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The role of metalens in designing effective antennas and material specifications for
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works. The last chapter gives details about the legal frameworks for 5G technology for
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Preface

Wireless communication has significantly impacted the world of the digital era
because of its enormous applications in many ways. Day to day, the role of wire-
less communication in our daily lives has increased since its inception. Since 2011
onwards, wireless technology has become an essential part of our lives to make our
many tasks quicker and easier. This technology reaches throughout the world, even
in some of the more remote regions of the planet. Keeping this in mind, the present
book aims to give a basic idea of how to model and implement wireless communica-
tion technology such as 5G and beyond 5G cellular networks, their challenges, and
future opportunities for research.

Various latest techniques used in 5G and beyond 5G communication, such as
non-orthogonal multiple access (NOMA), device-to-device (D2D) communication,
6G ultra-dense O-RAN, rate-splitting multiple access (RSMA), simultaneous wire-
less information and power transfer (SWIPT), massive multiple input multiple output
(mMIMO), and cell-free massive MIMO systems are explained in detail for 5G and
beyond cellular networks. Design and development aspects for 5G and beyond net-
works over various techniques are also included in this book. The different emerging
research areas in 5G and beyond wireless networks, probable solutions, and future
research directions have been elaborated.

The role of metalens in designing effective antennas and material specifications
for 5G applications has been explained in this book. Apart from the above emerg-
ing topics, this book also gives ideas about intelligent communication, Internet of
Multimedia Things (IOMT), millimeter-wave MIMO-UFMC, and fog computing
cloud networks. The last chapter gives details about the legal frameworks for 5G
technology for responsible and sustainable deployment. Overall, this book may ben-
efit network design engineers and researchers working in the area of next generation
cellular networks.
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’I Machine Learning
Empowered
Resource Allocation
to Reconfigurable
Intelligent Surface
Supported
MIMO-NOMA Networks

Mehboob Ul Amin and Ghanshyam Singh

1.1 INTRODUCTION

The radio spectrum is a valuable and limited resource that needs to be utilized
effectively. Cognitive radio (CR) and non-orthogonal multiple access (NOMA) are
emerging technologies that hold promise for improving spectrum utilization and pro-
viding seamless communication with higher efficiency, lower power consumption,
improved accuracy, and reduced computational complexity. With the exponential
growth of wireless technologies, the deployment of 5G networks and research on
6G technologies are underway to achieve more reliable and faster communication.
In this context, intelligent reflecting surface (IRS) has emerged as a key technique
for next-generation networks, including beyond 5G (B5G) and 6G communication
networks. IRS comprises a large number of passive elements that can reflect signals
with adjustable phase shifts. These elements are typically made of metallic materials.
The beam steering capability of IRS allows it to direct the signal toward the intended
user, enhancing the signal quality and coverage. The main objective of modelling
an IRS system is to maximize the utilization of the reflected wave, which directly
influences the IRS’s performance. By optimizing the phase shifts of the reflecting
elements, the IRS can effectively enhance signal strength, improve channel capacity,
and optimize overall system performance. Moreover, IRS technology, with its beam
steering capability and adjustable phase shifts, has the potential to significantly
improve the performance of future communication networks such as BSG and 6G.
By maximizing the utilization of the reflected waves, IRS can enhance signal qual-
ity and coverage, leading to improved spectral efficiency, lower power consumption,
and more accurate communication with reduced computational complexity.
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2 5G and Beyond Wireless Networks

A CR is an enhanced version of a software radio that incorporates a cognitive
engine consisting of a knowledge base, reasoning engine, and learning engine. This
cognitive engine enables software alterations based on inference derived from the
information stored in the knowledge base, which serves as the radio’s permanent
memory. The reasoning engine functions as an intelligent system, as commonly
referred to in artificial intelligence literature. The learning engine is responsible
for updating the knowledge base through experiences and observations. In wire-
less communication systems, the allocation of resources such as power, bandwidth,
and spectrum play a crucial role in determining the system’s performance. Effective
resource allocation is vital for maximizing the operation of next-generation com-
munication systems. Therefore, resource allocation has become a prominent feature
of future communication networks. To enhance the rate and efficiency of wireless
channels, software-controlled meta-surfaces, known as IRS, or reconfigurable intel-
ligent surfaces (RIS), or large intelligent surface/antenna (LISA), can be deployed.
These surfaces can be implemented using large arrays of cost-effective antennas
with inter-distances approximately half the wavelength or through the use of meta-
material elements with significantly smaller sizes and inter-distances compared to
the wavelength. The input to the IRS consists of plane waves, and the output consists
of scattered waves whose phase shifts are controlled to achieve the desired reflection.
However, IRS has certain limitations, such as its inability to support high digital pro-
cessing capabilities, as it is primarily designed based on the concept of beamform-
ing. Therefore, other complementary concepts may need to be employed alongside
IRS to overcome these limitations.

1.1.1  ReLatep WORK

The integration of IRS into the CR system aims to improve spectral efficiency,
energy efficiency, and overall system performance. By optimizing the beamform-
ing vector at the secondary user (SU) transmitter and phase shifts at the IRS, the
study demonstrates significant improvements in achievable rates and system capac-
ity. In [1], the authors propose an innovative approach to enhance the performance
of a multiple-input single-output (MISO)-CR system by incorporating IRS. The
results highlight the potential of IRS as a valuable technology for enhancing the
performance of CR systems in dynamic spectrum access scenarios. This system
optimizes the beamforming vector at the SU transmitter and phase shifts at the IRS
to improve the SU’s achievable efficiency. The study considers power capacity limits
on the SU transmitter, interference temperature bounds on the primary user (PU)
receivers, spectrum efficiency (SE), and energy efficiency (EE). Numerical results
demonstrate that the proposed IRS significantly enhances the SU’s achievable rate
in both ideal and imperfect channel state information (CSI) scenarios. Similarly [2]
also focuses on enhancing SE and EE in a CR system using the same approach as
in [1]. Computational experiments are conducted to evaluate the potential gains in
SU’s achievable rate. In the context of multiple-input multiple-output (MIMO)-CR
systems, [3] suggests a similar principle can be applied. To solve the complex opti-
mization problem with variable coupling, the block coordinate descent (BCD) tech-
nique is introduced. Resource allocation strategies within CR systems are discussed



Machine Learning Empowered Resource Allocation 3

in reference [4]. The optimization problem is formulated as non-convex, considering
the lack of PU knowledge of the CSI. The BCD technique is employed to address
this problem. In the presence of significant cross-link interference with the PU, ref-
erence [5] proposes the use of an IRS to facilitate spectrum sharing between the
PU and SU. However, security concerns such as main user emulation, jamming,
eavesdropping, and spectrum sensing data falsification can pose challenges in CR
networks. [6] focuses on increasing the secrecy rate of the SU under various con-
straints. This approach ensures the protection of legitimate users’ data from eaves-
dropping, ensuring communication anonymity. In CR networks, beamforming and
pre-coding techniques offer advantages in terms of SE, power control, link capac-
ity, transmission security, and improved signal-to-interference plus noise ratio
(SINR). [7] investigates the use of IRS and vertical beamforming in CR networks
to maximize spectrum utilization. [8] introduces an IRS to enhance the network
throughput of CR systems. The study addresses beamforming design considering
bounded CSI error and statistical CSI error models for PU-related channels in IRS-
aided CR systems. Finally [9] presents multiuser underlay cognitive transceiver
topologies that aim to provide mm-wave spectrum access while reducing interfer-
ence to existing users. Overall, the mentioned references explore various aspects of
CR systems [10—12], including the use of IRS [13—15], optimization techniques for
resource allocation [16-18], beamforming strategies [19, 20], and addressing secu-
rity and interference challenges in CR networks [21, 22]. In this chapter, we describe
a proposed approach using machine learning and deep learning techniques for an
IRS-based NOMA cognitive system, focusing on enhancements in ergodic succes-
sive convex approximation, ensuring optimal solutions for the transmit vector of
base station and IRS vector. The deep learning solution is implemented for higher
gains of capacity and target rate at optimal signal-to-noise ratio (SNR). The main
contribution of this chapter is as follows:

*  We propose a new machine learning—based deep learning approach for an
IRS-based NOMA system to get enhancements in ergodic capacity and tar-
get rate.

e For better optimization of resources, we use first-order Taylor decomposi-
tion to solve the non-convexity problem of sum rates defined by Shannon
theorem and convert the non-convex problem as the difference of two con-
vex functions by successive convex approximation.

e Deep learning solution—based artificial neural network using MATLAB
software is proposed for better performance gains. Simulation results depict
that proposed deep learning solution increases the spectral efficiency in
terms of bps/Hz and lowers the outage probability (OP) and computational
complexity.

The rest of the chapter is organized as follows: Section 1.2 presents the system
model, providing an explanation of the key components and their interactions. In
Section 1.3, the problem formulation is described, outlining the specific objectives
and constraints for achieving optimal solutions, and Section 1.4 gives us the optimal
solution. Section 1.5 presents the results and discussions, analyzing the performance



4 5G and Beyond Wireless Networks

and effectiveness of the proposed approach. Finally, in Section 1.6, a summary is
provided, highlighting the main findings and conclusions of the study.

1.2 SYSTEM MODEL

We consider an RIS-assisted multiuser downlink network, with base station equipped
with multiple antennas and RIS with M passive reflecting elements to enhance the
channel. The RIS’s diagonal reflection network for the n-th block is given

6[n]=diag(e’”" &1 .../ 1), (LD)

The phase shift of the m” passive reflecting element is designated by 6,,, wherein
the significance of 6, is between 0 and 27 and n ~ CN (0,0%) designates the AWGN
(additive white Gaussian noise).The link between base station (BS) and IRS is mod-
eled as Rayleigh, and Rican channel is used between IRS and user equipment’s. Let
r,, denote the channel gain between BS and IRS reflecting element and 7, denote
the channel between m-th IRS reflecting element and n-th user. There may be cer-
tain elements that carry data in terms of diagonal matrix. Let d, denote the diago-
nal matrix carrying data between BS and m-th IRS reflecting element, the received
SINR is given as

d"6[n]d,[ P,
SINR = — , 1.2)
Y ldf6ln) P+ N?

i=n+1

where P, is the power at transmitter. The NOMA user rate is given as
C=log, (1 + SINR). (1.3)

For N number of users, the total sum rate is given as

N
CSum= Y Jog. (1 + SINR). (1.4)

n=1

1.3 PROBLEM FORMULATION

The following logarithm concave problem is formulated at IRS and can be solved
using sub-gradient iterative algorithm involving deep learning—based ML algorithm

N
maxG[n]Zlogz (1+ SINR),

n=1
st10,]°=1,Yme {1,2,...,M}, (1.5)
01 +92 +"'+9n :1
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We introduce the variable 7, for target rate such that
(1+min(SINR)) 2T,. (1.6)

Thus, we have,
D= log2[HTn ] (17)
ne N

While solving the concavity of equation (1.7), we have following sub-problem

maxT7,, (1.8)

5.1 T2 < ch, (1.8-a)
neN

C — 1< min(SINR). (1.8-b)

For the link between IRS element and users, we introduce IRS reflecting vec-
tor R and channel coefficient 7;, such that the sub-problem of equation (1.8) can be
written as

2

N
H H
E ‘R r,d,
n=1
Ni

- 2 ’Z’;l — L (19)
YR+ N
i=l1
n=1
o Z‘RHr,;ldf{ ’
:2\ Riral < NTi—l (1.10)

Ni

1.4 OPTIMAL SOLUTION

The SINR of equation (1.2) is now formulated as:
. PO[n] |R"rd/" ’
SINR =— : (1.11)
P Y 0[n] [R"rd!" + N*

i=n+l

Then, the target rate 7, is given as

N
T, = ZBWlogz (1+SINR), (1.12)

n=1
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where [ is the identity matrix of receive antennas. Let R = RR" and H =r;d?",
where R >0 and rank(R)=1, H >0 and rank (H)=1, then T," can be presented as
function of R as

1, =Y BW A (R)- £(R)] (1.13)

n=1

Now, T, is the difference between two concave functions. The rank one con-
straint is thus non-concave, which is first transformed as the difference of two con-
vex function as

rank(R)=1, (1.14)

ir(R)-|R[,=0, (1.15)

where tr(R)= Y., S, and S, represents the n-th largest singular value of R . HRH is
the spectral norm of matrix R. We use successive convex approximation to replace
norm \RH , with its first-order Taylor approximation for obtaining lower bound
values as

[R|, 2[R

r(didi (R-R"))= HﬁHz (1.16)

After adding the penalty term 717 > 0, the target rate can be formulated as

T, =max ZBW[fl (R)—W]—n(tr(n)—uﬁ\\z). (L17)

n=1

1.4.1 DEeP LEARNING SOLUTION

This solution is based on deep learning neural networks, where we consider an input
layer, a hidden layer, and an outer layer. The input layer size is determined by the
number of RIS reflecting elements (M) and number of NOMA users. The activation
function “tanh” is selected to match the input and output relationships. The RIS
phase-shift matrix 6[n] and channel matrix gain H determine the size of input layer
so that the input to DNN network is 8[n] and H. The DNN will determine current
RIS matrix 6[n] and corresponding beamforming vector R as follows:

{6[n], R}=w(0[n-1].H), (1.18)

where y represents the DNN-fitted function. This action achieves the target rate
T, and can be fed with the loss function L(n). Thus, optimization problem can be
solved as
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L(n)=-Y (T, + HO[n])". (1.19)

The addition of penalty term gives the following expression for loss function as

L(n)=-T,+W|y].. (1.20)

1.5 RESULTS AND DISCUSSIONS

This section evaluates the performance of a deep learning (DL)-based RIS-NOMA
system in terms of ergodic capacity (EC), target rate, OP, symbol error rate (SER),
and computational complexity using Monte Carlo simulations carried on MATLAB
software. Three users are selected in the NOMA system and are designated as DI,
D2, and D3. D3 is the strong user, D2 is the intermediate user, and D1 belongs to
the weaker user. The parameters are set in terms of bandwidth BW = 10 MHZ, car-
rier frequency=3 GHZ, noise variance=—94 dbm, distance from BS to DI = 1000
meters, distance from BS to D2=750 meters, distance from BS to D3=500 meters,
and NOMA coefficients a1=0.74, a2=0.5, and «3=0.25.

Figure 1.1 shows the plot for EC vs. source transmits power for NOMA, IRS-
NOMA, and DL-based IRS-NOMA for three users D1, D2, and D3. The EC starts
increasing with the increase in source transmit power for all the users. IRS-NOMA
for all the three users has much greater performance than NOMA. The applica-
tion of DL further enhances the capacity for all three users with DL IRS NOMA

@ 7 T T T T T T

&0 —D1-NOMA
—— D2NOMA
—DBNOMA

ok —+—D1BSNOMA 4
—t+— D2RSNOMA
—— D3 RSNOMA

| i...] =#=—DLOLRSNOMA )
—+—DLO2IRSNOMA
—4— DLOZRSNOMA

20 —

&

Ergodic Capacity (bps/Hz)

= . t
0 5 10 15 % k1] ¥ 40

Source Transenit power Ps(dBm)

FIGURE 1.1 Ergodic capacity vs. source transmits power.
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FIGURE 1.2 CDF plot of target rate.

for D3 having ergodic capacity of 81 bps/Hz at the source transmit power of
40 dBm. Better gains are being achieved by DL-based IRS NOMA as compared to
IRS NOMA. The IRS NOMA achieves the better results as compared to NOMA.
The IRS NOMA for D3 position is having EC of 28 bps/Hz, while NOMA for D3
position is having ergodic capacity of 11 bps/Hz. Similarly, the weak user DI also
exhibits better capacity gains with the application of the DL algorithm. DL-based
IRS-NOMA has ergodic capacity of 67 bps/Hz for DI user, while IRS NOMA has
the capacity of 22 bps/Hz and NOMA has a capacity of 1 bps/Hz at 40 dBm source
transmit power. Figure 1.2 shows the cumulative distribution function (CDF) plot
of target rate in terms of unit of capacity known as Shannon for all the proposed
schemes. CDF plot is done in order to reflect the performance of cell edges and cell
centers. Two rate measures Sth and 50th percentile are used to reflect the cover-
age performances of weak and strong users, respectively. NOMA for all the three
users has poor performance at 5th percentile level CDF (i.e., at cell edges). The
target rate for NOMA starts increasing at higher percentile levels, NOMA having
a target rate of 7 Shannon at 50th percentile level for D3 user. The incorporation of
IRS also does not have sufficient impact on the target rate for 5th percentile level
CDF. However, the target rate increases for the 50th percentile level CDF with IRS
NOMA having target rate of 19 Shannon for D3 user. The DL-based IRS NOMA
has some impact on the target rate for the 5th percentile level CDF, with DL-based
IRS NOMA having a target rate of 7 Shannon for D3 user. Similarly, for the
50th percentile CDF level, DL-based IRS NOMA has the highest target rate of
about 27 Shannon.
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FIGURE 1.3  Plot for outage probability vs. source transmit power.

Figure 1.3 illustrates the OP of NOMA, IRS NOMA, and DL-based IRS NOMA
for all three users. The OPs with DL-based IRS NOMA and IRS NOMA are gradu-
ally lower than those of NOMA. The OP of 102 is achieved by NOMA for D3 user
at the source transmit power of 30 dBm. IRS NOMA for the same user achieves
the same outage at 20 dBm, while DL-based IRS NOMA achieves the same OP for
the same user at 12 dBm. Thus, there is 8§ dBm improvement in power while using
DL-based IRS NOMA. In this way, power can be optimized using DL-based IRS
NOMA.

Figure 1.4 shows the symbol error rate vs. SNR for all the proposed techniques.
The graph illustrates that DL-based IRS NOMA lowers the SER for all the users.
NOMA has the highest SER, and SER shows a gradual decrease with the incor-
poration of IRS and DL-based IRS NOMA. Finally, we calculate the computa-
tional complexity of NOMA, IRS NOMA, and DL-based IRS NOMA in terms
of time taken by each algorithm in Figure 1.5 while evaluating SNR. DL-based
IRS NOMA for D3 user has the lowest computational complexity of almost
0.028 (ms), while DL-based IRS NOMA has the highest computational complex-
ity of 0.075 (ms).

1.6 CONCLUSION

In this chapter, we have introduced a novel DL-based solution for an IRS system to
enhance the ergodic capacity and target rate of NOMA users. Through extensive
simulations using MATLAB software, we have validated the analytical analysis



10 5G and Beyond Wireless Networks

Symbol Error Rate
3,

—DI-NOMA
—— D2NOMA
——D3NOMA
—+—D1RSNOMA
107z —+—DQIRSNOMA  fiivei: S
oo | ==DBIRSNOMA : St

| —+—DLDIRSNOMA | : : 3
—+—DLO2RSNOMA ; : ]
—4—DLDZRSNOMA

o i i 1 ] i i I 1 L
3 ] 5 6 7 8 9 10 i 12 [

FIGURE 1.4 SER vs. SNR of proposed NOMA systems.

0 T T T T T T T T T
——DINOMA
ook ‘ . _ ——2NoMA ]
w— [13-NOMA
=+ D1-IRSNOMA
== D2.IRSNOMA
0B 3 : : D3 IRSNOMA -1
—4— DLD1-RSNOMA
=4 DLO2-FSNOMA
% oosh ——DLO3RSNOMA| |
Z
E
§ onP .
]
5
s
€omp <
Q
002t 4
ool : \ \ : i .
e
a i i 1 1 i L
0

FIGURE 1.5 Plot for computational complexity vs. SNR.



Machine Learning Empowered Resource Allocation 11

and demonstrated the effectiveness of our proposed method. By employing the pro-
posed DL approach, we have achieved significant improvements in reducing the SER
of NOMA systems while maintaining low computational complexities. The simula-
tion results have shown enhanced gains in terms of ergodic capacity, outage prob-
ability, and target rate, aligning with the requirements of 5G and B5G networks.
Furthermore, with the modifications introduced in our system model based on DL
techniques, it can also be applied to localization in the context of IoT and 5G technol-
ogies. This opens up new possibilities for leveraging the advantages of deep learning
in optimizing and enhancing various aspects of wireless communication systems.
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2 Cooperative Power-
Domain Non-Orthogonal
Multiple Access (NOMA)
In 5G Systems
Potentials and Challenges

Mohd Javed Khan and Indrasen Singh

2.1 INTRODUCTION

Many cutting-edge technologies have recently been presented and investigated
in order to improve the efficiency of fifth-generation (5G) networks. NOMA is
one of the primary and key multiple access techniques (MAT) in the 5G wireless
network [1]. MATs have played a critical role in the evolution of mobile com-
munication systems. The first-generation (1G) mobile communication systems,
such as advanced mobile phone system (AMPS) and total access communication
system (TACS), used frequency division multiple access (FDMA) as the primary
multiple access technique [2]. In FDMA, each user is assigned a unique frequency
band for transmitting their data. The second-generation (2G) mobile communi-
cation systems used global system for mobile communications (GSM) and code
division multiple access (CDMA) as its MAT [3], in which 2G used time divi-
sion multiple access (TDMA) and CDMA as the primary MATs for GSM and
CDMA [4, 5], respectively. In TDMA, the available bandwidth is divided into
time slots, and each user is assigned a unique time slot for transmitting their data.
In CDMA, each user is assigned a unique code sequence for transmitting their
data. The third-generation (3G) mobile communication systems, such as universal
mobile telecommunications system (UMTS) and code division multiple access
2000 (CDMAZ2000), used CDMA as the primary multiple access technique.
CDMA2000 also used time division-synchronous code division multiple access
(TD-SCDMA) as an additional multiple access technique. The fourth-generation
(4G) mobile communication systems, such as long-term evolution (LTE) [6] and
worldwide interoperability for microwave access (WiMAX), used orthogonal
frequency-division multiple access (OFDMA) [7] as the primary multiple access
technique. In OFDMA, the available bandwidth is divided into subcarriers, and
each user is assigned a subset of subcarriers for transmitting their data. The fifth-
generation (5G) mobile communication system uses a combination of OFDMA
and NOMA as the primary MAT [8]. In NOMA, multiple users can share the
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same subcarrier by using different power levels for their transmissions. The
choice of MAT in mobile communication systems depends on several factors,
including the number of users, the available bandwidth, the desired data rate, and
the power constraints. The evolution of mobile communication systems has seen
a shift toward more efficient and flexible MATs, enabling higher data rates and
improved system performance.

2.1.1 NOMA

NOMA [9] is a wireless MAT that enables multiple users to share the same frequency
and time resources. The fundamental idea behind NOMA is to allow multiple users
to transmit their signals simultaneously on the same channel, which improves spec-
tral efficiency and increases capacity.

In traditional orthogonal multiple access (OMA) techniques, different users are
assigned separate time or frequency resources, and their signals are transmitted sep-
arately. This restricts the number of users who can be served concurrently. NOMA,
on the other hand, allows several users to share the same resources by allocating
various power levels to each user’s signal. In other words, stronger users are assigned
lower power levels, while weaker users are assigned higher power levels.

The key to successful NOMA is to exploit the different channel conditions of the
users. By assigning different power levels, the stronger user’s signal can be detected
at a lower power level, while the weaker user’s signal can be detected at a higher
power level. This allows multiple users to use the same resources simultaneously,
resulting in higher spectral efficiency and capacity. NOMA and OMA are two dif-
ferent MATs used in wireless communication systems. Here are some differences
between NOMA and OMA on the basis of the literature survey [10]:

a. Spectrum efficiency: NOMA is a more spectrum-efficient technology than
OMA, because it enables numerous users to utilize the same band of fre-
quency, but with different codebooks, power levels, or other parameters,
which increases the capacity of the network. In contrast, OMA allocates
different frequency bands to different users, which can lead to inefficient
use of spectrum resources.

b. Number of users: NOMA can support a larger number of users compared
to OMA. This is because NOMA allows multiple users to share the same
resources, while OMA allocates different resources to different users that
may restrict the number of users who can be supported.

c. Fairness: OMA provides a fair distribution of resources among users, while
NOMA can prioritize certain users over others. NOMA can allocate more
resources to users with higher quality of service requirements, which can
lead to a less fair distribution of resources.

d. Complexity: NOMA is generally more complex than OMA, as it requires
more sophisticated signal processing and resource allocation techniques to
manage the multiple users sharing the same resources. In contrast, OMA is
a simpler technology that is easier to implement.
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e. Interference: NOMA can have higher levels of interference between users
sharing the same resources, which can affect the overall network perfor-
mance. In contrast, OMA can have lower interference, as each user is allo-
cated different resources.

Therefore, NOMA and OMA are MATs that offer different benefits and draw-
backs. NOMA is a more spectrum-efficient technology that can support a larger
number of users, but can also be more complex and less fair. OMA is a simpler
technology that provides a fair distribution of resources among users, but can be less
spectrum-efficient and support fewer users.

There are two different implementations of NOMA: time-domain NOMA
(TD-NOMA) and power-domain NOMA (PD-NOMA). In TD-NOMA, different
users transmit their signals in different time slots, while in PD-NOMA, different
power levels are assigned to different users. PD-NOMA is the more commonly used
variant because it is easier to implement and offers better performance in practical
scenarios.

NOMA is a promising technology for various applications, including machine-to-
machine (M2M) communication, Internet of Things (IoT), and 5G networks. NOMA
can provide significant improvements in spectral efficiency and capacity, which are
crucial for meeting the growing demands of wireless communications.

2.1.1.1 Time-Domain NOMA

In TD-NOMA [11], the base station (BS) assigns different time slots to different
users based on their channel conditions. Those who have better channel conditions
are given shorter time slots, whereas those who have weaker channel conditions are
given longer time periods in NOMA system. The users transmit their signals in their
respective time slots, and the BS employs advanced signal processing techniques to
separate and recover the signals at the receiver.

TD-NOMA relies on the fact that different users experience different channel
conditions, such as different path loss, fading, and interference. By assigning differ-
ent time slots to different users, TD-NOMA can exploit the diversity in the channel
conditions to achieve higher spectral efficiency. However, TD-NOMA requires accu-
rate channel estimation and synchronization [12], and it may suffer from interference
between users in neighboring time slots. To overcome these challenges, advanced
signal processing techniques, such as multiuser detection, interference cancellation,
and beamforming, can be employed. For a variety of applications, TD-NOMA has
been suggested as a viable technique including M2M communication, IoT, and 5G
networks. Here are some benefits of TD-NOMA [11]:

a. Increased capacity: TD-NOMA can increase the capacity of the wireless
system. This can result in a higher number of supported users and better
utilization of the spectrum resources [12].

b. Fairness: TD-NOMA can provide fairness among users as each user is
allocated different power levels at different time instances, which can help
ensure a more equitable distribution of resources.
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c. Low latency: TD-NOMA can provide low latency as users can transmit
data simultaneously in the same time-frequency resources. Applications
that demand real-time communication, such as online gaming and video
conferencing, may benefit from this.

d. Reduced interference: TD-NOMA can reduce interference among users,
as the allocation of different power levels can help mitigate the effects of
inter-user interference. This can improve the overall network performance
and user experience.

e. Energy efficiency: TD-NOMA can be more energy-efficient than other
MATS, as it allows for a higher number of users to share the same resources
and it decreases the overall energy consumption of the network [13].

TD-NOMA is a promising technology that can provide several benefits for wire-
less communication networks, including increased capacity, fairness, low latency,
reduced interference, and energy efficiency. These benefits make TD-NOMA a use-
ful technology for supporting emerging applications that require high data rates, low
latency, and reliable connectivity.

2.1.1.2 Power-Domain NOMA (PD-NOMA)

PD-NOMA [14] is a NOMA variant that enables several users to share the same fre-
quency band by employing various power levels to distinguish their transmissions.
In PD-NOMA, the BS assigns various users varying power levels depending on the
channel state. Lower power levels are assigned to users who have better channel
state, and higher power levels are assigned to users who have worse channel state.

PD-NOMA relies on the fact that different users experience different channel
conditions, such as different path loss, fading, and interference. By allocating dif-
ferent power to different users, PD-NOMA can exploit the diversity in the channel
conditions to achieve higher spectral efficiency and capacity. The BS uses advanced
signal processing techniques such as successive interference cancellation (SIC) to
separate and recover the signals from different users.

PD-NOMA can improve the spectral efficiency, energy efficiency, and overall
performance of wireless communication systems, especially in dense and highly
dynamic environments. PD-NOMA can also improve the fairness of the system by
allowing weaker users to use the same resources as stronger users, providing equal
opportunities to all users. PD-NOMA can be used in various wireless communica-
tion scenarios, including cellular networks, M2M communication, and IoT. Here are
some benefits of PD-NOMA [15]:

a. Increased spectral efficiency: PD-NOMA can considerably improve the
spectral efficiency of a cellular system by enabling several users to share
the same resources. This means that more users can be supported in a
given bandwidth, leading to a higher data rate and better overall system
performance.

b. Fairness: PD-NOMA assigns various users varying power levels depend-
ing on the channel state. This allows for a more equitable distribution of
resources among users, which can improve overall system fairness.
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c. Low latency: PD-NOMA can also reduce latency in a wireless communica-
tion system, as it allows for more efficient use of resources. By transmitting
multiple messages in the same resource block, PD-NOMA can reduce the
amount of time needed to transmit each message, leading to lower latency
and better overall system performance [16].

d. Improved reliability: PD- NOMA can also improve the reliability of a wire-
less communication system. By using different power levels for different
users, it can provide better resistance to fading and other channel impair-
ments, resulting in a more reliable and robust system.

e. Energy efficiency: PD- NOMA can also improve energy efficiency in wire-
less communication systems. PD-NOMA can reduce the total power con-
sumption of the system, leading to longer battery life and lower energy costs.

PD-NOMA is a promising technique that can offer significant benefits for wire-
less communication systems, including increased spectral efficiency, fairness, low
latency, improved reliability, and energy efficiency.

PD-NOMA has some challenges, including channel estimation, interference
between users, and increased complexity due to the use of advanced signal process-
ing techniques. However, these challenges can be addressed by designing efficient
algorithms and protocols and by employing advanced signal processing techniques.

Overall, PD-NOMA is a promising technology that can address the challenges
associated with the increasing demand for wireless communication and the limited
availability of spectrum resources

2.1.1.3 Comparison of PD NOMA and TD NOMA

PD-NOMA and TD-NOMA [17] are two variants of NOMA that allow multiple
users to share the same frequency range by allocating different resources to differ-
entiate between their signals. While both PD-NOMA and TD-NOMA have similar
objectives, there are some key differences between these two techniques.

i. Resource allocation: In PD-NOMA, different power levels are allocated to
different users to differentiate between their signals, while in TD-NOMA,
different time slots are allocated to different users. PD-NOMA uses PD
multiplexing, while TD-NOMA uses TD multiplexing.

ii. Channel astimation: In PD-NOMA, accurate channel estimation is
required to assign different power levels to different users, while in
TD-NOMA, accurate channel estimation is required to assign different
time slots to different users. Channel estimation can be challenging in both
techniques, but the channel estimation requirements are different.

iii. Interference: PD-NOMA can experience interference between users, espe-
cially when the users have similar power levels or overlapping coverage
areas. TD-NOMA can also experience interference, especially when users
have similar channel conditions or are located in close proximity.

iv. Complexity: PD-NOMA requires sophisticated signal processing tech-
niques such as SIC and power allocation algorithms, which increase
the complexity of the system. TD-NOMA also requires complex signal
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processing techniques, such as superposition coding and decoding, which
can increase the complexity of the system.

v. Fairness: PD-NOMA allows weaker users to use the same resources as
stronger users, improving the fairness of the system. TD-NOMA can also
improve fairness by allowing weaker users to use the same time slots as
stronger users.

vi. Deployment: PD-NOMA may require new hardware and infrastructure to
be deployed, while TD-NOMA can be implemented using existing hard-
ware and infrastructure.

Overall, both PD-NOMA and TD-NOMA have their advantages and disadvan-
tages, and the choice between these techniques depends on the specific requirements
and constraints of the wireless communication scenario. PD-NOMA is generally
more suitable for scenarios where power control is feasible, such as cellular net-
works, while TD-NOMA is more suitable for scenarios with low power consumption
and latency requirements, such as M2M communication and IoT applications.

2.1.2 INTEGRATION OF NOMA

Recently, NOMA has been studied and integrated with various other technologies
to enhance their performance [18]. Here are a few examples of NOMA integration
with other technologies:

i. NOMA and massive MIMO: Massive MIMO involves using a large num-
ber of antennas at the transmitter and receiver to increase the number of
spatial dimensions in the communication channel. This allows for mul-
tiple users to be served simultaneously, which increases the capacity and
efficiency of the wireless network. Massive MIMO also improves the reli-
ability of wireless communication by reducing interference and increasing
the signal-to-noise ratio. NOMA can be integrated with massive MIMO
technology to further increase the spectral efficiency and capacity of cel-
lular networks. In this integration, multiple users are served simultaneously
using the same time-frequency resources by exploiting the large number of
antennas in massive MIMO BSs [19].

ii. NOMA and millimeter-wave (mm-wave) technology: mm-wave tech-
nology involves using frequencies in the mm-wave band, which is in the
range of 30-300 GHz, for wireless communication. This frequency range
provides high bandwidth, which allows for high data rates and low latency.
However, mm-wave signals are highly directional and have limited range,
which requires the use of beamforming and other advanced techniques to
ensure reliable communication. NOMA can be combined with mm-wave
technology to increase the data rate and capacity of wireless networks. This
integration can provide high throughput and low latency communication.
NOMA can be used to increase the number of users that can be supported
in a given frequency band, while mm-wave technology can be used to pro-
vide high data rates and low latency [20].
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iii. NOMA and cooperative communication: NOMA can be integrated
with cooperative communication to improve the reliability and coverage
of wireless networks. In this integration, the users in the network can help
each other to transmit their data by relaying each other’s signals, leading to
increased coverage and reliability [21].

iv. NOMA and cloud radio access network (C-RAN): C-RAN is a cen-
tralized architecture for wireless networks where the baseband process-
ing functions are performed at a centralized cloud computing platform,
while the remote radio heads (RRHs) handle the radio frequency (RF)
functions. This architecture enables the efficient allocation of resources,
centralized management and optimization of the network, and the ability
to support a large number of users and devices. NOMA can be integrated
with C-RAN technology to enhance the efficiency of resource allocation
and reduce the computational complexity of the BS. In this integration,
the BS can be divided into a remote radio head and a central processing
unit, with the NOMA transmission being processed in the central unit.
C-RAN is a centralized architecture for wireless networks where the
baseband processing functions are performed at a centralized cloud com-
puting platform, while the RRHs handle the RF functions. This architec-
ture enables the efficient allocation of resources, centralized management
and optimization of the network, and the ability to support a large number
of users and devices [22].

There are several other potential integration scenarios for NOMA with other
technologies, and ongoing research is exploring the possibilities and evaluating their
benefits. Cooperative power-domain non-orthogonal multiple access (CPD-NOMA)
is one of them. Most investigations in the literature have focused on CD-NOMA
[19-23] or PD-NOMA [20, 24], though without user or device cooperation. To the
best of our knowledge, there has been no systematic study or review of CPD-NOMA.
In this chapter we study it in detail.

2.2 COOPERATIVE POWER-DOMAIN NOMA (CPD-NOMA)

When several wireless devices collaborate to send and receive data, this sort of wire-
less communication is referred to as cooperative communication. In this type of
communication, wireless devices cooperate with each other to improve the over-
all quality of the communication link and increase the reliability of data transmis-
sion. Cooperative wireless communication can be implemented in various ways,
such as cooperative relaying, cooperative diversity, and cooperative beamform-
ing. Cooperative relaying involves using multiple wireless devices to transmit data
between a source and destination, with each device transmitting a part of the data.
Cooperative diversity involves using multiple antennas on each wireless device to
improve the quality of the communication link. Cooperative beamforming involves
directing the transmission of data toward the receiver using multiple antennas and
signal processing techniques. The benefits of cooperative wireless communica-
tion include increased range, improved reliability, and better quality of service. It
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can also help reduce interference and improve the efficiency of wireless networks.
Cooperative wireless communication is particularly useful in situations where the
wireless signal is weak or there are obstacles in the transmission path. It can be used
in various applications, such as cellular networks, wireless sensor networks, and
ad-hoc networks. Therefore, cooperative wireless communication is an important
technique for improving the performance and reliability of wireless communication,
and it has many potential applications in various domains.

CPD-NOMA is a wireless communication technology that allows multiple users
to share the same frequency and time resources. CPD-NOMA combines two key
concepts: PD-NOMA and cooperative communications. In CPD-NOMA, the BS
assigns different power levels to each user on the basis of their channel conditions,
allowing weaker users to use the same resources as stronger users. Figure 2.1 shows
the arrangement of CPD-NOMA [23]. CPD-NOMA results in higher spectral effi-
ciency, better energy efficiency, and lower latency compared to traditional OMA
systems.

The cooperative aspect of CPD-NOMA involves the use of multiple antennas
or relays to improve the system performance. Cooperative beamforming [24] and
relay-assisted CPD-NOMA are two examples of cooperative strategies that can be
used to enhance the performance of CPD-NOMA systems. These cooperative strat-
egies can further increase the capacity, reliability, and coverage of CPD-NOMA
systems, making them a promising technology for future wireless communication
networks.

CPD-NOMA systems can provide higher spectral efficiency, better energy effi-
ciency, and lower latency compared to traditional communication technologies. With
the increasing demand for high-speed data transmission and the emergence of new
applications such as M2M communication, IoT, and 5G networks, CPD-NOMA is a
leading technique for future cellular systems.
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CPD-NOMA has some challenges, including the design of efficient cooperation
strategies, the coordination among users, and the complexity of the signal process-
ing techniques. However, these challenges can be addressed by developing advanced
algorithms and protocols that can facilitate cooperation among users.

2.2.1 Abvantaces oF CPD-NOMA

i. Increased spectral efficiency: CPD-NOMA can improve the spectral effi-
ciency of the wireless communication system by allowing multiple users
to share the same frequency band and by exploiting the diversity in their
channel conditions and power resources [25].

ii. Improved energy efficiency: CPD-NOMA can reduce the energy con-
sumption of the system by enabling users to share their power resources
and reducing the need for users to transmit at high power levels.

iii. Improved reliability: CPD-NOMA can enhance the reliability of the
system by allowing users to cooperate with each other and improve their
transmission and reception capabilities, especially in scenarios where some
users have poor channel conditions or limited power resources [26].

iv. Fairness: CPD-NOMA can provide equal opportunities to all users by allow-
ing weaker users to cooperate with stronger users to access the same resources.

v. Flexibility: CPD-NOMA can be used in different wireless communication
scenarios, including cellular networks, M2M, and IoT.

2.2.2 Limitations oF CPD-NOMA

i. Complexity: CPD-NOMA requires advanced signal processing techniques
and coordination among users, which increase the complexity of the system.

ii. Interference: CPD-NOMA can experience interference between cooper-
ating users, which can affect the performance of the system [27].

iii. Design challenges: CPD-NOMA requires efficient cooperation strategies
and protocols to facilitate cooperation among users, which can be challeng-
ing to design.

iv. Resource allocation: CPD-NOMA requires efficient resource allocation
algorithms to allocate power levels and channel access among users.

Overall, CPD-NOMA is a promising technology that can improve the perfor-
mance of the wireless communication system, especially in scenarios where users
have heterogeneous channel conditions and power resources. However, CPD-NOMA
also has some limitations that need to be addressed to fully exploit its benefits.

2.3 DESIGN PRINCIPLES OF CPD-NOMA SYSTEMS

The power allocation algorithm used in CPD-NOMA-based systems is a crucial
component that determines the power levels allocated to each user for transmission.
The power allocation algorithm aims to maximize the overall system performance
by considering the channel conditions and power resources of each user.
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The power allocation algorithm in CPD-NOMA consists of two main steps: user
grouping and power allocation.

i. User grouping: The first step of the power allocation algorithm is to group
the users into clusters based on their channel states. Users are grouped
together when the channel states are optimal, and individually when the
channel states are less optimal. This grouping allows the system to exploit
the diversity in channel conditions and power resources to improve the
overall performance [25].

ii. Power allocation: The second step of the power allocation algorithm is to
allocate the power levels to each user for transmission. The power levels are
allocated based on the users’ channel states and power resources. The users
with better channel states and lower power resources are allocated lower
power levels, while the users with poorer channel states and higher power
resources are allocated higher power levels. This power allocation strategy
allows the weaker users to cooperate with the stronger users and access the
same resources, improving the overall system performance [27].

The power allocation algorithm in CPD-NOMA can be implemented using differ-
ent optimization techniques, such as convex optimization, dynamic programming,
and heuristic algorithms. The algorithm’s complexity depends on the number of
users and the channel conditions, and it should be designed to balance the perfor-
mance and complexity trade-off.

Overall, the power allocation algorithm is a critical component of CPD-NOMA,
which plays a crucial role in improving the system’s spectral efficiency, energy effi-
ciency, and reliability. The algorithm should be designed carefully to consider the
users’ channel conditions and power resources and balance the trade-off between
complexity and performance.

2.3.1 FacTtors THAT INFLUENCE POwEer ALLocATiON IN CPD-NOMA

In CPD-NOMA, the power allocation algorithm plays a crucial role in determin-
ing the power levels allocated to each user for transmission. The power allocation
algorithm aims to maximize the overall system performance by considering various
factors that influence the power allocation decision. The following are some of the
factors that influence power allocation in CPD-NOMA:

i. Channel conditions: The channel conditions of each user are a critical
factor that influences power allocation in CPD-NOMA. Users with bet-
ter channel conditions can transmit at lower power levels, while users
with poorer channel conditions require higher power levels to achieve the
desired performance.

ii. Power resources: The power resources available to each user also influ-
ence the power allocation decision. Users with higher power resources can
transmit at lower power levels, while users with limited power resources
require higher power levels to achieve the desired performance.
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User grouping: The grouping of users based on their channel conditions is
an essential factor that influences power allocation in CPD-NOMA. Users
with similar channel conditions are grouped together to exploit the diversity
in channel conditions and power resources and improve the overall system
performance.

Quality of service (QoS) requirements: The QoS requirements of each
user also influence power allocation in CPD-NOMA. Users with higher
QoS requirements require higher power levels to achieve the desired per-
formance, while users with lower QoS requirements can transmit at lower
power levels.

. Interference: The interference between cooperating users is another factor

that influences power allocation in CPD-NOMA. Interference can affect
the system’s performance and should be considered when allocating power
levels to each user.

Energy efficiency: The energy efficiency of the system is also an important
factor that influences power allocation in CPD-NOMA. The power levels
allocated to each user should be optimized to reduce the energy consump-
tion of the system while maintaining the desired performance.
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The power allocation algorithm in CPD-NOMA should consider all these factors
to allocate the power levels efficiently and optimize the overall system performance.
The algorithm’s design should balance the trade-off between performance and com-
plexity and should be adapted to the specific wireless communication scenario.

2.3.2

IMPACT OF POWER ALLOCATION ON SYSTEM PERFORMANCE

Power allocation is a critical factor that impacts the performance of CPD-NOMA
systems. The power allocation algorithm aims to allocate the power levels efficiently
to each user for transmission, optimizing the overall system performance. The fol-
lowing are some ways in which power allocation affects the system performance:

i.

ii.

1ii.

Spectral efficiency: The spectral efficiency of the system is directly related
to the power allocation decision. The power levels allocated to each user
affect the transmission rate. By allocating power levels efficiently, the spec-
tral efficiency of the system can be increased, allowing more users to access
the same resource and increasing the overall throughput of the system.
Energy efficiency: The power allocation algorithm also affects the energy
efficiency of the system. By allocating power levels efficiently, the energy
consumption of the system can be reduced, increasing the system’s
energy efficiency. Efficient power allocation also leads to a longer battery
life for wireless devices, reducing the need for frequent recharging.
System reliability: The power allocation algorithm affects the reliability
of the system by ensuring that each user can transmit at the desired power
level without interference from other users. By allocating power levels
efficiently, the system can achieve high reliability, reducing the probability
of packet loss, and increasing the overall quality of service.



24 5G and Beyond Wireless Networks

iv. Fairness: Power allocation also affects the fairness of the system by ensur-
ing that each user can access the same resources fairly. By allocating power
levels efficiently, the system can achieve high fairness, allowing each user
to access the same resources, and reducing the probability of congestion or
delay.

v. Interference management: Power allocation also plays a critical role in
managing interference between users. By allocating power levels efficiently,
the interference between cooperating users can be minimized, allowing the
users to transmit at the desired power level without affecting each other’s
performance [25].

In summary, the power allocation algorithm plays a critical role in determining
the system’s performance in CPD-NOMA. By allocating power levels efficiently, the
system’s spectral efficiency, energy efficiency, reliability, fairness, and interference
management can be optimized, improving the overall system performance.

2.4 COOPERATIVE STRATEGIES FOR CPD-NOMA SYSTEMS

Cooperative strategies in wireless communication refer to the techniques that
enable wireless devices to work together to improve the overall system perfor-
mance. In CPD-NOMA systems, cooperative strategies involve collaboration
between multiple users to improve the spectral and energy efficiency of the system.
The following are some of the cooperative strategies used in CPD-NOMA [28]:

i. Cooperative relaying: In this strategy, one user acts as a relay to help
another user transmit its data to the BS. By relaying the data, the transmis-
sion becomes more reliable and can overcome the effects of fading and
interference.

ii. Joint decoding: In this strategy, users with strong channels can help users
with weak channels by jointly decoding their signals at the receiver. This
allows the weak user to transmit at a lower power level, saving energy and
increasing the overall spectral efficiency.

iii. User clustering: In this strategy, users with similar channel conditions are
grouped together to form clusters. Each cluster is assigned a power level
based on the channel conditions of the users in the cluster, maximizing the
overall spectral efficiency of the system.

iv. Interference alignment: In this strategy, users coordinate their trans-
missions to align their interference with each other, reducing the overall
interference in the system. This results in a higher spectral efficiency and
improved energy efficiency.

Cooperative strategies in CPD-NOMA can significantly improve the system
performance by allowing users to work together to optimize the spectral and
energy efficiency of the system. These strategies can be implemented using dis-
tributed algorithms, allowing the users to collaborate without the need for a central
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controller. By leveraging the benefits of cooperation, CPD-NOMA can achieve
higher spectral and energy efficiency compared to traditional wireless communi-
cation techniques.

