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Abstract | Two of the most challenging goals for the fifth generation
(6G) and beyond communication systems are massive connectivity
and higher capacity. The use of traditional orthogonal multiple access
techniques limits the number of users that can be served using avail-
able resources due to orthogonality constraint. Moreover, the available
resources may not be utilized effectively by alloted users thereby result-
ing in inefficiency and user unfairness. This imposes a severe drawback
in cases where the number of users to be served are high, like in the
Internet of Things or ultra-dense 5G networks. Hence, introducing non-
orthogonality to multiple access scheme is advocated as a superior
methodology to serve multiple users simultaneously, thereby achieving
multi-fold enhancement in connectivity. In scenarios with massive num-
ber of users, non-orthogonal multiple access scheme (NOMA) increases
the number of active connections by superimposing signals of multiple
users on the same resource block, thereby also utilizing the available
resources efficiently. This article presents an overview of the integration
of NOMA with several other leading technologies for 5G and beyond net-
works to enhance the connectivity.
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Higher capacity and larger number of active
users (connected devices) than the current fourth
generation (4G) network are the prime objec-
tives for future fifth generation (5G) technol-
ogy'. However, the present use of orthogonal
multiple access (OMA) schemes at physical layer
for access methods restricts the number of users
that can be simultaneously served using available
resources. OMA, e.g., frequency division multiple
access, time division multiple access, code divi-
sion multiple access, and others, works by assign-
ing orthogonal resources to users, which cannot
be utilized by other users until the resources are
freed by the ongoing user. This can lead to
severe degradation in overall system throughput
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performance and can also limit the number of
users that can be served at a given instance using
the available resource block (RB). This can be
explained using a simple example; consider a
scenario when a RB is alloted to a user with poor
channel gain towards base station (BS). Due to
the poor channel, the user cannot effectively uti-
lize the alloted RB, neither can another user use
the same RB for its own transmission due to the
orthogonal allocation scheme. This effectively
wastes the resources and hence, it becomes nec-
essary to bring advanced technologies, e.g. new
multiple access (MA) scheme, to utilize the avail-
able resources efficiently. Breaking the conven-
tion of orthogonality, non-orthogonality at access
network has emerged as a leading solution to
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NOMA: NOMA serves
multiple users using the same
resource, e.g., frequency, code,
space, etc., at the same instant
of time.

PD-NOMA: As its principle
approach, PD-NOMA allo-
cates different power levels to
multiple users with different
channel conditions and the
signals of multiple users are
then superimposed and trans-
mitted from BS to the users in
downlink PD-NOMA.

SIC: SIC involves decoding
and subtracting/removing
message of user with better
channel condition.

5G technology: The 5G
technology is categorized as
three basic use-case scenarios
namely eMBB, mMTC and
URLLC.
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reduce wastage of resources, wherein the same RB
is shared by multiple users at the same instant of
time, henceforth increasing the number of simul-
taneous connections. This MA scheme which
utilizes non-orthogonality is termed as non-
orthogonal multiple access (NOMA). NOMA
serves multiple users using the same resources,
e.g., frequency, code, space, etc., at the same
instant of time. One prime advantage of using
NOMA, by virtue of its application, is that it can
serve a user with a better channel condition and
a user with a poorer channel condition using the
same resource, thereby increasing the number of
active users and additionally provides efficient
utilization of available resources’.

Recently, various NOMA schemes have been
proposed and discussed in the literature. Some of
the popular NOMA schemes includes interleave
division multiple access’, power domain non-
orthogonal multiple access (PD-NOMA) “°, low
density spreading CDMA’, sparse code multiple
access (SCMA)?, pattern division multiple access’,
and multi-user sharing access'’. The PD-NOMA
schemes have been discussed for long term evo-
lution (LTE) in the third generation partnership
programme (3GPP) as multi-user superposition
transmission or popularly referred to as MUST®.
The scheme was recently approved and the dis-
cussion on PD-NOMA’s inclusion in the new
radio (NR) has been initiated'!. Hence, this arti-
cle focus primarily on the PD-NOMA (referred
as NOMA hereafter) scheme and its co-existence
with other contemporary and emerging 5G tech-
niques for a wider view of its application in the
future generation networks.

