
UNIVERSIDADE TECNOLÓGICA FEDERAL DO PARANÁ

HEBERT DOUGLAS PEREIRA

NOMA-RA: PROTOCOLO DE ACESSO ALEATÓRIO BASEADO EM

MÚLTIPLO ACESSO NÃO ORTOGONAL PARA MIMO MASSIVO

TESE

CURITIBA

2021



HEBERT DOUGLAS PEREIRA

NOMA-RA: PROTOCOLO DE ACESSO ALEATÓRIO BASEADO

EM MÚLTIPLO ACESSO NÃO ORTOGONAL PARA MIMO

MASSIVO

NOMA-RA: Non-Orthogonal Multiple Access-Based Random Access

Protocol for Massive MIMO

Tese apresentado(a) como requisito para
obtenção do título(grau) de Doutor em En-
genharia Elétrica e Informática Industrial,
do Programa de Pós-Graduação em Engen-
haria Elétrica e Informática Industrial, da
Universidade Tecnológica Federal do Paraná
(UTFPR).

Orientador: Prof. Dr. Glauber Gomes de
Oliveira Brante
Coorientador: Dr. Jamil de Araújo Farhat

CURITIBA

2021

4.0 Internacional

Esta licença permite compartilhamento, remixe, adaptação e criação a partir do
trabalho, mesmo para fins comerciais, desde que sejam atribuídos créditos ao(s)
autor(es).
Conteúdos elaborados por terceiros, citados e referenciados nesta obra não são
cobertos pela licença.

https://creativecommons.org/licenses/by/4.0/deed.pt_BR


30/11/2021 10:35 -

https://sistemas2.utfpr.edu.br/dpls/sistema/acad01/mpCadDefQualPg.pcTelaAssinaturaDoc?p_pesscodnr=185390&p_cadedocpescodnr=19319&… 1/1

Ministério da Educação 
Universidade Tecnológica Federal do Paraná 

Campus Curitiba

 
 

HEBERT DOUGLAS PEREIRA

NOMA-RA: PROTOCOLO DE ACESSO ALEATÓRIO BASEADO EM MÚLTIPLO ACESSO NÃO ORTOGONAL
PARA MIMO MASSIVO

Trabalho de pesquisa de doutorado apresentado como
requisito para obtenção do título de Doutor Em Ciências da
Universidade Tecnológica Federal do Paraná (UTFPR). Área
de concentração: Telecomunicações E Redes.

Data de aprovação: 26 de Novembro de 2021

Prof Glauber Gomes De Oliveira Brante, Doutorado - Universidade Tecnológica Federal do Paraná

Prof Joao Luiz Rebelatto, Doutorado - Universidade Tecnológica Federal do Paraná

Prof Jose Carlos Marinello Filho, - Universidade Tecnológica Federal do Paraná

Prof Richard Demo Souza, Doutorado - Universidade Federal de Santa Catarina (Ufsc)

Prof Samuel Montejo Sanchez, Doutorado - Universidad Tecnológica Metropolitana Del Estado Del Chile - Utem

Documento gerado pelo Sistema Acadêmico da UTFPR a partir dos dados da Ata de Defesa em 26/11/2021.

 



To GOD.

To my great love, my wife Kaendra and my

children Elliot and Jhosef.

To my parents Aparício and Ozirema and to my

brothers Daython, Erick and Ludyana.



ACKNOWLEDGEMENTS

First of all, I want to express my gratitude to GOD, for the breath of life, for his grace

and for giving me intelligence and capacity to conclude this work. "For of Him, and through

Him, and to Him, are all things: to whom be glory for ever. Amem. Rm 11.36"

My sincere thanks to Professor Glauber Brante for his support, guidance and willingness

to help. Your support and encouragement was essential to reach the end of this work. Also many

thanks to my co-advisor Jamil Farhat for his friendship and dedication. Also my gratitude to

Professor Richard Souza for contribute and good advice.

I want to thank my dear wife Kaendra, who has always been by my side, for her

dedication, support, encouragement and care of our family. I couldn’t have done it without her

support, understanding and dedication, thank you very much. Thanks to my children Elliot and

Jhosef who brought new meaning to our lives with their births.

I want also to express my thanks to my parents Aparício and Ozirema, who even

being physically distant, always were present, helping and encouraging. I also want to thank

my brothers Daython, Erick and Ludyana along with their families who also supported and

encouraged me on this journey.

I want also to express my thanks to all who directly or indirectly contributed to this

work, to all the members of the LabSC, professors and all the students for the great moments

together, which unfortunately the pandemic caused great damage.

Also, I would like to thanks to the UTFPR and CPGEI for the opportunity to participate

in this program; to CAPES, CNPq and Fundação Araucária for the financial support.

Finally, to all my great friends that I do not name them because they are several, that

even though some are physically distant, they are present with advice, support and encouragement.

Thanks for their partnership, friendship and company.

This study was financed in part by the CAPES Brazil, finance Code 001.



”If you can’t fly then run, if you can’t run then

walk, if you can’t walk then crawl, but whatever

you do you have to keep moving forward.”

(Martin Luther King Jr.)



RESUMO

PEREIRA, Hebert Douglas. NOMA-RA: Protocolo de acesso aleatório baseado em múltiplo
acesso não ortogonal para MIMO massivo. 2021. 60 f. Tese (Doutorado em Engenharia
Elétrica e Informática Industrial) – Universidade Tecnológica Federal do Paraná. Curitiba, 2021.

Nesta tese, investigamos o problema do acesso aleatório (RA do inglês: Random Access) em
um cenário MIMO massivo. Em redes 5G, os dispositivos/usuários que desejam se conectar
com a estação base, (BS do inglês: Base Station) precisam escolher uma sequência piloto dentre
um conjunto de sequências ortogonais disponíveis. Porém considerando o cenário de internet
das coisas (IoT do inglês: Internet of Things), o número de usuários/dispositivos que tentam
acessar a BS é muito maior do que o número de sequências pilotos disponíveis, com isso colisões
podem ocorrer com frequência. Considerando esse cenário, o protocolo de resolução de colisão
de usuário mais forte (SUCRe do inglês: Strongest-User Collision Resolution) é modificado para
incluir um acesso múltiplo não ortogonal (NOMA do inglês: Non-Orthogonal Multiple Access).
O protocolo proposto, NOMA-RA, permite resolver colisões entre usuários que tentam acessar o
meio utilizando a mesma sequência piloto. Os resultados numéricos mostram que a estratégia
proposta NOMA-RA atinge um melhor desempenho em termos sum-rate com menor atraso
médio em comparação com o esquema SUCRe tradicional, mesmo considerando a estimativa de
canal imperfeita e cancelamento sucessivo de interferência (SIC do inglês: Sucessive Interference

Cancellation). Por exemplo, em um cenário em que 10 sequências piloto estão disponíveis e
20 dispositivos competem para acessar o canal, em comparação com o protocolo SUCRe, o
atraso médio é reduzido em 30%, enquanto a sum-rate é melhorada em 33% e 22% considerando,
respectivamente, decodificadores SIC perfeitos e imperfeitos, quando a imperfeição do SIC foi
fixada em 10%. Além disso, a porcentagem de usuários que não conseguem acessar a BS nesta
situação cai de 66,5% com SUCRe para 38,5% com o esquema proposto NOMA-RA.

Palavras-chave: MIMO massivo. Resolução de colisão do usuário mais forte. Não ortogonal.
Acesso Multiplo.



ABSTRACT

PEREIRA, Hebert Douglas. NOMA-RA: Non-Orthogonal Multiple Access-Based Random
Access Protocol for Massive MIMO. 2021. 60 p. Thesis (PhD in Electrical and Computer
Engineering) – Federal University of Technology - Paraná. Curitiba, 2021.

In this thesis, we investigate the random access (RA) problem in a massive MIMO scenario. In
5G networks, devices/users willing to connect to the base station (BS) need to choose a pilot
sequence from a set of available orthogonal sequences. However, considering the internet of
things (IoT) scenario, the number of users/devices trying to access the BS is much higher than
the number of available pilot sequences, so that collisions may occur frequently. Considering
this scenario, the strongest-user collision resolution (SUCRe) protocol is modified to include a
non-orthogonal multiple access (NOMA) approach. The proposed NOMA-RA protocol allows
to resolve collisions between users who try to access the medium using the same pilot signal.
Numerical results show that the proposed NOMA-RA strategy achieves a better performance in
terms of sum-rate with lower average delay in comparison with the traditional SUCRe scheme,
even considering imperfect channel estimation and successive interference cancellation (SIC).
For instance, in a scenario when 10 pilot sequences are available and 20 devices compete to
access the channel, comparing with the SUCRe protocol, the average delay is reduced by 30%
while the sum-rate is improved by 33% and 22% considering, respectively, perfect and imperfect
SIC decoders, when the imperfection of SIC was fixed in 10%. In addition, the percentage of
users that fail to access the BS in this situation drops from 66.5% with SUCRe to 38.5% with
the proposed NOMA-RA scheme.

Keywords: Massive MIMO. Strongest-User Collision Resolution. Non-Orthogonal. Multiple-
Access.
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1 INTRODUCTION

The number of wirelessly connected devices is growing rapidly. It was reported there

were 8.8 billion mobile devices and connections in 2018 worldwide, with a forecast of reaching

13.1 billion by 2023, what correspond to 71% of population with mobile conectivity, in which

1.4 billion of those will be 5G capable (CISCO, 2021). It is estimated that 5G subscriptions

will reach 1 billion devices two years earlier than 4G (ERICSSON, 2021). This growth is

strongly driven by video streaming, social networking and new communication use cases, such

as machine-type communications (MTC), also known as internet-of-things (IoT), where data

transmission between various MTC devices, and with the underlying network, takes place with

little or no human intervention (TALEB; KUNZ, 2012; TULLBERG et al., 2016).

The big amount of available MTC applications are contributing in a major way to

the growth of devices and connections, such as smart meters, video surveillance, healthcare

monitoring, transportation, package or asset tracking, smart buildings, logistics tracking, and

smart agriculture. By 2023, according to recent Cisco annual Internet report (2018-2023), there

will be around 29.3 billion networked devices, where the number of MTC devices is predicted to

be 14.7 billion, which will represent 50% of the total devices and connections (CISCO, 2021).

