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Abstract

Rate-Splitting Multiple Access (RSMA) is a pioneering framework that optimises
non-orthogonal transmission, Multiple Access, and interference management in
next-generation wireless networks. This thesis assesses uplink RSMA performance
for both Single-Input Single-Output (SISO) and Multiple-Input Multiple-Output
(MIMO) channels in the Finite Blocklength (FBL) regime, and designs the Physi-
cal (PHY)-layer architecture for uplink MIMO RSMA. Additionally, it explores the
implementation of RSMA in Mobile Edge Computing (MEC) and evaluates various

scenarios.

First, the performance of uplink SISO RSMA is investigated under FBL constraints
with and without time-sharing. Sum-throughput and rate region maximisation
problems by optimising power and rate allocations are formulated and solved us-
ing the Successive Convex Approximation (SCA)-based algorithm. The impact of
blocklength and transmission rate on the throughput and error probability per-
formance of RSMA are investigated. According to simulation results, RSMA is

demonstrated to be promising for FBL. communications.

Next, the research scope is extended from uplink SISO RSMA in the FBL regime
to uplink MIMO RSMA. An uplink MIMO RSMA framework is proposed and a
problem optimising both precoders and combiners with Max-Min Fairness (MMF)
metric is investigated. The Alternating Optimisation (AO) is applied to decompose
the problem into two subproblems due to the high coupling between precoders and
combiners. The PHY-layer uplink MIMO RSMA architecture is designed. The
effectiveness and robustness of the proposed uplink MIMO RSMA schemes are

demonstrated through numerical results.

Last, the application of RSMA with the framework of MEC in short-packet commu-
nication is examined. A successful computation probability maximisation problem
is formulated by optimising the offloading factor, power allocation and task-splitting
factor. The optimisation problem is solved by SCA-based algorithm. The results

indicate that RSMA is reliable for communication in MEC under FBL constraints.
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1G First Generation

2G Second Generation

3G Third Generation

4G Fourth Generation

5G Fifth Generation

6G Sixth Generation

AMC Adaptive Modulation and Coding
AO Alternating Optimisation

Aol Age of Information

AR Augmented Reality

AWGN Additive White Gaussian Noise
DF Decode-and-Forward

B5G Beyond Fifth-Generation

BC Broadcast Channel

BCD Block Coordination Descent
BLER Block Error Rate

BS Base Station

CDMA Code Division Multiple Access
CPU Central Processing Unit

CSIR Channel State Information at Receiver



CSIT Channel State Information at Transmitter
CSI Channel State Information

DoF Degree of Freedom

DPC Dirty Paper Coding

EE Energy Efficiency

eMBB enhanced Mobile Broadband

FBL Finite Blocklength

FDMA Frequency Division Multiple Access
FEC Forward Error Correction

HRS Hierarchical RS

GRS Generalised RS

i.i.d independent and identically distributed
IFBL Infinite Blocklength

IoT Internet of Things

LHS Light-Hand Side

LLR Log-Likelihood Ratios

LLS Link Level Simulations

MA Multiple Access

MCC Mobile Cloud Computing

MCS Modulation and Coding Scheme
MEC Mobile Edge Computing

ML Machine Learning
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MU Multiple User

MU-LP Multi-User Linear Precoding
MAC Multiple Access Channel

MIMO Multiple-Input Multiple-Output
MISO Multiple-Input Single-Output
MMF Max-Min Fairness

MMSE Minimum Mean Square Error
mMTC massive Machine Type Communications
NOMA Non-Orthogonal Multiple Access
OFDMA Orthogonal Frequency Division Multiple Access
OMA Orthogonal Multiple Access

PHY Physical

QoS Quality-of-Service

RAN Radio Access Network

RF Radio Frequency

RIS Reconfigurable Intelligent Surface
RHS Right-Hand Side

RSMA Rate Splitting Multiple Access
RS Rate-Splitting

SCA Successive Convex Approximation
SCL Successive Cancellation List

SCP Successful Computation Probability
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SC Superposition Coding

SC-SIC Superposition Coding-Successive Interference Cancellation
SD Soft Decision

SDMA Space Division Multiple Access

SE Spectral Efficiency

SIC Successive Interference Cancellation

SIMO Single-Input Multiple-Output

SINR Signal-to-Interference-plus-Noise-Ratio

SISO Single-Input Single-Output

SNR Signal-to-Noise Ratio

SOCP Second Order Cone Programming

TDMA Time Division Multiple Access

TDD Time Division Depulx

TIN Treat-Interference-as-Noise

URLLC Ultra-Reliable and Low-Latency Communications
VP Vector Perturbation

WMMSE Weighted Minimum-Mean Square Error

w.r.t with respect to
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Notation

Objects

a Scalar

a Column vector
A Matrix

Iy N x N Identity matrix

A Finite set

1 Indicator function
Sets

N Natural numbers
R Real numbers

C Complex numbers
Operations

()" Hermitian (conjugate transpose)
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|| Magnitude of a complex number
|-l Euclidean norm of a vector
exp(-) Element by element exponential of a vector

tr(-) Trace of a square matrix

Superscript

()"} n-th iterated value
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Chapter 1

Introduction

During the past few years, the rapid progress of wireless communications has
brought attention to the emergence of next-generation networks, including Fifth
Generation (5G) and Sixth Generation (6G). These advancements have sparked in-
terest from both academic and industrial communities. It is expected that 5G/6G
will have the capability of meeting the growing demands for higher data rate, im-
proved reliability, varied quality of service needs, and extensive connectivity. These
advanced networks are designed to support enhanced Mobile Broadband (eMBB),
Ultra-Reliable and Low-Latency Communications (URLLC), and massive Machine
Type Communications (mMTC), while also adopting new approaches such as the
Finite Blocklength (FBL) regime [6-8]. Mobile Edge Computing (MEC) enabling
mobile devices to offload their tasks to edge servers is considered to be one promising
solution for latency-critical and computation-intensive applications [9]. To address
the complex requirements of future wireless networks, it is acknowledged that the
advancement and refinement of Multiple Access (MA) techniques are vital since
they play an important role in optimising wireless resource utilisation and enhanc-

ing interference management efficiency.
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1.1 A New Multiple Access Technology: Rate-

Splitting Multiple Access

Meeting the rigorous demands of URLLC and the evolving requirements of eMBB
necessitates a transform from conventional MA techniques towards a transmission
scheme customised to the requirements of 5G and 6G. MA techniques in wire-
less communication have evolved significantly over the years, with advancements
occurring along both orthogonal and non-orthogonal dimensions: the orthogonal
approach, which assigns dedicated resources to individual users, and the non-

orthogonal approach, which enables multiple users to share the same resource [10].

Orthogonal Multiple Access (OMA) schemes, such as Time Division Multiple Access
(TDMA), Frequency Division Multiple Access (FDMA), Code Division Multiple
Access (CDMA) ! and Orthogonal Frequency Division Multiple Access (OFDMA)
are among the earliest techniques employed to enable multiple users to share the
available spectrum efficiently for First Generation (1G), Second Generation (2G),
and Third Generation (3G) wireless communication systems. TDMA divides the
time resource into different time slots, allowing different users to transmit in their
assigned time slots while FDMA divides the frequency spectrum into separate chan-
nels, each allocated to individual users. CDMA utilises orthogonal, user-specific
codes to spread the modulated user symbols, serving multiple users simultaneously
in the same time-frequency resources without causing multi-user interference (under
ideal propagation conditions) [11-13]. In OFDMA data transmission is divided into
multiple orthogonal subcarriers to enable simultaneous transmission from multiple
users [14]. These orthogonal techniques laid the foundation for early wireless sys-
tems that aim to avoid inter-user interference and simplify transceiver design. How-

ever, the number of supported users is limited by the number of available orthogonal

"Here CDMA refers to CDMA with orthogonal codes. See reference [11].
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resources in OMA. Consequently, it remains a challenge for these MA techniques
to satisfy the Spectral Efficiency (SE)? and massive connectivity requirements of

5G [15,16].

To tackle this problem, MA techniques are evolving towards improving SE by sacri-
ficing the orthogonality of resource allocation [8]. Driven by the escalating demand
for wireless communications and the limited spectrum resources available, MIMO
technology has been embraced in Fourth Generation (4G) and 5G networks [17,18].
It has been studied and applied widely since it is capable of providing significantly
higher SE and reliability of wireless systems by multiplexing signals in space. Un-
like point-to-point MIMO where two devices with multiple antennas communicate
with each other, MU-MIMO is more reliable and less sensitive to propagation envi-
ronment because of MU diversity®. The capacity of a MIMO Gaussian Broadcast
Channel (BC) can be achieved by Dirty Paper Coding (DPC) when Channel State
Information at Transmitter (CSIT) is perfect which involves coding the data that
align with themselves [22]. Other two non-linear precoding methods, namely Vector
Perturbation (VP) [23] and lattice-aided methods [24] can also perform well in ca-

pacity.

However, despite its theoretical appeal, these non-linear precoding methods prove
impractical due to the computational complexity associated with the encoding pro-
cess. Besides, MIMO introduces spatial dimensions, leading to a more practical ap-
proach Space Division Multiple Access (SDMA) [25] which is proposed to maximise

the capacity [26,27] and MU-MIMO implemented using Multi-User Linear Precod-

2Spectral efficiency refers to the rate that can be transmitted over a given bandwidth in a
specific communication system. It is a measure of how efficiently a limited frequency spectrum
is utilised in bits/s/Hz. It is the bit rate divided by the bandwidth in hertz of a communication
channel.

3Multi-User diversity, first introduced in [19] and further promoted in [20], is a form of selection
diversity among users provided by independent time-varying channels across the different users.
Provided that the BS is able to track the user channel fluctuations (based on feedback), it can
schedule transmissions to the users with favorable channel fading conditions, i.e., near their peaks,
to improve the total cell throughput [21].
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ing (MU-LP). Through effective utilisation of spatial resources and multi-antenna
processing at the transmitter, SDMA can concurrently serve multiple users within
the same time-frequency resource. MU-LP involves employing linear precoding at
the transmitter while treating multi-user interference as noise at the receivers [28].
As a result, SDMA based on MU-LP holds significant importance in numerous
transmission schemes for 4G and 5G networks. In scenarios with perfect CSIT and
underloaded network (i.e., when the number of antennas deployed at the transmitter
is more than the number of receive antennas at all users), SDMA effectively elim-
inates multi-user interference if the user channels are not aligned*. Furthermore,
SDMA achieves the maximum Degree of Freedom (DoF) of the underloaded multi-
antenna BC [29]. However, SDMA is sensitive to network load, user deployment,
and the accuracy of CSIT. The performance of SDMA deteriorates in overloaded
scenarios (i.e., when the number of antennas deployed at the transmitter is less than
the number of receive antennas at all users), requires sophisticated scheduling for
optimal user pairing, and is impacted by imperfect CSIT, leading to decreased per-
formance due to ineffective interference mitigation from imprecise linear precoding
at the transmitter [30]. Practically, CSIT inaccuracies arise from various factors
such as channel estimation errors, pilot contamination, feedback limitations, user

mobility, and RF chain calibration errors [31].

In contrast to SDMA | where each user can directly decode the intended data streams
by treating any residual interference as noise, NOMA has gained prominence in re-
cent years, where users are superposed in the same time-frequency resources via
the power domain (e.g., power-domain NOMA) [32] or code domain (e.g., sparse

code multiple access) [11]. This thesis focuses on power-domain NOMA ® which re-

4An aligned channel typically refers to a situation where multiple users’ channels exhibit a spe-
cific spatial relationship, often characterised by high correlation or overlap in certain dimensions.
SDMA relies on the spatial diversity of user channels and utilises beamforming and advanced sig-
nal processing to manage interference. Aligned channels would reduce the effectiveness of SDMA
by making it harder to separate users spatially.

5In this thesis, power-domain NOMA will be referred to NOMA.
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lies on Superposition Coding (SC) ¢ at the transmitter to superpose user messages
in the power domain and SIC at the receivers (denoted in short as Superposition
Coding-Successive Interference Cancellation (SC-SIC)) [33,34]. A significant benefit
of NOMA lies in its ability to enhance SE in heavily overloaded scenarios by serving
users with closely aligned channels and varying channel strengths within the same
time-frequency resources. However, NOMA, originally designed for single-antenna
setups, leads to suboptimal utilisation of spatial dimensions, resulting in a loss of
multiplexing gains and data rate in multi-antenna configurations [35]. The draw-
backs of NOMA are outlined as follows. First, the deployment of SC-SIC in NOMA
originates from the concept of a degraded BC where users are ordered by their chan-
nel strengths. However, the multi-antenna BC is non-degraded, and users cannot
be ordered based on channel strengths. Applying SC-SIC to a non-degraded BC
results in a loss in DoF [35]. Second, the effectiveness of NOMA is limited to spe-
cific scenarios where users are closely aligned with a disparity of channel strengths.
Third, implementing NOMA in multi-antenna setups increases complexity at both
the transmitter and receivers, i.e. joint optimisation of precoding, user grouping,
and decoding sequences due to the need for multi-layer SIC and the lack of a natural

user channel order. Fourth, multi-antenna NOMA is sensitive to imperfect CSIT.

These non-orthogonal techniques offer enhanced SE, improved system capacity, and
better support for diverse traffic types, making them well-suited for next-generation
wireless networks. Nevertheless, SDMA and NOMA can be considered as two ex-
treme interference management strategies, i.e., SDMA relies on fully treating any
residual multi-user interference as noise, while NOMA relies on some users to fully

decode and cancel interference from other users.

Conversely, RSMA emerges as a novel solution that circumvents the aforementioned

limitations. RSMA utilises linear precoding with Rate-Splitting (RS) at the trans-

SSuperposition coding refers to superposition coding which is a technique to combine different
streams by adding them together with different power levels.
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mitter and SIC at the receivers. RSMA involves splitting the message of a user
into common and private parts, enabling each part to be decoded by one or more
receivers. To reconstruct the original message, a receiver must retrieve both the
common part and the corresponding private part [36,37]. A significant advantage
of RSMA is its ability to flexibly manage inter-user interference. This allows for
the decoding of partial interference while treating the remaining as noise [31]. Such
capability enables RSMA to bridge the gap between these two extreme interference
management strategies of fully decoding interference and treating interference as
noise [38]. Depending on the particular methods employed for message splitting
and combining, RSMA encompasses a variety of transmission schemes. These in-
clude linearly precoded 1-layer RS, 2-layer Hierarchical RS (HRS), and Generalised
RS (GRS), each of which can be further expanded to their respective nonlinear
counterparts [8,38,39], and even to space-time designs [40]. Through analytical
investigations in information and communication theory, RSMA has been demon-
strated to be optimal in terms of the DoF for various transmission scenarios [41,42].
Compared to traditional MA techniques, RSMA offers enhancements in Energy Effi-
ciency (EE)” [43-45], user fairness [46-48], and Quality-of-Service (QoS) [38] across
a broad spectrum of network loads, encompassing both underloaded and overloaded
scenarios, as well as diverse user channel conditions. Additionally, RSMA demon-
strates improved robustness to inaccuracies in CSIT [49], while also requiring lower

feedback overhead and complexity [50].

All aforementioned works focus on downlink RSMA in multi-antenna multiple-
access scenarios. However, it has been demonstrated that uplink RSMA can achieve
the optimal rate region of an K-user Gaussian Multiple Access Channel (MAC) us-
ing up to 2K — 1 virtual point-to-point Gaussian channels created by message

splitting [51, 52]. Comparative analyses with traditional uplink communication

"Energy efficiency is typically defined as the ratio of the data rate to the total power consumed
by the communication system. The unit is bits per joule (bits/J).
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schemes, namely NOMA and OMA, have revealed that uplink RSMA in Single-
Input Single-Output (SISO) channels yields superior performance in terms of sum-
rate, sum-throughput [53-55], outage performance [56]. Besides, uplink RSMA
holds the capability to achieve the capacity region without the need of time-sharing
among users which requires stringent synchronisation due to the coordination of
the transmissions of all users [57,58]. In [59], uplink RSMA demonstrates enhanced
user fairness compared to NOMA in Single-Input Multiple-Output (SIMO) chan-
nel. Furthermore, the investigation of uplink MIMO RSMA under electromagnetic
exposure constraints [60] highlights significant performance advantages over NOMA

and SDMA.

Overall, RSMA has emerged as a general, universal, flexible, robust and powerful
framework for the design and optimisation of non-orthogonal transmission, MA, and
interference management strategies. Driven by the appealing advantages of uplink
RSMA in wireless communications, the main objective of this thesis is to investigate
the performance of uplink RSMA in the FBL regime, which can contribute to the

evolution of next-generation wireless networks.
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1.2 Motivation

URLLC stands as a cornerstone of 5G and future 6G networks, aiming to meet the
stringent requirements for highly reliable and low-latency communication®. These
demands are pivotal for supporting critical applications in fields such as MEC.
In this context, systems are compelled to operate with short packets to meet the
demands of URLLC which necessitates the adoption of FBL codes techniques to

minimise latency while maintaining high reliability.

Nevertheless, the Shannon capacity theory states that there exists a maximum rate
at which information can be transmitted reliably with arbitrarily low decoding error
probability and infinite blocklength, so it becomes inadequate for URLLC systems,
primarily owing to FBL transmission characteristics. With the consideration of
FBL, the study in [61] has paved the way for theoretically analysing the performance
with FBL codes by laying out the fundamental bounds for the achievable rate with a
given blocklength and error probability in Additive White Gaussian Noise (AWGN)
channels. This research establishes the foundation for examining and developing
short-packet communications. To achieve reduced latency for the implementation
of URLLC in 5G and 6G, it is crucial to investigate the performance of emerging

physical-layer MA techniques in the FBL regime.

In this thesis, the emphasis is placed on the MA scheme, namely, RSMA, especially
in the uplink channel. It has garnered significant interest in recent years due to
its ability to improve system performance across various network loads and user

channel conditions [8,31,38|.

8Latency refers to the time delay between the initiation of a transmission and the successful
reception of the data. This encompasses several components such as processing delay, queueing
delay, transmission delay, propagation delay and retransmission delay. In the context of URLLC,
the latency is required to be extremely low, often less than 10 ms.
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1.3 Organisation and Contributions

As all research working on uplink RSMA is based on the assumption of Infinite
Blocklength (IFBL) [51, 52,54, 56,59, 62, 63], the primary aim of this thesis is to
explore the performance of uplink RSMA in the FBL regime since URLLC is ac-
knowledged as a critical factor in shaping the landscape of next-generation wireless

networks.