2.5 SOME IMPORTANT TECHNIQUE FOR CPD-NOMA SYSTEMS

2.5.1 CooPEerATIVE BEAMFORMING TECHNIQUE FOR CPD-NOMA SysTEMS

Beamforming [29] for CPD-NOMA is a technique used in cellular communica-
tion systems to enhance spectral efficiency and increase the capacity of the system.
In CPD-NOMA, two or more users share the same frequency band and time slot,
but they are allocated different power levels according to their respective channel
conditions.

Beamforming is used to focus the transmitted signal toward the intended
receiver(s) by adjusting the phasing and amplitude of the signal at different antennas
in the transmitter. By doing so, the signal power can be directed toward the intended
receiver(s) and away from other users, reducing interference and improving the sys-
tem’s overall performance.

CPD-NOMA also involves cooperation among the users, where stronger users
help weaker users achieve reliable communication by relaying their signals. By
using beamforming in conjunction with cooperative NOMA, the system can achieve
higher throughput, lower latency, and improved reliability, leading to a better user
experience.

2.5.1.1 Benefits of Beamforming for CPD-NOMA Systems
Beamforming in CPD-NOMA systems provides several benefits, such as

i. Enhanced channel capacity: Beamforming helps to direct the signal
energy to the intended user and reduces the interference, thereby increasing
the capacity of the channel.

ii. Improved spectral efficiency: Beamforming enhances the spectral effi-
ciency of CPD-NOMA systems by enabling multiple users to simultane-
ously send and receive information within the same frequency band.

iii. Better coverage: The beamforming technique allows for better coverage
and reach, which means that users located far away from the BS can still
benefit from CPD-NOMA systems.

iv. Power efficiency: Beamforming in CPD-NOMA systems optimizes the
power consumption and reduces energy wastage by directing the signal
energy toward the intended user.

v. Interference reduction: The beamforming technique minimizes the inter-
ference from nearby cells and improves the overall signal quality, thereby
providing a better user experience.

In summary, beamforming helps to achieve a high-quality, reliable, and efficient
performance of CPD-NOMA systems.
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2.5.2 ReLAy-AssisTED CPD-NOMA

Relay-assisted CPD-NOMA [30] is a promising technique for improving the perfor-
mance of wireless communication systems. In this technique, a relay station is used
to assist in the transmission of signals between the source and destination nodes, and
NOMAA is used to allow multiple users to share the time slot and same frequency
band simultaneously.

Several studies have investigated the benefits of relay-assisted CPD-NOMA.
These studies suggest that relay-assisted cooperative power domain NOMA can
improve the performance of wireless communication systems in various ways, mak-
ing it a promising technique for future wireless networks. On the basis of a literature
study of CPD-NOMA, the benefits are classified as

i. Increased spectral efficiency: Relay-assisted CPD-NOMA increases the
spectral efficiency of the system. This means that more data can be trans-
mitted in a given amount of time, improving the overall capacity of the
network. This benefit was also demonstrated in a study, where they showed
that relay-assisted CPD-NOMA can achieve higher spectral efficiency com-
pared to conventional cooperative NOMA and conventional PD-NOMA
schemes.

ii. Improved coverage: The use of relay stations in CPD-NOMA networks
can improve the coverage of the system, especially in areas with poor sig-
nal strength. The relay station can help extend the range of the signal and
reduce the likelihood of dropped calls or lost connections. This benefit was
also shown in a study where they demonstrated that relay-assisted CPD-
NOMA can provide better coverage compared to conventional cooperative
NOMA and conventional PD-NOMA schemes.

iii. Better reliability: The use of relay stations in CPD-NOMA networks can
also improve the reliability of the system. By having multiple transmission
paths, the system is less susceptible to interference, and the probability of
transmission errors is reduced. This benefit was demonstrated in a study
where they showed that relay-assisted CPD-NOMA can achieve higher
reliability compared to conventional cooperative NOMA and conventional
power domain NOMA schemes.

iv. Lower latency: Relay-assisted cooperative power domain NOMA can also
reduce latency in the network. By reducing the number of hops between
the source and destination, the transmission delay is minimized, improving
the overall user experience. This benefit was also demonstrated in a study,
where they showed that relay-assisted cooperative power domain NOMA
can achieve lower latency compared to conventional cooperative NOMA
and conventional PD-NOMA schemes.

v. Reduced energy consumption: Relay-assisted CPD-NOMA can also
decrease the energy consumption of cellular devices. By reducing the num-
ber of retransmissions and increasing the efficiency of transmissions, it
can help in the reduction of energy consumption of cellular devices, mak-
ing them more sustainable and environmentally friendly. This benefit was
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demonstrated in a study by Alsharoa et al., where they showed that relay-
assisted CPD-NOMA can provide higher energy efficiency compared to
conventional cooperative NOMA and conventional PD-NOMA schemes.

2.5.3 JoINT POWER AND RELAY SELECTION ALGORITHMS

FOR REeLAY-ASsISTED CPD-NOMA

Joint power and relay selection algorithms are important for optimizing the perfor-
mance of relay-assisted CPD-NOMA. These algorithms aim to select the optimal
relay node and power-allocation strategy to maximize the system capacity, minimize

the power consumption, or balance the trade-off between these two objectives.

There are several joint power and relay selection algorithms for relay-assisted

CPD-NOMA, such as

i. Greedy algorithm: This algorithm selects the relay node and power allo-
cation that maximizes the sum rate. It starts by selecting the user with
the weakest channel quality, and then iteratively adds the user with the next
weakest channel quality until the maximum number of users is reached.
The greedy algorithm for CPD-NOMA can be summarized as follows [31]:

a.
b.
c.

Sort the users in descending order of channel strength.

Assign the user with the strongest channel as the primary user.

For each subsequent user, calculate the potential rate gain from using
that user as a relay for the primary user.

Select the user with the highest potential rate gain and add it to the set
of relays.

Repeat steps ¢ and d until the desired number of relays is reached or no
further rate gain can be achieved.

Allocate power to each user in the set of relays such that the total power
used for transmission is minimized while meeting the desired QoS
requirements for each user.

The greedy algorithm for CPD-NOMA is a suboptimal solution that is
easy to implement and has low computational complexity. However, it
may not always provide the optimal solution, and there may be cases
where the greedy algorithm fails to achieve the desired QoS require-
ments. In such cases, more advanced optimization techniques, such as
dynamic programming or convex optimization, may be necessary to
achieve the desired performance.

ii. Genetic algorithm (GA): This algorithm uses a genetic search approach
to find the optimal relay node and power allocation. It generates a set of
candidate solutions and evaluates their fitness based on the system capacity.
The best solutions are then selected for the next generation until the optimal
solution is found. The basic steps of a GA for CPD-NOMA can be summa-
rized as follows [32]:

a.

Initialize the population: Generate an initial population of candidate
solutions, where each solution corresponds to a possible combination of
power allocation, user clustering, and relay selection.
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b. Evaluate fitness: Evaluate the fitness of each candidate solution based
on a fitness function that reflects the system performance in terms of
sum rate and QoS requirements.

c. Selection: Select the fittest solutions from the population to generate the
parent population for the next generation.

d. Crossover: Apply crossover operations to the parent population to gen-
erate offspring solutions.

e. Mutation: Apply mutation operations to the offspring solutions to intro-
duce diversity.

f. Evaluation: Evaluate the fitness of the offspring solutions.

2. Replacement: Select the fittest solutions from the parent and offspring
populations to form the new population for the next generation.

h. Termination: Repeat steps ¢ to g until a termination condition is met,
such as reaching a maximum number of generations or achieving a
desired level of performance.

The GA can be used to optimize the power allocation, user clustering,
and relay selection jointly to maximize the system performance in terms of
sum rate while satisfying the QoS requirements of each user. The GA can
handle complex optimization problems and provide global optimality, but
it may have high computational complexity and require a large number of
iterations to converge to a solution.

Particle swarm optimization (PSO): This algorithm uses a swarm intel-

ligence approach to find the optimal relay node and power allocation. It

initializes a population of particles that represents different solutions, and
then iteratively updates their positions and velocities based on their fitness.

The best particle is selected as the optimal solution. The basic steps of a

PSO for CPD-NOMA can be summarized as follows [33]:

a. Initialize the swarm: Generate an initial swarm of particles, where each
particle corresponds to a possible combination of power allocation, user
clustering, and relay selection.

b. Evaluate fitness: Evaluate the fitness of each particle based on a fitness
function that reflects the system performance in terms of sum rate and
QoS requirements.

c. Update velocity and position: Update the velocity and position of each
particle based on its current position, the position of the best-performing
particle in the swarm, and the position of the best-performing particle
that the particle has encountered so far.

. Evaluation: Evaluate the fitness of the updated particles.

e. Update personal and global best: Update the personal best position of
each particle based on its current position and the best position it has
encountered so far. Update the global best position of the swarm based
on the best position among all particles.

f. Termination: Repeat steps c to e until a termination condition is met,
such as reaching a maximum number of iterations or achieving a desired
level of performance.
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g. The PSO can be used to optimize the power allocation, user cluster-
ing, and relay selection jointly to maximize the system performance
in terms of sum rate while satisfying the QoS requirements of each
user. The PSO can handle complex optimization problems and provide
global optimality, but it may have high computational complexity and
require a large number of iterations to converge to a solution.

iv. Reinforcement learning (RL): This algorithm uses a learning approach to
find the optimal relay node and power allocation. It starts with an initial policy
and iteratively improves it based on the reward function that reflects the sys-
tem capacity. The optimal policy is learned through trial and error. The basic
steps of an RL algorithm for CPD-NOMA can be summarized as follows [34]:
a. Define the state space: Define the state space of the system, which

includes the channel conditions, the number of users, the available
power, and other relevant parameters.

b. Define the action space: Define the action space of the system, which
includes the power allocation, user clustering, and relay selection.

c. Define the reward function: Define the reward function of the system,
which reflects the system performance in terms of sum rate and QoS
requirements. The reward function can be designed to encourage the
agent to maximize the sum rate while satisfying the QoS requirements
of each user.

d. Train the agent: Train the agent using RL algorithms such as Q-learning,
State-Action-Reward-State-Action (SARSA), or deep RL.

e. [Evaluation: Evaluate the performance of the trained agent on a test set
of scenarios that are similar to those encountered during training.

RL can be used to optimize the power allocation, user clustering, and relay selec-
tion jointly to maximize the system performance in terms of sum rate while satisfy-
ing the QoS requirements of each user. RL has the advantage of being able to adapt
to changing environments and learn from experience, but it may have high computa-
tional complexity and require a large amount of training data.

Therefore, the joint power and relay selection algorithms for relay-assisted CPD-
NOMA are important for achieving optimal performance in terms of capacity and power
consumption. These algorithms can be adapted to different system requirements and
constraints, such as the number of users, the channel conditions, and the power budget.

2.6 COMPARISON OF DF AND AF RELAY-ASSISTED CPD-NOMA

CPD-NOMA systems are designed to enhance the spectral efficiency and reliabil-
ity of cellular communication networks. In addition to relay-assisted CPD-NOMA,
there are other cooperative strategies that can be employed in CPD-NOMA systems.
These strategies include amplify-and-forward (AF), decode-and-forward (DF), and
hybrid cooperative strategies.

DF is a cooperative strategy in which the relay node decodes the message trans-
mitted from the source and re-encodes it for transmission to the destination. This



30 5G and Beyond Wireless Networks

strategy is suitable for networks with strong relay-destination channels and high
computational capabilities.

AF is a cooperative strategy in which the relay node amplifies and forwards the
received signal from the source to the destination. This strategy is suitable for net-
works with weak relay-destination channels and low computational capabilities.

Hybrid cooperative strategies combine the advantages of DF and AF. In these
strategies, the relay node first decodes the signal from the source and then amplifies
and forwards it to the destination. This strategy is suitable for networks with moder-
ate relay-destination channels and computational capabilities.

Compared to DF and AF, relay-assisted CPD-NOMA provides a higher spectral
efficiency and can better cope with multi-user interference [35]. Moreover, it is less
affected by the relay-destination channel quality and requires less computational
complexity. However, the performance of relay-assisted CPD-NOMA is highly
dependent on the power allocation strategy and channel conditions.

In conclusion, the selection of cooperative strategies in CPD-NOMA systems
depends on the network characteristics and design requirements. Relay-assisted
CPD-NOMA provides a promising solution for improving the spectral efficiency
and reliability of wireless communication networks, but its performance should be
compared with other cooperative strategies to determine the most suitable strategy
for a specific network.

2.6.1 HyBrID COOPERATIVE STRATEGIES FOR CPD-NOMA SYSTEMS

Hybrid cooperative strategies of CPD-NOMA are a combination of DF and AF strat-
egies [26]. In these strategies, the relay node first decodes the message received
from the source and then amplifies and forwards it to the destination. This approach
combines the advantages of DF and AF strategies and is suitable for networks with
moderate relay-destination channels and computational capabilities.

In hybrid cooperative strategies, the relay node performs two main functions:
decoding and forwarding. The decoding function is similar to DF, in which the relay
node decodes the signal from the source and re-encodes it for transmission to the
destination. The forwarding function is similar to AF, in which the relay node ampli-
fies and forwards the received signal from the source to the destination.

The hybrid cooperative strategy can be divided into two stages: the first stage is
the DF stage, in which the relay node decodes the signal from the source and re-
encodes it for transmission to the destination, and the second stage is the AF stage,
in which the relay node amplifies and forwards the signal to the destination.

The power allocation in hybrid cooperative strategies is a critical design param-
eter that affects the system performance. The power allocation scheme should be
designed to maximize the sum rate of the system while satisfying the power con-
straints of the users and the relay node.

The advantages of hybrid cooperative strategies of CPD-NOMA are that they pro-
vide higher spectral efficiency than DF and AF strategies and are less affected by the
relay-destination channel quality. Moreover, the computational complexity of hybrid
cooperative strategies is lower than DF, making them more suitable for networks
with moderate computational capabilities.
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In conclusion, hybrid cooperative strategies of CPD-NOMA provide a promising
solution for improving the spectral efficiency and reliability of wireless communica-
tion networks. The design of power allocation schemes and the selection of coopera-
tive strategies depend on the network characteristics and design requirements.

2.6.2 INTEGRATION OF COOPERATIVE BEAMFORMING AND
ReLAY-AssisTED CPD-NOMA SysTems

Cooperative beamforming and relay-assisted CPD-NOMA [36] systems are two
promising techniques to improve the spectral efficiency and reliability of wireless
communication networks. The integration of these two techniques can provide even
better performance gains by exploiting the benefits of both.

Cooperative beamforming is a technique that uses multiple antennas at the source
and relay nodes to form a beam that focuses the signal toward the destination node.
This technique can provide spatial diversity gain and mitigate the effects of fading
and interference.

In relay-assisted CPD-NOMA systems, multiple users share the same time and
frequency resources with the help of a relay node, and the power is allocated non-
orthogonally to improve the system capacity. This technique can improve the spec-
tral efficiency of the system and reduce the multi-user interference.

The integration of cooperative beamforming and relay-assisted CPD-NOMA sys-
tems can be achieved by using cooperative beamforming at the source and relay
nodes and relay-assisted CPD-NOMA at the relay node. In this setup, the source and
relay nodes use cooperative beamforming to form a beam toward the destination
node, while the relay node uses relay-assisted CPD-NOMA to transmit the signals
from the source node to the destination node.

The integration of cooperative beamforming and relay-assisted CPD-NOMA can
provide several benefits. First, cooperative beamforming can enhance the reliability of
the system by providing spatial diversity gain and reducing the fading effects. Secondly,
relay-assisted CPD-NOMA can improve the spectral efficiency of the system by reduc-
ing the multi-user interference and allowing multiple users to share the same resources.

However, the integration of these two techniques also presents some challenges.
The power allocation strategy needs to be carefully designed to optimize the system
performance, taking into account the beamforming and CPD-NOMA constraints.
Moreover, the design of the system needs to consider the channel conditions and user
density to ensure efficient use of the available resources.

2.7 FUTURE RESEARCH DIRECTIONS
2.7.1 EMERGING TRENDS IN CPD-NOMA SysTEMS

Here are some recent research papers that highlight the emerging trends in coopera-
tive power domain NOMA:

i. Machine learning (ML) and artificial intelligence (AI): ML and Al
techniques have the potential to optimize the performance of CPD-NOMA
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systems. These techniques can be used to optimize the power allocation,
user clustering, and resource allocation. A comprehensive survey of the
recent advances in ML-based resource allocation for cooperative NOMA
networks.

ii. Resource allocation: Resource allocation is a critical issue in CPD-
NOMA, and there are emerging trends toward developing efficient resource
allocation strategies that can take into account the varying channel condi-
tions, user densities, and power constraints. A joint power allocation and
user clustering scheme for CPD-NOMA, which can improve the spectral
efficiency of the system.

iii. Energy harvesting (EH): CPD-NOMA can also benefit from energy-
harvesting technologies. EH techniques can be used to harvest energy from
the environment and use it to power the devices in the system, which can
reduce the dependence on external power sources. An energy-harvesting—
enabled CPD-NOMA system can improve the energy efficiency and sus-
tainability of the system.

iv. Integration with other technologies: CPD-NOMA can be integrated with
other emerging technologies such as IoT, 5G, and mm-wave communica-
tions to create a more efficient and flexible system. The potential of CPD-
NOMA for IoT applications highlights the emerging trends in this area.

v. Security: As CPD-NOMA becomes more prevalent, there is a growing
need for security measures to protect the system from malicious attacks.
Emerging trends in this area include the use of encryption and authentica-
tion techniques to secure the system. The security and privacy challenges
in cooperative NOMA networks present potential solutions to address these
challenges.

Therefore, the emerging trends in CPD-NOMA include the use of ML and Al,
efficient resource allocation, EH, and integration with other technologies, security,
and cognitive radio. In summary, CPD-NOMA is a rapidly evolving field, and there
are several emerging trends that are shaping its development. These trends include
the use of ML and Al, efficient resource allocation, EH, and integration with other
technologies, security, and cognitive radio.

2.7.2  CHALLENGES IN CPD-NOMA SysTEMS

Here are some recent research papers that highlight the challenges in cooperative
power domain NOMA as shown in Figure 2.2.

A comprehensive survey of cooperative NOMA discusses the key challenges
facing this technology, including power allocation, user clustering, and channel
estimation. [37] proposes a joint power allocation and user clustering scheme for
CPD-NOMA and highlights the challenges in implementing such a scheme, includ-
ing the trade-off between system performance and computational complexity. [38]
proposes an energy-harvesting—enabled CPD-NOMA system and discusses the
challenges associated with integrating EH into NOMA, including the impact of EH
on system performance and the complexity of EH-based resource allocation. [39]
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FIGURE 2.2 Challenges of CPD-NOMA.

discusses the security and privacy challenges in cooperative NOMA networks,
including eavesdropping, interception, and unauthorized access. Therefore, these
papers highlight the challenges facing CPD-NOMA, including power allocation,
user clustering, channel estimation, EH, security and privacy, and integration with
other technologies.

While CPD-NOMA has the potential to improve the spectral efficiency and
energy efficiency of wireless networks, there are several challenges that need to be
addressed. Here are some of the key challenges facing CPD-NOMA:

i. Power allocation: Power allocation is a critical issue in CPD-NOMA, and
it can be challenging to allocate power efficiently among the users while
maintaining a low level of interference.

ii. User clustering: User clustering is another key challenge in CPD-NOMA.
Clustering users with similar channel conditions can improve the system
performance, but it can be challenging to identify and cluster users effi-
ciently in a dynamic environment.

iii. Channel estimation: Accurate channel estimation is essential for CPD-
NOMA to work effectively. However, channel estimation can be challenging
in a multi-user environment with varying channel conditions and interference.

iv. Implementation complexity: The implementation complexity of CPD-
NOMA can be high, particularly in large-scale systems. The hardware and
software required to implement cooperative PD-NOMA can be expensive
and complex.

v. Interference management: Interference is a significant challenge in
CPD-NOMA, particularly when multiple users are transmitting at the
same time. Efficient interference management techniques are required to
reduce interference and improve system performance.
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vi. Security: As with any wireless communication system, security is a sig-
nificant concern for CPD-NOMA. Security threats, such as eavesdropping
and hacking, can compromise the integrity of the system and jeopardize
user privacy.

vii. Cooperation overhead: CPD-NOMA requires cooperation among the
users, which can add additional overhead to the system. The overhead can
increase as the number of users in the system grows, which can impact the
overall system performance.

In summary, CPD-NOMA faces several challenges that need to be addressed for
the technology to reach its full potential. These challenges include power allocation,
user clustering, channel estimation, implementation complexity, interference man-
agement, security, and cooperation overhead.

2.8 CONCLUSION

This study offered a thorough review of CPD-NOMA for 5G wireless networks.
According to the studies mentioned, research in this area is still in its initial
stages, thereby leaving the subject open for future research. In emerging technolo-
gies, integrated networks must meet stated objectives such as efficiency, reliability,
and greater system performance. The performance and advantages of NOMA over
OMA are also discussed in this chapter. In addition, different types of coopera-
tive strategies for CPD-NOMA and their advantages are discussed. Finally, open
research challenges are discussed.
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3.1 INTRODUCTION

The connectivity crisis of customers is the present problem in automation tech-
nology for business units, security, activities, developers, and infrastructure that
offers accessible, effective, and agent-less applications. With the help of customer-
generated needs, it is possible to measure the effectiveness of the network and
resource utilization for smart projects in smart cities [1]. Future 6G communi-
cation will require deep and intelligent, holographic, and pervasive connectiv-
ity. Future 6G network design is becoming more heterogeneous and vast and has
various goals with self-optimization to serve different, dynamic, and demanding
business models with Al approaches [2]. Moreover, zero-touch service adminis-
tration, automation, security, and trust networking capabilities are all included in
network softwarization, which are equally crucial [3]. The 6G system integrates
several technologies with intelligence capabilities, connecting several emerging
technologies. The combination of these dynamically versatile evolving technolo-
gies, which would assist future generations in meeting the complex user demands
of the development of smart projects, presents a challenge for the network of the
future generation [4]. Hence, 6G should be the requirement that 5G cannot meet
and needs further improvement to meet society’s information needs [5]. The peak
transmission rate of the 6G network will be 10 Gbps, density of the traffic will be
10 TBPs/km?, the connection density will be 1 million sets/km?, and the user expe-
rience rate will be 0.1-1Gbps, according to the 6G standard proposal [6]. End-to-end
latency reaches the ms level at 500 km/h, which can guarantee the user experience.
Moreover, it dramatically improves energy, cost, and spectrum efficiency. Future
scenarios for using the 5G network will increase, and numerous experts in the field
are already working on the research and development of 6G network applications
for unmanned aerial vehicles (UAVs), logistics, vehicle networking, etc. Radio
frequency spectrum management has grown in importance in today’s expanding
globe concerning wireless communications [7]. Radio frequency (RF) spectrum
scarcity is the main challenge facing developing wireless communication network

DOI: 10.1201/9781003407836-3 37


https://doi.org/10.1201/9781003407836-3

38 5G and Beyond Wireless Networks

systems [8]. Several research and development initiatives are already tackling 6G
mobile systems, mostly focusing on emerging and translating technologies, even if
fifth-generation (5G) systems have not yet been deployed in several nations [9]. To
succeed commercially, it will be necessary to scale publicly accessible technolo-
gies like virtualization, Al, and cloud radio access networks [10]. To simplify and
hasten the adoption of multi-vendor radio access networks (RANs) in 6G mobile
networks, the Open Radio Access Network (O-RAN) Alliance is a step in the right
direction [11]. The O-RAN architectures for 6G mobile are currently being inves-
tigated as a heterogeneous network [12]. This technology is a strong contender
for next-generation mobile networks since it can handle enormous capacities and
numerous concurrent users. This technique can take care of fully integrated and
extremely dense heterogeneous network solutions that profit from software stations
and commoditized hardware. Optimizing 6G network resources using O-RAN has
recently been the subject of extensive research [13]. An intelligent radio resource
management strategy is proven to be useful for reducing traffic congestion, and
the plan’s efficacy is illustrated using real data from a significant operator [14].
In [15], the author discusses the situations that inspired the idea of 6G, reveals their
desired 6G performance requirements, explains the supporting technologies for
the 6G services they have already introduced, and proposes a new set of service
classes. The authors describe the two core technologies of computational holo-
graphic radio and photonics-based cognitive radio, which are predicted to become
the key 6G technologies necessary for these services [16]. They claim these ser-
vices will promote the merger of photonics and Al and necessitate an end-to-end
processing, sensing, and communication code. Using heuristic techniques, [17]
suggests network slicing and joint power allocation for an O-RAN system with
challenging sub-problems of high computational complexity. The 5G slice-in-slice
scheduling optimization outcomes are shown in [18]. Joint resource allocation and
UD selection in O-RAN with guaranteed energy efficiency and latency are pre-
sented in [19]. [20] presents radio interference and resource management (RIRM)
strategies to address the difficulties in efficiently using the resources already at
hand, including spectrum band, energy, modulation scheme, cyclic prefix, and
guard band allocation.

Li and Qu [21] suggested multi-objective particle swarm optimization (MOPSO)
in 2020. The multi-objective version of particle swarm optimization (PSO) uses the
Pareto envelope and the four lattice generation technique to solve multi-objective
optimization issues. In contrast to PSO, more than one criterion is used to deter-
mine and define the most (local or global) optimal solution. Dominance-based
and probabilistic principles are applied for the personal (local) best particle. It is
anticipated that resource allocation will be heavily researched in future years at
small-base stations (SBS) and macro-cell base stations (MBS) regarding local and
global maximum capabilities. The Al-based resource optimization in the O-RAN
network is the main focus of the literature mentioned above. However, to the
authors’ knowledge, the ultra-dense heterogeneous O-RAN cellular system design
has yet to be published. As a result, rather than using Al-based optimization in
ultra-dense heterogeneous scenarios, we are considering MOPSO at both SBSs and
MBSs in ultra-dense O-RAN cellular systems. This will enable us to identify the
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enabling technologies for the 6G services that are being proposed and to disclose
their intended 6G performance requirements.

3.2 SYSTEM MODEL DESCRIPTION

By offering a non-proprietary version of the RAN system, the O-RAN is a RAN that
enables cellular network equipment from several suppliers to work together. With
integrating new technologies into cellular networks today, such as massive multiple-
input multiple-output (MIMO), millimeter wave, and sub-terahertz communications,
network operators face the difficult task of managing the rising complexity and costs
of maintaining these systems to keep up with consumer demands and market trends.
Higher data speeds, lower latency, more connection, and innovative applications and
services offered by the 6G network are anticipated to transform the telecommunica-
tions sector completely. However, cooperation across various networks and tech-
nologies, such as 5G, wi-fi, satellite, and other wireless technologies, is necessary to
realize the goal of a 6G network.

Figures 3.1 and 3.2 depict the deployment scenario structure and end-to-end flow
of the suggested solution for the O-RAN architecture. Figure 3.1 shows a schematic
block diagram of the distributed O-RAN architecture. The four fundamental build-
ing elements of O-RAN are the physical layer, the network layer, the application
interface, and the network control and service management system. Several crucial
elements enable the O-RAN architecture to function with heterogeneous networks
to build a 6G network. The RAN intelligent controller (RIC), the central unit (CU),
the distributed unit (DU), and the radio unit (RU) are some of these parts. An essen-
tial element of the O-RAN architecture that makes it possible for the network to be
programmed and automated is the RIC. RAN functions, such as managing radio
resources, mobility, and quality of service (QoS), are under the authority and man-
agement of the RIC. The RIC provides a standardized interface for various network
components, enabling seamless integration and interoperability. Radio resource
management, mobility management, and QoS management are all RAN func-
tions that must be controlled and managed by the CU. The CU offers a centralized
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FIGURE 3.1 A distributed O-RAN architecture for 6G communication.
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FIGURE 3.2 System model for resource allocation based on O-RAN heterogeneous
network.

abstraction layer to manage and optimize the network’s components. The CU can
also employ real-time analytics and machine-learning strategies to improve network
performance. The network’s physical layer operations, such as the modulation and
demodulation of the radio signals, are handled by the DU. The DU offers a distrib-
uted abstraction layer that can manage and optimize the network’s physical layer
components. The RU sends and receives radio signals between the user equipment
and the network. The RU provides a standardized interface that can integrate differ-
ent radio technologies, including 5G, wi-fi, and other wireless technologies.

An RU and a DU are responsible for seamless interfacing with the heterogeneous
user equipment that is part of low-power SBSs in an ultra-dense 6G cellular network
architecture, as shown in Figure 3.3. A central unit (CU) is part of the MBSs con-
nected to multiple DUs to provide connectivity to the core mobile and data network.
As shown in Figure 3.2, the service management and orchestrator (SMO), non-real-
time intelligent controller (non-RT-RIC), and Near RIC are the O-RAN entities
that supervise the interactions between RU, DU, and CU for efficient and optimum
resource utilization. The near-RT RIC and the non-RT-RIC are connected through
the Al interface, one of the O-RAN-specific interfaces that enables the deployment
of intelligent models, policy, and guidance in the near-RT RIC’s non-real-time con-
trol loop. The non-RT RIC also terminates the Ol interface, which connects to every
other RAN component and is used to control and coordinate network activity. The
task is divided or controlled by F1 between CU and DU. To locate the intra-cell
network’s call network, open fronthaul (FH) is used. The non-real-time (or non-RT)
RIC is a component that works in tandem with the near-real-time (RT) RIC in the
SMO framework, as depicted in Figure 3.2, to enable intelligent O-RAN operation
and optimization on a time scale longer than one second. The non-RT RIC uses the
non-real-time control loop to manage machine learning (ML) models for the near-
RT RIC and to give advice and enrichment data. Additionally, the non-RT RIC has
indirect control over all O-RAN architectural elements linked to the SMO due to its
ability to influence SMO activities. The near-RT closed-loop control may have an
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influence on hundreds or thousands of user equipments (UEs) because the near-RT-
RIC is frequently connected to several RAN nodes.

An O-RAN-based ultra-dense 6G heterogeneous cellular network architecture is
considered in this work and shown in Figure 3.3. Depending on the cell architecture,
such as femtocells, picocells, and microcells, each tiny cell is estimated to include
100-500 UE connected by low-power SBSs. Next, an optical link connects each SBS
to a homogeneous cell MBS. These MBSs serve as a hub and connect users to the
leading mobile and data network. At both SBSs and MBSs, we suggest simultane-
ously optimizing energy and spectrum allocation for fading channels with delayed
CSI. Assume that X UEs are linked to SBSs and that a group of Y SBSs is linked to
MBSs. The channel gain g, , between the UE and the Y SBS and gy =1/, Fa,,
where A, , is the small-scale fast fading component and ¢, , is the large-scale fading
effects factor such path loss and shadowing. Both pieces are assumed to be indepen-
dently and identically distributed (i.i.d.) as CN(0, 1). The SBSs are expected to know
the channel status information (CSI) of the connected UE to the SBS link. Next, the
variation in channel over time 7'is modeled by the first-order Gauss-Markov process,
given by

hyy= Sﬁm +e 3.D
here, fzx,y and h, , are the channel coefficients in the past and present time respec-
tively, e eCN(O, 1- €?) is the channel error and € is the channel correlation between
the two successive time slots. Therefore the signal-to-interference-plus-noise-ratio
(SINR) of the receiver at SBS is

2
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Where P, and P; denote transmit powers of the x™ E and the j" UE, respectively,
07 is received noise power, and maybe 1 or 0, p ;. =1 when j™ UE reuses the spec-
trum of the x” UE else p; . = 0. Next, Y SBSs send their data to MBS. Further, the
SINR at MBS is given by
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2
(Rvay Ey |y y

YmBs =

~|—

Here, ¢, is the AWGN noise vector at MBS received signal. To meet the high data
requirement for 5G cellular networks, the capacity for SBSs connection with UE
and MBS connectivity to the SBSs has to be optimized for highly reliable resource
allocation and to get maximum channel capacity between UE to SBSs and SBS to
MBS. Therefore, in this work, we consider a MOPSO algorithm to simultaneously
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solve the channel capacity optimization of both SBSs and MBSs. Further, the capac-
ity maximization problem is given by

max ) loga(1+ sss) (3.4)
pj,st.hP/ eX
lOgQ (l+}/533)2rx, Vxe X, (35)
2 pi <l p.el0l}  VreX, (3.6)
xeX
and
max D loga(1+Yums), X))
7 yeYy
logy (1+Yams ) = 1o, VyeY, (3.8)
and
Yope<t pe{ol}  Vyev, (3.9)

yey

where r, is the minimum acceptable transfer rate for X " UE and r, is the minimum
reasonable transfer rate for Y MBS.

3.3 PROPOSED RESOURCE ALLOCATION DESIGN

Power allocation for MBS to SBSs and SBS to UEs communication links can be
expressed as bellow.
The channel capacity for MBS to X" SBS and SBS to UEs are given by
chax,c ‘hx,c‘z

: (3.10)
h,

C,y=log| 1+
o’+Pa,

While satisfying all the constraints, the optimization problem can be formulated by

max C,,. (3.11)

Py .Px

A feasible region from (11) is deduced as [18]

eXp[J
(P;I,Pf)lexp R'}/({)f 1+£7/O] < Q ,R% ZP,OSPxLSPntmxs
o 1o = p, (3.12)

0< P! <Py,
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or
_ pad
(Pf,Pf):(l + dQ )exp(P dR% le, CY§ (A0S P < Prax,
reb YoS ) Po . (I3)
0< P < P
where
P=pla,ellh), (.14)
0=rpia,(1-£}). (3.15)
A 2
R=0’+pia,,|h., . (3.16)
and
S =pio,,(1-£1,). 3.17)

The proof of (13) is presented in [18] by which the optimal power allocation at
SBS and MBS is derived as follows:

min{( Pl P )} ifimas < PO

d* _ . . c c
Py =1 min{(pies pie )} ifpia > 18 P )6 (3.18)
pe
and
min{( P it ) ifp” < i
P = min{( phas P ) ifome = PO D)6 (3.19)
prax’!
where
2
e c
= — — (3.20)
=1 o, ke; |hy| — o ker
I-¢€5 \ po S i
and
cn,d 2 2
k(=€) —
pg _ DPoYo Oy k(1= €5, )( Po)’ 3.21)

o, (1-€)p5
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where p¢1..« and p§n. are originated with the implicit functions F; (R‘frlm P ) =0
and F, (P,Zax,ijmax) =0 as well as p’Z. and pi’.. are designed with the implicit
functions F, (Pn‘fax ,Pj‘fmx) =0and F, (R.’ﬁax P ) =0. Using the bisection search to
note the monotonic relationship between p; and p;’ in the implicit functions

s v (we) o)
E(P;’,P;)=[1+Qy3jexp[ £°]-1_,f=°’ (3.22)

where pi € {O, pé } and

¢ 0 P-vy 1
F(PY,P)=| 1+ —=— -——=0 3.23
(AR ( %?SJGXP( v6S ) po 629

where p§f e{pé’ +o<>}.

3.4 SIMULATION RESULT

This section presents a complete simulation analysis to validate the suggested
approach. We have considered f. =2.5 GHz and 5 GHz, SNR from 0-30 dB. The
total power availability for SBSs and MBSs links is from 0-20 dB. Figure 3.3 depicts
the system model used to simulate the proposed process. The recommended method
and the ORAN-based network architecture are correlated in Figure 3.2. The hetero-
geneous UEs’ SBS zone is thought to have a radius of 100-500 m?. Figures 3.4 to 3.6
show the simulation study of the proposed MOPSO-based resource allocation for 6G
ultra-dense heterogeneous networks. In an O-RAN-based ultra-dense heterogeneous
network, the MOPSO function’s feasibility region is simulated using the maximum

20
N
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215~
)
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E10-
m
3
J =l
25 \26\’\‘\ Tl
15 s _— 2 =
10 e e 15
5 i 5
. 0 0 P
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FIGURE 3.4 A 3D plot for the feasible region of optimal power allocation for both MBS
and SBS.
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FIGURE 3.5 A normalized, optimized sum capacity rate plot for the proposed technique.

power allotted for the links from SBS to UEs and MBSs to SBSs. Figure 3.4 shows
a 3D graphic for the functional area of optimal power allocation for both MBS and
SBS and the corresponding UE bit rate capacity. It has been observed that the maxi-
mum UE rate capacity can be achieved when the power is approximately equally
distributed among UEs’ and SBSs’ links.

Figure 3.5 shows the likelihood of a UE and SBS link outage using the MOPSO
algorithm. UEs SINR is kept at 5 dB to examine the CDF of outage probability. Higher
interference power scenarios have been found to increase the likelihood of outages. In
contrast, higher carrier frequencies improve the performance of the proposed algo-
rithm because they narrow the spectrum beam width and reduce interference power.

Figure 3.6 shows the cumulative UE rate capacity linked to preserving 5dB noise
variance at SU for various carrier frequencies. The figure shows that the rate is

0 10 20 30 40
SINR (dB)

FIGURE 3.6 A cumulative outage link probability between the UEs and SBSs for the pro-
posed technique.
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constant for f, = 2.5 GHz and gradually declines for higher carrier frequencies. This
is because the proposed scheme is designed to serve more UEs in a given area at
higher frequencies, which adds to the scheme’s complexity and causes a slow decline
in rate performance due to increased UE-related interference.

3.5 CONCLUSION

Instead of an Al-based resource optimization in this paper’s high-density hetero-
geneous scenario due to the heterogeneity of the multiple UEs, we have provided
MOPSO at both SBS and MBS in a high-density O-RAN cellular system. The exper-
imental results demonstrate not only that the suggested method has a discernible
impact on the optimization of the system’s energy consumption in many circum-
stances, but it also demonstrates that this algorithm has a high degree of conver-
gence. The simulation analysis demonstrates that the suggested algorithm ensures
the minimal UE SINR power of 5dB and achieves the sum capacity rate by minimiz-
ing the failure probability link.
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Two-User Cooperative
NOMA with a SWIPT-
Enabled Relay

Hritwika Sarkar, Shashibhushan
Sharma, and Sumit Kundu

4.1 INTRODUCTION: NOMA FOR 5G AND BEYOND NETWORKS

Next-generation networks of 5G and beyond are evolving to provide connectivity and
services to large number of devices. Spectral efficiency is one of the most important
requirements to meet this demand. Non-orthogonal multiple access (NOMA) has
drawn a lot of interest as a potentially useful technique for supporting a large number
of devices with excellent spectrum efficiency [1, 2]. In power domain NOMA, users
will be separated on the basis of power level at the receiver using successive interfer-
ence cancellation (SIC). In the uplink NOMA communication, the highest power is
assigned to the information signal of the user nearest to the base station, whereas the
highest power is assigned to the information signal of the distant user from the base
station in the case of downlink mode of NOMA communication [3, 4]. In the uplink
NOMA, the information signal of the nearest user is decoded by the base station first
and after SIC operation, the information signal of the distant user is decoded. In the
downlink mode of communication, the nearest user first decodes the information
signal of the distant user and then decodes its own information signal.

Currently, NOMA has attracted significant research attention. The performance
of outage of a NOMA-based uplink land mobile satellite communications has been
studied by the authors of [5]. The authors in [6] have analyzed massive machine-
type communication, where the different users sending their data with different
power levels utilize an uplink NOMA. Here the authors have shown the energy
efficient massive connectivity. The authors in [7] have analyzed the device-to-
device communication in an uplink NOMA-based communication. In this model,
the far user takes the help of the nearest user to send the data. The ergodic rate was
analyzed, which shows that the performance is better in comparison to the conven-
tional orthogonal multiple access. The authors in [8] have analyzed the NOMA in
satellite communication and shown that the insertion of NOMA in satellite com-
munication is superior to other communication systems. To further enhance the
performance of NOMA in terms of transmission reliability, extension of coverage,
cooperative NOMA has been proposed where one user with good channel gain acts
as a cooperative relay, or a separate dedicated node acts as a relay [2, 9, 10]. The
authors in [11] have analyzed the NOMA-based downlink communication where

DOI: 10.1201/9781003407836-4 51


https://doi.org/10.1201/9781003407836-4

52 5G and Beyond Wireless Networks

the satellite directly and with the help of earth-based relay communicates with the
users. The outage probability has been analyzed and the performance is shown to
be better than conventional schemes.

Simultaneous wireless information and power transfer (SWIPT) enables power-
constrained relay nodes to harvest energy from the radio frequency (RF) signal and
helps in achieving green communication [12]. There are two interesting protocols
for harvesting energy such as time switching relaying (TSR) and power splitting
relaying (PSR) [12]. Further, a hybrid of these two schemes can also be used. Energy-
constrained relay in cooperative NOMA uses energy harvesting vide SWIPT. Outage
of NOMA and SWIPT-based NOMA have been investigated in [13—15]. The authors
in [16] have analyzed the outage probability and ergodic rate in downlink NOMA
networks with energy-harvesting relay. Here, multiple relays harvest the energy from
radio frequency of base station. A particular relay is partially selected among the
multiple energy-harvesting relays to forward the information signals. In this net-
work, the imperfect SIC operation and imperfect channel state information have been
considered. In [17], the authors have analyzed the energy harvesting based on time
splitting mechanisms. Here, all the transmitting nodes harvest energy from a power
beacon. The authors have analyzed the outage probability, throughput, and energy
efficiency as performance metrics. In [18], the authors have studied energy harvest-
ing in NOMA-based downlink communication where a relay harvests energy from
a power beacon in non-linear mode. Here, the authors used two types of antenna-
selection schemes to improve the outage performance.

In this chapter, we investigate a model where two separate sources use NOMA
to send signals to two different destinations with the aid of a middle energy limited
decode and forward (DF) relay. The signals of the two senders help the relay to
gather energy using two separate energy-harvesting schemes: (i) TSR and (ii) PSR.

The major contribution of our chapter shows the following:

i. Probability of outage for two-user NOMA aided by a DF relay harvesting
energy under (a) TSR scheme and (b) PSR scheme is presented analytically
ii. Closed-form analytical equations for the likelihood of an outage in each of
the two energy harvesting plans
iii. Showing how power allocation coefficients affect the outage
iv. Outlining how time switching and power splitting parameters affect system
outages

MATLAB-based simulation results validated our analytical formulation.

4.2 NETWORK MODEL FOR TWO-USER NOMA

4.2.1 NETWORK MODEL

The two-hop NOMA system model with an energy-harvesting relay is shown in
Figure 4.1. Two sources (S1 and S2) communicate with two destinations (D1 and
D2): a near user and a remote user with the help of a relay. Here, half-duplex mode
is used by each node, each of which has a single antenna, and the sources and the
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FIGURE 4.1 System model for two-user cooperative NOMA.

related destinations are not directly connected. Furthermore, quasi-static Rayleigh
fading is assumed for all the channels. The signals transmitted by the sources help
the relay to gather energy following (a) PSR and (b) TSR under two circumstances
during the model’s first hop, or uplink phase. In the downlink phase, which is the
second hop of transmission, it uses that energy that was harvested to transmit the
information from the source to the destinations. The relay initially utilizes SIC in
the uplink to decode the signal of S1 and S2, then it employs superposition coding to
create a NOMA signal and uses the collected energy to send it. Further, the nearest
users D1 performs SIC in the downlink.

4.2.2 CHANNEL CHARACTERISTICS

All the channels considered in the current work are modelled as circularly sym-
metric complex Gaussian random variables with a mean of zero and a variance o,
i.e. CN (0, 63), where x denotes various channels. Additionally, we consider additive
white Gaussian noise (AWGN) to be a complex Gaussian random variable with cir-
cular symmetry, having a mean of 0 and a variance of Ny, or CN (0, Ny). hg g and hg,g
represent the coefficients associated with channels from sources to the relay. Next,
hgp,and hgp, are used to denote the coefficients of channels from the relay to the
users. These links have the channel gains, which are g r,gs,r,8rp, and gg, respec-
tively, where g; =|h; \2. These channel gains are considered to be exponential random
variables with independent and identical distributions (i.i.d) and a mean channel
gain of 207 (= A, ). The coefficients of exponential channel gain are Agz, s,z Azn,
and Agp, respectively [8].

4.2.3 ENERGY HARVESTING AT THE RELAY

The period of harvesting energy and forwarding the signal is shown in Figure 4.2 for
both the PSR and TSR scheme.

The TSR scheme divides the total time (T) used in communication into three
parts. During the initial time slot, 77, the transmitted signals of two sources, helps
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FIGURE 4.2 (a) Time frame for TSR scheme. (b) Time frame for PSR scheme.

the relay to harvest energy, where 7 is the time switching factor €(0,1) [5]. The
obtained energy is provided as

E, =TT (Py gsx + Py, gsix )- @1

The information from the sources is received at the relay in the second time
slot of (1—7)%. The relay transmits the signal with harvested energy at a power
of Pr = (l_fﬁ in the last time slot of (1-7)%.

According to PSR scheme, f (power splitting factor) is the fraction of source
power utilized for harvesting energy f<(0,1) [S]. In half of the time slot T/2, relay
harvests energy from the RF signals of two sources with a fraction of § of total
received power, while the information is received from sources to relay with a frac-

tion power of (1- f3),

T
Eh = ﬁ(z)(PS] gSIR +PSZ gS2R)a (42)

where Py, Ps,are the transmit power of S, and S, respectively. Here gz and &s,r
are the channel gains of source to relay. The signal is decoded and forwarded by
relay in the third time slot, 5. Relay utilizes the harvested energy and the corre-
sponding power for transmitting the signal is Py = +2.

4.3 OUTAGE ANALYSIS WITH TSR AND PSR SCHEME
AT THE RELAY

Two phases of the communication are accomplished. The signals from the sources
are sent to the relay during the first phase. The signal sent over the air is written as

X = Psl xS] + PSZ 'xSZ’ (43)
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where Ps, and P, are the allocated power for S1 and S2 for the symbols x5, and xg, .
The received signal at relay for TSR scheme

YR =1,PS1 hSlesl +1IP52 ]’lszR.sz +N0 where PSl >PSZ' (44)

The received signal at relay for PSR scheme

Yr =\'(1_ﬂ)PS1 hSlesl +\'(1_ﬂ)PS2 hSzRX.S'z +N0 Where PS] >PS2- (45)

Relay uses gathered energy (by harvesting) to broadcast the successfully decoded
messages x,, and x;, to users 1 and 2 respectively. The received signals at userl and
user2 for both TS and PS methods are

YrD, = ﬂOﬂPR hRDle] + «IOQPRthst + N() and (4-6)
Ve, = 0P hgp, X5, + /02 Prhg, x5, + No, @7

where N, denotes AWGN. Here, ¢ is the userl power allocation coefficient, while
., is the user2 power allocation coefficient. o+a,=1, 0,>0;. In the first hop of the
TS technique, the signal to interference-plus-noise ratio (SINR) of information sig-
nals [8]

P P.

