeam satellite
system is ineffective. Combining two techniques gives more flexibility to optimize the Max-Min
fairness (MMF) rate and the sum-rate. Further research is also needed to address the limitations,
optimize the performance, and explore the application of multicast NOMA and linear precoding
and RS in satellite communication systems.

1.2.1 Objectives

The primary aim of this thesis is to enhance the performance of multibeam multicast satel-

lite communication systems by employing a combination of techniques to mitigate interbeam

interference. The research focuses on evaluating and optimizing three distinct frameworks.



The first framework of this thesis, known as MC-NOMA, focuses on the analysis of NOMA
within a single beam in the context of multicast transmission. This framework extensively inves-
tigates the effectiveness of NOMA and its impact on various system performance metrics, such as
the MMF rate and total achievable sum-rate. The goal is to gain insights into the advantages and
limitations of implementing NOMA on a beam basis in multicast scenarios.

In the second framework, denoted as MB-MC-NOMA, the integration of linear precoding and
NOMA techniques is explored in multibeam multicast satellite communication systems. Linear
precoding is employed to mitigate interbeam interference and cancel out unwanted signals between
beams, while NOMA is applied within each beam to further enhance system performance in terms
of MMF rate and sum-rate. By combining these two techniques, the aim is to achieve improved
interference cancellation capabilities through linear precoding and leverage the benefits of NOMA
in a multibeam multicast scenario.

The third framework, MC-RS-NOMA, focuses on the integration of RS and NOMA tech-
niques in multibeam multicast satellite communication systems under imperfect CSIT. The ob-
jective is to exploit the benefits of RS in handling imperfect CSIT and combine it with NOMA
to improve system performance, particularly in terms of MMF rate and total achievable sum-rate.
By combining these two techniques, the goal is to enhance the overall system performance and
address the challenges of interbeam interference in multibeam multicast satellite communication
systems.

The proposed frameworks aim to achieve a more effective and efficient system for multicast
multibeam satellite communications. The research will address the limitations of existing ap-
proaches and provide valuable insights into the optimization of system performance in various
CSIT scenarios. Based on the comprehensive analysis and research conducted, the subsequent
subsections discuss the specific objectives and contributions of this thesis in a clear and concise

manner.



1.2.2 Thesis Contributions

Based on the defined objectives, this thesis is dedicated to the development of novel frame-

works in the field of multibeam multicast satellite communication systems. Through the research

process, several significant contributions have been made to advance this field. The key contribu-

tions of this thesis can be summarized as follows:

Deriving achievable rates of MC-NOMA framework and the optimum power allocation to
maximize MMF rate and sum-rate with considering Quality-of-Service (QoS). Moreover,
an optimum user clustering is proposed for improving the performance .

Designing a user scheduling method to improve the performance of both multicast linear
precoding and the MC-NOMA scheme in the second framework, MB-MC-NOMA. The
proposed user scheduling method obtains the optimal compromise between SINR imbalance
and the co-linearity of the channel vectors.

Designing the multicast linear precoding technique for the MB-MC-NOMA framework.
To deal with the lack of spatial degrees of freedom in the multicast linear precoding, we
propose a new formation of the composite channel matrix as the equivalent virtual channel.
We present three different mappers. The mappers are governed by SVD, SNR, and averaging.
Optimizing the power allocation to maximize the MMF rate and the weighted sum-rate in
the MB-MC-NOMA with and without considering the QoS.

Developing the achievable rate region for the MB-MC-NOMA scheme, where the optimal
PSD is efficiently computed based on the proposed equivalent channel and water-filling
algorithm for the weighted rate sum.

Applying rate splitting for the first time to the multibeam multicast NOMA satellite com-
munication systems under imperfect CSIT assumption, called MC-RS-NOMA. The rate
splitting is used to cancel interbeam interference and combat the effect of the imperfect
CSIT. Moreover, NOMA is considered on a beam basis to improve spectral efficiency. The

achievable data rates of the common and private parts are derived.
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e Formulating the MMF rate and sum-rate optimization problems of the MC-RS-NOMA
under imperfect CSIT assumption using AR framework. This thesis employs the weighted
MMSE (WMMSE) approach to make the formulated MMF and sum-rate problems convex.
First, a rate-WMMSE relationship is derived. Then, using the rate-WMMSE relationship,
and a low-complexity solution based on alternating optimization (AO), the problems are
transferred into equivalent convex problems.

1.3 Thesis Organization

This thesis is organized as follows. Chapter 2 provides the necessary background on the main
topics referenced throughout the thesis. In Chapter 3, the MC-NOMA framework is presented,
including the derivation of achievable data rates and proposed power allocation methods. In this
chapter, an optimal user clustering approach to maximize system performance is also discussed.
Chapter 4 introduces the proposed framework for multibeam satellite communication systems,
MB-MC-NOMA. An optimal user scheduling scheme is developed to optimize the performance
of linear precoding and the NOMA scheme in multicast transmission. Additionally, the chapter
explores multicast linear precoding based on unicast linear precoding, introducing three mappers:
averaging, maximum SNR, and SVD. In Chapter 5, an optimal power allocation scheme to
maximize minimum rate and sum-rate in the MB-MC-NOMA framework is proposed. The chapter
also includes the derivation of the achievable rate region. Chapter 6 focuses on the MC-RS-NOMA
framework under imperfect CSIT. This chapter investigates the theoretical findings presented
throughout the thesis and validates them through simulations across various scenarios. The thesis
is concluded in Chapter 7, which provides a summary of the key findings and contributions.

Additionally, potential avenues for future research are identified.
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CHAPTER 2
Background

2.1 Introduction

This chapter is providing a comprehensive analysis of the fundamental topics that form the
basis of the subsequent chapters. It delves into the exploration of the Non-Orthogonal Multiple
Access (NOMA) scheme, which plays a pivotal role in the proposed frameworks. By examining
this scheme, we gain a deeper understanding of the proposed farmework. The chapter focuses
on investigating linear precoding techniques, which are suboptimal strategies that can achieve
the capacity of the broadcast channel. These techniques serve as the primary building blocks
in the proposed frameworks of this thesis. Furthermore, the chapter delves into the water filling
technique, providing an in-depth analysis of its application and impact on the system. Additionally,
the chapter addresses the crucial aspect of CSIT uncertainty model and its scaling with SNR.
By discussing these topics, we shed light on the challenges and considerations associated with
imperfect knowledge of the channel state.
2.2 Broadcast Channel

The forward link of satellite communication systems can be modeled as a broadcast channel
(BC). A BC is a wireless communication system that consists of one transmitter (or information
source) and multiple uncoordinated receivers. In the context of information theory, a BC en-
compasses various scenarios where the transmitter communicates independent messages to the
receivers, or a combination of independent and common messages, among other possibilities
[45, 46]. The term “broadcasting” refers to the transmission of information over a shared medium.

In the case where both the transmitter and receivers are equipped with a single antenna, the
communication scenario is known as a multiuser single-input single-output (SISO) system. The

capacity of the multiuser SISO channel, which can be modeled as a degraded-broadcast channel,
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is well-known [45]. In the degraded-broadcast channel, users can be ordered in terms of their
channel norms. Non-orthogonal transmission techniques can achieve the capacity of the multiuser
SISO channel, and will be further discussed in detail in subsection 2.3.2.

On the other hand, if the transmitter is equipped with multiple antennas, MV, it is referred to as
a multiple-input multiple-output (MIMO) system. We use the term MIMO loosely to describe the
scenario where the transmitter is equipped with multiple antennas while the receivers may have
only a single antenna each. Unlike the degraded broadcast channel, the MIMO broadcast channel
is generally not characterized by a specific ordering of the channels. As a result, the capacity
region of the MIMO broadcast channel is not generally known or determined.

Consider a J-user MIMO BC, and the received complex baseband signal at the j-th receiver

during the 7-th channel use mathematically expressed as
yjt =hlet n;t, 2.1

where h;r € CI*Ni is the channel vector between the transmitter and the receiver. Moreover,
jel,Jandre 0,1. xt € CNxland n jt are the transmitted signal and the additive white Gaussian
noise. Moreover, the input signal is constrained by an average power limit per channel use, which
is defined as

E{[|x|[*} < Pr (2.2)

where Pr is the maximum available power at the transmitter.
2.2.1 Capacity of MIMO Broadcast Channel

In this case, the capacity region of the MIMO BC, subject to a power constraint, is defined as
the closure of the set of all achievable rate tuples ry, ..., r; that satisfy the power constraint. The
capacity region represents the tradeoff between the achievable rates for different receivers and is
influenced by the type of transmission employed. In the non-ergodic case, the capacity region is
affected by the instantaneous channel state, while in ergodic transmission, it is determined by the

long-term properties of the channel.
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The accuracy and availability of CSIT play a crucial role in defining the capacity region
[47, 48, 49]. In the case of perfect CSIT, the capacity region of the MIMO BC can be achieved
using a non-linear coding strategy called Dirty Paper Coding (DPC) [50]. However, when CSIT
is imperfect, the capacity region is generally unknown.

The capacity region of a communication system provides valuable insights into its perfor-
mance, and various scalar performance measures can be derived from it. One commonly used

measure is the sum-capacity, which is defined as

J
Csum-rate = Max oL F (2.3)
rly...,ry€C j=1

which represents the maximum achievable sum-rate. Although operating at the sum-capacity
ensures optimal system throughput, it may not guarantee fairness among users. In some cases,
users with poor channel conditions may experience significant resource deprivation while resources
are allocated to users with better channel conditions to maximize overall throughput. To address
this, the Max-Min Fair (MMF) capacity is introduced as a performance measure that considers

fairness among users. The MMF capacity is defined as

CvMF = max minr;. 2.4)
r,...,ry€Cj

The performance measure described as the MMF capacity is also referred to as the symmetric-
capacity in literature [S1]. This is because the symmetric rate tuple, where all users achieve the
same rate denoted as Cyvr, 1S considered optimal in terms of achieving fairness among users. The
objectives of this thesis revolve around optimizing the measures mentioned in equations (2.3) and
(2.4), or their suboptimal versions that may not necessarily satisfy the maximization operators.
These objectives are central to the design considerations explored in this research.
2.2.2 Precoding techniques

Precoding is a signal processing technique commonly employed in MIMO systems to improve

the performance and achieve the capacity. The basic idea behind precoding is to pre-process (or
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shape) the transmitted signals in a way that mitigates the adverse effects of the wireless channel,
such as interference, fading, and noise. This improves the overall system performance and data
rate. In the following sections, two types of precoding are presented, non-linear precoding and
linear precoding.
Non-linear precoding

Non-linear precoding methods generally offer better performance in terms of data rate and
error performance compared to linear methods, but they come at the cost of higher computational
complexity.

* Tomlinson-Harashima Precoding (THP): THP is one of the earliest and best-known non-
linear precoding techniques. It effectively mitigates inter-symbol interference by performing
modulo operations and backward decision-feedback equalization. It is particularly effective
in scenarios where the channel matrix is ill-conditioned or near singular. These are the
situations where linear precoders might perform poorly.

* Vector Perturbation (VP): This method introduces a perturbation vector to the transmitted
signal vector such that the received signal after the channel aligns closely with lattice
points, reducing quantization noise and hence improving performance. It achieves near-
optimal performance at the expense of increased complexity due to the search for the best
perturbation vector.

* Dirty Paper Coding (DPC): This is an information-theoretic technique wherein the trans-
mitter has knowledge of the interference and cancels it by coding the information in a way
that the receiver does not see the interference. In practice, exact DPC is computationally
complex, but there are approximations and practical schemes that aim to achieve the benefits
of DPC without the high complexity. DPC enables the achievement of the MIMO BC by
employing distinct and suitable codewords for each receiver [50]. The transmitter begins by
selecting an appropriate codeword specifically intended for Receiver 1. Subsequently, the

codeword for Receiver 2 is chosen based on the complete knowledge (without any causality
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constraints) of the first codeword intended for Receiver 1. As a result, Receiver 2 does not
see the codeword intended for Receiver 1 as an interference signal. This process continues
iteratively, ensuring that the last receiver does not experience the codewords intended for
other receivers as interference. However, the first receiver perceives all the other codewords
as interference.
2.2.3 Linear precoding
Although DPC is a theoretically optimal concept, its practical implementation is considered
highly complex and challenging [52, 53]. As an alternative approach, linear precoding, also
known as Beamforming (BF), has emerged as a suboptimal but more practical strategy. In linear
precoding, each message is independently encoded into a data stream and then mapped to transmit
antennas using a precoding vector consisting of beamforming weights. This simplifies the design
of codes for MIMO broadcast channels, making the problem more tractable and less complex.
Throughout this discussion, we assume perfect CSIT. In the following subsection, we discuss two
most important linear precoding techniques which are considered in this thesis.
Zero-forcing
The zero-Forcing (ZF) is a simple and practical alternative precoding used to cancel the
interbeam interference and is useful for the high SNR regime. The ZF precoding technique
achieves maximum capacity under perfect CSIT. The beamforming vectors in the ZF, Wz, are

computed from the pseudo-inverse of the composite channel matrix H=hyh;...h; [10]:

t .
War =17 (H' ) = Uy ((HTHBY) ). 2.5)
The precoding matrix should be divided by

Yzr = maxdiagWzp Wzg!? (2.6)
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MMSE
The Minimum Mean Square Error (MMSE) approach shows low computational complexity
and good sum-rate performance [54]. The precoding matrix is given by

K —1
Wammsk = 1/ MMSE ((HHH Ek) HH> : 2.7)

where Ix is the K-dimensional identity matrix. To control the power and satisfy the power

constraints, the precoding matrix should be divided by,
. H
MMSE = max (dlag (WMMSE (WmmsE) )) . (2.8)

2.3 Information-theoretic views of the NOMA scheme

From an information-theoretic standpoint, users in the NOMA scheme share the same resource
elements, including time, frequency, space, and code [45, 46]. The NOMA technique offers
a superior rate region compared to OMA techniques. Examples of OMA techniques include
frequency division multiple access (FDMA), time division multiple access (TDMA), and code
division multiple access (CDMA). It has been demonstrated that non-orthogonal transmission is
the optimal choice for both the uplink and downlink scenarios.

2.3.1 Capacity region of two-user MAC (Uplink)

The capacity region of a two-user multiple access channel (MAC) can be achieved through
non-orthogonal transmission. In the uplink channel scenario, multiple users simultaneously
transmit their data to a common base station (BS) using the same time and frequency resources.
The BS applies the SIC to decode the signal from the strongest user. Single user detection (SUD)
is then used to decode the message from the other user. The capacity region of the two-user MAC

is obtained using the non-orthogonal multiple access (NOMA) scheme and represents the set of
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non-negative Ry, R, values that satisfy certain conditions such that

R <Cy
R, <Cp
RiR<Cn P

where 7 is the received signal-to-noise ratio (SNR) for user i and Cx = 0.51log, 1 x.
2.3.2 Capacity region of two-user BC (Downlink)

Similar to the two-user MAC, the capacity region of the two-user BC is known and is achieved
via non-orthogonal transmission in which both users signals are served at the same time and in the
same frequency band. In particular, the BS sends the superposition coding of messages and the
user with the stronger channel gain (usually the one closer to the BS) uses SIC to decode its signal
free of interference, while the user with the weaker channel gain treats the signal of the stronger

users as noise. The capacity region of the two-user BC is the set of non-negative R, R, such that

R SCO()/]
l—apy

R, <C
ay 1

where « is the fraction of the BS power allocated to user 1s data (strongest user). Figure 2-2 and
Figure2—-1b show the capacity region of NOMA and OMA in uplink and downlink, respectively.

The capacity that OMA can achieve in both uplink and downlink for 8 € 0, 1 is only

R < BCy

R, <1—-BCp

2.4 Capacity of Multiple Access Channel (MAC) with ISI Using water-filling approach
In this thesis, the water-filling approach is employed to derive the achievable rate region
of the proposed MB-MC-NOMA framework. To enhance our understanding of this approach,

this section concentrates on examining the capacity of the MAC with inter-symbol interference

18



25f ‘ ] 25 —
v = - owma \
\ \
2 \ 2 \
\ \
\ \
\ \
1.5 Y 1.5 Y
o N o \
\ \
1 Y 1 N
\ \
\ \
\ \
051 \ 0.5 \
\ \
\ \
\
0 0
0 0.5 1 0 0.5 1
R1 R1
(a) Capacity region of two-user MAC (Uplink) (b) Capacity region of two-user BC (Downlink)
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Figure 2-2: Single-user water-filling scheme

(ISI), which is accomplished by utilizing the water-filling technique. Extensive research on the
capacity region of the Gaussian MAC with ISI has been conducted in the reference [55]. The study
employs a multiuser water-filling scheme to achieve the capacity region in this context. Although
the details of the study are provided in the referenced work, we can provide a brief overview of
the key findings.