In this section, summaries of each chapter, outlining the main contributions, are

provided below.

o Chapter 2 Preliminaries: A background overview of the fundamental and
related literature of this thesis are provided by presenting the development
of the conventional multiple access technologies, followed by the principles
RSMA from both downlink and uplink aspects, and state-of-the-art research
on FBL and MEC.

o Chapter 3 SISO RSMA in Finite Blocklength Regime: For the first
time, the concept of uplink RSMA is introduced into short-packet communi-
cations. This work differs from previous works on uplink RSMA by addressing
practical scenarios of data transmission with FBL code, which are essential

for low-latency communications in 5G, URLLC and future networks.

The performances of sum-throughput regarding error probability, and rate re-
gion are investigated with the consideration of a two-user uplink SISO channel
system. The optimal power allocation and rate allocation factors that max-
imise the sum-throughout with FBL constraints are designed. The impacts of
blocklength and target transmission rate on the throughput and error proba-
bility performance of uplink RSMA where one user message is split are inves-

tigated. Numerical results demonstrate the superiority of RSMA, i.e., RSMA
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can achieve higher throughput with smaller blocklength than conventional

MA techniques, resulting in lower latency and higher reliability.

Chapter 4 MIMO RSMA in Finite Blocklength Regime: For the first
time, an uplink MIMO RSMA framework is proposed and both precoders and
combiners with Max-Min Fairness (MMF) metric? under FBL constraints are
optimised. Alternating Optimisation (AO) is employed to decompose the
problem into two subproblems, given the strong coupling between precoders
and combiners. Additionally, a low-complexity scheme is introduced to design
the decoding order at the receiver. Subsequently, the Physical (PHY)-layer
of the uplink MIMO RSMA architecture is designed. The MMF gains over
conventional transmission schemes such as SDMA and NOMA and the robust-
ness to network loads are showcased by the proposed uplink MIMO RSMA
schemes through numerical evaluations. Link Level Simulations (LLS) results
confirm the improved max-min throughput benefits of RSMA over SDMA and
NOMA.

Chapter 5 RSMA with Mobile Edge Computing: In this chapter, the
RSMA scheme is proposed to assist an MEC system in FBL regime where local
computation tasks from two users are partially offloaded and processed at the
MEC server. An RSMA-aided MEC framework is proposed and the overall
Successful Computation Probability (SCP) ! of the service is derived. The
offloading factor, power allocation and task-splitting factor are optimised with
the metric of MEC under FBL constraints. AO is applied to decompose the
optimisation problem into subproblems which are solved by Successive Convex

Approximation (SCA)-based approaches. Numerical results demonstrate that

9MMTF is a resource allocation strategy that aims to maximise the worst performance (e.g.,
data rate, throughput) across all users in the network.

10SCP is defined as the probability of the case that all the offloaded tasks and the remaining
local tasks are computed successfully at the MEC server and the users respectively within the
delay budget. Thus SCP contains two parts which are the successful offloading probability and
the successful execution probability, respectively.
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applying uplink RSMA in the MEC system with FBL constraints can not only
improve the SCP performance but also provide lower latency in comparison

to NOMA.

o Chapter 6 Conclusions: In this chapter, the achievements of this thesis

and explore potential directions for future research are summarised.

1.4 Publications

The work in this thesis has resulted in a number of papers, that have been published.

Published Journals

o J. Xu, O. Dizdar and B. Clerckx, "Rate-Splitting Multiple Access for Short-
Packet Uplink Communications: A Finite Blocklength Analysis,” in IEEE
Communications Letters, vol. 27, no. 2, pp. 517-521, Feb. 2023, doi:
10.1109/LCOMM.2022.3226817. 1

o J. Xuand Y. Mao, "Max-Min Fairness for Uplink Rate-Splitting Multiple Ac-
cess with Finite Blocklength,” in IEEE Transactions on Vehicular Technology,
doi: 10.1109/TVT.2025.3528938. 12

e J. Xu, and B. Clerckx, "Max-Min Fairness and PHY-Layer Design of Up-
link MIMO Rate-Splitting Multiple Access with Finite Blocklength,” in IEEE

Transactions on Communications, doi: 10.1109/TCOMM.2024.3490492. 13

' This paper is related to the Chapter 3.
12This paper introduces the foundational concepts explored in Chapter 4.
13This paper is related to the Chapter 4.
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Chapter 2

Preliminaries

This chapter presents the background knowledge and state-of-the-art works covered
in this thesis, including the fundamentals of RSMA from both downlink and uplink

channel aspects, FBL regime and MEC system.

2.1 Fundamentals of RSMA

In this section, the fundamentals of RSMA in both downlink and uplink channels
are introduced, considering a K-single-antenna-user, indexed by K = {1,..., K},

served by a BS equipped with N, transmit antennas system.

2.1.1 Downlink RSMA

For downlink 1-layer RSMA, which is the simplest and most practical RSMA im-
plementation shown in Fig. 2.1 [8], the message intended for user-k is represented
by Wy, Vk € K. Each W, is split into two parts, denoted as {W., W, } and known
as the common part and the private part, respectively. The common parts are com-

bined into a common message W, = {W_.1, -+, W, x}, which is then encoded into
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Fig. 2.1: Transceiver architecture of K-user downlink RSMA. Message splitter is

implemented by demultiplexer.

a single common stream s.. The private messages are encoded into corresponding

private streams s, Vk € K.

The linear precoders/beamforming vectors for common and private streams are

denoted as p. € CM*! and p;, € CV*!, Vk € K, respectively. The transmit signal
p b

x € CM*! can be expressed as

K
x = Ps = p.s. + Z Pk Sk, (2.1)
k=1
where P = [p.,p1, - ,Pk] is the precoding matrix. The vector of transmitted
symbol is 8 = [s., 51, -+, 5] € CEFDXL Agsume E{ss”} = Iy, then the sum

transmit power constraint is tr (PPH ) < P, where P is the transmit power budget.

The received signal at user-£ is given by

Y = hfx—i—nk

K
= hf'pese + i’ > prsi + i,
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where h, € CM>! denotes the channel vector between the k-th user and the BS.
ny, ~ CN (0, aik) is AWGN of zero mean and variance o7, ; at the receiver. It is

assumed that the variance at each receiver is the same, i.e. 02, ..., 02 ; = o2%.

At the receiver side, each user first decodes the common stream s, by treating the
interference from the private streams sq, ..., sk as noise. Accordingly, the Signal-

to-Interference-plus-Noise-Ratio (SINR) of decoding s. at user-k is expressed as

hi'pl”
Z]K:I |hi'p;|? + o2

pc,k = (23)

With the assumption of successfully decoding the common stream, s. is recon-
structed and subtracted from the received signal y;. The private stream sj is
decoded subsequently at user-k with the private streams of other users treated as

noise. Then, the SINR of the decoded private stream s; at user-k is expressed as

= by pr|?
" > ek iz DA P2+ 02

(2.4)

After the common and private streams are decoded, the original message intended
for user-k is reconstructed by extracting the decoded ﬁ/\c,k from the decoded /I/IZ, and
combining the decoded W\c,k with the decoded /I/I?pyk. Assuming Gaussian signaling
and infinite blocklength, the achievable rates for decoding the common and private

streams at user-k are

Rep =logy (14 peg) (2.5a)

R, = log, (1 + /Op,k> . (25b)

The unit of Eq. (2.5a) and Eq. (2.5b) is bit/s/Hz. To ensure the common stream s,

I'The noise at each user is assumed to be Additive White Gaussian noise of zero mean and

variance o2. That is, for the k-th user, the variance is 02 = UTQL i for every k.
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is successtully decoded by all users, its rate cannot exceed R, = miny; R, . Since s,
contains sub-messages W.1,..., W, g of all the K users, let Cj denote the portion
of rate R. allocated to user-k for W, x. Then, the constraint about the common
rate is written as R, = ), . Cr. As a consequence, the overall achievable rate of
user-k is written as

Ry tot = Ck + Ry . (2.6)

The precoding matrix P can be designed using low-complexity techniques, such
as zero-forcing beamforming (ZFBF) for the private streams and random beam-
forming for the common stream [46], or through optimisation strategies aimed at
various objectives, i.e. Weighted Minimum-Mean Square Error (WMMSE), includ-
ing maximising the Weighted Sum Rate (WSR) [38,42], maximising the minimum

user rate [64], enhancing EE [43], minimising transmit power [65], etc.

In this section, the fundamentals of downlink 1-layer RSMA is introduced and in-
terested readers are encouraged to refer to [38] for a more comprehensive study on
alternative forms of RSMA. 1-layer RSMA necessitates only one layer of SIC at
each receiver. Unlike the GRS described in [38], in which multiple common streams
and multiple SIC layers are involved at the receivers, 1-layer RSMA avoids the
need for user grouping and ordering. Consequently, encoding complexity, schedul-
ing complexity and receiver complexity are significantly reduced. Results in [3§]
demonstrate that the low-complexity 1-layer RSMA achieves comparable rate per-
formance to the GRS. This advantage in complexity reduction becomes particularly

pronounced as the number of users increases.

In the literature, downlink RSMA has been proven to be a strong multi-user trans-
mission scheme and reliable interference management strategy for multi-antenna
wireless networks. It has the potential to tackle numerous challenges of modern com-

munication systems. Downlink RSMA has been shown to bridge and outperform
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existing multiple access schemes, such as SDMA, NOMA, OMA and multicasting
under perfect [36,38,66] and imperfect CSIT [42,64,67-70]. In the downlink channel,
the benefit of RSMA lies in its flexibility to partially decode the multi-user interfer-
ence and partially treat it as noise; in contrast with SDMA, which fully treats the
interference as noise, and NOMA, which fully decodes the interference [31,36,38,67].
More specifically, based on this flexibility, [38] has demonstrated that RSMA ex-
hibits greater robustness to influential factors such as channel disparity, channel or-
thogonality, network load, and the quality of CSIT. [42] and [64] have explored the
sum-DoF and Max-Min Fairness-DoF of underloaded MU-Multiple-Input Single-
Output (MISO) systems under imperfect CSIT. Moreover, [71] has established that
RSMA achieves superior sum-rate performance compared to SDMA and NOMA in
imperfect CSIT and Channel State Information at Receiver (CSIR) scenarios. No-
tably, the benefits of RSMA extend beyond Gaussian signaling and infinite block-
length assumptions, as evidenced by practical system implementations [72] and

throughput enhancements observed through link-level simulations [73-75].

Due to its intrinsic message splitting capability, which distinguishes it from other

MA schemes, the advantages of downlink RSMA can be summarised below:

« partially decoding interference and partially treating interference as noise,

o subsuming SDMA, NOMA, OMA, and multicasting as sub-schemes.

2.1.2 Uplink RSMA

RSMA has been studied not only for the downlink channel but also for uplink chan-
nel [51,52,54,56,59,62,63]. Uplink RSMA was first proposed in [51,52] for a K-user
Gaussian MAC and it has proven that the capacity region of a Gaussian MAC can

be achieved by creating 2K — 1 virtual channels through message splitting with-
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Fig. 2.2: Capacity region of the two-user uplink AWGN channel. The two corner
points, A and B, correspond to the maximum rates achieved by two SIC decoding
orders: A is achieved by decoding user-1 first and B is achieved by decoding user-2
first. Py and P, is the transmit power for user-1 and user-2, respectively. o2 is the
noise variance at the receiver.

out the need of time-sharing?. The capacity region of the two-user SISO Gaussian
MAC is a pentagon as shown in Fig. 2.2. The two corner points A and B can be
achieved by SIC with two reverse decoding orders. Nevertheless, the rate points
along the segment AB cannot be achieved with the same method. There exist three
methods capable of achieving the points on the segment AB, which are joint encod-
ing/decoding, time-sharing, and rate splitting. However, joint encoding/decoding is
impractical due to the high complexity involved in code construction and joint de-

coding at the receiver [51,76]. The second method, time-sharing, requires stringent

synchronisation due to the need to coordinate the transmissions of all users [51].

Compared to the aforementioned two methods, uplink RSMA turns out to be a
more attractive approach since every point of the capacity region including the

segment AB can be achieved via SC-SIC. The transceiver architecture of the K-

2Time-sharing is a resource allocation and management method widely used in wireless com-
munication. The concept involves dividing time into multiple slots, where different users occupy
the resource exclusively during their allocated time slot, ensuring efficient resource sharing.
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Fig. 2.3: Transceiver architecture of K-user uplink RSMA.

user uplink RSMA system is illustrated in Fig. 2.3. Without loss of generality, it is

assumed that the messages of all users except user-K are split. Then, SIC technique

is applied at the BS to decode the messages of all users [51]. The message of user-k,

ke {1,..,K — 1} is split into two parts as Wy, = {Wj 1, Wy 2} and then they are

independently encoded into sy = [sy.1, S.2], where E{|sx;|*} = 1, i = {1,2}. The

two streams are allocated with power Py, ; and P o, respectively, and superposed at

user-k. The message Wi of user-K is directly encoded into sx and allocated with

power Pg. The transmitted signal at user-£ is written as

T =

\/Pk718k71 + \/Pk728k72, ke {1, ,K — 1}

Pysy,
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Then the received signal at the BS is given by

K
y=> hu +n, (2.8)
k=1

where h;, € CM*! is the channel vector between the user-k and the BS, and n ~
CN (Oy,,0%1y,) is AWGN noise at the BS. Without loss of generality, it is assumed
that the noise variance is one, i.e., 02 = 1. At the BS, 8r; € CNex1 4 e {1,2}
are used to detect two streams from user-k, k € {1,..., K — 1} while g, € C¥*! is
applied to detect the stream from user-K. Let n denote the decoding order of the
2K — 1 received streams {sy;, sk | k € {1,..., K — 1}, i € {1,2}} and n;; denotes
the decoding order of 7, with stream 7, being decoded before stream sy ;s if

Nii < Nirir. For user-K, ng ; is simplified to nx. With the assumption of Gaussian

signalling and infinite blocklength, the rate expressions of decoded streams are given

below
Py.ilgthel?
ke =0 1+ o 2.9a
’ " ( an’,ﬂ >Nk,i Pk'ﬂ" |ngﬂhk|2 + 0'721 ( )
PK|g%hk|2
fae=loga | 1% 2.9b
§ i ( an’,i’>7IK Pk’,i’|gghk|2 + o2 ( )

The sum-rate maximisation by optimising the power allocation {Py;, Px | k €
{1,..., K—1}, i € {1,2}} has been investigated in [54]. To decode all 2K-1 streams,
the receiver necessitates 2K-2 layers of SIC. Consequently, opting to avoid time
sharing introduces increased receiver complexity. The system model described above
for uplink RSMA is a general case and can be customised to facilitate uplink multiple

access for both homogeneous and heterogeneous services.

It has been demonstrated that uplink RSMA can not only improve the capacity
in SISO channel [54] but also the MMF in SIMO channel [59]. In [59], consider-
ing an MMF problem in an uplink SIMO setting, SIMO-RSMA has been shown
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to achieve a higher minimum data rate and lower latency than SIMO-OMA and
SIMO-NOMA. The metric of MMF has also been investigated in a cooperative-
rate-splitting-multiple-access (C-RSMA) scheme in [77], showing C-RSMA has a
better performance rather than C-NOMA, and C-NOMA has a better performance
compared with C-OMA. The closed-form of outage probability is derived in [55]
based on slotted ALOHA and RSMA. Moreover, uplink RSMA can be employed to
enable a specific service in a network, such as URLLC or mMTC, i.e. uplink RSMA
with network slicing has been stated to provide a more flexible decoding order and
a larger achievable rate region than OMA and NOMA [57]. The cooperation of
uplink RSMA and multibeam satellite has been proposed to improve the SE with
imperfect Channel State Information (CSI) [78]. A Reconfigurable Intelligent Sur-
face (RIS)-assisted uplink two-user RSMA system has been investigated in terms
of the maximum achievable rate of one user subject to another user’s QoS require-
ments [79]. Uplink RSMA with multiple antennas has also been studied in [60] that
RSMA with electromagnetic exposure constraints demonstrate the significant gain

over NOMA and SDMA in terms of sum-rate.

Although uplink RSMA has been studied, the research in this area is relatively
limited and all existing studies are based on the essential assumption of IFBL.
Therefore, further investigation into uplink RSMA is still warranted, particularly
when considering practical FBL conditions. Another interesting topic is to study
for uplink RSMA, how many users’ messages should be split to have a relatively
high gain compared to conventional transmission schemes as the number of splitting

users can cause an increased complexity at the receiver side.
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2.2 Finite Blocklength Regime

The remarkable establishment of an abstract communication model proposed by
Shannon in [80] transforms numerous practical engineering problems into precisely
formulated mathematical challenges. With the consideration of a constant noise
level and error-free transmission, a theoretical upper bound on the maximum achiev-
able data rate (capacity) of a communication channel is calculated by the Shannon
capacity formula. This capacity describes that any rate inside the capacity region
can be achieved with arbitrarily small error probability under the assumption of

IFBL.

However, it is agreed that the 5G communication technology needs to be capable
of supporting three generic services: mMTC, URLLC, and eMBB. Some typical
use cases are shown in Table 2.1 [1,81-83]. Among these three services, URLLC
is required to provide the service with the highest reliability, i.e. 99.999%, and
the lowest latency, i.e. less than 1 ms [1,2]. The importance of key capabilities in

different usage scenarios is shown in Table 2.2 [3].

In this sense, systems must function with short-packet due to the low-latency re-

quirements of URLLC, which makes it necessary to analyse system performance

Requirements :
R Use; experienced Latency | Reliability
. . ata rates
Applications
Uplink file transfer 50 Mbps 16 s 99.9%
eMBB
AR/VR 50 Mbps 10 ms 99 %
Factory automation 10 Mbps 10 ms 99.99%
URLLC
Motion control 1 Mbps 1 ms 99.9999%
Sensing and factory 1 Mbps 05 s 95%
mMTC logistics
Wearables 2-5 Mbps Relaxed N/A

Table 2.1: Requirements of eMBB, URLLC and mMTC applications [1,2]
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The importance of key capabilities in different usage scenarios
eMBB | mMTC URLLC

Peak data rate * K K * *
User experienced data rate | *x* * *
SE * k k * *

Mobility * % % * * % %

Latency *k * * K
Connection density *x * * k *
EE * Kk x ** *
Area traffic capacity * % * *

Table 2.2: The importance of key capabilities in different usage scenarios [3]

using FBL codes. URLLC demands FBL techniques to reduce latency while ensur-
ing high reliability. To support this major application which requires low-latency for
uplink MA in 5G and Beyond Fifth-Generation (B5G), short-packet communication

with FBL codes is applied to reduce the transmission latency.