1 518S1R 2 5, 85:R

YsR=—"——" s VsrR= . 4.8)
! PSzgSzR+N0 ? NO

In the first hop of the PS method, the information signal’s SINR is expressed as

(1-B)Ps gsir §R:(1_ﬂ)PS2gS2R
g = 2ot

l_ﬂ)PS2g32R+NO’ NO

Vs = ( @.9)

As D is nearer, SIC occurs at D, first; D, is decoded first considering D, as inter-
ference. In the downlink, the SINR of D, after decoding and subtracting D, in TS
and PS is

o Prg
VRoy = oL ;‘%RD‘ : 4.10)
The SINR of user2 at D, is
o, P, .
Vi, = — 2 RERD2 @11

0 Prgrp, + No )

Py is the transmit power of the relay based on harvested energy corresponding to
TS and PS schemes.
The overall SNR of userl and user2 in case of DF relay is expressed by

y.lS']l)] = mln(7§1k $7/}(I)] )Y§21)2 = mln(yéz'zl\’ ,7/12\’1)2 )‘ (4'12)
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Decoded signal capacities at D1 for the signal from S1 and at D2 for the signal
from S2 in TS are [8]

Csipy = I_Trlogz (1+ %50, ) and, C3,p, = l_TT logs (1+73,p, ), respectively.  (4.13)
Corresponding capacities in PS relaying method are

1 1
Clp = Slog: (1475, ) Coo, = S log: (1475, )- (4.14)

P, stands for the probability of an end-to-end system failure, and 7, and r, are
the target rates for users 1 and 2, respectively:

Four = P{(Cg‘lol <Tip )U(Cszznz <Ttin, )} @.15)
For TSR scheme the outage is given as [7]

Four :l_P(y;lR >91)P(7}m] >91)P(7§2R >92)P(712mz >92)

—-01K
_ e _OKs Y gk [ . KsO2
_1_(1+K291)(e o )(e 2 4)(63 (“2""‘92))’ (4.16)
21y 21y Ps, As,
where 6, =(, 7% )1 92_(2 ") -1 and K= Ko =, Ky=g,
K, =%, and K5 = PMRDZ
For PSR, the overall outage is
Pour =1—P(?’§1R >31)P(V1121), >91)P(7§2R >92) P(?’zzwz >92)
_ 4.17)
01 K
e -6, K -0, K !
=1- e 0 K3 )(p02 Ka — ,
(e o
Ps, s
where Kl = (Fﬁ)gs?lslk ’ K2 = 1’592112122 ’ K3 aﬂ’RlRD] K4 - KAZ and K5 NZAPRRDZ

6, =2"" —1and 6, =2"" —1.

4.4 RESULTS AND DISCUSSION

4.4.1 Resuits witH TSR ScHEME OF RELAYING

We now present the system outage probability (SOP) for both the harvesting schemes
for various parameters following [15]. Transmit power of source S; (F,;) and source
S, (P): 5 dBW, 10 dBW, 15 dBW; coefficient of time sitching (7): 0-1; efficiency
of energy harvesting (1): 0.8; NOMA coefficient for fractional relay power (¢): 0-1;
noise power of AWGN (N,) 0.1 dB W; threshold rates for outage (7,1, 1,2): 0.02 b/s/Hz,
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FIGURE 4.3 Outage probability versus time switching coefficient for energy harvesting (z)
with different values of signal power of userl.

(Reprinted from [15] with permission.)

0.01 b/s/Hz, for Figures 4.3, 4.4, 4.6, and 4.7, mean values of channel gain for near
user (Qi) and far user (€2j) are 1, 0 and 0.25 respectively. We first present the perfor-
mance of a TSR-based harvesting scheme [15].

Figure 4.3 displays the SOP for the EH relay-aided NOMA network for several
values of userl’s SNR with variation in EH time (7) in the TSR protocol. Based on
the simulation and analytical result, we find that the optimal value of 7=0.4, 0.35, and
0.3 when PS1 =5 dB, 10 dB, and 15 dB respectively. As energy is harvested more,
it is observed that the likelihood of an outage decreases. Relay transmit power rises,
and the outage value decreases. As 7 rises, the capacity decreases due to a gradual
decrease in transmission time of (1 - 7)%. As a result, we arrive at an ideal of 7 where
the outage chance is lowest.

Outage performance is depicted in Figure 4.4 in relation to the fraction of relay
power allotted to userl at the time when signals are delivered from the relay to des-
tinations. According to the downlink NOMA procedures, userl, who is closer to the
relay, receives low power allocation, while user2, who is farther away, receives higher
power allocation. So, DI gets lower power while D2 gets more power for decoding.
It may be noted that when relay to D1 and relay to D2 channel capacity become less
than the desired threshold causing both the signals to go to link outage, a system
outage occurs. System outage is getting improved with the increasing value of al as
channel strength is getting better for D1 and D2. However, after al > 0.5, their over-
all system performance becomes worse. As the near user is getting higher power,
so it does not go into outage. However, as a2 becomes less valuable due to a2 <
0.5, user2 goes into outage due to insufficient power for decoding. Therefore, the
likelihood of an outage is very high for both the very high and very low values of al.



58 5G and Beyond Wireless Networks

e Ps =5 dB (analytical)y
Vi

* Ps =35 dB (Simulation)
"1
Pg =10 dB (analytical)
!
> Ps‘ =10 dB (Simulation)
“1

= PS =15 dB (analytical)
1

fe) By =15 dB (Simulation)
1

System Qutage with TSR

1 O

0 01 02 03 04 05 06 07 08 09 |1
Power Allocation Coefficient (al)

FIGURE 4.4 Outage probability versus power allocation coefficient from relay (al) with
different values of pq;,.

(Reprinted from [15] with permission.)

From this simulation, we are able to determine the optimal relay power fraction at
al=0.4 when PSI was 5, 10, or 15 dBW. Further, as al approaches to 1, outage is
seen to approach 1.

The outage probability with respect to SNR of S2 for various values of data rates
is shown in Figure 4.5. We see that the system initially had a decreasing outage prob-
ability when the transmit SNR of S2 is increased gradually. Additionally, we obtain
an SNR for S2 that is optimal, at which point outage is minimum. Further, as SNR
for S2 increases, outage increases until it reaches 1. In order to have better perfor-
mance with respect to outage, S1 transmits message signals at a high power level,
while S2 transmits at a reduced power level. Performance during outages declines as
threshold rate values rise. Relay can successfully decode for transmission when the
source power is strong and the threshold rate is low. As a result, outage performance
increases as the threshold is lowered. The outcomes of the simulation are observed
to very closely agree with the outcomes of the analysis.

4.4.2 Resurts witH PSR ScHEME OF RELAYING

Figure 4.6 displays the energy harvesting network’s outage probability in rela-
tion to the power splitting coefficient (/) for various userl SNR values. We got an
optimal PSR parameter of = 0.6 when Py, =5 dB, = 0.5 when Py, = 10 dB, and
f=0.4 when Py, = 15 dB from the simulation. The harvesting energy increases with
increase in f. It shows improvement in outage performance with increase in f as
the capacity increases due to increase in harvesting energy. Consequently, transmit
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FIGURE 4.7 Outage probability versus SNR of sourcel (pg,) with different values of power
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power increases which reduces outage. After the optimum value of f, outage again
increases. As there are further increase in [, though it increases the harvested
energy, it reduces the power (1— ﬁ) with which information from source to relay
is received, which therefore reduces the SNR received at the relay. Also, it can be
observed that increasing the source power which leads to higher SINR at destination
tends to improve outage performance.

The nature of SOP curve is convex, due to the fact that with increase in value of
p, the harvested energy is getting better; however, after an optimal point of f, per-
formance for transmission is getting worse, as power is not sufficient for decoding,
which in turn causes outage probability to tend to 1.

Figure 4.7 shows SOP with respect to transmitting SNR of userl (pS1) through
simulation results which are verified by analytical expressions. In the uplink stage,
SNR of first source is more than second source. The relay first decodes the signal
of first source cancelling the second one by considering it as an interference signal.
As pSl1 increases, outage probability decreases. In downlink stage, relay transmits
the signal to receivers by power allocating al and a2. As al < a2, user cancels out
user2’s interference using SIC techniques to retrieve userl’s signal. Because signal 2
interferes with signal 1, the likelihood of an outage decreases with increasing signal
power of userl, while the likelihood of an outage increases with increasing signal
power of user2.

For various levels of data rates, Figure 4.8 displays outage probability relative to
SNR of source2. When the SNR transmitted from the source2 increases, the net-
work gradually experiences low outage probabilities, we reach an optimal value.
Further, as the SNR increases, the outage probability increases to 1. It is seen that
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FIGURE 4.8 SOP versus SNR of sourcel with different values of power of source2.

when sourcel transmits message with higher power compared to user2, better outage
performance is obtained. As the detection threshold value rises, outage performance
falls. With lower value of detection threshold, probability of successful decoding of
sources increases, causing improvement in outage performance. When the source
power is high while the detection threshold is low, it allows the relay to capture more
energy for transmission and chance of correct decoding increases. So outage perfor-
mance becomes better; however, by increasing threshold, successful decoding of the
signal gets reduced. So outage probability becomes higher.

4.5 CONCLUDING REMARKS

Outage performance of a double hop communication utilizing an intermediate DF
relay is analyzed with two protocols for harvesting energy: TS- and PS-relaying
protocols. The relay used in the system model is half duplex in nature. We observe
optimal energy harvesting coefficient at which SOP attains minimum value. We
can observe that when energy harvesting parameter in PS (i.e., power splitting ratio
is less than 0.5), performance is better because the relay becomes able to harvest
enough energy from both the sources for further transmission. But when it gets very
high, though the relay can gather more energy, the information is not received with
high power at the relay. We also observe that fraction of relay power for decoding the
signals to desired destinations has some optimal value, which is between 0.4-0.6.
Similarly in the case of TSR, an optimal TS parameter is observed, which minimizes
outage. As the near user is having better channel strength, so it can be decoded with
comparatively lesser power than the far user, which has low channel strength. So,
power allocation factor should be always more for D2 than D1 for better outage.
We can also observe the outage performance with the variation of SNR of sourcel.
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At the low value of SNR, outage of both are high as some power is used for energy
harvesting, and less power is involved for transmission. Increase in target data rate
degrades outage performance. The study is significant in designing a double hop
communication based on NOMA.
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Non-Orthogonal
Multiple Access (NOMA)
for 5G Networks

Kirti Prakash, Mohd Javed Khan, and
Ram Chandra Singh Chauhan

5.1 INTRODUCTION

From first-generation (1G) to fifth-generation (5G) wireless networks, a multiple
access strategy is a key technology for differentiating distinct wireless systems. In
1G, 2G, 3G, and 4G, respectively, frequency division multiple access (FDMA), time
division multiple access (TDMA), code division multiple access (CDMA), as well
as orthogonal frequency division multiple access (OFDMA) were employed. These
methods use orthogonal multiple access (OMA). To avoid or lessen inter-user inter-
ference, distinct users are allocated in an orthogonal manner within these multiple
access structures, depending on the time, code, or frequency domain. In OMA, the
deployment of suitably cost-effective receivers with minimal complexity makes it
simple to isolate the information-carrying signals of the consumers. Nevertheless,
due to orthogonal resources, OMA can handle a small number of users. The idea of
non-orthogonal multiple access (NOMA) is put forth in order to support additional
users in 5G [1].

On one hand, the use of innovative wireless technologies is also increasing the
amount of mobile traffic by several thousand times compared to the remaining net-
works, while the upcoming 5G as well as next-generation systems are anticipated
to provide trustworthy, flawless, and energy-efficient support with worldwide con-
nectivity [2].

A potential multiple-access method for 5G and afterwards wireless communi-
cation networks is NOMA. Its goals are to effectively satisfy customer experience
requirements and offer a theoretical framework for the future implementation of
cells with reduced coverage. By accommodating many users in a single orthogonal
resource piece, NOMA techniques achieve their goal by utilizing non-orthogonality
and overloading. Although these ideas are not novel in 3G or 4G interactions, like
CDMA, NOMA utilizes a non-orthogonal strategy at the center of its architectural
structure and seeks a larger OC [3].

Intelligent transportation system (ITS) uses have exploded because of the rapid
spread of self-driving vehicles equipped with built-in communication and sen-
sor capabilities. The ITS solutions can provide enhanced data services, entertain-
ment services, vehicle platooning, as well as on-road security and control of traffic.
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Vehicle-to-vehicle (V2V) interactions are an essential component of 5G and
beyond communication systems as a result of the enormous potential of NOMA
techniques [4].

It has been greatly recognized how NOMA technologies have facilitated the
5G requirements for vast connection, ultra-high capability, rapid data transmis-
sion, ultra-low delay, and strong interference management. On an individual
resource element (RE), NOMA multiplexes various users in the power or code
areas [5]. It is seen as a promising solution for beyond 5G (B5G) wireless trans-
mission because of the spectrum efficiency (SE) improvement over the prevailing
technique [6].

In recent times, NOMA has drawn a lot of attention due to its promising use in 5G
wireless networks. It is used to enhance the SE of the system. Users of the NOMA
system may use consecutive interference cancelers to separate their own data from
that of other individuals when the channel circumstances are favorable. However,
this has the unwanted consequence of reducing the SE of the system by forcing
NOMA to assign higher power to a customer with poor channel circumstances in
order to correctly decode the overlaid signal [7].

5.2 NOMA SCHEMES

NOMA is a multi-access technology that enables users to utilize resources simul-
taneously in a non-orthogonal manner on a subcarrier by simultaneously broad-
casting data on the exact same frequency with different levels of power or by code
assignment [8, 9]. The reduction in latency seen during concurrent transmission is
significantly impacted by NOMA. This indicates that the asset is best utilized by
consuming all available bandwidth, which enhances the SE. Recent years have seen
a significant increase in interest in NOMA schemes for 5G mobile phone networks.
The primary justification for NOMA’s adoption in 5G as well as 6G is its capacity to
accommodate a large number of users while using same-time as well as frequency
sources. In order to multiplex consumers in the power domain, NOMA uses overlay
encoding in the transmitter as well as successive interference cancellation (SIC) at
the receiver (Figure 5.1).
NOMA can be categorized into main types.

’ NOMA

v 1

Power Domain Code Domain

FIGURE 5.1 NOMA techniques.
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5.2.1 Power-DOMAIN NOMA

A potential multiple-access (MA) technique for networks supporting 5G is power-
domain NOMA [10]. For the 3rd Generation Partnership Project (3GPP) long-term
evolution advanced (3GPP-LTE-A) systems, a downlink variant of NOMA termed
multiuser superposition transmission (MUST) has been proposed [11]. It has been
demonstrated that NOMA can increase system performance along with user satisfac-
tion. More recently, 3GPP LTE Release 14 approved a new work article describing
downstream for LTE [12], with the goal of identifying the appropriate techniques
for LTE to implement the downstream intra-cell MUST. By identifying them with
various power levels, power-domain NOMA supports numerous users inside the
same time/frequency/code source block. Partial non-orthogonal multiple access
(P-NOMA) often contains just one observation, in contrast to multiuser recogni-
tion in CDM A /multiple-input multiple-output (MIMO) frameworks, which typically
have many observations at the point of reception.

5.2.2 Cobe-DomaiN NOMA

Multiple users can superimpose the signals side by side in the P-NOMA. The
improvement in interference cancellation techniques is advantageous, while it is still
challenging [13]. Thus, a NOMA code domain is the best option. By using unique
sequences with limited, minimal-density and poor cross-correlation characteristics
for every client, a NOMA multiplexes users.

5.2.2.1 Interleave Division Multiple Access (IDMA)

In the code-domain NOMA, the IDMA is regarded as a viable candidate. This partic-
ular instance of CDMA direct patterns may be taken into consideration. Rather than
using CDMA to distinguish users, IDMA uses particular sequences. User-specific
interleavers are another special feature employed in IDMA to separate users [14].

5.2.2.2 Multiuser Shared Access (MUSA)

MUSA [15], coupled with the overload, without grant access, is another important
component. This technique fails to organize the resource base because it gives each
user complete freedom to select from the extensive cardinality of their overflow
sequence. By implementing grant-free accessibility, MUSA can lessen the overhead
signaling as well as delay transmission brought on the traditional grant-based broad-
casts. MUSA suggests the uplink communication since it lowers the energy usage of
its devices. To support several free users and lessen the effects of a user collision,
MUSA spreading patterns should be short and have low cross-correlation.

5.2.2.3 Sparse Code Multiple Access (SCMA)

A well-known cooperative NOMA (C-NOMA) solution being studied for 5G is
called SCMA [16], in which a constrained number of users let one another interfere.
Each user is given a particular, limited, multidimensional, and intricate codebook.
To distribute the modulated patterns from individuals over the allotted resources in
SCMA, codebooks are utilized to simultaneously recognize many users.



68 5G and Beyond Wireless Networks

5.2.2.4 Low-density Spreading CDMA (LDS-CDMA)

LDS-CDMA, which is based on the original CDMA idea, uses LDS instead of tra-
ditional spreading patterns to reduce the degree of interference that typical CDMA
schemes impose on each chip. The fundamentals of LDS-CDMA have been covered
in [17, 18]. The repeated multi-user detection (MUD) built on the message-passing
algorithm (MPA), which imposes a lower complexity compared to that of optimized
MAP detector, was also explored [19]. The effectiveness of LDS-CDMA commu-
nication across memory-less Gaussian networks utilizing binary phase-shift keying
(BPSK) modulation was specifically examined in [17].

5.3 NOMA WORKFLOW

Superposition coding (SC) is a technique used by the NOMA system to combine
the various signals from all the transmitting individuals into a single signal. Signals
are aggregated at the base unit in uplink NOMA. The users receive overlaid signals
provided by the base station (BS) for downlink NOMA. SC at the point of transmis-
sion as well as SIC for the reception point enables each user to benefit from the same
bandwidth. At the sender location, numerous data signals come together into only
one waveform, whereas the SIC analyzes all of them separately until it discovers the
signal that is wanted at the destination [20].

5.3.1 DownNLINK NOMA TRANSMISSION

The BS transmits the sum of the message, which is a combination of the intended
signals of various users with varied allotted power values, to all mobile subscribers
from the transmitter end of the downstream NOMA system. It is believed that the
SIC process will be carried out sequentially at each user’s receiver till the user’s
information is retrieved. Users’ power factors are distributed inversely proportion-
ally to their channel conditions. A larger transmission power is allotted to the user
who has a poor channel condition than to the user who has a better channel condi-
tion. As a result, the user with the most transmission power recovers its signal right
away without going through any SIC processes because it perceives the signals of
other devices as noise. But other users must carry out SIC operations [21]. In SIC,
every user’s receiver first finds signals which are stronger than the signal they want
to receive. After that, the received signal is further removed from those signals until
the associated user’s unique signal is found (Figure 5.2).

Sum of
messages from Base Station
various users

SICis | Each user's data
performed is retrieved

FIGURE 5.2 Downlink NOMA transmission.
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FIGURE 5.3 Uplink NOMA transmission.

5.3.2 UprLINK NOMA TRANSMISSION

According to Figure 5.3, each cellular user broadcasts their signal to the BS in an
uplink NOMA channel. In order to identify the signals of cell phone users at the
ground station, SIC loops are run. BS broadcasts power values to mobile users and
that the uplink and downlink channels are mutually exclusive [21]. On the basis of
the places, they are as in the downstream, the UEs could further optimize their trans-
mitting intensity in the upstream. In this specific scenario, we presume that consum-
ers are equally dispersed over the cell coverage area and receiving energy levels
from separate consumers. From a practical standpoint, this assumption makes more
sense because power optimization calls for connections between all User equipments
(UEs), which may be challenging to achieve. The initial code that recognizes will be
the message sent by the nearby customer [20].

5.4 ADVANTAGES OF NOMA

5.4.1 ImproveD SE

Compared to different techniques, NOMA offers higher SE since several users can
access the facilities over each resource block (RB), butin OMA, only one RB is allot-
ted to each user, resulting in bandwidth loss [22]. In order to increase the network’s
throughput, NOMA may be simply combined with other 5G techniques including
massive multiple-input multiple-output (mMIMO), device to device (D2D), mm-
wave, cognitive radio (CR), as well as the heterogeneous networks (HetNets). Both
in the power domain as well as the code domain of NOMA, users share the time-
frequency source non-orthogonally. As mentioned earlier, although the upstream of
additive white Gaussian noise (AWGN) structures can achieve the largest possible
cumulative capacity thanks to NOMA, which also makes consumer fairness more
logical.

5.4.2 IMPROVED THROUGHPUT

It is observed that NOMA in 5G achieves better throughput compared to other tech-
niques. In the downstream of AWGN networks, NOMA’s capacity bound is greater
than OMA’s. OMA can achieve the largest sum capacities under conditions of inter-
symbol interference (ISI) in the downstream of multiple pathways’ path loss, whereas
NOMA relying on MUD is preferable.
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5.4.3 Massive CONNECTIVITY

The non-orthogonal properties of NOMA enable it to host billions of mobile devices.
Given that the packets are smaller and more irregular in nature, it is appropriate for
both the Internet of Things (IoT) [23] as well as the internet [24]. Whereas in OMA
one device purchases one RB, RBs are wasted; in NOMA numerous devices receive
the functions through one RB. The allocation of non-orthogonal resources in 5G
NOMA shows that the number of sustainable users or devices is not necessarily
constrained by the quantity of available orthogonal assets. NOMA can greatly boost
the amount of simultaneous connections, potentially enabling huge connectivity. Of
course, it should be highlighted that various concerns with NOMA systems’ practi-
cal implementation, such as their hardware flaws as well as computational complex-
ity, may prevent the realization of vast interconnection (Figure 5.4).

5.4.4 Low LATENCY

The HetNet architecture used in 5G necessitates stricter latency constraints. Data
transmission in LTE requires an access permission request that takes 15.5 ms [25].
This makes it difficult to easily satisfy the radical criterion of keeping a user latency
below 1 ms [26]. With some uplink NOMA methods, however, dynamic scheduling
is indeed not necessary. NOMA, which provides grant-free transmission, is utilized
to solve the problem, particularly in the uplink (UL) situation. Moreover, NOMA
offers flexible scheduling across a large number of devices in accordance with appli-
cation requirements and device quality of service (QoS).

FIGURE 5.4 Massive connectivity in NOMA.
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5.4.5 Low SIGNALING EXPENSE

Grant-free uplink transmission in NOMA can be advantageously implemented
and both the transmission delay and the signaling overhead can be drastically
decreased. Take note that the SIC procedure may add additional latency to some
NOMA systems using SIC receivers. In order to serve more users, enhanced MIMO
methods can be used; however, the quantity of users dependent on SIC should not
be high [27].

5.4.6 ReLAXep CHANNEL FEEDBACK

As CSI (channel state information) feedback is solely used mostly for power dis-
tribution in power-domain NOMA, the channel feedback requirement will also be
relaxed. Therefore, exact, immediate CSI information is not required. Therefore,
regardless of if static or portable users are enabled, delivering outdated, less-
accurate network feedback tied to a specific maximal imperfection and lag is
unlikely to significantly affect the feasible system performance unless the channel
fluctuates tremendously.

5.4.7 FAIRNESS

Because NOMA ensures user equality, more power is distributed to weak users
(those with bad channel quality) and less to dominant users. Then, QoS in regard to
data rate is assured for both dominant as well as weak users. The researchers in [28]
offer fair power distribution techniques to improve fairness among various users.
Cooperative multipoint transmission (CoMP) and cooperative transmission are also
essential for improving the fairness of the QoS for the weaker users [29, 30]. Also,
a power-allocation strategy is suggested in [31] considering average CSI there at the
transmission in order to increase user fairness.

5.5 NOMA SOLUTIONS
5.5.1 CooreraTIVE NOMA

Cooperative transmissions have drawn a lot of attention in wireless connections
because they can provide spatial variety to reduce fading while eliminating the chal-
lenges of placing many antennas on compact communications terminals [32]. Many
relay nodes are allocated to help a source forward data to the appropriate recipients
in cooperative transmissions. Consequently, integrating cooperative transmissions
with NOMA 5G can enhance the network’s capacity and reliability [30]. According
to this plan, consumers with good channel conditions interpret data for the others,
serving as relays to increase the dependability of message reception for users with
weak links to the ground station. In [30], a cooperative NOMA mechanism is sug-
gested. Similar to the standard NOMA 5G, C-NOMA also detects the multiuser
message using a SIC receiver. In order to increase the reception dependability of the
consumers experiencing bad channel conditions, it is possible to rely on the users
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linked with superior channel conditions as relays. The main distinction between
cooperative transmission and the fundamental NOMA related with SIC is the ability
to deliver signals from customers benefiting from good channel conditions to cus-
tomers with bad channel conditions using short-range communication skills, such as
Bluetooth as well as ultra-wideband mechanisms.

5.5.2  MurripLe Access WITH SUCCESSIVE INTERFERENCE ELIMINATION

Let’s take a look at a K > N, or rank-deficient, upstream Successive interference can-
celation amenable multiple access (SAMA) network that supports K consumers with
the help of N equilateral orthogonal frequency-division multiple access (OFDMA)
subcarriers. The spreading grid B = (bl; b2; bK) is built based on the following
principles [33], and the framework of SAMA is identical to that used by MUSA.
However, in SAMA, the non-zero components of any spreading series bK for cus-
tomer k are equal to one.

¢ The maximum quantity of groups in the spreading series should have var-
ied numbers of ones.

e It is best to have the fewest possible overlapped spreading patterns with the
same quantity of ones.

The message forwarding method is used at the receiver to separate the signals
from the various users. Efficient interference cancellation is the design goal pursued
in establishing the spreading grids in SAMA [34]. Since the first user’s spreading
series contains four non-zero items, the associated diversity order equals four. The
most trustworthy symbol is that of the first user. Because of this, the symbol of the
first user may be quickly ascertained in a few repetitions, which is advantageous for
the resolution of a symbol detection mechanism of all other consumers with lesser
diversity orders.

5.5.3 ENErGY-ErriciENT NOMA

NOMA in 5G can achieve better SE. Although SE demonstrates the effective use
of a finite spectrum resource, it offers no insight into the effective use of energy.
Because of the current spike in curiosity about greener telecommunications,
reducing energy utilization has been of highest importance to experts as well as
5G also has emphasized energy efficiency (EE) as among the basic necessities to
be fulfilled. Yet, Shannon’s theorem [35] shows that it is not possible to maximize
SE while also decreasing energy usage, requiring a tradeoff. It should be noted that
the EE against SE graph always has an ideal point when switch power is taken into
account. EE single unit NOMA with two users was researched in [36]. The EE-SE
connection can be discovered to be straight with fixed total energy usage. Any ele-
ment along the EE-SE graph is possible with the proper power distribution among
two users. Maximum EE efficiency can be attained for a specific SE for every user.
Using power-control techniques, the total energy can be changed to alter the level
of effectiveness [37].
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5.5.4 NOMA N CoMP

In multi-cell scenarios, NOMA 5G also shows its own advantages, which inspired the
idea of NOMA with CoMP. However, NOMA in case CoMP may cause significant
inter-cell interference if a single-cell NOMA layout is used directly to multi-cell set-
tings. The signals of all the NOMA users can be used in cooperative transmit-precoding
to reduce inter-cell disturbance in the downlink. Finding the best transmit-precoder is
not simple, and all users’ information and channel statistics should be present at the
BSs concerned. Furthermore, a beam produced by geographically distant BS antennas
might not be able to effectively cover greater than one angular displacement user for
intrabeam NOMA, making multiuser broadcast precoding of solo-cell NOMA in a
CoMP situation ineffective. A reduced-complexity transmission precoding approach
for NOMA 5G in CoMP was developed by taking use of the fact that various users’
carrier-to-interference ratio (CIR) are probably going to be somewhat varied in the
multi-cell situation [38]. The rate coverage likelihood of a user with rank m (in regard
to its distance from its own feeding BS) among all consumers within a cell as well as
the mean rate coverage likelihood of all consumers within cell have been analyzed
using the concept of order derivatives and the poisson cluster procedure. Likewise, a
multi-cell upstream NOMA scheme has been taken into consideration in [39]. It has
already been demonstrated that a NOMA cluster’s mean rate coverage is superior to its
corresponding OMA cluster. Aside from SIC implementation challenges flawed CSI,
multiuser power distribution, and clustering, [40] also highlights the key practical dif-
ficulties that are faced in implementation of multiple cell NOMA.

5.5.5 ImpAcT OF PaTH Loss

NOMA may serve as a viable power-domain client multiplexing strategy for future
wireless systems, according to a survey by [41]. The path loss (PL) effectiveness of
NOMA users can be examined in two different instances. Every consumer has a speci-
fied bit speed in the primary situation that is decided through the assigned service
quality. Since it evaluates NOMA’s capacity to satisfy users’ QoS needs, the path loss is
the optimal performance indicator in this case. To assess NOMA functionality in this
case, the attainable ergodic total rate can be looked into. If users’ bit rate and allocated
power are properly selected, NOMA can provide superior outage evaluation than other
OMA systems, claims Ding et al. [42]. The results of this study also demonstrated
NOMA’s better ergodic total rate. Inter-user disturbance also happens in NOMA.
Hence, the achievable benefit will always be constrained by the rank response in
NOMA. To get over this restriction, a few rank optimization techniques [43] could be
used, improving the performance of the ergodic capacities as well as outage probability.

5.6 PERFORMANCE EVALUATION OF NOMA

5.6.1 THROUGHPUT

A key parameter that shows the productivity of a ground station that has been used
is the bit rate of a user. The NOMA models that function in a delay-limited transmits
channel make use of the throughput estimated scenarios. When SIC is successful,
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customer throughput is better than when SIC is unsuccessful. Many approaches,
including [44, 45], can be used to tackle the throughput optimization problem.
However, when building NOMA systems, it is also necessary to take into account
the tradeoff among the throughput as well as other criteria, such as fairness, sensing,
etc. [46—48].

5.6.2 ENEerGY Erriciency (EE)

One of the important characteristics that have shown that NOMA technology works
better than the existing technologies is enhanced energy efficiency (EE). A key per-
formance parameter for new wireless systems is EE [49]. The sum of the feasible
data rates is divided by the total power utilized by the entire network to determine
the EE. Based on the amount of consumers and the floating energy used by each
unmanned aerial vehicle (UAV), the energy utilization of UAV structures may be
evaluated [50]. Consequently, in energy harvesting allowed NOMA systems, the
EE-maximizing challenge is a critical goal that must be attained. There are a number
of procedures that can be used to handle the best EE challenges, including [51-53].
NOMA 5G scheme EE obtains a greater value at a lower SNR in several documented
research efforts [54, 55]. In contrast, when the SNR increases, this EE falls to zero.
EE is important because information and communication technology (ICT) account
for 15 percent of global energy consumption, which is a major problem for both
society and the human race as a whole. In down link-NOMA (DL-NOMA), distribu-
tion is carried out by focusing on EE and assuming bits/joule to assess EE success.
By isolating the main issues in subchannel allocation and power assigning under an
EE-optimization limitation, the issues have been articulated. Here, single subchan-
nels can multiplex a maximum of two users, making SIC calculations simple [56].

5.6.3 SpectrAL ErriciEncy (SE)

In both UL as well as DL broadcasts, NOMA is the most effective spectrum-use
strategy. This is because each NOMA user utilizes the entire bandwidth, as opposed
to OMA users who are limited to using only a portion of the bandwidth. Moreover,
NOMA is well suited to work over a wider time or space span in conjunction with
other techniques, like MIMO, cluster, as well as mm-wave, to achieve even higher
throughput [56]. NOMA has received particular attention from the domains of edu-
cation, innovation, research, as well as industry as a result of the benefits listed.

5.6.4 OUTAGE PROBABILITY

The possibility that the immediate attainable data rate is less than the intended rate
is referred to as the outage probability and is used to assess a NOMA information
system. The NOMA outage probability equations are derivable from closed-form
formulae and can be tested using numerical computations. Both the standard signal
noise ratio (SNR) regime as well as the higher SNR regime can be used to analyze
the outage likelihood. The NOMA-based modeling methods that were researched
over the past ten years nearly achieved higher outage likelihood than the traditional
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OMA [44]. In NOMA 5G systems, SIC-based decoding can lead to faulty SIC. Hence
the likelihood of a system outage is also impacted. At a higher SNR situation, the
outage probability provided by [57] is essentially true.

5.7 NOMA CHALLENGES

Researchers today have worked on developing and implementing NOMA systems
along with solving several problems associated with these approaches. However,
there are numerous challenges and open issues that need to be addressed in 5G
NOMA techniques. This section attempts to point out some research directions for
researchers who wish to investigate NOMA on a larger scale. Hence the major chal-
lenges in NOMA for 5G networks are discussed.

5.7.1 IMPACT OF TRANSMISSION DISTORTION

The transfer of source data via communication channels, such as video and audio, is
generally termed as lossy transmission. While travelling to the receiver, the sent data
are always distorted. To date, a lot of theoretical thought has gone toward determin-
ing source quality over fading channels in order to address this lossy transmission.
To reduce end-to-end distortion, several source coding as well as channel coding
have been framed. Unfortunately, the desirable levels of distortion, expense, and
complexity are in conflict when source coding and channel code diversity are used.
Choudhury and Gibson evaluated the source distortion for the ergodic and outage
definitions of channel capacity [58]. Data capacities along with distortion are both
impacted by the possibility of an outage. It is apparent that an outage possibility that
maximizes outage occurrence would not provide the smallest percentage of pro-
jected damage [59].

5.7.2 RESOURCE ALLOCATION

In order to meet a range of traffic demands, 5G networks offer extremely high
data throughput at incredibly low lag in reliable ways. Due to restricted resources,
this is a highly challenging task. So, resource management must support efficient
consumption. When and quantity of associated assets that should be supplied to
each individual must be determined through a set of procedures known as wire-
less asset management [60]. Also, it is based on the kind of resources. bandwidth
(BW) belongs to these cellular resources, in accordance with Shannon’s theorem.
The overall BW is initially divided into numerous sections as part of the efficient
administration of the overall BW in a transmission medium. Each piece is then
distributed to a particular user or group of users, much like NOMA. Additionally,
the overall number of packets sent by each user varies as time passes. For cus-
tomer pairing as well as effective distribution of power among consumers in 5G
NOMA, an intricate approach is consequently required so as to get the greatest
outcomes while expending a minimum of resources. The distribution of resources
in 5G NOMA may be investigated from the perspective of mathematical optimiza-
tion methodology. In [61], Lei et al. took into account combined power and route
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allotment with NOMA in 5G technology. To address the power and route distribu-
tion issue, they consider user power control as well as SIC implementation. The
distribution of power in cognitive networks based on NOMA is another undiscov-
ered region that needs study [62].

5.7.3 OUTAGE PROBABILITY ANALYSIS

Understanding the functionality of many wireless systems begins with outage analy-
sis. In reality, user outage conduct determines the possible capacity. Several scholars
have generally looked into the likelihood of an outage in the fundamental NOMA
architecture. For instance, when users are randomly distributed in a cell, NOMA
experiences less outages than OMA [41]. Path loss was taken into account in that
analysis. Moreover, a NOMA-BF system was found to have a higher sum capacity
than a traditional multiuser BF network [63]. In a similar manner, [36] the primary
aim of NOMA is interference prevention between cells through precoder design.
However, extra study is needed in order to totally comprehend the manner in which
cell-edge consumers act when there are disruptions. Additional study can be con-
ducted for assessing outage productivity. In this study, NOMA has been applied to
interior VLC (visible light communication) networks based on actual interior chan-
nel circumstances [64] and NOMA in 5G with coding [65, 66].

5.7.4 CONSISTENT FAIRNESS

A large number of venues in mm Wave portable have a transmission breakdown at an
altitude that exceeds 175 m [67]. The real disruption might be severe and substantial
when there are additional regional barriers because outage is strongly dependent on
the surroundings. It would be beneficial to create a NOMA method that provides
customers with consistent outage encounters, particularly for individuals who reside
far away.

5.7.5 DyNamic UsSEr PAIRING

Co-channel interference in 5G NOMA systems is very strong as it shares the same
spreading code, time, and frequency with multiple users. Therefore, it is hard to
request all consumers of the case to execute NOMA together. Instead, those who
utilize the system may be split up into various groups, each of which would make
utilization of NOMA. Orthogonal bandwidth resources are allotted to the various
groups. Normally, the still situation is taken into consideration where the xth client
along with the yth client is paired to execute NOMA in 5G systems. To maximize
NOMA’s benefits, dynamic user pairing or grouping schemes must be designed,
despite their difficulty in practice. In this context, the analytical findings obtained
[68] in the case of two selected users are taken into account. It is well acknowledged
that this UPPA (user pair power allocation) technique [69] enhances the performance
gains.

However, NOMA technology can only set up two clients at a time. A promising
expansion of the UPPA technique can be an energy distribution technique in case of
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several users in a NOMA system where multiple users are allowed by the scheduler.
For applying UPPA technique [70] to a more practical system which has a coding
scheme as well as a suitable modulation, more research is needed to be performed.

5.7.6  IMPACT OF INTERFERENCE

Although interference analysis is a general term in the field of wireless communica-
tions, this survey concentrates on cooperative NOMA [30], which uses Bluetooth
interactions in this mode. Unfortunately, usage of Bluetooth radio for mobile inter-
actions is severely hampered by the prevailing WPAN (wireless personal area net-
work) processes. The customer’s discovery phase is hampered by BT interference as
a result of the diminished range along with speed; intermittent as well as permanent
link reduction add difficulty in pairing. In reality, the distribution of channel alloca-
tion is influenced by interruption in the deployed domain, payload size, as well as
length across cooperative users. The customers in 5G NOMA are matched as per
CSI, hence a scatternet that organizes itself to manage BT connections requires to
be redesigned to work with 5G NOMA. A strong scatternet should also provide high
probability valid paths between nodes even when certain wireless links are com-
pletely lost due to user movement. Additionally, interference changes in a dynamic
way as a result of user mobility.

5.7.7 PracticAL CHANNEL MODEL

Next-generation cellular systems need both spectrum availability and a reliable radio
access method to handle the ever increasing amount of user data. It is currently clear
that 5G will make use of the available spectrum in the unoccupied millimeter-wave
(mmW) wavelength ranges. Moreover, mmW wireless connections are anticipated to
replace copper and fiber in the backbone networks for 5G, enabling quick installa-
tion and mesh-like connections. The mmW spectrums between 30300 GHz, which
indicate a new market for cellular systems, offer a significant quantity of bandwidth
Understanding the challenges of mmW transmissions and route dynamics is the key. For
the advancement of 5G cellular networks this is a requirement [67]. A greater degree of
precision would be displayed if it were possible to portray the radio network within the
mmW region using the recorded route loss and postpone spreading facts [71].

5.7.8 HeTEROGENEOUS NETWORKS (HETNET)

For 5G cell phone networks, the HetNet provides adequate bandwidth, reach, and
low usage of energy. In comparison to small density distribution of fewer high-
energy units, infrastructure with a large density distribution of limited power units
can also greatly boost EE. Many studies on HetNets have been conducted, including
those on node cooperation, ideal load balancing, and improved inter-cell disturbance
coordination [72].

Recently, [73] examined the system architecture of such a cooperative HetNet
system framework for 5G with the objectives of both EE as well as spectrum effi-
ciency. NOMA unique usage in specific HetNets can provide additional profit
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because the goal of NOMA and the HetNet are the same. The uneven spatial geo-
graphical distribution of consumers of cell phones will also have an effect on how
NOMA performs.

5.7.9 NOMA witH MULTIPLE ANTENNAS

The quantity of de-correlated pathways obtained increases with the degree of the
MIMO channel grid, improving system performance. Consequently, while assessing
MIMO NOMA in 5G, the network matrix rank is crucial. Existing MIMO NOMA
research, however, takes full-rank network matrices into account when analyzing
system efficiency. The analytical outcomes produced by Ding et al. [74] for this con-
straint, for instance, give the top limits of outage probability as well as capacity. To
upgrade MIMO NOMA functionality, rank modification for NOMA may be imple-
mented [43]. Focusing on current MIMO NOMA approaches in conjunction with
other intriguing wireless technologies, such as orthogonal frequency as well as code
division multiplexing, is equally intriguing (OFCDM). The majority of the MIMO
NOMA 5G algorithms examined in this study have large computational complexity,
such as the beamforming technique presented by Kim et al. [75].

5.7.10 CARRIER AGGREGATION

LTE-A makes use of the carrier aggregation (CA) idea to boost the BW as well
as the bit rate of its customers [76]. According to the CA approach, users receive
shared resources made up of two or even greater components. Every carrier in the
aggregate makes up a component carrier (CC). Contiguous distribution, where CCs
are placed next to one another, or non-contiguous distribution, where there is a
space in between, would be the two possible arrangements for aggregation. It is
feasible to combine CA and NOMA in 5G to benefit from their respective advan-
tages. To do this, a different user pairing is going to be utilized than in standard
NOMA. It is commonly known that in the basic two-user NOMA design, a NOMA
subscriber is paired with some other NOMA user; typically, each carrier is allo-
cated to two users depending on channel circumstances. The following justifies the
customer paring in CA-enabled NOMA. The CC of one NOMA user will be the CC
of some other NOMA consumer. The user is connected with regard to the CC in this
instance. In addition, it is also feasible that the user and regard to the CC are paired.
If CA is linked with basic NOMA, a NOMA user may be paired with several dis-
tinct users simultaneously based on the quantity of CCs. The problem of which CA
type is ideal for NOMA solutions is still unresolved; making an analysis of several
CA types in 5G NOMA an intriguing research topic.

5.711 NOMA wIiTH ANTENNA SELECTION

There must be an equivalent count of concurrent RF links at the entrance side to
accommodate the utilization of multiple antennas simultaneously on the transmitter
side. As a result, adding more antennas results in an increase in system complex-
ity, power use, and expense. Transmit antenna selection (TAS), which simplifies the
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transmitter structure, is frequently preferred to address such problems. The practical
TAS approach only uses one RF link for output and arbitrarily picks the best antenna
among a wide range of antennas. Finally, this leads to a decrease in complexity of
systems, price, dimension, and energy use at the sacrifice of a bearable performance
decline. Research can discover a unique TAS-NOMA method for downstream trans-
missions from a ground station outfitted with numerous antenna to several consum-
ers, each outfitted with only solo antennas. When you take into account that the
intended consumer rate is distributed strategically according to network situation,
the scheme’s ultimate goal should be to increase the sum rate.

5.7.12 OTHER CHALLENGES

Few additional issues that must be resolved in NOMA are discussed here. For instance,
in a downstream situation, the sender distributes the energy to the clients according
to their own unique CSI. For obtaining robust performance, a good CSI feedback
system, channel estimation strategy, and reference signal architecture are crucial.
Moreover, NOMA’s benefits can only be seen under the optimum circumstances of
flawless CSI data capture at the transmission end. Using a restricted feedback chan-
nel to obtain CSI is one potential fix [77]. Yet, in order to communicate different
channel quality indications, more BW is needed. According to this viewpoint, proper
user selecting and power distribution strategies are required. peak-to-average power
ratio (PAPR) may cause the sender’s power to operate in an irregular operational
area in multicarrier transmissions. The resultant signal distortion in the PA output
is considerable. It is critical to take PAPR’s effects into perspective when choosing
which strategies to employ for the optimal NOMA performance. To increase capac-
ity, non-orthogonal synchronized transmissions between a number of small cells
as well as a macro cell can use the relaying [78] idea to extend cell coverage. To
improve performance in terms of sum rate, Kalokidou et al. [79] suggest a hybrid
scheme that incorporates the ideas of topological interference control and NOMA
methods. It is possible to conduct additional research on this hybrid method’s MIMO
variant. Yet, choosing a proper power allocation strategy is difficult, particularly for
a dense system. Despite the fact that Xiong et al. proposed a software defined radio
(SDR) based NOMA-like a model [80], further over-the-air tests are necessary to
show NOMA’s viability in 5G mobile services.

5.8 APPLICATION OF NOMA

5.8.1 IN Case oF CELLULAR NETWORKS

The NOMA implementation can be applied to both uplink as well as downlink trans-
missions in cellular systems. In uplink imparting, NOMA 5G is used at the BS, and
the SC process sums up signals received from users who broadcast at various power
levels. In contrast, during downlink imparting, the supplier provides users a mixed
signal with varying levels of power for every individual signal, and the receiver uses
the SIC approach to recognize and decode its individual signal. In comparison to
earlier cellular network generations, such as 1G to 4G, NOMA can offer improved
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spectrum efficiency but also user fairness in 5G. Moreover, MIMO NOMA, which
makes use of multiple antennas, can be used to benefit from NOMA. The goal of the
numerous antenna techniques is twofold.

In the initial case, beamforming is created, which lowers overall signal-to-
interference-plus-noise ratio [81]. The other involves building spatial multiplex,
which improves throughput [82]. By boosting the signal-to-interference plus noise
ratio (SINR), the spectral efficiency of the beamforming NOMA is enhanced.
Whereas NOMA, along with spatial multiplexing, may increase its gain by employ-
ing numerous antennas. One transmit antenna sends one independent data stream,
hence the possible rate with this kind of NOMA can be increased in proportion to the
number of transmit antennas. Communication between the BS and customers with
the use of dedicated relay is another utilization of NOMA.

The following four groups can be used to categorize cellular networks (CNs).
There are four types of CNs: single-cell single-tier (SCST), single-cell multi-tier
(SCMT), multi-cell single-tier (MCST), and multi-cell multi-tier (MCMT). SCST
CNs are the most prevalent sort of NOMA-based CN, which have been thoroughly
studied in recent research. The NOMA approach with SIC receivers was first con-
ceptualized in the early works of [83—85], who then confirmed their idea through
system-level simulations. The authors found that NOMA achieved a significant per-
formance boost of 30-35 percent. A pioneering work that examined the performance
of a single-cell downstream NOMA network with randomly placed users was of
great help to researchers [42].

