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5G mobile communications offer several benefits, which include providing extremely low latency, very high data rates, significant
improvement in the number of users, and increase in base station capacity and perceived quality of service. This may be achieved at
the cost of an increased receiver complexity by nonorthogonal access of users. Nonorthogonal multiple access (NOMA) is one of
the capable contenders to achieve the vision of 5G wireless communications. Supporting a higher number of users than available
orthogonal resources is the key feather of NOMA. In this article, the basic principle of NOMA has been reviewed and compared
with other orthogonal multiple access (OMA). A comprehensive survey is presented in the latest NOMA scheme. The
distinguished NOMA schemes design principle features, and recent deployments are discussed. Furthermore, the performance is
compared in terms of the bit error rate, system capacity, and energy efficiency. The performance results show that NOMA can
achieve the required goals, in terms of the user data rate, system capacity, interference cancellation scheme, and reception

complexity.

1. Introduction

Multiple access schemes have been a landmark technology
from 1G to 4G for the growth of mobile communications.
As a design aspect, these multiple access technologies are
mostly from the orthogonal multiple access (OMA) category;
they are in the time domain, code domain, frequency
domain, and time-frequency domain. OMA can easily detect
the user information signal by utilizing a simple receiver.
However, the entire number of users that the system can
accommodate is firmly restricted by the number of available
orthogonal resources. Also, the system requirements for syn-
chronization are highly limited in order to guarantee the
orthogonality of resource allocation among users. Therefore,
it is very difficult for OMA to meet the data rate and other
requirements of the next-generation mobile network. The
5G structure demands an innovative multiple access scheme
to counter this challenge and recently proposed nonorthogo-

nal multiple access (NOMA) technology which is accepted as
a 5G multiple access scheme [1, 2].

Within the common physical layer using the code domain
or power domain multiple access, NOMA permits numerous
users to utilize frequency and time resources [3]. In recent
times, various NOMA topologies have received a lot of atten-
tion due to attractive features. We can generally categorize into
two types. These types are code domain multiple access and
the power domain multiple access. NOMA achieved its goals
by a combination of multiple access techniques like sparse
code multiple access (SCMA) [4], multiuser shared access
(MUSA) [5] with Low-Density Spreading (LDS) [6], and Pat-
tern Division Multiple Access (PDMA) [7].

1.1. Motivation. In September 2014, the 3rd generation part-
nership project (3GPP) started the study on NOMA in
Release 14 (Rel-14). NOMA may be combined with upcom-
ing wireless communication systems in order to achieve the
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requirements, including massive connectivity, high spectral
and energy efficiency, significant achievable data rate, low
latency, exceptional user fairness, large throughput, ultrahigh
reliability, and upholding different quality of services (QoS).

Some previous impressive survey work on NOMA is
followed. In [8], the transceiver block diagram of each cate-
gory of NOMA is explained by the authors, regarding
detailed key features, basic principles, and algorithms of the
transmission-reception. In [9], characteristics and working
principles of different NOMA schemes are summarized by
the authors. In [10], NOMA schemes are compared and ana-
lysed by the authors. The authors focus on the future research
directions of NOMA, prototype development, recent prog-
ress, standardization, and challenges. In [11], some promis-
ing nonorthogonal schemes were discussed which include
sparse code multiple access (SCMA), Power Domain Non-
orthogonal Multiple Access (PD-NOMA), Pattern Division
Multiple Access (PDMA), multiuser shared access (MUSA),
and some key modern waveforms including Generalized Fre-
quency Division Multiplexing (GFDM), Universal Filtered
Multicarrier (UFMC), and filter bank-based multicarrier
(FBMC). The authors provided a future research path for
5G waveform and multiple access schemes by comparing
and analysing the characteristics of these technologies.

However, in [8], achievable sum rate performance was
presented, based on average mutual information rather than
actual theoretical analysis. In [9], without mathematical jus-
tification, the performance of the NOMA schemes is
assessed. In [10, 11], performance evaluation has not been
examined by the authors. Furthermore, most of the previous
work may just focus on one scheme, and no comprehensive
work has been published to examine the performance of
major NOMA schemes.

The objective of this research is to fill in the gap by pre-
senting the basic principles, key features, and recent applica-
tion of major categories of NOMA. Moreover, we present
actual theoretical analysis and mathematical justification of
the NOMA schemes. The major contributions are summa-
rized as follows.

1.2. Contribution. In this article, a comprehensive and com-
parative survey on NOMA is presented.

(i) The survey includes different popular categories of
NOMA, their basic model, working principles, tech-
nical aspect, key performance indicators (KPlIs),
advantages, and disadvantages

(ii) The article presents the state-of-the-art review of
NOMA in enabling the 5G network, the applicability
aspect of each category of the NOMA scheme, and
the associated enablers

(iii) Moreover, in this article, we present important and
recent deployments, potential challenges, and future
trend work for researchers in the field of NOMA

(iv) The survey also includes the performance compari-
son of major categories of NOMA prototype in
terms of achievable data rate, system capacity,
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energy efficiency, and bit error rate with mathemat-
ical justifications

Furthermore, this article is planned as follows: Section 2
is a recall history of mobile communication and their tech-
nology aspect. Section3 explains and investigates important
nonorthogonal multiple access schemes with their principle
of implementation, followed by a review of every scheme’s
key features and advantages and disadvantages. A summary
of the NOMA scheme is presented in Section 4, and discus-
sion of the results is presented in Section 5. Section 6 presents
a review of recent developments in NOMA schemes, Section
7 presents the future research challenges of NOMA, and in
Section 8, a conclusion is made.

