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Abstract

Rate-splitting multiple access (RSMA) has emerged as a powerful and flexible
non-orthogonal transmission, multiple access (MA) and interference management
scheme for future wireless networks. This thesis is concerned with the application of
RSMA to non-terrestrial communication and sensing networks. Various scenarios

and algorithms are presented and evaluated.

First, we investigate a novel multigroup/multibeam multicast beamforming strategy
based on RSMA in both terrestrial multigroup multicast and multibeam satellite
systems with imperfect channel state information at the transmitter (CSIT). The
max-min fairness (MMF')-degree of freedom (DoF) of RSMA is derived and shown
to provide gains compared with the conventional strategy. The MMF beamforming
optimization problem is formulated and solved using the weighted minimum mean
square error (WMMSE) algorithm. Physical layer design and link-level simulations
are also investigated. RSMA is demonstrated to be very promising for multigroup
multicast and multibeam satellite systems taking into account CSIT uncertainty

and practical challenges in multibeam satellite systems.

Next, we extend the scope of research from multibeam satellite systems to satellite-
terrestrial integrated networks (STINs). Two RSMA-based STIN schemes are
investigated, namely the coordinated scheme relying on CSI sharing and the co-
operative scheme relying on CSI and data sharing. Joint beamforming algorithms
are proposed based on the successive convex approximation (SCA) approach to
optimize the beamforming to achieve MMF amongst all users. The effectiveness and

robustness of the proposed RSMA schemes for STINs are demonstrated.

Finally, we consider RSMA for a multi-antenna integrated sensing and communi-
cations (ISAC) system, which simultaneously serves multiple communication users
and estimates the parameters of a moving target. Simulation results demonstrate
that RSMA is beneficial to both terrestrial and multibeam satellite ISAC systems by
evaluating the trade-off between communication MMF rate and sensing Cramér-Rao

bound (CRB).
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6G sixth generation

ADMM alternating direction method of multipliers
AMC adaptive modulation and coding

AWGN additive white Gaussian noise

B5G beyond fifth generation
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BS base station
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CRB Cramér-Rao bound
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FDMA frequency division multiple access
FeMBB further-enhanced mobile broadband
FIM Fisher information matrix

GEO geostationary orbit

GW gateway

IoT Internet-of-Things

ISAC integrated sensing and communications
LEO low Earth orbit

LLS link-level simulation

LMI linear matrix inequality

LOS line-of-sight

MA multiple access

MFR minimum fairness rate

MIMO multiple-input multiple-output
MISO multiple-input single-output
MMF max-min fairness

MMSE minimum mean square error
MSE mean square error

MU multiuser

MU-LP multiuser linear precoding
NOMA non-orthogonal multiple access

NTN non-terrestrial network
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OFDMA orthogonal frequency division multiple access
OMA orthogonal multiple access

PHY physical layer

QAM quadrature amplitude modulation
QoS quality-of-service

QPSK quadrature-phase-shift-keying
RAN radio access network

RCS radar cross-section

RSMA rate-splitting multiple access
RF radio frequency

RMSE root mean square error

SA A sample average approximation
SAGIN space-air-ground integrated network
SC superposition coding

SCA successive convex approximation
SDMA space-division multiple access
SDP semi-definite programming

SDR semi-definite relaxation

SIC successive interference cancellation
SINR signal-to-interference-noise ratio
SISO single-input single-output

SNR signal-to-noise ratio
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SOCP second-order cone program

STIN satellite-terrestrial integrated network

SUs satellite users

SWIPT simultaneous wireless information and power transfer
TDMA time division multiple access

UAV unmanned aerial vehicle

ULA uniform linear array

umMTC ultra massive machine type communication
UPA uniform planar array

V2X vehicle-to-everything

VoD video on demand

WIPT wireless information and power transfer
WMMSE weighted minimum mean square error
WSR weighted sum-rate
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Chapter 1

Introduction

With the rapid development of wireless communications over the past few decades,
the next-generation wireless networks, e.g., beyond fifth generation (B5G) and
sixth generation (6G) have attracted widespread attention from both academia
and industry. It is envisioned that B5G/6G will enable Internet to Everything,
and will cope with the increasing demands for high throughput, reliability, hetero-
geneity of quality-of-service (QoS), and massive connectivity to satisfy the require-
ments of further-enhanced mobile broadband (FeMBB), extremely ultra reliable
and low-latency communication (eURLLC), ultra massive machine type communi-
cation (umMTC) and new services such as integrated sensing and communications,
integrated satellite-terrestrial, and extended reality [1]. To accommodate these
requirements of next-generation wireless networks, multiple access (MA) techniques
have become increasingly imperative to make better use of wireless resources and

manage interference more efficiently.
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24 Chapter 1. Introduction

1.1 Toward Rate-Splitting Multiple Access

The past decades have witnessed the evolution of MA schemes. The previous
generations of wireless networks rely on orthogonal multiple access (OMA) which
allocates orthogonal radio resources to users to alleviate multi-user interference, such
as using frequency division multiple access (FDMA), time division multiple access
(TDMA), code division multiple access (CDMA) or orthogonal frequency division
multiple access (OFDMA). The choice of orthogonal radio resource allocation is
motivated by avoiding multiuser interference and high transceiver complexity [2].
However, such an approach leads to inefficient use of radio resources. In fourth
generation (4G) and fifth generation (5G), multiple-input multiple-output (MIMO)
processing plays a pivotal role in wireless systems, and MA techniques are adopted in
conjunction with multiuser (MU)-MIMO to achieve higher throughput by exploiting

the spatial dimension resources.

The utilization of spatial domain and multi-antenna processing opens the door for
space-division multiple access (SDMA), a well-established MA technique based on
multiuser linear precoding (MU-LP). MU-LP is an efficient precoding strategy! for
the multi-antenna broadcast channel (BC), which relies on linear precoding (also
called beamforming) at the transmitter, and treats multiuser interference as noise at
the receivers. It is able to achieve near-capacity performance when perfect channel
state information at the transmitter (CSIT) is assumed and the user channels are
nearly orthogonal with similar channel strengths or similar long-term signal-to-noise
ratio (SNR) [2]. Through SDMA, multiple users are served in a non-orthogonal
manner in the same time-frequency domain and the interference can be significantly

mitigated by spatial beamforming. An alternative interpretation is that SDMA relies

'In this thesis, only channel-level precoding strategies are considered. These strategies exploit
the knowledge of CSIT to design precoders to be applied to multiple data streams, thus suppressing
interference. Note that symbol-level precoding uses the knowledge of both symbols of users and
CSIT to exploit, rather than suppress constructive interference [3,4].
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on a transmit-side interference cancellation strategy. It has received considerable
attention in the past decade and has become the basic principle behind numerous 4G
and 5G techniques. However, its limitations are as follows. First, when the system
is overloaded, i.e., when the number of served users is larger than the number of
transmit antennas, the multiuser interference cannot be successfully suppressed, thus
leading to significant multiplexing gain and rate loss. Second, SDMA is sensitive to
the channel strength and orthogonality. Schedulers are expected to pair users with
nearly orthogonal channels and relatively similar channel strengths. Therefore, the
complexity of scheduling and user pairing according to the user channel conditions
is not practical when conducting an exhaustive search process [5]. Scheduling
algorithms with low complexity are required. Third, SDMA highly relies on the
availability of accurate CSIT. The beamforming and interference nulling ability
heavily depend on the CSIT accuracy. Applying SDMA designed for perfect CSIT
in the presence of imperfect CSIT can result in residual multiuser interference caused
by the imprecise beamforming at the transmitter. However, the CSIT is always
imperfect in practice due to channel estimation errors, pilot contamination, limited
and quantized feedback accuracy, delay, mobility, inaccurate calibration of radio

frequency (RF) chains, etc [6].

Another non-orthogonal MA scheme which superposes users in the same time-
frequency resource is known as power-domain non-orthogonal multiple access (NOMA ).
NOMA relies on superposition coding (SC) at the transmit side and successive in-
terference cancellation (SIC) at the receive side. SC-SIC has been studied for
decades and is well known to achieve the capacity region of the single-input single-
output (SISO) BC [7]. Through NOMA, at least one user is forced to fully decode
the messages of the other co-scheduled users, and then remove them from its ob-

servation before decoding its own message. Interference is therefore removed. An

2In this thesis, we focus only on power-domain NOMA and simply use NOMA to represent
power-domain NOMA.
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alternative interpretation is that NOMA relies on a receiver-side interference cancel-
lation strategy. Due to the benefits of multi-antenna over single-antenna systems,
multi-antenna NOMA has been studied in a great number of literature in the past
few years. Similar to the benefit of using SC-SIC in SISO BC, multi-antenna NOMA
is very effective to cope with an overloaded deployment especially when the channels
are closely aligned, and channel disparity can further promote the advantage of
NOMA. However, the limitations of multi-antenna NOMA are as follows. First,
different from the degraded SISO BC where the users can be ordered based on their
channel strengths, the multi-antenna BC is non-degraded and the users cannot be
ordered based on channel strengths. The precoders and decoding orders need to
be jointly optimized. As the number of users increases, the number of decoding
orders increases exponentially. Second, a great number of SICs are conducted at
the receivers, which results in high receiver complexity. The number of SIC layers
increases as the user number grows. Accordingly, multi-antenna NOMA can impose
a significant computational burden on both the transmitter and the receivers. Third,
the spatial domains cannot be efficiently used, and there exists a multiplexing gain
loss. As analyzed in [8], for a multiple-input single-output (MISO) BC, the sum
multiplexing gain achieved by multi-antenna NOMA is reduced to unity, which is
the same as the multiplexing gain of OMA /single user MISO transmission. Fourth,
the performance of NOMA is sensitive to channel strength and orthogonality. When
the user channels are not aligned or with similar channel strengths, the performance

degrades.

Indeed, SDMA and NOMA can be seen as two extreme interference management
strategies, namely fully treating interference as noise and fully decoding interference.
To overcome the limitations of both strategies and take full advantage of their
benefits, rate-splitting multiple access (RSMA) has emerged as a promising and
powerful non-orthogonal transmission, interference management and MA scheme

for future multi-antenna wireless networks owning to its capability to enhance
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the system performance in a wide range of network loads, user deployments and
CSIT qualities. In [9], RSMA has been analytically demonstrated to generalize
several existing MA techniques, namely SDMA, NOMA, OMA and physical-layer
multicasting. RSMA relies on linearly preceded rate-splitting at the transmitter,
and SIC at the receivers. The key behind the flexibility and robust manner of
RSMA is to split user messages into common and private parts such that each of
these parts can be decoded flexibly at one or multiple receivers. Through SIC, users
sequentially decode the intended common streams (and therefore decode part of the
interference). The private streams are only decoded by their corresponding users.
This framework enables the capability of RSMA to partially decode the interference
and partially treat interference as noise. Alternatively, RSMA can be interpreted
as a smart combination of transmit-side and receive-side interference cancellation
strategy, where the contribution of the common parts and the power allocated
to the common and private parts can be adjusted flexibly [1]. This departs from
the transmit-side-only and receive-side-only interference management strategies,
e.g., SDMA and NOMA respectively. As a consequence, RSMA has the flexibility
to cope with various interference levels and user deployment scenarios. RSMA is
very robust to channel disparity, channel orthogonality and network loads [5]. It is
demonstrated to provide benefits in terms of multiplexing gain, system spectral and

energy efficiency with both perfect CSIT and imperfect CSIT [1,2].

1.2 Motivation and Organization

With the explosive growth of data traffic and high demand for wireless connectivity
in B5G/6G, existing cellular infrastructures may no longer provide ubiquitous and
high-capacity global coverage to rural and remote areas [10]. Thereby, non-terrestrial

network (NTN) is envisioned to provide heterogeneous services and seamless network



28 Chapter 1. Introduction

coverage for everyone and everything by complementing and extending terrestrial
networks. The roles of NTNs lie in enhancing the availability in unserved (e.g.,
deserts, oceans, forests) or underserved areas (e.g., rural areas), enabling service
reliability by providing service continuity for Internet-of-Things (IoT) devices or
passengers on board moving platforms, and offering an infrastructure resilient to

natural disasters on the ground.

In this thesis, amongst the NTN platforms spanning from satellite-based and airborne-
based platforms, we particularly focus on the multibeam satellite systems that have
received considerable attention in recent years due to the full frequency reuse
across multiple narrow spot beams towards higher throughput [11,12]. The available
spectrum is aggressively reused, and thus inter-beam interference increases. Moreover,
by combining the advantages of both satellite and terrestrial networks, the satellite-
terrestrial integrated network (STIN) architecture shows great potential to find
a new development path toward ubiquitous wireless networks [13]. The satellite
sub-network shares the same frequency band as the terrestrial sub-network, and
severe interference in and between the subnetworks is induced. Hence, analogous to

terrestrial networks, it is deemed necessary to explore efficient MA strategies.

In addition to the demand for high-quality wireless connectivity, a common theme
for the future trend is that sensing will play a more significant role than ever
before and the demand for robust and accurate sensing capability increases [14].
Sharing of the frequency bands between radar sensors and communication systems
has received considerable attention from both industry and academia, therefore
motivating the research on integrated sensing and communications (ISAC) systems.
ISAC systems can simultaneously perform wireless communications and remote
sensing. Both functionalities are combined via shared use of the spectrum, the
hardware platform and a joint signal processing framework. Such design leads

to a trade-off between communication and radar performance and also calls for
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flexible and robust MA strategies. Driven by the appealing benefits of RSMA
in multi-antenna wireless communications, the main objective of this thesis is to
investigate the application of RSMA to the aforementioned scenarios and enabling
technologies in non-terrestrial communication and sensing networks, namely the
multigroup multicast and multibeam satellite systems, STIN and ISAC systems,

which are envisioned to play key roles in next-generation wireless networks.
The remainder of this thesis is organised as follows:

In Chapter 2, we review the fundamentals and related works of this thesis by
introducing the principles of downlink RSMA and the state-of-the-art works on

multigroup multicast and multibeam satellite systems, STIN and ISAC systems.

In Chapter 3, we investigate the application of RSMA for multigroup/multibeam
multicast beamforming in the presence of imperfect CSIT. The effectiveness of
RSMA is demonstrated in both cellular multigroup multicast and multibeam satellite
systems to manage interference, taking into account various practical challenges.
Physical (PHY) layer design and link-level simulations are also investigated. RSMA
is demonstrated to be a very promising MA strategy for practical implementation

in numerous application areas.

In Chapter 4, we introduce RSMA to STIN considering either perfect CSIT or
imperfect CSIT with satellite channel phase uncertainties at the gateway (GW). Two
RSMA-based STIN schemes are presented. Simulation results show the superiority
of the proposed RSMA-based STIN to manage the interference in and between the

satellite and terrestrial sub-networks.

In Chapter 5, we investigate the application of RSMA for ISAC systems, where the
ISAC platform has a dual capability to simultaneously communicate with downlink
users and probe detection signals to a moving target. Through RSMA-assisted ISAC

beamforming design, RSMA is shown to be very promising for both terrestrial and
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satellite ISAC systems to manage the multiuser/inter-beam interference as well as

performing the radar functionality.

Finally, in Chapter 6, we conclude the thesis by summarising the achievements and

discussing possible directions for future works.

1.3 List of Contributions

The novel contributions of this thesis are listed as follows:

1. Max-min fairness (MMF)-degree of freedom (DoF) of RSMA is analyzed
in multigroup multicast with imperfect CSIT. RSMA is shown to provide

MMF-DoF gains in both underloaded and overloaded systems.

2. An RSMA-based MMF multigroup multicast beamforming optimization prob-
lem with imperfect CSIT is formulated to investigate whether the MMF-DoF
gain translates into MMF rate gain. A weighted minimum mean square

error (WMMSE) algorithm is developed to solve the problem.

3. The RSMA-based multigroup multicast framework and algorithm are applied
to a multibeam satellite setup. A novel RSMA-based multibeam multicast

beamforming scheme is therefore studied.

4. The RSMA transmitter and receiver architecture and link-level simulation
(LLS) platform are designed by considering finite length polar coding, finite

alphabet modulation, adaptive modulation and coding (AMC) algorithm, etc.

5. The MMF rate/throughput performance of the proposed RSMA-based multi-
group/multibeam multicast is compared with conventional strategies in both

cellular and multibeam satellite systems.
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6. A multiuser downlink RSMA-based STIN is presented, where the GW operates
as a control center to implement centralized processing. Two integration levels
of RSMA-based STIN are proposed, namely the coordinated scheme, and the

cooperative scheme.

7. MMF RSMA-based STIN beamforming optimization problems are formulated
considering both perfect CSIT and imperfect CSIT with satellite channel phase
uncertainty. Iterative algorithms based on SCA are proposed respectively to

solve the optimization problems.

8. The MMF rate performance of the proposed RSMA-based STIN is compared

with several conventional baseline strategies.

9. A general RSMA-assisted ISAC system is presented, where the antenna array
is shared by a co-located monostatic MIMO radar system and a multiuser

communication system.

10. An RSMA-assisted ISAC beamforming optimization problem is formulated to
investigate the trade-off between the radar and communication performance.

An iterative algorithm based on SCA is proposed to solve the problem.

11. The performance of the proposed RSMA-assisted ISAC beamforming is com-
pared with conventional baseline strategies considering both terrestrial and

multibeam satellite ISAC systems.

1.4 Publications

The material presented in this thesis has led to the following publications:

1. L. Yin and B. Clerckx, ”"Rate-Splitting Multiple Access for Multigroup Multi-

cast and Multibeam Satellite Systems,” in IEEFE Transactions on Communi-
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cations, vol. 69, no. 2, pp. 976-990, Feb. 2021. [Chapter 3]

2. L. Yin and B. Clerckx, ”Rate-Splitting Multiple Access for Multibeam Satellite
Communications,” in IEFEE International Conference on Communications

Workshops (ICC Workshops), 2020, pp. 1-6. [Chapter 3]

3. L. Yin, O. Dizdar and B. Clerckx, ”Rate-Splitting Multiple Access for Multi-
group Multicast Cellular and Satellite Communications: PHY Layer Design

and Link-Level Simulations,” in IEEE International Conference on Communi-

cations Workshops (ICC Workshops), 2021, pp. 1-6. [Chapter 3]

4. L. Yin and B. Clerckx, ”Rate-Splitting Multiple Access for Satellite-Terrestrial
Integrated Networks: Benefits of Coordination and Cooperation,” in IEEE

Transactions on Wireless Communications, vol. 22, no. 1, pp. 317-332, Jan.

2023. [Chapter 4]

5. L. Yin, Y. Mao, O. Dizdar and B. Clerckx, ” Rate-Splitting Multiple Access
for 6G—Part II: Interplay With Integrated Sensing and Communications,” in
IEEE Communications Letters, vol. 26, no. 10, pp. 2237-2241, Oct. 2022.

[Chapter 5]

6. L. Yin and B. Clerckx, "Rate-Splitting Multiple Access for Dual-Functional
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1.5 Notation

The following notation is used throughout the thesis. Boldface uppercase, bold-
face lowercase and standard letters denote matrices, column vectors, and scalars
respectively. The N x N identity matrix is denoted by Iy, where N is the size

of the identity matrix. R and C denote the real and complex domains. E(-) is
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the expectation of a random variable. The real part of a complex number z is
represented by R (z). The operators (-)" and (-)" denote the transpose and the
Hermitian transpose respectively. tr () denotes the trace operator. A > 0 means
that the symmetric matrix A is positive semidefinite. diag(a) is a diagonal matrix
with diagonal entries given by the elements of a. On the other hand, diag (A) is a
vector with entries given by the diagonal elements of A. |-| denotes the absolute

value or the size of a set. [|-|| denotes the Euclidean norm.



Chapter 2

Background

In this chapter, the background knowledge and state-of-the-art works covered in this
thesis are presented, including the fundamentals of downlink RSMA, multigroup
multicast and multibeam satellite systems, satellite-terrestrial integrated networks

and integrated sensing and communications.

2.1 Fundamentals of Downlink RSMA

We consider a MISO BC system, where K single-antenna users are simultaneously
served by a base station (BS) equipped with N; transmit antennas. As shown in Fig.
2.1, the message intended for user-k, k € K = {1,--- , K} denoted as W}, is split
into a common part W, and a private part W, ;. The common parts are combined
into a common message W, = {W,1,--- , W, x}, which is then encoded into a single
common stream W, — s.. The private messages are encoded into corresponding

private streams W), — si, Yk € K.

By defining p. € CV*! and p;, € CN*1| ¥k € K as the linear precoders/beamforming

34
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Figure 2.1: Transceiver architecture of K-user downlink RSMA.

vectors, the transmit signal x € CM*! can be written as

K
x = Ps = p.s. + Z PkSk, (2.1)
k=1
where P = [p., p1,- - , Px| denotes the beamforming matrix. The vector of symbol
streams to be transmitted is s = [s., S, - - ,sK]T e CE+DXL We agsume E {SSH} =

I, thus the sum transmit power constraint at the transmitter is tr (PPH) < P,

where P is the transmit power budget. The received signal at user-k is given by

K

ye =h'x + n = hf'pesc + b1 > prsi + g, (2.2)
)

where h;, € CM*! denotes the channel vector between the transmitter and the k-th
user. ny, ~ CN (0,02 ) is the receiver additive white Gaussian noise (AWGN) of

: 2 : 2 _
zero mean and variance oy ;. It is assumed that oy, -, 05 = 0.

At the receiver side, each user sequentially decodes the common stream and the
intended private stream to recover its message. User-k first decodes the common

stream by treating the interference from all private streams as noise. Hence, the
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signal-to-interference-noise ratio (SINR) of decoding s. at user-k is expressed as

2
Ih/p.|

S—
> e W pil” + 02

’}/CJg = (23)

After successfully decoding and removing the common stream using SIC!, user-k
decodes its own private stream by treating the private streams of other users as
noise. By considering perfect SIC, the SINR of decoding s; at user-k is expressed as
2
{hllc{pk|

Tk = ) : (2.4)
Zielc,i;ék |hi'pi|” + o2

Under the assumption of Gaussian signalling and infinite block length, the achievable
rates for decoding the common and private streams at user-k are respectively
R, = logy (1 +7.x) and Ry, = log, (1 +7%). To ensure the common stream s, is
successfully decoded by all users, its rate cannot exceed R. = mingex R k. Since s,
contains messages We1,- -+, W, i of the K users, let C}, denote the portion of rate
R, allocated to user-k for W, . Then, we have R, = ZkeK C). As a consequence,

the overall achievable rate of user-k is writtn as Ry ;o0 = C + Ry.

The beamforming matrix P = [p., p1,- - , Px| can be designed using low-complexity
methods, such as zero-forcing beamforming (ZFBF) for the private streams and
multicast precoders (e.g., dominant singular vector of concatenated channel matrix)
for the common stream. Alternatively, the precoders can be optimized via different
objectives, e.g., maximizing the weighted sum-rate (WSR) [5, 16], maximizing the

energy efficiency (EE) [17], etc.

It should be noted that in this section, the fundamentals of downlink RSMA is
introduced based on one-layer RSMA, the simplest and most practical RSMA

implementation [2], and will be utilized throughout this thesis. Interested readers

!'Throughout this thesis, perfect CSIR is assumed, where the common stream can be removed
perfectly by SIC. For imperfect CSIR, please see [15].
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are referred to [2] for a more comprehensive study on the other forms of RSMA.
One-layer RSMA requires only one layer of SIC at each receiver. User grouping
and ordering are not required since each user decodes the common stream before
decoding its private stream. Compared with the generalized RSMA elaborated in [5],
which involves multiple common streams and requires multiple SIC layers at the
receivers, the encoding complexity, scheduling complexity and receiver complexity
are reduced tremendously. Results in [5] show that the low complexity one-layer
RSMA has a comparable rate performance to the generalized RSMA. The advantage
of complexity reduction becomes more significant when the user number increases.
Thanks to the inherent message splitting capability which is not featured in any

other MA schemes, RSMA allows to:

1) partially decode interference and partially treat interference as noise (hence its

efficiency, flexibility, reliability, and resilience),

2) reconcile the two extreme strategies of interference management and multiple MA

schemes into a single framework (hence its generality /universality),

3) achieve optimal DoF in practical scenarios subject to imperfect CSIT [1].

