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RESUMO

Este trabalho considera o problema de compartilhamento de recursos de rádio entre
usuários enhanced Mobile Broadband (eMBB) e Ultra-Reliable and Low Latency Com-
munications (URLLC) conectados a uma mesma Base Station (BS) no escopo de 5G
e além (B5G). Inicialmente, visando aumentar a confiabilidade do serviço eMBB, foi
proposto o uso do método Max-Matching Diversity (MMD) para realizar a alocação
de canais, considerando a divisão de recursos com base nos métodos de Multiple
Acesso Ortogonal (OMA), Multiple Acesso Não Ortogonal (NOMA) e Multiple Acesso
Híbrido (HMA). Os resultados indicam que a aplicação de MMD resulta em um au-
mento na taxa dados dos usuários do eMBB e na confiabilidade do serviço URLLC
simultaneamente para todos os métodos de acesso múltiplo adotados. Além disso,
mostra-se que o método HMA apresenta resultados superiores quando comparado ao
OMA e NOMA. Posteriormente, foi utilizado o mesmo modelo de sistema, mas con-
siderando múltiplos usuários URLLC que compartilham recursos entre si através do
método Rate-Splitting Multiple Access (RSMA), onde um dispositivo URLLC divide sua
transmissão em duas submensagens com potência parcial, que são potencialmente
recuperadas na BS por Successive Interference Cancellation (SIC). Para estudar o
desempenho desse método na presença de um usuário eMBB, foram consideradas as
abordagens de fatiamento de rede OMA e NOMA. Como resultado, foi demonstrado
que, em geral, o RSMA melhorou o desempenho em termos de taxa e confiabilidade,
mesmo quando transmitindo simultaneamente com um usuário eMBB. Os resultados
também mostraram que a taxa do URLLC pode ser aumentada ajustando adequada-
mente o fator de divisão de taxa com base na Signal to Noise Ratio (SNR) média, não
exigindo Channel State Information (CSI). Para finalizar a tese, aplicamos o método
MMD para atribuir usuários Grant-Based (GB) a canais, sendo que no mesmo recurso
de rede que atende um usuário GB, um usuário Grant-Free (GF) é alocado por meio
de um protocolo de contenção distribuído que considera o Quality-of-Service (QoS) do
usuário GB, realizando o pareamento que cause o mínimo de interferência, para que a
presença de um usuário GF seja transparente para o usuário GB. Ambos os usuários
admitidos no mesmo recurso físico operam em NOMA ou RSMA, dependendo dos
ganhos do canal. Expressões exatas para a probabilidade de outage deste sistema
Semi-Grant-Free (SGF) são fornecidas e comparadas com resultados de simulação,
mostrando que a estratégia de transmissão SGF com usuários GB auxiliados por MMD
reduz a outage e aumenta a taxa alcançável de ambos os usuários.

Palavras-chave: 5G e além. Usuários heterogêneos. Alocação de canal. RSMA.



RESUMO EXPANDIDO

Introdução

Nos últimos anos, houve um crescimento acelerado no tráfego de dados móveis. Em
2021, esse valor chegou a 67 Exabytes por mês, com um aumento estimado para 282
Exabytes em 2027 (ERICSSON, 2023). Essa alta se dá devido a diversos fatores, tais
como: aumento no número de dispositivos conectados; avanço/criação de tecnologias
de comunicação; e surgimento de novas aplicações, como a Internet of Things (IoT).
Com isso, o avanço das tecnologias de redes celulares se fez necessário, surgindo
então a quinta geração, denominada 5G. Quando comparado às gerações anteriores,
a 5G visa não somente o aumento da taxa de dados, mas também comunicação de
baixa latência e alta confiabilidade, além de um grande número de nós conectados
simultaneamente (POPOVSKI, Petar et al., 2018). Estes requisitos, muitas vezes con-
flitantes, dão origem a três diferentes serviços, denominados Ultra-Reliable and Low
Latency Communication (URLLC), massive Machine-Type Communication (mMTC) e
enhanced Mobile Broadband (eMBB) (SHAFI et al., 2017). Cada um dos serviços apre-
senta grandes desafios para implementação. No cenário URLLC, serviço não existente
nas gerações anteriores da tecnologia, é requerida baixa latência de comunicação e
alta confiabilidade (POPOVSKI, P., 2014). No mMTC, deseja-se permitir que vários
dispositivos acessem o canal e transmitam mensagens de forma concorrente. Para
o serviço eMBB, espera-se altas e moderadas taxas de dados. No caminho para os
sistemas de comunicação sem fio 5G e além (B5G), é razoável supor que estes três
serviços heterogêneos do 5G possam ser adaptados para suportar novos sub-serviços
ou até mesmo que eles sejam combinados, dando origem a novas classes de servi-
ços (FLAGSHIP, 2019; SAAD et al., 2020; NGUYEN et al., 2022; TARIQ et al., 2020).
Assim, um requisito desafiador dos sistemas B5G é oferecer suporte a novos casos de
uso heterogêneos, como indústria 4.0 e robótica conectada, telepresença holográfica,
etc. (FLAGSHIP, 2019; SAAD et al., 2020; GIORDANI et al., 2020; TARIQ et al., 2020),
além de fornecer os serviços atuais.
Ao analisar o fatiamento da Radio Access Network (RAN), geralmente o método de
acesso múltiplo é ortogonal, ou seja, os recursos no domínio do tempo, frequência, po-
tência, código, entre outros, são alocados ortogonalmente, diminuindo a interferência
entre usuários/serviços (DAI et al., 2015). A versão atual do 5G, Release 17, adotou o
método Orthogonal Frequency-Division Multiple Access (OFDMA) para transmissões
de uplink e downlink, seguindo o padrão 4G (SPECTRUM, 2021). No entanto, para
atender aos requisitos dessas novas aplicações, a coexistência de serviços na mesma
infraestrutura de rede requer métodos de acesso múltiplo mais robustos que combi-
nem maior eficiência espectral com atraso limitado, alta confiabilidade e alto número de
dispositivos conectados. No Release 17, as principais melhorias implementadas para



o eMBB foram baseadas em múltiplas antenas, multiple Transmission and Reception
Point (mTRP) e expansão da banda FR2 de 52,6 GHz até 71 GHz (ERICSSON, 2022;
NEW, 2022). Porém, essas são soluções caras em termos de hardware/licença do es-
pectro e recursos computacionais. Alguns trabalhos como (BAI et al., 2010; SANTOS
et al., 2020) apresentaram métodos para melhorar a capacidade do eMBB através de
software e podem ser explorados. Em aplicações como IoT, onde vários sensores e
inúmeros dispositivos conectados são esperados, e também quando o foco está no
trade-off entre baixa latência e confiabilidade satisfatória para o serviço URLLC, o
método Grant-Free (GF) foi considerado uma boa solução (AZARI et al., 2017; LIU, L.
et al., 2018; SAMAD et al., 2019; KASSAB et al., 2022). A abordagem GF permite
transmissões sem longos protocolos de handshake para conceder acesso aos dispo-
sitivos (BAYESTEH et al., 2014), em contraste com o acesso Grant-Based (GB), que
depende de mensagens piloto para estimar o canal dos usuários e permite a troca
de informações quando as condições são favoráveis para atingir a taxa alvo sob uma
determinada probabilidade de erro aceitável. Em outras palavras, os usuários GF po-
dem transmitir mensagens sempre que tiverem novos dados para enviar, sem solicitar
permissão à Base Station (BS).
Em conjunto com a redução da latência, visando melhorar a eficiência espectral, alguns
métodos não-ortogonais têm sido propostos nos últimos anos para substituir o Ortho-
gonal Multiple Access (OMA), tais como Non-Orthogonal Multiple Access (NOMA),
Rate-Splitting Multiple Access (RSMA) e Hybrid Multiple Acces (HMA). Desta forma,
os usuários não precisam esperar para serem atendidos com blocos ortogonais dispo-
níveis, resultando em uma redução na latência experimentada pelos usuários. Este é
um recurso útil para suportar a comunicação URLLC (CHEN, H. et al., 2018). Para o
mMTC, o maior desafio é suportar a conectividade em massa considerando a escassez
de recursos em frequência, para o qual métodos não-ortogonais também são uma solu-
ção interessante, pois permite que os usuários compartilhem seus recursos em vez de
ocupá-los sozinhos (MA et al., 2018). Embora a filosofia não-ortogonal permita que os
dispositivos compartilhem os mesmos recursos de canal em um bloco de tempo com
poucos erros de colisão (LIU, Yuanwei et al., 2017), como não há controle centralizado
para limitar o número de usuários, os protocolos GF tornam-se ineficazes quando há
muitos usuários/dispositivos ativos, o que é um cenário provável para URLLC e mMTC.
Assim, as frequentes situações de colisão levam à incapacidade de detectar múltiplos
usuários, representando o desafio mais crucial para a estratégia de transmissão GF
(LIU, L. et al., 2018). Um método para lidar com o desafio mencionado é empregar um
protocolo de contenção, já que vários usuários podem escolher o mesmo canal para
transmitir ao mesmo tempo, o que é conhecido como esquemas de transmissão Semi-
Grant-Free (SGF), que podem ser vistos como um meio-termo entre GF e esquemas
GB convencionais (DING et al., 2019; ZHANG, C. et al., 2021). Em um cenário com



usuários heterogêneos, por exemplo, todos os canais da rede estão disponíveis para
transmissão GF, independentemente de terem sido reservados por usuários de GB.
No entanto, para garantir que os requisitos de Quality-of-Service (QoS) dos usuários
GB sejam atendidos, a contenção entre os usuários GF deve ser cuidadosamente ge-
renciada, tal que os usuários GF transmitam apenas quando não causem degradação
significativa no desempenho dos usuários do GB.

Objetivos

O objetivo do trabalho é estudar técnicas que viabilizem a coexistência de serviços
heterogêneos em uma mesma infraestrutura de rede, focando no ponto de vista da
camada física. Isto é, comparar, via análises matemáticas e simulações computaci-
onais, estratégias potenciais a serem aplicadas na divisão e alocação dos recursos
de rádio de modo que os requisitos de confiabilidade, latência e taxa de dados sejam
alcançados, focando nas mensagens de uplink.

Metodologia

Foi desenvolvido um método matemático para realizar a análise do desempenho em
termos da capacidade do canal de comunicação sem fio, para um sistema composto
por usuários eMBB/GB e URLLC/GF, dispostos em uma única célula de uma rede B5G,
considerando somente as mensagens de uplink. A modelagem destas mensagens, por
não existir coordenação entre os usuários da rede, se torna uma tarefa mais complexa
e relevante do que a considerada no caso das mensagens de downlink. Através deste
modelo, foram realizadas simulações computacionais e os resultados foram avaliados.
Primeiramente, consideramos a multiplexação de usuários eMBB e URLLC com uma
estratégia híbrida de divisão de recursos, focando na melhoria da eficiência espectral.
O método de alocação Max-Matching Diversity (MMD) (BAI et al., 2010) é usado para
alocar canais para usuários eMBB. Os resultados são comparados com os resultados
de (SANTOS et al., 2020).
Na sequência, visando aumentar a eficiência espectral do URLLC, permitimos que mais
de um usuário URLLC realize compartilhamento não-ortogonal de recursos de frequên-
cia e tempo por meio de rate-splitting, o que chamamos de U-RSMA. No esquema
proposto, combinamos os benefícios da decodificação RSMA, SIC e diversidade de
frequência, tanto no fatiamento de rede OMA quanto no NOMA com usuários eMBB.
O esquema U-RSMA proposto é então comparado com os chamados esquemas U-
NOMA e U-OMA, onde o acesso múltiplo entre dispositivos URLLC é realizado por
meio de NOMA e OMA, respectivamente.
Para finalizar a tese, estudamos um sistema de transmissão SGF. Usamos a aborda-



gem MMD para atribuir usuários GB a canais. Um usuário GF é atribuído ao mesmo
recurso de rede que um usuário GB por meio de um protocolo de contenção distribuído
que considera a QoS do usuário GB e os emparelha de maneira que cause a menor
interferência possível, tornando a presença de um usuário GF quase transparente para
o usuário GB. Dependendo dos ganhos do canal, ambos os usuários admitidos no
mesmo recurso físico operam em NOMA ou RSMA. Esse método foi nomeado RSMA-
MMD-SGF. Expressões exatas para a probabilidade de erro deste sistema SGF são
fornecidas e comparadas com resultados de simulação.

Resultados e Discussão

Em um primeiro momento, ao se comparar o desempenho dos métodos ortogonal,
não-ortogonal e híbrido, pôde-se concluir que o último é capaz de obter taxas de da-
dos maiores quando γ̄U > γ̄B, onde γ̄U e γ̄B são as Signal to Noise Ratios (SNRs)
médias do URLLC e do eMBB, respectivamente. Por outro lado, quando γ̄B > γ̄U , o
método híbrido iguala os resultados do método ortogonal na maior parte dos valores de
SNR simulados. Como a interferência gerada pelos dispositivos eMBB é maior neste
caso, apenas a partição OMA no esquema HMA dará um resultado significativo na
taxa, portanto, o resultado obtido é equivalente ao OMA. Isso mostra que o método
HMA consegue extrair o melhor dos métodos OMA e NOMA, pois independente da
relação das SNRs, obtêm resultados melhores ou pelo menos iguais aos métodos
originais. Além disso, ao realizar as simulações para valores de confiabilidade URLLC
mais restritos, o HMA mostrou que pode alcançar taxas superiores. Esse resultado foi
possível devido à natureza do método híbrido, que consegue adaptar a divisão dos
recursos conforme a necessidade de cada serviço em um determinado momento. O
segundo cenário avaliado no trabalho, onde os recursos de rádio são compartilhados
entre um usuário eMBB e múltiplos usuários URLLC, mostra que o método U-RSMA é
capaz de atingir taxas mais altas quando o fator de divisão de potência é configurado
corretamente, mesmo com requisitos de confiabilidade mais elevados. Além disso, é
possível observar que a divisão de recursos não-ortogonal entre usuários heterogê-
neos é capaz de atingir o maior par de taxas para URLLC e eMBB simultaneamente.
Isso nos leva a outro cenário interessante, em que a combinação de U-RSMA e NOMA
é uma ferramenta poderosa para atender às demandas do B5G. Além disso, pôde-se
concluir que U-OMA precisa de mais largura de banda para superar outros métodos, o
que é um fator limitante. Nesse caso, U-RSMA é a melhor escolha para segmentos me-
nores de espectro, resultando em maior eficiência. Para finalizar a tese, os resultados
do método RSMA-MMD-SGF foram apresentados, nos levando à conclusão de que é
possível aumentar o desempenho dos usuários de GB e manter a probabilidade de
erro do GF simultaneamente, o que não ocorre nos resultados da literatura. Também



foi possível notar que a abordagem RSMA-MMD-SGF é capaz de atingir taxas-alvo
mais altas para usuários de GF, mantendo sua confiabilidade controlada. Ademais, se
fixarmos a taxa alvo do GB, a abordagem proposta é capaz de aumentar o desempe-
nho do GF em termos de taxa, aproveitando os pontos alcançáveis de capacidade pelo
RSMA e a melhor condição do canal experimentada pelos usuários GB auxiliados por
MMD

Considerações Finais

Consideramos, inicialmente, a divisão de recursos de uma rede B5G composta por
usuários eMBB e URLLC. Foi proposta a abordagem HMA, onde uma alocação hí-
brida de recursos pode ser realizada, com foco em extrair as vantagens dos métodos
OMA e NOMA. Com esta técnica, foi possível obter taxas maiores para eMBB quando
comparadas às estratégias ortogonal e não-ortogonal. Na segunda parte do traba-
lho, consideramos o problema de divisão de recursos de rádio entre eMBB e vários
dispositivos URLLC. Avaliamos o desempenho da taxa de três métodos de acesso
múltiplo para URLLC, sendo eles, U-OMA, U-NOMA e U-RSMA, quando operando sob
divisão de rede OMA e NOMA com eMBB. Nossos resultados mostraram que U-RSMA
é capaz de atingir taxas mais altas quando o fator de divisão de potência é configu-
rado corretamente, mesmo com requisitos de confiabilidade mais rígidos. Além disso,
mostramos que o fatiamento de rede não-ortogonal é capaz de atingir o maior par de
taxas para URLLC e eMBB simultaneamente. Para finalizar a tese, consideramos o
compartilhamento de recursos de rádio da rede entre os usuários GB e GF. O método
proposto recorre à abordagem MMD para aumentar a diversidade de frequência dos
usuários GB e a um protocolo de contenção distribuído para emparelhar um usuário
GF com um usuário GB. Além disso, os usuários multiplexados podem ser sobrepostos
com NOMA ou RSMA. Apresentamos expressões exatas para o sistema SGF proposto
e mostramos que ele é capaz de aumentar a taxa alvo e reduzir a probabilidade de
erro de ambos os serviços.

Palavras-chave: 5G e além. Usuários heterogêneos. Alocação de canal. RSMA.



