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ABSTRACT

The exponential growth in the usage of various data-intensive applications such as ultra high
definition video transmission, live streaming, augmented reality, virtual reality, real-time video
calling, live conferences, and social network services, generate a huge amount of data traffic.
This massive increment in data traffic degrades the spectral efficiency. To fulfil the high-end
data rate requirements of the aforementioned applications, up-gradation in the existing cellular
infrastructure is much needed to meet out the requirements of fifth-generation (5G) networks.
Some of the salient features of the 5G networks are high spectral efficiency, massive connec-
tivity, and ultra-reliable low latency. To enhance the spectral efficiency, the researchers from
both academia and industry emphasize the usage of device-to-device (D2D) communication.

D2D is supporting to the 5G networks in which nearby user equipment can communicate
directly or cooperatively to each other with or without depending upon the base station (BS). It
offloads the data traffic to counterbalance the load on the BS using either overlay or underlay
paradigm. In overlay scenario, a dedicated spectrum resource is assigned to the D2D users and
the rest is used by the cellular mobile users (CMUs). On the other hand, in the underlay sce-
nario, D2D users reuse the spectrum resources assigned to the CMUs which increases network
spectral efficiency. Despite these advantages, mutual interference between the D2D mobile
users (DMUs) and CMUs has been a challenging issue in the underlaying networks.

Apart from the interference, data management due to massive connectivity is another is-
sue in the 5G networks. The existing underlay D2D cellular infrastructure hugely depends on
the orthogonal multiple access (OMA) for spectral reuse. In OMA, one resource block (RB)
can serve to one user only, it degrades the spectral efficiency. Also, the OMA supported D2D
communication is expensive as connections are limited. To mitigate these issues, power do-
main non-orthogonal multiple access (PD-NOMA) is used. In PD-NOMA, multiple users are
served using different power levels opportunistically as per the channel conditions and quality-
of-service (QoS) from a common orthogonal channel. The PD-NOMA based spectrum sharing
has considered a better solution for D2D communication in 5G to improve spectrum efficiency,
and network connectivity.

Energy is another major issue in D2D communication due to the limited energy storage ca-
pability of a battery. To prolong the lifetime of a battery, the wireless powered communication
network (WPCN) is used. The WPCN is a harvest-then-transmit protocol and is a combination
of the downlink wireless energy transfer (WET) and the uplink wireless information transfer
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(WIT). In WET, devices harvest energy from ambient radio frequency (RF) signals to empower
their battery, and in WIT, the devices transmit information to the desired user using harvested
energy.

In this research work, the following schemes have been proposed to rectify the aforemen-
tioned issues:

• Firstly, a “Cross-Layer Interference Management Scheme for D2D Mobile Users Using
NOMA" is proposed. In this scheme, the sum rate of the overall network is maximized
with respect to the constraints of RB and power allocation. To achieve this goal, the D2D
mobile groups (DMGs) are designed between the D2D transmitter (DDT) and DMUs to
reduce the intra-user interference using successive interference cancellation (SIC) tech-
nique. Secondly, the resource allocation scheme for both the CMUs and DMGs is de-
signed to mitigate the cross-interference using many-to-many mapping scheme. Also,
to fully exploit the potential benefits of DMGs and to enhance the spectral efficiency of
the DMGs, the group rate selection criterion based RB reuse algorithm among DMGs
is proposed. Lastly, for power optimization, the difference of two convex programming
approach based on a successive convex approximation with low complexity is used to
reduce the co-channel interference.

• The second scheme is “Energy-Delay Tradeoff Scheme for NOMA-Based D2D Groups
With Wireless Powered Communication Networks". In this, firstly, the DDTs and CMUs
harvest energy from the RF signals of the BS. Then, the CMUs and DDTs transmit the
information to the BS and DMUs from the harvested energy using the time division
multiple access (TDMA) and PD-NOMA, respectively. Considering both stochastic traf-
fic arrivals and time-varying channel conditions, the stochastic optimization problem is
formulated, here, the aim is to maximize the energy efficiency and minimize the delay.
The many-to-one matching based subchannel allocation, weighted sum method and Lya-
punov optimization scheme are used to estimate the optimal outcome. Further, to obtain
the closed-form expression of power and to optimize the time for WPCN, the Lagrangian
function has been used.

To simulate the above two schemes Matlab 2017b and convex optimization (CVX)
tools are used, and the parameters used in the simulation are taken from 3GPP urban path
loss model (Release- 15 and RAN1).

iii



ACKNOWLEDGMENT

Before discussing my journey of Ph.D., I would like to thank the almighty God who gave me
strength and courage to overcome all the obstacles and complete this endeavour. The aim of my
life, to be called by the salutation of a ‘Doctor’, seems to become a reality, when I got admission
in Doctorate of philosophy in Thapar Institute of Engineering and Technology, Deemed to be
University, Patiala. Research initiated with this startup in my life. Without acknowledging the
people who supported me throughout this journey, this task would be incomplete. I know words
are never enough to express the gratitude; I am just delivering the phrase for the acceptance of
regards.

Firstly, I would like to express my sincerest thanks to my parents. With their consent,
support and motivation, I thought to accept this biggest challenge in my life. They have been the
true source of real inspiration for me. Secondly, I would like to thank my supervisor, Prof. (Dr.)
Neeraj Kumar (Professor, CSED) and Dr. Sudhanshu Tyagi (Assistant Professor, ECED),
who have supported me throughout my Ph.D. work with their patience and knowledge; while
providing me with the room to work in my own way. Apart from providing me with excellent
supervision, active cooperation and constant encouragement throughout this journey, they also
shared their invaluable experiences with me to succeed in life. I will always remain indebted to
them.

I am very thankful to the examiners Prof. (Dr.) Sukumar Nandi, Indian Institute of Tech-
nology, Guwahati, India and Prof. Azzedine Boukerche, Distinguished University Professor
and Canada Research Chair Tier-1 at the University of Ottawa, Ontario, Canada for taking out
their valuable time from their busy schedule and evaluating my thesis.

I am also grateful to the head of the department, Prof. Maninder Singh, Associate head,
Prof. Inderveer Chana, Ph.D. Coordinator, Dr. Sushma Jain, and members of my doctoral
committee, Prof. (Dr.) Rajesh Kumar, Dr. Raman Singh Chauhan, and Dr. M. D. Singh for
their constructive suggestions and ensuring the correct pace of my work. I am also obliged to
the Director, Prof. Prakash Gopalan, Dean (RSP), Prof. Rafat Siddique and the management
of Thapar Institute of Engineering and Technology, who provided me with all the necessary
resources and facilities to complete my work.

The chain of my gratitude will definitely be incomplete if I forget to thank my complete
family, my honourable father Shri. G. G. Budhiraja, my respected mother Mrs. Anita Bud-
hiraja, my elder brother Mr. Saurabh Budhiraja, my sister-in-law Mrs. Shalu Budhiraja and
my cute niece Yashika Budhiraja, for their unconditional love, support and encouragement in

iv



Ishan Budhiraja, 901703009

every phase of my life. It was due to my father’s confidence and vision that motivated me
to overcome every obstacle during the research. Since then, the journey of Ph.D. has been a
sweet and bitter ride at times which leads to a special mention for my mother who stood by me
through thick and thin and gave me courage at the times when I felt really low. Her constant
motivation showed me the silver lining in the dark clouds.

I would also like to express heartfelt thanks to Prof. Anil Budhiraja (Principal), Seth Jai
Prakash Polytechnic, Damla, Yamuna Nagar, Dr. Sudeep Tanwar, (Associate Professor), Nirma
University, Gujarat, Dr. Sujit Patel, Dr. Bharat Garg, Dr. Navneet Sharma, and Dr. Shreesh
Kumar Rai for providing their valuable guidance and support to me throughout this journey. I
would also like to pay my sincere regards to all my relatives and cousins for their constant mo-
tivation and support. They made this journey more comfortable with words of encouragement
which helped me in finishing my work.

I would also like to thank my friends and colleagues with whom I have travelled this journey
of research. A special thanks to my research group, Dr. Anish Jindal, Dr. Aaisha Makkar, Dr.
Gagangeet Singh Aujla, Dr. Kuljeet Kaur, Dr. Sahil Garg, Dr. Rajat Chaudhary, and budding
doctors Ms. Shubhani Aggarwal, Ms. Arzoo Miglani, Mr. Sandeep Saran, and Mr. Himanshu
Sharma. These people have made my research journey more memorable and pleasant. As one
cannot mention the names of all well-wishers, friends and beloved ones, I would like to pay my
regards to one and all who supported me directly or indirectly during this journey of knowledge.

(Ishan Budhiraja)

v



List of Publications

Journal Publications (SCI/SCIE):

1. I. Budhiraja, N. Kumar and S. Tyagi, “Cross-Layer Interference Management Scheme
for D2D Mobile Users Using NOMA”, in IEEE Systems Journal, pp. 1-12, June 2020.
(Early Access, DOI: 10.1109/JSYST.2020.2997731).

2. I. Budhiraja, N. Kumar and S. Tyagi, “Energy-Delay Tradeoff Scheme for NOMA-
based D2D Groups With WPCNs ”, in IEEE Systems Journal, pp. 1-12, Aug. 2020.
(Early Access, DOI: 10.1109/JSYST.2020.2997731)

vi



Contents

Certificate i

Abstract ii

Acknowledgment iv

List of Publications vi

List of Figures xvi

List of Tables xix

List of Abbreviations xx

1 Introduction 1
1.1 D2D Commuication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 Advantages of D2D Commuication . . . . . . . . . . . . . . . . . . . 2
1.1.2 Standards of D2D Communication . . . . . . . . . . . . . . . . . . . . 2
1.1.3 Use Cases of D2D Communication . . . . . . . . . . . . . . . . . . . 2

1.2 PD-NOMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Energy Harvesting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Thesis Organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Literature Review 7
2.1 Scope of the survey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Contribution of this Chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3 Background and History of NOMA . . . . . . . . . . . . . . . . . . . . . . . 14

2.3.1 Standards of NOMA . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.1.1 NOMA standards for downlink . . . . . . . . . . . . . . . . 15
2.3.1.2 NOMA standards for uplink . . . . . . . . . . . . . . . . . . 16

2.3.2 Basic Principle of NOMA . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3.2.1 Downlink NOMA . . . . . . . . . . . . . . . . . . . . . . . 17

vii



Ishan Budhiraja, 901703009

2.3.2.2 Uplink NOMA . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3.3 Capacity Comparison between OMA and NOMA . . . . . . . . . . . . 17

2.3.3.1 OMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3.3.2 NOMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3.4 Advantages of NOMA over OMA . . . . . . . . . . . . . . . . . . . . 18
2.3.5 Multi-user detection techniques . . . . . . . . . . . . . . . . . . . . . 20

2.3.5.1 The minimum mean square error-successive interference can-
cellation (MMSE-SIC) . . . . . . . . . . . . . . . . . . . . 20

2.3.5.2 Message Passing Algorithm (MPA) . . . . . . . . . . . . . . 20
2.3.5.3 Estimation propagation algorithm (EPA) . . . . . . . . . . . 20
2.3.5.4 Elementary signal estimation-parallel interference cancella-

tion (ESE-PIC) . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.4 Power domain NOMA (PD-NOMA) . . . . . . . . . . . . . . . . . . . . . . . 21

2.4.1 D2D Communication . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.4.1.1 MTBSA [51] . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.4.1.2 Q-NOMA [52] . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.4.1.3 DBIRA [53] . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4.1.4 NOMA-MCIK [54] . . . . . . . . . . . . . . . . . . . . . . 23
2.4.1.5 NOMA-OPT [55] . . . . . . . . . . . . . . . . . . . . . . . 24
2.4.1.6 DC-NOMA [56] . . . . . . . . . . . . . . . . . . . . . . . . 24
2.4.1.7 FD-D2D-CNOMA [57] . . . . . . . . . . . . . . . . . . . . 24
2.4.1.8 TTMMA [58] . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.4.1.9 Cooperative HARQ assisted NOMA [59] . . . . . . . . . . . 25
2.4.1.10 JUCPA [60] . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.4.1.11 D2D assisted NOMA Relay [61] . . . . . . . . . . . . . . . 26
2.4.1.12 Comparison of existing NOMA schemes based on D2D com-

munication . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.4.1.13 Discussion based on classification of D2D communication . 27

2.4.2 Cooperative Communication . . . . . . . . . . . . . . . . . . . . . . . 27
2.4.2.1 C-NOMA [46] . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.4.2.2 Collaborative NOMA Assisted Relaying [67] . . . . . . . . . 29
2.4.2.3 CDRT-NOMA [68] . . . . . . . . . . . . . . . . . . . . . . 29
2.4.2.4 UP-NOMA [70] . . . . . . . . . . . . . . . . . . . . . . . . 29
2.4.2.5 HD-CNOMA/FD-CNOMA [71] . . . . . . . . . . . . . . . 29
2.4.2.6 FD-NOMA-VP [72] . . . . . . . . . . . . . . . . . . . . . . 30
2.4.2.7 NOMA-PLC [73] . . . . . . . . . . . . . . . . . . . . . . . 30
2.4.2.8 NOMA-PSO [74] . . . . . . . . . . . . . . . . . . . . . . . 30
2.4.2.9 CRS-NOMA [75] . . . . . . . . . . . . . . . . . . . . . . . 31
2.4.2.10 CRS-NOMA-ND [75] . . . . . . . . . . . . . . . . . . . . . 31

viii



Ishan Budhiraja, 901703009

2.4.2.11 N-BRS [77] . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.4.2.12 NOMA-RS/HD-NOMA-RS [78] . . . . . . . . . . . . . . . 31
2.4.2.13 FD-NOMA-RS [79] . . . . . . . . . . . . . . . . . . . . . . 31
2.4.2.14 STBC-NOMA [80] . . . . . . . . . . . . . . . . . . . . . . 32
2.4.2.15 DRS-FPA and DRS-DPA [81] . . . . . . . . . . . . . . . . . 32
2.4.2.16 DDF-NOMA [82] . . . . . . . . . . . . . . . . . . . . . . . 32
2.4.2.17 HB-NOMA [83] . . . . . . . . . . . . . . . . . . . . . . . . 32
2.4.2.18 CMR-NOMA [84] . . . . . . . . . . . . . . . . . . . . . . . 33
2.4.2.19 TW-NOMA [85] . . . . . . . . . . . . . . . . . . . . . . . . 33
2.4.2.20 TWR-NOMA [86] . . . . . . . . . . . . . . . . . . . . . . . 33
2.4.2.21 HDAF [87] . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.4.2.22 NOMA-TDMA [88] . . . . . . . . . . . . . . . . . . . . . . 34
2.4.2.23 NOMA-PRS [89] . . . . . . . . . . . . . . . . . . . . . . . 34
2.4.2.24 NOMA-RBC [90] . . . . . . . . . . . . . . . . . . . . . . . 34
2.4.2.25 CFR-NOMA (Cooperative full-duplex relaying) [91] . . . . 34
2.4.2.26 BA-NOMA [92] . . . . . . . . . . . . . . . . . . . . . . . . 35
2.4.2.27 DIYA-NOMA [98] . . . . . . . . . . . . . . . . . . . . . . 35
2.4.2.28 Comparison of existing NOMA schemes based on coopera-

tive communication . . . . . . . . . . . . . . . . . . . . . . 35
2.4.2.29 Discussion based on Cooperative Communication Classifi-

cation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.4.3 CoMP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.4.3.1 CSC-NOMA [99] . . . . . . . . . . . . . . . . . . . . . . . 38
2.4.3.2 CO-NOMA [100] . . . . . . . . . . . . . . . . . . . . . . . 39
2.4.3.3 O-NOMA [101] . . . . . . . . . . . . . . . . . . . . . . . . 39
2.4.3.4 N-NOMA [102] . . . . . . . . . . . . . . . . . . . . . . . . 39
2.4.3.5 Multi-Tier NOMA (T-NOMA) [103] . . . . . . . . . . . . . 40
2.4.3.6 JP-CoMP-NOMA [33] . . . . . . . . . . . . . . . . . . . . 40
2.4.3.7 CS/CB-CoMP-NOMA [33] . . . . . . . . . . . . . . . . . . 40
2.4.3.8 S-NOMA [104] . . . . . . . . . . . . . . . . . . . . . . . . 41
2.4.3.9 Comparison of existing NOMA schemes based on CoMP . . 41
2.4.3.10 Discussion based on CoMP classification . . . . . . . . . . . 41

2.4.4 Cognitive Radio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.4.4.1 D-NOMA [106] . . . . . . . . . . . . . . . . . . . . . . . . 43
2.4.4.2 CR-NOMA-D-M and CR-NOMA-D-U [107] . . . . . . . . 43
2.4.4.3 CR-NOMA-OFDM [108] . . . . . . . . . . . . . . . . . . . 43
2.4.4.4 MIMO-CR-NOMA [109] . . . . . . . . . . . . . . . . . . . 43
2.4.4.5 PFDM/SFDM . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.4.4.6 CSS-NOMA . . . . . . . . . . . . . . . . . . . . . . . . . . 44

ix



Ishan Budhiraja, 901703009

2.4.4.7 MCR-NOMA [112] . . . . . . . . . . . . . . . . . . . . . . 44
2.4.4.8 Reliability oriented secondary user scheduling and fairness

oriented secondary user scheduling (R-SUS and F-SUS) [113] 45
2.4.4.9 Comparison of existing NOMA schemes based on cognitive

radio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.4.4.10 Discussion based on Cognitive Radio classification . . . . . 45

2.4.5 Machine-to-Machine . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.4.5.1 CS-NOMA [115] . . . . . . . . . . . . . . . . . . . . . . . 47
2.4.5.2 EE-NOMA [116] . . . . . . . . . . . . . . . . . . . . . . . 48
2.4.5.3 Spatial group based random-non-orthogonal resource alloca-

tion access (SGRA-NORA) [117] . . . . . . . . . . . . . . . 48
2.4.5.4 NM-ALOHA [118] . . . . . . . . . . . . . . . . . . . . . . 48
2.4.5.5 ALOHA-NOMA [119] . . . . . . . . . . . . . . . . . . . . 49
2.4.5.6 RNOMA [130] . . . . . . . . . . . . . . . . . . . . . . . . . 49
2.4.5.7 GRANT-FREE NOMA [121–129, 131–133] . . . . . . . . . 49
2.4.5.8 Comparison of existing NOMA schemes based on M2M Com-

munication . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.4.5.9 Discussion based on classification for M2M Communication 51

2.4.6 SWIPT and WPCN . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.4.6.1 C-SWIPT-NOMA [134–138] . . . . . . . . . . . . . . . . . 52
2.4.6.2 C-SWIPT-MISO/SISO-NOMA [139, 140] . . . . . . . . . . 52
2.4.6.3 NOMA-EH [141, 142] . . . . . . . . . . . . . . . . . . . . . 53
2.4.6.4 SWIPT-F/CR-NOMA [143] . . . . . . . . . . . . . . . . . . 54
2.4.6.5 SWIPT-NOMA-HETNET [144, 145] . . . . . . . . . . . . . 54
2.4.6.6 WPCN-NOMA [146–148] . . . . . . . . . . . . . . . . . . 54
2.4.6.7 Discussion based on SWIPT-NOMA classification . . . . . . 55

2.4.7 MIMO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
2.4.7.1 Antenna selection based MIMO-NOMA . . . . . . . . . . . 56
2.4.7.2 TAS-NOMA [150–152] . . . . . . . . . . . . . . . . . . . . 57
2.4.7.3 AIA-AS/A3-AS [152] . . . . . . . . . . . . . . . . . . . . . 57
2.4.7.4 NOMA-SSK [153, 154] . . . . . . . . . . . . . . . . . . . . 57
2.4.7.5 NOMA-GSSK [155] . . . . . . . . . . . . . . . . . . . . . . 58
2.4.7.6 PD-NOMA-SSK [156] . . . . . . . . . . . . . . . . . . . . 58
2.4.7.7 NOMA-HARQ [157] . . . . . . . . . . . . . . . . . . . . . 58
2.4.7.8 Discussion based on Antenna Selection Based MIMO-NOMA 58
2.4.7.9 Beam-forming based MIMO-NOMA . . . . . . . . . . . . . 59
2.4.7.10 NOMA-BF [160, 161] . . . . . . . . . . . . . . . . . . . . . 59
2.4.7.11 Random-BF-NOMA [162] . . . . . . . . . . . . . . . . . . 60
2.4.7.12 ZFBF-NOMA [163] . . . . . . . . . . . . . . . . . . . . . . 60

x



Ishan Budhiraja, 901703009

2.4.7.13 Robust-BF-NOMA [164–166] . . . . . . . . . . . . . . . . 60
2.4.7.14 Co-ordinated beamforming NOMA (C-BF-NOMA) [167] . . 60
2.4.7.15 BD-NOMA [168] . . . . . . . . . . . . . . . . . . . . . . . 61
2.4.7.16 VP-NOMA [169] . . . . . . . . . . . . . . . . . . . . . . . 61
2.4.7.17 NOMA-MRT [170] . . . . . . . . . . . . . . . . . . . . . . 61
2.4.7.18 Discussion based on Classification of Beamforming MIMO-

NOMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
2.4.8 Cluster based MIMO-NOMA . . . . . . . . . . . . . . . . . . . . . . 62

2.4.8.1 NOMA-SM [171] . . . . . . . . . . . . . . . . . . . . . . . 62
2.4.8.2 SA-NOMA [172] . . . . . . . . . . . . . . . . . . . . . . . 63
2.4.8.3 H-NOMA [173] . . . . . . . . . . . . . . . . . . . . . . . . 63
2.4.8.4 PH-NOMA (Projection Hybrid-NOMA) [174] . . . . . . . . 63
2.4.8.5 QR-NOMA [175] . . . . . . . . . . . . . . . . . . . . . . . 64
2.4.8.6 SBD-NOMA [176] . . . . . . . . . . . . . . . . . . . . . . 64

2.4.9 Comparison of existing NOMA schemes based on MIMO . . . . . . . 64
2.4.10 massive MIMO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
2.4.11 Software Defined Networking . . . . . . . . . . . . . . . . . . . . . . 67
2.4.12 Wireless Sensor Networks . . . . . . . . . . . . . . . . . . . . . . . . 68
2.4.13 Mobile Edge Computing . . . . . . . . . . . . . . . . . . . . . . . . . 68
2.4.14 Unmanned Aerial Vehicles . . . . . . . . . . . . . . . . . . . . . . . . 69
2.4.15 Ultra-Dense Network . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
2.4.16 Visible Light Communication . . . . . . . . . . . . . . . . . . . . . . 70

2.4.16.1 Gain ratio power allocation [218] . . . . . . . . . . . . . . . 70
2.4.16.2 OFDMA-NOMA [219] . . . . . . . . . . . . . . . . . . . . 71
2.4.16.3 NOMA-SCFDM [220] . . . . . . . . . . . . . . . . . . . . 71
2.4.16.4 NOMA-PON [221] . . . . . . . . . . . . . . . . . . . . . . 71
2.4.16.5 DCO-OFDM-NOMA [223] . . . . . . . . . . . . . . . . . . 72
2.4.16.6 FTN-FrCT-NOFDM [224] . . . . . . . . . . . . . . . . . . 72
2.4.16.7 Comparison of existing NOMA schemes based on VLC Com-

munication . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
2.4.16.8 Discussion based on Classification of VLC Communication . 72

2.4.17 Millimeter Wave . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
2.4.17.1 Random-BF-NOMA [228] . . . . . . . . . . . . . . . . . . 74
2.4.17.2 FRAB-NOMA [230] . . . . . . . . . . . . . . . . . . . . . 75
2.4.17.3 Beamspace MIMO-NOMA [231] . . . . . . . . . . . . . . . 75
2.4.17.4 EEPA-NOMA [232] . . . . . . . . . . . . . . . . . . . . . . 75
2.4.17.5 HB-NOMA [233–236] . . . . . . . . . . . . . . . . . . . . 75
2.4.17.6 Cluster-based mmWave NOMA [237] . . . . . . . . . . . . 76
2.4.17.7 JA-STSK-NOMA [238] . . . . . . . . . . . . . . . . . . . . 76

xi



Ishan Budhiraja, 901703009

2.4.18 Heterogeneous Networks . . . . . . . . . . . . . . . . . . . . . . . . . 77
2.4.18.1 TIM-NOMA [241] . . . . . . . . . . . . . . . . . . . . . . . 77
2.4.18.2 GFDM-NOMA [242] . . . . . . . . . . . . . . . . . . . . . 77
2.4.18.3 MBMS-NOMA [243] . . . . . . . . . . . . . . . . . . . . . 77
2.4.18.4 JT-NOMA [244] . . . . . . . . . . . . . . . . . . . . . . . . 78
2.4.18.5 NOMA-HCN [245] . . . . . . . . . . . . . . . . . . . . . . 78
2.4.18.6 Discussion based on HetNets classification . . . . . . . . . . 78

2.4.19 Vehicle-to-Everything . . . . . . . . . . . . . . . . . . . . . . . . . . 79
2.4.19.1 NOMA-SM [251] . . . . . . . . . . . . . . . . . . . . . . . 79
2.4.19.2 NOMA-MCD [252] . . . . . . . . . . . . . . . . . . . . . . 79
2.4.19.3 Comparison of existing NOMA schemes based on V2X . . . 80
2.4.19.4 Discussion based on Classification of V2X . . . . . . . . . . 81

2.4.20 User pairing and power allocation variants . . . . . . . . . . . . . . . . 81
2.4.20.1 2D-NOMA [253] . . . . . . . . . . . . . . . . . . . . . . . 81
2.4.20.2 Ashynchronous NOMA (ANOMA) [254] . . . . . . . . . . 81
2.4.20.3 NOMA CAP [255] . . . . . . . . . . . . . . . . . . . . . . 81
2.4.20.4 NOMA-multicast (MC) [256] . . . . . . . . . . . . . . . . . 82
2.4.20.5 Virtual pairing (VP)-NOMA [257] . . . . . . . . . . . . . . 82
2.4.20.6 TS-NOMA [260] . . . . . . . . . . . . . . . . . . . . . . . 82
2.4.20.7 Dynamic Hybrid (DH)-NOMA [261] . . . . . . . . . . . . . 82
2.4.20.8 FAIR-NOMA [262] . . . . . . . . . . . . . . . . . . . . . . 82
2.4.20.9 Distributed base station (DBS)-NOMA [263] . . . . . . . . . 83
2.4.20.10 Wavelet NOMA (W-NOMA) [264] . . . . . . . . . . . . . . 83
2.4.20.11 Contention-based NOMA . . . . . . . . . . . . . . . . . . . 83

2.5 Code domain NOMA (CD-NOMA) . . . . . . . . . . . . . . . . . . . . . . . 83
2.5.1 Scrambling based NOMA . . . . . . . . . . . . . . . . . . . . . . . . 84

2.5.1.1 Resource spread multiple access . . . . . . . . . . . . . . . 85
2.5.1.2 Low code rate and signature based shared access . . . . . . . 86

2.5.2 Interleaving-based NOMA . . . . . . . . . . . . . . . . . . . . . . . . 86
2.5.2.1 Interleave division multiple access . . . . . . . . . . . . . . 86
2.5.2.2 Interleave-grid multiple access . . . . . . . . . . . . . . . . 87
2.5.2.3 Repetition division multiple access . . . . . . . . . . . . . . 87
2.5.2.4 Low code rate spreading . . . . . . . . . . . . . . . . . . . . 88

2.5.3 Spreading-based NOMA . . . . . . . . . . . . . . . . . . . . . . . . . 88
2.5.3.1 MUSA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
2.5.3.2 NCMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
2.5.3.3 NOCA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
2.5.3.4 GOCA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
2.5.3.5 WSMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

xii



Ishan Budhiraja, 901703009

2.5.3.6 SAMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
2.5.3.7 SSMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

2.5.4 Coding-based NOMA . . . . . . . . . . . . . . . . . . . . . . . . . . 91
2.5.4.1 PDMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
2.5.4.2 RIePDMA . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
2.5.4.3 SCMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
2.5.4.4 LDS-SVE . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
2.5.4.5 LDS-CDMA . . . . . . . . . . . . . . . . . . . . . . . . . . 93
2.5.4.6 LDS-OFDM . . . . . . . . . . . . . . . . . . . . . . . . . . 93

2.5.5 Lattice and Beam-based NOMA . . . . . . . . . . . . . . . . . . . . . 94
2.5.5.1 BOMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
2.5.5.2 LPMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

2.5.6 Comparison of existing CD-NOMA schemes . . . . . . . . . . . . . . 95
2.6 Miscellaneous . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

2.6.1 SOMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.6.2 RA-CEMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.6.3 MDMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.6.4 PSMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.6.5 TC-NOMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
2.6.6 PC-NOMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
2.6.7 SGMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
2.6.8 BDM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
2.6.9 GSOMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
2.6.10 NORA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

2.7 Open issues and Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
2.7.1 Optimal wireless power transfer . . . . . . . . . . . . . . . . . . . . . 102
2.7.2 Imperfect CSI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
2.7.3 Security . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
2.7.4 Improvement in Physical layer technologies . . . . . . . . . . . . . . . 103
2.7.5 CR inspired NOMA . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
2.7.6 Hardware Complexity . . . . . . . . . . . . . . . . . . . . . . . . . . 104
2.7.7 Error propagation in SIC implementation . . . . . . . . . . . . . . . . 104
2.7.8 Grant free NOMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
2.7.9 Receiver design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
2.7.10 Resource allocation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
2.7.11 Pilot Allocation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
2.7.12 Other issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

2.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
2.9 Research Gaps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

xiii



Ishan Budhiraja, 901703009

2.10 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
2.11 Methodology for objective 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
2.12 Methodology for objective 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
2.13 Methodology for objective 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
2.14 Methodology for objective 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

3 Cross-Layer Interference Management Scheme for D2D Mobile Users Using NOMA110
3.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

3.1.1 Network Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
3.1.2 Signal Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

3.1.2.1 CMU . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
3.1.2.2 DMUs in DMG . . . . . . . . . . . . . . . . . . . . . . . . 113

3.1.3 Data Rate and Sum Rate Calculation . . . . . . . . . . . . . . . . . . . 114
3.1.4 Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

3.2 Proposed Scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
3.2.1 DDT-DMUs Grouping . . . . . . . . . . . . . . . . . . . . . . . . . . 118
3.2.2 Resource Allocation . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

3.2.2.1 RB Allocation Problem . . . . . . . . . . . . . . . . . . . . 119
3.2.2.2 Power Allocation Problem . . . . . . . . . . . . . . . . . . . 122

3.3 Performance Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
3.3.1 Numerical Settings . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
3.3.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 126

3.3.2.1 Convergence Analysis . . . . . . . . . . . . . . . . . . . . . 126
3.3.2.2 Comparison of the proposed Scheme with the state-of-the art

schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
3.3.2.3 Impact on the Sum-rate of DMGs at different conditions . . . 130
3.3.2.4 Impact on time consumption . . . . . . . . . . . . . . . . . 131

3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

4 Energy-Delay Tradeoff Scheme for NOMA-Based D2D Groups With WPCNs 132
4.1 Network Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

4.1.1 System Model with Assumptions . . . . . . . . . . . . . . . . . . . . 133
4.1.2 WPCN Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

4.1.2.1 WET Stage . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
4.1.2.2 WIT Stage . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

4.1.3 Queueing Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
4.1.4 Energy Consumption and Energy Efficiency Model . . . . . . . . . . . 138

4.1.4.1 WET Stage . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
4.1.4.2 WIT Stage . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

xiv



Ishan Budhiraja, 901703009

4.2 Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
4.3 Proposed Scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

4.3.1 Problem Transformation using Weighted Sum Method . . . . . . . . . 141
4.3.2 Subcarrier Allocation . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

4.3.2.1 Preference List Establishment . . . . . . . . . . . . . . . . . 144
4.3.2.2 Matching Process Algorithm . . . . . . . . . . . . . . . . . 144

4.3.3 Lyapunov Optimization . . . . . . . . . . . . . . . . . . . . . . . . . 145
4.3.3.1 Virtual Queues . . . . . . . . . . . . . . . . . . . . . . . . . 145
4.3.3.2 Lyapunov Drift . . . . . . . . . . . . . . . . . . . . . . . . 146
4.3.3.3 Upper Bound . . . . . . . . . . . . . . . . . . . . . . . . . 147

4.3.4 Joint Time and Power Allocation Problem . . . . . . . . . . . . . . . . 148
4.3.5 Updation of (F,W) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
4.3.6 Energy-Delay Tradeoff Algorithm for NOMA-based DMG with WPCN 152

4.4 Performance Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
4.4.1 Numerical Settings . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
4.4.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 153

4.4.2.1 Comparison of the proposed Algorithms with the pre-existing
schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

4.4.2.2 Impact on average power consumption . . . . . . . . . . . . 155
4.4.2.3 Impact on weighted EE and average delay . . . . . . . . . . 155
4.4.2.4 Convergence Rate Analysis . . . . . . . . . . . . . . . . . . 157

4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

5 Conclusion and Future Scope 159
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

xv



List of Figures

1.1 CISCO VNI Report . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 General scenario of D2D Communication . . . . . . . . . . . . . . . . . . . . 3
1.3 PD-NOMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 CISCO and Compound Annual Growth Report . . . . . . . . . . . . . . . . . 8
2.2 Classification of related surveys on NOMA . . . . . . . . . . . . . . . . . . . 13
2.3 Different multiple access techniques . . . . . . . . . . . . . . . . . . . . . . . 14
2.4 Downlink and Uplink NOMA . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.5 Difference between OMA and NOMA . . . . . . . . . . . . . . . . . . . . . . 16
2.6 Classification of multiuser detection techniques . . . . . . . . . . . . . . . . . 19
2.7 A taxonomy of PD-NOMA variants . . . . . . . . . . . . . . . . . . . . . . . 22
2.8 D2D-NOMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.9 Discussion based on classification of D2D communication. . . . . . . . . . . . 27
2.10 Cooperative Communication/Cooperative Relaying systems . . . . . . . . . . 28
2.11 Classification Comparison on Cooperative Communication . . . . . . . . . . . 38
2.12 Classification Comparison on CoMP . . . . . . . . . . . . . . . . . . . . . . . 41
2.13 Classification Comaprison on CoMP . . . . . . . . . . . . . . . . . . . . . . . 45
2.14 Discussion based on classification for M2M Communication . . . . . . . . . . 50
2.15 Block diagram of SWIPT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
2.16 Classification Comaprison on SWIPT-NOMA . . . . . . . . . . . . . . . . . . 55
2.17 Block diagram of MIMO-NOMA: (a) TAS-NOMA, (b) NOMA-SSK, (c) NOMA-

GSSK, (d) Beamforming NOMA, (e) Cluster-NOMA, and (f) BD-NOMA . . . 56
2.18 Classification Comaprison on SWIPT-NOMA . . . . . . . . . . . . . . . . . . 59
2.19 Classification Comaprison on VLC Communication . . . . . . . . . . . . . . . 62
2.20 Discussion based on classification for VLC Communication . . . . . . . . . . 74
2.21 Discussion based on HetNets classification . . . . . . . . . . . . . . . . . . . 78
2.22 Discussion based on classification of V2X . . . . . . . . . . . . . . . . . . . . 80
2.23 Block diagram of (a) Resource spread multiple access (RSMA), and (b) Low

code rate and signature based shared access (LSSA) . . . . . . . . . . . . . . . 84
2.24 Detailed taxonomy of CD-NOMA variants . . . . . . . . . . . . . . . . . . . . 85

xvi



Ishan Budhiraja, 901703009

2.25 Interleaving-based NOMA schemes for (a) IDMA, (b) IGMA, (c) RDMA, and
(d) LCRS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

2.26 Structure of: (a) MUSA, (b) SSMA, (c) NOCA, (d) SAMA, (e) GOCA, and (f)
NCMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

2.27 Transceiver block diagram for (a) PDMA (b) Bit-to-codeword mapping in SCMA
(c) Multiple access with SCMA, and (d) LDS-SVE . . . . . . . . . . . . . . . 91

2.28 Block diagram of Lattice and Beam-based NOMA for (a) BOMA, and (b) LPMA 94
2.29 Block diagram of (a) SOMA, and (b) RA-CEMA . . . . . . . . . . . . . . . . 95
2.30 Block diagram of (a) MDMA (b) PSMA (c) TC-NOMA, and (d) PC-NOMA . 96
2.31 Block diagram of (a) SGMA, and (b) RA-CEMA . . . . . . . . . . . . . . . . 96
2.32 Open issues and research challenges . . . . . . . . . . . . . . . . . . . . . . . 102

3.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
3.2 Systematic flow of the Proposed Scheme . . . . . . . . . . . . . . . . . . . . . 116
3.3 (a)-(c) Cases of DDT-DMUs Grouping Scheme . . . . . . . . . . . . . . . . . 118
3.4 Comparative Analysis (a) Convergence behaviour of the RB allocation algo-

rithms in terms of CDF at Pj = 10 ⇠ 15dBm (b) Convergence testing of the
sum-rate of DMGs at I = 4, J = 5, N = 4, and Pmax

i = Pmax
j = 25dBm

(c) Convergence testing of the data rate of CMUs at I = 4, J = 5, N = 4,
Pmax

i = Pmax
j = 25dBm, & Rn,min

j,r = 5bps/Hz. . . . . . . . . . . . . . . . . . . 128
3.5 Comparative Analysis (a) Impact on the sum-rate of DMGs versus number of

DMGs. (b) Impact on the sum-rate of DMGs with respect to the number of
CMUs (c) Impact on sum-rate with respect to DDT transmit power (d) Variation
in sum-rate with respect to the radius of DMGs at Pmax

i = Pmax
j = 25dBm. . . . 129

3.6 Comparative Analysis (a) Sum rate of DMGs versus number of CMUs at differ-
ent values of Rn,min

i,b (b) Sum rate of DMGs versus number of DMGs at different
values of Rn,min

i,b (c) Data Rate of Weak DMU versus Number of DMGs. . . . . 130
3.7 Comparative Analysis (a) Time consumed by the Algorithm 4 versus the num-

ber of DMGs (b) Time consumotion of Algorithm 2, 3, and 4 versus Number
of DMGs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

4.1 (a) System Model (b) Harvest-then-Transmit Protocol (c) Queueing Model . . . 134
4.2 Comparative Analysis: (a) Effect on weighted average EE of DMG versus time

slots h = 0.9, Pc
b = 0.05W and Pc0

d,n = 0.001W . (b) Effect on weighted average
EE of DMG with respect to traffic arrival rate (c) Effect on weighted average
EE of DMG with respect to the control parameter (V) (d) Effect on weighted
average EE of DMG with respect to Energy transformation efficiency (h). . . . 154

xvii



Ishan Budhiraja, 901703009

4.3 Comparative Analysis: (a) Impact on average power consumption v/s V with an
increase in number of subcarriers and h = 0.9, Pc

b = 0.05W and Pc0
d,n = 0.001W ,

Rk
d,n = 5 bits/slot/Hz (b) Impact on average power consumption V with varying

data rate requirement of DMUs and h = 0.9, Pc
b = 0.05W , Pc0

d,n = 0.001W , and
K = 4 (c) Impact on weighted average EE of DMG v/s V under different values
of weighted factor (d) Impact on average delay v/s Z at different values of Pc0

d,n. 156
4.4 Comparative Analysis: (a) Convergence rate of the Algorithm 7 in terms of

CDF at Pk
d = 20 ⇠ 25dBm (b) Convergence testing of Algorithm 8 at Pk

d =

20⇠ 25dBm, Eb = 5⇠ 10J, and Db = 1000 bits/Hz. . . . . . . . . . . . . . . 157

xviii



List of Tables

2.1 Comparison between the proposed and existing NOMA surveys . . . . . . . . 10
2.2 Comparison between the proposed and existing NOMA surveys . . . . . . . . 11
2.3 Comparison between the proposed and existing NOMA surveys . . . . . . . . 12
2.4 Parametric analysis of existing NOMA schemes based on D2D . . . . . . . . . 26
2.5 Relative comparison of existing NOMA schemes based on cooperative com-

munication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.6 Relative comparison of existing NOMA schemes based on cooperative com-

munication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.7 Relative comparison of existing NOMA schemes based on CoMP . . . . . . . 42
2.8 Parametric analysis of existing NOMA schemes in CR . . . . . . . . . . . . . 46
2.9 Parametric analysis of existing NOMA schemes in CR . . . . . . . . . . . . . 47
2.10 Relative comparison of existing NOMA schemes based on M2M communication 51
2.11 Relative comparison of existing NOMA schemes based on MIMO . . . . . . . 65
2.12 Relative comparison of existing NOMA schemes based on MIMO . . . . . . . 66
2.13 Parametric analysis of existing NOMA schemes in VLC . . . . . . . . . . . . 73
2.14 Relative comparison of existing NOMA schemes based on V2X . . . . . . . . 80
2.15 Relative comparison between different CD-NOMA schemes . . . . . . . . . . 97
2.16 Relative comparison between different CD-NOMA schemes . . . . . . . . . . 98

3.1 Simulation Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

4.1 Abbreviations used in the proposed scheme . . . . . . . . . . . . . . . . . . . 133
4.2 Simulation Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

xix



List of Abbreviations

Abbreviations Definitions
3GPP Third Generation Public Partnership Project
5G Fifth Generation
5GPPP Fifth Generation Public Partnership Project
AF Amplify and Forward
ANOMA Asynchronous NOMA
AS Antenna Selection
AWGN Additive Voice Gaussian Noise
BA Buffer Aided
BD/BDMA Beam Division/ Beam Division Multiple Access
BER Bit Error Rate
BF Beamforming
BLER Block Error Rate
BNBF Best Near Best Far
BOMA Beam-orthogonal Multiple Access
BRS Best Relay Selection
BS Base Station
CAGR Compound Annual Growth Rate
CAP Carrier less Amplitude Phase
CCI Co-channel Interference
CCU Cell Center User
CDF Cumulative Density Function
CDMA Code Division Multiple Access
CD-NOMA Code Division Non-Orthogonal Multiple Access
CDRT Co-ordinated Direct and Relay Transmission
CEU Cell Edge User
CFO Carrier Frequency Offset
CFR Co-ordinated Full Duplex Relaying
CMR Cooperative Multi-relay
CMU Cellular Mobile User
CNAR Collaborative NOMA Assisted Relaying
C-NOMA Cooperative NOMA
CO Coordinated
CoMP Coordinated Multipoint Transmission
CQI Channel Queue Indicator
CR Cognitive Radio
CrCI Cross Channel Interference

xx



Ishan Budhiraja, 901703009

Abbreviations Definitions
CRN Cognitive Radio Network
CRS Cooperative Relay Selection
CS Compressed Sensing
CS/CB Coordinated Scheduling/Beamforming
CSC Coordinated Superposition Coding
CSI Channel State Information
CSS Cooperative Spectrum Sensing
CUs Cellular Users
DC-NOMA D2D aided Cooperative NOMA
DCO Direct Current Optical
DDF Dynamic Decode and Forward
DF Decode and Forward
DH Dynamic Hybrid
D-NOMA Dynamic NOMA
DPA Dynamic Power Allocation
DPS Dynamic Power Scheduling
D-R Destination Relay
DRS Dynamic Relay selection
DSA Dynamic Spectrum Allocation
D2D Device-to-Device
DA-NOMA Delay Aware NOMA
DBIRA Dual based Iterative Resource Allocation
DBS Distributed Base Station
DC Difference of Two Convex Function
DDT D2D Transmitter
DMG D2D Mobile group
DMU D2D Mobile User
EAB Enhanced Access Bearing
EE Energy Efficiency
EEPA Energy Efficient Power Allocation
EMC Electromagnetic Capability
EPA Expectation Propagation Algorithm
ESE Elementary Signal Estimator
ETT Equal Transmission Time
FD Full Duplex
FDMA Frequency Division Multiple Access
FFR Fractional Frequency Reuse
F-NOMA Fixed NOMA
FPA Fixed Power Allocation
FRAB Finite Resolution Analog Beamforming
F-SUS Fairness Oriented Secondary User Scheduling
FTN-FrCT Faster-Than-Nyquist Fractional Cosine Transform
GF Grant Free
GFDM Generalised Frequency Division Multiplexing

xxi



Ishan Budhiraja, 901703009

Abbreviations Definitions
GOCA Group-Orthogonal Coded Access
GP Gradient Projection
GRPA Gain ratio Power Allocation
GRSC Group Rate Selection Criterion
GSM Global System For Mobile
GSSK Generalised Space Shift Keying
H2H Human-to-Human
HAP Hybrid Access Point
HARQ Hybrid Automatic Repeat Request
HB Hybrid Beamforming
HD High Definition
HD Half Duplex
HDAF Hybrid Decode Amplify and Forward
HetNets Heterogeneous Networks
H-NOMA Hybrid NOMA
IA Interference Alignment
IBPA Inversion-based Pairing Algorithm
ICA Interference Channel Alignment
ID Information Decoding
IDMA Interleave Division Multiple Access
IGMA Interleave Grid Multiple Access
IMT International Mobile Telecommunication
IoT Internet of Things
ITU-R International Telecommunication Union-Radio
JA-STSK Joint-Alphabet Space Time Shift Keying
JP Joint Processing
JT Joint Transmission
LCRS Low Code Rate Spreading
LDPC Low Density Parity Check
LDS Low Density Spreading
LDS-CDMA Low Density Spreading-CDMA
LDS-OFDMA Low Density Spreading-OFDMA
LDS-SVE Low Density Spreading-Signature Vector Extension
LPMA Lattice Pattern Multiple Access
LSSA Low Code Rate and signature based Shared Access
LTE-A Long Term Evolution Advanced
M2M Machine-to-Machine
MBMS Multimedia Broadcast/Multicast Service
MCIK Multi-carrier shift Keying
MDMA Multipath Division Multiple Access
MEC Mobile Edge Computing
METIS Mobile and Wireless Communication Enablers for the Twenty Information

Society
MGF Moment Generating Function
MIMO Multiple Input Muliplt Output

xxii



Ishan Budhiraja, 901703009

Abbreviations Definitions
MINLP Mixed Integer Non-Linear Programming
mMIMO massive Multiple Input Multiple Output
MMSE Maximum Mean Square Error
mMTC massive Machine Type Communication
mmWave Millimeter Wave
MPA Message Passing Algorithm
MRC Maximal Ratio Combining
MRT Maximal Ratio Transmission
MSs Mobile Stations
MTBSA Matching Theory based Subcahnnel Allocation
MUD Multi-user Detection
MUI Multi-user Interference
MU-MIMO Multi-user MIMO
MUSA Multi-user Shared Access
MUST Multi-user Superimposed Transmission
NCC Non-orthogonal cover codes
NCMA Non-orthogonal Coded Multiple Access
NI NOMA Interference
N-NOMA Network NOMA
NOCA Non-orthogonal Coded Access
NOMA Non-Orthogonal Multiple Access
OMA Orthogonal Multiple Access
OMP Orthogonal Multi Pursuit
OP Outage Probability
PAP Power Allocation Problem
PAPR Power-to-Average Power Ratio
PBPA Projection based Pairing Algorithm
PC-NOMA Polar code-NOMA
PDF Probability Density Function
PDMA Pattern Division Multiple Access
PD-NOMA Power Domain NOMA
PEP Pairwise Error Probability
PFDM PU First Decoding Method
PLC Power Line Communication
PSMA Power Domain Sparse Code Multiple Access
PSO Particle Swarm Optimization
PU Primary users
QAM Quadrature Amplitude Modulation
QoS Quality of Service
QPSK Quadrature Phase Shift Keying
QSI Queue State Information
RA Random Access
RA-CEMA Rate-Adaptive Constellation Expansion Multiple Access

xxiii



Ishan Budhiraja, 901703009

Abbreviations Definitions
RB Resource Block
RBAP Resource Block Allocation Problem
RBC Relaying Broadcast Channels
RDMA Repetition Division Multiple Access
RIePDMA Random Interleaver Enhanced PDMA
RSMA Resource Spread Multiple Access
R-SUS Reliability Oriented Secondary User Scheduling
SAMA Successive Interference Cancellation Amenable Multiple Access
SATCOM Satellite Communication
SBD Successive Bandwidth Division
SC Sub-channel
SCMA Sparse Code Multiple Access
SDN Software Defined Network
SE Spectral Efficiency
SFDM SU First Decoding Method
SGMA Semi-Grant Multiple Access
SINR Signal-to-Interference Plus Noise Ration
SSMA Sequence Spreading Multiple Access
S-NOMA Secure NOMA
SOMA Semi-Orthogonal Multiple Access
S-R Source Relay
SSK Space Shift Keying
SSMA Short Sequence Spreading Multiple Access
SU Secondary User
SWIPT Simultaneous Wireless Information Power Transfer
TC-NOMA Turbo Code NOMA
TDMA Time Division Multiple Access
TTMMA Trellis Tone Modulation Multiple Access
TW Two Way
TWR Two Way Relay
UAV Unmanned Aerial Vehicle
UWB Ultra Wide Bandwidth
VNI Visual Networking Index
VP Virtual Pairing
WET Wireless Energy Transfer
WIT Wireless Information Transmission
WPCN Wireless Powered Communication Network
WSMA Welch Bound Spreading Multiple Access
ZFBF Zero-Force Beamforming

xxiv



Chapter 1

Introduction

With an exponential growth in the proliferation of smart devices and their associated appli-
cations, the amount of data traffic and its requirements for higher data rate applications have
been increasing continuously. The increasing demands of the users over the limited spectrum,
decrease the spectral efficiency (SE) and energy efficiency (EE) of the wireless network. The
Cisco Visual Networking Index (VNI) report of 2017 forecasts that more than 75 billion con-
nected devices will utilize the cellular network services by the end of the year 2023 [1]. This
is approximately 40 times more than the traffic available in 2017 as shown in Fig 1.1. This
increase in data traffic creates the burden on the spectrum due to which SE and EE degraded.
Now, this is a challenge for the researchers of both academia and industry to develop new tech-
nologies that efficiently utilize the spectrum. To overcome this problem, researchers proposed
a new technology named as D2D communication [2].
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Figure 1.1: CISCO VNI Report
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1.1 D2D Commuication

D2D communication is an emerging technology which improves the SE of the network by
sharing or reusing the radio resources between DMUs and CMUs. D2D communication is
a technique in which proximity user equipments communicate directly to each other without
depending upon the base station (BS). This type of communication supports the proximity
services which includes social networking applications and public safety communication. To
establish a direct link, D2D communication use the licensed (inband) or unlicensed (outband)
band with the CUs [2]. Further, inband D2D communication is categorized into two categories:
overlay and underlay while outband is categorized as controlled and autonomous. In overlay
D2D, a dedicated amount of resource is allocated to their users and the rest of the resources
are used by CUs, while in underlay D2D users and CUs both reuse the same resources. For
outband, in controlled communication the resources between D2D have managed by the BS
while autonomous has managed by the user equipments [3].

