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Abstract: The new era of IoT brings the necessity of smart synergy for diverse communication and
computation entities. The two extremes are, on the one hand, the 5G Ultra-Reliable Low-Latency
Communications (URLLC) required for Industrial IoT (IIoT) and Vehicle Communications (V2V, V2I,
V2X). While on the other hand, the Ultra-Low Power, Wide-Range, Low Bit-rate Communications,
such as Sigfox, LoRa/LoRaWAN, NB-IoT, Cat-M1, etc.; used for smart metering, smart logistics,
monitoring, alarms, tracking applications. This extreme variety and diversity must work in synergy,
all inter-operating/inter-working with the Internet. The communication solutions must mutually
cooperate, but there must be a synergy in a broader sense that includes the various communication
solutions and all the processing and storage capabilities from the edge cloud to the deep-cloud. In
this paper, we consider a non-orthogonal multiple access (NOMA)-based device to device (D2D)
communication system coexisting with a cellular network and utilize Greedy Asynchronous Dis-
tributed Interference Avoidance Algorithm (GADIA) for dynamic frequency allocation strategy. We
analyze a max–min fairness optimization problem with energy budget constraints to provide a
reasonable boundary rate for the downlink to all devices and cellular users in the network for a
given total transmit power. A comprehensive simulation and numerical evaluation is performed.
Further, we compare the performance of maximum achievable rate and energy efficiency (EE) at a
given spectral efficiency (SE) while employing NOMA and orthogonal frequency-division multiple
access (OFDMA).

Keywords: IoT; 5G; eMBB; mMTC; URLLC; GADIA; NOMA; OFDMA

1. Introduction

Recently, a rising consensus in the fifth generation (5G) of wireless network technology
has been developed to sustain the massive number of users. It will support a broad
range of vertical industries demands by linking everyone and everything, particularly
smart devices, machines, and sensors. The 5G network will drive innovation and has
the prospect to change the way we live, work and play. According to the International
Telecommunication Union (ITU), 5G wireless systems are classified to support three generic
services as enhanced Mobile Broadband (eMBB), massive Machine-Type Communications
(mMTC), and Ultra-Reliable and Low-Latency Communications (URLLC) [1,2]. These use
cases empower various services provided by the 5G network: (a) the eMBB provides a
stable connections service of mobile broadband with significantly high peak data rates
that assist in providing consistent user experience; (b) the mMTC furnishes a massive
number of Internet of Things (IoT) devices, which are transmitting small data payloads
periodically; (c) the URLLC services will open up additional diverse capabilities of the
network by expanding its limits for high reliability and low-latency from a restricted set
of terminals. The miscellaneous deployment of the 5G network is due to the increase in
various new characteristics, i.e., scalable numerology, along with compatibility, elastic
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spectrum, and ultra-lean design. The current technologies of 5G structures form the basis
for numerous new technologies beyond 5G/6G network, as Figure 1 illustrates. There
are two approaches to sustain the coexistence of various services, i.e., orthogonal slicing
and non-orthogonal slicing. In the orthogonal slicing approach, different resources are
assigned to each user to satisfy their requirements. The allocated resources are orthogonal
in frequency-time, i.e., no interference [3]. The significant drawback here is an inefficient
use of the available resources. In the non-orthogonal slicing approach, the same resources
are divided for all services simultaneously. Reusing similar resources enables improvement
in spectral efficiency regardless of possible interference between these services [4,5].

The main purpose of eMBB service is to increase the data rate while maintaining
reasonable reliability. Furthermore, an mMTC device is active periodically and utilizes
a fixed low transmission rate in the uplink. Furthermore, mMTC has been developed as
part of 3GPP Release 13/14 low power wide area (LPWA) technologies which includes
Narrowband Internet of Things (NB-IoT). The enormous number of conceivable active
mMTC devices results in difficulties to assign primary resources to particular mMTC
devices. Instead, it is essential to provide resources that can be communicated via random
access. For example, grant-free random access with an excessive number of non-orthogonal
pilot sequences is introduced as a promising technique for supporting mMTC where all
active devices (with unique identity) synchronously transmit their pilot sequences and the
goal of an access point is to detect the activities of devices [6].