ABSTRACT

This work considers the problem of sharing radio resources between enhanced Mo-
bile Broadband (eMBB) and Ultra-Reliable and Low Latency Communications (URLLC)
users connected to a common Base Station (BS) in the scope of 5G and beyond
(B5G). Initially, aiming to increase the reliability of the eMBB service, the use of the
Max-Matching Diversity (MMD) method to perform channel allocation was proposed,
considering the division of resources based on Orthogonal (OMA), Non-Orthogonal
(NOMA) and Hybrid (HMA) multiple access. The results indicate that MMD is able to
increase the data rate of eMBB users and the reliability of the URLLC service simultane-
ously for all multiple access methods under consideration. Furthermore, it is shown that
the HMA method presents superior results when compared to OMA and NOMA. Subse-
quently, the same system model was used, but considering multiple URLLC users who
share resources with each other through the Rate-Splitting Multiple Access (RSMA)
method, where a URLLC device splits its transmission into two sub-messages with
partial power, which are potentially recovered in the BS through Successive Interfer-
ence Cancellation (SIC). To study the performance of such method in the presence of
a eMBB user, the OMA and NOMA slicing approaches were considered. As a result,
it was shown that, in general, RSMA has improved performance in terms of rate and
reliability, even when simultaneously transmitting with a eMBB user. The results also
showed that the URLLC rate can be increased by properly adjusting the rate splitting
factor based on the average signal-to-noise ratio (SNR), not requiring instantaneous
Channel State Information (CSI). Finally, we apply the MMD method to assign Grant-
Based (GB) users to channels. In the same network resource that serves a GB user,
one Grant-Free (GF) user is allocated through a distributed contention protocol that con-
siders the Quality-of-Service (QoS) of the GB user, performing the pairing that causes
the minimum interference, so that the presence of a GF user is transparent to the GB
user. Both users admitted to the same physical resource operate in either NOMA or
RSMA, depending on the channel gains. Exact expressions for the outage probability
of this Semi-Grant-Free (SGF) system are provided and compared to simulation results,
showing that the SGF transmissions with MMD-aided GB users strategy reduces the
outage and increases the achievable rate of both users.

Keywords: 5G and beyond. Heterogeneous users. Channel allocation. RSMA.
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1 INTRODUCTION

1.1 BACKGROUND AND THESIS OVERVIEW

In recent years, there has been an accelerated growth in the amount of mo-
bile data traffic. In 2021, this value reached 67 Exabytes per month, with an esti-
mated increase to 282 Exabytes in 2027 (ERICSSON, 2023). This increase is due to
several factors, such as: number of connected devices; higher resolution videos; ad-
vancement/creation of new communication technologies; and the emergence of new
applications, such as Internet of Things (IoT). The Fourth Generation (4G), which still
dominates the commercialization of cellular network technology, is based on a one-size-
fits-all concept (LI et al., 2017) using broadband communication, which is not able to
support the amount of data and heterogeneity expected for applications emerging in
the near future, such as smart cities, autonomous and connected cars, public safety,
localization and sensing (FERRUS et al., 2018; NGUYEN et al., 2022).

Due to such factors, the advancement of cellular network technologies was nec-
essary, resulting in the start of Fifth Generation (5G) standardization by 3rd Generation
Partnership Project (3GPP) in early 2016, which still evolving, currently in Release 17
(CHEN, W. et al., 2023). When compared to previous generations, 5G aims not only
at increasing the data rate, but also at reducing latency, increasing the communication
reliability, as well as improving the number of nodes that can be connected simultane-
ously. These requirements are divided into three different services, called Ultra-Reliable
and Low Latency Communication (URLLC), massive Machine Type Communications
(mMTC) and enhanced Mobile Broadband (eMBB) (SAAD et al., 2020), which in them-
selves already present major challenges for implementation, as discussed below:

• URLLC: requires low latency and high communication reliability (POPOVSKI,
P., 2014; FUENTES et al., 2020), with values around 1 millisecond and 10–5,
respectively (ITU-R, 2023). To reduce latency, one could choose to use a Grant-
Free (GF) access method, where there is no prior allocation of resources to the
devices (WANG, C. et al., 2017; LIU, Yan et al., 2021), and transmit small packets
with none or the minimum of metadata. To increase communication reliability,
diversity techniques and improved source/channel coding could be applied.

• mMTC: for the mMTC service, where multiple devices access the channel and
transmit messages concurrently, it is necessary to apply techniques capable of
decoding numerous overlapping signals, such as Successive Interference Can-
cellation (SIC) (BOCKELMANN et al., 2016). To reduce propagation errors, the
decoding sequence can be ordered from the user with the highest Signal-to-Noise
Ratio (SNR) to the user with the lowest SNR (ZAIDI, Ali et al., 2018). Furthermore,
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for mMTC, one must adopt a modulation that allows the devices to be simple, to
reduce cost, and to have low energy consumption (BOCKELMANN et al., 2016).

• eMBB: this service is considered the evolution of 4G, with the highest demand
in terms of data rate (100 Mbit/s in the downlink and 50 Mbit/s in the uplink) and
spectral efficiency (peaks of 30 bit/s/Hz in the downlink and 15 bit/s/Hz in the
uplink) (FUENTES et al., 2020; ITU-R, 2023), focusing on the best possible user
experience. Solutions used in the current 5G releases to meet these requirements
are:

– Increase the bandwidth available for the service. Compared to a typical Sec-
ond Generation (2G) network, which has access to 20 MHz at carrier fre-
quencies around 1 GHz, current 5G networks primarily cover a span of 100
MHz in the 3.5 GHz range (BJÖRNSON, E. et al., 2023). 5G also makes use
of the millimeter Wave (mmWave) band (28-300 GHz) (SHAFI et al., 2017),
mainly for applications that do not require long range, given the physical
behavior of waves in this frequency range.

– Another option is to densify the network, increasing the number of base
stations covering the same area and installing hotspots for dedicated appli-
cations, such as in hospitals (SHAFI et al., 2017). However, there is also an
increase in financial costs linked to this strategy, which is not always feasible
in practice.

– The third option is to increase the spectral efficiency (per cell and of the
network as a whole), making it possible to transmit more information within
the same amount of resources (BJÖRNSON, Emil et al., 2019). This can be
achieved using techniques such as massive Multiple-Input Multiple-Output
(MIMO) (TULLBERG et al., 2016), since it can significantly improve the
system throughput without consuming extra bandwidth, and Orthogonal
Frequency-Division Multiplexing (OFDM), where data is transmitted as a
combination of orthogonal narrowband signals to reduce the effects of multi-
path fading.

It is important to highlight that 5G is already a reality, being deployed in different
parts of the world (AMERICAS, 2023), mainly providing the eMBB service in the current
release. Since Release 15, the efforts were to improve the eMBB performance as
well as support primary versions of mMTC (mainly absorving Narrowband Internet of
Things (NB-IoT) and Long Term Evolution Machine Type Communication (LTE-M) from
4G (GSMA, 2023)) and URLLC (SPECTRUM, 2021). In the current Release 17, some
improvements were implemented to attend URLLC requirements, as Hybrid Automatic
Repeat Request-Acknowledgement (HARQ-ACK), Channel State Information (CSI),



Chapter 1. Introduction 24

intra-UE multiplexing and time-synchronization enhancements (ERICSSON, 2022). In
summary, URLLC and mMTC services are still evolving, therefore, it is interesting to
look at the problems anticipated for the next versions of this generation (Release 18
and 19, projected to 2023-2025) or even for Sixth Generation (6G) (CHENG-XIANG
et al., 2023) networks, since the amount of data will continue to increase in the next ten
years (UNION, 2015) and new applications will emerge.

1.2 PROBLEM STATEMENT

In the path to Beyond 5G (B5G) wireless communication systems, it is reason-
able to assume that the three 5G heterogeneous services, namely eMBB, URLLC, and
mMTC, could be tailored to support new sub-services or even combined, giving rise
to new service classes (FLAGSHIP, 2019; SAAD et al., 2020; NGUYEN et al., 2022;
TARIQ et al., 2020). Thus, a challenging requirement of B5G wireless systems is to
support new heterogeneous use cases, such as pervasive connectivity, industry 4.0
and connected robotics, holographic telepresence, etc. (FLAGSHIP, 2019; SAAD et al.,
2020; GIORDANI et al., 2020; TARIQ et al., 2020), while also supporting current 5G
services.

To allow the coexistence of these heterogeneous services with diverse require-
ments within the same Radio Access Network (RAN) architecture, the concept of net-
work slicing has been proposed (ZHANG, H. et al., 2017) and is one solution being
used by companies (NOKIA, 2022) to support a heterogeneous network, in which the
network functions are divided, through software, into sub-virtual networks that have
resources allocated according to the services in use (FOUKAS et al., 2017). This can
be performed thanks to network softwarization and virtualization, being considered the
main enabler of Resource as a Service (RaaS) for B5G (TARIQ et al., 2020). The re-
sources of the physical infrastructure of the network to be shared between the services
include: processing and memory of the devices responsible for decoding, forwarding
and storing the messages that travel in the network; frequency spectrum allocated to
the technology; wireless communication channels accessed by devices (KALØR et al.,
2018).

When analyzing RAN slicing from the point of view of the Physical Layer (PHY),
usually multiple access is orthogonal, that is, the resources in the domain of time, fre-
quency, power, code, among others, are allocated orthogonally, reducing interference
between users/services (DAI et al., 2015). The current 5G version, Release 17, adopted
the Orthogonal Frequency-Division Multiple Access (OFDMA) method for uplink and
downlink transmissions, following the 4G standard (SPECTRUM, 2021). However, to
attend the requirements of such novel applications, the coexistence of 5G services
in the same network infrastructure requires robust multiple access methods that com-
bine higher spectral efficiency with limited delay, high reliability and high number of
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connected devices.
In the current 5G Release 17, the main improvements implemented to eMBB

were based in multiple-antenna, multiple Transmission and Reception Point (mTRP)
and extending the Frequency Range (FR) 2 beyond 52.6GHz all the way up to 71GHz
(ERICSSON, 2022; NEW, 2022). However, as discussed in Section 1.1, these are
expensive solutions in terms of hardware/spectrum license cost and computational
resources. Some works as (BAI et al., 2010; SANTOS et al., 2020) presented methods
to improve the eMBB capacity through software. Software based methods to increase
the capacity become very interesting in scenarios where cost is an important factor,
such as private networks, or where the BS power consumption need to be reduced.
Furthermore, this strategy has a low cost to increase the performance, different from
options as increasing the bandwidth, thus being a policy that supports infrastructure
sharing to remote areas.

Therefore, the problem to be tackled in this thesis is the design of software
based solutions to improve the performance of 5G and B5G services without increasing
hardware or spectrum costs.

1.3 POSSIBLE ENABLERS

1.3.1 Robustly multiplexing users

In applications as the IoT, where various sensors and a massive number of
connected devices are expected, GF access has been envisioned to be a good solution
to provide a satisfactory tradeoff between the URLLC low latency and reliability (AZARI
et al., 2017; LIU, L. et al., 2018; SAMAD et al., 2019; KASSAB et al., 2022). The
GF approach enables transmissions without lengthy handshaking protocols to grant
devices access (BAYESTEH et al., 2014), in contrast to Grant-Based (GB) access,
that relies on pilot messages to estimate the channel of the users and allows the
exchange of information when the conditions are favorable to reach the target rate under
a given acceptable outage probability. In other words, GF users are allowed to transmit
messages whenever they have new data to send, without requesting permission from
the Base Station (BS).

In conjunction to reducing latency, aiming to improve the spectral efficiency, Non-
Orthogonal Multiple Access (NOMA) was identified as a promising technology that
exploits, for instance, the power domain to allow multiple users to share the same
resource block along the spectrum, time and/or code (LIU, Yuanwei et al., 2017). It
is mainly indicated on scenarios where the use of multiple antennas is not feasible
(CLERCKX et al., 2021). In this way, users do not have to wait to be served when
orthogonal blocks are available, which results in a reduction in the latency experienced
by users. This is a useful feature to support URLLC communication (CHEN, H. et
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al., 2018). Moreover, recall that a challenge to achieve mMTC is to support mass
connectivity with scarce bandwidth resources, for which NOMA is a great solution as
it encourages users to share their resources (MA et al., 2018). In order to recover
the overlapped signals, the receiver of a NOMA-based communication system can
apply the SIC algorithm, a method whose performance depends on the different power
levels between the overlapped incoming signals (ISLAM et al., 2017). To this end,
two approaches are commonly used to guarantee such power distinctiveness: (i) user
pairing and (ii) power allocation. In the first case, users with distinct channel gains are
separated in groups and paired (CHEN, X. et al., 2014; RAUNIYAR et al., 2020). In the
second case, power allocation methods separate users (SEDAGHAT; MÜLLER, 2018;
AZAM et al., 2019), even if random pairing is applied.

However, since in GF there is no centralized control to limit the number of users,
such protocols become ineffective even with NOMA when there are too many active
users/devices, due to the excessive number of collisions. This leads to the inability to de-
tect multiple users, which represents the most crucial challenge for the GF transmission
strategy (LIU, L. et al., 2018).

One solution to cope with the aforementioned challenge is to employ a contention
protocol, as multiple users may choose the same channel to transmit at the same time,
which is known as Semi-Grant-Free (SGF) transmission schemes, and that can be
viewed as a compromise between GF and GB schemes (DING et al., 2019; ZHANG, C.
et al., 2021). For instance, in a scenario with heterogeneous users, all channels in the
network may be available for GF transmission, regardless of whether they have been
reserved by GB users or not. However, to ensure that the Quality-of-Service (QoS)
requirements of GB users are fulfilled, the contention among opportunistic GF users
must be carefully managed, to ensure that GF users transmit only when they do not
cause significant performance degradation to the GB users.

In NOMA, it is intuitive that the complexity of user pairing and power allocation
increases with the number of users, turning its implementation unbearable in terms
of latency in scenarios with a massive number of users. Also, in some cases, it is
necessary to use CSI to adapt the transmission power, which entails extra latency
and a potential loss in terms of reliability. In order to overcome issues of this nature,
the Rate-Splitting Multiple Access (RSMA) method has gained significant attention re-
cently, since it enables the achievement of the entire capacity region with successive
decoding (RIMOLDI; URBANKE, 1996; TSE; VISWANATH, 2005a), providing superior
performance over NOMA and over OMA methods like Space Division Multiple Access
(SDMA) (CLERCKX et al., 2016; MAO et al., 2018). RSMA also shows robustness
in cases with imperfect CSI (LEE et al., 2021) and is further used to mitigate prob-
lems of pilot contamination (MISHRA et al., 2022). Moreover, the basic principle of
NOMA, which requires a single user in each group to decode the messages of other
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Figure 1 – Illustration of the coding and decoding process in one transmission block of
RSMA.
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co-scheduled users, is an inefficient design in multi-antenna scenarios. In this case,
RSMA also shows superior performance since the interference is partially decoded
and partially treated as noise, which results in higher multiplexing gains (CLERCKX
et al., 2021). In uplink RSMA, each user creates virtual users by splitting its transmis-
sion in two sub-messages. Although this procedure entails extra rounds in the SIC
procedure, it automatically creates different arriving power levels among users, thus
significantly reducing the implementation complexity when compared to NOMA. RSMA
also increases the number of decoding orders, thus each part can be decoded flexibly
at the receiver using SIC (YANG, Z. et al., 2020a; CLERCKX et al., 2023). Hence, if the
GF user has a worse channel, one of its split streams can be decoded after the other
streams, so it has lower interference and can reach higher rates. The case when it has
a better channel is also valid. In this way, a higher decoding order flexibility enables
higher achievable rates. This is also a big challenge in practical RSMA deployments
and must be optimized, since the decoding order affects the achievable rate. Facing
this issue, some works have proposed SIC receivers with dynamic decoding order to
improve performance (ZHANG, Z.; HU, 2017; GAO et al., 2017; LIU, Ye et al., 2018).

Fig. 1 illustrates the RSMA coding and decoding process in a subcarrier with
one GB and one GF user. We assume that only the GF admitted user message, Wk ,
is split into sub-messages, named Wk ,1 and Wk ,2. By independently encoding the two
parts into sk ,1, sk ,2, respectively allocating transmit power Pk ,1 = αPF , Pk ,2 = (1–α)PF ,
where 0 ≤ α ≤ 1 is the RSMA power splitting factor, and superposing the two streams,
the transmit signal of the GF user is given by

xk =
√

Pk ,1sk ,1 +
√

Pk ,2sk ,2. (1)

At the GB user, the message WB is directly encoded into sB and a certain power
PB is allocated, resulting in the transmitted signal xB =

√
PBsB. In each transmission
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block, the paired GB and GF users transmit their signals simultaneously, so the received
signal at the BS can be written as

y = hBxB + hkxk + n

=
√

PBhBsB +
√

Pk ,1hksk ,1 +
√

Pk ,2hksk ,2 + n,
(2)

where n ∼ CN (0,σ2) is Additive White Gaussian Noise (AWGN) with zero mean and
unit variance (σ2 = 1).

Given the signal model of (2), in general two SIC layers are required to recover
the messages of the two users at the receiver. However, for the cases of α = 0 or α = 1,
the admitted GF user transmits the signal xk =

√
PF sk without splitting its message,

thus NOMA is used, and only one SIC layer is needed.
Another multiple access technique that promises to be a good solution in B5G

use cases and has been explored in the literature is the Hybrid Multiple Access (HMA)
(MAHMOUDI et al., 2022; WANG, Q. et al., 2020; AL-ABBASI; SO, 2017; TANAKA
et al., 2021; ELBAYOUMI et al., 2020; KIM; CHO, 2017), a method that combines both
OMA and NOMA. As presented in (POPOVSKI, P. et al., 2018; ABREU et al., 2019;
SANTOS et al., 2020; MAATOUK et al., 2019), OMA and NOMA can outperform each
other in different setups. Therefore, a HMA method that dynamically adapt the slicing
fraction, also called adaptive multiple access protocol, combining OMA and NOMA
schemes according to the demands and requirements of each service (SAAD et al.,
2020), may provide several benefits compared to using only OMA or NOMA.

Fig. 2 illustrates this hybrid scheme where, when operating under NOMA, users
are separated in the power domain. The figure shows that the first resource block
is reserved for user 1, the eighth resource block is reserved for user 2, and both
users share the second resource block. This indicates that the HMA method has two
advantages: it is less vulnerable to interference and requires fewer SIC processes than
NOMA, and it is more spectrum-efficient than OMA as some users can share more
resources compared to a completely orthogonal scheme.