Before examining the analysis of the capacity of a two-user MAC with ISI, let’s first examine
the water-filling approach for a single user with a transfer function denoted as Gw. Figure 2-2
shows the water-filling scheme for a single user channel. The square of the magnitude of the
channel transfer function over the noise power spectral density (PSD), denoted as gw = |Gw|>Nw,
where Nw is the noise PSD. The g~'w is the bottom of the water-filling container and the fixed

amount of water (power), Pr, is poured into the container.
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Figure 2-3: Two-user multiple access channel model

According to the water-filling scheme, the optimal PSD, denoted as Sw and depicted by the

shaded area in Figure 2-2, can be determined by solving the following equations:

el (2.9)

5 Swdw (2.10)

where the sign indicates that Sw > 0.

The capacity of memoryless Gaussian MAC is well-established, but evaluating the capacity
region of a MAC with ISI requires a different approach. In this case, the channel needs to be
decomposed into parallel memoryless channels, which is more challenging compared to single-
user channels due to the interdependence between the channels. To overcome this challenge,
a water-filling scheme can be employed to visualize the PSD distribution across the frequency
domain. This scheme allows us to graphically represent the optimal total PSD. By incorporating
the successive cancellation concept into the water-filling scheme, we can determine the optimal
PSD for each user over the entire bandwidth.

Figure 2-3 depicts the channel model for the two-user Gaussian MAC with ISI, where G 4w
and Gpw represent the transfer functions of the channels. In our analysis, we specifically investigate
a two-user MAC with both similar and dissimilar transfer functions. We provide an explanation
of the case with similar transfer functions to enhance understanding, but our primary focus is on

the more relevant case with dissimilar transfer functions.
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24.1 Two-user Channel with the same transfer function
In the case of similar transfer functions of two-user MAC, the same approach employed for

the single user MAC can be applied to determine the optimal PSD. g—!

w= g;llw = gglw will be
used as the bottom of the containers for S 4w, Spw, and S 4w Spw water diagrams seperately while

satisfying the following equations

Saw Sgw=B—g 'w (2.11)
P4 Pg= %g Saw Sgwdw (2.12)
Sw=PBi—g 'w (2.13)

p = %gSiwdw (2.14)

where i= A or Band P4 Pg = Pr.
2.4.2 Two-user Channel with different transfer function

In this scenario, the objective is to determine the optimal PSD for the two users that maximizes
a weighted sum-rate, denoted as BR4 1 — BRp, where B € 0,1. However, it is not possible to
find the optimal PSD for each user separately using two separate water-filling diagrams, as they
would interfere with each other. To overcome this challenge, an equivalent channel is introduced,
combining both g;llw and gglw. This equivalent channel allows us to determine the optimal sum
of the PSDs as well as the individual PSDs for each user.

To merge the two water-filling diagrams, an equivalent channel can be utilized, as depicted
in Figure 2—4. This equivalent channel scales the original channels in order to facilitate the
combination of the two water-fillings into a single diagram. The optimal PSD for the equivalent
channel, which maximizes the weighted sum rate, can be obtained by solving the following

equations:

C={RA,Rp€R*: BR4 1 —BRp < CB} (2.15)
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Figure 2—4: Equivalent two-user multiple access channel model
where CJ is defined as

BFS 4,85 1 —2BF0,S5 iff €0,0.5
CB = (2.16)

1 —BFSA,S52B — 1FS4,0 iff €0.5,1

where F'S 4,53 can be written as
1 T
FZaZ5=5_§ log [1 Zawgaw Zgwgg| dw (2.17)

The rationale behind these equations is based on the SIC methodology, which outlines how
to divide the combined water-filling diagram for the equivalent channel. The user with a weaker
channel is assigned lower priority and is decoded first, treating the signal from the second user
as interference. The first user’s signal is then reconstructed and subtracted from the total signal,
enabling the decoding of the second user’s signal without any influence from the first user.

For example, when f3 € 0,0.5, where User 1 is considered low priority, the corresponding
data is recovered while treating the signal from User 2 as interference, i.e., BFS,S>. On the
other hand, User 2, as the higher priority user, decodes its data as if there were no User 1, i.e.,
1 —BFO0,S,. Similar principles apply to cases where 3 € 0.5, 1. In the case of equal priority with
B =0.5, the sum rate is divided between users based on their respective channel conditions.

Figure 2-5 illustrates a representative water-filling diagram for f € 0,0.5. With a fixed water
level of B, the bottom of the container is determined as the minimum of the two curves, b Ag;ll w

and bggglw 23 — 1. Moreover, the parameters by and bp are adjusted so that the total amount
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Figure 2-5: Water-filling diagram for two-user MAC with different transfer functions

of water (power) is equal to b 4P4 bgPg. Then areas I, 1,15 define the optimal PSD for the two
users.

To determine the optimal scales b4 and bp that maximize the sum rate, we have employed
the approach described in [56]. This methodology utilizes a geometrical water-filling method to
achieve the desired outcome. The main objective is to maximize the weighted sum-rate of the two
users, as stated in equation (2.15), while ensuring that each user’s power constraints are satisfied.

By iteratively adjusting the value of f, both the water-filling diagram shown in Figure 2-5
undergoes change. Consequently, considering the channel transfer function and the PSD of each
user, various combinations of scaling parameters will be computed. The optimal scales b 4 and
bp are then determined by selecting the values that maximize the weighted sum-rate.

For the two-user MAC, where the capacity region is rectangular, a rectangular region is
defined in the two-dimensional coordinate system for each value of . This region is utilized to
calculate the relative pairs b 4,bp. The outer boundary of this region is determined by considering
single-user detection independently, without considering the presence of the other user. This

process yields the maximum values of b4 and bg, denoted as b 4 uqx and bp pqy, respectively,
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which can be mathematically expressed as:

bamacgy'w—baPa=0, (2.18)

wbgvmaxgglw 28 —1—bgPg=0. (2.19)

The optimal pair b 4,bp can be determined through an iterative process. Initially, the pair
b4,bp is set to the maximum threshold pair b 4 jnax, b5 max- Then, the pair is adjusted iteratively

until both the individual power constraints and the total power constraints are satisfied:

SA—bagPy=0, (2.20)

Sp—bpPg =0, (2.21)
w

SaASg—byPy bpPg=0. (2.22)
w

By varying the priority factor B from 0 to 1, we calculate different points in the sum-rate
capacity. By associating all the resulting points, we can determine the final capacity region.
2.5 CSIT uncertainty Model

This research work assumes that the receiver has perfect channel state information available
(CSIR), enabling accurate knowledge of the channel conditions. However, the accuracy of the
CSIT can vary due to various factors, including estimation errors in time-division duplexing (TDD)
systems [57, 58], quantization errors in frequency-division duplexing (FDD) systems [59], and
information staleness caused by transmission delays [60]. These imperfections in CSIT are taken
into account and considered during the analysis and evaluation of the proposed schemes in this

thesis. The imperfect CSIT of user-i is modelled by
h=h;h;, icU (2.23)

where h; is the channel coefficient of i-th user. h; and h; denote estimated channel state and the

corresponding channel estimation error at the transmitter, respectively. CSIT uncertainty (channel
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estimation error) can be characterized by a conditional density f (h|f1), which is known at the
transmitter [61].

We define Y; = E|h;|?, Y; = E[h;|?, and Y; = E|h;|? for each user. According to the principles

of orthogonality, h; and hi are uncorrelated, and hi has a zero mean. Thus, we can express Y;
as the sum of Y; and Y;, yielding Y; =1 — GﬁiYi and Y; = Gez,,'Yi for some oﬁi €0,1. Here, oﬁi
represents the normalized error variance of the CSIT [61, 62]. A value of Gez,i =1 corresponds to
no instantaneous CSIT, while Ge%i = 0 represents perfect instantaneous CSIT.

2.5.1 CSIT scalling with SNR

The error variance of the CSIT scales with the SNR as Ge%l- =P i \where Pr is the total
available transmit power and the noise power is assumed to be 1 [63]. The parameter 7); is the
CSIT quality scaling factor for user i, which quantifies the degradation of CSIT as the SNR
increases. In this thesis, it is assumed that all users have identical normalized error variances,
denoted as 62, which are given by 62 = P m,

The CSIT quality scaling factor, 1, represents the relation between the number of feedback
bits and the SNR. A value of 1) =0 indicates a fixed number of feedback bits regardless of the SNR,
while 1] = co corresponds to an infinite number of feedback bits. The scaling factors are truncated
to the range 0, 1 for practical considerations. In the context of multiplexing gain, a value of N =1
represents perfect CSIT, where the interference caused by multiple users can be reduced to the
level of noise. It should be noted that the CSIT quality scaling factor, 1, has various interpretations
in addition to its relationship with limited feedback, such as its relation to the Doppler process in

delayed or outdated CSIT [60, 64].
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CHAPTER 3
NOMA in single beam multicast satellite systems

3.1 Introduction

In recent years, the demand for extensive data rates in broadband satellite communication
systems has increased due to the growing data traffic. To cope with this demand and achieve
high data throughput, the utilization of two important techniques is inevitable: non-orthogonal
techniques and frequency reuse [25].

Power domain NOMA has been proven advantageous for improving user fairness and the
attainable data rate when users are served with a significant signal-to-noise (SNR) imbalance [25].
Multicast transmission, which embeds more than one user’s information into the same frame, can
also be used in satellite communication to make the most efficient use of satellite resources [28].
However, multicast transmission and NOMA have been studied separately in previous research.

This chapter aims to investigate the first framework which is a combination of NOMA and
multicast transmission in satellite communication, referred to as multicast NOMA (MC-NOMA).
Specifically, we examine the performance of MC-NOMA in a single beam of the 4-color frequency
reuse of satellite communication. Furthermore, we consider the optimization of power allocation
and user clustering to maximize the system performance.

Two power allocation optimization problems are considered in this chapter: maximizing
minimum fairness and maximizing sum-rate with quality of service (QoS). The proposed MC-
NOMA scheme benefits from the theory developed in NOMA. The proposed optimum user
clustering method aims to maximize the system performance, as user clustering impacts the
system throughput.

The power allocation and user clustering problems are decoupled into two separate opti-

mization problems, allowing us to solve them separately. Specifically, for the power allocation
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problem, we consider user clustering to be fixed, while for a given power allocation, we optimize
user clustering to improve system performance.
3.2 System model

Consider the forward link of a multibeam satellite system that tessellates the coverage area
into K beams. The frequency is reused across the coverage area according to a 4-color pattern. Due
to the frequency reuse, each user receives the signals from the other co-channel beams. However,
the level of isolation is such that the interference can be treated as a background noise without
significant performance degradation. This means that there is no collaboration between beams
and each beam can be isolated form the rest. From the information theory it is known that the
power domain NOMA can be applied on a beam basis to increase the sum-rate with respect to
orthogonal schemes, such as time and frequency division multiplexing. When MC-NOMA comes
into play, each beam creates G groups.

This chapter considers G = 2, which we called groups A and B. Let U = {1,...,2M} gather
the users’ indices in beam k. In each beam, 2M single antenna users form two multicasting groups
of M users, as shown in Figure 31, groups A and B. To group 2M users, U, should be divided
into two disjoint sets Uy 4,Uy g, with cardinality of M.

3.2.1 Channel model

The Land mobile satellite (LMS) model is used in this thesis to model the propagation

conditions [65]. The channel is considered constant during a frame transmission. Therefore, the

channel coeflicient of i-th user in beam £ is defined as follows
i = fihy 3.1)

where f,i describes the fading effects. The channel obeys the Loo distribution [65]. The Loo model
assumed that the line-of-sight (LoS) components is lognormally distributed, while the multipath
component’s attenuation is Rayleigh distributed. Therefore, the fading effect is defined as

. nLoS multipath
/O Ok

fe=12 wie! (3.2)
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Figure 3—1: System model of the proposed MC-NOMA in a 4-colour frequency reuse of the
satellite systems
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where z; is lognormally distributed, wy is Rayleigh distributed, and 9,1‘05 and
formly distributed between 0 and 27. The mean, the standard deviation, and the average power
parameters for the distribution functions are chosen from [66]. The rest of the effects are modeled

by H;; that is defined as follows A
—i vV GRa;'cej Vi

h = i
471'% KpTrByw

(3.3)

where Gp, is the receiver antenna gain, a}C is the gain from k-th feed to the i-th user at beam k. In
addition, e/ Vi represents the time varying phase due to the beam radiation pattern and radiowave
propagation. d ,’< is the distance between i-th user at beam k and the satellite. Finally, A, Kp, Tp, and
By are the carrier wavelength, the Boltzmann constant, the receiver noise temperature, and the
carrier bandwidth, respectively. Note that the channel is normalized to the noise power. Hence,

the noise terms in (3.4) and (6-1) have unit variance.
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3.2.2 Signal model
If we focus the attention on beam £, the received signal at each group in beam £ is expressed

as follows

Via=h 4 (\/ CDisk,A V1 — akpksk,6> Banig JEU (3.4)
y%c,[)’ = hLB <\/akpksk,A 1 — (kakskﬁ) Ili,l’)’ ni’B l € UIE,B (35)

where j and [ superscripts refer to the j-th and the /-th user in groups A and B, respectively. Z/I,; A
(Uliﬁ) gathers the indices of those users that form group A (B) in time slot 7. For the remainder
of this chapter, we will omit the variable ¢ for the sake of simplicity. The cardinality of each
group is M. Hence, there are 2M users to be served. The coefficients hi yt hf{ g denote the channel
associated with the reference beam for users in groups A and B, respectively. Hence, I,f 4 and
I,Q 5 represent the co-channel interference that comes from the adjacent beams. Note that py is
the transmit power of beam k and s;_4, s¢ s are the transmitted symbols that are intended for users
in groups A and B, respectively. To be concise, symbol indices are omitted. According to the
key concept of NOMA, the transmitted signal is formed by the superposition of two signals, i.e.,
Sk = /OSk.A /1 — sy p. The term oy € 0,1 is a variable that controls the power split. Finally,
né 4 and niﬁ are the additive noise terms that contaminate the reception of users in each group.
The interference plus noise terms, i.e. , Iy 4 ni 4 and Iy g ny g are distributed as CNO, N,ﬁ 4 and
CNO, N,i 5> Tespectively.

Following the NOMA approach under the assumption that users in group B experience
better the channel conditions than those in group .A, it follows that for fairness (unlike sum-rate
maximization) more power is allocated to users of group A. Therefore oy > 0.5 and users of
groups A and B can perform SUD and SIC, respectively. Without loss of generality, maximum
achievable rates under the Gaussian signaling in beam k are

o4SINR] ,
—oSINR] , |

R, 4= min lo 1 (3.6)
CAT et g2< 11
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Ry = min log, (1 1 — o4 SINR! B) : (3.7)
’ leuk,g ’

. o SINR!
min log, | 1 — > Ry 4. (3.8)
l€Uy B 11— oySINR; 5 ’

The rates have been compactly expressed as a function of signal-to-interference-plus-noise

ratio (SINR) defined as follows:

2 2
)
j Pk <hkv4> Pk ( "73>
SINR; ,=——— SINR} p=————. 3.9
k,A j kB Nl
Nk,A kB

It is worth mentioning that if the function fx is strictly increasing for x > 0, then min fx =
Sminx. It can be verified that functions (3.6) and (3.7) are strictly increasing for SINR > 0 if

0 < o < 1. Consequently, we can introduce

T4 = minSINR/ , (3.10)
’ JEIY ’

I 3 =minSINR! 5, (3.11)
’ lelp ’

to compactly express the rates as follow

0yl A
Ria=1 ] ——— 3.12
Rk,B = 1Og2 (1 1— akaﬁB) . (313)

which are formulated under the assumption

oyl
log, (1 ﬁ) > Rya- (3.14)

11— aka’B

This inequality guarantees that s; 4 and sy g can be decoded by users of group B and it is equivalent

to

Tes > Ta- (3.15)
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If the condition in (3.15) is not satisfied, then the users of group B can not apply SIC and not decode
the signal of interest in the absence of interference. In such a case, the roles should be exchanged
so that users belonging to group A and B perform SIC and single-user decoding, respectively. In
this chapter, it is assumed that the condition in (3.15) is satisfied and more power is allocated to
the users of group A. In the following sections, we study the power allocation to maximize the
minimum rate and sum-rate.
3.3 Power allocation in MC-NOMA

In this thesis, we investigate the optimal power allocation to maximize the MMF rate and the
sum-rate.
3.3.1 MMF rate analysis

For a given user clustering, we pose an optimization problem optimizing the power is equiv-
alent to optimize the «. In this case the goal is to maximize the fairness between users of a single
beam. The optimum power allocation of 0y in beam k between groups A and B to maximize the

minimum fairness is formulated as follows

argmax  min{R 4,Ry 5}
(075

subjectto o €0,1, I g > Tk 4

The problem of power allocation to maximize the minimum fairness for a unicast NOMA scheme
is known [27, 67, 68, 69], however it is unknown for a MC-NOMA scheme. The NOMA scheme
enables a flexible management of the users achievable rates and provides an efficient way to enhance
the user fairness. In this section an optimal power allocation to achieve the MMF rate between
users of a single beam in MC-NOMA scheme is studied. Using Equations (3.12) and (3.13),
the optimization problem turns into the MMF rate optimization in unicast NOMA. Therefore, the

problem is solved using the method proposed in [67]. The optimum o is equal to o = ¢, namely,

2k ALk Tka Ti s — \/ Tia Ti s 417 4Tk s
2 Al

*

(xk:

(3.16)
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The optimum o is given in a closed form. In addition, if & # *, then it can be verified that the

fairness is degraded. Therefore, achievable rates for users of groups .4 and B in beam k are

e a—Tip \/ Tea Tip® 4T 4Tk

3.17
2l 4 ©-17)

Ry =Ry 4 Ry g =2log,

The Equation (3.17) shows that the MC-NOMA provides absolute fairness for two group of users
in beam k.
3.3.2 Sum-rate with QoS

The sum of Equations (3.12) and (3.13) is a strictly decreasing function for 0 < oy < 1.
Therefore, the minimum of ¢y maximizes the sum-rate without any constraint and it means that
all power should be allocated to the users of group B. In order not to shut down weaker users we
place a constraint on minimum rate. The SR maximization with constraints in unicast NOMA is

studied is in [67], [70]. In this case the power allocation problem is given by

max RkA Rk.B
ak ¥ bl

subjectto o € 0,1,Rx 4 > RI?,B\/IA

It is considered that Rk, A%MA is equal to the rate that users in group A would achieve if
groups are served in an orthogonal multiple access fashion, i.e., RkO%A =0.5log,1 I'y 4. From the

constraint, it can be infererred that

1Ty 4—JIT
kA KA < o (3.18)

S 0y
[ia

By design, ¢ is always greater than 0.5 and lower than one because I'; 4 is positive. The

optimization problem can be written as follows:

max Ry a Rk7B
Qe
1Ta—+/1T,
subjectto @ € [ A r k’A, 1]
kA
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The maximum of sum-rate is achieved by minimum of ¢ and is o* = . Therefore

1T a—+/1TkA
Tia
the maximum sum-rate that is maximized subject to the constraint becomes

Tia—Tip Tipy/1 Fk,A) (3.19)

1
Rk :Rk,A Rk7B = Elogzl Fk,A 10g2 ( FkA

3.4 User clustering in MC-NOMA

In this section, we study the clustering of users into two groups, A and B, for a given
power allocation in each beam. For convenience, we assume that all clusters have M users. User
clustering can generally be classified into two types: random clustering and ordered clustering.