The size of mMTC devices’ active division is a random variable whose average value
estimates the mMTC traffic arrival rate. The primary purpose of designing the mMTC is
to magnify the arrival rate that can be sustained in a shared radio resource. The targeted
packet error probability (PER) of an individual mMTC transmission is typically low, e.g.,
in the order of 10−1. Although the URLLC transmissions are periodic, the set of potential
URLLC transmitters is much smaller than those of mMTC. For sustaining the URLLC
communications, it requires a combination of scheduling algorithms to utilize the available
resources for reliable data transmission efficiency. Moreover, to prevent too many resources
from being idle due to the periodic traffic, identifying the transmission of URLLC on time
because the low latency will require comprehensive coverage, which is highly unlikely in
early 5G deployments. Enormous diversity is essential to high-reliable communication [7],
and it can be accomplished only by utilizing multiple frequency or spatial resources. The
transmission rate of a URLLC is relatively insufficient, and the main requirement is a high-
reliability level (with a PER generally lower than 10−5). That is undoubtedly a fundamental
purpose that is considered by both academia and industry. Notably, wireless local area
networks have enhanced increasingly popular over recent years, demanding massive
connections between numerous devices and a base station and between devices termed
as device-to-device communication (D2D) [8]. Due to the spectrum scarcity for cellular
users, it requires more local facilities. Integrating D2D links within the existing cellular
infrastructure can improve the spectrum energy efficiency, increase the network coverage,
and enhance communication reliability [9]. Several techniques have been merged into a
D2D scheme to provide more reliable communication in ultimate wireless networks, e.g.,
massive multiple-input multiple-output (MIMO) [10,11], nonorthogonal multiple access
(NOMA) [12], and mmWave communications [13]. In particular, NOMA has recently
gained significant attention as a promising multiple access applicant for superposition
coding, and successive interference cancellation [14]. It is determined as NOMA in the
power domain, and the network can assist multiple users simultaneously and frequency
resources as current systems. Furthermore, this technology can manage challenges related
to bandwidth limitations by exploiting the frequency resource concurrently while expecting
no additional physical facilities. This paper studies the concern of boosting the coexistence
of the three heterogeneous services across similar Radio Access Network (RAN) architecture
whose specific characteristics and requirements will be elaborated later. The eMBB traffic
can be analyzed to be a direct extension of the 4G broadband service. Massive payloads
illustrate it, and the device operations stay stable over a prolonged period. That permits
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the network to manage wireless resources to the eMBB devices ensure that no more than
two devices using the same resource concurrently.

In this paper, we focus on URLLC in 5G wireless networks. Taking the above chal-
lenges into account, the key contributions of this work are summarized as follows:

1. The 5G main techniques (i.e., eMBB, mMTC, URLLC) are introduced, which act as
different services in various 5G applications.

2. The requirements of the future application and the fundamental open problems
toward the design of NOMA-based RAN are briefly explained.

3. An overview of the new generation of radio access technology is conducted, i.e.,
NOMA. Further, the basic principles of NOMA, including superposition coding (SC)
and successive interference cancellation (SIC) for downlink channels, are presented.

4. Considering NOMA, we propose a novel algorithm where the downlink results are
combined with D2D mode and utilize Greedy Asynchronous Distributed Interfer-
ence Avoidance Algorithm (GADIA) to establish two different application scenarios.
Mainly, we analyze the max–min fairness optimization problem for a given fairness
index in the network. The proposed optimization framework has been proven theo-
retically and confirmed numerically by comparing with Monte Carlo simulations for
the same system model as the one introduced in [15].
To the best of our knowledge, NOMA-based D2D is a device group on the max–
min fairness optimization problem that was not yet studied in the context of the
heterogeneous network where both the cellular and D2D devices are active.

The remainder of this paper is organized as follows. In Section 2, we overview the
related work. In Section 3, we consider the 5G network and explain the challenges and
research directions. The main principles of NOMA and performance analysis are provided
in Section 4. Sections 5 and 6 formulates and solves the max–min optimization problem
subject to the power constraints. Finally, the main conclusions and future work are given
in Section 7.
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Figure 1. Features and improvement plan for future 5G.
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2. Related Work