In the literature, the benefits achieved by RSMA have been investigated in a wide
range of multi-antenna scenarios, namely multiuser unicast transmission with perfect
CSIT [5,9,18,19], imperfect CSIT [16,20-25], multigroup multicast transmission [26—
29], as well as superimposed unicast and multicast transmission [17], etc. According
to the analysis and simulations, [5] shows that RSMA is more robust to the influencing
factors such as channel disparity, channel orthogonality, network load, and quality
of CSIT. For imperfect CSIT, the sum-DoF and MMF-DoF of underloaded MU-
MISO system are studied in [16] and [21]. RSMA is demonstrated to further
exploit spatial dimensions. The superior performance of RSMA can also be seen

in massive MIMO systems with residual transceiver hardware impairments [30],
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mmWave communications [31] and simultaneous wireless information and power
transfer (SWIPT) networks [17], etc. The performance gains of RSMA are not just
limited to the assumption of Gaussian signalling and infinite block lengths, but are
realized for practical systems as well in throughput performance through link-level

simulations [32,33].

2.2 Multibeam Satellite Systems

Satellite communications, appealing for its ubiquitous coverage, will play a key
role in the next generation of wireless communications [34]. It not only provides
connectivity in unserved areas but also decongests dense terrestrial networks. In
recent years, multibeam satellite communication systems have received considerable
research attention due to the full frequency reuse across multiple narrow spot beams
towards higher throughput [11,12]. Multibeam satellites are equipped with multiple
antenna feeds and serve multiple user groups within multiple co-channel beams. Since
the available spectrum is aggressively reused, interference management techniques
become particularly important. Based on state-of-the-art technologies in DVB-
S2X [35], each spot beam of the satellite serves more than one user simultaneously
by transmitting a single coded frame. Multiple users within the same beam share
the same precoding vector. Since different beams illuminate different groups of
users [36], this promising multibeam multicasting follows the physical layer (PHY)

multigroup multicast transmission.

Multicast transmission is at first considered in [37] with a single-group setup. Then,
the problem is extended to multigroup multicast in [38] where the beamforming
design is investigated in two optimization perspectives, namely the QoS-constrained
transmit power minimization (QoS problem) and the power-constrained max-min

fairness (MMF') problem. Both formulations are shown to be NP-hard, containing the
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multiuser unicast and the single-group multicast as extreme cases. The combination
of semi-definite relaxation (SDR) and Gaussian randomization, together with the
bisection search algorithm are elaborated to generate feasible approximate solutions.
Alternatively, a convex-concave procedure (CCP) [39] algorithm is demonstrated to
provide better performance. However, its complexity increases dramatically as the
problem size grows. In [40], a low-complexity algorithm for multigroup multicast
beamforming based on alternating direction method of multipliers (ADMM) together
with CCP is proposed for large-scale wireless systems. Moreover, the multigroup
multicast beamforming is extended to many other scenarios, including the per-
antenna power constraint addressed in [41], Cloud-radio access network (RAN)
with wireless backhaul [42], coordinated beamforming in multi-cell networks [43],
cache aided networks [44] and massive MIMO [45]. Since one practical application
of multigroup multicast is found in multibeam satellite communication systems,
in the literature of multibeam satellite systems, a generic iterative algorithm is
proposed in [46] to design the precoding and power allocation alternatively in a
TDM scheme considering a single user per beam. Then, multibeam multicast is
considered. [35] proposes a frame-based precoding problem for multibeam multicast
satellites. Optimization of the system sum rate is considered under individual
power constraints via an alternating projection technique with an SDR procedure,
which is adequate for small to medium-coverage areas. In [47], a two-stage low
complex beamforming design for multibeam multicast satellite systems is proposed.
The first stage minimizes inter-beam interference, while the second stage enhances
intra-beam SINR. [36] studies the sum rate maximization problem in multigateway
multibeam satellite systems considering feeder link interference. Leakage-based
minimum mean square error (MMSE) and successive convex approximation (SCA)-
ADMM algorithms are used to compute beamforming vectors locally with limited

coordination.

All aforementioned works rely on the conventional multigroup/multibeam multicast
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linear precoding (denoted as SDMA in this thesis). Each user decodes its desired
stream while treating all the interference streams as noise. The advantage of this
conventional scheme lies in exploiting the spatial degrees of freedom provided by
multiple antennas using low-complexity transmitter-receiver architecture. However,
its effectiveness severely depends on the network load and the quality of CSIT. Since
the precoders are designed based on the channel knowledge, CSIT inaccuracy can
result in an inter-group interference problem which is detrimental to the system
performance. Another limitation is that the SDMA is able to eliminate inter-group
interference only when the number of transmit antennas is sufficient. Otherwise,
it fails to do so in overloaded systems [26]. For example, rate saturation occurs in
overloaded systems. Departing from SDMA, the employment of RSMA in multi-
group multicast beamforming is at first proposed in [26]. The key of RSMA-based
multigroup multicast beamforming is to divide each group-intended message into a
common part and a private part. An RSMA-based MMF problem was formulated
and solved by the WMMSE approach [48]. The superiority of RSMA with perfect

CSIT is shown in overloaded multigroup multicast systems.

2.3 Satellite-Terrestrial Integrated Networks

In recent years, due to the explosive growth of wireless applications and multimedia
services, STIN has gained a tremendous amount of attention in both academia and
industry as it can provide ubiquitous coverage and convey rich multimedia services,
e.g., video on demand (VoD) streaming and TV broadcasting, etc. to users in both
densely and sparsely populated areas [49]. The integration of terrestrial and satellite
networks is of great potential in achieving geographic coverage, especially for remote

areas where no terrestrial BS infrastructure can be employed [50,51]. It is envisaged

that the C-band (4 — 8 GHz) and S-band (2 — 4 GHz) can be shared between the
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terrestrial and satellite networks. In addition, Ka band from 20 GHz to 40 GHz
is foreseen to be the most promising candidate radio band for the next generation
terrestrial cellular networks, and part of this band has already been allocated to the

satellite networks [52].

A number of research efforts have investigated STIN systems. A coexistence frame-
work of the satellite and terrestrial network is presented in [53] with the satellite
link as primary and the terrestrial link as secondary. Transmit beamforming tech-
niques are studied to maximize the SINR towards terrestrial users and minimize
the interference towards satellite users. [54] considers a time division cooperative
STIN, where a weighted MMF problem was formulated to jointly optimize the
beamforming of BSs and the satellite. A multicast beamforming STIN system
is investigated in [55] with the aim to maximize the sum of user minimum ratio
under constraints of backhaul links and QoS. The authors generally assume the
satellite channels as Rician channels. The effects of satellite antenna gain, path loss
and atmospheric attenuation can be taken into account to model more practical
satellite channels so as to evaluate the system performance more accurately. In
this regard, [52] investigates a joint beamforming scheme for secure communication
of STIN operating in mmWave frequencies. [56] focuses on the joint optimization
for wireless information and power transfer (WIPT) technique in STINs. In [57],
the cache-enabled low Earth orbit (LEO) satellite network is introduced, and the
scheme of STIN is proposed to enable an energy-efficient RAN by offloading traffic

from BSs through satellite broadcast transmission.

The above works consider conventional linear precoding and assume perfect CSIT.
Each user decodes its desired stream while treating all the other interference streams
as noise. The spatial degrees of freedom provided by multiple antennas are exploited,
however, the effectiveness of beamforming design relies on the accuracy of CSIT

significantly. In the real satellite communication environment, one practical issue is
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that accurate CSI is very difficult to acquire at the GW because of the long-distance
propagation delay and device mobility. Thus, robust design in the presence of
imperfect CSIT has been widely studied in the literature [58-63]. [58-60] assume the
satellite channel uncertainty as additive estimation error located in a bounded error
region. Robust beamforming is designed based on the optimization of the worst-case
situation. Yet, due to the special characteristics of satellite channels, the channel
magnitude does not vary significantly due to the fact that the channel propagation
is dominated by the line-of-sight component. The phase variations constitute the
major source of channel uncertainty [11]. Therefore, in [61-63], beamforming is
studied when considering constant channel amplitudes within the coherence time
interval and independent time-varying phase components. Considering the phase-
blind scenario, the achievable rate performance of RSMA in an multiuser MISO
network is investigated in [64]. Apart from the difficulties in acquiring perfect CSIT,
another consideration is the frame-based structure of multibeam satellite standards
such as DVB-S2X [65]. Each spot beam of the satellite serves more than one user
simultaneously by transmitting a single coded frame. Multiple users within the same
beam share the same beamforming vector. Such multibeam multicast transmission
is a promising solution for the rapidly growing content-centric applications including
video streaming, advertisements, large-scale system updates and localized services,

ete.

More recently, the use of RSMA in multibeam satellite and integrated satellite
systems has been investigated. [25] studies RSMA in a two-beam satellite system
adopting TDM in each beam. [66] focuses on the sum rate optimization and low
complexity RSMA precoding design by decoupling the design of common stream and
private streams. [67,68] propose a RSMA-based multibeam multicast beamforming
scheme and formulate an MMF problem with different CSIT qualities. In [69],
RSMA is proven to be promising for multigateway multibeam satellite systems

with feeder link interference. [70] considers a satellite and aerial integrated network
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comprising a satellite and an unmanned aerial vehicle (UAV). The satellite employs
multicast transmission, while the UAV uses RSMA to improve spectral efficiency.
In [71], a secure beamforming scheme for STIN is presented, where the satellite
serves one earth station (ES) with K eavesdroppers (Eves). RSMA is employed
at the BS to achieve higher spectral efficiency. A robust beamforming scheme is
proposed to maximize the secrecy energy efficiency of the ES considering Fuclidean

norm bounded channel uncertainty.

2.4 Integrated Sensing and Communications

ISAC has been envisioned as a key technique for future 6G wireless networks to fulfil
the increasing demands on high-quality wireless connectivity as well as accurate
and robust sensing capability [14]. ISAC merges wireless communications and
remote sensing into a single system, where both functionalities are combined via
shared use of the spectrum, the hardware platform, and a joint signal processing
framework. ISAC systems are typically categorized into three types: radar-centric
design, communication-centric design, and joint beamforming design [72]. This
thesis will only focus on the joint beamforming design of ISAC rather than relying

on existing radar or communication waveforms [73,74].

ISAC has been considered in several promising terrestrial applications, including
autonomous vehicles, human activity monitoring, indoor positioning, etc [75-77].
In [78], a novel framework is proposed for the transmit beamforming of the joint
multi-antenna radar-communication (RadCom) system. The precoders are designed
to formulate an appropriate desired radar beampattern, while guaranteeing the SINR
requirements of the communication users. The authors in [79] propose the joint
waveform design such that the multiuser interference is minimized while formulating

a desired radar beampattern. [72] investigates the joint waveform design with
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emphasis on optimizing the target estimation performance, measured by Cramér-

Rao bound (CRB) considering both point and extended target scenarios.

Inspired by the advantages of RSMA in spectral efficiency, energy efficiency, user
fairness, reliability, and QoS, performance enhancements in a wide range of network
loads (underloaded and overloaded) and channel conditions, etc, the interplay
between RSMA and ISAC systems is proposed in [80,81], which demonstrates the
benefits of an RSMA-assisted ISAC system with the objective of jointly maximising
WSR and minimising mean square error (MSE) of beampattern approximation
considering the per-antenna power constraint. As a step further, RSMA-assisted
ISAC is studied in [82] considering partial CSIT and mobility of communication
users as a practical application. RSMA is shown to better manage the interference
and improve the trade-off between WSR and MSE of beampattern approximation
compared with other MA strategies such as SDMA and NOMA. The design of
RSMA-assisted ISAC with low resolution digital-to-analog converter (DAC) units is
introduced in [83], where RSMA is shown to achieve improved energy efficiency by
employing a smaller number of RF chains, owing to its generalized structure and

improved interference management capabilities.



Chapter 3

RSMA for Multigroup Multicast

and Multibeam Satellite Systems

This chapter is concerned with RSMA and its beamforming design problem to
achieve MMF among multiple co-channel multicast groups with imperfect CSIT.
Contrary to the conventional SDMA for multigroup multicast that relies on linear
precoding and fully treating any residual interference as noise, we consider a novel
multigroup multicast beamforming strategy based on RSMA. We characterize the
MMF-DoF achieved by RSMA and SDMA in multigroup multicast with imperfect
CSIT and demonstrate the benefits of RSMA for both underloaded and overloaded
scenarios. Motivated by the DoF analysis, we then formulate a generic transmit power
constrained optimization problem to achieve MMF rate performance. PHY layer
design and link-level simulations are also investigated. The superiority of RSMA-
based multigroup multicast beamforming compared with conventional schemes is
demonstrated via simulations in both terrestrial multigroup multicast and multibeam
satellite systems. In particular, due to the characteristics and challenges of multibeam
satellite systems, the proposed RSMA-based strategy is shown promising to manage

its inter-beam interference.

45
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3.1 Introduction

With the proliferation of mobile data and multimedia traffic, demands for massive
connectivity and content-centric services are continuously rising. Examples include
audio/video streaming, advertisements, large-scale system updates, localized services
and downloads, etc. Spurred by such requirements, wireless multicasting has
attracted widespread research attention. It is a promising solution to deliver the
same message to a group of recipients. In a more general scenario, which is known
as multigroup multicasting, distinct contents are simultaneously transmitted to
multiple co-channel multicast groups. Since the available spectrum is aggressively
reused towards spectrum efficient and high throughput wireless communications,

advanced interference mitigation techniques are of particular importance.

In this chapter, motivated by exploring the benefits of RSMA for multigroup multicast
beamforming, we consider both underloaded and overloaded regimes with imperfect
CSIT and its application to multibeam satellite systems. The main contributions

are as follows:

e First, the MMF-DoF of RSMA and SDMA in multigroup multicast with
imperfect CSIT is characterized. The MMF-DoF, also known as the MMF
multiplexing gain, indicates the maximum multiplexing gain that can be
simultaneously achieved by all multicast groups. It reflects the pre-log factor of
MMF-rate at high SNR. This is the first work on DoF analysis for multigroup
multicast in the presence of imperfect CSIT. In [26], MMF-DoF gains of RSMA
with perfect CSIT are only observed in overloaded systems. In this chapter
with an imperfect CSIT setting, RSMA is shown to provide MMF-DoF gains
in both underloaded and overloaded systems. Through residual interference
and group partitioning analysis, RSMA is shown to be more flexible than

SDMA to overcome the residual interference caused by imperfect CSIT. By
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adjusting the common stream and private streams, we can determine how
much interference to be decoded and how much to be treated as noise. Due to
the existence of a common part, RSMA provides extra gains and avoids the

saturating performance at the high SNR regime.

Second, motivated by the benefits of RSMA from a DoF perspective, an MMF
beamforming optimization problem is formulated to investigate whether the
DoF gain translates into rate gain. This is the first work on the optimization
of RSMA-based multigroup multicast with imperfect CSIT. Solving the MMF
problem with imperfect CSIT via sample average approximation (SAA) and
WMMSE is for the first time studied. The optimum MMF Ergodic rate can
be obtained by optimizing the defined short-term MMF Average rate over a
long sequence of channel estimates. The formulated problem is general enough
to cope with flexible power constraints, namely a total power constraint (TPC)
and per-antenna power constraints (PAC). Through simulation results, the
DoF benefits of RSMA translate into rate benefits at finite SNR and RSMA
is shown to outperform SDMA in a wide range of setups. All the simulation
results are inline with the derived theoretical MMF-DoFs results. Considering
imperfect CSIT, we show that RSMA for multigroup multicast brings rate
gains compared with SDMA in both underloaded and overloaded scenarios.
This contrasts with the perfect CSIT setting of [26], where RSMA is shown to

provide gains in the overloaded scenarios only.

Third, the proposed RSMA framework is applied to a multibeam satellite setup
and the results confirm the significant performance gains over conventional
schemes. Based on state-of-the-art technologies in DVB-S2X, each spot beam of
the satellite serves more than one user simultaneously by transmitting a single
coded frame. This multibeam multicast scheme follows the PHY multigroup

multicast transmission. Different from [84], which studies RSMA in a two-
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beam satellite system adopting TDM scheme in each beam, and [85] which
focuses on the sum rate optimization and low-complexity RSMA beamforming
assuming perfect CSIT, we consider a novel RSMA-based multibeam multicast
beamforming in this chapter and formulate a per-feed power constrained MMF
problem. RSMA is shown very promising for multibeam satellite systems to
manage inter-beam interference, taking into account practical challenges such
as CSIT uncertainty, per-feed transmit power constraints, hot spots, uneven
user distribution per beam, and overloaded regimes. Simulation results confirm

the significant performance gains over conventional techniques.

e Fourth, the RSMA transmitter and receiver architecture, PHY layer and
LLS platform are designed by considering finite length polar coding, finite
alphabet modulation, AMC algorithm, etc. LLS results verify the effectiveness

of RSMA-based multigroup multicast for practical implementation.

3.2 System Model

We consider a multigroup multicasting downlink MISO system. The transmitter is
equipped with NV; antennas, serving K single-antenna users which are grouped into
M (1 < M < K) multicast groups. The users within each group desire the same
multicast message. The messages are independent amongst different groups. Let
G denote the set of users belonging to the m-th group, for all m € M ={1--- M}.
The size of group-m is G,, = |G,n|- We assume that each user belongs to only one
group, thus G; N G; =0, for all 4,5 € M, i # j. Let K= {1--- K} denote the set
of all users, i.e., Uperm G = K. In this model, the signal received at user-k writes
as yx = hi’x + ny, Vk € K, where x € CV*! is the transmitted signal, hy € CNt*!
is the channel vector between the transmitter and the k-th user. H = [hy,---  hg]

is the composite channel. ny, ~ CA (0, ai}k) represents the AWGN at user-k, which
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is independent and identically distributed (i.i.d) across users with zero mean and
variance o2 ,. Without loss of generality, unit noise variances are assumed, i.e.,

2 42
Opr =0, =1

3.2.1 Transceiver Scheme

The application of RSMA to multigroup multicasting is described as follows. We
assume that there are M messages W7y, --- , Wy, intended to users in G1,Ga, -+, G
respectively. Each message is split into a common part and a private part, i.e.,
Wi = {Wie; Winpt. All the common parts are packed together and encoded
into a common stream shared by all groups, i.e., {Wi.-- Wy} — s., while the
private parts are encoded into private streams for each group independently, i.e.,
Winp — sm. As a consequence, the vector of symbol streams to be transmitted is
s = [se, 51, -+ ,sn] € CMIDX where B {ss”} = I,/41. Data streams are then
mapped to transmit antennas through a beamforming matrix P = [p., p1,- - pum] €

CNex(M+1) " This yields a transmit signal x € CV+*! given by

M
x =Ps =p.s. + Z PmSm, (3.1)

m=1

where p, € CM*! is the common precoder, and p,, € CM*! is the m-th group’s
precoder. Moreover, flexible transmit power constraints are considered in this work,
including a total power constraint and per-antenna power constraints. Since the
average power of transmit symbols are normalized to be one, the expression of a

general transmit power constraint writes as
M
p'Dipe+ Y piDpn <P, l=1---L, (3.2)
m=1

where L is the number of power constraints. P, is the [-th power limit, and D, is a

diagonal shaping matrix changing among different demands. In particular, when the



50 Chapter 3. RSMA for Multigroup Multicast and Multibeam Satellite Systems

focus is on a total transmit power constraint, let L =1, D; =T and P, = P > 0, from
which P equals to the transmit SNR. However, in some practical implementations,
using individual amplifiers per-antenna causes a lack of flexibility in sharing energy
resources. Such a scenario is typically found in multibeam satellite communications
because flexible on-board payloads are costly and complex to implement. Per-
antenna available power constraints are taken into account by setting L = N,, and
P, = P/N;. The matrix D; becomes a zero matrix except its [-th diagonal element
equaling 1. Then, we define p : K — M as mapping a user to its corresponding

group. The signal received at user-k can be expanded as

M
yr = Wi pese + b Py s + by Z P;s; + ng, (3.3)
j=1,j#n(k)

where p (k) is the group index of user-k. Each user at first decodes the common
stream s. and treats M private streams as noise. The SINR of decoding s. at user-k

18 )
|hfp.|
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Its corresponding achievable rate writes as R.; = log, (1 + 7.x). To guarantee that
each user is capable of decoding s., we define a common rate R. at which s, is

communicated

R. = min R, . (3.5)
kel

Note that s, is shared among groups such that R, £ Z%zl Cm, where C), cor-
responds to group-m’s portion of common rate. After the common stream s, is
decoded and removed through SIC, each user then decodes its desired private stream
by treating all the other interference streams as noise. The SINR of decoding s,

at user-k is given by
’2

thk
T = = |k p(k)

5 ) (3.6)
Zj:l,j;éu(k) |hi'p;|” + o2
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Its corresponding achievable rate is Ry = log, (1 + 7%). In terms of group-m, the
multicast information s,, should be decoded by all users in G,,. Thus, the shared

information rate r,, is determined by the weakest user in G,, and defined as

Im = min R;. (3.7)

1€Gm

The m-th group-rate is composed of (), and r,,, and writes as

r = +r,=C, + min R;. (3.8)

gm i€Gm

In addition, the conventional linear precoding (SDMA) for multigroup multicast is
revisited. Unlike RSMA, information intended for each group is encoded directly to a
single stream, i.e., W, — s,,, Vm € {1--- M}, rather than splitting into a common
part and private part. The symbol vector to be transmitted is s = [sq, - - - ,sM]T €
CM>x1 where E {SSH = I}. At the receiver side, each user decodes its desired stream
and treats all the interference streams as noise. Following the same multicast logic
as (3.7), the m-th group rate writes as

SDMA _ . = min R;. (3.9)

r
g,m 1€Gm,

Through the description above, RSMA is a more general scheme! which encompasses

SDMA as a special case by allocating all transmit power to the private streams.

Remark 3.1: The encoding complezity and receiver complexity of RSMA are slightly
higher than SDMA. For one-layer RSMA in a M -group multigoup multicast MISO
BC; M +1 streams need to be encoded in contrast to M streams for SDMA. One-layer

RSMA requires one SIC' at each user while SDMA does not require any SIC.

'RSMA is also a more general framework that encompasses NOMA as a special case [5,9,17,26].
Since NOMA leads to a waste of spatial resources and multiplexing gain/DoF (and therefore
rate loss) in multi-antenna settings at the additional expense of large receiver complexity, as
demonstrated extensively in [5,9], we do not compare with NOMA in this work.
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3.2.2 CSIT Uncertainty and Scaling

Imperfect CSIT is considered in this work while the channel state information
at the receiver (CSIR) is assumed to be perfect?. To model CSIT uncertainty,
channel matrix H is denoted as the sum of a channel estimate H 2 [El, e ,EK]
and a CSIT error H £ [I’Nll, e ,EK}, ie. H=H+H. CSIT uncertainty can
be characterized by a conditional density leﬁ (H | ﬁ) [16]. Taking each channel
vector separately, the CSIT error variance o7, £ Eﬁk{HHkH2} is allowed to decay
as O (P~*) [16,21,87,88], where oy, € [0,00) is the scaling factor which quantifies
CSIT quality of the k-th user. Equal scaling factors among users are assumed for
simplicity in this model, i.e., o = «. For a finite non-zero «, CSIT uncertainty
decays as P grows, (e.g., by increasing the number of feedback bits). In extreme
cases, @ = 0 corresponds to a non-scaling CSIT, (e.g., with a fixed number of
feedback bits). a — oo represents perfect CSIT, (e.g., with infinite number of
feedback bits). The scaling factor is truncated such that « € [0,1] in this context

since aw = 1 corresponds to perfect CSIT in the DoF sense [16,21].