The key idea behind PD-NOMA principle is
multiplexing using power diversity. While study-
ing PD-NOMA, three of the foremost termi-
nologies that will be frequently used/referred
are: channel difference between users, power
splitting and successive interference cancella-
tion (SIC). As its principle approach, PD-NOMA
allocates different power levels to multiple users
with different channel conditions and the sig-
nals of multiple users are then superimposed and
transmitted from BS to the users in downlink
PD-NOMA. The user with better channel condi-
tion uses SIC to decode and remove message of
the user with poorer channel condition before
decoding its own message. For de-multiplexing
of the signals at the receiver it is favorable that
difference in allocated power is sufficiently large.
This implies that difference in channel condi-
tion between the users multiplexed using NOMA
should also be sufficiently large. The impact of
channel gain difference between the users on
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throughput gain achieved by NOMA is studied
in'> 1, Tt must be noted that power allocation
in NOMA primarily depends on difference in
channel gain between the users and hence plays
a vital role in the overall throughput performance
of NOMA systems'’. The basic idea of power
allocation in NOMA is different from the usual
notion of power control in cellular systems, how-
ever, the power control algorithm follows similar
procedure',

In PD-NOMA, power allocation is different
from the conventional power splitting tech-
niques which allocates more power to users
with better channel condition. Using PD-NOMA,
a weak user, i.e. a user with a poorer channel
condition is given larger power. This balances
the trade-off between system throughput and
user fairness which is of prime importance in
any wireless communication system. The tra-
ditional power splitting technique achieves
better overall system throughput, however, at
the cost of weaker user’s throughput. Also, it is
important to note that although power split-
ting in NOMA reduces power given to a par-
ticular user when compared with OMA, the
achieved throughput gain is due to joint usage
of the assigned bandwidth which otherwise
is distributed amongst the users under OMA.
Comparison between the throughput achieved
by OMA (specifically orthogonal frequency-divi-
sion multiple access (OFDMA)) and NOMA using
a practical scenario of two-user is illustrated in
Fig. 2, where one user equipment (UE), called
as UE 1, has signal-to-noise-ratio (SNR) equal to
0dB, and second UE, termed as UE 2, has SNR
equal to 20dB. Further, R; and R, denote for the
throughput of UE 1 and UE 2, respectively. It can
be observed from Fig. 2 that NOMA achieves an
increment in throughput by 32% for UE 1 and
by 48% for UE 2, in comparison to when served
using OMA under same SNR values. Further-
more, the factor that makes NOMA even more
popular is its compatibility with OMA receivers
and transmitters; one needs only small modifi-
cations in the software and little or no hardware
changes for its implementation. Hence, NOMA
is advocated as an ideal enabler of massive con-
nectivity in 5G networks and beyond.