1.1.1 Advantages of D2D Commuication

The potential benefits of D2D communication are [3]- [4]: (i) enhance the EE through low
power proximity services (ii) enlarge the efficiency of the spectrum by sharing radio resources
with CUs (iii) capability to support various types of peer-to-peer services (iv) offload traffic
from BSs (v) reduce the latency and improved the QoS of cell edge users (CEUs) for short-
distance communication. In spite of the numerous benefits of D2D communication, its perfor-
mance under ultra-dense network has degraded due to in-cooperation between the adjacent BSs
and high interference. Consequently, the SE of the network has to be degraded.

1.1.2 Standards of D2D Communication

Qualcomm was the first organization that proposed very first standard for D2D with a name
FlashlinQ. This standard includes the PHY/MAC architecture for D2D communication. 3GPP
(Third generation partnership project) was the second organization that developed three stan-
dards for D2D communication [3]. In the first standard, 3GPP TR 22.803 (2012) discussed
various use cases of D2D. In second, 3GPP TR 23.703(2013) described its detailed architecture
and in third, 3GPP Release-12 (ProSe) (2014) investigated the direct communication between
the proximity services [4].

1.1.3 Use Cases of D2D Communication

In this the use cases of D2D communication is discussed. The pictorial representation of
the use cases is shown in Fig. 1.2
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• Local services: In this, user equipments (UEs) directly exchange the data with each
other without BS. Basic applications of these services are local data transmission, social
apps and cellular traffic offloading. For example, in local data transmission, data directly
transmitted between UEs on the basis of their proximity. This technique of D2D not only
expand the mobile applications but also save the spectrum resources. Which eventually
generates, new sources of revenues for operators. In this, the local advertising companies
can target users on the basis of their proximity to maximize benefits. Like, a cinema
hall in the centre the shopping malls attracts the users’ by sending them show-times and
promotional tickets.

Figure 1.2: General scenario of D2D Communication

• Emergency Communication: Under natural calamities such as earthquake, flooding,
Tsunami, etc, conventional communication infrastructure gets damaged due to which
network disrupted and affect the rescue process. In such situations, with D2D users can
establish a multi-hop wireless connection to which ensure smooth communication.

• Internet of Things Enhancement: The primary objective of a cellular communication
was to set up a network which provides end to end communication between two ter-
minals. The Cisco report [1] forecasts that until 2023, 75 billion wireless devices will
be present globally. Out of them, approximately 30 billion may be based on IoT fea-
ture. Therefore, using D2D communication technology combined with IoT, a perfect
interconnected wireless system can be created. For example, vehicle-to-vehicle (V2V)
communication.

• D2D in multiuser MIMO: In a regular multi-user MIMO, pre-coding weights have been
decided by BSs to provide feedback to terminals. This technique at terminals create the
nulls and mitigate interference between UEs but restricted up to single-user MIMO. On
the other side, when D2D communication is applied, paired users are formed which
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can share the data with the same channel. This enhances the performance of multi-user
MIMO system in terms of SE.

1.2 PD-NOMA

In PD-NOMA, each user receives the signals from the BS using multiple resource blocks
(RBs), and each RB provides the service to the multiple users. In NOMA, the users’ signals
are multiplexed at the transmitter using superposition coding and demultiplexed at the receiver
using successive interference cancellation (SIC) technique as shown in Fig. 1.3. The use of
superposition coding enhances the sum rate, user-fairness, and scheduling flexibility. Moreover,
the intra-user interference created by multiplexing can be reduced by the SIC. In PD-NOMA,
multiple users are served using different power levels opportunistically as per the conditions
and quality-of-service (QoS) from a common orthogonal channel. The NOMA based spectrum
sharing has considered a better solution for D2D communication in 5G to improve SE and
network connectivity [5].

Figure 1.3: PD-NOMA

1.3 Energy Harvesting

Apart from improving SE, EE is another critical issue which needs to be addressed in D2D
communication. Generally, electronic devices used for communication are equipped with bat-
teries which have a limited lifetime. To prolong the lifetime of these energy-constrained de-
vices, energy harvesting (EH) is an effective technique [6]. Initially, EH techniques harvest the
energy from renewable resources such as sunlight, wind, etc., but these techniques are not reli-
able due to the dependency on the environment. To overcome this problem, wireless powered
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communication networks (WPCN) and simultaneous wireless information and power transfer
(SWIPT) were proposed [6], [7]. In WPCN, the devices first harvest energy from the RF signals
to store them over downlink and then use the stored energy to transmit the data in the uplink.
In WPCN, EH and information decoding process are carried out by different receivers. It is
a time-based technique. On the other side, in SWIPT, both the EH and data transmission is
carried out from the same RF signals. It is further divided into two schemes: Power splitting
(PS) and time splitting (TS). In PS, receiver splits the received power signal into two different
ratios, whereas, in TS, the receiver use one antenna to perform both the EH and information
decoding [7].

1.4 Thesis Organization

The thesis is organized as follows with the brief description of each chapter:

Chapter 2: Literature Review
This chapter includes a systematic review on variants of NOMA to be used in 5G. The effect
of NOMA on D2D communication and other 5G techniques are explored and discussed. A
relative comparison of state-of-art approaches is also given in this chapter for the analysis of
relative advantages and disadvantages with respect to various evaluation parameters.

Chapter 3: Cross-Layer Interference Mitigation Scheme for D2D Mobile Users Using
NOMA
In this chapter, an interference management scheme for D2D mobile users using NOMA in the
uplink scenario is explored. The problem of interference in D2D communication arises due to
the re-usage of spectrum resources with cellular users. The aim of this chapter is to maximize
the sum-rate of the overall network while maintaining the SINR of the CMUs and DMGs. The
problem of spectrum reuse is formulated as a mixed-integer non-linear programming form. To
address the problem of interference, firstly, the DMGs are formed between the DDT and DMUs
to reduce the intra-user interference using the SIC technique. Secondly, the resource allocation
scheme for both the CMUs and DMGs is designed to mitigate the cross and co-channel inter-
ference using many-to-many mapping scheme. Also, to fully exploit the potential benefits of
DMGs, the group rate selection criterion (GRSC) based RB reuse algorithm among DMGs is
developed. Lastly, for power optimization, the difference of two convex (DC) functions pro-
gramming approach based on a successive convex approximation for low complexity (SCALE)
is used.

Chapter 4: Energy-Delay Tradeoff Scheme for NOMA-based D2D Mobile Groups with
WPCN

In this chapter, a distributed EE and delay tradeoff scheme for NOMA-based DMGs in
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wireless powered communication networks is investigated. The DDTs and CMUs harvest en-
ergy from the radio frequency signals of the BS. Then, the CMUs and DDTs transmit the
information to the BS and DMUs from the harvested energy using the TDMA and NOMA,
respectively. The goal of this scheme is to maximize the long-term average EE of each DMG
in a distributed manner by maintaining the long-term average EE of each CMU. To achieve
this goal, an stochastic optimization problem is formulated which is in the MINLP form. As
the optimization problem is in non-linear fractional form, so to convert it into a linear single-
objective optimization problem, the weighted sum method is used. Now, to solve the problem, it
is divided into three sub-problems (i) Subcarrier allocation (ii) Lyapunov optimization and (iii)
Joint time and power allocation. A many-to-one matching based subcarrier allocation scheme
is proposed to improve the SE and EE of the network. The Lyapunov optimization approach is
used to transforms the stochastic optimization problem into a series of successive deterministic
optimization problems. Lastly, to optimize the time and power of DMG across each subcarrier,
the Lagrangian method is applied.

Chapter 5: Conclusion and Future Scope
This chapter concludes the thesis by highlighting the contributions made using the proposed
schemes. Moreover, this chapter also includes the future directions in the research areas of
D2D communication with NOMA and EH in the 5G.

1.5 Summary

In this chapter, the basic idea of using D2D communication, PD-NOMA, and EH are dis-
cussed in detail. Moreover, in this chapter, we describe how PD-NOMA solve the problems
of inter-user and mutual interference. We have also covered how EH technique improves the
energy efficiency of the devices used in short-range communication.
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Chapter 2

Literature Review

The exponential growth and usage of smart devices such as smartphones, wearable gad-
gets, sensors, actuators in Internet-based applications such as ultra HD video transmission, live
streaming, augmented reality, virtual reality, real-time video calling, live conferences, and so-
cial network services, generates a huge amount of data traffic. It creates an overburden on
the LTE/LTE-A spectrum due to which spectral efficiency (SE) of the underlying backbone
network infrastructure degrades. According to the CISCO Visual Networking Index (VNI) re-
port [1], it is predicted that smartphones will generate 50 exabytes of data traffic by 2021. Also,
from compound annual growth report [1], 2016 forecasts that more than 75 billion connected
devices will utilize the cellular network services by the end of the year 2021 as shown in Fig.
2.1. To overcome this problem, various research organizations are keen to use the 5G wireless
network that is expected to be fully commercialized by 2020.

To provide a better quality of service (QoS), and quality of experience (QoE) to the end-
users, various organizations and countries are putting a lot of efforts on different collaborative
projects such as-IMT-2020 (3GPP), 5GPPP/METIS (European Union (EU)), 5G Forums (Ko-
rea), and ARIB (Japan). In 2015, International Telecommunication Union-Radiocommunication
(ITU-R) officially named the 5G wireless network as IMT-2020 and proposed initial paradigm,
key features, and applications [8–10]. The first phase of 5G standard was studied under 3GPP
Rel-15 having key features as follows [8] (i) connection density is 10,00000/km2; (ii) band-
width is 1 to 2GHz; (iii) data rate is 20/10Gbps (Downlink/Uplink); (iv) latency less than 1ms;
(v) Spectral efficiency of 120 bps/Hz; (vi) throughput of 10Gbps; (vii) usage of Massive MIMO
that enhances coverage and capacity; (viii) process and transmit information in real-time with
high speed up to 1-2Gbps; (ix) frequency band (mmWave) 30 to 300 GHz; (x) Mobility of
500Kmph; (xi) area traffic capacity 10 Mbits/s/m2; and (xii) Energy Efficiency (EE) 50 to 100
times more in comparison to IMT-A.

ITU-R classifies the applications of 5G networks into three broad categories (i) Enhanced
Mobile Broadband (eMBB) connection; (ii) Massive machine-type communications (mMTC);
and (iii) Ultra-Reliable Low Latency Communication (URLLC). To meet the criteria in 5G,
the integration of following technologies, software-defined network (SDN), coordinated mul-
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Figure 2.1: CISCO and Compound Annual Growth Report

tipoint (CoMP), cooperative communication, device-to-device (D2D) communication, visible
light communication (VLC), machine-to-machine (M2M) communication, cognitive radio net-
work (CRN), small cells, massive multiple-input multiple-output (mMIMO), millimetre wave
(mmWave), and vehicle-to-everything (V2X) is greatly needed [8, 10, 11].

The aforementioned integration of different technologies can serve a large number of users
from the same resource block (RB) to enhance SE. However, managing asynchronous data
generated by machines to provide massive connectivity and diversified QoS to the end-users is
a challenging task. To overcome this issue, efficient multiple access (MA) techniques such as
Orthogonal multiple access (OMA) and non-orthogonal multiple access (NOMA) are required.
Among these two techniques, OMA cannot solve the aforementioned problem due to follow-
ing reasons (i) bandwidth wastage due to allocation of one orthogonal resource block to each
user, and (ii) high signalling overhead and low access efficiency. Hence, NOMA techniques
are exploited under the standard 3GPP NR Rel-14 (Downlink) and 3GPP NR Rel-15 (Uplink),
especially to handle the aforementioned problems in the 5G environment.

In the NOMA protocol, one resource block (RB) serves more than one users and one user
can use more than one RB to improve their data rate. The users’ signal is multiplexed at the
transmitter side using superposition coding (SC) and demultiplexed at the recipient side using
successive interference cancellation (SIC) technique. The usage of SC, enhances the sum rate,
user-fairness, and scheduling flexibility. On the other hand, the inter-user interference created
by SC multiplexing can be eliminated by SIC. NOMA is broadly classified into two categories:
power domain NOMA (PD-NOMA) and code domain NOMA (CD-NOMA). In PD-NOMA,
multiple users are served opportunistically as per the channel conditions from a common or-
thogonal RB. On the other hand, in CD-NOMA, the code spreading sequences are used to
serve different users. Different variants of NOMA in these two broad categories are explored
and compared in this paper using various evaluation parameters in Sections 3 and 4.
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2.1 Scope of the survey

Following are the existing surveys from different the authors addressing various aspects of
NOMA [5, 12–22]. Most of these surveys have focused either on CD-NOMA or PD-NOMA
alone. But, to the best of our insight, there is no exhaustive survey exists which considered both
categories on a common platform. The proposed survey covers most of the variants of NOMA
under two broad categories, PD-NOMA and CD-NOMA for 5G networks. The existing survey
articles are summarized as follows.

Yunzheng et al. [12] reviewed NOMA and waveform modulation schemes for 5G, but the
authors do not describe the compatibility of NOMA with 5G. Islam et al. [13] surveyed the
challenges and implementation issues of PD-NOMA and Liu et al. [14] conducted the same on
theoretical issues but, the CD-NOMA was partially explored. Ding et al. [15], [16] discussed
the applications, research, and future challenges of NOMA in 5G. Dai et al. [17] analyzed vari-
ous challenges and solutions for NOMA, but the detailed classification of NOMA was missing
in their survey article. Basharat et al. [18] focused on the MA schemes of NOMA for 5G along
with the discussion on various decoding methods. Aldababsa et al. [19] explored the uplink
and downlink transmission models for NOMA with their extensions to MIMO and cooperative
communication among different devices. Moreover, they discussed the important design chal-
lenges and approaches for the Downlink and Uplink NOMA transmissions. But, they have not
explored how the compatibility of NOMA with 5G techniques exists. Dai et al. [5] focused
on PD-NOMA, CD-NOMA as well as all 15 NOMA schemes under Rel-14 3GPP NR. Also,
they have explored NOMA for performance gain in different indoor and outdoor scenarios.
However, the physical design issues of D2D communication were not explored by the authors.
Cai et al. [20] explored various modulation techniques of OMA and different MA schemes of
NOMA. They have focused on the classification of different NOMA schemes and compared
these based on various performance evaluation metrics. But, they have not explored the other
challenging applications of NOMA such as D2D communication, M2M communication, and
HetNets. Wang et al. [21] highlighted the design issues of various NOMA techniques for
user separation. Authors focused only on the issues of latency, throughput in PD-NOMA and
CD-NOMA. They have also elaborated spatial, hybrid, and network domains. Wu et al. [22]
presented the technological requirements to enable CD-NOMA and explored its test cases in
context with 5G networks but they have not explored PD-NOMA and its compatibility in vari-
ous 5G techniques. Table 2.1, 2.2 and 2.3 present a summary of these surveys articles with key
differences to the proposed survey article.

Fig. 2.2 shows the related surveys articles which also highlights the research gaps in
comparison to the proposed survey. The existing surveys on NOMA have mainly concentrated
on power domain and code domain. In the proposed paper, we comprehensively studied the
different variants of PD-NOMA and CD-NOMA proposed by different authors in context with
5G techniques applicable in various applications.
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Figure 2.2: Classification of related surveys on NOMA

2.2 Contribution of this Chapter

In this chapter, we present a detailed review of NOMA techniques in the 5G environment.
We also highlighted various current challenges and issues for the implementation of various
variants of PD-NOMA and CD-NOMA. Moreover, this paper highlights the inadequacy of
existing 5G standards in achieving ultra-low latency. Based on the above discussion, the major
contributions of this paper are as follows.

• We present a comprehensive review of the PD-NOMA and CD-NOMA to study the var-
ious challenges associated with them. The basic principle of NOMA along with its stan-
dards, advantages, challenges, and solutions are studied.

• We investigate how PD-NOMA improves the various features of 5G when it is integrated
with its different applications. Furthermore, we also studied how PD-NOMA provides
better results than that of previous multiple access techniques such as FDMA, TDMA,
CDMA, and OFDMA.

• We also explore the concept of CD-NOMA and in-depth explain that how the various
variants of CD-NOMA support both the single-carrier and multi-carrier systems. More-
over, we also studied how the variants of CD-NOMA overcome the problems associated
with the PD-NOMA.

• Finally, this paper discussed various challenges and open issues related to the PD-NOMA
and the CD-NOMA. Along with this we also discussed the potential solutions to over-
come the challenges and open issues.
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Figure 2.3: Different multiple access techniques

2.3 Background and History of NOMA

This section discusses the background and history of NOMA. In each generation, there is a
need for new MA techniques to allow users to reuse the spectrum simultaneously to have a high
capacity by allocating the available bandwidth (or channel) among multiple users. This can be
done in such a way that QoS of users should not be degraded. In the first generation, a frequency
division multiple access techniques (FDMA) was used in which frequency bands were divided
into different channels and each channel was allotted to different users. The second generation
belongs to global system for mobile (GSM) communications having Time-division multiple
access (TDMA) technique, such that each user was allowed to transmit using a common fre-
quency band, but access the channel in a specific time slot. Moreover, this generation also
supports code division multiple access (CDMA) technology known as IS-95 or cdmaOne. In
the third generation, CDMA was used in which bandwidth was uniformly distributed with the
same transmitted power. Users can transmit the data simultaneously using the same frequency
band, but with a specific pseudo-random code so that data can be retrieved by the specific user
at the receiver side. In the fourth generation, orthogonal frequency-division multiple access
(OFDMA) technique was used, where MA was used by allocating the subsets of subcarriers to
an individual user. So, the low-data-rate transmissions from different users are possible simul-
taneously. Using space division multiple access (SDMA) along with MIMO technology, all the
users can communicate at the same time using the same channel. This multiple access scheme
can be applied for satellite communication to improve the data rate. All the aforementioned
MA techniques are shown in Fig. 2.3.

OMA schemes simplify the transceiver design and eliminate co-channel interference. How-
ever, the following limitations exist in these schemes. Firstly, the number of users served si-
multaneously is limited. Secondly, to maintain the orthogonality, a user scheduling along with
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Figure 2.4: Downlink and Uplink NOMA

the strong feedback channels are required. Compared to OMA, NOMA is a better technique
for RB allocation, the optimization of a joint power, code signature, and receiver layout. Also,
the non-orthogonal behaviour of NOMA decreases the scheduling of multi-user multiplexing
and the requirement of a precise channel.

2.3.1 Standards of NOMA

It has been observed from the literature that when NOMA is integrated with eMBB then
it improves the user fairness, multi-user capacity, and user experience in ultra-dense networks.
On the other side, for mMTC and URRLC, NOMA resolves the issue of massive connectivity
along with a large coverage area requirements and provides ultra-reliable link quality with low
latency for contention-based grant free transmission. By analyzing the aforementioned benefits
of NOMA, 3GPP has developed various standards for both downlink (DL) and uplink (UL)
scenarios which are described as follows.

2.3.1.1 NOMA standards for downlink

Multi-user superimposed transmission (MUST) was the first standard proposed by 3GPP for
DL scenarios under LTE Release-13. According to the downlink applications, 3GPP divides
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Figure 2.5: Difference between OMA and NOMA

the MUST schemes into three broad categories as, MUST 1, MUST 2, and MUST 3. In MUST
1, coded bits of at least two users are mapped independently to construct the constellation
symbols without relying upon the gray mapping. In MUST 2, coded bits of at least two users
are mapped together to form the constellation symbols with gray mapping. However, MUST 3
is entirely different from MUST 1 and MUST 2.

2.3.1.2 NOMA standards for uplink

3GPP under Release-14 proposed fifteen NOMA schemes for the uplink scenario which are
as follows: SCMA, MUSA, LCRS, FDS, NCMA, PDMA, RSMA, IGMA, LDS-SVE, LSSA,
NOCA, IDMA, RDMA, GOCA, WSMA, and NOMA. All these schemes support massive con-
nectivity, large link reliability, and low latency for mMTC to support a grant-free transmission.
These schemes were simulated by different companies and predicted that the link-level and
system-level simulation of these schemes have higher throughput and gain as compared to
OMA techniques. Moreover, these schemes provide large sum-throughput, system capacity,
and packet arrival rate (PAR). In Release-15, 3GPP proposed a new UL NOMA scheme which
includes the signal processing at transmitter such that the receiver design supports multiple
users.
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2.3.2 Basic Principle of NOMA

2.3.2.1 Downlink NOMA

In DL scenario, the SC technique is applied at the transmitter side (the BS) to multiplex the
signals. These signals have different power allocation coefficients. On the receiver side, a SIC
technique is used to separate interfering signals. Power allocations coefficients are allocated
as per the channel conditions of users. High power is allocated to the poor channel condition
users, whereas low power is allocated to the better channel condition users as shown in Fig.
2.4.

2.3.2.2 Uplink NOMA

In an uplink scenario, each user’s equipment (UE) transmit their signals towards the BS.
Then, at the BS, SIC technique is used which separates the signals of UEs with their different
power allocation coefficients as shown in Fig. 2.4. The signal received at the BS can be
represented as follows.

rs =
N

Â
p=1

hp
p

apPmxp +h , (2.1)

where rs is the received signal, xp is the transmitted signal, hp is the channel gain, ap is the
power allocation coefficient, Pm is the transmitted power of the UE, and h is the additive white
Gaussian noise (AWGN).

2.3.3 Capacity Comparison between OMA and NOMA

Fig. 2.5 represents the difference between OMA and NOMA. The mathematical formula-
tion of OMA and NOMA is described as follows:

2.3.3.1 OMA

The capacity of OMA according to the Shannon capacity theorem can be expressed as
follows [41]:

COMA
p = b log2

⇣
1+

apr

b
|hp|2

⌘
, (2.2)

COMA
q = (1�b) log2

✓
1+

aqr

1�b
|hq|2

◆
, (2.3)

where b is the RB allocation coefficients, r is the transmit signal-to-noise ratio (SNR) at the
BS, ap and aq are the power allocation coefficients which satisfy ap+aq  1, hp and hq are the
channel gains.
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In the absentia of power control at the BS,
�ap

b
�
=
� aq

1�b
�
= 1. So,

COMA
p = b log2

�
1+r|hp|2

�
, (2.4)

COMA
q = (1�b) log2

�
1+r|hq|2

�
. (2.5)

2.3.3.2 NOMA

Compared to OMA, the Shannon capacity of NOMA can be expressed as follows:

CNOMA
p = log2

✓
1+

apr|hp|2
1+apr|hp|2

◆
, (2.6)

CNOMA
q = log2

�
1+aqr|hq|2

�
. (2.7)

When SNR becomes high, i.e., r �! • then

COMA
sum,• ⇡ log2

✓
r

q
|hp|2|hq|2

◆
, (2.8)

CNOMA
sum,• = log2

�
r|hq|2

�
. (2.9)

So, the capacity sum gain of NOMA over OMA can be described as follows:

Cgain
sum,• = CNOMA

sum,• �COMA
sum,•,

Cgain
sum,• =

1
2

log2
�|hp|2|hq|2

�
, (2.10)

When |hq|2 > |hp|2, then capacity of NOMA becomes greater than OMA and this gain becomes
more effective at a time when channel conditions of users becomes different. Authors in [42]
mathematically proved that NOMA always outperformed the traditional OMA.

2.3.4 Advantages of NOMA over OMA

This section discusses the benefits of NOMA over OMA as follows.

• High SE: NOMA provides high SE compared to OMA because, in NOMA, multiple
users acquire the services through each RB, whereas in OMA, one RB is allocated to
each user which results in wastage of bandwidth [43]. Moreover, NOMA can be easily
integrated with other 5G technologies such as mMIMO, mmWave, HetNets, D2D, and
CR, to enhance the throughput of the network.

• Massive connectivity: NOMA has the abilities to support billion of smart devices using
its non-orthogonal characteristics. It is suitable for both the IoT [27] and Tactile Internet
[44] because packets are smaller in size and sporadically in nature. In NOMA, multiple
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Figure 2.6: Classification of multiuser detection techniques

devices get the services through a single RB by using SC, whereas, in OMA, one device
acquires one RB which results in the wastage of RBs.

• Fairness: NOMA provides fairness among users, so a large amount of power is allocated
to the weak users (having poor channel conditions) and lesser to the strong users. Then,
both strong and weak users have guaranteed QoS in terms of throughput. To achieve
better fairness among different users, the authors in [45] provide fair power allocation
schemes. The co-operative communication and CoMP also plays a vital role to enhance
the QoS of the weak users in terms of their fairness [33,46]. Furthermore, to improve the
fairness among users, the authors in [47] presented the power allocation scheme under
the condition of the average CSI at the transmitter.

• Ultra Low Latency: In 5G, latency requirements are more stringent due to the heteroge-
neous network (HetNet) architecture. OMA techniques are not suitable for such architec-
ture because they are dependent on access-grant request which increases the transmission
latency and signalling overhead. In LTE, access grant request takes 15.5ms when data
is transmitted [48]. To resolve it, NOMA is used which supports grant free transmis-
sion, especially in the UL scenario. Moreover, NOMA also provides flexible scheduling
among a large number of devices as per the need of application and QoS of devices.
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2.3.5 Multi-user detection techniques

These techniques separate the multi-user signals shared over the same resources. Classi-
fication of multiuser detection techniques is as shown in Fig. 2.6. Brief description of these
techniques is as follows:

2.3.5.1 The minimum mean square error-successive interference cancellation (MMSE-
SIC)

It is an enhanced version of MMSE receiver, where information bits are decoded from those
user’s signal which is having the highest signal-to-interference noise ratio (SINR) among all the
signals. Then, signals of those users are reconstructed and cancelled from the received signals.
This process is repeated continuously until the correct signal stream is recovered successfully.
Then, the receiver suffers from the problem of error propagation which degrades the QoS of
the users. To mitigate it, an SINR difference between the data streams of different users in each
round must be sufficiently large to make the receiver suitable for those NOMA schemes that
depend upon the diversified channel conditions.

2.3.5.2 Message Passing Algorithm (MPA)

It depends on the non-linear symbol detection scheme. Its structure comprises of sparse
spreading sequences having the performance equivalent of maximum-likelihood (ML). It per-
forms the most reliable detection on every resource element to transfer the symbols to the
neighbouring elements. The MPA receiver uses the symbol level detection but did not use
error-correction of forward error corrections (FECs) to detect the variable data streams of sig-
nals. This problem can be resolved by combining MPA with turbo codes and SIC, respectively.
In MPA-turbo, the data of MPA is given to the FEC for decoding which is collected as the ex-
trinsic information. Compared to MPA-turbo, MPA-SIC eliminates the multi-user interference
(MUI) from the received signals.

2.3.5.3 Estimation propagation algorithm (EPA)

It is implemented at the receiver to reduce the computational complexity and to support
SCMA [49]. It was based on variation approximate inference method which was used in the
machine learning era [50].

2.3.5.4 Elementary signal estimation-parallel interference cancellation (ESE-PIC)

It was first implemented in interleave-division multiple access (IDMA) to handle a large
number of multiplexed users to have a robust performance. In this technique, first ESE detects
the transmitted symbols using a linear symbol detector and then at the same time, the detected
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symbol de-interleaved to achieve a high gain. Finally, the information received at the decoder
is returned to the ESE module for symbol detection.

2.4 Power domain NOMA (PD-NOMA)

In this section, we describe the various variants of PD-NOMA used in 5G as shown in
Fig. 2.7. PD-NOMA is a technique which serves multiple users’ simultaneously, through the
same subchannel by allocating different power levels to them. This technique mainly used in
5G to improve the SE, EE, and reduce the latency. The detailed description of each variant of
PD-NOMA is discussed in the following subsections.

2.4.1 D2D Communication

D2D is used to enhance local area services and its advantages in 5G are as follows (i) to
enhance the EE by supporting low power proximity service, (ii) to enhance the SE by sharing
radio resources with CUs, (iii) to support various peer-to-peer (P2P) services, (iv) to offload the
traffic from the BSs, and (v) to reduce latency. However, inter-user and co-channel interference
exists due to the reuse of the same RB which degrades the QoS of the CUs and D2Ds users.
Hence, it decreases the SE of the communication system. To overcome this issue, researchers
integrate NOMA with D2D in 5G. Moreover, it also manages the inter-user interference among
the D2D users due to SIC, as shown in Fig. 2.8. To fully exploit the benefits of D2D with
NOMA, various NOMA based schemes were proposed which are discussed as follows.

2.4.1.1 MTBSA [51]

In this scheme, the authors proposed the subchannel allocation algorithm based on the
many-to-one matching game to overcome the issue of an inter-channel interference in an uplink
situation [51]. This scheme reduces the system complexity up to O(NM2) and also provides
stable matching between subchannels and D2D groups. As the number of D2D group increases,
this scheme provides better performance. Moreover, this scheme also used to measure the sum
rate and provides a good sum rate as compared to the one-to-one matching algorithm and tra-
ditional OMA based D2D groups.

2.4.1.2 Q-NOMA [52]

It is for in-band D2D group communication in the overlay cellular network, where clus-
ters of D2D receivers (DRs) are randomly distributed around D2D transmitters (DTs) [52].
In this technique, DTs are located as per Gaussian point process model to obtain users clus-
tering and spatial separation. It provides a better trade-off between the analytical tractability
and modelling accuracy. Based on an interference approximation results, the authors in [52]
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Figure 2.7: A taxonomy of PD-NOMA variants
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Figure 2.8: D2D-NOMA

demonstrated two closed-form expression for the outage probability of DRs using stochastic
geometry: (i) by varying coverage radius RD and (ii) distance between probe DRs and DTs.
Performance of Q-NOMA in D2D group communication provides better accuracy and overall
less outage probability as compared to conventional paired D2D communication using OMA.

2.4.1.3 DBIRA [53]

It is a dual based iterative resource allocation algorithm (DBIRA) used to reduce the co-
channel interference that arises due to the sharing of the same spectrum between the D2D
pairs and the CUs [53]. It enhances the sum rate of the D2D pairs with the minimum data-
rate requirements of the CUs. The authors used the Okumura-Hata model for simulation and
compared the result of DBIRA with the MCU-OFDMA scheme. Moreover, they described the
convergence behaviour of the DBIRA algorithm and found a better sum rate. The simulation
result proved that the DBIRA algorithm performs better than MCU-OFDMA in the presence of
interference. Moreover, it provides a high sum rate for the D2D pairs even if the CUs required
large transmit power.

2.4.1.4 NOMA-MCIK [54]

In this, the authors combined the NOMA with the MCIK techniques for proper usage of
power and subcarrier index dimensions to reduce the error with a high diversity order. Dif-
ferent sub-carriers were provided to each user, as a result of which interference among D2D
under dense deployed areas becomes limited. Its performance was found good in terms of an
instantaneous and average pairwise error probability (PEP) over Rayleigh fading channel. It
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achieved an acceptable accuracy level of 1dB over high SNR regions for an average PEP.

2.4.1.5 NOMA-OPT [55]

In this, the authors studied a joint time allocation and power control algorithm that was a
combination of energy harvesting and NOMA. It has low complexity of an order of O(LK2 +

LKlog2
1
e

). Moreover, it was used to improve the EE of the D2D users with the condition to
provide guaranteed QoS to the CUs. In this algorithm, both the CUs and the D2D transmitters
harvest the energy from a hybrid access point (HAP). It solves two problems of D2D under-
laying cellular network: (i) Low system throughput due to limited battery life of users, and (ii)
Low data rates of an individual user due to the limited resource of TDMA. These problems
were solved by an optimal power allocation of the CUs from the given power of the D2D trans-
mitter. Then, based on optimal conditions, a global optimal solution was proposed for the D2D
in the closed-form in terms of power and time resources.

2.4.1.6 DC-NOMA [56]

Kim et al. proposed a D2D aided cooperative relaying NOMA scheme (C-NOMA) to
improve the SE of the system. It gives an effective method to embrace the non-orthogonal D2D
transmission at the relay to have a high sum rate in comparison to the conventional NOMA and
C-OMA. Moreover, it provides the sum capacity of the order of logSNR. On the other hand,
when a constant power is allocated for superposition coding, DC-NOMA achieves an upper
bound scaling capacity of 1

2 logSNR. The results show that it achieves high ergodic capacity as
compared to that of conventional NOMA and C-OMA.

2.4.1.7 FD-D2D-CNOMA [57]

In this, the authors proposed the FD D2D aided cooperative NOMA scheme, where user
pairs are predefined and the FD technique is used with the NOMA strong users. The presence
of the FD technique at the NOMA-strong users collect the data sent by the BS and transferred
it to the NOMA-weak users over the same frequency band. So, the outage performance of the
NOMA-weak user improves by reducing the cooperative delay. To improve the performance
of this scheme in terms of OP, adaptive multiple access (AMA) scheme was also proposed.
It enables the BS to dynamically switch power among the FD-D2D-CNOMA, conventional
NOMA, and OMA.

2.4.1.8 TTMMA [58]

Lim et al. proposed a NOMA based technique for peer discovery of distributed D2D com-
munication. The performance metrics of peer discovery are range and capacity. To improve
the discovery capacity, the authors in [58] explored the non-orthogonal resource allocation and
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generated a single tone transmission signal used to solve the problem of the peak to average
power ratio (PAPR). To design the discovery procedure concisely, it removed the strict colli-
sion detection and collision avoidance problems. The authors also proposed a message-passing
algorithm with supplementary schemes for multi-user detection of superimposed multi-access
signals. To enhance the discovery capacity, it permits a certain number of mobile stations
(MSs) to regulate and transmit their signals on a similar resource section. TTMMA with mes-
sage passing algorithm enhances the number of discovered devices up to 1.5 times more than
the conventional FDMA based discovery from the same resources.

2.4.1.9 Cooperative HARQ assisted NOMA [59]

In this, the authors proposed an interference-aware mathematical scheme based on stochas-
tic geometry for large scale D2D networks. The utilization of stochastic geometry combines the
spatial interference correlation at the NOMA receivers and temporal interference co-relation at
the HARQ transmission side. The authors also proved that when the effect of aggregated inter-
ference and the spatial and temporal interference are ignored then it overestimates and generates
misleading design insight. The performance of this scheme was analyzed in terms of outage
and throughput limited up to two users. The above assumption of channel gain difference was
not always true for the NOMA based D2D scenario. D2D receivers are clustered around D2D
transmitters and are situated in the proximity of each other. As a result, they have almost similar
channel conditions. It achieved 32% lower outage probability as compared to non-cooperative
HARQ assisted NOMA and 47% improvement in long term average throughput (LTAT) as
compared to HARQ assisted OMA.

2.4.1.10 JUCPA [60]

Kazmi et al. proposed a scheme to mitigate the problem of user clustering and power
allocation, where the NOMA technique was applied at the BS. The proposed scheme protects
the CUs from interference and enhances the sum rate of the D2D pairs. The authors formulated
the problem as a mixed-integer non-linear NP-hard problem. To solve it, the authors divided
the problems into two subcategories. In the first category, matching game theory was used for
user clustering and subchannel allocation. For user clustering, one-to-many matching theory
and for subchannel allocation many-to-one matching game is proposed. In the second category,
complementary geometric programming was used to pertain the power of the D2D transmitters
(DTs). It has 70% and 90% higher execution gains of the average sum rate in comparison to
NOMA and OFDMA, respectively. Furthermore, it improved the network connectivity to serve
a large number of users through the same RBs.
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2.4.1.11 D2D assisted NOMA Relay [61]

In this, a NOMA technique was integrated with D2D UEs for remote UEs. Due to the
utilization of fewer resources, it provides improved SE and high data rate for the farthest UEs
in comparison with the traditional D2D relay schemes.

Table 2.4: Parametric analysis of existing NOMA schemes based on D2D

Problem NOMA Transmission Performance metrics
in D2D Variant scenario Techniques 1 2 3 4 5 6 7 Merits Open issues

Co-
channel
interfer-
ence

MTBSA
[51]

Downlink Joint subchan-
nel and power
allocation

X ⇥ ⇥ ⇥ ⇥ ⇥ ⇥ Higher sum rate
and stable state

Reduced
receiver com-
plexity

Co-
channel
interfer-
ence

Q-NOMA
[52]

Downlink Power alloca-
tion

⇥ X ⇥ ⇥ ⇥ ⇥ ⇥ OP reduced Can be ex-
tended to
MIMO systems

Resource
Allocation

DBIRA
[53]

Downlink Power control
and channel
assignment

X ⇥ ⇥ ⇥ ⇥ ⇥ ⇥ Higher data rate Imperfect CSI

Energy
and Inter-
ference

NOMA-
MCIK
[54]

Downlink Joint power
control and
sub-carrier in-
dex activation

⇥ ⇥ ⇥ ⇥ X ⇥ ⇥ Increase the di-
versity gain and
improve CEUs
performance

Analyse OP and
compute SE by
using different
detection tech-
niques

Energy
harvesting

NOMA-
OPT [55]

Downlink/ Up-
link

Joint power
control and
time allocation

⇥ ⇥ ⇥ X ⇥ ⇥ ⇥ Improved EE Can be ex-
tended for
multicell net-
work

Capacity
scaling

DC-
NOMA
[56]

Downlink Power alloca-
tion

⇥ ⇥ ⇥ ⇥ ⇥ ⇥ X Higher SE than
OMA in low
SNR regime

Relay selection
needs to be ex-
plored

Residual
interfer-
ence &
quality of
channels

FD-D2D-
CNOMA
[57]

Downlink Co-operation ⇥ X ⇥ ⇥ ⇥ ⇥ ⇥ OP reduced and
AMA increase
the gain

Reduces the
complexity

Collision
avoid-
ance &
detection

TTMMA
[58]

NA Message pass-
ing modulation
algortihm

⇥ ⇥ ⇥ ⇥ ⇥ X ⇥ Increased the
capacity

Proximity ser-
vices need to be
improved

Interbeam
& co-
channel
interfer-
ence

C-HARQ-
NOMA
[59]

Downlink User grouping
and power
control

⇥ ⇥ X ⇥ ⇥ ⇥ ⇥ Mitigate the in-
terference, im-
proved through-
put and reduced
OP

Imperfect CSI
and Nakagami-
m fading
channel can be
explored

Resource
Allocation

JUCPA
[60]

Downlink Joint user
clustering
and power
allocation

X ⇥ ⇥ ⇥ ⇥ ⇥ ⇥ Mitigate the
interference
and improved
network con-
nectivity

Imperfect CSI

Resource
allocation

D2D-
relay-
NOMA
[61]

Downlink Relaying X X ⇥ ⇥ ⇥ ⇥ ⇥ Time slot space
reduced upto
half and all
users achieve
diversity order
of K

User grouping
needs to be
explored more

Note- 1: Sum rate, 2: OP, 3: Throughput, 4: EE, 5: PEP , 6: PAPR, 7:Ergodic sum capacity
Notations- X: Y, and ⇥: N
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Figure 2.9: Discussion based on classification of D2D communication.

2.4.1.12 Comparison of existing NOMA schemes based on D2D communication

Table 2.4 provides the detailed relative comparison of existing variants of NOMA used in
D2D communication using the parameters such as transmission scenario, the technique used,
merits, open issues, throughput, EE, PEP, and PARP.