3.3 Max-Min Fair DoF Analysis

The MMF-DoFs of RSMA and SDMA are investigated in this section to characterize
the performance of both schemes. The MMF-DoF, also named MMF multiplexing
gain or symmetric multiplexing gain, corresponds to the maximum multiplexing gain
that can be simultaneously achieved across multicast groups. It reflects the pre-log
factor of MMF-rate at high SNR. The larger MMF-DoF is, the faster MMF-rate
increases with SNR. One would therefore like to use communication schemes with
the largest possible DoF. Motivated by mitigating interference at receivers, the

beamforming used in this section is sufficient from the DoF perspective since DoF

2For imperfect CSIR, please see [15,86].
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can be roughly interpreted as the number of interference-free streams simultaneously

communicated in a single channel use [16,26].

3.3.1 Max-Min Fair DoF of SDMA

We start from SDMA, and define the k-th user-DoF as Dy = limp_,o0 » (( ) The m-
SDMA
th group-DoF is given by d3PMA £ limp_, % = minseg, D;, and d°PMA £

min, ey d>3PMA is achieved by all groups. For a given beamforming matrix P =

CNt x M dSDMA
)

[p1, - pPum] € represents the MMF-DoF. It interprets the maximum

fraction of an interference-free stream that can be simultaneously communicated

amongst groups. Since each user is equipped with only one antenna, we have
dSPMA < gSPMA < D <1, Vi€ G, me M. (3.10)

Proposition 3.1. The optimum MMF-DoF achieved by SDMA is given by

(

a, NtZK—G1+1

dSPMA Y K Gy 1< N, <K -Gy +1 (3.11)

[\

(0, 1SN < K —Gu+1.

The achievability of Proposition 3.1 is discussed as follows by providing at least one
feasible beamforming matrix that achieves the DoF in (3.11). Next, results in (3.11)
are derived as tight upper-bounds from the converse, which completes the proof of

Proposition 3.1.
1) Achievability of Proposition 3.1:

To mitigate inter-group interference observed by each user, we aim to design the
precoders such that ﬂfpm =0,VmeM, ke K\ G, Define H,, as the

composite channel estimate of users in group-m, we have p,, € null(ﬁ%), where
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A~

H; & [ﬁl, = -ﬁm_l, ﬁm+1 ‘e ,ﬁM} € CNex(K=Gm) ig a channel estimate matrix
excluding H,,. All the channel vectors are assumed to be independent. To satisfy

dim (null(ﬁ%)) > 1, a minimum number of transmit antennas is required, as follows
N >K -G, + 1. (3.12)

(3.12) ensures sufficient N; to place p,, in the null space of its unintended groups.
Primary inter-group interference caused by the m-th precoder can be eliminated.
Without loss of generality, group sizes are assumed in ascending order: G; < Gy <

- < G- In an underloaded scenario, condition (3.12) has to hold for all m € M,
and we rewrite it as

Ny >K—Gy+1. (3.13)

When (3.13) is satisfied, the system is underloaded. Considering equal power

I =

allocation such that ||p; = |pml]? = %, the received signal of user-k and

the scaling of received signal components are expressed by

O(Pl a)
o(P) e O(PO)
yr = hy/ Pu(k)Su(k) T hk Z P;js;j + nk . (3.14)
J=1,5#u(k)

The second term is named as residual interference caused by imperfect CSIT. All the
primary inter-group interference H,Ij Z]Ai1 (k) PiSi has been eliminated. Since the
channel state does not depend on P, we have ||hy|2, [|hg|[2 = O (1). The residual
interference term scales as O (P'~*), with the CSIT error variance decaying as
O (P~%). Note that when a = 1, the residual interference is reduced to the noise
level, and it corresponds to perfect CSIT from the DoF sense. When « € [0, 1],
scales as O (P%), from which D, = « at each user. For all m € M, d3PMA = o

thus the MMF-DoF d°PY4 = o. When N; < K — G; + 1, the system becomes

overloaded. If reducing the spatial dimensions to N; < K — G+ 1, it is evident that
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the inter-group interference caused by each precoder cannot be eliminated. Such
scenario is identified as fully-overloaded [26], and its MMF-DoF collapses to 0. Next,
we focus on the partially-overloaded in which K — Gy +1 < N, < K —G;+ 1. We
generally assume N, = K — G, + 1, where the group index x € (1, M]. Following the
logic of (3.12), primary inter-group interference caused by the [z, M]-th group can
be nulled if the precoders are designed such that p,, € null(ﬁ%),v m € [z, M]. In
addition, since Ny = K —G,+1 > (K — G,) — G; + 1, the system excluding group-z
can be regarded as underloaded. Thus, we design p,, € null(ﬁ%j) ,Vme M\ zto
remove inter-group interference among M\ z. The beamforming directions described
above can be concluded as
null(ﬁ%f), Vmell )

Pm € R (3.15)
null(HY), vV m € [z, M].

An example of power allocation is

P8
, 71 Vm e M\ z
1Pl = - (3.16)

P—-P° meuz,

where 8 € [0, 1] is a power partition factor. User-k’s received signal is given by

( o(Ps=e)
o(r?) - h ~ o) o(r°)
——— R
~ —
thpu(k)Su(k:) + th Z pP;s; + hfpmsx + "ng o, Vkek \ G,
o(r) o) o) o

—_—— ~ ~

thpxsx+th Z pj8j+th Z pisi+ ni, VkeQg,.
\ j€[l,x) 1€(z,M]

(3.17)

It is observed that G, bear both residual interference and interference from groups

[1,2), while £\ G, see only residual interference. v, at user k € K\ G, scales as
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0 (P5+°‘*1), and v, at user k € G, scales as O (Plfﬁ). Achieving max-min fair
DoF requires the same DoF amongst groups. By setting 8 =1 — ¢, all users’ SINRs
scale as O (P?). It turns out that d5PM4 = 2 for all m € M, and the MMF-DoF
JSPMA _ a

is achieved. Multiplexing gains are partially achieved. Importantly,

such partially-overloaded scenario does not exist when the group sizes are equal.
2) Converse of Proposition 3.1:

Proposition 3.1 is further shown as a tight upper-bound for any feasible SDMA
beamforming. Here, we generally assume the power allocation ||p1||2 s lp M||2
scale as O (P™),---, O (P*), where ay,--- ,ap € [0, 1] are power partition factors.
For each m € M, Z,, C M is defined as a group set with precoding vectors
interfering with the m-th group, while R,, C M is defined as a group set with
precoding vectors that only cause residual interference to the m-th group. We define
@, £ maxjer,, aj, and @, = maxjcr,, a;. Note that @,, = 0 for Z,, = ¢, and @,, = 0
for R,, = ¢. For each m € M, there exists at least one user k£ € G,, with SINR

. _ = +
scaling as O(Pmm{(amfam)ﬂ (am~Em-+a) }), since the received signal can be generally

written as
o(pam) O(If’") O(Pi”—“) o(P?)
vk = b Duwysu + 0D pisj by > pisi+ Tk (3.18)
FE€Lm i€Rm

According to the definition, we obtain an upper-bound for the achievable group-DoF

m

qSPMA Smin{(am—ﬁm)Jr, (am—im+a)+}, (3.19)

where (-)" ensures DoF non-negativity. The achievable MMF-DoF of SDMA satisfies
dSPMA < gSPMA for all m € M. Next, we aim to derive its tight upper-bound
d*SPMA guch that d9PMA < @*SPMA for any feasible SDMA-based beamforming in

different network load scenarios.
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When the system is underloaded, it is obvious that Z,, = ¢ and R,,, = M \ m for
all m € M. Accordingly, we have @,, = 0 and @,, = max;em a;. (3.19) can be
rewritten as

dSPMA < min {am, (am — max a; + oz)+}. (3.20)
jEM\m

From (3.20), we assume Ay —MaXje p\m A+ > 0 because a,, —max e p\m a;j+a < 0
limits d*PM4 to 0. Then, (-)* can be omitted. Since d5PM4 is upper-bounded by

taking the average of any two group-DoFs, we have

SDMA | 7SDMA

dSPMA < : (3.21)
min {al, a; — MaXjepm\1 aj + a} + min {ag, (g — MaXjep\2 Aj + a}
- 2
(3.22)
a1 — MaXjepm\1 A5 + @ + a2 — MaAXjepm\2 @5 + « (3 23)
—_— 2 .
<a. (3.24)

(3.23) follows from the fact that point-wise minimum is upper-bounded by any element

in the set. (3.24) is obtained due to a; < max;caq2 a; and ay < maxjc 1 a;.

Next, we focus on the partially-overloaded scenario. It is sufficient to show that
dSPMA < 5 for Ny = K — (G, as decreasing the number of antennas does not increase
DoF. Since N; < K — G + 1, p; leads to interference to at least one group. We

denote such group index as m;. Thus, we have Z,,, =1 and R,,, = M\ {1,m;},

i.e., G, = a1 and Gy, = MaX;ern {1,m,} ¢;. Recalling (3.19), d;i?MA writes as
dSDMA < : { i — + m — . +}. 325
m > min (a 1 al) ) (CL 1 je./\/ln\l{al}fmﬁ a; + Oé) ( )

For group-1, it is obvious that Z; = ¢ and Ry = M\ 1, i.e., a; = 0 and a; =
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max;ea\1 @;. Then, we have

dSPMA < min {al, (a1 — jIEIl'AE/l[}{ZI a; + a)+}. (3.26)

By assuming a,,, — a; > 0 and a; — max;jea\1 a; + o > 0, the group-DoF dj;leMA
and d¥PM4 are not limited to 0. (-)7 can be omitted in both inequalities. Since

a; — maXjem\1 @ + o > 0 leads to a,, — a1 < ay, — MaXjer\{1,m) @5 + @, (3.25)

can be rewritten as di?MA < Gy, — a1. Following the same logic as (3.21), d°PM4
is upper-bounded by taking the average of di?"4 and d5PM4
dSDMA | jSDMA
dsPMA < = ;r = (3.27)
min qay, a; — max; a; +op+am —a
< { 1 1 ]6/\;\1 g } 1 1 (328)
a1 — max,; a; +a+ ay,, —a
< 1 Xje M\1 2] 1 1 (329)
< % (3.30)

(3.29) is obtained because point-wise minimum is upper-bounded by any element in

the set. (3.30) is obtained due to a,,, — max;jcap1a; < 0.

d*PMA is upper-bounded

In a fully-overloaded scenario, it is sufficient to show that
by 0 for N; = K — Gy, as further decreasing N; does not increase DoF'. In this
case, we have N, < K — G,, + 1 for all m € M. Each p,, causes interference to at
least one group. Here, we assume a,,, = maxX;,eam @,. The index of group seeing

dSDMA

interference from p,,, is denoted by mgs. Thus, is upper-bounded by

dSPMA < dff;MA < min{ (Qmy — am2)+, (am3 — Ay + a)+ } < (g — am2)+ = 0.
(3.31)
Combining the upper-bounds and achievability derived above, Proposition 3.1 is

proved. When « = 1, the results boil down to the Proposition 1 in [26] with perfect
CSIT.
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Remark 3.2: The basic difference between perfect and imperfect CSIT scenarios while
analysing the DoF of SDMA is the existence of residual interference. For example,
when we consider perfect CSIT [26], Ny > K — G, + 1 ensures a sufficient number of
transmit antennas to place the m-th precoder in the null space of all of its unintended
groups. Inter-group interference caused by such precoder can be fully eliminated.
Howewver, considering imperfect CSIT here, only primary inter-group interference

can be eliminated. At least one form of residual interference still exists.

From the above discussion, when the number of transmit antenna is greater than
K — G1 + 1, only residual interference will be seen by each user by controlling
the beamforming directions and power allocation. Otherwise, the system becomes
overloaded. Through beamforming and power control, the MMF-DoF does not collapse
to zero directly as in multi-user unicast or equal-group multigroup multicast systems.
When N, drops below K — G+ 1, M — 1 groups can be regarded as underloaded,
seeing only two forms of residual interference as given in the first equation of (3.17),
while the remaining one group’s received signal subspace is partially sacrificed. As a
result, an MMF-DoF of § is achieved through power control. When Ny drops below
K — Gy +1, each multicast group sees interference from all of its unintended groups.

The MMF-DoF drops to 0.

3.3.2 Max-Min Fair DoF of RSMA

In RSMA scheme, the m-th DoF writes as d®S 2 i rgm(P) D
n scheme, the m-th group-DoF writes as dji¥ £ limp_,oc 1257 = minjeg,, D+
dem, Where d.,, £ limp o, % is provided by the common rate portions. d*° £

min,, ey d2¥ is the MMF-DoF for a given beamforming matrix P = [p,, p1, - Pam) €

CNex(M+1) " Thus, we have

A <d < Dj+den <1, Vi€G,, meM. (3.32)
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Proposition 3.2. The optimum MMF-DoF achieved by RSMA is given by

(
1—
Mam, when N,>K -G, +1,0<a<1
*RS 1 1
U G — when 1< N, <K -G +1, ——<a<1
2\ T SN<R=Gitl, o= es (3.33)
1—(1+M—M)a 1
when 1< N, <K-G +1, 0<a<———.
F M ’ =M A vy

Note that M} is the maximum number of groups which can be regarded as un-
derloaded, and served by RSMA when the system is overloaded. The inequality

indicates that the results provided here are achievable, yet not necessarily optimum.
1) Achievability of Proposition 3.2:

When the system is underloaded, i.e., N; > K — G + 1, we design p,, € null(ﬁ%),

which follows the same logic as SDMA. The direction of p. is chosen randomly.

I = [

Consider the power allocation such that ||pi]|> = -+ = ||pm Pﬁ&, and ||p.

P — P° where § € [0,1] is a power partition factor. The received signal writes as

O(Pé—a)
o(P) o(P) — o(P")
—— T A
Yk :thpCschthpu(k)su(k)—l—th Z p;s;+ “ng . (3.34)
J=1,3#u(k)

It can be observed that s, is firstly decoded at each user with SINR ~. scaling as

0] (Pl_é). The common stream can provide a DoF of 1 — 4. Since R, = Zi\f:l Chm,

sharing R. equally amongst groups leads to max-min fairness, and d.,, = 1—]\_4‘5 is

achieved by each group. After removing s., each user then decodes s, with v,
scaling as O (P™{*9}). For all k € K, we have Dy = min{«a,d}. Therefore, the
MMF-DoF d® = min,en df = =2 + min{a,d} can be achieved. By setting

= a, d" reaches its maximum value at 1% + .
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Next, in overloaded scenarios, i.e., 1 < N; < K — G 4+ 1, we consider a special
case of RSMA where groups are divided into two subsets, namely Mr C M and
M = M\ Mg. Specifically, Mg is a subset which can be treated as underloaded
and served by RSMA, while M are the remaining groups and served by degraded
beamforming. Based on this mixed scheme, messages are split such that W, —
{Wies Winp} for all m € Mg, and W, — {W,, .} for all m € Mc. Such scheme
leads to ||pw||> = 0 for all m € Mc. The size of Mg and M are denoted by
Mg = |[Mg| and Mg = |Mc| = M — Mg respectively. To gain insight into the

subset partition, we define

M
K—-G— Y Gj+1, Le{l,-- M-1}
Ny = j=L+1 (3.35)

K—Gi+1, L=M.

According to (3.12), Ny is the minimum number of transmitting antennas required
to regard groups {1,---, L} as underloaded while disregarding all the remaining
groups. Conversely, if N; satisfies N, < N; < Ny, L is interpreted as the maximum
number of My. We can define it as

M7 Nt 2 NM

M = (3.36)
L, NLSNt<NL+1,VLE{1,"' 7]\4—1}.

For all m € Mg, beamforming directions are designed as p,, € null <IA{I{{ M})
m,/Mc
p.’s direction is set randomly. Consider the power allocation ||p.|° = A];—; for all

m € Mg, and ||p.||> = P — P°, where § € [0,1].
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The received signal of user-k is written as

[ op o) o) o)
H H TH - ) 2
hy pese +hy P Suw) + hy, Z p;s;+ o, , YVke{G,|me Mg}
JEMR\u(k)
Yk = .
o) or) o)
T N LT
hy p.s.+ h; ijsj+ o. , Vke{G,|meMc}.
\ jEMR

(3.37)
Firstly, s. is decoded at each user by treating all the other streams as noise. . is
observed to scale as O (Pl_‘s) for k € K. Thus, the common stream achieves a DoF
of 1 — 4. Since the common rate R, = Z%zl C,, is divided amongst My and Mq,

we introduce a fraction z € [0, 1] of the common rate such that Cy = zR,,

meMRg

and ZmeMc Cm = (1 —2)R. . This leads to d.,, = Z(J\l/[—_;) for m € Mg and

dem = %5\14;5) for m € M¢. After removing s. through SIC, it can be seen that

v scales as O (Pmi“{a’E}) in the first subset Mg. Hence, we have D), = min {«, 0}

for all k € {G,, | m € Mg}. The group-DoF d£9 is given by

z(1—=9)
Mg

(1-2)(1-9)
M— My

+min{a, 6}, Vme Mg
dis = (3.38)

Vme Mc.

To achieve max-min fairness, equal group-DoFs between My and M are required.

On one hand, we assume ¢ > «, and the equation can be written as

2(1—0) (1—2)(1—4)
TR + o= M — MR . (339)

Note that there are two variables § and z on both sides of (3.39). Since the two
variables cannot be solved simultaneously, we fix one variable to maximize at least

one side of (3.39) while reserving the other variable on both sides. For example, let
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0 = « in this case, and then calculate the remaining variable z according to

z(1—a) (1—-2)(1—«)
—_— = . 3.40
My YT M- (3.40)
z = [1_(1+(J¥[_ ;J)V[AF})O‘}MR is obtained. Substitute it into arbitrary side of (3.40), and
the group-DoF df¥ = o + w for all m € M is derived. Moreover, a

corresponding condition 0 < a < m is obtained by considering 0 < z =
[1_(1+(K_QJ;/IA1})O‘]MR < 1. The MMF-DoF is achieved as d® = min,,cpd® = a +
1-(1+ M- M, )o 1

—— ,Whenogag—HM_Mﬁ .

On the other hand, we assume § < o. The equation in (3.39) is rewritten as

21-8)  ,_(1-2)(1-9)

3.41
Mg M — Mg ( )

There are still two variables 0 and z in (3.41). In this case, we can set z = 0 to

maximize the right side of (3.41) and calculate § according to

1—90
5 — M_—%' (3.42)

By substituting the solution § = into arbitrary side of (3.42), the group-DoF

1
T+M—Mg

dy’ = g for all m € M is derived. Since § =

1 .
T < Qs we obtain the

corresponding condition < a < 1 for this case.

1
T+ M— Mg

Above all, the achievable MMF-DoF of RSMA is summarized in Proposition 3.2.
When a = 1, such result boils down to the achievability of Proposition 3 in [26]
with perfect CSIT. In overloaded scenarios, it is noteworthy that the d*® with

1+M+M* < «a < 1is not a function of o and is the same as that achieved with perfect
R

CSIT. Thus, one can relax the CSIT quality up to without affecting the

1

1+ M—Mj,

MMF-DoF. However, in the other case when 0 < a < 1+M+M*, d"¥ diminishes as
R

the CSIT quality reduces.
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2) Insight:

From (3.37), the interference seen by each user k € {G,, | m € Mg} after SIC
scales as O (P‘;_O‘). As discussed above, we have two assumptions, namely § > «
and 0 < . When § > «, this residual interference cannot be ignored. By setting
the power partition factor 6 — a, we can reduce it to the noise level and at the
same time increase . which scales as O (Plf‘;) for all £ € K. To achieve max-min

fairness, the common rate factor z is then managed to obtain equal group-DoF's

1

[ESTETA derived as a corresponding

among groups in Mgz and Mg, 0 < a <
range of this case. The MMF-DoF reduces as a goes down. Otherwise, when § < «,
such interference is always at the noise level. By setting z — 0, all the common rate
R, contributes to C,,, for all m € M. The RSMA scheme used by Mg boils down
to SDMA. Meanwhile, the group-DoF's of all m € M are maximized. Then, we
further manage the power partition factor ¢ to achieve max-min fairness amongst

all groups. < a < 1 is derived as the corresponding range. In this case,

changing « will no longer affect MMF-DoF because the interference seen by each
user k € {G,, | m € Mg} after SIC is always at the noise level. The MMF-DoF
performance remains the same as that achieved with perfect CSIT. Such behaviour
is not observed in partially-overloaded SDMA. It can be observed in (3.17) that the
power of interference seen by each user k € K \ G, and k € G, scales as O (P'™)
and O (P?) respectively. o will always affect MMF-DoF as O (P'~*) cannot be

ignored unless considering perfect CSIT. To get more insight into the gains provided

by RSMA over SDMA, we substitute (3.36) into (3.33) and yield (3.43).

By comparing (3.43) with (3.11), we can see that the achievable MMF-DoF of RSMA

d*SDMA d*RS > d*SDMA

is always superior to , and hence is guaranteed. The gain
of RSMA over SDMA is 1_7‘1 when the system is underloaded. Once N; > Ny, is
violated, the range of partially-overloaded SDMA K — Gy +1 < N, < K — Gy + 1,

(i.e., Ny—1 + Gp < N; < Nyy) locates within the range Ny, < Ny < Ny;. For any
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(1 —
Ma—l-oz, when N, > Ny
1 1
5, WhenNM,lgNt<NM,§<oz§1
1-2 1
o+ Oé, when Npy_1 < N; < Ny, 0<a< =
M 2
d s > 1 1 (3.43)
M1 WhenNQSNt<N3,M_1<C¥§1
1—-(M—-1 1
a+ <M )a,whenNQSNt<N3,O§a§M_1
1 1
a WhenlgNt<N2,M<a§1
1 1
KM’ WhenlSNt<N2,0§Oé§M

0 < a < 1, the achievable MMF-DoF of RSMA is still greater than SDMA. Once N,
drops below N,;_1+G1, by taking N; = Ny;_; as an example, the number of transmit
antenna is not sufficient to eliminate any inter-group interference through SDMA
beamforming. d**PM4 collapses to 0. For RSMA, d*%° is kept by exploiting all the
M, streams and transmitting the remaining stream through degraded beamforming.
This is carried on until RSMA reducing to a single-stream degraded beamforming. A
single DoF is split amongst all the groups. Therefore, d*?° > % > () is guaranteed.
For the particular case where all the group sizes are equal, (i.e., G,, = G, Ym € M),
there is no partially-overloaded scenario in (3.11). When N, drops below K — G + 1,
d*SPMA decreases from « to 0 directly. However, the expression of d*/** remains the

same as (3.43), which is always greater than 4.

Remark 3.3: The obtained MMF-DoF's of different strategies are listed in Table 3.1,
where the first row represents underloaded and the others are the results of overloaded
systems. From the above discussion, the MMF-DoF analysis in the underloaded
regime is similar when considering RSMA and SDMA. Each user sees only residual
interference by managing the beamforming directions and power allocation. A gain

of 1_70‘ is obtained by applying RSMA. Thus, we can conclude that in the presence of
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imperfect CSIT, there is an MMF-DoF gain of RSMA over SDMA when the system
s underloaded. This contrasts with perfect CSIT scenarios where both underloaded
SDMA and RSMA can achieve full MMF-DoF of 1. Qwverloaded RSMA is more
challenging since both residual interference and group partitioning method should be
considered. [26] considers a special case where the groups are partitioned into two
subsets, namely Mp C M which are served using SDMA, and Mqc C M\ Mp
served by degraded beamforming. The number of groups in Mp is set as the mazximum
number of groups that can be served by interference-free SDMA (i.e., achieving a
group-DoF of 1 each). However, in this work considering imperfect CSIT, SDMA
can no longer reach an MMF-DoF of 1. As shown in Table 3.1, the maximum
achievable MMF-DoF is o when the system is underloaded, while RSMA outperforms
SDMA slightly. Thus, we consider a different subset partitioning in this work where
the groups are divided into Mg C M and Mc C M\ Mg. The number of groups
in Mg 1s chosen as the maximum number of groups which can be served by RSMA
and achieve an MMF-DoF o 1’7“ + a. Mg is still served by degraded beamforming.

Accordingly, from the results summarised in Table 3.1, RSMA is shown to provide

MMF-DoF gains and outperform SDMA in overloaded systems.