Compare to the Shannon’s capacity based on IFBL assumption, Block Error Rate
(BLER) cannot be neglected in the FBL regime [7]. In the pioneering work [61],
the authors have laid the fundamental-theoretic limits for the achievable rate with
FBL codes for a given blocklength and an error probability, leading the path for
theoretical performance analysis with FBL codes. The achievable rate of a single-

user in AWGN fading channel system is given by

Rawen = logy(147v) — %N(V)Ql(e) +0 <1O§VN> (2.10a)
~ log,(1+7) — VA%NW)QI(E), (2.10b)

where «y is the Signal-to-Noise Ratio (SNR), N is the blocklength, and @ is the

Q-function 3. O (%) represents higher-order terms that become less significant

as N increases. The coefficient Vi gy is referred to as the channel dispersion which

3Q-function is the tail distribution function of the standard normal distribution. Normally,
w2
Q-function is defined as: Q(X):\/% [ e % du.

46



is written as

Vawax() = (1= 53 ) loge) 1)

The channel capacity is the expectation of information density, while the channel
dispersion measures the stochastic variability of the channel relative to a determin-
istic channel with the same capacity. The approximation (2.10) suggests that to
maintain the desired error probability e at the given blocklength N, there is a rate

penalty proportional to 1/ VN compared to the channel capacity with IFBL.

Motivated by [61], the impact of FBL on the performance of various point-to-
point communication scenarios has been investigated in [84-87]. A new general
upper and lower bounds to the minimum rate at a given blocklength considering
Shannon’s lossy source coding theorem has been given in [84]. The investigations
in [86] have delved into the maximum channel coding rate within quasi-static fad-
ing channels and AWGN channels, with the constraints of BLER, blocklength, and
long-term transmit power. [88] has derived the overall error probability and inves-
tigated the capacity of a single relay system under FBL conditions. Furthermore,
the maximum achievable transmission rate over quasi-static MIMO fading chan-
nels has been examined in [87], exploring scenarios considering both perfect and
imperfect CSIT/CSIR. The throughput achieved in cognitive radio channels with
FBL codes under buffer limitations has been studied in [85]. The closed-form of
average throughput in cooperative Internet of Things (IoT) networks with short

packet communication has been derived in [89].

Additionally, Age of Information (Aol) is a crucial metric to measure the time
elapsed since the last successfully received update packet was generated and quan-
tify the freshness of the information being communicated [90] used in systems where
timely delivery of information is essential, such as in real-time monitoring, au-

tonomous driving, and industrial automation. Due to the character of latency re-
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duction, the Aol performance of short-packet communications has been investigated
to evaluate the influence of short packets on the freshness of transmitted informa-
tion [91-93]. In particular, [91] has delved into the effect of packet blocklength on
delay and peak Aol in a single-user system. Based on the same system, [92] has ex-
plored the probability of peak-age violation surpassing a set threshold. Furthermore,
investigations into Decode-and-Forward (DF) relaying systems have examined the
impacts of packet generation rates, blocklength, and allocation factors on average

Aol [93].

However, the approximation (2.10) for AWGN channels holds only in case the in-
terference is zero, i.e., there is a single user or when the transmitter has perfect
CSI [94]. Under imperfect CSI, each receiver experiences interference from the sig-
nals intended for other users. To capture the impact of interference within FBL
coding, [94] examined a scenario involving K sender-receiver pairs transmitting si-
multaneously, employing independent and identically distributed (i.i.d) Gaussian

codebooks. A second-order expression for the achievable coding rate is derived as

follows:
Vi _
Ria ~logy(1+7) — /720G ), (2,12
with channel dispersion
2y
Viia(7) = —— logj(e). (2.13)

147

URLLC mandates strict latency constraints on the physical layer. Besides, when
multiple URLLC users connect to the same BS, resource allocation becomes crucial
due to resource constraints. Therefore, studying MA techniques with FBL con-
straints becomes imperative in this context. Considering the advantages of NOMA
over OMA in terms of the capacity region under IFBL assumption [95], the in-
vestigation of NOMA performance in the FBL regime has become an interesting

topic [58,96-105].
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The trade-off between transmission rate and error probability has been investigated
in [96], demonstrating that optimising the individual user’s error probability re-
sults in high throughput. Motivated by this trade-off, NOMA was introduced into
short-packet downlink communications and the error probabilities have been derived
for NOMA in AWGN channel and Rayleigh fading channel with FBL constraints
in [97,98,104,105]. They have shown the superiority of NOMA over OMA in terms
of effective throughput, latency, fairness and SE, respectively. In [99], a resource
allocation problem about subcarrier assignment, transmission power allocation, and
transmission rate adaptation for NOMA in the FBL regime has been formulated
to maximise total weighted effective throughput. [100] has addressed the EE prob-
lem in downlink channel transmission systems with latency constraints. [100] has
proposed a hybrid transmission scheme aimed at minimising energy consumption,
combining TDMA and NOMA. [101] has investigated subchannel allocation and
power control policies to maximise achievable effective EE in uplink NOMA-based
mMTC networks, considering the FBL constraints. [58, 102, 103] have studied the
queueing delay of NOMA compared to OMA in the uplink channel with FBL and

derived the closed-form approximations for the error probability.

Although extensive research has examined the superiority of NOMA over traditional
MA approaches in the context of FBL, it has been shown that NOMA is not an ef-
ficient strategy in multi-user multi-antenna systems when considering multiplexing
gains and the use of SIC receivers under the assumption of IFBL [35]. On the other
hand, downlink RSMA has emerged as a promising multiple access technique for
multi-antenna networks in scenarios with IFBL [31] as it bridges and outperforms
SDMA, NOMA, and PHY-layer multicasting in multi-antenna networks across var-
ious network loads and user deployments [36,38]. Moreover, the work of downlink
RSMA in the FBL regime has been studied in [106, 107], showing that the perfor-
mance of sum-rate and MMF has been notably improved by RSMA compared to
SDMA in both underloaded and overloaded cases.
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Nevertheless, all existing works on RSMA with the constraint of FBL are based on
the downlink channel, leaving the investigation of uplink RSMA in the FBL regime

as a research problem.

2.3 Mobile Edge Computing

Over the past decade, the widespread use of mobile devices and the exponential
surge in mobile Internet traffic* have driven significant advancements in wireless
communications and networking. Notably, innovations in small-cell networks, multi-
antenna systems, and millimetre-wave technologies can potentially deliver gigabit
wireless access in next-generation networks [108]. These high-rate and highly re-
liable air interfaces enable mobile devices to offload computing tasks to remote
cloud data centres, giving rise to the field of Mobile Cloud Computing (MCC).
However, MCC faces a critical limitation—the long propagation distance between
end users and remote cloud centres, which introduces substantial latency for mobile
applications. It is widely acknowledged that relying only on Cloud Computing is in-
sufficient to achieve the millisecond-level latency targets required for computing and
communication in 5G networks. Additionally, the massive data exchange between
end users and remote cloud servers risks overwhelming and congesting networks,
potentially leading to network bottlenecks. To address this challenge, it is crucial
to complement Cloud Computing with MEC, which offloads traffic, computation,

and network functions closer to the network edge.

The concept of MEC was firstly proposed by the European Telecommunications
Standard Institute (ETSI) in 2014, and was defined as a new platform that “provides
IT and cloud computing capabilities within the Radio Access Network (RAN) in

close proximity to mobile subscribers” [109]. Recently, there is an increasing number

4The increasing volume of data being transmitted over wireless networks due to the demand
for high-quality services, high data rates, and advanced user terminals.
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Fig. 2.4: Main computation components in a face recognition application [4].

of emerging mobile applications that will benefit from MEC, by offloading their
computation-intensive tasks to the MEC servers. In the following, two examples
are provided to illustrate the basic principles of MEC. One example is the face
recognition application, as illustrated in Fig. 2.4, which typically consists of five
key computational components, including image acquisition, face detection, pre-
processing, feature extraction, and classification [4]. While the image acquisition
component must be performed on the mobile device to support the user interface,
the remaining components—such as signal processing and Machine Learning (ML)
algorithms, which require more complex computation—can be offloaded to the MEC

server for processing.

Another widely used application that can benefit from the rich resources at the
network edge is Augmented Reality (AR). AR applications combine computer-
generated data with the physical world, creating an enhanced interactive experi-
ence. AR applications as shown in Fig. 2.5 have five critical components [5,110],
namely, the video source (which obtains raw video frames from the mobile cam-
era), a tracker (which tracks the position of the user), a mapper (which builds a
model of the environment), an object recogniser (which identifies known objects in

the environment), and a renderer (which prepares the processed frame for display).
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Fig. 2.5: Main computation components in an AR application [5].

The components that require the greatest processing, such as the tracker, mapper
and renderer need to be offloaded and executed remotely while computational-non-
intensive, video source and renderer, can be executed locally. Thus, mobile users
might profit in a number of ways from MEC, including latency decrease and energy

saving.

As a key enabling technology for realising the IoT and 5G visions [109, 111], the
system models of the typical MEC system for the key computation/communication

components are introduced in the following.

The model of MEC is generally divided into four parts, including computation task
models, communication models, computation models of mobile devices and compu-
tation models of MEC server. There are two computation-task models popularly
used in the existing literature on MEC, corresponding to binary and partial of-
floading, respectively. Binary offloading is known as when a highly integrated or
relatively simple task cannot be partitioned and has to be executed as a whole
either locally at the mobile device or offloaded to the MEC server. On the con-

trary, when the program can be partitioned into two parts with one executed at
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the mobile device and the remaining offloaded for edge execution, this is known as
partial offloading. The generally used communication models are wireless channels.
Tasks at the mobile devices and the MEC server are computed by their Central
Processing Unit (CPU), respectively. Designing effective MEC systems that opti-
mise both computation offloading and radio resource management is crucial due to

the random variations of wireless channels in time, frequency, and space [112-114].

By offloading from mobile devices to MEC servers, the performance of system can
improve greatly. In order to achieve high SE and provide QoS for MEC networks,
wireless resources must be used effectively and appropriate MA strategies must be
implemented [115]. [116-118] have investigated the resource allocation problem in
TDMA, FDMA and OFDMA aided-MEC systems, respectively, demonstrating the
benefit of ofloading. Compared to these OMA schemes, NOMA has been recognised

as an enabler to improve both the SE and EE [32,119-121].

NOMA has been widely investigated and applied in the MEC network to im-
prove EE, reliability and/or latency [122-132]. The authors combined NOMA and
MEC in [122-124,129,130] to optimise the weighted sum-energy consumption with
the constraints of computation latency. Offloading delay minimisation problem
of NOMA-MEC network has been investigated in [125,126], where [125] derived
closed-form expressions for the optimal task partition ratio and offloading transmit
power and [126] has proposed and compared two algorithms to solve the optimi-
sation problem and further established the criteria to select the working modes
of MEC offloading. As SCP which refers to the probability that a computation-
intensive task is successfully completed, considering constraints such as latency and
resources, is an important metric in a MEC system, an SCP maximisation prob-
lem has been formulated and closed-form expressions for SCP have been derived
in [127], demonstrating the gain of NOMA over OMA. The overall error probability
of NOMA-aided MEC network with the consideration of imperfect SIC has been
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studied in [128]. The numerical results have shown the performance improved with
the implementation of NOMA, however, multi-antenna NOMA can impose heavy
computational burdens on the transmitters and the receivers. Besides, it can also
be sensitive to the user deployment. These disadvantages make NOMA not suitable

for 6G MEC network [8].

As downlink RSMA bridges and outperforms SDMA, NOMA, and PHY-layer mul-
ticasting in multi-antenna networks across various network loads and user deploy-
ments [36, 38], it has emerged as a promising MA technique for multi-antenna net-
works in scenarios with IFBL [31]. There have been a few works investigating the
application of RSMA in MEC network [133-135]. The downlink RSMA principles
have been utilised to facilitate the ofloading of users’ computation tasks to multi-
ple MEC servers concurrently [133]. A hybrid RSMA-TDMA scheme for a MEC
system has been proposed to minimise delay [134]. The sum of users’ maximum de-
lay has been minimised by jointly optimising computation task assignment ratios,
transmission power and computational resources. Instead of investigating delay
minimisation, the authors in [135] have utilised RSMA in MEC system to achieve
the maximum achievable rate of secondary users while maintaining the performance
of primary users. Besides, the authors have formulated an SCP maximisation prob-
lem and derived the closed-form expressions for SCP. With the aid of RSMA, the
performance of MEC network has been enhanced compared to NOMA-aided MEC

system [127].

According to the latency-critical requirement of MEC, investigating MEC in FBL
regime becomes necessary. Some research has been carried out on MEC in FBL
regime [128,136-138] in terms of EE, reliability, and latency, respectively. However,
all those works are based on TDMA or NOMA transmission schemes. Therefore,
the analysis of RSMA-aided MEC system in the FBL regime remains a research

problem.
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Chapter 3

Uplink SISO RSMA in Finite

Blocklength Regime

This chapter investigates the performance of RSMA with FBL constraints in short-
packet uplink communications, focusing on two crucial aspects: sum-throughput
and rate region maximisation. With the consideration of a two-user uplink SISO
system, optimal power and rate allocation factors are designed to maximise the sum-
throughput and rate region maximisation, exploring the impact of blocklength and
target rate on the throughput and error probability performance of RSMA where
one user message is split. The superiority of uplink SISO RSMA in the FBL regime
is demonstrated via simulations in terms of sum-throughput and rate region, i.e.,
RSMA is capable of achieving a higher sum-throughput with the same transmission
rates, and a larger rate region with the same error probabilities constraint over
conventional schemes, respectively. The study concludes that uplink RSMA can

outperform NOMA in terms of throughput and error probability performance.
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3.1 Introduction

Since the low-latency requirements in URLLC force systems to operate with short
blocklength, analysing the system performance with FBL codes is considered to
be necessary [6, 7], bringing out a stringent latency requirement to the physical
layer. Under the assumption of IFBL, uplink RSMA has been demonstrated that it
can provide significant gains in terms of outage probability, sum-throughput, sum-
rate performance, high minimum rate, and lower latency compared to NOMA and
OMA in [51]. Motivated by the benefits of RSMA in the IFBL regime, RSMA is

introduced into FBL uplink communications.

This chapter, motivated by exploring the benefits of uplink RSMA in IFBL regime,
alongside the identified research gaps, investigates sum-throughput regarding error
probability and rate-region performance of uplink RSMA with FBL constraints in
a two-user system for the first time. The main contributions are summarised as

follows:

o First, for the first time, RSMA is introduced as a powerful multiple access
scheme optimised for uplink multi-antenna networks in the context of short-
packet communications. This work stands out for its practical consideration
of transmitting data packets with finite blocklength, a critical aspect for sup-

porting low-latency applications in 5G and future wireless networks.

e Second, the performance of uplink RSMA under FBL constraints is inves-
tigated. This pioneering endeavour aims to optimise RSMA in the FBL
regime, tackling both sum-throughput maximisation and rate-region optimi-
sation challenges. Based on the established model, the analytical expressions
of error probability for each user are derived. The formulated optimisation
problems under FBL constraints are addressed by the proposed SCA-based

method. The power and rate allocations among the splitting messages for one
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user are designed for two problems with different constraints, i.e. fixed trans-
mission rate for sum-throughput maximisation and fixed error probability for

rate-region maximisation.

Through simulations, the performance of uplink RSMA in a AWGN chan-
nel is analysed. In the context of sum-throughput maximisation, the results
demonstrate that RSMA outperforms NOMA by achieving a higher through-
put with the same transmission rates with and without the aid of time-sharing.
Moreover, RSMA can achieve the same throughput as NOMA with a shorter
blocklength, thereby reducing the latency. As for the rate-region maximisa-
tion problem, the numerical results show that RSMA is capable of achieving
a larger rate-region than NOMA with the same error probability constraint.
Extensive results demonstrate uplink RSMA achieves more reliable commu-
nication with FBL codes compared to uplink NOMA by splitting the message

of one user into two parts.

3.2 System Model

3.2.1 RSMA

In this subsection, a two-user uplink scenario with perfect CSIT and CSIR is con-

sidered, where two single-antenna users indexed by K = {1,2} communicate with

a single antenna BS. Following the uplink RSMA principle in [51], one user’s mes-

sage is split, resulting in a total of three streams transmitted to the BS. Fig. 3.1

illustrates the two-user uplink RSMA example for the SISO channel. User-1 splits

its message W, into two parts, Wy, i € (1,2), and W5 denote the message of user-2.

These three messages Wi 1, Wi o, and Wy are encoded into streams s; 1, 512 and so,
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Fig. 3.1: Uplink SISO RSMA for the two-user system.

respectively. The received signal is expressed as

Yy = hly/PLlSl,l + hi/ PLQSLQ + hoy/ Pasg + n, (31)

where P ; is the transmit power of s1;,7 € (1,2), respectively and P, is the transmit
power of so. They are limited by the power budget that 2321 P, <P and P, <P,
The scalar n ~ CN(0,02) is the AWGN at the BS. All possible decoding orders
at the BS can be classified into three cases, i.e., (i) s;1 — s2 — s12 (i.e. the BS
decodes s first, followed by sy, and finally s12), (ii) s11 — s12 — s2 and (iii)

Sg = 81,1 — 31721. The decoding order (i) is chosen to write the SINR sequentially.

Accordingly, sy is decoded first at the BS by treating other signals as noise. The
SINR '7%,1 of the first decoded stream s ; is

1 Py 1|hy]?

’71’1 - Plyg‘hlp + P2’h2‘2 + 0'%7

(3.2)

where superscript 1 represents the index of the splitting user. Assuming that s, ; is

successfully decoded, it is reconstructed into Wm and subtracted from the original

!By exchanging the orders of 51,1 and sp 2, there are three other decoding orders which are
ignored in this chapter without loss of generality.
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received signal y to obtain y’. The SINR of the second decoded stream ss is

) Py|hy?