Consider a specific partitioning partitioning P over the indices, as follows:
P U — Z/{,QA,Z/{,;B (3.20)

where,
U ={1,2M},M >2
U 4= {5l €U, Vj € 1,M}
Uy 3 =Ui—Uj 4

| 2M!
t e '7m

The partitioning ¢ is selected such that

Z/{];‘A C Z/{k,Z/{;;B C Z/{k,Z/{]£7A Z/{]l;78 = (D,U,QA Z/{];B :Z/{k,

Using the properties of the clustering, in the following two kind of clustering are studied.
3.4.1 Random clustering
In this category, the set Uy = {1,...,2M} is divided into two disjoint groups,Uy 4,Us 5,

randomly and without any criterion.

33



In random clustering, the group that has index associated with the lowest SINR is labeled as
group Uy 4 and the other one as group Uy 5. Therefore, users of groups A and B perform SUD
and SIC, respectively.

3.4.2 Ordered clustering

In this section a clustering method is derived to optimize the performance of the MC-NOMA.
In this method, at each time the clustering is done based on judicious user selection. The problem

can be formulated as follows:

argmax Ry 4 Ry
1y vty

s.t. UL A UL = Ui Up 4 UL 5= 0, min SINR{ , < min SINR}, 5
kA kB

The rates Ry 4 and Ry s are formulated in the equations (3.12) and (3.13), respectively. The
constraints indicate how the clustering should be made so that (3.15) is satisfied.
Proposition 1. The optimal clustering which maximizes the sum-rate must satisfy this inequality
J?LZ’L SINR] , < lglui]{lg SINR} (3.21)
Proof. Since the sum-rate is strictly increasing for I';y 4 > 0 and I'y 5 > 0, thus the maximum sum-
rate is achieved if I'; 4 and I'; 5 are maximized without violating the condition that I'; 4 < I' 5.
Consider two partitioning #,,; and 7p. We denote 1, the optimal partitioning, which satisfies
(6.1). for convenience and to be consistent with the notation of the chapter, let us assume that M,i“ﬁ
and L{,io 4 gather the indices of the weak users, while Z/{,i':g’ and M,i?B identify the strong users. Now
suppose that
min SINR} 5 < min SINR 5

leu,i”l’g” 1€ty

mitn SINRy = mip SINRy4
jeuk?ﬁlt jeud,
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Table 3—1: Simulation parameters.

Carrier Frequency 20GHz
Orbit GEO
G/T 17.68 dB/K
user location distribution uniform
Beam radiation pattern | Provided by ESA
Beam Radius 140Km

By grouping users differently, it becomes evident that the sum-rate, which is governed by the
weakest users, would decrease. This result contradicts the initial hypothesis and thus, (3.21) must

be satisfied. This concludes the proof. O

3.5 Simulation results

In this section, we present some numerical results of the proposed power allocation and
clustering algorithms for a single beam MC-NOMA scheme, according to the different optimization
criteria. We consider the forward link of a 4-color frequency reuse satellite communication
systems. The simulation model consists of a single beam and the interference from the other
beams are considered as the background noise. For the LMS channel model, we have used the
statistical information provided in [66] for the ka band and the intermediate shadowing. The
parameters of the simulation are given in the table 3—1.

Figure 3-2 compares the performance of MC-NOMA with MC-OMA (where groups of users
are served in different time slots) in terms of MMF rate and sum-rate with QoS, for different
numbers of users per group, denoted by M.

Figure 3-2a shows the achievable maximum fairness rate in MC-NOMA compared to MC-
OMA under two different types of clustering for various numbers of users per group. The figure
presents the results for three different transmit powers. As expected, MC-NOMA outperforms
the OMA scheme, and ordered clustering outperforms random clustering. The simulation results
show that as the number of users per group increases for a given transmit power, the MC-NOMA

scheme achieves more gain compared to the MC-OMA scheme. The simulation results shows that
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Figure 3-2: Comparison the performance of MC-NOMA with MC-OMA versus number of users
per group.

the gain increases the other way around, i.e. 20% increases if the number of users increases from
2 to 20 per group.

Figure 3-2b shows the achievable maximum sum-rate with QoS in MC-NOMA compared to
MC-OMA under two different types of clustering for various numbers of users per group. The
figure presents the results for three different transmit powers. MC-NOMA has better performance
compared to OMA when ordered clustering is used, and the gain increases with an increasing
number of users per group. However, the gain of MC-NOMA compared to OMA decreases as the
number of users per group increases under random clustering, and MC-NOMA does not achieve
any gain compared to MC-OMA. The simulation results show that the gain increases by 7% if the
number of users increases from 2 to 20 per group under ordered clustering.

Figure 3-3 demonstrates the performance of MC-NOMA with MC-OMA (where groups of
users are served in different time slots) in terms of MMF rate and sum-rate with QoS, for different
power allocated to beam k denoted by p;.”

Figure 3-3a illustrates the achievable MMF rate in MC-NOMA compared to the MC-OMA

scheme for different total power of the beam (p;) and number of users per group (M) when ordered
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Figure 3—3: Comparison the performance of MC-NOMA with MC-OMA versus different transmit
power per beam.

clustering is used. The MC-NOMA achieves more gain than OMA with an increasing number of
users. However, the gain of MC-NOMA over OMA decreases with an increasing power of beams.
The reduction in the gain of MC-NOMA over OMA with increasing total power is negligible for
a higher total number of users per group. Specifically, the gain of MC-NOMA over MC-OMA
decreases by 15% with an increasing power of the beam from 1 dBW to 30 dBW when the number
of users per group is 2.

Figure 3-3b presents the performance of MC-NOMA over OMA under different numbers
of users for different powers of the beam. In this set of simulations, only ordered clustering is
considered. The results indicate that the gain of MC-NOMA over OMA increases as the power
and the number of users per group increase. Specifically, the gain increases by 40% as the power
increases from 10 dBW to 30 dBW when M = 10.

3.6 Conclusion

In this chapter, we investigated the performance of the MC-NOMA scheme in the forward link
of satellite communication with a 4-color frequency reuse pattern. We analyzed the performance
of multicast NOMA in a single beam and showed that the attainable data rates are based on the

minimum SINR in each group. To optimize the power allocation for different performance metrics,
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we derived the optimum power allocation using existing methods. Additionally, we proposed an
ordered clustering method in which users are ordered based on their SINR in each beam and then
clustered into two groups. The ordered clustering method increases the SINR imbalance between
groups of users, maximizing performance.

Our simulation results demonstrated that MC-NOMA outperforms MC-OMA in terms of min-
imum rate and sum-rate, especially when ordered clustering is used. Specifically, the minimum-rate
and sum-rate of MC-NOMA can be increased by a factor of 2 and 1.45, respectively, with respect
to MC-OMA. Moreover, we showed that utilizing user clustering can improve the performance of
MC-NOMA by up to 30% compared to random clustering.

In conclusion, the proposed MC-NOMA scheme with ordered clustering and optimum power
allocation can significantly improve the performance of satellite communication systems in terms
of data rates and user fairness. Our study also highlights the importance of considering user
clustering and NOMA together to make the most efficient use of satellite resources. Next chapter

explores the application of MC-NOMA in the multibeam satellite communication systems.
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CHAPTER 4
NOMA in multibeam multicast satellite systems with perfect CSIT: Optimizing
User-scheduling and Linear precoding

4.1 Introduction

This chapter explores the use of full frequency reuse with the multibeam architecture in
satellite communication systems to improve spectral efficiency. While 4-color frequency reuse was
explored in the previous chapter, full frequency reuse offers even greater potential for improving
spectral efficiency. However, implementing full frequency reuse in the multibeam architecture
presents challenges due to interbeam interference in adjacent beams.

Fortunately, recent advancements in DVB-S2X [5] have led to the development of a multicast
framework that is well-suited to the multibeam architecture. By embedding multiple users in a
single frame, this framework allows for significant coding gain improvements. However, all users
whose data are transmitted in the same multicast frame must accept a rate no higher than the
achievable rate for the weakest user scheduled in the frame.

To address interbeam interference, interference management strategies are critical. Linear
precoding has been identified as a critical element for interference cancellation for the next-
generation multibeam satellite systems. This technique can be used to counteract interbeam
interference generated by co-located beams employing the same frequency. However, implement-
ing the precoding system will require hardware upgrades to both the ground and user segments.
The ground equipment will include operations involved in the precoding procedure, such as pre-
coding matrix computation and multiplication, channel state information feedback processing,
and more. User equipment must perform new synchronization and channel feedback activities not

included in non-precoding systems.
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The hardware upgrade required for precoding presents an excellent opportunity to enhance the
satellite system capacity with other promising techniques. One such technique is non-orthogonal
multiple access (NOMA), which has been extensively investigated in a 4-color frequency reuse in
previous chapter. The NOMA scheme can improve spectral efficiency by sending more than one
multicasting frame simultaneously under certain conditions of power imbalance. NOMA offers
a throughput increase compared to OMA techniques. In this chapter, we introduce the second
framework proposed in this thesis, which combines linear precoding and the NOMA scheme in
the context of multicast transmission. This framework is referred to as the multibeam multicast
NOMA-based (MB-MC-NOMA) scheme.

In this chapter, we investigate the proposed MB-MC-NOMA scheme in the forward link of
satellite communication systems. The user scheduling, multicast linear precoding (MC-linear
precoding), and multicast NOMA (MC-NOMA) are adopted for the MB-MC-NOMA scheme.
The proposed user scheduling for MB-MC-NOMA improves the performance of both MC-linear
precoding and MC-NOMA scheme. The MC-linear precoding is designed to improve performance
while keeping the complexity low. The proposed linear precoding is obtained from a unicast
design by computing the composite channel matrix, which is a virtual channel that does not
necessarily have a physical meaning. To this end, the users’ channel vectors to be served in a given
beam are mapped into a single vector to deal with the lack of spatial degrees of freedom. This
chapter presents three different mappers; singular-value-decomposition (SVD), signal-to-noise-
ratio (SNR), and averaging mappers. In addition, using the results from chapter 3, the MC-NOMA
is adopted for the MB-MC-NOMA by optimizing the user grouping and power allocation in each
beam.

4.2 System model

Consider a Ka-band multibeam multicast satellite communication system that tessellates

the coverage area of K beams in the forward link. A single geostationary orbit (GEO) satellite

provides service for multiple single-antenna users, as shown in Figure 4—-1. It is assumed that
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Figure 4-1: System model of the proposed MB-MC-NOMA scheme with N, antenna feeds over
the coverage area of K beams and each beam has G multicast groups of M users per time slot.

a single gateway with a noiseless feeder link between the gateway and satellite is employed.
Moreover, N; denotes the number of antenna feeds. This thesis considers a satellite architecture
such as Eutelsat Ka-Sat with a single feed per beam architecture (SFPB) [71]. Therefore, one feed
is required to generate one beam (i.e., N; = K). Since the multibeam satellite system is practically
overloaded, each beam simultaneously serves more than one user. Let U/} and U,i denote the set
of all users in beam k and the set of users in beam k in time slot = {1,..., T}, respectively. In
the multicasting transmission, |U/;| > 1 users are served in a single frame per beam per time slot.
In this chapter, we consider that each beam contains more than one multicasting group of users
per time slot to improve the system capacity and spectral efficiency. The groups of users are
served with different multicasting frames and in the NOMA framework in which they share the
same frequency and time resources. Let G denote the number of multicasting groups of users.
Therefore, |U4;| single antenna users are scheduled in G > 1 multicast groups of M users per beam
per time slot as shown in Figure 4-1. In this case, the transmitter with N; = K antennas serves
MG x K single antenna users simultaneously, N; < MG x K. To group MG users, U should be

divided into G groups of indices, L{IQ‘I ,---,U;, ;- The user grouping has the following properties for
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U= = Ul 6 = M,
Z/{]l(‘71 r\lul€72. HUIQG = 0,

Z/{]l;’l UU];Z UUIQG = U,i

Furthermore, L{,i is selected from a larger collection of users, U, which specifies the set of
all users indices that should be served. This user selection is referred to as user scheduling in
this work, and it will be described in the following section. Without loss of generality, in this
chapter we consider that each beam contains two groups of users, G = 2, group .4 and group B.
The extension to more than two groups is straightforward. It is shown in [26] that the performance
gain in NOMA grows as the number of groups increases. For limited resources such as time and
frequency (e.g. a multicasting frame size of M users), the other techniques can only serve M users.
However, the NOMA scheme with the same resources can support G times multicasting frames
of size M which means G x M users. Therefore, by increasing the number of groups of users, the
NOMA scheme achieves higher spectral efficiency than other techniques.

4.2.1 Channel Model

This chapter focuses on the LMS channel in the Ka band [66, 72, 73]. The LMS model
proposed in [66] is employed, which is based on the Loo probability density function [65]. The
LMS model is traditionally used for mobile users in L-band. Recent advancements in mobile
terminal antenna technology and the increasing demand for broadband services and higher data
rates have made the utilization of the Ka-band applicable for mobile satellite services [73].

We operate under the assumption that the noise and interference within the feeder link between
the satellite and the gateway are negligible. Furthermore, the channel is deemed to be constant
throughout the frame transmission with respect to mobility. Therefore, the channel vector can be
characterized as follows:

hiy =f,yohy (4.1)
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where o is the Hadamard product. i € U,ﬁ_y, forY = {A,B} and k = 1,...,K. Moreover, f]i y and
ELY model the fading effect and the channel vector, respectively. The fading effect obeys the Loo
distribution and is defined as

: P jeites o jgiMP
ey =2 ye Y wyye kY 4.2)

Let Z;; y denote the lognormally distributed line-of-sight (LoS) component, and w}'C y denote the
Rayleigh distributed multipath (MP) component. Moreover, QIE’I;OS and 9,2’1;@ are phases of the
LoS and MP which uniformly distributed between 0 and 27.

The channel vector ELY is given by

hy = — 4.3)

where af is the gain from the [/-th feed to the i-th user, G is the reception antenna gain, and d,i
denotes the distance between the i-th user at beam k and the satellite. r,i y 1s the atmospheric
fading parameter. Due to the working at high frequency band, such as Ka-band, the channel is

significantly affected by atmospheric fading and mainly rain attenuation, which is defined as [74]
i i -1 6
Ty =Gy 2e 4.4)

where 5,@ y denotes the power gain of rain attenuation which is lognormally distributed, i.e.
In (20 logloé‘,i Y> ~ N1, 62, Moreover, Gli y 1s the uniform distributed phase.
Additionally, CD;' denotes the time-varying phase caused by the beam radiation pattern and

radio wave propagation. The phase value, ®, consists of
@} = Oy Ofnp OpLy (4.5)

where 91"e = a—nd}( is the phase rotation due to the radiofrequency signal propagation and depends
on the user distance to the satellite. GiNB is the phase contribution of the receiver low noise block
downconverters assumed to be Gaussian with zero mean and standard deviation of 0.24 degrees

and 6pz; which are the payload oscillator phase offsets which are assumed to be Gaussian with
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zero mean and standard deviation that is usually around 2 degrees. Finally, the carrier wavelength,
Boltzmann constant, receiver noise temperature, and carrier bandwidth are represented by A, K3,
T, and By, respectively. The channel has been adjusted to the noise power. This chapter assumes
perfect channel state information at the transmitter (CSIT) is available.