All the discussions above motivate the use of RSMA from a DoF perspective.
However, DoF is an asymptotically high SNR metric. It remains to be seen whether
the DoF gain translates into rate gain. To that end, the design of RSMA for rate
maximization at finite SNR needs to be investigated. Beamforming schemes that
achieve Proposition 3.1 and Proposition 3.2 are not necessarily optimum from an
MMF-rate sense. Therefore, the beamforming directions, power allocation and rate
partition can be elaborated by formulating MMF-rate optimization problems as
we see in the next section. Importantly, the DoF analysis provides fundamental
grounds, helps to draw insights into the performance limits of various strategies and

guides the design of efficient strategies (rate-splitting in this case).
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Table 3.1: Achievable MMF-DoF of different strategies

Perfect CSIT [16] | Imperfect CSIT [this chapter]
Strategy SDMA RSMA SDMA RSMA
N; > Ny 1 1 a LA +a
11
5, 5 <a<l1
Ny + G <Ny <Nyt | 4 2 3 1-2a 1
0<a< =
o+ VS a < 5
11
57 5 <a<l
NM_lgNt<NM_1+G1 0 % 0 1— 9% 1
0<a< =
a+ VR Sa< 5
11
§, g <a<l
Nyr—a < Ny < Ny 0 3 0 | — 3 1
0<a< =
a+ VS a < 3
1< N, <N, 0 = 0 i

! The second line of this table (partially-overloaded scenario) does not exist when the
group sizes are equal. When N, drops below K — G + 1, d*3PM4 decreases to 0 directly.
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3.4 Max-Min Fair Problem Formulation

Now, we formulate an optimization problem to design precoders to achieve MMF
among multiple co-channel multicast groups subject to a flexible power constraint
with imperfect CSIT. MMF Ergodic rate is the metric for both RSMA and SDMA.
It reflects long-term MMF rate performance over varying channel states. Given
a long sequence of channel estimates, the MMF Ergodic rate can be measured
by updating precoders based on each short-term MMF Average rate. For a given
channel estimate f—i, the Average rate is defined as the expected performance over
CSIT error distribution. The Average rates for the common and private streams of

user-k are short-term measures given by

Rey(H) = Ey{ Rer(H H) | H}, (3.44)

Ry(H) = By { Re(H, H) | H}. (3.45)

Note that Average rates should not be confused with Ergodic rates. Ergodic rates
capture the long-term performance over all channel states, while Average rates
measure the short-term expected performance over CSIT error distribution for a
given channel state estimate. According to the law of total expectation and the
definition of Average rate, the Ergodic rates for the common and private streams of

user-k are expressed by

E ey { Reae (L H)} = B {E gy { e (HLH) | H} ) = Eg {Rer(H)},  (3.46)

E{H,ﬁ}{Rk(H7ﬁ)} = Eﬁ{E{H\ﬁ}{Rk(Haﬁ) | ﬁ}} = Eﬁ{ﬁk(ﬁ)} (3.47)

It turns out that measuring Ergodic rates is transformed into measuring Average
rates over the variation of H. Therefore, the MMF Ergodic rate maximization
problem is decomposed to an MMF Average rate maximization problem for each H.

The MMF Ergodic rate of RSMA can be characterized by Eg {Frs}, where Fgg is
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the MMF Average rate maximization problem for a given channel estimate H.

Frs : IIél’le)X Tgélj{l/l (C’m + féléﬂ Ri) (3.48)
M
st. Rep > Cu, VkEK (3.49)
m=1
Cpn>0, ¥YmeM (3.50)
M
piDip.+ > ppDipn <P, 1=1---L (3.51)
m=1
The average common rate vector ¢ = [51, e ,GM} and the beamforming matrix

P = [p., p1, - pum| are jointly optimized to achieve MMF performance. Since the
average common rate is defined by R, = Zf\f:l C,, = mingex Ecjk, we use constraint
(3.49) to ensure that the common stream s, is decoded by each user. Constraint
(3.50) implies that each portion of R, is non-negative and (3.51) is the transmit

power constraint.

Similarly, the corresponding SDMA-based MMF Average rate maximization problem

is formulated as

Fspma : max nllnelj\lll (@Igglg Ri) (3.52)
M
st. Y ppDipn <P, l=1---L (3.53)
m=1
where the beamforming matrix P = [py, - -+ , pas] is optimized to solve Fspura. (3.53)

is the transmit power constraint. SDMA is a sub-scheme of RSMA by switching off
(i.e., allocating zero power to) the common stream. Solving Fspasa is a special case
of Frg by fixing € = 0 and ||p.||> = 0. We will focus on solving the RSMA-based

problem in the following discussion.

Sample average approximation (SAA) is then adopted to convert Fgrs into a

deterministic problem denoted by f](%). For a given channel estimate H and
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sample index set & = {1,---,S}, we construct S channel samples denoted as
H) & {H(S) —H+H® | ﬁ, 5 € 6} containing S i.i.d realizations drawn from a
conditional distribution with density fgg(H | H). These realizations are available
at the transmitter and can be used to approximate the Average rates experienced
by each user through sample average functions (SAFs). When S — oo, according to

the strong law of large numbers, we have

S
— IRRT —(S)_ . l (s)
R —sll_IélORc,k _sh—EEOS 51 R.,(H'Y), (3.54)
(5) RN
B = lim B = 1im — (s)
Ry, SlgroloRk slglgoSg R, (HY), (3.55)

s=1

where R, (H®) and R,(H®), s € & are the common and private rates associated

with the s-th channel realization. Accordingly, the SAA problem can be written as

Fo max min (Cr + min EES)) (3.56)
M
st. By >3 C, Vkek (3.57)
m=1
Cn>0 VmeM (3.58)
M
p!Dip.+ > piDpm <P, 1=1---L (3.59)
m=1

Note that F. 1({‘? is a non-convex optimization problem which is challenging to solve.

Next, we turn to solve the SAA problem using the WMMSE approach.

3.5 The WMMSE approach

The WMMSE approach, initially proposed in [48], is effective in solving problems
containing non-convex superimposed rate expressions, i.e., RSMA-based sum rate

maximization problems [16]. In this section, we further modify this approach so as



3.5. The WMMSE approach 71

to solve the formulated SAA problem to achieve max-min fairness in RSMA-based
multigroup multicast with imperfect CSIT. To begin with, the relationship between

rate and WMMSE is derived, enabling the formulation of the equivalent problem.

3.5.1 Rate-WMMSE Relationship

At the k-th user, we denote the estimate of the common stream s. by S.r = e kU,
where g, is a scalar equalizer. After s. is successfully decoded by all receivers and
removed from the received signal yj,, the estimate of s, is obtained at user-% such

that 5,y = gr(yr — hfp_ s.), where gy, is the corresponding equalizer.

The common and private MSEs are defined as €., = E{|S. — scx|*} and g =
E{|S,.k) — Suy|*}- The expectations are taken over the distributions of the input
signals and the noise. By substituting the signal expressions into the definitions, the

MSEs can be expressed by

ek = |Ger*Ter — 2R{gexhi Pe} + 1, (3.60)

er = g’ Te — 2R{gehy Puey } + 1, (3.61)

where the k-th user’s received power is given by T, = |hip.]* + |hfp,w)|* +
ij\/; iu(k) |hfp;|> + 02. The power of observation after SIC writes as T}, =
Tk — |hf pc|?. Furthermore, we define I, as the interference plus noise portion in

T. ) which is equal to T}, and define I, = Ty — |hf’p,x)|* as the interference plus

O,
65 * — (0 and
9e,k

noise portion in 7Tj. To minimize the MSEs over equalizers, we let

Oex

oL = 0. This yields the optimum equalizers given by

gﬁMSE = pfhchjlj and gMMSE — pf(k)hka_l. (3.62)

By substituting (3.62) into (3.60) and (3.61), the MMSEs with optimum equalizers,
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i.e., the well-known MMSE equalizers are given by

el = mineq = T, Lok, (3.63)
e,k )
eMMSE — miney, = T, . (3.64)

Ik

It is evident that the SINRs can be expressed in the form of MMSEs such that
”yc,k:(l/E%CMSE)—l and vy, = (1/eMSEy 1, (3.65)

The corresponding rate expressions write as

and Ry = — log, (s//M5F), (3.66)

Next, we introduce the augmented WMSEs from which the Rate-WMMSE rela-
tionship is derived. The common and private augmented WMSEs of user-k are

respectively defined as

Eele = UckEck — l0go(ucy) and & = uger — logy(ug), (3.67)

where u.; and u;, denote auxiliary positive weights. By substituting optimum

equalizers to WMSESs, we obtain

fc,k(g%gMSE) = Iglilfl Sek = Uc,k5%gMSE — log, (tek), (3.68)
(g MSE) = H;inqu = uped™5E _log, (uy). (3.69)
k
E) . MMSE o MMSE L. .
Moreover, let %";) =0 and %}C)’“ = 0 to minimize the WMSEs over

both equalizers and weights. This yields the optimum MMSE weights

MMSE _ (gMMSEY=1 and  yMMSE — ((MMSE)=1, (3.70)
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We substitute (3.70) into (3.68), (3.69), hence leading to the Rate-WMMSEs rela-

tionship
MSF = min &g =1+ logy(eMMF) =1 - Rey, (3.71)
’ Ge,ksUc,k
eMMSE = min &4, =1+ logy(ep™F) =1 - Ry, (3.72)
’ e,k Uc,k

With respect to imperfect CSIT, a deterministic SAF version of the Rate-WMMSE

relationship is constructed such that

G = min g =1-TR), (3.73)
’ 8¢,k Uc,k ’ ’
Z,ICWMSE ¥ — min E,(f) =1- R,&S). (3.74)
8k,Uk
This relationship holds for the whole set of stationary points [16]. For a given channel
estimate, E%CMSE and {kMMS %) represent the Average WMMSEs. We have
FMMSE(S MMSE(s FMMSE(S) S MMSE(s MMSE
En T = 0L MY and g = § 20,6, where €M

and SMMSE(S) are associated with the s-th realization in H®). The sets of optimum

equalizers are defined as gMMSE { MMSE (s) | s € &} and gMMSE {gllc\/!MSE(s) |

s € 6}. Following the same manner, the sets of optimum weights are u)}** =

{ MMSE(s | s € 6} and uMMSE = {ufyMSE(S) |

U, ), s € 6}. Each optimum element in

these sets is associated with the s-th realization in H®®). From the perspective of
each user, the composite optimum equalizers and composite optimum weights are

respectively

GMMSE {gc MSE,g]iWMSE ‘ ke ’C}, (375>

UMMSE _ {uMMSE MMSE | 1. ¢ IC}. (3.76)

Note that the WMSEs are convex in each of their corresponding variables (e.g.,
equalizers, weights or precoding matrix) when fixing the other two. This block-
wise convexity, preserved under superimposed expressions, together with the Rate-

WMMSE relationship is the key to WMMSE approach [26]. Now, we can transform
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F f%ss) into an equivalent WWMSE problem.

(5) . =

Whs = _pmax Ty (3.77)
st. Cp+Tm>T, VmeM (3.78)
1-8% >7,. Vi€ Gn, VmeM (3.79)

; M
1-89>3"C,, Vkek (3.80)

m=1
Cpn>0YmeM (3.81)

M
p'Dip.+ Y pEDpn <P, l=1---L (3.82)

m=1
where 7y, and T = [Ty, - -+ ,T)] are auxiliary variables. Furthermore, if the solution

(P*,G*, U*,7;, 1", ¢") satisfies the KKT optimality conditions of W](%), (P*,c*) will
satisfy the KKT optimality conditions of ]-"](é? (P). Considering the block-wise
convexity property, we use an Alternating Optimization (AO) algorithm illustrated

below to solve Wg;)

3.5.2 Alternating Optimization Algorithm

Each iteration of the AO algorithm is composed of two steps.
1) Updating G and U:

During the n-th iteration, all the equalizers and weights are updated accord-
ing to a given beamforming matrix such that G = GMM5E (P[”’l]) and U =
UMMSE (pln=1l) “where P"~! is the given beamforming matrix obtained from the
previous iteration. To facilitate the P updating problem in the next step, we intro-

duce several expressions calculated by updated G and U [16] to express the Average
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WDMSES.
ten = uloc” and 7 =g (3.83)
) =P and U = ¢7hIn" (3.84)
fflg:us,zh,(:)gglf and f,gs —uk)h ) S)H (3.85)
v((f,z = log, (u((ji) and = log, (u{”). (3.86)

Therefore, by taking the averages over S realizations, the corresponding SAF's are
tisk), tf), \Ifgsk), \I/k , fﬁsk, f ks), _gsk), U,(CS), from which leads to the Average WMSEs

coupled with updated G and U.

(5 (s ) _
€y =l kpc+2pﬁ\1fckpm+ 021l — 2R{E pe} + ) — 0, (3.87)
m=1
= (S) (S)H
_ s _ B
= Z p 0, p,, + 021 - 2R{E, Puw } + u — 5t (3.88)

m=1

2) Updating P:

In this step, we fix G, U, and update P together with all the auxiliary variables.
By substituting the Average WMSEs coupled with updated G and U into W, the
problem of updating P based on updated G and U is formulated in W . This is
a convex optimization problem which can be solved using interior-point methods.

The steps are summarized in Algorithm 1.

Wy (5)In] Clg%zcr Ty (3.89)
st.  Cp+7m>7, VYmeM (3.90)

M
17 > Y pH0p,, + 0%

m=1

—oR{E b + 1Y — B, Vi€ G, ¥m e M (3.91)
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1 - ZC > pl' W), + Zpﬁ‘ﬂckpm

+atck—2R{fS)H J+ul) -8, vkek (3.92)

Cpn>0 YmeM (3.93)
M

p'Dipc+ Y pPiDpm <P, l=1---L (3.94)
m=1

Through the AO algorithm, variables in the equivalent WMMSE problem are
optimized iteratively in an alternating manner. The proposed algorithm is guaranteed
to converge as the objective function is bounded above for the given power constraints.
The objective function 7, increases until convergence as the iteration process goes

on.

Algorithm 1 Alternating Optimization

Initialize: n < 0, P, WRS ~—0
while ‘W S)nl — Whrye S)[n 1

n<n+1, PP

G « GMMSE (plr-1]) (3.75)

U + UMMSE (P[Hl) (3. 76)

update tck)a tk )7 \Ilisl;)’ ﬁk ) fgi? fk ’ ESI;)7 EI(CS)’ Eg:sl;)’ EE:GI;) (383)_(386>
(S)[n]

<edo

P <+ Solve argWy¢
end while

3.6 Simulation Results and Analysis

In this section, the performance of the proposed RSMA-assisted multigroup multicast
beamforming strategy is evaluated through simulation results by considering the
scenarios of both Rayleigh fading channels (representative of cellular terrestrial
systems) and multibeam satellite systems. Additionally, we evaluate the throughput

performance by link-level simulations.
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3.6.1 Performance Over Rayleigh Channels

The performance of RSMA and SDMA are both evaluated over Rayleigh fading
channels (representative of conventional cellular terrestrial systems) when considering
a total transmit power constraint. During simulation, entries of H are independently
drawn from CN (0,1). Following the CSIT uncertainty model, entries of H are also
i.i.d complex Gaussian drawn from CN (0,0?), where 02 = N; 'o?, = P~ Herein,
we evaluate the MMF Ergodic rate by averaging over 100 channel estimates. For
each given channel estimate H=H- ﬁ, its corresponding MMF Average rate is
approximated by SAA method and the sample size S is set to be 1000. H) is the
set of conditional realizations available at the transmitter. The s-th conditional
realization in H®) is given by H® = H+ ﬁ(s), where H® follows the above CSIT

error distribution.

We firstly consider an underloaded system with NV; = 6 transmit antennas, G = 3
groups and K = 6 users. The group sizes are respectively Gy =1, Gy =2, G3 = 3.
Fig. 3.1 presents the MMF Ergodic rate of RSMA and SDMA versus an increasing
SNR under various CSIT qualities. For perfect CSIT, beaming an interference-free
stream to each group simultaneously is possible since the system is underloaded.
Both RSMA and SDMA achieve full MMF-DoF and the performance of such two
schemes are nearly identical. However, RSMA shows a little improvement in the
rate sense compared with SDMA due to its more flexible architecture. For imperfect
CSIT, the superiority of RSMA over SDMA becomes more evident. It can be
observed in Fig. 3.1 that the MMF-DoF disparity between RSMA and SDMA
gradually appears as the CSIT uncertainty increases. The MMF-DoFs of SDMA
and RSMA in Fig. 3.1 are respectively a and I’WQ + «a, which follow the results in

Table 3.1. This implies that the common stream of RSMA can provide a DoF gain

of 1_76“ and consequently MMF rate gains in underloaded regimes.

In Fig. 3.2, we reduce the number of transmit antennas to 4 and the system becomes
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Figure 3.1: MMF rate performance. N; = 6 antennas, K = 6 users, M = 3 groups,
G1,G9,G3 = 1,2, 3 users.
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Figure 3.2: MMF rate performance. N; = 4 antennas, K = 6 users, M = 3 groups,
G1,Gy,G3 = 1,2, 3 users.
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partially-overloaded (K — G+ 1 < N; < K — Gy + 1). When considering perfect
CSIT, RSMA and SDMA achieve identical MMF-DoF's at % It follows the perfect
CSIT results in Table 3.1. Meanwhile, it also follows the results of imperfect CSIT by
setting o = 1. Multiplexing gains are partially achieved. A small rate gap between
the two schemes is observed although their MMF-DoFs are equal. Next, it comes to
imperfect CSIT. We can see that the merit of RSMA over SDMA becomes more
obvious compared with the underloaded regime. From Fig. 3.2, the MMF-DoFs
of SDMA (blue curves) are approximately §, which match the theoretical result
in (3.11). CSIT imperfectness can affect the system’s performance significantly.
Considering RSMA, we have M} = 2 as a result of N, < N, < N3 in this specific
setup. Substituting M}, = 2 and M = 3 into (3.33) or the overloaded results in

Table 3.1, we obtain

1
- 05<a<l
4hs > {2 o (3.95)
« , 0<a<0.5.
3
In addition, we have d**PM4 = 2 Such DoF performance is exhibited in Fig. 3.2.

All simulation results are inline with the theoretical MMF-DoFs in Table 3.1. Due
to the benefits of RSMA, the system is able to maintain its MMF-DoF's at % for all
0.5 < a <1 in this example. When 0 < a < 0.5, the MMF-DoF's decrease slightly

to a + 1_320‘, which is still greater than the 5 achieved by SDMA. Compared with

the underloaded scenario in Fig. 3.1, the gaps between RSMA (red curves) and
SDMA (blue curves) increase. In other words, the superiority of RSMA over SDMA

becomes more apparent when the system is partially-overloaded.

Furthermore, we keep the same setting as in Fig. 3.2 but change the group sizes to
be symmetric, i.e., Gy =2, Gy =2, G3 = 2. It is noted that the system at present
becomes fully-overloaded (1 < Ny < K — G5+ 1). As illustrated in Fig. 3.3, RSMA

outperforms SDMA to a great extent in both perfect CSIT and imperfect CSIT
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Figure 3.3: MMF rate performance. N; = 4 antennas, K = 6 users, M = 3 groups,
Gl, GQ, G3 = 2, 2, 2 users.

scenarios. RSMA maintains the same MMF-DoFs as in Fig. 3.2. However, all the
multiplexing gains of SDMA are sacrificed and collapse to 0. The corresponding
MMF rate performance of SDMA gradually saturates as SNR grows, thus resulting

in severe rate limitation.

Through the simulation results over Rayleigh fading channels, it is demonstrated
that RSMA-based multigroup multicast beamforming is more robust to CSIT
imperfectness than the conventional SDMA scheme. RSMA is able to further exploit
spatial multiplexing gains and achieve higher MMF rate performance in various
setups. In particular, RSMA provides significant gains compared with SDMA in

overloaded regimes with imperfect CSIT.

Above all, the gains of RSMA for multigroup multicast in the presence of imperfect
CSIT are shown via simulations in both underloaded and overloaded deployments.
This contrasts with [26] where gains in the presence of perfect CSIT were demon-

strated primarily in the overloaded scenarios.
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Figure 3.4: Architecture of multibeam satellite systems.

3.6.2 Application to Multibeam Satellite Systems

In order to show the versatility of RSMA, the application of RSMA-based multigroup
multicast beamforming to multibeam satellite systems is addressed in this section.
Here, we focus on a Ka-band multibeam satellite system with multiple single-antenna
terrestrial users served by a geostationary orbit (GEO) satellite as shown in Fig.
3.4. A single gateway is employed in this system, and the feeder link between the
gateway and the satellite is assumed to be noiseless. Let N; denote the number
of antenna feeds. The array fed reflector can transform N, feed signals into M
transmitted signals (i.e., one signal per beam) to be radiated over the multibeam
coverage area [89]. Considering single feed per beam architecture which is popular
in modern satellites such as Eutelsat Ka-Sat [34, 36], only one feed is required to
generate one beam (i.e., N; = M). Since the multibeam satellite system is in practice
user overloaded, we assume that p (p > 1) users are served simultaneously by each
beam. Users per beam are uniformly distributed within the satellite coverage area.
Ideally, the user selection and beamforming can be jointly designed. However, this
is out of the scope of this thesis and can be explored in future work. K = pN, is

the total number of users.
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Table 3.2: Simulation parameters [Chapter 3]

Parameter Value
Frequency band (carrier frequency) | Ka (20 GHz)
Satellite height 35786 km (GEO)
User link bandwidth 500 MHz
3 dB angle 0.4°
Maximum beam gain 52 dBi
User terminal antenna gain 41.7 dBi
System noise temperature 017 K

1) Multibeam Satellite Channel:

The main difference between satellite and terrestrial communications lies in the
channel characteristics including free space loss, radiation pattern and atmospheric
fading. The satellite channel H € CM*¥ is a matrix composed of receive antenna
gain, free space loss and satellite multibeam antenna gain. Its (n, k)-th entry can be

modeled as

+/GrG,
Hyp = —Y 2k (3.96)
471'%\/ /iTsyst

where G is the user terminal antenna gain, dj, is the distance between user-k and

the satellite, A is the carrier wavelength, ~ is the Boltzmann constant, Ty, is the
receiving system noise temperature and B,, denotes the user link bandwidth. G, is
the multibeam antenna gain from the n-th feed to the k-th user. It mainly depends

on the satellite antenna radiation pattern and user locations.
2) Performance QOuver Satellite Channels:

Then, we evaluate the application of RSMA in multibeam satellite communications.
Results of MMF problems are obtained by averaging 100 satellite channel realizations.
Since non-flexible on-board payloads prevent power sharing between beams, per-feed
power constraints are adopted. System parameters are summarized in Table 3.2.
Fig. 3.5 shows the curves of MMF rates among N, = 7 beams versus an increasing

per-feed available transmit power. We assume two users per beam, i.e., p = 2.
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Figure 3.5: MMF rate versus per-feed available power. N; = 7 antennas, K = 14
users, p = 2 users.

For perfect CSIT, RSMA achieves around 25% gains over SDMA. For imperfect
CSIT, RSMA is seen to outperform SDMA with 31% and 44% gains respectively
when @ = 0.8 and a = 0.6. Accordingly, the advantage of employing RSMA in
multigroup multicast beamforming is still observed in multibeam satellite systems.
Through partially decoding the interference and partially treating the interference
as noise, RSMA is more robust to the CSIT uncertainty and overloaded regime than
SDMA. Such benefit of RSMA exactly tackles the challenges of multibeam satellite
communications. The conventional 4-colour scheme performs the worst compared

with full frequency reuse schemes.

Here, we set the per-feed available transmit power to be 80 Watts. As CSIT error
scaling factor drops, the MMF rate gap between RSMA and SDMA increases
gradually, which implies the gains of our proposed RSMA scheme become more
and more apparent as the CSIT quality decreases. In addition, the impact of user
number per frame is also studied. Since all the users within a beam share the same

beamforming vector, the beam rate is determined by the user with the lowest SINR.
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Figure 3.6: MMF rate versus CSIT error scalling factor . N; = 7 antennas,
p=2,4, 6users, P/N;, =80 W.