5.8.2 IN UAV NETWORKS

Unmanned aerial vehicles (UAVs) are currently proving their value in civil applica-
tions like aerial photography, improved freight distribution, and the management
of wildfires as well as natural disasters [86, 87]. A possible use for UAV-involved
communication has emerged in the business and academic worlds. Multiple access
strategy has emerged as a crucial element for integrating UAV in 5G as well as
future networks. Due to its impressive qualities, such as better spectral efficiency,
low latency, and high connectivity, NOMA is one of the key choices in these systems
[88]. By implementing PD NOMA to assist people who use the very same frequency/
time asset, NOMA can support the high degree of connection in UAV networks.
Hence, there are no obvious channel gain differences between UAV and base users
due to line of sight (LoS) connectivity. Because of this, NOMA-assisted UAV sys-
tems need to be modified to take into consideration significant fading differences
across NOMA participants, like user pairing strategies. Aerial users (AUs) and ter-
restrial users (TUs) frequently have high data needs during uplink, some of which
may be latency-sensitive. In NOMA, the powerful user receives all of the power
distributed. Yet, NOMA emerges as a superior solution when the RBs are unable to
service all consumers orthogonally. The tradeoff among system performance, delay,
and user fairness can be specifically balanced via NOMA. As a result, multiple users
may consistently meet latency requirements while ensuring great spectral efficiency.
Moreover, AUs typically exhibit higher macro-diversity. To improve performance, it
may be possible to make use of the significant macro-diversity [89].
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5.8.3 MIMO NOMA

MIMO-NOMA architecture is exceedingly complex compared to single-input-
single-output (SISO) NOMA, primarily for the two reasons listed below. So first of
all, even though MIMO NOMA performs better than MIMO OMA, it is unclear if
using it will result in the best system effectiveness [90]. In SISO, it is evident that
the employment of NOMA would achieve a portion of the transmission channel’s
portion when using downstream NOMA. The likelihood that NOMA will obtain
maximum individual and sum rates is carefully determined in [91]. Hence, it is dif-
ficult to evaluate MIMO-NOMA performance. MIMO-NOMA utilization can pro-
duce similar productivity as DPC (dirty paper coding) if the users’ channels are
quasi-degraded, as demonstrated in [92] (i.e., implementation of NOMA yields the
best result in the MIMO scenario).

5.8.4 MiLLIMETER-WAvE NOMA

One of the important key technologies for 5G had been recognized as mmW trans-
mission [93]. The restricted amount of spectrum resources less than 6 GHz that is
accessible for wireless communications which drives both mmW communications
and NOMA. In contrast to NOMA, which improves bandwidth efficiency, mmW
makes use of the less-used mmW frequency ranges. A significant step forward for
mmW communications came when the FCC (Federal Communication Commission)
authorized the release of larger than 10 GHz of bandwidth for 5G communication
systems [94]. The adoption of NOMA is crucial despite the abundance of available
spectrum in the mmW range for two main considerations. So first of all, NOMA
5G usage offers a crucial tool for supporting large connection. Second, the benefit
from employing the mmW bands will be swiftly eclipsed by the explosive develop-
ment in demand for new data services. According to [95], an average throughput of
1000 Gbps data is needed to give a good quality telepresence, for instance. NOMA
can be used to efficiently increase mmW communications’ spectral efficiency and
meet their fast-expanding demand (Figure 5.5) [96].

5.8.5 Device-to-Device CoNNEcTIVITY UsING NOMA

A cooperative NOMA network incorporating full-duplex (FD) capabilities was taken
into consideration by the authors in [97]. To service both powerful and powerless
customers, the BS uses the NOMA 5G protocol. The authors suggested using FD at
the powerful user to improve the weaker NOMA user’s outage performance. In this
configuration, users interact with one another using cooperative D2D transmission
that is OMA-based. The authors of [33] also took into account a cellular system with
D2D communications as an underlay, wherein D2D consumers can also employ FD
mode. The authors suggested a novel-specific condition for choosing among D2D
versus FD modes. The performance of the network under consideration is assessed
by developing closed-form outage probability equations, which are dependent on sto-
chastic geometry approaches. One hybrid gateway is employed by [98] to acquire
from both D2D as well as cellular users in a linked D2D transmission that underlies
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a NOMA-based mobile network. They specifically go into the issue of allocating
resources and present a D2D pair low complexity, fuel efficient method that satisfies
cellular customers’ QoS needs. The results showed that their suggested methodology
quickly arrived at the best option while still using less energy than the alternatives. In
[99], the idea of NOM A-assisted D2D relaying is put up, where the broadcast consists
of two phases. The BS broadcasts the NOMA signal to nearby and distant users dur-
ing the first phase. By taking advantage of the next D2D node’s ability to overhear this
NOMA communication, this relay node broadcasts both its own signal and overheard
NOMA information from the first part to the D2D receiver in the next part. This
improves the performance of distant users. The D2D relay node employs NOMA,
although it still engages in paired D2D transmission with a sole D2D receiver.

5.8.6  WIRELESS SENSOR SysTEMS wiTH NOMA

The investigation of the use of NOMA with wireless sensor networks (WSN) in
the existing literature is limited. The research in [100] is recognized as a pioneer-
ing study of NOMA-based WSNs. The authors presented and modelled a NOMA-
based WSN wherein detectors and sink units are assumed to be freely dispersed
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over the entire plane using stochastic geometry techniques. An energy-harvesting,
two-hop NOMA-based WSN was taken into consideration by the authors in [100].
The authors suggested an energy harvesting methodology based on two different
sorts of depending. Closed-form equations for the path loss and ergodic frequency
are constructed in order to assess the performance. The proposed strategy is able to
achieve a much reduced outage probability as well as better rates when compared
with previous strategies, according to numerical data. Moreover, a WSN based on
NOMA and utilizing a time changing energy harvesting mechanism is discussed
in [102]. Outage probability and attainable rate analytical closed-form formulas are
developed. The simulations are run in order to confirm that the results are accu-
rate. [103] investigates the use of NOMA with WSN for intelligent farming system.
The performance of the uplink NOMA network was taken into consideration by
the authors, who derived closed-form analytical formulas for the average sum rate
as well as outage likelihood. According to the simulation outcome, the suggested
relay-aided NOMA-based method outperforms the traditional approach for WSN in
farming (Figure 5.6).

5.9 CONCLUSION

This chapter provides a detailed overview of the NOMA technology in 5G. It covers
NOMA and its two main types, P-NOMA and C-NOMA. Workflow includes NOMA
transmission at the downlink and uplink respectively. Various NOMA advantages
and potential solutions for NOMA in 5G have also been discussed. It briefly cov-
ers the performance evaluation of various NOMA 5G parameters such as user data
rate, capacity, SE, EE, etc. In addition, this chapter also focuses on several chal-
lenges faced by NOMA technique in 5G. Lastly, it also discusses various NOMA 5G
applications in different fields. Hence, this chapter is expected to provide a detailed
understanding to all individuals who explore NOMA 5G wireless technologies.
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6 Multiple Access Schemes
for 5G and Beyond
Wireless Networks

Dileep Kumar, Niraj Pratap Singh,
and Gaurav Verma

6.1 INTRODUCTION

5G wireless networks have become increasingly important in our everyday lives,
facilitating unhindered connectivity and worldwide communication. These net-
works have come into existence due to the widespread use of mobile stations and
the increasing desire for excellent multimedia services, providing fast data rates,
reduced latency, and better network efficiency. The evolution of wireless commu-
nication networks with key technology is shown in Figure 6.1. It is important for
wireless networks, especially those in 5G and beyond, to develop efficient and reli-
able multiple access schemes, which are responsible for sharing limited wireless
resources among multiple users. Multiple access schemes for 5G/6G wireless net-
works are covered in this chapter, including traditional approaches, as well as recent
advancements and future prospects.

6.1.1 TRADITIONAL MULTIPLE ACCESS SCHEMES

The word multiple access (MA) refers to a technique that facilitates simultaneous
access to the wireless network by multiple users without interfering with each other.
The milestone of MA schemes is shown in Figure 6.2. In traditional wireless net-
works, several famous MA schemes have been used, including frequency-division
multiple access (FDMA), “time-division multiple access (TDMA),” and ‘“code-
division multiple access (CDMA).” They also have limitations in terms of synchro-
nization requirements, latency, spectral efficiency, flexibility, and complexity, which
may impact their performance in certain scenarios. Advanced MA schemes have
been developed to overcome some of these limitations and provide improved perfor-
mance in 5G/6G wireless networks.

6.1.2 ADVANCED MuLTIPLE ACCESS SCHEMES FOR 5G AND BEYOND

To meet the rising demand for larger data rates, less latency, and improved net-
work efficiency in 5G and beyond wireless networks, several advanced MA
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FIGURE 6.1 The evolution of wireless communication networks.

schemes have been proposed and researched. Some popular MA schemes such as
“OFDMA,” “NOMA,” “SDMA,” “PDMA,” “RSMA,” “RMA,” and “D-OMA” are
discussed in this chapter.

In this chapter, the above MA schemes including their design principles, perfor-
mance analysis, and implementation challenges are discussed one by one.

6.2 SPACE DIVISION MULTIPLE ACCESS (SDMA)

SDMA is a method of communication that facilitates the sharing of a single fre-
quency band and time slot among multiple users. This is achieved by dividing the
available physical spaces or spatial channels among the different users. Figure 6.3
demonstrates how spot beam antennas are used by SDMA to accommodate various
users [1].

SDMA aims to enhance wireless communication by utilizing multiple antennas at
both ends of the transmission to create distinct spatial channels for each user. Each
user is nominated a different spatial channel, and the signals transmitted by each
user are spatially separated so that they do not interfere with each other.

This enables multiple individuals to transmit messages concurrently without
interference, thus boosting the communication system’s capacity. The spatial chan-
nels can be created using various techniques such as beamforming, which directs the
transmission power in specific directions, or spatial filtering, which separates signals
based on their arrival angles.

SDMA is particularly useful in environments with a high density of users, such as
urban areas or stadiums, where traditional communication methods like TDMA or
FDMA may not be able to provide sufficient capacity.

SDMA is also used in WLANS and cellular systems to improve system capacity
and user experience.
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FIGURE 6.2 The milestone of multiple access schemes.

6.3 ORTHOGONAL FREQUENCY DIVISION MULTIPLE

ACCESS (OFDMA)

OFDMA is an advancement on OFDM. In contrast to OFDM, which is single-
user, OFDMA is multi-user, as seen in Figure 6.4. For small data packets or
several endpoints, it provides a three times greater throughput than single-user
OFDM [2]. Multiple endpoints are simultaneously sent frames by combining
transmissions and using OFDMA. Transmission with a shorter latency improves
efficiency. For applications involving Internet of Things (IoT) devices, video,
online gaming, and automation, OFDMA is the best choice. A popular method
for accessing 4G and 5G wireless networks is dividing the available frequency
band into smaller subcarriers, which are then allocated to individual users for
communication. OFDMA technology enables several users to communicate at
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FIGURE 6.3 A spot beam-based spatial base station antenna that serves many users.

the same frequency band, utilizing spectrum more efficiently thanks to subcar-
rier orthogonality. OFDMA provides high SE, protectiveness against frequency-
selective fading, and changeability in resource allocation, making it suitable for
diverse communication scenarios, such as cellular networks, Wi-Fi, and broad-
band access.

Future systems should take into account some of the drawbacks of OFDM, such
as sensitivity to timing and frequency offsets, cyclic prefix (CP) overhead, high peak-
to-average power ratio (PAPR), and high out-of-band (OOB) emissions.
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FIGURE 6.4 OFDM vs. OFDMA.
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6.4 NON-ORTHOGONAL MULTIPLE ACCESS (NOMA)

NOMAA is a relatively new technology in wireless communications that has attracted
a lot of attention in recent years. A NOMA network allows multiple users to access
the same frequency and time resources at the same time. Especially in scenarios
with a high number of users and a limited amount of spectrum resources, NOMA
has the spark to increase spectral efficiency, capacity, and energy efficiency [3—6].
NOMA can be classified as shown in Figure 6.2. The basic concept of power domain
NOMAA is explained in the next sections.

6.4.1 Basic CoNncerT oF DowNLINK NOMA

It is the idea behind downlink NOMA to allocate dissimilar power levels according
to the conditions of the channel to different users. Clients/users having weak chan-
nel conditions receive high power levels, and clients/users having strong channel
conditions are assigned low power levels. Base stations can transmit data to multiple
users simultaneously while maintaining a high quality of service for each.

An illustration of the conventional NOMA Downlink system can be seen in
Figure 6.5.

The system has one base station (BS) and K users. kth user (k € {1,2,3...... K})
is assumed to be located at the k™ distance position from the BS for simplicity. The
BS transmits a signal for the k™ user the transmitted power Ps. Then, the transmitted
signal over W bandwidth, S, can be written as

K
S= Zx/a,ﬂ X, ©.1)
i=1

where a, is the power coefficient allocated for user [and a, =2 a, > ....... a,.

Without any loss of generality, the channel gains can be assumed to be in ascend-
ing order as Ih> < Ih,l> < ....... Ihgl>. The signal received at the k' user can be
expressed as

K
Ve= S+ = Iy [Z a,-gx,-]+ s 6.2)

i=1

where n, is “zero mean complex additive Gaussian noise” with a variance of 62; that
isn, ~ CN (0, 62).

6.4.1.1 Signal to Interference and Noise Ratio (SINR) Analysis

It is challenging to do successive interference cancellation (SIC) for the client/user
with lesser channel gain (whose distance from the BS is greater). This is due to the
received signal power which is lower. In this instance, the intended signal is detected
directly and at a greater strength without the need of SIC. It should be noted that
after conducting SIC in the receiver of the k' user, inter user interference still exists
and is not eliminated by SIC.
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As a result, after obtaining the signal y, at the k' user, SIC successively detects
and extracts from y, all the signals from x,,, to xx. The obtained SINR of the k' user
in this instance may be represented as

P [
SINR, = aj K‘ k‘
I)X‘hk‘z Zai + 0-2
i=k+1 (6 3)
Pl '
SINR, = — ‘,flk‘
Pl Y a+1
i=k+1
where p = £ denotes the SNR.
Then SINR of K user is expressed as
SINR = axP|hg|*. (6.4)

6.4.1.2 Sum Rate Analysis

The possible data rate (throughput) of the k™ user for downlink NOMA can be
expressed as

R =log, (1+ SINR,)

ClkP‘hk|2
+— .
RliVOMA_d _ lOg2 5 K (6 5)
Pl Y a+1
i=k+1
Therefore “sum-rate of downlink NOMA” may be written as
K
R =Y Jogs (1+ SINR, )
k=1
a,Plh
o :ilog L \ A
T iy Za, 1
- i=k+1
(6.6)

K—1 T L B akP‘hk‘

NOMA—d _ 2
RSUM —ZZng P‘hk‘ 2a1+1 +10g2 (l+aKP’hK‘ )

i=k+1

Ay

Ré‘vl?/&lA - —zlogz ia. + 1 +l()g2 (1+aKP|hK‘2)
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FIGURE 6.6 Conventional uplink NOMA system.

At high SNR, that is P — oo, then

R = log, (P\hK\2). 6.7)

6.4.2 Basic Concert oF UpLink NOMA

In an uplink NOMA network, mobile clients/users send their signals to the BS. Refer
to Figure 6.6 for a visual representation. Iterations are done at the BS SIC to find
the signal of mobile users. The BS sends out power allocation coefficients to mobile
clients/users, assuming that their downlink and uplink channels do not overlap. For
synchronous uplink NOMA, the obtained signal at the BS may be represented as

K

r= th Y, aiPmax X; +n, (68)

i=1

where P, is the “maximum transmitted power” assumed to be same for all clients/
users, hi is the “channel coefficient” of the i user, and n is “zero mean complex addi-
tive Gaussian noise with variance” of ¢2; that is, n ~ CN (0, 62).

6.4.2.1 SINR Analysis
The BS decodes the users’ signal in the order of decreasing power coefficients, from
which the SINR for the k™ client/user (where k # 1) is then determined, excepting
the first user as
Pl
SINR, = — 2 1
PY alhf’ +1

i=1

: 6.9)
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where P = PG—‘; Now, the first user SINR is expressed as

SINR, = a,P|h|" . (6.10)

6.4.2.2 Sum Rate Analysis

The achievable data rate (throughput) of uplink NOMA for kth user may be expressed
as

RYOMY = log, (1+ SINR;)
2
1+% ' ©.11)
P a,-‘h,-‘z +1

i=1

R}iVOMA—U — lng

Therefore “sum-rate of uplink NOMA” may be written as

K
RYHY =) Jog: (1+ SINR,)

k=1

2
X I+ a, Pl
RYMAY = log, (1+ a P [*)+ Y 1 . 6.12
SUM 082( a ‘ 1‘ ) ;ng P ai‘h,-‘z-i-l (¢ )
- i=1
K
R?%"A_Uzlogz[l+P akhkzj
k=1
At high SNR, that is P — oo, then
K
RIAU _ 1o, [PZW]. (6.13)
k=1

6.4.3 IMPERFECTNESS IN NOMA

Ideal cancellation in the receiver with SIC has been discussed in our previous parts.
In reality, precision in the subtraction of the decoded signal from the received signal
presents a significant challenge. An idea in NOMA with cancellation error in the SIC
receiver will be review in this part.

Here, the downlink is simply taken into account, but the talks might easily be
expanded to include the uplink. It is notable that the SIC receiver performs an iter-
ative decoding process when attempting to acquire a specific information signal.
In SIC, it is necessary to re-create the initial individual waveform following the
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decoding of the signal to eliminate it from the received signal. In practice, errors
leading to cancellations are likely to occur even though the process can theoretically
be carried out flawlessly.

In downlink, the “SNR for the kth user with cancellation error” is written as [7]

akP\hk

K k-1 ’
P|hk‘2 Zai + e 261,' + 1
i=1

i=k+1

‘2
SINRk =

(6.14)

where the remaining part of the signal from the cancelled message is represented by
the cancellation error €. Since complete cancellation is assumed in the preceding
section, the error term in the denominator is left out.

6.4.4 SpecTRAL EFFiciENCY AND ENERGY EFFICIENCY

The network’s throughput performance was taken into account in the majority of
analyses thus far. In this part, the energy efficiency (EE) of NOMA systems is stud-
ied in addition to the spectral efficiency (SE) of NOMA systems. Both the power
used for the information waveform and the network’s static power usage as a result
of the power amplifiers are included in this study.

The sum of the power used by the circuits and the data signal power can be used
to represent the total power used at the transmitter (mostly by power amplifiers).
The total power used by the BS can then be calculated by taking into account the
downlink as [8]

B()m]: Pr+Pyatic » (615)

where P is the “total signal power as mentioned earlier” and Pstatic is the “power
consumed by the circuitry.”
EE is defined as “the sum rate over the total consumed power of the base
station” [6]
R w
L =SE

Pmtal total

EE =

(bits/joule), (6.16)

where SE represents spectral efficiency (74, ) in bits per second (bps/Hz).

The extensive research conducted in the PD-NOMA over the past decade
has been remarkable. At present some recent work is being done in the field of
PD-NOMA.

6.4.5 OTHER NOMA SCHEMES

The basic concept of Power domain NOMA is explained in the previous section.
The huge research has been carried out in the NOMA in the last decade. Some popu-
lar NOMA schemes are given below except power domain NOMA.
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6.4.5.1 Code Domain Non-Orthogonal Multiple Access (CD-NOMA)

CD-NOMA is a promising technology for improving the spectral efficiency and
capacity of wireless communication networks. Various technological advancements
in code domain NOMA have been carried out in past few years. Some popular
CD-NOMA are explained below:

Sparse code multiple access (SCMA) is a type of CD-NOMA technique that
enables many clients/users to utilise the same time and frequency resources
through sparse spreading sequences. Recent research conducted by the
author of [3] evaluates the efficiency of the low-rate turbo-coded power
domain (LR-TC-PD)-SCMA NOMA system in relation to various recog-
nized multi-dimensional constellation (MDC) designs. To ensure the dis-
tinctiveness of users’ symbols in overloaded systems, the authors suggest
a particular design for the rotation of users, which is tailored to each user,
using quaternion rotation matrices [3]. Recent advancements in SCMA
include the use of deep learning (DL) algorithms to optimize the code-
book design and user scheduling for improved system performance. DLT
has been implemented in the SCMA detector to increase the effectiveness
of detection. To reduce the load on the neural network, [4] has presented a
knowledge-based DL detection strategy (K-DLD) that includes prior infor-
mation into SCMA detection [4]. Multi-carrier NOMA (MC-NOMA), a code
domain NOMA technique, allows many clients/users to access the same
frequency resources using OFDM. Recent advancements in MC-NOMA
have seen the emergence of sophisticated signal processing methods such
as interference cancellation and collaborative resource allocation to boost
system performance. Using the “multi-carrier cell-less nonorthogonal mul-
tiple access (MC-CL-NOMA)” architecture, a framework has been sug-
gested that increases the overall throughput of a Next-Generation Wireless
Network (NGWN) [5]. The framework carries out this action by feeding
an ensemble metaheuristic algorithm with scenario data [5]. For uplink
MC-NOMA-based “two-tier heterogeneous networks (HetNets)” with
wireless resource allocation have been studied [6]. By allocating different
MC-NOMA users (NUs) different subchannels while enabling numerous
NUs to use the common subchannel, the author has taken advantage of
channel diversity. To maximise EE under the limitations of a lowest quality
of service (QoS) requirement, the maximum permitted transmit power for
each NU, and consecutive interference cancellation, the author formulates a
joint NU clustering, power, and subchannel allocation problem [6].

Interleave-division multiple access (IDMA) is a wireless communication
technology (WCT) that enables many clients/users to utilise the same
frequency band by interspersing data packets of various clients/users. In
IDMA, the interleaving process separates the data packets of different cli-
ents/users into smaller sub-packets and then interleaves them. This results
in many clients/users transmitting concurrently over a similar frequency
band, without causing interference to each other. IDMA is different from
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other MA technologies such as TDMA and CDMA, which rely on dividing
the frequency band into time slots or assigning different codes to particular
clients/users. IDMA is particularly suitable for low power and low data rate
communication systems, such as machine-to-machine (M2M) communica-
tion and IoT. The amalgamated system, which incorporates all the ben-
efits of intelligent reflecting surfaces (IRS), IDMA, and NOMA, has been
proposed by [9]. It is known as an IRS-aided full duplex IDMA commu-
nication system. IDMA has several advantages over other multiple access
technologies, including lower power consumption, improved SE, and bet-
ter resistance to interference. However, IDMA also presents several chal-
lenges, including the need for sophisticated signal processing algorithms to
decode the interleaved sub-packets and the potential for increased latency
due to the interleaving process.

Low-density spreading code division multiple access (LDS-CDMA) is a
type of CDMA technology used in wireless communication system (WCS).
It is built upon the idea of distributing the signal across a wide frequency
range by utilizing distinct codes for each user, thereby permitting many
clients/users to share the common frequency channel without causing any
interference. In LDS-CDMA, a low-density parity-check (LDPC) code
is used for spreading the signal, which has a low density of ones in the
code matrix. The LDPC code is a type of error-correcting code that is used
to improve the reliability of communication by detecting and correcting
errors in the transmitted data. [10] studies an algebraic design-based code-
domain NOMA approach. A projective geometry-based approach to design
an improved low-density spreading (LDS) sequence has been proposed by
the author. The author’s proposed augmented LDS code set demonstrates
improved BER results compared to the current LDS designs in both fre-
quency-nonselective Rayleigh fading (FNSRF) and additive white gaussian
noise (AWGN) channels. Additionally, the author showed how the shortest
distance is necessary to achieve the best bit error rate (BER) [10]. One of
the key benefits of LDS-CDMA in contrast with other CDMA technolo-
gies is its capacity to hold a large number of clients/users in a single cell,
without creating interference or diminishing the QoS. This is accomplished
by utilizing a distinct spreading code for each user, enabling the receiver to
identify and segregate the signals from different clients/users. LDS-CDMA
is used worldwide in the newest wireless communication systems, such as
wireless sensor networks, satellite communication systems, and 4G and
5G cellular networks. It is also used in other applications, such as wireless
LANSs and RFID systems.

Low-density spreading aided OFDMA (LD-OFDMA) is a wireless commu-
nication technique that mix the advantages of OFDM and LDS to increase
spectral efficiency and reduce interference. In traditional OFDM, the exist-
ing bandwidth is divided into multiple subcarriers that are orthogonal to
each other, which allows many clients/users to transmit data concurrently
devoid of interfering with each other. However, in high-mobility scenarios,
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the frequency-selective fading can cause the subcarriers to experience dif-
ferent channel conditions, leading to inter-carrier interference (ICI) and a
reduction in performance. LDS, on the other hand, is a technique that uses
sparse spreading sequences to reduce the number of active subcarriers in
the OFDM signal, thereby increasing the SE and reducing interference. The
sparse spreading sequences are selected in such a manner that the subcar-
riers having poor channel conditions are deactivated, while the subcarriers
with good channel conditions are kept active. LD-OFDMA combines these
two techniques by applying LDS to the subcarriers in OFDM. This reduces
the number of active subcarriers and increases the span between them,
which reduces ICI and improves the system’s performance in high-mobility
scenarios. Furthermore, LD-OFDMA allows for a more flexible allocation
of subcarriers to clients/users, which improves the system’s capacity and
SE. Overall, LD-OFDMA is a highly promising approach for coming WCS
that demand high spectral efficiency and robustness in scenarios with high
mobility.

Successive interference cancellation amenable multiple access (SAMA):
SIC is a technique used in MA schemes to overcome interference and
increase the capacity of wireless communication systems. It is commonly
employed in “CDMA” and “OFDMA” systems. While SIC is a general con-
cept applicable to various multiple access schemes. AMA is a recent MA
scheme that incorporate the advantages of CDMA and SIC. It aims to gain
the capacity and efficiency of WCN by exploiting interference cancellation
techniques. The AMA uses a combination of randomization and succes-
sive interference cancellation to enable multiple clients/users to transmit
simultaneously. In AMA, every user is entitled to a distinctive identifier
sequence or code, much like CDMA. The clients/users send their signals
simultaneously, leading to interference at the receiver. However, with the
aid of SIC, the receiver can decode the signals of multiple clients/users by
iteratively canceling out the interference from already decoded signals. The
SIC process in AMA involves multiple stages. In each stage, the receiver
selects one user’s signal with the highest received power and decodes it
by treating other signals as interference. Once decoded, the receiver sub-
tracts the estimated signal from the obtained signal, effectively canceling
its contribution from the interference set. The process continues iteratively,
decoding one user at a time until all clients/users’ signals are recovered or
until a predetermined decoding threshold is reached. By employing succes-
sive interference cancellation, AMA can achieve higher SE and accommo-
date more clients/users compared to conventional MA schemes. However,
it also introduces additional complexity and requires accurate channel state
information for efficient interference cancellation. AMA and SIC are active
areas of research, and their performance depends on various factors such as
the number of clients/users, channel conditions, interference level, and sys-
tem parameters. Ongoing research aims to optimize the design and perfor-
mance of AMA systems and explore their potential applications in future
wireless communication networks.
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Pattern division multiple access (PDMA) is a multiple access technique
utilized in wireless communication networks. PDMA grants many clients/
users to access the ditto frequency band concurrently by splitting the avail-
able bandwidth into a set of orthogonal patterns. These patterns are then
assigned to different clients/users in such a way that they do not interfere
with each other. In PDMA, each user is assigned a unique pattern from the
pattern set, which is used to modulate the data transmitted by that user.
The patterns are designed to be orthogonal, meaning that they have no
correlation with each other, and therefore do not affect each other. This
permits several clients/users to send and obtain data at the same time and
on the same frequency band without causing any interference. PDMA has
several advantages over other multiple access schemes, including high
spectral efficiency, low interference, and scalability. However, it also has
some limitations, such as high implementation complexity and high com-
putational requirements. [11] describes a study that addressed the issues
of poor detection performance and large complexity of traditional meth-
ods. Utilizing PDMA as an instance, [11] enhances the prevailing receiver
detection algorithms such as MPA (message passing algorithm) and
EPA (expectation propagation algorithm), MMSE-SIC (minimum mean
square error-serial interference cancellation), and puts forward equivalent
improved algorithms with specific formulas (i.e. turbo-like MPA (MPA-
turbo)), enhanced-MMSE-SIC, and turbo-like EPA with hybrid parallel
interference cancellation (EPA-Turbo-PIC) [12]. PDMA is still an emerg-
ing technology, and there is ongoing research to improve its performance
and reduce its implementation complexity. It has the potential to show an
important role in future wireless communication networks especially in
scenarios where high spectral efficiency and low interference are critical,
such as IoT, and 5G networks.

Advantages of Code Domain NOMA

Spectral efficiency: Code domain NOMA utilizes advanced coding tech-
niques therefore this leads to higher SE compared to traditional OMA
techniques.

Increased capacity: By enabling simultaneous transmission of many clients/
users in the similar resource block, code domain NOMA increases the
overall system capacity. This is particularly beneficial in consequences with
many connected gadgets and limited frequency resources.

Fairness: Code domain NOMA can provide improved fairness among clients
by allocating more power and resources to clients with poor channel condi-
tions. This ensures that all clients/users have a reasonable QoS and reduces
the occurrence of outage for clients with weak signal strength.

Low latency: The use of code domain NOMA can reduce latency in wireless
communication systems. By allowing concurrent transmission and recep-
tion of multiple clients/users, the overall communication delay is decreased,
enabling faster data exchange and response times.
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Disadvantages of Code Domain NOMA

Complexity: Implementing code domain NOMA requires advanced signal
processing techniques and complex receiver algorithms to separate and
decode multiple user signals. This complexity adds to the computational
and implementation overhead, requiring more powerful and sophisticated
hardware.

Interference: Code domain NOMA relies on the use of interference can-
cellation techniques to separate user signals. However, in scenarios with
strong interference, such as dense networks or congested environments,
interference cancellation may become challenging, leading to performance
degradation.

Channel conditions: Code domain NOMA performs better when clients/
users experience significantly different channel conditions. If clients/users
have similar channel characteristics, the benefits of NOMA may diminish,
and traditional orthogonal techniques may be more suitable.

System design and optimization: Proper system design and optimization are
crucial for realizing the benefits of code domain NOMA. This includes
careful power allocation, user grouping, and resource allocation strategies.
Designing an efficient NOMA system requires extensive modeling, optimi-
zation, and coordination among different network entities.

It’s essential to notice that the advantages and disadvantages of code domain
NOMA can vary depending on the specific deployment scenario and the system
requirements.

6.4.5.2 Multiple Input Multiple Output Non-Orthogonal
Multiple Access (MIMO-NOMA)

MIMO-NOMA is a WCT that uses many antennas on both the transmitter and
receiver side, along with NOMA. This combination enhances the capacity and spec-
tral efficiency of the systems by efficiently utilizing each antenna’s signals. MIMO
technology increases the wireless communication capacity and enhances its quality
by using multiple antennas at both ends of transmission. MIMO technology can
improve wireless signal quality and combat the effects of fading by utilizing multiple
antennas to make use of spatial diversity in the channel. NOMA allows many clients/
users to share the common subchannel by using power domain multiplexing, where
each user is allocated a different power level, instead of a unique subchannel. MIMO
NOMA combines these two technologies to provide even greater capacity and spec-
tral efficiency. By using NOMA, many clients/users can give out common time and
frequency resources, and by using MIMO, the system can exploit the spatial diversity
of the wireless channel. The combination of these two technologies can result in a
significant increase in system capacity, especially in high user density scenarios.

In downlink MIMO-NOMA systems, beamforming is employed to create B
distinct beams in the spatial domain using Mg BS antennas, as shown in Figure 6.7.
Multiple clients/users’ signals can be superimposed within a beam, leading to
the thought of IBAM, which is akin to conventional NOMA employing SIC. The
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Client 3

FIGURE 6.7 A scheme od downlink MIMO-NOMA.

transmitter beamforming vector for b (1 <b < B) is designated as m,. Assume that k,
is the total number of clients/users in the b beam, x,, is the i user’s transmitted sym-
bol in b beam, and p,; is the associated power-scaling coefficient. Then, by adding up
all the signals from the B distinct beams, the Mys-dimensional vector of transmitted
downlink signal at the BS can be written as [18]

B kp
xo= D m, Y P, 6.17)
b=1 i=1

In the scenario that every user has Nr receiver antennas, the i user’s Nr-dimensional
vector of received signal contained within the b™ beam can be represented as

Yoi=Hyixg+vy,, (6.18)

where v, ; stands for the Gaussian noise plus the inter-cell interference and H,,;
stands for the channel matrix of size Nr X M, between the ih user in the b'h beam
and the BS.

Inter-beam and intra-beam interference can be eliminated at the receiver by
employing two different interference cancellation techniques. Spatial filtering, which
is like the signal identification process employed in SDMA systems, can reduce
inter-beam interference. Assuming that the it user’s spatial filtering vector in the bt
beam is f ;, the signal z, ; after spatial filtering can be written as [18]

H
Zpi = _ﬁz,iyb,i
kp B ki
= fH P . + fEPH. . P 4 £y
- ﬁ),z my, b,j xh,_/ ﬁ),l b,i my b, j -xh’,j .ﬁ?,l vh,l . (619)
J=1 b'=l1 J=1

b'#b
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By setting the total power of the ICI, receiver noise and inter-beam interference
to unity, (6.19) can be written as

kp

2= s Y Po s+ i (6.20)
j=1

where q,; is the normalized term that represents the ICI, receiver noise and inter-
beam interference added together, while a,; is formulated as

2
ay; = [foiHogmy, . 6.21)
B kp
Z Zpb’,j ‘fb,iHb,imb"z + ﬁﬂE["b,f"lﬁi]fb,i
B

The system model (6.20) closely mirrors the basic NOMA mixed with SIC out-
lined above. By implementing intra-beam SIC after spatial filtering, both inter-beam
and inter-user interference caused by superposition coding within a single beam can
be significantly reduced.

It is a natural outcome that when multiple users/clients give out a single beam-
forming vector, a greater number of users/clients can function at the same time. For
more information, see Figure 6.8 [18], which shows that both the extended NOMA
using MIMO and the basic NOMA mixed with SIC can reach a greater sum rate than
OFDMA. Compared to the standard NOMA approach that uses only one antenna
at the BS, using MIMO systems in NOMA can significantly increase the sum rate.
Moreover, the number of reference signals required for this NOMA approach stays
consistent with the number of antennas of transmitter, irrespective of non-orthogonal
user signals present. This approach ensures that the number of downlink reference
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FIGURE 6.8 NOMA'’s opportunistic random beamforming downlink system performance.
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signals stays within the limit of transmitter antennas when the number of clients/
users exceeds it.

In the uplink systems, each user connects to K clients/users using a single
transmitter antenna. The BS has Mg antennas and can obtain signals that can be
expressed as

K
y= Zhi JBxi+V, 6.22)
i=1

where h; is the user i to BS MBS dimensional channel vector. Additionally, v stands
for the combination of the inter-cell interference vector and the Gaussian noise,
whereas X; and p; are the signal transmitted and the transmit power by the i-th user,
respectively.

Overall, MIMO-NOMA is an emerging technology for coming wireless commu-
nication systems along with the advantage of increased spectral efficiency, high-user
density, lower latency, but its deployment requires careful consideration of the trade-
offs between complexity, interference management, power allocation, and coverage.

6.4.5.3 Cooperative NOMA

Cooperative NOMA is a communication technique where multiple clients/users
work together to increase the overall system performance. In cooperative NOMA,
clients/users share their resources, such as power and channel resources, to enhance
the transmission of their data. In cooperative NOMA, clients/users are split into two
groups: the clients/users that act as relays (or helpers), and the clients/users that act
as the primary transmitters. The relays assist the primary transmitters by amplifying
and forwarding their signals to the intended receivers, using the NOMA transmis-
sion scheme. Like the standard NOMA, cooperative NOMA also detects the multi-
user signal using a SIC receiver.

To improve the dependability of reception for clients/users who experience
poor channel conditions, we can use other clients/users who have better channels
as relays. Cooperative transmission differs from NOMA with SIC in its ability
to send signals from clients/users with strong channel conditions to those with
weaker ones using short-range communication methods like Bluetooth and ultra-
wide band (UWB) techniques. Figure 6.9 depicts a lossless cooperative NOMA
downlink system model supporting L clients/users and relaying on a single BS
according to their channel conditions [13]. The following two phases are essential
to cooperative NOMA [15].

Direct transmission is represented by the first phase, often known as the broadcast
phase. The BS distributes downlink or downstream messages to all L clients/users
during this phase using the basic NOMA SIC principle, where the L clients/users’
superimposed information abides by the overall power constraint. The SIC process
is put into action on the user side, which results in clients/users with weaker network
conditions being able to receive signals intended for those with stronger ones [16].

During the cooperative transmission second phase, participating clients/users
utilize short-range communication channels like Bluetooth or UWB to share their
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FIGURE 6.9 Cooperative NOMA downlink system model. (a) Coordination of transmis-
sion via direct and relay. (b) A cooperative plan with no underlying connection.

signals. This phase has (L-1) time slots, with the L' user transmitting a superposition
of (L-1) signals intended for other clients/users during the first slot. Next, the SIC
procedure is initiated another time at these (L-1) users/clients and the (L-1)"" user/
clients gets access to its own data at a higher SNR using maximum ratio combining
(MRC), which combines all signals received across both phases.

Cooperative NOMA can improve the system performance by reducing inter-
ference and improving the coverage area. By using cooperative NOMA, the sig-
nals transmitted by primary clients/users can be boosted by the relays, which can
increase the SNR at the receivers. This, in turn, can reduce the probability of error
and increase the coverage area of the system. Furthermore, cooperative NOMA can
also enhance the system capacity by utilizing the multiuser diversity. In coopera-
tive NOMA, clients/users with stronger signals can act as intermediaries to assist
clients/users with weaker signals, thus increasing the overall system throughput.
The SVM (support vector machine), one of the commonly used supervised learn-
ing algorithms, has demonstrated optimistic results in relay selection. Recently, a
relay selection is treated as a support vector machine (SVM) multi-class classifica-
tion issue in work [14] proposed by the author. The primary idea behind the SVM
classification algorithm is to train the classifiers using many system realizations to
optimize their parameters. The main benefit of this approach is that the training
phase may be completed offline because optimizing the SVM classifier parameters
needs a lot of computing power. The trained SVM multi-class classifiers can then
be employed immediately during system operation with no further training needed.
Recently, an analysis was conducted on the power distribution and decoding order
at the BS of cooperative NOMA (C-NOMA)-based two-user uplink (UL) cellular
networks. This analysis was published in another work [16]. The least user attain-
able rate is the goal of the joint optimization problem that the authors formulate. As
an alternative approach, authors develop simplified and highly effective analytical
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formulas to determine power allocation coefficients, even when dealing with non-
convex problems.

Improved spectral efficiency, enhanced energy efficiency, better coverage, and
increased fairness are some advantages of cooperative NOMA and increased com-
plexity, high latency, interference, and security concerns are some disadvantages of
cooperative NOMA.

6.4.5.4 Bit Division Multiplexing (BDM)

BDM'’s foundation is hierarchical modulation [17], but it distributes resources at
the bit level instead of the symbol level. Even though multiuser signals may share
a similar constellation, indicating overlay in the symbol domain, BDM’s resource
distribution is technically orthogonal in the bit domain.

6.4.5.5 Multi-user Shared Access (MUSA)

Another code-domain multiplexing-based NOMA scheme that can be thought of as
an enhanced CDMA-style scheme is MUSA.

Symbols transmitted by a user in the MUSA system shown in Figure 6.10 are mul-
tiplied together in the uplink stage. Different spreading sequences can be assigned
to each symbol from the same user, resulting in interference averaging advantages.
The symbols are then spread over the same time-frequency resources like OFDM
subcarriers and sent out as a whole. Without sacrificing generality, we assume
that there are K clients/users and N subcarriers, and that each user always sends
a single symbol. MUSA can also support rank-deficient conditions (i.e., K > N),

A distinct sequence that has
been specifically designed is
Client1 utilized to scatter the symbols of
every Client

Spreading
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on the same orthogonal
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FIGURE 6.10 MUSA system for uplink.
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which will cause user interference. Data from the several clients/users are sepa-
rated at the receiver using SIC and linear processing, depending on the channel
circumstances of each user.

The clients/users of the MUSA system are divided into G groups for the down-
link. The various user symbols in each group are then superimposed after being
weighted by various power-scaling coefficients. The symbols from G groups can
be spread out by using orthogonal sequences of length G. This spreading technique
allows the superimposed symbols to be propagated effectively. Clients/users belong-
ing to the same group use identical spreading sequences, which are orthogonal to
those of other groups. This technique eliminates inter-group interferences at the
receiver. After this step, intra-group interference cancellation can be achieved with
SIC by utilizing the resulting power differential.

Low cross-correlation spreading sequences in MUSA are required for nearly
complete interference cancellation at the receiver. The accompanying SINR differ-
ence and SIC of the MUSA approach have the express benefit of increasing downlink
capacity. Another strong advantage of MUSA is its ability to ensure fairness among
the multiplexed clients/users while maintaining capacity. Proximal device discovery
(DD) is important in wireless self-systematizing and network-aided D2D networks.
It serves as the basis for self-governance, the expansion of the service area, and
performance enhancements including multi-hop and cooperative transmission. For
proximal DD, energy efficiency and discovery precision are crucial performance
indicators.

For network-assisted D2D communication, a unique DD process based on NOMA
and MUSA is proposed in [19]. To support dense device detection and improve
detection distance in the mobile systems, the suggested shared access approach
employs a complicated spreading pattern. Additionally, a shared access approach for
discovery signals with additional multi-user detection algorithms is created. In
comparison to the conventional DD approaches, MUSA with its spreading pattern
demodulation produce a 12 percent increase in energy economy and a 98 percent
improvement in total accuracy.

IoT is widely anticipated to play a significant role in 5G wireless networks.
Low device costs, less energy consumption, minimal latency, and the capacity to
support numerous simultaneous connections are some of the major IoT problems.
A brand-new NOMA scheme called MUSA is suggested in [20] to support IoT.
MUSA utilizes an advanced technique that spreads transmission across a set
of complex sequences with short length, allowing support for a greater number
of clients/users/clients who access the common radio resources. In combination
with a grant-free access approach, this enables reliable interference cancellation
on the BS side and effective handling of high traffic volume. A brand-new class
of codes called 5-ary codes is utilized in [21] for propagation. An uplink MUSA
system’s bit error rate performance study is looked at for 5-ary codes and several
short-length spreading sequence types. In order to identify clients/users using
the SIC method, the analysis is also carried out when the ordering method is
changed.

There are several advantages and disadvantages to MUSA.
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Advantages

1. Collaboration: MUSA enables clients/users to work together on a project
or share resources, fostering collaboration and teamwork.

2. Efficiency: With MUSA, clients/users can access shared resources or sys-
tems without the need to duplicate data or information, leading to increased
efficiency and reduced redundancy.

3. Cost savings: MUSA can often be more cost-effective than providing each
user with their own individual resources or systems.

4. Resource optimization: MUSA can help to optimize the use of resources,
such as computer networks or machinery, by ensuring that they are being
utilized to their maximum capacity.

5. Accessibility: MUSA can make resources more accessible to a larger num-
ber of clients/users, regardless of their location.

Disadvantages

1. Security risks: MUSA can increase the risk of security breaches, as mul-
tiple clients/users may have access to sensitive information or systems.

2. Limited capacity: In some cases, MUSA may be limited by the capacity or
capabilities of the shared resource or system.

3. Conflicts: MUSA can sometimes lead to conflicts or collisions between
clients/users, particularly if they have different priorities or needs.

4. Complexity: Implementing and managing MUSA can be complex, requir-
ing careful planning and coordination.

5. Maintenance: MUSA requires ongoing maintenance and management to
ensure that it remains functional and effective.

Overall, MUSA can be a powerful tool for promoting collaboration, efficiency,
and resource optimization, but it also requires careful consideration of the potential
risks and challenges involved.

6.5 RATE SPLITTING MULTIPLE ACCESS (RSMA)

The latest advancements in mobile technology, including “mTC (massive machine
type communications),” URLLC (ultra reliable low latency communications),” and
“eMBB (enhanced mobile broadband) are posing unique challenges to the develop-
ment of 6G technology [22].

The difficulty of creating complex MA schemes is one of these challenges.
MA refers to a broad collection of approaches that permit multiple clients/users.
Cellular radio networks have evolved over time. In earlier versions, systems like
orthogonal MA (OMA) were used to avoid interference by distributing unique
radio resources to each user in the domains frequency, time, code and OFDMA in
1G through 5G.

The goal of minimizing inter-user interference and excessive transceiver com-
plexity inspired the adoption of orthogonal radio resource allocation. An ineffec-
tive use of radio resources results from such a strategy, nevertheless. In addition to
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OFDMA, 4G and 5G have taken advantage of numerous antennas such as in MIMO
and massive MIMO (MaMIMO), to serve many users/clients in a non-orthogonal
manner. Current MA schemes make use of various approaches for managing inter-
ference, including several methods that have been adopted previously such as

Interference considered as noise (like in SDMA)
Decoding interference (like in NOMA)

To achieve a more reliable 6G wireless connection with improved performance,
innovative techniques must move away from conventional extreme interference man-
agement strategies such as SDMA (interference considered as noise) and NOMA
(fully interference decoding). This shift can help to ensure reduced latency and
higher data rates [23]. More general and powerful techniques which consider NOMA
and SDMA as special cases have been developed recently that rely on linearly pre-
coded rate splitting, termed as RSMA.

RSMA splits the message into separate components in both power and spatial
domains, transmitting them simultaneously within the same time-frequency block,
employing techniques from both PD-NOMA and SDMA. RSMA controls interference
by altering the message split and power distribution. RSMA can maximize available
resources, including frequency, time, spatial domains, and power to provide excellent
degree of freedom (DoF) in the downlink. This feature works consistently well with
both imperfect and perfect channel state information at the transmitter (CSIT).

RSMA comes up with adaptation between SDMA and NOMA, which leads to
rate enhancement with lower computational capacity. Modifying message split and
altering power allocation to private and common messages has capability to transit
between the two schemes NOMA and SDMA [24] as shown in Figure 6.11.

RSMA has been reviewed in various ways depending on how clients/users’
messages are divided and blended into common messages, as classified in
Figure 6.12.