2. Background

In the third generation mobile system, the Wideband Code
Division Multiple Access (WCDMA) scheme was launched.
As a result, movies can be transmitted due to improved speed
of data communication. Furthermore, 3G presented an
improved technology, i.e., High-Speed Packet Access
(HSPA) and HSPA+ (3.5G), with which the user data experi-
ence was improved. However, in comparison to Wi-Fi and
wireless LAN, high data rate applications like streaming of
moving images were slower. Today, network operators pro-
vide services of 4G networks based on Long-Term Evolution
(LTE). The achievable communication speed rises up to 5 to
6 times in comparison to 3G, and data throughput is also
expressively enhanced in LTE than HSPA+. In LTE-
Advanced (LTE-A), the available bandwidth is twice as
LTE; therefore, several 4G network service providers are also
transferred to LTE-Advanced (4.5G). With LTE and LTE-
Advanced, communication technology has improved, at a
level close to Wi-Fi with respect to user data experience. 4G
network and LTE and LTE-A technology are saturated in
terms of further improvement. The wireless data require-
ment is increasing day by day. Therefore, there is a need for
new technology to speed up data access. However, for wire-
less communication, improvement in the data capacity and
the data transmission rate is essential. Therefore, for the
mobile Internet extension and modernization, researchers
all over the world started investigating ways to improve data
capacity and data transfer rates.

Meanwhile, from the beginning of digital communica-
tions in the 1990s, cellular phone technology has been on
the track in terms of progress, focused on increasing the data
rate and capacity. In the current world communication
trends, mobile Internet and video calling have become a real-
ity, and its new version has been launched, i.e., 5G mobile
communication. Now, at any emergency condition such as
online medical imaging or smart vehicles in congestion, more
data needs to be delivered to the specific user. Thus, 5G net-
works will respond accordingly. Researchers also recognize
5G as an opportunity to redefine not only the network enable
connecting a wide variety of new devices but also the net-
works that realize exceptional data rates. The next version
of 5G wireless mobile technology is 6G, which means 6th
generation wireless mobile technology. Satellite networks
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for global coverage will be efficiently used in 6G which was
not used before [12]. The 6G wireless mobile technology
maximizes data throughput and improves system perfor-
mance. The 6G technology is responsible for more data
transfer and data security. It also increases data configuration
choices. In 6G technology, devices connected to the Internet
by using wireless broadband receive 10 GB or even more data
speed. 6G is a satellite-based network; roaming and handover
from one satellite to another satellite are still an issue which
will be solved soon. The combination of fiber optics and the
latest radio technology is used in 6G, to provide a very fast
data experience. The 6G wireless mobile technology will
change the way of thinking about wireless communication
and will perform beyond the expectation of the users [12].
Moreover, this performance depends on technology use in
next-generation networks.

Numerous proposals have been presented by researchers
to establish the performance of NOMA in both downlink and
uplink. The basic principle of downlink NOMA is presented
in [13], power division is used for multiple user access at BS,
and SIC is used for signal detection at the receiver. In [14],
researchers proposed a two-user model for NOMA.
Researchers presented link-level simulations and system-
level simulations for the NOMA downlink system. Results
provided in [14] showed that NOMA performance is better
than OMA in terms of overall system throughput and indi-
vidual user throughputs. The authors in [14] derived the
closed-form expressions for outage probability and ergodic
sum rate for the NOMA downlink system. In [15], to find
the effect of user pairing for the two-user model of the
NOMA system, the authors employed statistically allocated
transmit powers among NOMA users. Moreover, the authors
proposed fixed and opportunistic user pairing schemes. In
[16], the authors consider the consequence of power alloca-
tion on fairness. To ensure that users are getting an equal
share of system resources, the fairness index should be close
to 1. The authors proposed a power allocation scheme to
maintain the fairness index. In [17], the authors used the
concept of user pairing; the authors paired strong channel
users along with weak channel users for the cooperative
NOMA system through imperfect CSI and perfect CSI feed-
back. The authors in [18] presented NOMA-aided precoded
spatial modulation (NOMA-PSM) in which researchers
combined NOMA with Multiple Input Multiple Output
(MIMO). Researchers also presented a comparison with
OMA in terms of implementation cost, multiuser interfer-
ence, spectral efficiency, and performance gain of the system.
In [19], the authors proposed full-duplex NOMA relaying-
based Device-to-Device (D2D) communication. The authors
in [19] proposed the solution for the D2D power allocating
problem by presenting a linear fractional programming-
based power allocation scheme.

The basic principle of uplink NOMA is presented in [20],
the SIC signal detection scheme is utilized at BS, and the
power control scheme is used at the user side. The authors
investigated the challenges of joint power allocation and sub-
carrier assignment, and the authors designed a suboptimal
solution to increase the sum rate of the NOMA cluster. In
[21], the researchers derived the closed-form expressions

for outage probability and system capacity for the two-user
model of the NOMA uplink system. The researchers investi-
gated the static powers for several users and recognized that a
user could be in outage without proper selection of the
required data rate. In [22], for the uplink PD-NOMA system,
the authors presented an adaptive power control scheme
which is based on Evolutionary Game Theory (EGT). To
enhance users’ throughput or payofls, the proposed power
control scheme allows users to adaptively adjust their trans-
mit power level. SIC is used for signal detection at the
receiver. In [23], researchers provided the advantages and
challenges of NOMA as a contender scheme in dense net-
works. The authors compared the performance of NOMA
in UL systems. To compare the performance of WSMA-
based NOMA and MU-MIMO, researchers presented link-
level evaluation results. In [24], the authors provided a foun-
dation to investigate multicell uplink NOMA systems. The
authors considered the coverage probability of a NOMA user
with high interference at the BS due to a large number of
cochannel NOMA transmitting users. The authors in [24]
provided closed-form expression of the rate of coverage by
characterizing the Laplace transform of the intercluster inter-
ference in different SIC scenarios. Afterward, the authors
characterized the Laplace transform of the intercluster
interference through distance distribution from geometric
probability. To evaluate the benefits of NOMA, in 2018,
3GPP considered NOMA as a research icon and provided
guidelines to support NOMA, in comparison to the OMA
[25]. Table 1 summarizes the review of nonorthogonal
multiple access.