For instance, 26.66 billion MTC devices were reported active by the end of 2020, an average

of 127 new connected devices every second, and with a forecast of 75 billion MTC devices in

the world by 2025 (SAFEATLAST, 2021). This tremendous growth rate will further increase

over the next decade and can reach hundreds of billions, with a connection density of 10 million

devices per km2 by 2030 (CHEN et al., 2021).

Table 1 – Comparison of existing wireless system supporting IoT.

Zigbee Bluetooth WiFi LoRa Cellular
Spectrum Unlicensed Unlicensed Unlicensed Unlicensed Licensed

Connectivity Moderate Small Large Massive Massive
Throughput Moderate Low High High High

Range Short Short Moderate Long Long
Security Moderate Low Moderate High High
Power Low Low High Low Low

Mobility No No No Yes Yes
Latency Low Low Low Low Low

Source: (CHEN et al., 2021)

To explore the full potential of the massive IoT, reliable communication is mandatory,

which can be provided by an enormous amount of available wireless network with low-cost
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commercial technologies, such as Zigbee (VARGHESE et al., 2019), Bluetooth (CHANG, 2014)

and WiFi (POKHREL; WILLIAMSON, 2018). However, these networks can support only

short-range wireless access to a moderate number of devices, achieving a few hundred devices

in an indoor environment or in a small area. This current infrastructure is not enough, front

the perspective of newly emerging IoT services, that require an interconnected and ubiquitous

wireless infrastructure to connect, interact, and exchange data anywhere and anytime (AL-

FUQAHA et al., 2015). On the other hand, long range radio (LoRa) and cellular IoT are two

main access technologies for low power wide area networks (LPWAN) which can provide

a wide coverage (RAZA et al., 2017; SULYMAN et al., 2017; SUNDARAM et al., 2020).

LoRa technology has a disadvantage compared to cellular IoT since it requires new network

infrastructure, whereas cellular IoT can reuse the existing cellular infrastructure. Table 1 provides

a comparison of existing wireless systems supporting IoT. For 5G and beyond, the wireless

communications systems must support massive connectivity, with high throughput and long

range, while maintaining a good mobility and low latency, which is the focus of this thesis.

Given the huge variety of available IoT devices, with different features and functionality,

the international telecommunication union (ITU) and third generation partnership project (3GPP)

perceived the need to classify these devices according to network usage scenarios. Considering

the different services characteristics and their diverse quality of service (QoS) requirements,

three scenarios were defined: enhanced mobile broadband (eMBB), massive MTC (mMTC) and

ultra-reliable low-latency communications (URLLC) (ITU, 2015). Among these network usage

scenarios, mMTC was selected by 3GPP as one of three main use cases of 5G wireless networks

and provided dedicated specifications for cellular IoT, with narrow-band IoT (NB-IoT) providing

support for fixed and low-rate scenarios, while long term evolution-machine LTE-machine (LTE-

M) covers mobile and high-rate scenarios (3GPP, 2015). Long-Term Evolution (LTE) is the

usual name for the fourth generation (4G) cellular system.

To enable multiple access with limited system resources is an inherent issue in cellular

networks, specially when the demand grows fast. However, to deal with the mMTC in cellular

network, appropriate multiple access techniques are required. Thus, to cope with this exponential

increase in mobile communications demand, massive MIMO technology (LARSSON et al.,

2014; BJÖRNSON et al., 2017b) is one of the key-enablers to achieve better spectral efficiency,

enhanced system capacity, as well as to improve random access (RA) performance (CARVALHO

et al., 2017; SORENSEN et al., 2018; SANGUINETTI et al., 2018; MUKHERJEE et al., 2019).
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Considering such scenario, several medium access protocols operating under crowded

networks have been proposed in the literature. These protocols usually fall into two categories: i.)

grant-based (BJÖRNSON et al., 2017a; HAN et al., 2017a; HAN et al., 2017b; MARINELLO

et al., 2020; MARINELLO; ABRÃO, 2019), in which nodes compete to receive permission to

access the network , and ii.) grant-free (HAN et al., 2020a; DING et al., 2019; DING; CHOI,

2020b; YU et al., 2020; SHAHAB et al., 2020), which offers a reduced signaling overhead for

both base station (BS) and users at the cost of potential collisions. Consequently, a disadvantage

related to grant-free schemes is the need of robust decoding strategies for improved performance,

requiring relatively complex signal processing techniques at the BS (HAN et al., 2020a; DING

et al., 2019; DING; CHOI, 2020b; YU et al., 2020; SHAHAB et al., 2020).

Recently, the authors in (DING et al., 2019) have proposed a semi grant-free protocol,

in which one grant-free device transmits simultaneously with another grant-based user, using

non-orthogonal multiple access (NOMA). Such concept draw considerably attention in the recent

literature, e.g., in (ZHANG et al., 2020a; YANG et al., 2020; GERASIN et al., 2020; JAYANTH

et al., 2020; ZHANG et al., 2020b). The idea is to enhance network performance by enabling

grant-based users – usually eMBB users – and grant-free devices – typically with URLLC

demands – to share the same spectrum resources (ZHANG et al., 2020a; YANG et al., 2020).

In addition, scheduling and power allocation algorithms for eMBB users can also be employed

to deal with the constraints imposed by grant-free URLLC transmissions (GERASIN et al.,

2020). Nevertheless, the coordination among grant-free and grant-based transmissions is done

in a centralized way by the BS in (ZHANG et al., 2020a; YANG et al., 2020; GERASIN et al.,

2020; JAYANTH et al., 2020; ZHANG et al., 2020b). Interestingly, the authors in (FACENDA;

SILVA, 2020) recently compare state-of-the-art grant-based and grant-free schemes, showing

that, if a small feedback is allowed, the grant-based solutions perform closely to the state-of-art

of grant-free access while using simpler coding schemes, suggesting that novel grant-based

schemes should not be dismissed as a potential solution to the massive RA problem.

Considering the favorable propagation and channel hardening characteristics of the

massive MIMO channel, the authors in (BJÖRNSON et al., 2017a) propose a grant-based

protocol to deal with crowded scenarios, in which the number of available pilots is smaller than

the number of users willing to communicate with the BS. Such protocol, named strongest-user

collision resolution (SUCRe), is employed to resolve collisions between users who try to access

the medium eventually choosing the same pilot signal. Nevertheless, it is interesting to note
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that the impact of NOMA is still incipient in the context of RA grant-based massive MIMO

distributed protocols. For instance, a distributed grant-based RA protocol is proposed in (ZHANG

et al., 2020a), where users try to access the BS, which identifies which pilots collided. Then, the

BS broadcasts the information of the pilots free of collisions, such that only these users transmit.

The rest of the users, with pilot collisions, remain silent. On the other hand, by exploring power

domain NOMA technique allows multiple users to communicate with the BS using the same

time, frequency and spreading code resources, which increases the system throughput when

compared to orthogonal multiple access (OMA) (OTAO et al., 2012). Additionally, an interesting

way to optimize the system performance, by mitigating the interference among users, relies

in the application of NOMA with successive interference cancellation (SIC) (SAITO et al.,

2013; XU et al., 2017). With SIC, the users are decoded in decreasing order of their statistical

channel gains, while the other signals are treated as interference. Then, the first decoded signal is

subtracted from the original received signal and the process continues until all users are decoded.

As well known, the channel estimation accuracy plays a central role in exploring power domain

NOMA-SIC strategy.

1.1 GOALS

1.1.1 Main Goal

To develop a random access protocol, based on knowledge of the SUCRe protocol

proposed in (BJÖRNSON et al., 2017a), by employing a NOMA-based collision resolution

scheme. Considering the fact that most of the collisions in SUCRe occurs between two users

only (BJÖRNSON et al., 2017a), the NOMA technique is employed at the uplink in order to

allow both users to transmit in a non-orthogonal power domain fashion using the same pilot in a

decentralized and distributed way. This proposed protocol will be named as NOMA-RA.

1.1.2 Specific Goals

• To employ NOMA in a massive MIMO scenario in order to improve the system sum-rate;

• To compare the performance of the proposed NOMA-RA protocol in terms of average

delay, fail access probability and sum-rate with the SUCRe protocol;
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• To identify the effect of different bias term parameter to maximize the sum-rate;

• To investigate the system performance damages while considering imperfect channel state

information (CSI) and imperfect SIC.

1.2 ORGANIZATION

The remainder of this work is organized as follows. Chapter 2 presents the basic

concepts of random access in mobile communication, the main protocols and characteristics. It

is also presented the difference between grant-free and grant-based random access protocols.

The SUCRe protocol and its main characteristics are presented in Chapter 3.

In the sequel, Chapter 4 presents the proposed NOMA-RA protocol and its main char-

acteristics. An important issue in wireless networks, that required especial attention, especially

in NOMA systems, is the CSI estimation. So, it is considered perfect and imperfect CSI in the

analysis. It is also investigated the effect of the bias term parameter, that helps the users to resolve

a contention and improve the achievable sum-rate.

Chapter 5 presents some numerical examples and some considerations comparing

NOMA-RA and SUCRe protocols in terms of collision probability, sum-rate and average delay.

Finally, Chapter 6 presents the final considerations and proposals for future works.

The main contributions of this thesis were addressed in:

• H. D. Pereira, G. Brante, J. Farhat, R. D. Souza, J. C. M. Filho and T. Abrão, "On the

Sum-Rate of Contention Resolution in Massive MIMO With NOMA," in IEEE Access, vol.

9, pp. 24965-24974, 2021, doi: 10.1109/ACCESS.2021.3055579.
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2 BASIC CONCEPTS

In this chapter we present the basic concepts of random access techniques to wireless

networks, the main existing protocols and their characteristics.

2.1 MULTIPLE ACCESS TECHNIQUES

Multiple-access (MA) techniques have been regarded as one of the key-enablers in

wireless communications with a significant evolution across network generations, which recently

has focus on the support of the future massive IoT cellular networks. A variety of effective MA

technique have been employed in cellular networks, such as frequency division multiple access

(FDMA) in the first-generation (1G) of cellular network, time division multiple access (TDMA)

in second-generation (2G), code division multiple access (CDMA) in third-generation (3G), and

orthogonal frequency division multiple access (OFDMA) in 4G and 5G (CAI et al., 2018).