Considering p = 2, 4, 6 users per frame, it is clear that increasing the number of
users per frame results in system performance degradation for both RSMA and

SDMA.

Moreover, the impact of different transmit power constraints is studied. Based on the
fair per-antenna power constraint assumption, each transmit antenna cannot radiate
a power more than P/N;. Compared with the total transmit power constraint, the
existence of per-antenna power constraint will inevitably restrict the flexibility of
beamforming design. Taking imperfect CSIT with a = 0.8 as an example, Fig. 3.7
respectively shows the MMF rates when considering total power constraint and
per-antenna power constraint. It is noticed that the practical per-antenna power

constraint reduces MMF rate performance slightly in both RSMA and SDMA.

Finally, we consider a hot spot user configuration rather than the uniform user
configuration. In Fig. 3.8, the performance of a hot spot configuration, (e.g., with 8
users in the central beam and 1 user each in the other beams) is compared with the

above uniform setting. We can observe that the MMF rate improvement provided by
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Figure 3.7: MMF rate constrained by PAC/ TPC. N; = 7 antennas, K = 14 users,
p = 2 users, imperfect CSIT: a« = 0.8.

RSMA is more obvious than SDMA, which means that RSMA is better at managing
interference in such a hot spot scenario. Specifically, for perfect CSIT, RSMA
outperforms SDMA with 42% gains. For imperfect CSIT, RSMA achieves higher

gains at around 54%.

3.6.3 Link-Level Simulations

In this section, by leveraging the results of the MMF optimization problem with
assumptions of Gaussian inputs and infinite block length, we further investigate the
RSMA PHY layer design for multigroup multicast with finite length polar coding,
finite alphabet modulation and an AMC algorithm. In [90], the uncoded link-level
performance of RSMA-based multiuser MISO systems is investigated. With channel
coding taken into consideration, [32] designs the basic transmitter and receiver
architecture for RMSA in a MISO BC with two single-antenna users. Here, we
use the same transceiver architecture as [32] and conduct LLS to show explicit

throughput gain of RSMA multigroup multicast in both cellular and multibeam
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Figure 3.8: MMF rate versus per-feed available power. N; = 7 antennas, K = 14
users, imperfect CSIT: a = 0.6, hot spot G = [8,1,1,1,1,1,1].

satellite systems.

The transmitter and receiver architecture for RSMA multigroup multicast is depicted
in Fig. 3.9. We use finite alphabet modulation symbols carrying codewords from
finite-length polar code codebooks as channel inputs. The overall framework follows
the architecture in [32] where a two-user MISO BC system is considered. For more

detailed explanations of each module, please refer to Appendix A.

Thus, we can demonstrate the performance improvements achieved by RSMA over
SDMA for multigroup multicast by LLS results and compare the obtained throughput
levels with the Shannon bounds obtained in the previous sections. The PHY-layer
design follows the architecture described in Fig. 3.9. Appropriate modulation

schemes and coding rates are selected by the AMC algorithm.

In LLS, we define throughput as the number of bits which can be transmitted
correctly at a single channel use. All MMF throughput levels are obtained by

averaging over 100 Monte-Carlo realizations. The number of channel uses in the [-th
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Figure 3.9: Transceiver architecture of RSMA multigroup multicast.

Monte-Carol realization is denoted by S®. DSL denotes the number of successfully
recovered information bits by user-k for all £ € K. Thus, the MMF throughput can
be written as
. l
mingex Y, Di;i

MMF Throughput [bps/Hz| = S~ 50 : (3.97)
I

Without loss of generality, we assume S = 256 for all [ = 1,--- ,100 Monte-Carlo

realizations. The maximum code rate is set as § = 0.9.

First, we consider a cellular terrestrial multigroup multicast system with K = 6
users equally divided into M = 3 multicast groups. Independent and identically
distributed Rayleigh fading channels are adopted. When the number of transmit
antenna /NV; = 6, the system is underloaded. Fig. 3.10 and Fig. 3.11 respectively
show the Shannon bounds and throughput levels achieved by RSMA and SDMA
with imperfect CSIT o = 0.8 and o = 0.6. It can be clearly observed that RSMA
has a significant LLS throughput gain over SDMA. The trend of throughput levels is
consistent with that of Shannon bounds. The performance improvements achieved
by RSMA compared with SDMA are demonstrated in the PHY-layer design and
LLS platform. Moreover, as the CSIT error scaling factor drops from 0.8 to 0.6, the

CSIT uncertainty increases, thus leading to lower throughput values.
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Figure 3.10: MMF throughput versus SNR, @ = 0.8, N; = 6 antennas, K = 6 users,
2 users per group.
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Figure 3.11: MMF throughput versus SNR, a = 0.6, N; = 6 antennas, K = 6 users,
2 users per group.
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Figure 3.12: MMF throughput versus SNR, @ = 0.8, N; = 4 antennas, K = 6 users,
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Figure 3.13: MMF throughput versus SNR, @ = 0.6, N; = 4 antennas, K = 6 users,
2 users per group.
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Figure 3.14: MMF throughput versus per-feed available power, a = 0.8, N, = 7
antennas, K = 14 users, 2 users per group.

Next, Fig. 3.12 and Fig. 3.13 depict the Shannon bounds and throughput levels
when the number of transmit antenna /N, is 4. Now the system becomes overloaded,
and all multiplexing gains of SDMA are sacrificed and collapse to 0 [68]. The curve
of SDMA Shannon bound gradually saturates as SNR grows. The rate gain of
RSMA over SDMA is more obvious. By LLS, the MMF throughput levels of both
RSMA and SDMA follow the trend of Shannon bounds with comparable gaps. The
throughput of RSMA outperforms SDMA significantly in the presence of considered
imperfect CSIT a = 0.8 and a = 0.6.

Finally, we consider the same multibeam satellite system as discussed in Section
3.6.2, where a GEO satellite equipped with N; = 7 antennas serves K = 14 single-
antenna users simultaneously. Single feed per beam architecture is used such that
only one feed is required to generate one beam (i.e., Ny, = M). p = % = 2 users are
served simultaneously by each beam. Fig. 3.14 illustrates the Shannon bounds and
throughput levels achieved by RSMA and SDMA versus an increasing per-antenna

transmit power budget with imperfect CSIT a = 0.8 We can still observe the
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matching trends of the Shannon bounds and throughput curves in this satellite
setup. The effectiveness of using RSMA in multibeam satellite systems compared

with conventional SDMA is demonstrated by LLS.

3.7 Summary

In this chapter, we focus on the application of RSMA for multigroup multicast
beamforming in the presence of imperfect CSIT. Through MMF-DoF analysis,
RSMA is shown to provide gains in both underloaded and overloaded systems
compared with the conventional SDMA. A generic MMF optimization problem is
formulated and solved by developing a modified WMMSE approach together with
an AO algorithm. The effectiveness of adopting RSMA for multigroup multicast
and multibeam satellite communications is evaluated through simulations in a wide
range of setups, taking into account CSIT uncertainty and practical challenges.
Additionally, the RSMA transmitter and receiver architecture and LLS platform are
designed. According to numerical link-level results, we can conclude that RSMA
is very promising for practical implementation to tackle the challenges of modern

communication systems in numerous application areas.



Chapter 4

RSMA for Satellite-Terrestrial

Integrated Networks

In this chapter, we investigate the joint beamforming design problem to achieve
max-min rate fairness in a STIN where the satellite provides wide coverage to
multibeam multicast satellite users (SUs), and the terrestrial BS serves multiple
cellular users (CUs) in a densely populated area. Both the satellite and BS operate
in the same frequency band. We present two RSMA-based STIN schemes, namely
the coordinated scheme relying on CSI sharing and the cooperative scheme relying
on CSI and data sharing. The objective is to maximize the minimum fairness rate
amongst all SUs and CUs subject to transmit power constraints at the satellite
and the BS. A joint beamforming algorithm is proposed to reformulate the original
problem into an approximately equivalent convex one, which can be iteratively solved.
Moreover, an expectation-based robust joint beamforming algorithm is proposed
against the practical environment when the satellite channel phase uncertainties
are considered. Simulation results demonstrate the effectiveness and robustness of
the proposed RSMA schemes for STIN and exhibit significant performance gains

compared with various baseline strategies.

92
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4.1 Introduction

The concept of STIN has been proposed in the literature [91-93]. The satellite sub-
network shares the same frequency band with the terrestrial sub-network through
dynamic spectrum access technology to enhance spectrum utilization, thereby achiev-
ing higher spectrum efficiency and throughput. However, aggressive frequency reuse
can induce severe interference within and between the sub-networks. In this chap-
ter, we will concentrate on RSMA-based joint beamforming schemes to efficiently

mitigate the interference of STIN.

Motivated by the benefits of RSMA presented in Chapter 3, in this chapter, we
further investigate the application of RSMA into STIN to manage the interference
within and between both sub-networks. Practical challenges are considered, such as
the per-feed transmit power constraints, CSIT uncertainty, and multibeam multicast
transmission due to the existing satellite communication standards [65]. The main

contributions of this chapter are summarized as follows.

e First, we present a multiuser downlink framework for the integrated network
where the satellite exploits multibeam multicast communication to serve SUs,
while the terrestrial BS employs uniform planar array (UPA) and serves cellular
users (CUs) in a densely populated area. We take into account multibeam
satellite characteristics, including the array pattern, path loss and rain atten-
uation, thus building a more realistic channel model to evaluate the system
performance. The GW operates as a control center to implement centralized
processing and control the whole network. Based on such framework, the joint
beamforming design arises so that the satellite and terrestrial sub-system can
share the same radio spectrum resources and cooperate with each other. RSMA
is used at both the satellite and the BS to mitigate the interference including

inter-beam interference, intra-cell interference and interference between the two
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sub-systems. We investigate two scenarios of RSMA-based STIN, namely the
coordinated scheme, and the cooperative scheme. For the coordinated scheme,
the satellite and BS exchange CSI of both direct and interfering links at the
GW, and coordinate beamforming to manage the interference. For the cooper-
ative scheme, the satellite and BS exchange both CSI and data at the GW.
All propagation links (including interfering ones) are exploited to carry useful
data upon appropriate beamforming. This differs from the prior RSMA-based
STIN paper [71], where RSMA is utilized only at the terrestrial sub-system,

and the benefits of coordination and cooperation are not investigated.

Second, for both coordinated scheme and cooperative scheme, we respectively
formulate optimization problems to maximize the minimum fairness rate of
the RSMA-based STIN amongst all users subject to the constraint of per-feed
transmit power at the satellite and the constraint of sum transmit power
at the BS. Such problems upgrade the application of RSMA to multibeam
satellite communications and terrestrial networks to a more general case,
therefore leading to a joint beamforming design so that the two sub-systems
can cooperate with each other. This is the first work on the joint beamforming
design of RSMA-based coordinated STIN and cooperative STIN. Since the
original optimization problem is non-convex, we apply the SCA to reformulate
the original problem into an approximately equivalent convex one, which
belongs to a second-order cone program (SOCP) and can be solved iteratively.
The cooperative scheme is shown to outperform the coordinated scheme due
to data exchange between the satellite and BS at the GW. Multiple baseline
strategies are considered, including SDMA, NOMA, a two-step beamforming
and fractional frequency reuse. Simulation results demonstrate the superiority
of the proposed RSMA-based cooperative scheme and coordinated scheme

compared with the baseline strategies.
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e Third, since it is in general very challenging to acquire accurate satellite CSI
at the GW due to the round-trip delay and device mobility, we develop an
expectation-based robust beamforming design against satellite channel phase
uncertainty. For both RSMA-based coordinated STIN and cooperative STIN,
non-convex MMF problems are formulated. To tackle the non-convexity of the
robust design, a novel iterative algorithm is proposed using SCA combining with
a penalty function. Simulation results verify the effectiveness and robustness

of the proposed RSMA schemes for STIN.

4.2 System Model

As illustrated in Fig. 4.1, we consider a STIN system employing full frequency
reuse, where all SUs and CUs operate in the same frequency band. A GEO satellite
is equipped with an array-fed reflector antenna. It provides services to SUs that
lack terrestrial access in sparsely populated or remote areas. By assuming a single
feed per beam architecture, the array-fed reflector antenna comprises a feed array
with N, feeds and generates N, adjacent beams. Within the multibeam coverage
area, we assume K, SUs, and p = %: users in each beam. Since the SUs of each
beam are served simultaneously by transmitting a single coded frame following DVB-
S2X, the GEO satellite implements multibeam multicast transmission. Meanwhile,
the terrestrial BS' equipped with N;-antenna UPA serves densely populated areas
in the same frequency band. K; < N; unicast CUs are assumed. User mobility
is not considered in this work. Spectrum sharing is able to improve spectrum
efficiency, which also leads to interference in and between the terrestrial and satellite

sub-networks. As shown in Fig. 4.1, the GW acts as a control center to collect

and manage various kinds of information, implement centralized processing and

'In this chapter, a unique BS is considered. The setting of multiple BSs is not considered here
and is left for future studies.
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Figure 4.1: Model of a satellite-terrestrial integrated network.

control the whole STIN. Optimal resource allocation and interference management
on the satellite and BS can be jointly implemented at the GW? to improve system

performance.

4.2.1 Channel Model

As illustrated in Fig. 4.2, we assume UPA at the BS with dimension N; = N; x N.
N; and Ny are respectively the number of array elements uniformly employed along
the X-axis and the Z-axis. The distances between adjacent array elements are
identical, thus d; = dy = d. Due to the characteristic of radio wave propagation
at high-frequency bands, the terrestrial channels can be expressed by a model
consisting of L scatters. Each scatter contributes to a single propagation path.

Mathematically,the downlink channel between the BS and CU k; is given by [96]

L
/1
hkt = z lzl akt,laUPA (th,b kat,l) ) (41)

2Complete CSI of the STIN system is required at the GW, leading to significant CSI feedback
overhead. To reduce the feedback overhead in STIN systems, several techniques can be used
including e.g., compressed sensing, codebook-based feedback, spatially correlated feedback and CSI
prediction using Kalman filtering or deep learning-based methods [94,95]. However, this problem
exceeds the scope of this thesis.
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Figure 4.2: Geometry of uniform planar array employed at the BS.

where ay, ; is the complex channel gain of the I-th path. Each a4, ; is assumed to
follow independent and identical distribution (i.i.d) CN (0,1). By denoting 6y, ; and
¢k, as the azimuth and elevation angles of the I-th path, the vector aypa (0k, 1, Pr..1)
can be expressed as a function of the Cartesian coordinates of the transmit arrays

as follows

aupa (th’l’ SOkt,l) _ 6<j277r[f‘1,-‘.,f‘Nt]T[COSth,l COS P, 15 Sinby, 1 cospy, 1, COSQOkt,l}T)' (4‘2)
where [ry,--- ,Ty,] € R¥*N have columns representing the Cartesian coordinates
of the UPA array elements. The terrestrial channel matrix between the BS and all

CUs is denoted by H = [hy, - - , hg,] € CNex&e,

Considering the free space loss, radiation pattern and rain attenuation of satellite
channels, the downlink channel from the satellite to SU-ks can be modelled the same

as in Section 3.6.2.

The satellite channel matrix between the satellite and all SUs is denoted by F =
(£, fx.] € CN*Es  Similarly, when we consider n, € {1,---,N,} and k; €
{1,---, K;}, the interfering satellite channel matrix between the satellite and all

CUs is denoted by Z = [z, - - ,z,] € CN*Er,
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4.2.2 Coordinated scheme and Cooperative Scheme

We consider two levels of integration between the satellite and terrestrial BS.
1) Coordinated Scheme:

First, we consider the basic level of integration where the CSI of both direct
and interfering links of the whole network is available at the GW, while data is
not exchanged between the satellite and BS at the GW. We call such scheme a
coordinated scheme. 1t allows the satellite and BS to coordinate power allocation
and beamforming directions to suppress interference. Different multiple access
strategies can be exploited at the satellite and BS, such as RSMA, SDMA, NOMA,

etc. Here, we elaborate on the scenario where RSMA? is used at both the BS

and satellite. To that end, the unicast messages Wi, --- , Wk, intended to CUs
indexed by K; = {1,---, K;} are split into common parts and private parts, i.e.,
Wi, = {Weky; Wor, },Vke € K. All common parts are combined into W, and

encoded into a common stream s. to be decoded by all CUs. All private parts are
independently encoded into private streams sy, - - -, Sk,. The vector of BS streams
S = [Se, S1, - ,sKt]T e CEA+DX1 s therefore created, and we suppose it obeying
E {SSH} = I. For the satellite, multicast messages M, --- My, are intended to the
beams indexed by Ny, = {1,---, N,}. Each message M, ,Vn, € Nj is split into a
common part M., and a private part M, , . All common parts are combined as
M. and encoded into m., while all private parts are independently encoded into
my,- -+ ,my,. The vector of satellite streams m = [m., mq, - - ,mNS]T € CWNs+1)x1
is obtained, and we assume it satisfying E {mmH } = 1. Both s and m are linearly

precoded. The transmitted signals at the satellite and BS are respectively

Ns K
x5 = w.m,. + Z W, My, and xP = PcSe + Z Pk Sk (4.3)

ns=1 k=1

3RSMA has been shown analytically as a general multiple access strategy, which boils down to
SDMA and NOMA when allocating powers to the different types of message streams [9].
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where W = [we, wy, -+, wy,] € CV*NH) and P = [p, py, - -, pg,) € CNxUFetl)
are defined as the beamforming matrices at the satellite and BS. m. and s, are
superimposed on top of the private signals. Even though power-sharing mechanisms
among beams can be implemented by using, e.g., multi-port amplifiers [97], the
deployment of satellite payloads allowing flexible power allocation will require costly
and complex radio-frequency designs. Thus, a per-feed transmit power constraint

is considered, which is given by (WWH#), < Vns, € Ny. The sum transmit

-~ N 9
power constraint of BS is given by tr(PP#) < P,. Based on the channel models

defined above, the received signal at each SU-k, writes as

Ns
i = £ weme + £ " wim; + 0. (4.4)

=1

Since we assume all SUs are located outside the BS service area, each SU sees
multibeam interference and no interference from the BS. The received signal at each

CU-k, writes as

Ky
ny = thtpCsc + h,g Z p;s; + zkHtwcmc + 1z, Z w,m; + ni‘: (4.5)
j=1
Each CU suffers from intra-cell interference and from satellite interference. z,--- , zZx;

represent satellite interfering channels. nsat and nﬁf are the AWGN with zero mean

and variance o}

and Jb52 respectively. For both SUs and CUs, the common stream
is firstly decoded while treating the other interference as noise. The SINRs of

decoding the common stream at SU-ks; and CU-k; are given by

fw,|”
”chgcts - Z ‘ W} | + gsat2’ (46)
o Wi ois
Vo = i (4.7)

W'L ‘ 4 O.bsQ

|h p]‘ +|Zkth‘ +Zz 1

Given perfect CSIT, the achievable rate of the common streams are R} = logy(1 +
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sat

Ye%,) and RZS = log,(1 + 7, kt) To guarantee that each SU is capable of decoding
me, and each CU is capable of decoding s., they must be transmitted at rates that

do not exceed

Rsat _ kﬁg]g {Rsat } nzl Csat and Rbs — kmel,? {Rc kt} kzl Okt7 (48)

where C3* is the portion of the common part of the n,-th beam’s message. C’,gf
is the portion of the common part of the k;-th CU’s message. After the common
stream is re-encoded, precoded and subtracted from the received signal through
SIC, each user then decodes its desired private stream. We define i : Ky — N, as
mapping a SU to its corresponding beam. The SINRs of decoding m,,) at SU-k;

and decoding si, at CU-k; are given by

o 2
sat ‘fk:S Wu( s
r}/ks N,

Zi:Li#u(ks) |fﬁwl|2 + O_Satza
|hktpkt‘
ZJ 1,j#kt |hktp3‘ + |Zk WC} + Z

bs __
The = bs2
Wl‘ + o},

The achievable rates of the private streams are respectively R;* = logy(1 + 7;*)
and R = log,(1 +~p%). Thus, the achievable rates of the n,-th beam and ki-th CU

respectively write as

R, =Co%+ min R and Ry, =Cr + Ry, (4.11)

tot,ns icG
ns

where G,,, denotes the set of SUs belonging to the ns-th beam.

2) Cooperative Scheme

Second, we consider a higher level of integration, i.e., cooperative scheme where
both CSI and data are exchanged between the satellite and BS at the GW. In

this scenario, all downlink messages Wi, -- , W, intended to CUs, and multicast
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messages M, - -, My, intended to SUs are transmitted at both the satellite and BS.
All propagation links (including interfering ones) are exploited to carry useful data
upon appropriate beamforming. We still consider RSMA to manage interference in
this cooperative STIN, including inter-beam interference, intra-cell interference and
interference between the satellite and terrestrial sub-networks. Each message is split
into a common part and a private part. All common parts are encoded together into
a super common stream shared by all users in the system. As a result, the symbol
stream to be transmitted is given by § = [$., M4, -+ ,1Thn,, S1, - - - ,S'Kt]T € CNsthtl,

Throughout this work, we use “”” to differentiate notations in the cooperative scheme

and the above coordinated scheme. The transmitted signals at the satellite writes as

N, K
ssat s 2 s sat ¢ s bs 2
X% = WS + E Wi, + E w55, (4.12)
i=1 j=1
where W = [V, Wi™, .-+ Wi, Wb ... Wi ] is the beamforming matrix, and the

superscripts of w5 and v(/?s are used to differentiate the precoder of satellite data

and BS data. The per-feed transmit power constraint writes as (WWH Ynons <

%, Vng, € N,. Similarly, the transmitted signal at the BS writes as

N Ky
S T TR R (4.13)
i=1 j=1
where P = [I')C, i, P, phs, - ,pl;g} is the beamforming matrix, and the sum

transmit power constraint of the BS is tr(PPH ) < P;. Accordingly, the received

signal at SU-k; is given by

N Ky

ssat _ pH. 2 2 H s sat, ¢ H s bs 2 s sat

gt = i wes. + £ g w; %, + £ g W85+l (4.14)
i=1 j=1
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The received signal at CU-k; is given by

g =hi'p.s. + hy! Z pY°s; + hy Z P,

s t
H_: 2 H ¢ sat, ¢ H 2 bs 2 2 bs
+ 2z, Wese + 2z, E W + zy, E WS+ Ty (4.15)
i=1 j=1

To simplify (4.15), aggregate channels and aggregate beamforming vectors are defined

by
— [z, n]" € CN+NIXT g, € K, (4.16)
= [wif,pif]" e cVrr, (4.17)
Vit = [t pret] ™ e CONENOXE g, e (4.18)
Vi = [whsH preH] " e cetN0X1 g e K. (4.19)

The received signal at CU-k; can be rewritten as
K, Ny
ke = EveSe L D VIS g Vit i (4:20)

Satellite interfering links are exploited to carry terrestrial data so as to improve
the performance of STIN. The aggregate beamforming vectors are collected into a

matrix

V = [V, vitt - vl vie e vhE ) e VN (NI (4.21)

which can also be denoted by V = [W# PH]#  For both SUs and CUs, the common

stream is firstly decoded and removed from the received signal through SIC. The
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SINRs of decoding $. at the ks,-th SU and the k;-th CU are respectively

¢ sat ‘fgwcf
= 4.22
Veks Zszsl i vafat|2 + Z ‘fH bs‘ + O.satQ ( )
H 2
b s
) ‘gkt bs’ + Z sat| + 0b32

The corresponding achievable rates are Rs“t logy (14425 ) and Rgskt = log,(1 +
vfjskt) Since $. is decoded by all users in the system, we define the common rate as

s Kt

, _ , ‘'

Re= min_ {Res Ry =D Gt Y O (4.24)

s Sy t na—=1 kt:1
Note that $,. is shared amongst all satellite beams and CUs. Cff”t and C’Zf respectively
correspond to the beam-n,’s and CU-k;’s portion of common rate. After removing $,.

using SIC, each user then decodes its desired private stream. The SINRs of decoding

private streams are

2

H 1. sat
gat _ Fis Wi (4.25)

ks — N, ; sat |2 sa ‘
Zi:l,i;«éu(ks) fil w; t‘ +Z { ’ 2’
2
v

iy = LA (4.26)

ysat ‘ + O.bsQ

Za 1,j#ke [58% | + 30

R = logy(1 +43°) and RY = log,(1 +4%°) are the achievable rates of the private
streams. Thus, the achievable rates of the n,-th beam and k;-th CU respectively
write as

Rt Csat + min B and R”, = (J,’;f + RZ‘j (4.27)

tot,ns
Zegns

From the above expressions, we can regard the satellite and BS working together as
a super “BS” but subject to their respective power constraints to serve the CUs and

SUs. The super common stream contains parts of the unicast messages intended
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to the CUs, and parts of the multicast messages intended to the SUs. At each
user side, the super common stream is at first decoded and then removed through
SIC. Accordingly, the interference is partially decoded. Each user then decodes its
private stream and treats the remaining interference as noise. Such scheme has the
capability to better manage interference including not only inter-beam interference,
intra-cell interference, but also interference between the satellite and terrestrial

sub-networks.