2.4.1.13 Discussion based on classification of D2D communication

Fig. 2.9 shows that the JUCPA achieves 18.2%, 44.45%, and 62.5% higher sum rate as
compared to the MTBSA, DBIRA, and DC-NOMA with an increase in the number of accessed
D2D users. The reason behind this behaviour is that the JUCPA reduced the co-channel in-
terference among the D2D pairs using the SIC technique Also, the computational complexity
achieved by JUCPA is much lower than the MTBSA, DBIRA, and DC-NOMA. These two
reasons depict that JUCPA is more suitable for 5G scenario as compared to other ones.

2.4.2 Cooperative Communication

Cooperative communication uses one or multiple relays to enhance the signal strength be-
tween the source and destination. It uses two-time frames such that in the first frame, direct
phase transmission is used while the second frame is used by relays to forward the information
from relays to the final destinations as shown in Fig. 2.10. It has many advantages due to
following reasons [62,63] (i) enlarges the coverage area, (ii) enhances the system capacity, (iii)
reduces the effect of multipath fading, (iv) resolves the difficulty to mount multiple antennas
on small size terminals, and (v) improves the QoS of cell edge users (CEUs). In this technique,
relays use two types of protocols, decode and forward (DF) and amplify and forward (AF) to
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Figure 2.10: Cooperative Communication/Cooperative Relaying systems

transfer the information from source to destination. According to the relaying operation, relays
are categorized as half-duplex (HD) and full-duplex (FD). In HD, two-time slots and frequency
bands are used for data transmission and reception while in FD, one-time slot and the same
frequency band is used [64], [65]. Moreover, the usage of FD increases the SE as compared to
HD [66].

To improve the SE of the network, researchers used NOMA with cooperative communi-
cation. This integration provides benefits such as reduce system redundancy, fairness, and im-
proved diversity gain for weak users. Considering the aforementioned advantages, the authors
have proposed different variants of cooperative NOMA, which are discussed in the sequel.

2.4.2.1 C-NOMA [46]

In this, the authors analyzed the diversity gain to exploit the prior information of the NOMA
technique. In this technique, a strong user (having better channel condition) decodes the mes-
sages of other users and acts as a relay for weak users (having poor channel condition) to
enhance their reception reliability. It improves the diversity gain for all users, but during the
cooperative phase, it has been observed that when the data is transmitted from the relay to the
weak user, and then it took extra time slots to fulfil the target because relaying operation is
carried out serially. A user pairing scheme was used to reduce the complexity of C-NOMA.
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2.4.2.2 Collaborative NOMA Assisted Relaying [67]

In this, the collaborative NOMA assisted relaying (CNAR) was proposed for 5G which
consists of two NOMA links, which are known as collaborative source-relay (S-R) and relay-
destination (R-D). Here, the message of the relay was taken from the S-R NOMA signal and
power is adjusted to transmit the remaining part to cell-edge users of the R-D link. In this
scheme, relay signals are transmitted and received in a specific frequency band. To achieve the
high throughput and to support a large number of users, the FD mode was used in the two-fold
antenna relay system for the S-R and the R-D links. In addition to this, the interference was
avoided by using separate authorized and unauthorized bands. The execution of the framework
was analyzed for OP and ergodic sum capacity. The simulated results show that the proposed
framework provides better OP and ergodic sum capacity as compared to OMA. However, it
is suitable for short-range communication such as Bluetooth, UWB. Hence, to overcome this
problem and to fully exploit the potential benefits of C-NOMA, dedicated relays are proposed
with NOMA.

2.4.2.3 CDRT-NOMA [68]

In this, the authors used NOMA in CDRT, where they can communicate directly or indi-
rectly with the BS. To cancel the interference, a NOMA inherent property is used to take the
information from other UEs. Its performance was analyzed for OP over frequency flat block
fading channels by using DF relaying. In contrast to [68], the authors in [69] analyzed the
performance of the above scenario by using AF relaying.

2.4.2.4 UP-NOMA [70]

The authors in this proposed a CDRT protocol using uplink NOMA based on the two-user
scenario. In this protocol, a cell center user communicates directly with the BS, whereas CEUs
uses HD DF relay to communicate with the BS. Authors analyzed the performance of their
scheme in perfect and imperfect SIC scenarios by measuring the ergodic sum capacity.

2.4.2.5 HD-CNOMA/FD-CNOMA [71]

Liu et al. proposed a hybrid HD/FD scheme for C-NOMA to resolve the problem of power
allocation and to maximize the achievable user rate. In addition to this, a relay selection scheme
was also proposed for multiple users. Moreover, an optimal power was allocated by the execu-
tion of NOMA-HD and NOMA-FD. It outperformed conventional NOMA, HD-CNOMA, and
FD-CNOMA schemes.
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2.4.2.6 FD-NOMA-VP [72]

In this, the P nearest and the Q farthest users having similar gain are divided into distinct
NOMA clusters using a relay. Clustering was performed using the virtual pairing (VP) scheme
between one nearest and multiple farthest users over non-overlapping frequency bands. In FD-
NOMA-VP, a dedicated FD relay was used to maintain the communication between the farthest
users and the BS whereas, the nearest user communicates directly with the BS. The execution
of the proposed framework is analyzed for OP, ergodic sum capacity (ESC), and outage sum
potential in conjunction with analytical derivations for each perfect and imperfect interference
cancellation (IC) techniques. FD-NOMA-VP achieved tremendous performance gain in com-
parison to the conventional MA schemes in perfect IC. On the other side, at imperfect IC, the
performance degrades due to an increase in the impact of residual interference at the relays.

2.4.2.7 NOMA-PLC [73]

It is a two-stage power allocation NOMA scheme. In the first stage, the source modem
transmits two data symbols with different power allocation factors while both the relay and
destination receive the superposition coded signal. Then, the destination decodes the signal
with a higher power while treating the other as noise. At the relay, the higher power signal is
first decoded and then cancelled using the SIC to obtain the second symbol. In the second stage,
with the assumption that it is successfully decoded, the relay forwards the second symbol to the
destination. The performance of the system was analyzed in terms of the average sum capacity.
Two advantages of using the NOMA in PLC are: (i) reduced transmit power at PLC modems
which relaxes the electromagnetic compatibility (EMC) problem associated with PLCs, and
(ii) better fairness among users since it allows to transmit multiple signals simultaneously to
different users (PLC modems) with each user occupying the entire bandwidth.

2.4.2.8 NOMA-PSO [74]

It is applied to the OFDM-based cooperative SATCOM systems to avoid the wasting of
resources such as frequency and energy. In [74], NOMA is applied to a multi-satellite co-
operative transmission system consisting of GEO and LEO satellites. Due to the presence of
NOMA, GEO and the LEO satellites communicate simultaneously to multiple ground users lo-
cating in the overlapped coverage area of the satellites. In this case, channel gains from a user
to GEO and LEO satellites can be significantly different which makes it feasible and reasonable
to apply NOMA to the cooperative system. The authors used the particle swarm optimization
(PSO) algorithm and concluded that the performance of their scheme was better than OMA in
SATCOM.
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2.4.2.9 CRS-NOMA [75]

Kim et al. proposed a spatially multiplexed transmissions scheme to enhance the SE. Au-
thors analyzed the achievable average rate for an independent Rayleigh fading channel which
shows a better performance of CRS-NOMA as compared to traditional DF scheme.

2.4.2.10 CRS-NOMA-ND [75]

It was based on novel receiver design. Generally, the source simultaneously transmits two
symbols by using the superposition code and the relay decodes and forwards the symbols with
lower allocated power by using SIC [75]. But, in [76], the destination jointly decodes two
symbols from both the directed signal and then forward the signal by using the maximum-ratio
combination and SIC. Result of this scheme shows that it outperforms the other schemes for
parameters such as ergodic capacity and outage probability when the S-to-R link is better than
the R-to-D link.

2.4.2.11 N-BRS [77]

In this, multiple relays are used instead of single, which is an extended version of CRS-
NOMA. Among multiple relays, the best relay is selected because best relay selection (BRS)
reduces overhead and complexity, while achieves the full diversity order even in the presence of
a finite number of interference sources. The performance of this scheme was analyzed in terms
of the average rate under independent Rayleigh fading channel. Its simulated results show that
N-BRS has more rate gain in comparison to the conventional BRS (C-BRS) when the number
of relays becomes large.

2.4.2.12 NOMA-RS/HD-NOMA-RS [78]

This scheme uses NOMA with the HD relay, which uses the dual-hop cooperative relaying.
In this scheme, a parallel collaboration between two sources was observed to achieve their
objectives. In [78], after having acquired the transmitted symbols in parallel by both the sources
with exclusive assigned powers, the relay forwards a superposition coded composite sign using
NOMA. Advantage of NOMA-RS is that it has multiple sources in contrast to CRS-NOMA and
CRS-NOMA-ND. Results demonstrated that NOMA-RS has a high capacity gain in presence
of residual interference and imperfect SIC as compared to conventional NOMA under perfect
SIC.

2.4.2.13 FD-NOMA-RS [79]

It consists of FD NOMA and cooperative relay such that two source-destination pairs have
a common FDR [79]. FDR demultiplex these symbols and simultaneously transmits a super-
imposed composite signal to the end locations with a processing delay tau using downlink
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NOMA. They evaluated the performance of their scheme for ESC, OP, and outage sum capac-
ity. To prove the effectiveness of their scheme, they analytically analyzed their scheme by using
both perfect and imperfect SIC conditions. Simulation results of the proposed scheme reveal
that it outperforms the HD-NOMA-RS and HD-OMA-RS and improves the 5G systemsâĂŹ
performance in comparison to the HD scheme.

2.4.2.14 STBC-NOMA [80]

It is a two-phase cooperative DF relaying scheme which is based on Alamouti (2x1 multiple-
input single-output mode) space-time block coded (STBC-NOMA) [80]. To examine the per-
formance of this scheme, a closed-form solution for ergodic sum capacity and outage prob-
ability over independent Rayleigh fading channels was studied. At a high SNR, asymptotic
approximations for E-SC, OP, and O-SC were also manifested. It acquired significant perfor-
mance gain using NOMA and the traditional DF relaying schemes as compared to the conven-
tional CRS.

2.4.2.15 DRS-FPA and DRS-DPA [81]

These are DF dual relay selection schemes which use distributive space-time coding for
cooperative NOMA [81]. In DRS-FPA scheme, the fixed power is allocated to the system.
One relay demultiplexes both the signals of U1 and U2 and finally, the max-min criterion is
used to select the best relay. In DRS-DPA, the dynamic power allocation based DF dual relay
selection scheme was used, where DPA was used for both hops instead of second hop only. The
performance of both schemes was evaluated in terms of a closed-form expression of OP.

2.4.2.16 DDF-NOMA [82]

It is a cooperative NOMA scheme which uses dynamic decode-and-forward (DDF) relay to
increase the reception reliability of spatially random users. In DDF-NOMA [82], the user who
is close to the BS demultiplexes the superimposed mixture of the users’ signals received from
the BS using partial reception and then transmits the signal to the farthest user. To overcome
the need of channel state information at the BS, random user pairing was used, where users
were randomly paired to carried out NOMA transmission with one-bit feedback.

2.4.2.17 HB-NOMA [83]

This scheme uses the benefits of NOMA and TDMA at the relay to improve the throughput
of poor channel condition users’ [83]. By using the optimum throughput from HB-NOMA relay
for each mobile user (MU), the authors investigated the scenario of multi-MUs. To maximize
the utility of all MUs in a multi-MUs scenario, the concept of Gradient-projection (GP)-based
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multi-MUs scheduling was used. The authors concluded that the GP scheduling scheme im-
proves the total utility of MUs in comparison to the round-robin (RR) scheduling scheme.

2.4.2.18 CMR-NOMA [84]

It is a cooperative multi-relay NOMA-based scheme, where the information of each user in
the system is relayed by all other users in an interference-free manner [84]. It establishes coop-
eration among the users clustered in a NOMA structure. In the cooperation phase, users receive
a replica of their signal in a sequential manner starting from the weakest user. It enhances the
overall system performance as compared to NOMA and CNOMA schemes at the expense of
detection of more signals and the addition of an extra time slot. Moreover, the authors proposed
a modified SIC technique to reduce the computational complexity at the receiving UEs.

2.4.2.19 TW-NOMA [85]

It is a two-way DF NOMA scheme, in which an intermediate relay helps two source nodes
to communicate with each other [85]. In this scheme, the authors integrated the digital net-
work coding (DNC) to compress received data from these source nodes. Its performance was
analyzed and evaluated for OP over Rayleigh fading channels. Simulation results show that
TW-NOMA outperformed the conventional two-way scheme using DNC (TWDNC), two-way
scheme without using DNC (TWNDNC), and two-way scheme in AF relay systems (TWANC).

2.4.2.20 TWR-NOMA [86]

It is a two-way relay NOMA system where two different NOMA groups exchange message
among each other using HD-DF relay [86]. The effect of both the perfect and imperfect SIC
was taken to compute the SINR of users. The authors evaluated the closed-form expressions of
OP users’ signal in terms of the exact and asymptotic way using both the perfect and imperfect
SIC. The main aim of this scheme was to provide the solution for decoding order errors due to
perfect SIC. The impact of an interference signal (IS) at relays in high SNR regimes and zero
diversity order was also studied. The numerical results show that the proposed scheme under
perfect SIC and in the absence of IS has a larger sum rate as compared to that of TWR-OMA
systems.

2.4.2.21 HDAF [87]

In this, the authors proposed a hybrid relaying scheme, which consists of two sources and
one UE. In this scheme, some of the relays worked on the principle of the DF protocol and
others on the AF protocol. Improved sum channel capacity and average system throughput
were achieved from this scheme as compared to the traditional schemes.
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2.4.2.22 NOMA-TDMA [88]

In this, the authors investigated the outage performance over two different NOMA relaying
schemes cooperative NOMA and TDMA-NOMA. In this proposal, two relays have been used
between the BS and users. The cooperative NOMA took two-time slots, whereas the NOMA-
TDMA took three-time slots to complete one round communication. Here, NOMA and dirty
parity coding (DPC) are used in the first and second-time slots, respectively. On the other hand
in NOMA-TDMA, NOMA was used in the first time slot, and TDMA was used in second and
third time slots. Moreover, the authors explored the impact of error propagation in NOMA SIC
and it provides better OP as compared to NOMA-TDMA.

2.4.2.23 NOMA-PRS [89]

The authors in this investigated the performance of cooperative NOMA with the AF and
partial relay selection (PRS) technique. In this scheme, the BS communicates with two users
using a selected relay and also established a direct link with the users. The results show that
when the number of relays increases, its performance increases; but at the high SNR region,
the performance gain becomes constant after two relays.

2.4.2.24 NOMA-RBC [90]

In this, one BS and two users were used to analyze the performance of cooperative SISO-
NOMA relaying. In this proposal, users near to the BS employed the compress and forward
protocol and act as an FD relay for the farthest users. The performance of this scheme is
analyzed in terms of the achievable rate region of an RBC with the compress-and-forward (CF)
relaying and noisy network coding (NNC). From the obtained achievable rate region with CF
and NNC, a DPC is also applied at the BS to enhance its performance. It has better results as
compared to conventional NOMA.

2.4.2.25 CFR-NOMA (Cooperative full-duplex relaying) [91]

This is an in-band FD relaying scheme with imperfect SIC. In [91], users near to the BS
act as the FD relay for the far users. The numerical results of this scheme were analyzed in
three conditions using the parameters such as OP and ESC under three conditions. In the first
condition, the power of relays and the BS was kept fixed. In the second condition, the power
of the BS and relay are optimized to reduce the OP. In the third condition, fairness between
the users was taken into account and the power of both the BS and relays was optimized to
maximize the individual rate of users.
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2.4.2.26 BA-NOMA [92]

Relays transmit and receive the data packets when S-R and R-D links are in outage [92] in
buffer aided (BA)-NOMA. It improves the reliability of the relaying systems which increases
the throughput of the system. Xia et al. [93] proposed a centralized mechanism to select the
best relay to exchange the buffer state information between the relay until it becomes empty.
Moreover, the authors in [94] proposed a buffer-aided relaying technique which contains one
source and two users. In comparison to [94], the authors in [95] proposed a NOMA relay
network, where a dedicated relay was used to transmit the information to two users. By using
the same scenario of [95], the authors in [96] used an adaptive transmission scheme for a single
relay network to maximize the throughput of the cooperative NOMA system to serve two users
concurrently. In [97], the authors proposed a multi-relay topology and determined the process
of power allocation coefficient. Moreover, they proposed two relay selection algorithms Delay-
Aware NOMA (DA-NOMA) and Delay and Diversity-Aware NOMA (DDA-NOMA).

2.4.2.27 DIYA-NOMA [98]

It is a scheme used to improve the network coverage and throughput to provide the quality
of service and quality of experience to the end-users by reducing the delay and interference. To
achieve the goal, the authors in this proposed the Tactile Internet (TI) driven delay assessment
for D2D communication, which works in two phases. In the first phase, a full-duplex commu-
nication at relays (intermediate nodes) is used to have the first- and second-hop transmission
simultaneously in the same time slot. Then, TI-based communication is used at D2D transmit-
ter to increase the speed of transmission. In the second phase, pricing-based three-dimensional
(3-D) matching is proposed to improve the throughput of the cell edge users along with the
mitigation of co-channel interference. Also, the power of the D2D transmitter is optimized
using successive convex approximation with low complexity, which converts the non-convex
optimization problem of subchannel allocation and power control into a convex problem.

2.4.2.28 Comparison of existing NOMA schemes based on cooperative communication

Table 2.6 provides the detailed relative comparison of existing variants of NOMA used
in the D2D communication with reference to parameters such as transmission scenario, the
technique used, merits, open issues, throughput, EE, PEP, and PAPR.

2.4.2.29 Discussion based on Cooperative Communication Classification

Fig. 2.11 represents the effect on the ergodic capacity with respect to the transmit SINR.
The graph shows that when the SINR transmission is low, the ergodic capacity of the net-
work increases rapidly, but as the graph move towards the high transmits SINR region, the EC
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Table 2.5: Relative comparison of existing NOMA schemes based on cooperative
communication

Problem in
cooperative
NOMA

NOMA Variant Performance Metric Advantages Open Issues

QoS of far users C-NOMA [46] Outage Probability (OP)
and ergodic sum capacity

(1) Reduce the system com-
plexity 2) maximizes the diver-
sity gain 3) Improves reception
reliability of poor connections

1) Multi-antenna at BS 2) op-
timal power allocation in coop-
erative NOMA need to be stud-
ied.

Multiple CEUs
cannot served
concurrently

CNAR [67] Outage probability and Er-
godic sum capacity

1) Cell edge users achieved gu-
ranteed data rate 2) Provides
high throughput

Effect of NOMA interference
on CEUs needs to be exam-
ined.

Acquiring side
information for
interference
cancellation

CDRT-NOMA [68] Outage probability and Er-
godic sum capacity

1) Imroves the SE 2) capacity
gain increases

Can be extended to multicell
scenario to achieve high capac-
ity gain.

Capacity gain UP-NOMA [70] Ergodic sum capacity Boost the system capacity for
next generation wireless net-
work

Scheme needs to be tested us-
ing Nakagami-m Fading chan-
nel.

Power allocation FD/HD-CNOMA
[71]

User rate Maximizes the achievable user
rate for the sake of fairness

Resource Allocation scheme
need to be designed for the pro-
posed scenario.

Interference can-
cellation

FD-NOMA-
VP [72]

Outage probability, Out-
age Capacity and Ergodic
sum capacity

Provides better results than
other pairing schemes

Can be extended for MIMO
systems to improve the
throughput.

Average Capacity NOMA-PLC [73] Average Sum Capacity 1) Reduces the electromagnetic
compatibility associated with
PLC 2) Relay forwards the two
symbols

1) AF protocol need to be ex-
amined. 2) Can be extended to
FD system.

Limited fre-
quency and
energy resources
in SATCOM

NOMA-PSO [74] Sum Rate This scheme integrates with
OFDM based cooperative SAT-
COM system to avoid wasting
resources consisting GEO and
LEO satellites

Can be extended to mMIMO
systems.

Spatially multi-
plexed transmis-
sions

CRS-NOMA [75] Average rate 1) Improves the average chan-
nel power of the S-R links
2) Acquires two data symbols
during two time slots

Time slots need to be reduced.

Receiver Design CRS-NOMA-
ND [76]

Ergodic sum rate and Out-
age performance

1) Provides better Ergodic sum
rate than CRS 2) MRC scheme
is applied at receiver side

Incremental redundancy tech-
niques and source transmission
at the second phase need to be
studied

Average Rate
gain

N-BRS [77] Average Rate Reduces overhead and com-
plexity

Best relay position and channel
gain need to be examined.

SIC performed
for different users

NOMA-RS/HD-
NOMA-RS [78]

Ergodic sum capacity Large number of users can be
served at the same time

Outage Probability needs to be
evaluated

Spectral effi-
ciency loss in a
HD protocol

FD-NOMA-
RS [79]

Ergodic sum capacity,
Outage probability and
Outage sum capacity

Large number of users can be
served through the same fre-
quency band

More insights are required for
MIMO-NOMA

Spectral ef-
ficiency and
reliability

STBC-NOMA [80] Ergodic sum capacity and
outage probability

1) Boosts the SE 2) Increases
the system reliability

The usage of multiple antenna
at the receiver side and its
computation complexity using
a mathematical analysis needs
to be studied

Diversity gain DRS-FPA/DRS-
DPA-NOMA [81]

Outage Probability 1) Improves the system perfor-
mance 2) Provides high diver-
sity gain using dual relay

Need to study this scheme for
Nakagami-m fading channels

Reception relia-
bility of CEUs

DDF-NOMA [82] Outage Probability Improves the reception reliabil-
ity of spatial domain users

This scheme needs to be ex-
plored for alternative user pair-
ing strategies exploiting lim-
ited CSI knowledge.

Impact of weak
channel power
gain

HB-NOMA [83] Throughput Increases the throughput upto
30% as compared to TDMA

Needs to be investigated in
the situation in which differ-
ent relays select different MUs
to provide relay-transmission
within a same time-slot.

QoS of strong
users

CMR-NOMA [84] BER and Ergodic sum rate Modified SIC technique is used
to reduce the computational
complexity of the receiving
UEs

1) Scheme can be extended for
MIMO systems 2) It can be
evaluated for imperfect CSI.
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Table 2.6: Relative comparison of existing NOMA schemes based on cooperative
communication

Problem in
cooperative
NOMA

NOMA Variant Performance Metric Advantages Open Issues

Spectral Effi-
ciency at Relays

TW-NOMA [85] Sum Outage probability 1) Two way DF relay with
NOMA is used 2) Provides
lower outage probability than
TWDNC and TWANC 3)
Achieved better performance
locate the relay at two subopti-
mal points between the source
nodes

Rician and Nakagami-m Fad-
ing channels 2) Imperfect CSI

Residual Interfer-
ence Signal

TWR-NOMA [86] Ergodic rate, EE, OP,
Delay-tolerant throughput

1) Provides larger rate in ab-
sence of SIC at the relay 2) Pro-
vides higher throughput with
imperfect SIC

Nakagami-m fading channel
can be explored

Channel capacity HDAF-NOMA
[87]

Channel capacity and Av-
erage system Throughput

It is used to enhance the
channel capacity and system
throughput for multiple relays

Scheme need to examined over
Nakagami-m fding channels.

Outage Perfor-
mance

NOMA-TDMA
[88]

Outage Probability 1) Less Interference 2) SIC er-
ror propagation is considered

1) The time slots for transmis-
sion can be reduced 2) Power
allocation factor can be opti-
mized.

PRS effect NOMA-PRS [89] Sum rate, Outage proba-
bility, and Ergodic capac-
ity

1) Improved the sum rate and
user fairness 2) Performance
gain increases with the number
of relays.

Can be extended to multiple
users

Effect of full du-
plex relaying

NOMA-RBC [90] Achievable Throughput 1) Improved the weak user rate
2) Larger gain is achieved us-
ing Dirty parity coding and
compress-and-forward.

Can be extended to MU-
MIMO system

Inband full du-
plex relaying and
Imperfect SIC

CFR-NOMA [91] Outage probability, er-
godic sum rate and Power
allocation optimization

1) Near users treated as a full
duplex relay for the far users 2)
Fairness is examined 3) Max-
imizes the achievable rate of
users

Channel allocation scheme can
be explored.

Reliability of re-
lays

BA-NOMA [92]-
[97]

Throughput and Outage
probability

Improves the QoS and data rate
of the Cell edge users

Relay selection can be done
more accurately.

Delay and Inter-
ference

DIYA-NOMA [98] Sum Rate and Delay Improve the coverage network
and throughput of the cell edge
users

Extend to multi-cell scenario.
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Figure 2.11: Classification Comparison on Cooperative Communication

becomes constant. This happened because as the SINR increases, the effect of intra-user inter-
ference increases. Also, the result shows DIYA outperforms as compared to the FD-CNOMA,
FD-CNOMA-RS, FD-NOMA-VP, and DDF-NOMA. Also, it is evaluated that at 600 dBm, the
proposed scheme provides approximately 40% and 45% higher ergodic capacity as compared
to the FD-NOMA VP and DDF-NOMA schemes, respectively. This means that DIYA is more
suitable for 5G networks.

2.4.3 CoMP

CoMP is an inter-cell technology designed for LTE/LTE-A which enhances the throughput
of the users’ located at the edges of a cell. In this technology, CEUs not only get the services
from the users of the same cell but also the users of other cells via cooperation with each other.
This technique reduces the inter-cell interference via sharing the information of users that are
using the same channel. However, sharing the same channel by a large number of users of
different cells affects the SE of the network. This decrease in SE motivates researchers to
integrate NOMA with CoMP, which is a challenging issue due to the following reasons: (i)
scheduling the APs (or the BS) and users for the application of the NOMA strategy, (ii) co-
channel interference in a multi-cell scenario, and (iii) SIC complexity of NOMA. To resolve
these issues, different variants of NOMA are proposed by the researchers which are discussed
as follows.

2.4.3.1 CSC-NOMA [99]

In this, the authors proposed a coordinated superposition coding (CSC) scheme in the
CoMP network to overcome the issue of not utilizing the same channel by the CEUs and the
users nearest to the APs. In this scheme, the superposition algorithm is used for DL transmis-
sion through which both the CEUs and the users nearest to the APs can access the common
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channel. To achieve it, an Alamouti code (space time code) is transmitted using the NOMA
technique, among the CEUs and the users nearest to the APs. Then, the SE of the CoMP net-
work also increases. This scheme outperformed the coherent transmission schemes and has a
lower backhaul overhead for the users located at the edges of a cell.

2.4.3.2 CO-NOMA [100]

It is a resource allocation technique for mobile networks, i.e., when NOMA is combined
with CoMP, it provides two advantages: (i) a large number of users got the services from limited
resources and (ii) less time is taken by the packets to be delivered from source to destination
[100]. In this technique, NOMA uses the space domain multiplexing using an appropriate
power distribution among user pairs and it combines with it using a coordinated transmission
from several RRUs. The upper bound worst-case complexity of this scheme per cluster per RB
is given as follows: O(((K2(K�1)�1)c

f

+ceval)|U(c)|). In this scheme, with an increase in the
number of active users, the throughput per access also increases linearly.

2.4.3.3 O-NOMA [101]

Tian et al. proposed Opportunistic-NOMA (O-NOMA) to improve the capacity of CoMP-
network which reduces the complexity of the SIC decoding process. Its topology is based
on the APs broadcast signal, AP selection, and its cell area. This scheme is divided into two
cases: the ideal and non-ideal cases. In the ideal case, each user selects only one AP as per
its preferred set while in the non-ideal case, cells overlap with each other and users may select
multiple APs. It performs better in terms of OP and the sum rate as compared to JT-NOMA.

2.4.3.4 N-NOMA [102]

It is a technique used for downlink CoMP network with randomly deployed users which
consists of SC and distributed analog beamforming at the APs [102]. The SC used by both
the CEUs and users nearest to the APs while distributed analog beamforming enhances the
QoS of the users located at the edges of a cell. An analog beamforming was used because
of two reasons: (i) it reduces the system overhead, and (ii) it utilizes the spatial degree of
freedom more efficiently than STBC without using CSI. Its performance was analyzed in terms
of closed-form OP because the error probability of detection was tightly bounded and evaluates
the outage capacity efficiently. Moreover, they also resolved two challenges: (i) SINR arises
due to SC and distributed analog beamforming, and (ii) to capture the impact of random users
locations.
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2.4.3.5 Multi-Tier NOMA (T-NOMA) [103]

It is a threshold-based multi-tier cluster scheduling strategy [103] which enhances the QoS
of the CEUs (poor channel condition). Its model is based on the non-ideal scenario, i.e., the
APs are not able to serve all users in the CoMP network. In this strategy, the users who are
directly served by the APs are treated as the transmission nodes. These transmission nodes
forward a signal to the users who cannot be served by APs. Then, the clusters are divided into
different tiers. In the first tier, the clusters are directly served by the APs, whereas in the second
tier, the transmission nodes served users in the other clusters and the same process continues
in the other tiers. The signals forwarded by the transmission nodes are based on the channel
conditions of the nodes and users they served.

2.4.3.6 JP-CoMP-NOMA [33]

In JP-CoMP-NOMA, data is shared between more than one BSs. Based on services pro-
vided to users from the active BSs, it is classified into two classes: JT-CoMP-NOMA and
DCS-CoMP-NOMA [33]. In JT-CoMP-NOMA, multiple BSs have served both the CEUs, the
CCUs using the same RB without interference to each other. Hence, it enhances the signal
strength for CEUs, but at the cost of a decrease in the rate for CCUs. To handle it, an organized
superposition coding scheme is used for DL to reduce the CSI sharing overhead. Then, the
common CEUs among the two cells get the Alamouti coded signals from two BSs while the
CCUs get the services from its corresponding BS. JT-NOMA enhances the transmission rates
for CEUs without sacrificing the rates for CCUs. In DCS-CoMP-NOMA, user’s data is shared
between multiple BSs, but transmitted from the selected BS’s only. In DCS NOMA, as per
order statistics transmitting, the BS dynamically changes over time and provides service to the
CEUs which increases the transmission rate.

2.4.3.7 CS/CB-CoMP-NOMA [33]

In this variant, BSs do not share user’s data, but they exchange CSI and cooperative schedul-
ing data using an interface X2. Moreover, adjacent BSs does not transmit a superimpose mes-
sage to NOMA users but transmits a dedicated message to CCUs to ensure data rates for CEUs.
Moreover, it improves the QoS of CoMP-NOMA users and provides guaranteed data rates for
CEUs. In CB-CoMP-NOMA, only the serving BS has a user’s data and based on global CSI,
a beamforming decision is made with coordination. To remove the inter-channel interference
(ICI), two Interference Alignment algorithms were proposed called an interfering channel as-
signment (ICA)-CB and interference alignment (IA)-CB. The first algorithm requires global
CSI at the BS while the second needs the knowledge of CEUs serving channels at the BS. For
the second one, a substantial number of antennas are required to reduce the interfering channels
information.
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Figure 2.12: Classification Comparison on CoMP

2.4.3.8 S-NOMA [104]

In this, the authors proposed S-NOMA to enhance the security of the physical layer for
NOMA-CoMP transmission. They proposed the combination of coordinated user-scheduling
and joint transmission strategy to minimize the information-leakage. This scheme protects
the target user from untrusted users during the NOMA transmission process. The simulation
demonstrates that S-NOMA provides better secrecy OP and sum rate as compared to conven-
tional NOMA.

2.4.3.9 Comparison of existing NOMA schemes based on CoMP

Table 2.7 provides the detailed relative comparison of existing variants of NOMA used in
CoMP with reference to parameters such as the transmission scenario, technique used, merits,
open issues, throughput, SE, PEP, and PARP.

2.4.3.10 Discussion based on CoMP classification

Fig. 2.12 illustrates the graph of energy efficiency versus spectral efficiency. From the
figure, it can be observed that JT-CoMP-NOMA system achieves the best energy efficiency
because it involves several base stations for transmission. For the conventional system, a sig-
nal generated by neighboring BS will become interference, and thus affects the received signal
strength. However, for JT-CoMP-NOMA, it utilizes the neighboring BSs to assist in its trans-
mission process. Also, it does not only mitigate the interference but also successfully eliminate
them. At the same time, it converts the interference into a meaningful signal which helps to
improve the signal strength. This reason clearly shows that JT-CoMP-NOMA is more suitable
for 5G networks.
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Table 2.7: Relative comparison of existing NOMA schemes based on CoMP

Problem NOMA Transmission Performance metrics
in CoMP Variant scenario Techniques 1 2 3 4 5 6 7 Merits

Sharing of same
channel between
the cell edge and
CCUs

CSC-
NOMA
[99]

Downlink Almouti code in-
tegrated with APs

X ⇥ ⇥ ⇥ ⇥ ⇥ ⇥ Reduces the backhaul
overhead for CEUs and
improves the reception
reliability of CEUs

Inter-cell Inter-
ference

CO-
NOMA
[100]

Downlink Distributed
power allocation

⇥ ⇥ X ⇥ ⇥ ⇥ ⇥ Large number of users can
be served and packet travel
time from source to desti-
nation decreases

Multiuser Inter-
ference

O-NOMA
[101]

Downlink Joint muti-cell
power allocation

X X ⇥ ⇥ ⇥ ⇥ ⇥ Mitigates the complexity
of SIC, enlarges the sys-
tem throughput and over-
come the muti-user inter-
ference

All the users
can be served by
atleast one AP

T-NOMA
[103]

Downlink Threshold based
multi-tier cluster
scheduling

X X ⇥ ⇥ ⇥ ⇥ ⇥ Improves the QoS of the
users having very poor
channel conditions

Sharing of same
channel between
the cell edge and
CCUs

N-NOMA
[102]

Downlink Fixed power allo-
cation

⇥ X ⇥ ⇥ ⇥ ⇥ ⇥ Improved EE

Inter-cell Inter-
ference

JT-CoMP-
NOMA
[33]

Downlink Distributed
power allocation
(Beamforming
with known CSI)

⇥ ⇥ X X ⇥ ⇥ ⇥ Improves the QoS of
CEUs

Inter-cell Inter-
ference

CS-
CoMP-
NOMA
[33]

Downlink Distributed
power alloca-
tion (Coopertive
scheduling with
known CSI)

⇥ ⇥ X X ⇥ ⇥ ⇥ Reduces the overhead for
high mobility CEUs and
users data are not shared
among the BSs

Inter-cell In-
terference&
detection

CB-
CoMP-
NOMA
[33]

Downlink Distributed
power allocation
(Beamforming)

⇥ ⇥ X X ⇥ ⇥ ⇥ Reduces the overhead for
high mobility CEUs and
users data are not shared
among the BSs

Inter-cell Inter-
ference

DPS-
CoMP-
NOMA
[33]

Downlink Dynamic point
selection (User
clustering and
power allocation)

⇥ ⇥ X X ⇥ ⇥ ⇥ Improved the QoS of the
CEUs

Note- 1: Sum rate, 2: OP, 3: Throughput, 4: Spectral Efficiency, 5: PEP , 6: PAPR, 7:Ergodic sum
capacity
Notations- X: Y, and ⇥:N

2.4.4 Cognitive Radio

A CR network offers a dynamic spectrum allocation (DSA) technique to make efficient use
of spectrum. The two important users in DSA are Primary users (PUs) and secondary users
(SUs). PUs are the proprietor of a licensed channel and utilize the spectrum first, while SUs
are the opportunistic user whose function is to sense the licensed spectrum without creating
interference for the PUs. Moreover, SUs identify the unused channels and keeps a watch on the
locally available channel when PUs are absent [105]. Cognitive radio (CR) communications
can be classified into three models: interweave, underlay and overlay. In the interweave model,
SUs can use spectrum only if PUs are inactive, the activities of PUs are monitored continuously
to avoid interference caused transmission of SUs. In the underlay model, SUs transmit with low
power as compared to PUs. In the overlay models, codebooks and messages are used to identify
the PUs, which in turn reduces the interference. Description of the various CR based NOMA
variants are as follow.
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2.4.4.1 D-NOMA [106]

In this, the authors proposed a dynamic power allocation scheme, where power allocation
coefficients are varied dynamically to the instantaneous channel gains. The scheme provides a
guarantee to serve different (strong and weak) users’ simultaneously and avoids the situation
of getting smaller date rate for weak channel condition users’ in F-NOMA, and strong channel
condition users’ in CR-NOMA. This scheme achieves similar diversity gains like F-NOMA
and large diversity gain than CR-NOMA. The performance of D-NOMA is analyzed in terms
of OP and average user rate. The authors evaluated the power allocation coefficient for both the
DL and UL scenarios and proved that D-NOMA performs better than OMA, F-NOMA, and
CR-NOMA. It is suitable for user pairing/clustering algorithm for a large scale network and
with the MIMO scenario when the condition of CSI for the transmitter is imperfect.

2.4.4.2 CR-NOMA-D-M and CR-NOMA-D-U [107]

It is a CR inspired NOMA scheme which provides dynamic QoS for multicast and unicast
users [107]. In CR-NOMA-D-M, multicast users behave as PUs and the rate of these users is
greater than OMA while in CR-NOMA-D-U, unicast users act as PUs. The power allocation
coefficients of both these schemes are dependent upon the channel fading gains. The perfor-
mance of both these schemes illustrated that they provide better results in terms of the diversity
order, and secrecy OP as compared to CR-NOMA-F-M and OMA.

2.4.4.3 CR-NOMA-OFDM [108]

It consists of NOMA with cognitive OFDM systems, where the sensed spectrum is split into
subcarriers and the NOMA is applied on each subcarrier to give access to multiple users [108].
It maximizes the total weighted capacity of the system by jointly optimizing the sensing du-
ration, user selection, and power allocation. The aforementioned problem is decomposed into
three subproblems: (i) the optimal sensing duration is found by the bisection search method,
(ii) matching theory is adopted to optimize user selection, and (iii) the difference of convex pro-
gramming is utilized to obtain efficient power allocation on subcarriers. Finally, an alternate
iteration algorithm is also used to derive a joint optimization and to boost SE.

2.4.4.4 MIMO-CR-NOMA [109]

The authors studied an outage oriented joint AS algorithm for MIMO-CR-NOMA networks
to maximize the SNR of SUs keeping in view of the QoS of PUs. The authors analyzed the
asymptotic closed-form expression for OP and diversity to prove that their scheme performs
better in comparison to the OMA scheme.
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2.4.4.5 PFDM/SFDM

In [110], the authors proposed a NOMA based CR scheme, where SU access the multiple
subchannels both at the present and absent of PU. In this scheme, the SU can transmit the data
directly in the subchannel while PU is absent and use NOMA to communicate when the PU is
present. To decode the NOMA signals, the PU first decoding method (PFDM) and the SU first
decoding method (SFDM) were used at the receiver side. In the PFDM, the PU signal is first
decoded and reconstructed, and then the SU signal is decoded by cancelling the PU signal from
the received signal. Then, the PU throughput is decreased due to the interference caused by the
SU, but the SU achieves perfect throughput. In the SFDM, the SU signal is first decoded and
reconstructed, and then the PU signal is decoded by removing the SU signal from the received
signal. The SU throughput can be decreased because of the interference brought by the PU, but
the PU can achieve perfect throughput.

2.4.4.6 CSS-NOMA

It is a 2-phase overlay cooperative spectrum sharing (CSS) protocol where NOMA is inte-
grated with CRN to raise SE [111]. In this protocol during the first phase, the PU uses the entire
time slots and spectrum without leasing them to the SU. On the other side, in the second phase,
the SU which coexists with the PU allocates its power to forward the primary symbol and its
transmission simultaneously, based on the NOMA approach. In this scheme, three data sym-
bols can be transmitted during the two phases. The performance of this scheme was analyzed in
terms of ESC and OP. It achieved a better performance as compared to the TDF, CRS-NOMA,
CRS-NOMA-ND, and SC-SS in terms of E-SC, whereas OP depends upon the user target data
rates, and the power allocation coefficient.

2.4.4.7 MCR-NOMA [112]

It is a dynamic cooperative scheme, where the multicast SUs serve as relays and collabo-
ratively retransmit the signals intended for the PUs and SUs, respectively. It can be directly
applied to current cellular networks, where local SUs may have common packets for nearby
receivers. It improves the reliability of secondary multicast transmissions if the signals for
both networks are decoded correctly by the SUs. This cooperation is particularly preferred by
the primary network when the PU’s QoS cannot be met by the primary network itself. In this
scheme, three different users scheduling strategies were proposed based on available CSI: in-
stantaneous CSI, partial CSI, and full CSI. It attained a significant performance gain and also
achieved the spatial diversity order by opportunistically using the user scheduling strategy as
per available CSI.
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Figure 2.13: Classification Comaprison on CoMP

2.4.4.8 Reliability oriented secondary user scheduling and fairness oriented secondary
user scheduling (R-SUS and F-SUS) [113]

The authors introduced the NOMA based cooperative overlay spectrum sharing framework
which considered multiple SUs using multi-user diversity for the cooperation between the pri-
mary and secondary networks. In this framework, the SUs act as the relays which forward the
received signals to PUs using the NOMA protocol. To facilitate the NOMA assisted coopera-
tion, they consist of two SU scheduling schemes: R-SUS and F-SUS. The R-SUS scheme was
used to minimize the outage optimal performance for both the PUs and SUs whereas the F-
SUS scheme provides an equal opportunity for all SUs for cooperation. For both the schemes,
a closed-form expression of primary and secondary OPs was derived and the network diversity
order was investigated. The results demonstrated that both the proposed schemes have full di-
versity orders for PUs and SUs. But, F-SUS loses the OP of SUs in contrast to R-SUS scheme.

2.4.4.9 Comparison of existing NOMA schemes based on cognitive radio

Table 2.9 provides the detailed relative comparison of existing variants of NOMA used in
cognitive radio concerning parameters such as transmission scenario, a technique used, merits,
open issues, throughput, EE, capacity, and latency.

2.4.4.10 Discussion based on Cognitive Radio classification

Fig.2.13 shows the graph between the outage probability and signal to interference noise.
The result implies that MCR-NOMA achieves lower outage probability as compared to the D-
NOMA and CSS-NOMA. This happened due to following two reasons: (i) it used round robin
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Table 2.8: Parametric analysis of existing NOMA schemes in CR

Problem NOMA Transmission Performance metrics
in CR Variant scenario Techniques 1 2 3 4 5 6 Merits Open issues

QoS of bet-
ter channel
condition is
sacrificed

D-NOMA
[106]

Downlink Dynamic
power allo-
cation

X X ⇥ ⇥ ⇥ ⇥ Guaranteed to
serve the users
having weak
channel condition
and improves
the QoS of users
having better
channel condition

User pairing
/clustering algo-
rithm in a large
scale network
and can be ex-
tended for MIMO
with imperfect
CSI at transmitter

Multicast-
unicast
traffic man-
agement
in MISO-
NOMA

CR-NOMA-
D-U/CR-
NOMA-D-
M [107]

Downlink Power allo-
cation

⇥ X ⇥ ⇥ ⇥ ⇥ Higher data rates
are achieved
as compared to
OMA schemes

Can be extended
for MIMO-
NOMA and
the co-channel
interference can
be reduces when
integrated with
OMA schemes

Maximize
the total
weighted
capacity

CR-NOMA-
OFDM [108]

Downlink Joint Bisec-
tion search
method
based sens-
ing duration,
matching
theory-based
user selec-
tion and
DC pro-
gramming
based power
allocation

⇥ ⇥ ⇥ ⇥ X ⇥ Boosts the system
capacity of the
accessible user

Sensing time can
be increased.

Outage
oriented
antenna
selection

MIMO-
CR-NOMA
[109]

Downlink Subset based
joint antenna
selection

⇥ ⇥ ⇥ ⇥ X ⇥ Maximizes the
SNR of SU keep-
ing QoS of PU
satisfied.

Can be extended
to mMIMO.

SU can
access the
spectrum
when PU is
idle

PFDM/SFDM
[110]

Downlink Joint spec-
trum re-
source and
subchannel
transmission
power allo-
cation, and
Sensing time
selection

⇥ ⇥ X ⇥ ⇥ ⇥ Enlarges the
throughput of PU
and SU

Sensing time
needs to be
increases to
improve the
performance

Note- 1: Average rate, 2: OP, 3: Throughput, 4: EE, 5: Capacity, and 6: Latency
Notations- X: Yes,and ⇥: No

scheduling to improve the diversity order (ii) it serves both the primary and secondary users
simultaneously without consuming additional frequency resource. These reasons clearly show
that MCR-NOMA is more suitable for 5G networks.

2.4.5 Machine-to-Machine

In machine-to-machine (M2M), machines can communicate and exchange information with
each other with or without human intervention. The presence of an autonomous connection
between the machines generates heterogeneous data traffic and imposed a huge amount of
traffic in the form of small and frequent data on the UL [114], [227]. In M2M, as per the type
of machines and their applications, they require diverse service requirement. To handle the
M2M communication in 5G, key challenges are as follows.
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Table 2.9: Parametric analysis of existing NOMA schemes in CR

Problem NOMA Transmission Performance metrics
in CR Variant scenario Techniques 1 2 3 4 5 6 Merits Open issues

Primary
network
perfor-
mance

CSS-NOMA
[111]

Downlink Cooperative
transmis-
sion scheme
for CRN
network

⇥ X X ⇥ ⇥ ⇥ An improved
win-win situa-
tion is achieved
and spectrum
was utilized
efficiently.