The existing MA techniques may be categorized into OMA and NOMA strategies. The

first allow only a single device to be served within the same time/frequency resource block

(RB), whereas NOMA allows multiple devices sharing the same RB. Due to the limitation of the

available radio resources, OMA technique may not satisfy the stringent QoS requirements of

massive access, and thus new massive orthogonal access techniques that exploit the extra degrees

of freedom in 5G and beyond-5G networks are required. One example comes from 5G massive

MIMO deployments, in which BSs are equipped with a large antenna arrays.

Massive MIMO technology can achieve better spectral efficiency, enhanced system

capacity, as well as improve RA. In some setups being already deployed, the BS can be equipped

with 64, or more, antenna elements (MARZETTA, 2010; LARSSON et al., 2014; BJÖRNSON et

al., 2017b; NGO et al., 2013). Therefore, massive MIMO can provide access for a large number

of devices simultaneously, separating the devices in the spatial domain, i.e., using space division

multiple access (SDMA) (CARVALHO et al., 2017; SORENSEN et al., 2018; SANGUINETTI

et al., 2018; MUKHERJEE et al., 2019; HAN et al., 2020b).

The performance of massive access is determined by the acquisition of accurate CSI

at the BS, which can be a bottleneck due to high signaling and overhead. Another factor that

can reduce the accuracy of CSI is the co-channel interference, due to pilot contamination,

since there is not enough pilot sequences available for all devices and it is necessary to share
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them (KHANSEFID; MINN, 2015; ELIJAH et al., 2016; BJÖRNSON et al., 2018).

Due to such limitation in OMA, NOMA is identified as a promising technology to

provide massive connectivity for 5G and beyond (SAITO et al., 2013; ZHANG et al., 2016;

DING et al., 2016; CHEN et al., 2021; WANG et al., 2016; DING; CHOI, 2020a; CHEN et al.,

2021; LIU; YU, 2017; SHAHAB et al., 2020). In NOMA the RB are shared among the users,

so it has the potential to improve spectral efficiency, i.e., NOMA can admit significantly more

devices within same RB compared to OMA. Hence, NOMA is able to support massive access,

even when radio spectrum is limited.

Despite these benefits, NOMA suffers with severe interference at the receiver side, since

the received signal is a superposition of signals from different devices. An alternative to overcome

such difficulties relies in SIC, which is a promising interference cancellation technique (DING et

al., 2014; LIU et al., 2016; CHEN et al., 2019). In the literature NOMA is classified into two

categories, namely power domain NOMA (PD-NOMA) and code-domain NOMA (CD-NOMA).

Usually, PD-NOMA is employed at the uplink of cellular communications, i.e., when multiple

devices transmit to the BS at the same time/frequency, applying SIC to decrease the co-channel

interference in order to correctly decode the superposition of received signals. With SIC, the

receiver first decodes the signal with the strongest transmit power and removes it from the

received signal. Then, it decodes the second strongest signal, with the second highest transmit

power, until all signals from different devices are recovered (DING et al., 2014; ZHANG et

al., 2016; ISLAM et al., 2017). On the other hand, in CD-NOMA (DAI et al., 2018) the access

devices are separated within the code domain, in which each device assigns different codes for

multiplexing. Compared to conventional CDMA, the assigned codes are sparse, which can still

offer spreading gains for suppressing undesired co-channel interference.

In this thesis, we adopt the PD-NOMA technique exploring the power difference at

the received signals, with the advantage of a lower complexity in the processing at the BS,

in comparison with CD-NOMA. In addition, PD-NOMA can improve spectral efficiency and

capacity, user fairness and also can achieve massive connectivity, since NOMA has the ability to

increase the number of simultaneous connections compared to OMA (LIAQAT et al., 2018).

2.2 RANDOM ACCESS PROTOCOLS

Access protocols are used to coordinate the access requests of the inactive devices that

want to become active in the network. Nevertheless, both the access efficiency and reliability can
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be heavily affected when devices are subjected to fading, interference and noise. In addition, the

devices QoS requirements, such as rate and latency, can affect the selection of suitable access

protocols and techniques. Thus, the design of multiple access is a fundamental task to guarantee

network requirements depending on a given application.

Its worth noting the difference between IoT devices and eMBB use cases, in which

the latter typically refers to the human-type communications (HTC). IoT devices usually have

random activity, mostly in uplink, small transmit-data size per device, partially/fully autonomous

communication and, most importantly, sporadic transmission. On the other hand, in HTC the

number of devices is smaller, communication is majorly in downlink due to multimedia activity,

and the data size per device is large (SHAHAB et al., 2020). Thus, to achieve good performance,

an efficient access protocol is essential. The random access protocols fall into two categories,

grant-based and grant-free random access protocols (LIU et al., 2018b). These two random

access protocols will be discussed in the following.

2.2.1 Grant-Free Random Access

In grant-free random access, each active device directly transmits without any

grant (ABEBE; KANG, 2017). Moreover grant-free transmission using OMA is usually not

feasible due to huge number of collisions, since the available orthogonal pilot sequence are

limited. Hence, the grant-free random access is usually associated with NOMA, due to the

massive number of devices (LIU et al., 2018b; CHEN et al., 2021). The key idea of grant-free

random access is to detect the active devices based on the received pilot sequences, which occurs

as follows. The devices that have data to transmit, send their pilot sequences and data together to

the BS. The BS first detects which pilot sequence was used, detecting the active device. Next,

if the pilot sequence is correctly detected, the BS estimates the device’s channel based on this

received pilot sequence and then decode the data (LIU; YU, 2017).

However, these protocols face important challenges, with a notable issue being the

active device detection. The active device detection demands huge processing at the BS, since

it is not possible to assign an orthogonal pilot sequence to all devices (DING; CHOI, 2020b;

DING et al., 2019; YU et al., 2020; LIU; YU, 2017; HAN et al., 2020a). Since the number of

IoT devices and antennas at the BS are very large in the 5G systems and beyond, it can result in

a high dimensional device state matrix, implying in huge computational complexity (CHEN et

al., 2021).
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In general, three strategies are employed to detect the device’s activity: compressed

sensing (CS), covariance-based approach and unsourced random access, in which CS and

covariance-based approaches are more common. These three strategies will be discussed as

follows.

2.2.1.1 Compressed Sensing

Due to the sporadic traffic generated by IoT devices, where only the active devices send

their pilot sequence, the received pilot signal at the BS is typically sparse. Hence, compressed

sensing exploits the sparsity of the signal to recover it using far fewer samples than required by

the Nyquist criteria, using efficient signal processing techniques (SENEL; LARSSON, 2018;

CHEN et al., 2018).

The CS problem is generally non-convex and to obtain the global optimal is not a

simple task, thus different approaches for the design of CS-based massive device detection

algorithms have been studied, such as: sensing matrix, CS algorithms, joint device detection and

channel estimation, and joint device and data detection. The design of the sensing matrix is an

important and not trivial task, since the pilot sequences are non-orthogonal and the performance

of grant-free random access is determined by it. For instance, Zadoff-Chu sequences (DING;

CHOI, 2020a) have good auto- and cross-correlation properties, Gaussian sequences (CHEN et

al., 2018; LIU; YU, 2018) can be easily generated and are convenient for performance analysis,

the Reed-Muller (RM) sequences (WANG et al., 2019; YU, 2021) have reduced storage space

requirements and a low-complexity activity detection algorithm, while a deep auto-encoded

sequences exploit the properties of sparsity patterns, showing low computational complexity and

are especially useful without analytical models (LI et al., 2019; ZHANG et al., 2020b; CUI et

al., 2021).

2.2.1.2 Covariance approach

In some cases, when only detecting the device’s activity at the BS is required, without

CSI estimation, the received signal covariance matrix at the BS can be used to formulate the

device detection as a maximum likelihood estimation problem, as long as the BS be equipped

with a large number of antennas (HAGHIGHATSHOAR et al., 2018; CHEN et al., 2019; CHENG

et al., 2020; FENGLER et al., 2021). This approach is able to detect a very large number of
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active devices, which can scale quadratically with the length of the pilot sequences (CHEN et al.,

2019; CHENG et al., 2020).

2.2.1.3 Unsourced Random Access

Recently, a new paradigm in massive random access emerged, which is called unsourced

random access (POLYANSKIY, 2017). This paradigm is a natural consequence of a very

large number of potential devices of which only a finite number is active in each time slot.

Compared to grant-based and original grant-free random access protocols where each device

assigns a unique preamble sequence, in unsourced random access one codebook is shared for all

devices (FENGLER et al., 2019; SHAO et al., 2020; TRUHACHEV et al., 2021). The recent

results have shown a significantly decrease in the minimum energy per bit required in a reliable

communication, as well as some progress on codebook design for massive access (SHYIANOV

et al., 2021). However, unsourced massive random access is still an open and very challenging

problem, specially in terms of the efficient codebook design and activity detection algorithms.

2.2.2 Grant-Based Random Access

Grant-based is the random access protocol adopted in the current 5G NB-IoT network

communications (LIU et al., 2018b). As suggested by the protocol’s name, the device needs

to negotiate with the BS to access the network. As the pilot sequence assigned to the devices

are orthogonal, this protocol typically falls into the category of OMA. The grant procedure, as

shown in Fig. 1, works similarly as in ALOHA and includes four steps between the device and

the BS (HASAN et al., 2013), in which the steps are summarized below.

1. Pilot transmission: Each active device picks a random pilot sequence, from a predefined

set of orthogonal pilots, and send it to the BS to inform that it has data to transmit. Pilot

sequence is the name of the orthogonal sequences adopted in the 5G nomenclature, what

is also known as the preamble in the LTE nomenclature.

2. Random Access Response: The BS responds to each active device with the radio resource

allocated to the device, authorizing it to send a connection request in the next step. In

case a device does not receive the answer from the BS within a predefined waiting time, it

postpones the access attempt to the next random access channel opportunity.
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Figure 1 – Grant-Based random access protocol.