Remark 4.1: With the assumption of Gaussian signalling and infinite block length,
there is no decoding error in SIC. Decoding errors in SIC would only occur if we depart
from Shannon assumptions and assume finite constellations and finite block lengths.
We consider one-layer RSMA for either coordinated scheme and cooperative scheme.
Only one layer of SIC is required at each terminal. The receiver complexity does
not depend on the number of served users. The generalized RSMA and hierarchical
RSMA described in [5] is able to provide more room for achievable rate enhancements
at the expense of more layers of SIC at receivers. However, its implementation can
be complex due to the large number of SIC layers and common messages involved.
The receiver complexity of generalized RSMA and hierarchical RSMA increases with
the number of served users. Moreover, ordering and grouping are not required in
this one-layer RSMA architecture since all users decode the common stream before
decoding their private streams. Both scheduling complexity and receiver complexity
are reduced tremendously. Readers are referred to [5] and [98] for more details on

complexity issues.

4.3 Proposed Joint Beamforming Scheme

In this section, the problem of interest is to design a joint beamforming scheme

to maximize the minimum fairness rate amongst all unicast CUs and multibeam
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multicast SUs subject to transmit power constraints. We respectively consider the
scenarios of RSMA-based coordinated STIN and cooperative STIN with perfect CSI
at the GW.

4.3.1 Joint Beamforming Design for Coordinated STIN

For RSMA-based coordinated STIN, the optimization problem to maximize the

minimum fairness rate can be formulated as

. : bs sa

Pr W,g’r,fg%,cbs nSE./I\I/:}QGICt {RtOt’kt7 Rtoiing} (428)

K
st R, >N CF Yk eK, (4.29)

=1
Cy >0, Vk €K, (4.30)
tr(PP") < P, (4.31)

N
R =) 03 k€K, (4.32)

=1
Cst >0, W, € N, (4.33)

Py

(WW)n, < 570 Vs €N, (4.34)
where ¢* = [C§, ... CY]T, ¢ = [C}, .-+, C¥]T are the vectors of common rate

portions. (4.29) guarantees that the common stream s, can be decoded by all CUs.
(4.31) is the sum transmit power constraint of the BS. Similarly, (4.32) ensures the
common stream m, to be decoded by all SUs. (4.34) represents the per-feed transmit
power constraint of the satellite. (4.30) and (4.33) guarantee the non-negativity of

all common rate portions.

Note that the formulated problem is non-convex, we exploit an SCA-based method

to convexify the non-convex constraints and approximate the non-convex problem
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to a convex one. First, we introduce an equivalent reformulation of P;, which is

& W?Pﬂgltz’xggs’q’r’a q (4.35)
s.t. CY +oap, >q, Yk €K, (4.36)
Ry > ay,, Vk €K (4.37)
Co 41, > q, ks € G, (4.38)
R >y, Yk € Ky (4.39)
(4.29) — (4.34)
where ¢, o = [aq, - - ,aKt]T, r={[ry,--- ,TKS]T are introduced auxiliary variables.

To deal with the non-convexity of (4.29), (4.32), (4.37), (4.39), we further introduce

new auxiliary variables a = [a4, - - ,aKt]T, a. = [ac, - ,ac,Kt]T, b=[by,--
and b, = [be1, - ,bex.]”. The problem & can be rewritten as
S max q

s.t.

q?W7P’Csat 7cbs 7r’a7a7ac’b7bc

log (1 + ax,) > ay, log2, Vk, € Ky
’yzf Z ag, , th S ICt
log (14 bg,) > 1i, log2, Vks € Ky

’Yif;ft Z bks, Vks € ,Cs
K

log (1 4+ acy,) > ZC;’S log2, Vk; €K,
j=1

VWi = g,y ki € Ky

N,
log (1+beg,) > > C5"log2, Vk, € K,

7=1
75,’21; Z bc,ksa Vk:s S ICS

(4.30), (4.31), (4.33), (4.34), (4.36), (4.38)

) st]T

(4.40)

(4.41)
(4.42)
(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)
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where (4.41) - (4.48) are obtained by extracting the SINRs from the rate expressions
Rkﬁ Rsat R

Ckﬂ

R in (4.29), (4.32), (4.37), (4.39) of Problem &;. Since the con-
straints of &7 hold with equality at optimality, the equivalence between P; and S
can be guaranteed. Now, the non-convexity of S comes from (4.42), (4.44), (4.46)

and (4.48) which contain SINR expressions. (4.42) can be expanded as

S % b2 ¢ |thtpkt}2 44
j:;j?gktl pJ‘ + }Zktwc‘ +;|Zktwl‘ to a—kt’ ( . 9)

where the right-hand side quadratic-over-linear function is convex. We approximate
it with its lower bound, which is obtained by the first-order Taylor approximation

around the point (p,[C ], [n ]) Then, we have

hipy,|° _ 2R(p"hihfipy,)  pihyhiTp)
Uk, ay! (ap))’

£ f (pkw Ak, pggt]7 a@) (450)

akt

where n represents the n-th SCA iteration. Replacing the linear approximation

ﬁ(pkt, A, pgﬂ] ak ) with the right-hand side of (4.49) yields

K
Z ‘h pj| + ‘zktwc| —{—Z}zktwl‘ —I—abs2 fl(pkt,akt;pkt} aEZ]) < 0.
J=1,j7#ke i=1
(4.51)
Similarly, the constraint (4.44) can be expanded as
N fH 2
S| w4 o < % (4.52)

i=1,i7u(ks) °
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We approximate its right-hand side around the point ( b[ ) and obtain
[n]H [n]
£ > ZR(Wu(k fie £ e _ Wt B TS W)
bk - plrl (b[nl)Q ke
s ks ks

2 Fy (W) bi Wi ) b (4.53)

Replacing f» (Woaks)» bra [n]k Y b["]) with the right-hand side of (4.52) yields
Ns
Z £ w,} +op? — 2 (W(ka)s b W [n] b[n}) 0. (4.54)
i=Lizu(ks)

Following the same logic, (4.46) and (4.48) are respectively approximated by

K
‘hktpkt| + Z |hktp]] + }zktwc‘ + Z |zkth‘ +0o bsz
J=1,j#kt i=1
— Fa(Pes e P, ) <0, (4.55)
N
‘flgwu(ks) ’ Z |fli[wz|2 + O-lizﬂ - .]?4(WC7 bc key W Cn]’ b[cnl}c ) 07 (456)
i=1,i#u(ks)

where J?;;(pc, Qe foy; p[c ], E,]g ) and f4 (WC7 bey; We ], b,[:k ) are linear lower bound ex-

pressions given by

N QR( [n]Hhktthc) [”]Hh tht [n]

f (pc’ Qc,k ’p[cn]’ ([Bn] ) n - n Qe,key (457)
t ki [c]]ct (GL;}%)Q t
~ . IR (wiH g £ w, mHg pH ]
Fa(Wey be s Wit ol ) 2 (w = we) W = e (4.58)
bc,lcs (b&ks)

Although (4.41), (4.43), (4.45) and (4.47) are convex constraints, which are solvable
through the CVX toolbox in Matlab, the log terms belong to generalized nonlinear
convex program with high computational complexity. Aiming at more efficient
implementation, [99] approximates the log constraints to a set of SOC constraints,

which introduce a great number of slack variables and result in an increase of
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per-iteration complexity. Here, we use the property that zlog(1+ z) is convex
as in [100], and approximate (4.41), (4.43), (4.45), (4.47) without additional slack

variables. Since ay, > 0, the constraint (4.41) can be rewritten as
ag, log (1 + ax,) > ay,ag, log 2. (4.59)

Its left-hand side is convex, so we compute the first-order Taylor approximation of
a, log (1 + ay,) around the point agﬁ as

[n]
n n n a n
a, log (1 + ag,) > aLt] log (1 + aLt]) + (akt — a,&t]) [1 +kt + log (1 + a/[,%})]

aEZ]
- a’kt Uk:t uk‘t ) ( . )
where U,EZ] and u,[g] are expressions of ag:] given by
[n] [n]\ 2
a a
v,[:] = Mkt +log (1 + agz]) and ugz] = —(Mkt) . (4.61)
ap, +1 ap, +1

[n] [n]

Now, (4.59) can be rewritten by ag,v;’' — u;' > a, o, log 2, which is SOC repre-

sentable [101] as

[akt + ay, log2 — v,[;f} 2 “EZ]]

) <ay, — o, log?2 + v,[g}. (4.62)
2
Similarly, the constraint (4.43), (4.45), (4.47) can be replaced by

(b, + 74, log2 — o) 2¢/all"]

) < by, — 74, log 2 + 3", (4.63)
2 S

Kt Kt
lac, + Z C']I-’S log2 — vgl,lt 2 u[c”,lt} ‘2 < e, — Z C']I-’S log2 + vzl,lt, (4.64)

J=1 J=1

ﬂ-%@

N N
ek + Y i 10g2 =l 2/l ]| < buw =D O3 10g2 40

j=1 j=1



110 Chapter 4. RSMA for Satellite-Terrestrial Integrated Networks

The expressions of 17,&2], EE:;], vgf,lt, ug?,]ﬂ, 17([:,13, ﬂ[cillls are respectively
b[n} b[n] 2
,EZ] = [n]ks +log (1 + bl ]) and UEZ] = ([n]k)
o 41 b1
[n] [n] \2
a a
) E—L R ¥ (1+ al”l ) and ull = —< ci) :
¢,k [TL} c,kt c,kt [’I’L]
ac,kt + 1 ac,kt + 1
b[n] b[n] 2
ol = ok | jog (1+ b ) and al" = (Pck,) : (4.66)
c,ks [n] c,ks cks [n]
bc,ks +1 bc,ks +1

By replacing the constraints (45)-(52) with (55), (58), (59), (60), (66)-(69), we

obtain

A max q (4.67)

q7W7P7Csat 7cbs 7r7aaa7a67b7bc

st. (4.51),(4.55), (4.62), (4.64), Vk €K,
(4.54), (4.56), (4.63), (4.65), Vk, € K,

(4.30), (4.31), (4.33), (4.34), (4.36), (4.38)

The n-th iteration of the problem A; belongs to SOCP and can be efficiently solved
by the standard solvers in CVX. In each iteration, the problem defined around the
solution of the previous iteration is solved. Variables are updated iteratively until a
stopping criterion is satisfied. We summarize the procedure of this RSMA-based joint
beamforming scheme in Algorithm 2. ¢ is the tolerance value. The optimal solution
of Problem A, at iteration-n is a feasible solution of the problem at iteration-(n+1).
As a consequence, the objective variable ¢ increases monotonically. It is bounded
above by the transmit power constraints. The proposed Algorithm 2 is guaranteed to
converge while the global optimality of the achieved solution can not be guaranteed.
The solution of the proposed SCA-based algorithm converges to the set of KKT

points (which is also known as the stationary points) of problem Py [102].
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Algorithm 2 Proposed Joint Beamforming Scheme

Initialize: n « 0, W Pl gl al pil i g,
repeat

Solve the problem A; at (W, P al"l, al bl b[cn}) to get

the optimal solution (W, 15, a,a,., B, BC, Lj);

n+<n+1;

Update Wl « W P + P al « &, a" « &., b « b, bl" « b, ¢
d;
until ‘q["] — q[”_1]| <e;

4.3.2 Joint Beamforming Design for Cooperative STIN

When RSMA-based cooperative STIN is considered, the optimization problem of

max-min fairness rate among all users is given by

. . 5bs  sa
Kt NS
st RE, 2D CCE4Y G Yk €K, (4.69)
j=1 j=1
Ch >0 Yk ek, (4.70)
tr(PP7) < B, (4.71)
Ky N,
R > Cr > G, k€K, (4.72)
j=1 j=1
Csat >0, Vn, € N, (4.73)
. P,
(WWH), S5 Y€l (4.74)
where ¢ = [C’fat, e ,C’f\it, C’fs, e ,C/’}’ﬁt]T is the vector of all common rate portions.

(4.69) and (4.72) guarantee that the common stream of the whole system §. can be
decoded by all SUs and CUs. (4.70) and (4.73) ensure non-negativity of each element
in ¢. (4.71) and (4.74) are respectively the sum transmit power constraint of the
BS and per-feed transmit power constraints of the satellite. The formulated MMF

problem for cooperative STIN is also non-convex. Note that the main difference
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between P; and P, lies in the transmit data information sharing in P;. One super
common stream is transmitted at both the satellite and BS instead of transmitting
individual common streams. The achievable rate expressions and beamforming
matrices of cooperative STIN have been given in Section 4.2.2. We can still use the
SCA-based algorithm to solve P,. Here, we omit the detailed problem transformation

and optimization framework, which follow the same procedure as that for P;.

4.4 Robust Joint Beamforming Scheme

Here, we further investigate the beamforming design for RSMA-based coordinated
STIN and cooperative STIN considering satellite channel phase uncertainty. The
CSIT of terrestrial channels is assumed to be perfect. From the satellite channel
model, we can observe that the amplitudes of the channel vector components are
determined by some constant coefficients during the coherence time interval, including
the free space loss, satellite antenna gain and rain attenuation [62]. However, the
satellite channel phases vary rapidly due to a series of time-varying factors, such
as the use of different local oscillators (LO) on-board, the rain, cloud and gaseous
absorption, and the use of low-noise block (LNB) at receivers [11,62]. Therefore,
within a coherence time interval, the phase of the channel vector from the satellite

to SU-k, at time instant ¢; can be modeled as

Gr, (t1) = Px, (to) + ey, (4.75)

where ¢y, (to) represents the phase vector, which is estimated at the previous time
instant ¢y and fed back to the GW. ey, = [ex, 1,€k, 2, ,ekS7NS]T is the phase
uncertainty following the distribution eg, ~ A (0, 6%I), with i.i.d Gaussian random
entries. For ease of notation, we can generally indicate ¢y, (t1) and ¢y, (to) by ¢x.,

and ggks respectively. Since we assume blueconstant channel amplitudes within the
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coherence time interval, the channel vector from the satellite to SU-k is written as
fks = /f\ks ® Xk, — diag@gs)xks, (476)

where x;, = exp {je, } is a random vector. We further assume that the channel
estimate ?k and the correlation matrix of x;, denoted by X, = E {xkskaS } are
known at the GW [62]. For the interfering channels, by defining yj, = exp { je;ﬂ}
and e}, = [€}, 1, €0 ,ethJT following e}, ~ N (0,6%I), the channel vector

from the satellite to CU-k; write as

Zy, = /Z\kt ® Y, = diag(/z\kt)ykt, (477)

where the channel estimate z;, and the correlation matrix Y, = E {ykty,g } are
available at the GW. Hence, we concentrate on the expectation-based robust beam-
forming design. The MMF optimization problem for RSMA-based coordinated
STIN considering satellite phase uncertainty remains the same as P; in Section
4.3.1, By introducing auxiliary variables ¢, & = [y, - - - ,oth]T, r=|[ry--- ,TKS]T,
W ={W,W,.--- Wu}and P = {P. Py, -+ ,Pg,}, the original P; can be

equivalently transformed into semi-definite programming (SDP) form with rank-one

constraints

Dl : W,P,CSIB,E}:}”(S,q,r,aq (478)
K

st tr(Po)+ ) tr(Py) <P (4.79)
k=1

N P

W, W; <=, ngeN 4.80

|: + ; ]ns,ns NS n N ( )

W, =0, W, =0, VYn, €N, (4.81)

P.>0, P, =0, Vk ek, (4.82)
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rank (W.) = 1, rank (W,,,) =1, Vn, € N, (4.83)
rank (P,.) = 1, rank (Py,) =1, Vk, € K, (4.84)

(4.29), (4.30), (4.32), (4.33), (4.36) — (4.39)

where W, = w.w? {W, =w, wl }n _» Pc=pp!, {Py, = pktpkt} (4.79)
and (4.80) are transmit power constraints. All the rate expressions in this section
are redefined by the Ergodic form R = EE {log, (1 + SINR)}, as the metric of average

robust design. By taking (4.39) as an example, R;* can be approximated by

Rsat E {]0g2 (1 + ,ysat)}
(E {tr (Fr, W) b + S ituthn E{tT (Fe, W)} + UZZQ)
Zivi ity B (B, W)} + a2

o, (tr (Fr. Wi, + Zz‘=1,z¢u(ks) tr (F, W) + O,ij)‘

N iRl sa
Zi:l,i;éu(ks) tr (kal) + UkstQ

~ log,

(4.85)

Note that (4.85) is very tight and has been verified to be theoretically accu-
rate in [103]. Specifically, Fy, = diag(f, )xs,x/ diag(£7). Fi, = E{Fy} =
diag (ka)st diag @g ) is defined as the channel correlation matrix, which captures
the expectation over the distribution of phase uncertainty. Based on the approxi-

mated rate expressions, D; can be rewritten as F.

Fi: max q (4.86)
W,P,cset cbs q,r,a,n,&
st np— &2 > ay,log2, Yk € K, (4.87)
K
677;;i S tr (Hktht) + Z tr (HktPj) +
J=Lj#ke

r (Z, W —|—Ztr Z, W) + 0%, Yk, € K, (4.88)
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I Z tr (Hy, P;) + tr (Zy, W +Ztr Z, W) + 002, Yk € Ky (4.89)
J=1,j#kt
it — €59t > 7y log 2, Yk, € Ky (4.90)
Ns
e"i‘;t S tr (Fk&WM(ks)) + Z tr (F;%W,) + O'Zjﬂ, \V//{?S S ’CS (491)
121###(’%)
Ns
e > Yt (F, W) + 012, Yk, € K, (4.92)
2_17i7é“(k5)
Ky
iy, — &5, > Clog2, Yk, € K, (4.93)
j=1
nc sk < tI‘ Hkt —|— Ztr Hkt
v (Zy, W +Ztr Z, W) + 0%, Yk, € K, (4.94)
eEeley > Ztr H,,P;) + tr (Zy, W —i—Ztr Zi,W,) + 022 Vi, € K, (4.95)
el —gat > Zosat log 2, Vk, € K, (4.96)
7=1
ek < tr (Fj, W) + Ztr Fi W) + 0392 Yk, € K, (4.97)
ot > Ztr F,, W) + 032, Vk, € K, (4.98)

(4.30), (4.33), (4.36), (4.38), (4.79) — (4.84)

where 1 and ¢ are the sets of introduced slack variables. The constraints (4.87)-(4.89),

(4.90)-(4.92), (4.93)-(4.95), and (4.96)-(4.98) are respectively the expansions of the

rate constraints (4.37), (4.39), (4.29) and (4.32). Note that (4.89), (4.92), (4.95) and

(4.98) are non-convex with convex left-hand sides, which can be approximated by

the first-order Taylor approximation. Hence, we obtain these approximated linear
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constraints

K

bs[n] sln
Do tr(HP) + b (Z W +§)rm Fopr < e (g - gl 1 1),

j=1,j#k:
(4.99)

Ns
S (B W) 4o < e (gt - g ), (4.100)
i=1,ipu(ks)

bs[n]
Ztr Hy, P;) + tr (Ze, W +Ztr Zy, W) + 0 < efein (€5, — €00 + 1),
(4.101)

N,
St (Fy W) + 032 < efee” (0 — &1 4 1), (4.102)

where n represents the n-th SCA iteration. The constraints (4.89), (4.92), (4.95)
and (4.98) belong to generalized nonlinear convex program with high computational
complexity. Following the same method introduced in the previous Section, they

can be represented in linear and SOC forms given by

19 < tr (Hy, Py,) + Z tr (Hy, P;) + tr (Zy, W —l—Ztr Zi, W) + 0¥,
J=1j#kt

(4.103)

<2 — k4 (log(ty™) + 1),  (4.104)

s s bs[n bs[n
’ tys -+ iy — (log(tiy ™) + 1) 24/
N
tiﬂzt < tr (stwu(ks)) + Z tr (stwz) + UZISItZ, (4.105)
i=1,i#u(ks)

e et — (log(t ™) +1) 2/65)

S tzat nzat (log(tsat[”}) + 1)7

(4.106)

s, < tr (Hy, P, —i—Ztr H,,P;) + tr (Zy, W —i—Ztr Zy, W) + o2, (4.107)

S S bs[n
< ! et n’é,kt + (log(tc,ii]) +1),

(4.108)

tgsk, + n’éfkt (log( bs[n]) + 1) 2 bS[n]
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e <tr (F, W) + Ztr (Fir, W) + op'2, (4.109)

|, St =i+ (log(e5™) + 1),

(4.110)

tzaki + nsat (log( sat[n]) + 1) 9 t(s;z’;ts[n}

Since rank-one implies only one nonzero eigenvalue, the non-convex constraints

(4.83) and (4.84) can be rewritten by

£ (W) = Amax (Wo) = 0, tr (W) — Amax (W) = 0, Vg € N, (4.111)

£ (PL) — A (P) = 0, 1 (Pr,) — Amax (Pr) = 0, Yk, € K, (4.112)

where Apax (X) denotes the maximum eigenvalue of X = 0. Then, we build a penalty

function to insert these constraints into the objective function (4.86) and obtain

max — tr (W Amax )] + [tr (W,.) — Amax (W,
e g ([ (We) = A Z o (W)

+ [t (Pe) = Amax +Z 61 (Pr,) = Ama (Pi)] ) (4.113)

ki=1

B is a proper penalty factor to guarantee the penalty function as small as possible.
(4.113) is nonconcave due to the existence of the penalty function. To tackle this
issue, we adopt an iterative method [63]. By taking tr (W.) — Apax (W,) as an
example, we have the following inequality

tr(W,) — (vl VEW v > tr(W,) — A\ (W) > 0, (4.114)

c,max c,max

where V. max is the normalized eigenvector corresponding to the maximum eigenvalue
Amax (W,). Furthermore, we define v, max as the corresponding eigenvector of

Amax (Wp, ), and so does bemax for Apax (Pe) and by, max for Apax (Pg,). Let PF
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denote the iterative penalty function

Ns
PF = 6<[tr (WC) - (Vg:br]nax)H WCV[C’,?I}naX} + Z [t’r (W”ls) - (le,max>HWnsV£g,max}

ns=1
H il H
+ [tI‘ (PC) - (bg?max) PCb([:?r]nax] + Z [tl’ (Pkt) - (bl[;:],max> PCbEZ{max])'
ke=1
(4.115)
Eventually, the approximate problem at iteration-n is given by
g : max q—PF (4.116)

‘/I/’P’Csat 7cbs 7q)r7a77]’£7t

s.t. (4.30), (4.33), (4.36), (4.38), (4.79) — (4.82), (4.87), (4.90), (4.93), (4.96)
(4.99), (4.101), (4.103), (4.104), (4.107), (4.108), Vk; € K,

(4.100), (4.102), (4.105), (4.106), (4.109), (4.110), Yk, € K,

The problem is convex involving only linear matrix inequality (LMI) and SOC
constraints, and can be effectively solved by CVX. In each iteration, the problem
defined around the solution of the previous iteration is solved. We summarize
the procedure of this robust joint beamforming scheme in Algorithm 3. Finally,
eigenvalue decomposition can be used to obtain the optimized beamforming vectors.
The optimal solution (W, P ylel ¢l ¢I7]) of the n-th iteration is a feasible
solution of the (n + 1)-th iteration. Thus, this algorithm generates a non-decreasing
sequence of objective values, which are bounded above by the transmit power
constraints. Moreover, the objective function is guaranteed to converge by the
existence of lower bounds, i.e., (4.114). In other words, the rank-one constraints
can be satisfied [63]. The obtained solution satisfies the KKT optimality conditions
of Gy, which are indeed identical to those of D; at convergence [102]. However,
the global optimality of the achieved solution can not be guaranteed. The MMF

optimization problem of RSMA-based cooperative STIN considering satellite phase



4.5. Simulation Results and Analysis 119

uncertainty remains the same as P,. Here, we still omit the detailed optimization

framework. The process keeps the same as that for the coordinated STIN.