Figure 2 – HMA scheme for two users in a bandwidth divided in eight channels.
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Furthermore, HMA can provide a better tradeoff between fairness and system
efficiency compared to using only OMA or NOMA. OMA provides equal treatment to
all users, while NOMA can provide higher throughput for some users at the expense of
others. Finally, HMA can be more flexible, as it can adapt to different traffic conditions
and user requirements. For example, when the number of users is low, the system can
increase the OMA resource blocks to provide higher rates to all users, while when the
number of users is high, preference can be given to NOMA to increase system spectral
efficiency.

1.3.2 Allocating channels to GB through software

The outage probability in an OFDM system with F channels serving one user
can be approximated for Rayleigh fading as Pu ≈ (γ̄B)–F , where γ̄B is the average
SNR. Thus, diversity order F is achieved. For an OFDMA system with M ≤ F users,
the maximum frequency diversity gain for each user would be only F /M (BAI et al.,
2010). Fig. 3 illustrates a set of different channel realizations among GB users and
independent subcarriers. The bandwidth is divided in F channels, such that {wf }

F
f=1

represents the f -th subcarrier. In this example, user {UB,m,f }
M
m=1 has a good channel

condition in subcarrier wf , but it is in deep fading in other subcarriers.

Figure 3 – Example of channel realizations for different users and subcarriers.
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The authors from (BAI et al., 2010) presented an ingenious way to increase
the frequency diversity gain in OFDMA, applying the Random Vertex Rotation based
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Hopcroft-Karp (RVRHK) algorithm to assign users to channels. Taking as example
Fig. 3, an obvious decision would be to allocate subcarrier wf to user UB,m,f . Surpris-
ingly, the maximum frequency diversity gain achieved by the RVRHK algorithm is the
same as that in point-to-point OFDM systems which serves only one user with F chan-
nels, while not decaying as the number of users increases. In this work, we refer to this
allocation procedure as Maximum Matching Diversity (MMD), which has the following
remarks (BAI et al., 2010): i) achieves optimal frequency diversity F through software,
reducing the outage probability; ii) guarantees fairness between users; iii) inserts com-
plexity of O(F2.5); and iv) adds 1 bit/channel/user of control data. In the following, more
details about the allocation algorithm and the outage probability are presented.

1.3.2.1 RVRHK Algorithm

The RVRHK algorithm was designed to allow the largest amount of users to ob-
tain non-outage channels, aiming at minimizing the outage probability of each user (BAI
et al., 2010). To that end, the random bipartite graph model, which is effective to solve
assignment problems, is used to formulate the channel allocation problem, where the
users are one vertex set with the channels being the other set. All the non-outage
channels are seen as edges between the user vertices and the channel vertices, that
appear with some probability, and which could be intuitively described as: if UB,m,f is
not in outage in wf , join them with an edge.

Figure 4 – MMD allocation routine for M = 4 and F = 4.
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Fig. 4 illustrates each step of the allocation procedure for M = 4 users and
F = 4 channels. This procedure occurs during the connection phase, being the BS
responsible for executing the RVRHK algorithm. First, Fig. 4-a presents the complete
graph, but after identifying the non-outage scenarios, only the possible edges, i.e., the
valid channel allocation options, remain connected. At this step, each user is connected
to a set of non-outage channels, as for instance N (UB,1,f ) = {w1UB,1,f , w3UB,1,f } is
the matching subset of UB,1,f (and as in Fig. 4-b). At the last step of the algorithm,
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the maximum matching set denoted by M, which achieves the optimal frequency
diversity, is determined. In this example,M = {w3UB,1,3, w2UB,2,2, w4UB,3,4, w1UB,4,1}
is a possible solution. This max-matchingM is found using the Hopcroft-Karp algorithm,
but randomly rotating the users at the beginning to guarantee that every user gets an
identical priority to be connected to a channel through an edge (this random user
rotation is what differentiates the Hopcroft-Karp algorithm to the RVRHK algorithm).
The m-th GB user is in outage either if N (UB,m,f ) = ∅ or every wf in N (UB,m,f ) has
been allocated to other users.

1.3.2.2 Outage of MMD-Aided OFDMA

Following (BAI et al., 2010), the outage probability of a user in a MMD-aided
OFDMA system with F channels is

Pu = Ps(γ̄B)F f (Ps), (3)

where
f (Ps) = a0 + a1Ps(γ̄B) + · · · + a(M–1)F Ps(γ̄B)(M–1)F , (4)

with a0 ̸= 0 and, for Rayleigh fading,

Ps(γ̄B) = 1 – e–γmin/γ̄B , (5)

where γmin = 2R̂B – 1 is the threshold SNR and R̂B is the target rate of the GB user.
Moreover, in the high SNR regime, the MMD outage probability from (3) can be

approximated as (BAI et al., 2010)

Pu = a0Ps(γ̄B)F + O
(
Ps(γ̄B)F

)
≈ a0Ps(γ̄B)F ,

(6)

where O(·) is the higher order infinitesimal. Furthermore, a0 corresponds to the multi-
plicity of the most relevant term of (6), which is a0 = 1 for M < F (user in outage only
when this user is an isolated vertex of the bipartite graph) or a0 = 2 for M = F (user
in outage either when this user or one subcarrier is an isolated vertex of the bipartite
graph), as detailed in (BAI et al., 2010).

Thus, note from (6) that the MMD scheme maximizes the frequency diversity
experienced by each user, which equals the number of channels F . Note also that
such frequency diversity improvement comes exclusively due to the proper allocation
provided by the RVRHK algorithm, i.e., one does not need to retransmit the same
message in channels subjected to independent fading, which would require a larger
bandwidth.

Example 1. For M = F = 2, we have that (BAI et al., 2010)

Pu = 2Ps(γ̄B)2 – 2Ps(γ̄B)3 + Ps(γ̄B)4, (7)
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Figure 5 – MMD outage probability with M = 2 users and F = 2 channels for single
antenna devices. We also illustrate the case without frequency diversity, but
considering either a single or two receive antennas using SC.
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which is plotted in Fig. 5 along with simulation results. Moreover, we compare it with the
outage probability in the case without frequency diversity, considering either a single
or two receive antennas using Selection Combining (SC). The idea is to illustrate the
diversity orders achieved with MMD exploiting frequency diversity from F = 2 channels
(but without spatial diversity) with that of SC exploiting spatial diversity with two antennas
(but without frequency diversity). It is important to mention that frequency diversity is
obtained only through the proper allocation of channels, without retransmitting copies
of messages on different channels. In other words, there is no redundancy in frequency.
Clearly, the MMD method achieves diversity order F = 2 with single antenna devices,
while the outage probability of MMD is two times higher because of the a0 factor in (6).

These results suggest that MMD is an optimal subcarrier allocation method in
the sense of frequency diversity gain. This is achieved thanks to the impact created in
the equivalent users’ channels, whose SNR probability distribution can be expressed as
a linear combination of F exponential Probability Density Function (PDF) as (SANTOS
et al., 2020)

pB(x) =
F∑

f=1

(
F
f

)
(–1)f–1 fe–fx /γ̄

′
B

γ̄
′
B

, (8)
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where γ̄
′

B = γ̄B2–1/F . The resulting distribution is less severe than the exponential
distribution, as can be seen in Fig. 6, characterizing a more benign equivalent channel
since the probability of being in deep fade reduces. Thus, applying MMD increases the
frequency diversity gain experienced by the GB users, leading to a better equivalent
channel when compared to the case without MMD.

Figure 6 – (a) PDF and (b) CDF of the exponential distribution and the MMD-based
SNR distribution for F ∈ {2, 4, 8}.
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1.4 SCOPE AND OBJECTIVES OF THE THESIS

In the path to B5G wireless communication systems, it is reasonable to assume
that the three heterogeneous services could be divided into sub-services (MAHMOOD
et al., 2020) or even combined, emerging new service classes (SAAD et al., 2020).
Such services require robust multiple access methods that can combine higher spec-
tral efficiency with strict delay and reliability requirements to attend applications like
fully automated driving, where cooperation among cars for collision avoidance is vi-
tal (POPOVSKI, Petar et al., 2018; CHEN, H. et al., 2018).

Motivated by the aforementioned challenges, this thesis focuses on wireless
access methods to perform the sharing of RAN resources between eMBB and URLLC
users, as well as GB and GF users, in the same network infrastructure. To accomplish
such task, mathematical analysis and computational simulations are used to investigate
these potential strategies in the uplink, aiming to achieve the requirements of reliability,
latency and data rate.

First, we consider the multiplexing of eMBB and URLLC users with a hybrid
slicing strategy, focusing on improving the spectral efficiency. The MMD allocation
method (BAI et al., 2010) is used to allocate channels to eMBB users. The results are
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compared to the MMD-aided versions of OMA and NOMA from (SANTOS et al., 2020).
The achievable frequency diversity gain of MMD combined with HMA slicing is capable
of improving the eMBB rate without decreasing the performance of URLLC devices, as
well as of improving the URLLC reliability without reducing the eMBB achievable rate.

In the sequence, aiming to increase the URLLC spectral efficiency, we allow
more than one URLLC user to perform non-orthogonal sharing of frequency and time
resources through rate-splitting, which we refer to as URLLC Rate Splitting Multiple
Access (U-RSMA). In the proposed scheme, we combine the benefits of RSMA, SIC de-
coding and frequency diversity, in both OMA and NOMA network slicing with eMBB. The
proposed U-RSMA scheme is then compared to the so-called URLLC Non-Orthogonal
Multiple Access (U-NOMA) and URLLC Orthogonal Multiple Access (U-OMA) schemes,
where the multiple access between URLLC devices is performed by means of NOMA
and OMA, respectively. To the best of our knowledge, this work is the first to apply
RSMA to URLLC uplink transmission in a network slicing scenario, showing that RSMA
can outperform both OMA and NOMA methods for URLLC service even in the presence
of eMBB interference, specially for very strict reliability levels.

Finally, we study a SGF transmission system. We use the MMD approach in
order to assign GB users to channels. One GF user is assigned to the same network
resource as a GB user through a distributed contention protocol that takes into account
the GB user’s QoS and pairs them in a way that causes the least amount of interference,
making the presence of a GF user almost transparent to the GB user. Depending on
channel gains, both users admitted to the same physical resource operate in NOMA or
RSMA. Exact expressions for the outage probability of this SGF system are provided
and compared to simulation results.

1.5 CONTRIBUTIONS

The main contributions of this work are summarized as follows:

1. A new physical layer network slicing scheme that adapts to channel conditions
and service demands, referred as HMA;

2. A rate-splitting design for URLLC uplink transmissions;

3. Detailed deriving of analytical expressions for eMBB users achievable rate, with
and without MMD channel allocation;

4. Detailed deriving of URLLC outage probability expressions when operating solely,
under U-RMSA, U-OMA and U-NOMA;

5. Exact outage expressions for GF users when sharing resources non-orthogonally
with a MMD-aided GB user;
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6. An improved SGF scheme, where both GB and GF users have superior perfor-
mance when compared to a benchmark;

7. A comprehensive discussion of potential methods to address the heterogeneous
services’ coexistence problem in B5G networks.

1.5.1 Publications

The following scientific publications were authored during the development of
this thesis.

1.5.1.1 Published

1. E. J. Santos Jr, R. D. Souza and J. L. Rebelatto, "Hybrid multiple access for
channel allocation-aided eMBB and URLLC slicing in 5G and beyond systems",
in Internet Technology Letters. 2021; 4:e294. doi:10.1002/itl2.294.

2. E. J. Santos Jr, R. D. Souza and J. L. Rebelatto, "Rate-Splitting Multiple Access
for URLLC Uplink in Physical Layer Network Slicing With eMBB", in IEEE Access,
vol. 9, pp. 163178-163187, 2021, doi: 10.1109/ACCESS.2021.3134207.

1.5.1.2 Submitted

1. E. J. Santos Jr, R. D. Souza and J. L. Rebelatto, "Rate-Splitting Multiple Access for
Semi-Grant-Free Transmissions with MMD-aided Grant-Based Users", submitted.
2023.

1.6 THESIS OUTLINE

The rest of this thesis is organized as follows.
Chapter 2 starts with a literature review about HMA. Then, it presents the system

model and outage formulation for MMD-aided eMBB and URLLC users when solely
occupying the resources. In the sequence, this formulation is extended to the cases of
OMA, NOMA and HMA network slicing. The succeeding section presents the simulation
results, followed by a summary of the chapter and its major findings. Chapter 3 has a
similar structure, but its main topic is the multiplexing of URLLC users with U-RSMA,
U-OMA and U-NOMA and how the presence of a eMBB user impacts performance.
Chapters 2 and 3 are complemented by appendices. Chapter 4 combines the benefits
of MMD and RSMA methods to enhance the performance of a network composed by
GB and GF users. After a literature review, the system model and outage formulation
are presented, followed by the simulation results. Finally, Chapter 5 concludes the thesis
and discusses some potential future works.
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2 HYBRID MULTIPLE ACCESS FOR URLLC AND EMBB SLICING

This chapter discusses the system model, equations and results related to the
application of the HMA method for slicing URLLC and eMBB (with MMD channel allo-
cation) users in a single-cell network.

2.1 LITERATURE REVIEW

Previous works have paved the way for studying HMA. Authors from (SUG-
ANUMA et al., 2019) proposed a HMA scheme using simultaneously NOMA and OMA
in the same bandwidth of a 5G network, focusing on surpassing the negative points that
NOMA technique presents in the power domain, such as failure in decoding inter-user
interference when the difference among channels gains is small, cases where OMA
presents superior performance. Results showed that, with a hybrid implementation, the
overall system capacity can be increased.

In (MARCANO; CHRISTIANSEN, 2017), HMA was implemented to improve the
capacity of broadband users using a power-domain NOMA strategy. A pairing algorithm
based on Modulation and Coding Scheme (MCS) was proposed, that combined with
extra transmission power setting, has the objective of increasing the SNR levels of
users in the NOMA partition. To not exceed the regulated maximum limit of transmission
power, a portion of the users is allocated in OMA slice, where the power levels can
be lowered given the absence of interference. Results showed that the application of
such method is capable of increasing the average user bit rate (up to 3.31-fold) and the
system capacity (up to 1.78-fold), keeping the Block Error Rate (BLER) below 10%.

In (AL-ABBASI; SO, 2017), the authors presented a new resource allocation
scheme for NOMA systems with a proportional rate constraint. This scheme is designed
to allocate resources to users in a way that maximizes the sum rate of the system,
while ensuring that each user achieves a desired proportional rate. On the top of
that, a new HMA technique that combines the properties of NOMA and OFDMA was
designed. To evaluate the performance of the proposed scheme, the authors performed
computational simulations and compared their results with existing schemes in the
literature, showing that the proposed scheme outperforms existing schemes both in
terms of system sum rate, proportional rate and coverage probability.

The work in (ANWAR et al., 2020) proposed a novel method for downlink commu-
nication using HMA. An optimization problem was formulated and numerically solved
to obtain the number of users that should be allocated in OMA which results in the
optimal network throughput for HMA. Moreover, the formulation of outage probability
was presented. Results showed that HMA always outperforms OMA, however, when
compared to NOMA, the proposed scheme is capable of increasing the communication
reliability in 40% with the disadvantage of a throughput loss of 3%.
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In (MAHMOUDI et al., 2022), the authors proposed a new approach for cluster-
ing users, allocating resources, and selecting decoding order in a hybrid NOMA-OMA
system to ensure equity among all users with regard to the probability of success. The
users are grouped into multiple clusters, and each cluster utilizes channel resources us-
ing an orthogonal multiple access scheme. Within each cluster, power-domain NOMA is
employed by the users. Simulation results show that the proposed scheme outperforms
the existing schemes not only in terms of the fairness and minimum success probability
of users, but also in terms of the total throughput. In (WANG, Q. et al., 2020), a similar
model is used, but aiming to minimize the information freshness (also known as age of
information) for the downlink transmission. However, none of the works have studied
the coexistence of different services through hybrid access.

2.1.1 Novelty and Contribution

In this chapter, we study the multiplexing of eMBB and URLLC users propos-
ing a HMA network slicing strategy to combine the current adopted method OMA with
NOMA1, focusing on improving the spectral efficiency. The MMD channel allocation
method from (BAI et al., 2010) and adapted in (SANTOS et al., 2020) for eMBB users
is used. The model for URLLC service, OMA and NOMA slicing are the same of (SAN-
TOS et al., 2020), and will be reproduced here for comparison purposes. The main
contributions of this work are summarized as follows:

• We derive the achievable sum-rate for eMBB (with MMD) and URLLC outage
probability expressions in HMA slicing;

• We propose a network slicing method that can adapt the slicing depending on
average channel conditions and services demand to improve spectral efficiency;

• We provide numerical results to compare the performance between HMA MMD-
aided, NOMA MMD-aided and OMA MMD-aided schemes.

2.2 SYSTEM MODEL

The uplink of a single-cell network with eMBB and URLLC devices transmitting
to a common BS is considered. The bandwidth is divided into F channels of index
f ∈ {1, . . . , F }, where each channel is subject to independent and identically distributed
(i.i.d.). Rayleigh fading, since all devices are assumed to have a large enough spatial
separation, so the fading realization observed by each device is uncorrelated from
another. This fading is assumed to be constant during one transmission Time Slot (TS).
1 In the literature, OMA and NOMA slicing are also referred to Heterogeneous Orthogonal Multiple

Access (H-OMA) and Heterogeneous Non-Orthogonal Multiple Access (H-NOMA), respectively. Here,
the heterogeneous term is omitted for brevity.
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The channel coefficient of user i ∈ {B, U} in channel f is thus hi ,f ∼ CN (0, γ̄i ), which
represents that it is distributed as a circular-symmetric complex Gaussian channel
(i.e., the channel coefficient is the same in all directions), where γ̄i corresponds to the
average SNR, being Gi ,f ≜ |hi ,f |

2 the channel gain, and where subscripts B and U
refer to eMBB and URLLC devices, respectively. The number of channels allocated to
service i is Fi ≤ F , with i ∈ {B, U}. Moreover, each TS is divided into S mini-slots.