FD mode can be
used at nodes.

Cooperative
transmis-
sion for
multicast
CR

MCR-
NOMA
[112]

Downlink Dynamic co-
operative and
user schedul-
ing schemes
are used for
spatial diver-
sity

⇥ X ⇥ ⇥ ⇥ ⇥ Improves recep-
tion reliability
and can access
the spectrum
simultaneously.

Can be extended
to imperfect CSI.

Overlay
spectrum
sharing for
multi-user
CRN

R-SUS & F-
SUS [113]

Downlink Cooperative
spectrum
sharing and
two user
scheduling
schemes
(R-SUS &
F-SUS) are
used.

⇥ X ⇥ ⇥ ⇥ ⇥ R-SUS provides
full diversity or-
der, and F-SUS
improves the user
fairness.

Can be extended
to imperfect CSI.

Note- 1: Average rate, 2: OP, 3: Throughput, 4: EE, 5: Capacity, and 6: Latency
Notations- X: Yes,and ⇥: No

• Control overhead: In M2M, control overhead needs to be minimized because payload
data generated by most of the M2M applications is small in size.

• Scalability: The data traffic generated by devices are dynamic. Therefore, the capacity
of the network must be large so that the network can easily tolerate the changes in the
node density with small information exchange.

• Energy efficiency: The devices used in M2M are battery operated and have a limited
lifetime. To improve the EE of devices, the energy spent on radio access and data trans-
mission need to be controlled.

• Transmission latency: To minimize the transmission latency in M2M, the channel access
delay needs to be reduced.

• Random access and resource allocation: The numbers of radio resources available in 5G
are limited. Therefore, an effective resource allocation scheme is required to control and
exchange the messages. Proper management of resource allocation prevents co-channel
interference.

To overcome the aforementioned challenges in M2M, researchers integrated NOMA with M2M
communication and proposed different variants which are described as follows.

2.4.5.1 CS-NOMA [115]

It is an asynchronous CDMA uplink transmission scheme to enable joint detection of active
users with their data [115]. In this scheme, a new version of the spreading technique called low
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spreading sequence (LCS) was introduced. For LCS signature, mutual coherence is non-zero
but far less than 1 due to which the number of LCS signature exceeds the value of N, which
results in a high system overload. In this proposal, CS-MUD is deployed in the BS to recover
a sparse signal. The estimation of the sparse signal can be achieved by an orthogonal matching
pursuit (OMP) algorithm. To analyze the recovery of sparse signal in the presence of noise
two conditions have been used, which are coherence property and restricted isometry property.
Moreover, this variant with perfect CSI and imperfect CSI attains a high system overload when
the active users are relatively sparse. It also enhanced the SE, mitigate the control overhead,
and reduced the transmission latency.

2.4.5.2 EE-NOMA [116]

It is an energy minimization scheme for M2M communication in an UL scenario [116]. In
this scheme, the authors assumed that the UE acts as machine type communication gateway
(MTCG) which can decode and forward information of machine type communication devices
(MTCDs) and its data directly to the BS. Then, an efficient energy network for M2M com-
munication can be achieved using MTCD and UE rate constraint. It consumes less energy as
compared to the existing NOMA and TDMA schemes. Moreover, when the number of MTCDs
increases and reaches up to 100, and then 0.18 Joule amount of energy is consumed which is
lower as compared to the traditional schemes.

2.4.5.3 Spatial group based random-non-orthogonal resource allocation access (SGRA-
NORA) [117]

It consists of non-orthogonal resource allocation (NORA) with the spatial group based ran-
dom access (SGRA) [117] to resolve two shortage problems of random access (RA) (i) Pream-
ble collision (PA) problem which arises due to limited RA in preambles on physical RA chan-
nels (PRACH), and (ii) Congestion and overload problem which arises due to limited physical
UL shared channel (PUSCH) resources. The aforementioned problems can be solved in three
steps: (i) by using a large number of the preamble, (ii) non-orthogonally allocation of the
same PUSCH resource blocks (RBs) to a group of machine nodes belonging to distinct spatial
groups, and (iii) decoding of multiple received RA data by using SIC. It effectively utilizes both
the PRACH and PUSCH and has a high RA success probability within a limited RBs allotted
for M2M communication and outperformed the conventional RA scheme.

2.4.5.4 NM-ALOHA [118]

The authors in this used the NOMA technique to multichannel ALOHA for the RA scheme
which effectively increases the number of subchannels by using multiple subchannels and
power levels for RA. It provides a higher throughput as compared to multichannel ALOHA
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by using different power levels. Moreover, it improves the number of subchannels without ex-
panding the bandwidth and reduces the transmission power because its transmission power was
based on NOMA.

2.4.5.5 ALOHA-NOMA [119]

Pure ALOHA integrated with PD-NOMA was proposed to provide scalability, EE, and high
throughput MAC protocol to handle the requirements of low complexity devices for IoT appli-
cations [119]. Moreover, the presence of the SIC receiver at the gateways reduced the retrans-
mission of IoT devices and avoids the continuous listening of the channel. This happened be-
cause it is difficult to separate the multiple signals which are transmitted in the same frequency
band at the same time interval. Then, the number of active IoT devices cannot be estimated
due to its throughput degraded. To overcome it, a dynamic frame structure with robustness
was proposed which calculates the number of active IoT devices transmitted in ALOHA using
multi-hypothesis. It has less time for payload transmission and also protects the degradation in
throughput. It outperformed pure ALOHA. When five active users are successfully separated
via SIC, the throughput achieved by pure ALOHA was 0.18, while in ALOHA-NOMA, it was
1.27.

The author in [120] proposed an uncoordinated random access protocol for the enhance-
ment of ALOHA-NOMA which provides an IoT gateway to determine the number of active
IoT devices following are the advantages of this scheme (i) easy estimation of the SIC power
levels, and (ii) signals transmitted by different IoT devices in the same time and frequency can
be easily separated. It has a throughput gain of 5.5dB over conventional slotted ALOHA.

2.4.5.6 RNOMA [130]

It was based on grant free property and used to solve two problems of mMTC (i) massive
connectivity, and (ii) signalling overhead. In this technique, each user randomly transmits
the same packet on each RU as per their optimized probability. Moreover, the interference at
the receiver can be removed by using intra and inter-RU SIC. It performed better than slotted
ALOHA in terms of reduced signalling overhead.

2.4.5.7 GRANT-FREE NOMA [121–129, 131–133]

In human-to-human (H2H) communications, devices are lesser in numbers, but they gen-
erate data with high data rates and large packet sizes [122]. In contrast to H2H, transmission
and arrival of data packets in mMTC are smaller in sizes [124]. In this technique, controlling
the signal overhead and accessing the channel are the major issues of mMTC. Generally, in
grant-based transmission, users require four-step random access (RA) procedure to access the
channel. In the case of mMTC, it is not possible to establish a dedicated connection for the data
transmission because signalling overheads for coordination are proportional to the number of
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Figure 2.14: Discussion based on classification for M2M Communication

devices. Therefore, a grant-free transmission is a viable solution for mMTC.
In grant-free transmission, devices directly communicate with each other without depend-

ing upon the BS permission [125], the devices can transmit data in a UL scenario in an arrive-
and-go manner [125, 126]. However, the contention is the main problem which needs to be
resolved because multiple users transmit using the same channel and at the same time. The
authors in [127, 128] proposed two grant-free techniques. The first one is based on mMIMO
and the second is based on NOMA principle [129]. In the first technique, the spatial degree of
freedoms was exploited, while in the second, the MUD techniques were explored.

Integration of NOMA with grant-free transmission results into low latency, low signalling
overhead, less devices cost, and reduced in device energy consumption. The authors in [121]
applied a PD-NOMA with grant-free to increase the number of connections by assuming that
the BS knows the CSI of both the transmitter and receivers to achieve an optimal subchannel
and power allocation. But, these techniques are not suitable for grant-free due to large sig-
nalling overhead. This issue was addressed by [131,132] which integrates the CD-NOMA with
grant-free, where a compressive sensing technique for MUD was used. But, the requirement of
users prior information makes the design and computational complexity of the receiver as two
challenging problems.

Jiang et al. [133] proposed a distributed NOMA, power MA, grant-free NOMA frame-
work with a hybrid transmission scheme to mitigate the problems of a high collision proba-
bility which arises due to grant-free random access. It also reduces the number of MTCDs by
dividing the cell into different layers based on different power levels. Moreover, to improve
the throughput, they proposed an Enhanced Access Barring (EAB) mechanism to control the
congestion and to reduce the overhead. To reduce the receiver side computational complexity,
the author used MUD based on the different power levels of devices. The authors in [123]
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proposed a technique to resolve the issue for an increase in the number of admitted users for
grant-free access.

Table 2.10: Relative comparison of existing NOMA schemes based on M2M communication

Problem NOMA Transmission Performance metrics
in M2M variants scenario Techniques 1 2 3 4 5 6 7 Merits

Latency and
overhead

CS-NOMA
[115]

Uplink LCS and OMP al-
gorithm

⇥ ⇥ ⇥ ⇥ X ⇥ ⇥ Improve the SE and
avoid the control signal-
ing overhead and reduce
the transmission latency.

Energy effi-
ciency

EE-NOMA
[116]

Uplink Time scheduling
and power control

⇥ ⇥ ⇥ X ⇥ ⇥ ⇥ Energy reduced up to
0.18J for 100 MTCDs
less than the conven-
tional schemes

PA and
PUSCH
shortage
problem

SGRA-
NOMA
[117]

Uplink Resource alloca-
tion

⇥ X ⇥ ⇥ ⇥ ⇥ ⇥ RA success probability
reaches up to 90% with
30 RBs, which is signif-
icantly higher than 30%
of the conventional RA
scheme

Latency ALOHA-
NOMA
[119]

Uplink dynamic frame
structure

⇥ ⇥ X ⇥ ⇥ ⇥ ⇥ Enhances the throughput
and minimizes the re-
transmissions of IoT de-
vices

Signalling
overhead

R-NOMA
[130]

Uplink Power control and
frame structure

⇥ ⇥ X ⇥ ⇥ ⇥ ⇥ Grant-free property of
NOMA reduced the sig-
nalling overhead

Note- 1: Sum rate, 2: RA Success Probability, 3: Throughput, 4: EE, 5: Latency, 6:PAPR, and
7:Ergodic sum capacity.
Notations- X: Yes, and ⇥:No

2.4.5.8 Comparison of existing NOMA schemes based on M2M Communication

Table 2.10 provides the detailed relative comparison of existing variants of NOMA used
in M2M communication using parameters such as the transmission scenario, technique used,
merits, throughput, EE, sum rate, and latency.

2.4.5.9 Discussion based on classification for M2M Communication

Fig. 2.14 represent the variation in network throughput with respect to the number of de-
vices used in communication. The graph implies that when the number of devices in network
are less in number then the throughput is high whereas when the number of devices increases
continuously the throughput start decreases. Also, the graph shows that R-NOMA performs
better than the three schemes named as ALOHA-NOMA, CSS-NOMA, and SGRA-NOMA
because it utilize the grant free NOMA scheme which reduced the interference among the de-
vices, resulting into decrease in signaling overhead.

2.4.6 SWIPT and WPCN

Apart from improving SE, EE is another critical issue which needs to be addressed in the
5G wireless network. Generally, most of the devices used for communication are equipped
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with batteries which have a limited lifetime, as shown in Fig. 2.15. So, to prolong the lifetime
of these energy-constrained devices, energy harvesting (EH) is an effective technique. Initially,
EH techniques harvest the energy from renewable resources such as sunlight, wind, but these
techniques are not reliable as they depend upon the environment. In contrast to this, SWIPT
emerges as the popular EH technique, where nodes or terminals harvest the energy from elec-
tromagnetic radiation of RF signals during data decoding. It harvests the energy even from the
interfering signals. It was observed in C-NOMA that when strong users acted as a relay for
weak users and then their batteries drained with a fast rate. So, the signal strength of both the
strong and weak users degraded. This problem motivates the researchers of both academia and
industry to use SWIPT with C-NOMA to enhance network EE as follows.

2.4.6.1 C-SWIPT-NOMA [134–138]

The combination of SWIPT with NOMA was first explored in [137], in which users were
randomly located. In this technique, strong users at the time of relaying harvest the energy
from RF signals of the BS and then forward the data to the weak users. In [136], the authors
designed a transceiver for C-NOMA, where multiple antennas were used with the BS and a sin-
gle antenna with other users. To maximize the rate of relays, the authors in [136] designed joint
transmitter beamforming, power splitter, and receiver filter scheme with the QoS constraint of
weak users and power constraint of the BS, respectively. Moreover, a zero-forcing (ZF) beam-
forming design was developed at the transmitter side. These two schemes outperformed the
direct transmission scheme.

In contrast to [137], the authors in [134] investigated the impact of user association. In
this technique, the authors proposed three types of users’ selection scheme (RNRF, NNNF,
and NNFF) based on the euclidean distance from the BS. It has lower OP and higher sys-
tem throughput as compared to the random selection users scheme. Moreover, the presence of
SWIPT technique reduced the effect of low diversity gain as compared to conventional NOMA.
Similar to [134], the authors in [138] proposed a best near and best far (BNBF) user selection
scheme which achieved a diversity order of M + 1 without being depended upon the number
of the nearest users. In this technique, M represents the number of farthest users. In [135], the
authors explored the performance of C-SWIPT-NOMA having a BS and two users. Users near
to the BS act as relays having multiple antenna while the user farthest from the BS had a single
antenna only. Moreover, they used beamforming and random selection strategies to analyze the
performance of their scheme in terms of OP to have better results in comparison to the other
two schemes.

2.4.6.2 C-SWIPT-MISO/SISO-NOMA [139, 140]

In [139], the authors implemented the TAS scheme with MISO-NOMA used with the hybrid
SWIPT protocol. They divided the TAS scheme into two criteria: criterion-I and criterion-II.
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Figure 2.15: Block diagram of SWIPT

In both these criteria, they selected an antenna which provides a channel having the best fading
condition from the source to the farthest users and the nearest users, respectively. Hybrid
SWIPT was used with the nearest users to power the relaying operation, but for the farthest
users, criterion-I and criterion-II achieved a diversity order of K+1 and 2 while for the nearest
users it becomes 1 and K, where K represents the number of transmit antennas at the BS. In
contrast to [139], the authors in [140] implemented the C-SWIPT-NOMA transmission strategy
with MISO and SISO techniques. First of all, a power splitting technique was used at the EH
relays. Using it, the relays forward the information by harvesting the energy from the RF signals
only and protect the consumption of their battery. Second, MISO technique was studied to
maximize the data rate of strong users. To achieve the target, the authors first proposed the semi-
definite relaxation (SDR) technique to reduce the quadratic terms related to the beamformers
and applied the exhaustive search to achieve the global optimal solution. Moreover, to reduce
the high complexity of the exhaustive search, the SCA based iterative algorithm was proposed
to obtain the stationary point. Third, the SISO technique was used in the transmission strategy
to study practical applications. It outperformed the existing schemes and maximizes the data
rate of strong users with the condition to provide guaranteed QoS to weak users.

2.4.6.3 NOMA-EH [141, 142]

Similar to C-SWIPT-NOMA, the authors in [141, 142] combined SWIPT with NOMA,
where relay nodes (strong users) were equipped with EH techniques which provide communi-
cation between the BS and multiple users. In this technique, multiple antennas were used at
both the BS and users side. Moreover, transmitting antenna selection (TAS) and maximal ratio
combining (MRC) techniques were also used at the BS and multiple users. Performances of
these schemes were analyzed in terms of a closed-form expression of outage over Rayleigh and
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Nakagami-m fading channel distribution, respectively. It outperformed the SE and user fairness
as compared to OMA-EH.

2.4.6.4 SWIPT-F/CR-NOMA [143]

In this, the authors explored the impact of two types of power allocation scheme in C-
SWIPT-NOMA. The first scheme was based on fixed power and second on the CR. In this
scheme, from source to relay Nakagami-m and from the relay to users, Rayleigh fading dis-
tribution was used. In SWIPT-F-NOMA, users power allocation coefficients were fixed and
more power was allocated to the weak users as compared to strong users. On the other hand,
in SWIPT-CR-NOMA, power allocation coefficients were opportunistic. It provides different
trade-offs among user fairness, reception reliability, and system complexity. Both the proposed
schemes lower the OP but achieved the same diversity gain as compared to SWIPT-OMA.

2.4.6.5 SWIPT-NOMA-HETNET [144, 145]

In these authors proposed an energy-efficient resource allocation scheme for simultaneous
wireless information and power transfer (SWIPT)-Non-orthogonal multiple access (NOMA)
based femtocells users with imperfect channel state information. A dynamic resource allocation
scheme by using SWIPT and NOMA with femtocells is investigated. An energy efficiency
is calculated with the help of Dinkelbach technique, also many-to-many matching technique
is used to develop the subchannel allocation. The preference list of macro-users and femto-
users have been developed on the basis of their harvested energy from the MBS and FBS
radio frequency signals. To optimize the power of FBs, SCALE is applied to convert the non-
convex problem into convex. The optimal value of power is calculated by using Lagrangian
dual decomposition method with KKT conditions.

2.4.6.6 WPCN-NOMA [146–148]

In the WPCN model, the users transmit the data signals towards the BS as well as harvest
the energy from the signals to charge their batteries. But, on the other side, the receivers cannot
transmit the data along with energy harvesting. To overcome it, the authors in [146] used the
WPCN with NOMA in a UL scenario having one BS and multiple EH users. In this technique,
the users harvest the energy from the BS by using the harvest-then-transmit protocol scheme.
The authors in [146] proposed two types of decoding strategies to improve the individual data
rate of users and to provide fairness among them. It provides improvement in EE, user fairness,
and throughput as compared to TDMA. In contrast to [146], the authors in [148] proposed a
joint time allocation (uplink), energy beamforming, and receiver beamforming (downlink). It
outperformed fixed power allocation and OMA schemes. In [147], the authors proposed a re-
source allocation scheme to mitigate the doubly near-far-effect. They also proposed joint power
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Figure 2.16: Classification Comaprison on SWIPT-NOMA

allocation with the duration of energy harvested and information transmission. Compared to
TDMA, it achieved a higher rate for CEUs with better fairness.

2.4.6.7 Discussion based on SWIPT-NOMA classification

Fig. 2.18 shows the variation in rate of energy harvesting with respect to the power splitting
ratio. The graph implies that C-SWIPT-CNOMA provide beeter performance as compared to
that of the SWIPT-CR-NOMA and NOMA-EH. The reason behind this effect is that in C-
SWIPT-NOMA the pairing schemes among the users were performed on the basis of their
Euclidean distance from the BS. The authors in [134] investigated the pairing schemes more
efficiently and proposed three strategies whose description are as follows: 1) random near user
and random far user (RNRF), in which pairing is assigned randomly; 2) nearest near user and
nearest far user (NNNF), in which the nearest near and far users to the BS are paired; and 3)
nearest near user and farthest far user (NNFF), in which a near user that is closest to the BS
is paired with a far user that is farthest from the BS. It is shown that the best pairing strategy
is NNNF, in the sense that it minimizes the outage probability and maximizes the achievable
rates for both near and far users, which are derived in closed-form. Also, this work concludes
that by carefully choosing transmission rates and power splitting coefficients, one can achieve
guaranteed performance results without the need to use the near usersâĂŹ own energy to power
the relay phase transmission. This shows that C-SWIPT-NOMA are more suitable for 5G
Scenario.
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Figure 2.17: Block diagram of MIMO-NOMA: (a) TAS-NOMA, (b) NOMA-SSK, (c)
NOMA-GSSK, (d) Beamforming NOMA, (e) Cluster-NOMA, and (f) BD-NOMA

2.4.7 MIMO

In MIMO, multiple antennas are used at both the transmitter and receiver side. It plays a
vital role in 5G wireless communication due to following reasons: (i) enlarge the coverage area,
(ii) minimize the errors arise due to multipath fading, (iii) provide high data rate, (iv) reduce
bit error rate performance, (v) improved QoS for CEUs, and (vi) lower the outage probability.
However, inter-user, inter-cluster, and intra-user interference are the major issues that need to
be addressed in MIMO due to matrix form of channels. These interferences in MIMO reduce
the network SE and degrades the QoS of CEUs. To resolve these issues, NOMA is integrated
with MIMO, but in NOMA user requires special attention at the time of power allocation and
channel ordering. Hence, to resolve this issue, an efficient antenna selection and beamforming
technique is required in the NOMA based MIMO system.

2.4.7.1 Antenna selection based MIMO-NOMA

Antenna selection is a technique which plays a key role to maintain the diversity of the
MIMO system [149] to reduce the adverse effects such as cost, complexity, and power con-
sumption generated due to the usage of multiple antennas simultaneously. Researchers used
MIMO technique in the OMA system, but cannot achieve a remarkable gain in comparison to
MIMO-NOMA, due to the presence of inter-user interference. So, to overcome this problem,
the following variants are proposed.

56



Ishan Budhiraja, 901703009

2.4.7.2 TAS-NOMA [150–152]

It is a transmit antenna selection based scheme [150], in which the authors investigated the
performance of the MISO-NOMA system in a DL scenario. In this scheme, multi-antenna is
used at the BS side and a single antenna at each mobile userâĂŹs side as shown in Fig. 2.17.
In TAS-OMA, an antenna having the highest SINR at the BS side was selected, whereas, in
TAS-NOMA, an antenna which provides the maximum sum rate was selected. Moreover, the
authors in [151] proposed a user scheduling algorithm for the mMIMO-NOMA system. In
contrast to [150], the authors also analyzed the sum rate. In this scheme, the authors proposed
an algorithm for two cases, single-band two users and multi-band multi-users. In the first case,
a search algorithm was proposed to search antennas which provides the highest channel gains,
whereas, in the second case, a joint user and antenna selection algorithm was proposed to com-
pute the normalized value of the desired antenna user-pair channel gain. The pair having the
highest channel gain was selected. This scheme not only improves the system performance but
also reduces the system complexity. The authors concluded that the TAS-NOMA scheme pro-
vides better performance in comparison to the OMA based user and antenna selection schemes.
However, the authors in [150] and [151] did not explore the system performance analytically
which was resolved in [152].

2.4.7.3 AIA-AS/A3-AS [152]

In this, the max-min-max and the max-max-max algorithms were proposed for the two user
NOMA system. The max-min-max algorithm was used to improve the instantaneous channel
gain of weak channel condition users while max-max-max was used for strong channel condi-
tion users. The author applied this scheme to a model in which multiple antenna was equipped
with both the BS and mobile users. They evaluated the asymptotic closed-form expressions for
both the algorithms and also analyzed its average sum rate. The numerical results show that
the max-min-max algorithm has better fairness and the max-max-max algorithm has a larger
sum-rate than the pre-existing schemes.

2.4.7.4 NOMA-SSK [153, 154]

It is a technique which is used to improve the SE of CEUs by combining NOMA with space
shift keying (SSK) [153]. It is a type of MIMO technique which transmits information using
the antenna index as compared to traditional modulation schemes [154]. The major advantages
of SSK are that it reduces the receiver complexity and transmitter overhead. On the other hand,
it has been observed that the number of transmit antennas used in SSK must be a power of two
due to its characteristics, which is its major limitation.
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2.4.7.5 NOMA-GSSK [155]

This technique overcomes the limitation on the number of transmits antennas of NOMA-
SSK. To enhance the SE of CEUs, the authors in [155] proposed NOMA-GSSK. In this pro-
posal, multiple transmit antennas are used, unlike NOMA-SSK. In this scheme, both power
and spatial domains are used to multiplex the users since it provides high SE, high EE, and
low BER as compared to NOMA-SSK and MIMO-NOMA. In addition to these features, this
scheme also reduces the complexity of the system by reducing the number of SIC steps.

2.4.7.6 PD-NOMA-SSK [156]

In this, the authors proposed a scheme for group communication. To carry out group com-
munication, the number of resources available for users is limited due to different power levels
requirements of users through the PD-NOMA system. As a result, cryptographic keys cannot
be distributed efficiently among users. By analyzing this problem, the authors in [156] inte-
grated the SSK modulation scheme with PD-NOMA to fulfil the demand of high SE. Also, to
enhance the system throughput, the authors multiplex PD-NOMA-SSK with MU-MIMO tech-
niques. The numerical results proved that the proposed PD-NOMA-SSK and PD-NOMA-SSK
with MIMO enhanced SE by two to three times in comparison to the conventional NOMA and
NOMA with MIMO techniques.

2.4.7.7 NOMA-HARQ [157]

In this, the authors investigate the HARQ design for downlink NOMA with single user-
MIMO (SU-MIMO). The authors proposed this scheme to avoid inter-stream and inter-user
interference. To handle the retransmission issue in MIMO-NOMA systems, the authors studied
the impact of user pairing, precoding matrix adaptation and transmission power assignment
(TPA) ratio adaptation. The results showed that the HARQ probability of NOMA is much
higher than that of OFDMA, and flexible retransmission strategies could increase performance
gain. Moreover, the authors also proposed an enhanced HARQ algorithm, where opportunistic
HARQ combined with the TPA scheme to achieve higher performance gain than the existing
algorithm.

2.4.7.8 Discussion based on Antenna Selection Based MIMO-NOMA

Fig. 2.18 shows the variation in spectral efficiency with respect to the Eb/No. The graph
implies that PD-NOMA-SSK achieves better spectral efficiency than the GSSK and SSK be-
cause in PD-NOMA-SSK, a spatial domain technique is integrated along with PD-NOMA and
SSK modulation. This combination increase the system spectral efficiency up to 2 to 3 times
by using MIMO multiplexing technology. Also, to mitigate the near-far effect, in this a user-
grouping strategies were used which improve the throughput 20% higher than the GSSK and
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SSK. This comparison shows that PD-NOMA-SSK is suitable for 5G network.

2.4.7.9 Beam-forming based MIMO-NOMA

Multicast beamforming is a technique used in MIMO-NOMA to enhance the sum capacity
of the system especially for the case of multi-users. It can be classified as single and multi-
beams. In a single beam, a common single beam is allocated to all users in a group while, in
multi-beams, different beams are applied to each group of users [158, 159].

2.4.7.10 NOMA-BF [160, 161]

In this, the authors studied the beamforming technique for the multi-user MIMO-NOMA
system in a downlink scenario. In this scheme, the same beam is shared by a pair of users who
have different channel conditions. The authors proposed the user clustering and power alloca-
tion algorithm to reduce the inter-cluster and inter-user interferences. This scheme maximizes
the sum capacity of the system. In contrast to [160], the authors in [161] studied the usage
of multicast beam-forming in the MISO-NOMA system for two-users. The transmitter of the
BS is equipped with multi-antenna which broadcast the information using the multi-resolution
technique. In this technique, the low priority signal is forwarded to the weak users (poor chan-
nel quality) whereas, both high and low priority signals are transferred to the strong users near
to the BS. In this scheme, the authors integrated a minimum power beamforming technique
with SC to resolve the problem of power allocation and beamforming vectors for both the
users. Moreover, a closed-form expression for an optimal power allocation is also elaborated.
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2.4.7.11 Random-BF-NOMA [162]

The authors studied the use of random beamforming technique at the BS side. In this
scheme, a single beam with the same power allocation coefficient is allocated to each user in
a cluster. To mitigate the inter-cluster and inter-beam interference in a MIMO-NOMA system,
the authors in [162] proposed a spatial filter. In addition to this, the authors also applied the
concept of fractional frequency reuse (FFR) to improve the power allocation among multiple
beams.

2.4.7.12 ZFBF-NOMA [163]

The authors in this applied zero-forcing beamforming (ZFBF) technique for multi-user
MIMO-NOMA system in a downlink scenario. This technique mitigates inter-cluster inter-
ference especially when the users have different channel conditions. In [163], the authors
proposed dynamic power allocation and user clustering algorithm to mitigate the interference
and to achieve the maximum throughput. The paper aimed to maximize system capacity.

2.4.7.13 Robust-BF-NOMA [164–166]

It was observed that most the researchers have worked on the beamforming design of
NOMA when the BS knows the perfect CSI of the users. However, in practice, it is diffi-
cult for the BS to know the perfect CSI of the users due to channel estimation and quantization
errors. So, to resolve the problem of norm-bound channel uncertainties, robust beamforming
technique based on the worst-case optimization framework was studied in [164]. They studied
the robust beamforming in the downlink multiuser-MISO-NOMA system. In this scheme, a
single beamformer was used for all users located in the same cluster. In contrast to [164], the
authors in [166], optimized the power of beamformer while maintaining the data rate of each
user. In this scheme, the signal for each user was transmitted with a dedicated beam-former.
Differing from [164] and [166], the authors in [165] studied the robust beamforming technique
in MIMO-NOMA system using the cutting set method.

2.4.7.14 Co-ordinated beamforming NOMA (C-BF-NOMA) [167]

In [167], the authors investigated the problem of inter-cell interference in a multi-cell
MIMO-NOMA based system. The authors proposed two algorithms named as interference
channel alignment CBF (ICA-CBF) and interference alignment CBF (IA-CBF) algorithms. In
these schemes, two BSs mutually coordinate with each other in terms of their beamforming
vectors to improve the QoS of CEUs without sharing the data between cells. Both these algo-
rithms eliminate the intercell and inter-cluster interference whereas SIC technique of NOMA
mitigates the intra-cluster interference. The first algorithm uses full CSI at the BS while the
second uses the knowledge of channel gains of CEUs. The numerical results show that both
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these algorithms performed better than traditional NOMA and OMA. These schemes improved
the throughput and increased the number of served users.

2.4.7.15 BD-NOMA [168]

The authors observed that BDMA and NOMA could not directly be combined in the case
of long term feedback based beamforming due to the problem of short-term channel variation.
To resolve this issue, the authors in [168] used short term feedback with FDD-MU-MIMO
system which had multiple channel indicators (CQIs). For this, NOMA with BDMA can be
used which is known as BD-NOMA. In BD-NOMA, distinctive power is allocated to near and
far users over each beam to mitigate the inter-beam and intra-beam interference at the same
time. Moreover, the authors also proposed a weighted minimum mean square error (MMSE)
based algorithm to solve the joint user selection and power allocation problem for BD-NOMA.
The numerical results show that BD-NOMA for low interbeat interference (IBI) achieved 20%
WSR gain over BDMA when equal power is allocated over each beam while the proposed
scheme shows that BD-NOMA for high IBI achieved 10% WSR gain over BDMA.

2.4.7.16 VP-NOMA [169]

This is a hybrid NOMA transmission scheme designed for the MU-MISO system [169].
The basic idea behind this scheme was to minimize the total transmit power by using the beam-
forming matrix and power allocation technique. To minimize the transmit power; the authors
designed a low-complexity greedy iteration algorithm to generate beamforming vectors. The
numerical results showed that the vector-perturbation (VP)-NOMA reduces the transmit power
as compared to NVP-systems.

2.4.7.17 NOMA-MRT [170]

In this, the authors investigated the design of the adaptive transmission mode, that switching
between MMSE-BF and NOMA-MRT to maintain the achievable rate. The objective of the
scheme was to achieve the maximum weighted sum rate for MISO downlink systems. Also,
the authors proposed that when the channel vectors of the two users are highly correlated and
perfectly aligned with each other, and MMSE-BF achieved an almost equal rate like NOMA-
MRT. On the other hand, when two channels are orthogonal, MMSE-BF outperformed the
NOMA-MRT.

2.4.7.18 Discussion based on Classification of Beamforming MIMO-NOMA

Fig. 2.19 represents the graph between the outage probability and SNR. The result in the
graph shows that C-BF-NOMA is suitable for 5G networks where high massive connectivity,
and low outage probability are required. The reason behind such behaviour is that this scheme
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Figure 2.19: Classification Comaprison on VLC Communication

perfectly deals with the inter-cell interference, and increase the cell-edge users’ throughput,
which in turn improves user fairness. In addition, when the number of users in a network in-
creases, then this scheme performs better than the others because in this SIC and interference
alignment technique are used to cancel the intra cluster interference and inter-cluster interfer-
ence, respectively.

2.4.8 Cluster based MIMO-NOMA

In this scheme, the users are partitioned into several different clusters, the appropriate beams
related to the corresponding clusters are designed. Cluster-based MIMO-NOMA (CB-MIMO-
NOMA) effectively suppress the inter-cluster interference through an appropriate transmit pre-
coder and detector. This technique ensured that the beam related to the particular cluster should
be orthogonal to the users in other clusters. Due to cluster isolation, the difference between the
users’ channel conditions also increases. With this, the intra-cluster interference can be also
mitigated from the SIC technique of NOMA.

2.4.8.1 NOMA-SM [171]

SM is energy-efficient MIMO techniques in which both amplitude-phase modulation and
an index of transmit antennas are used to transmit the information bits. It was found that when
OMA integrated with SM, low SE was achieved; while when transmit antenna grouping (TAG)
integrates with SM, severe interuser interference was obtained. To overcome these problems,
the authors in [171] integrate NOMA with SM in a downlink MU-MIMO scenario. With this
scheme, the inter-user interference can be eliminated by deploying the SIC technique on the
user’s side. Moreover, to achieve high SE, the authors in [171] proposed a low complex power
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allocation scheme based on symbol rate error analysis. The authors also proposed the user
pairing scheme to address the near-far effect. The numerical results show that NOMA-SM
achieved better results than OMA-SM and TAG-SM.

2.4.8.2 SA-NOMA [172]

It is a technique used in the MIMO-NOMA system to eliminate inter-cluster interference.
The authors in [172] applied this technique in a single cell framework to study the outage per-
formance of both uplink and downlink MIMO-NOMA transmissions. In this scheme, stochastic
geometry was used to study the impact of users’ random locations and interferers. Moreover,
the authors proposed two power allocation schemes to provide better trade-offs between users’
fairness and throughput. The fixed power allocation (FPA) technique was used to have differ-
ent QoS requirements while CR-inspired power allocation technique assures that users’ QoS
requirements must be fulfilled instantaneously. In [172], the authors also combined the SA-
NOMA technique with the usersâĂŹ precoding selection scheme to fully exploit the spatial
degree of freedoms of MIMO systems.

2.4.8.3 H-NOMA [173]

It is a precoding algorithm having low complexity as compared to DPC and ZFBF. It is
based on the quasi degradation concept and is suitable for practical scenarios. The application
of this algorithm was studied in [173] with the sequential user pairing technique for the two-
user MISO-NOMA system. It optimizes QoS for two users and minimizes the transmit power
having bound on data rates. The authors numerically and analytically analyzed the performance
of H-NOMA using average transmit power and outage probability. The results show that H-
NOMA outperformed both DPC and ZFBF.

2.4.8.4 PH-NOMA (Projection Hybrid-NOMA) [174]

It is an algorithm which combines Hybrid NOMA (H-NOMA) precoding and conventional
ZFBF algorithm and was proposed to mitigate inter and intracluster interference for the multi-
user MISO-NOMA system [174]. Moreover, to reduce overall interference and to achieve
low complexity, PH-NOMA with projection-based pairing algorithm (PBPA) and inversion
based pairing algorithm (IBPA) are combined using the properties of quasi-degradation. The
performance of these algorithms was analysed in terms of outage probability and diversity gain.
To analyse the efficiency of these proposed BF algorithms, various performance evaluations are
performed.
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2.4.8.5 QR-NOMA [175]

The authors investigated the outage performance by using the precoding matrix and power
allocation scheme. In this scheme, one transmitter sent information to two users where one
user received data (small packet) at a low rate and the other a higher rate. The presence of
a precoding matrix in this scheme reduces the user’s effective channel gain but improves the
signal strength of the second user’s. With this scheme, the potential of NOMA can be gained
even when the participating users have similar channel conditions.

2.4.8.6 SBD-NOMA [176]

The authors in this proposed a scheme for an uplink MIMO-NOMA system with a fixed
set of power allocation coefficients. It is hybrid multiple access schemes which inherit the
advantages of both orthogonal and non-orthogonal transmissions. In this scheme, the authors
partitioned the available bandwidth among the users into identical orthogonal sub-bands ac-
cording to their CSI information. As a result, inter-cluster interference is eliminated and an
improved QoS is achieved. With this scheme, the number of MUDs reduces, which results in
reduced receiver complexity. Moreover, the authors also developed a user pairing technique to
reduce the inter-cluster interference. To derive the outage probability, the probability density
function (PDF) of the received SINR was approximated by a gamma function under Rayleigh
fading distributions.

2.4.9 Comparison of existing NOMA schemes based on MIMO

Table 2.12 provides the detailed relative comparison of existing variants of NOMA used
in MIMO using parameters such as transmission scenario, advantages, open issues, outage
probability, bit error rate, throughput, EE, sum rate, UL, and DL.

2.4.10 massive MIMO

In 5G, massive MIMO (mMIMO) is a key enabler with large antenna diversity at a lower
cost [177], [178], [179]. Its advantages are as follows (i) improvement of SE and EE of the
network, (ii) reduction in latency, (iii) mitigation of an inter-cluster and inter-user interference,
(iv) robustness against intentional jamming, and (v) improved SNR for the receiver. The au-
thors in [180] integrated NOMA with mMIMO with limited feedback. In this technique, the
transmitter of the BS consists of a large number of antennas as compared to the number of
users. To simplify the design, it decomposed the channels of massive MIMO-NOMA into mul-
tiple SISO-NOMA channels. Its performance was analytically derived in terms of an exact
expression of OP and diversity order.

In [181], the authors combined NOMA and IDMA technique for MU-mMIMO transmis-
sion. In this technique, the gain of the MU-mMIMO transmission was affected at a large rate
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Table 2.11: Relative comparison of existing NOMA schemes based on MIMO

Problem in
MIMO

NOMA
variants

Scenarios TS SR OP EE BER SE Th Advantages Open Issues

Multiple antennas
at Transmitter
enhance the com-
plexity, cost and
consumption

TAS-
NOMA
[150]

MU-MISO DL X ⇥ ⇥ ⇥ ⇥ ⇥ Reduces the com-
plexity, cost and
power consump-
tion

Imperfect CSI and
need to find the ESC
and OP

Joint antenna se-
lection at both the
BS and users

AIA �
A3 � AS
[152]

MU-MIMO DL X ⇥ ⇥ ⇥ ⇥ ⇥ AIA-AS provide
better user fair-
ness and A3 �
AS provide near-
optimal sum-rate
performance

Imperfect CSI

Low SE of CEUs NOMA-
SSK [153]

MU-MIMO DL ⇥ ⇥ X X X ⇥ Reduces decod-
ing complexity
at the receivers
and reduce the
interference of
CEUs.

Power allocation
scheme need to be
determined.

Low SE of CEUs NOMA-
GSSK
[155]

MU-MIMO DL ⇥ ⇥ X X X ⇥ Reduces the
computational
complexity

Need to study the
scheme with SIC

Secure group
communication

PD-
NOMA-
SSK [156]

MU-MIMO DL ⇥ ⇥ ⇥ X X ⇥ Improves the net-
work throughput

Study the power
allocation problem
for multiple adjacent
users

Inaccurate MCS
selection problem
originated from
implicit feedback

NOMA-
HARQ
[157]

SU-MIMO DL ⇥ ⇥ ⇥ ⇥ X ⇥ Improved the cell
throughput by
4% and cell edge
throughput by
5% than HARQ
algorithm

Extension to MU-
MIMO system.

Inter cluster and
Inter user interfer-
ence

NOMA-
BF [160]

MU-MIMO DL X ⇥ ⇥ ⇥ ⇥ ⇥ Increases the
number of sup-
portable users
and QoS of the
weak users can
be guaranteed

Imperfect CSI and
SIC need to be
studied.

Inter-cluster
and inter user
interference

NOMA-
BF [161]

MU-MISO DL X ⇥ ⇥ ⇥ ⇥ ⇥ Minimizes the
total transmit
power

Extension to MU-
MIMO and mMIMO
systems.

Inter cluster and
Inter beam inter-
ference

RANDOM-
BF-
NOMA
[162]

MU-MIMO DL ⇥ ⇥ ⇥ ⇥ ⇥ X Reduces the
CSI feedback
and increase the
throughput of
CEUs

Performance over im-
perfect SIC is need to
be evaluated.

Inter cluster ZF-BF-
NOMA
[163]

MU-MIMO DL ⇥ ⇥ ⇥ ⇥ X X Maximizes the
overall through-
put in a cell

Multicell scenario
need to be investi-
gated

Worst case uncer-
tainties

ROBUST-
BF-
NOMA
[164]

MU-MISO DL X ⇥ ⇥ ⇥ ⇥ ⇥ Investigate the
scheme with
imperfect CSI
and maximizes
the worst case
achievable sum
rate

Extend the scheme for
MU-MIMO scenario,
and need to eliminate
the NOMA interfer-
ence arise due to im-
perfect SIC.

ROBUST-
BF-
NOMA
[166]

MU-MISO DL ⇥ X ⇥ ⇥ ⇥ ⇥

ROBUST-
BF-
NOMA
[165]

MU-MIMO DL X ⇥ ⇥ ⇥ ⇥ ⇥

Inter cell and in-
ter cluster interfer-
ence

C-BF-
NOMA
[167]

MU-MIMO DL ⇥ ⇥ ⇥ ⇥ ⇥ X Increases the
CEUs throughput
and improves the
user fairness

Need to eliminate the
NOMA interference
arise due to imperfect
SIC.

Note- 1: Sum rate, 2: Outage Probability, 3: EE, 4: Bit error rate, 5: Spectral efficiency, 6:Throughput
TS: Transmission scenario, DL: Downlink, UL: Uplink
Notations- X: Yes, and ⇥: No
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Table 2.12: Relative comparison of existing NOMA schemes based on MIMO

Problem in
MIMO

NOMA
variants

Scenarios TS SR OP EE BER SE Th Advantages Open Issues

Inter and intra
beam interfer-
ence

BD-
NOMA
[168]

MU-MIMO DL X ⇥ ⇥ ⇥ ⇥ ⇥ Performance
gain increases
from 10% to
20%

Investigate short
term feedback
with long term
feedback and
random user
distribution with
more users and
clusters need to
be studied

Transmit power VP-
NOMA
[169]

MU-MISO DL X ⇥ ⇥ ⇥ ⇥ ⇥ Minimizes the
total transmit
power

System may be
extended to MU-
MIMO.

Sum rate NOMA-
MRT
[170]

MU-MISO DL X ⇥ ⇥ ⇥ ⇥ ⇥ Adaptive
switching
method max-
imizes the
weighted sum
rate

Need to be ex-
tended for MIMO
and mMIMO sys-
tems.

Inter-user inter-
ference

NOMA-
SM [171]

MU-MIMO DL ⇥ ⇥ ⇥ X ⇥ ⇥ Enhanced SE
and elimi-
nate inter-user
interference

Need to increase
the number of
radio frequency
at the transmitter
side.

Inter-cluster in-
terference

SA-
NOMA
[172]

MU-MIMO DL/UL x X ⇥ ⇥ ⇥ ⇥ Provides large
diversity gain

Imperfect CSI
and SiC need to
be studied.

Transmission
power

H-NOMA
[173]

MU-MISO DL ⇥ X ⇥ ⇥ ⇥ ⇥ Reduced the
transmission
power

Same scenario
need to studied
for MIMO-
NOMA system

Inter and Intra
cluster interfer-
ence

PH-
NOMA
[174]

MU-MISO DL X X ⇥ ⇥ ⇥ ⇥ Minimizes the
total power
consumption
and eliminate
the inter cluster
interference

Same scenario
need to studied
for MIMO-
NOMA system

Small packet
transmission

QR-
NOMA
[175]

MU-MIMO DL ⇥ X ⇥ ⇥ ⇥ ⇥ QoS of the
users can be
guaranteed,
suitable for
critical and
real time ap-
plications, and
channel condi-
tions of user’s
are different.

Similar scheme
need to be ap-
plied for V2X
system.

Resource allo-
cation

SBD-
NOMA
[176]

MU-MIMO UL X X ⇥ ⇥ ⇥ ⇥ Reduced
receiver com-
plexity and
provides better
sum rate

The system need
to be studied for
imperfect CSI,
and Nakagami-m
fading chan-
nels need to be
examined.

Note- 1: Sum rate, 2: Outage Probability, 3: EE, 4: Bit error rate, 5: Spectral efficiency, 6:Throughput
TS: Transmission scenario, DL: Downlink, UL: Uplink
Notations- X: Yes, and ⇥: No
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with perfect CSI at the BS. To resolve it, the authors used IDMA and iterative data aided
channel estimation (DACE) scheme with imperfect CSI which provides high throughput and
robustness against the pilot contamination problem. It is observed that for 5G networks, group-
oriented applications were used with a multicast infrastructure used in 5G applications. The
authors in [182] implemented a multicast 5G infrastructure with the combination of NOMA
and mMIMO techniques. In [182], the authors proposed a hybrid unicast/multicast precoding
scheme based on NOMA. The scheme first separates unicast users in NOMA and non-NOMA
types and then eliminates the signal leakage using null space and SIC technique. Moreover, to
enhance SE, it superimposed the NOMA users signals on to the multicast users signals.