4.2.2 Signal Model

In the multibeam satellite communication system , each user receives the interfere signals from
the other beams due to the full frequency reuse. Therefore, interference mitigation techniques shall
be used to cancel the interbeam interference. The linear precoding techniques would be applied at
the transmitter side to revert the interbeam interference [4]. To more improve the system capacity
and the spectral efficiency, we consider that each beamforming vector conveys information for more
than one group of users in each beam. Therefore, users receive inter-group interference per beam
and the MC-NOMA scheme can be applied to revert the inter-group interference. According to the
MC-NOMA scheme in the power domain, the transmitter sends the superposition of messages and
strong users apply the SIC to cancel inter-group interference. The combination of the MC-NOMA
with the linear precoding leads to MB-MC-NOMA.

According to the literature, there are two possibilities for merging linear precoding and
NOMA: beamformer-based structure and cluster-based structure [75]. Each beamforming vector
in the beamformer-based structure serves a single group of users, while each vector in the cluster-
based structure serves multiple groups of users. Because of the lack of the spatial degree of
freedom, we investigate a cluster-based structure where each beam has just one precoding vector

instead of two. As a result, in the proposed MB-MC-NOMA method, the transmitted signal is

X = kfl VP %S A /1 — sk g = ]:1 / PkWiSk, (4.6)

where p; is the allocated power to beam k and o controls the percentage of power allocated to
each group of users in beam k. Symbols s; 4 and s; 5 convey transmitted symbols to the users in

group A and group . The vector wy precodes the users’ symbols in beam k. The transmitted
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signal is constrained to
2 peliwil[* < Py 4.7

where Pr is the maximum available power in the satellite payload. Since in this chapter we consider
two groups of users, then the received signal by the j-th user in group A and the /-th user in group

B are expressed as follows

Vi =W AW/ PR Cesk A V= Qs g C Wa/Pasan 4o €Uy (48)

n=1,n#k
1 1 / [ K [
yk,[)’ = hk,Bwk‘ / Pk aksk,A 1— OCkSk’B hk,B - nikwn\/pnsn nk,B? le MIZ,B (49)

In terms of notation, h,JC 4 € C!'*K and hL B € C'*X denote the j-th and the I-th user’s channel
vector in groups .4 and group B, respectively. Finally, n,jc 4 and n,l( g are the additive noise terms
that contaminate the reception of users in each group. Without loss of generality, the noise terms
nf@ g and ni 4 have the same distribution as CNO, 1 and perfect CSIT is available at the transmitter.

Algorithm 0 explains the steps of designing the MB-MC-NOMA scheme. In this thesis, all
variables (gx, Wk, Pk, 0%) are referred to (g}, W}, p}, o), where the superscript ¢ is dropped off for

simplicity. In the following section, we thoroughly analyze each step.

Algorithm 1 Steps of design

1: Input:

2: Outputs;u,i,wk,u,i’ A,LI,iB,pk,ock

3: forr=1,2,....,T do

4: fork=1,2,....Kdo
U, € Up&|U}| = 2M (User scheduling)
g < U; (Mapping)
W), < g (MC-linear precoding)
Uy 4 U; g € Uy (User grouping)
P, 04 < UL, W, (Power allocation)
10: end for
11: end for

R AN
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43 MB-MC-NOMA

In this section, we explain the steps of algorithm 1, except the power allocation, which will
be discussed in the next chapter.
4.3.1 User scheduling

This thesis considers that the transmitter has access to all users’ channel coefficient estima-
tions. To estimate the channel coefficients, one pilot (reference signal) per beam is needed because
of the long codewords and multicast transmission in satellite systems. Moreover, it is considered
there is no pilot contamination because of the high directivity of the beams. Each beam may
receive interference only from its adjacent beams. Therefore, the pilot of the adjacent beams
can be considered orthogonal (e.g., orthogonal reference signals or different measuring timings)
[7]. Moreover, it is assumed users have equal priority. As a results, the user scheduling in the
MB-MC-NOMA is selecting U} out of U per beam per time slot, where |U}| < |U|. The user
scheduling in the MB-MC-NOMA scheme is not straightforward because the requirements for the
optimum user scheduling in the MC-linear precoding and the MC-NOMA contradict each other.

The performance of the MC-linear precoding improves if the Euclidean distance between
users’ channel vectors in each beam decreases [54]. The Euclidean distance between the i-th and

the j-th user in beam £ is calculated as
d = | {1, {i.J} € Us, (4.10)

where the channel vector of the i-th user is defined as h}'{ = h}'d , h};z, ...,h}'{K.

On the other hand, the MC-NOMA technique has been shown to improve the user data rate
when groups of users to be serviced have a large SNR imbalance [24]. The SNR of the i-th user
in beam k is defined as

SNRj, = ||/ ]|*. (4.11)

As a result, the SNR imbalance in beam k between the i-th and the j-th user is ||h}(k||2||h,]€k||2

Therefore, these two criteria are incompatible.
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We propose a low complexity scheduling method to deal with the trade-off between the
Euclidean norm and the SNR imbalance. In the proposed method, the set of 4 is firstly divided
into two subsets according to the users’ SNR. The new subsets are labeled as the subsets of the
strong and weak users. Next, M users with the lowest Euclidean distance are selected from each
subset. Searching for the M users with the lowest Euclidean norm is not an exhaustive search. The
first user in each subset is chosen randomly, and then M — 1 users are added one by one. At the end,
the indices of the selected users are gathered in the M,ﬁ. Therefore, on each time slot, Z/{,i contains
two groups of users with the highest possible SNR imbalance, and each group has M users with
a high degree of co-linearity in their channel vectors. Algorithm O explains the proposed user

scheduling procedure.

Algorithm 2 User scheduling

1: Input: Users terminals (U},
2: Outputs; U]

3: fork=1,2,...,K do

4: fori=1,2,...,2M do

5: SNR} = ||, ||?
6: end for
7. SNR; = sortSNR}
8: Based on the resulting SNR, divide U}, into two subsets: subset of strong users and subset
of weak users
9: Choose M users with the lowest Euclidean distance from subset of strong users
10: Choose M users with the lowest Euclidean distance from subset of weak users
11: Gather the indices of the 2M selected users in U4},
12: end for

4.3.2 MC-linear precoding

The precoding matrix, W = [wlwz...wK] in the unicast transmission is a function of the
composite channel matrix, H = h]T, ey h[T(, where hy is the channel vector of a single user in beam
k. Unlike the unicast transmission, designing the precoding matrix in the MC transmission is not
straightforward.

One way to design a low-complexity linear precoding in the MC transmission is to mimic the

linear precoding techniques in the unicast transmission [18]. However, constructing the channel
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matrix is challenging because a matrix rather than a vector characterizes each beam. The matrix
Ci = [}, ... ,hiMT] gathers the channel vectors of all users in beam k. Therefore, function f is

needed to map the Cy, into the vector g; namely,

f:Ck—>gk. (4.12)

Then the composite channel matrix becomes G = [nggg gIT{] T after performing the mapping on
each beam. It’s worth noting that this approach has low complexity, and the performance of the
linear precoding depends on the mapper. Therefore, the most challenging part of this approach is
searching for an optimum mapper.

Next, alinear precoding technique is used to produce the linear precoding matrix after building
G. In this thesis, we select MMSE and ZF techniques which are discussed in section (2.2.3) to
generate the precoder matrix.

The complexity of the ZF and MMSE linear precoding in the multicast transmission for N;
number of antenna elements and GM K number of single-antenna users that are grouped into GK
multicast groups is equal to OMGN, K z Nt3 KNt2 K2N, %M GKNt2 [19]. In the following subsections,
we present three mappers to construct the composite channel matrix and analyze the presented
mappers’ complexity.

Mapping by averaging

The averaging mapper is the most common approach for calculating the composite channel
matrix in the MC satellite communication systems. In this method, the mapper finds the average
of the user channel vectors per beam [4]. As a result, g; is calculated as

iel] h;.c
GM

8k = (4.13)

The number of operations to calculate the average of GM users is GM per beam. Therefore, the

complexity of the mapping by averaging in K beams is OGMK.
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Mapping by SNR

The proposed mapper in [70] influences us to present the mapping by SNR. The proposed
mapper in [70] selects the strongest user in each cluster of the MIMO-NOMA system. The channel
vectors of the selected users generate the beamforming vectors. The strongest user defines as the
user with the largest channel gain in each cluster.

Using this result, we present the SNR mapper, which chooses the user with the highest SNR
in each beam. The channel vector of the selected user constructs the g;. The SNR of i-th user in
beam k is given by (4.11).

To find the user with the highest SNR out of GM users, GM comparison operations are
needed. Therefore, the complexity of the mapping by SNR in K beams is OGMK.

Mapping by SVD
We propose a mapper based on the singular value decomposition (SVD) approach. In the

proposed mapper, first the SVD of the Cf C is calculated
ClC =U Ve, (4.14)

where 2 is the singular value matrix and Uy (Vj) gathers the left-singular vectors (right-singular
vectors). Then the right or left singular vector associated with the highest singular value is selected.
The selected singular vector in beam k constructs the g;. We propose the SVD mapper aiming to
maximize the energy spread over the users.

The complexity of the mapping by SVD for GM users in K beams is OG*M?K. By comparing
the complexity of the three presented mappers, we conclude that the mapping by averaging and the
mapping by SNR have the same complexity of order GMK. However, the mapping by SVD has a
higher complexity of order GZM?K. Moreover, the complexity of the linear precoding technique
and the mapping function in the multicast transmission increases with the increasing number of
beams and users and groups per beam. In the next section, we investigate the MC-NOMA scheme

and derive the achievable data rates.
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4.3.3 MC-NOMA scheme
Following the MC-NOMA approach, the weak and strong users perform SUD and SIC, where
the weak and strong users are grouped as Group A and B, respectively. The users’ grouping is
based on effective channel gains. The users effective channel gains are calculated and sorted in
beam k, [hiwi| < ... < |h?Mwy|. Then the users’ indices are divided into two groups and labeled as
L{,i’ 4 and Z/{,iy g+ Therefore, it is assumed that the effective channel gains of users have the following
order:
jgg&m,i awilr < ggyhiﬁwﬂz. (4.15)

Let’s first define the minimum received signal-to-co channel interference plus noise in beam

k as
J 2
. il g Wl
Cea= min — kA — (4.16)
J€U 4 1 h, ,w
AT L ¢kp"‘ kAWl
l 2
. iy g Wl
I p= min I kB ; 5 “4.17)
leuk,B 1 pn’hk Bwn‘
n=1,n#k ’
and the minimum received signal-to-interference plus noise as
J 2
. . : , 0P hy Wil
SINR; 4= min SINR/ , = min T kA . : (4.18)
’ iU} ' el 11— h’ 2 K h’ 2
Ty A T A o pr gy Wil Pulhy Wyl
) n=1,n#k ’
. 1 — og pr by, gwi|?
SINR; 5 = min SINRfc g = Mmin R k’lB 5 (4.19)
1€Uf IeU] 5 1 - Pnlhy gWal
=1l.n

9

The MB-MC-NOMA scheme in beam k is a degraded broadcast channel. Therefore, the

capacity rates under the Gaussian signaling in beam k are given in the equations (4.20) and (4.21),
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where Cx =log,1 x:

o4k, A o4k A o
R <IXi ;Y 4=C : =1lo 1 : =lo 1 SINR
kA S LK ATk A <1 (1 —Otk) ij¢4) gz( 1 (1 —OCk) Fk,A) gz( k,A)
(4.20)

R <IXi 5 Ye s Xea =C ((1— o) T g) =log, (1 (1—0y) T g) =log, (1 SINRy 5)4.21)

It is important to remark that the user grouping satisfies

oyl B
lo 1 : >R 422
2 ( 1 (1 _ ak) Fk78> = R A ( )

Expression (4.22) will be simplified as
I 2 Tka (4.23)

Therefore, this chapter assumes that the condition (4.23) is satisfied. According to results of
chapter 3, the user grouping is optimized if the imbalance between I'; 4 and I'y 5 is maximized.
To maximize the imbalance between I'y 4 and I'y 5 the condition jlélblzﬁ SINRé 4 < lgl;i]?B SINR,IQ B
should be satisfied.

The next step in designing the MB-MC-NOMA is power allocation. In this chapter, we
consider that p; is given and o is optimized to maximize the users’ fairness. The optimum o in
terms of fairness is given in equation (3.16). This value for oy guarantees that Ry 4 = Ry 5, Vk € K.

It is worth mentioning the complexity of the receiver for the proposed MB-MC-NOMA is
determined based on the complexity of the MMSE detector. The computational complexity of the
MMSE detector is OG? [76], where G is the number of NOMA groups.

4.4 Simulation results

In this section, we evaluate the proposed MB-MC-NOMA scheme. The parameters of the

simulation are given in Table 4-1. We have used the statistical information provided in [66]

to model the LMS channel for the ka band and the intermediate shadowing. According to [5],

the elevation angle in ka band is fixed at 30 — 35 to calculate the statistical parameters. The
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Carrier Frequency 20GHz
Orbit GEO
Ggr/T 17.68 dB/K
user location distribution uniform
Beam radiation pattern | Provided by ESA
EIRP/beam 63dBW
Bw 500MHz
Number of beams 7

Table 4—1: Simulation parameters.

radiation pattern is based on the ESA database, which can be modeled based on the parabolic
antenna pattern using the Bessel function, where the gain depends on the angle of bore-sight
[77]. Moreover, the database considers two basic traffic models: location-based and time-based
traffic models. The location-based traffic model is based on geographical factors. The time-based
traffic model represents the demand for communication at different times of the day. It assumes
that users are distributed uniformly in the coverage area and have the same demand over the day.
Therefore, both location-based and time-based traffic models have a uniform distribution over the
coverage area and the time. In addition, the database considers the atmospheric fading and, more
specifically, the rain attenuation for each user. The users’ SINR suffers a scaling that depends on
respective rain attenuation. As such, the loss in terms of minimum rate and sum rate, depending
on the atmospheric statistics and rain fading statistics, is considered to be a constant value affecting
all the scenarios similarly [78].

In this chapter, we aim to evaluate the performance of the proposed MB-MC-NOMA scheme
and compare it with an orthogonal multiple access scheme in multibeam multicast (MB-MC-
OMA) scheme. The MB-MC-NOMA scheme serves two groups of users with indices Z/l,; 4 and
L{,; g in each time slot. As a benchmark, we consider a TDMA in MB-MC-OMA scheme that
divides each time slot into two sub-time slots, serving Z/{,ij 4 and MLB separately in an orthogonal
fashion. This results in the computation of two different precoding matrices considering both user

subsets. Remarkably, we use the same precoding technique for the OMA case.
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Figure 4-2: Performance of MB-MC-NOMA under different mappers and number of users per
group

In this chapter, we consider only the MMSE precoding technique. MMSE precoding is a
widely used technique for linear precoding that provides a good balance between complexity and
performance. We use MMSE precoding to compare the performance of the MB-MC-NOMA
scheme with the TDMA scheme. Our simulation results will provide insights into the advantages
and limitations of both schemes.

Figure 4-2 displays the performance comparison of the MB-MC-NOMA scheme with var-
ious MC-linear precoding designs and user scheduling techniques, while considering a variable
number of users per beam M. In the simulations, oy is optimized to maximize the fairness per
beam. The results demonstrate that for all precoding methods, the proposed scheduling technique
outperforms the pure random user scheduling method. This difference is particularly significant
for the maximum SNR mapping and average mapping.

Regarding precoding design, the proposed SVD-based approach yields the highest sum-rate
values for all M values considered in the simulation. Specifically, the SVD-based approach offers a
sum-rate gain of at least 15% and up to 50% compared to the maximum SNR and average mapping
methods for certain M values. The results indicate that the proposed MB-MC-NOMA scheme
outperforms the MB-MC-OMA schemes when SVD is used as the mapper with the proposed

scheduling. The MB-MC-NOMA shows a 25% sum-rate gain over the MB-MC-OMA. However,
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Figure 4-3: Comparison of performance of MB-MC-NOMA and MB-MC-OMA schemes under
different mappers and number of users per group

this gain reduces as the maximum SNR is used as the mapper. Moreover, it does not gain over
MB-MC-OMA when the averaging mapper is used.