The following approaches regarding URLLC and eMBB transmissions are adopted:

• An URLLC device transmits in a pre-assigned mini-slot, where the resources are
allocated in a GF fashion, without any scheduling request or resource alloca-
tion. Thereby, the communication latency can be reduced to meet the rigorous
requirements and collisions are avoided. The latency considered is 1 mini-slot
(the smallest possible delay in this work model). To increase the reliability, the
device spreads the transmission over FU channels. The activation probability of
the device in a given pre-assigned mini-slot is aU .

• An eMBB user transmits in a single channel f (dynamically allocated using MMD)
among the FB available channels, staying connected during the entire TS. We
focus on the transmission phase, considering that radio access and competition
among eMBB devices have been resolved before the considered time slot.

This time-frequency grid is illustrated in Fig. 7, considering OMA in Fig. 7a,
NOMA in Fig. 7b and traditional HMA in Fig. 7c. Fig. 7d shows the HMA slicing optimized
for eMBB-URLLC coexistence. As will be shown in Section 2.5.2, because of the high
URLLC reliability and detection priority, the interference that it causes in eMBB traffic
is minimal, so all bandwidth is allocated to URLLC to maximize its frequency diversity
and the resource block allocated exclusively to eMBB is now shared. In this example,
S = 4 is the quantity of mini-slots in the time domain, while F = 4 is the total number of
channels available in the bandwidth.
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Figure 7 – System model with F = 4 channels and S = 4 mini-slots.
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2.3 EMBB WITH MMD

As presented in (SANTOS et al., 2020), a radio resource is allocated to one
eMBB user through MMD method using the CSI information acquired before data
transmission. The objective of such process is to maximize the eMBB data rate, given
the requirements of reliability (ϵB) and average power constraint (PB = 1). The MMD-
aided eMBB rate is

RMMD
B = log2

(
1 + Gtar

B,f

)
, (bits/s/Hz) (9)
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where the target SNR is defined as

Gtar
B,f =

γ̄
′

B∑FB
f=1(–1)f–1

(FB
f
)
f Γ
(

0,
fGmin

B,f

γ̄
′
B

) , (10)

Gmin
B,f = –γ̄

′

B ln
(

1 – ϵ1/FB
B

)
and γ̄

′

B ≜ 2–(1/FB)γ̄B. For the proof, please refer to Ap-
pendix B.

2.4 URLLC

For URLLC devices, it is assumed that no CSI is acquired, differently from eMBB
users. This consideration is justified due to the fact of much higher latency restrictions,
impeding the exchange of reference signals for channel state acquisition and/or report-
ing. As a result, no power and rate adaptation is used for URLLC transmissions. The
URLLC device transmits data in all FU i.i.d. channels of a mini-slot to increase its relia-
bility through frequency diversity. The outage probability, in the absence of interference
from eMBB, is (SANTOS et al., 2020)

Pout(GU,f ) = Pr

 1
FU

FU∑
f=1

log2(1 + GU,f ) < RU

 . (11)

The target rate RU is obtained by imposing the requirement Pout(GU,f ) ≤ ϵU
to (11), where ϵU is the URLLC reliability requirement.

2.5 SLICING FOR URLLC AND EMBB WITH MMD

2.5.1 Orthogonal network slicing

In OMA slicing, the F channels are divided in two slices, one containing FB chan-
nels for eMBB users and other FU channels for URLLC devices, such that FB + FU = F .
In this scenario, the eMBB rate is obtained by considering the sum-rate of the active
eMBB users

ROMA
B = FB RMMD

B , (12)

where RMMD
B comes from (9) and ROMA

U is computed from (11).

2.5.2 Non-orthogonal network slicing

In NOMA, all F channels are available simultaneously for both eMBB and URLLC
to increase the spectral efficiency. However, this method introduces the inter-service
interference that it is handled in our work considering that the BS performs SIC to
successively demodulate and decode the URLLC messages with priority, to attend
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latency requirements, then re-encode and subtract its contribution to the received signal
to decode eMBB traffic. If an error occurs during URLLC decoding, the eMBB packets
are lost.

Following (SANTOS et al., 2020), the achievable sum-rate of a MMD-aided eMBB
device in NOMA is

RNOMA
B = F log2

(
1 + Gtar

B,f

)
, (13)

where Gtar
B,f is upper bounded by

Gtar
B,f =

γ̄
′

B
FB∑
f=1

(–1)f–1
(

FB
f

)
f Γ

(
0,

fGmin
B,f

γ̄
′
B

) (14)

and the threshold SNR is

Gmin
B,f ≤ –γ̄

′

B ln

(
1 – ϵ1/FB

B
1 – ϵU (1 – (1 – aU )S)

)
. (15)

For more details about (13)-(15) we refer the reader to Appendix C.
We can keep the target SNR approximately the same of the orthogonal case

because the MMD channel allocation applied to eMBB already reduces the interference
caused in URLLC transmissions, since eMBB can operate at lower transmission power
levels, achieving the same (or even improved) performance. As the URLLC has more
strict reliability requirements, the SIC process fails in decoding its messages only in few
situations and the impact of URLLC transmissions in the eMBB decoding should be
minimal. As ϵU << ϵB, the threshold from (15) may be approximately the same as the
orthogonal case. In contrast, the eMBB interference in the URLLC traffic is supposed
to be more critical, since it is treated as noise in URLLC decoding. As in (POPOVSKI, P.
et al., 2018; SANTOS et al., 2020) the outage probability of URLLC under NOMA is

PNOMA
out (GU,f ) = Pr

 1
FU

FU∑
f=1

log2

(
1 +

GU,f

1 + Gtar
B,f

)
< RU

 , (16)

where eMBB interference is assumed to be always present in the URLLC decoding,
due to their long period of activation. The URLLC achievable rate RNOMA

U is numerically
obtained by imposing the reliability constraint PNOMA

out (GU,f ) ≤ ϵU .

2.5.3 Hybrid network slicing

In HMA network slicing, as portion of the channels operate under OMA and part
in NOMA, the resulting rate for eMBB and URLLC is the summation of the OMA and
NOMA partitions calculated before, with F = FN + FB + FU , where FN refers to the
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number of channels in NOMA partition, FB is the quantity of eMBB users under OMA,
and FU is the number of channels in OMA slice for a given URLLC device.

The achievable sum-rate of a MMD-aided eMBB user in HMA is

RHMA
B = FB log2

(
1 + Gtar,1

B,f

)
+ FN log2

(
1 + Gtar,2

B,f

)
≈ (FB + FN ) log2

(
1 + Gtar,2

B,f

)
,

(17)

where Gtar,1
B,f and Gtar,2

B,f are the target SNR defined in (14), but in Gtar,2
B,f the Gmin

B,f value
is obtained from (15) for the NOMA slice. As previously discussed, the presence of
URLLC devices in the same channel allocated to eMBB through MMD has minimal
impact in eMBB detection

(
Gtar,1

B,f ≈ Gtar,2
B,f

)
, making it possible to, instead of allocating

an orthogonal slice to eMBB, share FB + FN channels non-orthogonally with URLLC
(the case of Fig. 7d). In this case, an URLLC device has always its transmission spread
over all channels in the bandwidth (FU +FN = F ), which can improve the value of RHMA

U ,
since the frequency diversity factor will always be the maximum possible.

In the scenario of Fig. 7d, three eMBB users are connected to the network,
occupying three non-orthogonal channels concurrently used by two URLLC devices
that, besides using these three channels, also take advantage of one channel not used
by eMBB to increase its frequency diversity, resulting in an orthogonal partition with one
channel. Therefore, in the formulation of outage probability for URLLC under HMA, both
orthogonal and non-orthogonal slices have to be considered, since the interference of
eMBB users is relevant, and it is considered to be always present, resulting in

PHMA
out (GU,f ) = Pr

(
1

FU

FU∑
f=1

log2
(
1 + GU,f

)
+

1
FN

FN∑
f=1

log2

1 +
GU,f

1 + Gtar,2
B,f

 < RU

)
.

(18)

The URLLC achievable rate RHMA
U is numerically obtained by imposing the relia-

bility constraint PHMA
out (GU,f ) ≤ ϵU .

2.6 NUMERICAL RESULTS

We resort to Monte Carlo numerical methods to evaluate the performance of the
proposed HMA MMD-aided network slicing scheme. The results are obtained with the
aid of MATLAB®, by averaging a number of 107 independent random runs for every
particular scenario. Figs. 8a and 8b present the sum-rate pair for S = 5, aU = 0.1,
F = 10, ϵB = 10–3 and ϵU = 10–5, respectively for the cases γ̄U > γ̄B and γ̄B > γ̄U . The
curves of the OMA MMD-aided and NOMA MMD-aided from (SANTOS et al., 2020)
are presented for comparison purposes. The labels represent the slicing combination
(FN , FU ) that optimizes the HMA sum-rate.
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Considering the case when γ̄U > γ̄B, which may be a more realistic scenario
given the URLLC reliability requirements, the HMA slicing with MMD allocation is ca-
pable of obtaining better results for RB than OMA in the entire range, also presenting
improved sum-rates over NOMA, mainly for high values of RU , as shown in Fig. 8a. For
RU ≤ 1, the values of RHMA

B obtained are the same for RNOMA
B , in that case, when

focusing on higher rates for eMBB service, the slicing mechanism does not need to
allocate specific channels for URLLC, thereby non-orthogonal division is prioritized. In
this scenario, the resulting RB calculated using (17) equals (13).

Figure 8 – Sum-rate region for eMBB and URLLC with ϵB = 10–3, ϵU = 10–5, S = 5,
aU = 0.1 and F = 10.
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When γ̄B > γ̄U , the case of Fig. 8b, the HMA slicing with MMD applied to eMBB
users equals the OMA MMD-aided performance for the majority range of values. Higher
values of RB are achieved only for really small values of RU , matching the results found
for NOMA MMD-aided. As the interference generated by eMBB devices is higher in this
case, only the OMA partition in HMA scheme will give a significant result in the overall
rate, thus the result obtained is equivalent of OMA MMD-aided.

Table 1 evaluates RB for ϵU ∈ {10–5, 10–6, 10–7}, RU ∈ {1, 2} bits/s/Hz, γ̄B =
10 dB, and γ̄U = 20 dB. Considering the three columns of RU fixed at 2 bits/s/Hz, it is
possible to observe that RHMA

B is always higher than ROMA
B and RNOMA

B . For ϵU = 10–5,
it is obtained a percentage increase of 25.6 and 43.6 when compared to OMA and
NOMA, respectively. For ϵU = 10–6, HMA can also achieve higher values like 20.5
bits/s/Hz when compared to NOMA with ϵU = 10–5, showing that the combination of
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Table 1 – RB vs ϵU , for RU ∈ {1, 2} bits/s/Hz.

ϵU 10–5 10–6 10–7

RU 1 2 1 2 1 2

ROMA
B 30.8 21.5 26.8 17.0 25.2 9.0

RNOMA
B 36.9 18.8 34.1 15.0 30.0 10.0

RHMA
B 36.9 27 34.1 20.5 30.0 14

Source: The Author.

MMD and HMA benefits the eMBB rate and the reliability of URLLC service simultane-
ously, resulting in even larger values of RB than the ones from (SANTOS et al., 2020).
Moreover, it is possible to state that HMA network slicing, in the case of γ̄U > γ̄B,
can increase the eMBB rate in even higher URLLC reliability levels

(
ϵU = 10–7

)
when

compared to the values obtained in (SANTOS et al., 2020) in that same level. For RU =
2 bits/s/Hz, RHMA

B = 14 bits/s/Hz.
Fig. 9 presents the sum-rate, in different network slicing strategies, obtained

for eMBB and URLLC when γ̄U ∈ {–10, . . . , 40} dB and γ̄B is fixed at 10 dB. In the
interference-free scenario, URLLC devices occupy all available channels (FU = F )
without interference of eMBB users (FB = 0). For NOMA, FU = FB = F = 10 , FB = FU =
5 in OMA, FU = FN = 5 and FB = 0 for HMA. Moreover, S = 5 and aU = 0.1.

These curves give us the insight that, in high γ̄U regimes, the HMA scheme can
increase the value of RU when compared to currently adopted OMA, without reducing
the performance of eMBB, thanks to the contribution of the non-orthogonal slice. When
compared to NOMA, it is also possible to increase URLLC rate, but only if we decrease
RB allowing fewer connections from this service. When compared to the interference-
free, HMA can equals or even outperforms it for γ̄U >= 30 dB, while serving eMBB
service in the same bandwidth. Besides, it is evident that the performance of eMBB
does not change for different values of γ̄U , given the prior decodification of URLLC
service. In the 20-30 dB range, the gains of the HMA method are 22.8-35.2% for RU .
For γ̄U > 30 dB, the URLLC rate increasing is up to 55.3%.
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Figure 9 – URLLC and eMBB sum-rates for γ̄U ∈ {–10, . . . , 40} dB and γ̄B = 10 dB. The
reliability levels are ϵB = 10–3 and ϵU = 10–5. Moreover, S = 5, aU = 0.1,
F = 10 in NOMA, FB = FU = 5 in OMA, FU = FN = 5 and FB = 0 for HMA
and FU = 10 in Interference-free.
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2.7 FINAL COMMENTS

We considered the network radio resource slicing between eMBB with channel
allocation and URLLC users, comparing OMA and NOMA methods with the proposed
HMA scheme. With this technique, the multiple access protocol could be dynamically
adapted between OMA and NOMA to attend the services requisites. As the results
showed, when focusing on the eMBB sum-rate, NOMA may be prioritized, however, for
higher URLLC reliability levels or for moderate values of RB and higher URLLC rates,
a hybrid multiplexing is more suitable, mainly in scenarios where the URLLC devices
have higher average SNRs than the eMBB users, which can be considered a realistic
scenario given the type of applications that URLLC service is expected to address, such
as mission-critical and Industry 4.0, that can be served by hot-spots or a nearby BS.
This characteristic allows transmissions with large average channel gain to the target,
then the high reliability requirement of URLLC traffic can be satisfied. On the other hand,
the eMBB users are considered to be in arbitrary positions, maybe far from the BS or
close to the cell boundaries, where high channel gain cannot be guaranteed. However,
with channel allocation through MMD, this condition is compensated, and the service
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requirements are met. It was also shown that RU can be enhanced without harming
eMBB service when compared to the currently adopted OMA method. Furthermore,
HMA MMD-aided can improve the eMBB rate under more restricted values of URLLC
reliability, such as ϵU = 10–7, when compared to (SANTOS et al., 2020).
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3 RATE-SPLITTING MULTIPLE ACCESS FOR URLLC IN SLICING WITH EMBB

This chapter discusses the system model, equations and results related to the
application of the RSMA method to URLLC uplink in physical layer network slicing with
eMBB users in a single-cell network.

3.1 LITERATURE REVIEW

Recently, several works studied different RSMA implementations in downlink
wireless networks (CAO; YEH, 2007; JOUDEH; CLERCKX, 2016a, 2016b; MAO et
al., 2019; CLERCKX et al., 2020), showing that RSMA can improve downlink rate
and quality of service, achieving better performance than both NOMA and SDMA.
For uplink RSMA systems, authors from (YANG, Z. et al., 2019, 2020b) study the
problem of maximizing the sum-rate under proportional rate constraints for all users, by
setting users transmission power and optimizing the decoding order at the BS through
exhaustive search. As a result, they show that RSMA achieves better performance
than NOMA and OMA techniques, such as Frequency Division Multiple Access (FDMA)
and Time Division Multiple Access (TDMA). However, the proposed strategy requires a
priori CSI, not being in general applicable to URLLC users due to latency constraints.
In (ZHU, Y. et al., 2017), the authors propose the use of RSMA to reduce the scheduling
complexity of NOMA, since the transmission splitting by default diversifies the arriving
power at the BS, avoiding the need of user pairing. In (LIU, H.; KWAK, 2019), the
authors apply rate splitting to a pair of users under power-domain NOMA, considering
that one of them is near the BS, while the other is far from the BS. Two techniques are
studied, namely, Fixed Rate Splitting (FRS) and Adaptive Rate Splitting (ARS), where
the power allocation factor that splits the messages of the near user can be fixed or
dynamically designed based on CSI, respectively. This work is then extended in (LIU, H.
et al., 2020), adopting cyclic prefixed single carrier transmissions. In both works, rate
splitting has been shown to achieve superior outage performance when compared to
NOMA.

In (ZENG et al., 2019), an exhaustive-search rate splitting algorithm was pro-
posed to guarantee max-min fairness in Single-Input Multiple-Output (SIMO) NOMA
networks, aiming at maximizing the minimum data rate and reduce the scheduling
process. The receiver combines Minimum Mean Squared Error (MMSE) with SIC to
identify the optimal detection order based on CSI. Results showed that rate splitting has
higher minimum data rate and lower transmission latency than SIMO-OMA and SIMO-
NOMA. The use of rate splitting in user cooperation networks is proposed in (ABBASI;
YANIKOMEROGLU, 2021). Each user transmits its signal and receives the transmitted
signal of the other user in the first mini-slot and, in the second mini-slot, relays the other
user’s message with amplify-and-forward protocol. The rate is split between mini-slots,
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generating space diversity at the uplink and consequently increasing reliability. At the
receiver, Maximum Ratio Combining (MRC) is used to combine the received signals
and SIC is applied to decode the superposed signal. Results prove that cooperative
RSMA outperforms cooperative OMA and NOMA.