Fully treat Partially decode interference and Fully decode
interference as noise partially treat interference as noise interference
Interference level
Low High
TABLE

COMPARISON OF PREFERABLE INTERFERENCE LEVELS
OF DIFFERENT MA SCHEMES

Interference levels l Low I Medium [ High I

SDMA 4 X X
NOMA X X Vv
RSMA Vv v Vv

Notations: y/: Suited. x: Not well suited.

FIGURE 6.11 A contrast of desirable interference levels between medium access schemes.
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FIGURE 6.12 RSMA classification.

For understanding purposes, let us assume there are k single antenna clients/
users that are served by a base station having N transmitting antennas, then we
would split the message of each client/user in two parts: one is private and another
one is a common part. The common parts of all clients/users are combined to create
a single shared message, which is then encoded into a unified stream as illustrated
in Figure 6.13 [25].

Private information of clients/users is protected by encoding them into separate
private streams, distinct from the rest. A total of k+1 streams are transmitted in
1-layer RSMA. Linear precoders are used to precode these streams. The transmit
signal x is represented as

X=pog + pr (6.23)

hy is channel between user k and BS, z;, is AWGN at user k. The received signal
at user k is given by

yi = hi' x + 2. (6.24)

The common stream is first decoded by all clients/users at the receiver side while
they consider all private streams as noise. Clients/users who correspond with each other
can decode their own private stream by treating others’ streams as background noise [25].

For simplicity, let us assume that each user has just 6 bits of data to send. Private
and common stream-based transmission rates for both clients/users can be provided by
1bps/Hz and 0.5bps/Hz, respectively. These rates are calculated from the CSIT avail-
able at transmitter. Amount of message bits to be transferred is quadrupled in terms of
the transmission rates. For example, the common stream message bits will be 0.5%4=2
bits and for private stream the number of message bits are 4 as given in Figure 6.14.

Figure 6.14 describes how the data bits are being divided before transmission.
This assumption is far from reality, but is sufficient to understand the basic split of
RSMA. The authors of [26] studied how effective RSMA is for an uplink/upstream
communication system with an FBL. Their research focused on the impact of vary-
ing blocklength and target rate on the error probability performance and throughput
of RSMA in a Single-Input Single—Output (SISO) Multiple Access Channel (MAC)
with two user messages. The results demonstrate that, unlike NOMA, RSMA can
enhance both throughput and error probability performance. It is a difficult but
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FIGURE 6.13 RSMA transceiver architecture.
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FIGURE 6.14 A 6-bit data transmission in RSMA.

important problem to find a linear precoding scheme that maximizes the “sum spec-
tral efficiency” of RSMA. In their paper [27], the authors introduce a unique method
for designing precoders that can simultaneously handle both shared and private mes-
sages using RSMA. First, they use a LogSumExp technique to roughly represent the
non-smooth minimum function portion of the RSMA’s sum spectral efficiency. Then,
to make the sum spectral efficiency maximization issue tractable, writers reformu-
late it as a version of the log-sum of Rayleigh quotients. The research explains that
breaking down the first-order optimality condition of the reformulated problem into
an eigenvector-dependent nonlinear eigenvalue problem helps depict how the leading
eigenvector of the optimality condition shows a local optimal solution [27]. Authors
suggest an approach for locating the leading eigenvector that is modelled after a
power iteration. The authors of [28] take into account both the imperfect “channel
state information (CSI)” at the “transmitter (CSIT)” and the imperfect CSI at the
receiver (CSIR) and present a max-min fairness optimization framework depending
on RSMA to ensure each user’s minimum level of QoS.

Most of the published research on RSMA make the assumptions that the
blocklength is limitless and that all clients/users employ SIC to decode the shared
stream. The user with the weakest channel quality is the one who limits the data
rate of the shared stream according to the first supposition. In real-world sys-
tems with finite blocklengths, the second assumption could result in less-than-
ideal performance. The authors of [29] suggest a versatile RSMA approach that
enables the system to choose whether or not a user should employ SIC to decode
the shared stream. For beamforming design, writers create a low-complexity
method as well as an ideal algorithm. They come up with a useful approach for
the selection of RS-clients/users and construct a semi-closed-form solution for the
optimal data rates [29].

Tera-hertz massive MIMO communication systems can have their service cover-
age greatly improved by reconfigurable intelligent surfaces (RIS). The performance
of traditional “spatial division multiple access (SDMA)” is significantly diminished
by the difficulty in collecting correct high-dimensional CSI with little pilot and
feedback signaling overhead. For “RIS-aided tera-hertz multi-user MIMO” systems,
[30] presents a deep learning (DL)-RSMA technique to increase robustness against
CSI imperfection. The authors proposed “a new hybrid data-model driven DL-based
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RSMA precoding scheme for improving wireless communication.” It involves pas-
sive precoding at the RIS, analogue active precoding, and RSMA digital active pre-
coding performed at the BS. The authors suggest a “transformer-based data-driven
RIS reflecting network (RRN)” to provide passive precoding at the RIS. The “LoS-
MIMO antenna array architecture” is used by both BS and RIS, which recommends
an analogue precoding technique based on a match-filter for the analogue active
precoding at the BS.

The authors propose a simpler scheme called approximate weighted minimum
mean square error (AWMMSE) for digital precoding at the BS. They use this newly
proposed scheme to create a deeper and more efficient network called deep unfold-
ing active precoding network (DFAPN) by incorporating DL techniques. Then, we
provide a “CSI acquisition network (CAN)” with minimal pilot and feedback signal-
ing overhead to acquire precise CSI at the BS for the examined RSMA precoding
technique to obtain improved spectrum efficiency. The proposed RSMA scheme that
utilizes DL shows promise in enhancing the robustness against CSI imperfections,
leading to improved SE and less signaling overhead [30].

There are several advantages and disadvantages of RSMA.

Advantages

1. Increased spectral efficiency: RSM A makes it possible for more data to be
transmitted over the same bandwidth, which is particularly useful in wire-
less networks where bandwidth is often limited.

2. Low latency: RSMA can achieve lower latency compared to other MA
techniques, such as TDMA and FDMA, because each user can transmit
their data simultaneously.

3. Flexible resource allocation: RSMA allows for flexible resource alloca-
tion, as each user can allocate its resources based on its own needs. This
means that the system can adapt to changing traffic demands and provide
efficient resource utilization.

Disadvantages

1. Complexity: RSMA requires complex encoding and decoding algorithms
to ensure that each user’s data can be transmitted simultaneously. This
increases the complexity and may require more processing power.

2. Interference: RSMA can suffer from interference between clients/users,
which can lead to decreased performance. This is particularly true when the
number of clients/users sharing the same frequency band increases.

3. Limited scalability: As more clients/users join the system, the complexity
of RSMA tends to increase, which may make it difficult for the system to
be easily scalable for a larger number of clients/users.

6.6 RATELESS MULTIPLE ACCESS (RMA)

RMA is a communication protocol that enables multiple clients/users to access a
shared communication channel in a decentralized manner without requiring explicit
coordination or scheduling. In RMA, clients/users transmit packets randomly and
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independently of each other, and the receiver uses a decoding algorithm to recover
the transmitted data. RMA has a unique characteristic that allows for data recov-
ery by the receiver, even in cases where the number of clients/users is variable and
unknown over time.

RMA achieves its resilience to changes in the number of clients/users by using
a rateless code. A rateless code is a code that can generate an infinite number of
encoded packets from a finite set of source packets. RMA encodes the data packets
using a rateless code and transmits the encoded packets over the communication
channel. The recipient accumulates a group of encoded data packages and applies
a decoding algorithm to regain the initial data packets. By utilizing a rateless code,
the recipient can recover the initial data packets even if they receive fewer encoded
packets than the entire number of encoded packets transmitted.

RMA has several advantages over other MA schemes, such as achieving concur-
rent high reliability, random access, less latency, scheduled access and enormous
connectivity. RMA can handle a dynamic number of clients/users without requiring
explicit coordination or scheduling, making it suitable for ad hoc networks and IoT
devices. RMA also has a low overhead, as clients/users can transmit packets ran-
domly and independently, without requiring any coordination. Additionally, RMA is
resilient to packet loss and interference, as the receiver can recover the data packets
even if some of the encoded packets are lost.

In a recent study [31], researchers examined the effectiveness of the RMA scheme’s
maximum likelihood (ML) decoding using BPSK” modulation in an “AWGN chan-
nel. The RMA system’s ensemble weight distribution was initially established by [31].
When subjected to BPSK modulation in an AWGN channel, the authors determined
the highest possible limit on the RMA system’s decoding error performance.

Here are some advantages and disadvantages of using RMA.

Advantages

1. Improved efficiency: RMA can significantly increase the efficiency of
WCN by allowing many clients/users to share the same channel without col-
lisions. This is because RMA is designed to allocate the channel resources
dynamically, based on the user’s channel conditions and transmission rate.

2. Increased reliability: RMA can improve the reliability of wireless com-
munication by providing a mechanism for retransmission of lost packets.
RMA uses a rateless coding scheme to encode the data, which means
that the receiver can decode the data even if some packets are lost during
transmission.

3. Flexibility: RMA is a flexible technique that can be used in a wide range of
wireless communication scenarios, including point-to-point, multi-hop, and
broadcast communication.

Disadvantages
1. Increased complexity: RMA requires more complex encoding and decod-
ing algorithms than traditional wireless communication techniques, which
can increase the processing power and memory requirements of the com-
munication devices.
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2. Limited scalability: RMA may not be scalable to large-scale wireless net-
works. This means that the people who can use a particular channel at the
same time is limited.

3. Increased overhead: RMA may introduce additional overhead in the wire-
less communication system, as it requires the transmission of additional
coding symbols for error correction and retransmission of lost packets. This
can reduce the overall throughput of the system.

Overall, RMA is a promising MA scheme that offers several advantages over
other schemes. It is particularly suitable for decentralized networks and IoT devices
that require low overhead and resilience to changes in the number of clients/users.

6.7 COORDINATED MULTI-POINT-NOMA (CoMP-NOMA)

CoMP-NOMA is a communication technique that combines two key concepts:
coordinated multi-point (CoMP) and NOMA. CoMP involves coordinating the
transmission and reception of data across multiple base stations (BSs) in a cellular
network. This coordination allows for improved signal quality, increased capacity,
and enhanced coverage by mitigating interference and optimizing resource alloca-
tion. By using NOMA, multiple people can be served simultaneously on the same
time-frequency resources. This is a way to increase spectral efficiency, which means
that more information can be sent in less time. CoMP techniques are employed to
coordinate the transmissions between BSs and clients/users, reducing interference
and improving system-wide performance.

Figure 6.15 shows a NOMA model for downlink. Here the signals broadcast from
BS 2 may cause user 1 to experience major interference, and user 3 may experience
severe interference brought on by BSI transmitted signal. As a result, the NOMA in
CoMP scheme may perform noticeably worse.

The signals of all NOMA clients/users can be used in cooperative transmit-
precoding to reduce inter-cell interference in the downlink. The process of finding
the best transmit precoder isn’t easy. To achieve this, all user signals and condi-
tions of channels must be accessible to the concerned BSs. However, in situations
where geographically distant BS antennas produce a beam that fails to cover mul-
tiple angularly separated clients/users for intra-beam NOMA in CoMP situations
may be ineffective.

Client 4[]

Client pair of NOMA

((Ag)) Area of Cell 2

BS1

Area of Cell 1 «g} D Client 2
851

Client pair of NOMA

FIGURE 6.15 CoMP using NOMA.
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A new precoding scheme was suggested to simplify transmission in a NOMA-
CoMP setting [32]. The scheme uses the varying channel impulse responses (CIRs)
of multiple clients/users to target signals seemingly found only at cell edges.
Specifically, the scheme applies only to signals from edge clients/users, like those
identified as user 1 and 3 in Figure 6.15.

In [33], researchers considered a multi-tier uplink NOMA system, analyzing the
coverage probability of clients/users based on their rank with respect to distance
from the serving stations. They examined the average rate coverage probability and
the rate coverage probability for a user.

It has been demonstrated that at larger user densities per cell and higher target rate
needs, a NOMA cluster’s average rate coverage is superior than that of its equivalent
OMA cluster. Additionally, [34] provides a current literature analysis of interfer-
ence management approaches that use NOMA in multi-cell networks, covering both
NOMA that relies on coordinated scheduling/beamforming and NOMA that uses
joint processing. Aside from SIC implementation concerns, flawed CSI, multi-user
power allocation, and clustering, [34] also highlights the key practical obstacles and
difficulties that emerge in the implementation of multi-cell NOMA.

For a network with virtualized various infrastructures, writers in [35] develop a
generalized joint transmission coordinated multi-point (JT-CoMP)-non-orthogonal
multiple access (NOMA) model. Wireless network virtualization (WNYV) allows
for multiple joint broadcasts of CoMP in multi-infrastructure networks, providing
benefits to all clients/users within this architecture. The CoMP-NOMA protocol
generates an unlimited NOMA clustering (UNC) scheme that exhibits the highest
attainable level for each NOMA cluster. The authors demonstrate that UNC causes
consumers to have the highest level of effective interference cancellation (SIC) com-
plexity. In this context, they suggest a limited NOMA clustering (LNC) strategy,
in which only a portion of clients/users are subjected to SIC. According to numeri-
cal analyses, WNV and LNC lower user SIC complexity by up to 46 percent and
35 percent, respectively, and enhance user sum rate compared to the non-virtualized
CoMP-NOMA system and UNC model. Since open and intelligent radio access net-
works are a good fit for their implementation, the suggested algorithms [35] are a
good choice.

Advantages of CoMP-NOMA

1. Increased SE: CoMP-NOMA allows for many clients/users to share
the same time-frequency resources, resulting in higher SE. This leads to
increased capacity and improved utilization of network resources.

2. Enhanced coverage and QoS: CoMP-NOMA leverages coordinated
transmission between BSs to mitigate interference and optimize resource
allocation. This coordination improves coverage and QoS by reducing sig-
nal degradation and ensuring reliable communication in areas with weak
signal strength.

3. Improved system performance: The combination of CoMP and NOMA
techniques in CoMP-NOMA improves overall system performance. It
enables better load balancing, reduces congestion, and enhances network
capacity, resulting in a more efficient and robust cellular network.
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Disadvantages of COMP-NOMA

1. Complexity and overhead: Implementing CoMP-NOMA requires addi-
tional coordination and signaling overhead between multiple BSs. This can
increase the complexity of network management and introduce additional
latency in the system.

2. Interference management challenges: CoMP-NOMA relies on effective
interference management techniques to mitigate co-channel interference.
Achieving optimal interference coordination and resource allocation across
multiple BSs and clients/users can be challenging and may require sophis-
ticated algorithms and high computational resources.

3. Compatibility and interoperability: CoMP-NOMA may require modifi-
cations to existing network infrastructure and user devices to support the
required coordination and NOMA. Ensuring compatibility and interopera-
bility between different generations of network equipment and user devices
can be a challenge during the transition to CoMP-NOMA.

It is important to mention that the advantages and disadvantages of CoMP-
NOMA can differ according to specific factors like implementation, network
environment, and deployment scenarios. The future scope of CoOMP-NOMA holds
several potential advancements and applications in the field of wireless communi-
cation such as 5G and beyond, massive IoT, ultra-dense networks (UDN), coopera-
tive edge computing, millimeter-wave (mm-wave) communications, cooperative
and cognitive networks, AI, ML.

6.8 NOMA-ORTHOGONAL TIME FREQUENCY
SPACE (NOMA-OTFS)

Researchers across the world are eagerly exploring OTFS [36]. OTFS has dem-
onstrated outstanding performance improvements in high mobility scenarios
[37-40]. According to [41] and [40], OTFS and OMA-OTFS have been mentioned,
whereas [42] reports that PD-NOMA techniques show better sum spectral effi-
ciency (SE) performance compared to OMA and code-division NOMA schemes.
This improvement in performance has been noted in [43] and [44]. The authors
of [45] proposed NOMA with OTFS. The article [44] delves into beamforming in
OTFS assisted NOMA networks with multiantenna BSs. The aim is to optimize
data rate for low-mobility NOMA clients/users and high mobility OTFS clients/
users [46].

The authors of [47] have introduced a novel NOMA-OTFS system that showcases
promising results both at the link-level and system-level. The challenge with com-
bining OTFS transmission technology and NOMA lies in their different strengths.
While OTFS excels in high-mobility scenarios, NOMA delivers better spectral effi-
ciency in low-mobility situations compared to conventional OMA.

The researchers developed an minimum mean square error (MMSE)-SIC-based
receiver for NOMA-OTFS for maximizing the SE and mobility. They have improved
SINR for enhancing performance of the network.
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FIGURE 6.16 Two-user NOMA-OTFS system block diagram in downlink.

The SIC OTFS-NOMA receiver for downlink transmission, as illustrated by
Figure 6.16 [47] is implemented practically for two clients/users. The BS creates
a data stream for both the clients/users (represented by bl and b2, respectively),
encodes it using an LDPC encoder, and subsequently modulates massage. Figure 6.16
denotes the received signals for clients/users as d1 and d2, respectively. The modu-
lated symbols are then superimposed with assigned power (fi). The time domain
signal, overlaid with extra information, gets a boost through modulation for OTFS
using the SFFT and Heisenberg transformation methods. These resulting signals are
then transmitted through the delay-Doppler channel to multiple clients/users.

Figure 6.17 [43] highlights the effectiveness of using an OTFS-NOMA together
using LDPC. The results shown in [47] outperform traditional OMA-OTFS. The
future scope of OTFS-NOMA holds several potential advancements and applica-
tions in the field of wireless communication such as 5G and beyond, massive IoT,
UDN, edge computing, mm-wave communications, cognitive networks, and Al
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FIGURE 6.17 Two-subscriber NOMA-OTFS for uplink.
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6.9 DELTA-ORTHOGONAL MULTIPLE ACCESS (D-OMA)

D-OMA is a new scheme enabling multiple devices to share the same channel
without interfering with each other. D-OMA was proposed as an alternative to
the traditional OFDMA technology, which is widely used in 4G and 5G wireless
networks.

The challenge of spectrum scarcity can be addressed by adopting higher fre-
quency bands such as mm-wave and beyond. However, these bands may not always
be the best solution, particularly for medium to large communication ranges since
they require considerable beam-steering skills due to extremely high attenuation.

Fully adopting OMA schemes within the available spectrum won’t suffice for
MA, whereas relying solely on NOMA methods lacks the flexibility to support wire-
less connectivity for devices with differing service requirements [48]. New tech-
niques must be developed to manage interference and allocate resources for the
cell-less networks due to their limited spectrum resources.

Deploying in-band NOMA clusters on a large scale has been impeded due to
two major obstacles: the high complexity and increased power consumption at ter-
minal devices. However, a new massive multiple-access scheme called D-OMA,
proposed by the authors of [49], offers an effective solution to these problems.
As such, it is considered suitable for 6G network architectures and requirements
(Figure 6.18 (c)) [49].

In D-OMA, we allow for overlapping of different NOMA clusters with adjacent
frequency bands by o percnet of their maximum allocated subband. A 6 value of
0 represents the conventional power-domain NOMA approach. To address overlap
between clusters in NOMA, the size of each cluster may be reduced. This main-
tains INI and ICI counts similar to those found in non-overlapping massive in-band
NOMA clustering.

By utilizing additional clusters within the same bandwidth allocation, it is pos-
sible to maintain the spectral efficiency achieved by a massive in-band NOMA
cluster. This holds true for B Hz in Figure 6.18 (a and c). Reducing the size of dif-
ferent NOMA clusters can significantly decrease the complexity requirements and

Frequency

Frequency
B(Hz) B(Hz)
(a) (b) (c)

FIGURE 6.18 An example of the (a) OMA, (b) NOMA, and (c) D-OMA schemes.
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power consumption for various devices without sacrificing performance standards.
Optimizing NOMA clusters and power allocation involves designing the percent-
age of overlap among the clusters (5). This is a crucial factor in achieving optimal
performance.

The authors of [50] examined how well D-OMA performs in the uplink and cre-
ated a multi-objective optimization plan to increase uplink EE in a multi-access point
(AP) network empowered by D-OMA. They focused on enhancing the sub-channel
and transmiting power allocations as well as the overlapping spectrum percentage
between adjacent subchannels.

The study involving [50] participants concluded that D-OMA outperforms con-
ventional NOMA and OFDMA when joint optimization of adjacent sub-channel
overlap and scheduling is implemented.

D-OMA has several advantages over OFDMA and NOMA, including lower
latency, higher throughput, and better scalability. However, it also has some dis-
advantages, such as higher complexity and the need for precise synchronization
between the transmitter and receiver. Here are some advantages and disadvantages
of using D-OMA given below.

Advantages of D-OMA

1. High SE: D-OMA can achieve higher SE compared to traditional MA
schemes. This is because it allows multiple clients/users to share the same
frequency band without causing significant interference.

2. Low latency: D-OMA is designed to give low latency, which is critical
for real-time applications such as video conferencing, gaming, and virtual
reality.

3. Robustness: D-OMA is more robust to interference and noise compared to
traditional MA schemes. This is because it uses advanced signal processing
techniques to separate different clients/users’ signals.

Disadvantages of D-OMA

1. Complexity: D-OMA is more complex compared to traditional MA
schemes. This is because it requires advanced signal processing algorithms
to separate different clients/users’ signals.

2. Limited deployment: D-OMA is a relatively new technology, and it is not
widely deployed yet. This means that it may not be compatible with existing
wireless communication systems.

3. Compatibility issues: D-OMA may not be compatible with some exist-
ing wireless communication systems, which could lead to interoperability
issues.

D-OMA is still an emerging technology, and further research is needed to fully
understand its capabilities and limitations. D-OMA gives better performance than
OFDMA and NOMA but there are still some implementation issues and open
research challenges such as method of power allocation, clustering of devices/users,
requirement of an efficient SIC method, and spectrum variations.
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6.10 VISIBLE LIGHT COMMUNICATION-NOMA (VLC-NOMA)

VLC was recently proposed as a reliable replacement for indoor wireless communi-
cation because of increased bandwidth demands, its energy efficiency, and its ability
to deliver ubiquitous connection [51] that do not meet by the RF spectrum.

Scholarly articles have reported on the utilization of NOMA techniques in VLC,
with numerous reasons making it an optimal choice for downlink systems in this
context, as outlined in [52-53].

NOMA technology can function properly with just a few users in a VLC cell.
Additionally, since the channel remains fairly constant for VLC systems, chan-
nel estimation becomes simpler. NOMA has the ability to handle load distribution
and interference cancellation by leveraging channel status information. To further
improve its spectrum efficiency, NOMA-based VLC systems can use high-level
modulation techniques, such as quadrature amplitude modulation (QAM).

When using NOMA with higher cognitive modulation, there is a chance for
increased inter-user interference. Therefore, it is necessary to exercise caution and
implement power allocation (PA) strategy accordingly.

In a recent study [54], researchers determined the potential constraint for using
higher-order modulation in NOMA-enabled VLC systems. However, existing
research primarily focuses on lower-order techniques with an assumption of perfect
SIC. Hence, there is a crucial need to address the challenge of handling errors in
NOMA-aided VLC systems that use higher-order modulation.

The literature discusses how NOMA approaches can increase the throughput and
reliability of VLC systems. Unlike OMA, which limits usage to one user per frequency/
timeresource block, NOMA allows multiple clients/users to share those resources, sac-
rificing a bit of IUI but making more efficient use of available resources [55].

Although VLC has several benefits, there are certain limitations that prevent
current technology from fulfilling the needs of 6G networks. The range of visible
light signals is limited, which makes the propagation losses significant and weakens
the VLC channel when there is a gap between transmitting and receiving devices.
Additionally, obstacles can block out emission spectra easily [56].

Moreover, unlike the typical RF counterpart, the VLC channel is not uniform in
all directions. Therefore, the shape and position of both transmitting and receiving
devices have a significant effect on the channel gains as stated in reference [57].

The quality of the VLC channel varies, affecting the efficiency of advanced MA
techniques like NOMA when used with VLC systems. A visual representation of
downlink NOMA-VLC for two clients/users is shown in Figure 6.19.

As shown in Figure 6.19, the basic concept of VLC-NOMA is same as in NOMA
but the difference is in the communication channel [58]. In VLC-NOMA a visible
light source (LED) is used in place of transmitting antenna and visible light detector
is used in place of a receiver antenna [59].

Regarding the enhancement of the spectrum efficiency of indoor VLC systems,
PD-NOMA can be considered a viable MA approach, as it provides ample bandwidth
and allows for notable improvements in throughput and other key performance met-
rics. With this in mind, NOMA could be viewed as a powerful and effective strategy
for MA in VLC systems. A small number of clients/users may be accommodated
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FIGURE 6.19 Downlink NOMA-VLC overview.

using NOMA technology, and this is also true of VLC systems, which employ LEDs
as transmitters. For a limited number of clients/users, LED sources serve as entry
points in confined environments. In order to effectively manage user power allo-
cation, demultiplexing, and decoding orders via the SIC process, NOMA requires
comprehension of channel status information at both the transmitter and receiver
sides. The VLC systems, in contrast, enjoy channels that are reasonably stable and
don’t require as much regular monitoring. Since the LED and PD are so close to one
another, NOMA technology excels in VLC networks’ high SNR environments.

By adjusting the transmission angles of LEDs and the field-of-view of PDs,
differences in channel gains between clients/users in VLC systems may be mini-
mized. NOMA is regarded as the optimal MA strategy in VLC systems to achieve
low latency, particularly when user channels exhibit large gain disparities, accord-
ing to reference [60]. A conceptual design of a NOMA-VLC system is shown in
Figure 6.20(b), whereas Figure 6.20(a) shows a simple VLC system [61]. Data are
transmitted from a transmitter (an LED) to two receivers in the NOMA-VLC sys-
tem (Figure 6.20(b)). User 1 experiences greater signal intensity when they are far
apart from User 2, while a shorter line of sight to the LED results in weaker signals.
Using NOMA techniques, User 2 is given a more powerful h2 to directly decode
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FIGURE 6.20 (a) An overview of a basic VLC system. (b) Conceptual diagram of a NOMA-
VLC system.

its message signal. In contrast, hl receives lower power and must go through SIC
phenomenon to decode its required signal [62]. Without a doubt, NOMA schemes
outperform the OMA schemes now in use for VLC systems in terms of perfor-
mance. However, it is impractical to apply NOMA methods to every user since
doing so would make SIC computations more difficult, especially as the user base
grows. User pairing is used as an alternate solution to this problem, which lowers
the difficulty of SIC decoding.

As stated in [63], using a suitable power allocation and user pairing can assist
NOMA-VLC systems to work better. Researchers are becoming more and more
interested in investigating the viability of NOMA with VLC since it has the poten-
tial to replace other options as the default in future cellular networks. The benefits
of using cooperative and hybrid NOMA approaches for VLC systems have been
emphasized.

Cooperative NOMA schemes can be advantageous for NOMA-VLC systems.
The strong user may, however, not choose to use their power to send signals to the
weak user. Therefore, one potential answer is to look at ways for the strong user to
harvest energy from optical sources and then utilize it to convey messages to the
weak user.

If the number of APs used by a VLC system to send power and information
to several clients/users is less than the number of clients/users, a serious problem
may arise. In this case, choose between OMA and NOMA, for user scheduling and
energy harvesting becomes critical. The VLC-NOMA system can meet the required
data rates for all clients/users while using less transmitting power since NOMA
delivers greater data rates compared to OMA.

In order to utilize redundant data in NOMA systems and balance out poor user-
facing co-channel interference, cooperative NOMA is a technique used in RF and
VLC networks. It may be used in relay and VLC systems. Clients/users in a two-user
situation with a VLC connection can all access data from the RF or VLC network
simultaneously. The signal from the stronger user can be decoded and transmitted
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to the intended receiver through Bluetooth or wi-fi. The weaker user may then com-
bine the signals by employing particular techniques that integrate both RF and VLC
signals.

Multiple studies have explored ways to modify and encode signals for RF-NOMA
systems in the literature. However, it’s worth noting that NOMA-VLC utilizes differ-
ent modulation and coding schemes, which require novel approaches for successful
implementation of these systems.

VLC systems can be unpredictable. Some clients/users may experience poor
quality of service due to various factors such as handover overhead, interference
between cells, and blockage of line-of-sight. In contrast, others may enjoy good
service levels. The solution is a cooperative NOMA-based scheme whereby strong
signal clients/users support their weak signal counterparts via RF links. By doing
s0, a hybrid system can be established that provides consistently reliable service
for all clients/users.

Emerging technologies, such as MISO/MIMO techniques, underwater appli-
cations, NOMA-based hybrid RF/VLC, intelligent reflecting surfaces (IRSs),
unmanned aerial vehicle (UAV), OFDM, and ML techniques are incorporated into
NOMA-VLC systems. However, adopting NOMA in VLC systems may result in
additional limitations and difficulties that call for appropriate solutions.

Although the majority of the research on NOMA-aided VLC systems focuses on
outage probability and sum rate assessments. BER performance may also be taken
into account. NOMA-based VLC systems offer several advantages and disadvan-
tages as given below.

Advantages of NOMA-based VLC system

1. Spectral efficiency: NOMA allows many clients/users to share the same
frequency band by allocating different power levels and superposing their
signals. This increases the SE of the system, enabling more clients/users to
be accommodated within a given bandwidth.

2. Increased capacity: By using NOMA, VLC systems can support a larger
number of clients/users compared to traditional OMA schemes. This capac-
ity enhancement is especially beneficial in scenarios with a high density of
clients/users or in areas with limited available spectrum.

3. Fairness: NOMA enables a flexible allocation of power levels to differ-
ent clients/users, allowing a trade-off between clients/users with varying
channel conditions. This leads to improved fairness in resource allocation,
ensuring that all clients/users receive a reasonable QoS.

4. Lower latency: NOMA-based VLC systems can achieve lower latency
compared to OMA schemes. Since NOMA allows simultaneous transmis-
sion, there is no need for time-division multiplexing, resulting in reduced
latency and faster data transmission.

Disadvantages of NOMA-based VLC system
1. Complexity: Implementing NOMA in VLC systems introduces addi-
tional complexity in the receiver design. Decoding multiple overlapping
signals requires sophisticated signal processing techniques and receiver
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algorithms. This complexity can increase the cost and energy consumption
of the system.

2. Interference: NOMA relies on superposing signals, which can lead to
interference among clients/users. The interference can degrade the overall
system performance and require advanced interference cancellation tech-
niques to mitigate its effects.

3. Channel variability: NOMA performance heavily depends on the channel
conditions of the clients/users. Unequal channel conditions among clients/
users can lead to imbalances in the power allocation, affecting the system’s
overall performance and fairness.

4. Limited coverage range: VLC systems operate using visible light,
which has a limited coverage range compared to RF-based communica-
tion systems. This limitation restricts the coverage area of NOMA-based
VLC systems and makes them more suitable for indoor or short-range
applications.

It’s important to note that the advantages and disadvantages of NOMA-based
VLC systems may vary depending on the specific implementation, environmental
factors, and the requirements of the application.

6.11 SUMMARY

In this chapter, fundamentals of popular MA schemes have been discussed.
Applications, key challenges, opportunities, advantages, and disadvantages also dis-
cussed. This chapter covered the latest communication technologies including brief
theoretical analysis with integration of NOMA. The chapter also highlights the new
limits and obstacles in implementing NOMA in VLC systems. This chapter give a
road map of various MA schemes form 1G to 5G and beyond that is very helpful
in gaining a basic conceptual knowledge of various MA schemes used in 5G and
beyond communication technologies.
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Intelligent communication and wireless technologies refer to the combination of
various technologies that are used to transmit information, data, and voice wire-
lessly, with the help of artificial intelligence (AI) and machine learning (ML)
algorithms. These technologies enable the communication systems to become
intelligent, allowing for faster and more accurate decision-making, real-time pro-
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INTRODUCTION

cessing, and adaptability to changing conditions.
Here is a brief overview of the emerging trends in these technologies:

1.

5G technology: 5G is the latest generation of wireless technology that prom-
ises to deliver faster, more reliable, and more secure wireless communica-
tion. It offers improved network efficiency and reduced latency compared
to previous generations.

. Internet of Things (IoT): IoT refers to the interconnected network of physi-

cal devices, vehicles, home appliances, and other items embedded with
electronics, software, sensors, and network connectivity, enabling these
objects to collect and exchange data.

. AL: Al is the development of computer systems that can perform tasks that

would normally require human intervention, such as speech recognition,
decision-making, and pattern recognition. Al is being increasingly inte-
grated into wireless communication systems to enhance the performance
and efficiency of these systems.

. Edge computing: Edge computing refers to the processing of data and com-

putation at the edge of the network, closer to the source of the data, rather
than in a centralized data center or cloud. This allows for faster and more
efficient processing of data, reducing the load on centralized data centers.

The major contributions in this chapter are as follows:

DOI: 10.1201/9781003407836-7

Analyze various trends in intelligent communication and wireless technologies.
Perform the literature review on current trends in intelligent communica-
tion and wireless technologies (Figure 7.1).
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FIGURE 7.1 Trends in intelligent communication and wireless technologies.

7.2 EMERGING TRENDS

Emerging trends in intelligent communication and wireless technologies have the
potential to revolutionize the way we communicate and interact with the world.
These technologies, such as 5G, IoT, Al, Edge Computing, and enhanced Mobile
Broadband (eMBB) have the potential to bring about significant advancements in
fields such as medicine, transportation, and entertainment. Figure 7.2 shows the
cumulative trend of Al and 5G gathered by country from Google Trends between
1/1/2014 to 7/2/1023. This also indicates the correlation between the Trends and
countries on the different trends for the development of new policies. However, it
is also important to be mindful of the limitations and challenges associated with
these technologies, such as security and bias, and to take steps to address these chal-
lenges. Ultimately, the impact of these emerging trends will depend on how they are
designed, developed, and implemented, and it will be important to ensure that they

® |IOT @ Artificial intelligence Edge computing @ 5G

FIGURE 7.2 Worldwide trends by country between 01/01/2004—07/02/2023 from Google
Trends.
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are used in a way that benefits society as a whole. In this section we would be review-
ing them on various aspects

7.2.1 5G TeCHNOLOGY

With the increasing demand for higher bandwidth and lower latency in mobile
networks, 5G technology has seen rapid growth in recent years. 5G networks are
expected to support a wide range of new applications and services, from enhanced
mobile broadband to IoT and industrial automation. 5G technology can revolu-
tionize the present system by providing high-speed, low-latency connectivity that
enables new applications and services. One example of a use case is the develop-
ment of smart cities, where 5G networks can be used to support connected trans-
portation systems, smart energy systems, and other infrastructure-level services.
Additionally, 5G can also enable advancements in fields such as virtual reality and
augmented reality, making it possible to create new forms of entertainment and
communication.

The 5G network is revolutionizing the healthcare industry with its unparal-
leled speed and low latency. A proof-of-concept study was carried out in two
phases, with the first phase focusing on examining patients using portable ultra-
sound equipment in various locations and the second phase focusing on remote
examination with health professionals in different states. Oliveira et al. (2023)
evaluated the connectivity and capacity of the 5G private network to transmit large
amounts of data from remote exams [1]. To ensure financial sustainability, Wu
et al. (2023) analyzed the profitability mechanism of live sporting event streaming
(LSES) based on stimulus-organism-response (SOR) theory and two-sided mar-
ket characteristics [2]. Researchers have also explored the global research status
and trends in microperimetry (Ming et al., 2023) and provided a comprehensive
overview of 5G handover management (Wang et al., 2023) [3, 4]. In addition, a bib-
liometric study was performed using CiteSpace and VOSviewer (Du et al., 2023),
and the application of Al technology in optical communication networks and 5G
was discussed (Zhang et al., 2023) [6, 5]. Sathyanarayana et al. (2023) proposed
a unique 5G-LAN orchestrator (SGLoR) for the first time [7]. Other influential
works include Fan et al. (2023), Lin (2023), and Doddamane et al. (2023) [8-10].
The potential of 5G in transforming healthcare is truly remarkable and holds great
promise for improving patients’ quality of life.

There have been several recent research developments in the area of 5G technol-
ogy. Some of the most notable include

1. Integration with existing infrastructure: There has been significant research
into the integration of 5G networks with existing infrastructure, such as 4G
networks and Wi-Fi, in order to provide a more seamless and efficient user
experience. This has included the development of new technologies, such as
dual-connectivity and network slicing, which allow for the efficient use of
multiple networks in a single device.

2. Development of new 5G standards: There has been ongoing research into
the development of new 5G standards, with a focus on areas such as low
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latency, high-speed connectivity, and support for new use cases, such as
autonomous vehicles and industrial IoT.

3. Security and privacy: With the increasing use of 5G networks, there has
been growing concern about the security and privacy implications of these
networks. As a result, there has been significant research into the develop-
ment of more secure and private 5G networks, including the use of encryp-
tion, secure communications protocols, and secure device management.

4. 5G for Industrial IoT: There has been a significant amount of research into
the use of 5G technology for industrial IoT, with a focus on areas such as
smart manufacturing, predictive maintenance, and real-time control.

5. 5G for autonomous vehicles: There has been a significant amount of
research into the use of 5G technology for autonomous vehicles, with a
focus on areas such as vehicle-to-vehicle communications, real-time map-
ping, and high-definition video streaming.

One of the research directions in 5G technology is the development of more effi-
cient and secure networks, as 5G networks are expected to support a large number
of devices and applications. Additionally, there is a need for further research on the
deployment and integration of 5G networks with existing infrastructure, including
4G networks and Wi-Fi. Another research direction is in the area of developing new
use cases for 5G technology, as well as improving the performance and reliability of
5G networks in challenging environments, such as in rural areas or in high-density
urban environments.

7.2.2  INTERNET OF THINGS (loT)

IoT has the potential to revolutionize the present system by enabling the develop-
ment of smart homes, smart cities, and connected industrial systems. For example,
IoT devices can be used to monitor and control energy consumption in homes and
buildings, and to manage traffic flow in cities, helping to optimize energy usage and
reduce emissions. Additionally, the IoT can be used to track the location and status
of assets in supply chains, making it possible to improve the efficiency and transpar-
ency of these systems.

There has been a significant amount of recent research in the field of IoT. Some of
the most notable areas of research include

1. Edge computing: There has been a growing interest in edge computing for
IoT, with a focus on bringing computation and storage closer to the source
of data, in order to reduce latency and increase efficiency.

2. Security and privacy: With the increasing deployment of IoT devices, there
has been growing concern about the security and privacy implications of
these devices. As a result, there has been significant research into the devel-
opment of more secure and private IoT systems, including the use of encryp-
tion, secure communications protocols, and secure device management.

3. Low-power, wide-area networks (LPWANSs): There has been a grow-
ing interest in LPWANSs for IoT, with a focus on providing low-power,
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long-range connectivity for IoT devices, particularly in rural and remote
areas.

4. Al and ML: There has been a significant amount of research into the use of
AT and ML for IoT, with a focus on areas such as predictive maintenance,
real-time control, and improved decision-making.

5. IoT for healthcare: There has been a growing interest in the use of IoT for
healthcare, with a focus on areas such as remote patient monitoring, tele-
medicine, and wearable medical devices. The IoT has the potential to revo-
lutionize the medical industry by enabling communication among objects
to collect and analyze data to make informed decisions that can improve
the quality of life. In order to achieve this, researchers have been develop-
ing an intelligent framework for the Internet of Medical Things (IoMT)
that incorporates advanced technologies such as ensemble learning, genetic
algorithms, blockchain, and various U-Net based architectures.

These studies aim to focus on the usability aspect of the system and apply it
to specific scenarios, such as the early detection of sepsis using electronic health
records.

The IoT enables communication among objects to collect information and make
decisions to improve the quality of life [11]. In the quest of training complicated
medical data for IoMT scenarios Belhadi et al. (2023) develop an end-to-end intel-
ligent framework that incorporates ensemble learning, genetic algorithms, block-
chain technology, and various U-Net based architectures [12]. To achieve such
a system, Alam et al. (2023) focus on several aspects, most notably the usability
aspect of deploying it using low-end devices [13]. They introduce one such applica-
tion, namely, for the early detection of sepsis using electronic health records [13].
Geng et al. (2023) present an overview of the existing works on human decision-
making and human machine collaboration within the scope of signal processing and
information fusion [14]. Tselebis et al. (2023) assess in Google Trends searches for
21 precocious puberty (PP)-related terms in English internationally (which practi-
cally dwarf searches in other languages), in the years 2017-2021 [15].

In addition, there are research works on human decision-making and human-
machine collaboration, as well as a framework for a diabetes prediction scenario.
The proposed IoMT framework is presented with a diabetes prediction scenario [16].

The use of blockchain and Al in combination with IoT can also help to address the
current challenges in maintaining the integrity, transparency, reliability, and trust-
worthiness of operations for small and medium-sized enterprises (SMEs). Security
frameworks have also been proposed to address the security concerns related to the
use of IoT in the medical field. Till now, it is hard to maintain operations of SMEs’
integrity, transparency, reliability, provenance, availability, and trustworthiness
between two different enterprises due to the current nature of centralized server-
based infrastructure. Khan et al. (2023) propose a novel and secure framework with
a standardized process hierarchy/lifecycle for distributed SMEs using collaborative
techniques of blockchain, IoT, and AI with ML [17]. Ghubaish et al. (2023) propose a
security framework that combines several security techniques [18]. Other influential
work includes Kang et al. (2023) [19, 20].
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One of the research gaps in IoT is the development of more secure and reliable
networks, as IoT devices are expected to collect and transmit large amounts of
sensitive data. The interconnected nature of IoT devices leaves them vulnerable to
cyberattacks. Additionally, there is a need for further research on the development
of more efficient and effective ways to process and analyze the data generated
by IoT devices. Another research gap is in the area of developing new use cases
for IoT, such as in the context of smart cities and connected homes, as well as
improving the interoperability and compatibility of IoT devices. The compatibility
between different IoT devices can be a challenge for users. Example: A smart home
system that is incompatible with other devices in the home can limit the overall
user experience.

7.2.3  ARTIFICIAL INTELLIGENCE (Al)

Al and ML have the potential to revolutionize the present system by automating
processes and making decision-making more efficient and accurate. One example
of a use case is the development of healthcare applications, where Al can be used
to diagnose diseases and predict patient outcomes. Additionally, Al can be used to
automate tasks in industries such as manufacturing and finance, improving effi-
ciency and reducing the risk of errors.

The application of Al in the medical field is a rapidly growing and evolving
area of research. Researchers are utilizing cutting-edge bibliometrics software and
comprehensive literature surveys to gain a deeper understanding of the latest devel-
opments and trends in this field. The results of these studies have the potential to
not only provide valuable insights into the state of the industry, but also to have a
real-world impact by shaping the future of the smart medical industry.

For example, the analysis of the development trends and spatial non-
equilibrium characteristics of the intelligent smart medical industry in the Yangtze
River Economic Belt [5] has the potential to significantly inform policy decisions,
optimizing the spatial layout of the integrated development of this industry. The
examination of Al applications in mental health [21] highlights the wide range of
methodologies and techniques being used, from ML and data analytics to natural
language processing and decision support, and sheds light on the challenges and
open research issues in this field.

Furthermore, the analysis of academic literature on Al in diabetic retinopathy
(Poly et al., 2023) and the overview of Al in hand and wrist surgery (Miller et al.,
2023) demonstrate the potential of Al to revolutionize medical treatments and
improve patient outcomes. The authors provide an update on the current state of Al
in these fields and offer suggestions for future directions and applications [22, 23].

The papers in this field analyze the use of Al in various medical applications
such as sepsis, diabetic retinopathy, FDA approved AI/ML-enabled medical devices,
mental health, and hand and wrist surgery, using bibliometric software, literature
surveys, and FDA database analysis. The authors aim to understand the develop-
ment status, identify core hotspots and future trends, and provide policy implications
for optimizing the spatial layout of the smart medical industry. These papers cover
a wide range of topics including ML, data analytics, natural language processing,
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decision support, and explainable Al, and highlight open research issues and chal-
lenges [24-28].

In conclusion, the research being conducted in the field of Al in medicine is
providing valuable insights into the latest trends and developments, and has the
potential to shape the future of the industry. These studies demonstrate the impor-
tance of continued investment and research in this field, which holds great promise
for improving the health and well-being of people everywhere.

There have been many recent developments in the field of AI and ML. Some of
the most notable areas of research include

1. Deep learning: Deep learning, a subfield of ML that is inspired by the struc-
ture and function of the human brain, has been a rapidly growing area of
research in recent years. The field has seen significant advancements in areas
such as computer vision, speech recognition, and natural language processing.

2. Explainable AI (XAI): There has been a growing interest in developing Al
systems that can be transparent and explainable, particularly in applications
such as healthcare, finance, and criminal justice. Researchers are exploring
techniques such as model interpretability, feature attribution, and model
distillation to create more XAI models.

3. Reinforcement learning: Reinforcement learning, a subfield of ML that
focuses on decision-making problems, has been a rapidly growing area of
research in recent years. The field has seen significant advancements in
areas such as game playing, autonomous control, and decision-making in
uncertain environments.

4. Generative models: Generative models, a subfield of ML that focuses on
creating new data from existing data, have been a rapidly growing area
of research in recent years. The field has seen significant advancements
in areas such as computer vision, speech synthesis, and natural language
processing.

5. Transfer learning: Transfer learning, a subfield of ML that focuses on trans-
ferring knowledge from one domain to another, has been a rapidly growing
area of research in recent years. The field has seen significant advancements
in areas such as computer vision, speech recognition, and natural language
processing.

One of the research gaps in Al and ML is the development of more accurate and
reliable algorithms, as well as addressing the potential biases and ethical concerns
associated with the use of Al. Additionally, there is a need for further research on the
integration of Al and ML with existing systems, such as in the context of healthcare
and finance, as well as on the development of new use cases for Al and ML. The
algorithms used for these technologies are only as good as the data they are trained
on. This can lead to biased outcomes if the data used for training is biased. Another
limitation is the lack of transparency in Al and ML decision-making, which can
make it difficult to understand why certain decisions are made. Example: An Al
system that is trained on data that includes racial bias can result in racially biased
outcomes when making decisions.
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7.2.4 EbpGe COMPUTING

Edge computing can revolutionize the present system by bringing computing closer
to the source of data, reducing latency and improving the performance of applica-
tions. One example of a use case is in the industrial sector, where edge comput-
ing can be used to process data from IoT devices in real time, allowing for faster
decision-making and improved control over industrial processes. Additionally, edge
computing can be used in the context of autonomous vehicles, allowing for real-time
processing of data from sensors and cameras.