= —"— 3.3
Y2 P172|h1|2 +O_72L ( )

Assuming that s, is successfully decoded to obtain WQ, it is reconstructed and
subtracted from the received signal y'. Assuming s;; and s, are correctly decoded,

the SINR of the last decoded stream s 5 is

(3.4)

Finally, if sy 9 is successfully decoded, the estimated message Wl for user-1 is ob-

tained by combining /I/I?Ll and /WLQ.

3.2.2 NOMA

NOMA is a particular instance of the system model of Section 3.2.1, since
0 < P; < P, NOMA can be regarded as a subset of RSMA. The messages IV; and
Wy from user-1 and user-2 are encoded into s; and ss, respectively. The received

signal at the BS is expressed as

Yy =hiv/ Pisi + han/ Psy + . (3.5)

The decoding order ‘'NOMA-1" is assumed as s; — sy to demonstrate the SINR

sequentially. Accordingly, the SINRs of streams under the assumption of successful
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decoding are written as

P. |h ‘2
N1 11701
= - 3-6
n P2|h2|2 ‘|‘0’3L ( a)
Py|hy?
N 2(|722| , (3.6b)

where the superscript ‘N1’ stands for ‘NOMA-1".

3.3 Error Probability Analysis

The finite blocklength achievable rate expression is given by [61]

R~ %logQ(l +r)— \/gqg—l(e), (3.7)

where V 2 V(7) = logs(e) (1 —(1+ 7)2) is the channel dispersion, € is the error
probability, v is the SINR of the stream, N is the blocklength. Based on (3.7), the

error probability for a given transmission rate can be written as

EZQ(%logQ(l—i-’y)—R

T )é QU (1. R)). (3.8)

where f(y, R) £ (%logg(l +7) — R)/ V(v)/N.

3.3.1 RSMA

The target rates of user-1 and user-2 are denoted as Ry and Rs, respectively. Given
that user-1’s message is split, the target rates of two split streams are given by

Ry = Ry and Ry = (1 — B)Ry, where 0 < 8 < 1 is the rate allocation factor.
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The error probability for each event listed above can be written as

e = Q(f (11, BRY)) (3.9)
& = Q(f (7, Ra)) (3.9b)
e = Q(f(712, (1= B)R1)), (3.9¢)

For decoding order (i), the decoding error occurs due to three events listed as?: a)
s11 is incorrectly decoded; b) s ; is correctly decoded but ss is incorrectly decoded;

c) s11 and s9 are both correctly decoded but s; o is incorrectly decoded.

Thus, the overall error probabilities for the message of user-1 and user-2 can be

calculated as

ei = 6,11 + (1 - eé)ei +(1- e,ll)(l - eé)ei (3.10a)

e =t + (1 —€)e. (3.10b)

3.3.2 NOMA

There are two events for incorrect decoding of sy : a) s; is incorrectly decoded;
b) sp is correctly decoded but s, is incorrectly decoded. The probabilities of the

specified events are calculated by

et =Q(f (M Ry)) (3.11a)

&' =Q(f(1", ko). (3.11b)

Accordingly, the overall error probabilities for the message of user-1 and user-2 are

2Recall that for ﬁ/\l to be equal to the original message Wi, both s;; and s;2 have to be
correctly decoded.
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given by

eVt =t (3.12a)

et =M (1 — et (3.12b)

3.4 Problem Formulation and Algorithm

3.4.1 Sum-throughput Maximisation

According to Shannon capacity definition, any rate inside the capacity region can be
achieved with an arbitrarily small error probability under the assumption of IFBL
while any rate inside the capacity region cannot be achieved with an arbitrarily small
error probability in the FBL regime is possible. Therefore the sum-throughput
achieved by RSMA and NOMA is investigated to examine whether RSMA can
achieve a lower error probability than NOMA. The throughput of each user is
defined as Ty, = Ry (1 — €x) where ¢ is the overall error probability of user-k, k €
{1,2}. For a given target rate pair (Ry, R;), an optimisation problem is formulated

to maximise the sum-throughput in this subsection as

rgaﬁx Tiot (3.13a)
st. P+ Po<P, kek (3.13b)
P <P, j4kek (3.13¢)
0<pg<1, (3.13d)

where m = [Py 1, P2, P;]” represents the transmit power of each stream and T}, =
T}, +T; is the sum-throughput derived later in (3.14). The value of 3 is optimised by

exhaustive search and a SCA-based algorithm is proposed to optimise the transmit
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power.

Note that for Problem (3.13), a scenario where the message of user-k is split is
considered. The transmit power of s;; and s;o is represented by P and Py,
respectively and P; represents the transmit power of user-j (j # k), which does not
perform message splitting. The proposed algorithm is demonstrated over decoding

order (i), written as: sg; — S; — Sk2. The sum-throughout is defined as

Tyot = Ty +Tj = Ry + R; — TP, (3.14)

where T'P can be calculated as according to the error probability expressions

TP = Ryep + Rje,; (3.15a)

= (R + Rj) (" + e — e"el) + Rpe" (1 — €f)(1 — €). (3.15b)

Since Ry + R; in (3.14) is a constant and the term e*efe? in (3.15b) so significantly

a

small that can be ignored in the following analysis and minimise the value of T'P.

Then TP is rewritten as

TP = (R, + R;)(eh + €y) + Riel — (R + R;)(chey) — Ri(eper) — Ry(ekel). (3.16)

Thus, Problem (3.13) translates into

Ir?llél TP (3.17a)
st. P+ Pua<P, kek (3.17b)
P<P, j4kek (3.17¢)
0<p<1. (3.17d)
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aeb’ Eaec

Problem (3.17) is still not convex due to the non-convex multiplied terms e
and efe® in (3.16). Other slack variables t, 8 = [0,,0,,0.]" and p = [pr.1, pj, pr2)”
are introduced. With the aid of new variables, Problem (3.17) is transformed into

Problem (3.18).

min ¢ (3.18a)
m,p,f3

st (Ri+ R;)(eh + ) + Ryet — (R + R;)(0205) — Ri(650%) — Ri(6567) < t,

ke, j#ke kK (3.18Db)
>0, i€ (abc), kek (3.18¢)
2

Pk72|hk|fil|£j|hj|2 oz 2 keK, jAkER (3.18)
szpj,kelc,j;ékelc (3.18e)
Py o|hg]? + 02

%?P > prak €K (3.18f)
Pii+P<P,kek (3.18g)
P;<P,j#kek (3.18h)
0<B<1, (3.18)

Problem (3.18) is still not convex because 0,0, 6,0, and 6,0, in constraint (3.18b).
Therefore, they are approximated at the point (0[”]) at iteration n by the first-order

Taylor approximation, which can be written as

0.0y > 0,6 + (6, — 6"6l" 2 wll(g, 6,) (3.19a)
0,0, > 0,0 + (9, — oo £ Wl (g, 4,) (3.19b)
0y0. > 0,617 + (6. — 6ol 2 Wi (g,. 6,) (3.19¢)

For constraint (3.18c), it is also approximated around the point (p["]) by the first-
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order Taylor approximation and € is taken for example which is given by

dQ(f (P s
QU (p [n,]ﬂRl)) 20(p,).  (3.20)

dpa

& > QU (A, BR)) + (pry — o)

> &M (py 1), an additional constraint is defined as

10g2(1 + pk71) —BRr, >0, ke K. (3‘21)

Therefore, constraint (3.18¢) is approximated around the point (p["]) at iteration

n as

(3.22)
10g2(1 + pkvl) —BR, >0, ke

logy(14p;) = R; 20, j#k €K

log,y(1+ pr2) — (1= B)Rx 20, k € K.

Constraints (3.18d) and (3.18e) are respectively approximated around the point

(m["}, p[”]) at iteration n by

P..lh 2 . P[n}‘hkP
Pk72|hk‘2 + P]|h]’2 + 0'2 — % + (pk71 - péy}l)% < 0, kel
k,1 (Pk,1)
P Pl (3.23)
Poalhal? + 02 — L1+ (p — p") =L <0, j £ kK.
' n [n] J ( [n])z
Pj Pj

Based on the above approximation methods, the original non-convex problem is
transformed into a convex one and can be solved using the SCA method. SCA solves

the problem by approximating a sequence of convex sub-problems. At iteration n,
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based on the optimal solution (m[”*l],e[”*l], p["*l]) obtained from the previous

iteration n — 1, the following problem is solved:

min ¢ (3.24a)
m,0,p,3

st.  (Rp+ R;)(ca + &) + Rye. — (Rx + R)UI(8,,6,) — RUM(6,,6.)
— RUM(,,0,) <t kek, j#£keK, (3.24b)

(3.18f), (3.18g), (3.18h), (3.18i), (3.22), (3.23). (3.24c)

The SCA-based power allocation algorithm is outlined in Algorithm 1 and 7 is the
tolerance of convergence. Since the solution of Problem (3.24) at iteration n — 1
is a feasible point of Problem (3.24) at iteration n and power is constrained by
(3.18g) and (3.18h), the objective function ¢ is monotonically increasing which im-
plies that the convergence of this proposed SCA-based algorithm is guaranteed.
This algorithm for this optimisation problem has two parts which are optimal rate
allocation factor § found by exhaustive search-based algorithm and optimal power
allocation Py ; and Py 5 found by SCA-based algorithm solved in CVX in MATLAB.
The computational complexity of the exhaustive search-based algorithm is O(5~1)
where § € (0, 1) is the increment between two adjacent candidates of 5. The candi-
date § is assumed to be uniformly distributed over the range (0, 1]. The SCA-based
algorithm in CVX can be solved by interior-point methods with computational

complexity O ([K + 1]>%) [139,140]. The total number of iterations required for

Algorithm 1: Proposed SCA-based Algorithm for solving Problem (3.24)
Initialise: n < 0,t" « 0, m"™ " pll;

1 repeat

2 n+<n-+1;

3 Solve problem (3.24) using m"~1 9"~ pl*=1 and find optimal ¢*,
m*’ 6*7 p*7

4 Update t" « t*, ml" « m* 6" — 0*, pl"l — p*;

5 until [t — U < 7
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the convergence is approximated as O (log(77')). The parameter 7 is the conver-
gence tolerance of the SCA-based algorithm to update the variables. Hence, the

worst-case computational complexity is O (6 ' log(771)[K + 1]39).

3.4.2 Rate-region Maximisation

In this subsection, the objective is to maximise the rate region achieved by NOMA
and RSMA without considering time-sharing by optimising the power allocation
of the splitting messages with fixed error probability ¢ = 1073. The problem is

formulated as

max Ry + 1 R; (3.25a)

s.t. Pk’1 + Pk,g <P, ke (325b)

P, <P, j#kek, (3.25¢)

where m = [Py 1, Py, P;]" represents the transmit power of each stream, and i

and p; are the weights for user-k and user-j, respectively and i, +p; = 1. Since the
rate and SINR equations are not convex, the proposed SCA-based algorithm in Sec.
3.4.1 is still applied to solve this problem by introducing slack variables and suc-
cessively approximating the non-convex expressions by their first-order Taylor ap-

proximation. Specifically, slack variables a = [ay.1,a;, ax2]” and p = [pi.1, pj, pra]”
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are first introduced, Problem (3.25) is transformed into

max  puy(ag + ar2) + 1405 (3.26a)
s.t. logy(1+ pri) — G Voo = aii, k€K, ie{1,2} (3.26Db)
) \/N s ;
loga(1 1)~ DN >0y j ke K (3.26¢)
v VP
Pk 1|hk|2
> o1, k€K, 3.26d
PAW :
LT L NS JY Y'Y 3.26
Phal b2

Lj’ > pro, k€K (3.26f)

On

(3.25b), (3.25¢).

Problem (3.26) remains non-convex due to the constraints (3.26b)-(3.26¢). For
constraint (3.26d)-(3.26e), they are approximated around the point (m[”}, p["]) at
iteration n by (3.23) in Sec. 3.4.1. Next, the non-convex terms \/m and \/K
in constraints (3.26b) and (3.26¢) are approximated by their first-order Taylor ap-

proximation around the point (p[”]) at iteration n, which are expressed as

n n n nly—oy 1
Ve <AL= QA2 4 (s = o) (0 4+ A0 = (14 o))

2ol kek, ie{1,2) (3.27a)
Voo 1= )24 Gy = o0+ 20— ()
2ol jrkek. (3.27b)

Based on the above approximation methods, the original non-convex problem is
transformed into a convex one and can be solved using the SCA method. At iter-

ation n, based on the optimal solution (m["*”, p[”*l]) obtained from the previous
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iteration n — 1, the following problem is solved:

max Rsum (3.28a)
m,p,a
Q) yinl :
s.t. 10g2(1 + p]m‘) - Wq)k’i > Ak, ke IC, 1€ {1, 2} (328}3)
Q™) yin :
10g2(1 + p]) - W(I)j > a5, J 7é ke (328(3)

(3.23), (3.25b), (3.25¢),

where Rgum = ptg(ar1 +ag2) + ptja; is defined for convenience, and R@m = ,uk(a,[f’}l +

[n]

[n]) + Hja;

. . The SCA-based power allocation algorithm is outlined in Algorithm

2. The parameter 7 represents the tolerance of convergence.

At each SCA iteration, the approximated problem is solved. Since the solution of
Problem (3.28) at iteration n — 1 is a feasible point of Problem (3.28) at iteration
n, and the objective function Rg,, is monotonically increasing and it is bounded
by the transmit power constraints (3.25b) and (3.25¢). The total number of SCA
iterations required for convergence is approximated as O (log(77!)). Hence, the

worst-case of computational complexity of the SCA is O (log(t™1)[K + 1]>?).

Algorithm 2: Proposed SCA-based Algorithm for solving Problem (3.28)

Initialise: n < 0, R 0, m", pl" al"l:
1 repeat
2 n<n+1;
3 Solve problem (3.28) using m"~ !, p"=1 al"=1l and find optimal R},
m*, p*, a*;
4 | Update R, « R,

5 until |RLZ]m - RLZ:nl]| <

m «— m*, p"l « p* al’l « a*;
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3.5 Numerical Results and Discussion

In this section, simulations for the AWGN channel are performed. Without loss of
generality, it is assumed that the noise variance is 1 and P, = 10 dB. Results of
four different blocklength which are N = 250, 500, 1500 and 2500 are compared. To
evaluate the sum-throughput achieved by RSMA and NOMA according to different
target rate pairs, three kinds of symmetric target rate pairs are chosen which are
noted as low, middle and high inside the capacity region with I[FBL, respectively.
To make target rate pairs symmetric, these three kinds of target rate pairs are set to
be on three circles with different radius. Thus, the selected target rate pairs are on
the circles with radius of 0.8, 1.2 and 1.4 bps/Hz corresponding to low, middle and
high, respectively. Then, the rate region of NOMA and RSMA is compared with
different blocklengths with an error probability threshold. ‘NOMA-1" and ‘NOMA-
2’ refer to the NOMA with the decoding orders s; — s, and s; — s1, respectively.
‘RSMA-1" and ‘RSMA-2’ refer to the case where the message of user-1 and user-2

is split, respectively.

3.5.1 Sum-throughput

3.5.1.1 Without Time-Sharing

In Fig. 3.2(a), NOMA can achieve the low and middle target rate pairs with 500
blocklength at least. For high rates (consider ‘NOMA-1" only), when 7 is small
‘NOMA-1’ can achieve them with low error probability although ry is high since
P, can be set high. As r; increases the performance deteriorates rapidly especially
for user-2 even with a large blocklength. It can be observed that there is a little
bump when 75 approaches 0 in Fig. 3.2(a) since when 75 is less than a certain value,

small P, can achieve ry and cause little interference to user-1. In Fig. 3.2(b), note
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that ‘RSMA-1" and ‘RSMA-2’ have the same performance and RSMA can achieve
the high target rate with very low error probabilities even with short blocklength

without time-sharing.
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(b) RSMA without time-sharing

Fig. 3.2: Throughput of NOMA and RSMA without time-sharing
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3.5.1.2 With Time-Sharing

Compared to the result of no time-sharing in Fig. 3.2(a), the performance of NOMA
shown in Fig. 3.3 becomes better and can achieve the same throughput as RSMA
by transmitting at two target rate pairs with time-sharing. However, RSMA still

outperforms NOMA when target rate pairs are high.
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Fig. 3.3: Throughput of NOMA and RSMA with time-sharing.

3.5.2 Rate Region

Since ‘NOMA-1" and ‘NOMA-2’ cannot achieve all the high target rate pairs in Sec.
3.5.1.1, the max target rate pairs that can be achieved by ‘NOMA-1’ and RSMA
are investigated. In the simulation, the error probability is set to € = 1073 and the
rate region achieved by RSMA and ‘NOMA-1" with this error probability constraint

is plotted.
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In Fig. 3.4, one can observe that as the blocklength increases, the rate region of
RSMA becomes closer to the capacity region while the rate region of ‘NOMA-1’ is
always smaller than RSMA. It can be concluded that RSMA with decoding order
of 511 — s3 — s12 can achieve a larger rate region while NOMA can only achieve
it by cooperating with time-sharing. The reason is that if all the transmit power
is allocated to s11, RSMA performs like ‘NOMA-1" and if all the transmit power
is allocated to s;2, RSMA performs like ‘NOMA-2". By changing the allocation
of the transmit power between two split streams, RSMA bridges ‘'NOMA-1" and

‘NOMA-2’ without time-sharing.
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Fig. 3.4: Rate region of two users with e = 1073,
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3.6 Summary

This chapter studies whether RSMA can improve the error probability performance,
sum-throughput and the rate region with FBL constraints in uplink SISO channel.
The numerical results show that RSMA can achieve significantly higher performance
than NOMA without time-sharing. When time-sharing is included, NOMA can
achieve the same sum-throughput as RSMA by transmitting at two different target
rate pairs while RSMA can directly achieve it by transmitting at one target rate
pair. When users transmit at the same target rate pair with RSMA and NOMA
respectively, RSMA outperforms NOMA. Secondly, the max transmit target rate
with constrained error probabilities is studied. The result shows that the rate region
of RSMA is always larger than NOMA without time-sharing. In summary, when
the target rates are fixed, RSMA provides lower error probabilities than NOMA
and when the error probabilities are fixed, RSMA achieves a larger rate region than

NOMA.
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Chapter 4

Uplink MIMO RSMA in Finite

Blocklength Regime

Given the insights gained from the investigation of uplink SISO RSMA in Chapter 3,
this chapter delves into the performance of MIMO RSMA in the context of short-
packet uplink communications in FBL regime. Different from Chapter 3 where
only two users are included, a K-user system is considered in this chapter and
an uplink MIMO RSMA framework is proposed. Both precoders and combiners
instead of power allocation (in Chapter 3) are optimised with MMF metric. Due to
the high coupling between precoders and combiners, AO is applied to decompose the
optimisation problem into two subproblems where each is solved by a SCA-based
approach. Additionally, a low-complexity scheme to design the decoding order at
the receiver is introduced. The PHY-layer of the uplink MIMO RSMA architecture
is designed and evaluated using multi-user LLS. Numerical results demonstrate that
uplink MIMO RSMA with FBL constraints can not only achieve MMF gains over
conventional transmission schemes such as SDMA and NOMA but also exhibits
robustness to network loads. The benefits of splitting messages from multiple users

are also illustrated.
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4.1 Introduction

The seminal contribution of [61] laid the theoretical foundation for analysing FBL
codes in AWGN channels, a framework subsequently extended to MIMO chan-
nels [86]. This extension is particularly relevant for the exploration of MIMO sys-
tems within the FBL regime. While extensive research has showcased the capacity-
enhancing and latency-reducing capabilities of SDMA and NOMA in wireless net-
works, RSMA emerges as a novel MA technique with the potential to not only
bridge but also surpass the performance of SDMA and NOMA.