In scenarios with spectrum sharing among URLLC and eMBB services, several
works compared OMA and NOMA network slicing (POPOVSKI, P. et al., 2018; ANAND
et al., 2018; ABREU et al., 2019; ALSENWI et al., 2019; KORRAI et al., 2019; KASSAB
et al., 2019). However, none of the aforementioned works considers multiple concurrent
URLLC users in the same resource block. In (TOMINAGA et al., 2021b), URLLC users
are assumed to share time and frequency resources through NOMA, in both OMA and
NOMA slicing with eMBB service. It was shown that NOMA can leverage the URLLC
sum-rate in some cases, considering that the SIC process is capable of attending the
communication latency. Authors from (DIZDAR et al., 2021a) apply RSMA to URLLC
in the downlink, showing its superior performance in terms of latency, allowing shorter
block lengths. However, no interference from other services is considered.

3.1.1 Novelty and Contribution

Motivated by the above literature, in this work we focus on increasing the URLLC
spectral efficiency, allowing non-orthogonal sharing of frequency and time resources
through rate-splitting for URLLC users. In the proposed scheme, which we refer to as
U-RSMA, the benefits of RSMA, SIC decoding and frequency diversity are combined,
in both OMA and NOMA slicing with eMBB. The proposed U-RSMA scheme is then
compared to the so-called U-NOMA and U-OMA schemes, where the multiple access
between URLLC devices is performed by means of NOMA and OMA, respectively. In
U-OMA, URLLC users only share the mini-slot, staying isolated from each other in the
frequency domain. This could decrease its reliability, since the frequency diversity is
reduced, however users may benefit from less interference.

To characterize the performance of eMBB and URLLC users, we evaluate each
service sum-rate in different scenarios. To the best of our knowledge, this work is the
first to apply RSMA to URLLC uplink transmission in a network slicing scenario, showing
that RSMA can outperform OMA and NOMA methods for URLLC service even in the
presence of eMBB interference, specially for very strict reliability levels.

3.2 SYSTEM MODEL

Similar to the system model presented in Chapter 2, here we evaluate the uplink
of multiple eMBB and URLLC users when communicating to a common BS in a single-
cell network with shared radio resources. The bandwidth is divided into F channels of
index f ∈ {1, . . . , F } subject to i.i.d. Rayleigh fading. The fading realization observed
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by each device is uncorrelated from another due to the assumption that all devices
have a large enough spatial separation. Furthermore, the fading is considered constant
during one transmission TS, i.e., a block fading model where the TS is considered to
be within the channel coherence time since its length is fairly small (TSE; VISWANATH,
2005b). As we assume that the average transmission power of all devices and the
noise power at the BS are normalized to one, the received power equals the SNR for
each device. Moreover, the channel fading realization for user i ∈ {B, U} in channel f is
hi ,f ∼ CN (0, γ̄i ), following a circular-symmetric complex Gaussian distribution, where
γ̄i corresponds to the average SNR, being Gi ,f ≜ |hi ,f |

2 the channel gain, and where
subscripts B and U refer to eMBB and URLLC devices, respectively. The number of
channels allocated to user i is Fi ≤ F , with i ∈ {B, U}. Moreover, each TS is divided into
S mini-slots, as considered in low latency scenarios (JI et al., 2018).

In accordance to (POPOVSKI, P. et al., 2018), we assume that an eMBB user is
active with probability aB and during the entire TS, occupying one random frequency
channel f among FB available channels. Furthermore, we model only the transmission
phase, assuming that radio access and competition among eMBB devices have been
resolved prior to the considered time slot, as usual in wireless cellular networks. Thus,
the number of eMBB devices able to transmit in such TS is equal to the number of
channels FB. Moreover, we suppose that the eMBB devices and the BS have CSI as
currently implemented in wireless standards such as LTE and 5G New Radio (TAKEDA
et al., 2023; ZAIDI, A.; WANG, Z., 2023; 3GPP, 2023). Although channel estimation
errors can occur in practice, for simplicity we consider a perfect CSI scenario in this
work, as widely considered in the literature (ZAIDI, A. A. et al., 2023; POPOVSKI,
P. et al., 2018). In contrast, an URLLC device spreads its transmission over FU ≤
F channels to increase the reliability with the aid of frequency diversity, and sends,
with some activation probability aU , the entire information in only one mini-slot (the
smallest time unit in our model) that was pre-assigned to meet latency requirements.
We also consider that the protocol block length, which should be considered finite given
the short transmissions, is long enough to justify an asymptotic information-theoretic
formulation (YANG, W. et al., 2014). Moreover, in each mini-slot we have a maximum
number of nU users that share the resources following three distinct methods: U-OMA,
U-NOMA and U-RSMA.

Different from eMBB users, we assume that the BS has no knowledge about the
URLLC channel, given the high latency requirement which does not allow the exchange
of reference signals for CSI acquisition. However, we do consider in U-RSMA that the
BS sends (e.g., in a synchronization mini-slot transmitted at the end of each TS), the
optimal power splitting factor based on γ̄U from a look-up table, which results in power
adaptation for the user that performs the splitting. Despite that, the overall transmission
power is the same as in U-OMA and U-NOMA cases.
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A time-frequency grid is illustrated in Fig. 10, considering that the heterogeneous
URLLC and eMBB traffics are sliced in an OMA (Figs. 10a and 10c), and NOMA
(Figs. 10b and 10d) fashion. In this example, S = 4 is the quantity of mini-slots in the
time domain, whereas F =4 is the total number of channels available in the bandwidth.

Figure 10 – System model with F = 4 channels and S = 4 mini-slots, composed by
eMBB and URLLC users. Services are sliced in (a) (c) Orthogonal and (b)
(d) Non-Orthogonal multiple access schemes.
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Considering the OMA scenario, two channels are allocated to URLLC (FU = 2)
and two for eMBB (FB = 2). There are nU = 2 URLLC active users, UU,1 and UU,2, in
each mini-slot that spread their transmission over one channel, in the case of U-OMA,
or over two channels when considering U-NOMA or U-RSMA, without interference from
eMBB users. On the eMBB band, there are also two users, UB,1 and UB,2, connected
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to the BS. When considering NOMA, all four channels are available for both services
(F =FU =FB =4), which implies a multi-service interference, turning the detection at the
BS more complex and prone to errors. The frequency diversity gain for URLLC users
is higher in this case, and, as this device type does not necessarily transmit at every
TS, the spectrum efficiency should increase because eMBB users can occupy a radio
resource that might be unused for long periods, which is represented with the inclusion
of new eMBB users UB,3 and UB,4.

3.3 OUTAGE FORMULATION AND SLICING SCHEMES

In this section, we discuss the achievable rates of the different services and
slicing schemes.

3.3.1 eMBB

A given eMBB device transmits, with a certain instantaneous power and data rate,
in the randomly allocated dedicated radio resource f ∈ {1, . . . , FB}, if the instantaneous
channel gain is greater than a threshold SNR Gmin

B,f . This decision is made based on
CSI. One can obtain the eMBB rate as

Rorth
B = log2

(
1 + Gtar

B,f

)
, (bits/s/Hz) (19)

where Gtar
B,f =

γ̄B

Γ

(
0,

Gmin
B,f
γ̄B

) , (20)

and Gmin
B,f = –γ̄B ln (1 – ϵB). For proof, please refer to Appendix A.

3.3.2 URLLC

3.3.2.1 U-OMA

The FU channels available for URLLC are divided in nU orthogonal slices with
F ′U channels reserved to each UU,n user, with n ∈ {1, . . . , nU }. The outage probability
of UU,n, in the absence of interference from other services, is (POPOVSKI, P. et al.,
2018)

PU-OMA
out (EU ) = Pr

 1
F ′U

F ′
U∑

f=1

log2(1 + σn,f ) < RU,n

 , (21)

where σn,f , the Signal-to-Interference-plus-Noise Ratio (SINR) of the n-th active user in
the frequency channel f , equals GU,n,f , since for the moment there is no interference
from other users. The target rate RU,n is numerically obtained by imposing the outage
probability requirement PU-OMA

out (EU ) ≤ ϵU to (21). Thus, the sum-rate of the URLLC
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service is given by

RU-OMA
U =

nU∑
n=1

RU,n. (22)

3.3.2.2 U-NOMA

In U-NOMA, URLLC users share the FU channels available in each mini-slot and
the BS performs SIC to decode the multiple messages, which outperforms other tech-
niques of multi-user detection, such as puncturing and erasure decoding (POPOVSKI, P.
et al., 2018), and is a general receiver structure for non-orthogonal uplink (LIU, Yuanwei
et al., 2017). As an user occupies more than one channel, we cannot simply define the
decoding order in terms of the channel gain magnitude. Instead, the BS can order the
users according to their mutual information (TOMINAGA et al., 2021b)

Isum
n =

FU∑
f=1

log2(1 + σn,f ), (23)

where σn,f is defined as

σn,f =
GU,n,f

1 +
∑nU

j>n GU,j ,f
. (24)

The decoding procedure starts with the strongest among all the active users in
the current mini-slot. If correctly decoded, it is removed from the received signal and
the operation continues, until a user cannot be decoded (an event that occurs with
probability ϵU ) or all users have been properly decoded. We consider that the BS is
capable of decoding the nU users within the mini-slot period, since each transmission
carries a different message and the procedure must attend the latency requirement.
The outage probability of the u-th user is

PU-NOMA
out (EU ) = Pr

 1
FU

FU∑
f=1

log2(1 + σn,f ) < RU,n

 . (25)

The target rate RU,n is numerically obtained by imposing the reliability require-
ment PU-NOMA

out (EU ) ≤ ϵU to (25). Thus, the sum-rate of the URLLC service is

RU-NOMA
U =

nU∑
n=1

RU,n. (26)

3.3.2.3 U-RSMA

Either under U-OMA or U-NOMA, URLLC users directly transmit their data to
the BS once they are active. However, in U-RSMA, a user may first split its information
into two sub-messages, creating the concept of “virtual users”. Each sub-message has
transmission power defined by the so-called splitting factor α ∈ [0, 1].
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As an example, let us consider the case with nU = 2. In this two-user scenario,
we assume that only one user, say UU,1, splits its message1, creating two virtual users
referred to as UU,1,1 and UU,1,2. Without loss of generality, we consider that UU,1,1 is
always decoded before UU,1,2. In this scenario, we have three possible decoding orders
at the BS, namely: (i) UU,1,1 → UU,2 → UU,1,2; (ii) UU,1,1 → UU,1,2 → UU,2; and (iii)
UU,2 → UU,1,1 → UU,1,2, such that the proper decoding order is chosen based on the
sum of mutual information from (23), similarly to U-NOMA.

While the decoding orders (ii) and (iii) achieve the same results of U-NOMA with
UU,1 → UU,2 and UU,2 → UU,1, respectively (LIU, H. et al., 2020), it has been shown
that (i) represents the optimal decoding order of RSMA (YANG, Z. et al., 2020b). Thus,
in the SIC process, the receiver first attempts to decode a (virtual) user while regarding
all the remaining messages as noise. Once the decoding is successful, its interference
is removed out of the superimposed received signal, and the receiver then attempts to
decode the next message following the pre-established decoding order. Upon adopting
the decoding order from (i), the SINR of the virtual user UU,1,1 is

σ1,1,f =
αGU,1,1,f

1 + GU,2,f + (1 – α)GU,1,2,f
. (27)

If UU,1,1 is correctly decoded and canceled from the received signal, the SINR
of UU,2 becomes

σ2,f =
GU,2,f

1 + (1 – α)GU,1,2,f
. (28)

Finally, the SINR of the remaining virtual user UU,1,2, subject to the correct
decoding of the previous users, is

σ1,2,f = (1 – α)GU,1,2,f . (29)

Then, the achievable rates of U-RSMA can be calculated from (25), by substitut-
ing σn,f with the SINRs of U-RMSA presented in (27)-(29). The final rate of user UU,1
is RU,1 = RU,1,1 + RU,1,2. Thus, the sum-rate of the two-user U-RSMA URLLC service
finally obtained as

RU-RSMA
U = RU,1 + RU,2. (30)

It is worthy mentioning that, when compared to U-NOMA, U-RSMA requires an
extra round in the SIC procedure, increasing the complexity of the decoding process.

3.3.3 Orthogonal network slicing

In Sections 3.3.1 and 3.3.2 we present, respectively, the achievable rates of
eMBB and URLLC services when operating in standalone mode, without slicing the
1 Following (RIMOLDI; URBANKE, 1996), only one out of the two users needs to split its message in

order to achieve the capacity region.
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network resources. When such slicing between the heterogeneous eMBB and URLLC
services is designed in a orthogonal fashion, they are “isolated” from each other, thus
for URLLC the only source of interference are the nU users active with probability aU
in certain mini-slot occupying all FU ≤ F channels, whereas eMBB experiences an
interference-free scenario since users are allocated orthogonally within the remaining
FB = F – FU channels. The OMA performance is measured in terms of the sum-rate
pair

(
Rsum

B , Rsum
U

)
, where Rsum

B can be defined as (POPOVSKI, P. et al., 2018)

Rsum
B = FB Rorth

B , (31)

where Rorth
B comes from (19) and Rsum

U is computed as presented in Section 3.3.2 for
each particular multiple access method adopted by the URLLC service.

3.3.4 Non-orthogonal network slicing

In non-orthogonal slicing, eMBB and URLLC services simultaneously share all
the F available channels, i.e., FB =FU =F . Due to latency and reliability constraints, it
is assumed that the BS always attempts to decode the nU active URLLC devices first,
through SIC, while treating the eMBB traffic as interference. Therefore, the interference
from URLLC transmissions into eMBB (and vice-versa) needs to be considered.

For eMBB users, the achievable rate in NOMA slicing is obtained following the
same logic discussed in Appendix C, however, without considering the MMD allocation
and with nU × S URLLC users. This implies that

Pout ≤(1 – aU )S(1 – aB) +
(

1 – (1 – aU )S
)

(ϵU + (1 – ϵU )(1 – aB)), (32)

can be rewritten as

Pout ≤ (1 – aU )nUS(1 – aB) +
(

1 – (1 – aU )nUS
) (

ϵU + (1 – ϵU )(1 – aB)
)
, (33)

and the eMBB reliability constraint is imposed as Pout ≤ ϵB. Then, one can rewrite (33)
as

aB ≥
1 – ϵB

1 – ϵU
(
1 – (1 – aU )nUS

) . (34)

Having in mind that aB = exp[–Gmin
B,f /γ̄B], it is possible to isolate the threshold

SNR Gmin
B,f from (34), resulting in

Gmin
B,f ≤ –γ̄B ln

(
1 – ϵB

1 – ϵU
(
1 – (1 – aU )nUS

)) . (35)
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The target SNR Gtar
B,f is obtained similarly to (20) as

Gtar
B,f ≤

γ̄B

Γ

(
0,

Gmin
B,f
γ̄B

) . (36)

However, in the non-orthogonal case, Gmin
B,f is bounded by (35). Therefore, the maximum

achievable rate of an eMBB device in NOMA is Rn-orth
B = log2(1 + Gtar

B,f ).
The threshold from (35) indicates that the impact of URLLC transmissions in the

eMBB decoding should be minimal, due to the fact that, by definition, ϵU << ϵB, which
implies that aB is close to 1 – ϵB. On the other hand, the eMBB interference in the
URLLC traffic is supposed to be more critical, since URLLC is decoded prior to eMBB.
As in (POPOVSKI, P. et al., 2018) the outage probability of URLLC under NOMA is

PNOMA
out (EU ) = Pr

 1
FU

FU∑
f=1

log2

(
1 +

σn,f

1 + Gtar
B,f

)
< RU,n

 , (37)

where it is assumed that the interference of eMBB is always present in the URLLC
decoding.The value of σn,f depends on the multiple access technique used by URLLC
users, as discussed in Section 3.3.2. The URLLC achievable sum-rate Rsum

U is then
numerically obtained by imposing the reliability constraint PNOMA

out (EU ) ≤ ϵU , where the
rates are separately calculated for all nU transmitting URLLC users.

3.4 NUMERICAL RESULTS

In this section, we present some numerical results aiming at comparing the
sum-rate performance of U-OMA, U-NOMA and U-RSMA under both OMA and NOMA
network slicing strategies. These results were generated using Monte Carlo simulations
in MATLAB®, where, for each particular scenario, we average a number of 107 inde-
pendent random runs. Herein, we consider only the case of nU = 2, as increasing the
number of SIC iterations would consequently increase the URLLC latency. In U-RSMA,
user UU,1 splits its transmission according to α (which is optimized in each simulation
step), creating two virtual users, namely UU,1,1 and UU,1,2. Furthermore, users that
belong to the same service have the same average SNR, since we consider they are
running identical applications. We consider that in each mini-slot there are always two
URLLC users connected, i.e., aU = 1 for each one of them, thus F ′U = FU /2. Also, the
number of eMBB users is FB, equaling the number of channels available for the service.
Moreover, one TS is composed of S = 5 mini-slots and the bandwidth is divided into
F = 8 channels. The reliability requirement of eMBB service is ϵB = 10–3. For URLLC
under U-OMA, the reliability is ϵU-OMA

U = 10–5, however, as for U-NOMA and U-RSMA
the receiver employs SIC, we follow (DIZDAR et al., 2021a) and set the reliability target
as ϵU-NOMA

U = ϵU-RSMA
U = 5× 10–6 to ensure that the overall reliability does not exceed



Chapter 3. Rate-Splitting Multiple Access for URLLC in Slicing With eMBB 56

Table 2 – Simulation parameters.