The concept of SA-MIMO-NOMA was used in [172], and the authors in [183] designed
an interference cancellation combining (ICC) matrix to eliminate the intra-pair-interference in
the mMIMO-NOMA system to limit the number of antennas between the BS and users. More-
over, to enhance the sum rate and to decrease OP, the authors proposed a user pairing and pair
scheduling algorithm (UPaS) which selects the first and second user of each group. In [184],
the authors analyzed the performance of massive access MIMO system instead of mMIMO.
In this scheme, a Gaussian message passing iterative detection (GMIPD) algorithm was used
for mean and variance computation as compared to the mean square error multiuser detection
scheme used in [185].

In [186], distinctive power is distributed to various users. According to the increase in al-
located power, each user was arranged within each sub-band along with the NOMA encoding
scheme. In this scheme, the transmission was divided into two phases: In the first phase, a
NOMA encoding strategy was used to encode the data and transmitter was used to handover
this to relay while in the second phase, a relay transfers the encoded data to the receiver. In this
way, the edge users have a fast transmission rate, where the relays are the CCUs or the access
point. Moreover, it extends the coverage area and enhances the QoS performance for CEUs. In
this NOMA scheme, the authors applied the maximum mean square error (MMSE)-SIC tech-
nique at the receiver side to decrypt the data and determined the closed-form expression for
SINR, system capacity, and sum rate.

2.4.11 Software Defined Networking

Xu et al. [187] proposed an evaluation criterion to analyze the performance gain of NOMA
over TDMA. Authors in [187], first illustrated the relationship between the capacity region of
Gaussian BC and two rate regions using NOMA and TDMA. Then, they proposed an evaluation
criterion for NOMA using wireless fading scenarios. This evaluation criterion was used to study
statistically the sum rate and individual data rates. Moreover, the authors also proposed a user
pairing and optimum power allocation scheme for the DL scenario and analytically showed
that NOMA with TDMA outperformed the other schemes using parameters such as the sum
rate and data rate.
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2.4.12 Wireless Sensor Networks

Wireless Sensor Networks (WSNs) are low cost and low-power homogeneous or heteroge-
neous sensors which are used for sensing, computations and short-range wireless communica-
tions [188], [189]. But, the key challenges of these sensors are their energy depletion which
results in limited lifetime [190], [191], [192]. To resolve these issues, NOMA technology is
integrated with WSN. For example, the authors in [193], investigate the problem of maximiz-
ing the EE of NOMA based WSN. They used energy harvesting to improve the energy of the
sensors. To solve this problem, the authors proposed a particle swarm optimization based al-
gorithm. The simulated results showed that the proposed algorithm achieved the convergence
equivalent to the global optimum solution. In [194], the authors studied the problem of interfer-
ence due to the sharing of spectrum between the sensors and other sources by using stochastic
geometry. The main aim of this scheme was to provide the massive connectivity between the
sensors using NOMA. Also, the authors in [194] evaluated the performance of the proposed
scheme using OP, average link throughput and energy consumption efficiency where results
showed that NOMA performed better than OMA. In [195], the authors proposed a solution to
maximize the lifetime of a single hop WSN. The authors in [196] proposed a power allocation
scheme for NOMA based underwater acoustic sensor networks. The equal transmission times
(ETT) power allocation scheme prevents resource wastage by ensuring the same transmission
time between each transmission path.

2.4.13 Mobile Edge Computing

NOMA and Mobile Edge Computing (MEC) are integrated to avoid the delay and to reduce
the energy consumption of the MEC network [197]. In [198], the NOMA-based MEC network
was used such that the SIC based BS is selected to perform the computation tasks from differ-
ent users to ensure the offloading. In contrast to [198], the authors in [199], analytically proved
that the latency and energy consumption are reduced when uplink and downlink NOMA are
combined with MEC. The authors in [200] and [201] studied the NOMA-based MEC networks
to minimize time and energy consumption. It was found that the authors from [198–201] ap-
plied NOMA only on one group of users and ignored the time allocation procedure among
different group of users. So, to resolve this issue, the authors in [202] proposed the resource
allocation scheme among different groups of users by using uplink NOMA transmission over
MEC. The main aim was to provide an energy-efficient scheme which provides better results
in comparison to the conventional OMA. In [203], the energy consumption of NOMA-MEC
networks was minimized by assuming that each user has access to multiple bandwidth resource
blocks. To minimize the energy consumption of the network, the authors in [204] combine EH
technique with the NOMA-based full-duplex MEC network. They achieved the target by using
power control, time scheduling and computation capacity allocation.
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2.4.14 Unmanned Aerial Vehicles

To improve the coverage and SE of 5G, Unmanned Aerial Vehicle (UAV) communication
with NOMA technique plays a vital role. Since NOMA works effectively under asymmet-
ric channel conditions, so this property of NOMA is suitable for UAVs due to high mobility
which enhances the performance gain of the network [205]. In [206], the authors studied the
bit allocation and trajectory optimization framework for UAV mounted cloudlet for offload-
ing applications in NOMA. The results demonstrated that the proposed scheme enhances the
EE of mobile users. The authors in [207] deployed the fixed-wing UAV communication with
NOMA for ground users which are located at the areas where the BS coverage does not exist.
The authors also proposed a multiple access mode selection (NOMA/OMA) scheme to ensure
guaranteed communication for ground users as per their outage probability requirements. In
contrast to [206] and [207], the authors in [208] investigated the NOMA with an aerial BS,
where they addressed the problem of coverage and capacity by assuming performance thresh-
olds for both cell-edge as well as the CCUs.

In [209], the authors applied the NOMA technique with UAV to enhance the coverage of
user region which is densely packed such as stadium, malls or a concrete area. Furthermore,
a beam scanning approach was used to find the optimal area that radiates within the user re-
gion. Based on this, a hybrid transmission strategy was applied to all the users at a time in
the presence of NOMA. The result showed that user distance feedback is a better alternative in
comparison to full CSI feedback especially for the rapid fluctuation channels for NOMA rather
than OMA. In [210], the authors studied the three cases of NOMA enabled UAV communica-
tion. In the first case, the author evaluated the performance of NOMA enabled UAV commu-
nication by using stochastic geometry for position estimation of UAVs and ground users. In
the second case, they investigated the two-dimensional (2D) model for position estimation of
UAVs by assuming that UAV can fly at a fixed height. In the last and third case, they analyzed
how machine learning algorithms can be applied for UAVs localization. Authors in [211] ap-
plied MIMO-NOMA on UAVs by using stochastic geometry, by considering the locations of
NOMA users and interference sources. In [212], the authors applied the concept of NOMA
transmission with UAV assisted wireless backhaul network and proposed a novel cooperative
NOMA strategy to boost the performance of the system. Authors in [213] proposed a coop-
erative NOMA scheme to eliminate the uplink interference arise due to sharing of the same
channel between the UAV’s LOS and the BS cellular-connected users. In contrast to [213], the
authors in [214] studied the UAV uplink communication in the cellular network. In this scheme,
UAVs have multi-antennas to transmit multiple data streams to a large number of ground base
stations to serve a terrestrial user at the same time over the same frequency band. Also, the
authors in [214] proposed a NOMA based transmission strategy which is used to mitigate the
signals received from the UAVs and the terrestrial users’ signals.
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2.4.15 Ultra-Dense Network

Ultra-Dense Network (UDN) is a technology which is used in 5G to reduce the distance be-
tween the BS and users. This technique not only increases the number of connections between
the BS and users but also improves the data rate of the CCUs and CEUs, respectively. In [215],
the authors used the concept of PD-NOMA in UDN for multi-user access. The authors applied
the matching algorithm for resource allocation and the difference of two convex programming
for power allocation. By using these two concepts, the authors enhanced the throughput of the
network. In contrast to [215], the authors in [216] also enhanced the throughput of the net-
work by using the PD-NOMA based user-centric framework. In this scheme, they converted
the mixed-integer non-linear programming (MINLP) problem into an access points grouping
problem. To solve this problem, a low complexity based sub-optimal matching algorithm was
implemented. Then, the authors in [217] proposed the concept of user pairing and designed a
new resource allocation algorithm to have a flexible configuration in heterogeneous UDN.

2.4.16 Visible Light Communication

Visible Light Communication (VLC) is a small cell technology used in 5G to provide ubiq-
uitous broadband connectivity for indoor areas. It has an unlicensed spectrum of an order of
terahertz (430 THz-790 THz) which is currently unused in wireless communication. As per
the report of [1], it was found that 70% of the data traffic is originated from indoor areas. So,
when VLC is integrated with the existing fibre networks, its unlicensed spectrum offload the
data traffic. Generally, light-emitting diode (LEDs) are used to provide VLC in both the in-
door and outdoor scenarios. Using LEDs, the cost of broadband connection reduces and the
speed of data transmission over white light increases. This consists of two techniques namely
as, intensity modulation (IM) and direct detection (DD). In IM, the intensity of light generated
by LEDs varied as per the location of users whereas, in DD, photo-detectors are used at the
receiver side which detects the variation in the intensity of light. The light signals from LEDs
cannot penetrate through the walls, so intercell interference does not exist. Due to this advan-
tage, visible light provides secure communication and improved the QoS of the CEUs. Despite
the aforementioned benefits, VLC has limitations which need to be addressed to fully exploit
its potential benefits. The major limitations of VLC are (i) it has narrow modulation bandwidth
due to which achievable data rate cannot be achieved and (ii) in multiple cells scenario the
problem intercell interference becomes severe. So, to resolve these problems, integration of
NOMA is required with the following example researches.

2.4.16.1 Gain ratio power allocation [218]

It is a gain ratio power allocation (GRPA) scheme where power allocated to kth user is given
by Pk = (h1

hk
)kPk�1. The authors in [218] assumed that the user’s actual channel conditions are
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based upon the fair power allocation among them. To avoid overlapping between the cells, a
cell zooming technique was proposed, where transmitting angles of the LEDs are adjusted to
control the size of cells. Sometimes, adjusting the transmitting angles may affect the width
and intensity of beams, resulting in the undesired illumination across the indoor space. So, to
overcome this issue, a location-based user association strategy was proposed. With this strategy,
users may remain connected with those two LEDs which create an overlapping area. Moreover,
to enhance the performance of CEUs, tunable FOVs were used to decrease the number of
handovers at the PDs.

2.4.16.2 OFDMA-NOMA [219]

It is a hybrid multiple access technique designed for bidirectional VLC transmission [219].
The combination of both these techniques enlarges the capacity of the system to provide ser-
vices to a large number of users. It provides high SE, high throughput, and high tolerance
against multipath induced distortion. Performance of the proposed scheme was experimentally
demonstrated using the optimum power allocation ratio (PAR). The results show that the PAR
values for both uplink and downlink transmission were about 0.25. Moreover, to eliminate
the inter-user interference, the authors in [219] also investigated the effect of channel estima-
tion. The obtained results demonstrated that the channel estimation like intra-symbol frequency
averaging (ISFA) and minimum mean square error (MMSE) perform better than least square.

2.4.16.3 NOMA-SCFDM [220]

In this, the authors combined the NOMA technique with single carrier frequency division
multiplexing (SCFDM). Similar to [219], this scheme also provides high SE, high throughput,
and high tolerance against multipath induced distortion but it lowers the value of PAPR. The
authors experimentally demonstrated the feasibility of this scheme and proved that it provides
better results in comparison to the NOMA-OFDM in terms of BER.

2.4.16.4 NOMA-PON [221]

The authors proposed a single carrier transmission-based NOMA for bidirectional passive
optical network (PON) transmission. In this scheme, power domain-based SC technique was
used to multiplex the optical network units (ONUs) signals at the transmitter side and frequency
domain successive interference cancellation (FD-SIC) used to separate the ONU signals at the
receiver side. So, all ONUs efficiently utilized the whole time-frequency resources. To provide
better trade-offs between the system throughput and user fairness, an efficient power allocation
technique was proposed. The main aim of the proposed scheme was to achieve an optimum
PARs. Also, the authors also proposed a polarization dimension and joined detection tech-
niques to enlarge the transmission capacity and analyse the BER, respectively. The results
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show that the optimum power difference between two ONUs for upstream was 7 dB and opti-
mum PARs for downstream was 0.25. The BER performance for both these streams equals to
10�3. In contrast to [221], the authors in [222] integrate MIMO and polarization interleaving
technique with the NOMA-PON transmission scheme so that capacity of the system can be
increased and a large number of users can be served. Moreover, the authors also studied the
MIMO channel estimation technique concerning ISFA and MMSE to eliminate the inter-user
interference and the crosstalk between polarizations. The results showed that for four users, the
proposed transmission scheme achieved an optimum PAR of 0.42.

2.4.16.5 DCO-OFDM-NOMA [223]

Direct current biased optical orthogonal frequency division multiplexing (DCO-OFDM)
technique was used in the VLC system to convert the bipolar OFDM signal into unipolar one.
In [223], the authors integrated NOMA technique with DCO-OFDM to enhance the system
SE. In this scheme, the authors studied the impact of clipping in terms of attenuation factor
and clipping noise, through asymmetrical double clipping technique. They have analysed the
scheme in terms of achievable rate regions and proved that it outperformed the OMA-DCO-
OFDM.

2.4.16.6 FTN-FrCT-NOFDM [224]

Faster-than-Nyquist-Fractional cosine transform-non-orthogonal frequency-division multi-
plexing (FTN-FrCT-NOFDM) scheme provide real-valued signal as compared to FrFT-NOFDM
[224]. It can be directly applied to the VLC system without up-conversion, which makes it
more suitable for cost-sensitive VLC systems. It consumes lesser bandwidth as compared to
FrFT-NOFDM, resulting in low-frequency distortion and high SE. The simulated results show
that FrCT-NOFDM performs better in terms of BER as well as achieved higher security than
FrFT-NOFDM.

2.4.16.7 Comparison of existing NOMA schemes based on VLC Communication

Table 2.13 provides the detailed relative comparison of existing variants of NOMA used in
VLC with reference to parameters such as the transmission scenario, technique used, merits,
throughput, EE, capacity, latency, and open issues.

2.4.16.8 Discussion based on Classification of VLC Communication

Fig. 2.20 shows the effect of varying the SNR on the bite error rate. The result implies that
GRPA achieves lower BER than the OFDMA-NOA, NOMA-SCFDM, and NOMA-PON. The
reason behind such a behaviour is that in GRPA, the user’s actual channel conditions are based
upon the fair power allocation among them. To avoid overlapping between the cells, a cell
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Table 2.13: Parametric analysis of existing NOMA schemes in VLC

Problem NOMA Transmission Performance metrics
in VLC Variant scenario Techniques 1 2 3 4 5 6 Merits Open issues

Narrow
modu-
lation
bandwidth

GRPA
[218]

Downlink Gain ra-
tio power
allocation

⇥ ⇥ X ⇥ ⇥ ⇥ Maximize the
users’ sum rate
and decrease the
number of han-
dover by tuning
the field of views
(FOVs)

Scheme needs to
be analyzed for
UL scenario.

Flexible
bandwidth
allocation

NOMA-
OFDMA
[219]

UL
&
DL

Hybrid
scheme for
VLC trans-
mission.

⇥ ⇥ X X X ⇥ Efficient channel
estimation are
used to eliminate
the inter-user
interference and
improved system
capacity.

Outage probabil-
ity needs to be de-
rived.

Lower
BER &
Less tol-
erant to
LED non-
linearity

NOMA-
SCFDM
[220]

Downlink Integrate
NOMA with
SCFDM

⇥ X X X ⇥ ⇥ Improved BER
than NOMA-
OFDM.

Can be extended
to Multi- car-
rier frequency
division multi-
plexing.

Broadband
Access

NOMA-
PON
[221]

Downlink
&
Up-
link

Single carrier
transmission
with NOMA
and FD-SIC

X ⇥ ⇥ X ⇥ ⇥ Lower BER
and PAPR is
achieved.

Needs to be
analyzed the
throughput.

Effect of
clipping

DCO-
OFDM
[223]

Downlink Clipping pro-
cess is pro-
posed

⇥ ⇥ ⇥ ⇥ X ⇥ Enlarge the
achievable rate
region and pro-
vide unipolar
signal.

Dynamic power
allocation
scheme is re-
quired.

Higher
bandwidth

FTN-
FrCT-
NOFDM
[224]

Downlink Joint spec-
trum resource
and sub-
channel
transmission
power allo-
cation, and
Sensing time
selection

X ⇥ ⇥ ⇥ ⇥ ⇥ Directly used in
VLC systems
without upcon-
version, cost
sensitive, and
save the limited
bandwidth

An effective algo-
rithm is required
to mitigate the in-
ter cluster inter-
ference.

Note- 1: Bit error rate (BER), 2: High Tolerance 3: Throughput, 4:PAPR, 5: Capacity 6: Spectral
Efficiency
Notations- X: Yes,and ⇥: No

zooming technique was used, where transmitting angles of the LEDs are adjusted to control
the size of cells. Also, adjusting the transmitting angles may affect the width and intensity of
beams, resulting in the undesired illumination across the indoor space. So, to overcome this
issue, a location-based user association strategy was used. Furthermore, GRPA FOV tuning
can be used to decrease the number of handovers occurs in the system. These advantages show
that GRPA is more suitable for 5G network as compared to the other one.

2.4.17 Millimeter Wave

The frequency range of Millimeter Wave (mmWave) in the electromagnetic spectrum is
from 30-300GHz [225], [227] which shows that it provides a huge amount of bandwidth for 5G
to handle the high data rate. In spite of its large bandwidth, it has some disadvantages like poor
foliage penetration and free-space path loss [226], which degrades the QoS to the end-users in
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Figure 2.20: Discussion based on classification for VLC Communication

ultra-dense networks. To overcome these disadvantages of mmWave, various the authors inte-
grated NOMA. When NOMA is integrated with mmWave then it provides the following ben-
efits: (i) supports massive connectivity, (ii) amenable with mmWave correlated channels, (iii)
increased the throughput due to reduction in inter-beam interference, (iv) reduced the hardware
cost. By exploring these advantages, the authors provided the following variants of NOMA
with mmWave.

2.4.17.1 Random-BF-NOMA [228]

In this, the authors studied the combination of mmWave with NOMA. In this scheme, the
BS without knowing the CSI generates a single random beam for each user. Due to the presence
of mmWave, the beam behaves like a directional antenna and users having low signal strength
do not take part in the scheduling. As a result, the overhead of the system gets reduced. To
analyze the performance of this technique, the authors used thinning scheme aided stochastic
geometry model to study the blockage features of mmWave. Moreover, to reduce the system
overhead, the authors’ proposed two beamforming techniques (i) low feedback transmission
scheme, and (ii) one-bit feedback scheme. In the first scheme, the BS already knows the users’
distance, while in the second scheme, one user sends one bit as feedback to the BS. The authors
also investigated the scenario of multiple beams generation from the BS, where the presence
of mmWave suppressed the inter-beam interference. The numerical results showed that the
proposed schemes outperformed the traditional mmWave-OMA schemes. In contrast to [228],
the authors in [229] studied the user scheduling and power allocation algorithms for mmWave
NOMA systems with random beamforming under partial CSI feedback. To achieve the subop-
timal and low complexity solution, the authors used the matching theory for user scheduling
and successive convex approximation for power allocation. In addition, the proposed mmWave
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NOMA systems is capable of outperforming conventional mmWave orthogonal multiple access
(OMA) systems in terms of sum rate and the number of served users.

2.4.17.2 FRAB-NOMA [230]

The authors studied the effect of combining NOMA with finite resolution analog beam-
forming (FRAB) technique. In this scheme, users’ channel conditions do not match with each
other. The authors proved that when NOMA exploited with FRAB, multiple users easily shared
the single beam in an efficient manner and can communicate concurrently due to which the de-
gree of freedom induced by mmWave decreases. The numerical results of FRAB with NOMA
outperformed the conventional NOMA schemes.

2.4.17.3 Beamspace MIMO-NOMA [231]

This scheme was proposed to overcome the limitation of mmWave. In this scheme, the
number of users who take part in the beamspace-MIMO scheme must be larger than the number
of available resource blocks. The authors in [231] integrated NOMA with beamspace-MIMO
to get the high spectrum and EE. So, to reduce the inter-beam interference, a precoding scheme
based on the principle of zero-forcing was designed. Moreover, to allocate the power dynam-
ically, they proposed a low complexity based iterative optimization algorithm to have a high
sum rate.

2.4.17.4 EEPA-NOMA [232]

In this, the authors optimized the problem of EE in the mmWave-mMIMO-NOMA sys-
tem. They integrated NOMA in this system to correlate the usersâĂŹ channel. To reduce the
complexity of the hardware, the authors applied a low RF chain structure at the BS with the
hybrid analog/digital precoding scheme. Firstly, paired users were formed in a cluster based
on channel correlation and gain difference. Then, analog beamforming was applied in each
cluster as per their codebooks. Also, to reduce the inter-cluster interference, the ZF precoding
scheme was applied at the strong channel condition users. Moreover, the authors proposed an
iterative power allocation algorithm per cluster to maximize the EE of the usersâĂŹ as per their
QoS requirements. The numerical results show that the proposed scheme provides better EE as
compared to OMA schemes.

2.4.17.5 HB-NOMA [233–236]

In the above-mentioned schemes, the authors combined NOMA with mmWave by using
only baseband precoders/combiners. Also, the authors in [233] and [235] proposed hybrid
beamforming (HB) in mmWave-NOMA systems. In [233], the authors studied the joint power
allocation and beamforming scheme to maximize the sum rate of two-user mmWave NOMA
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using an analog beamforming structure with the phased array. In [235], the authors analyzed
that when HB is integrated with the mmWave-NOMA system, then digital precoders of the
BS are not perfectly aligned with the user’s effective channel. Based on the imperfect aligned
beams, the authors in [235] also proposed a power allocation algorithm to maximize the sum
rate of the system. But, they did not consider the effect of imperfect beamforming for analysis
of the sum rate. Also, the authors in [236] provide the imperfect correlation in HB for multi-
users. In this proposal, the authors first formulated the expressions of the sum rate for HB-
NOMA and then proposed a sub-optimal algorithm to maximize it. Then, they derived a lower
bound for the achievable rate by assuming that the angle between the highest channel gain MUs
and the other MUs is non-zero. The results obtained show that the proposed scheme has a loss
in terms of data rate due to inter-cluster interference between the MUs. In addition to [236],
the authors in [234] studied the impact of imperfect correlation between the effective channels.
They maximized the sum rate of the HB-NOMA system in three steps using power constraints.
In the first step, they used analog precoders/combiner, and in the second step, digital precoders
are used and at last a sub-optimal power allocation was introduced. Also, they proposed a lower
bound for each user under perfect and imperfect correlation. The results obtained demonstrated
that with perfect correlation the sum rate is equivalent to digital precoders while with imperfect
correlation, it depends on the correlation factor. The obtained results show that the proposed
scheme has an optimal sum rate as compared to conventional HB-OMA systems.

2.4.17.6 Cluster-based mmWave NOMA [237]

In this, the authors investigated the designs of user clustering and power allocation algo-
rithms for mmWave-NOMA systems where the users follow a spatial clustering distribution
model. Motivated by the combinatorial feature of NOMA, the authors proposed a machine-
learning framework for effective user clustering in mmWave-NOMA systems. Channel corre-
lations provides an efficient measurement that facilitates the implementation of K-means based
clustering. Furthermore, for each cluster, the authors developed a closed form expression for
the optimal power allocation, assuming that the power is equally allocated over each cluster.
Simulation results revealed that the proposed K-means enabled machine-learning framework
for mmWave-NOMA systems outperforms mmWave-OMA systems.

2.4.17.7 JA-STSK-NOMA [238]

In this, the authors studied the JA-STSK and JA-MS-STK schemes with NOMA to replace
the STSK scheme in MC-IDMA and SC-IDMA, respectively. The objective of the proposed
scheme was to acquire high throughput without high complexity. Also, the authors proved that
when JA-STSK and JA-MS-STK schemes are integrated with fair algorithm, these have higher
throughput as compared with the random selection algorithm. Moreover, they also demon-
strated that when MC-IDMA is integrated with IRCC, then the proposed scheme provides an
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increase in throughput with lesser in decoding complexity as compared to OMA. The results
obtained show that this scheme provides a reduction in computational complexity with respect
to CFRs and have a significant BER performance.

2.4.18 Heterogeneous Networks

Heterogeneous Networks (HetNets) in 5G is used to enhance the coverage and capacity
for the users in an ultra-dense network [239], [240]. In these networks, low power BSs such
as FBS and PBS are deployed under MBS. The presence of low power BSs near to the UE
also improves EE due to less battery power consumption. But, the problem of co-channel
and cross-channel are severe in these networks which in turn affects SE. To fully exploit the
potential benefits of this network, the authors integrated NOMA with HetNets and proposed
the following variants .

2.4.18.1 TIM-NOMA [241]

This is a hybrid scheme in which Topological Interference Management (TIM) and NOMA
mitigate intercell interference and intra-cell interference, respectively, in a heterogeneous net-
work [241]. It is applied to HetNets using user pairing and Kronecker Product representation.
This scheme has twice the sum rate as compared to TDMA for high SNR values and also en-
hances the performance of cell-edges users of femtocells in terms of fair power allocation and
QoS.

2.4.18.2 GFDM-NOMA [242]

It is a combination of generalised frequency division multiplexing (GFDM) and NOMA
technique. GFDM is used to cover the OFDM and single carrier frequency domain while
NOMA improves the system capacity by serving a large number of users from the same RB.
The authors in [242] proposed a joint subchannel and power allocation scheme in this technique
to handle two types of heterogeneous traffic, elastic and streaming. The main aim of this
scheme was to maximize the weighted sum rate for elastic traffic users to minimize the sum rate
for streaming users with subject to the constraint of subchannel and transmit power allocation.
The numerical results demonstrated that the proposed scheme achieved approximately 31%
enhancements in sum rate in comparison to OMA.

2.4.18.3 MBMS-NOMA [243]

In this, the authors explored how NOMA enhances the performance of a multimedia broad-
cast/multicast service (MBMS) system in HetNets. With this NOMA, two transmission tech-
niques were studied, non-orthogonal multi-rate MBMS transmission (NOMRMT) and non-
orthogonal multi-service MBMS transmission (NOMSMT). In this proposal, the authors pro-
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Figure 2.21: Discussion based on HetNets classification

posed stochastic geometry and developed a tractable model to analyze the performance by
using synchronous and asynchronous transmissions. The numerical results demonstrated that
the proposed MBMS-NOMA scheme outperformed the MBMS-OMA.

2.4.18.4 JT-NOMA [244]

The authors in [244] analysed the impact of power allocation to NOMA users in a multi-cell
network. In JT-NOMA, all BSs in coordination with each other perform joint transmission for
the remote users in a particular cell using the same RB. With this scheme, the SIC technique is
not only used to separate the signals for remote users but is also helpful in decoding the signals
for far users. In this way, it mitigates the inter-cell interference and enhances the performances
of all NOMA users. The numerical results showed that this scheme enhances the coverage and
throughput for each user in HetNets.

2.4.18.5 NOMA-HCN [245]

In this, the authors proposed HetNets, where the first tier consists of MBS and second-tier
has various FBS using NOMA. With this scheme, the authors offload the traffic from MBS. The
main aim of the authors was to enhance the fairness and performance gain of the users located
at the edge of FBS cell by using CCUs. The numerical results showed that the proposed scheme
provides an improvement in terms of ergodic rate and user fairness.

2.4.18.6 Discussion based on HetNets classification

Fig.2.21 represents the graph between the sum rate and number of users in the networks.
The graph implies that JT-NOMA outperforms than the TIM-NOMA, GFDM-NOMA, MBMS-
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NOMA, and NOMA-HCN. The happened because this scheme mitigate not only the inter cell
co-channel interference but also overcome the problem arise from the channel fading. Further-
more, in this scheme, all void BSs can do joint transmission to enhance the signal power of
the farthest user in a cell, which improves the throughput of the users in dense network with a
moderate user intensity. It shows that JT-NOMA is suitable for 5G network as compared to the
rest of the HetNets classification.

2.4.19 Vehicle-to-Everything

Vehicle-to-Everything (V2X) communication is a newly emerging technology in 5G which
is used to provide improved user’s travel experience along with security, safety and internet
access services [246], [247], [248]. In spite of these advantages, energy-saving, low latency,
and faster packet transmission and reception in an ultra-dense network of V2X are the issues
which are required to be addressed. To resolve these issues, the authors integrated NOMA
with this technique. When NOMA is integrated with V2X, then it resolved the problem of data
congestion by accessing the channel non-orthogonally [249], [250] and provides following
benefits (i) reduction of the transmission latency, (ii) support for massive connectivity and (iii)
enhanced SE and EE. But, the problems of improvement in link reliability, enhancement of
bandwidth efficiency and reduction in collision still need to be resolved. So, following variants
of NOMA in V2X communication are proposed.

2.4.19.1 NOMA-SM [251]

To improve the link reliability and to fulfil the high bandwidth requirements for V2V com-
munication, the authors in [251] used NOMA with SM and massive TA. But, still, there are
many challenges which need to be resolved. For example, the authors in [251] proposed a new
NOMA-SM scheme for V2V scenario with correlated Rician channel, and analytically derived
the ergodic capacity of NOMA-SM by using Monte Carlo simulation. The results obtained
show that the proposed NOMA-SM scheme provides an improvement in robustness against
the spatial and temporal effects of the V2V channel. Moreover, a power allocation algorithm
was proposed to satisfy the QoS of low priority flow and to maximize the throughput of high
priority flow.

2.4.19.2 NOMA-MCD [252]

In this, the authors amalgamate NOMA with the mixed centralized/distributed (MCD)
scheme. The main aim of this scheme was to provide decreased access collision along with
the increase in reliability of the network. In this scheme, time and frequency resources were
used by the BS in a non-orthogonal manner whereas, dynamic power control along with the
iterative control signalling was used by the vehicles to achieve better performance. Also, the
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Figure 2.22: Discussion based on classification of V2X

authors studied the scheduling and resource allocation problem in a cellular V2X broadcasting
system. To resolve this, they used two multi-dimensional stable roommates (MD-SR) schemes.
Then, the authors proposed a novel rotation matching algorithm. The numerical results show
that the NOMA-MCD scheme reduces the latency and enhances the packet reception reliability
in comparison to OMA based V2X schemes.

Table 2.14: Relative comparison of existing NOMA schemes based on V2X

Problem NOMA Channel Performance metrics
in M2M variants fading Techniques 1 2 3 Merits

Inter antenna
interference (IAI)
and Doppler and
fading effects

NOMA-
SM [251]

Rician
channel
fading

Distributed
power allocation

X ⇥ ⇥ Improved the link relia-
bility and bandwidth effi-
ciency of V2V transmis-
sions, eliminates the IAI,
and reduces the transmis-
sion latency.

Scheduling
and resource
allocation

NOMA-
MCD
[252]

Rayleigh
channel
fading

Rotation match-
ing algorithm for
sub-channel allo-
cation and Tx-
Rx selection and
time slot alloca-
tion algorithm

⇥ X X Reduces the access la-
tency, improves the packet
reception probability, and
reduces the access colli-
sion

Note- 1: BER, 2: Packet reception reliability, 3: Latency
Notations- X: Yes, and ⇥:No

2.4.19.3 Comparison of existing NOMA schemes based on V2X

Table 2.14 provides a detailed relative comparison of existing variants of NOMA used in
V2X using parameters channel fading, technique used, merits, bit error rate, latency, and packet
reception reliability.
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2.4.19.4 Discussion based on Classification of V2X

Fig.2.22 shows the effect on latency with respect to the decoding rate threshold. The graph
implies that NOMA-MCD performs better than NOMA-SM and OMA with an increase in
decoding rate. This happened because NOMA-MCD reduced the packet collision up to a larger
extent in comparison to the NOMA-SM and OMA schemes. This reason makes NOMA-MCD
to be more suitable for 5G networks.

2.4.20 User pairing and power allocation variants

2.4.20.1 2D-NOMA [253]

It consists of both power and code domain NOMA techniques [253]. The power domain
NOMA produces multi-level modulation while code domain generates sparse spreading code
words. It was used to reduce the inter-user interference and to increase the Euclidean distance of
superimposed signals. To reduce the effect of deep fading, quadrature components of multiple
sparse code multiple access (SCMA) code-words were interleaved before the transmission.
At the same time, according to the quality of the channels, the window size of interleaving
can be adjusted. For this scheme, mixed integer optimization technique was formulated to
enhance its data rate. The mixed integer optimization consists of power allocation, power
splitting and codebook assignment. The simulated results show that this scheme outperformed
its counterparts in terms of data rate.

2.4.20.2 Ashynchronous NOMA (ANOMA) [254]

In this, the authors proposed this scheme to mitigate mutual interference between users
by applying different artificial symbol-offset between packets. Also, to simplify the signal
detection, a precoding technique at the BS and a whitening-and-decomposing (WD) detection
technique along with SIC applied at the receiver’s side. The proposed scheme investigated
at both the Rayleigh and Gaussian fading distributions. The numerical results showed that
ANOMA outperformed synchronous NOMA (SNOMA).

2.4.20.3 NOMA CAP [255]

The authors in this integrated NOMA with multiband carrierless amplitude phase modu-
lation (multiCAP) scheme to improve the netwrok capacity. The objective the scheme was
to provide the dynamic resource allocation to fulfill the data rate requirements of users in an
ultra-dense network. The authors experimentally demonstrated that the proposed scheme over
a W-band mmWave and fibre system, by assuming six 1.25GHz multi-bands and two NOMA
levels with quadrature phase shift keying. The numerical results showed that in a highly dense
network, the proposed scheme provides an aggregated transmission rate of 30Gbps.
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2.4.20.4 NOMA-multicast (MC) [256]

The authors proposed a scheme to mitigate the problem of content caching, where extra
radio resource blocks are occupied to push the content objects to the edge devices to optimize
the spectrum efficiency. With this scheme, both the multicasting and content pushing phases
can be performed simultaneously. Authors in this scheme first studied the single cell scenario
and then extend it to the multi-cell by using stochastic geometry to have an optimal outage
probability. Moreover, to enlarge the performance gain of the proposed scheme, they proposed
a joint power allocation and content matching design. Also, they proposed two distributed
optimization algorithms based on Galey-Shapley matching technique.

2.4.20.5 Virtual pairing (VP)-NOMA [257]

The authors introduced a virtual user pairing scheme. In this scheme, similar channel gain
CCUs form a pair with the single CEU to enhance the SE of the system. In contrast to [257],
the authors in [258] and [259] also proposed a user pairing scheme on behalf of channel gain
difference in between the FUs. They also proposed even and odd number of FUs in a femtocells.

2.4.20.6 TS-NOMA [260]

In [260], the authors proposed a variant of NOMA to investigate a time sharing (TS) based
user pairing strategy to accommodate similar gain user. This NOMA variant reduces the com-
putational complexity issue of VP-NOMA. With this scheme, one cell center user forms a pair
with two or more CEUs in a time sharing manner. The numerical results showed that it outper-
formed C-NOMA and OMA with respect to ergodic sum capacity.

2.4.20.7 Dynamic Hybrid (DH)-NOMA [261]

It is a dynamic power allocation scheme for hybrid NOMA, applied when channel gain of
strong users becomes worst with respect to threshold value for weak users [261]. When this
condition occurs then conventional OMA scheme is used to serve the users otherwise, NOMA
is used. The numerical results showed that this scheme provides better trade-offs between two
user individual rates in comparison to F-NOMA and CR-NOMA. A better outage performance
is achieved in comparison to OMA using the outage probability.

2.4.20.8 FAIR-NOMA [262]

It is a fair power allocation scheme applied for two users in a downlink NOMA transmission
scenario [262]. The main aim of the scheme was to achieve a guaranteed capacity for users in
OMA. Moreover, this scheme does not require any CSI like other NOMA techniques which
results in high performance gain. The numerical results showed that FAIR-NOMA enhanced
the sum capacity of the network and capacity of users in comparison to the OMA.
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2.4.20.9 Distributed base station (DBS)-NOMA [263]

It is a distributed power allocation scheme designed to minimize the total power transmis-
sion in each cell by using various resource allocation techniques [263]. Different from the other
NOMA techniques, in this scheme, SIC decoding technique is applied at both paired UE sides.
Moreover, the authors also proposed mutual SIC technique with suboptimal power adjustment
to provide better trade-offs between complexities and transmit power.

2.4.20.10 Wavelet NOMA (W-NOMA) [264]

The authors integrated NOMA with wavelet OFDM. They proposed this scheme to miti-
gate the interference, to improve the bandwidth, and to enhance the MU capacity. Also, they
proposed a dual PHY layer transceiver for WOFDM based pulse shaping methods to reduce
the latency. The performance of the scheme was analyzed using BER. The numerical results
showed that the proposed scheme is compatible with 4G networks and provides the improved
robustness, higher SE, and lower PAPR in comparison to the conventional NOMA but at the
cost of increased hardware complexity.

2.4.20.11 Contention-based NOMA

Contention based uplink (CB UL) access is an effective technique which was designed to
reduce the access latency and uplink access signaling overhead as compared to conventional
dedicated scheduling request (DSR) technique. This technique is effective under low traffic
load but it was found that when traffic load increases then the performance of this technique is
degraded due to an increase in collisions. To overcome this issue, the authors in [265] integrated
NOMA with contention based uplink transmissions. NOMA with CB UL reduces the bad
collisions and enables the good collisions without knowing which UEs will conduct the CB
UL transmissions. In this way, NOMA enhances the performance of the CB UL transmission
and reduces the latency. Moreover, the authors also proposed two effective algorithms for user
pairing between the downlink SNR information at UE and scheduling information at evolved-
Node-B (eNodeB). The numerical results showed that this scheme reduces the latency and
improves the SE network.

2.5 Code domain NOMA (CD-NOMA)

CD-NOMA is a technique in which user specific spreading sequences are used to multiplex
the signals at the transmitter side. The main advantages of this technique are: (i) low-density,
(ii) low inter-correlation, and (iii) support grant free access. CD-NOMA is an advanced ver-
sion of CDMA which was proposed in 90’s. With respect to CDMA, in CD-NOMA receiver’s
has to detect the active codes of the receivers and has to estimate their data. In CD-NOMA,
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Figure 2.23: Block diagram of (a) Resource spread multiple access (RSMA), and (b) Low
code rate and signature based shared access (LSSA)

compressive sensing (CS), Gaussian random, and sparse codes are the backbone of this tech-
nique. It has five variants: (i) Scrambling-based NOMA, (ii) Interleaving-based NOMA, (iii)
Spreading-based NOMA, (iv) Coding-based NOMA, and (v) Lattice and Beam based NOMA.
The detailed description of each variant is is shown in Fig. 2.24, and discussed in the following
sections.

2.5.1 Scrambling based NOMA

Scrambling based NOMA has types: Low code rate and signature based shared access
(LSSA) and Resource spread multiple access (RSMA). RSMA was designed by Qualcomm,
whereas LSSA was designed by ETRI. The block diagrams of RSMA and LSSA are shown in
Fig. 2.23. In these schemes, different scrambling structures and low rate channel coding are
used for each user. Both are long sequence and bit level based NOMA, respectively. In RSMA,
the long sequence of user signature are used which results into high latency and decoding
complexity at the receiver side. These issues can be resolved using the LSSA scheme, where
the length of the user signature is reduced. To separate the user’s signatures at the receiver
side, the elementary signal estimator (ESE) and minimum mean square error with successive
interference cancellation (MMSE-SIC) were used [266]. The detailed description of RSMA
and LSSA is as follows:
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Figure 2.24: Detailed taxonomy of CD-NOMA variants

2.5.1.1 Resource spread multiple access

It uses long spreading or scrambling sequence, where sequences of each user are broad-
casted in the form of signals over the available bandwidth. As a result, full diversity and low
forward-error-correction (FEC) are achieved. To separate the signals of different users at the
receiver side, different scrambling or sequences are used. In this scheme, every user transmit
their data at any time. To reduce the multi user interference (MUI), scramblers can be replaced
by different interleavers. As per the requirements of an applications, it is categorized into two
types: single carrier (SC) and multi carrier (MC) RSMA [267] each of which is described as
follows.

(a) Single carrier resource spread multiple access: It is suitable for the uplink scenario
to reduce the peak-to-average-power ratio (PAPR). In this technique, a single carrier modula-
tion is used to extend the coverage of transmitting data and to reduce the UEs battery power
consumption. To separate the signals of SC-RSMA, the matched filter is used at the receiver
side. Moreover, it supports grant free and asynchronous transmission to reduce the signalling
overhead because it does not depend upon joint detection and synchronization requirements.

(b) Multi carrier resource spread multiple access: It is suitable for the downlink scenario
and is used to reduce the complexity of the receiver. In this technique, data is splited into mul-
tiple layers (virtual layers) for each user which reduces the latency and increases the SE. Its
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complexity is higher than SC-RSMA.

2.5.1.2 Low code rate and signature based shared access

It is suitable for asynchronous uplink transmission [268], where each user’s signal is en-
coded by a low rate channel encoder. Then, the user specific signature is multiplexed with the
output of channel encoder to mitigate the MUI. To achieve it, the vector length of each user
signature pattern is the same and should be unknown to other users. In this technique, the BS
separates the signals of different user’s by correlating them with the user’s specific signature
patterns even though the transmission time for each user is different. Moreover, it supports
multi-carrier variant to fully exploit the frequency diversity, resulting into a large bandwidth
and lower latency.

2.5.2 Interleaving-based NOMA

It consists of four types of NOMA schemes, interleave division multiple access (IDMA),
interleave-grid multiple access (IGMA), repetition division multiple access (RDMA), and low
code rate spreading (LCRS). IGMA is designed by Samsung, IDMA by Nokia, RDMA by
Mediatek, and LCRS by Intel, respectively. Common features of these schemes are: (i) different
channel inter leavers are used for overlapped multiple users, and (ii) a low-rate channel coding
for multi-user decoding. Detailed description of these schemes is as follow.

2.5.2.1 Interleave division multiple access

In this scheme, user’s signals are separated from each other by using different interleaving
patterns. The structure of IDMA is as shown in Fig. 2.25. This scheme was first investigated
by Li et al. [269] to improve the performance of asynchronous CDMA. Similar to CDMA,
it also reduces the effect of fading and ICI. In comparison to CDMA, it achieved a Eb

No
gain

of 1dB at a BER of 10�3 in highly loaded systems having a normalized user-load of 200%
[270]. In contrast to [269], the authors in [271] explored more features of IDMA such as
EE, frequency diversity, and rate adaption. In [272], the authors investigated that the IDMA
achieved the capacity equals to Gaussian MAC when an iterative decoding strategy was used
with an interleaved low-rate codes. In [273], the authors proposed a user specific interleaver
designed to solve the problem of memory cost and also reduces the signalling overhead between
the BS and users. In [274], the authors explored the additional features like robustness and user
overload tolerance. Moreover, the authors in [275], discussed the concept of IDMA in both
single path and multipath fading channels, which provides a large diversity gain as compared
to bit-interleaving scheme.
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Figure 2.25: Interleaving-based NOMA schemes for (a) IDMA, (b) IGMA, (c) RDMA, and
(d) LCRS

2.5.2.2 Interleave-grid multiple access

The structure of IGMA is as shown in Fig. 2.25, where at the transmitter side, bit-level rep-
etition, channel encoding, zero-padding, modulation, bit-level interleaving, and symbol level
interleaving are used sequentially by each user. In this technique, sparse grid mapping pat-
terns, bit level interleavers, and the mixture of both were used to separate the signals streams of
various users. Bit level interleavers/grid mapping patterns support different connection density
patterns. It creates a trade-off between sparse resource mapping and the channel coding gain.
The presence of sparse grid mapping patterns reduces the detection complexity and symbol-
level collisions with respect to IDMA [276]. Finally, the symbol level interleaving in IGMA,
randomizes the symbol sequence order which helps to combat the frequency selectivity and
ICI.

2.5.2.3 Repetition division multiple access

It is a special type of cyclic interleaving scheme [277] in which the symbol-level interleav-
ing scheme, is used instead of bit-level interleaving. In this scheme, a different user’s signals
are distinguished from each other by using cyclic-shift repetition pattern which provides a com-
plete randomized MUI along with time and frequency diversities. The transmission structure
of IDMA is as shown Fig. 2.25. Its structure is simpler in comparison to IDMA and RSMA,
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Figure 2.26: Structure of: (a) MUSA, (b) SSMA, (c) NOCA, (d) SAMA, (e) GOCA, and (f)
NCMA

and it provides low signalling overhead due to the absence of user-specific scrambling and in-
terleaving patterns. Moreover, a SIC technique is employed at the receiver side to separate the
each user’s data from the superimposed signal.

2.5.2.4 Low code rate spreading

In this scheme, data bits are transmitted over the entire non-orthogonal transmission area
by using low-rate coding and bit-level repetition [278]. It provides the maximum coding gain,
where MMSE-SIC is used at the receiver side to detect the multiuser signal [269].