User BS

Step 1: Pilot Transmission

Step 2: Random Access Response

Step 3: Connection Request

Step 4: Contention Resolution

User2 BS2

Source: The Author

3. Connection Request: Each device that has received a response to its pilot transmission sends

a connection request to the BS, demanding resources for subsequent data transmission.

4. Contention Resolution: In case a pilot sequence has been selected by a single device, the

connection request of the device is granted by the BS, which in turn sends a contention-

resolution message to inform the device about the allocated resources. Otherwise, the

access request is not granted. However if two or more devices have selected the same

pilot sequence a collision occur. When the BS detects a collision, it does not reply with

a contention-resolution message, so that the affected devices restart the random access

procedure after an answer time expires.

The simple processing at the BS is the main advantage of the grant-based random access

protocol. However, it has some shortcomings in the context of massive access. As the number

of available pilot sequences is limited, they are shared among all devices. If a pilot sequence

is selected by more than one device, a collision will occur, thus in massive access the devices

can suffer from a high probability of access failure due to collisions, considerably increasing

the average access latency, sometimes beyond tolerable. Another shortcoming is the signaling

overhead, since the four steps depicted in Fig 1 are a major performance bottleneck and source

of excessive delay (SHIRVANIMOGHADDAM et al., 2015; CHEN et al., 2018).

As this access mechanism is derived from the classic ALOHA, the number of active

devices that can obtain the grant to access is limited. Recently, extensive efforts have been
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devoted to different variations of the random access schemes with advanced contention-resolution

strategies (BURSALIOGLU et al., 2016; BJÖRNSON et al., 2017a; HAN et al., 2017b; HAN

et al., 2017a; MARINELLO; ABRÃO, 2019; MARINELLO et al., 2020; NISHIMURA et al.,

2020). For instance, in (BURSALIOGLU et al., 2016) a coded pilot approach was proposed,

which can substantially avoid pilot contamination and increase multiplexing gains. To resolve the

contention resolution problem, the authors in (BJÖRNSON et al., 2017a) proposed a strongest-

user collision resolution protocol, where the contention resolution is solved at the user side.

Several authors extended the work presented in (BJÖRNSON et al., 2017a). For instance, the

authors in (HAN et al., 2017a) propose an idle pilot access (SUCR-IPA) protocol, which allows

a fraction of the users that failed to access the BS to re-select their pilots by means of an access

class barring (ACB) factor, alleviating pilot collision. Another extension can be found in (HAN

et al., 2017b), in which a graph-based pilot access (SUCR-GBPA) protocol is proposed, allowing

all users that lost the contention resolution to randomly select a new pilot. More recently, the

authors in (MARINELLO et al., 2020) improve the SUCRe protocol combining ACB with power

control in the ACBPC protocol, which allows each user to estimate, without additional overhead,

the number of users that collide with the same pilot. Additionally, in (MARINELLO; ABRÃO,

2019) a modification of the decision rule of the SUCRe protocol is proposed, in which each user

decides to retransmit or not its pilot sequence according to the probability of being the strongest

contender. Furthermore, the authors in (NISHIMURA et al., 2020) propose a grant-based RA

protocol to operate in extra-large MIMO (XL-MIMO) systems, where the large array size and

the proximity with the users give rise to spatial non-stationarities across the array. Hence, the

paper proposes modifications in the SUCRe protocol to exploit the non-overlapping visibility

regions in XL-MIMO.

Even with the improvements in grant-based access procedure achieved until now, they

might not be enough to support the mMTC traffic and access. The main reason is the increasing

number of devices and their transmission pattern, since the RA approaches were basically

designed for HTC. Therefore, in the next subsection we provide some discussions on the subject

of massive access, which motivates the proposal under this thesis.

2.3 DISCUSSIONS

First of all, it is important to remember the main characteristics of the three 5G use

cases: mMTC, eMBB and URLLC. The mMTC applications require reliable and energy-efficient
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data transmission, supporting connection for a massive number of devices. The eMBB services

are requested for applications that demand extremely high data rates and moderate requirements

on latency and reliability. Finally, URLLC are requested for applications that demand very low

latency (lower than 1ms) and very high reliability (99.999%) with moderate amounts of traffic.

These three usage cases have different QoS requirements, which lead to significant channel

resource consumption, even when low amounts of traffic is generated, as in the URLLC case.

As a consequence, different QoS requirements request different random access protocols.

Grant-based RA protocols allow high throughput, with moderate latency and reliability. Such

strategies are usually adopted for eMBB applications, in which high signaling and overhead

are tolerated. Grant-free RA protocols allow low latency, which is usually the urge for URLLC

applications, such as self-driving vehicles, industry automation, etc. For mMTC applications,

the use of grant-free and grant-based schemes still have important performance trade-offs, since

number of collisions may increase beyond tolerable in grant-free RA, while a limited number of

devices will be served by grant-based approaches.

Recently, semi grant-free protocols have been proposed and draw considerably attention

in the recent literature (DING et al., 2019; YANG et al., 2020; ZHANG et al., 2020a; ZHANG

et al., 2020b; JAYANTH et al., 2020; GERASIN et al., 2020; DING et al., 2021). Its aim is

to take advantage of the benefits offered by both the grant-free and the grant-based protocols,

since creating a new network structure for MTC devices is very expensive and current networks

do not support their high demand. Semi grant-free protocols can be viewed as a compromise

between grant-free transmission and conventional grant-based schemes, where one grant-based

user eMBB shares the same resource with other grant-free mMTC or URLLC device. The

main idea is to enhance network performance, decreasing the latency, signaling and overhead

at the cost of higher processing at the BS, which must coordinate grant-free and grant-based

transmissions.

A summary of grant-based, grant-free and semi-grant-free proposals in the recent

literature is presented in Table 2. In addition, we also include the work in (PEREIRA et al.,

2021), which summarizes the main achievements of this thesis. It can be observed from Table 2

that our contribution is to apply NOMA in grant-based schemes. Our main goal is improve

connectivity in a mMTC scenario, by employing NOMA, so that two devices may communicate

with the BS using the same pilot sequence, at the same time and frequency. Our approach is based

on the SUCRe protocol proposed in (BJÖRNSON et al., 2017a), whose steps will be summarized
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in Chapter 3. Then, the proposed NOMA-RA protocols will be detailed in Chapter 4.

Table 2 – Sumary of random access protocols

Reference Protocol Scenario Access
(BJÖRNSON et al., 2017a) Grant-based eMBB OMA
(BURSALIOGLU et al., 2016) Grant-based eMBB OMA
(HAN et al., 2017b) Grant-based MTC OMA
(HAN et al., 2017a) Grant-based eMBB OMA
(MARINELLO; ABRÃO, 2019) Grant-based eMBB OMA
(MARINELLO et al., 2020) Grant-based eMBB/MTC OMA
(NISHIMURA et al., 2020) Grant-based eMBB OMA
(ZHANG et al., 2020a) Grant-based MTC OMA
(PEREIRA et al., 2021) Grant-based MTC NOMA
(LIU; YU, 2018) Grant-free mMTC NOMA
(LIU; YU, 2017) Grant-free mMTC NOMA
(DING et al., 2019) Grant-free MTC OMA
(DING; CHOI, 2020b) Grant-free MTC OMA
(YU et al., 2020) Grant-free MTC NOMA
(HAN et al., 2020a) Grant-free MTC NOMA
(SHAHAB et al., 2020) Grant-free mMTC NOMA
(SENEL; LARSSON, 2018) Grant-free mMTC NOMA
(CHEN et al., 2018) Grant-free mMTC NOMA
(DING et al., 2019) Semi-grant-free eMBB/mMTC NOMA
(YANG et al., 2020) Semi-grant-free eMBB/MTC NOMA
(ZHANG et al., 2020a) Semi-grant-free eMBB/MTC NOMA
(ZHANG et al., 2020b) Semi-grant-free eMBB/URLLC NOMA
(JAYANTH et al., 2020) Semi-grant-free eMBB/MTC NOMA
(GERASIN et al., 2020) Semi-grant-free eMBB/URLLC OMA/NOMA
(DING et al., 2021) Semi-grant-free eMBB/mMTC OMA

Source: The Author
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3 SUCRE PROTOCOL

We revisit the SUCRe protocol proposed in (BJÖRNSON et al., 2017a), which is a

distributed method to resolve pilot collisions at the user side. Let us consider a hexagonal cellular

network, with radius 𝑅, as illustrated in Fig. 2. We assume that the users are uniformly distributed

in the area, but also that no user is less than 𝑅𝑀𝑖𝑛 away from the BS. The BS is equipped with 𝑀

antennas and the users are equipped with a single antenna. The system operates in time-division

duplex (TDD) mode and we consider that time-frequency resources are divided into coherence

blocks of 𝑇 channel uses, with constant and frequency flat channel responses between the BS

and its users within a block, while varying between blocks. Also, following (BJÖRNSON et al.,

2017a), only a few quantity of blocks are dedicated for radio access, with most part of the blocks

used to payload data transmission for active users.

Figure 2 – System model of the hexagonal network with the users uniformly distributed within the cell of
radius R.

Source: The Author

We consider Rayleigh fading channels, thus the channel h𝑘 ∈ C
𝑀 between the 𝑘-th

user and the BS is

h𝑘 =
√︀

𝛽𝑘 h𝑘, (1)

where h𝑘 ∼ 𝒞𝒩 (0,I𝑀) is the small-scale fading, 𝒞𝒩 (·,·) denotes the circularly-symmetric

complex Gaussian distribution, I𝑀 denotes an 𝑀 ×𝑀 identity matrix, 𝛽𝑘 > 0 represents the
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channel gain and describes the path loss, which is modeled based on the urban micro scenario

defined by 3GPP, given in dB by (3GPP, 2018, Table 5.1)

𝛽𝑘[dB] = −34.53− 38 log10(𝑑𝑘) + 10𝜚, (2)

where 𝑑𝑘 is the distance in meters between the BS and the 𝑘-th user, and 10 dB is the lognormal

standard deviation of the shadowing, while 𝜚 ∼ 𝒩 (0,1), where 𝒩 (·,·) denotes the Gaussian

distribution.