Figure 4-3 compares the performance of two multiple access schemes, MB-MC-NOMA and
MB-MC-OMA, is compared in terms of sum-rate ratio with maximum possible fairness per beam.
The figure considers different precoding techniques and the proposed scheduling technique is used
for both schemes. The optimized fairness factor ¢ is used to maximize the fairness in each beam.
The results show that the proposed MB-MC-NOMA scheme outperforms the MB-MC-OMA
schemes when SVD is used as the mapper with the proposed scheduling. In fact, MB-MC-NOMA
shows a 25% sum-rate gain over MB-MC-OMA. However, the gain reduces when the maximum
SNR is used as the mapper, and MB-MC-NOMA does not gain over MB-MC-OMA when the
averaging mapper is used. The proposed mapper and scheduling methods have been shown to
improve the performance of the MB-MC-NOMA scheme significantly compared to the existing
methods, such as the maximum SNR and channel averaging. Based on the proposed mapper
and scheduling methods, the proposed MB-MC-NOMA scheme performs much better than the
MB-MC-OMA scheme. However, this improvement comes at the cost of increased complexity at

the receiver and the transmitter.
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4.5 Conclusion

In conclusion, this chapter presented the MB-MC-NOMA framework for the forward link
of multibeam satellite communication systems. The proposed scheme aims to optimize the
performance of both MC-linear precoding and MC-NOMA by introducing a carefully designed
user scheduling strategy. Additionally, three different mappers were proposed to address the lack
of spatial degrees of freedom in MC transmission. User grouping is also optimized to improve the
performance of the NOMA scheme.

The simulation results demonstrated that our proposed MB-MC-NOMA scheme with SVD
mapper and the proposed user scheduling outperformes the MB-MC-OMA scheme in terms of
both MMF rate and sum-rate with QoS. The proposed scheme provides better spectral efficiency
and higher throughput for multibeam satellite systems.

Overall, the proposed MB-MC-NOMA scheme shows great potential for improving the
performance of multibeam satellite systems, and we believe that it can significantly contribute to
the development of next-generation satellite communication systems. Next chapter considers the

power allocation optimizing in the proposed MB-MC-NOMA.
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CHAPTER 5
NOMA in multibeam multicast satellite systems with perfect CSIT: Optimizing Power
allocation and Rate region

5.1 Introduction

In the previous chapter, we introduced the second framework denoted as Multibeam Multi-
cast Non-Orthogonal Multiple Access (MB-MC-NOMA) scheme in multibeam multicast satellite
communication systems and explored its performance from user scheduling and MC-linear pre-
coding perspectives. However, our analysis considered a fixed power allocation. In this chapter,
we investigate further the power allocation problem for the proposed MB-MC-NOMA scheme
with the goal of maximizing both the minimum fariness rate and the sum-rate of the system.

In the previous chapter, we compared the performance of the MB-MC-NOMA scheme with
the Multibeam Multicast Orthogonal Multiple Access (MB-MC-OMA) scheme, which combines
OMA schemes such as Time Division Multiple Access (TDMA) with linear precoding techniques.
However, this comparison is not comprehensive, as various interference cancellation techniques
have not yet been discussed. In this chapter, we will examine these additional interference
cancellation methods to provide a more complete comparison between MB-MC-NOMA and other
schemes.

Various techniques exist for managing interbeam interference in multibeam multicast sys-
tems, including linear precoding, NOMA, and rate-splitting (RS). This chapter compares the
performance of the proposed MB-MC-NOMA framework with MC-linear precoding, MC-RS,
and MB-MC-OMA schemes. Results show that despite the benefits of these techniques using
only one technique to mitigate interbeam interference in multicast multibeam satellite systems is
suboptimal. Combining two techniques provides more flexibility for optimizing the MMF rate

and sum-rate.
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This chapter formulates generic transmit power constraint optimization problems for achieving
max-min fairness (MMF) and sum-rate maximization in the MB-MC-NOMA scheme. Power
allocation to each antenna is optimized according to respective objective functions.

Additionally, this chapter proposes a method for solving the non-convex MMF optimization
problem using auxiliary variables to transform the problem into a semi-definite programming
problem, which is solved using linear program solvers. A method for solving the non-convex
sum-rate maximization objective function in MB-MC-NOMA systems is also proposed based on
forming the Lagrangian multipliers with respect to the constraints. The problem is reformulated
by applying quadratic transforms on sum-of-ratios in an iterative sum-rate power optimization
algorithm.

The achievable rate region of the MB-MC-NOMA scheme is derived using the proposed
power optimization techniques. Due to the dependency of broadcasting power and respective
capacity rates, per-beam and per-user optimal power allocation could not be investigated separately.
Therefore, the equivalent channel and water-filling algorithm for the weighted sum-rate in MB-
MC-NOMA are developed, and the optimal transmit power spectral density (PSD) for groups of
users within multiple beams is efficiently computed.

In this chapter, we consider the system model, channel model, and signal model as explained
in chapter 4.

5.2 Max-min fairness Analysis

In this section, we study the power allocation to maximize the minimum fairness (MMF)
rate in MB-MC-NOMA scheme. The NOMA scheme enables a flexible management of the users
achievable rates and provides an efficient way to enhance user fairness. In this section, we study

the optimal power allocation to achieve MMF in the MB-MC-NOMA system. The problem is
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defined as

P1 :argmax min {Ry 4,Ri 5}
P,y k=1,...K

S.t.
o, €0,1, Vkek
k:PkHWkHZ <Pr

pr>0, VkeK

(5.1a)

(5.1b)

(5.1¢)

(5.1d)

where Ry 4 (R ), the achievable rates by users in group A (B), are given in equation 4.20 (4.21).

The problem P; is nonconvex. To solve this optimization problem, we need to restate (5.1), as the

minimum operation in the objective function is not a convex function. First, we denote o pi = pr 4

and 1 — oy py = py s in the equations (4.20) and (4.21). Next, we add an auxiliary variable Rymmr

and convert the problem P; to a new constrained optimization problem as

Pr: argmax RymF
Pk, AsPk,B-RMMF

S.t.

Ri 4 > Rvmr, R g > Rvmmvr, Vk e K

Pk A PkB=DPk, VKkEK

PkA=>0,prs >0, VkeEK

kI:IPkHWkHZ <Pr

(5.2a)

(5.2b)
(5.2¢)
(5.2d)

(5.2e)

The problem 7P is still a non-convex optimization problem. In this section, we further modify the

optimization problem 7, to obtain an equivalent semi-definite programming problem. We first
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define an auxiliary variable e = 2RMMF — 1. Then, we find a convex approximation as

P3: max e
Pk AsPkB+€

S.t.
SINR] , > e,Vk € K,Vj €U 4
SINR} 5 > e,Vk € K, VI € Uj 5

5.2¢,5.2d,5.2¢

(5.3a)

(5.3b)
(5.3¢)

(5.3d)

where SINR,{’ 4 and SINR,IQB are given in the equations (4.18) and (4.19). The problem Ps is

convex. For fixed e, the problem P3 is a linear program (LP) and can be efliciently solved by

several LP solvers such as the CVX toolbox. Therefore, for a fixed e the optimum values for py 4

and py s which satisfy the constraints would be achieved. Then, one can exploit the bisection

method to search the optimal e. The optimal power allocation for the maximum possible value

of e is the answer. It is well established that the MB-MC-NOMA scheme offers more flexibility

other than the other techniques such as rate-splitting, linear precoding, and NOMA to increase the

minimum rate. In the next section, we investigate the sum-rate maximization optimization.

5.3 Sum-rate maximization

In this section we study the power allocation to maximize the sum-rate in the MB-MC-NOMA

system with or without the QoS constraint.
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5.3.1 Weighted sum-rate maximization in the MB-MC-NOMA

In this section we study the weighted sum-rate maximization. The problem is defined as

K
Si rargmax © {cg ARk A ckBRiB}
Pr.AsPrs k=1

S.t.

Pk.A Pk.B = Pk, Vk € K

PiA>0,pr > 0,Vk €K

kflpkHWk”z < Pr

(5.4a)

(5.4b)
(5.4¢)

(5.44d)

where ¢ 4, pr. 4 and ¢, g, pr 3 are the weight of users and the power allocated to users of groups

A and B in beam k, respectively. Ry 4 and Ry s are given in the equations (4.20) and (4.21). The

optimization problem S is a nonconvex problem.

In [79], a novel quadratic transform is proposed to solve the weighted sum-rate maximization

for the MIMO systems. We use the proposed method as a base and adapt it to our method,

MB-MC-NOMA. First, we introduce new variables ®; 4 and ®; 5 denoting the minimum SINR

of groups A and B3, respectively. The problem can be rewritten as

S, : argmax K ckalogyl @ 4 ¢ plogyl O 5
Pk, AsPkB =
S.t.

5.4b,5.4¢,5.4d

Pralby wil

®; 4 = min

J 2 K J 2

— %

Pis I sWil®

@, 5= min
’ K l 2
Ity s 1 Pnlhy sWal
1,n#k ’

n=1,
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Then, we form the Lagrangian function with respect to the constraints (5.5¢) and (5.5d) as

PkA|hj ,4Wk|2
Lp,® A = " cralogyl Dpa—Aa®ia— min 2 K S w?
- JeUy 4 1 py B|hk Awk| 1 ikp"|hk7¢4w”|
k,Bwk|
cklglogzl @ 3 — A gDy 5 — min :0)

K ! 2’
I 1 1n¢kpn|hk’BWn‘

)

where A4 4 and Ay p are the dual variables. Since dLI®y 4 =0 and JLIPy 5 = 0 at the optimum,

we have
Ck, A Ck.B
D 4= -1, 5="——1 5.7)
M M8

Combining the above equations with (4.18) and (4.19), we arrive at a relationship between the

optimal dual variable A 4(A4 p) and the vector p = {p1 4,1 8,---» Pk, A, PK.B}:

Ck,A (1 prslhy wil _IK pnthAwnlz)

A A= max (5.8)
jeu 4 1 K pn|hJ Awn|2
and
LB (1 n—lKn;tkpn|hll{’Bwn|2>
Ak = max — (5.9)

1€ 5 1 1K Pulb sWal* picslhy swil?

n=1,n#
Now, the original optimization problem (S;) can be thought of as an optimization of the Lagrangian
(5.6) with appropriate A. But the optimal A 4 and Ay s are related to p through (5.8) and (5.9).
We can substitute the above optimal A;_4 and A 5 to arrive at a new form of the objective function,

denoted as f,p, D, is given in equation (5.10).

Al O APkA|h£ ,4Wk|2

fqP@: oy Calogl @pa—caPra min 5
- J€U pn|h Awn|
Ck7Bl @ 5prslhy Wil
oy K plogyl @ 3 — ¢, 3Py Min © z 5 z 5
= I 1 Pl gWal® prslhy gWil

n=1,n#k

(5.10)
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In essence, the original problem (S;) is now equivalently reformulated as

&3 :argmax f,p, ® (5.11a)
p,®
s.t.  5.4b,5.4¢,5.4d (5.11b)

Now, the variable p is outside of logarithm function. However, the optimization problem Sz is
still a nonconvex problem. Two terms in f,p,® take the form of a sum-of-ratios programming
problem. The quadratic transform can be applied on the sum-of-ratios because both numerators

and denominators are positive for any values of p [79]. The optimization problem for the ratio

mfx ) fk% (5.12a)
st.  xeX (5.12b)
is equivalent to
max kfk2y\/za — ysz (5.13a)
st.  xed (5.13b)

Using the quadratic transform,, the optimization problem Sj is transferred into problem Sy in

(5.14a).
S, : argmax frp, @,y (5.14a)
p,oy
S.t.
5.4b,5.4c¢,5.4d (5.14b)
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where f,p,®,y is

fp, @,y = kfl ckalogyl @ 4 — i 4Pr A ck plogyl @y g — ik s Pr B

K J J j 21 K J 2
nin 2ykA\/Ck,Al Dy api,Alhy A"Vk’2 —Via 1 " pnlBy_qWal
kzljeu];A ’ ’ ’ n=1 ’
K : ) j [ 2 K i 2 ] 2
min Zykﬁ\/ck,l’a’l q)k,BPk,B“li B"Vk|2 — Vi1 Pn|h£ sWal™ PiB hi BWi|
k=1 [eZ,{k‘B ’ n=1,n#k ) ’

(5.15)

Jfrp,®,y would be maximized over variables yi 4, @i 4, Y5, Pk and pi 4, pr g in an iterative
manner. When all the other variables are fixed, the optimal y; _4(yx 5) can be obtained by setting

9 fr0y.A (9 frdyk ) to zero, i.e.,

. \/ch 4l d%,APk,A!hi,AWk’z
e Deapialty, (5.16)
! nzlpn’hkyAwn|

and

. \/ ckl <I>k,BPk,B|hi,BWk|2 (5.17)
Yk B = K ' 2 ' 2 |
Pulhy sWal® prslhy Wl

n=1,n#k
We substitute the above optimal y expression in d f,.d®, then find the optimal @ by setting d 0 @y 4

and 0 f,d®y p to zero to get

Pk,A’h/J(7AWk|2

@} 4= min (5.18)

. j 2 K J 2

and

[ 2
. Pk,6|hk Bwk|
O; 5= min = ; 3 (5.19)
Euk"B 1 | ¢kpn|hk78wn|

’

By fixing yi 4, Pk 4,k B, P 5, the next step is optimizing the power allocation, py 4 and py

by setting d f,dpi 4 and df.dpy 3 to zero. In the next iteration, yx 4, Px 4, Vr.8,Pr,5 Would be
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updated using the optimized power from the previous iteration. The iteration continues until it

converges. The iterative Algorithm O shows the steps of solving the optimum power allocation.

Algorithm 3 Power allocation to maximize sum-rate in MB-MC-NOMA

1: Input: Users terminals (U,

Outputs; py 4, pi.B

Initialization: Initialize p

Repeat
1- Update ®;_4 and @ 5 by equations (5.18) and (5.19)
2- Update yé 4 and yfg by equations (5.16) and (5.17)
3- Update p by Solving the optimization problem Sy

Convergence

e A A

Note: for ¢x 4 = cx 5, the sum-rate would be maximized by allocating the zero power to the
low-profile users in each beam. In addition, it is possible that the power allocated to a beam would
be zero.

5.3.2 Weighted sum-rate maximization with QoS in the MB-MC-NOMA

This section contains the study of the sum-rate maximization with QoS constraint. The QoS

constraint guarantees to provide the QoS even for weak users in all beams. The problem is defined

as

Ss : argmax K {ck ARk A ck BRk B} (5.20a)
Dk, A>Pk,B~~

S.t.

kflpk,A Prsllwil|* < Pr

Ria > RO (5.20b)

The QoS constraint (5.20b) implies that
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(5.21)

; K j 2
J€U 4 1 ]pn‘hi Awn|
n= ,

This problem is nonconvex and is a hard problem. One way to solve this problem is assuming
the power budget for each beam py is given. Therefore, p; 4 and py 5 can be optimized for each
beam separately. The power can be equally allocated to each beam. However, this power allocation
may not maximize the sum-rate.

In this chapter, we proposed to use the power allocation among each beam using the weighted
sum-rate maximization without constraint and the power allocation results of algorithm 3. There-
fore, the power allocated to each beam first maximizes the sum-rate. Then, the optimized py is
used to satisfy the constraint (5.20b) or the equation (5.21).

5.4 Achievable rate region

In this section, we investigate the achievable rate region of the MB-MC-NOMA scheme in
the forward link of the satellite communication systems. First, we determine the achievable rate
region of the k-th beam in Theorem VI.1. The result of Theorem VI.1 can be extended to K
multibeam. The channel corresponding to the proposed MB-MC-NOMA in a beam, e.g., beam &,
is a broadcasting channel that is shown as an example in Figure 5-1. According to the definition of
broadcasting channels with one transmitter and multiple receivers, Figure 5—-1 shows the channel
with one transmitter and two groups of receiving users as an instance. The transmitter is considered
to send signal X, that is received at the receivers after going through respective channels, e.g.,
with channel transfer functions Gy _4 and Gy . The noise is added separately, e.g., n; 4 and ny g,
where the added noise implies the noise experienced by the users with the highest noise levels in
each group of users, i.e., worst channel conditions. Therefore, the achievable rate region in beam

k 1s defined as

65



/N

Gra(w) Grp(w)
v
N, A =D @ Mk
Yk,A Yk,B

Figure 5-1: Single beam k of the MB-MC-NOMA scheme

Theorem 5.4.1. The achievable rate region of the Gaussian MB-MC-NOMA for two-group of

users in beam k is

Ce = {(Rea,Re) € IR : BeRy a4 (1—Bi) Ris < CiBr, VB € 0,1} (5.22)

Ry 4 and Ry g are achievable data rates of users in group A and B which are given in the
equations (4.20) and (4.21), respectively. For a given B, C;fB is the maximum achievable rate.
The boundary of the achievable rate region makes up the points that fulfill the equality in (5.22).
The value of B; might be considered a priority factor for the two groups of users. If B > 0.5,

group A has higher priority and vice versa.

Proof. The NOMA scheme in the forward link is, by nature, a broadcast channel. Moreover,
there is a dependency between users’ powers and one power constraint at the transmitter in the
MB-MC-NOMA scheme. We use the duality between Gaussian multiple access channels (MACs)
and Gaussian broadcast channels (BCs), which is proved in [80] with the condition that the dual
channels should have the same channel gains and the same noise power at all receivers. We use the
duality and follow the proof as in [55] that is based on the Kuhn-Tucker theorem to the achievable

rate region defined in (4.20) and (4.21). O

To achieve the boundary of the achievable rate region, we need to find the optimal power

spectral density (PSD) for two-group of users. The PSD of two groups of users cannot be found
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Figure 5-2: Equivalent channel idea of two-group of users in MB-MC-NOMA

separately in two water-filling diagrams because of dependency of the powers, py A4 pks = pk-
Thus, two water-filling diagrams cannot be combined because of the different water levels.