2 NOMA and Its Application to Three
Main Use-Cases of 5G

The 5G technology is categorized as three basic

use-case scenarios namely enhanced mobile

broadband (eMBB), massive machine type
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communications (mMTC), and ultra-reliable and
low latency communications (URLLC)'.Since,
NOMA is envisioned as a prime MA scheme for
the 5G technology it becomes important to dis-
cuss its application for the practical use cases of
5G technology. The expected purpose of advanced
MA scheme for 5G are: achieving points on the
boundary of the capacity region of the multiple
access channel, aiding overloaded transmissions,
and availing low latency grant free transmission.
All such functionalities are fulfilled by NOMA,
hence, NOMA renders itself suitable for an
mMTC application which requires massive con-
nectivity. Of course, the benefits of NOMA come
with additional receiver complexity, however, the
mMTC is expected to be uplink centric. In the
uplink communication, the UE are not subjected
to higher receiver complexity, rather complex-
ity increases only at the network side which can
be easily accommodated. Furthermore, mMTC
requires only small packet transmissions. For
small packet transmission in uplink scenario, UEs
do not require explicit need of scheduling grant
from evolved NodeB to reduce power consump-
tion at battery operated UE and also for lowering
the overhead and latency. NOMA has proven to
yield better throughput than its counterpart MA
scheme, OMA, in grant-free transmission. This is
because, bandwidth available for users is larger in
NOMA, thereby, the collision probability, when
same resource is used by multiple users, is reduced.
It should be noted that small packet transmission
are not only limited to mMTC transmissions. Sim-
ilar traffic is also present in the eMBB and URLLC
applications'’. As per the discussion on the grant-
free uplink transmission, NOMA is rendered suita-
ble for the eMBB and the URLCC application also.
For above basic usage scenarios of eMBB, mMTC
and URLLGC, typical use cases like relay and vehi-
cle-to-vehicle are analyzed in'®.

3 NOMA with Contemporary Emerging
Technologies

Various other emerging technologies contem-
porary to NOMA for achieving the goals of 5G
technologies are multiple-input multiple-output
(MIMO) and massive MIMO, millimeter wave
(mmWave) communication, cognitive radio
(CR), cooperative communications, energy har-
vesting [also termed as simultaneous wireless
information and power transfer (SWIPT)], visible
light communications (VLC), mobile edge com-
puting (MEC), etc. Few other technologies that
have recently come out and have been studied in
the future generation network are, full duplexing
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(FD) and ultra dense networks (UDN), to name
a few. Applications like unmanned aerial vehicle
(UAV) are also gaining popularity. The key idea of
any developing technology is to enhance the sys-
tem performance in the given available resources
and serve as many number of users as possible.
To utilize the available resources, MA schemes are
vital to be studied in context of all the upcoming
technologies. Owing to the flexibility of NOMA,
it can be easily integrated with most of the other
5G enhancing technologies. Hence, this article
explores various applications of NOMA with
the available emerging technologies to meet the
diverse requirements of 5G and Beyond cellular
network as shown in Fig. 3.

3.1 NOMA with mmWave Communication
Large chunks of underutilized bandwidth are
available at higher frequencies ranging from 30 to
300 GHz referred to as mmWave frequency, that
can resolve congestion and also provide higher
bandwidth as compared to the limited resources
available for the 4G communication'. Although
accessible bandwidth is huge at the mmWave fre-
quencies, NOMA serves as an essential MA tech-
nique. The physical nature of the mmWave
communication makes NOMA even more prefer-
able for its environment, as shown in Fig. 3I. The
mmWave communication is directional in nature
owing to its large path loss which requires suitable
antennas to focus the waveform in a particular
direction to cope with high propagation losses.
The directional property makes channel gain of
users correlated. Such correlation leads to severe
degradation in conventional OMA technique,
however, for NOMA application, channel correla-
tion results in boosting the overall performance®.
NOMA involves serving multiple users using the
same resource block at the same time. Hence, cor-
related users’ channel aids in pairing/grouping
users to be served simultaneously using NOMA.
Such correlations degrades system performance
while using OMA, since, orthogonal allocation of
resource requires that correlation between the
channels is minimum. Ideally, orthogonal alloca-
tion of resource requires that no correlation is
present, however, this is not practically possible.
Wide bandwidths available at the mmWave fre-
quency are capable of supporting a large number
of users, however, sparse channels in mmWave
communication limits simultaneous connections
of multiple users'” ?!. Hence, NOMA with
mmWave communication can achieve tremen-
dous increase in connectivity especially in over-
crowded areas. Furthermore, spectral efficiency is
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mmWave frequency: Large
chunks of underutilized band-
width are available at higher

frequencies ranging from

30 to 300 GHz referred to as
mmWave frequency that can
resolve congestion and also
provide higher bandwidth

as compared to the limited
resources available for the 4G

communication.
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HetNets: Heterogeneous
networks refers to a network
where different types of BSs
co-exists to meet the require-
ments.