2.5.3 Spreading-based NOMA

Spreading-based NOMA is categorized in to seven different types such as multi-user shared
access (MUSA), non-orthogonal coded multiple access (NCMA), non-orthogonal coded ac-
cess (NOCA), group orthogonal coded access (GOCA), welch-bound spreading multiple ac-
cess (WSMA), successive interference cancellation amenable access (SAMA), and sequence
spreading multiple access (SSMA). The detail description of all these techniques is described
as follows.

2.5.3.1 MUSA

It supports low cross correlation-based short complex spreading sequences such as spread-
ing sequences are non-sparse in nature to reduce the interferences. An example of MUSA with
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its complex sequences is as shown in Fig. 2.26 (a). At the transmitter side, after encoding and
modulation, the modulated symbols of each user are spread by using the property of complex
sequences {�1,0,+1}. Then, these spreading sequences are passed through the same radio re-
sources. On the other hand, at the receiver side, SIC is used which separates the superimposed
multiuser signals [279], [280]. In this scheme, each user randomly selects one spreading se-
quence form a sequence pool consists of multiple spreading sequences. Then, each user uses a
different spreading sequence for different symbols, to mitigate the average MUI and to enhance
the performance level of the system. The advantages of MUSA are as follows (i) suitable for
mMTC because it supports grant-free transmission, (ii) Less collisions due to same spreading
sequences, (iii) User detection can be carried out without the knowledge of spreading code,
and (iv) It can handle 700% user overload on multipath fading channel due to high-frequency
diversity.

2.5.3.2 NCMA

It uses dense spreading sequences similar to MUSA, but its main goal was to minimize the
MUI and to handle the high overloading capacity [281]. In this technique, spreading sequences
are obtained by solving the Grassmannian line packing problem to maximize the minimum
chordal distance between spreading codes. The spreading sequences of NCMA are known as
non-orthogonal cover codes (NCC) which are found to be suitable to predict the interference
level [282]. The structure of NCMA is as shown in Fig. 2.26 (f). At the transmitter side,
the modulated symbols are spread by using the NCC. Also, to reduce the PAPR, an additional
FFT operation is performed before the IFFT. On the other hand, a PIC detector is used at the
receiver’s side to decode the superimposed signals. Advantages of NCMA are: (i) Improved
throughput and (ii) enhanced connectivity with a small loss of block error rate (BLER).

2.5.3.3 NOCA

It used the property of low cross-correlation which operates in both time and frequency do-
main. In this scheme, before transmitting a sequence, its modulated symbols are spread accord-
ing to the non-orthogonal sequences [283]. Its spreading sequences are the reference signals
defined in LTE which are generated by the cyclic shifts of a bases sequence. The minimum
spreading factor of NOCA is taken as 6. In this technique, first of all, a modulated symbol is
converted into a parallel subsequence using an S/P converter. Then, each subsequence is spread
by non-orthogonal sequences and then mapped onto different sub-carriers. Then, at the receiver
side, the minimum mean square error with parallel interference cancellation (MMSE-PIC) is
used to separate each user’s signal. It is used to mitigate the inter-cell interference because it
supports a large number of spreading sequences and can also handle high overload easily as
shown in Fig. 2.26 (c).
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2.5.3.4 GOCA

It is an updated version of RDMA [277], in which modulated symbols are spread using a
group orthogonal sequences into shared time and frequency resources after repetitions. The
structure of GOCA is as shown in Fig. 2.26 (e). Moreover, it uses a two-stage method to pro-
duce grouped orthogonal sequences which are used in the first stage, whereas non-orthogonal
sequences in the second stage. Its spreading sequences are suitable for a group of multiple
users. It uses an MMSE-SIC to decode the user’s signal.

2.5.3.5 WSMA

Its spreading sequence was based on Welch bound which reduces the cross-correlation of
spreading sequences [284]. In this technique, the MMSE-SIC technique is used at the receiver
side to decode the user’s signals. Moreover, its spreading sequence has a low cross-correlation
as compared to the spreading sequences of MUSA.

2.5.3.6 SAMA

This scheme is a combination of signature matrix and SIC based iterative message-passing
algorithm [285]. The structure of SAMA is as shown in Fig. 2.26 (d). In this technique, the
symbols of each user are designed based on their diversity orders in the frequency domain. The
SIC based iterative message-passing algorithm eliminates the MUI and enhances the diversity
gain and transmission rate for multi-users. Let us consider an uplink scenario consists of N
users and J orthogonal OFDM subchannels. Its model is based on MUSA, but in SAMA
spreading sequences for users are equal to one. The spreading matrix in SAMA is represented
as S = {s1,s2, .sN}. The advantages SAMA matrix are (i) maximizes those number of groups
which are having a different number of 10s in their spreading sequences, and (ii) it minimizes
the number of the overlapped spreading sequences which are having the same number of 10s in
their sequences. The number of users based on N orthogonal subchannels is given as follows.

✓
J
1

◆
+

✓
J
2

◆
+ ..+

✓
J
J

◆
= 2J�1. (2.11)

If J=2 and K=3, then spreading matrix can be calculated as follows:

S2,3 =

 
1 1 0
1 0 1

!

2.5.3.7 SSMA

It is a short sequence spreading multiple access technique which directly spreads the mod-
ulated symbols with multiple orthogonal codes. Then, it transmits the spread symbols in time-
frequency resources allocation for non-orthogonal transmission [278]. Its structure is as shown
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Figure 2.27: Transceiver block diagram for (a) PDMA (b) Bit-to-codeword mapping in SCMA
(c) Multiple access with SCMA, and (d) LDS-SVE

in Fig. 2.26 (b). It behaves like NOCA when the user-specific sequences are used to decrease
the MUI..

2.5.4 Coding-based NOMA

It consists of PDMA, SCMA, and LDS-SVE which are designed by CATT, Huawei, and
Fujitsu, respectively. The transceiver block diagrams of these schemes are shown in the struc-
ture of GOCA is shown in Fig. 2.27. It is used to design a sparse codebook overlapped in the
multiple (space, code, time or frequency) domains for the multiple users. In all these schemes,
a message-passing algorithm (MPA) was used at the receiver side for MUD. These schemes
have high complexity which varies exponentially with the size of the codebook. To reduce
the complexity from exponential to linear, a novel expectation propagation algorithm (EPA)
was proposed in [49]. This algorithm is based on an approximate interference method and was
mostly used in machine and deep learning era.

2.5.4.1 PDMA

It is an MC-NOMA scheme based on SAMA technique [285]. This technique utilizes the
resources in the multiple domains consists of power/code/spatial or their combinations. In this
technique, user signals can be multiplexed into different subcarriers which increases the number
of accessed users. It supports unequal diversity at the transmitter side, but equal diversity at the
receiver side. In PDMA, at the transmitter side, non-orthogonal patterns are used to maximize
the diversity to minimize the correlations among the users, whereas, at the receiver side, SIC is
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used to decode the irregular sparse signatures [286]. An example of PDMA which consists of
six users and four subcarriers is shown as follows:

GPDMA =

2

66664

1 1 1 0 0 0
1 1 0 1 0 0
1 1 1 0 1 0
1 0 0 1 0 1

3

77775

where 1 represents that the subcarrier is occupied by a users. PDMA cannot ensures strict
sparsity constraints. In downlink PDMA, the signal received at the ith user through all the
subcarriers is represented by follows:

yi = diag(gi)GPDMAx+ni. (2.12)

In uplink NOMA, the signal received at the bth BS is represented as follows:

yb = (gb�GPDMA)x+nb, (2.13)

where x = [x1,x2,x3, .....,xI]T , n=[n1,n2,n3, ....,nI] represents the noise and gi and gb represents
the channel gain between the BS and ith user and channel gain between the all the users and
uplink, respectively. The numerical results of [287] show that PDMA in an uplink and downlink
scenario achieved a normalized throughput of 200% and 50%, respectively as compared to LTE.

2.5.4.2 RIePDMA

It is a random interleaved enhanced PDMA scheme used to provide the massive connectiv-
ity [288]. It is designed by inserting interleavers between the PDMA encoder and the channel
encoder. The random interleaver in RIePDMA reduces the two effects of a channel: (i) fading
effect and (ii) interference-effect. During the mitigation, RIePDMA does not disturb the order
of encoded bits. It enhances the performance of the network as compared to PDMA to support
massive connectivity.

2.5.4.3 SCMA

It was proposed by Nikopour et al. [289] to decrease the complexity of receiver and to
improve the reliability in high overhead conditions [290] [291]. It uses the coded bits to mul-
tidimensional modulation symbols, as per predefined sparse codebook [292], rather than se-
quentially conducting modulation and low density spreading. The authors in [293] proposed
that to perform multiplexing in SCMA, both the multidimensional constellation and resource
element mapping are essential. The transmission process of SCMA is as shown in Fig. 2.27
(b). In [292], the authors proposed a new codebook design for SCMA based on rotation, shuf-
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fling, and permutation. The SCMA also can provide the large performance gain by allowing
the pairing among symbols located in multiple radio resources is as shown in Fig. 2.27 (b). In
this scheme, the message passing algorithm (MPA) is used at the receiver side to detects the
multiple data streams in the form of symbol-level. The example of the SCMA matrix is given
as follows:

GSCMA =

2

66664

1 1 1 0 0 0
1 0 0 1 1 0
0 1 0 1 0 1
0 0 1 0 1 1

3

77775

In SCMA, at the receiver side, MPA enlarges the computational burden when the number
of multiplexed users are more. To handle the computational complexity of the receiver two
technique are used (i) the sparseness level of SCMA code-words and (ii) the use of multidi-
mensional constellations with a low number of projection points per dimension. SCMA is a
multiple access that promises some significant advantages such as-to support large levels of
connectivity, provides reduced transmission latency, and it is also able to provide energy sav-
ing. Block diagrams of SCMA with multiple access are shown in Fig. 2.27 (c).

2.5.4.4 LDS-SVE

It is an extension of LDS and is designed to produce a large user signature vector [294],
where several element signature vectors are transformed and concatenated into a large signature
vector. It applies the user signature vector over the RBs to use the time and frequency diversity
on the basis of their channel conditions as shown in Fig. 2.27 (d).

2.5.4.5 LDS-CDMA

It is an advanced version of CDMA and is based on low density parity-check (LDPC)
codes [295], [296]. In this scheme, orthogonal variable spreading factor (OVSF) codes are
used, whereas in conventional CDMA, dense spreading sequences are used to eliminate the
interference. To achieve the performance equivalent to maximum-likelihood (ML) detection, a
MPA is used at the receiver side to demultiplex the signals.

2.5.4.6 LDS-OFDM

It is a mixture of LDS-CDMA and OFDM to support multiple carrier scenarios [297]. Sim-
ilar to LDS-CDMA, in this scheme, a sparse coding sequences are implemented at the transmit-
ters side and MPA detection at the receivers side. In this technique, the data stream mapping
consists of two steps. In the first step, data bits are spreaded by using low density spread-
ing techniques and in the second step, each bit of data streams is transmitted over different
subchannels using OFDM modulator.
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Figure 2.28: Block diagram of Lattice and Beam-based NOMA for (a) BOMA, and (b) LPMA

2.5.5 Lattice and Beam-based NOMA

When the users have similar channel conditions, the performance of NOMA degrade with
respect to the OMA. To address this problem, researchers proposed the geometrical separation
technique in between the users during superposition transmissions. This technique uses beams
to form a cluster among the users having different channel conditions. Despite the advantage,
this technique does not cope up when the user density and traffic demand increases due to the
following reasons: (i) complexity increases, and (ii) co-channel interference arises in between
the users of neighboring clusters. To overcome this issue, a new multiple access technique
LPMA is introduced. On the other side, BOMA is a technique in which separate tiled building
blocks are used for the poor CSI users with respect to the good CSI users. In this way, this
technique improves the BER performance of poor CSI users.

The detail description of both these techniques is described as follows.

2.5.5.1 BOMA

It multiplexes the user signals of perfect CSI with the imperfect CSI to improve their capac-
ity, as shown in Fig. 2.28 (a). In this scheme, the imperfect CSI achieves the BER performance
similar to the perfect CSI by using a minimum Euclidean distance. In this, the building blocks
of perfect CSI users are used with the constellation of imperfect CSI users to attain a similar
BER [298], [299]. In the case of imperfect CSI user, the constellation point is the center of
the building block and tiled building block can be treated as interference. Moreover, as the
size of the building block gets decreases then the performance to detect the degradation be-
comes minimum. This scheme is suitable for massive MIMO technique and high-frequency
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Figure 2.29: Block diagram of (a) SOMA, and (b) RA-CEMA

band signals.

2.5.5.2 LPMA

This scheme was proposed by [300] by considering a non-orthogonal multi-user transmis-
sion scheme for downlink scenario. It is suitable for both PD-NOMA and CD-NOMA to in-
crease their multiplexing gain. Its usage in the power domain scheme enhances the throughput
by superimposing different-power streams, whereas its usage in the code domain improves the
security of codes by using the linear combination of lattice codes. LPMA use lattice coding
at the transmitter side to encode the information of users and SIC at the receiver side to de-
code the information. In comparison to PD-NOMA, LPMA provides better performance gain
with respect to the increase in channel quality difference of users. Moreover, it provides high
encoding and decoding complexity as compared to CD-NOMA.

2.5.6 Comparison of existing CD-NOMA schemes

Table 2.16 provides the detailed relative comparison of existing variants of CD-NOMA
using parameters, transmission type, carrier type, receiver used, technique used, and merits and
demerits of each variants.
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Figure 2.30: Block diagram of (a) MDMA (b) PSMA (c) TC-NOMA, and (d) PC-NOMA

Figure 2.31: Block diagram of (a) SGMA, and (b) RA-CEMA
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2.6 Miscellaneous

2.6.1 SOMA

In this variant, each user’s data rate is independently modulated in a QAM constellation.
Then, based on appropriate power allocation coefficients, the data rate is summed up to generate
the higher-order QAM modulation, as shown in Fig. 2.29 (a). This technique was designed to
address the uplink capacity shortage problem in mMIMO [301]. The main difference between
SOMA and NOMA is the symbol constellations. In NOMA, the post superposition symbol
constellation mappings are divided with SIC without gray mapping, whereas in SOMA, it de-
pends upon gray mapping.

2.6.2 RA-CEMA

It is used to generate a superimposed symbol. It also transmits the QAM modulation,
but differs from SOMA, because the mapping of the coded bits of each user is adaptively
controlled as per the user’s channel condition to enhanced and control the data rate of the
system. The authors in [302] used RA-CEMA to mitigate the problem of amplitude weighted
(AW) NOMA which arises during the transmission for degraded broadcast channel. By using
RA-CEMA, the authors applied the multiplexing technique over UEs signals to store their
codewords and then map the columns into constellation symbols. The results show that RA-
CEMA performs similarly like other conventional schemes on the basis of their superposition
coding, but overcome the potential standardized problems which arise due to the usage of
unconventional constellations.

2.6.3 MDMA

Hsiao et al. [303] proposed a scheme which combine mmWave technique with mMIMO at
the BS. It reduces the multiple access interference (MAI) of cellular mobile radio and enhances
the processing gains of the system by using multiple antennas at the BS as shown in Fig. 2.30
(a). The presence of mmWave in this scheme improves the channel bandwidth to provide high
data transmission, whereas massive antennas at BS are used to reduce the MAI to improve
the capacity of the system. In MDMA, users are separated from each other by their distinct
multipath structures. Moreover, the authors in [304] explored the feasibility and of applications
of MDMA.

2.6.4 PSMA

It was proposed by Moltafet [305] to improve the network SE. The authors used a combi-
nation of PD and CD NOMA to transmit the multiple signals over a subcarrier simultaneously.
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In this scheme, PD-NOMA was used to send the signals to users via different power levels and
SCMA was used to provide the same codebook to multiple users. Fig. 2.30 (b) shows the usage
of the same codebook by multiple users. In SCMA, the usage of the same codebook produces
interference among each other. To overcome it, PSMA reused a codebook in the coverage area
of each BS more than once which enhanced the network SE. In this technique, at the receiver
side, MPA based SIC detector is used to separate the signal of each user. The performances
of PSMA was evaluated through the heterogeneous cellular network in terms of the system
sum-rate and QoS of users by considering system-level and transmit power constraints, respec-
tively. The numerical results show that the PSMA in comparison with SCMA and PD-NOMA
improved the SE up to 50%.

2.6.5 TC-NOMA

These codes are error-correcting codes and theoretically produced the results equivalent
to ShannonâĂŹs capacity theorem. This extraordinary performance is due to the use of two
encoders and an interleaver at the transmitter and two decoders and a de-interleaver at the
receiver [306]. The block diagram of NOMA with turbo coding is as shown in Fig. 2.30 (c).
According to [307], performance results show that the NOMA with turbo codes outperformed
than NOMA without coding and the BER is reduced at the receiver side.

2.6.6 PC-NOMA

It is based on channel polarization, where the combination of binary polar codes and sig-
nal modulation decomposed the original NOMA channel into multiple bit polarized channels
by using a three-stage channel transform ( user! signal! bit) partitions [308]. The authors
proposed two schemes. In the first scheme, channel transformation-sequential user partition
(SUP) and the parallel user partition (PUP) is used. In the SUP based PC-NOMA system, a
worst-goes-first strategy was proposed to determine the user partition order which improves the
system performance by the enhanced polarization effect among the user synthesized channels.
At the receiver side, a joint successive cancellation detection and decoding scheme was devel-
oped. Its was analyzed through channel polarization principle. On the other side, in the PUP
based PC-NOMA system, a parallel detection scheme was developed to reduce the processing
latency. The numerical results show that PC-NOMA scheme outperformed than TC-NOMA in
terms of block error ratio and throughput.

2.6.7 SGMA

This technique was proposed by [309] to ensure the QoS of users. The goal of the proposed
scheme was to reduce the latency and signalling overhead, as shown in Fig. 2.31 (a). In this
scheme, complete or part of the available resources can be shared by both the grant access
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and grant free access scheme [309]. Let X be the number of RBs/subcarriers of the wireless
network, Dg and Dg f represents the demand set of grant access and grant free access, respec-
tively, Rg and Rg f represents the available resources set for grant access and grant free access,
respectively and M shows the mapping between the demand set and available resources, i.e.,
Dg M�! Rg and Dg f M�! Rg f . Then, according to SGMA, 8Rg 6= /0,Rg f 6= /0! Rg \Rg f 6= /0.
SGMA decreases the BER and improves the throughput of the network as compared to SCMA,
PDMA, MUSA, and IDMA.

2.6.8 BDM

Bit division multiplexing (BDM) is a physical layer subchannel technique used to over-
come the limitations of time-division multiplexing (TDM) [310]. This technique enhances the
transmission efficiency of scalable video broadcasting. It can be easily applied to higher-order
constellations because it provides the flexibility in channel resource allocation using the con-
ventional hierarchical modulation technique. BDM also assigns the fixed number of bits from
the multiple symbols over the sub-channels by exploiting the inherent characteristics of high
order modulation schemes, i.e., multiple unequal error protection. In contrast to TDM, BDM
increases the transmission rate by decreasing the SINR across the multiple sub-channels.

2.6.9 GSOMA

It is an amalgamation of SOMA and conventional TDD [301, 311]. It was observed by
the authors in [301] that when in any group only one user is left and no blanking was used
then GSOMA behaves like SOMA, whereas when only one group is left with the maximum
number of users, GSOMA behaves like conventional TDD. Therefore, a properly designed
GSOMA is required which provides the advantages of both SOMA and conventional TDD.
GSOMA enhances the aggregate rate with respect to conventional TDD when more groups are
to be scheduled. Similar to conventional TDD, in GSOMA, pilot sequences are also mutually
orthogonal which allows joint channel estimation without interference for all users in each
group. The authors in [301] proposed a general framework of GSOMA and show that it works
better than the TDD and conventional SOMA.

2.6.10 NORA

This random access scheme was proposed by [312] to reduce the large random access (RA)
delay so that the performance between the UEs to carried out mMTC can be improved. The key
idea behind this scheme was to overcome the congestion problem by using the SIC technique.
First of all, it identifies the multiple UEs with an identical preamble by using the difference
between their time of arrival. Then, NORA enables power domain multiplexing to avoid the
collision between the UEs and use SIC technique at the BS for preamble detection. Using
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Figure 2.32: Open issues and research challenges

NORA, multiple UEs simultaneously received the message by using limited PUSCH resources.
In comparison to ORA, this scheme provides 30% increase in throughput of RA process and
also reduce the required preamble transmissions and access delay up to half when the total
number of UEs is near the RA throughput.

2.7 Open issues and Challenges

Use of NOMA variants for 5G environment is still in its infancy. A number of open issues
and research challenges need to be addressed to realize its effect feel to the end-users. In
December 2015, Huwaei proposed three variants of MA-NOMA, SOMA, and RA-CEMA.
Most of the work has been done only in PD-NOMA and CD-NOMA. This section discusses
the current and future communication challenges by the use of NOMA variants as shown in
Fig. 2.32.

2.7.1 Optimal wireless power transfer

This technique improves the lifespan of energy-constrained devices. Energy harvesting is
based on the solar, wind, and thermoelectric effects, but these are not feasible as they rely on the
location, environment and day time. To overcome it, harvesting from RF signals has been used
so that the energy of the battery constrained devices can be improved. The implementation of
NOMA with WPT for IoT application is an open issue which needs to be resolved to improve
the network EE. In spite of an improvement in EE, the management of co-channel interference
along with energy harvesting is also an open issue.
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2.7.2 Imperfect CSI

It has been observed that in NOMA lots of work already done by the researchers with per-
fect CSI for resource allocation and multi-user detection. However, perfect CSI is not possible
due to feedback and channel estimation errors. It has been observed that when users CSI is
not known then it results in interference. This happened because, with imperfect CSI, signals
received from other user’s signals cannot be removed completely. So, to handle the model with
imperfect CSI, there is a need of perfect joint precoders to remove the interfering signals from
the BS and a more advanced channels estimation algorithm to attain the more accurate channel
information. Considering the aforementioned discussion, it is an open issue which needs to be
resolved to reduce the effect of errors.

2.7.3 Security

In each generation of wireless communication system, security is an important issue which
needs to be addressed. The signal broadcasted through wireless channel requires significant
attention as it is vulnerable to eavesdropping. The author in [313] proposed an appealing tech-
nique to improve the security of the wireless channel by using the cryptographic technique at
the physical layer. In contrast to [313], the authors in [314] proposed a solution to improve
the secrecy of the network. Moreover, it improves the capacity of the channels with respect to
eavesdropper’s channel, but with a change in generation, new techniques are required to im-
prove the physical layer security.

In NOMA, the security of the physical layer is not exploited to its full potential. In [315],
the authors discussed the physical layer security issue by using stochastic geometry in a large
scale network employing a single antenna at NOMA users. In this technique, the BS commu-
nicates with the NOMA users which are distributed randomly in a cell. To improve the security
of the physical layer, a protected zone is used around the BS so that the intended users acquire
more capacity in comparison to eavesdrop users. The authors in [316] implemented a multiple
antenna-based NOMA and proposed a technique to improve the security of the physical layer.
In this technique, the authors generated an artificial noise around the BS to decrease the capac-
ity of eavesdropper’s channel. In [317], the authors explored the security issue in SISO-NOMA
networks, but still, security is an open issue for NOMA technique especially for the cases of
MIMO and mMIMO.

2.7.4 Improvement in Physical layer technologies

The pre-existing NOMA schemes worked either on bit-level or symbol level operations; as
a result, they did not provide a global optimal design. To overcome this issue, a joint technique
which consists of both bit and symbol level needs to be designed, but it is sensitive towards
certain channel conditions and needs further attention to cope up with the practical scenarios.
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Despite the design at the transmitter side, the detection of signals at the receiver side is another
physical layer technology which needs to be improved. The traditional technique requires a
large number of iterations to detect the symbol and encode the channel which increases latency.
Hence, the reduction in latency and complexity are the open issue which needs to be addressed
to improve the system reliability.

2.7.5 CR inspired NOMA

NOMA is suitable for 5G applications that improve the SE. When NOMA is integrated
with CR, it guaranteed the QoS for the poor channel condition users as it treats those users as
a PU, but the performance of the SU can be degraded as they get services only after the weak
channel condition user’s QoS is met. This is the reason why CR-NOMA cannot fulfil the QoS
requirements of all users which needs to be addressed.

2.7.6 Hardware Complexity

In NOMA, the presence of SIC detector increases the hardware complexity which first
separates the high power level signals as compared to the lower power level to obtain users
data. It has been observed that when there is a number of users or a fast signalling transmission
is required then the detection delay increases which can affect the battery of the UEs. Hence, to
implement the NOMA in ultra-dense networks, UEs must be equipped with sufficient battery
which is practically impossible. To resolve it, fair power allocation and effective user clustering
techniques are required.

2.7.7 Error propagation in SIC implementation

When SIC is carried out at the receiver side, then the users with better channel conditions
subtracts the signals of weak channel condition users’ to estimate their data rate. But, in prac-
tical situations, the SIC detection affects the receiver because it is not possible for NOMA
system to ideally estimate the channel. This happened due to hardware complexity, timing off-
set (TO), carrier frequency offset (CFO) type related impairments. So, error propagation and
erroneous detection usually occur in the SIC process. To resolve the aforementioned issue as
well as to enhance the QoS, an improvement in the estimation quality of mentioned hardware
impairments is needed.

2.7.8 Grant free NOMA

In OMA, the access grant-based transmission in an uplink scheduling and downlink re-
source allocation results into high transmission latency and signalling overhead. However,
there is a requirement of an MA technique which overcomes the grant free transmission and
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provides low transmission latency and low signalling overhead. The aforementioned issues are
resolved with the usage of NOMA to ensure the massive connectivity for the case, where short
packets are to be transmitted. Therefore, a contention-based NOMA is a promising solution for
the scenarios, where one or more pre-configured resources are allocated to contending users. It
was also found that integrated protocols such as random back-off techniques suitably eliminate
the non-orthogonal collisions which become helpful in a rate reduction of dropping packets.
Moreover, NOMA removes the dependency to access the grant procedure due to which BS
cannot obtain any information related to the users, Hence, to overcome this issue there is a
need of compressed sensing (CS) based algorithms due to the sparsity of user activity.

2.7.9 Receiver design

The SIC employed receiver, the complexity and error propagation degrade the performance
of the users. Therefore, to overcome this issue, a more accurate non-linear detection algorithm
with high performance is required which reduces the influence of the error propagation. How-
ever, the MPA-based receiver has high complexity, but it efficiently removes the error prop-
agation issue by using the Gaussian distribution approximation technique. It provides more
accurate and better results when the number of connections increases. Moreover, it was also
found that MPA simultaneously decodes and detect the data symbols especially for the graphs
having variable and observation nodes. These receivers also decode, demodulate, and exchange
the data symbols more efficiently to improve the performance of signal detection. But, the is-
sues such as efficient receiver design, error propagation, and signal detection accuracy need to
exploited to strengthen the performance at the receiver side.

2.7.10 Resource allocation

It is used to assign the radio resources to users which improves their throughput, data rate,
EE, and user fairness. When the number of users becomes large in a multi-cell scenario, then
the resource allocation to users becomes a difficult task as the spectrum has limited radio re-
sources. NOMA has efficiently utilized the resources due to its capability to serve multiple
users simultaneously by using different power levels. However, assigning resources to users
using NOMA technique is quite complex due to the presence of co-channel and cross-channel
interference. To mitigate these interferences, a proper resource allocation scheme is required
which reduces the impact of error propagation.

2.7.11 Pilot Allocation

The transmission of multiple signals are carried out in an overlapped fashion due to which
the problem of intra-user interference and error propagation becomes severe. It results in a
degradation in performance of NOMA as compared to OMA systems. To implement error
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and interference-free NOMA, the positions of the pilot and its allocation is an important issue
which needs to be reinvestigated. It also reduces the error and enhances the performance of the
NOMA based system.

2.7.12 Other issues

It has been observed that NOMA enhances the SE and EE of the network when these are
used in HetNets, UAVs, V2X, and WSNs. However, NOMA improved the system efficiency of
these applications, but still, there are various open issues which need to be addressed such as-in
V2X and UAVs, mobility of the vehicles and co-channel interference, whereas, in HetNets, co-
channel, cross channel, and NOMA interference is severe. All these issues need to be addressed
to improve the data rate, SE, EE, reliability, throughput, and OP of the system.

2.8 Summary

In this paper, different NOMA variants for 5G environment are explored. The survey is
divided into four parts. The first part of the survey discussed the background and standards
of NOMA in detail. NOMA history is analyzed on the basis of year-wise improvements in
traditional techniques. Then, the capacity comparison of OMA and NOMA and advantages
of NOMA over OMA are analyzed. The second part of the paper discussed the NOMA vari-
ants in the power domain. Then, NOMA in D2D communication, cooperative communica-
tion, cognitive-communication, M2M communication, SWIPT, MIMO, mMIMO, SDN, MEC,
UAVs, VLC, mmWave, Het Nets, and V2X are discussed. The comparative analysis of the ex-
isting variants of NOMA is performed on the basis of transmission scenario, techniques used,
throughput, sum-rate, EE, latency, capacity, and random access probability. The third part of
the survey discussed the code domain NOMA variants. Finally, the open issues and challenges
of code and power domain variants of NOMA are discussed.

2.9 Research Gaps

After a detailed analysis of the aforementioned existing proposals, following research gaps
need to be addressed during the implementation of PD-NOMA-based D2D users underlaying
cellular networks.

• Interference Management: When D2D users share the same RBs with CMUs the in-
terference occurs. In downlink transmission, CMUs receive interference from DDTs
whereas D2D users receive interference from BS. On the other hand in uplink transmis-
sion, BS receives the interference from DDTs and D2D users receive interference from
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CMUs transmitter. Apart from the above interference, intra-user interference (Interfer-
ence among D2D users) is a challenge which needs to be addressed for D2D communi-
cation. PD-NOMA with SIC technique handle this interference efficiently, but to handle
co-channel and cross channel interference in D2D in the presence of PD-NOMA is a
challenging task.

• Resource Allocation: To improve the spectral efficiency of a network, a proper resource
allocation scheme among D2D users and CMUs is required. Generally, there are two
types of resource allocation techniques for D2D communication: orthogonal and non-
orthogonal. In orthogonal, the large number of radio resources are allocated to the CMUs
and rest used by the D2D users. Whereas, in non-orthogonal, D2D users and CMUs share
the same radio resources. In D2D communication, radio resources are allocated in the
form of a centralized or distributed manner. In centralised, resources are allocated to
D2D users and CMUs by BS. This supports a large number of users but device complex-
ity is high. On the other hand, in distributed, message passage algorithm is required to
mitigate the interference but in this case, device complexity becomes high. Work had
been done in both the centralized and distributed considering the OFDMA techniques.
For 5G network, OFDMA is not suitable to serve a large number of users from the same
RB, therefore PD-NOMA is used. Some works have been proposed for resource alloca-
tion in PD-NOMA based D2D network but still, proper resource allocation schemes are
required to enhance the sum rate and throughput of the users.

• Power Control: To efficiently utilize the resources, the power of DDTs must be con-
trolled. If DDTs are randomly deployed under cellular networks, the performance of
the network degraded due to co-channel interference. To fulfil the signal-to-interference
ratio (SINR) requirements of cellular users, DDTs need to limit their power. The power
optimization techniques can improve the throughput and EE of the network. Same can
be used to mitigate co-channel interference. In 5G, especially for a multi-cell scenario,
an effective power control scheme needs to be addressed.

• Energy Efficiency: D2D communication enlarges the EE of the network due to short-
distance communication but they have limited battery lifetime. Generally, D2D commu-
nication depends on peer discovery and communication protocols. When protocols force
user equipments to make fast pairing and ask for frequent data transmission than battery
consumed at a faster rate. Along with the above issue, it is also not possible to change
and charge the batteries of devices after a frequent interval of time, resulting in a higher
cost. So, to prolong the lifetime of mobile devices there should be an optimal wireless
power transfer. This technique improves the lifespan of energy-constrained devices. En-
ergy harvesting is based on the solar, wind, and thermoelectric effects, but these are not
feasible as they rely on the location, environment and day time. To overcome it, harvest-
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ing from RF signals has been used so that the energy of the battery constrained devices
can be improved. The implementation of PD-NOMA with WPCN for D2D application
is an open issue which needs to be resolved to improve the network EE.

2.10 Objectives

Following are the research objectives finalized by the research committee:

1. To study and explore the effect of NOMA with D2D and other 5G techniques.

2. To design a joint sub-channel allocation and power control scheme for NOMA based
D2D communication network to mitigate the interference.

3. To develop a resource allocation scheme for D2D network using energy harvesting tech-
nique.

4. To validate the proposed solutions by selecting various performance evaluation metrics
in different scenarios.

2.11 Methodology for objective 1

This objective aims to study the effect of NOMA with D2D and other 5G techniques. First
of all study the available reviews on NOMA. Second, search the parameters on which the
reviews are not available. From the existing schemes, search and study all the different pa-
rameters. On the basis of available parameters, find those which have not been studied till yet.
After that, a systematic review will be prepared on the above-said parameters which are not
studied. The review will consist of all the existing schemes proposed by various authors. The
review covers the different challenges and also open various issues.

2.12 Methodology for objective 2

When NOMA integrated with D2D technique then it enhances the spectral efficiency of the
network. With NOMA, a large number of users can be served from the same RBs. As various
D2D users reuse the same RB with the CUs, the problem of NOMA and co-channel interfer-
ence becomes a challenging issue. To overcome the problem of NOMA interference proper
scheduling between the D2D users will be required. To handle the co-channel interference, a
proper sub-channel allocation will be needed to properly reuse the spectrum. To fulfil the min-
imum QoS requirement of CUs, the power of DTs must be controlled. This objective aims to
design a joint sub-channel and power control scheme to handle the interference. To achieve the
desired goal, the first step is to study and analyse the issues of interference between D2D and
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CUs. Secondly, the study of various existing schemes to allocate a sub-channel. Third, study
the various schemes for controlling the power of the DTs. Then a joint sub-channel and power
control scheme will be developed. Finally, analyse the performance evaluation of the proposed
scheme with the existing NOMA and OMA based scheme with respect to the parameters such
as - sum rate, outage probability and so on.

2.13 Methodology for objective 3

The objective aims are to design a resource allocation scheme using EH technique to im-
prove the energy efficiency of the UEs. To achieve this objective, we will integrate a SWIPT
technique with D2D. SWIPT is a new emerging technique which may harvest the energy from
the radio frequency signals. The major challenge is to tackle the energy consumption of UEs
at running of high multimedia applications as they have limited battery power.

Our task is to develop an energy-efficient resource allocation algorithm which maximizes
the energy efficiency of the D2D and CUs respectively. For this, first of all, study the various
energy-efficient scheme proposed for D2D. Second, study the various aspects of SWIPT and its
advantages of integrating with D2D. Third, develop the proposed scheme consisting of SWIPT
with D2D. At last, analyse the performance of the proposed scheme with the existing schemes
in terms of energy efficiency.

2.14 Methodology for objective 4

To achieve this objective, the proposed schemes will be tested for it accuracy and efficiency
using realistic parameters. Since the target scheme comprises of both the D2D and CUs (two-
tier network), so the proposed scheme will be simulated on the MatLab tool to demonstrate the
performance evaluation. On the MatLab tool, a program will be designed to test the various
performance metrics in different scenarios.
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Chapter 3

Cross-Layer Interference Management
Scheme for D2D Mobile Users Using
NOMA

D2D communication is a promising technology in which the spectrum resources are reused
efficiently with cellular mobile users (CMUs) in an underlay of the 5G network. Using it, net-
work capacity and spectral efficiency increases but it introduces the co-channel interference.
Moreover, massive connectivity has not been fully exploited for efficient spectral efficiency
usage in the existing solutions. The main goal of the chapter is to maximize the sum-rate of the
overall network while maintaining the SINR of the CMUs and DMUs.

The key components of the chapter are as follows:

• Firstly, we design an optimal DDT-DMUs grouping scheme to reduce intra-user inter-
ference using SIC decoding order. To design the DMGs, following cases are considered
(i) when strong DMU equals to the weak DMU (ii) strong DMU is larger than the weak
DMU, and (iii) strong DMU is less than weak DMU in a cell.

• NOMA is integrated with DMGs so that the DDT in each DMG can serve more than
one DMUs using the same RB. Based on the network model, a mixed-integer non-linear
programming (MINLP) problem is formulated. To solve this problem, it is decomposed
into two sub-problems: RB allocation problem (RBAP) and power allocation problem
(PAP) for CMUs and DMGs, respectively.

• To solve the RBAP for both the CMUs and DMGs, firstly, we use the many-to-many
mapping scheme to assign the RBs. Secondly, to reduce the co-channel interference
among the DMGs, the GRSC based Greedy algorithm is proposed to reuse the RB. In
this, the DMGs can exchange the RBs among each other based on its channel conditions
to achieve the maximum sum rate.
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Figure 3.1: System Model

• For PAP, the difference of two convex (DC) programming approach based on SCALE is
used. Then, an efficient iterative algorithm is designed to obtain a near-optimal value of
power allocation.

• Simulation results show that in comparison to the state-of-art schemes, our proposed
algorithm achieves superior sum rate for DMGs while ensuring the SINR requirement of
the CMUs.

3.1 System Model

In this section we discuss the various components of the proposed system model as shown
in Fig. 3.1.

3.1.1 Network Model

Assume a single cell uplink transmission scenario in a cellular network, as shown in Fig.
3.1, which consists of a BS denoted by b, I CMUs, and J DMGs. The BS b is located
at the center, whereas I 2 {1,2, . . . , i, . . . , I} CMUs and J 2 {1,2, . . . , j, . . . ,J} DMGs are
uniformly distributed in a cell as shown in Fig.3.1. Each DMG consists of one DDT, and R 2
{1,2, . . . ,r, . . . ,R} DMUs. The location of DDTs and DMUs are varying as they are moving
with very low velocity. For simplicity, DDT is represented as J 2 {1,2, . . . , j, . . . ,J}. I CMUs
and J DMGs used OFDMA techniques to communicate with the BS, whereas the DDT in each
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DMG has NOMA to communicate with respective DMUs. Assume that CMUs and DDTs use
N 2 {1,2, . . . ,n, . . . ,N} orthogonal uplink RBs to communicate with the BS, and respective
DMUs. If B is the total bandwidth, then w=( B

N ) is the bandwidth equally assigned to each
RBs. Also, assume that the CSI of all the CMUs, DDTs, and DMUs is known to the BS
through their pilot signals. In this, we fixed the phase rotation and have not considered its
effect on the NOMA multiplexing. Moreover, in this paper, the quasi-static Rayleigh fading
channel model is used, where the channel coefficients are constant for each channel and follow
Gaussian complex distribution. The Rayleigh fading is a statistical model for a propagation
environment on the radio signal. Assume that the magnitude of a signal passing through a
communication channel has varied randomly. Rayleigh fading is most suitable to the situation
when no dominant propagation is available for the line of sight between the transmitter and
receiver.

3.1.2 Signal Model

In order to form a NOMA-based DMG, a minimum two users in each group are required,
i.e.,

2 <
R

Â
r=1

r

n
j,r < R, (3.1)

where R is the number of DMUs in each DMG, and r

n
j,r is the DDT-DMUs grouping indicator

which is defined as follows:

r
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8
<

:
1, if the rth DMU is grouped to the jth DDT,

0, otherwise.

3.1.2.1 CMU

The signal received at the BS b from the ith CMU over the nth RB is given as follows:
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Now, the SINR using Eq. (3.2) is calculated as follows:
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j |gn

j,b|2 +s
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i,b
. (3.3)

where Pn
i and Pn

j denote the transmit power of the ith CMU, and the jth DMG, respectively.
|gn

i,b|2 = |ĝn
i,b|2d�h

i,b , and |gn
j,b|2 = |ĝn

j,b|2d�h

j,b . Here ĝn
i,b and ĝn

j,b are small scale fading with
ĝn

i,b⇠ CN (0,1) and ĝn
j,b⇠ CN (0,1). di,b and d j,b are the distances between the ith CMU and

the b, and between the jth DMG and the b. h is the path loss exponent.

3.1.2.2 DMUs in DMG

In PD-NOMA, the superposition coding is used at the DDT to multiplex the power signal,
and SIC is used at the R DMUs to reduce the intra-user interference. The multiplexed signal
transmitted by the DDT using superposition coding towards the R DMUs with different power
allocation coefficients is given as follows.
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j,R, (3.4)

where {a1,a2, . . . ,aR} and {x1,x2, . . . ,xr} represents the power allocation coefficients and the
messages for DMUs. rs and rw denotes the strongest and weakest DMU associated with the
DDT. If channel gain of DMUs in the DMG is represented as |gn

j,1| � |gn
j,2| � · · · � gn

j,rs
�
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j,R|, then the signal received at rw DMU in the jth DMG over the nth RB is same

as given in [98].
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where f

n
j0, j represents the co-channel interference, which is given as:
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j,rw
⇠ CN (0,1), ĝn
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i, j,rw
⇠ CN (0,1). d�h

j,rw
is the

distance between the jth DMG and the rw DMU, d�h

j0, j,rw
is the distance between the ( j0)th DMG

113



Ishan Budhiraja, 901703009

and the rw DMU of the jth DMG, and d�h

i, j,rw
is the distance between the ith CMU and the rw

DMU of the jth DMG.
For successful SIC, the SINR of rs DMU should be greater than or equal to the SINR of

remaining DMU’s, i.e.,
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So, Eq. (3.6) can be rewritten as follows.
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After successful SIC, the rs DMU remove the interference from rw DMUs to decode its own
information. Therefore, received SINR at the rs DMU using Eq. (3.5) is expressed as follows:
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Similarly, the SINR received at the remaining DMUs is calculated as follows:
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3.1.3 Data Rate and Sum Rate Calculation

According to the principle of Shannon, the data rate of the ith CMU using Eq. (3.3) is given
as follows:

Rn
i,b = log2(1+Gn

i,b). (3.10)

Similarly, the data rates of DMUs in a DMG using Eq. (3.8) and Eq. (3.9) are expressed as
follows:
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Now, the sum-rate of I CMUs and J DMGs having R DMUs is given as follows:
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The sum-rate of overall single cell network is calculated as follows:
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3.1.4 Problem Formulation

Our goal is to maximize the sum-rate of the overall network while maintaining the SINR of
CMUs and DMGs. The mathematical problem formulation of the proposed model is given as
follows:
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In the above problem, C1 ensures that a minimum of two DMUs must be grouped with each
DDT to perform downlink NOMA. C2 implies that each DMU must be connected with one
DDT. C3 denotes the minimum data rate requirement of CMU. C4 represents the aggregated
interference threshold for CMUs. C5 defines the successful SIC, and C6 describes the minimum
SINR requirement of rs and rw DMUs in each DMG. C7 ensures that each RB cannot be used
by more than one CMU and DMG, respectively. C8 and C9 implies that Smax is the maximum
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Sum Rate Maximization of DMG
with subject to 

(i) DMSs Grouping Indicator  
(ii) Sub-carrier Allocation Indicator  

and (iii) Power Allocation coefficients 

DDT-DMSs Grouping 
Scheme 

Joint Subcarrier and Power 
Allocation

Sub-optimal DMG 
Algorithm 

Subproblem 1: Sub-carrier 
Allocation

Subproblem 2: Power 
Allocation

Many-to-Many Scenario 
& 

Greedy-based Algorithm

SCALE with DC 
programming Approach

Sub-optimal solution

(r),
(f),
(a)

(r*)

(f*) (a*)

(r*) (f*) (a*)

Problem 
Formulation

Figure 3.2: Systematic flow of the Proposed Scheme

number of DMGs which share the same RB and Tmax is the maximum number of RBs which can
be reused by the DMGs. Constraints C10 and C11 ensures the upper limit of the transmission
power of CMUs and DDTs, and C12 ensures the non-negative power transmission.

3.2 Proposed Scheme

The optimization problem formulated in Eq. (3.16) is the MINLP problem due to the binary
integer and a continuous variable in constraints C5, C9, and C10, respectively. Due to this, the
problem becomes an NP-hard and cannot be solved directly. Therefore, to solve this problem,
we divide it into two sub-problems: (i) DDT-DMUs grouping, and (ii) resource allocation.
The resource allocation problem is still combinatorial. So, it is further divided into two sub-
sub-problems: (i) RBAP to provide the RBs to CMUs and DMGs, and (ii) PAP to control the
power of CMUs and DDTs. To solve the RBAP, the many-to-many mapping scheme is used.
Further, to reuse the RBs, the GRSC based Greedy approach is applied. Next, for PAP, DC
programming based SCALE is used. The execution of the proposed scheme is as shown in Fig.
3.2.
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Algorithm 1 Suboptimal DDT-DMU Grouping Algorithm
Initialization: rs,rw 2R = Indices for strong and weak DMU in each DMG;
Set G = { /0}; Set of groups; Set q = 0; Number of groups formed;
d j,rs = Distance between the jth DDT and the rth

s DMU;
d j,rs = Distance between jth DDT and rth

w DMU; and g j,rs ,
g j,rw = Channel gain of the strong and weak DMU from the jth DDT.
Output: r

n⇤
j,r .