There has been a significant amount of recent research in the field of edge com-
puting. Some of the most notable areas of research include

1. Resource optimization: Researchers are exploring techniques for optimiz-
ing resource utilization in edge computing systems, such as algorithms for
task scheduling, data placement, and network management.

2. Security and privacy: With the increasing deployment of edge comput-
ing systems, there has been growing concern about the security and pri-
vacy implications of these systems. As a result, there has been significant
research into the development of more secure and private edge computing
systems, including the use of encryption, secure communications protocols,
and secure device management.

3. Energy efficiency: There has been a growing interest in making edge com-
puting systems more energy efficient, particularly in the context of IoT and
mobile devices. Researchers are exploring techniques such as energy-aware
task scheduling, energy-efficient data processing, and power management
algorithms.

4. Network and communication: There has been a growing interest in improv-
ing the performance and reliability of edge computing systems, particularly
in terms of network and communication. Researchers are exploring tech-
niques such as network virtualization, software-defined networking (SDN),
and wireless mesh networks.

5. Interoperability: There has been a growing interest in making edge com-
puting systems more interoperable, so that data can be seamlessly trans-
ferred between different systems and devices. Researchers are exploring
techniques such as data exchange protocols, data standardization, and data
integration.

Various technological project related to the edge computing and 5G network
was explored by many researchers. Oztoprak et al. (2023) discuss the challenges
in the telecommunication field from both academic and industry perspectives,
focusing on the transformation toward edge-cloud continuum and the evolution of
cloud-native computing, software-defined networking (SDN), and network automa-
tion platforms [29]. Liu et al. (2023) provide a comprehensive summary of recent
advances in aqueous Cs removal through a bibliometric analysis [30]. Castro et al.
(2023) created a taxonomy of microservices on edge computing, exploring their
architecture approaches, features, composition, and offloading modes [31]. Ming
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et al. (2023) explore the global research status and trends in microperimetry [32].
Tian et al. (2023) propose a generic neuromorphic framework for edge healthcare
and biomedical applications, evaluated on various tasks including EEG-based epi-
leptic seizure prediction, ECG-based arrhythmia detection, and EMG-based hand
gesture recognition [33]. Li et al. (2023) propose an orchestration framework, for
application tasks on an edge system that involves commercial and personal edge
devices [31]. Ming (2023) propose a vehicle-intelligent control system based on
edge computing and deep learning [32]. Cornblath et al. (2023) studied 11 patients
who underwent cortico-cortical evoked potential (CCEP) mapping for surgical
evaluation of drug-resistant epilepsy [34]. Wu et al. (2023) conducted a compre-
hensive survey on the existing work of optimized federated learning (FL) models,
frameworks, and algorithms with a focus on their network topologies. Seisa et al.
(2023) is also mentioned as an influential work in [20] and [33].

One of the current limitations of edge computing is the limited processing power
and storage capacity of edge devices, which can limit the types of applications that
can be run on these devices. Another limitation is the high cost of deploying edge
computing infrastructure, which can be a barrier for some organizations. Example:
A smart city application that requires significant processing power and storage
capacity may not be able to run on edge devices and would need to be processed in
the cloud.

7.3 TABULAR ANALYSIS

Sr. No. Trends Pros Cons

1 5G Technology 1. High-speed connectivity: 5G 1. High implementation costs: The
networks provide high-speed implementation of 5G networks is
connectivity, enabling new expensive, requiring significant
applications and services that investment from both operators
require high bandwidth and low and governments.
latency. 2. Interoperability issues: 5G

2. Improved coverage: 5G networks networks may face
provide improved coverage, interoperability issues with
reducing the number of dead existing 4G networks, requiring
spots and improving network careful planning and coordination.
availability. 3. Spectrum availability: The

3. Increased capacity: 5G networks availability of spectrum for 5G
provide increased capacity, networks is limited, requiring
allowing for more devices and governments to allocate and
applications to be connected to manage spectrum carefully.
the network.

2 Internet of 1. Increased connectivity: IoT 1. Security concerns: IoT
Things (IoT) technologies provide increased technologies face significant

connectivity, enabling the
connection of various devices and

Sensors.

security concerns, as the
connected devices and
systems are vulnerable to
cyberattacks.

(Continued)
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Sr. No. Trends

4

Al and ML

Edge Computing

Pros

2.

1.

1.

Real-time data collection: IoT
technologies enable real-time
data collection, allowing for the
monitoring and analysis of
various systems and processes.

. Improved efficiency: IoT

technologies can improve
efficiency by automating various
processes and tasks.

Improved decision-making: Al
and ML algorithms can improve
decision-making by providing
real-time insights and
recommendations.

. Increased efficiency: Al and ML

algorithms can increase efficiency
by automating various processes
and tasks.

. Personalization: Al and ML

algorithms can provide
personalized experiences, based
on individual preferences and
behaviors.

Reduced latency: Edge
computing provides low-latency
processing of data, allowing for
faster and more responsive
systems.

. Improved security: Edge

computing provides improved
security, as the processing of
data is done close to the source,
reducing the risk of
cyber-attacks.

. Increased scalability: Edge

computing provides increased
scalability, allowing for the
processing of large amounts of
data in a distributed manner.

Cons

2.

3.

1.

2.

Interoperability issues: IoT
technologies may face
interoperability issues, as
different devices and systems
may use different
communication protocols and
technologies.

High implementation costs: The
implementation of IoT
technologies can be expensive,
requiring significant investment in
devices, sensors, and systems.
Bias and fairness concerns: Al
and ML algorithms may
introduce biases and unfairness
into the decision-making process,
requiring careful evaluation and
mitigation.

Security concerns: Al and ML
algorithms may be vulnerable to
cyberattacks, requiring secure
and robust implementations.

. Complexity: AI and ML

algorithms can be complex and
difficult to understand, requiring
significant expertise and
resources to implement and
maintain.

. High implementation costs: The

implementation of edge
computing can be expensive,
requiring significant investment
in hardware and software.

. Complexity: Edge computing can

be complex, requiring significant
expertise and resources to
implement and maintain.

. Interoperability issues: Edge

computing may face
interoperability issues, as
different systems and devices
may use different technologies
and standards.
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7.4 USE CASES

There are a few examples where multiple emerging trends in intelligent communica-
tion and wireless technologies are being used collectively:

1. Smart healthcare: In this field, 5G networks are being used to provide high-
speed connectivity to medical devices, while IoT technologies are being
used to connect and gather data from various medical sensors and devices.
Additionally, AT and ML algorithms are being used to analyze and make
sense of the data gathered from these devices to provide personalized and
real-time health recommendations. Edge computing is also being used to
process and analyze data close to the source, providing low-latency and
secure data processing for critical health applications.

2. Autonomous cars: In the field of autonomous cars, 5G networks are
being used to provide high-speed and low-latency connectivity between
the car and the surrounding infrastructure, while IoT technologies are
being used to connect various sensors and devices within the car. Al
and ML algorithms are being used to process and analyze the data from
these devices to make real-time driving decisions, and edge computing
is being used to provide fast and secure processing of data for critical
safety applications.

3. Smart manufacturing: In the field of smart manufacturing, IoT technolo-
gies are being used to connect various industrial devices and machines,
while 5G networks are being used to provide high-speed connectivity to
these devices. Al and ML algorithms are being used to analyze and make
sense of the data gathered from these devices to provide real-time produc-
tion optimization, and edge computing is being used to provide low-latency
processing of data for critical industrial control applications.

These are just a few examples of how multiple emerging trends in intelligent com-
munication and wireless technologies are being used collectively to revolutionize
various industries. The use of these technologies collectively provides a more intel-
ligent, connected, and automated system, allowing for new applications and services
that were not possible before.

7.5 CONCLUSION

In conclusion, this chapter explores the various trends in communication technol-
ogy and wireless communication with various aspects discussing the applications,
benefits, scope of improvements along with industry-specific use cases where mul-
tiple trends can be used effectively in an intertwined way. It is clear that the future
of intelligent communication and wireless technologies is highly dependent on the
growth of several key trends, namely, 5G technology, IoT, Al and ML, and edge com-
puting. It is indicative that the majority of the research community and their research
work are driven towards Al as explained in Figure 7.3. It is difficult to determine
which of these trends is growing the fastest, as this can vary based on various factors
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FIGURE 7.3 Research work on different trends published from year 2014 to 2023
(source: https://app.dimensions.ai). This indicates that the research community is more driven
towards AI (ML/DL).

such as market demand, technological advancements, and government regulations.
However, Al and ML, as well as edge computing, are expected to grow at a rapid
pace, driven by the increasing demand for more intelligent and automated systems
and more distributed and low latency computing systems, respectively. On the other
hand, the 5G market and IoT market are also expected to grow significantly, driven
by the increasing demand for higher bandwidth and lower latency in mobile net-
works and the growing number of 5G applications, services, and connected devices
and IoT applications in various industries such as healthcare, manufacturing, and
smart cities.
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8.1 INTRODUCTION

Internet of Multimedia Things (IoMT) is envisioned as one of the integrated models
with multimedia and the Internet of Things and has been considered ab advanced
technology in the present scenario [1, 2]. The IoMT is associated with the devices/
things all around us, like mobile devices, radio frequency identification (RFID)
devices, different actuators, and sensors with the internet through distant asso-
ciation or wired parameters. Consequently, it allows things to connect with their
neighbors to improve the desired systems or structures [2, 3]. A couple of experts
have portrayed IoMT in various settings [2] as the joining of tiny gadgets known
as smart objects (SO); for the most crucial part, battery works outfitted with the
various microcontroller and handsets into network devices for innovative services
[3—6]. IoMT has set out new open entryways for machines to talk with each other
and expand recommended applications. Presently, 23 billion gadgets are linked
with cyberspace, and these numbers will increase to 40 billion within the next five
years [7, 8]. Typically, [oMT has retained for machine-to-machine (M2M), human-
to-machine (H2M), machine in/or humans (MiH), and human-to-human (H2H)
ecosystem in statistics with distinguishing gadgets [9]. Quick improvement in the
related gadgets to cyberspace during the latest decade and unexpected interest for
blended-media traffic have offered a climb to the ascent of the IoMT [10]. The con-
cordance between quality of service (QoS) data is represented towards an augmen-
tation in intuitive media for QoS data.

IoMT generates an enormous volume of information with different characteristics
and necessities than the Internet of Things (IoT). The real-time, application-based
scenarios from intelligent traffic monitoring to intelligent hospitals has been dis-
cussed [11]. Hence, timely decisions and delivery of information in IoMT are critical
as they directly relate to human beings’ safety. [oMT devices are different from IoT
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devices. They require massive storage and excessive processing, and are more power
hungry with higher bandwidth.

This chapter aims to summarize the current issues of [oMT from various com-
munication techniques’ perspectives. We review the communication technologies
for IoMT, key features of [oMT data, and provide comparative analysis along with
the future scope.

8.2 COMMUNICATION TECHNOLOGIES FOR IOMT

The fast growth of the world’s population demands more food, natural resources,
and space to reside. This ever-increasing demand requires novel technologies to
explore resources and outer space. Enabling technology to overcome the above
concerns mostly comes under the Internet of X-things (X-IoT) [12—16]. The frame-
work of X-IoT consists of three major categories: terrestrial (conventional/space),
underwater, and underground (non-conventional). The first category is the Internet
of Terrestrial Things (IoT-TS) for outer space exploration, to provide coverage,
and to enable inter-satellite communications. The second category is the Internet
of Underwater Things (IcT-UW) for ocean exploration. The third category is the
Internet of Underground Things (IoT-UG) for agriculture, seismic monitoring, and
oil and gas exploration [17-20].

The technological challenges for IoT-TS, IoT-UW, and [oT-UG can be broadly
classified into communication, networking, and localization. For conventional IoTs
(IoT-ST), radiofrequency communication (RF) is the best technique for transmit-
ting information between devices [21]. For non-conventional media like underwa-
ter and underground IoT applications, traditional communication techniques like
electromagnetics (RF) are not appropriate, mainly because of high path loss and
thus being unfeasible. Most of the research is based on acoustic communication in
underwater media, which means the sound wave transfers information. However,
it faces many challenges like bad channel behavior (dynamic), low data rate, and
significant delay. Acoustic-based communication provides a long transmission
range at a lower frequency, but the data rate is very low due to the slower speed
of sound waves transversal. Therefore, optical waves-based communication has
been introduced to provide a large data rate for underwater environments [22-26].
However, this type of communication underwater also suffers from low communi-
cation range and requires line-of-sight (LOS) communication. Magnetic induction
(MI)-based communication is a recently explored technique for underwater and
underground applications. This promising communication technique exhibits sev-
eral characteristics such as constant channel behavior, very low propagation delay
of high speed, large communication range (up to 100 meters) with a sufficiently
large data rate [27-31].

The shortage of internet protocol version 4 (IPv) desires the suggestion of
next-generation IPv6 for use of oM T gadgets. IPv6 with low power personal area
networks (LoWPAN) is an IP-built innovation for Lossy-Networks and low power
to overcome any issues between next-generation IP world and low-power gadgets
[32]. IPv6 with LoOWPAN packs next-generation-IPv6 headers and discontinuity
of huge parcels to make next-generation IPv6 appropriate for source-controlled
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FIGURE 8.1 Classifications of communications in IoMT.

gadgets [33]. The International Engineering Task Force (IETF) proposed a
next-generation IPv6 direction-finding protocol for Lossy-Networks [34, 35].
This is currently broadly received as a hopeful norm with expanding ubiquity
since it proposes adaptability and interoperability by embracing diverse orga-
nization geographies. routing protocol for low-power and lossy networks (RPL)
abuses key organization measurements like hop-count, throughput, node energy,
latency, and link consistency. This next-generation IPv6 direction-finding pro-
tocol for Lossy-Networks upholds person-to-person (P2P), person-to-group-
of-persons (P2MP), and group-of-person-to-person (MP2P) communication
worldviews. Authors [36] gave a definite image of the exploration that has exam-
ined RPL. The creators introduced the circulation of examination completed
on RPL regarding the topographical district, working frameworks, equipment
stages, and organization measurements [25, 37-40]. We have broadly considered
IoMT communication to meet tough prerequisites of interactive media commu-
nication in IoMT while keeping up Quality of Experience (QoE) and QoS with
adequate data transfer capacity and energy use. Figure 8.1 shows the classifica-
tions of communication in IoMT.

We can deploy the IoMT devices on terrestrial places, underwater, and under-
ground. Details of these [oMT devices are classified into terrestrial loMT, under-
ground IoMT, and underwater IoMT, which are described in detail in next the
section [41]. IOT-TS: Terrestrial IoMT devices are a group of a few remote sensor
nodes [42]. These nodes are capable of communicating with base stations effec-
tively and include of hundreds to thousands of remote sensor nodes placed either in
organized or unstructured ways. In unstructured mode, the sensor node is randomly
distributed inside the objective territory that is slumped from a fixed plane. The
organized or preplanned mode thinks about optimal 2D with 3D models deploy-
ment and grid deployment models. The major drawback with these nodes is bat-
tery power, which is limited. However, the battery is equipped with solar cells as a
secondary source for power. The energy conservation of these sensor nodes is
accomplished by utilizing low duty cycle tasks, minimizing-delays, and optimal-
routing, etc. Figure 8.2 indicates the examination of key information includes
among IoT and IoMT
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8.2.1 UNDERGROUND 1OMT DEvicEs

Underground IoMT devices are a group of a unique kind of remote sensor node.
Underground remote sensor nodes are more costly than earthly remote sensor nodes
regarding placement, maintenance, and equipment cost, and require careful plan-
ning. Underground remote sensor nodes are wrapped around to examine under-
ground conditions. To relay information from the sensor nodes to the base station,
more sink nodes are situated over the ground. The underground remote sensor nodes
that are sent into the ground are difficult to re-energize. The sensor node batteries
equipped with a limited-battery power are hard to re-energize. Likewise, the under-
ground environment becomes remote communication as a challenge due to the high
level of attenuation and signal loss. Underground remote sensor networks is shown
in Figure 8.3.
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FIGURE 8.3 Underground remote sensor networks.
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8.2.2 UNDERWATER lOMT DEvICcEs

Over 70 percent of the earth is covered with water. Underwater IoMT devices are
a group of a particular type of remote sensor nodes. These IoMT devices are com-
prised of a few sensor nodes and vehicles placed underwater. Independent under-
water vehicles are deployed for collecting information from these sensor nodes.
Long propagation delays, high bandwidth requirements, and sensor failures are
many challenges in underwater communication. Underwater, these remote sen-
sor nodes are placed with a limited battery capacity that can’t be re-energized or
replaced. The major issues for underwater remote sensor nodes include the devel-
opment of underwater communication, networking systems, energy preservation,
etc. Figure 8.4 shows the underwater remote sensor networks.

8.3 FEATURES OF IOMT

IoMT devices are unique in relation to IoT devices. They entail greater memory,
higher computational force, and with higher transfer speed [43]. The ongoing setup
scenarios range from smart residences, clever horticulture, smart emergency clin-
ics, smart urban neighborhoods, and astute frameworks. The principle for IToMT
is the convenient and dependable conveyance of the information. Hence, it forces
severe QoS necessities and requests productive organization engineering. The cli-
ent’s point of view of QoS is identified as QoE. QoE can be additionally described
as evenhanded or abstract. The client’s goal for QoE is to quantify it, and it changes
dramatically depending on what’s needed. Nonetheless, specialist organizations
worry with the abstract QoE to assess the organization mean assessment score.
The sight and sound information are expanding multifold. It presents new diffi-
culties to communicate, cycle, store and offer the information. Handling involves
brand new procedures for edge, haze, and cloud assisted devices. Additional pres-
sure and decompressing procedures are presented for the capacity of interactive
media information. Directing convention for low-power and lossy organizations
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is the standard IoT steering convention. It demands further improvement by con-
templating energy-mindful, load adjusting, adaptation to non-critical failure, and
defer mindful IoMT sending situations [44, 45]. Comparison of key data features
between IoT and IoMT is provided in Figure 8.5. Further, comparative evaluation
of RMNS, IoT and IoMT over different parameters is given in Table 8.1.

8.4 CASE STUDY OF TERRESTRIAL IOMT

In this section, we have taken one example of terrestrial [oMT. Video communica-
tion has become essential in our daily life. The usage of video sensor networks is
also increasing day by day. For a given environment, either with wired or wireless

TABLE 8.1
Evaluation of RMNS, 1oMT, and loT with Respect to Various Characteristics

Remote Multimedia

Parameters Sensor Networks (RMSN)  loT loMT

Application Scope Deployment Dependent Flexible and Dynamic Flexible and Dynamic

Process of Nodes Pre-defined Adaptive Adaptive

Capabilities and Homogeneous Heterogeneous Heterogeneous
Operation of Nodes

Energy Efficient Yes Yes Yes

Scalability Extreme Extreme Extreme

Interoperability Moderate Extreme Extreme

Cost of Deployment Low Cost Low Cost Low Cost

Topology Limited Dynamic and Ad Hoc  Dynamic and Ad Hoc

Capacity of Bandwidth  Modest Low Low

Connectivity of IPs Limited Uniquely Addressable Uniquely Addressable

QoS Multimedia Limited Unreachable Reachable
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modes of communication, the quality of service depends on factors like bandwidth,
computing power, energy backup, and memory and so on. A video communication
requires high bandwidth to achieve better quality of service in terms of video resolu-
tion. Further, for a secure and real-time communication, bandwidth and computing
power of a node play a critical role in the networks. For uninhabited environments
(such as hill areas, forest areas, line of control on borders) the challenge is multi-fold.
In these environments mostly the areas are remote in nature and backbone infra-
structure of network is not available. Establishing backbone network in these areas
is difficult and costly. Therefore, ad hoc networks are preferred for communicating
in such areas. Most of the protocols deployed in ad hoc networks such as Wi-max,
ZigBee, and Bluetooth, etc., have their own constraints. These protocols provide lim-
ited bandwidth along with constrained computing capacity. The video sensor nodes
invariably have limitation in terms of battery power. Providing effective and secure
video communication for such areas becomes very challenging because the video
data to be sent in real time needs high bandwidth and moreover, providing security
will result in more redundant data. This also requires more computing power which
leads to more energy consumption. In view of this, we have proposed a network
model as given in below Figures 8.6 and 8.7.

In the proposed model, the video sensor nodes equipped with ZigBee modules
are deployed. WiMAX nodes are also deployed (static/dynamic). The network is
divided into clusters where WiMAX nodes serve as cluster head (CH) and ZigBee
nodes serve as cluster members (CM). The video sensor nodes will communicate
with WiMAX nodes. The WiMAX node will receive data from the CMs. Data
will be aggregated at WiMAX node and will be forwarded to base station which is

I Centralized Control Center l

[ pop— ]

Data sent to
control centor

Base Station

[ Optical Transrtter l

[ J
I 1 1 Teefl]

Interfocng wath Zighes
(For comemumication & SecTypting dats)

Wimax Cluster Wi ax Clustor
Heud nodet

presre o
b ” Wimax Cluster Wimax Cluster

Head noded Mead nodes

Zigbee Wimax
| inors Cunter varomon wes

Chaster members

FIGURE 8.6 Architecture of ZigBee-WiMAX interfaced video sensor network.
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securely connected to backbone network. On the other hand, the WiMAX protocol
provides bigger range for communication along with higher bandwidth. The data
received from the ZigBee node is buffered at WiMAX Node and processing will
be done on data to remove redundant data. Further, the data aggregation technique
will be applied before applying compression and encryption techniques. For getting
higher data rate without changing the input power level, a multiple-input multiple-
output MIMO technology is widely used, in which multiple antennas are placed
at transmitter and receiver side [46—48]. Spatial diversity and spatial multiplexing
techniques provide higher data rates. Spatial diversity enhances the data rate by
improving the link reliability. On the other hand, spatial multiplexing enhances the
data rate by sending the encoded data stream separately with different users [49].
Different researchers are working in different areas of MIMO antenna design, such
as bandwidth enhancement and betterment of isolation. Most researchers are focused
on reduction of mutual coupling between closely spaced radiators. Different mutual
coupling reduction techniques available in literature such as use of parasitic elements
[50], use of defected ground structure (DGS) [51].

Polarization diversity among the ports and use of neutralization line has been dis-
cussed [52]. Currently, to avoid the problem of low gain value, some research work
has also been done in the field of dielectric resonator (DR)-based MIMO antennas.
Sharma et. al. proposed a tri-band hybrid dielectric resonator-based MIMO antenna.
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It consists of two ports, and isolation between the ports has been enhanced by using
stub at the ground plane [53].

Data at ZigBee node can be pre-processed to adjust the data rate by reducing the
redundant information. This will involve differential coding to eliminate the static
information between the video frames and adjusting the frame rate for required data
rate and acceptable quality of service [53]. Clustering is a technique that reduces
energy consumption and provides proper traffic load distribution in sensor networks.
In clustering technique, sensor nodes form clusters and each cluster has one cluster
head (CH) node and many non-CH nodes. Non-CH nodes send the data to the CH
and CH transmits the data to BS through other CH. But many times it happens that
non-CH nodes in a cluster send similar information to the CH. Hence, it creates a
large amount of redundant information at the CH node. This redundant information
must be removed before transmitting to base station (BS) to increase the network
lifetime. To implement data buffering along with data aggregation and processing at
WiMAX node, various data aggregation techniques are available but the challenges
to select and implement are the same in the proposed model [54]. The effort will be
laid down to investigate these techniques.

The ZigBee protocol used within the cluster members has low data rate and low
transmission range. The video data captured at video sensors (using a 2-megapixel
camera) will be compressed and encrypted (using lightweight encryption technique)
before sending to WiMAX node. Further, it is to be noted that the data compression
technique will be applied at video sensor nodes to reduce the size of video data.
Normally a 2-megapixel camera captures 19-20,000 pixels per frame and every
pixel is represented by 4 bits, thus resulting in 7500 Kb data. After performing com-
pression this data size per frame reduces to 37 Kb data. Now this frame can be trans-
ferred with ZigBee protocols to WiMAX node with acceptable QoS. Additionally,
we are also planning to implement the MIMO concept, which will increase the data
rate and link reliability. To achieve interfacing objective the protocol stack of ZigBee
and WiMAX need to be customized. The WiMAX protocol stack will be imple-
mented to receive the data from the ZigBee node and further other operations such
as data aggregation compression and security will be integrated. The protocol asso-
ciated with the node discovery and authorization of ZigBee nodes will be developed.
Implementation of security services at WiMAX standard security services such as
confidality, integrity, and authorization will be implemented over data at WiMAX
node. In order to make the information secure, an energy efficient computing tech-
niques need to be developed.

8.5 APPLICATIONS OF IOMT

Currently, IoMT is working in different areas such as M2M, H2M, H2H, and in
MiH trades in numerous areas such as the geospatial sector, clinical checking tests,
and healthcare sector [10]. IoMT splendid things are usually resource constricted,
similar to memory amassing, planning power, and energy. To produce the gadgets
more humble and energy-gainful, sensors are ordinarily proposed to be battery
worked or daylight based filled two or three KB of memories and restricted deal-
ing with power in megahertz. Media QoS data show contradictory conduct when
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it appears differently about representative [oMT scalar data. [oMT-related gadgets
involve higher exchange speeds, higher computational capacity, monstrous memory
resources, and taking apart and handling the acquired media data. The standard
intuitive media application incorporates the data communication of feature point,
feature multipoint, or multipoint to multipoint. Despite the customarily desired,
IoMT related applications involve tremendous data transmission during point-to-
point correspondence (e.g., the observation course of action of the entire smart city)
or multipoint-to-multipoint. Heterogeneous data, better throughput, vibrant struc-
ture, QoS, and concede affectability over such resource obliged IoMT adroit things
to increase IoMT’s troubles. Intuitive media statistical data (i.e., sound, picture, and
video) are a set of amorphous features. The extension of intuitive media statisti-
cal data acquiring and correspondence involves alteration and improvement of the
standard IoT structure, which implies the concept of IoMT. The change of the [oMT
concept for media correspondence necessitates capable part event dealing, encoding/
deciphering, extraction, energy careful count, lightweight and need-functioning
coordination, QoE, and QoS, which is keeping up execution estimations, convincing
channel access, and sensible media access control (MAC) shows. Genuine interac-
tive media applications incorporate an illustration of salvage vehicles-based crisis
reaction frameworks, traffic observing, GPS-based way following, farming check-
ing, wrongdoing assessment, brilliant urban communities, smart homes, shrewd
historical center, reconnaissance frameworks, security framework for confirmation
and approval, sight and sound based e-wellbeing, patient checking in keen medical
clinics, and modern checking frameworks. Figure 8.8 shows the abstract of IoMT in
each area’s precise application.

IoT features support multimedia communications. In such cases, video, image, and
audio systems are delay-sensitive and data bandwidth hungry. The fast development
of image, audio, and video traffic in IoT needs to drive the best approach to enhance
new procedures to meet its prerequisites. [oMT devices involve higher transmission
capacity, more significant memory, and quicker computational assets to handle infor-
mation. Ordinary correspondences incorporate multipoint-to-point and multipoint-
to-multipoint situations. Genuine interactive media applications incorporate crisis
reaction frameworks, traffic observing, wrongdoing investigation, developed urban

Multimediain | Multimedia in Multimedia in
Industry B Real-Time Security
7y
Multimedia in ToMT 5 Multimedia in
Smart Health . Smart Agriculture

l

Multimedia in Traffic Monitoring
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Smart Home

FIGURE 8.8 Abstract of IoMT in each area.
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areas, advanced homes, smart clinics, advanced farming, observation frameworks,
Industrial IoT (IIoT), and Internet of bodies (IoB). Dynamic organizations, diverse
devices, and information, exacting QoS, postponed affectability and unwavering
quality necessities around assets compelled IoMT to present enormous difficulties
for media correspondence in IoT. Organization on-chip design [44, 45] is one of the
practical answers for improving the client nature of involvement.

8.6 CONCLUSION

The emerging IoMT has encouraged several pioneering applications and planning
to enhance user satisfaction by associating various smart gadgets/devices with
empowering innovations. Multimedia communication in an IoT environment can
sustain countless applications. The present book chapter aims to feature the outline
of IoMT, the significance of [oMT applications, and an overview of its communi-
cation perspectives. While planning IoMT gadgets, architectures, protocols, and
computing methods are investigated to give efficient oM T engineering to help the
QoE. Different application usage case models are introduced to explain how [oMT
devices/gadgets can reform cyberspace. Finally, this book chapter brings up the wide
open and potential research challenges that should be addressed in upcoming [oMT
environments. This book chapter will also provide a basis for all researchers try-
ing to explore and understand the challenges and issues with IoMT devices/gadgets.
Figure 8.9 shows future scope in IoMT system.

Future Scope
* IoMT gadgets produce bulk data which include labeled and unlabeled data.
The processing and handling of such an amount of unstructured informa-
tion over an energy deficient network necessitates the transmission of only
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FIGURE 8.9 Future scope in [oMT system.
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valuable data. An intelligent feature extraction technique must be required
to detect and classify multimedia information with minimal energy
consumption.

* Arranging IoMT data represents several issues subjected to video stream-
ing, power, scheduling, improving PLR, memory, enhancing service qual-
ity, and reducing network delay and security. Multimedia applications to
transfer video, audio, and another form of information necessitate pervasive
transmission. Artificial intelligence-based data classification and priority
optimization in [oMT should be broadly studied concerning the necessities
of the applications.

* The extensive data contents are being recorded in multimedia gadgets, of
which video on YouTube, shows off TV, and animations cover 60-70 per-
cent of the internet traffic. A smart/intelligent event mining images, audio,
and videos are required in IoMT for effective resource utilization to process
the required service with the lowest delay [55].

* No smart/intelligent effort has been done to transmit multimedia data like
images, audio, and video over the [oMT network. There is a necessity to
search the coding procedures related to multimedia services in [oMT while
bearing in mind the power and interface constraints in the system.

* Multimedia processing depends on efficient routing, compression, MAC
protocols, network coding, etc. However, little work has been done in
software-defined radio as multimedia computation in IoT. To increase net-
work throughput (actual output) with minimum energy utilization, the intel-
ligent transmission of only meaningful information to cloud and fog/edge
is required for processing.

* JoMT gadgets support various applications, but IoMT gadgets’ security is
still a significant issue [56].

* High data transmission and high bandwidth availability are still yet to be
explored and examined for integrating IoMT gadgets with 5G and 6G tech-
nologies [57-59].

e Available possibilities of research domain from the perspective of nano
things, molecular communication, remote physical interaction, robotic sur-
gery, human bond communication, automation industry, and teleoperation
are still present and yet to be studied in detail [22-26, 42, 60-62].
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9 Phase Noise Effect

on Millimeter Wave
MIMO-UFMC and
OFDM Systems

E. Udayakumar and V. Krishnaveni

9.1 INTRODUCTION

Today’s wireless cellular networks are advancing quickly to keep up with the many
wireless technology advancements. The new fifth-generation (5G) services and
Internet-of-Everything (IoE) apps are mostly to blame for this development. The
current focus of 5G research is on resolving filtered orthogonal frequency division
multiplexing (OFDM)-based spectral loss and high peak-to-average power ratios
are problems with long term evolution-peak to average power ratio (LTE-PAPR).
The mm-wave communication is anticipated to power the 5G networks and pro-
vide users with access to several gigabits per second. The purpose of the com-
munication is also very high. The precoding techniques can be utilized to boost
the spatial multiplexing gain during the radio frequency (RF) stage. For mm-wave
communication systems, understanding the problems of hardware faults at the RF
stage is critical since they might impair the delivered signals and overall system
performance [1].

The success of wireless communication is mirrored by the technology’s quick
evolution. Different developing technologies, including massive multiple-input
multiple-output (MIMO) networks, the Internet of Things (IoT), small-cell net-
works, and cognitive radio networks are described in a general 5G cellular network
design. Millimeter-wave (mm-wave) technology is a significant component of the
5G network and is anticipated to offer hundreds of MHz of bandwidth for wireless
transmissions [2]. As a result, small-cell cellular networks are made denser. The
approach doesn’t necessitate in-depth knowledge of phase noise statistics but may be
able to successfully reduce phase noise within each universal filtered multi carrier
(UFMC) symbol.

It is predicted that IoT, direct user-to-user communication (D2D), and smart cities
would increase exponentially in the next years to connect 20-25 billion devices by
the year 2023. There will therefore be a severe spectrum shortage in 5G networks.
Massive MIMO techniques, optical wireless networks, and other cutting-edge
technologies have all been implemented to boost spectrum usage while enabling
very high data speeds [3]. A novel communication paradigm called D2D was first
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suggested for cellular networks in order to increase spectral efficiency and decrease
latency. D2D communication eliminates the need for BS or the core network. The
involvement of the cellular network in the control plane is the primary distinction
between D2D and MANET (mobile ad hoc network). In contrast, D2D nodes might
take independent action if the cellular infrastructure is disrupted.

Optical wireless communication (OWC) is the most sought-after technology
in the communications sector because it can meet the rising demand for capacity.
Outdoor communication is the purpose of terrestrial OWC links, also known as FSO
communication. Using an LED or laser device, data is communicated via a wireless
medium in the form of a light beam. Since it works in an uncontrolled environment,
no spectrum usage fees are necessary. The massive MIMO technology is regarded
as a breakthrough in wireless communication. A base station (BS) is outfitted with
a larger amount of antennas to serve various users simultaneously in a frequency
block [4]. Backhauling for tiny cells and interference control in D2D communication
systems are two potential uses for huge MIMO systems. Massive MIMO increases
the effectiveness of energy radiation.

9.2 LITERATURE REVIEW

To deliver the issue of channel estimation in UFMC transceivers, and they suggest a
“flexible” variant of UFMC that enables the integration of numerous frame cognition
with various sub-carrier spacing in a single radio carrier. It is mentioned above that
discrete-time single-antenna transceivers operating over a straightforward channel,
which are frequently described as discrete-time LTI filters. The usage of numerous
antennas, on the other hand, is generally known to be a critical component of pres-
ent (and future) wireless networks. Multiple antennas are required to give diversity
operation gains [5].

In fact, one of the three essential technologies required to attain the desired 1000x
output boost in comparison to the present-day generation of wireless scheme is the
usage of mm-wave. High carrier frequencies enable the utilization of expansive,
underused frequency bands, enabling the seamless delivery of Gbit/s data speeds
to mobile customers. Mm-wave carrier frequencies, however, are primarily a short
range of 100-200 m technology and necessitate the use of multiple antennas due to
their increased path-loss and blockage effects. To counteract the increasing path-
loss, large array increases are useful [6].

This turns into a performance concern when excessively high data rates are pres-
ent. Phase noise has a substantial impact on high order modulations like 256 QAM.
Phase noise is frequently simulated using multiplicative noise. We will focus on the
first model because the local oscillator (LO) is locked in all conventional 802.11 and
LTE implementations. Phase noise can be thought of as having two components: a
time-varying, frequency-dependent part and a common phase error (CPE) that is
shared by all carriers. This component produces the unwanted and damaging inter-
carrier interference (ICI) and is often weaker than the CPE. Using an minimum
mean squared error (MMSE) equalization in the frequency domain to balance the
additive white gaussian noise (AWGN) and the coloured ICI is a well-liked method
of ICI mitigation [7].
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In order to boost system capacity and provide reliable transmission, OFDM can
successfully counteract the multi-path fading channel. The ICI and ISI, which are
caused by nearby sub-carriers and symbols, are prevented with OFDM by utilizing a
cyclic prefix (CP) and guard interval between the OFDM signals (ISI). Furthermore,
OFDM is not advised for use in cognitive radio and IoE networks due to its huge
side lobes [8], difficult power amplifier design, which cause synchronization prob-
lems and other disadvantages including data aggregation and a high peak-to-average
power ratio (PAPR). This inspired scientists to create and suggest reliable modula-
tion methods that can meet the needs of the developing wireless networks. For the
5G air interface, numerous OFDM options have recently been made available. In
order to reduce ICI and produce low out-of-band (OOB) emission, the filter bank
multicarrier (FBMC) modulation format, for instance, uses a filter bank to individu-
ally filter each sub-carrier.

On the other hand, the longer filter length demanded by FBMC results in more
complicated hardware and is therefore not practical for many other uses, such as
short-packet transfer. In networks using cognitive radio (CR), UFMC is hence better
suited for dynamic spectrum allocation methods [9]. The filter’s length is shortened
as a result. Moreover, UFMC provides multi-service capabilities, decreased latency,
lower side lobe radiation, and support for frequency segmentation. It is suitable for
quick communication as well. The UFMC uses a Dolph-Chebyshev filter for each
sub-band, with a pass band that allows vital signals to flow through without being
lost and a stop band that quickly decreases frequency response to prevent OOB emis-
sion. The hardware complexity of this technique is high, and the filter tail extends to
the subsequent OFDM symbol.

9.3 SYSTEM DESIGN

Phase noise is a proposed issue for this mm-wave MIMO system. Additionally,
compared to non-perfect systems, the proposed system will have optimal hardware
for mm-wave, even with amplified thermal noise and residual additive transceiver
hardware limitations. The spectral efficiency of the suggested system is given under
various scenarios (SEs). According to the findings of the analytical and simulation
experiments, the phase noise problem may have a negative effect on SE execution,
particularly at higher phase noise levels [10].

The current society’s thirst for more bandwidth-based applications is fueling 5G
research and pushing the cellular industry to produce more advanced technology.
The OFDM technology is currently widely used in the wireless field as well as in
many contemporary communication schemes due to its effectiveness. TICI and a
greater PAPR are disadvantages. When the channel distribution delay exceeds the
cyclic prefix length, ISI, that is the reason why CP, happens in OFDM [11].

5G presents fresh methods to deal with these problems. The sub-bands of this
waveform are composed of several sub-carriers. The UFMC technique enhances
good spectrum efficiency by removing the cyclic prefix and decreasing out-of-band
emission. The UFMC technology removes inter-carrier and inter-symbol interfer-
ence by filtering blocks of sub-carriers before transmission and reception [12]. The
generalized filter bank multi-carrier approach and filtered OFDM can both be used
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FIGURE 9.1 Block diagram of UFMC systems.

to compare the modulation technique known as UFMC. The base transceiver opera-
tion was explained in it. The symbol mapping is to map the symbols of interest
information using a QAM modulation techniques. One tap subcarrier bandwidth is
less than the channel coherence bandwidth and at the end it detects the phase noise
performance. The block diagram of UFMC systems is shown in Figure 9.1.

Therefore, these ICI correction techniques necessitate iterative processing that
is more sophisticated and latency-intensive. Another non-iterative maximum likeli-
hood estimation-based technique for reducing frequency is domain phase noise. The
work on reducing phase noise discussed above only applies to traditional OFDM
systems. Only a little amount of phase noise correction research has been done for
UFMC systems. For single-antenna UFMC systems, a non-iterative phase noise
mitigation approach was suggested [13]. The method estimates the time domain
phase noise and makes adjustments for it using distributed pilots (in the payload).
No phase noise mitigation techniques for MIMO-UFMC have yet been suggested.
In this study, we expand the single-antenna UFMC system’s phase noise mitigation
strategy to MIMO-UFMC systems. Mutual coupling, on the other hand, reduces the
overall embedded antenna efficiency. The reciprocal coupling effect was formerly
described in terms of diversity gain or MIMO capacity. Every sub-band modu-
lated signal is subjected to an L-length FIR filtering. B filtered sub-band modulated
signals are added together to create the UFMC signal. The base-band UFMC
signal [14] can be

B L-1M-1 - j2a(k=l)m
Yorme ()= D > Y cwe M £(1), ©.1)
i=1 =0 m=0

with m the complex-valued symbols for sub-carrier M and sub-band I for each
resulting block of length L+MI.

UFMC modulation has drawn a lot of interest among these. It stands for the mid-
dle ground between filtered-OFDM and FBMC. The need for sub-band-wise filtering
arises from the fact that blocks of sub-carriers frequently experience time-frequency
misalignment. Additionally, and perhaps most importantly, the use of filters with a
wider bandwidth and a shorter impulse response than those used in FBMC is made
possible. Referencing reduces spectral leakage into adjacent sub-bands by applying
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Bohman filter-based pulse shaping to the edge sub-carriers of the sub-bands using a
combination of antipodal symbol pairs. In order to calculate the weighting factors for
interference removal and prevent interference between signals in adjacent channels,
the works propose active interference cancellation methods [15].

Then, by fitting a few basis vectors with LS, the dominating phase noise compo-
nents are calculated. The method reduces to the use of a single basis vector. Phase
noise is often not able to be succinctly expressed on a rigid basis, which is the meth-
od’s fundamental flaw [16]. Massive MIMO communication systems have high com-
plexity because the number of pilot sub-carriers will be greater than the amount
of transmitting antennas. We also consider statistical attributes of the PN proce-
dure that vary over time [17]. For practical applications, real-time basis selection is
greatly desired since, even when the LO is secured, the statistical characteristics of
PN are temporally changing due to environmental factors like temperature, such as
heat from a mobile device.

9.3.1 Mimo-UrMc

“Universal filtered multi-carrier” is a kind of modulation method used in wireless
schemes is what the abbreviation “UFMC” refers to. OFDM is compared to the
lower-frequency radio waves that are generally utilized for wireless communica-
tion; mm- waves have distinctive propagation properties. The use of millimeter
waves in wireless communication networks has been discussed, and one poten-
tial answer is the modulation technique known as UFMC. The effectiveness and
dependability of the system may increase as a result. The efficacy of UFMC, one of
several modulation schemes being evaluated for use in mm-wave communication
systems, will rely on a number of variables, including the particular system needs
and the communication channel’s characteristics [18].

Mm-wave MIMO systems can be developed utilizing UFMC modulation tech-
nology. Using radio frequencies between 30-300 GHz for wireless communication
is known as mm-wave communication. By utilizing the channel’s spatial diversity,
MIMO application makes use of many antennas at the transmitter and receiver to
enhance communication performance. In comparison to conventional OFDM,
UFMC is a filter bank-based multi-carrier modulation technology that has various
advantages, including better spectrum confinement and more resistance against
frequency-selective fading. Several antennas are employed at the transmitter and
receiver in MIMO-UFMC systems to create numerous parallel data streams [19].

The resulting signals are simultaneously sent over the same frequency range
after each stream is UFMC modulated. Advanced signal processing methods are
used at the receiver to integrate the signals from all antennas, separate the various
data streams, and recover the sent data. The ability of MIMO-UFMC systems to get
beyond the constrained bandwidth and significant path loss associated with mm-
wave communication is one of their key advantages. Because of their high carrier
frequency [20], mm-wave signals are vulnerable to significant route loss and disper-
sion, which can seriously impair performance. By utilizing the spatial diversity of
the channel and cutting-edge signal processing techniques to make up for the chan-
nel limitations, MIMO-UFMC systems might lessen these effects.
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For high-capacity, high-speed, and dependable wireless communication in mm-
wave bands, MIMO-UFMC systems are a promising technology overall. Compared
to conventional OFDM-based systems, which are vulnerable to spectral leakage and
inter-carrier interference in the high-frequency bands, they provide a more effective
and reliable solution [21].

The received time domain wave of the MIMO-UFMC system in a multi-path
channel [5] can be

Y(n)=2Hk x(n=1)+ x(n), 9.2)

where H;, 1 =0,..., L 1) is a M, x M, MIMO channel impulse response (CIR)
matrix, x(n) and y(n) are M, X M, transmit and receive signal vectors, and x(n) is a
vector made up of the additive white Gaussian noises (AWGNS) at the receive anten-
nas. The internal thermal noise from the RF circuit exceeds the ambient noise in
cellular communications. (In most cases, AWGN is used to mimic internal thermal
noise.) Multiple routes carry signals from the transmitter to the receiver in multi-path
situations. Different (scattering) clusters can further categories’ various pathways.
Each cluster is further subdivided into a number of sub-paths that have about the
same latency but distinct (random) phases [22]. The delay varies between various
clusters. One channel tap relates to each cluster. Due to the central limit theorem, the
(added) signal from one cluster follows a Gaussian distribution assuming there are
numerous sub-paths inside one cluster.

The inverse discrete Fourier transform and filtering are used to create the UFMC
modulation once the active sub-carriers are initially organized into B blocks of sub-
sequent sub-carriers (at each transmit antenna). Typically, it is taken that each block
has the same amount of sub-carriers in order to make implementation as simple as
possible (NO). An N'V-length prototype filter can then be exponentially modulated to
produce the filter bank. The mathematical expression for the UFMC modulation at
the j'" transmits antenna is given in [23].

The MIMO-UFMC system’s transceiver architecture has been explained
throughly. The transmit signals are first converted to QAM symbols at the transmitter
before being modulated by UFMC modulators. By using digital-to-analogue convert-
ers (DACs), mixers, and the carrier frequency produced by the transmit oscillator, the
modulated (digital) signals are up transformed into RF, amplified by power ampli-
fiers (PAs), and transmitted out from the transmit antennas [24]. The received signals
are first magnify by low noise amplifiers (LNAs) at the receiver before being down-
converted to base-band by mixers utilizing the receive oscillator’s carrier frequency,
and then converted to the digital domain by analogue-to-digital converters (ADCs).

Keep in mind that due to flaws in the system, there will be phase noise in prac-
tice. For accurate data detection, the phase noise that randomly rotates the received
signals must be rectified [25]. As a result, the digital signals are first demodulated by
UFMC demodulates, then detected by the MIMO decoder, and then demapped into
the original signals after passing through the phase noise mitigation (PHM) module to
remove phase noise. The DACs, ADCs, PAs, LNAs, and filters in the RF chain have
been left out for simplicity’s sake. The modulated data is given to inverse discrete
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FIGURE 9.2 UFMC transceiver architecture.

Fourier transform (IDFT) to change into frequency domain to digital time samples.
Fast fourier transform (FFT) demodulation in the receiver is used. The best method
for enhancing the UFMC performance in parallel processing systems is to use FFT
for the demodulation. The UFMC transceiver architecture is shown in Figure 9.2.