3. Nonorthogonal Multiple Access

NOMA is a diverse multiple user access scheme with respect
to other established and existing multiple access schemes, i.e.,
orthogonal multiple access. At the transmitter side, NOMA
deliberately introduces intercell and/or intracell interference;
therefore, it can utilize nonorthogonal transmission. At the
receiver side, successive interference cancellation (SIC) tech-
nique is used to decode the desired signal. In comparison
with orthogonal multiple access, the complexity of the
receiver is increased, but better spectral efficiency can be
achieved. Therefore, the fundamental concept of nonortho-
gonal access is to utilize a receiver with a complex design in
trade-off for high spectral efficiency. Therefore, the enhance-
ment in chip processing technology makes the nonorthogo-
nal access scheme possible.

3.1. Power Domain Multiple Access. The NOMA scheme con-
sists of two key technologies. One is power domain NOMA
(PD-NOMA), which utilizes efficiently the SIC scheme in
order to perform multiuser detection. SIC is a famous phys-
ical layer interference cancellation scheme which is used to
receive two or more users’ signals simultaneously [46]. SIC
is sufficiently used in comparison to the existing scheme
which causes degradation of the signal. In the SIC scheme,
the strongest signals are subtracted from the received com-
bined signal one after another by the SIC receiver; finally,
the SIC receiver extracts the desired signal. It is a gradual
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TaBLE 1: State-of-the-art review of nonorthogonal multiple access.
Ref. Objective Solution approach Category Tech.
Improve reliable detection The highest diversity gain with minimum
mgximum diversity gain , outage probability achieved by cooperative Single carrier power
[26] Y gain, PD-NOMA. User pairing is used as a & TP Co-PD-NOMA
and reduce system . . domain
complexit promising solution to reduce
prexity: system complexity.
Achieve the fairness performance Investigated power allocation techniques
[27] of the NOMA scheme better than that ensure fairness by formulating the Single carrier power PD-NOMA
TDMA under perfect research problems as nonconvex domain
and average CSI. optimization.
. Improvement achieved by implementing . .
g uriher improve the ouage detection and precoding matrices Single carrier pOwer - y1vo-NOMA
P ' for MIMO-NOMA.
Resource allocation algorithm An algorithm is designed for multiple
design half-duplex uplink and downlink users
for multicarrier NOMA systems. simultaneously served by a full-duplex
[29]  Multiple half-duplex uplink and base station. Used weighted sum Multicarrier power domain ~ MC-NOMA
p p p 8 p
downlink users simultaneously system throughput maximization
served by a full-duplex from the solution of a nonconvex
base station. optimization problem.
For subchannel multiplexed users,
For the downlink NOMA system, a low-complexity suboptimal algorithm
[30] optimized power allocation and is presented, which comprises power Single carrier power PD-NOMA
subchannel assignment to increase proportional factor determination domain
energy efficiency. and energy-efficient subchannel
assignment.
Improve the link-level performance Proposed an iterative multiuser SCMA
b - b receiver by employing channel coding L .
[31]  of SCMA in highly overloaded . . . Multicarrier code domain SCMA
scenarios which uses the coding gain
’ and diversity gain.
Maximize the mutual information Maximize the mutual information between
[32] in sparse code multiple continuous output 'fmd discrete input Multicarrier code domain SCMA
access (SCMA) using an iterative codebook
' optimization algorithm.
Substantially minimize the hurdles " SPITK SCVA Bsteine b sl message
[33]  of the message passing algorithm P & 28 . Multicarrier code domain S-MPA
gep g alg
(MPA) scheme proposed, based on a serial message
’ update strategy.
Based on list sphere decoding (LSD), a
. low-complexity decoding algorithm is
[34] Reduce the decoding .hurdles (.)f the roposed. The LSD only works with signals Multicarrier code domain LDS
current message passing algorithm prop Y 5
sep S " inside a hypersphere by evading the extensive
search for all possible hypotheses.
Proposed a Monte Carlo Markov
Minimizing the hurdles Chain- (MCMC-) based SCMA decoder. L .
[35] of the SCMA decoding. Benefiting from the linearly increasing Multicarrier code domain MEMC
complexity of the MCMC method.
Maximize the sum rate subject to Multiple users utilized the same SCMA
[36] QoS and system-level constraints df ?OdebOOk’ h i Power & code domain PD-SCMA
like power constraints and for user signal nonorthogonality,
’ the PD-NOMA scheme is utilized.
For random signature selection, Introduced a blind multiple user detection
[37]  allowed grant-free transmission for MUSA systems by using a special Single carrier code domain MUSA
g Yy Y gasp 8
to achieve high overloading. blind detection algorithm.
For the paired users. optimized the Performance of MUSA with SIC has been
[38] P > OP considered by using mirror constellation Single carrier code domain MUSA

bit error ratio (BER).
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TaBLE 1: Continued.

Ref. Objective Solution approach Category Tech.
A family of short length complex Successive/parallel interference cancellation
[39] sequences is selected to permit with minimum mean square error Sinele carrier code domain MMSE-
an easy multiuser interference (MMSE-SIC/PIC) has been investigated & SIC/PIC
cancellation. for appropriate MUSA receivers.
Enlarge the pool of the spreading
Increase user overloading and sequences by using nonorthogonal
[40] o . . & dense spreading sequence to increase Single carrier code domain MUSA
minimize multiuser interference. .
user overloading and reduce
multiuser interference.
To further enlarge the coverage With forward relay and half-duplex
[41]  area and improve transmission decode, an uplink cooperative PDMA Single carrier code domain ~ Co-PDMA
reliability. (co-PDMA) scheme is suggested.
By using diversity gains and coding
Increase the performance of PDMA potentials, an iterative detection and
[42]  uplink system by using diversity decoding (IDD) algorithm is Single carrier code domain IDD
gains and coding potentials. developed for an advanced
PDMA receiver.
Based on the MMSE channel decoding
Using the cyclic redundancy check and detection, a novel iterative
[43] (CRCQ) to avoid the error decoding and detection algorithm is Single carrier code domain ~ SIC-MMSE
propagation. proposed, called the SIC iterative
processing algorithm.
To optimize the overall throughput
Proposed the power allocation of t?::;‘:ﬁg;?:::igﬁi?e ((;s:]llr:r)lum
[44] and pattern assignment in the . L g\ Single carrier code domain  JPPA & IWF
downlink PDMA system algorithm, a joint pattern assignment
’ and power allocation (JPPA)
scheme is offered.
Physical layer security system is
Improve security by changin suggested based on constellation
[45] P ty by ging scrambling (CS) and multiple parameter Single carrier code domain ~ MP-WFRFT

the signal’s identity.