While downlink RSMA has been shown to provide significant gains in MIMO set-
tings and FBL over SDMA and NOMA [75,106, 107], there has not been any work
on uplink RSMA for MIMO and FBL. Work [141] paved the way towards that
goal but is limited to SISO. Therefore, this chapter fills this gap thoroughly by
providing theoretical foundations and verifications through LLS. The contributions

of the chapter are summarised as follows:

o First, for the first time, a general K-user uplink MIMO RSMA system in
FBL regime is established. This framework is general in the sense that any
arbitrary user can have multiple streams with each being split into two parts

and transmitted to the BS. This is the first work investigating the performance

of uplink MIMO RSMA systems with FBL constraints.

o Second, based on the established system model, a MMF optimisation prob-
lem is formulated with FBL constraints by designing the precoders of the split
messages for each user and combiners at the BS. Because of the high coupling
between precoders and combiners, AQO is utilised by decomposing the original
problem into two subproblems which are precoder optimisation and combiner
optimisation, respectively. A SCA-based method is proposed to address the

formulated subproblems. This is the first work that optimises both precoders
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and combiners for uplink MIMO RSMA systems with FBL constraints. Addi-
tionally, a low-complexity algorithm is introduced for designing the decoding

order at the receiver side.

With the assumption of perfect CSIT and CSIR, numerical results demon-
strate that in the K-user uplink MIMO, the fairness of FBL RSMA with
optimised precoders and combiners outperforms NOMA and SDMA schemes
even when splitting the messages of only one user. This contrasts with the
convention of splitting the messages of K — 1 users as outlined in [51]. Fur-
thermore, by increasing the number of splitting users, RSMA with the FBL

constraint can outperform NOMA with IFBL settings.

The performance of RSMA in practical systems is illustrated by developing
the PHY-layer architecture of RSMA with finite constellation modulation
techniques, finite length polar codes, and Adaptive Modulation and Cod-
ing (AMC) [73]. Through such LLS, it is demonstrated that RSMA outper-
forms SDMA and NOMA in uplink MU-MIMO systems in terms of max-min
throughput. This is the first study to develop the PHY-layer architecture and

assess uplink RSMA performance using LLS.

4.2 System Model

This section firstly models the uplink MIMO RSMA framework, from message split-

ting strategies at each user’s transmitters to the decoding strategy at the BS using

SIC. Secondly, the uplink MIMO NOMA is also briefly introduced and explained as

a subset of the proposed RSMA scheme. The achievable rates under both MIMO

RSMA and NOMA scenarios with the practical FBL consideration are also ex-

pressed, to facilitate future optimisation and simulations.
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4.2.1 MIMO RSMA

Here the RSMA framework proposed for uplink MIMO channel is presented. A
K-user uplink with perfect CSIT and CSIR is consideredwhere users indexed by
K ={1,2,..., K} are equipped with N; antennas. It is assumed that the BS has
N, antennas, receiving messages from the K users. The transmitted signal from
user-k, x; € CN*1 L € K is subject to a power constraint E{||x|*} < B. The
signal is transmitted through a MIMO channel with H, € C¥* k € K denoting
the channel matrix between user-k and BS. The transmission model of the proposed

uplink MIMO with RSMA at the user side is illustrated in Fig. 4.1 and explained

below.
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Fig. 4.1: Transmission Model for uplink MU-MIMO adopting RSMA at the user
side. Users are classified into splitting users (depicted in orange block) and non-
splitting users (depicted in yellow block), with each user in the former group split-
ting their respective messages to experience different decoding priorities at the BS,
leveraging the benefit of rate-splitting.
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4.2.1.1 Transmitter

At the user side, let L = min{N;, N,.} denote the number of message streams for
user-k and these messages are expressed as wy, = [W2, W2 ... WHT, ke K. J £
{1, din} and U = K\ T = {uy, ..., up} are defined as the splitting users set
and the non-splitting users set, respectively. Each message in w;, of user-j; is split

into two parts Wi = {W; |, W/}, Vie{l,...,L}, Vi e {1,...,|T|}, ji € J. The

]l 2
first and second part of the messages for user-j; are combined together and denoted
T

as Wiy, 1 [V[/jl 1>

W2, Wk

LT and wy o = (W) 5, W2, ..., W[,|T, respectively.

Jts Jis20 LR

Separating each message into two parts leverages the freedom of varied decoding
orders at the receiver. Then they are encoded into two symbol vectors s;,; =
(55,1555 15> si ]t € Cand sj,5 = [s] 5,87 5,..., 55 ,]" € CM*!, respectively.
On the other hand, the messages of non-splitting user-u,, w,, are encoded into
Sug = (84,5 S0y 050, € CHL Vg e {1, U]}, uy € U. Therefore, by splitting
| 7| users’ messages, there are 2| 7| + [U| symbol vectors received at the BS in this
K-user system, which are combined together into the vector s = [s7, s8], where
s7 = [8j,,1,851.2, -+ 8j ;1,8 ,,2) » and ¥ = [s,,, ..., 8y, ], respectively. Linear
precoders Pj, = [P, 1, P}, 2] is used to precode the symbol vectors of spliting user-j
with tr(lePﬁ) <P, j€J. Py, isused to precode the symbol vectors of non-
spliting user-u, tr(Pqufq ) < P, u, € U, limited by the power budget P, at each

user. Based on the above illustration, the received signal at the BS, y € CNr*! is

given by
y = E :sz E :le,dsjz7d+ E : HquuqSuq +n, (4'1)
316\7 “qeu
Vv o TV
splitting users non-splitting users

where n ~ CN(0,0%1y,) denotes the AWGN vector at the BS. Without loss of

generality, it is assumed that the noise variance is one, i.e., 02 = 1. Then, the

transmit SNR is numerically equal to the transmit power.
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4.2.1.2 Receiver

At the BS side, the signals are received at the receiver and the SIC is employed.
There are (2|J| + |U|)! possible decoding orders. The optimal decoding order can
be determined through exhaustive search, but its complexity grows exponentially
with the number of users and data streams. To address this issue, a low-complexity
decoding order scheme proposed in the previous work [142] is applied, which involves
separating the parts of splitting messages from users in J and arranging non-

splitting users in U by the descending order of the channel gain. Assume that

B, |2 [y, [| >0 > Byl and [[Hy, [| > [[Hy,, || >0 > [[Hy, | the
proposed decoding order is 8;,,1 — -+ = ;1 = Sy, = = Sy, > Sj2 =
+ = 8j,,2. This decoding order is mapped into n = 1 ""S772IJI+IMI]' These

2|J| + |U| symbol vectors are indexed by M = {1,...,2|J| + |U|}. Therefore, the

m™ filtered received signal z,,,, m € M before the m' stage of SIC process is

2| T |+U|
Z777n = 9'”7n H"7'm P777n Snrrb + : : Hni P77L S772 + G77m n’ (42)
v i
desired signal \z—m—&-l

Vv
interference plus noise

where G,,, € C* 'm € M is the combiner which is used to detect symbol
vector s, and 7, refers to the m'™ symbol vector in the decoding order 1. This
m™ symbol vector s, is decoded at the BS by treating the remaining m + 1

to 2| 7| 4+ |U[™ symbol vectors as noise. Once s, is successfully decoded, w,,, is

obtained, reconstructed and subtracted from the current received signal.
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4.2.1.3 Rate with FBL constraint

Since the FBL code is considered here, the FBL achievable rate expression derived

in [61] is applied. Then the rate of symbol vector s,, . is written as

L
“ B
Ry, =Y logy(L+75 ) — \/—N\/vama (4.3)
a=1

where 7 denotes the SINR of stream a of symbol vector s,,,

" ]ﬁnm Igv"]m + ||g7a7m||0-7%7

(4.4)

with p;,  (vesp. g7 ) the precoder (resp. combiner) attached to stream a of symbol

vector s, and is the a™ column (resp. row) of P, (resp. G,,.). I/ is the inter-

l7777n

stream interference and 17, is the interference from other symbol vectors suffered

by stream a of symbol vector s, which are given as

L

Iy, = Z ‘gzmHnmp;mP (4.5a)
i=lia
217 1+Ul L

Iy = 2. D len, Hyp),l” (4.5b)

j=m+1 i=1

As for the penalty part brought by FBL, B = Q~!(¢) log,(e), € is the error probabil-
ity and @ is the Q-function. N is the blocklength and V' = <1 —(1 —1—%‘71m)_2> is the
channel dispersion. The total achievable rates of splitting users can be calculated
by summing the transmission rates for the two corresponding split streams, e.g.,

the rate of user-j; in J equals R,, + R and the rates of non-splitting users such

M+K

as user-up in U equals R individually.

MT|+1

81



4.2.2 MIMO NOMA

The system model of MIMO NOMA is a particular instance of the model specified
in Sec. 4.2.1. By grouping all users into the non-splitting user set, MIMO RSMA
boils down to MIMO NOMA. Let L = min{/N;, N,.} denote the number of message
streams for user-k and they are expressed as wy = [WL W2 ... WET, k€ K and
then are encoded into sy = [s},s%,...,sF]7 € CI*1. Py is used to precode the
symbol vector of user-k, tr(P;P;) < P,. The received signal at the BS, y € CN*1,
is given by

= Z H,P;s;. +n. (4.6)

keK

The decoding order is arranged according to the descending order of the channel
gain and it is assumed that ||Hy|| > ||Hz|| > ... > ||Hg]||. The proposed decoding
order is s; — 89 — --+ — Sg_1 — Si. Then the SINR of stream a of symbol vector

Sk, k € K is written as

,yzz _ |g Hkpk|2
k — a Y
Il,k + 1 c,k + ||gk||‘7721

(4.7)

where p¢ and g? is a'" column of Py and a'" row of Gy, of stream a in symbol vector
sk, respectively. [}, and I is the inter-stream interference and interference from
other symbol vectors experienced by stream a of symbol vector s, which are given

as

L
Ito= > |giHp}/ (4.8a)

i=1,i#a
2|T+U| L

= > > lgtHp (4.8b)

Jj=k+1 =1

Then the FBL achievable rate expression of symbol vector s, is written as

L
B
= ZlogQ(l +5) — Wi Via. (4.9)

a=1
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Fig. 4.2: The schematic illustration of the two-user rate-region. The highlighted
points (RSMA marked by a square and NOMA marked by a circle) represent the
best fairness achieved by RSMA and NOMA respectively.

For simplicity, MIMO RSMA and MIMO NOMA will be referred to as RSMA and

NOMA for the rest of the chapter respectively.

Remark: Here, a two-user example is taken to illustrate the benefits of RSMA over
NOMA regarding the MMF metric. The capacity region for RSMA and NOMA with
random transmit power is illustrated in Fig. 4.2. The capacity region always has the
shape of a pentagon. The two corner points, A and B, correspond to the maximum
rates achieved by two SIC decoding orders: A is achieved by decoding user-1 first
and B is achieved by decoding user-2 first. The points on the segment AB can
be achieved with time-sharing between two decoding orders for NOMA. However,
RSMA can directly achieve the points between two corner points without time-
sharing. Therefore, without considering time-sharing, MMF achieved by RSMA is
higher than that of NOMA which is represented by the black square in Fig. 4.2 and
MMF of NOMA is denoted by the black circle.
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4.3 Problem Formulation and Optimisation

In this section, the optimisation problem is formulated to design the precoders and
combiners to facilitate the RSMA performance, with the primary purpose of guar-
anteeing communication fairness between users. An effective algorithm is developed
to solve the problem and provide the numerical complexity analysis for the proposed

algorithm.

4.3.1 Problem Formulation

In this section, an optimisation problem is formulated with respect to both precoders
and combiners for the proposed system model. The user fairness issue is emphasised
in the objective function. Hence, the MMF problem for the K-user uplink RSMA

system is formulated as

max min Ry, (4.10a)
P;, Pu,,G  kek

st (PP <P, jieJ, (4.10b)

tr(P,, P ) < P, ug €U, (4.10c)

where Ry is the rate of user-k in I and G is the combiner. It is assumed the
maximum transmit power P; is equal for all users. A SCA-based algorithm is pro-
posed to solve Problem (4.10) because the rate and SINR equations are not convex.
This algorithm involves adding slack variables and progressively approximating the

non-convex expressions using their first-order Taylor approximation.

First an auxiliary variable ¢ is introduced and for the given decoding order m,
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Problem (4.10) is transferred into

P{f,l%},f,t t (4.11a)
st. Ri+Rug>t le{l,... |T|} (4.11b)
R,>t, oe{|J|+1,...,K} (4.11c¢)
tr(PP/) + tr(PrxPlly) < P, Le{1,...,|T|} (4.11d)
tr(P,PYY < P, o€ {|TJ| +1,...,K}, (4.11e)

where P, = [P, 1,...,P P,,....P Pj o, ... ,ij,g] and G, = [Gj, 1, - - -,

Jgpb Ujy| >

G Gy,...,G Gj2,..-, Gjmg] are the precoders and combiners of each

j|j‘,17 u‘u“

symbol vector corresponding to the decoding order 7, respectively. (4.11b) and
(4.11c) refer to the maximisation of minimum user rate constraints of every split-
ting user and non-splitting. In the decoding order m, the symbol vectors s; 1
and s;, are mapped to s; and s;ix, I € {1,...,[J[} and s,, is mapped to
So, 0 € {|J| + 1,..., K} with both {1,...,]|7]|} and {|J| + 1,..., K} the sub-
sets of M. Slack variables Q, = [p1,..., posj4j] are further introduced where

P = [P, PEIT, m € M.

Then Problem (4.11) is transformed into

max t (4.12a)
P,.Gn St

L

s.t. Z <log2(1+pl ,/ o +logy (1 + pfy ) — \/_ pHK) >,
a=1
le(1,...,|T) (4.12b)
- B
logy(14+p5) — —=+/V,, | >t, 0o (|T]|+1,....K 4.12¢
> (lmalt +48) ~ VW) 20 0 (1 ) )
H 2

_ |g"ma ”mp”mL >t meMace{l,... L} (4.12d)

Il:77m+ C77m+”g77m”a

(4.11d), (4.11e).
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However, Problem (4.12) is still non-convex due to the constraint (4.12b) and

(4.12c). Thus the non-convex terms ,/V2, and /V,« are approximated

PZ+K

by their first-order Taylor approximation around the point (QL,]> at iteration n,

which are expressed as

Vi < V1= W G (ot = () (L (o)) (1= (L (o)) %)

2 (@o) (4.13a)

v Vo < \/1 — (L (pfp)m)

+ (/07+K - (p?+K)[n]) (1 + (p?-s-K)[n})_S (1 —(1+ (P?+K)[n])_2)_%

2 (@0, )" (4.13D)
Vo <1 = (L4 (00)) 72 4 (o = (00)™) (14 (o)) ™ (1= (14 (o)1) 2) 2
N (¢g>[n} . (4.13¢)

Thus, Problem (4.12) is transformed into

max t (4.14a)
Py Gy St
- B B
s.t. log, (1 4 pf) — — (M) + log, (1 + pf, x) — — (D¢ M)zt,
;( g oy) \/N( ) g P1+K) \/N( Loic)
le(1,...,1T)) (4.14D)
- B
log, (1 + g——q)z["})Zt,oe Jl+1,... K 4.14c
>~ (tomtt )~ (00 17 ) )
|gf§ nmp;; 2
- '”a -~ >pt.omeM,ae{l,...,L} (4.14d)
[l,nm + c,Nm + ||g77mH0-2

(4.11d), (4.11e).

Since the precoder pf; and the combiner gy = are coupled in (4.14d), Problem (4.14)
is decomposed into the two subproblems of precoders optimisation and combiners

optimisation, which can be efficiently solved by the SCA technique as described in
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the following.

4.3.2 Precoders Optimisation

Under any given feasible combiner Gy, m € M with g7 is the combiner for

stream a of symbol vector s, , Problem (4.14) is rewritten as

max i (4.15a)
Pyt

|g?7mH77mp%m
Iy, + 1, + &5 llon

|2
s.t.

>pr,meM,ae{l,... L} (4.15b)

(4.14D), (4.14c), (4.11d), (4.11e).

With fixed combiner gj , constraint (4.15b) can be rewritten as

| g%m Hnm pg]m | ’

pa Z [ﬁﬂm + Igf’]m + ||gzm||0-721 (416)

Since (4.16) is not convex, or the Light-Hand Side (LHS) of (4.16), the first-order
Taylor approximation is used to approximate the LHS of (4.16) around the point

<P£’f], QLT,L ]> at iteration n and it can be expressed as

H

a a a a n H a H a a a n
|g7]mH7]7np’r]m|2 > 2%{ganﬁm ((pnm)[ }) (Hnm) (gnm) } . pm|gan7]m (p’r]m)[ ]|2

e, (p2)" ((p,)m0)
(4.17)

Then, constraint (4.15b) is rewritten as
a | @ a \[n
pm|gan"lm (pnm) |2
((ps)01)?
a a n H H a H

(4.18)

<0.
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Therefore, with a given combiner G,,, the Problem (4.15) is transformed into

max ¢ (4.19a)
P, Qnit

s.t. (4.14b), (4.14c), (4.18), (4.11d), (4.11e).

Note that the objective value obtained from Problem (4.19) provides a lower bound

on that of Problem (4.15) due to the replacement of the lower bounds in (4.17).