An effective frequency domain implementation of post-filtering is used to filter
a grouping of carriers in the UFMC waveform, which is a derivative of the OFDM
waveform [26]. The fact that a resource block serves as the scheduling algorithm’s
smallest unit in the frequency domain of 3GPP LTE (RB) is the basis for this sub-
band filtering operation. In comparison to OFDM, the filtering procedure results in
less out-of-band leakage. The B sub-band filtering used in the UFMC transmitter
modulates the B data blocks. The shaping filter’s temporal transient (tails) causes a
spectral efficiency loss even when the transmitted signal does not use CP. The 2 N
FFT point FFT that makes up the Rx stage is eliminated by a factor of 2 in order to
retrieve the data. Before the FFT, a windowing stage can also be added. Although it
causes carrier interference, it is an interesting option to take into account for asyn-
chronous uplink transmissions because it helps to divide immediate users [27].

Unlike the FBMC-UFMC, which sub-carriers to sub-bands before filtering, the
number of carriers per sub-band and the filter settings are frequently used. Thus,
aliasing is avoided. Non-contiguous sub-bands are still a possibility, allowing for
flexible use of the accessible spectrum. As a result, UFMC can be thought of as a
compromise between FBMC and OFDM [28].

There is no time connection between the UFMC symbols that are adjacent to one
another. N+L-1, where L is the length of filter and N is the FFT size of the IFFT
spreaders, gives the duration of a symbol. Like FBMC, UFMC regularly raises the
FFT window size, adding to the implementation’s complexity. A guard interval may
or may not be used as a cyclic prefix in UFMC. This will provide the system more
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flexibility, improve its resilience to crosstalk, and enable it to take full advantage of
the multiple access channel’s capabilities (MAC). If N is the number of samples, the
amount of complex multiplication operations [7] can be represented as

N
u=" log: (N). 93)
The number of complex addition operations may be formed as
o =N log, (N). 9.4

The bit error rate (BER) is the ratio of the number of bit errors to the total amount
of bits transported during the course of the investigated time period. It has no mea-
surement unit and is frequently stated as a percentage:

_ NErr

BER ©.5)

bits

An example of a multi-carrier system is the UFMC modulation format, which
divides streams with lower data rates in tandem with high data rate signals. For b =
1, 2,..., B, the filtered signals from each sub-band are then combined to produce the
time domain UFMC signal. With UFMC, each sub-carrier is filtered in a single step,
which has various benefits like lower ICI when there are frequency offsets or jitter.
Yet, it makes the signal’s computations more complex. Subsets are filtered in the
entire band rather than the entire band or a single sub-carrier in UFMC. The Dolph-
Chebyshev filter is currently used in the majority of UFMC implementations [29]
along with filter optimization methods. It has been found that the Dolph-Chebyshev
filter’s side-lobe fall rate is flat, increasing the spectrum leakage brought on by out-
of-band emissions. Kaiser filter is suggested as an innovative solution to this issue.

9.3.1.1 Phase Noise

In mm-wave communication systems, phase noise, a type of noise that modifies a
signal’s phase, can be problematic. High-speed communication technologies, such as
5G, are increasingly using mm-wave frequencies from 30-300 GHz. Millimeter wave
systems are susceptible to phase noise from a number of sources, including thermal
noise, oscillator noise, and ambient noise. Phase noise in high-speed communication
systems can result in issues including data transmission mistakes, deteriorated signal
quality, and decreased system capacity. Using top-notch oscillators with low phase
noise properties is one technique to reduce phase noise in mm-wave systems [19].

9.3.1.2 Iterative Frequency Domain Equalization (IFDE)

In mm-wave communication systems, a method known as iterative frequency domain
equalization (IFDE) is employed to mitigate the significant channel defects that exist
in this high-frequency range. The enormous available bandwidth in mm-wave sys-
tems allows for extremely rapid data transmission [30]. Yet when they go through the
environment, the signals at these frequencies suffer from considerable attenuation,
reflection, and scattering. As a result, the channel experiences high delay spread and
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frequency selectivity, which can result in ISI and ICI. A multi-stage equalization
method that operates in the frequency domain is called IFDE. The steps involved
are as follows:

Channel estimation: Based on the pilot symbols it has received, the receiver
calculates the frequency domain channel response.

Equalization: To reduce channel distortion, the receiver employs a linear
equalizer in the frequency domain. However, a single equalization solution
might not be adequate because the channel response can vary greatly across
the bandwidth.

Estimation of residual interference: The residual interference, or the discrep-
ancy between the received signal and the equalized signal, is then calcu-
lated using the equalized symbols.

Suppression of interference: A non-linear suppression function is then used to
suppress the remaining interference. The interference brought on by noise,
neighboring channel interference, and nonlinear distortion is lessened as a
result of this step.

Iteration: Up until the residual interference reaches a predetermined level,
steps 2-4 are performed repeatedly.

By minimizing the impact of channel distortion and interference, IFDE can greatly
enhance the performance of mm-wave communication systems. Unfortunately, it
can result in higher latency and demands a lot of processing power. In situations
where large data rates are necessary and extremely changeable channel conditions
are present, it is therefore generally used [16].

9.3.1.3 Kaiser Filter

In order to reduce phase noise, mm-wave communication systems frequently employ
the digital filter known as the Kaiser filter. When a signal’s phase swings erratically
due to several factors, including oscillator jitter, thermal noise, and interference, it
is called phase noise. Phase noise can considerably reduce the performance of mm-
wave systems, especially at higher frequencies where the noise power is rather con-
siderable [17].

A finite impulse response (FIR) filter known as a Kaiser filter is one that was
created using the Kaiser window function. The filter’s transition bandwidth and stop-
band attenuation are managed using a mathematical formula called the Kaiser win-
dow function. In mm-wave systems, where the signal bandwidth is often very broad,
the window function offers a technique to balance the filter’s passband ripple and
stopband attenuation.

In mm-wave systems, the Kaiser filter has a number of benefits for lowering phase
noise, including:

Better filtering performance: As compared to other filters, the Kaiser filter
offers a sharper transition from the passband to the stopband. This indicates
that it can offer higher noise attenuation for components of the signal that
are outside of its bandwidth.
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Flexible filter design: The Kaiser filter enables flexible filter characteristic
design to satisfy certain system requirements. To improve the efficiency
of the system, the filter’s passband ripple, stopband attenuation, and cutoff
frequency can be changed.

Reduced complexity: The Kaiser filter has a finite number of taps since it is a
finite impulse response (FIR) filter. Because of this, it has a lower compu-
tational complexity than other types of filters, which is crucial in mm-wave
systems where high processing power can be difficult to get.

In conclusion, the Kaiser filter is a useful tool for mm-wave communication sys-
tems to lower phase noise. Several mm-wave applications like it because of its capac-
ity to offer sharper filtering performance, flexibility in filter design, and decreased
complexity.

9.4 SIMULATION AND DISCUSSION

In this section, we run simulations to look into the impacts of phase noises on oscil-
lators that are both free-running and phase locked loop (PLL)-based. We use the
assumption that there are 1,024 sub-carriers total in both scenarios, of which 832
are data sub-carriers, 32 are distributed pilots, and 160 are guard band sub-carriers.
A total of 64 quadrature amplitude modulation (64 QAM) symbols are put into the
active sub-carriers. For the purpose of reducing phase noise, q = 7 unknown (see
section 9.3) are chosen. The prototype filter for the UFMC modulation is the 64-tap
Dolph-Chebyshev filter with 40 dB stop-band suppression. It is anticipated that the
channel will have three taps and an equal average tap gain of 1/3. After 20 UFMC
symbols, assuming the channel doesn’t change, a realization of an independent chan-
nel is drawn. In frequency-selective fading channels, UFMC and F-OFDM systems
can both outperform conventional OFDM in terms of BER performance. F-OFDM
has a higher spectral efficiency whereas UFMC has a superior spectral confinement
property and a lower PAPR. The specific application needs and system limitations
determine which of these two systems should be used. The BER performance for
UFMC and F-OFDM systems is shown in Figure 9.3.

The key distinctions and technical difficulties between using MIMO transceivers
at mm-wave carrier frequencies and conventional sub-6 GHz frequencies are shown.
Hardware limitations prevent the use of fully digital beamforming structures, which
is particularly true at mm-wave frequencies. Additionally, phase noise, which pri-
marily results from flaws in the local oscillator in the transceivers, negatively affects
system performance and cannot be disregarded [16]. As a result, there are distinct
requirements and limits for wireless transceiver design for mm-wave carrier fre-
quencies than there are for systems operating at sub-6 GHz frequencies. Because
they employ various modulation techniques, the signal power vs. time for F-OFDM
and UFMC will seem different. Both F-OFDM and UFMC'’s signal power vs. time
plots will display a succession of rectangular pulses, but because each technique uses
a different filtering and modulation scheme, the spacing and power of the pulses will
vary. The simulation of signal power analysis for UFMC and F-OFDM systems is
shown in Figure 9.4.
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However, offsets for phase noise in OFDM schemes have been thoroughly
researched in the literature. For instance, by modulating one symbol to two neigh-
boring sub-carriers with alternate weights, an ICI self-cancellation technique was
developed. The SE is reduced fractionally, but the phase noise impact can be effi-
ciently mitigated. A proposed method for frequency domain ICI correction estimates
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FIGURE 9.4 Simulation of signal power analysis for UFMC and F-OFDM systems.
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FIGURE 9.5 Signal power and time analysis for UFMC and F-OFDM systems.

the discrete spectral components of phase noise in order to remove the phase noise
effect. By adding linear interpolation between neighboring OFDM symbols, the
technique was further improved, which improved system performance. In contrast,
F-OFDM still needs a cyclic prefix to reduce ISI, which lowers the amount of time-
domain resources that are accessible. To cut down on the amount of time that is lost,
the length of the cyclic prefix can be tuned based on the channel characteristics.
In terms of signal power and time analysis, UFMC and F-OFDM each have their
own advantages and disadvantages. Which technique is best suited for particular use
cases and applications will require more investigation. The signal power and time
analysis for UFMC and F-OFDM systems is shown in Figure 9.5.

In this study, we make use of a NOMA-MIMO system’s performance for both
ideal and realistic schemes. Also, it may be said that the OFDM system is inferior
than the standard UFMC with Dolph-Chebyshev and UFMC (Kaiser), which has
identical PAPR characteristics. Even in loud environments, the UFMC system exhib-
its superior performance to the Kaiser-Bessel window. Further research on UFMC
with various multi-path fading channel 5G scenarios is possible. Several aspects
of UFMC and F-OFDM systems, such as the usage of filtering and the quantity of
sub-carriers, have an impact on their power spectral density (PSD). As a result, there
may be a big difference between the two systems’ simulated PSDs. The simulation
of PSD for UFMC and F-OFDM systems is shown in Figure 9.6.

The frequency-selective multi-path channel is effectively handled by the multi-
carrier technique by splitting it up into numerous frequency-flat sub-channels.
Numerous multi-carrier methods have recently proposed. One of these is the
UFMC, sometimes known as the universal filtered OFDM (UFOFDM). Using
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the simple one-tap channel equalization at each sub-carrier will result in high
throughput. The UFMC sub-carrier spacing must be sufficiently narrow, similar to
CP-OFDM (or just OFDM). High modulation order is also preferred. However,
the oscillator phase noise causes ICI and CPE with denser sub-carriers or higher
modulation orders, which can seriously impair performance. The distribution of
signal power as a function of time delay is described by the power delay profile
(PDP), which characterizes the propagation channel in a wireless communication
system. Every wireless communication system, including UFMC systems, depend
on the PDP to function properly. A key factor that impacts the performance of a
UFMC system is the PDP, which can be computed using channel models that take
into consideration the system’s features. The power delay profile of UFMC systems
is shown in Figure 9.7.

As a result, it is important to get statistical understanding of the PN covariance
matrix. Many communication technologies, including WLAN, mm-wave systems,
and full-duplex systems, exhibit phase noise. Phase noise is particularly detrimental
to full-duplex systems since self-interference is used to separate the conventional
signals, as can be seen in the example. Phase noise makes it difficult for transmit-
ters to correctly subtract their own interference, which is detrimental in high order
modulations that require high received SNR values that translate to low error vector
magnitudes (EVM). The phase noise has an impact on OFDM mm-wave systems
as well. The influence of phase noise is almost pronounced when using full order
modulations. Coherent optical OFDM-based optical communication systems also
exhibit phase noise. Without the use of an optical phase-locked loop, the phase is
calculated digitally in these networks, but phase noise causes the estimation to be
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inaccurate. All of these systems can transmit OFDM signals using the phase com-
pensation approach that we provide.

9.5 CONCLUSION

This chapter surveys phase noise and antenna mutual coupling on MIMO-UFMC
systems. The former is assumed to be at sub-6 GHz frequency, whereas the latter is
assumed to be at 28 GHz frequency. The latter may have smaller CPE effect (due
to the PLL), yet much severer ICI effect than the former. An effective phase noise
decrease strategy was conferred. It was shown that phase noise is reducted using
CPE correction regardless of the mutual coupling effect. For example, the SER can
be reduced from 0.024 to 0.001 at 30 dB SNR, when the mutual coupling effect is
taken into account, the phase noise reduction strategy is superior to the CPE correc-
tion for PLL-based oscillators. The effectiveness and dependability of the system
may increase as a result. The phase noise effect on MIMO-UFMC is reduced using
iterative frequency domain equalization (IFDE) by using Kaiser filter. The efficiency
of UFMC, one of several modulation schemes being evaluated for use in mm-wave
communication systems, will rely on a number of variables, including the particular
system needs and the communication channel’s characteristics.
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’I O Role of Metalens in
Designing Effective
Antennas towards the
Urban Transformation
in Sub-6 GHz Bands

Solution from the
Design Prospective

Bikash Ranjan Behera and
Soumya Ranjan Mahapatro

10.1 INTRODUCTION

Recent times have witnessed a technological revolution in antenna design due to
the introduction of 5G/6G communications and with the advent of applications like
radio frequency (RF) energy harvesting and wireless power transmission. The prefix
“meta” in the term “metamaterials” (MTMs) often refers to something beyond or
altered. These materials have unique property; they can change into something that
is not found on earth. No material on earth is believed to have negative permeabil-
ity, and all natural materials on earth have positive permittivity, permeability, and
refractive index. Strangely, they are usually responsible for manipulating the electro-
magnetic waves [1, 2], enthusiastically for enhancing antenna performance [3] in the
context of contemporary RF applications.

Research [1-3] shows that high-gain antennas are usually needed in wireless
communication systems. Their importance lies in the fact that they improve signal
strength by reducing interference and lowering out the free space path loss (FSPL).
When judging how well an antenna works, the CP antenna gain should be consid-
ered the most important factor. Although MTM strategies have been proposed in
[4-14], as a means of enhancing antenna gain [2], the practical aspect for increasing
working bandwidth and circular polarization (CP) features like axial ratio bandwidth
(ARBW), CP gain, and antenna efficiency, which is still relatively unknown [3] for
the desired operating bands.

Utilization of 3.5/5GHz band creates advancements in wireless communication
systems that have resulted in the emergence of RF-based urban transformation.
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They typically have an analog and digital topology, which calls for high antenna
gain, wide bandwidth responses, increased system capacity, and dynamic switch-
ing features capabilities in order to achieve CP for effective signal coverage in
small base stations. As a result of these advantages, antennas are highly sought
after and necessitate technical qualities like low profile, higher gain, and maxi-
mized polarization capabilities that can be used as a crucial resource for nearby
wireless connectivity [1].

Out of all the various CP-inspired antenna systems that are available, this one
has become very common because system integration is becoming more and more
important to improving performance in wireless applications [1, 3]. While the prog-
ress has been made in the areas of modeling and achieving low-profile features
of RF front-ends, these problems still present a significant technical challenge [1]
and the new designs (i.e., the incorporation of a feasible solution) are needed to
address them, despite the progressive developments in [4—14]. Although CP have
been accomplished as a result of geometrical incursions [4-8] and incorporation
of MTMs/metasurfaces [9-14], the achievement of limitation as reported in [1-3],
which is the fundamental target, has not been yet attained. Metalens, when applied
to printed monopole antenna, significantly enhances the CP performance [9-14].

Further, the radiation stability appears to be a concern when PEC reflectors are
added for bandwidth and gain augmentation. Due to effective electromagnetic wave
reflecting properties, metalens are introduced to make up for the shortcomings
observed in the PEC reflectors. In the subsequent section, pertinent insights with
their corresponding working methodologies are highlighted.

10.2 ANTENNA DESIGN AND THEIR RELEVANT OUTCOMES

The usefulness of a Y-shaped monopole radiator (YSPMA) depends on one very
important thing: tuning the impedance characteristics to get better results in the
desired bands (3.5/5 GHz). The input resistance of a monopole antenna is resistive,
with 50-C at the center resonant frequency, where the antenna length is equal to one-
quarter of the wavelength (4). In [15], the PMA behaves like a capacitor at frequen-
cies below their resonant frequency, but their input resistance is inductive at higher
frequencies. It should be kept in mind that the length of a monopole is longer than
A4. The geometrical schematic along with its developmental stages are shown in
Figures 10.1a and b respectively.

(a)

FIGURE 10.1 Schematic: (a) Without metalens and (b) with metalens.
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TABLE 10.1
An Evaluation of the Antenna’s Characteristics with Regard to
Previously Developed Antennas [4-14]

References IBW ARBW CP Antenna Gain
[4] 0.62% 0.18% 6.97 dBic
[5] 3.77% 1.86% 6.3 dBic
[6] 6% 3.3% 2.7 dBic
[7] 15.2% 3.2% 4.1 dBic
[8] 16% 10% 5.5 dBic
[9] 22.6% 14.3% 4.2 dBic
[10] 33.7% 16.5% 5.8 dBic
[11] 29.41% 9.05% 6.34 dBic
[12] 16.36% 11.93% 5.62 dBic
[13] 20.5% 15.5% 4.25 dBic
[14] 3.9% 2.2% 1 dBic
Proposed Work 50.42 % 16.87 % 7.53 dBic

For this reason, printed monopole antennas (PMAs) are frequently employed in
UWB bands (i.e., from 3.1-10.6 GHz). However, its deployment in the 3.5/5 GHz
frequency is less prevalent [3]. The PMAs have been shown to have significant
limitations (frequency dependency) due to their inability to respond in the afore-
mentioned frequency band, documented in [4—14] with more and more responsive
behavior towards linear polarization (LP) traits. Table 10.1 shows a comparative
analysis that illustrates the generic solution presented in Figure 10.1. Their out-
comes are shown in Figure 10.2, along with its developmental stages in Figure 10.3.
Additionally, Table 10.2 contrasts the capability of PMA with and without the
presence of metalens.

10.3 UNDERSTANDING THE POLARIZATION AND METALENS
FEATURES: FROM CONCEPT TO ITS CEM ANALYSIS

Here, the proposed metalens-inspired PMA reported for f = 5 GHz is concerned
with achieving stronger CP attributes. The interpretation of the CP mechanism is
shown in Figures 10.4a—d.

CP analysis begins with a first method (i.e., a study of the surface current distribu-
tion). At first, the parasitic conducting strip is not present, so there is no connection
created with the partial ground plane. Since the induced surface currents appearing
on the horizontal borders of the partial ground plane are seen to flow in the opposite
direction, they cancel out, only the vertical surface currents on the monopole arm
remain. So, a linearly polarized (LP) wave is created. As a result of it, the rearrange-
ment of the surface currents already present on the parasitic conducting strips and
the partial ground plane, the currents on the upper edge and the lower edge of the
partial ground plane appear to be flowing in the same direction, producing horizontal
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FIGURE 10.2 Performances: (A) IBW, ARBW and (b) CP antenna gain, antenna efficiency.

surface currents. As shown in Figure 10.4a, the horizontal and vertical current com-
ponents act as the main forces behind the development of CP characteristics.

The distribution of electric fields provides a second, more basic method for
assessing CP. Here, the CP antenna realizes LHCP, when a parasitic conducting
strip is coupled to the partial ground plane. Thus, as illustrated in Figure 10.4b,
the electric field vectors rotate clockwise when the phase shifts from 0° to 90°.
Existence of a left-handed circular polarized wave (LHCP) is confirmed by their
orthogonal properties. So, the third and fourth primitive approaches to CP analysis
are through the normalized far-field radiation pattern. It is proportional to the rela-
tive power of the radiation pattern. The wideband CP antenna offers exceptional
LHCP properties. Figures 10.4c and 10.4d show that LHCP is significantly stron-
ger than RHCP at the 5 GHz.

The fifth approach of analyzing CP traits is presented as mathematical interpreta-
tion of gain-bandwidth product, as in equation (10.1):

C.r = F(BWs_43,G3_ap), 10.1)
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OO

FIGURE 10.3 Developmental stages are: LP antenna without metalens, CP antenna without
metalens, and CP antenna with metalens (final stage).

then,
Cor = BW3_g3 X G3_gp, 10.2)
and furthermore,

c, = BWsasXGsap (10.3)
100

TABLE 10.2
A Comparison of Antenna Performances with and without the
Presence of Metalens

Antenna Parameters Without Metalens With Metalens Improvement
IBW 45.21% 50.42% Yes
ARBW 9.23% 16.87% Yes
CP Antenna Gain 2.98 dBic 7.53 dBic Yes
Antenna Efficiency >70% >75% Yes

Operating Bands 3.5/5 GHz
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FIGURE 10.4 (Continued)

When compared to other antennas, the CP antenna is virtually identical; however,
by using C,, -C,, , we may overcome the restrictions of the conventional methods of
comparison, while taking consideration of the CP attributes. Since this is a general-
ized equation for evaluating the CP antenna, so we can consider equation (10.3). To
reinforce the investigation in this context, a comparative study is given in Table 10.3
in relation to the stated designs in [4—14].

The key to getting these types of antenna performances is geometric understand-
ing [15-18]. Further, the improved E-field distribution concentrated the radiation
fields for the occurrence of quasi-TM,, modes (transformation of TM,, to TM;,
modes), resulting in improved impedance performances (shown in Figure 10.5). As

TABLE 10.3
A Gain-Bandwidth Comparison with Regard to Antenna
Designs [4-14]

References BW; 45 Gs.48 vy G348 peat Cern Cers
[4] 0.18% 6.97 dBic 6.97 dBic 0.01 0.01
[5] 1.86% 6.3 dBic 6.3 dBic 0.01 0.01
[6] 3.3% 2.7 dBic 2.7 dBic 0.08 0.08
[7] 3.2% 4.5 dBic 4.5 dBic 0.14 0.14
[8] 10% 5.5 dBic 6.67 dBic 0.55 0.67
[9] 14.3% 4.2 dBic 4.8 dBic 0.61 0.68
[10] 16.5% 5.8 dBic 5.8 dBic 0.95 0.95
[11] 9.05% 6.34 dBic 6.34 dBic 0.57 0.57
[12] 11.93% 5.62 dBic 5.94 dBic 0.67 0.71
[13] 15.5% 4.25 dBic 4.25 dBic 0.65 0.65
[14] 2.2% 7.1 dBic 7.1 dBic 0.15 0.15
Proposed Work 16.87 % 7.53 dBic 8.21 dBic 1.27 1.38
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FIGURE 10.5 Insights: (a) transformation, (b) behavior of electric field, and (c) role of
lumped elements (i.e., circuit of metalens). (Continued)
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FIGURE 10.5 (Continued)

a result of the development of grid-slotted sub-patches (metalens) aid for impedance
matching is significant from the standpoint of a device (application perspective).

10.4 CONTRIBUTIONS

a. In the 3.5/5 GHz range, simple monopole antenna and twin parasitic con-
ducting strips are employed with metalens.

b. For optimum radiation efficiency in the ¢=0° and 90° planes, metalens is
loaded at 1/4 wavelength. It helps in configuring a low-profile design and
enhances the antenna connection procedure. As a result of this, radiation is
improved in the boresight direction.

c. The gain-bandwidth product is used to study the CP, reported for the very
time in the literature [19]. The investigation of CP properties is also high-
lighted, with the help of four other methods.
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10.5 CONCLUSION

This chapter presents a CP metalens-based monopole antenna. It has a widened IBW
and ARBW with CP antenna gain of over 7.35 dBic and antenna efficiency of over
70 percent. With improved features, it will play a crucial role in future communica-
tion (aimed for RF-based urban transformation), penetrating towards global market,
and helping usher in a new age of better connectivity and less power use. Lastly, the
chapter provides a motivation to find out general answers for making the metamate-
rial antennas that can be used in a wide range of situations.
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11.1  INTRODUCTION

Similar to previous generation 4G, 5G new radio (NR) seeks to continue the trend
of offering a user experience that is exponentially better and offers more diverse
applications for cellular communications. Currently, 5G NR outperforms long term
evolution (LTE)/LTE-A technology in a number of ways, including higher data rates,
low latency, higher mobility (~500km/h), and connectivity to 10° devices/km? [1].
The main focus of 5G is to provide the end user a versatile mobile experience by
enabling new application. In addition to conventional microwave communication,
new technologies including millimeter wave (mm-wave)” and “massive multiple-
input multiple-output (m-MIMO) are used to enable the additional services offered
by 5G. Error-control, radio, and modulation schemes for these techniques are defined
in 5G [2]. Despite 5G’s gains, the rollout of 6G networks is inevitable due to the
development of smart infrastructure, effective technologies, and a variety of wireless
applications. 6G networks are intended to be multi-band, decentralized, fully auton-
omous, and user-centric systems that enable satellite, aerial, terrestrial, underwa-
ter, and underground communications, in contrast to 5G networks. A few examples
of technology that will represent today’s technological aspirations as tomorrow’s
reality include massive unmanned mobility in three dimensions, holographic telep-
resence, eHealth and wellness applications, all-pervasive networking, industry 4.0,
“augmented reality (AR),” and “virtual reality (VR)[3]. In order to achieve the 6G’s
performance indicators and application scenarios, it is projected that the current 5G
wireless communication networks will go through four significant paradigm shifts,
namely, comprehensive applications, endogenous network security, global coverage,
and all spectrums.

This chapter provides some discussions about topics covering 5G/6G usage sce-
narios, implementation blockheads due to unresolved issues carried from previous
generations, and technological trends for beyond 5G networks simultaneously high-
lighting trends for further research given as shown in Figure 11.1.

11.1.1  5G/6G Services, Use Cases AND KPIs
A comparison between 5G and 6G networks is shown in Table 11.1.
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TABLE 11.1
Comparative Analysis for 5G and 6G
5G 6G
Services * eMBB - “enhanced mobile ¢ FeMBB - “further enhanced mobile
broadband” broad band”
e URLLC - “ultra reliable low ¢ eURLLC - “extreme ultra reliable low

latency communication”
* mMTC - “massive machine type  *
communication”
Hybrid (URLLC + eMBB) [4] .

Use cases [5] * Virtual Reality/AR .
e 360° Videos .
* Ultrahigh definition video .
* Vehicle to everything .
e JoT .
* Smartcity/Factory/Home .
* Telemedicine .
e Wearable Devices .

latency communication”
umMTC - “ultra massive machine
type communication”

LDHM - “long-distance and
high-mobility communications”
ELPC - “extremely low-power
communications”

Teleportation

Haptic communication

Sensory Sensing/Reality
Vehicular Automation

Industry Automation

Space Travel

Deep-sea imaging

Internet of Nano-things

eHealth

(Continued)
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TABLE 11.1 (Continued)
Comparative Analysis for 5G and 6G

5G 6G
Network design * 5G-NR ¢ Al-enabled network

* mm-wave small cell network * 3D network

* Slicing * mm-wave/THz network

e Cell free mMIMO

Area throughput e 10 Mb/s/m? e 1Gb/s/m?
Connectivity * 106 devices/km? * 107 devices/km?
Latency e 1ms e 10-100 pus
Mobility * 500 km/h * 21,000 km/h
Spectral efficiency ¢ 3 X that of 4G ¢ 5-10 x that of 5G

11.2 IMPLEMENTATION OF 5G

11.2.1 CHALLENGES

Although 5G rollout has begun, there are still many of the sophisticated features that
are anticipated to be accessible. Different “verticals” (specifications for various appli-
cations) have been created, and some of their requirements contradict one another.
In addition to having more needs, 5G also depends on technologies that have not yet
been previously used. Extremely effective hardware and software are required for
massive MIMO and mm-wave communications. The change has a substantial impact
on the core network since there is a large complexity gap between 4G and 5G. It will
merely require time and regular effort to get through some of the present difficulties,
such as spectrum clearance and auctioning, equipment deployment, and so on. In
addition to having the fastest time to market ever, 5G will undoubtedly need numer-
ous tweaks and modifications to get closer to ideal performance [6].

As a result, engineers and researchers will have to deal with the introduction of
complicated and novel technologies in the public and industrial sectors at an unprec-
edented pace and scale in the upcoming years. Figure 11.2, highlights the bottleneck
areas of 5G implementation.

Many of the issues that 5G is currently facing have not been resolved yet. Here
are a few crucial components that 5G must have in order to succeed fully.

11.2.2 NETWORK ARCHITECTURE

Due to the diversity of applications, it is particularly challenging to assess the per-
formance of a 5G network and change its operating mode. The new network design
should be researched and used in accordance with network characteristics and stan-
dards to more fully understand what 5G wireless networks would need. Existing
models, especially those based on random variable outcomes, either depart from
deployment realities by simply allowing for a macro-performance evaluation with-
out allowing for fine-grained network reconfiguration, or they exhibit complexity
that we can no longer manage analytically. Improved resource management and
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orchestration are also necessary to handle the many distinct applications, each of
which demands a very different level of performance. Fundamental methods for
assessing network performance in a multidimensional space (throughput, latency,
energy, dependability, etc.) and tools (ML, AI) are still required for managing 5G
more successfully [7].

11.2.3 CHANNEL STATE INFORMATION

Numerous physical layer methods rely on CSI information. However, when taking
into account enormous MIMO or IoT, particularly in dynamic situations, it becomes
impractical to predict the state for all of the relevant channels. To help the system
estimate the CSI, location-aware channel databases or deterministic channel mod-
els developed using the actual geometry of the scenario under consideration can
be used; however, their real-time use in resource allocation, signal processing, and
localization techniques is still in its infancy. Techniques for machine learning may
also be very beneficial [8].

11.2.4 Mosiuty LINKS

Beam shaping and massive multiple antenna systems are two further innovative
technologies employed in 5G technology. This can be extremely important in the
mm-wave regions to combat the significant isotropic free-space path loss we incur
while shrinking the wavelength. It is crucial to build efficient beam guiding and
tracking. High-speed data transfer would be made possible in the context of smart
mobility by providing radio communication in the mm-wave band between vehicles
and infrastructure or among vehicles. Although the current 5G standard specifies
the necessary methods, many deployments have not completely implemented them,
and they may also be too sluggish to be used in some highly dynamic applications.
It will be important to use non-Gaussian models and novel techniques to account for
dependency in time and space [9].
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11.2.5 NETWORK ENERGY EFFICIENCY

Energy expenditure is now one of society’s top concerns. As a major consumer as
well as a tool for lowering consumption, whether at home or by facilitating distant
meetings, telecommunications networks have a special role in this context. Energy
is the resource that occasionally determines the life of the network in applications
like IoT, when batteries cannot be replenished. Energy conservation is always a key
concern, which presents difficulties for network organization and hardware design.
The development of fully autonomous nodes with gathered energy is a significant
problem, as is computation for nearby sensors. The energy consumption of devices
may be considerably reduced through new hardware design, for example by using
artificial neural networks or spiking neural networks [10].

11.2.6  CO-EXISTENCE

Modern cellular networks are being created with a variety of traffic kinds and vastly
varying service requirements in mind. Numerous licensed and unlicensed radio
access methods will be used to guarantee connectivity. It is yet unclear how these
technologies will cohabit, both for coexistence between various 5G services and
between 5G and other applications, such as Wi-Fi. Inter-network interference, par-
ticularly in the industrial scientific and medical (ISM) bands, might become a seri-
ous issue [11]. Approaches based on duty-cycle or carrier detection are occasionally
insufficient or unsuited to minimize the resulting interference. To design modified
coexistence rules, better modeling and comprehension are required. It would also
be beneficial to use more unlicensed bands, such as 60 GHz, in order to reduce the
amount of traffic in the current bands. Further consideration of these options is nec-
essary. Modern cellular networks are being created with a variety of traffic kinds and
vastly varying service requirements in mind.

11.2.7  SEcURITY AND PRIVACY

It is impossible to highlight significant issues that still require investigation without
bringing up the privacy and security concerns. The integrity and verifiability of the
received data must be safeguarded against an increasing number of security risks,
including pure software assaults and access to the physical network structure. With
so many inexpensive devices exchanging information, IoT also introduces new haz-
ards. Due to the cheap cost, it is harder to safeguard this information, and there are
more risks to users’ privacy from both legitimately able-to-access organizations and
data brokers as well as from criminals looking to violate privacy [12].

11.3 PREPARING FOR 6G

11.3.1  VisioN

Despite the fact that 5G will offer higher quality of service (QoS) than 4G, it won’t
be able to create a fully autonomous, ubiquitous connectivity network that gives
a fully immersive experience and offers everything as a service. However, it is
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anticipated that 6G will be able to simultaneously satisfy all of the demanding net-
work requirements such as high reliability, enhanced capacity, improved efficiency,
and low latency, given the comprehensively expected 2030 economic, technologi-
cal, and environmental conditions. The Network 2030 focus group (ITU-T FGNET
2030) was established by the International Telecommunication Union (ITU) in July
2018 to examine how system technologies will advance for 2030 and beyond. Its 6G
suggestions include new holographic media, services, network architecture, internet
protocol (IP), and other concepts.

A brief description of some significant 6G wireless communication possibilities
and applications are provided in the next section. Figure 11.3 highlights the different
services classes of 6G.

11.3.2 DRIVING APPLICATIONS

11.3.2.1 Extended Reality (XR)/Virtual Reality (VR)

For 6G, extended reality (XR) will produce a number of game-changing applica-
tions throughout the augmented reality (AR) and VR spectrums. VR technology has
been applied in several fields over the last few years, including the defense sector,
healthcare, and education [13]. VR has the ability to fundamentally alter how we
live and work since it offers wonderful immersive and interactive experiences while
overcoming financial and safety barriers in the actual world. Because of its low cost,
portability, and compact size, mobile VR is seen as the technology of the future. In a
nutshell, 6G must be able to offer a combination of classic URLLC and eMBB with
included perceptual aspects for XR services [14].

11.3.2.2  Industry Automation

The abbreviation “Industry 4.0” refers to the major transformation of the industrial
sector due to the advent of new technologies such as robotics and application of Al
Industry 4.0 seeks to bring about change as opposed to the third phase of the indus-
trial revolution, with automated manufacturing using electronics and information
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technology (IT) in industrial production with significantly improved efficiency
based on a cyber-physical system. However, this vertical industry’s uniqueness cre-
ates a number of difficulties that must also be taken into account, including the many
use cases with stringent network performance requirements, the difficult propaga-
tion environment with possibly high interference that may necessitate seamless inte-
gration, the unique safety and security considerations, and the difficulties of using
terminology from different industries [15].

Automation of factories, processes, human-machine interfaces, IT-based produc-
tion, logistics and warehousing, monitoring, and preventive maintenance are some
application areas.

11.3.2.3 Cellular Vehicle-to-Everything (C-V2X)

Autonomous cars have considerable potential for enhancing both traffic efficiency
and road safety, and vehicle-to-everything (V2X) is a vital enabler. To offer com-
munication capabilities with low latency, high reliability, and high throughput for
vehicle-to-vehicle (V2V), vehicle-to-pedestrian (V2P), vehicle-to-infrastructure
(V2I), and vehicle-to-cloud (V2C), a standardized V2X solution called cellular
vehicle-to-everything (C-V2X) is recommended by the 3rd generation partnership
project (3GPP). Vehicle intelligence and autonomous functionality will undoubtedly
advance as Al spreads more quickly. The next-generation C-V2X would provide a
systemic solution to support collaboration among the major players in an intelligent
transportation system (ITS), in addition to expanding its fundamental capability
from information delivery to information processing [16].

11.3.3  WiRreLess BRAIN-CompUTER INTERACTIONS (BCI)

Applications of brain-computer interactions (BCI) are frequently only used in
hospitals where patients can use brain implants to control artificial limbs or other
nearby computing devices. This technology will undergo a revolution thanks to
recently developed wireless brain-computer implants and interfaces, which will
also provide new use-case scenarios that call for a 6G connection. From permitting
brain-controlled movie input to fully realized brain-controlled environments, these
solutions offer a variety of services. Individuals will engage with their surroundings
and other people utilizing discrete gadgets, some of which are worn on the body,
some of which are implanted, and some of which are integrated into the environment
around them, rather than on cellphones. As a result, people will be able to interact
with their surroundings through gestures and send haptic messages to their loved
ones [17].

11.3.4 ConNEecTeD RoBoTtics AND AuToNomous Systems (CRAS)

The eagerly anticipated deployment of connected robotics and autonomous sys-
tems (CRAS), which includes drone delivery systems, autonomous cars, autono-
mous drone swarms, vehicle platoons, and autonomous robotics, is a key driver
for 6G systems. There is more going on with the launch of CRAS over the cellular
domain than just “yet another short packet uplink IoE service.” Instead, CRAS
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requires strict latency restrictions that are set by the control system, which may
even require sending high definition (HD) maps via enhanced mobile broadband
scenario of 5G [18, 19].

11.4 ENABLING TECHNOLOGIES

In 6G wireless communication networks, several unique enabling technologies will
be employed in order to attain the aforementioned system performance criteria. A
few of them are discussed in brief here.

11.4.1  New WAVEFORMS

The graph of a signal shape as a function of time in the physical media is called a
waveform. A flexible waveform must take into account a number of factors, includ-
ing peak to average power ratio (PAPR), spectral efficiency (SE), resistance to time/
frequency dispersions, and time/frequency localization. Even though it has draw-
backs, including a high PAPR, orthogonal-frequency division multiplexing (OFDM)
has emerged as the dominant waveform for mobile communication since 4G. In
order to lessen out-of-band radiation, several types of OFDM waveform schemes
are being researched for the 5G standard. When selecting a new waveform, it is
important to consider the design of the frame structure, flexibility of the parameter
selection, complexity of the signal processing technique, and other elements [5, 20].

11.4.2 MuLtiPLE ACCESS

Multiple access approaches have been acknowledged as significant turning points
in the migration of cellular networks. Orthogonal multiple access (OMA) has been
used in previous generations of mobile networks. In the time, frequency, or code
domains (such as time slots, sub-carriers, and spreading codes), orthogonal band-
width resource blocks are created and then orthogonally allotted to users, with
each resource block being occupied by a single user. OMA’s success in previous-
generation mobile networks is largely attributable to the ease with which it may be
deployed, even though it is well known that OMA’s spectrum efficiency is less than
ideal. Known as NOMA (non-orthogonal multiple access), it is a significant shift for
the creation of numerous access methods for the future. The main goal of NOMA is
to promote spectrum sharing among mobile users. It outperforms OMA in terms of
spectral efficiency gain by making use of users’ varied QoS needs or dynamic chan-
nel circumstances [21].

11.4.3 AbvaNceD CHANNEL CODING AND MODULATION

A radio link can operate effectively near to its channel capacity by using channel cod-
ing and modulation, two fundamental physical layer technologies, which also make
the signal waveforms compatible with RF (radio frequency) and baseband compo-
nents at transmitters and receivers. In a wide sense, channel coding and modulation
may be related to waveform or even multiple access. The three operational modes
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specified by the 5G standards are the eMBB mode, the uRLLC mode designed for
various mission-critical applications, and lastly the mMTC for industrial and IoT
applications. Naturally, the requirements of these three modes vary somewhat, par-
ticularly in terms of the acceptable latency. The performance parameters for advance
channel codes are the error-correction capabilities, flexible code-rate, and the ability
to support hybrid automatic repeat request (HARQ), low-density parity-check code
(LDPC) are selected for enhanced mobile broadband (eMBB) data channel of 5G
NR, because they are suitable for HARQ while being extremely adaptable in terms
of their code rates, code lengths, and decoding latency. Polar codes, in contrast, have
gained popularity for the low-delay control channels, and are adopted as the 5G
control channel scheme [22].

11.4.4 Al FOR SPECTRUM SHARING

In-depth information exchange across the systems is often necessary for the creation
of spectrum sharing solutions. Dynamic spectrum management will be challenging
to accomplish, as 6G network settings get more complicated. To address these issues,
dynamic spectrum management is increasingly supported by AL, which is a powerful
enabler to tackle these challenges. For instance, when operating in the unlicensed
spectrum, the LTE network can use deep reinforcement learning (DRL) to learn the
Wi-Fi traffic and create an appropriate protocol to support equitable coexistence.

11.4.5 VisiBLE LIGHT COMMUNICATIONS

The most promising next-generation lighting technology is anticipated to be the laser
diode (LD) phosphor conversion lighting technology, which exceeds conventional
LEDs in terms of brightness, efficiency, and illuminating range. It is well known
that the LD may be adjusted very quickly and has a wider modulated bandwidth
than LED. With a proven speed of 28.8 Gbps and a theoretical speed of 100 Gbps,
LD-based visible light communications (VLC) systems are better suited for ultra-
high data density (uHDD) services in 6G networks. So, for 6G, an enhanced VLC
(eVLC) based on LD lighting technology is suggested. On the other hand, compared
to an LED with a comparable lumen output, the LD’s beam angle will be between
one-fifth and one-tenth of that. Due to the narrow patch of light, the LD-based illu-
minator generates output with sharp edges that is around ten times sharper than LED
illumination. Additionally, larger distances will be supported by the LD lighting’s
extremely high directivity [23].

11.4.6  ENErRGY ErriciENT AND Low POWER NETWORK

The world is heading towards analytic solutions for every sphere of technology that
heavily rely on data correlation. It is now true that 5G networks use more power
than 4G networks while providing a better bandwidth. Energy-efficient comput-
ing in the 6G network era entails greater resource utilization and reduced energy
usage. Building on software upgrades for network operations is the logical strategy
for preparing 6G networks for these uncharted new traffic requirements. Building
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domain-specific computer engines for 6G, which would drastically cut energy usage,
is therefore the only answer currently foreseen. In a virtualized radio access net-
work, this will enable unfettered adaptation to a relatively new and emerging neces-
sity of domain-specific chips. Also, the edge computing paradigm is thought to be a
fresh approach to computing that may successfully spread the strain on cloud com-
puting. [10, 24].

11.5 FUTURE DIRECTION

In comparison to 5G, the technologies under discussion would significantly alter
the physical layer of mobile communication networks. Numerous topics are now
the subject of scientific inquiry. Given the rapid advancement of cloud comput-
ing, network function virtualization, and the concept of software-defined networks
(SDNs) under the 5G umbrella, a paradigm shift towards 6G mobile communica-
tions is visibly clear. Furthermore, they do actually reflect how far a nation has
come in key fields of science and technology. The cutting-edge technologies must
yet undergo further research and development before they can be used for engi-
neering. Although much has been achieved over the past five years, much more
has to be done to allow networks to provide a totally new encounter with human
interaction or human interaction with the physical environment. Wireless is far
from mature since its requirements and applications are always changing and
becoming more difficult. The twin-component ultra-reliable low-latency mode of
the 5G system illustrates the evolutionary paradigm change away from pure single-
component architectures focused on bandwidth efficiency, power efficiency, or
delay optimization. The five primary areas of research in this field at early stage of
their evolution are as follows.

11.5.1 ADVANCED WIRELESS TECHNOLOGY

With the integration of satellite, underwater, and aerial communication networks, it
is projected that the next 6G wireless network would go above the existing terrestrial
cellular network to develop a vertical 3D network, also known as 3DNet or SkyNet.
As a result, one of the main research topics is how to manage these new heteroge-
neous vertical/horizontal enormous ultra-dense networks (UDNSs).

11.5.2  SOrFTWARE-DEFINED NETWORKS (SDN)/NETWORK
FuncTioN VirTuALIZATION (NFV)

Software-defined networks (SDN) and network function virtualization (NFV) are
described as the essential foundations that enable the wide variety of key perfor-
mance indicators (KPIs) for the new 5G use cases in a cost-effective manner by
the 5G Infrastructure Public Private Partnership (SGPP20). SDN research focuses
on both autonomous network administration and the optimization of traffic man-
agement to meet the demanding requirements of next-generation networks. SDN
offers the network’s flexibility to change via a centralized network control system,
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a network architecture that does away with the vertical integration seen in conven-
tional networks. Load balancing, multi-path routing, dynamic real-time automated
network management, quality management of service routes, and automatic repair of
faulty routes are all included in this network [25].

11.5.3  MM-WAVE TRANSMISSION

A benefit of an mm-wave system operating generally at above 20 GHz is that it can
provide Gbps-level transmission. This is accomplished, nevertheless, at the cost of
significant path loss and sensitivity to obstacles. Beamforming based on high-gain
beams may be used as a viable treatment to reduce the path loss [20].

11.5.4 TerA Her1z (THZ) TRANSMISSION

The carrier frequencies of the THz band have even larger bandwidth than the mm-
wave spectrum. They range from 0.3-3THz; as a result, they will be able to accom-
modate terabits per second (Tbps) transmission rates. However, because of intense
molecular absorption, this spectrum has a substantially larger path loss than mm-
wave carriers. Accurate channel models for THz communications must be estab-
lished in order to develop effective wireless communication systems in the THz
range. THz channel modelling must take into account a number of distinctive char-
acteristics that are not present in lower-frequency channels, such as the mutual cou-
pling effect and the very frequency-selective path loss [26].

11.6  NEW MULTIUSER TRANSMISSION SCHEMES
11.6.1 3D BEAMFORMING

This idea comes from sectorized antennas that employ advanced beamforming
methods and antenna layouts to serve customers who are travelling at various
angles. The use of high-gain beamforming is essential because mm-wave carriers
have severe path loss. Even more essential is high-gain beamforming for THz car-
riers that use pencil beams [26].

11.6.2 NON-ORTHOGONAL MuLtipLE Access (NOMA)

In contrast to OMA, NOMA makes use of a resource block to serve numerous users
at once by using the power domain dimension. In some resource domains, the trans-
mitter will multiplex a number of desirable signals into a single resource slot, while
the receiver uses successive interference cancellation (SIC) to reduce the interfer-
ence brought on by signals from other users. In the most popular power-domain
NOMA, two or more users’ signals are superimposed at a particular power, and SIC
is used to identify the strongest signal while classifying the weaker signals as inter-
ference. The weaker signal is then left behind after the remodulated signal has been
subtracted from the aggregate signal. Code-domain NOMA also employs similar
SIC-assisted techniques [13, 27].
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11.6.3 FuLL DupLex (FD)

Using this technique, uplink and downlink transmission can happen at the same fre-
quency and at the same time window. However, a fundamental problem that necessi-
tates sophisticated interference avoidance approaches is the interference between the
high broadcast power and the low received power. There is a chance for full duplex
(FD) solutions to boost spectrum efficiency by using mm-wave/THz MU-MIMO
beamforming in both terrestrial and aerial networks with the advent of the new 6G
architectures and technologies.