weighted fractional Fourier

transform (MP-WFRFT).

interference elimination strategy. This type of technique is
also used in CDMA to eliminate Multiple Access Interfer-
ence (MAI). First, the MAI introduced by the user might
be eliminated with the help of a signal amplitude recovery
process by subtracting the individual user’s amplitude one
at a time from the received signal. The same process is car-
ried out repetitively to subtract remaining users and to
decode the desired signal [47]. Secondly, the PD-NOMA
multiplexing scheme uses the power domain technology,
that is, power domain multiple access (PDM), which was
not used efficiently in previous schemes as used in the PD-
NOMA scheme. In the power domain, multiplexing non-
orthogonality is deliberately introduced. In fact, power dis-
similarity among paired users and implementation of SIC
within the power domain ensure that user demultiplexing
is concurrent. It is different from the other common
methods used previously to control power. Also, an algo-
rithm is needed to be used for power distribution at the base
station [48].

Figure 1 illustrates the PD-NOMA system with an SIC
computation unit. User Equipment (UE) is uniformly distrib-
uted in every cell. With different transmitted power of multi-

ple users in each subband, the base station (BS) performed
downlink transmission for multiple users simultaneously.

Multiple single users can be scheduled at the same time
for the same subband by implementing the Proportional Fair
(PF) scheduling scheme at BS in the PD-NOMA system. The
scheduling procedures for users are described in Figure 2
[49]. First, the BS selects a set of users known as the “NOMA
candidate user sets,” in which total users cannot exceed N, ..
The selected user set is prepared by using the total number of
possible combinations of users within one single cell. Sec-
ondly, for every user set, BS allocates the transmission power
by using a power allocation scheme. The scheduling metric
for the corresponding user set is estimated on behalf of power
assignment ratios. Thirdly, with the help of the maximum
scheduling metric, the scheduler decides the candidate user
sets on each subband for data transmission. Finally, for every
allocated subband, the scheduler estimates equivalent signal-
to-interference-plus-noise ratios (SINRs) for every single
scheduled user. The Coding and Modulation Scheme
(CMS) determines the SNR for each user [49].

In PD-NOMA, the total transmit power “P” is divided
among multiple users. Let a group of “k” user equipment
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FIGURE 1: PD-NOMA system with SIC.

(UE) be located under the same base station (BS). Therefore,
the fraction of power allocated to the ky, user by BS is p,,

where p; + Z; 'p,=P. A typical NOMA system model is
shown in Figure 1. The received signal at the k; receiver
can be written as

k-1
Ve =SkVPr gk + Z\/ng (1)
i1

where s;.,/p;g; is the received vector of the ky user and

ol \/Pigy is the interference due to other users.
For PD-NOMA of the downlink system [50], the SINR of
the kg, user can be written as

2
pk|gk| (2)

SINR, = .
T
NoW + =11pi|gk|2

Also, throughput for the ky, user can be written as

pk|gk|2 ) (3)
N W+ Zz 1p1|gk|2

R, =W log, (1

where p, and p; are power allocated to the kg, and iy, users, g,
is the channel gain coeflicient of the kg, user, N, is the noise
density, and W is the bandwidth.

3.2. Sparse Code Multiple Access. By means of a typical
NOMA technology, SCMA is conceived as the most promis-
ing next-generation multiple access scheme for communica-
tion networks. SCMA combines Low-Density Spreading
(LDS) and multidimensional modulation (MDM) through
the SCMA encoding process [51]. In MDM, the numbers of
propagating modes have been scaled to the number of avail-
able carrier dimensions, as it is considered coded modula-
tion. For a small set of subcarriers, each user spreads its
data via a distinguished LDS. Therefore, more than one user
can share each subcarrier because there is no exclusivity in
the subcarrier allocation. Compared to the total number of
users at every subcarrier, a user will have a relatively small
number of interferes [52]. In SCMA uplink scenarios, code-
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book sets are assigned to every user and users select the ran-
dom codewords from the dedicated codebook sets. All of the
users’ codewords are multiplexed and shared at the same
orthogonal medium, that is, the OFDM subcarrier, illustrated
in Figure 3 [53]. Therefore, the multidimensional codebook
plays a crucial role in SCMA systems.

In the SCMA system model, a map is defined as an SCMA
encoder in which from log, (M) to M bits of K-dimensional
complex codebooks are available. K represents the spreading
factor of the system, which is the length of an SCMA code-
word. Sparse vectors are a value of N(N < K) which is the
nonzero entries of K-dimensional complex codewords from
the codebook. If N =2, two-dimension constellation points
can be mapped over k > 2 resources. A user could be config-
ured with a codebook by using a contention-based multiple
access scheme for uplink transmission [54]. A K-dimen-
sional codeword is carefully chosen from the codebook which
is used for mapping a user’s data bits for transmission on K
radio resources (Figure 4 [55]) which are subcarriers of the
OFDMA scheme. Each block of SCMA is carried over K num-
ber of OFDMA tones.