4.3.3 Combiners Optimisation

Similar to precoders optimisation, for any given feasible precoder P, , m € M
where pj is the precoder of stream a of symbol vector s, , Problem (4.14) is

rewritten as

max t (4.20a)
Gyt

s.t. (4.14b), (4.14c), (4.15b).

It is still the non-convexity of constraint (4.15b) that causes the problem to be hard
to solve. By applying the same method used in Sec. 4.3.2, constraint (4.15b) is

approximated around the point (GKL], QL;L ]> at iteration n and it can be written as

ool (g2 )" H,, (p2 )2

((ps,)lel)? 21)
2R{es H,, (po,)" ()" ((g2,)")")
(pa, )"

<0
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Therefore, with a given precoder py , the Problem (4.20) is transformed into

max (4.22a)
Gt

s.t. (4.14Db), (4.14c¢), (4.21)

Similarly, the objective value obtained from Problem (4.22) serves as a lower bound
on that of Problem (4.20). Now, it is easy to verify that both Problem (4.19) and
(4.22) are convex problems, which can be efficiently solved via standard convex

problem solvers such as CVX [143].

4.3.4 Proposed Algorithm, Convergence and Complexity

According to the above two subproblems, AO is applied to solve Problem (4.11)
by utilising the SCA-based algorithm. Specifically, the precoder P,, and the com-
biner G,, are alternately optimised by solving Problem (4.19) and (4.22). The
details of the proposed algorithm are summarised in Algorithm 3. At each iteration
of Algorithm 3, the precoders and combiners are updated by solving Second Order
Cone Programming (SOCP) problems. Each SOCP is solved by using interior-point
method with the computational complexity of O ([X]3%), where X is the total num-

ber of variables in the corresponding SOCP problem. Although an additional vari-

Algorithm 3: Proposed SCA-based AO algorithm for solving Problem
(4.11)

Initialise: n < 0, ¢ « 0, and feasible PLT,Z], GLT,Z];
1 repeat
2 n<4<n+1;

3 Find optimal PL;L ! by solving Problem (4.19) for given GL;L_I];
4 Find optimal G[f,l ] by solving Problem (4.22) for given PZL ];
5 Update ¢ « ¢+, ny] «— Py, GZ‘] « G

6 until [tV — ) < 7
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able € is introduced for approximating convex problems, the main complexity still
comes from the precoders and combiners design. With given combiners, the num-
ber of variables of Problem (4.19) is given by Xprecoder = (2|J| + [U]) N¢. Similarly,
the number of variables of Problem (4.22) is given by Xcompiner = (2|7 | + |[U|) N...
The total number of iterations required for the convergence is O (log (77')), where
7 is the convergence tolerance of Algorithm 3. Therefore, the total computation

complexity of Algorithm 3 is O (((2|7| + [U]) (N, + N,))*"log (t™1).

Next the convergence of Algorithm 3 is demonstrated. Define ¢ (PL;‘], GL’{”]) as the
objective value at the n'™ iteration. First, from Problem (4.19) with a given G, in

step 3 of Algorithm 3, it is known that

HEy ) e (R 6

tp (PY1, GIY) (4.23)

N

° n [n—1]
<t (PL,],GT, ) ,

where tp represents the objective value of Problem (4.19). a holds since the first-
order Taylor approximations are tight at the given point (PZL_”, QL? 71]). Since the
solution of the approximated Problem (4.19) at the n — 1'! iteration is a feasible
point for Problem (4.19) at the n'" iteration, it can be solved successfully. Moreover,

the objective function is bounded by the transmit power constraints, then b holds.

¢ is due to the objective value of (4.19) being the lower bound of (4.15).

Similarly, from Problem (4.22) with a given P,, in step 4 of Algorithm 3, it is known

that
n n—1 a n n—1
t(P;LG[n 1)=tG<P£71,G£7 1)
b
< ta (P4, GIY) (4.24)



where tg represents the objective value of Problem (4.22). a, b and ¢ hold for the

same reasons as described previously.

Thus, it can be obtained that

t(Pht Gl ) <o (PR GYT), (4.25)

n

which proves that Algorithm 3 generates a non-decreasing sequence of objective

values.

4.4 Physical Layer Design

Apart from the theoretical foundations, it is crucial to prove the enhanced efficiency
of RSMA in practical scenarios. Practical transceiver architectures for RSMA in
downlink MISO and MIMO channels have been designed in [73] and [75]. In this
section, a practical transceiver architecture for uplink MIMO RSMA setting is pro-

posed. Fig. 4.3 illustrates the proposed transceiver architecture.

At the transmitter side, finite alphabet modulation schemes 4-QAM, 16-QAM, 64-
QAM and 256-QAM, finite-length polar coding [144] for Forward Error Correction
(FEC) and an AMC algorithm are employed. The two messages from the splitting
user-j; are mapped to bit vectors w§ ; of length K7 ; for j, € J, d € {1,2} and a €
{1, ..., L}. Similarly, the messages from the non-splitting user-u, are mapped to bit
vectors wh, of length K , for u, € U and b € {1, ..., L}. Then, the information bit
vectors of splitting user-j; and non-splitting user-u, are independent and uniformly

K¢ Kb
distributed in F, " and F, ", respectively. Then the information bit vectors are

independently encoded, interleaved and modulated into symbol streams s} ; and

b

Sy,» €ach of length S. The modulation and coding parameters are determined by an

AMC algorithm according to the corresponding rate. The precoders for all streams
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Fig. 4.3: The Proposed Transceiver Architecture of uplink MIMO RSMA for Link-
Level Simulations.
are obtained as described in Algorithm 3. More details on the channel coding

procedure and AMC algorithm are given in [73] for interested readers.

At the receiver side, instead of performing joint decoding which has high complexity
in implementations, interference nulling and interference cancellation are utilised to
benefit from low-complexity decoding methods. The received signal is first detected
using an equaliser. Minimum Mean Square Error (MMSE) equaliser is applied
here. Log-Likelihood Ratios (LLR) are calculated from the combined signal for
Soft Decision (SD) decoding of polar codes. Next, the LLRs are de-interleaved and
decoded to acquire the decoded bits. The reconstruction process involves repeating
operations at the transmitter for the decoded bits to obtain a precoded signal and

multiplying this signal with the corresponding channel matrix.

According to the decoding order proposed in Sec. 4.2.1.2, when decoding the first

symbol vector sj, 1, containing L streams, it is assumed that the first a — 1, a < L
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streams have been correctly decoded and subtracted from the received signal. Then

.. . ~s? .
the remaining signal y /1.1 can be written as

L 2
~s% i i
y it =Hj E Pj, 185,01 + Hj Py 085 0 + E - H;, E P, asj.a+ E H, Pys., +1n,

i=a Jii#1€J d=1 ug€U

(4.26)

. ~s? .
where the superscript of y*1:1 represent the interferences from first a — 1, a < L
streams of s;, ; have been canceled, pél | € CNo<1 g the precoder of i*" stream of
sj, 1, corresponding the i column of precoder P, ; and S;- .1 Tepresents the stream

¢ of symbol vector s;, 1. The corresponding MMSE combiner is given by

I -1
a a H 1 7 H
g™t = (H;,pj, 1) <§ :Hjlpjl,lpjl,l Hﬁ +NJ’1> ’ (4.27)

i=a

where

2
N;, =H, P, P/ HI + Z ZHijjlvdPﬁ,dHf + Z H,P,P/H] + 1L

J1,25 0
Jiiz1€J d=1 uq €U

(4.28)

After combining the signal gsﬁlylysglvl, LLRs are calculated. The LLRs calculation

method is used in [145]. Let )\jj ! denote the i*" bit of the combined stream s, ;. It

is written as

A7 = 9% min ¢ (a) — mine(a)], (4.29)

aeh? acl}

where 7%11 is calculated by (4.4) with m = 1, 6 is the set of modulation symbols

a
Goi1.1

with the value b, b € {0,1} at the i bit location, ¥(a) = |2

s@

— al? and

s2
J1,1 . . . ..
¢s; =T - A similar procedure is applied to all the remaining streams. The
15 14~ 71

decoding operation utilises a Successive Cancellation List (SCL) decoder for point-

to-point polar codes [146].
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4.5 Numerical Results and Disucssion

The performance of FBL RSMA with perfect CSIT and CSIR is evaluated and
compared with conventional transmission schemes in this section. The MMF per-
formance of uplink MIMO RSMA is illustrated and followed by the LLS results.
Here, the performance of RSMA is compared to NOMA and SDMA.

o NOMA: This is a special case of RSMA. As specified in Sec. 4.2.2, none of
the users split their messages in NOMA. The BS sequentially decodes the
user messages based on SIC. It is applied by expanding the precoder tech-
nique suggested in [142] to the MIMO scenario with combiner optimisation

mentioned in Sec. 4.3.2.

o SDMA: According to [38], SDMA is a classical method where none of the
users split their messages, and the BS decodes the message of each user by

treating the messages of all other users as interference.

Simulations for the Rayleigh Fading channel with 100 channel realisations are per-

formed. The tolerance of the algorithm is set to be 7 = 1074

4.5.1 MMF Performance

The trend of MMF as blocklength increases with K = 2 is shown in Fig. 4.4. In
this simulation, the number of transmit antenna N, is 2. Blue, yellow and red lines
represent the transmit SNR of 10 dB, 20 dB and 30 dB, respectively. Fig. 4.4(a)
shows the results of N, = 4, corresponding to the underloaded scenario while the

overloaded scenario with N, = 2 is shown in Fig. 4.4(b).

It is evident that in both cases, FBL RSMA consistently outperforms FBL NOMA
and FBL SDMA. With underloaded network settings in Fig. 4.4(a), the advantages
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Fig. 4.4: The MMF performance of RSMA, NOMA and SDMA versus blocklengths
with three different transmit SNR averaged over 100 random channel realisations.
K =2. N, = 2. (a) is the underloaded scenario; (b) is the overloaded scenario.

of FBL RSMA become evident when the transmit SNR is high, i.e., FBL RSMA

with blocklength larger than 500 even outperforms IFBL NOMA with a transmit
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SNR of 30 dB.

In overloaded user settings in Fig. 4.4(b), the performance gain of FBL RSMA
over FBL. SDMA becomes more significant as the transmit SNR increases due to
its adeptness in managing overloaded scenarios. As evidence, given a transmit
SNR of 30 dB, FBL SDMA with a 2000 blocklength (the red dashed curve with
no marker) is even outperformed by FBL RSMA with a lower transmit SNR (20
dB) and a shorter FBL blocklength (e.g. 1500) (the yellow dashed curve with circle
marker). Besides comparison with FBL. SDMA, the MMF rate for FBL. RSMA with
blocklengths of 1500 and 1000 surpasses that of IFBL NOMA when the transmit
SNR is 10 dB and 20 dB, respectively. Since the decoding order strictly limits
NOMA, the streams of the second decoded user would influence the SINR of the
first decoded user significantly. However, with the aid of RSMA, the decoding order

can be more flexible to balance the SINR between each decoded stream.

In Fig. 4.4, only splitting one user in the two-user scenario is taken into account
as it has been proved that splitting both users has the same effect as splitting one
user [56]. Now the effect of the number of splitting users when K = 4 is exmained.
The MMF of NOMA and SDMA is compared in Fig. 4.5(a) and Fig. 4.6(a) to: 1)
RSMA with one splitting user; ii) RSMA with two splitting users; iii) RSMA with
three splitting users, and iv) RSMA with four splitting users in both underloaded
and overloaded cases with FBL constraints. The blocklength is 250. The relative
gain of FBLL RSMA compared to FBL NOMA and FBL SDMA is defined by (4.30)

as
RRSMA _ pNOMA/SDMA

xonsona X 100%. (4.30)

Fig. 4.5(b) and Fig. 4.6(b) illustrate the gain of FBL RSMA over FBL NOMA at
transmit SNR of 20 dB. The percentages in parentheses represent MMF rate gains
of FBL RSMA over FBL NOMA and FBL SDMA (with the same blocklength).
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Fig. 4.5: The MMF performance of RSMA, NOMA and SDMA in the underloaded
network settings averaged over 100 random channel realisations. Blocklength is 250.
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RSMA at the transmit SNR of 20 dB.
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In Fig. 4.5(a), with underloaded network settings, FBL RSMA has the best per-
formance among the three transmission schemes. The MMF of FBL RSMA with
only one splitting user already has a gain of approximately 4.5% and 30% over that
of FBL NOMA and FBL SDMA, respectively shown in Fig. 4.5(b). Besides, note
that FBL RSMA with more splitting users results in greater MMF. Specifically,

increasing the number of splitting users from 1 to 4 brings a fairness rate gain of

around 7% and 34% over FBL NOMA and FBL SDMA.

The overloaded case is illustrated in Fig. 4.6. Similarly to the case with K = 2, the
performance of FBL SDMA deteriorates greatly in Fig. 4.6(a). As shown in Fig.
4.6(b), FBL RSMA has around 100% gain over FBL. SDMA when the blocklength
is short (e.g. 200). Compared to the underloaded scenario, the gain of FBL RSMA
over FBL NOMA and FBL SDMA increases in the overloaded scenario no matter

with short or long blocklength.

4.5.2 Link-Level Simulation Results

The LLS is performed in this section to analyse the max-min throughput perfor-
mance of FBL RSMA and compare it with that of FBL NOMA and FBL SDMA,
employing the practical transceiver architecture described in Sec. 4.4. An uplink
MIMO with 2 users is considered and each has N, = 2 transmit antennas. The

number of message stream is L = min{N;, N, }.

With the assumption of perfect CSIT and CSIR for Modulation and Coding Scheme
(MCS) selection, S® and D,(Cl) are used to denote the number of channel uses in the
[*" Monte-Carlo realisation and the number of successfully recovered information

bits by user-k, respectively. Then, the throughput is calculated as (over 100 channel
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realisations)

. >0 mingex DY
Max-Min Throughput(bps/Hz) = 00 o) . (4.31)
=1

The modulated blocklength is fixed to S! = 256 throughout the simulations. Fig.
4.7 shows the MMF with IFBL and max-min throughput levels achieved by FBL
RSMA, FBL NOMA and FBL SDMA in both overloaded and underloaded scenarios
for N; = 2 and K = 2. The max-min throughput performance in LLS is consistent
with the MMF performance for all three schemes in both underloaded and over-
loaded regimes that FBL RSMA achieves a significant max-min throughput gain
over FBL NOMA and FBL SDMA. However, with the consideration of coding and
modulation, the theoretical max-min rate is not achievable, i.e., the throughput of

FBL RSMA cannot outperform that of IFBL NOMA as it is the case in Sec. 4.1.
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4.6 Summary

To conclude, a general K-user RSMA framework in uplink MIMO with perfect
CSIT and CSIR is introduced in this chapter, where multiple modulated informa-
tion streams are transmitted by users compared to only one stream transmitted in
the SISO case. The benefits brought by RSMA with FBL constraints are investi-
gated compared to NOMA and SDMA in terms of max-min user rate. Specifically,
an AO-based method is proposed to alternatively optimise the precoders at the
transmitter side and the combiners at the receiver side, with each solved by SCA.
A low-complexity decoding order is also introduced method at the receiver side. Ex-
tensive numerical results demonstrate that FBL RSMA can obtain a greater MMF
than FBL NOMA and FBL SDMA for a given blocklength. With the increase of
blocklength, FBL RSMA can perform better than IFBL NOMA and IFBL SDMA.
In multiple-user systems, FBL. RSMA with one splitting user can have relatively
high gain over FBL NOMA and FBL SDMA. The gain of RSMA becomes sig-
nificant under the overloaded network settings. With multiple users being split,
the gain of FBL RSMA increases. Moreover, the PHY-layer architecture of RSMA
in uplink is designed and the performance is analysed in practice. According to
the LLS results, it is demonstrated that FBL RSMA in practical settings can still

outperform FBL NOMA and SDMA in MIMO.

In summary, RSMA consistently achieves better user fairness than NOMA regard-
less of FBL or IFBL and RSMA can provide great performance. Increasing the
number of splitting users can improve the performance of RSMA at the cost of
more sophisticated hardware and processing. In addition, RSMA can achieve the
same MMF as NOMA and SDMA but at a shorter blocklength, which achieves
significantly lower latency. Therefore, it is concluded that FBL RSMA is a strong

and promising PHY-layer approach for networks with multiple antennas.
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Chapter 5

RSMA with Mobile Edge

Computing

This chapter proposes an RSMA scheme to assist a MEC system where local com-
putation tasks from two users are offloaded to the MEC server facilitated by uplink
RSMA for processing. The efficiency of the MEC service is hence primarily influ-
enced by the RSMA-aided task offloading phase and the subsequent task computa-
tion phase, where reliable and low-latency communication is required. Therefore,
short-packet communication in the FBL regime is taken into consideration. An
uplink RSMA-aided MEC framework is proposed and the overall SCP of the ser-
vice is derived. The offloading factor, transmit power allocation and task-splitting
factor are optimised to maximise the SCP with FBL constraints. To deal with the
strong coupling between these variables in the SCP expression, the SCA method
is applied to decompose the optimisation problem into subproblems. The resul-
tant non-convex subproblems are then tackled by SCA-based algorithm. Numerical
results demonstrate that applying uplink RSMA in the MEC system with FBL con-
straints can not only improve the SCP performance but also provide lower latency

in comparison to conventional transmission scheme such as NOMA.
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5.1 Introduction

MEC is a promising solution for computation-intensive and latency-critical applica-
tions since it allows mobile users to offload their tasks to edge servers for processing,
which improves computing performance and decreases network latency compared
to remote cloud processing [147,148]. FBL codes can help with the low-latency
requirements in URLLC systems, analysing the performance of MEC in the short-
packet communication system is therefore considered to be necessary [6,7]. Some
research has been carried out on MEC in FBL regime [136-138] in terms of EE,
reliability, and latency, respectively. However, all those works are based on TDMA
or NOMA transmission schemes while uplink RSMA has been demonstrated that

it can provide significant gains compared to NOMA in Chapter 3.