We use the idea of equivalent channel [55, 56] to combine two diagrams appropriately to
maintain a single water level for all groups of users. The equivalent channel is shown in Figure5—
2. The equivalent idea scales the channels to maintain the same water level. In Figure5-2, the
scaling parameters are defined as by 4 and by 5. The capacities of the equivalent channel and the
original channel are naturally identical. In contrast, the equivalent channel’s optimum PSD is a
scaled version of the original channel’s optimal PSD. Figure 5-3 shows the water-filling scheme
for two-group of users with different priorities. The water-filling diagrams overlap at some points.

The optimum PSDs of two groups of users in beam k are defined as Sy qw = Sl’;’kLr/ and

S sW a a . .
Sk AW = %, where S; 4W and Sy W are the PSDs of the users in the equivalent channels and
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Figure 5-3: Water-filling diagram for two-group of users with different priorities

b4 and by g are the scaling factors. The §k7AW and S‘;{,BW, if B, € 0.5,1 are [55]

SA/QAW =

Suw=

2B,—1
bk,A Tk;ltwfbk_rg Tkjl’;’w

where yw =

(
B — b, ATk;}lw ifw € I
Bk — bk,ATk;llW — Sk’gw ifwebh

0 iftwe
\
(

0 ifwelh
1— B — bk,BTk_[;W-’YW ifwelh

ifwel

kl—ﬁk—bkngkTBlw

(5.23)

, Tr, o4w and T} gw are magnitude square of the channel transfer

functions over the interference plus noise PSD. In addition, the individual power constraints of

each group of users are:

1.4
- 0 Sk AWdw = by api. A
(.
20 Sk.swdw = by gpi B

bi APk A bk BPkB = Pk-
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The water-filling diagram and the corresponding equations can be extended to more than one
beam. The achievable rate region for total K beams can be achieved by maximizing Ry 4 and Ry 3.

The corresponding achievable rate can be written as

C={" (BiRea (1—Be) Res) < CPr.B...Bi, WP € 0.1}.

Variable f is a priority factor for the two groups of users in beam k. We have studied the PSD
optimization for two beams, which can be extended to more than two beams.

To find the optimal PSD of the MB-MC-NOMA over K beams, we consider K = 2, beam
k and beam j, and B, € 0.5,1 and B; € 0.5,1. Beams k and j have three disjoint frequency
bands {I},5,3} and {4, 15,1}, respectively. However, there is overlap between these two set of
frequency bands.

Next, we assume that b AT]_ jw < by, ATk;}lw and b j’BTjjBlW < by 5T, k,_éw. Then, the PSD of
two beams are given in equations (5.27), (5.28), (5.29), (5.30). Where by 4 (bj 4) and by 3 (b B)
are the scaling factor of users in group .4 and B in beam k (beam j), respectively. T 4w (Tj’ AW)
and T} pw (T; gpw) are magnitude square of the channel transfer functions over the interference plus

noise PSD of users in groups A and 5 in beam k (beam j), respectively.

(

Bk — bkw4Tk7_fllw — SALAW if wely,Iji|lwel,li
Bk — bk,ATk;}tW —Sesw—Sj aw if welolji|lweka,ls
SkAW =4 B — by AT hw — S 5w if wel,la (5.27)
Bx — bk7ATk;11w — SAkﬁw — S'LBW if wel,ljs
0 if wels,lji|lwels,liwels,lis

\
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0 ifWEIk,l;Ij,IHWElk,lylj,ZHWEIk,l,Ij,:%
. 1 —ﬁ[( _bk,BTk._lgl’W~b T,?ﬁi;l 7 if we Ik,Z;Ij,IHW S Ik,2,1j72||w S Ik,271j,3
SkBW = T TeATATTRE S (5.28)
-1 a .
1 —ﬁK _bkﬁTk,BW —SJ"AW if we Ik,?nlj,l ||W S Ik,371j,2
\ 1 —ﬁ[( —bkﬁTkTéW _Sj,BW if we Ik,3a1j,3
(
-1 .
Bj—bjAT; 4w it weli,lj|lwe o, djilwe iz,
& B i . '
S]vAW_ Bj_bj,AY}7AW_Sj,BW if WEIkJ,Ij’z“WEIk’z,Ij,z WEIk’y,,Ij’z
0 it wel,lisllwe o lis|lwe s, 1is
\
(5.29)
p
0 if we by zjallw € Ip I llw € Iz, 1
Sipw=91-B;—b; zsTiw 251 if we It Iia||w € Loy Iin||w € Ies, I
J J J j,B -b].AT]_‘,}(W_b],BTJ_BlW k,154j, WARSE 3547,
1 .
kl—ﬁj—bj’[gTj?BW lfWEIk71,1j73 WEIk’z,I]‘ﬁ |W€Ik73,1j’3

(5.30)

5.5 Numerical results

This section presents the numerical results of the proposed MB-MC-NOMA scheme con-
sidering the optimal power allocation to maximize the sum-rate and the minimum fairness. It is
assumed that perfect CSIT is available at the transmitter. We have used the test bench provided in
4.4

This chapter compares the performance of the MB-MC-NOMA with the MC-RS, the MC-
linear precoding, and the MB-MC-OMA in terms of the minimum rate and sum-rate. We assume
our proposed MB-MC-NOMA contains two groups of users per beam per time slot and M users

per group. In the MB-MC-OMA scheme, the orthogonal multiple access schemes such as TDMA
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are used, where MB-MC-OMA contains M users per beam per time slot. Moreover, the MC-linear
precoding and the MC-RS contain 2M users per beam per time slot. To compare the performance
of the techniques, we describe the framework used for each scheme and then present the simulation
results.

In the MB-MC-NOMA scheme, the proposed user scheduling algorithm selects L4 out of U
users to be served per beam per time slot. Then the mapper is applied to the channel coefficients
of the selected users and maps the channel coefficients matrix to a vector. Next, the generated
vectors are used to calculate the linear precoding matrix. In this chapter, we consider two linear
precoding techniques: ZF and MMSE. Then, the effective channel gains of users are calculated,
and the indices of users with lower effective channels are grouped and labeled as I; 4 and the
remaining indices are labeled as [; 5. The last step is optimizing the power allocation according
to different objective functions, max-min fairness, or maximum sum-rate.

In the MB-MC-OMA, MC-RS, and MC-linear precoding schemes, users with the lowest
possible Euclidean distance are selected in each beam. Then, the mapper is applied to the channel
coeflicients of the selected users. Next, the generated vectors are used to calculate the linear
precoding matrix. In the end, the power allocation is optimized to maximize the max-min fairness
or sum-rate.

Figure 5—4a and Figure 5-4b demonstrate the MMF rate and sum-rate performance of the MB-
MC-NOMA scheme for different numbers of users per group. These figures show the performance
of the MB-MC-NOMA scheme when SVD, SNR, and average mapping approaches are applied
for ZF and MMSE precoding techniques. We assume the SNR to be 8 dB. The simulation results
show that the MMF rate and the sum-rate decrease as the number of users per group increases. In
the multicasting transmission, the achievable rate is reduced as number of users per multicasting
frame per beam increases. All users per beam share one precoding vector, even though they all
have different channels. Therefore, the achievable rate is dictated by the user with the lowest SINR

in the respective subframe.
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Figure 5—4: The MB-MC-NOMA performance versus number of users per group.

On the other hand, increasing the number of users per group increases the latency and
spectral efficiency. Moreover, the results show that combining the ZF technique and the SVD
mapper surpasses the other techniques and achieves the highest MMF rate and sum-rate in the
MB-MC-NOMA scheme. The ZF outperforms the MMSE when the power is optimized to
maximize fairness. The achievable rate in ZF is optimum for such cases, whereas it is suboptimal
in the MMSE [81]. Moreover, the sum-rate is maximized by allocating the power to the strongest
group per beam. Therefore, the SINR is high, and the ZF achieves a higher sum-rate than the
MMSE for the high SINR.

Figure 5-5a and Figure 5-5b compare the MB-MC-NOMA scheme with the other techniques
in terms of the MMF rate and the sum-rate versus per-feed transmit power. We assume eight
users per group with the ZF precoding technique and the SVD mapper. It can be observed that
the MB-MC-NOMA offers the highest MMF rate and the sum-rate in a fully overloaded system
in the whole range of the transmit power. However, the gap between the MB-MC-NOMA and the
MC-RS decreases with increasing the per-feed power. Due to the common part in the MC-RS,
with the increased power, users can at least receive the common part without interference with

higher SNR.
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Figure 5-5: MMF rate and sum-rate performance versus per-feed available power.

Figure 5-6a and Figure 5-6b compare the performance of the MB-MC-NOMA scheme with
the other techniques in terms of MMF rate and sum-rate versus the different number of users per
group. The ZF precoding technique is considered with the SVD mapping, and the SNR is assumed
to be 15 dB. The results in Figure 5—6a and Figure 5—6b show that the MB-MC-NOMA have a
higher MMF rate and sum-rate than the other techniques if the number of users per group is higher
than 5 and 7, respectively. This chapter considers a maximum of 10 users per group per beam
(for G =2, 20 users per beam). However, there is no limit on the number of users per group per
beam. The number of users can be as high as possible. In general in multicasting transmission,
increasing the number of users in any given system reduces the achievable rate. However, the gain
of our proposed scheme over the other solutions improves by increasing the number of users

The innovative part of our proposed solution is based on using NOMA and scheduling G-
times more users at any time compared to the other methods, where G is the number of scheduled
groups. In other words, our proposed solution can be used with any state-of-the-art solutions (M
users per beam) and provide service to G-times more users (G x M users per beam). For the same
number of users per beam, M = 10 (G =2, G x M =20 number of users per beam), the MMF rate
and the sum-rate of the MB-MC-NOMA gain up to 1.4 and 1.2 times over the MC-RS scheme,

respectively.
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Figure 5-6: MMF rate and sum-rate performance versus number of users per group.

In Figure 5-6b, MC-RS shows a slightly better performance than the MC-linear precoding.
This confirms that while both methods achieve acceptable results in scenarios with a large number
of antennas, they both get degraded as the ratio between the number of transmitter antennas and
users decreases. The simulation results show that MB-MC-NOMA outperforms both methods
even when the number of users per group is increased. It is worth mentioning that the sum-rate
of the MB-MC-NOMA in Figure 5-5b and Figure 5-6b is calculated by considering the max-min
fairness in each beam.

Up to here, the chapter proposes a method that maximizes the sum-rate with QoS in the
MB-MC-NOMA scheme. In the proposed method, the power allocated to each beam should be
optimized without considering the QoS. Then the power allocated to each group of users should
be optimized to satisfy the QoS constraint. The power allocated to each beam without the QoS
constraint can be optimized using the method proposed in section 5.3.1. Figure 5-7 compares
the performance of the proposed method with the other methods, including the MB-MC-OMA,
and considers equal power allocated to each beam. Two precoding techniques, ZF and MMSE
with the SVD mapper, are considered for all techniques. As expected, the results for our proposed
system show better performance for both ZF and MMSE compared to other technologies (OMA

or equally allocated power). The MMSE and ZP almost follow each other, where ZF shows better
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Figure 5-7: Sum-rate with QoS of MB-MC-NOMA

performance for fewer users, and MMSE achieves a higher sum-rate for a higher number of users.
This can be intuitionally explained as by decreasing the number of users per group, the SINR
increases. Therefore, the sum-rate of the ZF for high SINR outperforms the MMSE. However,
with increasing the number of users, the SINR decreases, and the MMSE has a better performance
than the ZF in terms of the sum-rate.

Finally, Figure 5-8 compares the achievable rate region of the MB-MC-NOMA and the MB-
MC-OMA. The TDMA scheme is considered for the OMA techniques. To show the achievable
rate region of the MB-MC-NOMA in two dimensions, we consider that all beams have the same
priority. It means that B; = B, = ... = Bx = B. The SVD and ZF techniques are considered the
mapper and precoding techniques, respectively. The results demonstrate that the MB-MC-NOMA
has a higher achievable rate region than the MB-MC-OMA scheme for any number of users per
group.

5.6 Conclusion

In conclusion, this chapter has proposed effective methods for addressing the non-convex
optimization problems in the context of the MB-MC-NOMA scheme. By introducing auxiliary
variables and utilizing semi-definite programming techniques, the non-convex MMF optimization

problem has been transformed into a convex problem. Similarly, for the non-convex sum-rate
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Figure 5-8: Capacity region of the MB-MC-NOMA and MB-MC-OMA

maximization objective, the Lagrangian multipliers and quadratic transforms have been employed
to reformulate the problem and develop an iterative sum-rate power optimization algorithm.

Moreover, the achievable rate region of the MB-MC-NOMA scheme has been derived using
the proposed power optimization techniques. Recognizing the interdependency between broadcast-
ing power and capacity rates, the investigation of per-beam and per-user optimal power allocation
has been conducted jointly. To this end, the equivalent channel and water-filling algorithm have
been devised to efficiently compute the optimal transmit power spectral density (PSD) for groups
of users across multiple beams.

Through comprehensive analysis and simulations, the effectiveness and efficiency of the pro-
posed methods have been demonstrated. The derived achievable rate region and the optimized
power allocation strategies contribute to enhancing the performance of the MB-MC-NOMA
scheme in terms of both MMF rate and sum-rate. These findings pave the way for achieving
improved fairness and transmission efficiency in multibeam multicast satellite communication

systems.
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CHAPTER 6
NOMA in multibeam multicast satellite systems with imperfect CSIT: A Rate-Splitting
approach

6.1 Introduction

Chapter 4 and 5 investigate the performance of NOMA in a beam basis in multibeam mul-
ticast satellite communication systems while considering linear precoding to mitigate interbeam
interference. This combination of NOMA and linear precoding in multibeam multicast is referred
to as MB-MC-NOMA. Simulation results show that MB-MC-NOMA outperforms other interfer-
ence mitigation techniques in an overloaded regime under perfect Channel State Information at
the Transmitter (CSIT). However, in this chapter, we consider a realistic scenario where CSIT is
imperfect, making the performance of linear precoding unreliable.

A more powerful and promising solution is Rate-Splitting (RS), which relies on superposition
coding at the transmitter and Successive Interference Cancellation (SIC) at the receiver [37]. The
RS is a promising solution to mitigate interbeam interference, with better performance than other
techniques, even in systems under imperfect CSIT [43]-[44]. However, RS is more complex than
linear precoding, which is one of its limitations.

In this chapter, we propose the use of RS to mitigate interbeam interference in a fully
overloaded network under imperfect CSIT assumption, considering the NOMA scheme in each
beam to improve capacity and spectral efficiency. The combination of RS and NOMA provides
more flexibility to adjust power allocation, enhances performance, and improves the reliability of
the system in realistic scenarios where CSIT is imperfect.

We investigate the challenges and trade-offs associated with the proposed framework, which
we refer to as MC-RS-NOMA. In this chapter, we analyze the achievable data rates of the common

and private parts of groups of users in MC-RS-NOMA. Moreover, we use precoding vectors for
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the common and private parts to improve performance. The precoding vector of the common part
is optimized to maximize the rate of the common message, while the precoding vectors of the
private part are designed to cancel interbeam interference in the multicast framework.

Furthermore, we formulate the Max-Min fairness (MMF) rate and sum-rate optimization
problems of MC-RS-NOMA under the imperfect CSIT assumption using the Averaging Rate
(AR) framework. We employ the Weighted Minimum Mean Square Error (WMMSE) approach
to make the formulated MMF and sum-rate problems convex. First, we derive a rate-WMMSE
relationship, and then using the rate-WMMSE relationship and a low-complexity solution based
on Alternating Optimization (AO), we transfer the problems into equivalent convex problems.

Overall, MC-RS-NOMA is a promising solution to mitigate interbeam interference in a fully
overloaded multicast multibeam satellite system while improving capacity and spectral efficiency.
This chapter provides a thorough analysis of the proposed scheme’s performance under various
scenarios, which can guide future research and development in the field of satellite communication
systems.

6.2 System model

This chapter considers RS to mitigate interbeam interference in multibeam multicast satellite
systems. We assume that the NOMA scheme is applied on a beam basis to improve the system
capacity and spectral efficiency. Combining the NOMA with the RS in the multicast framework
leads to MC-RS-NOMA.

Consider a Ka-band multibeam multicast satellite communication system that covers K beams
in the forward link as shown in Figure 4—1 depicts a single geostationary orbit (GEO) satellite that
delivers service to multiple single-antenna users. The link between the single gateway and the
satellite is considered to be noiseless. Additionally, N; represents the number of antenna feeds.
This thesis considers one feed per beam, N; = K.