Let an SCMA uplink system with “M” numbers of users
or codebooks, where “K” is the length of the codeword and
“N” number of the nonzero elements are present in each
codeword. “d,,” is the distance between my, user “U,,” and
BS. Over K subcarriers, M users are multiplexed. The

received signal over all subcarriers y=[y,,y,, y3,---,yk]T at
BS can be written as

M
Pw .
y= Y o disg (1,,) diag (), + . (4)
m=1
where “P,” is the transmission power of user U,,. x,, =

X115 Xpps Xy3o- X ) - i the codeword or transmit symbols
of user U,,. The channel coefficient vector for user U,, is
T
h,, = [hml’ hmZ’ hm3’“ "hmk]
For the SCMA uplink system [56], the average SNR can
be written as

m

SNR = Z v/ mki;“lﬁ’”’f' . (5)

For the SCMA uplink system [56], the average sum rate
can be written as

= i (log <1+ mek};\;”‘L‘Z’”d )), (6)
k=1

where « is the path loss exponent, g, is the channel gain for
the my, user on the kg, subcarrier, f,, is the subcarrier index,
and p,, is the power of the m,, user.

3.3. Multiuser Shared Access. Multiuser shared access
(MUSA) uses the advanced successive interference cancella-
tion (A-SIC) scheme and the advantages of good spreading
sequences (SS). In SS, the data bit sequence is encoded per
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codeword. Therefore, at the same time, the identical number
of codewords could be encoded by utilizing the encoder.
Afterward, the coded bits are permuted (arranged in all pos-
sible ways) through random interleaving patterns. If a large
number of interleaving patterns are used, the permuted
sequence would be statistically independent. The coded

sequence is distributed to each subcarrier after modulation
on the quadrature amplitude modulation scheme [57].
MUSA uses special spreading sequences, for spreading
multiple users’ individual data. After that, the user’s spread
data is overlapped and transmitted. For recovering and
demodulating the data of individual users at reception,
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FIGURE 6: Elements of complex spreading code.

MUSA uses A-SIC receiver. The basic idea is illustrated in
Figure 5 [58]. To allow grant-free transmission and maintain
a higher overloading factor of users, the nonbinary complex
spreading codes at the SIC receiver can be used.

The SIC algorithm is chosen by the SIC receiver to
achieve the nonorthogonality between users. It is designed
to reduce the power, delay, and complexity if there is large
user overloading, and a requirement arises by short spread-
ing codes. A good choice is to use one of the types of the Mul-
ticode Complex Domain (MCCD). Due to the design
flexibility with the imaginary part and real part, the length
of multi-MCCD could be shortened. The sequence with
component+ 1 is a type of complex spreading code that
might be created as shown in Figure 6 [58]. Moreover,
Figure 6 shows the real and imaginary parts of the code for
M =2 and M = 3. Therefore, before normalization, all ele-
ments of the complex spreading codes are just elements of
the set {1-i—1—1i—-1+14,1+i} because the values of the
imaginary part and real part contain 1 and -1. The maximum
number of existing codes is 4" for the code length L. In the
current scenario, the maximum existing code is 256 for the
code length of 4, which is not sufficient. Therefore, the exist-
ing elements of the set which include the imaginary part and
real part need to increase, to improve the number of existing
codes, which should be M-ary with M > 2.

A preferred selected value of M is 3; the sequence with
components 0 and +1 is a type of complex spreading code
that might be created as shown in Figure 6. Therefore,
before normalization, all elements of the complex spread-
ing codes are just elements of the set {-1+i,—1+0i—1—
,0—4,1-4,0+0i,1+0i,1+4,0+i} because the values of
the imaginary part and real part contain 0, 1, and -1, that
is, a 3-ary [58]. With the help of the new set, 9" codes
could be created, which bring considerable improvement
in the number of user access.

For multiuser detection at the receiver, SIC is used in
MUSA. Linear conjunction of the received signal detects
symbols of multiple users. For the linear system, MMSE is
used for detecting users. The received signal can be written as

y=hx+n,

(7)

«, »

where “x” is the composite transmitted signal, “4” is the
channel coeflicient matrix, and “n” is a complex noise sample
of Gaussian noise with zero mean and variance “0.”

To detect the signal of each user at the receiver, compute
the inverse of channel matrix “h™'”; by this inverse, we get the

estimated signal “x.” The MMSE weight matrix can be writ-
ten as

-1
Wynse = (hHh + 021> W, (8)
where “I” is the identity matrix. Now, we get

x=Wymse V- 9)

The SINR at the iy antenna of the MUSA uplink system
[59] can be formulated as

Ex|wihi|2

SINR, = .
E. Y silwily| + o|w]

(10)
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Also, throughput at the iy antenna can be written as

E_|wh,|?
X|w1 l| 5 R (11)
E Y 1si|wihy| + olw]

R;=log, (1 +

where E, is the transmitted signal energy, i is the number of
transmitted antennas, h; is the iy, column of the channel
matrix, and w; is the iy, row of the weight matrix. The weight
matrix is constructed by using MMSE technique.

3.4. Pattern Division Multiple Access. Pattern Division Multi-
ple Access (PDMA) is well known as an emerging nonortho-
gonal multiple access technique based on SIC Amenable
Multiple Access (SAMA) technology [60]. PDMA utilizes
Low Complexity Quasi-ML (LCQ-ML) SIC detection [61]
at the reception and holistic/combined scheme of SIC-
Amenable (SIC-A) pattern at the transmission side. An
example of the PDMA pattern with resource mapping is
shown in Figure 7 [62]. On four resource elements (REs),
six users are multiplexed. First of all, the single PDMA pat-
tern is allotted to a single user. All four REs in the cluster

are used for user1’s data mapping, the first three REs are used
for user2, the first and third REs are used for user3, the sec-
ond and fourth REs are used for user4, the third RE is used
for user5, and the fourth RE is used for user6. For all six users,
the order of transmission diversity is 4, 3, 2, 2, 1, and 1 [62].