1: q = 0
2: Sort the DMUs in ascending order on the basis of their channel gain.
3: for ( j = 1, j  J , j++) do
4: if (rs = rw) then
5: for (rs = 1;rs R;rs++) do
6: for (rw = rs; j R;rw++) do
7: if (d j,rw �d j,rs > 0) then
8: D{g(rs ,rw)

j }= ||g( j,rs)|� |g( j,rw)||
9: else
10: D{g(rs ,rw)

j } 6= ||g j,rw |� |g j,rs ||;
11: end if
12: q = q+1;
13: (rs,rw)c argmax{D{g(rs ,rw)

j }};
14: G G[ (rs,rw)c;
15: end for
16: end for
17: else
18: if (rs > rw) then
19: for (rs = 1;rs R;rs++) do
20: for (rw = rs; j R/2;rw++) do
21: if (d j,rw �d j,rs > 0) then
22: D{g(rs ,rw)

j }= ||g( j,rs)|� |g( j,rw)||
23: else
24: D{g(rs ,rw)

j } 6= ||g j,rw |� |g j,rs ||;
25: end if
26: q = q+1;
27: (rs,rw)c argmax{D{g(rs ,rw)

j }};
28: G G[ (rs,rw)c;
29: The Remaining rs DMU served by the BS using the OMA
30: principle to maintain their minimum data rate requirements.
31: end for
32: end for
33: else
34: for (rs = 1;rs R/2;rs++) do
35: for (rw = rs;rw R;rw++) do
36: if (d j,rw1 �d j,rs > 0 && d j,rw2 �d j,rs > 0) then
37: D{g(rs ,rw1)

j }= ||g( j,rs)|� |g( j,rw1)||
38: D{g(rs ,rw2)

j }= ||g( j,rs)|� |g( j,rw2)||
39: else
40: D{g(rs ,rw1)

j } 6= ||g j,rw1 |� |g j,rs ||;
41: D{g(rs ,rw2)

j } 6= ||g j,rw2 |� |g j,rs ||;
42: end if
43: q = q+1;
44: (rs,rw1)q argmax{D{g(rs ,rw1)

j }};

45: (rs,rw2)q argmax{D{g(rs ,rw2)
j }};

46: G G[{(rs,rw1)q,(rs,rw2)q};
47: The Remaining rw DMU served by the BS using the OMA
48: principle to maintain their minimum data rate requirements.
49: end for
50: end for
51: end if
52: end if
53: end for
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Figure 3.3: (a)-(c) Cases of DDT-DMUs Grouping Scheme

3.2.1 DDT-DMUs Grouping
In this subsection, we optimize the DMU grouping indicator, keeping the RB allocation and

power allocation factor constant, i.e., f j,i = f

⇤
j,i, and a j = a

⇤
j .

DMG : max
r

Ri+ j(r), (3.17)

s.t. C1,C2.

To optimize the value of r , a suboptimal grouping scheme is designed in between the DDT and
DMUs to form the DMGs. The main aim of this scheme is to reduce the intra-user interference
by properly utilizing the SIC technique. To develop the DMGs, we propose following three
cases: (i) rs = rw, (ii) rs > rw, and (iii) rs < rw shown in Fig. 3.3.

Algorithm 1 suggests the DDT-DMUs grouping scheme. To group the DMUs with the DDT,
channel gain and distance between the DDT and DMU have been considered. The DMU near
to the DDT have high channel gain whereas, the DMUs far from the DDT have low channel
gain. During DMG formation, each DDT uses an equal number of strong and weak DMUs. The
detailed execution of Algorithm 1 is as follows: First of all, as per the DMUs channel condition,
sort the strong and weak DMUs in descending order, i.e., from the strong to the weak. Now, the
DDT computes the difference between the highest channel gain and the lowest channel gain of
the DMUs based on their distance from it using Euclidean distance formula. According to this
difference, the sum-rate of the strong and weak DMU is calculated. If the sum-rate satisfies
the individual SINR requirement of the DMU, then the group is formed between the DDT and
their strong and weak DMUs, otherwise, DMUs search the next best DDT to form the group.
This process continues until all the groups are not formed. In case, if the number of strong
DMUs is larger than the weak DMUs in a cell then after grouping, remaining strong DMUs
are served from the BS using OMA to fulfil their minimum data rate requirements. Similarly,
if the number of weak DMUs is large in number than the strong DMUs then after grouping,
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remaining weak DMUs get the services from the BS using OMA.

3.2.2 Resource Allocation

This subsection covers detailed discussion on RBAP and PAP.

3.2.2.1 RB Allocation Problem

In order to solve the RBAP for both CMUs and DMGs, we assume that the CMUs, and
DDTs transmit with power, Pn

i =P⇤ni =
Pn,max

i
I , 8I, and Pn

j a j,r = Pn
j a

⇤
j,r =

Pn,max
j a

max
j,r

J across all the
RBs. Thus, the problem formulated in Eq. (3.16) can be reformulated as:

RBAP : max
f

Rn
(i+ j)(f), (3.18)

s.t. C4,C5,C7�C9.

The RBAP is a non-convex due to the presence of binary integer {0,1} variables and inter-

Algorithm 2 RB Allocation For CMUs
Initialization: An

i = Set of RBs already allocated to CMUs; Bn
i = Subset of CMUs that allowed

to use RBs; N = Set of unused RBs, 8N 2N ; Set Rn
i,b = 0; Initial value of achievable data rate

of ith CMU.
Output: n⇤  i⇤.

1: while (An
i 6= /0 && 9Bn

i 6= /0) do
2: for (i = 0, i I, i++) do
3: i⇤  argmax Rn

i,b.
4: end for
5: for (n = 0,n N,n++) do
6: n⇤  argmax gn

i⇤,b.
7: end for
8: Allocate n⇤  i⇤.
9: Update An

i ,B
n
i & N.

10: Compute Rn⇤
i⇤,b using (3.10).

11: Set Rn
i = Rn

i +Rn⇤
i⇤ .

12: end while

ference term in denominator of Rn
(i+ j)(f). The exhaustive search method is suitable to solve

this type of problem. However, the complexity of this method increases exponentially with
an increase in the number of DMGs, which makes it unsuitable for the ultra-dense networks.
Therefore, to reduce the complexity and to make the problem tractable, we use the many-to-
many mapping scheme for RB allocation of both the CMUs and DMGs. Further, to fully exploit
the potential benefits of multiple DMGs, the GRSC based Greedy approach is used to reuse the
RBs already occupied by the CMUs.

The detailed discussion on the RB allocation for CMUs is given in the Algorithm 2. Here,
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our goal is to fulfil the minimum required data rate of all CMUs by allocating RBs to them.
Therefore, firstly we compute the data rate of I CMUs. Then we search the n RBs as per their
highest channel gain and allocate n⇤, the highest channel gain RBs to i⇤ CMUs to provide them
with the maximum achievable data rate. This process continues until all the RBs are allocated
to the CMUs. The complexity of Algorithm 2 is O(NI), which means that it takes at most NI
times to complete the task.

In Algorithm 3, the RBs are allocated to the DMGs. In this, first of all, the channel gain
of RBs and the data rate of all j DMGs are computed. Then we identified Smax, the set of
DMGs having higher data rate among the j DMGs. Then the n⇤ highest channel gain RB to
Smax DMGs from the set of Fn

j is computed. Here, Smax represents the upper limit of DMGs
allotted to each RB. The complexity of Algorithm 3 is O(NJR).

Algorithm 4 improves the data rate of DMGs by reusing the RBs which are already occu-

Algorithm 3 RB Allocation For DMGs
Input: n⇤  i⇤; RBs allocated to CMUs.
Initialization: En

j = Set of RBs already allocated to DMGs; Fn
j = Subset of DMGs that allowed

to use RBs; N = Set of unused RBs, 8N 2N ; Set Rn
j,r is the achievable data rate of jth DMG;

Set Smax is the maximum limit of DMGs allocated to each RB.
Output: n⇤  j⇤

1: while (En
j 6= /0 && 9Fn

j 6= /0) do
2: for (n = 1,nN ,n++) do
3: Compute n⇤  argmax gn

j,r;
4: for ( j = 1, j  J , j++) do
5: for (r = 1,r R,r++) do
6: Compute j⇤  argmaxRn

j,r
7: Compute Smax { j⇤}
8: if (ÂJ

j=1 f

n
j,i  Smax) then

9: Allocate n⇤  Smax;
10: Set Fn

j = Fn
j �Smax;

11: end if
12: end for
13: end for
14: end for
15: Update En

i ,Fn
i , & N.

16: end while

pied by the CMUs. Firstly, we sort the DMGs which are not using the Tmax RBs (line number
4). DMGs allowed reusing the Tmax RBs those already occupied by CMU if following con-
ditions are satisfied: (i) the data rate of the DMGs must be improved, and (ii) the minimum
required data rate of CMUs cannot be degraded. Without violation of any conditions, reuse of
the Tmax RBs is terminated. The process continued for the next DMGs available in sequence.
Also, when the CMU is not occupied by the Tmax RBs, then the set of sorted DMG reuse the
Tmax RBs until it improves the sum-rate of the DMUs available in DMGs. Reuse of the nth RB
terminates if it fails to provide an improvement in the sum-rate. This process continued for the
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Algorithm 4 GRSC based RB resue Algorithm
Initialize An

i = Set of RBs already allocated to CMUs; En
i = Set of RBs already allocated to

DMGs; Fn
i = Subset of DMGs that allowed to reuse Tmax RBs; Hn

i+ j = Subset of CMU [DMGs
that allowed to reuse Tmax RBs; D̃ = Set of DMGs want to reuse the Tmax RBs; and set n⇤  i⇤,
and n⇤  j⇤.
Output: Reuse n⇤.

1: for (n = 1;n Tmax;n++) do
2: Set i⇤  {i : Tmax 2An

i }.
3: Set D̃ =D.
4: Select j⇤ = argmax

gn
j,r

Âh2Hn
i+ j

gn
j,h
,8 j 2 D̃.

5: Allocate n j⇤.
6: Calculate DR̄n

i+ j using (15).
7: if (i⇤ 6= /0) then
8: Recompute Rn

b,i⇤ using (9).
9: if (DR̄n

i+ j > 0 && Rn
b,i⇤ � Rn,req

b,i⇤ ) then
10: n j⇤.
11: Update En

i ,F
n
i ,H

n
i+ j,& Tmax.

12: Rn
j = Rn

j +Rn
j⇤ ;

13: D̃ = D̃�{ j⇤}.
14: Go to Line 4.
15: else
16: if (DR̄n

i+ j  0 || Rn
i⇤ < Rn,req

i⇤ ) then
17: Go to Line 1
18: end if
19: end if
20: else
21: if (i⇤ = 0) then
22: if DR̄n

i+ j > 0 then
23: n i⇤
24: Update En

i ,F
n
i ,H

n
i+ j,& Tmax.

25: Rn
j = Rn

j +Rn
j⇤;

26: D̃ = D̃�{ j⇤}.
27: Go to Line 4.
28: else
29: if DR̄n

i+ j  0 then
30: Go to Line 1.
31: end if
32: end if
33: end if
34: end if
35: end for
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next DMGs available in sequence.
Thus, to check whether the reuse of Tmax RB improves the data rate of DMGs or not, the

following equation is used.

DRn
j =

Tmax

Â
n=1


log2

 
1+

Pn,max
j gn

j,r

Âh2Hn
i+ j

gn
j,h +s

2

!
+ Â

h2Fn
j

log2

0

@1+
Pn,max

h gn
h,r

Pn,max
j gn

j,h +Â
Hn

i+ j
h0 6=h Pn,max

h gn
h,r +s

2

1

A

� Â
h2Fn

j

log2

0

@1+
Pn,max

h gn
h,r

Â
Hn

i+ j
h0 6=h Pn,max

h gn
h,r +s

2

1

A
�
. (3.19)

The complexity of Algorithm 4 is O(NR).

3.2.2.2 Power Allocation Problem

The closed-form expression of each DMU power is required to improve the sum-rate of the
network. After RB allocation, it has been observed that the problem in (3.16) is still non-convex
due to co-channel interference. So, to address it, the DC programming based SCALE [318]
approach is used.

PAP 1 : max
a

N
Â
n=1

J

Â
j=1

Rn
j(a), (3.20)

s.t. C3,C6,C10�C12.

According to equation (3.14), the PAP can be rewritten as follows:

PAP 1 : max
a

N
Â
n=1

✓
Rn

j,rs +Rn
j,rw

◆
, (3.21)

s.t. C3,C6,C10�C12.

Now, the Eq. (3.21) in DC function [319] using constraint C6 is written as follows:

=
N
Â
n=1

log2

✓ |gn
j,rs

|2Pja j,rs + Ico
j,rs

+ Icr
j,rs

+s

2

Ico
j,rs

+ Icr
j,rs

+s

2

◆
�log2

✓ |gn
j,rw

|2Pja j,rw + Ino
j,rw

+ Ico
j,rw

+ Icr
j,rw

+s

2

Ino
j,rw

+ Ico
j,rw

+ Icr
j,rw

+s

2

◆
,

(3.22)
= g j(a)� f j(a), (3.23)

where g j(a) and f j(a) are the concave functions and is expressed as follows:

g j(a) =
N
Â
n=1

✓
log2(|gn

j,rs |2Pja j,rs + Ico
j,rs + Icr

j,rs +s

2)� log2(I
co
j,rs + Icr

j,rs +s

2)

◆
, (3.24)
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f j(a) =
N
Â
n=1

✓
log2(|gn

j,rw |2Pja j,rw + Ino
j,rw + Ico

j,rw + Icr
j,rw +s

2)� log2(I
no
j,rw + Ico

j,rw + Icr
j,rw +s

2)

◆
.

(3.25)
Now, the Eq.(3.24) and Eq.(3.25) are expressed as follows:

g j(a) =
N
Â
n=1

(log2(|gn
h,rs

|2Phah,rs)� log2(Ih,rs +s

2). (3.26)

f j(a) =
N
Â
n=1

(log2(|gn
h,rw

|2Phah,rw)� log2(Ih,rw +s

2), (3.27)

where h = (i[ j).
Similar to C6, the constraint C3 in a DC form is expressed as follows:

I

Â
i=1

N
Â
n=1

Rn
i,b =

I

Â
i=1

N
Â
n=1

log2

✓
1+

Pi|gn
i,b|2

ÂJ
j=1 f

n
j,iPj|gn

j,i|2 +s

2
i

◆
,

= gi(P)� fi(P), (3.28)

The expression for gi(P) and fi(P) are given as follows:

gi(P) =
N
Â
n=1

log2

✓
Pi|gn

i,b|2 +
J

Â
j=1

Pj|gn
j,i|2 +s

2
i

◆
. (3.29)

fi(P) =
N
Â
n=1

log2

✓ J

Â
j=1

Pj|gn
j,i|2 +s

2
i

◆
. (3.30)

As h = (i[ j), therefore, the Eq. (3.29) is rewritten as follows:

gi(P) =
N
Â
n=1

log2

✓
Ph,i|gn

h,i|2 +s

2
i

◆
. (3.31)

Now, the gradient of fi(P) and f j(a) is expressed as follows [320] [321]:

— fi(P) =
Ni

Â
n=1

✓
1

ÂJ
j=1 Pj,i|gn

j,i|2 +s

2

◆
~ei. (3.32)

— f j(a) =
N j

Â
n=1

✓
1

Âh2H |gn
h,rw

|2Phah,rw

� 1
Ih,rw +s

2

◆
~e j, (3.33)

where ~ei and ~e j are column vector with N (I+J ) elements which are defined as follows:

~ei =

8
<

:

|gn
j,i|2

ln2 , j 2 J ,n 2 N,

0, otherwise.
and ~e j =

8
<

:

|gn
h,rw |2
ln2 , h 2 H,n 2 N,

0, otherwise.
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An iterative sequence of {Pt} and {a

t} alongwith the first order Taylor expansion of ap-
proximate fi(P) and f j(a) can be expressed as follows:

fi(P)⇡ fi(Pt)+— f T
i (Pt)(P�Pt), (3.34)

f j(a)⇡ f j(a
t)+— f T

j (a
t)(a�a

t). (3.35)

Therefore, the PAP 2 in (3.21) is reformulated as follows:

PAP 2 :
J

Â
j=1

g j(a)� f j(a
t)�— f T

j (a
t)(a�a

t), (3.36)

s.t. C1 : gi(P)� fi(Pt)�— f T
i (Pt)(P�Pt)� Rmin

i ,

: C10�C12.

The PAP 2 in Eq. (3.36) becomes a standard convex optimization problem that can be
solved using Algorithm 5. Execution of Algorithm 5 is given as follows:

Algorithm 5 consists of two stages. (i) Initialization stage, and (ii) Updated stage. In

Algorithm 5 Power Allocation Algorithm for CMUs and DMGs
Input: I 2 {1,2, ..., i, ..., I} =Number of CMUs; J 2 {1,2, ..., j, ...,J} = Number of DMGs;
N 2 {1,2, ...,n, ...,N} = Number of RBs; and a j = Power allocation factor.
Initialization: emax=Maximum Tolerance value; dmax= Maximum number of Iterations; d =
0=Iteration index; Set R(0) = ÂJ

j=1 g j(a(0))� f j(a(0)) at a(0).
Output: a

⇤
j .

1: repeat
2: Compute — f j(P) and — fi(a) using (3.32) and (3.33).
3: Solve (3.36) to obtain a

⇤
j .

4: d = d +1.
5: Obtain a

d

j = a

⇤
j .

6: Compute Rd = ÂJ
j=1 g j(ad )� f j(ad )

7: until |Rd �Rd�1| emax.

the initialization stage, the value of the R(0) is computed at a(0), where a(0) is the power
allocation factor at zero. On the other side, in the updated phase, first of all, the value of — fi(P)
and — f j(a) are computed using Eq. (3.32) and Eq. (3.33), respectively. Then the optimal
power allocation factor, i.e., a j is computed using Eq. (3.36). The procedure continues until
the difference between the values of Rn

j in the current iteration and that between the previous
iteration is less than the maximum threshold value.

To solve the PAP formulated in Eq.(3.36), we used interior-point method. The interior-point
method complexity is estimated as O(u1/2(u +f)f 2). In this expression, f and u represents
the number of variables and inequality constraints. After solving the PAP formulated in Eq.
(3.36), we find that the complexity is O((N(I+J)+2I+J)1/2(2N(I+J)+ I+2J)(I+J)2N2).
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Theorem 1. The SCALE based DC programming approach proposed in Algorithm 5 provides
a sequence of appropriate solutions for convergence to a global optimal solution a

⇤.

Proof. According to [319], [320] if fi(P) becomes the concave function, then its super gradient
— fi(P) is expressed as follows.

fi(P)+ fi(Pt)+— f T
i (Pt)(P�Pt). (3.37)

Now, it is proved that, if gi(P)� fi(Pt)�— f T
i (Pt)(P�Pt) � Rn,min

i , then gi(P)� fi(P) �
Rn,min

i . It ensure that the solution obtained during each iteration must lie with in a feasible
region.

Similarly, if the function f j(a) becomes concave, then its super gradient — f j(a) given as
follows.

f j(a)+ f j(a
t)+— f T

j (a
t)(a�a

t). (3.38)

Now, we have

Rt+1
j =

J

Â
j=1


g j(a

t+1)� fi(a
t+1)

�

�
J

Â
j=1


g j(a

t+1)� fi(a
t)�— f T

j (a
t)(a t+1�a

t)

�

�
J

Â
j=1


g j(a

t)� fi(a
t)�— f T

j (a
t)(a t�a

t)

�

=
J

Â
j=1


g j(a

t)� fi(a
t)

�
. (3.39)

Eq. (3.39) shows that the data rate of DMGs should be either improved or remains the same at
each iteration. The data rate is improved only when the constraint formulated in PAP : 1 must
be compact and the value obtained during each iteration from the solution of PAP : 3 should be
located within a feasible region. The power allocation technique used in Algorithm 4 finally
provides the optimal power allocation a

⇤.

The Algorithm 6 consists of two steps. (i) Initialization step and (ii) RB and power allo-
cation factor step. In the initialization step, the CSI is sent by the DMUs and CMUs to DDTs
and BS, respectively. Then the groups are formed using the Algorithm 1 to apply the NOMA
so that sum-rate of DMGs can be improved. Afterwards, RBs are allotted to the CMUs and
DMGs from Algorithms 2, 3, and 4 using the current power allocation factor a . Lastly, the
a

⇤ is estimated from the Algorithm 5 based on f . This process continues up to the maximum
number of iterations dmax until the maximum sum-rate is achieved.
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Algorithm 6 Joint User Grouping and Resource Allocation Algorithm
Input: r j,r = DDT-DMUs grouping indicator; a j = Power allocation factor; and f j,i = RB
allocation factor.
Initialization: d = 0; Iteration index; dmax; Maximum number of Iterations; and BS estimate
the CSI of all the CMU, DDTs, and DMUs using their pilot signals.
Output: f

⇤
j,i,a

⇤
j .

1: for (d = 1;d  dmax;d++) do
2: Call Algorithm 6 to develop the DMGs.
3: Call Algorithm 1, 2, and 3 to update the RB allocation factor f j,i.
4: Call Algorithm 4 to update a at given f .
5: end for

3.3 Performance Evaluation

In this section, the performance of the proposed scheme is evaluated. This section consists
of two subsections (i) Numerical settings, and (ii) Results and Discussion.

3.3.1 Numerical Settings

The parameters used in simulation are based on 3GPP urban path loss model (Release 15
and RAN1) [322], [323] as shown in Table 3.1. Assume a hexagonal cell of inter-site distance
500 m in which the BS is situated at the centre, and the DDTs and CMUs are uniformly dis-
tributed. Further, consider that the BS, CMUs and DDTs are equipped with an Omni-directional
single antenna. To design the DMG we adopt the grouped distribution model [324]. Accord-
ing to the grouped distribution model, DDT is situated at the centre, and DMUs are uniformly
distributed within a disk. We also assume that both the CMUs and DMUs are moving with a
very low velocity. We used the RB with 180 kHz wide in frequency. The RBs are either 12⇥15
KHz or 24⇥7.5 kHz subcarriers. The number of subcarriers used per RB for the channels and
signals is 12, as used in [325], [326], [327]. To show the effectiveness of the proposed scheme,
we compared it with the existing joint user clustering and power allocation (JUCPA) [60], and
joint spectrum and power allocation (JSPA) [328].

3.3.2 Results and Discussion

3.3.2.1 Convergence Analysis

Fig.3.4(a) represents the cumulative distribution function with the number of iterations. The
graph shows the convergence behaviour of the Algorithms 1, 2 and 3 with different number of
DMGs. The plotted CDF shows that the proposed RB allocation algorithm takes a lesser num-
ber of iterations to converge. For example, when the number of DMGs in a cell is 9, on an
average 40, the number of iterations is used by the proposed algorithm to converge. Moreover,
the graph shows that when the number of DMGs in a cell increases, the number of iteration
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Table 3.1: Simulation Parameters

Parameters Values
Cell Layout Hexagonal
Radius of cell (Inter-site Distance) 500 m
Radius of DMG 10⇠50 m
Number of CMUs (I) 1⇠16
Number of DMGs (J ) 1⇠16
Bandwidth (B) 180KHz
Subcarrier spacing (w) 15 KHz
One Resource block 12 subcarriers
Number of RBs (N ) 10
SINR threshold of CMU (Ith

i ) 5 dBm
Number of DMUs in each DMG (R) 4
Maximum Transmit power of DMGs (Pmax

j ) 25 dBm
Maximum Transmit power of CMU (Pmax

i ) 25 dBm
Noise power spectrum density, (No) -174 dBm
DMU Noise figure 5 dB
Maximum error tolerance (e) 10�4

Minimum data rate requirement of CMU (Rn,min
i,b ) 5⇠20 bps/Hz.

Minimum data rate requirement of DMUs in each DMG (Rn,min
j,r ) 5⇠20 bps/Hz.

Multipath fading Unit Mean
Log-Normal Shadowing Standard Deviation 8 dB
User speed Very Low velocity

steps also increases. The reason behind such behaviour is that the probability of reusing the
RBs increases which result in an increase in the iteration steps.

Fig.3.4(b) shows the convergence behaviour of the Algorithm 4 with respect to the data rate
requirements of DMGs. The graph shows that an optimal power allocation is achieved for the
small number of iterations, but as the data rate requirements of DMGs increases, the conver-
gence rate also decreases. The reason behind such behaviour depends upon the availability of
RBs. When the data rate requirements of DMGs increases then they have to reuse the best pos-
sible RB as per its availability to meet their data rate requirements. As the number of DMGs in
a cell increases, the possibility to find the best RB decreases due to an increase in co-channel
interference. As a result, the data rate of DMGs starts decreasing and gets saturated after a
certain number of iteration steps.

The graph plotted in Fig.3.4(c) describes the convergence behavior of the CMUs with re-
spect to their minimum data rate requirements, i.e., Rn,min

i,b = 5 bps/Hz. It implies that the
CMUs within a small number of iterations converge to the minimum required data rate. The
reason behind such behaviour is the availability of a large number of spectrum resources for
CMUs. CMUs are primary ones which access the best possible RB based on channel gain to
meet their minimum data rate requirements.
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Figure 3.4: Comparative Analysis (a) Convergence behaviour of the RB allocation algorithms
in terms of CDF at Pj = 10⇠ 15dBm (b) Convergence testing of the sum-rate of DMGs at
I = 4, J = 5, N = 4, and Pmax

i = Pmax
j = 25dBm (c) Convergence testing of the data rate of

CMUs at I = 4, J = 5, N = 4, Pmax
i = Pmax

j = 25dBm, & Rn,min
j,r = 5bps/Hz.

3.3.2.2 Comparison of the proposed Scheme with the state-of-the art schemes

We compared the proposed scheme with the pre-existing NOMA and OFDMA schemes.
The results obtained are discussed as follows.

Fig. 3.5(a) shows the effect on the sum-rate of DMGs with an increase in the number of
DMGs in a cell. The results show that as the number of DMGs in a cell increases, the sum-
rate of the DMGs increases. This is due to the fact is that as the number of DMGs in a cell
increases, the best possible RB is allotted to it using the Algorithm 3 in the proposed scheme.
But, after a certain increase in the number of DMGs, the sum-rate of DMGs becomes saturated.
The reason behind this change is an increase in co-channel interference. Moreover, the results
obtained show that when the number of DMGs in a cell increases up to 12, then the proposed
scheme has 4.54% and 22.72% higher sum-rate than the JUCPA and JSPA, respectively. The
reason behind this is that the proposed scheme handles co-channel interference much better than
the JUCPA and JSPA. Also, in JUCPA, the problem of intra-user interference among CMUs is
severe along with co-channel over RBs, and in JSPA the D2D can access only one RB due to
OFDMA technique.

Fig. 3.5(b) depicts the effect on the sum-rate of DMGs with an increase in the number of
CMUs in a cell. The results obtained show that as the number of CMUs in a cell increases, the
sum-rate of DMGs starts decreasing. The reason for such behaviour is due to the fact that when
the number of CMUs in a cell increases, they capture a large part of spectrum resources to
attain their minimum required data rate. As a result, only a few numbers of resources remains
left for DMGs due to which the problem of the cross and co-channel interference becomes
severe and sum-rate gets degraded. However, the results obtained shows that when the number
of CMUs in a cell increases up to 12, the proposed scheme has 2.78% and 22.22% higher sum-
rate than JUCPA and JSPA, respectively. The reason behind such a behaviour is that we have
used the many-to-many mapping among RBs and DMGs whereas, in JUCPA, the one-to-many,
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Figure 3.5: Comparative Analysis (a) Impact on the sum-rate of DMGs versus number of
DMGs. (b) Impact on the sum-rate of DMGs with respect to the number of CMUs (c) Impact
on sum-rate with respect to DDT transmit power (d) Variation in sum-rate with respect to the

radius of DMGs at Pmax
i = Pmax

j = 25dBm.

and JSPA, the one-to-one mapping among RBs and DMGs is used.
Fig. 3.5(c) shows the effect of DDT transmit power on the overall sum-rate of the network.

It can be observed from the results obtained that when the DDT transmits with the fixed power
allocation coefficient, then the lower sum-rate is as observed in Fig. 3.5(c). On the other side,
when the DDT transmits with the dynamic power allocation coefficients then the proposed
scheme has better sum-rate as compared to that of JUCPA and JSPA, respectively. The reason
for such behaviour is due to the fact that with the dynamic power allocation coefficients, an
improved SINR is received at the DMUs. The graph obtained in 3.5(c) clearly shows that when
the transmission power of DDT becomes 15dBm, the proposed scheme provides 1.136% and
18.69% higher sum-rate in comparison to the JUCPA and JSPA. The reason behind this is that
in the proposed scheme, we optimized the transmit power of both the DDT and CMU whereas,
in JUCPA and JSPA only the transmit power of DDT is optimized.

Fig. 3.5(d) depicts the effect on the sum-rate of DMGs with variation in its radius. The
results show that when the radius of the DMG increases, the sum-rate starts decreasing. The
reason for such behaviour is due to the fact that as the radius increases, the distance between
DDT and their respective DMUs increases due to which SINR decreases. Also, the graph
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(c) Data Rate of Weak DMU versus Number of DMGs.

shows that when the radius of DMG reaches up to 25m then the proposed scheme has 0.5181%
and 4.667% higher sum-rate than the JUCPA and JSPA, respectively. This happened because
the proposed scheme uses NOMA technique to provide the communication between DDT and
their respective DMUs whereas, in JUCPA and JSPA, OFDMA technique is used for D2D
communication. In NOMA, the large power is allocated to the far users due to which sum-rate
of the DMG increases with an increase in its radius.

3.3.2.3 Impact on the Sum-rate of DMGs at different conditions

Fig. 3.6(a) shows the impact on the sum-rate of DMGs with an increase in the number of
DMGs under different data rate requirements of CMUs. The results obtained shows that as the
data rate requirement of CMUs increases along with an increase in the number of DMGs, the
sum-rate of DMGs starts decreasing. The reason for such behaviour is due to the fact that with
an increase in data rate requirements of CMUs, the demand to occupy the spectrum resources
by the CMUs increases. As a result, the small number of spectrum resources remains available
for DMGs due to which the problem of co-channel interference becomes severe.

Fig. 3.6(b) shows the impact on the sum-rate of DMGs with the number of CMUs with
their different data rate requirements. The result obtained shows that when the number of
CMUs in a cell increases, the problem of cross channel interference in between the CMUs and
DMGs becomes severe. Also, only a few numbers of resources remain available for DMGs
which results in a monotonically decrease in sum-rate of the DMGs.

Fig. 3.6(c) shows the impact on the data rate of weak DMUs to the number of DMGs in a
cell. The results show that for rs = rw, data rate of weak DMUs is larger as compared to the
rs > rw, and rs < rw. The reason for such behaviour is due to the fact that when rs = rw, the
weak DMUs gets the services from the DDT using the NOMA technique while in rest of the
cases if the number of weak DMUs is larger in number, they get the services from the BS using
OFDMA.
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Figure 3.7: Comparative Analysis (a) Time consumed by the Algorithm 4 versus the number
of DMGs (b) Time consumotion of Algorithm 2, 3, and 4 versus Number of DMGs.

3.3.2.4 Impact on time consumption

Fig. 3.7(a) shows the time consumption of the Algorithm 4 with an increase in the number
of DMGs in a cell. The results show that when the number of DMGs in a cell increases, the
time taken to execute the Algorithm 4 monotonically increases. This happened because with
an increase in the number of DMGs, the cross and co-channel interference across each RBs
increases. As a result, the time taken to optimize the power of CMUs and DDTs increases,
hence, the time complexity increases.

Fig. 3.7(b) shows the time consumption of the Algorithms 1, 2, and 3 with an increase in the
number of DMGs at a fixed number of RBs. The results obtained show that the time consumed
by the proposed algorithms increases linearly with an increase in the number of DMGs in a
cell. This is due to the fact is that with an increase in the number of DMGs, it becomes difficult
among the DMGs to reuse the best possible RB.

3.4 Summary

In this chapter, we maximize the sum-rate of the DMGs while maintaining the SINR of
the CMUs. To achieve the goal, the joint user grouping and resource allocation scheme are
designed. For user grouping, a low complexity based sub-optimal user grouping scheme in
between the DDT and DMUs is designed. Then the resource allocation is proposed for both
the CMUs and DMGs. To allocate the RBs to both the CMUs and DMGs, we used the many-
to-many mapping scheme. Then to fully utilize the potential benefits of DMGs, the GRSC
based RB reuse algorithm is designed, in which the DMGs can exchange the RBs among each
other based on their channel conditions to maximize the sum rate. Also, for power allocation of
DDT, we use SCALE with DC function. The evaluated results demonstrated that the proposed
scheme achieves better sum-rate than the existing JUCPA and JSPA scheme.
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Chapter 4

Energy-Delay Tradeoff Scheme for
NOMA-Based D2D Groups With WPCNs

Device-to-Device (D2D) is a technique which increases energy efficiency and reduces the
delay by supporting short-distance communication. Also, to achieve the massive connectivity
and ultra-reliable low latency in the 5G, the Non-orthogonal multiple access (NOMA) is pro-
posed. However, an integration of NOMA in D2D mobile groups (DMGs) generates a large
amount of energy and delay due to sharing the same subcarrier. In this chapter, we investigate
a distributed energy-efficient and delay tradeoff scheme for NOMA-based DMGs in wireless
powered communication networks.

The main contributions of this chapter are given as follows:

• To construct a system model in which Wireless-powered CMUs and DMGs co-exist.
Then, SINR, average time data rate, energy buffer, data buffer, and average time energy
consumption are determined to formulate the EE and delay trade-off problem. As the
formulated problem is in the mixed-integer non-linear programming (MINLP) form, so
we divide it into four sub-problems.

• In the first sub-problem, the weighted sum method is used to convert the non-linear frac-
tional programming problem into a linear single-objective optimization problem. In the
second-sub-problem, an optimal value of the subcarrier allocation factor is determined.
To achieve the target, a many-to-one matching game is applied between the DMGs and
subcarriers. Furthermore, to mitigate the effect of externalities over the subcarriers, the
concept of pricing is proposed among the DMGs. In the third sub-problem, the Lya-
punov optimization technique is used to transform the stochastic optimization problem
into a static deterministic optimization problem. Lastly, in the fourth sub-problem, a
closed-form expression of a time and power is optimized by using the Lagrangian dual-
ity function.
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• Lastly, the EE and delay trade-off algorithm is designed to improve the long term average
EE of the DMGs used in the network. Also, we find that the EE and delay increases with
the speed of O(V), where V is a control parameter used to balance the EE and delay
trade-off.

This chapter-4 is organized as follows: Section 4.1 describes the network model. The problem
formulation is illustrated in Section 4.2. Section 4.3 elaborate the proposed scheme through
which the formulated problem is solved. Section 4.4 evaluates the performance of the proposed
scheme and compared with the existing NOMA and TDMA schemes. Finally, Section 4.5
describes the conclusion and future scope of the chapter.

Table 4.1: Abbreviations used in the proposed scheme

Symbols Notation Used
M Number of CMUs.
D Number of DMGs.
N Number of DMUs.
K Number of Sub-carriers.
f Subcarrier allocation factor.
t Time allocation factor.
a Power allocation factor.
Gk

m(t),Gk
d,n(t) SINR values of the mth CMU & the nth DMU in the dth DDT.

Eh,k
m,b,E

h,k
d,n Energy Harvested by the mth CMU & the dth DDT.

Rk
m,b(t),R

k
d,n(t) Time-Average Data Rate of the mth CMU & the nth DMU in the dth

DDT.
Qk

m(t),Qk
d,n(t) Data Buffer Queue of the mth CMU & the dth DDT.

Ek
m,b(t),E

k
d,n(t) Time Average Energy Consumption of the mth CMU & the dth DDT.

Ec
m,b,E

c
d,n Energy consumed by energy buffers of the mth CMU & the dth DDT.

hk
d,n(t), hk

m,d,n(t), &
hk

d0,d,n(t)
Channel coefficients.

Zk
m,b(t), Zk

d,n(t) Actual admitted traffic arrival of the mth CMU & the dth DDT.
Pc

m(t), Pc
d,n(t) Power consumed by the internal circuitry.

4.1 Network Model

The various components used in the network model are covered in this section.

4.1.1 System Model with Assumptions

Consider a two-tier single cell in WPCN as shown in Fig. 4.1. The first-tier consists a
BS and M CMUs, and the second-tier consists of D DMGs of radius R. Each DMG has one
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DDT and N DMUs. The DDT is situated at the centre, and N DMUs are uniformly distributed
around it. Assume that CMUs and DDTs are equipped with a single antenna, energy buffer,
and data buffer circuits. Let us assume that one subcarrier is already occupied by each CMU,
where the set of subcarriers are represented as K= {1,2, . . . ,k, . . . ,K}. The CMUs used TDMA
schedule to communicate with the BS to reduce energy consumption and limit the interference
across the sub-carriers whereas, DDTs used NOMA to communicate with their N DMUs using
the same subcarriers. Assume that the WPCN process is carried out in a slotted-time mode with
a time slot t in a time interval (t, t + 1]. WPCN is a combination of WET and WIT stage and
used harvest-store-transmit protocol. During the downlink WET stage, the CMUs and DDTs
harvest energy from the RF signals generated by the BS, and stored in the energy buffer. Then,
the CMUs and DDTs used the stored harvested energy to transmit information to the BS and
DMUs, respectively. Also, in this chapter, the Rayleigh fading channel model is used, where
the long-term time-varying channel coefficients and random traffic arrivals are used within
each time slot and follow Gaussian complex distribution CN (0,1). The Rayleigh fading is a
statistical model for a propagation environment on the radio signal. It is most suitable to the
situation when no dominant propagation is available for the line of sight between the transmitter
and receiver. Also, assume that the CSI of all the CMUs and DMGs are perfectly known to the
BS, and the energy consumed during the transformation of CSI is set to be negligible. The list
of symbols used in the chapter is described in Table 4.1.

4.1.2 WPCN Model

The process of WPCN is divided into WET and WIT stages. If t0 and td,n are the time
interval for WET and WIT stages, then for D DMGs following holds:

t0 +
D

Â
d=1

td,n  1. (4.1)

4.1.2.1 WET Stage

If Pk
b (t) is the transmit power of the BS, then the energy harvested by the mth CMU over t

is given as follows:
Ek,h

m,b(t) = hmt0(t)Pk
b (t)h

k
b,m(t), 8m 2M, (4.2)

where hm 2 (0,1] is the energy transformation efficiency of the mth CMU, t0(t) is the WET
time, and hk

b,m(t) is the channel coefficient from the BS to the mth CMU.
Similarly, the energy harvested by the dth DDT over t is given as follows:

Ek,h
d,n(t) = hd,nt0(t)Pk

b (t)h
k
b,d(t), 8d 2D, (4.3)
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where hd,n 2 (0,1] is the energy transformation efficiency of the dth DDT, hk
b,d(t) is the channel

coefficient from the BS to the dth DDT.

4.1.2.2 WIT Stage

Here, message signal is transmitted with time td = (1� t0). The performance of CMUs
and DMGs are analysed separately.
(a) For CMUs: The signal transmitted by the mth CMU towards the BS over the kth subcarrier
is given as follows:

yk
m,b(t) =

q
Pk

m(t)h
k
m,b(t)x

k
m,b(t)+

D

Â
d=1

f

k
d,m(t)

q
Pk

d (t)h
k
d,b(t)x

k
d,b(t)+ z (t)|{z}

AWGN

, (4.4)

where Pk
m(t) and Pk

d (t) are the transmit power of the mth CMU and the dth DDT, respectively,
hk

m,b(t) and hk
d,b(t) are the channel coefficient from the mth CMU to the BS, and that between

the dth DDT to the BS, respectively, xk
m,b(t) and xk

d,b(t) are the transmitted message signals, z (t)
is the additive white Gaussian noise (AWGN) with mean zero and variance s

2, and f

k
d,m(t) is

the subcarrier allocation factor. If f

k
d,m(t) = 1, then kth subcarrier is allocated to the dth DDT,

otherwise f

k
d,m(t) = 0.

According to Eq. (4.4), the signal-to-interference noise ratio (SINR) and data rate are cal-
culated as follows:

Gk
m,b(t) =

Pk
m(t)|hk

m,b(t)|2
ÂD

d=1 Pk
d (t)|hk

d,b(t)|2 +s

2(t)
, (4.5)

and Rk
m,b(t) =

B
K

log2(1+Gk
m,b(t)). (4.6)

(b) For DMGs: In this, the DDT transmit the information to their associated DMUs. In PD-
NOMA, the superposition coding is used at the DDT to multiplex the power signal, and SIC is
employed at the N DMUs to reduce the intra-user interference. If the channel gain of DMUs
are arranged in descending order, i.e., hk

d,1(t) hk
d,2(t), . . . , hk

d,n(t) hk
d,l(t), . . . , hk

d,N(t),
then the signal received at the nth DMU of the dth DDT over the kth subcarrier is given as
follows [259]:

yk
d,n(t) = hk

d,n(t)
q

a

k
d,nPk

d (t)x
k
d,n(t)

| {z }
Desired Signal

+
N

Â
l=n+1

q
a

k
d,lP

k
d (t)x

k
d,l(t)

| {z }
NOMA Interferece (Ino

d,l(t))

+
q

Pk
m(t)h

k
m,d,n(t)x

k
m,d,n(t)| {z }

Cross channel interference (Icr
d,n)(t)

+
D

Â
d0 6=d

f

k
d0,d

q
Pk

d0(t)h
k
d0d,n(t)x

k
d0,d,n(t)

| {z }
Co-channel Interference (Ico

d,n)(t)

+ x (t)|{z}
AWGN

, (4.7)
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where hk
d,n(t), hk

m,d,n(t) and hk
d0,d,n(t) are the channel coefficient, and xk

d,n(t), xk
m,d,n(t) and

xk
d0,d,n(t) are the message signal between the dth DDT to the nth DMU, the mth CMU to the

nth DMU, and that between the d0th DDT to the nth DMU, respectively, Pk
d0 is the transmit

power of the d0th DDT, ad,n and ad,l are the power allocation coefficients, and f

k
d0,d denotes the

co-channel interference factor between the (d0)th DDT and the dth DDT.
According to Eq. (4.7), the SINR is calculated as follows:

Gk
d,n(t) =

✓ |hk
d,n(t)|2Pk

d a

k
d,n(t)

Ino
d,n(t)+ Ico

d,n(t)+ Icr
d,n(t)+s

2(t)

◆
. (4.8)

After successful SIC, the SINR for the l DMUs are given as follows:

Gk
d,l(t) =

N

Â
l=n+1

✓ |hk
d,l(t)|2Pk

d a

k
d,l(t)

Ico
d,l(t)+ Icr

d,l(t)+s

2(t)

◆
. (4.9)

The data rate of the nth DMU and l DMUs in the dth DMG using Eq. (4.8) and (4.9) is
given as follows:

Rk
d,n =

B
K

log2(1+Gk
d,n), (4.10)

and Rk
d,l =

N

Â
l=n+1

B
K

log2(1+Gk
d,l). (4.11)

4.1.3 Queueing Model

As the queue state information (QSI) of CMUs and DMUs is unknown to the BS, therefore
there is a need to calculate the queuing delay. To calculate the queuing delay for the mth CMU
and the dth DDT, we have to stabilized the traffic through queue by following the transport
flow control mechanism. If Qk,D

m,b(t) and Qk,D
d,n (t) denote the queue length, Ak

m,b(t) and Ak
d,n(t)

are the random traffic arrival data rate, Amax
m,b (t) and Amax

d,n (t) are the peak arrival data rate, and
Rk

m,b(t) and Rk
d,n(t) are the departure rate of the mth CMU, and the dth DDT, respectively, then

the queuing delay at t is given as follows:

Qk,D
m,b(t +1) = max{Qk,D

m,b(t)+Ak
m,b(t)�Rk

m,b(t),0}. (4.12)

and Qk,D
d,n (t +1) = max{Qk,D

d,n (t)+Ak
d,n(t)�Rk

d,n(t),0}, (4.13)

where Ak
d,n(t) Amax

d,n (t) and Ak
m,b(t) Amax

m,b (t).
If Zk

m,b(t) and Zk
d,n(t) is the actual admitted traffic arrival data rate in a queue out of random

traffic arrival rate Ak
m,b(t) and Ak

d,n(t), then (4.12) and (4.13) is rewritten as follows:

Qk,D
m,b(t +1) = max{Qk,D

m,b(t)+Zk
m,b(t)�Rk

m,b(t),0}. (4.14)
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and Qk,D
d,n (t +1) = max{Qk,D

d,n (t)+Zk
d,n(t)�Rk

d,n(t),0}, (4.15)

where 0 Zk
d,n(t) Ak

d,n(t) and 0 Zk
m,b(t) Ak

m,b(t).
Now, the time average data rate in terms of actual admitted traffic arrival rate for the mth

CMU and dth DMG are given as follows:

Rk
m,b(t) = lim

T!•

1
T

T�1

Â
t=0

E(Rk
m,b(t)), (4.16)

and Rk
d,n(t) = lim

T!•

1
T

T�1

Â
t=0

E(Rk
d,n(t)). (4.17)

4.1.4 Energy Consumption and Energy Efficiency Model

In this model, the energy consumed by the CMUs and DMGs during the WET and WIT
stage is calculated and analysed separately.