UDN: UDN refers to a wire-
less environment where the
number of access points are
larger than the number of
active users.
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Figure 1: Basic downlink PD-NOMA architecture.
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Figure 2: OMA and NOMA throughput comparison

vital for the mmWave communication with the
upcoming growth of virtual and augmented real-
ity which is said to lower the radio spectrum gains
obtained by the mmWave bands. Furthermore,
standalone mmWave BSs are not a feasible choice
for a practical system. The reason is the delay
caused in initial access** using thin beams (a pro-
cess known as beamtraining). The literature sug-
gests that future wireless network will comprise a
hybrid network with Sub-6 GHz BSs co-existing
with mmWave BSs. Such hybrid network can rule
out the high access delay in beamtraining*~°.

3.2 NOMA with Heterogeneous Networks
and UDNs

The term ultra dense network or UDN refers to a

wireless environment where the number of access

points (APs) are larger than the number of active
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OFDMA NOMA
. . BWx12  BWxIR . s
UE1(SNR=20dB) | & & — _UE1 =
E’ UE1 UE2 ‘» E’I UE 2 4/5

Ry = 4.39 bps/Hz (+32%)
R, = 0.74 bps/Hz (+48%)

users. Large number of BSs are deployed for
extensive spatial reuse, which is another way to
utilize spectrum efficiently’®*’. Future generation
networks are moving towards heterogeneous
networks (HetNets), a term that refers to net-
works where different types of BSs co-exists to
meet different requirements. To fulfill various
requirements, macro BSs (MBS) and the small
BSs (SBS) are deployed in the same space. The
MBSs are capable of providing wide coverage
while the SBSs boost capacity of the network and
enhance the data rates due to smaller coverage
areas. NOMA integrated with such HetNets has
been extensively studied in the literature as in®® %,
Furthermore, heterogeneous UDNs require that
the deployment of the MBSs and the SBSs follow
the rule as per the UDN network demands, i.e.,
the number of BSs needs to be larger than the
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User

AT

P1: Direct
Transmission using

Figure 3: NOMA with various emerging technologies for 5G technology.

number of users, as shown in Fig. 1II. This
implies that in a heterogeneous UDN the MBS
and SBS will have a very dense deployment.
Although, network densification improves capac-
ity, however, the aggregate interference caused by
interfering BSs limits the throughput perfor-
mance that can be achieved. Denser the deploy-
ment of the BSs, larger is the interference from
neighboring users®. However, on the brighter
side, dense deployments ensure that each BS
serves fewer users. Moreover, distance between
users and BSs becomes less, thereby lowering the
impact of path loss. To counter the dominant
impact of increased interference of the dense net-
works, several innovative technologies are studied
to design the architecture of heterogeneous
UDNs to make the management of the network
easier’’. These are software-defined networking
(SDN)*2, network function virtualization
(NFV)*, cloud computing®, and fog comput-
ing’®. Implementation of UDNs implies massive
number of connections with high data rates. The
APs are connected to a server for control and
management of users’ access. Applying NOMA
protocols, where signals of different users are
multiplexed over a single RB, the number of
active connection can be further boosted. In con-
text of UDNs, where the number of users and the
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number of APs are nearly similar, NOMA can be
implemented by multiplexing different APs over
the same RB’® ?. NOMA enhances the overall
system throughput and the spectral efficiency of
the UDNG.

However, integrating NOMA in UDN poses
another challenge of severe inter-cell interfer-
ence from both intra-tier, and inter-tier BSs and
intra-cell or inter-user interference (IUI) caused
by NOMA. Hence, a thorough study of inter-cell
interference management is required.