Different users in PDMA are separated at the transmitter
through a nonorthogonal character of pattern with various
domains, for example, code, space, and power domain. Par-
ticularly, at the receiver side, multiple users consist of an
irregular diversity degree in order to perform SIC amenable
detection. After SIC amenable detection, users can acquire
an equivalent diversity degree (Figure 8 [62]). Therefore, in
PDMA, steadiness between multiplexing and diversity degree
can be achieved [62].

At the receiver side, BS receive signal of “N” resource

blocks. The received signal at the m,;, antenna of BS is y,, =
X1 > X s X3 X m] - At the my antenna, the received
signal of the nth resource block can be written as

K
yn,m = z HPDMA(”’ k)hnk,m V Pnkxk + wn,m’ (12)

k=1
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TaBLE 2: Feature of different NOMA schemes.
Type Advantage Disadvantage Key feature
(i) High receiver complexity
(i) Is not affected by apparent near-far needs improvement in chip (i) For user multiplexing, PD-NOMA utilized
(ii) 20% uplink spectral technology the power domain multiple access
PD-NOMA efficiency increase (ii) Power domain multiplexing (ii) At receiver, SIC scheme is used
(iii) 30% downlink throughput is in the research phase (iii) Take advantage of different channel
increase [64] (iii) SIC increases the system conditions
signalling overhead
(i) Three times increase in spectral (i) Optimization and design of @ ECSI;/ilelrlltll{léeSs_g}Er)s;Aspreadlng sequence,
efficiency the code are difficult L . . o
. . . . . . (i) Spreading with low-density signatures and
(ii) 2.8 times uplink system capacity (ii) Increased interference p . . . .
bit-to-constellation mapping are combined in
SCMA upgrade between users SCMA
(iii) 8% and 5% increase in coverage (iii) High-dimensional 1 .
X . . (iii) Codebooks are created by multidimensional
gain and downlink throughput, modulation (HDM) . s
; tively [64] required constellation. Users’ codewords are taken
espectively q from codebooks
(i) MUSA is an upgraded scheme of CDMA via
(i) Block Error Rate (BLER) is low (i) Interuser interference is code domain multiplexing
(ii) Huge number of users’ access is increased (ii) At the transmitter, MUSA achieved higher
MUSA supported " L overloading through low-correlation
. . (ii) Spread symbol design is .
(iii) Spectral efficiency increased by 1.5 challenein spreading sequences
times [64] g (iii) SIC is performed at the receiver side, to
decode superimposed symbols
(i) Nonorthogonal patterns are used in PDMA
(ii) Multiplexing is achieved in space domain,
(i) 2-3 times uplink system capacity (i) The pattern optimization power domain, code domain, and their
PDMA increased and design are challenging composite domain

in downlink system

(ii) 1.5 times spectral efficiency increase (ii) Increase interference
between users

(iii) Code domain multiplexing is similar to
SCMA

(iv) Low Complexity Quasi-ML SIC detection is
utilized in PDMA

where “Hppya” is the PDMA pattern matrix, “P,,” is the
transmitted power of the kg, user at the n, resource block,
and “x;” is the transmitted signal from the k; user to BS.

« >

w, ,,” is complex additive white Gaussian noise at the ny,
resource block in my, receiving antenna.

Using [63], the SINR at the my, receiving antenna in ny,
resource block of the kg, user for the PDMA system can be
written as

2
PnkHPDMA(mk) |hnk,r|

SINR,; , = ; K p o P
o +Zj¢k nj PDMA(n,j)| nj.r

> (13)

Also, throughput for ky, user can be written as

2
PnkHPDMA(n,k) ’hnk,r’ (14)
21 yK P H h )
o +Z#k nj PDMA(n,j)| nj,r|

NY
R, = Z log, (1 +

r=1n=1

where P, is the power of ky, user in ny, resource block, H is
the PDMA pattern matrix, N, indicates the number of receiv-
ing antennas, h,, is the channel gain coefficient, and o is
the AWGN density. Moreover, Table 2 highlighted the main
key features, advantages, and disadvantages of major catego-
ries of NOMA schemes.

4. Summary

PD-NOMA utilizes nonorthogonal transmission among the
users as compared to CDMA and OFDMA. PD-NOMA does
not have apparent near-far problem compared to 3G. Simi-
larly, the MAI complications are not challenging in PD-
NOMA. PD-NOMA has a simple way to respond to multiple
links and changing conditions of link by applying Adaptive
Modulation and Coding (AMC) particularly in high-speed
mobile environments [65]. Therefore, PD-NOMA does not
need a highly accurate feedback signal or channel state infor-
mation (CSI) from the user end. In PD-NOMA, multiple
users share the same channel; therefore, spectral efficiency
is increased at the unchanged transmission rate compared
to 4G [66, 67]. In contrast, from a technical implementation
aspect, PD-NOMA is still facing several challenges. Initially,
implementation needs enhancement in chip technology from
signal processing aspect because the nonorthogonal decoder
is complex in design. Furthermore, the power domain multi-
plexing scheme is under the research phase and has a long
way to go [64]. Technologies used in different types of non-
orthogonal access schemes are presented in Table 3.

As an innovative multiple-access modulation technique,
SCMA offered several improvements, for example, multidi-
mensional constellation shaping gain along with benefits of
CDMA and LDS. The link-level performance of SCMA in
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TaBLE 3: Technology used by NOMA.

Type PD-NOMA SCMA MUSA PDMA
PDM ([}

SIC (] (] (]
LDS (]

HDM (]

MPA (]

MCCD (]

MLD (

highly overloaded scenarios can be achieved by employing
channel coding which uses the coding gain and diversity
gain. Although the structure of the code is well defined, opti-
mization and design of the code are problematic [64]. To
reduce the decoding hurdles of the message passing algo-
rithm, LSD based on a low-complexity decoding algorithm
is used in SCMA, in which the LSD only works with signals
inside a hypersphere by evading the extensive search for all
possible hypotheses.