Considering 𝒰0 the set of users in the cell, and 𝒜0 ⊂ 𝒰0 the subset of active users

in this cell at a given time, in crowded MTC scenarios we have that |𝒰0| ≫ 𝑇 channel uses.

However, the active users satisfy |𝒜0| < 𝑇 , therefore the BS temporarily assign orthogonal pilot

sequences to these users and reclaim them when they finished their transmissions. We also define

the probability of the users that desire becoming active as access probability, denoted by 𝑃a,

with 𝑃a ≤ 1. In addition, assuming 𝒦0 = 𝒰0 ∖ 𝒜0 as the subset of inactive users in the cell,

we consider that 𝐾0 = |𝒦0| users share 𝜏p ≪ 𝐾0 mutually orthogonal uplink pilot sequences

ψ1, . . . , ψ𝜏p
∈ C

𝜏p .

Taking this into account, each inactive user that want to become active, selects one of

the 𝜏p pilots ψ𝑡 at random in each RA block, with 𝑡 ∈ {1,2, . . . ,𝜏p}, and transmits such pilot

with power 𝜌𝑘 > 0. We also define the set of users that select the same pilot 𝑡 as 𝒮𝑡, so that the

number of users that transmit the 𝑡-th sequence ψ𝑡 is denoted by |𝒮𝑡|, which follows a binomial

distribution

|𝒮𝑡| ∼ ℬ
(︂

𝐾0,
𝑃a

𝜏p

)︂

. (3)

The SUCRe protocol consists of four steps illustrated in Fig. 3. Notice that a previous

step, called Step 0, is performed by the BS broadcasting a control signal in order to let the users

estimate their own average CSI, defined by 𝛽𝑘 in (2), and to synchronize itself with the BS.

In Step 1 some inactive user picks a pilot sequence from the pool of RA pilots and sends

it to the BS. After receiving the RA pilots for all active users, the BS estimates the CSI between

each user and the BS by correlating the received uplink (UL) signals with the 𝑡-th orthogonal

sequence pilot ψ𝑡. Let us remark that, if more than one user chooses the same pilot at this step,

the estimated CSI will be the combination of the CSI of these multiple users. Hence, the BS

receives the signal Y ∈ C
𝑀×𝜏p from the pilot transmission,

Y =
∑︁

𝑘∈𝒦0

√
𝜌𝑘 h𝑘ψ

𝑇
𝑡 +N, (4)
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Figure 3 – Steps of the SUCRe protocol.
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• BS estimates y𝑡 in (5) to precode the DL
signal in the next step

Step 2: Precoded RA Response

• BS responds with DL pilots φ𝑡 ∈ C
𝜏p

• Users estimate α̂𝑡,𝑘 using (10)

Step 3: Distributed Contention
Resolution and Pilot Repetition

• Users employ decision rule ℛ𝑘/ℐ𝑘 us-
ing (11)-(12)

Step 4: Allocation of Dedicated Data Pilots

Source: The Author

where N ∈ C
𝑀×𝜏p is the receiver noise with each element distributed as 𝒞𝒩 (0,𝜎2). Then, the

received pre-processed ψ𝑡-correlated signal at the BS is (BJÖRNSON et al., 2017a)

y𝑡 =Y
ψ*

𝑡

||ψ𝑡||
=
∑︁

𝑖∈𝒮t

√
𝜌𝑖||ψ𝑡||h𝑖 + n𝑡

=
∑︁

𝑖∈𝒮t

√
𝜌𝑖 𝜏p h𝑖 + n𝑡,

(5)

where y𝑡 ∈ C
𝑀×1 and n𝑡 ∼ 𝒞𝒩 (0,𝜎2I𝑀) is the effective receiver noise, with 𝜎2 as the noise

variance.

Then, the signal gain received at the BS during the transmission of pilot sequence ψ𝑡,

denoted by 𝛼𝑡, is given by (BJÖRNSON et al., 2017a)

𝛼𝑡 =
∑︁

𝑖∈𝒮t

𝜌𝑖 𝛽𝑖 𝜏p. (6)

Next, in Step 2, the BS responds to the users from Step 1 by sending downlink (DL)

pilots φ𝑡∈ C
𝜏p , where the sequences φ1, . . . ,φ𝜏p

∈ C
𝜏p are mutually orthogonal and sat-

isfy ‖φ𝑡‖ =
√
𝜏p. In addition, the BS signal will be precoded, generating the downlink pilot
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signal

V =
√
𝑞

𝜏p
∑︁

𝑡=1

y*
𝑡

‖y𝑡‖
φ𝑇

𝑡 , (7)

where V ∈ C
𝑀×𝜏p is the precoded dowlink signal and 𝑞 is the BS transmit power per pilot.

Thus, the signal received at user 𝑘 ∈ 𝒮𝑡 is z𝑇𝑘 denoted by

z𝑇𝑘 = h𝑇
𝑘V + η𝑇

𝑘 , (8)

with z𝑘 ∈ C
𝜏p and where η𝑇

𝑘 ∼ 𝒞𝒩
(︀

0,𝜎2I𝜏p
)︀

is the noise. After correlating z𝑇𝑘 with φ𝑡 the user

calculates

𝑧𝑘 = z𝑇𝑘
φ*

𝑡

‖φ𝑡‖
=

√
𝑞 𝜏p h

𝑇
𝑘

y*
𝑡

‖y𝑡‖
+ 𝜁𝑘, (9)

where 𝜁𝑘 = η𝑘
φ∗

t

‖φt‖
∼ 𝒞𝒩 (0,𝜎2).

In order to estimate 𝛼𝑡 for each user 𝑘, we follow (BJÖRNSON et al., 2017a) to solve

ℜ(𝑧𝑘) = E{𝑧𝑘} with respect to 𝛼𝑡, so that

�̂�𝑡,𝑘 = max

{︃

(︂

Γ(𝑀 + 1
2
)

Γ(𝑀)

)︂2
𝑞𝜌𝑘𝛽

2
𝑘𝜏

2
p

(ℜ(𝑧𝑘))2
− 𝜎2, 𝜌𝑘𝛽𝑘𝜏p

}︃

. (10)

Next, at Step 3 the pilot collisions are solved in a distributed manner, in which only

one user repeats the pilot transmission when collision resolution is successful. Since each user

knows its own average CSI, obtained in Step 0, and estimates �̂�𝑡,𝑘 during Step 2, then, each

user detects if a collision has occurred when these estimates considerably diverge. In order to

solve the collision, the user 𝑘 defines how strong is its own signal relative to the sum of all the

contenders, by employing the following decision rule

ℛ𝑘 : 𝜌𝑘 𝛽𝑘 𝜏p >
�̂�𝑡,𝑘

2
+ 𝜖𝑘 (repeat) (11)

ℐ𝑘 : 𝜌𝑘 𝛽𝑘 𝜏p ≤ �̂�𝑡,𝑘

2
+ 𝜖𝑘 (inactive) (12)

If ℛ𝑘 is true, the 𝑘-th user concludes that it has the strongest signal gain, and it repeats

the pilot ψ𝑡 in Step 3. Otherwise, if ℐ𝑘 is true, then the 𝑘-th user remains inactive by pulling

out the RA attempt and trying to communicate later. Let us notice that the bias term, 𝜖𝑘 ∈ R,

is a variable that can be appropriate tuned in order to reach some performance criteria, e.g.,

to maximize the average number of resolved collisions or to minimize the probability of false

negatives. The bias term 𝜖𝑘 is defined as (BJÖRNSON et al., 2017a)

𝜖𝑘 =
𝛿𝛽𝑘𝜏p√

𝑀
. (13)
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By employing the distributed decision rule, the probability that the 𝑘-th user decides to

repeat its pilot transmission is given by (BJÖRNSON et al., 2017a)

Pr {ℛ𝑘} = 1− Pr
{︁

ℜ(𝑧𝑘) ≤
√︀

𝜗𝑘

}︁

+ Pr
{︁

ℜ(𝑧𝑘) ≤ −
√︀

𝜗𝑘

}︁

(14)

where

𝜗𝑘 =

(︂

Γ(𝑀 + 1
2
)

Γ(𝑀)

)︂2
𝑞 𝜌𝑘 𝛽

2
𝑘 𝜏

2
p

𝜎2 + 2(𝜌𝑘𝛽𝑘𝜏p − 𝜖𝑘)
(15)

and

Pr {ℜ(𝑧𝑘) ≤ 𝑏} = 𝒬
(︃

− 𝑏
√
2√
𝜆2

)︃

−
𝑀−1
∑︁

𝑘=0

𝑒
− b2

λ2

(︁

1−
λ1

λ1+λ2

)︁

Γ(𝑘 + 1)𝜆𝑘
1

√
𝜋𝜆2

×
2𝑘
∑︁

𝑛=0

(︂

2𝑘

𝑛

)︂

Γ(𝑛+1
2
) + 𝑐𝑛(𝑏) 𝛾(

𝑛+1
2
, 𝑏

2

𝜆2

𝜆1

𝜆1+𝜆2
)

2
(︁

𝑏
𝜆2

)︁𝑛−2𝑘 (︁
1
𝜆1

+ 1
𝜆2

)︁2𝑘+ 1
2
−n

2

,

(16)

with 𝜆1 =
𝜌k𝑞𝛽

2
k
𝜏2p

𝛼t+𝜎2 and 𝜆2 = 𝜎2 + 𝑞𝛽𝑘𝜏p − 𝜆1. Moreover, 𝒬(·) denotes the 𝒬-

function (ABRAMOWITZ; STEGUN, 1974, §26.2.3), 𝛾(·, ·) is the incomplete gamma func-

tion (ABRAMOWITZ; STEGUN, 1974, §6.5.2), and

𝑐𝑛(𝑥) =

⎧

⎨

⎩

(−1)𝑛 𝑥 ≥ 0

−1 𝑥 < 0
. (17)

Then, the probability of contention resolution for the set |𝒮𝑡| is given by

𝑃 SUCRe
CR =Pr{ℛ1,ℐ2, . . . ,ℐ|𝒮t|}+

Pr{ℐ1,ℛ2,ℐ3, . . . ,ℐ|𝒮t|}+ · · ·+

Pr{ℐ1, . . . ,ℐ|𝒮t|−1,ℛ|𝒮t|}.