Algorithm 3 Robust Joint Beamforming Scheme

Initialize: n < 0, W, pnl ¢l ¢,
repeat
Solve the problem G, at (W[”] Pl 5”] t"l) to get
the optimal solution (W P.E 4, obJectlve)
n<4n+1;
Update Wl « 1, plnl ]5,5[”] — 5,15[”] «— 1, objective™ « objeuctive;
until ‘objective[”} — objective["_ﬂ’ <e€;

Remark 4.2: Recall that the problem formulations in Algorithm 2 and Algorithm
3 1nvolve only SOC and LMI constraints. They both can be efficiently solved by
the standard interior-point method. It suggests that the worst-case runtime can be
used to compare the computational complexities of different problems [104]. Hence,
the worst-case computational complexity of the proposed joint beamforming scheme
in Algorithm 2 and the robust joint beamforming scheme in Algorithm 3 are re-
spectively (’)([NS2 + N K *5 log (6*1)) and O([N? + N2K*5 log (8’1)> /98, 105],
where € is the convergence tolerance. Similarly, the complezity of the cooperative
STIN scenarios of Algorithm 2 and Algorithm 3 are respectively (9([ s (N5 + Ky) +

Ny (N, + KPP log (7)) and o([Ng (N, + Ko)+NZ (N, + K[ log (7)), which
are higher than the coordinated STIN scenarios because of the larger number of

variables in precoder design.

4.5 Simulation Results and Analysis

In this section, simulation results are provided to evaluate the performance of the
proposed joint beamforming algorithms. Both perfect CSIT and imperfect CSIT
with satellite channel phase uncertainties are considered. The tolerance of accuracy

is set to be e = 10~*. Channel models have been introduced in Section 4.2.1, and
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Table 4.1: Simulation parameters [Chapter 4]

Parameter Value
Frequency band (carrier frequency) Ka (28 GHz)
Satellite height 35786 km (GEO)
Bandwidth 500 MHz
3 dB angle 0.4°
Maximum beam gain 52 dBi
User terminal antenna gain 42.7 dBi
Rain fading parameters (u,0) = (—3.125,1.591)
UPA inter-element spacing di =dy = %
Number of NLoS paths 3

the simulation parameters are listed in Table 4.1 [68,106]. The satellite is equipped
with N, antennas. p multicasting SUs locate uniformly in each beam coverage area.
According to the architecture of single feed per beam, which is popular in modern
satellites such as Eutelsat Ka-Sat, the number of SUs is K, = pN,. Meanwhile,
the BS is deployed with UPA with /N, antennas. We assume K; CUs are uniformly
distributed within the BS coverage. In the satellite channel model, since we normalize
the noise power by £TysB,,, we can claim 0} = op? = 1, Vk, € K, Vk, € K in
the simulations. The transmit SNRs 4 can be read from the transmit power P, and

P;. All MMF rate curves throughout the simulations are calculated by averaging

100 channel realizations.

At first, we assume that perfect CSI is available at the GW. Fig. 4.3 compares the
MMF rate performance of RSMA-based coordinated and cooperative scheme. The
label “coordinated rsma” means RSMA is adopted at both the satellite and BS,
while “cooperative rsma” means the satellite and BS work cooperatively as a super
transmitter while RSMA is adopted. As P, grows, we can see that the MMF rates
of both schemes increase and tend to saturate at large P, region. The cooperative
scheme outperforms the coordinated scheme apparently at low P, region. The gap

between the two schemes decreases gradually as P; grows and finally converges to

4According to the parameters given in Table 4.1 and the satellite channel model, the long-term
received SNR is calculated to be around 0.67 times the transmit SNR.
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Figure 4.3: MMF rate versus P, with different P, and N;.

MMF Rate (bps/Hz)

5.5

w ~
w o A o
T T T

Fay

o

N

—O— coordinated rsma, Ps = 300 W, Ns = 3
— © — cooperative rsma, Ps = 300 W, Ns = 3
—F8B— coordinated rsma, Ps = 120 W, Ns = 3
— B —cooperative rsma, Ps = 120 W, Ns = 3
coordinated rsma, Ps = 120 W, Ns = 7
cooperative rsma, Ps = 120 W, Ns =7

e

———e-——-9

Ky = pNg, p=2.

Figure 4.4: MMF rate versus P, with different K

P, = 120W.

MMF Rate (bps/Hz)

10 15 20
Pt (dB)

25

30

Nt — ]_6, Kt - 4,

4.5

w
o
T

w

et
o

T T T

—F&— coordinated rsma rsma, Kt =4, Ks = 6
— B —cooperative rsma, Kt = 4, Ks = 6
—— coordinated rsma rsma, Kt =8, Ks = 6
— % —cooperative rsma, Kt =8, Ks = 6
—— coordinated rsma rsma, Kt = 4, Ks = 18
— = —cooperative rsma, Kt = 4, Ks = 18

Pt (dB)

25

and Kt-

30

Nt:16,N$:3,,



122 Chapter 4. RSMA for Satellite-Terrestrial Integrated Networks

the same value when P, is sufficiently large. The reasons are as follows. When P,
is relatively small, the STIN’s performance is restricted in the coordinated scheme
because the SINRs of CUs are much lower than the SINRs of SUs. Joint beamforming
is designed to achieve optimal MMF rates. However, in the cooperative scheme, data
exchange is assumed and the satellite can complement the services of BS to serve
CUs, thereby remaining the optimized MMF rate at a higher level than that in the
coordinated scheme. As P, grows, the benefits of the cooperative scheme compared
with the coordinated scheme decreases. When P, is sufficiently large, the MMF rates
of both schemes will finally converge to the same value due to the fixed satellite
transmit power budget P,. We also investigate the influence of different P, and
N setups. Apparently, the larger P is, the better MMF rate performance can be
achieved. When Ny is increased from 3 to 7, by keeping p = 2, there will be K = 14
SUs. We can see that larger N, leads to lower saturation MMF rates at high P,
region. The larger N, is, the less transmit power is allocated to each satellite beam.
Moreover, each SU will see more inter-beam interference due to the existence of

more beams, thus resulting in performance degradation.

Fig. 4.4 depicts the MMF rates versus P; with different number of SUs and CUs.
When K, is increased from 4 to 8, the performance will become worse in both
coordinated and cooperative scheme especially at low P; region, where the CUs take
a dominant position of the system’s MMF rate. On the other hand, when increasing
the number of users per beam p from 2 to 6, i.e., from Ky = 6 to K, = 18, we can still
see the performance degradation in both coordinated and cooperative scheme. The
performance degrades much at high P; region, where the MMF rate is dominated by

the satellite sub-system.

In Fig. 4.5, to investigate the influence of different transmission strategies in STIN,
we compare the proposed RSMA-assisted beamforming with baseline strategies

including SDMA, NOMA, a two-step beamforming, and fractional frequency reuse.
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Figure 4.5: MMF rate versus P, with different transmission strategies. N, = 16,
Ky, =4, Ny=3, K; =6, P, = 120W.
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Figure 4.6: MMF rate versus P, for different transmission strategies. N, =4, K; =4,
N,=3, K, =6, P, =120W.
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According to the analysis above, here we basically assume N, = 3, p = 2, K, = 6,
N, = 16, K; = 4 for lower computational complexity. Different combinations of
transmission strategies are considered in the coordinated scheme, e.g., the label
“coordinated rsma sdma” means RSMA is used at the satellite while SDMA is used at
the BS. It has been shown in [68] that adopting RSMA compared with SDMA in an
overloaded system can provide more gains than in an underloaded system. Therefore,
in this STIN where the satellite sub-system is always overloaded, and N; = 16 is large
enough to support an underloaded cellular sub-system, the performance improvement
obtained by using RSMA compared with using SDMA at the satellite is more obvious
than at the BS. As a consequence, the “coordinated rsma” successively outperforms
“coordinated rsma sdma”, “coordinated sdma rsma” and “coordinated sdma”. For
the “coordinated noma noma”, SC-SIC is implemented at both the satellite and BS.
The decoding order of NOMA at the satellite is decided by the ascending order of
the weakest user’s channel strength in each beam. We can observe that the MMF
rate achieved by NOMA is the worst compared with RSMA and SDMA. The low
performance of NOMA in multi-antenna settings is inline with the observations
in [8] and the references therein. As discussed in Fig. 4.3, cooperative schemes can
provide higher MMF rates than the corresponding coordinated schemes. Thus, the
“cooperative rsma” outperforms “coordinated rsma” in Fig. 4.5, and finally, they
tend to reach the same MMF rate restricted by the fixed P, at very large P; region.
Similarly, the “cooperative sdma” outperforms “coordinated sdma”. As P; increases,
they converge to the same value which is lower than that of RSMA. For the two-step
beamforming, both CSI and data are not exchanged between the satellite and BS.
The beamforming for the satellite is at first optimized. Then, the beamforming
for the BS is optimized. Since the satellite beamfoming vectors are not jointly
designed with the BS beamforming vectors, CUs will see serious interference from
the satellite. As P, grows, the value of minimum rate tends to reach the saturation

MMEF rate of RSMA-based coordinated and cooperative schemes. For the scheme
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of fractional frequency reuse, the satellite and BS operate on different frequency
bands. The spectrum cannot be effectively used, therefore resulting in poor MMF
rate performance. In [68], it has been demonstrated that the conventional four-color
frequency reuse of multibeam satellite systems performs the worst compared with full
frequency reuse strategies. Thus, we do not compare with the four-color frequency

reuse in this work.

In Fig. 4.6, the number of BS antennas is reduced to N; = 2 x 2 = 4, which
is not enough to support effective beamforming at the BS so as to eliminate the
intra-cell interference and the satellite interference. Compared with Fig. 4.5 with
N; = 4x4 = 16 antennas, the MMF rates of all strategies are suppressed. Specifically,
the performance of “coordinated sdma rsma” becomes better than the “coordinated
rsma sdma”. It implies that when NV, is not sufficient to suppress the intra-cell
interference, the gains obtained by using RSMA compared with using SDMA at the
BS can become more obvious than at the satellite. We can conclude that the larger
N; is, the better MMF rate performance can be achieved. In other words, as N;

increases, less P, is required to reach the same MMF rate performance.

Furthermore, we assume imperfect CSI at the GW considering satellite phase
uncertainties. Fig. 4.7 shows the MMF rate performance of the proposed robust
joint beamforming in both RSMA-based coordinated STIN and cooperative STIN.
As the variance of phase uncertainty 62 increases, the MMF rates of both schemes
decrease gradually. From perfect CSIT to imperfect CSIT when §? = 5°, §% = 15°,
and the phase-blind scenario, the corresponding MMF rates decrease gradually. The
cooperative STIN still outperforms coordinated STIN. For comparison, we consider

the conventional SDMA which performs well amongst the other baseline strategies.

From Fig. 4.8, we can observe that the gaps between perfect CSIT curves and
imperfect CSIT curves become larger compared with the RSMA results in Fig. 4.7.

RSMA is more robust to the channel phase uncertainty than SDMA due to its
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Figure 4.7: MMF rate versus P, with different satellite phase uncertainties. RSMA
is adopted at the transmitters. N, =16, K; =4, N, =3, K, =6, P, = 120W.
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Figure 4.8: MMF rate versus P, with different satellite phase uncertainties. SDMA
is adopted at the transmitters. N, =16, K; =4, N, =3, K, =6, P, = 120W.
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more flexible architecture to partially decode the interference and partially treat the

interference as noise.

4.6 Summary

In this chapter, we investigate the application of RSMA to STIN considering either
perfect CSI or imperfect CSI with satellite channel phase uncertainties at the GW.
Two RSMA-based STIN schemes are presented, namely the coordinated scheme
relying on CSI exchange and the cooperative scheme relying on both CSI and data
exchange at the GW. MMF optimization problems are formulated while satisfying
transmit power budgets. To tackle the optimization, two iterative algorithms are
respectively proposed. Through simulation results, the superiority of the proposed
RSMA-based schemes for STIN is demonstrated compared with various baseline
strategies. The robustness of RSMA is verified. In conclusion, RSMA is shown very
promising for STIN to manage the interference in and between the satellite and

terrestrial sub-systems.



Chapter 5

RSMA for Integrated Sensing and

Communication Systems

This chapter introduces a general RSMA-assisted ISAC architecture, where the
ISAC platform has a dual capability to simultaneously communicate with downlink
users and probe detection signals to a moving target. To design an appropriate
ISAC waveform, we investigate the RSMA-assisted ISAC beamfoming which jointly
minimizes the CRB of target estimation and maximizes the minimum fairness rate
(MFR) amongst communication users subject to the per-antenna power constraint.
The superiority of RSMA-assisted ISAC is verified through simulation results in
both terrestrial and satellite scenarios. RSMA is demonstrated to be a powerful
multiple access and interference management strategy for ISAC, and provides a
better communication-sensing trade-off compared with the conventional baseline

strategies.

128
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5.1 Introduction

As the growing number of communication equipments and various types of radars are
placed on satellites, using ISAC waveform design to support simultaneous satellite
communications and sensing becomes very necessary to explore. As introduced
in the previous chapters, RSMA is a flexible and robust interference management
strategy for multi-antenna systems, which relies on linearly precoded rate-splitting
at the transmitter and SIC at the receivers, and has been proven to be promising

for multibeam satellite systems in Chapter 3 and STIN in Chapter 4.

In this chapter, we present an overview of the interplay between RSMA and ISAC.
RSMA-assisted ISAC which facilitates the integration of communications and moving
target sensing is investigated to make better use of the RF spectrum and infras-
tructure. Rather than using the MSE of transmit beampattern approximation
as the radar metric, explicit optimization of estimation performance at the radar
receiver is studied. RSMA-assisted ISAC waveform optimization is for the first
time studied to jointly minimize the CRB of the target estimation and maximize
the MFR amongst all communication users subject to transmit power constraints.
To solve the formulated non-convex problem efficiently, we propose an iterative
algorithm based on SCA to solve the optimization. Simulation results show that
RSMA is very effective for both terrestrial and satellite ISAC systems to manage

the multiuser/inter-beam interference as well as performing the radar functionality.

5.2 System Model

We consider a general RSMA-assisted ISAC, where the antenna array is shared by a
co-located monostatic MIMO radar system and a multiuser communication system as

depicted in Fig. 5.1. The ISAC platform equipped with IV; transmit antennas and NV,
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71sAC

Figure 5.1: Model of an RSMA-assisted ISAC system.

receive antennas simultaneously senses a moving target and serves K downlink single-
antenna users indexed by the set K = {1,---, K}. Since RSMA! is adopted, the
messages Wy, - -+, W intended for the communication users are split into common
parts and private parts. All common part messages {We1,---, Wk} are jointly
encoded into a common stream s., while all private part messages {Wy1,--- , W, i}
are respectively encoded into private streams sq,---,sx. Thus, we can denote
s[l] = [sc[l],s1 1], sk [I]]" as a (X + 1) x 1 vector of unit-power signal streams,
where [ € £ ={1,---, L} is the discrete-time index within one coherent processing

interval (CPI), and the transmit signal at time index [ writes as

x[l] = Ps[l] = pese [l] + Z Prsk 1] - (5.1)
ke
where P = [p., p1, -+ , Px] € CV*E+1) is the beamforming matrix, which is fixed

within one CPL. If L is sufficiently large, and the data streams are assumed to be

independent of each other, satisfying T S sl s[l) =1k, the covariance matrix

!One-layer RSMA is considered here for brevity and ease of illustration.
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of the transmit signal can be written as

1
Ry =

ll

> x[x[" =PPY. (5.2)

5.2.1 Sensing Model and Metric

The N, x 1 reflected echo signal at the radar receiver writes as

y: [l] = Hix [I] + m[{]

= a7 Th (g)af (0)x [I] + m 1], (5.3)

where H, € CNr*Mt i5 the effective radar sensing channel. « stands for the complex
reflection coefficient which is related to the radar cross-section (RCS) of the target.
Fp= Qv—cfc denotes the Doppler frequency, with f. and ¢ respectively representing the

carrier frequency and the speed of the light. v is the relative radar target velocity.

T denotes the symbol period.

Note that for a monostatic radar, the direction of arrival (DoA) and the direction
of departure (DoD) are the same, and can be denoted by 6, which is the azimuth
angle. a(f) € CN*! and b(#) € CV*! are the transmit and receive steering vectors,
respectively. m[l] is the AWGN distributed by m[I] ~ CN'(Oy,, 021y, ), with o2,

denoting the variance of each entry.

The steering vectors a(f) and b(6) can be expressed as a function of the Cartesian

coordinates of the transmit and receive arrays as follows

- 27 [ = T .
a(e) _ €<JT[r17""er] [cos@,smO,O}T) (54)

)

b(@) _ 6(,j277f[r17... o, T leos G,SinB,O}T) ) (55)

The matrices [y, ,Ty,] € R¥>*M and [ry, -+ ,ry,] € R¥>*M have columns rep-
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resenting the Cartesian coordinates of the transmit and receive array elements,

respectively.

It is well-known that the CRB serves as a theoretical lower-bound of the variance of

unbiased estimators for parameter estimation [107].

In general, the CRB is inversely proportional to the square root of the product of
the SNR times L, and is valid only (by definition) for high SNR. In this Chapter,
we consider the CRB as the radar sensing performance metric for target estimation
[72,108]. The CRB matrix can be calculated as CRB = F~!, where F is the
Fisher information matrix (FIM) for estimating the real-valued target parameters

§=1[0,0™ a”, Fp]" given by

Fog  Fyon  Fpos For,

T
Feam Fongn  Fomgs Fam]:D

F— (5.6)
Fej;[j Fgmaj Fajaf] Faﬁ]:D
_F9Tfp FaTmFD Fg«;FD FfoD_

From [107], by denoting  [l] =y, [[] — m[l], the elements of FIM are expressed by

where &, &; are the elements of €. By denoting A = b (6) a” (), the derivatives in

(5.7) are expressed as follows

opll] _  iorrpir A
o [l] __j2nFplT
DR e Ax|[l], (5.9)
Oplll _ - jorrpir

_ ©Fp q
Das je Ax|[l], (5.10)
onll] _ a (52mlT) e* P Ax 1] . (5.11)
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By substituting (5.8) - (5.11) into (5.7), the elements of the FIM are given by
2|af’ L OA_ OA"
Foo= =5 Re{tr(SoRx5r ) (5.12)
2L
Famyam =F ada) = TRG{U(ARXAH)} (513)
o
2|al’L - > "
Fry 5y = U—QRe{(Z (2717)°)tr(ARxA") |, (5.14)
=1
oL o
Fyn o = 5 Re{ jtr(ARxA™) } 0, (5.15)
2L A"
Fpon = = e{a*tr ARX(3 )}, (5.16)
O-m
2L aAH
Fyoo = U—QRe o jtr ARX )}, (5.17)
F —2 L Re{; ZZth AR aAH)} (5.18)
6.Fp = mIT)tr(ARx 20 ; :
oL , Y
Fox 7, = —QRe{Oz](Z%TlT)tr(ARXA )}, (5.19)
o2,
=1
2L =
Fuo 5 = 3 Re{a( Y 27T tr(ARx A") |. (5.20)
o2
m =1

Note that [F]; ; are all dependent of Rx. As discussed in [109], Ry can be designed

appropriately to improve the estimation capability of a MIMO radar by minimizing

the trace, determinant or largest eigenvalue of the CRB matrix.

5.2.2 Communication Model and Metric

At each user side, the received signal is given by

yr ] = thx 1] 4+ ny [1]

= h{'pese [I] + b > “pesi [I] + i [1], Vk € K.

kel

(5.21)
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where h;, € CVt*! denotes the channel between the ISAC transmitter and user-k.
ng [I] ~ CN(0,072 ) represents the AWGN with zero mean. We assume the noise

variance 02 , = 02, Vk € K.

Following the decoding order of RSMA, each user first decodes the common stream
by treating all private streams as noise. The SINR of decoding s. at user-k is

expressed by

|h/p,
ZiGIC |thpi|2 + 01217

‘ 2

Ve = Vk € K. (5.22)

R, =logy (1 + 7cx) is the corresponding achievable rate when assuming Gaussian
signalling. To guarantee that each user is capable of decoding the common stream,
we define the common rate as R. = mingex {Rer} = D pex Ok, Where Oy is the
rate of the common part of the k-th user’s message. After the common stream is
re-encoded, precoded and subtracted from the received signal through SIC, each
user then decodes its desired private stream. The SINR of decoding s at user-k£ is

given by

2
|thPk}

P} )

ZielC,i;ék [hi'pi|” + o2

T = Vk € K. (5.23)

The achievable rate of the private stream is Ry = log, (1 4+ %), and the total
achievable rate of user-k, assuming Gaussian signalling, writes as Ry ot = Cj +

Ry, Vk € K.

To mitigate multiuser interference, the precoders can be designed to maximize the

MFR, which is defined by
MFR (P) = 1&1’1&1 (Cr + Ry) . (5.24)

For the baseline strategies, SDMA-assisted ISAC is enabled by turning off the
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common stream in (5.1). NOMA-assisted ISAC relies on superposition coding at the
transmitter and SIC at each user. The precoders and decoding orders are typically
jointly optimized. By taking a two-user system as an example, and considering the
specific decoding order, where the message of user-1 is decoded before the message
of user-2, user-2 is able to decode messages of both users, while user-1 only decodes
its desired message. Therefore, RSMA boils down to NOMA by encoding W; into

the common stream s., encoding Wy into sy and turning off s;.

5.3 ISAC Beamforming Optimization

The RSMA-assisted ISAC beamforming matrix can be designed by investigating
the trade-off between communication and radar performance. In this chapter, we
employ the CRB as the radar performance metric, which represents a lower bound
on the variance of unbiased estimators, and employ the MFR as the communication

performance metric to ensure the quality of service.

The optimization problem is formulated to maximize the communication MFR
while minimizing the largest eigenvalue of the CRB matrix, which is equivalent to
maximizing the smallest eigenvalue of FIM. Assuming perfect CSIT, the optimization

problem is written as

pnax [ min (Cy + Re) | + M (5.25)
P]_NtXI
diag(PP") = (5.27)
Ny
K
Ry >» Ci, Vkek (5.28)

=1

Cyp >0, Yk € K, (5.29)
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where ¢ = [C4,--- ,C K]T is the vector of common rate portions. tppy is the variable
representing the smallest eigenvalue of FIM according to (5.26). I is an identity
matrix (which is of the same dimension as F). ) is the regularization parameter
to prioritize either communications or radar sensing. P denotes the sum transmit
power budget. The constraint (5.27) ensures the transmit power of each antenna
to be the same, which is commonly used for MIMO radar to avoid saturation of
transmit power amplifiers in practical systems. The constraint (5.28) ensures that
the common stream can be successfully decoded by all communication users, and

(5.29) guarantees the non-negativity of all common rate portions.