3.3 NOMA with Cooperative
Communications Using SWIPT

The coverage for the cell edge users, i.e., users
located at the cell edge, away from the BSs, can be
improved by using Cooperative communication
using relays which receive signal from the BS and
retransmit it to the cell edge users.Several types of
relaying techniques have been studied in the
existing literature®> *°. Combining NOMA with
cooperative communication is a natural exten-
sion since, as per its principle, users receive a
superimposed signal of multiple users multi-
plexed using NOMA. The cell center user, i.e., the
user located near the cell center, applies SIC
before decoding its intended message. This
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Cooperative communica-
tion: Using cooperative
communication reduces t

he

attenuation suffered while the
signal propagates to reach cell

edge user.
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VLC: VLC is a shift towards
the nano-meter wave range
where the available bandwidth
can be expanded so as to meet
the spectrum demands for
future generation networks.

LED: VLC comprises of light
emitting diode (LED) lamps,
as a source of light and as a
optical transmitters. At the
receiver end, photodiode-
arrays are used in a typical
optical attocell.

SWIPT: Using SWIPT
technology, radio signals can
be used in a two-fold manner,
first is for the information
transfer and second is for
harvesting energy.
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implies that the cell center user has the message
of the cell edge user. Therefore, the signal of cell
edge user can be retransmitted by the cell center
user, e.g., in scenarios when direct link does not
exist between the BS and the cell edge user. The
use of cooperative communication reduces the
attenuation suffered while signal propagates to
reach the cell edge user’’ ™’ since, signal is
retransmitted from a node/user located closer to
the cell edge user. This enhances the throughput
performance of the cell edge user. However, it
must be noted that UEs and relays are generally
battery operated devices and retransmitting sig-
nal can drain their batteries quickly. Hence, some
advanced approach is required for an energy effi-
cient design. In this context, the concept of energy
harvesting (known as SWIPT in wireless commu-
nication) strives to be of great interest for
researchers. The concept of SWIPT, first pro-
posed in*’, has gained attention of many in ena-
bling the design of an energy efficient networks.
NOMA applied with SWIPT for cooperative
communication will not only lead to spectral effi-
ciency but will also yield an energy efficient
approach for serving the cell edge user using
relaying/cooperation. The authors in*" assumed
that by using SWIPT technology, the radio signals
can be used in a two-fold manner, the first use is
for information transfer and the second use is for
harvesting of energy. However, one of the
assumptions that was not practical in*’ was that
both, information transfer and energy extraction
was assumed to be carried out at the same instant
of time. A more practical and efficient way for
SWIPT is to split it into two distinct tasks which
are performed in two phases, the first for energy
extraction and the second for information trans-
mission. The energy harvested in the first phase
by the relays/cooperating users can be used in the
second phase for information transfer to the cell
edge user, which is a very energy efficient
approach. Also, as discussed in Sect. 1, in NOMA,
a cell center user is served using the same resource
as that allotted to the cell edge user. Thus, the
performance of cell edge user will deteriorate due
to power splitting and interference from the cell
center user. Hence, using the cell center user to
assist in relaying information to the cell edge user,
as shown in Fig. 3III, compensates such sharing
of resources and also increases spectral efficiency
of the system*'. Furthermore, use of SWIPT ena-
bled cell center users rules out the possibility of
battery drainage during relaying.
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3.4 NOMA with VLC