Let £ ={1,...,K} and U = {1,...,1} gather the beams and users indices, where K < I. Let

U, denote the set of users belonging to beam k, for all kK € K and G denote the number of groups

78



of users per beam. The groups indices in each beam are gathered in G = {1,...,G}. In each beam,
G x M single antenna users form G > 1 multicast groups of M users as shown in Figure 3.4. To
group G x M users, Uy should be divided into G disjoint groups of indices with cardinality of
M, Uy 1,....Urc where Uy 1 U ... Ul g = Uy. Moreover, this chapter considers imperfect CSIT
available at the transmitter. The channel model is given in section 4.2.1.

6.2.1 Signal Model

The proposed MC-RS-NOMA is applied in the multibeam multicast satellite communication
systems to mitigate interbeam interference and improve spectral efficiency and capacity. The
scheme combines the RS and the NOMA in the multicast framework. According to the RS,
each message is split into common and private parts. The common parts of all users are packed
together and encoded into a common stream, s., and shared by all beams. In contrast, private
parts are independently encoded into private streams for each beam, s;. Based on NOMA,
each beam contains G groups of users. Therefore, s; is the superposition of G private streams,
Sk.158k2s - Sk,G- Figure 6-1 shows the time-power domain of the proposed MC-RS-NOMA in
which G is considered equal to two, group .4 and group B.

Figure 6-1a shows the MC-Linear precoding in which users of beam k are precoded using
precoding vector wy. Figure 6-1b represents the MC-RS where w,. and w;, are the common and
private precoding vectors, respectively, and the power pr is divided between these two parts. The
combination of the linear precoding and the NOMA in the multicast framework, which is called
MB-MC-NOMA, is shown in Figure 6—1c. In this figure, each beam contains two groups of users,
groups A and B. Users in groups A and B of beam k are precoded using precoding vector wy.
Figure 6-1d presents our proposed scheme, MC-RS-NOMA. In the proposed scheme, the power
is divided into powers of the common and private parts. Moreover, the power of in each beam is
divided between two groups of users, groups A and 3. All private messages of users in beam k

are precoded using corresponding wy, and the common messages are precoded by w,.
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Figure 6-1: Time-power domain of different schemes in multibeam multicast satellite systems

As a result, in the proposed method, the transmitted signal in time unit is x¢, where the time

units are omitted for simplicity of expression. Therefore, the transmitted signal is

_ K G o /o0
X =/P.WeSe j=liet Wir/CjnPjSjh
= /P WeSe Wiy /O o PiSk

G K
Wi/ Ok b PkSk.h Wi\/PiSi (6.1)
8 h=1hg PRSI ) o VIV

where w, is the unit-norm precoding vector of the common message and wy precodes the users’
symbols in beam k. p. and p; are the allocated powers to users’ common and private messages in
beam k, respectively. Moreover, oy o (gzl 0y, = 1) denote fraction of the power allocated to users

of group g in beam k. The transmitted signal is constrained to

Pe klz{lpk||""k||2 < Pr (6.2)

where Pr is the maximum available power in the satellite payload. The received signal at user i is
yi = h;x n;,Vi € Y. In terms of notation, h; € C*M is the channel vector between the transmitter
and i-th user. This chapter defines vi as mapping a user index to its corresponding beam and group
indices, v : i — k,g. Therefore, the received signal by i-th user which is mapped to k-th beam

and g-th group is expressed as

VP hiwjsj i,

G K
Vi =/DPhiWese /g pihiWisk o . VO hPIMiWiSK L
=1L,nxg J=1J

(6.3)
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where n; ~ CNO, Giz 1s the additive noise terms that contaminate the reception of i-th user. Without
loss of generality, we assume noise variances are equal to one., i.e., Giz =1l,iel.
According to the RS technique, each user firstly decodes the common stream s, and treats the

private streams as noise. The SINR of the common part of user-i is:

pc|hiwc’2

Ye,i = (6.4)

K 2’
1 " pjlhiwj]
j=1

and its corresponding rate is R, ; =log,1 ¥ ;. In the RS scheme, the common message, s, is shared
among all beams and groups, and each user should be able to decode s.. Therefore, the common

rate is defined as

. » K G
R, =minR.; = G 6.5
c T C,i k=1 g=1 k,g» ( )

where Cy , denotes the portion of common rate of group g in beam k.

Following the MC-NOMA scheme in the power domain, different groups of users in a beam are
allocated different power levels according to their channel conditions to obtain the maximum gain
in system performance. The transmitter sends all users information by sending the superposition of
messages. Such power allocation is also beneficial to separate different groups of users. Therefore,
users can apply SIC to cancel interference from the weaker groups of users in a beam. However,
the weak users perform single user detection (SUD) with considering the interference from the
stronger users as the background noise.

Users within a beam are initially grouped into G sets. The grouping in this chapter is based
on effective channel gains. The effective channel gains of users are computed and sorted within
beam k at the transmitter, as shown by the inequality |ﬁuk 1w <. < ’ﬁuka mWyi|. Then the users’
indices are divided into G groups. It’s important to note that the design of wy is independent of

the user grouping. This will be discussed further in the following section. After user grouping, it
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is assumed that the effective channel gains of users have the following order:

min |h; Wi <...< min |h; .w*. 6.6

ik, 1 €U 1 | ol d ik.GEUk,G| i g (©.6)
At the receiver, users first decode and remove s. through SIC. Then users in group g in beam
k, Vk € K,Vg € G, perform SIC to decode sy 5, Vh < g and remove it from the received signal.

Finally, users apply SUD to decode sy o by considering all the other interference streams as noise.

Therefore, the SINR of i-th user is determined by

O o i [hiwy|?

v (6.7)

1S onpelhiwi> X pilw, 2
h>g k. Dk i Wi _j:l,thkpj| iwj|

In the multicast transmission, to guarantee all users can decode their messages, the user with the
lowest SINR within a group dictates the rate of the corresponding group. Therefore, the achievable

rate of group g in beam k, ry ¢ , is defined by
kg = minieuk_g R; (6.8)
Therefore, the rate of users in group g are composed of Cy o and r o and written as
Rio=Crg Tt g- (6.9)

The sum-rate is Rgym-rate = Re¢ kK .
=1g=

It is important to remark that the user grouping in beam k should satisfies inequality (6.10)

rk,g-

Ot o Pk /Wy |? o o P /hiwi|?

min log, | 1 <....< min log, | 1

i€l 1 a hw,? XK Thw:?2 |~ ek, 1 o hw,? X Thw |2

¢ . LA j:]#kp,/| iwj| G o k. Pk [hiwg| j=1:j¢kp"‘ iwj|
(6.10)

which would be simplified as
) h;wy |? ) h;w; |2
min ‘Zk| Wil 5 <....< min ik‘ Wil Z,Vke K,Vgeg (6.11)
iU 1 pj|hin| i€c | pj’hinl
J=1,j#k j=1,j#k
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This chapter assumes that criterion (6.11) is met.
6.2.2 Precoder Design

In the proposed MC-RS-NOMA scheme, the linear precoding vectors should be designed for
the private and common parts, w; and w,, to mitigate interbeam interference and maximize the
achievable rate of the common message, respectively. Designing the linear precoding wy, in the
multicast transmission is not straightforward because a matrix rather than a vector characterizes
each beam. A low complex and suboptimal precoder is investigated in section 4.3.2 under perfect
CSIT assumption. The proposed precoder consists of two steps. First, the precoder maps the
channel matrix of each beam to a vector, and the composite channel matrix consists of the
generated vectors. Next, the linear precoding techniques generate the precoding vectors upon the
composite channel matrix. In this chapter, the precoder vectors are generated in the presence of
imperfect CSIT. The optimal precoders of the private messages under imperfect CSIT are still
unknown. It is shown in [82, 83, 84] that the regularized zero-forcing (RZF) would be a suitable
strategy for the precoders of private messages under imperfect CSIT assumption. The precoding
matrix is given by 1

Wrzr = 1\/TRzF ((GHG gl,{)_ GH> (6.12)

where Ix is the K-dimensional identity matrix. To control the power and satisfy the power

constraints, the precoding matrix should be divided by,

YRzF = Max (diag (WRZF (WRZF>H)> : (6.13)

The estimate composite channel matrix G = g8l ...g4] " is generated after performing the SVD
mapping per beam. The SVD mapper maps the estimated channel matrix of users in beam k,

Ci= [hgkl, ...,thZM into the vector g.
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The precoding vector of the common message, w,, is designed to maximize the achievable

rate of the common message. Therefore, the optimization problem is defined as

D, : max min 7tl~.|h,'wc|2 (6.14a)
weeN ield
st [lwe|®=1 (6.14b)

where 7; is p.1 5'{:1 pjlhiw; |2. Given that there is no interference in receiving the common message,
for a realization of n € N/, it is appropriate to employ the matched filter form to maximize the
signal power [85]. This is a standard approach when handling a single in the presence of noise.

Consequently, the precoder of the common message is designed as follows:

W, = ieL{aiﬁlH . (6.15)

The optimization problem, denoted as Dy, can be then transformed into the task of optimizing
the coefficients @;. By assuming 62; = o7, ||hi||*> = 1, [|h;h||> = 1 — 62e?,Vi € U, j # i, and

substituting (6.15) into (6.14), the problem D; is equivalently transformed to D,

D> : maxminm;1 — O'e2 (al-z e ! a,zl) (6.16a)
a; €U n=1,n#i
1
s.t. a?=— (6.16b)
el Nt

The optimal solution of problem D, is obtained when all terms are equal [86], i.e., nial-z

I 2 2 2 1

me? a, = mja; ;€ a%,‘v’i # j. Therefore, the optimal precoding vector is achieved

n=1,n#i

when all users experience the same common part SINR (6.4). In this thesis for simplicity and

n=1,n#j

in order to obtain a more insightful and tractable asymptotic performance, we consider that
m; = m;, Vi # j, then the optimal g; is equal to a = 1\/IN; = 1,/GMKN;.
6.3 Power allocation optimization

In this section we study the optimal power allocation to maximize the MMF rate and sum-rate

in the proposed MC-RS-NOMA scheme under imperfect CSIT. A stochastic Average Rate (AR)
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framework [39] is used to formulate the optimization problems. In this section, we first define the
AR framework.

For compactness, we define H = h¥ hi .. h¥, H-= ﬁ{{,ﬁH,...,ﬁH, and H = ﬁ{l,ﬁH,...,fl?
which implies H=H H. For a given H, and sample index set N = {1,2,...,N}, a realization
sample HY = {H" =" H"|H,n € N'} would be a sample of N i.i.d realization drawn from a
conditional distribution f (H|ﬁ) Taking each user separately, the marginal density of the i-th
channel conditioned on its estimate writes as f (hi]ﬁi). These realizations are available at the
transmitter and used to estimate the ARs encountered by each user employing Sample Average
Functions (SAFs). According to the strong law of large numbers, N — oo, the ARs of the i-th

user are calculated as follows:

Rei=limy e Ry ; = limy s V| Rei (H) (6.17)

Ri=limyose R} 4 = limy—sen ) Ry (H") (6.18)

where R.; (H"), R; (H"), n € N are the rates based on the realization sample H". In the following
section, the optimization problems are formulated using the AR framework.
6.3.1 Problem Statement

We define the optimization problems in this section. The AR framework is used to formulate

the MMF and sum-rate optimization problems under imperfect CSIT.
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Max-Min fairness Analysis

The MMF optimization problem using the AR framework can be formulated as

P ar;;’gl’?x Ilcgi’gr;gg {6,%, zrel%},?gﬁiv} (6.19a)

S.t.

R,>K CCvieT (6.19b)
T k=1g=1

Crg>0,VgeG,Vke K (6.19¢)

04 €0, 1,;1 o4 o=1,YkeK (6.19d)

pe | pellWil[* < Pr.vk e K (6.19)

here ¢ =Cy 1,...,C1G,..-,Ck 1,-.-,Ck G is the vector of Average common-rate portions. The
constraint (6.19b) guarantees s. to be decoded by each user since the definition of the Average
common rate is R, = X 9 C,

k=1g=1
Average common rate is non-negative. Constraints (6.19d) and (6.19¢) are the power constraint.

= mizjrlll_ec,i. Constraint (6.19¢) implies that each portion of the
1€

By solving Problem Py, variables ¢, p, « are jointly optimized. Note that by fixing p. = 0 and
¢ =0, the M-RS-NOMA scheme turns into MB-MC-NOMA technique.
Sum-rate Analysis

The sum-rate optimization is another problem which is addressed in this thesis. The sum-rate

maximization under imperfect CSIT is also formulated using the AR framework as

S| :argmax R. X © minl_eﬁ-v (6.20a)
Rt k=1g=1icl;

S.t.

R, >R.viel (6.20b)

6.19d,6.19¢ (6.20¢)

where R. is an auxiliary variable. The constraint (6.20b) guarantees that all users can decode s..
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Problems P; and S| are non-convex problems that are very challenging to solve because
they contain superimposed rate expressions. The WMMSE approach is proposed in [39, 87] to
solve non-convex problems containing superimposed rate expressions, i.e., RS. An alternating
optimization algorithm based on the modified WMMSE is proposed in [43] to solve the RS’s
MMF optimization problem in a multibeam multicast satellite system.

This chapter uses the WMMSE approach to define the rates in terms of WMMSEs variables.
Next, using this definition, the problems are transferred into a block-wise convex problem which
can be solved iteratively through interior-point methods. In the following section, we derive the
rate-WMMSE expressions.

6.3.2 Rate-WMMSE Relationship

In this section we establish the Rate-WMMSE relationship. Consider the estimate of s. in
user i as denoted by §.; = g¢;yi, where g.; is a scalar equalizer. Since the transmitter sends the
superposition of s, and s ¢, Vk € KC,g € G, user i first decodes and removes s. from the received
signal. Next, user i which belongs to beam k and group g decodes and removes the signals of
the weaker groups in beam k, h < g, through the SIC. However, the signals of the other beams
and signals of the stronger groups in beam k are considered as the background noise. Therefore,
the estimate of sy , iS 8k o = g; <y,- —/Pchiwese — };:i’ \/mh,-wkskﬁ) . The mean square errors

(MSE?5) of the common and private parts are defined as

i =B I5ei = seil"} =180 Tei 1 = 2R {y/pegebiwe) (6:21a)
&=E { S0 — Sk,g‘z} =g’ Ti 1-2R { Oﬂk,gpkgihiwk} (6.21b)
where
Tei=pelhiwe* © pilhiwif* 1 (6.222)
o=, oalhiwi E w1 (6.22b)
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Moreover, we define the interference as

Ii=T.;— pelhiw.|?, (6.23)

I =Ty — oy g pi [ hiw|* (6.24)

The optimum equalizers achieve by minimizing the MSEs over equalizers,

€. _
o “=0— gV MF = /pchyw, T, (6.25a)
c,i
€ MMSE ~1
? =0— 8 = Otk,gpkhiWkTi (6.25b)
l
The MMSEs with optimum equalizers are SMMSE = I;lcl}’l &= TCTilIQ,-,SIMMSE = rr;iin g = Ti_II,-.

Apparently, the SINRs can be expressed in the form of MMSEs, ie. 7= 1e6MMSE _ 1 S0,

the corresponding rates write as R = —log,1eMMSE Now, the common and private augmented

WMSEs are given by

éc,i =Uci€ci— 10g2btc.,i7

5,' =Uu;& — logzu,-, (6.26)

where u, ;,u; > 0 are weights associated with MSEs. In the following, we consider s as WMSEs
and, for simplicity, drop the "augmented”. Then the optimal equalizers are substituted into the

WMSEs, and we obtain

éai (gE{IlMSE> = r;lln §c7i = uc,igé\gMSE - 10g2uc7i (6.27a)
& (SE) = ming, = ueMMSE — log,u (6.27b)
C e . . 9, (glc\-/[iMSE> 95'(gMMSE)
To minimize WMSEs over both equalizers and weights, 5 =0, = 5 =(. Therefore,

the optimum weights are

-1 -1
nei= (EMMSE) = (eMMSE) (6.28)

’ C,l
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We substitute them into (6.27a), (6.27b), leading to the Rate-WMMSE relationship

OMSE = min &.;=1log, eMF=1-R,; (6.29a)
’ 8e,isUe,i
EMMSE — ming; =1 log, eMMSE = 1 — R, (6.29b)
8i Ui

Considering imperfect CSIT, a deterministic SAF version of the Rate-WMMSE connection is

developed so the average WMMSEs are

=MMSEN 1 MMSE —N
it =y fim ¥ EIME =1 R, (6:302)
£MMSEN 1 N MMSE —N
; = — lim "=1-R, 6.30b
d N N—eon=1 ! ( )
where écl\gMSE” and &iMMSE” are associated with the n-th realization in HV. The sets of optimum

MMSE equalizers associated with (6.30) are defined as gMMSE {gc MSE"|n e N}, gMMSE
{gMMSEn|;; ¢ A}, Moreover, the sets of optimum weights are uMMSE {uMMSE” In€ N}, uMMSE =
{uMMSEn|, ¢ A7}, Therefore, in each realization in HY, the optimum equalizer and weights are

calculated. The composite set of optimum equalizer and weights are defined as

GMMSE _ {glg/IlMSE7g£\AMSE|l c Z/{,} (6.31)

UMMSE _ {ulgxllMSE7 ulMSE|; ¢ Z/{} (6.32)

Using the Rate-WMMSE relationship, the optimization problems are rewritten using the WMMSE
variables in the following section. The relationship between the achievable rates in the MC-RS-
NOMA scheme and the WMMSE variables are given in the (6.30).