Parameter Value

Number of URLLC users (nU ) 2
eMBB activation probability (aB) 1
URLLC activation probability (aU ) 1
Number of channels (F ) 8
Number of mini-slots (S) 5
eMBB reliability (ϵB) 10–3

URLLC reliability in U-OMA (ϵU-OMA
U ) 10–5

URLLC reliability in U-NOMA (ϵU-NOMA
U ) 5× 10–6

URLLC reliability in U-RSMA (ϵU-RSMA
U ) 5× 10–6

URLLC average SNR (γ̄U ) 20 dB
eMBB average SNR (γ̄B) 10 dB

Source: The Author.

10–5. Unless stated otherwise, we set γ̄U = 20 dB and γ̄B = 10 dB. Table 2 summarizes
the simulation parameters.

In Fig. 11 we plot the sum-rate pair
(

Rsum
B , Rsum

U

)
for OMA and NOMA network

slicing with URLLC operating under U-OMA, U-NOMA, and U-RSMA schemes. Com-
paring the NOMA slicing curves, U-OMA presents the highest rate pair values until
Rsum

B ≈ 7 bits/s/Hz, from where U-RSMA outperforms the other methods. Interestingly,
Rsum

U remains almost constant as we increase Rsum
B in U-RSMA and U-NOMA, making

these methods good options to achieve higher eMBB rates. In OMA slicing, U-OMA is
the best method until Rsum

B ≈ 2.3 bits/s/Hz, after that, U-RSMA achieves higher rates,
presenting almost the same results as U-NOMA for high Rsum

B values.
Fig. 12 shows the URLLC sum-rate for different values of power splitting factor

α. Note that, as expected, in U-OMA and U-NOMA we obtain constant values, since
there is no message splitting. For U-RSMA, on the other hand, it is possible to observe
that, as α increases, Rsum

U also increases, reaching the highest value when α = 0.8 for
NOMA and α ≈ 0.75 for OMA slicing.

The rates of users UU,1 and UU,2 when operating under U-RSMA are presented
in Fig. 13, for both OMA and NOMA slicing. We see that UU,1, the user that performs
rate splitting, is capable of reaching higher rates when compared to UU,2. Also, NOMA
slicing is the best choice for this setup, achieving higher rates.

We consider that, during one TS, each eMBB user has the same target rate,
since the channel gain is constant during this period over all channels. However, for
URLLC, not imposing this requirement is beneficial, since different decoding orders
provided by U-RSMA enable UU,1 to reach higher rates, contributing to leverage the
overall sum-rate, as shown in Figs. 14c and 14d, where we plot the URLLC per-user rate
for γ̄U ∈ {0, . . . , 20} dB. Comparing U-RSMA and U-NOMA sum-rates in Figs. 14a and
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Figure 11 – Sum-rate region in OMA and NOMA slicing with URLLC under U-OMA,
U-NOMA, and U-RSMA schemes.
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Figure 12 – URLLC sum-rate under U-OMA, U-NOMA, and U-RSMA schemes in OMA
and NOMA slicing for α ∈ {0, . . . , 1} and FU = FB = 4 in OMA.
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Figure 13 – URLLC per-user-rate under U-RSMA in OMA and NOMA slicing for α ∈
{0, . . . , 1} and FU = FB = 4 in OMA.
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14b, we see that the former is capable of operating with less performance degradation
as the SNR increases, due to the fact that it is capable of handling the interference
better, while the latter saturates as the SIC procedure fails to eliminate the interference.
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Figure 14 – URLLC sum-rate and per-user rate under U-OMA, U-NOMA, and U-RSMA
schemes in OMA and NOMA slicing for γ̄U ∈ {0, . . . , 20} dB and FU = FB =
4 in OMA.
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(b) NOMA sum-rates.
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(c) OMA per-user rates.
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(d) NOMA per-user rates.

Source: The Author.

From Fig. 15, considering the case of NOMA slicing, we conclude that U-OMA
needs more bandwidth to outperform other methods, which is a limiting factor. Moreover,
U-RSMA is the better choice for smaller chunks of spectrum, resulting in higher spectral
efficiency since we can transmit more data with less bandwidth. In OMA, U-RSMA is
better than other methods in all the evaluated range.
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Figure 15 – URLLC sum-rate under U-OMA, U-NOMA, and U-RSMA schemes in OMA
and NOMA slicing for F ∈ {1, . . . , 12}.
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3.5 FINAL COMMENTS

In this chapter, we considered the problem of radio resource slicing between
eMBB and multiple URLLC devices. We evaluated the sum-rate performance of three
multiple access methods for URLLC, namely U-OMA, U-NOMA, and U-RSMA, when
operating under both OMA and NOMA network slicing strategies. Our results show that
U-RSMA can achieve higher rates when the power splitting factor is properly configured,
even with strict reliability requirements. Moreover, we show that non-orthogonal network
slicing is capable of reaching the highest pair of rates for URLLC and eMBB simultane-
ously. This leads us to show another interesting scenario in which combining U-RSMA
and NOMA is a powerful tool to attend B5G demands. The practical implementation of
RSMA is still evolving, however, for our scenario, limiting the number of users in each
mini-slot is a good strategy to reduce the decoding complexity and delay. Also, it is
necessary to add a few bits of information in the message intended to the user that
splits its data, sent in the synchronization slot to set the power allocation factor based
on the average SNR. As some future research topics, the impact of imperfect CSI and
applying rate-splitting among users of different services could be investigated.
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4 RATE-SPLITTING MULTIPLE ACCESS FOR SEMI-GRANT-FREE TRANSMIS-
SIONS WITH MMD-AIDED GRANT-BASED USERS

In this chapter, we apply the MMD method to assign GB users to channels. In
the same network resource that serves a GB user, one GF user is allocated through
a distributed contention protocol that considers the QoS of the GB user, performing
the pairing that causes the minimum interference, so that the presence of a GF user is
transparent to the GB user. Both users admitted to the same physical resource operate
in either NOMA or RSMA, depending on the channel gains. Exact expressions for the
outage probability of this SGF system are provided and compared to simulation results.

4.1 LITERATURE REVIEW

Usually, GF and GB users are allocated to orthogonal resources, operating
without multiple-service interference. However, to increase the spectral efficiency, SGF
transmissions could be applied to opportunistically admit GF users on the resource
blocks occupied by the GB users, multiplexing them non-orthogonally (ZHANG, C. et al.,
2021; DING et al., 2019, 2021; ZHANG, N.; ZHU, X., 2022). Thus, SGF can be viewed
as a compromise between GF and GB schemes, where the BS still controls the multiple
access, but with lower signaling overhead compared to conventional GB. In (DING et
al., 2019), two contention protocols were proposed to prevent the system performance
degradation of GB users, named distributed contention protocol and open-loop protocol.
In the first case the number of GF users to be granted access is pre-defined, while in
the latter this value is random, so the protocol still suffers from user collisions as in pure
GF, and therefore the GB performance is degraded. In (DING et al., 2021), the authors
proposed an extension of the distributed contention protocol from (DING et al., 2019),
where the GB-related received power at the BS is used to calculate and broadcast a
threshold to the GF users to facilitate distributed contention. In addition, they adopt
a hybrid SIC decoding order to assure that the GB user can experience the same
performance as in OMA.

Moreover, RSMA has gained significant attention recently, since it enables the
achievement of the entire capacity region with successive decoding (RIMOLDI; UR-
BANKE, 1996; TSE; VISWANATH, 2005a). In this scope, (LIU, Yuanwen et al., 2022)
showed that RSMA can outperform NOMA in the network slicing between eMBB and
URLLC devices. Furthermore, authors from (LIU, H. et al., 2021) applied RSMA to the
system model of (DING et al., 2021), where instead of multiplexing the GB and GF
users by means of power-domain NOMA, the GF user performs rate-splitting, expand-
ing the SIC orders possibilities and consequently improving the transmission reliability
for the admitted GF user when compared to previous works.

In heterogeneous systems, different services need synergy on their operating
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modes to maximize the network performance. For instance, as the access of the GF
users depends on the channel quality of the GB users in (LIU, H. et al., 2021), a method
that can reduce the contention threshold in a way to facilitate achieving the required
QoS of the GB users, while potentially resulting in higher rates and reliability, would be
welcome. In this sense, a possible strategy would be to employ diversity techniques to
improve the channel quality of GB users, while maintaining the QoS fixed. Therefore,
if the QoS target is fixed but the channel quality of the GB user improves, then the
contention threshold can be reduced, making room for better GF performance.

In this sense, authors from (TOMINAGA et al., 2021a) employ space diversity
in a heterogeneous scenario with eMBB and mMTC users, achieving higher rates as
the number of antennas increases, at the cost of more complex and expensive re-
ceivers. In OFDMA, the multiple sub-bands allocated to the users may also provide
frequency diversity, as long as each sub-band experiences independent fading (CLER-
CKX; OESTGES, 2013). However, in this case, diversity comes at the cost of more
spectrum per user. Message repetition or retransmission schemes, i.e., time diversity,
are also used to alleviate the fading effects, but may potentially lead to higher packet
collision, specially in networks with a massive number of connected users (OZAKU
et al., 2020). Differently from the above, while exploiting power-domain NOMA between
eMBB and URLLC users, in (SANTOS et al., 2020) the authors applied the MMD al-
location method (BAI et al., 2010) to achieve frequency diversity for each eMBB user
that equals the number of independent channels available in the network, not requir-
ing multiple antennas, retransmissions or additional bandwidth. In this technique CSI
is required prior to transmission, but, as the admission process of GB users already
needs this information, there is no additional cost. The diversity is achieved by properly
allocating users to channels, with the drawback of expending computational resources
at the BS and a few more bits of control data.

4.1.1 Novelty and Contribution

Due to its known advantages over power-domain NOMA, in this work we consider
the RSMA-based multiplexing of GB and GF users in the same network resource, as
in (LIU, H. et al., 2021). However, we allocate channels to GB users through the RVRHK
algorithm from (BAI et al., 2010), which is part of the MMD method. Moreover, differently
from (SANTOS et al., 2020), we consider that the users are multiplexed through RSMA
and the GF users are allocated using a distributed protocol. The proposed scheme,
which we refer to as RSMA-MMD-SGF, combines the benefits of the frequency diversity
provided by MMD to GB users and the distributed contention protocol used to allocate
GF users, showing their synergy and capability of simultaneously improving the perfor-
mance of both services. The outage formulation of this proposed scheme is derived
and then compared to the QoS-SGF (DING et al., 2021) and RSMA-SGF (LIU, H. et al.,



Chapter 4. Rate-Splitting Multiple Access for Semi-Grant-Free Transmissions with MMD-aided
Grant-Based Users 63

2021) strategies by means of numerical and simulation results, showing that the pro-
posed method can reduce the outage probability while simultaneously increasing the
achievable rate of both GB and GF users.

4.2 SYSTEM MODEL

We evaluate the uplink of a single-cell network whose bandwidth is divided in F
independent subcarriers (or channels), such that {wf }

F
f=1 represents the f -th subcarrier.

There are F groups1 of K GF users {Uk ,f }
K
k=1, and each group is dynamically paired

with a GB user {UB,m,f }
M
m=1, where M = F is the number of GB users, thus, the number

of groups of GF users equals the number GB users. The idea behind dividing the GF
users in groups is that, as there is one GB user occupying each channel {wf }

F
f=1, we

want to have one GF user allocated is these same resources to maximize the spectrum
efficiency, thus GF users are split to compete in a specific channel. This could also
be done without groups, however, this division would be more effective because each
GF user only needs to calculate its achievable rate in a specific channel for a given
threshold, thus waiting less time to be allocated. Fig. 16 illustrates this model, where
we show only one GF group and one GB user for simplicity. The admitted GF and GB
users share the same radio resource to communicate to a common single-antenna BS.
The GB user is assumed to be allocated to that specific resource f through the RVRHK
algorithm, as it is detailed in Section 1.3.2. Furthermore, we assume that the channel
gains of the GF users at the channel f are ordered as

|h1,f |
2 ≤ |h2,f |

2 ≤ · · · ≤ |hK ,f |
2 (38)

to facilitate the performance analysis. However, this information is not available to the
BS and to the users. Here, {|hk ,f |}

K
k=1 represents the i.i.d. Rayleigh fading. In addition,

we assume that prior to data transmission from the users, the BS broadcasts pilot
signals, so that GB and GF users estimate their own channels, while the BS is informed
of the GB user CSI, hB,m,f , whose envelope is also modeled as i.i.d. Rayleigh fading.
The BS is aware of the transmission power PB of GB users. Due to latency and protocol
complexity constraints, the same procedure is not carried out for GF users. Furthermore,
the fading is considered constant during one TS, i.e., a block fading model is assumed
where TS is within the channel coherence time (TSE; VISWANATH, 2005b).

4.3 RSMA-MMD-SGF SCHEME

In this work, a GF user is allocated to the same radio resource as a GB user
through the contention protocol proposed in (DING et al., 2019) and extended in (DING
1 In our model, we consider that these groups are defined in a previous stage, while each group is

assigned a certain resource f .
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Figure 16 – System model with K GF users and one GB user.
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et al., 2021). This protocol takes into account the QoS of the GB user to decide which
out of the K GF users will be paired to perform the uplink simultaneously. Thus, the GB
user experiences an OMA perception, without interference from another user. For this
to be possible, the maximum interference power that the allocated GF user can impose
to the GB user is defined by the following threshold (LIU, H. et al., 2021):

τ̂f

(
|hB,m,f |

2
)

=
PB |hB,m,f |

2

2R̂B – 1
– 1. (39)

where R̂B is the GB target rate.
As discussed in Chapter 1, applying MMD increases the frequency diversity gain

experienced by the GB users, leading to a better equivalent channel when compared to
the case without MMD. As a consequence, one can reduce the threshold τ̂f from (39),
without compromising the QoS requirement. Then, it is expected that, by applying MMD
before the GB user transmission, we would be able to increase the GB target rate
without decreasing the GF performance and/or, alternatively, decrease PB, reducing
the power consumption of GB users.

During the channel estimation process, the BS broadcasts pilot signals to the
GB and GF users. The GB users feedback their transmission power PB and CSI hB,m,f ,
which are inputs to the RVRHK algorithm run at the BS to allocate GB users to channels.
After running the aforementioned algorithm, the BS informs the GB users about the
allocation outcome, which requires 1 bit/channel/user of information. Then, as the
maximum matching set M is determined at this point, the BS also calculates and
broadcasts the interference threshold τ̂f to the groups of K GF users. Each user within
a given group will compete to use subcarrier wf assigned to the group. Based on their
estimated channels and on τ̂f , the GF users calculate their achievable rate RF ,k ,f and
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determine a backoff time inversely proportional to this value. The user with the lowest
backoff time, i.e. the highest achievable rate, is the first to send an uplink identifying
itself to the BS, being admitted to the same resource block as the GB user. The other
GF users, by listening to the first GF user transmission, remain silent.

This simplified contention protocol is called SGF, being an intermediate solu-
tion between GB and GF that controls the number of users without adding too much
overhead. After the GF user is admitted, it can share the radio resource with the GB
user in different ways, such as NOMA (DING et al., 2021) and RSMA (LIU, H. et al.,
2021) (in this case, the admitted GF user splits its transmission into two messages with
power proportional to α and 1 – α, respectively, where 0 ≤ α ≤ 1 is the RSMA power
splitting factor). Therefore, the SIC decoding modes are variable and determined by α,
which can be set in two ways in our model depending on the relation of PF |hk ,f |

2 with
τf = max{0, τ̂f }. Here, PF is the GF user transmission power. This creates two possible
user subgroups inside a group of K users, as described below:

1. Subgroup 1: α = 0 when PF |hk ,f |
2 ≤ τf . In this case, the BS decodes first the GB

in the SIC procedure and the GF user does not perform the splitting (NOMA with
order UB,m,f −→ Uk ,f ). In this way, we have:

RB,m,f = log2

(
1 +

PB |hB,m,f |
2

PF |hk ,f |2 + 1

)
(40)

and
RI,F ,k ,f = log2

(
1 + PF |hk ,f |

2
)

. (41)

The backoff time of each user in Subgroup I is set to be inversely proportional to
RI,F ,k ,f .

2. Subgroup II: α = 1 – τf
PF |hk ,f |2

when PF |hk ,f |
2 > τf . In this case RSMA is used and

the decoding order will be U
′

k ,f −→ UB,m,f −→ U
′′

k ,f . The achievable rates for
each user in this scenario can be expressed as:

R
′

II,F ,k ,f = log2

(
1 +

PF |hk ,f |
2 – τf

PB |hB,m,f |2 + τf + 1

)
, (42)

RB,m,f = log2

(
1 +

PB |hB,m,f |
2

τf + 1

)
(43)

and
R

′′

II,F ,k ,f = log2 (1 + τf ) . (44)

The resulting GF user rate is RII,F ,k ,f = R
′

II,F ,k ,f + R
′′

II,F ,k ,f . Note that the backoff
time of each user in Subgroup II is set to be inversely proportional to RII,F ,f ,k .
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Remark 1. In Subgroup II, if the resulting α equals 1, NOMA is applied and the BS first
decodes the GF user (UF −→ UB). Therefore, the rates will be:

RII,F ,k ,f = log2

(
1 +

PF |hk ,f |
2

PB |hB,m,f |2 + 1

)
(45)

and
RB,m,f = log2

(
1 + PB |hB,m,f |

2
)

. (46)

Remark 2. In Subgroups I and II, the GF user only transmits if RF ,k ,f ≥ R̂F, where
R̂F refers to the target transmission rate of all the GF users. Moreover, although the
contention protocol is based on the achievable rate, the user transmits using the target
rate.