Beyond the radio frequency spectrum, there
exists visible light communication (VLC)*, a
widely accepted complementary technology. VLC
is a shift towards the nano-meter wave range
where the available bandwidth can be expanded
so as to meet the spectrum demands on the future
generation networks. VLC is a core part for the
light fidelity (LiFi) systems which is a proposed
technology for various applications, for instance,
Internet of Things devices, underwater commu-
nications, vehicle-to-vehicle communication, etc.
VLC comprises of light emitting diode (LED)
lamps, as a source of light and as a optical trans-
mitters, as shown in Fig.1IV. At the receiver end,
photodiode-arrays are used in a typical optical
attocell”’. The modulation by the LEDs is done at
a speed that can not be perceived by the human
eye44, therefore, making the use of LEDs two-fold.
One use is for illumination and the second use is
for communication. Moreover, the power
required by the LEDs for signal transmission is
very low as compared to the requirements in
radio frequency communication. NOMA is pro-
posed as a viable option for candidate MA
scheme in VLC. The major reasons for consider-
ing NOMA in VLC are®: VLC poses a very small
communication range, hence the channel is dom-
inated by the line-of-sight (LOS) component
which promotes accurate channel estimation. The
quality of channel estimation has a vital role in
determining the performance of NOMA systems,
since the SIC carried out at the receiver involves
decoding and removal of the messages until the
desired signal is reached. SIC critically depends
on the quality of the channel estimation. In case
of imperfect SIC, error propagates at every step of
SIC and the accumulated error becomes so high
that the overall throughput performance
degrades. In the early literature on random access
protocols in packet radio networks, capture effect
has been widely studied*®*”. It refers to the possi-
bility of a stronger signal being correctly decoded
by the receiver when two (or more) non-orthogo-
nal packet signals collide simultaneously. Capture
effect has been shown to improve throughput. It
has also been shown that SIC capability at the
receiver can be exploited to achieve even further
improvement in throughput. Furthermore, two
parameters other than channel gain, namely, tun-
ing angle and field of view, give additional degrees
of freedom, which can be utilized for multiplex-
ing multiple users’ signals. Although current lit-
erature has investigated the integration of NOMA
in VLC, the throughput gains expected are lim-
ited due to the non-linearity posed by the LEDs*.
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As a solution, the non-linearity inherited by the
LEDs can be eliminated using pre-distortion or
post-distortion techniques. The authors in*® takes
into consideration the non-linearity posed by the
LEDs to design a pre-distorter. For this, a modi-
fied Chebyshev-normalized least mean squares
(NLMS) based pre-distortion is proposed with
hybrid eigen-decomposition based precoding in a
MIMO NOMA-VLC setup.

3.5 NOMA with Massive MIMO

MIMO refers to use of multiple antennas at the
transmitter end, and using multiple antennas at
the receiver end so that multi-path propagation
can be exploited to increase the system perfor-
mance™. MIMO has emerged as a key component
and has been included in new LTE-Advanced and
5G deployments®'. From a theoretical concept that
assumed unlimited number of antennas® to prac-
tical implementations which is deployed in the
LTE-Advanced network, with up to 64 antennas at
the BS, MIMO has gained tremendous popularity.
Massive-MIMO refers to a scenario where the BSs
are equipped with a larger number of antennas as
compared to the number of users served by the
BSs. Application of NOMA in MIMO networks, as
shown in Fig. 3V, have been well analyzed in® **.
However, very few have analyzed the impact of
NOMA as applied to massive MIMO. One exam-
ple work applies NOMA to multi-antenna BSs for
performance enhancements™. This study com-
pares NOMA-MIMO setup with the conventional
MIMO setup with a typical zero-forcing (ZF) mas-
sive MIMO beamforming technique and reports
that NOMA does not outperform ZF scheme in
every scenario. However, in situations where the
number of users is very large, NOMA outperforms
the ZF scheme, thus showing that NOMA has a
key role to play in massive connectivity.

3.6 NOMA with CR Networks

CR is a spectrally efficient approach for sharing
the spectrum available for communication. The
CR networks use an adaptive and an intelligent
method that detects availability of vacant spec-
trum (or spectrum holes) and enables concurrent
transmissions to serve secondary users (SU) in
the spectrum holes. Various techniques like
underlay, overlay, and hybrid approaches have
been proposed which decide the manner in which
the spectrum sharing takes place®®. In the under-
lay approach, secondary transmissions [by sec-
ondary transmitter (ST)] takes places together
with primary transmission [by primary
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transmitter (PT)] conditioned on the limit of
interference caused at primary user (PU). Using
the underlay technique, transmission takes place
only when spectrum holes are detected; otherwise
no transmission is performed. Hybrid approach
uses an intelligent combination of underlay and
overlay techniques as per the system requirement.
CR networks combined with NOMA can effec-
tively increase the number of users served over an
RB. Researchers have been looking into integrat-
ing CR networks with NOMA, as a possible and
effective combination for 5G, as shown in
Fig. 3VI1. However, interference caused in the CR
networks due to NOMA poses a challenge. The
CR-NOMA networks are envisioned to be spec-
trally efficient with high system capacity. Some of
the existing literature have investigated the
throughput performance of NOMA integrated
with CR networks as in®”*%, The authors in®’ dis-
cussed CR-NOMA as a special form of PD-
NOMA, wherein the requirements of the SU and
the PU are strictly met so that excellent system
performance can be achieved. In’®, NOMA is
used to boost the number of accessible SUs shar-
ing limited and dynamic licensed spectrum holes.