6.3.3 WMMSE Reformulation

In this section, we reformulate the optimization problems using the WMMSE expressions.
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Max-Min fairness Analysis
Using the Rate-WMMSE relationship, and auxiliary variables, z, G, U, 7 =7 4,...,Tg ¢, the

problem P; can be transferred into an equivalent convex WMMSE problem, P»:

P, : argmaxz (6.33a)
D,0,C,Z,Tg
S.t.
CrgTeg > 7, VkeK,Vg={1,...,G} (6.33b)
1= &) > Vi €U Wk € K, Vg ={1,....G} (6.33¢)
1-& > K Gg . vieu (6.33d)
1T k=1g=1
6.19d,6.19¢ (6.33¢)

where Ec,i and E,. are given in (6.26). It is worth to mention if p*, o, ¢*,z*, G*,7,, U” satisfies the
KKT optimality conditions of P, p*, a*,¢* will satisfy the KKT optimality conditions of P;.
Sum-rate Analysis

Motivated by the Rate-WMMSE relationships given in (6.30), and the auxiliary variables,

E, U, G, the problem S is equivalently transferred into the convex problem S,. The problem is

reformulated as

Sy:argmin €. X ¢ max Efv (6.34a)
Ec7p7ak k=1g=lielfy,

s.t.

_N J— .

g <E.Viel (6.34b)

6.19d,6.19¢ (6.34¢)
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where EC refers to the common AWMSE. Noted problem S, and problem S are equivalence. It
means that for any point p*, oc*,g:, G*,U” satistfying the KKT optimality conditions of problem
Sa, pt, (x*,E:, satisfies the KKT optimality conditions of problem S;.

Problems P» and S, are still non-convex. However, they are convex if two variables out of
three variables, equalizer, weight, and power, are fixed. Considering this block-wise convexity
property, we propose an Alternating Optimization algorithm to solve the problems P, and S».
6.3.4 Alternating Optimization Algorithm

The problems P, and S, remain non-convex for the entire set of optimization variables, which
include a, p, ¢, U, and G. However, they exhibit block-wise convexity, which can be leveraged
to propose an alternating optimization algorithm. Each iteration of the algorithm consists of two
steps: (1) updating U and G based on the value of p and o from the previous iteration, and (2)
updating p, ¢, and ¢ using U and G obtained in step 1. We now provide a detailed explanation of
these two steps.

Step 1: Updating G, U

In /-th iteration, all the equalizers and weights are updated according to the p, @ form the
previous round, I — 1, Gp/~!, &/~ Up!~!,a/~!. The corresponding SAFs Ucis Uiy 8¢ j» 8 AT
calculated by taking average over N realization. To facilitate the next step, we introduce a set of

variables are

tei = g |91, ti = uf |}, (6.35)
P =t.h"h, ¥ = ;h7h?, (6.36)
Jéi=ugqe wiwe, fi =i g hiwy (6.37)

Ve =logyuc VP =log,u; (6.38)

and the corresponding SAFs are calculated in the same way,

NN N Y N N WY (6.39)

c,i» e, c.,i?vc,htia
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Step 2: Updating p, o

In the [-th iteration up to this step, we fix G, U, and the other introduced variables, which
are obtained using the updated valusers of U,G. With these updated variables, in this step, the
problems P and S, transform into problems 7_713 and 313, which are convex problems. These
problems can be solved using interior-point methods, allowing for the optimization of p, ok, and

the other auxiliary variables.

513 :argmaxz (6.40a)
p7a7é727?g7
S.t.
Ci, 71, 27, VkeK,Vge={1,...G} (6.40b)
_ — HaN— — -N _, _
1 —=7g > jlejikPjW?Ti WIJV - ZR{V O‘gkpkfjiv} i a — v
- Py, WPV WY Vi € Uy, VK € K, Vg € Gi (6.40¢)
=1gr= =
wy—v, Vieu (6.40d)
6.19d,6.19¢ (6.40e)
and
313 rargmin - €, ¥ © {max &} (6.41a)
S.t.
pwHE . X pWHE s, 7Y — 273{@?&} w,—v, <& vieu (6.41b)
6.19d,6.19¢ (6.41¢)
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where Ei is

K —HgN—=N N — —HgV—=N
éi:j 1J'¢kpjwj lPl' Wj ti _2R{\/agkpkjdiv} pkh >g ahkwk ‘Pi Wk
=1, k= 8k

0 =V Vi € Uy, Yk € K, Vg € Gy

As the iteration procedure continusers, the objective function in P3 or S3 grows until convergence.
The proposed alternating optimization approach alternately optimizes the variables of the corre-
sponding WMMSE problem P3 and S3. The proposed algorithm is guaranteed to converge as the
objective function is bounded above for the specified power limitations.

6.4 Numerical results

In this section, the proposed algorithms in the multibeam multicast satellite systems are
evaluated through simulations. The performance of the proposed scheme is investigated in terms
of the MMF rate and the sum-rate. This chapter consider the test bench provided in section 4.4.

This chapter assumes the noise variance to be equal to one for all users, Gl-z =1,Vi e U from
which SNR is p7. To model the CSIT uncertainty, entries of 7{ are i.i.d complex Gaussian drawn
from CN0, 62 where 62 = N,*lcrez’i =P~ ".Vi € Y. The sample size N is set to 1000. For each
realization,Hn, the channel estimation is H' =H H”, where H” follows the above CSIT error
distribution.

Since in multibeam satellite communication systems, each antenna has its amplifier, this
chapter assumes equal per-feed power. Therefore, power allocated to the common and private
parts are given by p. =1 —tPr, py = %. Moreover, we consider two groups per beam, G = 2. The
convex optimization problems are solved using the CVX toolbox.

6.4.1 MMF rate performance

This section compares the performance of the proposed method, MC-RS-NOMA with the

other cutting edge methods, MC-RS and MB-MC-NOMA techniques, in terms of the MMF rate.

The target is to maximize the minimum rate by optimizing the power allocation. The MMF rate
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Figure 6-2: MMF rate performance versus per feed-power constraint, I = 28, M = 2 users

1s calculated according to different power per feed, number of users per group, and CSIT quality
parameter.
Power per feed constraint

Figure 6-2 shows the MMF rate versus different available transmit power per feed. We assume
I =28 users total, M = 2 users per group per beam, are served. Our proposed method, MC-RS-
NOMA, has a more flexible architecture for non-orthogonal transmission and robust interference
management. Thus it outperforms the other techniques in the whole range of per-feed available
power. The gap between MC-RS-NOMA and the other techniques increases with higher power per
antenna feed. If the CSIT is perfect, the MC-RS-NOMA scheme achieves up to 1.38 and 1.8 gains
over MC-RS and MB-MC-NOMA schemes, respectively. For imperfect CSIT, it is observed that
the gain of the MC-RS-NOMA over the MC-RS and MB-MC-NOMA is around 1.38 and 2 when
n = 0.8, respectively. Consequently, the benefit of employing RS in multibeam satellite systems
under imperfect CSIT is observed. It showed that MC-RS-NOMA and MC-RS are more resistant
to CSIT uncertainty than MB-MC-NOMA. Moreover, MC-RS-NOMA has better performance

than the MC-RS.
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Figure 6-3: MMF rate performance versus number of users per group (M), py =120W and n =0.8

Number of users per group

This section shows the effect of the number of users on the MMF rate performance. Figure
6-3 indicates the MMF rates versus the different number of users per group per beam. The power
per feed is assumed to be py = 120W and the CSIT quality parameter 11 = 0.8. Figure 6-3 shows
The MMF rate decreases with the increasing number of users for all cases. Because all users within
a beam share one precoding vector even though they all have different channels. Consequently,
the user with the lowest SINR controls its beam rate. Despite this performance degradation,
MC-RS-NOMA can still provide gains compared to MC-RS and MB-MC-NOMA schemes. The
results also show that MC-RS-NOMA achieves more gain over the MC-RS scheme by increasing
the number of users per group per beam, and the gap between them increases. For M =6 (G=2,G
M = 12 number of users per beam), the MMF rate of the proposed MC-RS-NOMA gains around
2.25 times over the MC-RS scheme for the perfect CSIT.
CSIT quality

The influence of the CSIT uncertainty is shown in this section. Figure 64 depicts the MMF
rate versus a wide range of CSIT quality. Here, we set the per-feed available transmit power

to be py = 80W and p; = 120W. The number of users per group is equal to two, M =2. The
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Figure 6-4: MMF rate performance versus CSIT uncertainty (1), M = 2,1 =28 users

MMF rate decreases as the CSIT quality parameter drops for all cases. The results shows that
our proposed scheme has higher MMF rate However, the MMF rate gap between MC-RS-NOMA
and MB-MC-NOMA gradually rises, indicating that the benefits of our proposed MC-RS-NOMA
scheme become increasingly evident when CSIT quality degrades. It is shown that the MMF rate
of the MC-RS-NOMA and MC-RS drops 1.28 and 1.625 times with increasing the CSIT error.
6.4.2 Sum-rate performance

In this section, we investigate the performance of the proposed MC-RS-NOMA scheme with
the other cutting edge methods, MC-RS and MB-MC-NOMA techniques, in terms of the sum-rate.
The sum-rate is calculated according to different power per feed, number of users per group, and
CSIT quality parameter.
Power per feed constraint

Figure 6-6 shows the sum-rate rate versus different available transmit power per feed. This
section considers / = 28 users total, M = 2 users per group per beam, are served. The results
show that the MC-RS-NOMA performs better, and the gap with the other techniques increases
by increasing the power. For imperfect CSIT, it is observed that the gain of the MC-RS-NOMA
over the MC-RS and MB-MC-NOMA is around 1.67 and 1.175 when 1 = 0.8, respectively. If the
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Figure 6-5: Sum-rate performance versus per feed-power constraint, / = 28, M = 2 users

CSIT is perfect, the MC-RS-NOMA scheme achieves up to 1.625 and 1.1 gains over MC-RS and
MB-MC-NOMA schemes, respectively.
Number of users per group

Figure 6-3 illustrates the sum-rate versus the number of users per group, M, when the transmit
power per antenna feed is 120W and the CSIT scaling factor is n = 0.8. As expected, the sum-rate
drops with increasing M for all cases. However, MC-RS-NOMA shows an explicit sum-rate gain
compared to all other schemes for all M. For M =5, the MC-RS-NOMA gain over the MC-RS
goes up to 2 times for both perfect and imperfect CSIT.
CSIT uncertainty

In Figure 67, we further evaluate the sum-rate performance of the proposed MC-RS-NOMA
with imperfect CSIT. The transmit power per antenna feed is considered to be p; = 120W and
pi = 80W and two users per group, M = 2. The results show that the proposed MC-RS-NOMA has
a much better performance for all CSIT error scaling parameters (7). The gain of MC-RS-NOMA
over MB-MC-NOMA and MC-RS increases from 1.1 and 1.625 to 1.75 and 2 when 7] drops from
1t00.2.
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All the simulation results show that the proposed MC-RC-NOMA has much better perfor-
mance in terms of the MMF and the sum-rate in any conditions of a realistic scenario. However,
the proposed scheme has more complexity than the MC-RS. Since the complexity of the MC-RS-
NOMA at the receiver is OG? time more than the MC-RS.

6.5 Conclusion

In summary, this chapter introduces the MC-RS-NOMA scheme as a solution to address the
challenges posed by CSIT uncertainty in multibeam multicast satellite communication systems.
The performance of the proposed scheme is evaluated in terms of max-min fairness and sum-rate
metrics. To optimize the scheme, a modified WMMSE method and an AO algorithm are developed
to maximize the MMF rate and sum-rate, respectively.

The proposed MC-RS-NOMA scheme demonstrates promising results compared to state-of-
the-art techniques such as MB-MC-NOMA and MC-RS. It effectively tackles practical obstacles,
including CSIT uncertainty, practical per-feed limits, and the overloaded regime, which are crucial
considerations in real-world multibeam satellite communication scenarios.

The findings of this chapter highlight the potential of the MC-RS-NOMA scheme in enhancing

the performance and efficiency of multibeam satellite communications. By addressing the impact
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of CSIT uncertainty and considering practical constraints, the proposed approach offers significant

improvements in terms of fairness and overall system capacity.
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CHAPTER 7
Conclusion and Future Work

7.1 Conclusion

In conclusion, this thesis has focused on enhancing the performance of multibeam multicast
satellite communication systems through the use of innovative frameworks and techniques. Three
distinct frameworks, namely MC-NOMA, MB-MC-NOMA, and MC-RS-NOMA, were proposed
and investigated to address the challenges posed by interbeam interference and imperfect channel
state information.

In the MC-NOMA framework, the effectiveness of NOMA within a single beam in multicast
transmission was extensively analyzed. The achievable data rates and power allocation methods
were derived, and an optimal user clustering approach was proposed to maximize system perfor-
mance. The results demonstrated the advantages of implementing NOMA in terms of improving
the MMF rate and total achievable sum-rate.

The MB-MC-NOMA framework, which integrated linear precoding and NOMA techniques,
aimed to further enhance system performance in a multibeam multicast scenario. The proposed
user scheduling method improved the performance of both multicast linear precoding and the
NOMA scheme. Multicast linear precoding techniques were designed, and different mappers
were introduced to optimize the performance. Power allocation schemes were also proposed
to maximize the MMF rate and weighted sum-rate. The achievable rate region of the MB-MC-
NOMA scheme was derived, enabling efficient computation of the optimal transmit power spectral
density for groups of users within multiple beams.

Finally, the MC-RS-NOMA framework was introduced to address the challenges of imperfect
channel state information. Rate splitting was applied to cancel interbeam interference, and NOMA

was considered on a beam basis to improve spectral efficiency. The achievable data rates of the
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common and private parts were derived, and the optimization problems for MMF rate and sum-rate
were formulated. The weighted minimum mean square error approach and alternating optimization
were utilized to solve non-convex optimization problems.

Overall, the proposed frameworks and techniques in this thesis have shown promising results
in improving the performance of multibeam multicast satellite communication systems. Theoreti-
cal analyses and extensive simulations have validated the effectiveness and benefits of the proposed
approaches. The findings from this research contribute to the advancement of the field and provide
valuable insights into the optimization of system performance in various CSIT scenarios.

7.2 Future Work

In this thesis, three frameworks have been proposed to enhance the throughput and perfor-
mance of multibeam multicast satellite communication systems. While these frameworks have
shown promising results, there are still several avenues for future research and development in this
area.

Firstly, an interesting direction for future work is to explore L-layer Rate-splitting (RS). The
focus of this thesis has been on the 1-layer RS technique, future work could delve into more than
one layer L-RS frameworks, where L > 1. For example in 2-layer RS, the message of each user
is split into three sub messages. In order to achieve greater flexibility in managing interference,
the common streams are encoded into distinct layers. This extension would provide a deeper
understanding of the benefits and trade-offs associated with L-layer RS schemes, enabling more
flexible and efficient resource allocation strategies.

Also, it would be important to evaluate the complexity of the transmitter and receiver of the
proposed frameworks. Lastly, itis essential to assess the Degree-of-Freedom (DoF) of the proposed
frameworks and compare them with existing methods. The DoF, which is also referred to as the
spatial multiplexing gain, provides a quantitative measure of how effectively the spatial dimension
is utilized in a communication strategy. It represents the number or fraction of independent data

streams that can be transmitted to a specific user. Calculating the DoF would provide insights
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into the system’s spectral efficiency and its ability to support multiple users simultaneously.

This analysis would further validate the performance of the proposed frameworks and enable a

comprehensive comparison with other techniques reported in the literature.

Overall, there is ample room for further research and development in the field of NOMA-

based multiuser multicast systems, and the proposed frameworks can serve as a foundation for

exploring these future directions.

7.3 Publications

The research conducted in this thesis has resulted in several publications that contribute

to the field of multibeam multicast satellite communication systems. The following is a list of

publications based on the results investigated in this thesis:

S. M. Ivari, M. R. Soleymani, and Y. Shayan, "RS-Based MIMO-NOMA Systems in
Multicast Framework™” in "MIMO Communications - Fundamental Theory, Propagation
Channels, and Antenna System”, Dr. Ahmed Kishk and Dr. Xiaoming Chen,, 2023.

S. M. Ivari, et al., On Optimal Power Allocation in Multibeam Multicast NOMA for Satellite
Communication Systems, Published on IEEE Transactions on Aerospace and Electronic
Systems.

S. M. Ivari, et al., Precoding and Scheduling in Multibeam Multicast NOMA based Satel-
lite Communication Systems, 2021 IEEE International Conference on Communications
Workshops (ICC Workshops), 2021, pp. 1-6.

S. M. Ivari, et al., Power Allocation and User Clustering in Multicast NOMA based Satellite
Communication Systems,” ICC 2020 - 2020 IEEE International Conference on Communi-

cations (ICC), 2020, pp. 1-6.
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