Uplink access in MUSA utilizes an advanced complex
multidomain code structure and multiuser decoding on the
basis of SIC. In order to confirm that unlimited reliable access
at the same frequency-time slot for multiple users, MUSA
makes the procedure of resource allocation simpler in the
access scheme. So that MUSA significantly cuts the access
time, makes the system implementation simpler, and mini-
mizes energy utilization. MUSA downlink access utilizes
superposition symbol expansion and superposition coding
scheme, to offer better capacity as compared to downlink
transmission provided by the OMA. Also, uplink access in
MUSA offers to decrease the energy consumption and make
the implementation of user terminal simpler which is the
same as MUSA downlink [64].

PDMA can increase the performance of the spectrum uti-
lization for the downlink system by 1.5 times and increases
capacity in the uplink system by 2-3 times [68]. To improve
the security in the PDMA system, constellation scrambling
with MP-WFRFT is utilized. To avoid error propagation,
MMSE channel decoding and detection-based SIC iterative
processing is used in the PDMA system. Cooperative PDMA
is used with forward relay and half-duplex decode in order to
further enlarge the coverage area and improve transmission
reliability. On the other side, PDMA needs to encounter
some important challenges to be resolved in upcoming appli-
cations. These include designing simpler receivers, design
patterns at the transmission end to discriminate users with-
out difficulty, and combine MIMO with PDMA in order to
develop space domain coding design, etc.

5. Discussion

System sum rate performance versus the total number of
users of PD-NOMA, SCMA, MUSA, and PDMA is illus-
trated in Figure 9 from [69]. SCMA has been confirmed by
theory and in lab tests that SCMA has a better sum rate
among all major four categories while the complexity of
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SCMA is bigger than the PD-NOMA due to the code
domain. SCMA is capable of achieving coding gains and
improved shaping. SCMA allows a fixed number of resource
blocks to each user while PDMA allows a changeable number
of resource blocks to each user, since, in PDMA, the user data
rate is different, which results in degradation of the system
sum rate. PD-NOMA and MUSA both utilized SIC, but
PD-NOMA utilized power domain multiple access and
MUSA utilized a special spread sequence to spread the user’s
data symbols. Therefore, MUSA has a better sum rate than
PD-NOMA.

A comparison of the average aggregate energy efliciency
of PD-NOMA and SCMA schemes against the number of
its users is illustrated in Figure 10 from [70]. SCMA outper-
forms its counterparts due to nonorthogonality with high
overloading. Therefore, in SCMA, further access of users is
achieved with low energy consumption. PD-NOMA also uti-
lized nonorthogonal access; more users can be employed on
less numbers of resources, but due to power domain access,
overloading cannot be achieved. On the other hand, OFDMA
underperforms because OFDMA is an orthogonal scheme in
which users are restricted by orthogonal resources.

Figure 11 illustrated the bit error rate of PD-NOMA,
SCMA, PDMA, and MUSA uplink systems in the Rayleigh
fading channel from [71]. For performance comparison of
the PDMA and SCMA, the same factor graph is used with
QPSK modulation. The number of orthogonal resources is
4, and the number of symbols which are transmitted is 6.
Therefore, the resulting overloading factor becomes 150%.
With the help of [72], the codebooks are designed in SCMA.
Pseudorandom sequences whose image and real values are
obtained from set {-1, 0, 1} are used to generate spreading
sequences for MUSA, and nonorthogonal patterns are
designed accordingly [73] for PDMA.

The SCMA uplink system has high-quality BER perfor-
mance among all code domains, as shown in Figure 11. How-
ever, the BER performance of MUSA and PDMA is very
similar and lesser than SCMA. The effect of error propaga-
tion of the SIC receiver on the system performance is the
main reason for performance degradation of MUSA and
PDMA. Nevertheless, when PDMA utilized the unchanged
factor graph as used in SCMA, SCMA still has better BER
performance than PDMA. The reason for this performance
improvement is because of the near-optimal strategy of
sparse codewords. On the other hand, the code domain
NOMA scheme achieves a better system sum rate than the
power domain NOMA scheme; therefore, PD-NOMA man-
aged poor performance among all.

6. Recent Development

The race for developing 5G technology has integrated
NOMA with different communication technologies, such as
NOMA-based communication for the Tactile Internet,
NOMA for D2D communication, cognitive radio nonortho-
gonal multiple access, and SWIPT-NOMA-based HetNets. A
brief review of recent developments in NOMA is as follows.

The authors in [74] presented NOMA-based application-
specific communication for the Tactile Internet, by which
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heterogeneity can be achieved in 5G networks. Tactile Inter-
net allows nonorthogonal resource sharing from a pool of
massive machine-type communications (mMTC), ultrareli-
able low latency communications (URLLC), enhanced
mobile broadband (eMBB), and critical machine-type com-
munication (¢cMTC) devices to a shared the same base sta-
tion. The authors in [74] summarized many different types
of NOMA and their appropriateness for low latency Tactile
Internet-based applications. Additionally, the authors in
[74] presented a sample case of a healthcare-based network
and explained how in the healthcare domain NOMA-based
architecture can be utilized for low latency networks.

In [75], the authors used NOMA at the D2D transmitter
to improve the spectral efficiency of the network. The authors
proposed in [75] the Tactile Internet Driven Delay Assess-
ment for D2D communication (DIYA) scheme to resolve
the issue of interference and delay from the neighboring
nodes in two-hop transmission. In the first phase at relays
(intermediate nodes), a full duplex communication is used
for the first and second hop transmission concurrently, at
the same time interval. Afterward, at D2D transmitter trans-
mission rate is improved using Tactile Internet-based com-
munication. In the second phase, to reduce the cochannel
interference and increase the throughput of the cell edge
users, pricing-based 3D matching is proposed by authors.
Furthermore, authors in [75] used successive convex approx-
imation (SCA) with less complexity in order to optimize the
power of the D2D transmitter. SCA converts the nonconvex

optimization problem of power control and subchannel allo-
cation into the convex problem.