3.7 NOMA with MEC

MEC is capable of meeting requirement for real-
time mission-critical application such as vehicular
networks, connected cars, health care, smart ven-
ues, edge video caching, and many others. MEC
extends the centralized cloud computing capabil-
ity to UEs/devices located near to the source of
information (and hence the term ‘edge’). The key
idea behind the use of MEC is that the applica-
tion’s performance is much better when the
related processing and tasks runs closer to the
source, since it lowers the network congestion.
MEC enables better utilization of mobile backhaul
network, however, there still exists several chal-
lenges, such as, ultra-low latency, energy-efficient
computation, etc. Latest set of applications like
virtual reality, augmented reality, interactive gam-
ing overload the existing mobile networks. For
instance, virtual reality requires UEs to handle
several tasks such as object recognition, vision
base tracking, etc. For gaming based on virtual
reality, a UE will have to carry out mixed reality
and human computer interaction™. UEs are not
so efficient in terms of handling high computa-
tional complexity tasks because they are battery
operated, with only a limited power source. Inten-
sive computations may lead to complete drainage
of UE batteries which may result in not meeting
task deadlines. Therefore, MEC systems operate
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MIMO: MIMO refers to use
of multiple antennas at the
transmitter end, and using
multiple antennas at the re-
ceiver end so that multi-path
propagation can be exploited
to increase the system per-
formance.

Massive-MIMO: Massive-MI-
MO refers to a scenario where
the BSs are equipped with
large number of antennas as
compared to the number of
users served by the BS.

MEC: The key idea behind
the use of MEC is that the
application performance is
much better when the related
processing and tasks runs
closer to UE, since it lowers
network congestion.

CR: The CR networks uses

an adaptive and an intelligent
method that detects availabil-
ity of vacant spectrum (called
as spectrum holes) and enable
concurrent transmissions in
the spectrum holes.
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UAVs: UAVs or drones are
aircraftswith no human
on-board tocontrol their
movements.

Users’ channel gain difference:

Users’ channel gain difference
and their distribution around
BS motivates the use of a
hybrid MA (HMA) system by
combining the PD-NOMA
and SCMA techniques

FD: FD is a mode of com-
munication wherein the date
are transmitted and received
at the same time and over the
same channel.
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by providing and deploying facilities for computa-
tions at edge of network. Such facilities involve
APs/SBSs with MEC servers, as shown in Fig. 3VII.
UEs can offload their tasks to the MEC facilities
provided. Collaboration of NOMA and MEC is
seen as another important communication tech-
nique for future generation wireless networks.
Benefits of such collaborations have been studied
in®» %!, In the system model proposed in®, multi-
ple users simultaneously offload their computa-
tion tasks to one multi-antenna BS over the same
time/frequency resources for remote execution,
and the BS uses SIC for information decoding. To
capture the potential gains of NOMA in the con-
text of MEC,"" proposed an edge computing
aware NOMA technique which can enjoy the ben-
efits of uplink NOMA in reducing MEC users’
uplink energy consumption.