(18)

In the case of successful collision resolution, the BS receives the repeated RA pilot

transmissions from the user with the strongest signal gain, followed by the UL messages (user

identity and a request for payload transmission).

Finally, at Step 4, the BS uses the pilot signal to estimate the channel to the user, or

multiple users, that sent the pilot ψ𝑡 in Step 3, and tries to decode the corresponding message.

If the decoding is successful, the BS has identified one of the users in 𝒮𝑡 and admits it to the

payload coherence blocks by allocating a dedicated data pilot sequence. If the decoding fails, the

SUCRe protocol has failed to resolve the collision.

The users that were not admitted in Step 4 can still try to transmit new RA pilots in a

next block, after a random waiting time with a new access probability 𝑃an. If the user has not

succeeded to access the BS after a maximal of 10 attempts, then it stops sending pilot sequences

and declares failed access attempt.
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3.1 SYSTEM SUM-RATE

In order to define the sum-rate metric for the SUCRe protocol, we consider the transmis-

sions from the BS to users and from the users to BS reciprocal, occurring with a fixed constant

power 𝜌𝑘 = 𝑞, ∀𝑘. Then, the signal-to-noise ratio (SNR) at the BS with respect to the 𝑘-th user

after Step 4 (SNRSUCRe
𝑘 ) is

SNRSUCRe
𝑘 =

𝜌𝑘𝛽𝑘

𝜎2
, (19)

so that the available data rate of the 𝑘-th user (𝑅SUCRe
𝑘 ) is

𝑅SUCRe
𝑘 = log2

(︂

1 +
𝜌𝑘𝛽𝑘

𝜎2

)︂

, (20)

yielding the following sum-rate (𝑅SUCRe
sum ) for the SUCRe protocol

𝑅SUCRe
sum =

𝜏p
∑︁

𝑡=1

∑︁

𝑘∈𝒮t

𝑅SUCRe
𝑘

𝐴𝑘

, (21)

in which we compute the individual data rate of each user, 𝑅SUCRe
𝑘 , normalized by the delay

𝐴𝑘, given in terms of the number of attempts of that user to access the BS. For example, if the

𝑘-th user that transmits the 𝑡-th pilot secures access to the BS only in the third attempt, 𝐴𝑘 = 3,

and the data rate is computed as
𝑅SUCRe

k

3
. Furthermore, if after 10 attempts the user has failed to

access the channel, the individual data rate of this user is not computed. In addition, the sum-rate

takes each pilot sequence 𝑡 ∈ {1, 2, . . . , 𝜏p} into account, so that, for each 𝑡, a different set 𝒮𝑡 of

contending users is considered.

3.2 AVERAGE DELAY

Another important system metric is given by the average number of attempts to access

the BS, which we denote by the average delay 𝒜SUCRe = E {𝐴𝑘}, so that

𝒜SUCRe =

𝜏p
∑︁

𝑡=1

∑︁

𝑘∈𝒮t

𝐴𝑘

𝜏p
∑︁

𝑡=1

|𝒮𝑡|
. (22)

In the case that an user exceeds 10 attempts, the access is considered unsuccessful and its

individual delay is accounted as 𝐴𝑘 = 10 in (22).
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4 NOMA-RA PROTOCOL

In order to optimize the performance of the SUCRe protocol, we propose a novel

scheme, denoted by NOMA-RA, which exploits the power domain for simultaneous access

of multiple users served at the same time, frequency, and pilot. To that end, a SIC strategy is

employed at the BS in order to decode the superposition of the transmission from users with the

same pilot sequence.

The SIC process is illustrated in Fig. 4, where the signal with highest channel gain

is decoded first and subtracted from the overall received signal. In the sequel, the signal with

the second highest channel gain is decoded and also subtracted from the remaining of the

overall signal, and so on. Fig. 4 illustrates the process for two superimposed symbols, 𝑥1 and 𝑥2,

subjected to the channel coefficient vectors h1 and h2, respectively, with ||h1|| > ||h2||, 𝑥1 and

𝑥2 can be considered as pilot sequences at the random access phase or data at the payload data

transmission phase. Also, we assume that SIC may not be perfect, so a fraction 0 ≤ 𝜃 ≤ 1 of the

first signal may still appear as interference at the second decoding step, with 𝜃 = 0 representing

the perfect SIC scenario.

Figure 4 – SIC decoder considering two superimposed signals, where the fraction θx1h1, with 0 ≤ θ ≤ 1, is
the residue due the imperfect cancellation.

Source: The Author

Our aim is to exploit NOMA after Step 2 of the SUCRe protocol, which occurs with

the BS receiving the superposition of signals from the users who declared themselves winners at

the contention resolution phase. The steps of the proposed NOMA protocol are similar to those

of SUCRe, except for Step 3, which we detail in the sequel.
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Considering that most of the collisions occur between two users choosing the same pilot,

and since interference after SIC is not always perfectly canceled, which limits performance under

multiple simultaneous transmissions, we consider that only the cases where at most two users

decide to retransmit in Step 3 can be solved through NOMA. Then, the signal-to-interference-

plus-noise ratio (SINR) related to these two users are used to indicate the SIC decoding order,

which can be written as

SINRNOMA−RA
1 =

𝜌1𝛽1𝜏p

𝜌2𝛽2𝜏p + 𝜎2
, (23)

SINRNOMA−RA
2 =

𝜌2𝛽2𝜏p

𝜃𝜌1𝛽1𝜏p + 𝜎2
, (24)

where we assume 𝜌1𝛽1𝜏p > 𝜌2𝛽2𝜏p, and that a fraction 𝜃 of 𝜌1𝛽1𝜏p could not be perfectly

cancelled in the first iteration of the SIC decoder, appearing at the denominator of (24).

Figure 5 – Steps of the NOMA-RA protocol highlighting the differences with respect to SUCRe.

User BS

Step 1: Same as SUCRe

Step 2: Same as SUCRe

Step 3: Distributed Pilot Repetition

• Users employ decision rule ℛ𝑘/ℐ𝑘, with op-
timized bias term, using (33), for sum-rate
maximization

• BS estimates the SINRs in (23)-(24) and
applies SIC over the received superimposed
signals

Step 4: Allocation of Data Pilots
using NOMA and SIC decoding

Source: The Author

Then, keeping the nomenclature consistent with that used in the SUCRe protocol, we

define contention resolution in the NOMA-RA protocol as the probability that one or two users
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simultaneously declare themselves as winners in Step 3, which implies in

𝑃NOMA−RA
CR =Pr{ℛ1,ℐ2, . . . ,ℐ|𝒮t|}+

Pr{ℐ1,ℛ2,ℐ3, . . . ,ℐ|𝒮t|}+ · · ·+

Pr{ℐ1, . . . ,ℐ|𝒮t|−1,ℛ|𝒮t|}+

Pr{ℛ1,ℛ2,ℐ3, . . . ,ℐ|𝒮t|}+

Pr{ℛ1,ℐ2,ℛ3, . . . ,ℐ|𝒮t|}+ · · ·+

Pr{ℐ1, · · · ,ℛ|𝒮t|−1,ℛ|𝒮t|}.

(25)

The steps of the NOMA-RA protocol are illustrated in Fig. 5, highlighting only the

differences with respect to SUCRe. In addition, let us remark that the same Step 0 as in SUCRe

is also needed for initial average CSI 𝛽𝑘 estimation and synchronization.

4.1 CSI ESTIMATION

Estimating CSI is challenging in a NOMA setup when using the SIC algorithm. To

that end, we follow (BJÖRNSON et al., 2018), so that the channel estimation in the case that

two users choose the same pilot sequence is given by the minimum mean square error (MMSE)

estimator

ĥ𝑘 =
1√
𝜌
R𝑘 Q

−1 Yψ*
𝑡 , (26)

where Y is defined in (4), R𝑘 is the covariance matrix of the channel, denoted by

R𝑘 = 𝛽𝑘I𝑀 (27)

and Q is the normalized covariance matrix of the observation after correlating with the pilot

sequence, which is denoted by

Q =
1

𝜌
E{Yψ*

𝑡 (Yψ
*
𝑡 )

𝐻} = R1 +R2 +
1

𝜌
I𝑀 . (28)

In addition, the estimate ĥ𝑘 and the estimation error h̃𝑘 = h𝑘 − ĥ𝑘 are independent random

vectors distributed as ĥ𝑘 ∼ 𝒞𝒩 (0,Φ𝑘) and h̃𝑘 ∼ 𝒞𝒩 (0,R𝑘 −Φ𝑘) with Φ𝑘 = R𝑘 Q
−1 R𝑘.

Furthermore, according to (BJÖRNSON et al., 2018, Remark 2) the MMSE estimator

in (26) implies in knowing the channel statistics, since the BS can only compute ĥ𝑘 if it knows

the covariance matrices R𝑘. One option to estimate R𝑘 is by means of a regularized sample

covariance matrix, given realizations of h𝑘 observed in only noise (YIN et al., 2013), or where
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some observations are regular pilot transmissions containing the desired channel plus noise and

some contain only the noise (BJÖRNSON et al., 2016). Moreover, (BJÖRNSON et al., 2016)

has shown that the covariance information is relatively easy to acquire.

In addition, another option is that the user provides side information about their estimates

of 𝛽𝑘, obtained in Step 0, during the pilot repetition in Step 3. In this case, the SIC decoding can

be performed in two steps. We can first approximate the covariance matrix of the channel of the

strongest user by the normalized covariance matrix Q, i.e.,

R1 ≈
1

𝜌
E{Yψ*

𝑡 (Yψ
*
𝑡 )

𝐻}. (29)

Although this estimate may be coarse, as the transmission in Step 3 of the RA process is designed

to be robust, it is very likely to be sufficient to allow the BS to obtain the information of 𝛽1,

transmitted by the strongest user in the payload concatenated to the pilot transmission. With

𝛽1 acquired, then MMSE estimation for the first iteration of the SIC decoder can be performed

using (26), while R2 can be obtained after subtracting R1 and 1
𝜌
I𝑀 from Q. Nevertheless, a

deeper discussion on the particular method for channel estimation needs to be explored as a

future investigation.