In [76], to improve the sum rate of the femtocell users,
researchers proposed a joint power control and channel allo-
cation algorithm by utilizing cognitive radio nonorthogonal
multiple access (CR-NOMA) at the femtobase station. The
authors used the channel gain difference among weak and
strong users’ pairs in the proposed algorithm. This reduces
the interference between NOMA users and improves chan-
nel utilization. Furthermore, to provide the QoS for weak
users, the authors differentiated the odd and even numbers
of users in a femtocell. The aforementioned scheme, OMA,
is utilized to obtain a preset data rate by a greedy channel
allocation algorithm.

The authors in [77] presented a subchannel assignment
scheme for SWIPT-NOMA-based HetNets with imperfect
CSI for the downlink system. Furthermore, the many-to-
many matching theory is presented by authors to formulate
the subchannel assignment. Considering imperfect CSI, the
authors in [77] presented the energy-efficient subchannel
assignment as a nonconvex probabilistic optimization prob-
lem. The many-to-many matching theory is utilized by
authors to deal with this problem. The authors used SWIPT
and NOMA with macrousers and pico-/femtobase station,
in which multiple users served by NOMA simultaneously
and SWIPT harvest energy from the radio frequency sig-
nals. Both techniques increase the energy efficiency of the
network.
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In [78], to maximize the sum rate and spectral efficiency of
femtousers with guaranteed QoS, the authors investigated the
NOMA transmission with 5G enabled cognitive femtocell. To
reduce the NOMA interference among multiple femtousers, a
pairing algorithm between weak and strong users has been
presented by authors. The authors also calculated the sum rate
for an even/odd number of femtousers in order to achieve a
higher data rate.

7. Research Challenges

In this article, we investigated major categories of NOMA,
contributions of NOMA in enabling the 5G network, integra-
tion with different communication technologies, and recent
research trends. Conversely, there are still many challenges
which should be solved further to improve the performance
of NOMA systems. We present various significant challenges
of NOMA and specify potential research.

7.1. Imperfect SIC Cancellation. In practical circumstances
during SIC processing, some residual interference left; the
successive interference cancellation is mostly imperfect.
Therefore, in theoretical analysis, we have to consider this
imperfect cancellation aspect. Furthermore, error propaga-
tion in SIC is also a major problem. This indicates that when
the higher-order user has been decoded erroneously, the
error will sequentially propagate to lower-order users.

7.2. Imperfect CSI. The current research works on NOMA
presume a perfect CSI to implement multiuser interference
cancellation at the user receiver or resource allocation at
BS. However, perfect CSI is impossible in practical scenar-
ios. Therefore, real-time NOMA systems work with chan-
nel estimation errors. In theoretical analysis of NOMA,
there is a need to consider channel estimation errors and
imperfect CSI.

7.3. Design of Spreading Sequences or Codebooks. In SCMA,
codebook design is still an issue particularly for outsized
higher-dimensional codebooks. For further performance
improvement of SCMA, the joint design of the factor graph
matrix and constellation construction is required. For this,
advance multidimension constellation is needed. Further-
more, to improve link adaptation, the design scheme for the
case that all the overloaded users have different codebook
sizes (transmission rate) needs to be investigated. Moreover,
to determine the performance and capacity under practical
scenarios, researchers have to consider error propagation in
codebook allocation in theoretical analysis.

7.4. Receiver Complexity. As compared to OMA schemes, in
NOMA, SIC needs additional implementation complexity,
because the SIC receiver has to detect and cancel other users’
signals prior to detecting its own signal. Moreover, as the
number of users in the cell increases, the receiving complex-
ity also increases. Therefore, a high-performance nonlinear
detection algorithm is required at each stage of SIC for
error-free propagation.

Wireless Communications and Mobile Computing

7.5. Heterogeneous Networks. A wireless network containing
nodes with different coverage sizes and transmission powers
is known as a heterogeneous network (HetNet). The HetNet
has capability in terms of coverage and capacity with reduced
energy consumption for future wireless networks. Real-time
NOMA allows sharing of resources for different types of net-
works. To improve system throughput of heterogeneous net-
works, heterogeneous collaborative communication schemes
with NOMA can be investigated.

7.6. Further Challenges. Several further challenges of NOMA
systems must also be addressed, including signal design and
channel estimation, maintaining system scalability, for multi-
carrier NOMA the reduction of the PAPR, the difficulties of
channel-quality feedback design, and flexible configuration
of multiple access schemes. It is accepted by researchers that
by addressing these challenges NOMA will further improve.

7.7. Future Trends. As the expected new round of develop-
ments, NOMA has received huge attention and active
input from researchers, and its development is very rapid.
Some future research trends are NOMA in large-scale het-
erogeneous networks, full-/half-duplex user relaying in
NOMA systems, NOMA for wireless powered IoT net-
works, NOMA-based massive MTC networks, adaptive
NOMA/OMA mode-switching, NOMA systems over «-y
shadowed fading channels, in large-scale underlay cogni-
tive radio networks, and NOMA with spatial modulation.

8. Conclusion

Currently, nonorthogonal awareness has been significantly
useful in the modern developments in the 5G multiple access
scheme. Herein, favorable nonorthogonal multiple access
technique for 5G mobile communications is reassessed and
compared on the basis of their advantages, disadvantages,
and key features and their future development. Furthermore,
we considered the performance of significant NOMA
schemes, ie., PD-NOMA, SCMA, MUSA, and PDMA in
Rayleigh fading channels. This comparison research reveals
the performance of different NOMA schemes. With the in-
depth review of their basic working principle, system model,
and performance, 5G key multiple access technique will be
progressively understood, enabling us to arrive at the essen-
tial stage of formulation and standardization.
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