3.8 NOMA-Aided UAV Networks

UAVs or drones are aircrafts with no human on-
board to control their movements. Movements of
UAVs are managed using a ground-based control-
ler and communication setup between the
ground-based controller and the UAV. Initial use
of UAVs were meant only for military purposes,
however, with time the potential of UAVs is now
well-recognized in the areas of technology and
manufacturing. Various applications of UAVs in
civil scenarios include wildfire management, dis-
tribution of cargos, aerial photography, etc.%”.
Both industries and academia have shown keen
interest in building communication systems for
such applications. For instance, some industrial
applications include the Google Loon project, the
Facebook’s delivery drone®, and the airborne
LTE services from AT&T for availing global mas-
sive connectivity. To integrate the UAVs for the
communication purposes in the 5G networks, it
becomes essential to explore suitable MA
schemes. Since, NOMA is already a popular MA
scheme for the 5G networks, combination of
UAVs with NOMA, as shown in Fig. 3VIIL, is a
promising candidate for future wireless connec-
tivities. The work in® proposed a novel frame-
work for UAV networks with massive access
capability supported by NOMA and provided
performance evaluation of NOMA-enabled UAV
networks by adopting stochastic geometry to
model the positions of UAVs and ground users.

3.9 NOMA with FD

FD is a mode of communication wherein data is
transmitted and received at the same time and
over the same channel. Conventionally, data

@ Springer a

transmission and data receiving are done either
on different channels, or at different time instants
on the same channel, or both. However, to utilize
the spectrum efficiently, simultaneous transmis-
sion and reception of data over the same channel
is seen as a candidate approach®. FD aims to pro-
vide reliable uplink and downlink transmissions
simultaneously. However, the biggest challenge is
self-interference (SI), as shown in Fig. 3IX. As can
be inferred from the application of NOMA and
full duplexing, they both are complementary in
principle. Hence, merging the two techniques can
prove fruitful in improving the spectral efficiency
of 5G networks®®. Furthermore, as discussed in
Sect. 3.3, cooperative NOMA can be combined
with FD, see’” ®> 7. Together, once again, the
number of connections that can be simultane-
ously maintained is increased.

3.10 Hybrid NOMA Techniques

In any practical communication system, both cell
center users and cell edge users exists. Further-
more, there may be fewer cell center users than
cell edge users. Users’ channel gain difference
Users’ channel gain difference and their distribu-
tion around BS motivates the use of a hybrid MA
(HMA) system by combining the PD-NOMA and
SCMA techniques. HMA enhances spectral effi-
ciency and accommodates a larger number of
users in the system as compared to the conven-
tional PD-NOMA or SCMA for next-generation
networks®®. In HMA, both message passing algo-
rithm (MPA) and SIC based method are used for
detection®®. For instance, consider a downlink
system with one BS and J users, such that /; users
are cell center users (called as Group-1) and J, are
cell edge users (called as Group-1), as shown in
Fig. 4. Users within a group use the SCMA tech-
nique and groups can be distinguished using PD-
NOMA techniques. Thus, users of both the
groups can communicate using say orthogonal
resources in the system. Therefore, spectral effi-
ciency of the HMA-based system is higher than
that of the conventional PD-NOMA and SCMA
systems, thanks to the higher flexibility in terms
of user pairing.

4 Future Challenges

Although a lot of literature exists in the co-exist-
ence of NOMA with other emerging technolo-
gies, many technical challenges that need to be
addressed in detail still remain to be explored.
These challenges include optimal user pairing
for NOMA in massive MIMO setups, integrating
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MPA+SIC-
based
decoder

Group-1
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Power

Group-1

Time/ Frequencry

Group-2

MPA-based
Jo users

decoder

Figure 4: Hybrid multiple access method for 5G and beyond.

NOMA techniques into UAV networks, detailed
study of VLC MIMO NOMA, eliminating inter-
cell interference in H-UDNs with NOMA,
evaluating the robustness of NOMA against syn-
chronization errors and inter-cell interference
when applied in a multi-cell scenario, and the
impact of partial interference cancellation caused
by imperfect channel estimation. Theoretical per-
formance analysis for a better understanding of
the impact of NOMA on MEC also needs a care-
ful study. The responses of the research commu-
nity to the above challenges will make NOMA a
key enabler for massive connectivity.
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