4.1.4.1 WET Stage

In this stage, the energy consumed by the energy buffers in the charging of CMUs and
DMGs are calculated.

The energy consumed by the energy buffers in the charging of mth CMU and the dth DMG
are given as follows:

Ec
m,b(t) = t0(t)(Pk

b (t)+Pc
m)�Ek,h

m,b(t). (4.18)

and Ec
d,n(t) = t0(t)(Pk

b (t)+Pc
d,n)�Ek,h

d,n(t), (4.19)

where Pc
m(t) and Pc

d,n(t) are the power consumed by the internal circuitry of the devices of the
mth CMU and the dth DMG, respectively. Ek,h

m,b(t) and Ek,h
d,n(t) are the harvested energy already

defined in Eqs. (4.2) and (4.3), respectively.

4.1.4.2 WIT Stage

In this stage, the energy consumed by the CMUs and DMGs is equal to the sum of their
transmit power and constant circuit power.
(a) For CMU: The energy consumed by the mth CMU is given as follows:

Ec0
m(t) = tm(t)

⇣
Pk

m(t)+Pc0
m

⌘
, (4.20)

where Pk
m(t) and Pc0

m (t) are the transmit power and the constant circuit power consumption of
the mth CMU, respectively.

It should be noted that Pc0
m (t)� Pc

m(t) because circuits used during the data transmission are
more complex than the circuits used in energy harvesting [146].
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Now, the dynamic energy queue for the mth CMU is given as follows:

Qk,E
m (t +1) = max{Qk,E

m (t)�Ec0
m(t),0}+Ek,h

m,b(t). (4.21)

(b) For DMG: The energy consumed by the dth DMG is given as follows:

Ec0
d,n(t) = td(t)

⇣
Pk

d a

k
d,n(t)+Pc0

d,n

⌘
. (4.22)

Now, the dynamic energy queue for the dth DMG is given as follows:

Qk,E
d,n(t +1) = max{Qk,E

d,n(t)�Ec0
d,n(t),0}+Ek,h

d,n(t). (4.23)

The total energy consumed by the mth CMU during the WET and WIT stage is obtained by
combining Eq. (4.18) and (4.20) is given as follows:

Ek,T
m,b(t) = Ec

m,b(t)+Ec0
m(t). (4.24)

Similarly, the total energy consumed by the dth DMG during the WET and WIT stage using
Eq. (4.19) and (4.22) is given as follows:

Ek,T
d,n (t) = Ec

d,n(t)+Ec0
d,n(t). (4.25)

Now, the time-average energy consumption for the mth CMU and the dth DMG are given
as follows:

Ek,T
m,b(t) = lim

T!•

1
T

T�1

Â
t=0

E(Ek,T
m,b(t)), (4.26)

and Ek,T
d,n(t) = lim

T!•

1
T

T�1

Â
t=0

E(Ek,T
d,n (t)). (4.27)

The EE of each user’s device is defined as the ratio of the long-term average transmit-
ted data rate to the corresponding long-term average energy consumed, and is measured in
bits/Hz/Joule.

Now, the long-term average energy efficiency of the mth CMU and the dth DMG are given
as follows [329]:

EEk
m,b(t) =

Rk
m,b(f(t),R(t),t(t), p(t))

Ek,T
m,b(f(t),R(t),t(t), p(t))

, (4.28)

and EEk
d,n(t) =

Rk
d,n(f(t),R(t),t(t), p(t))

Ek,T
d,n (f(t),R(t),t(t), p(t))

. (4.29)
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4.2 Problem Formulation

In this chapter, we propose a distributed energy-efficient and delay trade-off scheme for
NOMA-based DMG with WPCN. Moreover, our goal is to maximize the long-term average
EE of each DMG in a distributed manner while maintaining the long-term average EE of each
CMU. To achieve this goal, an stochastic optimization problem is formulated as follows:
Let a(t) = [f(t),R(t),t(t),a(t)], where t(t) = [t0(t),td(t)]

P1 : max
a(t)

D

Â
d=1

N

Â
n=1

EEk
d,n(t), (4.30)

s.t. C1 : Qk
d,n(t) = 0,

C2 : Rk
d,n(t)� Rk,min

d,n (t), 8D,

C3 : 0 Rk
d,n(t) Zk

d,n(t), 8D,

C4 : f

k
d,m 2 {0,1},

C5 :
K

Â
k=1

f

k
d,m(t) 1, 8K,

C6 :
D

Â
d=1

f

k
d,m(t)Umax, 8D,

C7 : td(t)

 
D

Â
d=1

Pk
d (t)|hk

d,m(t)|2
!
 Ith

m (t), 8M,

C8 : Ec0
d,n(t) Qk,E

d,n(t)+Ek,h
d,n(t), 8D,

C9 : t0(t)+
D

Â
d=1

td(t) 1, 8D,

C10 : t0(t)> 0,td(t)> 0,

C11 : lim
T!•

1
T

T�1

Â
t=0

E{Ek,T
d,n (t)} Eav

d,n(t), 8D,

C12 : PT
b  Pmax

b ,

C13 : a

k
d,n(t)+

N

Â
l=n+1

a

k
d,l(t) 1, 8D,

C14 : a

k
d,n(t)> 0,ak

d,l(t)> 0.

In the above problem, Constraint C1 represents the queue stability of the dth DDT, it ensures
that the arrived data traffic must leave the queue in a finite time. Constraint C2 represents
the time-average data rate of the dth DDT, and must be greater than its minimum data rate
requirement. C3 limits the admitted traffic arrival rate across the dth DDT. C4 represents the
binary integer value for sub-carrier. C5 ensures that at most one subcarrier is to be allocated
to each DMG. In C6, Umax is the maximum number of DMGs that can be allocated to each
subcarrier. It reduces the co-channel interference across each subcarrier. C7 implies that if dth
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DMG is in the information decoding time interval, then the aggregated interference received
by CMU must be less than Ith

m (t). C8 ensures that the energy consumed during the WIT stage
of the DMG should be less than or equal to the total harvested energy available in the energy
buffer. C9 shows that energy harvesting and data transmission time must be less than the
allotted total time slot. C10 represents the non-negative time. C11 limits the time-average
energy consumption of the dth DMG over t. C12 represents that the Pmax

b is the maximum
transmit power of the BS in the WET stage. C13 limits the upper bound of the transmit power
of the dth DDT. C14 represents the non-negative transmit power allocation factors.

4.3 Proposed Scheme

The optimization problem formulated in Eq. (4.30) cannot be solved directly due to fol-
lowing reasons (i) it is in the fractional form (ii) stochastic due to C1, C2, C3 and C7 (iii)
non-convex due to interference terms in the denominator of Rk

d,n and (iv) MINLP due to binary
integer, the coupling of time and power variables. No systematic and tractable approach is
available through which this problem can be solved directly. To solve this problem, we divided
it into three sub-problems (i) Subcarrier allocation (ii) Lyapunov optimization and (iii) Joint
time and power allocation. With the reuse of subcarriers between the DMGs and CMUs, the
spectral efficiency of the DMGs is increased. The Lyapunov optimization approach transforms
the stochastic optimization problem into a series of successive deterministic optimization prob-
lems. Now, the joint time and power allocation are further divided into (i) power allocation and
(ii) time allocation.

It should be noted that the non-linear fractional programming problem is normally solved
by using the Dinkelbach method, but this method is applicable only for single ratio objective
function. Thus, the objective function in Eq. (4.30) cannot be solved using Dinkelbach method
because it is the sum-of-ratios of EE of each DMG [330]. So, to solve this we used the weighted
sum method.

4.3.1 Problem Transformation using Weighted Sum Method

In this subsection, the optimization problem P1 is transformed from non-linear fractional
programming form to a linear single-objective optimization problem.

Theorem 2. If a⇤(t) is the optimal solution of the objective function of Eq. (4.30), then there
exists F⇤k = (Fk

d,1,F
k
d,2, . . . ,F

k
d,n) and W⇤k = (Wk

d,1,W
k
d,2, . . . ,W

k
d,n) such that Fk = F⇤k and

Wk = W⇤k.

max
a(t)

D

Â
d=1

N

Â
n=1

Fk
d,n(w

k
d,nRk

d,n�Wk
d,nEk

d,n) (4.31)
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In addition, a⇤(t) have to satisfy the following system of equations for Fk = F⇤k and Wk =

W⇤k:
Fk

d,nEk
d,n�1 = 0 (4.32)

Wk
d,nEk

d,n�wk
d,nRk

d,n = 0 (4.33)

where wk
d,n is the weighing factor.

Proof. For the detailed proof of Theorem 2 refer to [330]

Based on Theorem 2, the objective function P1 transformed into a subtractive function
which is rewritten as follows:

P2 : max
a(t)

D

Â
d=1

N

Â
n=1

Fk
d,n(w

k
d,nRk

d,n�Wk
d,nEk

d,n)

s.t. C1�C14 (4.34)

The problem P2 is equivalent to P1, and is solved like P1.

4.3.2 Subcarrier Allocation

In this subsection, time and power allocated across each subcarrier is kept fixed, i.e., t

k =

t

⇤K , and a

k
d,n = a

⇤k
d,n. Thus, we have:

P2 : max
a(t)

D

Â
d=1

N

Â
n=1

Fk
d,n(w

k
d,nRk

d,n�Wk
d,nEk

d,n), (4.35)

s.t. C4,C5,C6,C7.

The optimization problem in (4.35) is non-convex due to binary integer and the existence of
co-channel interference. To solve this problem, we use pricing-based dynamic many-to-one
matching scheme between the set of DMGs and subcarriers.

The set of rules for the pricing-based many-to-one matching game [331], [332] are de-
scribed as follows:

Definition 1. According to the many-to-one matching scheme, a matching j is a function of
the set of all subsets of K[D, such that
(a) |j(d)|= 1, 8d 2D, and j(d) = {d}, if the j(d)*K,
(b) |j(k)|Umax, 8k 2K, and j(k) = /0, if the kth subcarrier is not matched with any DMG,
(c) j(d) = k iff d 2 j(k).
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Algorithm 7 Subcarrier Allocation Algorithm
Input: D, N , V .
Output: f

⇤k
d,m or j .

Initialization: PL(UFd(k)) = PL of the dth DMG on the kth subcarrier ; PL(UFk(d)) = PL of
the kth subcarrier on the dth DMG; y = Set of not matched DMGs; V = 0.1; j(d) = { /0}; and r

=set of conflict requests.
1: while (y(d) 6= /0 && 9j(d) 6= /0) do
2: for (d = 1,d D,d ++) do
3: The dth DDT proposes to most preferred subcarrier unit that never reject it
4: before.
5: end for
6: for (k = 1,k K,k++) do
7: if (ÂK

k=1 f

k
d,n Umax) then

8: The kth subcarrier unit accept all the request proposed by DDT.
9: Delete the matched DDT from the set of y .

10: else
11: The kth subcarrier accept the most preferred DDT upto Umax whereas
12: reject the others.
13: Delete the matched dth DDT from y .
14: Remain the rejected DDT in y .
15: end if
16: Delete d0s DDT from the (PL)d(k) who sent proposals.
17: end for
18: Count the number of k subcarriers that have received request from more
19: than one DDT.
20: Insert the conflicting k subcarrier into r

21: if r = /0 then
22: Repeat the step from 6-15
23: end if
24: if (r 6= /0) then
25: for (d = 1;d D,d++) do
26: if (kth subcarrier received request from more than one DMGs) then
27: kth subcarrier increase their prices with price step V till
28: conflicting not resolved.
29: Update PL(UFd(k)) and PL(UFk(d)).
30: Remove the dth DDT from r that provide conflicting request.
31: end if
32: end for
33: end if
34: Update r , PL(UFd(k)) and PL(UFk(d))
35: end while
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4.3.2.1 Preference List Establishment

Based on the definition 1, the preference list (PL) of subcarriers and DMGs depends on the
utility functions. The utility function of the dth DMG on the kth subcarrier is given as follows:

UFd(k) =
K

Â
k=1

f

k
d,m[EEk

d,n(t)]. (4.36)

and the utility function of the kth subcarrier on the dth DMG is given as follows:

UFk(d) =
D

Â
d=1

f

k
d,m[EEk

d,n(t)+EEk
m(t)]. (4.37)

According to the Eq. (4.36) and (4.37), the prefer relationship of the dth DMG on the kth

subcarrier, and that of the kth subcarrier on the dth DMG is given as follows:

(k,j)�d (k0,j 0),UFd(k,j)>UFd(k0,j 0), (4.38)

& (d,j)�k (d0,j 0),UFk(d,j)>UFk(d0,j 0). (4.39)

Now, the PL of the dth DMG on the kth subcarrier, and that of the kth subcarrier on the dth

DMG in descending order are given as follows:

PL(UFd(k)) = {P(UF1(k)), . . . ,P(UFd(k)), . . . ,P(UFD(k))}, (4.40)

and PL(UFk(d)) = {P(UF1(d)), . . . ,P(UFk(d)), . . . ,P(UFK(d))}. (4.41)

PL(UFd(k)) and PL(UFk(d)) are updated after each matching iteration.

4.3.2.2 Matching Process Algorithm

In this process, each DMG sends the request to their most preferred subcarriers using the
established PLs. Here, we also consider the effect of externalities [331], because in the pro-
posed model we consider more than one DMG, resulting in the co-channel interference. It
means that as the game proceeds further the defined PL changes. In the aforementioned situa-
tion, one DMG not only cares about the subcarrier it is matched with but also consider the set
of other DMGs as per the quota who wants to share the same subcarrier. Moreover, the subcar-
riers also consider the effect of mutual interference produces by DMGs on it. Once a DMG is
matched with a subcarrier, the defined PL of DMGs and subcarriers changes as the utility func-
tion changes with an interference. To resolve this conflict, we used “pricing” to represent the
matching cost for DMGs. Consider that the set of prices of subcarriers for the DMGs are virtual
with their initial value to be zero, and is represented as V = {V1,V2, . . . ,Vk, . . . ,VK},8k 2 K.
The proposed algorithm proceeds iteratively, and during each iteration, the PL of DMGs is up-

144



Ishan Budhiraja, 901703009

dated as (Ino
d,n+ Ico

d,n+ Icr
d,n�Vk) and the PL of subcarrier s is to be updated accordingly. In case,

if any subcarrier receives a request from more than Umax DMGs, then that subcarrier increases
their price from a unit value of V . This process continues until each subcarrier receives the re-
quest as per the maximum value from DMGs, and the algorithm ends when no request remains
left form DMGs. The pseudocode of the matching process is described in Algorithm 7.

The computational complexity of the Algorithm 7 is approximated as O(KD).

4.3.3 Lyapunov Optimization

In this subsection, a Lyapunov optimization approach [333] is used to stabilize the queue
of DDT in each DMG. Now, the problem describes in Eq. (4.35) is given as follows:

P2 : max
R(t)

D

Â
d=1

N

Â
n=1

Fk
d,n(w

k
d,nRk

d,n�Wk
d,nEk

d,n), (4.42)

s.t. C1,C2,C3 & C11

To solve the time-average constraint C2 and C11, we used virtual queues, and for constraint
C1 and C3, the Lyapunov function and Lyapunov drift are used, respectively. These techniques
convert the queue stability constraint into minimum Lyapunov drift. Finally, we derive the
upper bound of Lyapunov drift and propose the Lyapunov optimization algorithm.

4.3.3.1 Virtual Queues

The virtual queue of admitted data traffic and energy control at t is given as follows.
S(t)={S1(t),S2(t),S3(t) . . . ,SN�1(t),SN(t)}, and W (t)= {W1(t),W2(t),W3(t), . . . ,WN�1(t),WN(t)},
respectively.

The virtual queue for admitted data traffic constraint C2 at t is expressed as follows:

Sk
d,n(t +1) = max{Sk

d,n(t)+Rk,min
d,n (t)�Rk

d,n(t),0}, 8d,n. (4.43)

Similarly,the virtual queue for time-average energy consumption constraint C11 at t is given
as follows:

W k
d,n(t +1) = max{W k

d,n(t)+Ek,T
d,n (t)�Eav

d,n(t),0}, 8d,n. (4.44)

where Sk
d,n(0) = 0 & a

k
d,n(0) = 0.

Note that the constraints C2 & C11 are fully satisfied if its virtual queue Sk
d,n(t) and W k

d,n(t)
are mean rate stable [337].
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Now, the constraints C2 and C11 used in P2 is reformulated as follows:

P2 : max
R(t)

D

Â
d=1

N

Â
n=1

Fk
d,n(w

k
d,nRk

d,n�Wk
d,nEk

d,n), (4.45)

s.t. C1,C3,

C02 = lim
T!•

E{|Sk
d,n|/t}= 0,

& C011 = lim
T!•

E{|W k,T
d,n |/t}= 0.

4.3.3.2 Lyapunov Drift

To solve the queue stability constraints C1,C2 & C11 of P2, we used the drift-plus-penalty
algorithm [333], [334]. Before, using the drift-plus-penalty algorithm, we use the following
assumptions:

E{[Rk
d,n]

2} F ;E{[Zk
d,n]

2} F ;E{[Rk,min
d,n �Rk

d,n]
2} F (4.46)

where F represents the upper bound of the traffic arrival and transmission rate.
Let us assume that Yk

d,n(t) = [Qk
d,n(t),S

k
d,n(t),W

k
d,n(t)] is the queue matrix for the DDTs in

each DMG. The quadratic Lyapunov function for queue congestion in a scalar form is written
as follows:

Lq(Yd,n(t)) =
1
2

 D

Â
d=1

N

Â
n=1

✓
Q2

d,n(t)+S2
d,n(t)+Wd,n(t)2

◆�
. (4.47)

Now, the one-slot conditional Lyapunov drift according to Lyapunov function is given as
follows:

D(Yk
d,n(t)) = E


Lq(Yk

d,n(t)+1)�Lq(Yk
d,n(t))|Yk

d,n(t))
�
. (4.48)

The Eq.(4.48) represents the expected difference between the two Lyapunov functions at
two-time slots with respect to current queue state Yk

d,n(t). The main aim of the Lyapunov drift
is to push the Lyapunov function into a lower congestion state. Thus, the actual and virtual
queues can be achieved alongwith the controllable queueing delay [333], [334].

D(Yk
d,n(t)) B+

D

Â
d=1

N

Â
n=1

Qk
d,n(t)E

⇢
Zk

d,n(t)�Rk
d,n(t)|Yk

d,n(t)
�

+
D

Â
d=1

N

Â
n=1

Sk
d,n(t)E

⇢
Rk,min

d,n (t)�Rk
d,n(t)|Yk

d,n(t)
�
+

D

Â
d=1

N

Â
n=1

W k
d,n(t)E

⇢
Ek,T

d,n (t)�Eav
d,n(t)|Yk

d,n(t)
�
.

(4.49)
where B is a constant function that satisfies.

B� 1
2
E
⇢ D

Â
d=1

N

Â
n=1

✓
Z2

d,n(t)+R2
d,n(t)

◆�
+

1
2
E
⇢ D

Â
d=1

N

Â
n=1

✓
Rk,min

d,n (t)�Rk
d,n(t)

◆2�
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+
1
2
E
⇢ D

Â
d=1

N

Â
n=1

✓
Ek,T

d,n (t)�Eav
d,n(t)

◆2�
(4.50)

4.3.3.3 Upper Bound

To determine the upper bound of (4.48), we used the Lyapunov drift-plus-penalty algorithm
[334] described as follows:

D(Yk
d,n(t))�VE

⇢ D

Â
d=1

N

Â
n=1

(Fk
d,n(w

k
d,nRk

d,n�Wk
d,nEk

d,n))|Yk
d,n(t)

�

B+
D

Â
d=1

N

Â
n=1

Qk
d,n(t)E

⇢
Zk

d,n(t)�Rk
d,n(t)|Yk

d,n(t)
�
+

D

Â
d=1

N

Â
n=1

Sk
d,n(t)E

⇢
Rk,min

d,n (t)�Rk
d,n(t)|Yk

d,n(t)
�

+
D

Â
d=1

N

Â
n=1

W k
d,n(t)E

⇢
Ek,T

d,n (t)�Eav
d,n(t)|Yk

d,n(t)
�
�VE

⇢ D

Â
d=1

N

Â
n=1

(Fk
d,n(w

k
d,nRk

d,n�Wk
d,nEk

d,n)|Yk
d,n(t)

�
,

(4.51)
where V is a control parameter.

To satisfy the constraints C1, C02, C3, and C011 we have to minimize the right hand side
of the above expression over all control options. As B is bounded and Qk

d,n(t)Z
k
d,n(t) has no

relationship with t

it
d,n, and ad,n. The problem in P2 is given as follows:

P2 : max
t,a

⇢
Sk

d,n(t)[R
k,min
d,n (t)�Rk

d,n(t)]�Qk
d,n(t)R

k
d,n(t)+W k

d,n(t)[E
k,T
d,n (t)�Eav

d,n(t)]
�

� V
⇢
(Fk

d,n(w
k
d,nRk

d,n�Wk
d,nEk

d,n)|Yk
d,n(t)

�
(4.52)

s.t. C8,C9,C10,C12,C13, & C14.

Now, the stochastic optimization problem P2 transformed into a static deterministic prob-
lem. But, this problem is still non-convex due to td(t) and a

k
d,n in Rk

d,n. So, to solve this
problem, the Lagrangian method is used.

The complexity of the Algorithm 8 is O(T KD).

Algorithm 8 Lyapunov Optimization Algorithm
Input: Weighing parameters w1 and w2.
Output: R⇤(t).
Initialization: Set the initial time t=0.
Set the queue matrix for the dth DMG as Qk

d,n,S
k
d,n & W k

d,n.
Set a

k
d,n = a

⇤k
d,n & t

it
d,n = t

⇤it
d,n.

1: while t < T do
2: Obtain f

⇤ using Algorithm 7.
3: Update Qk

d,n, Sk
d,n & W k

d,n using (4.15), (4.43) and (4.44) 8D,N ,K
4: end while
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4.3.4 Joint Time and Power Allocation Problem

In this section, we optimize the time and power assigned to the dth DDT in each DMG.

P2 : max
t,a

D

Â
d=1

N

Â
n=1

E
⇢

Sk
d,n(t)[R

k,min
d,n (t)�Rk

d,n(t)]�Qk
d,n(t)R

k
d,n(t)+W k

d,n(t)[E
k,T
d,n (t)�Eav

d,n(t)]
�

� V
⇢

Fk
d,n(w

k
d,nRk

d,n�Wk
d,nEk

d,n)

�
(4.53)

s.t. C8,C9,C10,C12,C13, & C14

It should be noted that the inequality constraints C8,C9, & C12 is transformed into an
equality form from the theorems used in [335].

On using these theorems, we remove the constraint C12 and rearrange the constraints C8 and
C9. Thus, the P2 is reformulated as:

P2 : max
t,a

D

Â
d=1

⇢
Sk

d,n(t)R
k,min
d,n (t)� (Sk

d,n(t)+Qk
d,n(t)+Fk

d,nwk
d,nV )Rk

d,n(t)+(Wk
d,nV +W k

d,n)E
k,T
d,n (t)

� W k
d,n(E

av
d,n(t))

�
(4.54)

s.t. C8,C9,C10,C13, & C14

In order to obtain the optimal value of power and time, we assume the following:

l

k
d,n(t)

D
= hd,nPmax

b hk
b,d(t) (4.55)

Now, the P2 is transformed as follows:

P2 : max
t,a

D

Â
d=1

⇢
Sk

d,n(t)R
k,min
d,n (t)� (Sk

d,n(t)+Qk
d,n(t)+Fk

d,nwk
d,nV )Rk

d,n(t)

+ (Wk
d,nV +W k

d,n)[(P
max
b +Pc

d,n�
D

Â
d=1

l

k
d,n(t))t0(t)]

+ (Wk
d,nV +W k

d,n)(P
k
d a

k
d,n(t)+Pc0

d,n)td(t)�W k
d,n(E

av
d,n(t))

�
(4.56)

s.t. C8,C9,C10,C13, & C14

P2 is still non-convex due to the coupling of time and power allocation factors. So, to
transform it into a standard convex problem, we assume that

ek
d,n(t)

D
= tdPk

d a

k
d,n(t) (4.57)
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Now, the C8 is transformed as follows:

C8 : ek
d,n(t)+Pc0

d,n = Qk,E
d,n +l

k
d,n(t)t0(t). (4.58)

The problem P2 is reformulated as follows:

P8 : max
t,a

D

Â
d=1

Sk
d,n(t)R

k,min
d,n (t)� (Sk

d,n(t)+Qk
d,n(t)+Fk

d,nwk
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B
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log2
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◆
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d,n(t))t0]
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d,nV +W k

d,n)(e
k
d,n(t)+Pc0

d,ntd(t)�W k
d,n(E

av
d,n(t)) (4.59)

s.t. C8,C9,C10,C13, & C14

where d

k
d,n(t) =

✓
|hk

d,n|2
Ino
d,n(t)+Ico

d,n(t)+Icr
d,n(t)+s

2

◆
,8d,n 6= 0.

The Lagrangian function of Eq. (4.59) is given as follows:

L(teh
d,n(t),td(t),ek

d,n(t),b,c,d) = (Sk
d,n(t)+Qk

d,n(t)+Fk
d,nwk

d,nV )td(t)
B
K

log2

✓
1+

ek
d,n(t)d

k
d,n(t)

td(t)

◆

+ (Wk
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d,n)(e
k
d,n(t)+ td(t)Pc0
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✓ D
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(teh
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✓
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d,n�

D
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N

Â
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f
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t0(t)� c

D
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Â
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✓
ek

d,n(t)+Pc0
d,n�Qk,E

d,n �l

k
d,n(t)t0(t)

◆
(4.60)

In (4.60), b, c, and d are the Lagrange multipliers for C8, C9, and C13, respectively. Note
that the non-negative constraints C10 and C14 are used within the Lagrangian function to obtain
the optimal solutions. Now, the dual function of Eq. (4.59) is given as follows:

min
b,c,d>0

max
t,e

L(t0(t),td(t),ek
d,n(t)). (4.61)

As the Eq. (4.59) is a convex problem, and fulfil the Slaters condition, therefore, the duality
gap between Eq. (4.59) and (4.61) becomes zero [320]. Hence, the optimal solution of Eq.
(4.59) is obtained by using an iterative method.

The maximization of L(t0(t),td(t),ek
d,n(t)) with respect to (t0(t),td(t),ek

d,n(t)) for given
(b,c,d) is solved using the Karush-Kuhn-Tucker (KKT) conditions. The partial derivative of L
with respect to t0(t), td(t) and ek

d,n(t) are given as follows:

∂L
∂t0

=�b+(Wk
d,nV +W k

d,n)(P
max
b (t)+ pc

d,n)+ [c� (Wk
d,nV +W k

d,n)]
D

Â
d=1

N

Â
n=1

l

k
d,n(t) (4.62)
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∂L
∂ek

d,n
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B(Sk
d,n(t)+Qk

d,n(t)+Fk
d,nwk

d,nV )td(t)d k
d,n(t)
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k
d,n(t)) ln2

+(Wk
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∂td
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B
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log2
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+
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ln2(td(t)+ ek
d,n(t)d

k
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d,nV +W k

d,n)P
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d,n�b (4.64)

To obtain the optimal value of a

k⇤
d,n(t), put a

k⇤
d,n(t) =

ek
d,n(t)

t

id
d,n(t)

, and ∂L
∂ek

d,n
= 0 in Eq. (4.59).

Now, we get

a

k⇤
d,n =

B(Sk
d,n(t)+Qk

d,n(t)+Fk
d,nwk

d,nV )

K ln2(b� (Wk
d,nV +W k

d,n))
� 1

d

k
d,n(t)

�
(4.65)

where [x]+=max{x,0}. From Eq. (4.65), it is observed that a

k⇤
d,n is inversely proportional to the

downlink channel gain. This means that the DDT must acquire the channel with higher gain so
that less amount of power consumption provide maximum energy efficiency.

Let us assume that f0(b) = ∂L
∂t0(t)

. As L is a linear function of t0 with t0(t) � 0. Now the
bounded value of t0(t) with respect to the Lagrangian function is given as follows:

t

⇤
0 (t) =

8
<

:
2 [0,1), if f0(b) = 0,

= 0, otherwise.
(4.66)

On substituting the value from (4.65) to (4.61) and taking its partial derivative with respect
to td(t), the optimize value of t

⇤
d (t) is achieved and given as follows:

f (d k
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D
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where G D
=


(Sk

d,n(t)+Qk
d,n(t)+Fk

d,nwk
d,nV )

ln2(b�(Wk
d,nV+W k

d,n))

�
.

The value of t

⇤
d (t) is given as follows:
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�
, if d
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k
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(4.68)
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where b

k⇤
d,n is the solution of

(Sk
d,n(t)+Qk
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d,nwk

d,nV )td(t)
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log2
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� (Wk
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k
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Furthermore, t

⇤
0 (t) and t

⇤
d (t) should satisfy

t

⇤
0 (t)+

D

Â
d=1

t

⇤
d (t) =

8
<

:
1, if a > 0,

 1, otherwise.
(4.70)

Now, the value of Lagrangian multipliers using the gradient method is given as follows:

bk
d,n(i +1) = [bk

d,n(i)� e1(Q
k,E
d,n +Ek,h

d,n�Ec0
d,n)]

+ (4.71)

ck
d,n(i +1) = [ck

d,n(i)� e2(1� t0)+
D

Â
d=1

td]
+ (4.72)

where i is an iteration index, and e1 & e2 are the positive step sizes.

4.3.5 Updation of (F,W)

In this section, we update the value of F & W. Assume that u

k
d,n(F

k
d,n) = Fk

d,nEk
d,n�1, and

u

k
d,n(W

k
d,n) = Wk

d,nEk
d,n�wk

d,nRk
d,n, where d 2 {1,2, . . . ,D}. The optimal solution is obtained at

(F,W), when u(F,W) = 0. Now, according to damped Newton method, the value of F and W
are updated as follows:

F(i +1) = F(i)+µ(i)r(i), (4.73)

W(i +1) = W(i)+µ(i)r(i), (4.74)

r(i) = u

0(F,W)�1
u(F,W), (4.75)

where u

0(F,W) is the Jacobian matrix of u(F,W), i is the iteration index, and r(i) is the
greatest of r satisfying.

||u(F(i)+rr(i),W(i)+rr(i))|| (1�rc)||(F(i),W(i))||, (4.76)

where r 2 {0,1}, c 2 {0,1}, and ||.|| is the standard Euclidean norm.
Now, the updated equations of F and W is expressed as follows:

Fk
d,n(i +1) = (1�r(i))Fk

d,n(i)+r(i)
1

Ek
d,n

(4.77)
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Wk
d,n(i +1) = (1�r(i))Wk

d,n(i)+r(i)
wk

d,nRk
d,n

Ek
d,n

(4.78)

4.3.6 Energy-Delay Tradeoff Algorithm for NOMA-based DMG with WPCN

Algorithm 9 EE and Delay Tradeoff for NOMA-based DMG with WPCN
Input: e = Accuracy Indicator; i = Iterative index; imax = Maximum Iteration value.
Output: EE⇤kd,n.
Initialization: Set i = 0; and Initialize Fk

d,n and Wk
d,n;

1: repeat
2: Compute subcarrier allocation indicator f using Algorithm 7;
3: Transform the stochastic optimization problem into deterministic optimization
4: problem using Algorithm 8;
5: Initialize b and c;
6: repeat
7: Compute the power allocation factor a

⇤k
d,n using Eq. (4.65);

8: Compute the time allocation indicator t

⇤
0 (t) and t

⇤
d (t) using Eq. (4.66) and (4.68);

9: Update the dual variables b and c using Eq. (4.71) and (4.72);
10: until b and c converge;
11: Compute r(i) using Eq. (4.75);
12: Compute the r after satisfying Eq. (4.76);
13: Update Fk

d,n and Wk
d,n using Eq. (4.77) and (4.78);

14: i = i +1;
15: until ||u(F,W)||< e .

In this section, an iterative energy-efficient algorithm for NOMA-based D2D with WPCN
is designed, as shown in algorithm 9. Firstly, the DDT allocates equal power to all DMUs
in each DMG, and then use the following process to achieve the maximum EE. Compute the
subcarrier allocation f

⇤k
d,n using Algorithm 7. Transform the stochastic optimization problem

into deterministic problem, i.e., obtain Rk
d,n(t) using Algorithm 8. Compute the optimal value of

power allocation coefficients and information transmission time using the Lagrangian function
and KKT conditions, i.e., a

⇤k
d,n and t

⇤
d using Eq. (4.65) and (4.68). In this way, the closed-

form expression of a

⇤k
d,n for DDT in each DMG across each subcarrier is obtained. The time

complexity of Algorithm 9 is O(iT KDN).

4.4 Performance Evaluation

In this section, performance of the proposed scheme is evaluated and discussed.

4.4.1 Numerical Settings

The parameters are chosen on the basis of 3GPP urban path loss model [336], and are listed
in Table 4.2. In the proposed model, a cellular cell is taken in which the BS is located at the
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Table 4.2: Simulation Parameters

Parameters Values
Radius of cell 500 m
Radius of DMG 30 m
Number of CMUs (M) 5⇠10
Number of DMGs (D) 5⇠10
Number of DMUs in each DMG (N ) 4
Subchannel bandwidth (B/K) 25 KHz
Number of sub-carriers (K) 5
SINR threshold of CMU (Ith

i ) 2 dBm
Max. transmission power of DDT (Pmax

d ) 25 dBm
Max. transmission power of BS (Pmax

b ) 50 dBm
Data Buffer Size (Db) 1000 bits/Hz
Energy Buffer Size (Eb) 10 J
Minimum data rate of DMU (Rk,min

d,n ) 0.2⇠2 bits/slot/Hz.
Energy transformation efficiency (h) 0.9
Circuit power consumption (Pc

d ) 50 mW
Weighing factor (wk

d,n) 0.5, 1, 1.5
Control Parameter V 200
Actual admitted traffic arrival rate Zk

d,n 0.5⇠ 2.5 bits/slot/Hz
Maximum number of DMGs Umax 2

center, and CMUs and DMGs are uniformly distributed. Each DMG consist of one DDT, and
N DMUs. Assume that Db and Eb represent the data and energy buffer size of each CMU and
DMG, respectively.

4.4.2 Results and Discussion

4.4.2.1 Comparison of the proposed Algorithms with the pre-existing schemes

In this subsection, the effectiveness of a proposed scheme is evaluated and compared with
the existing NOMA, i.e., EEDRO [338] and OFDMA, i.e, TRADEOFF [337] schemes. In
EEDRO, authors have studied the dynamic resource allocation in downlink NOMA networks.
Also, authors proposed a suboptimal subchannel assignment algorithm based on the two-side
matching method. Based on the framework of Lyapunov optimization, the problem of en-
ergy efficient optimization has been broken down into three subproblems, two of which are
linear and the rest of which can be solved via Lagrangian optimization. On the other side,
in TRADEOFF, investigated the EE-delay tradeoff problem in cellular network assisted D2D
communication systems by a formulated stochastic optimization problem, which optimizes EE
subject to the network stability, average power, and interference-control constraints. An algo-
rithm, the TRADEOFF, has been developed to optimally solve the problem, which thus offers
an important performance benchmark for other heuristic algorithms.
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Figure 4.2: Comparative Analysis: (a) Effect on weighted average EE of DMG versus time
slots h = 0.9, Pc

b = 0.05W and Pc0
d,n = 0.001W . (b) Effect on weighted average EE of DMG

with respect to traffic arrival rate (c) Effect on weighted average EE of DMG with respect to
the control parameter (V) (d) Effect on weighted average EE of DMG with respect to Energy

transformation efficiency (h).

Fig. 4.2(a) represent the simulated result between the weighted average EE of DMG and
time slots under h = 0.9, Zk

d,n = 1.5 Pc
b = 0.05W , and Pc0

d,n = 0.001W . The result shows that EE
fluctuates gradually with an increase in time slot t. Also, the result implies that the proposed
scheme achieves 2.4% and 10.6% higher average EE than the existing EEDRO and TRADE-
OFF schemes. This is because the proposed scheme adaptively allocates the subchannel, power,
and time to harvest the energy among DMGs. Also, the proposed scheme used many-to-one
matching for subcarrier allocation whereas, in EEDRO, many-to-many matching was used. It
is well known that many-to-many subcarrier allocation consumes more power than the many-
to-one. On the other side in TRADEOFF prismatic branch and bound was used which is more
complex than the Lagrangian method.

Fig. 4.2(b) represents the graph between the weighted average EE of DMGs with respect
to the actual admitted traffic arrival rate under V = 100, Pc

b = 0.05W , and Pc0
d,n = 0.001W . The
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result shows that average EE decreases with an increase in the traffic arrival rate. This is be-
cause with an increase in the traffic arrival rate, the congestion and average power consumption
increase exponentially. The result shows that when the Zk

d,n=1.5, the proposed scheme achieves
5% and 55.5% higher EE than the EEDRO and TRADEOFF schemes.

Fig. 4.2(c) shows the effect on weighted average EE of DMG with respect to V under
Pc

b =0.05W, Pc0
d,n=0.001W, wk

d,n=1, Zk
d,n=1.5. The result shows that the EE increases exponen-

tially with an increase in V but after a certain value of V, the average EE becomes constant.
This is because with an increase in V and fixed weight all the DMGs harvest and consume
equal energy at both the downlink WET stage and uplink WIT stage. Also, the result shows
that when the V reaches up 800, then the proposed scheme achieves 2.1% and 15.21% higher
EE than the EEDRO and TRADEOFF, respectively.

Fig. 4.2(d) depicts the variation in weighted average EE of DMG with respect to vari-
ation h under Pc

b = 0.05W , Pc0
d,n = 0.001W , wk

d,n = 1, Zk
d,n=1.5. The results show that with an

increase of h , the value of EE increases. This is because with an increase in h , the time to har-
vest the energy increases and time to transmit the information decreases. The results show that
when h = 0.7, the proposed scheme achieves 2.6% and 15.78% higher EE than the EEDRO
and TRADEOFF. The reason behind this is that the proposed scheme allocates adaptive time
among DMGs as per the time-varying channel conditions and data queue length.

4.4.2.2 Impact on average power consumption

Fig. 4.3 (a) shows an impact on average power consumption with respect to V with an
increase in the number of subcarriers. The results show that average power consumption de-
creases with V with an increase in the number of subcarriers. This is because, with an increase
in subcarriers, the DDTs easily acquire and reuse the best subcarrier which is already occupied
by the CMUs. The result shows that when V reaches to 70, then K=4 consumes 4.1% less
energy as compared to K=2.

Fig.4.3 (b) shows an impact on average power consumption versus V with respect to the
increase in data rate requirement of DMUs. The result shows that average power consumption
increases when data rate requirements of DMUs increases. This is due to the fact that with an
increase in data rate requirements of DMUs, the DDTs have to transmit information with large
energy due to which power consumption increases. The result show that when V reaches to 70,
then power consumed at Rk

d,n = 2 bits/slot/Hz is 4.823% higher than the Rk
d,n = 1.5 bits/slot/Hz.

4.4.2.3 Impact on weighted EE and average delay

Fig.4.3 (c) shows an impact on weighted average EE of DMG with respect to V keeping
the weight constant. The result shows that the average EE increases with an increase in V. This
is due to the fact that V is proportional to EE which means that a higher value of V generates
more impact on EE. Also, the result shows that an average EE increases with an increase in
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Figure 4.3: Comparative Analysis: (a) Impact on average power consumption v/s V with an
increase in number of subcarriers and h = 0.9, Pc

b = 0.05W and Pc0
d,n = 0.001W , Rk

d,n = 5
bits/slot/Hz (b) Impact on average power consumption V with varying data rate requirement of
DMUs and h = 0.9, Pc

b = 0.05W , Pc0
d,n = 0.001W , and K = 4 (c) Impact on weighted average

EE of DMG v/s V under different values of weighted factor (d) Impact on average delay v/s Z
at different values of Pc0
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weighting factor w of DMGs. This is due to the fact that with an increase in w, the energy
harvesting by that DMG increases as EE is directly depended upon the weighing factor.

Fig.4.3 (d) shows an impact on an average delay with respect to change in traffic arrival
rate (Z). The result shows that delay increases exponentially with an increase in actual admitted
traffic arrival rate. The reason behind this is that with an increase in traffic arrival rate the queue
backlog increases.

4.4.2.4 Convergence Rate Analysis

Fig.4.4(a) represents the cumulative distribution function with the number of iterations. The
graph shows the convergence rate of the Algorithm 7 with different number of DMGs. The re-
sult shows that the proposed algorithm 7 takes a lesser number of iterations to converge. For
example, when the number of DMGs in a cell is 9, on an average 40, the number of iterations is
used by the proposed algorithm to converge. Moreover, the graph shows that when the number
of DMGs in a cell increases, the number of iteration steps also increases. The reason behind
such behavior is that the probability of reusing the subcarriers increases which result in an in-
crease in the iteration steps.

Fig.4.4(b) shows the convergence rate of the Algorithm 8 at fixed data and energy buffer
with respect to the variation in EE requirements of DMGs. The result shows that an optimal EE
is achieved for the small number of iterations, but as the EE requirements of DMGs increases,
the convergence rate also decreases. The reason behind such behaviour depends upon the avail-
ability of subcarriers and V. When the weighted average EE requirements of DMGs increases
then they have to search and reuse the best possible subcarrier as per its availability to meet
their EE requirements. As the number of DMGs in a cell increases, the possibility to find the
best subcarrier decreases due to an increase in co-channel interference.
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4.5 Summary

In this chapter, we investigate a distributed energy-efficient and delay tradeoff scheme for
NOMA-based DMGs with wireless powered communication networks. Firstly, the DDTs and
CMUs harvest energy from the RF signals of the BS. Then, the CMUs and DDTs transmit the
information to the BS and DMUs from the harvested energy using TDMA and NOMA, re-
spectively. Considering both stochastic traffic arrivals and time-varying channel conditions, the
stochastic optimization problem is formulated whose aim is to maximize the EE and minimize
the delay. To solve the problem, the weighted sum method, subcarrier allocation, Lyapunov
optimization, and Lagrangian function is used. Finally, the evaluated result shows that the pro-
posed scheme provides superior EE as compared to an existing NOMA and OFDMA schemes.
In the future, we extend this work by considering imperfect channel information.

158



Chapter 5

Conclusion and Future Scope

D2D communication is a promising technology in which the spectrum resources are reused
efficiently with CMUs in an underlay of 5G network. Using it, network capacity and spectral
efficiency increases but it introduces the co-channel interference. Moreover, massive connec-
tivity has not been fully exploited for efficient spectral efficiency usage in the existing solutions.
Therefore, to address the above-mentioned challenges, PD-NOMA technique is integrated with
the DMGs. Apart from spectral efficiency and massive connectivity, energy efficiency is also a
challenging issue in D2D communication due to the limited energy storage capability of a bat-
tery. To overcome the aforementioned challenges, the research work focused on two different
approaches.

Firstly, a “Cross-Layer Interference Management Scheme for D2D Mobile Users Using
NOMA" is proposed. In this approach, the sum rate of the overall network is maximized with
respect to the constraints of RB and power allocation. To achieve this goal, the DMGs are
designed between the DDT and DMUs to reduce the intra-user interference using the SIC tech-
nique. Secondly, the resource allocation scheme for both the CMUs and DMGs is designed
to mitigate the cross-interference using many-to-many mapping scheme. Also, to fully exploit
the potential benefits of DMGs and to enhance the spectral efficiency of the DMGs, the GRSC
based RB reuse algorithm among DMGs is proposed. Thirdly, for power optimization, the DC
programming approach based on a SCALE is used to reduce co-channel interference. Finally,
a joint user grouping, RB and power allocation scheme is designed to reduce the complexity
and convergence rate, and improve the sum-rate. The proposed scheme achieves 4.54% and
22.72% higher sum-rate than the JUCPA and JSPA with respect to an increase in the number
of DMGs. However, if we extend this work to a multicell scenario, the problem of intercell
interference becomes severe. Hence in the next approach, we explore the issues of intercell
interference in the multicell systems.

In the second approach, we investigate a distributed energy-efficient and delay tradeoff
scheme for NOMA-based DMGs with wireless powered communication networks. Firstly, the
DDTs and CMUs harvest energy from the RF signals of the BS. Then, the CMUs and DDTs
transmit the information to the BS and DMUs from the harvested energy using TDMA and
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NOMA, respectively. Considering both stochastic traffic arrivals and time-varying channel
conditions, the stochastic optimization problem is formulated whose aim is to maximize the
EE and minimize the delay. To solve the problem, the weighted sum method, subcarrier allo-
cation, Lyapunov optimization, and Lagrangian function is used. Finally, the evaluated result
shows that the proposed scheme provides superior EE as compared to an existing NOMA and
OFDMA schemes. In the future, we extend this work by considering imperfect channel infor-
mation.
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