By defining P.. = p.pZ, Py, = pip, Hy = hyhf’, the original problem (5.25) - (5.29)

can be equivalently transformed into SDP form with rank-one constraints, which is

given by

max q + Mriv (530)

Po{Pi}i_y.ctrivrg

PthXl
diag (P + Z P) = (5.32)
P.>0, P, >0, VEke K (5.33)
rank (P,) = 1, rank (Py) =1, Vk € K (5.34)
tr (HkP

1 (1 ) c;, 5.35
0gy (1 + Zje;c tr (HyP,) 1 o2 Z ( )
Cp,>0,Vkek (5.36)
o (1 n ) > 5.37
g2 deKﬁék tr (HkP ) +g2 k ( )
where r = [rq,--- ,rK]T, q are auxiliary variables. The covariance matrix of the

transmit signal is expressed by Rx = PP = P, + Zszl Py.
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With respect to the equivalent problem (5.30) - (5.38), we can observe that the
rank-one constraints (5.34) and the rate constraints (5.35) and (5.37) are non-convex.
To deal with the non-convexity of rate constraints (5.35) and (5.37), we first rewrite

them by introducing slack variables {Uc,k}szl : {5a,k}kK:1 , {nk}szl , {5k}kK:1 as

K
Nek — Bo = Cilog2, Vk € K, (5.39)
=1
emr < tr (HyP.) + Y tr (HyP;) + 02, Vk € K, (5.40)
jeK
ok >N " tr (HP;) + 02, Vk € K, (5.41)
jex
Nk — B > 1y, log2, Vk € I, (542)
e <Y tr (HP;) + 02, Vk €K, (5.43)
JjeK
e > N tr(HyPj) + 02, Vk e K. (5.44)
JEK jF#k

Note that (5.41) and (5.44) are still non-convex with convex left-hand sides which

can be approximated by the first-order Taylor approximation given as follows

St (HyP)) + 02 < % (B — B 4+ 1), Vk € K, (5.45)
jex

3t (HP;) +02 <M (5 — 8 +1), Ve K, (5.46)
JEK,j#k

where n represents the n-th SCA iteration. (5.40) and (5.43) belong to generalized
nonlinear convex program, which leads to high computational complexity. Aiming
at more efficient implementation, we introduce {qu}kK:1 A, and rewrite (5.40)

and (5.43) as

Ter < tr (HyPo) + ) tr (HP;) + 02, VEk € K, (5.47)

jex
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Te ke 108 (Te k) > TerNer, Yk € K, (5.48)

7 <Y tr (HyP)) + 07, Vk € K, (5.49)
jek

T log (1) > menr, VEk € K. (5.50)

The left-hand sides of (5.48) and (5.50) are non-convex, so we compute the first-order

Taylor approximations, which are respectively

7'6[72] log (TC[Z]) + (TC’]@ — TC[Z]) [log (TC[Z]) + 1} > TerNek, Vk €K, (5.51)

T,E”] log (T,L"]) + (7 — T,L"]) [ log (T,E"]) +1] > 7y, Vk € K. (5.52)

The equivalent SOC forms are

H |:7-c,k + Nek — (1Og (Tiﬁj) + 1)’ 2 V TC[T;C]:|

‘2 < Tee = Nee +10g (TC[’",;]) +1, Vk € K,

(5.53)

H it = (log (1) + 1), 24/7)"] H2 <mo— e tlog (7)) + 1, Yk € K. (5.54)

For the rank-one constraints (5.34), we can build an iterative penalty function to
insert these rank-one constraints into the objective function. By defining V[cﬁ]nax as
the the normalized eigenvector corresponding to the maximum eigenvalue \p,a (PL"]),
and { vl }le as the the normalized eigenvector corresponding to {)\max (PL"]) }le,

k,max

the problem (5.30) - (5.38) can be reformulated by

max q + >\tFIM — PF (555)

’ K
Pc7{Pk }k:l ;CtRIM 71'#17777677'

s.t. (5.31) — (5.33), (5.36), (5.38)
(5.39), (5.42), (5.45), (5.46), (5.47)

(5.49), (5.53), (5.54)
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where n, 8,7 are defined as the sets of introduced slack variables. The iterative

penalty function is expressed by

PF = dor( [t (Pe) = (Vi) PV

K
+ 3 [P0 = () Pevih ). (5.56)
k=1

Apt is a proper penalty factor to guarantee the penalty function as small as possible.
Problem (5.55) is convex and can be effectively solved by the CVX toolbox. The

results obtained from the n-th iteration are treated as constants while solving (5.55).

We summarize the procedure of this ISAC beamforming design in Algorithm 4. ¢
is the tolerance value. The convergence of Algorithm 4 is guaranteed since the
solution of Problem (5.55) at iteration-n is a feasible solution to the problem at
iteration-n + 1. Finally, eigenvalue decomposition can be used to calculate the
optimized beamforming vectors, and the optimized CRB is obtained accordingly.
Note that Problem (5.55) involves only SOC and LMI constraints, it can be solved
by using interior-point methods with the worst-case computational complexity

O(log(e™H)[NE (K + 1)]*%) [17,105,110].

Algorithm 4 ISAC Beamforming Optimization

PSS PR [n] [n]y K n] [n].
Initialize: n < 0, P, ,{Pk }kzl,ﬁ[ 1, rinl,
repeat
Solve the problem Y at P {PLn]}le, p i to get

the optimal f’c, {f’k}szl, 57 T, objeuctive;

n<<n+1;

I{pdate P« P, {PLn]}szl — {Pk}szl,ﬁ["] — B,7I" « %, objective™ «—
objective;
until ‘objective[”} — objective[”_l}’ <e€;




140 Chapter 5. RSMA for Integrated Sensing and Communication Systems

5.4 Simulation Results and Analysis

In this section, the performance of the proposed algorithm is evaluated using
simulation results of both terrestrial and satellite ISAC systems. The performance
of RSMA-assisted ISAC is evaluated in terms of the trade-off between MFR and
Root CRB (RCRB).

First, we consider a terrestrial radar-communication system where the ISAC platform
is equipped with N; = 8 transmit antennas and N, = 9 receive antennas. The
system employs a uniform linear array (ULA) with half-wavelength adjacent antenna
spacing. The sum transmit power budget is P = 20 dBm, and the noise power at
each user is 02, = 0 dBm. The communication channel is set as Rayleigh fading
with each entry drawn from CN ~ (0,1). We assume K = 4 communication users,
and the target is located at § = 45°. The relative target velocity is v = 8 m/s. The
number of transmit symbols within one CPI is L = 1024. In Fig. 5.2, the curves of
the trade-off between MFR and RCRB of different target parameters are plotted.
All results are obtained by solving the formulated optimization problem and all
results are averaged over 100 channel realizations. The radar SNR is defined as
SNRyaqar = || P/02, = —20 dB. For the baseline strategies, SDMA-assisted ISAC
can be simulated as a special case of RSMA by turning off the common stream. The
decoding order of NOMA-assisted ISAC is the ascending order of channel strengths.
No user grouping is considered. We can observe that when the priority is the
communication functionality, both RSMA-assisted and SDMA-assisted ISAC achieve
similar MFR. As the priority is shifted to sensing, the RSMA-assisted ISAC achieves
a considerably better trade-off compared with SDMA. Similar trade-off performance
can be observed in [82] where the ISAC beamforming was designed by optimizing the
communication and radar metric, namely, WSR and beampattern MSE. From Fig.
5.2, the NOMA-assisted ISAC achieves the poorest trade-off due to the DoF loss in

multi-antenna NOMA [8]. At the leftmost points which correspond to prioritizing
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Figure 5.2: MFR versus RCRB in a terrestrial ISAC system, (a) 6 (°), (b) o™, (c)
o, (d) Fp. Ny=8, N, =9, K =4, L =1024, SNRaqar = —20 dB.

the radar functionality, the optimized precoders are linearly dependent? on each
other. Thus, the SDMA-assisted ISAC can no longer exploit spatial DoF provided
by multiple antennas and leads to lower MFR compared with the RSMA-assisted
and NOMA-assisted ISAC which employ SIC at user sides to manage the multiuser

interference.

The sensing capability at the radar receiver is evaluated in Fig. 5.3 in terms of the
target estimation root mean square error (RMSE). Radar subspace-based estimation
algorithms, e.g., [111] can be used to estimate the Doppler frequency, the direction of
the target and the reflection coefficient from the radar received signal. Throughout
the simulations, communication symbols s[l] in (5.1) are generated as random
quadrature-phase-shift-keying (QPSK) modulated sequences, and the precoders are

obtained by solving the formulated ISAC beamforming optimization problem. Fig.

2From the simulation results, we can observe that the optimized precoders are linearly dependent
on each other. Intuitively, when mostly prioritizing the radar functionality, the optimized precoders
are designed to radiate the highest power towards the target angle.
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Figure 5.3: Target estimation performance in a terrestrial ISAC system, (a) 6 (°),
(b) &®, (c) o”, (d) Fp. Ny=8, N, =9, K =4, L =1024.

5.3 depicts the RMSE and RCRB with the increase of radar SNR, while setting the
MFR of RSMA-assisted and SDMA-assisted ISAC to be 6 bps/Hz. NOMA-assisted
ISAC is not evaluated due to its poor MFR performance and 6 bps/Hz cannot be
satisfied. We can observe that the RMSEs of different target parameters are lower-
bounded by the corresponding RCRBs, and are expected to approach the RCRBs at
high radar SNR regimes. As expected, the RSMA-assisted ISAC always outperforms

SDMA-assisted ISAC in terms of the target parameter estimation performance.

Next, a satellite radar-communication system is considered, where the ISAC satellite
could be a multibeam LEO satellite simultaneously serving single-antenna satellite
users and sensing a moving target within the satellite coverage area. Considering
a single feed per beam architecture, which is popular in modern satellites such as
Eutelsat Ka-Sat, where one antenna feed is required to generate one beam. We

can simply assume p = 2 uniformly distributed satellite users in each beam, and
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Figure 5.4: MFR versus RCRB in a satellite ISAC system, (a) 8 (°), (b) o™, (c) o7,
(d) Fp. Ny=8, N, =9, K =16, L = 1024, SNRypqur = —20 dB.

the multibeam satellite channel model has been discussed in the previous chapters.
K = pN, = 16 satellite users follow multibeam multicast transmission. Fig. 5.4 shows
the trade-off curves between MFR and RCRB in a multibeam satellite ISAC system.
From Fig. 5.4, the trade-off performance gain provided by RSMA-assisted design
is more obvious than the terrestrial scenario given in Fig. 5.2. The gaps between
RSMA-assisted and SDMA-assisted ISAC can be observed from the rightmost points
which correspond to prioritizing the communication functionality. This is due to
the superiority of using RSMA in an overloaded communication system [68]. Since
NOMA leads to extremely high receiver complexity when the number of users is
large and also a waste of spatial resources in multi-antenna settings, we do not
compare with NOMA-assisted ISAC in this scenario. Above all, we can conclude
that RSMA is a very effective and powerful strategy for both terrestrial and satellite
ISAC systems to manage the multiuser/inter-beam interference as well as performing

the radar functionality.
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5.5 Summary

In this chapter, we provide an overview of the interplay between two promising
technologies, namely, RSMA and ISAC. We start from a general RSMA-assisted
ISAC model and introduced the performance metrics for both radar sensing and
communications. Then, we introduce a design example which jointly minimizes
the CRB of target estimation and maximizes MFR amongst communication users
subject to the per-antenna power constraint. Through simulation results, RSMA is
demonstrated to be a very powerful and promising technique for ISAC systems in

both terrestrial and satellite scenarios.



Chapter 6

Conclusion

6.1 Summary of Thesis Achievements

In this thesis, we considered the problems of applying RSMA to non-terrestrial
communication and sensing networks, and addressed a number of optimization
problems and algorithms in various scenarios, namely the multigroup multicast and
multibeam satellite systems, STIN and ISAC systems, which are envisioned to play
key roles in next-generation wireless networks. Simulation results and analysis are

presented to evaluate the performance of all the proposed algorithms.

In Chapter 3, we explored the benefits of adopting RSMA for multigroup/multibeam
multicast in the presence of imperfect CSIT. We considered both underloaded and
overloaded regimes and addressed the problem to achieve max-min fairness. Through
MMF-DoF analysis, RSMA was shown to provide gains in both underloaded and
overloaded regimes compared with the conventional scheme. Then, we formulated
a generic MMF' optimization problem and developed a WMMSE algorithm based
on SAA to solve the optimization. Through simulation results, the DoF gains of

RSMA over the conventional scheme were shown to translate into rate benefits. The

145
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effectiveness of using RSMA for multigroup multicast and multibeam satellite systems
was demonstrated taking into account CSIT uncertainty and practical challenges in
multibeam satellite systems, such as per-feed transmit power constraints, hotspots,
uneven user distribution per beam and overloaded regimes. The RSMA transmitter
and receiver architecture, PHY layer design and LLS platform were also investigated,
including finite length polar coding, finite alphabet modulation, AMC algorithm,
etc. LLS results showed that RSMA is a very promising MA scheme for practical

implementation in numerous application areas.

In Chapter 4, motivated by the benefits of RSMA presented in Chapter 3, we further
investigated the application of RSMA to STIN considering either perfect CSI or
imperfect CSI with satellite channel phase uncertainties at the GW to manage the
interference within and between both sub-networks. A multiuser downlink framework
was presented for the integrated network where the satellite exploits multibeam
multicast communication to serve SUs, while the terrestrial BS employs UPA and
serves CUs in a densely populated area. RSMA can be used at both the satellite
and the BS to mitigate the interference including inter-beam interference, intra-cell
interference and interference between the two sub-systems. Two RSMA-based STIN
schemes were presented, namely the coordinated scheme and the cooperative scheme.
For the coordinated scheme, the satellite and BS exchanged CSI of both direct and
interfering links at the GW, and coordinated beamforming to manage the interference.
For the cooperative scheme, the satellite and BS exchanged both CSI and data
at the GW. All propagation links (including interfering ones) were exploited to
carry useful data upon appropriate beamforming. MMF optimization problems were
formulated. To tackle the optimization, an iterative algorithm was proposed based
on the SCA approach to reformulating the original problem into an equivalent convex
one, which belongs to a SOCP. Then, we considered imperfect CSIT with satellite
channel phase uncertainty. An expectation-based robust beamforming optimization

algorithm was developed using SCA together with a penalty function. Simulation
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results demonstrated the superiority and robustness of the proposed RSMA-based
cooperative scheme and coordinated scheme compared with the baseline strategies.
Therefore, RSMA was shown very promising for STIN to manage the interference in

and between the satellite and terrestrial sub-systems.

In Chapter 5, RSMA was extended to the ISAC setup to make better use of the
RF spectrum and infrastructure. We investigated a general RSMA-assisted ISAC
system, where the antenna array is shared by a co-located monostatic MIMO
radar system and a multiuser communication system. The problem addressed
the trade-off between serving multiple downlink communication users and sensing
a moving target. Explicit optimization of estimation performance at the radar
receiver was concerned with. We formulated an RSMA-assisted ISAC beamforming
optimization problem to jointly minimize the CRB of the target estimation and
maximize the minimum fairness rate amongst all communication users subject to
transmit power constraints. An iterative algorithm based on SCA was developed
to solve the optimization. Simulation results demonstrated the benefits of RSMA
for both terrestrial and satellite ISAC systems to manage the multiuser/inter-beam

interference and simultaneously perform the radar functionality.

6.2 Future Work

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

follows:
1) RSMA for SAGIN:

The space-air-ground integrated network (SAGIN), which integrates spaceborne, air-
borne and terrestrial/marine networks has been envisioned to provide heterogeneous

services and seamless network coverage. The spaceborne part consists of diverse
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types of satellites and constellations, while the airborne network consists of balloons,
aeroplanes, unmanned aerial vehicles (UAVs), etc. However, due to the spectrum
sharing among these segments, interference becomes one of the major challenges and
advanced interference management schemes are required. RSMA is envisioned to en-
hance the system performance as it leverages two extreme interference management
strategies, namely fully treating interference as noise and fully decoding interference.
In addition to the work addressed in Chapter 4 of this thesis, which focused on the
integration of a GEQO satellite and a single terrestrial BS, the integration between
more platforms could be further explored. Compared with satellites and terrestrial
BSs, UAVs enjoy much higher mobility, ease of deployment, coverage extension and
low cost. The challenges are their high mobility and limited battery capacity to fly,
hover and communicate. Facing these practical issues, RSMA has great potential to
tackle these challenges because of its robustness towards CSIT imperfections, and
capability to reduce communication energy consumption. UAVs may act as aerial
BSs, relays or aerial receivers, which present great compatibility with SAGIN to
enhance the network services. Moreover, the interplay of RSMA for SAGIN with
other enablers such as machine learning (ML) is also worth studying to achieve

ubiquitous intelligent connectivity.

2) RSMA-assisted ISAC with mm Wave:

The explosive growth of data traffic and the scarcity of spectrum resources have
motivated the investigation of millimeter wave (mmWave) communications. A
number of ISAC scenarios involve mmWave frequencies. The frequency band from
30 GHz to 300 GHz requires massive antennas to overcome path losses. It shows
potentials to achieve high data rates for communication and high resolution for radar
operation due to the huge available bandwidth in the mmWave frequency bands and
multiplexing gains achievable with massive antenna arrays. To reduce the transceiver

hardware complexity and power consumption, hybrid analog-digital (HAD) structure
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is typically used, which is able to reduce the number of required RF chains and
achieve higher energy efficiency compared to fully digital precoding. HAD precoding
design for ISAC systems at the mmWave band has been investigated in [112,113] to
provide efficient trade-offs between downlink communications and radar performance.
Inspired by the appealing advantages of RSMA in multi-antenna systems, the benefits
of introducing RSMA and HAD to tackle the multiuser interference in the context of
mmWave communications have been demonstrated in [31,96,114]. As a consequence,
the interplay between RSMA-assisted ISAC and HAD for mmWave is becoming

another interesting research topic.

3) RSMA-assisted ISAC with V2X:

For the coming generation of vehicle-to-everything (V2X) networks, ISAC serves
as a particularly suitable technology aiming to jointly provide high throughput
vehicular communication service and remote sensing service for vehicle localization
and anti-collision detection [115]. The characteristics of vehicular networks include
high mobility, rigorous requirements on transmission latency and reliability, etc.
Recent studies have shown that RSMA is robust against CSIT imperfections resulting
from user mobility and feedback delay in multiuser (Massive) MIMO [116], and it
outperforms existing MA schemes in finite block length regimes [117,118]. Therefore,
RSMA-assisted ISAC has great potential to become a promising research topic for

future V2X networks.

4) RSMA-assisted ISAC with OFDM:

OFDM has been widely investigated as one of the key techniques in wireless net-
works. It was also found to be useful in radar sensing [74]. Due to the promising
application to radar sensing, and the key role in 4G and 5G wireless communication
standards, OFDM waveforms for ISAC systems have been explored in [119, 120].

The benefits of implementing RSMA in a multicarrier communication system have
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been demonstrated in [121,122]. Thus, implementing RSMA in an OFDM-based

ISAC system is worth being investigated as a future direction.



Appendix A

Transcelver modules

The transmitter and receiver architecture for RSMA multigroup multicast is depicted

in Fig. 3.9. Detailed explanations of each module are described as follows:
1) Encoder:

From Fig. 3.9, w.1,--+, W, represent all common parts of the group messages,
which are bit vectors of length K1, - -, K. . All private parts of the group messages
are denoted by wy 1, -+, W, , which are bit vectors of length K1, -, K.
Through the encoder, all common parts w i, -+, W are jointly encoded into a
common codeword v, of code block length ., while the private parts w1, -, W, u
are encoded individually into private codewords vy, 1, -+, v, . The code block
lengths are respectively N1, ---, Npy. We consider polar coding for the channel
coding process. The block length of a conventional polar code is expressed as

N = 2" where n is a positive integer. The polar encoding operation can be written
®n
0

as v = uGy, where Gy = By . By is the bit-reversal matrix and ®n

11
represents the n-fold Kronecker product. u denotes the length-/N uncoded bit vector

input to the encoder which consists of K information bits and N — K frozen bits. Let

A€ {l,--- N} be the set of positions of the information bits, and A be the set of
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positions of the frozen bits. Therefore, we have AN A = ¢ and AUA® ={1,--- | N}.
Specifically, we can construct the private uncoded bit vectors u, 1, - - - , u, s by setting
Wym A, = Wpm, Vm € M. The sets Ay, -+, Apy contain information bit indices
of the private messages. To jointly encode the common information bit vectors,
W1, -, We are at first appended into w. = [W. 1, -+ , W, . Then, the common
uncoded bit vector u, is constructed by setting u, 4, = w., where the set A, collects
information bit indices of the common message. Values of all frozen bits are fixed
and known by both the encoder and the decoder. After obtaining the codewords v,

and 14, - -+, vy, interleavers are adopted before modulation.
2) Modulator:

The interleavered bit vectors v/.,v'1,- -,/ y are respectively modulated into a
common stream s, and multiple private streams sy, --- ,s);. For a given modulation
scheme with alphabet M and modulation order |[M| = 2™, the interleavered bits
(Vhis1s " s Vi) @ € {0,1,-++ 2 — 1} are mapped to a constellation signal

s € M according to the Gray labeling. If a stream s is of length S, its corresponding
code block length is N = m.S.

3) AMC Algorithm:

Appropriate modulation schemes and coding parameters are determined by the
AMC algorithm to maximize the system throughput depending on the channel
characteristics. The algorithm uses the Average rates R, and 7y, - -- , 75 obtained
from the MMF optimization problems with assumptions of Gaussian signalling
and infinite block length. The Average rates of the common and private streams
are actually calculated based on the optimized precoders by taking an average of
1000 channel realizations due to the effects of imperfect CSIT. According to each
given Average rate, we first determine a corresponding modulation scheme from a

modulation alphabet set Q. Here, we consider quadrature amplitude modulation
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(QAM) schemes including 4-QAM, 16-QAM, 64-QAM and 256-QAM. The set of

feasible modulation schemes for a given rate R, € {EC, Ti, - ,FM} is given by
_ . (R,
Q (R, B) :{M:10g2 |M| me(g,m»/\/l € Q}. (A1)

where (3 is the maximum code rate indicating the proportion of information. m’ is
the logarithm of the highest modulation order, i.e., m' = 8 for 256-QAM in this
work. For all R, € {RC,TI, e ,FM}, the modulation alphabets of the common and

private streams are determined by
Ml:argminMEQ(Elﬁ) M|, Vie{c1,--- ,M}. (A.2)

Thus, when all the streams are of length S, the code block lengths and code rates

are respectively calculated as

N, = Slog, (|IMy]), VI € {c,1,--- , M}, (A.3)
. 7,
[Nlmm <_1og2|M_wﬁﬂ
T = N, , Vie{e1,--- M}, (A4)

4) Equalizer:

For each user-k € K, MMSE equalizers are used to detect the common and private

streams. The common stream equalizer gMM5F is calculated by minimising the

MSE e, = E{ |Ge,k Yk — Sc|2} = |gc,k|2 Ter — 2R {gc,kthpc} + 1, where T, =
}hfpcf + |thpM(k)‘2 + Zj]\iL#u(k) ‘thpj’2 + 02. To minimize the MSEs, we let

e, .
85 * — () and obtain
Je,k

MMSE Hy 71 Pfhk (A 5)
ek =P Nl ) = 2 2 : :
‘ ‘ Ihfp.[* + 3200, [hfp,|” + 02

After the common stream is reconstructed and subtracted, the private stream equal-
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izer gMM5E ig calculated by minimising the MSE g5, = E{ }gk (yk — h,?pcsc) — sk}z } =
94> T — 2R {gshfpgy} + 1, where Ty = T, — \thpc]Q. By letting gﬁ =0, the

MMSE equalizers for private streams writes as

pf(k)hk
M 2 :
Zj:l lhi’p;|” + o7

g£4MSE _ Pf(k)hka_l _

5) Demodulator and Decoder:

We use the log-likelihood ratio (LLR) method [32,123], which is an efficient demod-
ulator in bit-interleaved coded modulation (BICM) systems and is calculated from
the equalized signal for Soft Decision (SD) decoding of polar codes. A conventional
polar decoder is then employed [124]. From Fig. 3.9, it should be noted that signal
reconstruction is performed at the output of the polar decoder. The reconstruction
module is the same as the process at the transmitter to reconstruct a precoded

signal for SIC.
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