This chapter, motivated by exploring the benefits of uplink RSMA in FBL regime
in Chapter 3 and to capture the crucial feature of latency-critical requirements of
MEC, proposes an uplink RSMA-assisted MEC framework in a two-user scenario
and investigates its performance with the constraint of FBL in terms of SCP per-

formance. The main contributions are summarised as follows:

o First, for the first time, uplink RSMA with short-packet communications
is introduced into MEC system as a powerful MA scheme. The practical
study of offloading task data with FBL in this chapter is noteworthy since it
is an essential aspect for low-latency applications in 5G and future wireless

networks.

e Second, the SCP performance of RSMA-aided MEC under FBL constraints
is investigated. This work aims to maximise SCP performance by optimising
the entire system strategy with FBL considerations, including the offloading
factor, representing the number of tasks to be processed by the MEC server,

the task-splitting factor, representing the number of offloading tasks assigned
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to each stream in the RSMA scheme and the power allocated to each splitting
stream. A closed-form expression of the offloading factor is derived. Due to
the coupling among the optimisation variables, AO is applied to decompose
the original problem into several sub-problems, each addressed by the pro-
posed SCA-based method. The power allocation and task-splitting factor are
designed for the original problem. This is the first work to offer a compre-
hensive optimisation of systemic parameters for RSMA-aided MEC systems

with FBL constraints.

Through simulations, the performance of RSMA-aided MEC system is anal-
ysed. Simulation results show that splitting messages in RSMA helps in MEC
deployments because of the flexibility of the decoding order to balance the
SINR between each stream. Moreover, RSMA can achieve a higher SCP than
NOMA with a shorter blocklength, thereby reducing the latency. However,
the performance gain of RSMA over NOMA in the FBL regime saturates
as the blocklength becomes sufficiently large. Numerical results demonstrate

RSMA-aided MEC achieves more reliable communication in FBL regime with

higher SCP compared to NOMA.

5.2 System Model

This section models an RSMA-aided SISO MEC system with two users, indexed by

K ={1,2}. Due to the limited local computation capabilities of the two users, this

section characterises a MEC scheme that schedules both users to simultaneously

offload their data to an MEC server with high computation capability. Facilitated

by the MEC server, both users can accomplish their tasks within the time budget

by downloading the results from the MEC server. Specifically, it is assumed that

each user, with a computational capability of fus. Hz/cycle, needs to complete a
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computation task of M, bits within 7" s. In practice, the scenario often arises that
MiCepu/ fuser > T, where Cepy represents the number of required CPU cycles to
compute one-bit task, necessitating the involvement of a central MEC server with a
computational capability of fupc = Lfuser (L > 1). Assume that the Mj-bits task
at each user is bit-wise independent and can be arbitrarily divided into subtasks.
Hence, to meet the time budget 7', each user-k offloads a part of their task of
A My, bits, with Ag, 0 < A\x < 1, being the offloading factor of user-k, to the MEC
server with the assistance of uplink RSMA. The remaining tasks of (1 — A\x)Mj
bits are executed locally to exploit users’ own local computation capability. A\, = 0
and A\; = 1 represent the fully local computation and fully offloading computation,

respectively.

The whole procedure of the RSMA-aided MEC system is shown in Fig. 5.1, which
consists of four stages. In the first stage, the offloading, task-splitting factor and
power allocation are determined for two users within the processing time t; s. The
task-splitting factor and power allocation guarantee the error probability perfor-

mance of uplink RSMA in the offloading stage. Then, in the second stage, users
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offload their tasks to the MEC server by uplink RSMA transmission within time
duration t5 s. Thereafter, the third stage performs task execution at both the MEC
server and the two local users within time duration ¢3 s. It is assumed that the MEC
server starts to compute the tasks immediately after the offloading is finished, i.e.,
there is no queue delay at the MEC server. In the last stage, the computed results
of the offloaded tasks are downloaded by users, which consumes time ¢, s. Com-
pared to the offloading time ¢y and execution time t3, t; can be ignored. t; can
also be ignored as the resultant data often features a very small size compared with
the offloading data size in ¢y s [149]. Therefore, the time of offloading computation
mainly comes from the time of tasks offloading stage t, and the time of tasks execu-
tion stage t3, i.e., in the following of this chapter, it is set that the time constraint

to be ty 4+ t3 < T without loss of generality.

In the reminder of this section, details of tasks offloading phase (stage 2) in sub-
section 5.2.1, and the execution parameters in tasks computation phase (stage 3)
in subsection 5.2.2 are discussed, respectively. Upon this, the successful offload-
ing probability of stage 2, the successful execution probability of stage 3 and the

successful computation probability in Section 5.3 can be formulated.

5.2.1 Tasks Offloading Phase

In this subsection, the details of tasks offloading from two users to the MEC server

are presented.

5.2.1.1 RSMA

The two-user uplink SISO RSMA with perfect CSIT and CSIR system is considered.
In this system, one user’s task is split following the uplink RSMA principle. Assume

user-1 split its task W into two parts, Wy, 7 € {1,2} and the task of user-2 stays
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unsplit. These three split tasks Wi 1, Wi 2, and W5 then are encoded independently,
resulting into three streams s; ;, 51,2 and sg, to be transmitted in total. The received

signal at the MEC server is expressed as

y=hi/Pi151,1 + hi\/Pias12 + hoy/ Pasy +n, (5.1)

where P ; is the transmit power of s ;,i € (1, 2), respectively and P, is the transmit
power of so. They are limited by the power budget that 23:1 P ; <P and P, < P,

The scalar n ~ CA(0,02) is the complex AWGN at the MEC server.

At the MEC server, SIC is applied to decode three streams and according to Chapter
3 [106], uplink RSMA with the decoding order (i) can provide a much lower error
probability compared to NOMA in short-packet communication. Therefore, the

decoding order s; ; — so — s12 is adopted in the following demonstration.

Since s;; is decoded first by treating other signals as noise, the SINR ~;; of the

first decoded stream sy is

_ Py |ha]?
Piolhi|? + Polhs|? + 02

V1,1 (5.2)

Assuming s;; is successfully decoded, its reconstruction VAVM is subtracted from
the original received signal y to obtain y’. Then, the SINR of the second decoded

stream so 1S
P2|h2|2

= —P1,2|h1|2 s (5.3)

V2

Once s 9 is successfully decoded, its reconstructed task Wl,l is subtracted from the

received signal y'. Thus, the SINR of the last decoded stream s, 5 is expressed as

Py 5| hy)?
N2 = —1’20|2 d - (5.4)

n
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Finally, if s; o is successfully decoded, the estimated task Wl for user-1 is obtained

by combining Wm and Wl,2~

The data size of offloading tasks from three transmitted streams is defined as M, ; =
BAN My, My = oMy and Mo = (1 — B)A\ My, where [ is the task-splitting factor
between splitting streams, satisfying 0 < f < 1. Then, the total data size of

received tasks at the MEC server is given as

Mygc = MM,y + Ao M. (5.5)

Therefore, the Shannon capacity for each stream can be expressed as

C(v1,1) = logy(1 4 71,1),
C(72) = logy(1 4 72), (5.6)

C(112) = logy(1 4+ 71,2).

Due to the consideration of uplink RSMA with FBL, the total transmission time
for offloading is

ty = NT,, (5.7)

where N is the blocklength (in symbol) and Ty is the symbol duration. It is assumed

that the blocklength N for each stream is the same.

5.2.1.2 NOMA

NOMA is a particular instance of the system model of Section 5.2.1.1, since 0 <
P ; < P, NOMA can be regarded as a subset of RSMA. The tasks W; and W5
from user-1 and user-2 are encoded into s; and ss, respectively. The received signal

at the MEC server is expressed as y = hi/P1s1 + ho/ P2So + n.
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5.2.2 Tasks Computation Phase

In this subsection, the details of the hybrid computations are discussed which are
the local computation at the users and the offloading computation at the MEC

server, respectively.

For the local computation at user-k, the remaining data size of the tasks is (1 —

Ak) My, then the required computation time at user-k is

(1 — M) MiCopu
fusor

th = : (5.8)

where C.p, represents the number of CPU cycles required for one-bit task comput-
ing. The parameter f,. denotes the computation capabilities of users and it is

assumed the capacity of each user is the same.

For offloading computation at the MEC server, it is assumed that the computation
capability of the MEC server fypc = Lfuser with L > 1 to indicate the difference
between users’” and MEC server’s computational capabilities. Thus, the required

computation time at the MEC server is

M, Cc u M, Cc u
tg/[EC _ MECY“cp _ MECYcp ' (59)
fMEC quser

Thus, the time duration ¢3 for tasks computation is expressed as

ts = max{th, 1}
(1 _ Ak)MkCcpu MMECCcpu

Y
fuser quser
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5.3 Successful Computation Probability Analysis

In this section, the successful computation probability of RSMA-aided-MEC system
with FBL is characterised. The successful computation probability P, is defined as
the probability of the case that all the offloaded tasks and the remaining tasks
are computed successfully at the MEC server and the users respectively with the
delay budget T'. Thus P, contains two parts which are the successful offloading

probability, P? and the successful execution probability, P¢

R

respectively and can

be calculated as P, = P?P¢.

5.3.1 Successful Offloading Probability P?

The maximal achievable rate expression for FBL with a given error probability e,

R ~log(1+7v)—14/ %Q‘l(e), (5.11)

where V(vy) = (1 —(1+ 7)_2> is the channel dispersion, N is the blocklength, @

is given by [61]

is the Q-function and € is the error prorbability. The corresponding coding rate is

R = % The error probability for a given data size M can be derived based on

(5.11) as

o 10g2(1+’}/)—% A
. @( s )— Q(f (3, M), (5.12)

where f(v, M) £ (logy(1+7) = %) /\/V(7)/N.

For uplink RSMA, the error probability can be written for each event listed above
as: a) sp1 is incorrectly decoded; b) sy, is correctly decoded but sq is incorrectly

decoded; c¢) s11 and sy are both correctly decoded but s; 5 is incorrectly decoded.
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The error probability of every event can be expressed as

€a — Q(f(7a7 Ma))a
& = Q(f (, M), (5.13)
€c = Q<f<707 Mc))a

where v, = 711, % = 72 and 7. = 71,2. To simplify the analysis in the following Sec.
5.4, the subscript of M}, and S, k € {1,2} are changed to align with the subscript
notation of three splitting streams. The parameter M;, ¢ € {a,b,c}, represents
the data size of tasks transmitted by each stream which are M, = B, \ My, M, =
BpAa My and M, = .\ My, respectively. The parameter 3;, i € {a,b, ¢}, represents
the task-splitting factor between splitting streams where 5, = 3, B, = 1 and

B. =1 — (3. Then, the error probability of each user can be calculated as

e1=¢6+ (1 —e)ep+ (1 —€)(1 — )€
R €, + €y + €, (5.14)

€ =€+ (1 —€,)€p = €, + €.

All the multiplied terms, e.g. €6, in (5.14) are ignored because the value is negli-

gible. Therefore, the successful offloading probability P? is given by

P = (1—61)(1—62). (515)

S

5.3.2 Successful Execution Probability P¢

As mentioned in Sec. 5.2.1, the transmission time for offloading is calculated as
to = NTs. When t3 < T — 19, the successful execution probability P¢is 1 or P{ =0

if t3 > T — t5 and can be written as PS¢ = 1(t3 < T — t3).
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Therefore, the successful computation probability P, can be written as

P307 t3§T_t2

P, = (5.16)
07 t3 > T— t2

Remark 1: If % < T that both users can finish their tasks locally within the

delay budget so that P, = 1 and offloading is not needed.

5.4 Problem Formulation and Algorithm

In this section, the aim is to maximise the successful computation probability P; by
optimising rate-splitting power allocation for splitting user, P, 1, P2, the offloading
factor, Ay, k € {1,2}, and task-splitting factor, 3;, i € {a,b, c}, when offloading is

performed. Thus, the problem is formulated as

lgln%”}é P, (5.17a)
st. Pii+Pa<DPB, (5.17Db)
P, <P, (5.17¢)
0<8 <1, i€{a,bc} (5.17d)
to <T —t, (5.17e)

where m = [P, P o, P,]" represents the transmit power of each stream and 3 =

[Ba, Bb, BT denotes task-splitting factor between the splitting streams (3, = 1).
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From (5.15), it is known that

Py =(1-e)(l-e)

~1— (26, + 26, + €.)

Thus, Problem (5.17) is transformed into

min  2¢, + 2¢, + €. (5.19a)

m,A,

st (5.17b), (5.17¢), (5.17d), (5.17e)

According to the Chernoff bound of Q-function exp(—xz2/2) > Q(x),z > 0.5, it is

known that
— (i, M)

5 ) = QU (i, My)), i € {a,b,c}. (5.20)

exp (

Therefore, Problem (5.19) is transferred into Problem (5.21) to minimise the upper

bound of the objective function which is shown as

_f2<757Mb> _fQ(fyaMC)

min  2exp (M) + 2exp (#) + exp (T) (5.21a)

m\,3 2
s.t. (5.17b), (5.17(:), (5.17d), (5.17e).

Since Problem (5.17) is not convex and for this kind of multi-variable-optimisation
problem, the classical AO algorithms have been widely applied to decompose the
original problem into several sub-problems to update each variable in a random

order until convergence.
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5.4.1 OfHoading factor Optimisation

In this subsection, A is optimised under fixed power allocation factor m and task-

splitting factor 8. The subproblem can be written as

—f? aaMa —f? ,M —f? C)MC
f (72 ) S (721) b))+exp( f(é )

st by <T —ty. (5.22b)

m}%n 2exp ( )+ 2exp ( ) (5.22a)

According to (5.7) and (5.10), constraint (5.22b) can be rewritten as

(1 — X)) MyCrpu

5 <T—NT,, ke{1,2} (5.23a)
2
M
Zk:l;}f tCopu o _ NT,, k€ {1,2}. (5.23b)

Therefore, Problem (5.22) can be transformed into

_f2(/7a7Ma) _f2<7baMb)

2

_fZ(’Yw MC)

5—")  (5.24n)

m}}n 2exp ( )+ 2exp ( )+ exp (

(5.23a), (5.23b).

Lemma 1: With fixed power allocation factor m and task-splitting factor 3, the

closed-form for A, is given by

(T - NTs)fuser
MkOcpu

Af = max{0, 1— ¥, ke{1,2}. (5.25)

_f2<’Ya7Ma))

Proof: For arbitrary m and 3, the objective function 2 exp ( 5

+2exp (M) +exp (M) is clearly monotonically increasing with respect
(—_fQ(gi’Mi)) (—_fz(;“Mi)) in the objective

to (w.r.t) exp , 1 € {a,b,c}. Besides, each exp

function is monotonically decreasing w.r.t ;. Therefore, the objective function in
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Problem (5.22) is monotonically increasing w.r.t A\;. From (5.22b), it is able to

obtain the lower bound of \;

(T - NTS)quGI‘

1—
Mkccpu

<, keK. (5.26)

If 1 — E=NTo) fuser <0, then T'— NT, > MiCepu Tt means each user can finish their
MkCCPU ’ fuser

own tasks within the time budget and it is not necessary to offload tasks to MEC

server so that A\ = 0. As the objective function is monotonically increasing, the

optimal value of A\ should be A} = max{0, 1 — %}, ke {1,2}.

5.4.2 Transmit Power Optimisation

For given feasible 3 and offloading factor A, by introducing the slack variables

t = [ta, ty, LT and p = [pa, py, pe|’, the subproblem is formulated as

min  2exp (—t,) + 2exp (—tp) + exp (—t.) (5.27a)
m,p
Nlog(1 + pi) — 522
2t ) , b, 5.27b
S T (e I o210
Py ]?
7 > . 5.7
Pialh? + Balha? 102 =" (5:27¢)
Dyho|?

5 5.27d

P o|hy |
ez (5.27¢)

(5.17b), (5.17¢).

Constraint (5.27b) is not convex, it is firstly rewritten it into

t;
N

M;

-t < g (- 57) (5.28)
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Since (5.30) is not convex, the Right-Hand Side (RHS) is approximated by its fist-

order Taylor expression which is given by

1 M;\*
5 (log(l + i) — W) > allog(1 + p;) + b, (5.29)

where a” = log(1 + pi™) — 2 and b = L(al")2 — allog(1 + pi"). An additional

7

auxiliary variable is introduced, t; = [t14, t1p, tLC]T, to approximate the LHS of

constraint (5.26) and the following constraints for the introduced variable is added:

trs < t(1+p)72 (5.30)

Then (?7?) is transformed into

log(t1,:) + 2log(1 + p;) < log(t:). (5.31)

Since (5.31) is still not convex, log(t; ;) and 2log(1 + p;) are approximated by their

first-order approximation around the point <t[1"2> and <p£"1>, which are given by

n 1 n
log(t1,) < log(ty") + o (tas — 1) (5.32a)

[ 1
1
2 n
2log(1 + pi) < 2log(1+ p") + m(ﬂi — ). (5.32b)
Pi

Then the constraint (5.30) can be rewritten into

ti tiy e
A log(1 :
N og(1 + p;) + b (5.33a)

n n n 2
log(t}") + t[ (t — 1) + 2log(1+ p, ]>+m<pi pi") < log(t;). (5.33b)
1, Pi

Additionally, constraints (5.27c) and (5.27d) are not convex. Then, they are equiv-
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alently written into Difference-of Convex forms, which are given by

s Puilhl?

n

Pio|hi|? + Palhol® + o <0, (5.34a)

a

Py|hy?
_ Pofh] <0, (5.34b)

P172|h1|2 + O'T2L

and by rewriting the concave part with the first-order Taylor approximations, the
constraints (5.34a) and (5.34b) are respectively approximated around the point

(m[”}, p[”]) at iteration n by

Prlhaf? P2
Py a|ha|? + Palhof* + o7, — %j%pa—pgﬂ)% <0 (5.35a)
pa (Pa”)
2 o Balol ) P2 LBl
Profl” + o = ==+ (o = py )= 53— < (5.35b)
Py (P

The non-convex subproblem (5.27) is transformed into a convex Problem (5.36)
based on the aforementioned approximation techniques, which can then be solved
via the SCA approach. By approximating a series of convex sub-problems, SCA
solves the original problem. At iteration n, the following problem is solved using

the best solution (m~1, pl"~!) from the preceding iteration n — 1:

min  2exp (—t,) + 2exp (—tp) + exp (—t.) (5.36a)

m,p

s.t. (5.33a), (5.33b), (5.35a), (5.35b)(5.27¢)(5.17b), (5.17c).
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5.4.3 Task-Splitting Factor Optimisation

When transmit power m and the offloading factor A are all fixed, the subproblem

with respect to 3 is given by

max 2exp (—tq) + 2exp (—tp) + exp (—t.) (5.37a)
Nllog(1 + p;) — Z2Me2
st 6 < M=+ i€{a,b,c}, ke{l,2} (5.37b)
(5.17d).