4.2 SYSTEM SUM-RATE AND AVERAGE DELAY IN NOMA-RA

In order to write the sum-rate for the NOMA-RA protocol, we assume that both

users accessing the BS successfully with NOMA-RA will be granted the same pilots for data

transmission, after Step 4. Thus, we first define their achievable data rates at this point 𝑅NOMA−RA
1

and 𝑅NOMA−RA
2 , which can be written as

𝑅NOMA−RA
1 = log2

(︂

1 +
𝜌1𝛽1

𝜌2𝛽2 + 𝜎2

)︂

, (30)

𝑅NOMA−RA
2 = log2

(︂

1 +
𝜌2𝛽2

𝜃𝜌1𝛽1 + 𝜎2

)︂

, (31)

while in the case of the retransmission of a single user, the achievable data rate is given by (20).

Then, the sum-rate of NOMA-RA (𝑅NOMA−RA
sum ) is defined as

𝑅NOMA−RA
sum =

𝜏p
∑︁

𝑡=1

|𝒮t|
∑︁

𝑘=1

𝑅NOMA−RA
𝑘

𝐴𝑘

, (32)

in which the number of attempts to access the BS is also limited to 𝐴𝑘 = 10. As can be

observed, the SUCRe achievable rate and sum-rate, from equations (20) and (21), present a lower
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performance compared to (30) and (32), since NOMA considers the sum of the achievable rates

of two users, whereas only one user per pilot is accounted for the achievable rate of SUCRe.

In addition, the average delay of NOMA-RA, denoted by 𝒜NOMA−RA, can be obtained

similarly as in (22). Nevertheless, a smaller average delay is expected for the NOMA-RA scheme

compared to SUCRe, since two users may simultaneously access the BS with the same pilot.

4.3 BIAS TERM

The bias term defined in (13) adds 𝛿 · 𝜏p standard deviations around the users path-loss,

𝛽𝑘, in which 𝛿 is a parameter that can be tuned to improve some system metric. For instance, 𝛿 has

been numerically optimized in (BJÖRNSON et al., 2017a) in order to maximize the probability

of collision resolution.

Nevertheless, two users choosing the same pilot can be very beneficial in terms of sum-

rate for the NOMA-RA protocol, while disadvantageous regarding SUCRe. As a consequence,

in the numerical comparisons we consider the optimal 𝛿⋆(sch) that maximizes the sum-rate of the

scheme (sch) ∈ {SUCRe,NOMA− RA}, i.e.,

𝛿⋆(sch) = argmax 𝑅(sch)
sum . (33)

Due to the complexity of the involved expressions, 𝛿⋆(sch) is obtained numerically, using

an exhaustive search approach. Moreover, we assume that the same optimized 𝛿⋆(sch) is employed

by all users at the same time. Therefore, in a practical setup, the BS is responsible for optimizing it,

using for instance some automatic learning approaches, as well as broadcasting this configuration

to all users.
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5 NUMERICAL RESULTS

In order to provide some numerical examples comparing the SUCRe and NOMA-RA

protocols, we consider the simulation parameters listed in Table 3.

Table 3 – Simulation Parameters

Parameter Value
Radius of the cell R = 250 m
Minimum radius with respect to the BS R𝑀𝑖𝑛 = 25 m
Number of BS antennas M = 100
BS/Users transmit power q = ρ𝑘 = 27 dBm
Noise power σ2 = −98.65 dBm
Number of inactive users K0 ∈ [0; 20000]
Bias term δ = [−16 : −2 : 0]
Access probability (1st attempt) Pa = 0.001
Access probability (new attempts) Pan = 0.5
Number of available pilot sequences τp = 10
Channel estimation error σ2

𝜀 ∈ {0, 0.5}
SIC imperfection factor θ ∈ {0, 0.1}

Source: The Author

First, Fig. 6 plots the probability considering 1 (no collision) to 7 users simultaneously

choosing the same pilot, as a function of the system load (𝑃a×𝐾0) using the SUCRe protocol. As

we can observe, the probability of no collision, when |𝒮𝑡| = 1, combined with the probability that

only 2 users choose the same pilot sequence represent the majority of the cases, which justifies

the proposed approach considering NOMA for solving collisions with two users transmitting

simultaneously the same pilot signal.

Next, Fig. 7 plots the probabilities of collision resolution and false positives for SUCRe

and NOMA-RA protocols, as a function of 𝛿. A false positive happens when two users choose

the same pilot in the case of SUCRe, or when three or more choose the same pilot in NOMA-RA.

We also consider the NOMA-RA protocol with both perfect CSI and using the MMSE estimator

using (26)1. As we notice, the NOMA-RA protocol shows better performance in terms of resolved

collisions, taking advantage of the cases when two users choose the same pilot, which is treated

as a false positive in the SUCRe protocol. Thus, we also observe that the probability of false

positives in the NOMA-RA protocol decreases considerably compared to SUCRe. Furthermore,

we also observe that the use of the MMSE estimator has a small impact in the NOMA-RA

performance in terms of collision resolution. Additionally, we observe that an appropriate choice

1 Let us remark that the imperfect SIC decoding impacts only the SNR of the NOMA-RA protocol, and thus θ has
no effect on the collision resolution and false positive probabilities in Fig 7.



41

Figure 6 – Collision probability from 1 (no collision) to 7 users simultaneously choosing the same pilot, as a
function of the system load Pa ×K0.
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Figure 7 – Probability of collision resolution and false positives as a function of δ for the SUCRe and NOMA-
RA protocols, considering K0 = 20000, perfect CSI and MMSE estimator.
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of 𝛿 is important in order to optimize the desired probability metric.

Fig. 8 plots the sum-rate of the NOMA-RA protocol as a function of 𝑃a × 𝐾0 for

𝛿 ∈ [−16, 0] and 𝜃 = 0. We can observe that the sum-rate is maximized with different values of
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Figure 8 – Sum-rate of the NOMA-RA protocol as a function of the system load (Pa ×K0) for δ ∈ [−16, 0]
and θ = 0.
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𝛿 depending on 𝐾0. When 𝑃a ×𝐾0 < 8, the performance is approximately the same regardless

of 𝛿. Nevertheless, when the system load increases, the optimization of 𝛿 becomes crucial since

the number of pilot collisions also increases with 𝑃a ×𝐾0.

Considering the optimization of the bias term, Fig. 9 plots the sum-rate for SUCRe

and NOMA-RA protocols as a function of the system load by finding the optimal 𝛿⋆(sch). In

addition, for the NOMA-RA protocol we also consider perfect and imperfect SIC decoders, with

𝜃 ∈ {0, 0.1}, as well as perfect CSI and the MMSE estimator. As we observe, the NOMA-RA

protocol outperforms SUCRe in terms of sum-rate, especially when the system load is higher. For

instance, when 𝑃a ×𝐾0 = 20 (i.e., 𝐾0 = 20000) the proposed NOMA-RA protocol with perfect

CSI yields a sum-rate 33% higher than SUCRe with 𝜃 = 0 and 22% higher with 𝜃 = 0.1. When

the MMSE estimator is considered, a small degradation of around 5% is observed comparing it

to the scenario with perfect CSI, still leading to a considerable gain with respect to SUCRe.

Fig. 10 complements the analysis by showing the optimal 𝛿⋆(sch) that maximizes the sum-

rate for both NOMA-RA and SUCRe protocols, as a function of the system load. As we observe,

the optimal 𝛿⋆(sch) decreases when the system load increases for all schemes. Nevertheless,

𝛿⋆NOMA−RA is usually lower than 𝛿⋆SUCRe, once the NOMA-RA scheme leverages from pilot

collisions between two users, which is especially important when the system load increases. In
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Figure 9 – Sum-rate with optimized δ⋆(sch) for SUCRe and NOMA-RA protocols as a function of the system
load. Perfect and imperfect SIC decoders are considered, with θ ∈ {0, 0.1}, as well as perfect CSI
and the MMSE estimator.
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Figure 10 – δ⋆(sch) that maximizes the sum-rate of NOMA-RA and SUCRe protocols, as a function of the
system load, for θ ∈ {0, 0.1}, perfect CSI and the MMSE estimator.
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addition, we also observe that 𝛿⋆NOMA−RA slightly increases when either imperfect SIC or MMSE

estimation are considered.



44

Table 4 – Minimum percentage of the sum-rate achieved by the NOMA-RA schemes with δNOMA−RA = −12
compared to that with δ⋆NOMA−RA.

SIC and CSI configuration Percentage of the sum-rate
θ = 0 and perfect CSI 97.49%
θ = 0 and MMSE estimation 95.32%
θ = 0.1 and perfect CSI 95.04%
θ = 0.1 and MMSE estimation 91.99%

Source: The Author

In addition, in order to illustrate how the optimization of 𝛿 impacts the overall perfor-

mance of the NOMA-RA scheme, we compare the sum-rate achieved by NOMA-RA using a

fixed 𝛿 with the optimal one. As indicated by Fig. 8, 𝛿NOMA−RA = −12 may be an interesting

choice, since it exhibits a near-optimal performance in the range of the evaluated system load.

Therefore, Table 4 shows the minimum percentage of the sum-rate of the NOMA-RA protocol

that is achieved when 𝛿NOMA−RA = −12 is used instead of the optimal 𝛿⋆NOMA−RA. As we

observe, 𝛿NOMA−RA = −12 is a suitable trade-off choice in the case of perfect SIC and perfect

CSI. Nevertheless, the sum-rate decreases considerably when 𝜃 increases or the MMSE estimator

is employed, which is more representative of a real deployment.

Figure 11 – Average delay of SUCRe and NOMA-RA schemes as a function of the system load, with θ = 0,
perfect CSI, δSUCRe = δ⋆ and δNOMA−RA ∈ {−12,− 6,0, δ⋆}.
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Fig. 11 plots the average transmission delay of SUCRe and NOMA-RA schemes,

respectively 𝒜SUCRe and 𝒜NOMA−RA, as a function of the system load. Moreover, Fig. 11 only
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considers the case of 𝜃 = 0 and perfect CSI, once these parameters do not affect directly the

average delay, while 𝛿SUCRe = 𝛿⋆ and 𝛿NOMA−RA ∈ {−12,− 6,0, 𝛿⋆}. First, we notice that the

average delay increases with the system load, with the NOMA-RA scheme achieving smaller

delays compared to SUCRe when 𝛿NOMA−RA < 0 for all system loading considered. For example,

when 𝑃a ×𝐾0 = 20 the average delay with NOMA-RA is 30% smaller than that of SUCRe.