Remark 3. Only two among the K GF users have the chance of being granted access,
since the GF users’ channel gains are ordered as in (38), which entails that RF is
monotonically increasing with respect to |hk ,f |

2. The GF user having the largest |hk ,f |
2

in Subgroup I will be granted access if Subgroup II is empty. Furthermore, the GF user
having the largest |hk ,f |

2 in Subgroup II will be granted access if Subgroup I is empty.
When both subgroups are not empty, Subgroup II has the priority for admission since
RII,F ,k ,f > RI,F ,k ,f , which always holds based on the fact RI,F ,k ,f ≤ log2 (1 + τf ).

Algorithm 1 presents in detail the admission procedure, which is also summa-
rized below:

• BS broadcasts pilot signals to assist GB and GF users to estimate their channels.

• The GB user feeds back its channel gain hB,m,f and PB to the BS.

• The BS is then responsible for:

– Executing the RVRHK algorithm to allocated GB users to channels.

– Sending this information for each GB user (1 bit/channel/user).

– Calculating the interference threshold τ and broadcasting it to all the K GF
users in each group.

• Each GF user calculates its achievable rate and determines the associated backoff
time.

• The user with the lowest backoff time, i.e. the highest achievable rate, is the first
to send an uplink identifying itself to the BS, being admitted to the same resource
block as the GB user.
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Algorithm 1 Complete Admission Procedure
1: M←− ∅.
2: Acquire hB,m,f and PB of each GB user {UB,m,f }

M
m=1 at each subcarrier {wf }

F
f=1.

3: for m ∈ {1, 2, . . . , M} do
4: Randomly choose a user m among M GB users.
5: Allocate user UB,m,f according to its non-outage subcarriers N (UB,m,f ).
6: Inform user m the channel it should transmit.
7: Calculate the threshold τ̂f

(
|hB,m,f |

2
)

of user m.
8: Remove user m and the allocated channel from the allocation queue.
9: end for

10: Broadcast τ̂f to the groups of K GF users.
11: for each group of K GF users do
12: for k = 1, 2, . . . , K do
13: if PF |hk ,f |

2 ≤ τf then
14: User follows Subgroup I specification, sending a response to the BS after

a backoff time ∝ 1/RI,F ,k ,f .
15: else
16: User follows Subgroup II specification, sending a response to the BS

after a backoff time ∝ 1/RII,F ,k ,f .
17: end if
18: end for
19: end for
20: The BS admits the GF users that respond first.

4.3.1 Outage Formulation

In the following, we focus our analysis to one group of K GF users competing
to be scheduled with one previously allocated GB user at a specific channel (as the
example of Fig. 16). Thus, we omit the indexes m and f for convenience. Besides, as
the outage formulation of MMD-aided GB users are the same as in OMA, which were
presented in Subsection 1.3.2, we focus here on the outage formulation of the admitted
GF user under RSMA-MMD-SGF, as presented in Theorem 1.

Theorem 1. For K ≥ 2, the outage probability of the GF user operating under the
RSMA-MMD-SGF scheme is presented in (47).
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Pout =
φ0

K (K – 1)

K∑
ℓ=0

(
K
ℓ

)
(–1)ℓµ1ν(0,µ2)

+
K –2∑
k=1

φk

K –k∑
n=0

(
K – k

n

)
(–1)n

k∑
ℓ=0

(
k
ℓ

)
(–1)ℓe

ℓ
PF µ3ν(ℓ,µ4)

+
φ0

K – 1

K –1∑
ℓ=0

(
K – 1
ℓ

)
(–1)ℓe

ℓ
PF

(
e

1
PF ν(ℓ,µ5) –e–ϵB+ϵF +ϵBϵF

PF ν(ℓ,µ6)
)

+
K∑
ℓ=0

(
K
ℓ

)
(–1)ℓe

ℓ
PF ν(ℓ, 0)

+
F∑

m=1

(
F
f

)
(–1)f–1

((
1 – e–ηF

)K e– f
PB

(1+ϵF )ηB

+
K∑
ℓ=0

(
K
ℓ

)
(–1)ℓe–ℓηF

f
PB

1 – e
–
(

f
PB

+ℓηF PB

)
ηB

f
PB

+ ℓηF PB

 ,

(47)

where µ1 = e
K –ℓ(1+ϵB )(1+ϵF )

PF , µ2 = K –ℓ
PFηB

– PBℓ
PF

, µ3 = e
K –k–n(1+ϵB )(1+ϵF )

PF , µ4 = K –k–n
PFηB

– nPB
PF

,

µ5 = 1
PFηB

, µ6 = –PB
PF

, φ0 = K !
(K –2)! , φk = K !

k !(K –k )! for 1 ≤ k ≤ K – 2, ϵB = 2R̂B – 1,

ϵF = 2R̂F – 1, ηB = ϵB
PB

, ηF = ϵF
PF

, ν(ℓ,µ) =
∑F

f=1
(F

f
)
(–1)f–1 f

PB
Θ(ℓ,µ, f ), and

Θ(ℓ,µ, f ) =


ϵFηB, if µ = – f

PB
– ℓ

PFηB
,

e
–
(

ℓ
PF ηB

+µ+ f
PB

)
ηB – e

–
(

ℓ
PF ηB

+µ+ f
PB

)
ηB(1+ϵF )

ℓ
PFηB

+ µ + f
PB

, otherwise.

Proof. Following (DING et al., 2021; LIU, H. et al., 2021), the outage probability experi-
enced by the admitted GF user can be expressed as

Pout = Pr
(

E0, RII,F < R̂F

)
+

K –1∑
k=1

Pr
(

Ek , RII,F < R̂F

)
+ Pr

(
EK , RI,F < R̂F

)
,

(48)

where Ek =
{

|hk |2 ≤ τf /PF , |hk+1|2 > τf /PF

}
is the event that there are k GF users

in Subgroup I, E0 =
{

|h1|2 > τf /PF

}
is the event with no user in Subgroup I and

EK =
{

|hK |2 < τf /PF

}
is the event with no user in Subgroup II. Knowing that τf =

max
{

0, |hB |2/ηB – 1
}

= 0 when |hB |2 < ηB, the outage probability can be rewritten as
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Pout = Pr
(

E0, |hB |2 > ηB, RII,F < R̂F

)
︸ ︷︷ ︸

Q0

+
K –1∑
k=1

Pr
(

Ek , |hB |2 > ηB, RII,F < R̂F

)
︸ ︷︷ ︸

Qk

+ Pr
(

EK , |hB |2 > ηB, RI,F < R̂F

)
︸ ︷︷ ︸

QK

+ Pr
(

|hB |2 < ηB, RII,F < R̂F

)
︸ ︷︷ ︸

QK +1

.

(49)

The terms Q0 and Qk , which correspond to the first three terms in (47), are
similar to the ones presented in (LIU, H. et al., 2021), except for the general expectation
term ν(i ,µ), since the PDF of GB users is defined by (8) in our model.

4.3.1.1 Evaluation of ν(i ,µ)

In (LIU, H. et al., 2021), a general expectation term is introduced to facilitate the
calculation of the terms that compose the outage probability. Such a term is defined as

ν(i ,µ) ≜ E
ηB<|hB |2<ηB(1+ϵF )

{
e

–
(

i
PF ηB

+µ
)

|hB |2
}

, (50)

where E{·} is the expectation operation. Let us define the variable SB =
∑F

f=1
(F

f
)
(–1)f–1 f

PB
.

Since |hB |2 has the PDF defined in (8), in our case ν(i ,µ) can be calculated as

ν(i ,µ) = SB

∫ ηB(1+ϵF )

ηB

e
–
(

i
PF ηB

+µ+ f
PB

)
x
dx︸ ︷︷ ︸

Θ(i ,µ,f )

. (51)

Solving Θ(i ,µ, f ), we have

Θ(i ,µ, f ) =

ϵF ηB, if µ = – f
PB

– i
PFηB

,
1
σ

[
e–σηB – e–σηB(1+ϵF )

]
, otherwise,

where σ = i
PFηB

+ µ + f
PB

.

4.3.1.2 Evaluation of QK

The term QK in (49) is composed of two other terms, as presented in (LIU,

H. et al., 2021, Eq. (A.25)). In our case, the first term Q
′

K =
∑K

ℓ=0
(K
ℓ

)
(–1)ℓe

ℓ
PF ν(ℓ, 0)
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remains the same, but using ν(i ,µ) defined in (51). The second term can be calculated
as follows:

Q
′′

K = E
|hB |2>ηB(1+ϵF )

{
Pr
(

|hK |2 < ηF

)}
= E

|hB |2>ηB(1+ϵF )

{
(1 – e–ηF )K

}
=

F∑
f=1

(
F
f

)
(–1)f–1 f

PB

∫ ∞
ηB(1+ϵF )

(1 – e–ηF )K e– f
PB

xdx

= (1 – e–ηF )K
F∑

f=1

(
F
f

)
(–1)f–1e– f

PB
(1+ϵF )ηB .

(52)

Thus, the term QK is the sum of Q
′

K and Q
′′

K .

4.3.1.3 Evaluation of QK +1

This term can be calculated as

QK +1 = Pr

(
|hB |2 < ηB, log2

(
1 +

PF |hK |2

PB |hB |2 + 1

)
< R̂F

)
= E

|hB |2<ηB

{
Pr
(

|hK |2 < ηF (1 + PB |hB |2)
)}

= SB

∫ ηB

0

(
1 – e–ηF (1+PBx)

)K
e– f

PB
xdx

= SB

K∑
ℓ=0

(
K
ℓ

)
(–1)ℓe–ℓηF

∫ ηB

0
e

–
(

f
PB

+ℓηF PB

)
x
dx

= SB

K∑
ℓ=0

(
K
ℓ

)
(–1)ℓe–ℓηF

1 – e
–
(

f
PB

+ℓηF PB

)
ηB

f
PB

+ ℓηF PB
.

(53)

Therefore, by combining Q0, Qk and Q
′

K (considering ν(i ,µ) defined in (51)) with
(52) and (53), the overall outage probability of the admitted GF user is obtained as
shown in Theorem 1 and the proof is complete.

Finally, the outage probability experienced by an individual GF user, i.e. when
K = 1, can be easily obtained by following the same procedure as demonstrated in the
proof of Theorem 1, resulting in

Pout =
F∑

f=1

(
F
f

)
(–1)f–1 ×

(
1 – e–ηF – f

PB
(1+ϵF )ηB

–
f

PB

e–ηF (1 – e–( f
PB

+PBηF )ηB )
f

PB
+ PBηF

 – e–ϵB+ϵF +ϵBϵF
PF ν(0,µ6).

(54)
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4.4 NUMERICAL RESULTS

We present numerical results comparing the GF user outage and data rate per-
formance considering the proposed RSMA-MMD-SGF scheme with that achieved by
the QoS-SGF (DING et al., 2021) and RSMA-SGF (LIU, H. et al., 2021) methods, by
focusing on one group of K GF users competing to be scheduled with one previously al-
located GB user at a specific channel. In general, the results presented in the following
Fig. 17-Fig. 22 are analytically obtained from (47) and (54), which depend on the set of
parameters (R̂B, R̂F, PB, PF, K , F ). Since each figure is generated for a particular setup,
we present the values of the aforementioned parameters in the paragraph correspond-
ing to each figure.Unless stated otherwise, we consider F = 5 independent channels.
Figs. 17 and 18 present the outage probability versus PB for different values of R̂B. The
target rate pair is configured to (R̂B, R̂F ) = (1.5, 2) Bits per Channel Use (BPCU) in
Fig. 17 and to (R̂B, R̂F ) = (4, 2) BPCU in Fig. 18. Besides, PF = PB/10 to reflect the
scenarios in which the average channel conditions of the GF users are weaker than
that of the GB user.

Figure 17 – SGF outage probability for PF = PB
10 , R̂B = 1.5 BPCU and R̂F = 2 BPCU.

0 5 10 15 20 25 30 35 40
10

-4

10
-3

10
-2

10
-1

10
0

QoS-SGF

RSMA-SGF, Analysis

RSMA-SGF, Simulation

RSMA-MMD-SGF, Analysis

RSMA-MMD-SGF, Simulation

Transmit SNR in dB (P B )

O
u

ta
g

e
 P

ro
b

a
b

il
it

y K=5

K=1

Source: The Author.

From Figs. 17 and 18 it is possible to observe the superior performance of the
RSMA-MMD-SGF method for both K = 1 and K = 5, specially in Fig. 18 where we
increase the GB target rate. These results lead us to the conclusion that it is possi-
ble to increase the performance of GB users and maintain the GF outage probability
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Figure 18 – SGF outage probability for PF = PB
10 , R̂B = 4 BPCU and R̂F = 2 BPCU.
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simultaneously, which does not occur with the QoS-SGF and RSMA-SGF methods.
Interestingly, the RSMA-MMD-SGF method achieves better results for K = 1 when
compared to QoS-SGF with K = 5 for all SNR values.

In Fig. 19, we investigate the GF user outage performance achieved by the
considered SGF schemes for different values of PF while PB is fixed in 10 dB. The
target rate pair is configured to (R̂B, R̂F ) = (1.5, 2) BPCU. We can see that, in this
configuration, the proposed method reduces the GF outage probability in the whole
SNR range. Note that the simulation results for RSMA-MMD-SGF scheme presented in
Figs. 17, 18 and 19 match the analytical results perfectly, verifying the accuracy of the
expressions in Theorem 1 and eq. (54).

Simulations on the impact of the target rate on the outage probability are dis-
cussed next. In Fig. 20, we set the transmission powers PB and PF to 15 dB and the
GB target rate to 2 BPCU, while we plot the outage of the GF user for different values
of R̂F . It is possible to note that the RSMA-MMD-SGF approach is capable of achieving
higher target rates for GF users while keeping their outage controlled. For an outage of
10–2, for instance, we can reach a value of R̂F ≈ 4 BPCU, while for the RSMA-SGF
scheme R̂F ≈ 3 BPCU.

In Fig. 21 we keep the target rate of both services the same (R̂B = R̂F ), while
PB = PF = 20 dB. Here the increase in the target rate is even more relevant. For
instance, for an outage of 10–2, R̂F and R̂B go from ≈ 3.2 BPCU to ≈ 5.7 BPCU.
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Figure 19 – SGF outage probability for fixed PB = 10 dB, R̂B = 1.5 BPCU and R̂F = 2
BPCU.
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Surprisingly, for values of target rate ≥ 3.8 BPCU, the RSMA-MMD-SGF method with
K = 1 is better than the other methods for both K = 1 or K = 5. As discussed in Sub-
section 1.3.2, it is clear that the MMD method increases the GB performance. However,
from the previous results, we can affirm that if we fix R̂B, with the proposed approach
it is possible to increase the GF performance as well, taking advantage of the capacity
region points reachable by RSMA and the better channel condition experienced by the
MMD-aided GB users, which allows more interference in the simultaneous uplink while
keeping the QoS as in OMA.
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Figure 20 – Impact of the target rate on the GF user outage probability. R̂B = 2 BPCU
and PB = PF = 15 dB.
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Figure 21 – Impact of the target rate on the GF user outage probability. PB = PF =
20 dB.
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The impact of the number of the GF users on the outage probability is investi-
gated in Fig. 22 using simulation results, for which we set (R̂B, R̂F ) = (2, 1.5) BPCU
and PB = PF . As expected, as K increases the outage probability reduces thanks to
the multi-user diversity of the distributed contention protocol applied to the GF users,
which is achievable irrespective of the target rate value (LIU, H. et al., 2021). Comparing
the three schemes, RSMA-MMD-SGF presents superior performance, which increases
with PB and PF . For instance, for K = 4 and PB = PF = 15 dB, the GF outage is 10–5

for RSMA-MMD-SGF, while for RSMA-SGF this value is ≈ 10–4.

Figure 22 – Impact of the number of the GF users on the outage probability (R̂B = 2
BPCU, R̂F = 1.5 BPCU and PB = PF ).
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4.5 FINAL COMMENTS

We considered the sharing of physical network resources between GB and GF
users. The proposed method resorts to the MMD approach to increase the frequency
diversity of GB users and to a distributed contention protocol to pair one GF with a GB
user. Moreover, the multiplexed users can be superimposed with NOMA or RSMA. We
presented exact expressions for the proposed SGF system and showed that it is able
to increase the target rate and reduce the outage probability of both services.
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5 CONCLUSIONS

This work started by considering the RAN slicing of a B5G network composed by
eMBB and URLLC users. Then, the HMA MMD-aided approach was proposed, where
hybrid resource allocation is performed, focusing on extracting the pros of OMA MMD-
aided and NOMA MMD-aided methods. With this technique, it was possible to obtain
larger rates for eMBB when compared to OMA and NOMA slicing strategies. When
prioritizing the eMBB rate, the network does not need to allocate specific channels to
URLLC, then, the hybrid slicing is converted to non-orthogonal slicing. Furthermore,
HMA MMD-aided can improve the eMBB rate under even more strict URLLC reliability,
such as ϵU = 10–7, when compared to (SANTOS et al., 2020).

Then, we evaluated the sum-rate performance of three multiple access methods
for URLLC, namely U-OMA, U-NOMA, and U-RSMA, when operating under both OMA
and NOMA network slicing strategies. Our results show that U-RSMA is capable of
achieving higher rates when the power splitting factor is properly configured, even with
strict reliability requirements. Moreover, we show that NOMA network slicing is capable
of reaching the highest pair of rates for URLLC and eMBB simultaneously. This leads
us to show another interesting scenario in which combining U-RSMA and NOMA is a
powerful tool for attending B5G demands. The practical implementation of RSMA is still
evolving, however, for our scenario, limiting the number of users in each mini-slot is a
good strategy to reduce the decoding complexity and delay. Also, it is necessary to add
a few bits of information in the message intended to the user that splits its data, sent in
the synchronization slot to set the power allocation factor based on the average SNR.