Remark 3: Notice that in (5.37b), the subscription ¢ = {a, ¢} corresponds to k = 1

and ¢ = b corresponds to £ = 2 based on the definition of M; in Sec. 5.3.1.

The constraint (5.37b) is rewritten as
ti S NCz(dz + eiﬁi)2, (538)

2 MM and d; £ log(1 + pi).

where ¢; £ ——1 ¢,
CT—(14p) 2 Tt T N

Similar to Sec. 5.4.1, constraint (5.38) is not convex, (e;3;)? is approximated by
its first-order Taylor approximation around the point (,8[”}) at iteration n which is
given by

(es8)” > (eiB™)? +2(8: — B")(e28") £ @(8"). (5.39)

Thus, constraint (5.37b) is rewritten into

ti < Nei(d? + 2die;8; + ®(BM)). (5.40)
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Therefore, subproblem (5.37) is transformed into

mﬁiln 2exp (—tq) + 2exp (—tp) + exp (—t.) (5.41a)

st. (5.40), (5.17d).

Now, it is easy to verify that all these sub-problems, Problem (5.36) and Problem
(5.41) are convex problems, which can be efficiently solved by standard convex

problem solver such as CVX [143].

According to Lemma 1 and the above two subproblems, AO is applied to solve
Problem (5.21) by utilising the SCA-based algorithm. Specifically, the offloading
factor A is calculated by (5.25) and transmit power m and the task-splitting factor
B are alternately optimised by solving Problem (5.36) and Problem (5.41), respec-
tively. The details of the proposed algorithm are summarised in Algorithm 4 where
7 is the tolerance. Define € = 2 exp (—t,) + 2exp (—t;) + exp (—t.) for convenience

and € = 2exp (—tI") + 2 exp (—tl[?n]) +exp (—t).

At each iteration of Algorithm 4, the transmit power and task-splitting factor
are updated by solving SOCP problems. Each SOCP is solved by using interior-
point method with the computational complexity of O ([X]*>?), where X is the

total number of variables in the corresponding SOCP problem. Although ad-

Algorithm 4: Proposed SCA-based AO algorithm for solving Problem
(5.21)
Initialise: n < 0, €l < 0,and feasible m", gl
Calculate optimal A;, k € {1,2} by Lemma 1.
1 repeat
2 n+<n-+1;
3 Find optimal m™ by solving Problem (5.36) with given 31
4 Find optimal 8" by solving Problem (5.41) with calculated m!™;
5
6

Update e < ¢, ml" « m*, gl « g,
until |€[n] — €[n71]| <
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ditional variables are introduced for approximating convex problems, the main
complexity still comes from the transmit power and task allocation factor design.
With given task allocation factor, the number of variables of Problem (5.41) is
given by Xiransmit power = (K +1). Similarly, the number of variables of Problem
(5.41) is given by Xiask-splitting factor = (/£ +1). The total number of iterations re-
quired for the convergence is O (log (77 !)), where 7 is the convergence tolerance
of Algorithm 4. Therefore, the total computation complexity of Algorithm 4 is
O ((K + 1)*°log (r™1).

5.5 Numerical Results and Discussion

The performance of a FBL RSMA-aided MEC system with two users is evaluated
and compared with conventional transmission schemes in this section. The SCP
performance of RSMA-aided MEC is illustrated. Here, the performance of RSMA
is compared to NOMA.

o« NOMA: This is a special case of RSMA. As specified in Sec. 3.2.2 of Chapter
3, none of the users split their messages in NOMA. The BS sequentially

decodes the user messages based on SIC.

Simulations for the Rayleigh Fading channel with 100 channel realisations are per-
formed. The time budget, T, is 10 ms and the time length of blocklength (in sym-
bol), Ty, is 0.0025 ms. The CPU computation is Cepy = 1000 cycles/bits, fuser = 0.5
GHz and L is assumed to be 5. Without loss of generality, it is assumed that the
noise variance is 1, 02 = 1. The tolerance of the algorithm is set to be 7 = 1073,
Here, the decoding orders of s; ;1 — s3 — 512 of RSMA and s; — s, of NOMA are

chosen, respectively.

121



5.5.1 The SCP versus Task Size

The trend of SCP as the size of tasks increases is shown in Fig. 5.2. Results of
four different blocklengths, N = 250,500,750 and 1000, are compared. In this
simulation, the task size of user-1, My, is from 5k bits to 10k bits and the task size
of user-2 is M, = 5.5k bits. Solid and dash lines represent the transmit SNR of
10 dB and 15 dB, respectively. Recall that when % <T, ke€l,2, user-k can

complete its tasks locally within the time budget, making offloading unnecessary.

Ml C’cpu

user

For user-1, with M; = b5k bits, the local computation time is = 10 ms

< T, so offloading is not required. In contrast, user-2 has a local computation

M2 Ccpu

user

time of = 11 ms > T, necessitating offloading to meet the time budget.
Consequently, transmission errors occur only during user-2’s ofloading process when
M; = bk bits and My = 5.5k bits. As M, increases, resulting in longer local

computation times for user-1, offloading to the MEC server becomes necessary for

user-1. The insights from Fig. 5.2 are summarised as follows.

o Fig. 5.2 firstly illustrates the enhanced SCP performance as SNR increases,
comparing the solid line (SNR=10 dB) and the dashed line (SNR=15 dB).
For example, in Fig. 5.2 (a), with a short blocklength of 250, the SCP of both
RSMA and NOMA drops to 0 when the task size reaches and goes beyond 5.5k
bits given a transmit SNR of 10 dB. This is because the short blocklength
results in a significantly high coding rate in FBL, which, however, can be
mitigated by an increased SNR. As a verification, in Fig. 5.2 (a), when the
transmit SNR increases to 15 dB, the SCP is approximately 0.2 (not zero as

a comparison) for M; = 5.5k bits and drops to 0 when M; = 6k bits.

o Secondly, Fig. 5.2 demonstrates the superiority of RSMA over NOMA in
the MEC scheme. For example, Fig. 5.2 (b), with a task size of 6k bits
and a transmit SNR of 15 dB, RSMA achieves a significantly higher SCP of
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Fig. 5.2: The successful computation probability performance of RSMA and NOMA
versus the size of tasks with two different transmit SNR averaged over 100 random
channel realisations. M, = 5.5k bits. (a) N=250; (b) N=500; (c) N=750; (c)
N=1000.

approximately 0.8 with a blocklength of 500, as shown in Fig. 5.2, compared
to NOMA, which achieves an SCP of about 0.6. At a SCP of 0.5 and a
blocklength of 750, the maximum task sizes for RSMA are approximately
6.1k bits and 7.4k bits, compared to 5.8k bits and 7k bits for NOMA, at

transmit SNRs of 10 dB and 15 dB, respectively, as shown in Fig. 5.2 (c).

The superiority of RSMA over NOMA comes from the higher flexibility in
decoding order and in allocating power to each stream. The streams of the
second decoded user would have a considerable impact on the first decoded
user’s SINR since the decoding order strictly limits NOMA. However, the
decoding order can be more flexible to balance the SINR while decoding each

stream with the help of RSMA by splitting one user, for instance, the decoding
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order for RSMA is 511 — sy — s12. In this approach, the task M; for user-1
is split into two parts which are transmitted by s; 1 and s; 5. The majority of
M, along with a significant portion of user-1’s transmit power, is allocated
to s1,2, which is decoded interference-free after s,. This strategy significantly
reduces the decoding burden on s; ;, enabling more efficient interference man-
agement compared to NOMA, where the entire task M; must contend with
interference. By leveraging task splitting and optimising the power allocation,
RSMA achieves better resource utilisation and improves the overall system

performance.

Finally, Fig. 5.2 (a) - Fig. 5.2 (d) demonstrates an enlarged performance gain
of RSMA over NOMA with the increase of blocklength. Especially in Fig. 5.2
(d), for RSMA, the maximum task size that user-1 can handle is 6.7k bits at
a transmit SNR of 10 dB and 8.2k bits at 15 dB. In comparison, for NOMA,

the maximum task size is 6.5k bits at 10 dB and 7.8k bits at 15 dB.

Additionally, the offloading time, t5 = NTj, increases with the blocklength,
reducing the available computation time, t3. As a result, the user must offload
a larger portion of tasks to the MEC server, leading to a higher coding rate.
In this scenario, RSMA proves advantageous by splitting a user’s tasks, effec-
tively balancing the SINR of each stream and reducing the offloading error

probability.

5.5.2 The SCP versus Blocklength

Fig. 5.3 illustrates the relationship between SCP and blocklength. The comparison

is made for two task sizes, M} = 6k bits, M, = 7k bits and M, = 8k bits, where

k € {1,2}. The transmit SNR is fixed at 15 dB for this simulation. RSMA requires

a shorter blocklength than NOMA to achieve the same SCP. For example, when

124



the task size for both users is 6k bits, RSMA achieves an SCP of 0.5 with 50
fewer blocklengths (in symbol) compared to NOMA as indicated by the two solid
lines. This demonstrates that RSMA can effectively reduce latency by requiring less
blocklength. As the task size increases, the SCP performance gain of RSMA over
NOMA becomes more significant, as illustrated by the other two groups of lines. For
larger task sizes, the coding rate increases proportionally, placing a heavy burden on
decoding s; at the MEC server, as its SINR is heavily influenced by so for NOMA.
To decode sy at a high coding rate, more power is allocated to s, which results in

an increasing interference experienced by s.

1
09r
0.8
0.7
0.6
o
O 051
%)
0.4
03[ RSMA: 6-k bit Task
NOMA: 6-k bit Task
0.2 — — —RSMA: 7-k bit Task |
— — —NOMA: 7-k bit Task
0.1 —¥%— RSMA: 8-k bit Task | -
—— NOMA: 8-k bit Task
O 1 1
0 500 1000 1500 2000 2500 3000
Blocklength

Fig. 5.3: The successful computation probability performance of RSMA and NOMA
versus blocklength with two different task sizes averaged over 100 random channel
realisations. Transmit SNR is 15 dB.
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5.5.3 The SCP versus Transmit SNR

Fig. 5.4 shows the trend of SCP as the transmit SNR increases with more compre-
hensive simulations. The comparison includes results for five specific blocklengths:
N = 500, 1000, 1500, 2000 and 3000. In this simulation, both user-1 (M) and
user-2 (M;) have task sizes of 7k bits. The blue lines represent RSMA, while the

red lines correspond to NOMA.

In Fig. 5.4, with blocklength of 500, neither RSMA and NOMA can successfully
complete own tasks within the time budget (SCP is 0) since the coding rate is
too high. As the blocklength increases, the SCP performance improves with the
SCP of NOMA remains consistently lower than RSMA. The gain of RSMA over
NOMA does not continue to increase with blocklength, instead, it saturates at the

blocklength of approximately 1000, revealing the performance limit of RSMA.
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Fig. 5.4: The successful computation probability performance of RSMA and NOMA
versus transmit SNR with four different finite blocklength averaged over 100 random
channel realisations. M; = 7k bits. My = 7k bits.
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These numerical results demonstrates that RSMA with a decoding order of s; 1 —
Sy — s12 achieves a higher SCP compared to NOMA with a decoding order of
s1 — S in FBL regime. The superior performance of RSMA can be attributed to
its ability to allocate transmit power and offloading task size between split streams,

balancing the SINR and enhancing overall SCP performance.
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5.6 Summary

This chapter introduces an RSMA-aided MEC system operating in the FBL regime,
where SCP serves as a critical metric. The study focuses on a two-user RSMA-aided
MEC system, aiming to optimise power allocation, task-splitting factor, and offload-
ing factors to maximise SCP. Emphasising the scenario where only one user’s task
is split, simulations demonstrate that the RSMA-aided MEC system achieves sig-
nificantly higher SCP compared to traditional schemes such as NOMA with FBL
constraints. Furthermore, RSMA enables reduced latency by achieving comparable
SCP to NOMA with shorter blocklengths. These findings shows RSMA-assisted
MEC as a promising approach for reliable, low-latency wireless communication sys-

tems in the future.

In conclusion, RSMA continuously produces a higher SCP than NOMA in FBL
regime, allowing RSMA to provide a more dependable performance. Besides, RSMA
achieves much lower latency while achieving the same SCP as NOMA with a shorter
blocklength. Since this work is based on a two-user SISO system, the general K-user

MIMO system can be studied in the future.
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Chapter 6

Conclusions

6.1 Summary of Thesis Achievements

In this thesis, the investigation of the application of uplink RSMA and RSMA-
aided MEC system in the FBL regime are studied, addressing several optimisation
problems and algorithms across various scenarios. These include a two-user up-
link SISO channel system with/without time-sharing, and a K-user uplink MIMO
channel system with optimised precoders and combiner followed by the PHY-layer
simulations and an RSMA-aided MEC system. Extensive simulation results and

analysis are presented to evaluate the performance of the proposed schemes.

In Chapter 3, RSMA in uplink communications is introduced into the FBL regime,
catering to low latency requirements. A two-user uplink SISO system is investi-
gated, aiming to optimise power and rate allocation factors for maximising sum-
throughput and rate region with/without time-sharing. At the same time, the im-
pact of blocklength and transmission rate on the throughput and error probability
performance of RSMA with the message of only one user being split is considered.

Through simulations, the superiority of uplink SISO RSMA in the FBL regime is
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demonstrated, showing higher sum-throughput at the same transmission rate and
a larger rate region under the same error probability constraints compared to con-
ventional schemes, i.e. NOMA. Moreover, RSMA can achieve the same throughput
as NOMA with a shorter blocklength, thereby reducing the latency. The results
underscore the potential of uplink RSMA as a promising multiple access strategy

for future wireless communications characterised by reliability and low latency.

In Chapter 4, the performance of RSMA with multiple transmit and receive anten-
nas under FBL constraints in short-packet uplink communications is investigated.
Considering a K-user uplink system, an uplink MIMO RSMA framework is pro-
posed and both precoders and combiners with the MMF metric are optimised. Given
the strong coupling between precoders and combiners, AO is employed to decom-
pose the optimisation problem into two subproblems. To tackle these subproblems,
an approach based on SCA is proposed. A low-complexity method for decoding
order at the receiver is also introduced. Extensive numerical simulations show that
under finite FBL constraints, RSMA achieves higher MMF compared to NOMA
and SDMA at the same blocklength. Moreover, as the blocklength increases, FBL
RSMA outperforms IFBL NOMA and IFBL SDMA. In multi-user scenarios, FBL
RSMA with one splitting user exhibits considerable gains over FBL NOMA and
FBL SDMA. These gains become more pronounced in overloaded network condi-
tions. Additionally, the benefits of splitting multiple users are also demonstrated.
Furthermore, the design and evaluation of the practical PHY-layer architecture of
RSMA for uplink scenarios are done. The LLS results demonstrate that in practical
settings, FBL RSMA consistently outperforms FBL NOMA and SDMA in MIMO
channels, leading us to conclude that uplink MIMO RSMA is superior to existing
transmission schemes and has great potential to improve the system performance

of future communication networks.

In Chapter 5, RSMA with FBL constraints is introduced into the MEC system,
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catering to high SCP and low latency requirements. A two-user RSMA-aided MEC
system is investigated, aiming to maximise SCP by optimising power allocation,
task-splitting factor, and offloading factor with the task from only one user being
split based on the conclusion of Chapter 3. Through simulations, the superiority
of RSMA-aided MEC system in the FBL regime is demonstrated, showing higher
SCP compared to conventional schemes, i.e. NOMA. Moreover, RSMA can achieve
the same SCP as NOMA with a shorter blocklength, thereby reducing the latency.
The results prove the potential of RSMA-aided MEC as a promising multiple access
strategy and system for future wireless communications characterised by reliability

and low latency.
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6.2 Future Work

In conclusion of this thesis, some potential future research directions are listed as

follows:

1. RSMA in FBL regime with imperfect CSIT: In Chapter 3, 4, and 5,
the assumption of perfect CSIT and CSIR has been made to shed light on
how RSMA performs with FBL. Unfortunately, in practice, CSIT and CSIR
are always imperfect due to pilot reuse, channel estimation errors, pilot con-
tamination, limited and quantised feedback accuracy, delay/latency, mobility
(due to ever-increasing speeds of vehicle/trains/satellite/flying objects and
emerging applications as Vehicle-to-Everything), Radio Frequency (RF) im-
pairments (e.g., phase noise), inaccurate calibrations of RF chains, subband
level estimation [31]. Although extensive works are studying downlink RSMA
performance with infinite blocklength and imperfect CSIT and the superior-
ity of RSMA over conventional strategies has been shown in terms of CSIT
inaccuracy and DoF [35,150-152], there is no work focusing on uplink RSMA
performance with IFBL and imperfect CSIT. Moreover, the performance of
uplink FBL. RSMA with imperfect CSIT is an open problem worth future

investigation.

2. RSMA for mMTC in FBL regime: In addition to FBL code for URLLC
addressed in Chapter 3, 4 and 5 of this thesis, there is another application
which is also important to 5G and beyond communication, namely mMTC.
Besides, [oT is essential for 5G and beyond as it provides advanced solu-
tions for smart cities via a massive number of IoT devices. mMTC, which
is tailored for massive loT applications, has been included in 3GPP Release
13 [153] as an instrumental usage scenario for ultimately realising massive con-

nectivity among IoT devices with low complexity and low power. Although

132



there is one work investigating uplink RSMA with enhanced Mobile Broad-
band (eMBB)-URLLC-mMTC [57], the performance of uplink FBL RSMA

with hybrid requirements is an open problem worth future investigation.

. Physical layer security of RSMA: Privacy/security is one of the most
challenging and critical issues in wireless communications due to the broadcast
nature of wireless channels. Reference [154] was the first work showing the
explicit gain regarding max-min secrecy rate gain of RSMA over SDMA and
NOMA. [155] has demonstrated cooperative RS yields a secrecy sum-rate
gain over cooperative NOMA and SDMA. Additionally, in Time Division
Depulx (TDD) massive MIMO, pilot-contamination attackers may have an
impact on the uplink channel estimation by actively transmitting the same
pilot sequence as the legitimate users in an effort to diminish the estimated
CSIT of the legitimate users. Motivated by RSMA’s enhanced robustness to
pilot contamination [156], it is worth looking into how well RSMA performs
in terms of secrecy rate in TDD massive MIMO to see if it can combat pilot

contamination attacks.
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