Furthermore, the optimization of 𝛿 impacts the average delay, even in the case of perfect CSI and

perfect SIC. As we can observe, 𝛿⋆NOMA−RA has been optimized to maximize the sum-rate, and

not to minimize the average delay. Therefore, 𝛿⋆NOMA−RA slightly increases the delay compared

to, e.g., 𝛿NOMA−RA = −12, depending on the system load. Fig. 11 also reinforces the importance

of the optimization of 𝛿 in the collision resolution. For instance, for 𝛿 = 0, (when the 𝛿 parameter

does not cause any influence in the decision rule) and 𝑃a ×𝐾0 > 8, the average delay presents a

high increase.

Figure 12 – Average number of users that fail to access the network, for the NOMA-RA and SUCRe protocols
using δ⋆NOMA−RA and δ⋆SUCRe, as a function of the system load.
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Finally, to better understand the issue of users that exceed the maximum connection

attempts in the system performance, Fig. 12 plots the average number of users that fail to access

the network as a function of the system load, considering 𝛿⋆NOMA−RA and 𝛿⋆SUCRe. As we can

observe, the NOMA-RA protocol presents a reduced average number of failed access attempts,

mainly in crowded and over-crowded scenarios. For instance, when 𝑃a ×𝐾0 = 20, 66.5% of
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users fail to access the network with SUCRe, while 38.5% fail with the proposed NOMA-RA

scheme.
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6 CONCLUSIONS AND FINAL CONSIDERATIONS

In addition to the massive growth of MTC devices, the number of HTC-type connections

has also grown considerably, consequently increasing exponentially the demand for network

access. Considering this context, this work proposes a new form of grant-based random access

based on the SUCRe protocol. In addition, this work investigated the system performance in

terms of the sum-rate and average delay.

The proposed random access protocol is named NOMA-RA and employs NOMA with

SIC at the BS in order to allow two users to communicate using the same pilot sequence, time

slot and frequency. Furthermore, the bias term associated with the distributed collision resolution

is the mechanism that encourage a user to retransmit when a collision occurs, so it is optimized

numerically in order to maximize the sum-rate. In order to consider the analysis more realistic,

the proposed NOMA-RA protocol was also investigated considering imperfect SIC and imperfect

CSI estimation. In relation to imperfect SIC, it was considered that the interference from the

strongest user is not totally canceled, while imperfect CSI considers an approximation for the

MMSE estimation.

Our results show that the proposed NOMA-RA protocol for massive MIMO systems

can decrease the average delay in comparison with the SUCRe protocol, while gains in terms of

sum-rate are obtained. For instance, in a scenario when 10 pilot sequences are available and 20

devices compete to access the channel, comparing with the SUCRe protocol, the average delay

is reduced by 30% while the sum-rate is improved by 33% and 22% considering, respectively,

perfect and imperfect SIC decoders. In addition, the percentage of users that fail to access the BS

in this situation drops from 66.5% with SUCRe to 38.5% with the proposed NOMA-RA scheme.

6.1 FUTURE WORKS

Despite the significant research efforts dedicated to facilitating massive access in 5G

and beyond-5G wireless networks, there are still many challenging issues that worth of future

investigation. In the following, we discuss some future research directions of this work.
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6.1.1 Further Improvements on NOMA-RA

Considering the proposed work, the number of contenders, |𝒮𝑡|, is unknown, so that a

user can only compare its own signal gain with the summation of the gains of its contenders �̂�𝑡,𝑘

in (10). Then, we encourage the two strongest users to retransmit in the case of a collision, by

numerically optimizing the bias term. However, having the two strongest users retransmitting

may not be optimal in the point of view of NOMA, since a certain difference between both SNRs

may improve performance. Thus, in order to avoid using the bias term in the analysis, another

technique that can help to improve the sum-rate, and still remain in a decentralized way, is to

employ different thresholds so that the strongest user may be paired with another user with lower

instantaneous SNR. In some recent analysis, we have observed that changing the decision rule

in (11)-(12) to 0.45 �̂�𝑡,𝑘 for the strongest user and defining a window between 0.22 �̂�𝑡,𝑘 and

0.45 �̂�𝑡,𝑘 for the weaker user may worth of future investigation. However, it is still necessary a

good mathematical analysis to verify it and propose further enhancements.

Another proposal in this sense is to exploit some processing at the BS, in order to pair

which users should perform NOMA. For instance, by extending the proposed MMSE estimation

for the CSI acquisition, the BS could possibly form the best combination of users that should

retransmit, in case multiple devices choose the same pilot. In principle, this strategy could even

extend the possibility to perform NOMA with more than two users, if the result is interesting in

terms of sum-rate maximization, for example.

6.1.2 Power Allocation and Beamforming

The use of power allocation techniques has been shown as an efficient way to improve

the overall network performance. The authors in (ISLAM et al., 2017) focus on potentials and

challenges of NOMA in 5G systems and showed that to obtain the maximum benefits offered

by NOMA, a perfect superposition coding at the transmitter and error-free SIC at the receiver,

optimum power allocation, QoS-oriented user fairness, appropriate user pairing, and good link

adaptation are also required. In addition the authors presented a discussion of several important

issues, such as dynamic user pairing, distortion analysis, interference analysis, resource allocation,

heterogeneous networks, carrier aggregation, and transmit antenna selection, are expected to

facilitate and provide a basis for further research on NOMA in 5G.

Another technique that improves the network performance with NOMA is called
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beamforming. Several works have addressed either of these techniques, e.g., in (ALI et al., 2017;

CUI et al., 2018; SUN et al., 2018) (CHEN et al., 2017; NGUYEN et al., 2021; MU et al., 2020).

These works have tried to maximize, for instance, the overall cell capacity (ALI et al., 2017),

the system utility (CUI et al., 2018), or the sum-rate (SUN et al., 2018) while guaranteeing a

minimum required target rate for the users.

Considering the works cited above, power allocation and beamforming can be applied

jointly to improve overall network performance. For a correct decoding of the signals received

simultaneously at the BS, these signals need to have different power levels. Therefore, applying

an optimal power allocation at the users will improve the decoding capability at the BS in Steps 1

and 3, as depicted in Fig. 5.

6.1.3 Intelligent Reflecting Surfaces

An intelligent reflecting surface (IRS) is a panel with a large number of low-cost passive

reflecting elements, which can be smartly tuned to direct the radio signal propagation to a desired

location or device. The IRS has the capacity of dynamically adjusting wireless channels to

enhance the communication performance, and can be integrated to multiple access networks for

boosting the spectrum/energy efficiency and enlarging network coverage/connections, constitut-

ing a good cost-effective solution.

Due to the resources and improvements that IRS can offer, in 5G and beyond-5G

networks, it has been largely studied in recent literature (ZHENG et al., 2020; ZUO et al.,

2020; MU et al., 2020; MU et al., 2021). In (ZHENG et al., 2020) a theoretical performance

comparison between NOMA and OMA is pursued in the IRS-assisted downlink communication.

It is analyzed and numerically compared the minimum transmit powers required by different

multiple access schemes. In (MU et al., 2021) the authors considered three multiple access

schemes (NOMA, FDMA and TDMA) and formulated a weighted sum rate maximization

problem for joint optimization of the deployment location and the reflection coefficients of the

IRS as well as the power allocation at the AP.

In order to maximize the system throughput, the authors in (ZUO et al., 2020) formulated

a joint optimization problem over the channel assignment, decoding order of NOMA users,

power allocation, and reflection coefficients. The results showed that NOMA-IRS outperform

the conventional NOMA and OMA-IRS. It is also shown that the choice of the IRS location

is fundamental to enhance the overall system performance. In (MU et al., 2020) IRS and
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beamforming was addressed jointly in order to maximize the sum-rate of all users. The results

showed the system sum-rate can be significantly improved with the proposed scheme and also

achieve higher system sum rate than the IRS-aided OMA system.

In the works cited above, IRS has proven to be an excellent alternative to improve

network performance, especially when combined with NOMA. Therefore, to merge the concepts

of IRS with the proposed NOMA-RA scheme can improve the network performance, particularly

when the IRS location is also optimized, as show in (MU et al., 2021; ZUO et al., 2020).

Moreover, beamforming can be addressed jointly with IRS in order to maximize the system

sum-rate, as in (MU et al., 2020).

6.1.4 Cooperative NOMA

Over the past two decades, cooperative communications have been investigated and

implemented for conventional OMA techniques, which are not enough to meet all the require-

ments of future generation networks (LIAQAT et al., 2018). Cooperative communications and

NOMA were first addressed in (DING et al., 2015), where a SIC receiver is used to detect the

multi-user signal. Similar to conventional cooperation, cooperative NOMA also relies on two

phases, broadcast and cooperative. In the broadcast phase, the BS sends downlink messages to

all users, whereas in the cooperative phase, the cooperating users transmit their signals via their

short range communication channels, such as Bluetooth or ultra-wideband (UWB).

Recently, cooperative NOMA have gained considerable attention in the literature (KIM;

LEE, 2015; WEI et al., 2017; WAN et al., 2018; LV et al., 2018; KARA; KAYA, 2019b; KARA;

KAYA, 2019a; LIU, 2019; JU et al., 2019; LIU et al., 2018a; XIE et al., 2020). The relaying was

considered from different ways at the analysis, such as with a fixed relay or by employing relay

selection. Considering the works mentioned above, a possible future direction of this work is to

adopt the concept of cooperative communications, in which the strongest user can act as a relay

or not. Since the strongest user has better channel conditions and it is nearer from the BS than

weakest user, it can be used as a relay to help the weakest user to delivery the information to the

BS. Therefore, achieving a diversity gain for the weakest user. This technique can be explored to

improve the user’s achievable rate, sum-rate and also others important variables, such as latency

and access failure probability.
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