To finish the thesis, we considered the sharing of physical network resources
between GB and GF users. The proposed method resorts to the MMD approach to
increase the frequency diversity of GB users and to a distributed contention protocol
to pair one GF with a GB user. Moreover, the multiplexed users can be superimposed
with NOMA or RSMA. We presented exact expressions for the proposed SGF system
and showed that it is able to increase the target rate and reduce the outage probability
of both services. As a drawback, it takes longer to allocate GF users, since the RVRHK
algorithm should be executed before defining the threshold τ.

5.1 FUTURE WORKS

For future works, regarding Chapter 2, it would be beneficial to investigate the
network slicing between the eMBB and mMTC services. The study should entail the
modeling of mMTC outage probability, evaluation of detection priority order using SIC
at the receiver for non-orthogonal and hybrid scenarios, and assessing the interference
between these services. Another potential alternative would be to improve the URLLC
model by incorporating the specific duration of each mini-slot that a device utilizes.
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This parameter could be adjusted to analyze the effect of URLLC transmission latency
on eMBB users, or increased until an acceptable latency threshold is reached, while
monitoring its impact on data transmission rate.

Regarding the RSMA method, a natural extension to the models presented in
Chapters 3 and 4 is to allow more URLLC/GF users to share resources with eMBB/GB
users in the same resource block. However, this entails in extra decoding complexity,
as we have an increased number of decoding orders, and it is necessary to determine
which users would split the messages.

Another possible extension of the thesis could involve proposing a new con-
tention protocol to replace the one used in Chapter 4 to optimize, for example, the
allocation delay caused by the exchange of grant messages. This could be performed
developing more efficient algorithms or using machine learning techniques. Authors
from (SHARMA; WANG, X., 2019) and (MEYER; TURAU, 2021) proposed a contention
protocol based on reinforcement learning, more specifically, Q-learning algorithm, show-
ing that it is possible to lower the network congestion maintaining the throughput and
reliability in acceptable levels.

Other important topics for future research can be summarized as follows:

• Study of the impact of imperfect CSI on the design of SGF schemes;

• Consider a stochastic geometry model, to take into consideration the nodes posi-
tion during the allocation procedure of GF users (ZHANG, C. et al., 2022);

• Investigate the performance of the proposed method in a simulation environment
with different network configurations, such as user density, geographical distri-
bution and varying traffic loads, to evaluate the scalability and efficiency of the
system;

• Explore other multiple access techniques in addition to those used during the
thesis, such as Sparse Code Multiple Access (SCMA), in the task of multiplexing
heterogeneous users;

• Analyze the impact of user mobility on the network and how it affects the perfor-
mance of different multiple access techniques (DIZDAR et al., 2021b);

• Investigation of techniques to reduce the complexity of decoding and delay in U-
RSMA systems, such as the use of mini-slots with a limited number of users and
the addition of information in the synchronization message to adjust the power
allocation factor;

• Investigate the application of the proposed hybrid resource allocation approach in
other network configurations, with different combinations of services and transmis-
sion rate requirements. This would allow for a more comprehensive performance
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analysis of the approach and a comparison with other resource multiplexing tech-
niques;

• Explore further the performance of the U-RSMA and U-NOMA methods, espe-
cially regarding their scalability to larger networks. Furthermore, it is possible to
investigate how these methods can be combined with other resource allocation
techniques, such as the proposed hybrid approach and MMD algorithm.
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APPENDIX A – EMBB EQUATIONS

This appendix discusses the mathematical model proposed in this work to ana-
lyze the performance of the network in terms of channel capacity and outage probability,
demonstrating the deduction of equations related to eMBB.

A.1 EMBB

Let us consider a scenario where a radio resource f ∈ {1, . . . , F } is allocated
exclusively to an eMBB user. The main objective of eMBB is to maximize its data rate,
subject to the reliability requirement ϵB and the average power constraint PB = 1.

Assuming that the BS is capable of acquiring the CSI of eMBB devices, as
considered in (POPOVSKI, P. et al., 2018) and utilized in current wireless standards
such as Long Term Evolution (LTE) and 5G New Radio (TAKEDA et al., 2023; ZAIDI,
A.; WANG, Z., 2023; 3GPP, 2023), a transmission with a determined instantaneous
power and data rate only occurs when GB,f , the instantaneous channel gain, is greater
than a threshold SNR Gmin

B,f . The outage probability of a point-to-point (single channel)
communication is then

Ps(γ̄B) = Pr[GB,f < Gmin
B,f ]

=
∫ Gmin

B,f

0
pGB,f

(x)dx ,
(55)

where pGB,f
(x) is the PDF of GB,f , which is the function that represents the probability

of GB,f be smaller than Gmin
B,f . It is considered that the channel fading is modeled as

Rayleigh, which implicates that the PDF can be expressed as

pGB,f
(x) =

e–x /γ̄B
γ̄B

, if x > 0

0, otherwise
(56)

The eMBB outage probability is then

Ps(γ̄B) =
∫ Gmin

B,f

0

e–x /γ̄B

γ̄B
dx

=
1
γ̄B
× –γ̄B × e–x /γ̄B

∣∣∣Gmin
B,f

0

= –
(

e–Gmin
B,f /γ̄B – e–0/γ̄B

)
= 1 – e–Gmin

B,f /γ̄B .

(57)

After imposing the reliability constraint Pout = ϵB, we obtain the threshold SNR
from (57) as
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Ps(γ̄B) = ϵB

1 – e–Gmin
B,f /γ̄B = ϵB

e–Gmin
B,f /γ̄B = 1 – ϵB

–
Gmin

B,f
γ̄B

= ln (1 – ϵB)

Gmin
B,f = –γ̄B ln (1 – ϵB) .

(58)

As already mentioned, it t is practical to consider that the BS is capable of
obtaining the CSI GB,f of eMBB users. This information is used to select its transmission
power based on power inversion scheme (CAIRE et al., 1999), where a value is chosen
based on GB,f as

PB(GB,f ) =


Gtar

B,f
GB,f

, if GB,f ≥ Gmin
B,f

0, otherwise.
(59)

This means that the eMBB device does not necessarily transmit in every slot
allocated to it because of outage situations, then it is possible to increase the instan-
taneous power when the transmission occurs, so that the long-term average power(
PB(GB,f ) = 1

)
is achieved. The target SNR Gtar

B,f is then obtained by imposing the av-
erage power constraint on the expected value of the function PB of the random variable
GB,f . This is calculated using the Law of the Unconscious Statistician (LOTUS) theorem
as

E
[
PB(GB,f )

]
=
∫ ∞

Gmin
B,f

pGB,f
(x)PB(x)dx = 1, (60)

where pGB,f
(x) is the PDF of GB,f , obtained from the Cumulative Density Function (CDF)

Ps(γ̄B) as

pGB,f
(x) =

d
dx

[Ps(γ̄B)]

=
d
dx

[
(1 – e–x /γ̄B )

]
=

1
γ̄B

e–x /γ̄B .

(61)

Replacing (61) in (60):
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E
[
PB(GB,f )

]
=
∫ ∞

Gmin
B,f

1
γ̄B

e–x /γ̄B︸ ︷︷ ︸
pGB,f

(x)

Gtar
B,f
x︸ ︷︷ ︸

PB(x)

dx = 1

=
Gtar

B,f
γ̄B

∫ ∞
Gmin

B,f

e–x /γ̄B

x
dx︸ ︷︷ ︸

–Ei
(

–
Gmin

B,f
γ̄B

)
= 1,

(62)

where –Ei
(

–
Gmin

B,f
γ̄B

)
is obtained from the integral and can be classified as the upper

incomplete gamma function Γ (·, ·) for Gmin
B,f > 0. Then, (62) can be rewritten as

E
[
PB(GB,f )

]
=

Gtar
B,f
γ̄B

Γ

(
0,

Gmin
B,f
γ̄B

)
= 1. (63)

By isolating Gtar
B,f from (63), the target SNR of eMBB user becomes

Gtar
B,f =

γ̄B

Γ

(
0,

Gmin
B,f
γ̄B

) . (64)

Therefore, the eMBB rate is finally

RB = log2

(
1 + Gtar

B,f

)
. (bits/symbol) (65)
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APPENDIX B – EMBB WITH MMD EQUATIONS

The main objective of MMD is to maximize the channel capacity of eMBB users,
i.e., enable the transmission, under a given reliability, of the highest possible number
of bits per symbol, respecting the constraint of communication reliability in different
coexistence schemes with URLLC devices.

B.1 EMBB WITH MMD

When considering MMD channel allocation from (BAI et al., 2010) with FB in-
dependent channels, the outage probability of a eMBB user, in a scenario where the
number of users is equal to FB (the case of our work), can be approximated following (6)
as

Pout ≈ 2Ps(γ̄B)FB ≈ Ps(γ̄
′

B)FB , (66)

where γ̄
′

B ≜ 2–(1/FB)γ̄B. This approximation is valid, as shown in Figure 23, where both
functions were evaluated for FB = 10 and γ̄B ∈ {0, . . . , 20} dB.

Figure 23 – Verification of Ps(γ̄B) approximation for FB = 10 and γ̄B ∈ {0, . . . , 20} dB.
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After imposing the reliability constraint Pout ≈ Ps(γ̄
′

B)FB = ϵB, we obtain the
threshold SNR from (57) and (66) as
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Ps(γ̄
′

B)FB = ϵB(
1 – e–Gmin

B,f /γ̄
′
B

)FB

= ϵB

1 – e–Gmin
B,f /γ̄

′
B = ϵB

1/FB

e–Gmin
B,f /γ̄

′
B = 1 – ϵB

1/FB

–
Gmin

B,f

γ̄
′
B

= ln
(

1 – ϵB
1/FB

)
Gmin

B,f = –γ̄
′

B ln
(

1 – ϵB
1/FB

)
.

(67)

As already mentioned, it is practical to consider that the BS is capable of obtain-
ing the CSI GMMD

B,f (the instantaneous channel gain after MMD) of eMBB users. This
information is used to select its transmission power based on power inversion scheme
(CAIRE et al., 1999), where a value is chosen based on GMMD

B,f as

PB(GMMD
B,f ) =


Gtar

B,f

GMMD
B,f

, if GMMD
B,f ≥ Gmin

B,f

0, otherwise.
(68)

Similarly to the reason discussed in Appendix A, one can increase the instan-
taneous power so that the long-term average power

(
PB

(
GMMD

B,f

)
= 1
)

is achieved.

The target SNR Gtar
B,f is then obtained by imposing the average power constraint on the

expected value of the function PB of the random variable GMMD
B,f , calculated as

E
[
PB(GMMD

B,f )
]

=
∫ ∞

Gmin
B,f

pGMMD
B,f

(x)PB(x)dx = 1, (69)

where pGMMD
B,f

(x) is the PDF of GMMD
B,f , obtained from the CDF Ps(γ̄

′

B)FB as
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pGMMD
B,f

(x) =
d
dx

[
Ps(γ̄

′

B)FB
]

=
d
dx

[
(1 – e–x /γ̄

′
B )FB

]

=
FB
γ̄

′
B

[
1 – e–x /γ̄

′
B

]FB–1

︸ ︷︷ ︸
Apply binomial theorem

e–x /γ̄
′
B

=
FB
γ̄

′
B

e–x /γ̄
′
B

FB–1∑
f=0

(–1)f
(

FB – 1
f

)
e–fx /γ̄

′
B

=
FB–1∑
f=0

FB!(f + 1)
(f + 1)!(FB – 1 – f )!

(–1)f

γ̄
′
B

e–(f+1)x /γ̄
′
B

=
FB∑
f=1

(–1)f–1
(

FB
f

)
fe–fx /γ̄

′
B

γ̄
′
B

.

(70)

The summation in (70) is obtained applying the binomial theorem (ROSAS et
al., 2015), so that the PDF of the SNR of FB channels can be expressed as a linear
combination of FB exponential PDFs. Replacing (70) in (69):

E
[
PB(GMMD

B,f )
]

=
∫ ∞

Gmin
B,f

FB∑
f=1

(–1)f–1
(

FB
f

)
fe–fx /γ̄

′
B

γ̄
′
B︸ ︷︷ ︸

pGMMD
B,f

(x)

Gtar
B,f
x︸ ︷︷ ︸

PB(x)

dx = 1

= Gtar
B,f

FB∑
f=1

(–1)f–1
(

FB
f

)
f
γ̄

′
B

∫ ∞
Gmin

B,f

e–fx /γ̄
′
B

x
dx︸ ︷︷ ︸

–Ei
(

–
fGmin

B,f

γ̄
′
B

)
= 1,

(71)

where –Ei
(

–
fGmin

B,f

γ̄
′
B

)
is obtained from the integral and can be classified as the upper

incomplete gamma function Γ (·, ·) for Gmin
B,f > 0. Then, equation (71) can be rewritten as

E
[
PB(GMMD

B,f )
]

= Gtar
B,f

FB∑
f=1

(–1)f–1
(

FB
f

)
f
γ̄

′
B
Γ

(
0,

fGmin
B,f

γ̄
′
B

)
= 1. (72)

Then, isolating Gtar
B,f from (72), the target SNR of eMBB user is obtained, resulting

in
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Gtar
B,f =

γ̄
′

B
FB∑
f=1

(–1)f–1
(

FB
f

)
f Γ

(
0,

fGmin
B,f

γ̄
′
B

) . (73)

Therefore, the MMD-aided eMBB rate is

RMMD
B = log2

(
1 + Gtar

B,f

)
. (bits/symbol) (74)
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APPENDIX C – THRESHOLD SNR IN NOMA SLICING

An eMBB message would not be affected by URLLC interference in two cases:
(i) there is no URLLC device connected (SU = 0); or (ii) there are URLLC transmissions
(SU > 0), but they were decoded and removed from the signal by the SIC decoder. In
case (ii), either all URLLC messages are properly decoded (event ĒU ) or they are all
incorrectly decoded (event EU ), since interference from eMBB users are constant over
all mini-slots. Thus, to formulate the eMBB outage probability in NOMA scenario, it is
necessary to distinguish the case when eMBB is under interference of URLLC service,
and the case in which is not. For this purpose, the total law of probability is applied as
follows

Pout =Pr(SU = 0)Pr(EB |SU = 0)

+ Pr(SU > 0)(Pr(EU |SU > 0)Pr(EB |EU , SU > 0)

+ Pr(ĒU |SU > 0)Pr(EB |ĒU , SU > 0)),

(75)

where EB is the event of eMBB message not being correctly decoded. The only source
of outage for eMBB when there is no URLLC signal interfering is when the SNR value
is below the threshold SNR (Gmin

B,f ), which implies that the term Pr(EB |SU = 0) from

(75) equals the outage probability for the orthogonal case, which is 1 – e–Gmin
B,f /γ̄

′
B , that

will be rewritten as 1 – aB for simplification purposes. Moreover, it is considered that
when the URLLC message is incorrectly decoded, the eMBB user is in outage, i.e.,
Pr(EB|EU , SU > 0) ≤ 1. Besides that, the correct decodification and cancellation of
URLLC signal has the same performance effect of the case when URLLC is not trans-
mitting, thus, Pr(EB |ĒU , SU > 0) = Pr(EB|SU = 0) = 1 – aB. With these considerations,
(75) can be bounded as

Pout ≤(1 – aU )S(1 – aB) +
(

1 – (1 – aU )S
)

(ϵU + (1 – ϵU )(1 – aB)). (76)

Imposing the eMBB reliability condition when the MMD allocation algorithm is
used

Pout ≈ Ps(γ̄
′

B)FB ≤ ϵB =⇒ Pout ≤ ϵB
1/FB ,

(76) can be rewritten as
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(1 – aU )S(1 – aB) +
(

1 – (1 – aU )S
)

(ϵU + (1 – ϵU )(1 – aB)) ≤ ϵB
1/FB

(1 – aB)
(

(1 – aU )S + 1 – ϵU – (1 – ϵU )(1 – aU )S
)

+ ϵU

(
1 – (1 – aU )S

)
≤ ϵB

1/FB

(1 – aB)
(
ϵU (1 – aU )S + 1 – ϵU

)
+ ϵU

(
1 – (1 – aU )S

)
≤ ϵB

1/FB

ϵU

(
(1 – aU )S – 1

)
+ 1 – ϵUaB

(
(1 – aU )S – 1

)
– aB + ϵU

(
1 – (1 – aU )S

)
≤ ϵB

1/FB

ϵUaB – aB – ϵUaB(1 – aU )S ≤ ϵB
1/FB – 1

aB ≥
1 – ϵB

1/FB

1 – ϵU
(
1 – (1 – aU )S

) .

(77)

Knowing that aB = e–Gmin
B,f /γ̄

′
B , it is possible to isolate the threshold SNR from (77),

resulting in

Gmin
B,f ≤ –γ̄

′

B ln

(
1 – ϵB

1/FB

1 – ϵU
(
1 – (1 – aU )S

)) . (78)

The target SNR Gtar
B,f is obtained in the same way of (64), however, in the non-

orthogonal case, Gmin
B,f is bounded by (78):

Gtar
B,f =

γ̄
′

B
FB∑
f=1

(–1)f–1
(

FB
f

)
f Γ

(
0,

fGmin
B,f

γ̄
′
B

) . (79)

Therefore, the achievable rate of a MMD-aided eMBB device in NOMA is

RNOMA
B = log2

(
1 + Gtar

B,f

)
. (bits/symbol) (80)
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