11.6.4 CoOORDINATED MuLTI-POINT (COMP)

A number of base stations can transmit at once to a single receiver using this
approach. Additionally, as an advantage of mm-wave/THz beamforming, ultra-
massive MIMO (UM-MIMO) CoMP has the capacity to increase network through-
put. There are major synchronization issues that prevent a wide-scale CoMP rollout
since the receiver can only be fully synced with a single base station [27].

11.6.5 RECONFIGURABLE INTELLIGENT SURFACES (RISs)

Reconfigurable intelligent surfaces (RISs) are potential methods for increasing data
speeds, expanding the service area, and consuming less energy. Numerous metama-
terial components make up the RIS, which can reflect incoming waves and change
their phases without the need for sophisticated signal processing. It will work well to
use RIS, which will be mounted on building doors and windows to reflect received
signal without interference [28].

Figure 11.4, demonstrates the multi-user, co-ordinated network of 6G.

11.6.6  NExT-GENERATION PACKET CORE NETWORKS

The serving gateways (SGWs), home subscriber server (HSS) units, mobility “man-
agement entity (MME), and other specialized hardware and software make up the
traditional mobile core network. Although the typical core network has distinct
control and data connection levels, the switch and router should nonetheless handle
packets between these two tiers simultaneously. Given the rapid development of
SDN and NFV, the mobile core network is the natural foundation for accommodat-
ing the control and data link layers, which give rise to the possible study issue of the
so-called virtualized evolving packet core.

11.6.7 NExT-GENERATION MOBILE NETWORK ARCHITECTURE

SDN and NFV have made it possible for next-generation mobile networks to be
designed and managed with a high degree of flexibility, intelligence, and auto-
mation, including cutting-edge mobile cloud and edge computing. A significant
difficulty is adaptively assigning computer resources to the cloud and edge. Fog
computing and mobile edge computing (MEC) are both significant next-generation
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network designs that have the ability to reduce service latency and increase spec-
tral efficiency and QoS.

11.6.8 1oT AccEess AND SENSING

IoT is a network made up of physical things or their associated hardware and software
that gather data from various networks made up of heterogeneous sensor devices and
controllers. Just a few instances of how various IoT networks necessitate diverse
kinds of sensors and transmission states, are the Internet of Everything (IoE), the
network of personal wearables, industrial IoT (IIoT), intelligent home services, and
even the underwater internet. Modern IoT applications that demand mobility, such as
smart cities, health care, smart cars, hospitals, and post-emergency networks, have
already adopted a broad variety of data collecting devices [29].

11.6.9 VEHICULAR NETWORKS

The growing need for high-performance Internet of Vehicles (IoV) services is a dis-
tinctive IoT application case that is fueling major research. One of the largest chal-
lenges comes from connected autonomous vehicles (CAVs), which rely on integrated
sensing, control, and communications. The IoT devices and sensors are carried by
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the vehicles in order to recognize and track objects like people, other automobiles,
and traffic signals. Additionally, monitoring the flow of traffic on the roads is crucial.
V2X also facilitates wireless data transfer between moving objects and other linked
devices [30].

11.7  WIRELESS SENSING AND POSITIONING

11.7.1 OuTDOOR ENVIRONMENT POSITIONING

The global positioning system (GPS) is the most used outdoor positioning system;
however, due to its significant signal loss, it has a low location accuracy and a small
area of coverage. Its flaws might be improved by using the signals obtained from cel-
lular base stations, such as for the position monitoring of automobiles and unmanned
aerial vehicles (UAVs). We are able to create appealing outdoor apps that revolve on
local sites of interest by relying on advanced Al algorithms.

11.7.2 INDOOR ENVIRONMENT POSITIONING

Due to the limited inside range of the existing GPS system, indoor location sys-
tems generally rely on Wi-Fi signal strength evaluations and “fingerprinting” of
pre-recorded RF maps. However, the dependability of wireless signals and the time-
consuming development of large databases have a significant impact on the accuracy
of fingerprint-based indoor locating technologies. The use of spatial skeleton data-
bases made from indoor map data may help this investigation [32].

11.7.3 INDOOR WIRELESS DETECTION

The application scenarios for smart homes, green buildings, factory production, and
healthcare will all benefit greatly from the quick development of device-free indoor
positioning. These advanced detection methods for pedestrian route tracking, pres-
ence recognition, motion detection, and vitality detection will also find novel appli-
cations [32-34].

11.7.4 Deep LEARNING IN 6G NETWORKS

Al-enabled reinforcement learning, supervised learning, unsupervised learning,
and deep learning have all become more popular techniques for resolving chal-
lenging networking and communications issues. The control of radio interference,
resource assignment, optimization of numerous parameters, prediction of network
traffic, allocation of computing resources, and flexible network function setup
are more detailed examples. In supervised learning, a deep layered neural net-
work (NN) is made up of fixed-size inputs and ground truth labels. Unsupervised
learning, which makes use of the correlation between dataset samples, does not,
however, need labeling. An agent will interact with the environment during rein-
forcement learning, and the model will be updated depending on the associated
rewards.
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11.8 CONCLUSION

The need for a 6G network is emphasized in this chapter since 5G is unable to meet
the complex and demanding criteria of the next applications. The prospective 6G
major technologies, which comprise both innovative and more advanced technology,
are thus the main emphasis. In comparison to 5G, the disruptive technologies under
discussion would significantly alter the physical layer of mobile communication net-
works. As we transition into the next generation of mobile networks, 5SG represents
a crucial inflection point, where sophisticated machine-to-machin” and machine-
to-human interactions are expected to fundamentally alter how we live and work.
Numerous elements are currently being researched scientifically. But they do in fact
demonstrate a country’s level of scientific and technological advancements. For the
advanced technologies to be practical in engineering, further physical layer research
and development must be done. In 10 years (2030), the 6G network will support
more than 1,000 wireless nodes per person, deliver terabit rates per second, and offer
immediate holographic connectivity wherever you are. In a millisecond-connected,
completely data-driven world, people and things will be globally connected in the
future.
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12 Task Prediction and
Optimal Offloading
Decisions for Fog
Computing Cloud
Network

Dheeraj Kumar Sharma and Niraj Pratap Singh

12.1 INTRODUCTION

With the increasingly widespread use of digital devices such as smart mobiles, wear-
able technology, and automobiles that are empowered with different sensors, internet
of things (IoT') networks, and mobile cloud computing networks, in which informa-
tion is shared between linked products and systems, including such home automa-
tion, sustainable grid and smart manufacturing have gotten a lot of attention [1, 2].
Because of its flexible and efficient processing resources, cloud computing has also
been used to process tasks from devices, notwithstanding the complexity and diver-
sity of services [3]. On the other hand, the cloud servers at a distant location usually
result in excessive latency and demand a lot of network capacity for the network
infrastructure. In the past few years, the explosive increase of computation-intensive
and delay-sensitive applications, such as multiplayer gaming, image or signal sensing,
wearables, and real-time translators, has positioned mass data workload on mobile
edge computing resources (MECs). Because of the constraints of mobile devices
of processing, battery capacity, and storage, there is a growing trend to offload or
move computer-intensive tasks to area networking computing systems. This method
is known as computation offloading [4, 5]. It saves energy by reducing the energy
consumed for storage and processing, resulting in longer battery life.

The cloud-based network topology may offer powerful processing capabilities
without requiring terminal nodes to do their duties locally. Nonetheless, as the
number of terminal nodes grows exponentially, including smartphones and tablets,
autonomous cars, smart home appliances, and so on, vast amounts of data must be
handled quickly [6-8]. This places a significant load on the cloud server’s transmis-
sion connection, and the vast distance between the current node and the mobile cloud
server causes unsatisfactory task processing delays, inadequate mobility support,
and security concerns. As shown in Figure 12.1, a large number of fog nodes are pro-
jected to be distributed throughout the system in the future 5G system. Computation
relayed networking and control with other services may be freely installed on such
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ubiquitous nodes, resulting in a user-centric network that can ultimately serve all
types of cloud server requirements. As depicted in Figure 12.1, the fog nodes are
used to process the offloaded tasks from IoT devices. This fog computing (FC)-based
task offloading system might have superior delayed performance [9] by using numer-
ous neighboring fog nodes surrounding the terminal node. Figure 12.1 depicts the
architecture of fog-enabled task offloading network.

In an FC network, however, the portion of the fog nodes might be dedicated local-
ized servers with powerful processing capabilities and high power consumption [10].
Task offloading schemes might prioritize task delays, or overall energy usage might
place undue strain on the fog nodes closest to the terminal node. Given the diverse
computing capabilities and long-term viability of fog nodes, achieving fair energy
usage among fog nodes is critical for achieving excellent network performance [11].
The choice to offload a wireless device’s computational tasks to MEC servers is con-
sidered very carefully. If computing tasks are vigorously offloaded to the fog-cloud
server, the uplink communication networks will become severely congested, result-
ing in a significant delay in completing computer tasks [12]. As a result, in order
to maximize the benefits of computation offloading, this study maintains a close
check on the fairness of the nodes in the network to whom the computational tasks
are offloaded. Each fog node’s performance indices, which include task delays and
energy usage with response time, are calculated [13].

The main contribution of the chapter includes

a. The presentation of an optimization-based algorithm, termed as long short-
term memory—grey wolf optimization (LSTM-GWO), for task predicting
and optimum offloading.

b. The first known implementation of an LSTM-GWO algorithm for task pre-
diction and optimum offloading as per the literature survey.
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¢. In comparison to the ACO and PSO algorithms, the suggested LSTM-GWO
offloading method maintains reduced average response time. LSTM-GWO
average response time ranged from 3—6 seconds but ACO and PSO’s reac-
tion times increased from 79-100 seconds as the number of nodes increased
from 0-2000.

d. The suggested LSTM-GWO method is faster than the PSO and ACO algo-
rithms in terms of convergence. The optimal value is attained after iteration
number is 60.

e. The suggested LSTM-GWO task offloading algorithm obtains increased
load imbalance standard deviation as compared to ACO and PSO
algorithms.

f. In the proposed method, as the number of fog nodes increases while main-
taining the same parameter settings, the suggested LSTM-GWO algorithm
retains fewer values in account of degree of inequality (DI), indicating that
the proposed technique efficiently balances the workload across the fog
nodes.

12.2 LITERATURE REVIEW

This section includes the related works of different algorithms used for task offload-
ing and optimal offloading decision.

X. Chen et al. [14] proposed a combination strategy to enhance allocation of
resources and task-offloading for augmented reality (AR) technologies is presented
in either a single or multi-MEC system to minimize energy utilization. It contains a
quantitative simulating model for the convergence features, incentives, and energy
usage, illustrating how the proposed solution surpasses the competition in terms of
customer energy usage. The typical user energy usage of the multi-MEC method is
71.0 percent lower than those of the single-based MEC algorithm.

Singh et al. [15] studied the challenges of energy-effective task offloading for
IoT systems. The authors proposed an efficient task allocating across localized
connected devices, edge servers, and the cloud in task to reduce energy usage
and end-to-end latencies. FC is quickly becoming a popular option. It consists of
moving data processing tasks to the network’s edge. FC, on the other hand, has its
own set of obstacles that must be solved in order to create efficient and success-
ful solutions. The energy-efficient task offloading method (EETOS) is then used
to address the issue, which is based on the Levy-flight moth flame optimizing
(LMFO) strategy. In comparison to previous algorithms, EETOS decreases energy
usage.

For small-cell networks, L. Yang et al. [16] provided a distributive computational
offloading approach that is combined with MEC. The potential game-based offload-
ing algorithm (PGOA) was created as a consequence in order to acquire a Nash
Equilibrium (NE) with restricted updates. In addition, they evaluated the PGOA’s
shortest iteration durations to get the worst-case performance and the efficiency
ratio measurements to quantify the offered approach’s computational efficiency.
Furthermore, simulation findings show that the PGOA could not only minimize
offloading latency and also optimize overhead effectiveness while enabling each



210 5G and Beyond Wireless Networks

mobile device (MD) to pursue its own objectives when contrasted to specific other
contemporary computing approaches. The findings show that the PGOA approach
can save up to 11 percent of the time.

Muhammad et al. [17] suggested middleware in FC because it delivers edge
and FC services, as well as the ability to entertain delay-sensitive activities suc-
cessfully. The issue occurs when a choice must be made about what should be
offloaded, computed, or implemented and how to perform offloading. The sug-
gested logistical regression framework achieves 86.01 percent accuracy when
contrasted with different techniques, demonstrating the validity of the proposed
model and trust in the predicted task-offloading strategy by ensuring continuous
manner and dependability.

Z. Cao et al. [18] investigated the problem of multichannel availability and task
offloading in the MEC-enabled Industrial-Revolution-4.0 and explained it from the
perspective of a multi-agent system. To address this issue, a novel deep-reinforcement
technique approach was suggested. Edge devices (EDs) may communicate with one
another, which reduces computation time and improves channel allocating success
rates. Simulation studies reveal that the proposed technique may reduce calculation
latencies by 33.30 percent.

Nguyen et al. [19] proposed reinforcement learning (RL)-based algorithms, which
enable mobile users (Mus) to find the best offloading options. Experimentation and
modeling data showed that the suggested RL-based offload techniques considerably
increase safety and confidentiality, enhance sustainability, and decrease computa-
tion latency with negligible offload costs compared to the benchmark offload sys-
tems. The quantitative findings show that the DRL-based task offloading (DRLO)
approach outperforms existing baseline methods in terms of improving offload
cost efficiency in multi-user scenarios. Offloading costs for the DRLOs are lower
than other techniques. The efficiency of the DRLO-based information task offload
approach is shown by these results.

Y. Kyung et al. [20] proposed an analytical framework for the opportunistic
type of offloading likelihood, in which the task may be offloaded to the opportu-
nistic fog nodes (OFN). The analytic model is validated, and the effectiveness of
the opportunistic offload probabilities is shown using extensive simulation data.
Offloading of computing workloads to the fog node, which is co-located with the
base station (BS), is possible in the FC architecture. However, since IoT systems
inside the BS’s coverage area might offload a large number of activities at a time,
the FN can become used, causing scalability concerns owing to limited processing
capabilities.

Sun, Ming et al. [21] proposed application-driven task offloading strategy
(ATOS), a novel deep reinforcement learning (DRL)-based task offloading tech-
nique that involves an initial screening phase. Examine the features of DRL-
based tasks and suggest the preliminary sorting mechanism (PSM) heuristic
approach for finding the processing order of concurrent sub-tasks. Several experi-
ments were also undertaken to test ATOS’s convergence and efficiency. When
compared to conventional methods, ATOS might just save up to 64.50 percent on
total overhead costs.

The recent advances in task offloading are presented in Table 12.1.
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TABLE 12.1

Recent Advances in Task Offloading

References  Technique Result

[14] DL based Energy consumption is 71% lower.

Energy consumption varied from 0.024-0.02.

[15] Levy-flight moth flame Lower energy usage by 22.0, 25.0, and 29.0%.
optimization (LMFO)

[16] Distributed computation 11% reduction in saving delays.
offloading strategy

[17] Logistics Regression based Logistic regression model acquiring 86% accuracy.
offloading scheme

[18] DL based task offloading Improvement in latency by 33.38%.

[19] Reinforcement learning (RL)  Offloading costs for the DRLOs decreased 18.70%,

57.0%, and 64.0%.

[20] Hybrid offloading (HO) HO accounts for 73.0% of energy optimization.

[21] Application-driven task Optimization rates are increasing by 78.30% on average
offloading

12.3 METHODOLOGY

In this section, discussion on system model of FC and local computing is done. It
also contains problem formulation, task prediction model, and optimal offloading
decision.

12.3.1  SysTEM MODEL

In the present work, we assume a multi-edge or multi-fog system with one cloud
server, one wireless access point (AP), and N wireless devices, represented with
the set N = {1, 2..., n} in Figure 12.1. A fiber optics cable connects the access point
and the fog server, and the transmission delay/response time may be disregarded. A
number of tasks are allotted to each wireless device. It is supposed that every wire-
less device has M independent tasks, signified with a set T = {1, 2..., t}, without los-
ing generality. These tasks should be completed locally or forwarded to fog server
via AP. The workload of user n’s t'h task is signified by D, ,. Every task ‘t’ of ‘n’ is
decided using deep learning approach to whether it is offloaded or executed locally,
and this condition is represented as binary decision D, , € {0, 1}. If it is offloaded,
then D, ,is 1 otherwise, 0. The thorough operation shows the fundamental processes
of FC as well as local computing given below.

12.3.2 Foc COMPUTING

When a task is offloaded to the cloud server, D, , is sent to the AP over wireless links,
where it is transmitted and analyzed. Since the information amount of feedback is
minimal in general, we ignore the energy usage and latency during fog server and
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communicates computed results back to a wireless device. The energy used by wire-
less devices for transferring their workload to the fog server is denoted by E, ,, while
the cost of energy for information processing at the fog server is modeled as a linear
combination of workload D, , and it is represented mathematically as

n,t,

E% =E_ +oD,, 12.1

where, a = weight of energy utilization.

The total energy is evaluated by adding the energy cost for sending tasks by wire-
less devices and the processing cost at the fog server. While offloading task, there
exists some delay/response time, and it is mathematically evaluated as

Dl — % , (12.2)

n

where, b, = bandwidth allotted to user ‘n’.
Further, processing delay/response time at the fog server is calculated mathemati-
cally as

D = P (12.3)

Jr

where, f, = processing rate at fog server.
Then, the overall delay/response time is calculated as

T
Ty =y TDj + TDJ". (12.4)

t=1

We consider that fog server could only initiate processing user n’s t task after
fog received task completely and the fog server might only start redirect data output
when full task t is finished.

12.3.3 LocaL COMPUTING

Furthermore, we simulate situation such that user selects to complete task locally.
We utilize E, to represent the user n’s local energy usage per data bit. As a result, the
energy usage of user n for doing task ‘t’ locally is represented by

E = D, E;. (12.5)

Meanwhile, the localized processed time/data bit for user 7 is denoted as 7",

As a consequence, the total processing time required for user n to complete task
tis

T;fy()cul — Dm TI()L’H] . (126)
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As a result of user n’s offloading choice D,,, total time it takes for users n to com-
plete their activities locally is provided by

T
T =Y T (1-0,,). 127
=1

12.3.4 PRrROBLEM FORMULATION

The main issue in task offloading is that total delay/response time can be repre-
sented as a system characteristic as S {d, o, b}, which is collectively weighted as the
energy consumption and delay/response time characteristics. Mathematically, this
constraint is represented as

N
Sldob}= Y (T B 20, )+ Brmax (1 1), 28)

n=1

where,d={D, Ine N,te T},o={o,Ine N,teT},b={b,Ine N} and =
weight of energy consumption and task completion. Then, multi-objective optimiza-
tion is used to minimize the system characteristic as S_{d, o, b} that is formulated to
each user n’s offloading decisions, o,, and the bandwidth allocations b,. For user n’s
task transmission, that is mathematically represented as

fun{x}= minimize (S{d,o,b})

Subject to an <B

n=l (12.9)
b, >20,VneN

o, €{0,1}

The constraint tells that overall uplink bandwidth allotment for every user is less
than C. b, can be 0 or 1. For 0,;, 0 or 1 is provided.

12.4 TASK PREDICTION MODEL AND OPTIMAL
OFFLOADING DECISION

12.4.1 Task PrebicTioN MODEL

After task creation, a decision procedure is necessary for computationally offloading
technologies, and there’ll be a time delay/response time between task generation and
offloading choice. Even though task creation is a dynamically made and unpredict-
able process, given the work’s long-term characteristics, this will have a significant
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relationship with time. As a result, we could forecast the tasks which will be created
within the next networking timestamp of devices depending on their history, as well
as load of the service packages ahead of time before the actual tasks arrive (e.g.,
allocating the most appropriate computational nodes prior with the decision model).
For example, insert D,, as the input data into the trained long short-term memory
(LSTM) estimation method to forecast a subsequent time slot task information ¢ for
every node n with task data D,,. As a result, the predictor model’s optimizing target
is minimize S {d ,o,b}. In an actual case, as illustrated in Figure 12.2, we may use the
prediction system to anticipate the data for a future task, make a choice, and allocate
computing resources again for the task. If the difference between both the actual
task and the scheduled task is within the acceptable threshold, whenever the real task
comes, the task is immediately offloaded and calculated using the allocated decision
data. Alternatively, the decision process is used to make the offloading choice, and
the novel task’s data is contributed to the historical information as a training set. The
weights and biases for every gate in the LSTM network are changed during training
to increase the prediction model’s accuracy. Figure 12.2 shows the task prediction
flowchart.

Whenever the server’s load is not addressed in a fog-cloud computing system,
incorrect offloading choices might result in load imbalance. The server’s monitor
keeps track of system real-time performance parameters. Considering input data, we
use the optimization model to balance the server load distribution.

Train the (Long short-term T
memory) LSTM predictive
Model

:

Add task information to training samples

l 7y

Predict the next task

information Making Follow the decision to offloading
Decisions
/ \ Put new task information into the decision
( The Error is within the threshold ) il model to making decision

.

FIGURE 12.2 Flowchart of task prediction.
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12.4.2 Op1miIMAL OFFLOADING DEcCISION

The grey wolf optimization algorithm optimizes the grey wolf population by com-
putationally replicating the monitoring, encircling, chasing, and attacking processes.
The three phases of the GW hunting process include hierarchical social structuring,
surrounding the prey, and attacking the prey.

Social structure grey wolves are top-of-the-food-chain social canids with a closed
system of social authority. The best solution is denoted by the «; the second-best
solution is represented by the f3; the third-best solution is indicated by the J, and the
other solutions are denoted by the . Its social hierarchy is dominating.

Surrounding the prey during the hunting, grey wolves surround their prey; the
following formula is used to represent encircling behavior quantitatively.

X(t+1)=X, () - A- | C:X, (1) =X (1),

A=2arn—a
C=2r1 (12.10)
a=2-2— Y

max _ iter

where X is the grey wolf’s position vector, Xp is the prey’s positioning vector, t is
the current iteration, A and C are coefficient vectors, rl and r2 are random vectors in
[0, 1]™, and is the distance control parameter, and its value reduces linearly from
2 to 0 over iterations, and Max,, is the highest iterations.

Attacking the prey: Grey wolves have the capacity to determine the locations of
probable prey, and the hunt is guided mainly by a, 5,  wolves. The best three wolves
(a, B, 6) in the present group are kept within every iteration, while the locations of
other search agents are modified based on their position data.

In this context, the simultaneous equations are presented.

X, =X, — A X, — X
X, =Xp— Ayl
CyXp—X| (12.11)
X5 =X;5-As|C3 X5 - X
X1(t) + X2(t) + X3(t)

X(t+1)= 3

The position vectors of a, f, and 8, and wolves, respectively, are X, X, and X;
according to the above equation; the computations of Al, A2, and A3 are identical
to A; and the computations of C1, C2, and C3 are identical to C. D, =C;X X, D=
C, XX, Ds = C3-X5—X shows the distance between the three best wolves and the
candidate wolves. Figure 12.3 shows that the candidate solution eventually falls
inside the randomized circle described by a, f, and 6. The remaining contenders
then modify their locations near the prey at random, guided by the best current
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FIGURE 12.3  Average response time comparison with total number of nodes.

three wolves. They begin by searching for prey location information in a disorga-
nized manner before focusing on assaulting the target.

12.5 RESULTS AND DISCUSSIONS

The proposed technique is built in MATLAB R-2020a to evaluate its effectiveness.
The simulations were run on a PC with an Intel i5, 3.7GHz processor, and 8 GB of
RAM. The tests are carried out to assess the suggested LSTM-GWO task offload-
ing method in terms of many evaluation measures, including average delay/response
time (RT), load degree of imbalance, and load imbalance standard deviation (SD).
The degree of inequality, which is derived using the equation below, depicts the
imbalance between the accessible fog nodes:

_ Max(Rj) Min(R)) =123 Nodes. (12.12)

DI
Raverage

The standard deviation of offloaded task response times is being used to assess
the load distribution across fog nodes, with a lower value indicating more balanced
nodes, and is computed utilizing the formula below:

R, 2
SD = M (12.13)
' Nmodes

Figure 12.3 compares the suggested LSTM-GWO with PSO and ACO offloading
techniques with the variable total number of nodes and displays average response
times of offloaded tasks. In this case, when the number of tasks is expanded by
adding additional sensors, the overall response time increases. In comparison to
the ACO and PSO algorithms, the suggested LSTM-GWO offloading method
maintains reduced average response times. LSTM-GWO average response time
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FIGURE 12.4 Energy consumption vs. iterations.

ranged from 3—6 seconds, as seen in the graph, but ACO and PSO’s reaction times
increased from 79-100 seconds as the number of nodes increased from 0-2000.

Figure 12.4 depicts the energy consumption as a function of iterations. The graph
clearly shows that the method converges in a short number of iterations. Every iter-
ation’s energy consumption, measured in joules, is noted. The suggested LSTM-
GWO method is faster than the PSO and ACO algorithms in terms of convergence:
the optimal value is attained after iteration number 60. In comparison to the ACO
and PSO algorithms, this finding indicated that the suggested LSTM-GWO algo-
rithm investigated the search space and found an optimal value with an acceptable
level of energy consumption.

Figure 12.5 displays the SD with respect to the number of fog nodes. The standard
deviation of reaction times is the difference between the average response time and
the response times of all offloaded tasks. When compared to ACO algorithms, sug-
gested LSTM-GWO task offloading algorithm clearly increased SD.

Figure 12.6 depicts DI for the proposed LSTM-GWO with ACO and PSO algo-
rithms, as well as the proposed method, as the number of fog nodes increases while
maintaining the same parameter settings. The suggested LSTM-GWO algorithm
retains fewer values, as shown in Figure 12.4. This indicates that the proposed tech-
nique efficiently balances the workload across the fog nodes.

12.6 CONCLUSION

The present work proposed and validated the task prediction and optimal offloading
decision for FC cloud networks. Considering four evaluation parameters, average
response time, energy consumption, load imbalance degree, and load imbalance
SD as self-sufficient, adaptable, and knowledge-based sophisticated technologies
and smart systems are now being created. Emergency/crisis management, aviation,
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FIGURE 12.5 Standard deviation (SD) comparison with total number of nodes.

biotechnology, IoT, and mobile applications, to name a few, are revolutionizing the
computer industry. The existing architecture of the centralized cloud has become
unworkable due to workloads with a huge number of expanding devices. FC is
quickly gaining traction as a distributed software model for having cloud-like
applications close to end-users. It improves the computing capacities of network
nodes and IoT products by delivering cloud-like computation and storage capabili-
ties at reduced response times and energy consumption. FC also has the capacity
to provide nodes, context-aware, dependability, and scaling. FC has been used to
offload duties from apps offloading on end devices due to its many advantages.
This enables quicker application execution by using the fog node’s capabilities.

«—=LSTM-GWO
e ACO [6]
PSO [6]

250 500 750 1000 1250 1500 1750 2000
Total Number of Nodes

FIGURE 12.6 Degree of inequality (DI) comparison with total number of nodes.
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Due to the dynamic environment of FC and many QoS characteristics, depending
on the uses applied, the task offloading issue in FC is hard. The suggested method
was simulated, and the results consist of parameters such as average response
time, energy consumption, DI, and SD. The experimental results show that the
proposed task prediction and optimal offloading decision algorithm provides a sig-
nificant improvement in response times and effectively balances the tasks over the
fog nodes. A formal model of task offloading on the fog nodes is provided. The
LSTM-GWO task offloading algorithm clearly increased the standard deviation
when compared to the specified algorithms. The DI for the proposed LSTM-GWO
as compared to ACO and PSO algorithms retains fewer values as well.
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13 Balancing Innovation
and Regulation

Navigating the Legal
Frameworks of 5G
Technology for Responsible
and Sustainable Deployment

Rebant Juyal

13.1 INTRODUCTION

The advent of 5G technology has been hailed as a game-changer and a significant
milestone in telecommunications. With faster speeds, lower latency, and greater con-
nectivity, 5G promises to revolutionize the way we live, work, and interact with each
other. It is expected to support a range of emerging technologies, such as autonomous
vehicles, smart cities, and the Internet of Things (IoT), making them more efficient
and effective. However, deploying 5G technology also raises important legal issues
and concerns that need to be addressed. The importance of laws governing 5G tech-
nology cannot be overstated, as they play a crucial role in ensuring technology’s safe
and responsible deployment [1-3].

The legal framework provides the necessary guidelines, regulations, and stan-
dards to govern the use of 5G technology, safeguarding the interests of users, busi-
nesses, and the public [4]. The significance of laws governing 5G technology lies in
their ability to address various legal issues like data privacy and security concerns,
liability in case of accidents or failures, intellectual property rights and licensing
issues, environmental concerns, and competition law issues. Without proper legal
guidelines, deploying 5G technology could lead to various legal and ethical issues
that could impact its adoption and growth. The legal framework governing 5G tech-
nology is also essential for ensuring a level playing field for all stakeholders [5].
Regulations and guidelines are necessary to prevent anti-competitive behavior, pro-
tect intellectual property rights, and ensure fair and equitable access to 5G networks
and services. It is also critical to ensure that the deployment of 5G technology is
consistent with social and environmental values [6].

The deployment of 5G technology has led to a new set of legal and regulatory
issues that need to be addressed. The legal framework of 5G technology is complex,
involving national and international laws and regulations, and the role of governments
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in regulating the deployment and operation of 5G networks is crucial. This article
will provide an overview of the laws governing 5G technology, the role of govern-
ments in regulating it, and the legal issues that may arise from its deployment [7].

13.2 OVERVIEW OF 5G TECHNOLOGY

5G technology is the latest and most advanced mobile network technology by con-
temporary standards. It represents a significant upgrade from its predecessor, 4G
technology, and offers faster download and upload speeds, lower latency, and higher
bandwidth. 5G is designed to support diverse applications and use cases, from smart-
phones to IoT, and mission-critical communication systems. One of the most signifi-
cant advantages of 5G technology is its speed. 5G networks can deliver peak download
speeds of up to 20 gigabits per second (Gbps), approximately 100 times faster than
4G. This means that users can download large files, stream high-quality video, and
perform other data-intensive tasks more quickly and efficiently than ever before [§-9].

Another key feature of 5G technology is its low latency. Latency refers to the time
it takes for data to travel between a device and the network. 5G networks can deliver
latency as low as 1 millisecond (ms), which is significantly faster than the 50 ms
latency offered by 4G. This reduced latency is significant for applications that require
real-time communication, such as remote surgery, self-driving cars, and virtual real-
ity gaming. 5G technology also offers increased bandwidth, which means that more
devices can connect to the network simultaneously without experiencing a decrease
in speed or performance. This is particularly important for the IoT, which requires a
large number of devices to be connected to the network at the same time [10].

5G technology is also designed to be more efficient than 4G, which means it uses
less energy to transmit data. This feature is essential for several reasons, includ-
ing reducing mobile networks’ environmental impact and increasing mobile device
battery life. Overall, 5G technology represents a significant step forward in mobile
network technology, offering faster speeds, lower latency, and higher bandwidth than
its predecessor. It can potentially revolutionize a wide range of industries and appli-
cations, from healthcare to transportation to entertainment, and is poised to become
the backbone of the digital economy [11].

13.3 EXPLANATION OF 5G TECHNOLOGY AND ITS FEATURES

5G technology is the fifth generation of wireless technology designed to enhance
mobile networks’ speed, reliability, and connectivity. Unlike its predecessors,
5G technology uses higher frequency bands, including the millimeter-wave (mm-
wave) spectrum, allowing faster data transmission rates, lower latency, and greater
capacity. One of the main features of 5G technology is its speed. With speeds up to
100 times faster than 4G, 5G technology allows for ultra-fast downloads and uploads,
making it ideal for streaming high-definition content, virtual and augmented reality
applications, and online gaming [12].

Low latency also stands as another central feature of 5G technology. Latency
refers to the time it takes for data to travel from the sender to the receiver. With
5G technology, latency is reduced to less than 1 ms, so there is almost no delay in
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transmitting data, enabling real-time communication and interaction. 5G technol-
ogy also has greater capacity than its predecessors. With more bandwidth, 5G net-
works can support a more significant number of devices, making it possible for many
devices to connect to the network simultaneously without compromising the speed
or quality of onection. 5G technology additionally enables network slicing, allowing
service providers to divide their networks into smaller, virtual ones. Each network
slice can be customized to meet the specific needs of different applications, allowing
for greater flexibility and efficiency [13].

13.3.1 ComprarisoN ofF 5G wiTH Previous TECHNOLOGIES

5G technology offers substantial advantages over previous technologies, including
faster speeds, lower latency, greater capacity, and enhanced reliability [14]. Compared
to its predecessors, the following advantages can be postulated of 5G technology:

» Faster speeds: 5G technology can deliver speeds up to 100 times faster than
4G, enabling faster downloads and uploads.

* Lower latency: With 5G technology, latency is reduced to less than 1 ms,
enabling real-time communication and interaction.

* Greater capacity: 5G networks have greater bandwidth and can support a
larger number of devices, making it possible for many devices to connect
to the network simultaneously without compromising the speed or quality
of the connection.

* Enhanced reliability: 5G technology uses advanced technologies such as
beamforming and network slicing to enhance the reliability and perfor-
mance of the network.

* Support for emerging technologies: 5G technology is designed to support
emerging technologies such as autonomous vehicles, IoT, and smart cities,
enabling them to operate more efficiently and effectively.

13.3.2  AppLICATION AND BENEFITS OF 5G TECHNOLOGY

5G technology benefits a wide range of industries and applications, enabling the
development of new and innovative technologies having the potential to improve
human lives and enhance ability to communicate and interact within the society. Its
potential features make it ideal for emerging technologies like

* IoT: 5G technology is designed to support a massive number of connected
devices, making it ideal for IoT applications such as smart homes, smart
cities, and industrial automation.

* Autonomous vehicles: The low latency and high reliability of 5G technol-
ogy make it an ideal platform for autonomous vehicles, enabling real-time
communication between vehicles and infrastructure.

* Healthcare: 5G technology can improve access to healthcare services,
including telemedicine and remote patient monitoring, by enabling real-
time communication between patients and healthcare providers.
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* Entertainment: The high speed and capacity of 5G technology make it ideal
for streaming high-definition content, virtual and augmented reality appli-
cations, and online gaming.

* Manufacturing: 5G technology can enhance the efficiency and productivity
of manufacturing processes by enabling real-time communication between
machines and devices.

13.4 LAWS GOVERNING 5G TECHNOLOGY

Several national and international laws and regulations govern the deployment and
operation of 5G technology. Some of the key laws and regulations include

* International Telecommunication Union (ITU) regulations: The ITU is a
specialized agency of the United Nations that sets international standards
for telecommunications. The ITU has developed standards for 5G technol-
ogy, including technical specifications for 5G networks and devices.

* National telecommunications laws: Each country has its own laws and
regulations governing telecommunications. These laws address spectrum
allocation, licensing, and network infrastructure issues.

* Data protection laws: The deployment of 5G technology involves collect-
ing, processing, and storing large amounts of data. Data protection laws
regulate how this data is collected, processed, and stored.

* Environmental laws: The deployment of 5G networks requires the installa-
tion of new infrastructure, such as antennas and base stations. Environmental
laws regulate the installation of this infrastructure, including issues such as
land use and radiation emissions.

13.4.1 RoLe oF GOVERNMENT IN REGULATING 5G TeCHNOLOGY

The role of the government in regulating the deployment and operation of 5G tech-
nology is crucial. Governments are responsible for ensuring that the deployment of
5G networks is safe, secure, and reliable [15]. Some of the vital roles of governments
in regulating 5G technology include

e Spectrum allocation: Governments allocate spectrum for the operation
of 5G networks. This allocation is done through auctions or licensing
processes.

* Licensing: Governments issue licenses to network operators to operate 5G
networks. These licenses may include conditions such as coverage obliga-
tions and quality of service requirements.

* Security: Governments are responsible for ensuring the security of 5G net-
works. This includes ensuring that networks are protected from cyberat-
tacks and other security threats.

* Environmental protection: Governments are responsible for ensuring that
the deployment of 5G networks complies with environmental laws and
regulations.
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13.4.2 LeGAL Issues ARISING FROM THE DEPLOYMENT OF 5G TECHNOLOGY

As with any new technology, 5G raises a number of legal issues that need to be
addressed. Some of the key legal issues in 5G technology include data privacy and
security concerns, liability issues in case of accidents or failures, intellectual prop-
erty rights and licensing issues, environmental concerns and impact on health, and
competition law issues.

a. Data privacy and security concerns: 5G networks will generate large
amounts of data, which will be transmitted over the network and stored in
data centers. This data can include personal information, such as location
data, browsing history, and communication records. As such, there are con-
cerns around data privacy and security, and how this data will be protected
from unauthorized access or use. Consequently, ensuring due privacy of an
individual and security of the data remains a critical concern in the realms
of law and administration.

b. Liability issues in case of accidents or failures: As with any complex tech-
nology, there is a risk of accidents or failures in 5G networks. Further
deployment of 5G networks involves installation of new infrastructures
like antennas and base stations. Liability concerns may arise in case of any
failures. If infrastructure deployed for the technology on account of some
failure causes harm to individuals or property, that may patently lead to
liability issues for telecom companies or equipment manufacturers in such
cases.

c. Intellectual property rights and licensing issues: The development of 5G
technology involves a range of intellectual property rights, including patents,
trademarks, and copyrights. There are also licensing issues related to the use
of 5G technology, including the licensing of standard essential patents.

d. Environmental concerns and impact on health: There are concerns around
the environmental impact of 5G technology, including the energy consump-
tion of data centers and the use of rare earth metals in the production of
equipment. There are also concerns around the potential impact of 5G on
human health, although the scientific consensus is that there is no evidence
of harm from exposure to radiofrequency radiation from 5G networks.

e. Competition law issues in 5G technology: The development of 5G networks
will have significant implications for competition in the telecom industry.
There are concerns around the potential for dominant players to emerge
and stifle competition, as well as concerns around the potential for anti-
competitive behavior in the licensing of intellectual property rights.

5G technology is also governed by a set of laws and regulations. Some of the key
laws and regulations that apply in India include

a. Indian Telegraph Act, 1885: The Indian Telegraph Act, 1885 is a key piece
of legislation governing telecommunications in India. This act provides
for the establishment, maintenance, and operation of telecommunications
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networks and services in India. The act also provides for the allocation of
spectrum and licensing of telecommunications services.

b. Telecom Regulatory Authority of India (TRAI) regulations: The TRAI is
the regulator for the telecommunications industry in India. The TRAI
has issued regulations on a range of issues related to telecommunications,
including spectrum allocation, licensing, and quality of service.

c. Information Technology (IT) Act, 2000: The IT Act, 2000 is a key piece of
legislation governing the use of technology in India. The act provides for
the regulation of electronic communication, including data protection and
cybersecurity.

d. National Digital Communications Policy, 2018: The National Digital
Communications Policy, 2018 is a policy framework that sets out the gov-
ernment’s vision for the telecommunications sector in India. The policy
outlines a range of measures to promote the deployment and adoption of
digital technologies, including 5G.

The Indian government has also taken steps to regulate the deployment and
operation of 5G networks in the country. For example, the government has set up
a committee to study and recommend issues related to 5G deployment, including
spectrum allocation and network infrastructure. The government has also issued
guidelines on installing telecom infrastructure, including 5G infrastructure, to
ensure environmental laws and regulations compliance. Legal issues arising from
deploying 5G technology in India include data privacy, liability, health and safety,
and competition. For example, concerns have been raised about the potential impact
of 5G technology on public health, particularly concerning exposure to radiation
from the network infrastructure. Regulators and network operators must ensure that
the deployment of 5G networks in India is safe for the public.

13.5 JUDICIAL JUDGMENTS

There have been several judicial judgments in India related to the allocation and
pricing of spectrum for telecommunications services, including 5G. Some of the key
judgments are

a. 2G Spectrum Case: In 2012, the Supreme Court of India cancelled 122
2G spectrum licenses that had been granted by the government in 2008.
The court held that the government had not followed proper procedures for
allocation and pricing the spectrum, and that the allocation had resulted in
a loss of revenue for the government. The judgment had significant implica-
tions for the telecom industry in India, including the cancellation of licenses
of several telecom companies.

b. Airtel and Vodafone-Idea case: In 2020, the Supreme Court of India upheld
the government’s definition of adjusted gross revenue (AGR) for calculating
telecom companies’ license fees and spectrum usage charges. The court’s
decision had significant financial implications for telecom companies,
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including Bharti Airtel and Vodafone-Idea, who were required to pay bil-
lions of dollars in outstanding dues to the government.

c. Telecom Regulatory Authority of India v. Association of Unified Telecom
Service Providers of India: In 2015, the Supreme Court of India upheld
the TRAI’s powers to fix the reserve price for spectrum auctions. The
court held that the reserve price could be set based on market conditions
and that the TRAI was the appropriate body to determine the reserve
price. The judgment had significant implications for spectrum pricing and
allocation in India, as it affirmed the TRATI’s role in regulating the tele-
com industry.

d. Vodafone Idea Ltd. v. Union of India: In 2021, the Supreme Court of India
directed the government to consider granting a 10-year moratorium on pay-
ment of AGR-related dues by telecom companies. The court’s decision was
seen as a relief for telecom companies, including Vodafone-Idea, which
had been struggling to pay their outstanding dues to the government.

e. These judgments highlight the importance of proper procedures for alloca-
tion and pricing of spectrum for telecom services, including 5G. The judg-
ments also emphasize the role of regulatory bodies, such as the TRAI in
overseeing the telecom industry and setting policies and regulations for
spectrum allocation and pricing.

13.5.1 GroBAL PersSPECTIVES ON 5G TECHNOLOGY AND Law

The deployment of 5G technology is a global phenomenon; as such, laws and regu-
lations related to 5G vary significantly between different countries. While some
countries have taken a proactive approach to regulating 5G, others are still devel-
oping a legal framework for the technology. For example, in the United States,
the Federal Communications Commission (FCC) has been actively involved in
the development of 5G, including the allocation of spectrum and the regulation of
equipment manufacturers. The government has played a central role in developing
5G in China, with significant investments in research and development and deploy-
ing 5G networks.

Europe focuses on developing a common approach to regulating 5G, with the
European Union (EU) taking a lead role in coordinating regulations across member
states. The EU has also taken steps to address some critical legal issues related to 5G,
including data privacy and security concerns, through the General Data Protection
Regulation (GDPR). Despite these efforts, there are significant challenges in har-
monizing a global legal framework for 5G technology. One key challenge is the dif-
fering priorities and approaches of different countries. For example, some countries
priorities national security concerns, while others priorities data privacy or competi-
tion law concerns.

There are also challenges related to the pace of technological development, which
can make it difficult for regulators to keep up with changes in the industry. This
is particularly true in the case of 5G, which is evolving rapidly and is expected to
impact a range of industries significantly.
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International organizations, such as the International Telecommunication
Union (ITU) and the World Health Organization (WHO), play a crucial role in
regulating 5G technology. The ITU is responsible for coordinating global efforts
to allocate spectrum for 5G, which is a critical aspect of ensuring the successful
deployment of the technology. Spectrum allocation is necessary to ensure that dif-
ferent network providers can access the frequency bands to operate 5G networks
effectively. The ITU also develops technical standards related to 5G technology.
These standards are essential in ensuring that different components of the 5G eco-
system, such as network infrastructure and mobile devices, are interoperable and
can work seamlessly together. This is critical to the success of 5G, as it enables
users to access the benefits of the technology regardless of their location or service
provider.

In addition to spectrum allocation and technical standards, international orga-
nizations also play an essential role in addressing concerns related to the health
and safety implications of 5G technology. The WHO, for example, is responsible
for assessing the potential health risks associated with exposure to electromag-
netic fields, including those generated by 5G networks. The WHO’s International
EMF Project, a collaboration between WHO and ITU, developed guidelines for
the safe usage of wireless technologies. These guidelines are intended to help
governments, industry, and the public assess and manage potential health risks
associated with exposure to electromagnetic fields. International organizations
such as the ITU and the WHO provide collaboration and knowledge-sharing plat-
forms between countries and stakeholders. This is particularly important in the
case of 5G, a global technology expected to impact a range of industries and sec-
tors significantly.

The above analysis certifies that regulating 5G technology is a complex and mul-
tifaceted issue with significant implications for various stakeholders. While there
are challenges in harmonizing global regulations for the technology, it is clear that
a coordinated and collaborative approach is necessary to ensure that 5G is deployed
responsibly and sustainably.

13.6 CONCLUSION

The introduction of 5G networks is a significant milestone in the telecommunica-
tions industry, providing unprecedented speed, capacity, and connectivity to users.
5G networks are expected to power a range of innovative technologies, including
autonomous vehicles, smart cities, and IoT. However, the deployment and use of
5G networks also pose significant legal and regulatory challenges, including issues
related to spectrum allocation, privacy, security, and environmental impact. To
ensure the responsible and equitable deployment of 5G networks, legal frameworks
are necessary to regulate their development and use.

The exploratory research of the article certifies prevalence of critical legal issues
concerning the deployment of the 5G technology in the telecom sector of India.
While the Indian republic is a free market economy, yet the obligation of the states
in protection and preserving the rights and interests of Indian citizens including
business and others stands imperative. In this regard, instituting appropriate legal
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instruments to deal with challenges such as environmental and health concerns, data
privacy issues, liability concerns, among others. It is critical to address the legal
implications and challenges that come with the continued development and deploy-
ment of 5G technology. It is essential to adapt legal frameworks to keep pace with
technological advancements and ensure that the benefits of 5G technology are real-
ized in a responsible and sustainable manner. With the future outlook of 5G tech-
nology looking promising, there will be ongoing legal implications that need to be
addressed to mitigate any potential risks associated with it.

This chapter attempts to highlight the importance of finding a balance between
innovation and regulation in 5G technology. The analysis of the article provides a
strong inclination towards the idea that by addressing the legal implications and
challenges associated with 5G technology, the state can ensure that benefits of this
technology are realized while minimizing its potential risks.
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