Most general 5G deployments heterogeneous services are permitted to coexist within
the same network; moreover, the authors in [16] investigated the network structure slicing
based on 5G. Accordingly, recent research works of 5G architectures concentrate on de-
signing a network with low-cost base stations, low latency and high bandwidth abilities to
sustain the diverse 5G applications. That introduces the front link bandwidth requirement
exceeding what the current technologies, for instance, Common Public Radio Interface
(CPRI), can provide the necessity for new transport technologies [17,18]. A promising
method to perform these design purposes is by employing the concept of function split that
is specified by 3GPP standard [19], and it has been comprehensively studied in [20]. The
5G slicing network architecture in the existence of orthogonal slicing has been introduced
in [16,21]. The dynamic scheduling of the downlink multiplexing for URLLC traffic over
continuing eMBB transmissions is investigated in [5,22] by abstracting the procedure at the
physical layer. The authors in [23] propose a cost analysis of some of the PHY layer function
split prospects. Lien et al. in [24] consider the role of feedback in the regard of resource
allocation for mMTC and URLLC in a new radio (NR) setting. Chitimalla et al. in [25]
proposed a scheduling policy to decrease jitter. In [26], Mahmood et al. investigated the
orthogonal resource allocation for mMTC and eMBB users through imputation the intercell
interference. Grant-free uplink transmissions are deemed in [27] for the three services by
evaluating a particular transmission/modulation/spreading methods for sustaining the
three services. In contrast, numerous works present an extensive analysis of the impact
that virtualization has on latency, furthermore testing the performance through various
virtualization circumstances, e.g., kernel-based virtual machine (KVM) and VirtualBox
investigated in [28–31]. Additionally, authors in [32–36] have already briefly described
Random-access (RA) based schemes for the URLLC and mMTC [35,36] individually. A
comprehensive review of the scheduler prospects in 5G NR is provided in [3], particu-
larly classifications of new scheduling formats and levels of freedom added to promote
URLLC and additional services. Moreover, several studies on the dynamic link adapta-
tion and MAC layer for URLLC have been conducted in the literature (see, e.g., [37,38]).
The fundamental concept of diversity and coding techniques were investigated in [39].
The hybrid automatic repeat request (HARQ) enhancements discussed in [40,41], and the
authors in [42,43] addressed the variable transmission time intervals (TTIs). Slalmi et al.
in [44] studied the optimization of the efficient bandwidth allocation for each device us-
ing 5G technology in orthogonal frequency-division multiplexing (OFDM) systems and
reported an improvement for reliable wireless communications. NOMA concept is also
introduced in conjunction with other techniques, such as MIMO or mmWave [45,46]. Many
previous works have investigated NOMA technology’s potential contributions to 5G-and-
beyond wireless networks [47–49]. However, these works are built on traditional wireless
techniques driven by broadband communications and are often inefficient for URLLC.

3. 5G Overview

There is a massive increase in the market for wireless services demanding faster,
higher-capacity networks owing to numerous devices that require to be connected to the
Internet simultaneously, for instance: mobile phones, computers, tablets, smartwatches,
etc. The IoT applications earn significant attention that is employed with restriction to the
high-speed broadband connection. For instance, E-Health and E-Transportation fuel a need
for massive connectivity and URLLC. These devices constantly require higher reliability
communications within low latency constraints. The 5G NR consider bringing provision
for diverse applications with an extensive range of communication requirements. These
requirements are linked with three generic service classes, known as eMBB, mMTC, and
URLLC. The 3GPP has considered these service classes as the primary leading drivers
for designing 5G. The major steps in the evolution of telecommunication technologies are
summarized in Table 1.
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Table 1. The evolution of telecommunication technology.

Generation The Key Technologies Services

1G AMPS Analog voice service

2G GSM, TDMA, CDMA Digital voice service

3G WCDMA, CDMA2000,
TD-SCDMA, WiMAX Simultaneous transmission of voice and data

4G TD-LTE, FDD-LTE Fast transmission of voice, data, video, image.

5G
Millimeter Wave, Massive
MIMO, Micro Base Station, D2D,
Beamforming, NOMA

HD video, smart home, etc

3.1. Enhanced Mobile Broadband (eMBB)

eMBB is a communication service that enables high data rate communications, which
is crucial for numerous human-oriented applications, such as video streaming, high-traffic
mobile broadband service, virtual reliability. Moreover, online gaming and the scenarios,
including 3D/Ultra HD video live broadcasts that can be shared and accessed anytime
and anywhere, dramatically increase wireless traffic. Indeed, the massive demand for an
extended data rate was the primary motivation for the earlier evolution of the cellular
systems’ generations, including 3G and 4G. 5G has certain advantages in large bandwidth
and low latency requirements. It intends to offer a peak data rate of 20 Gbps and assure a
decent data rate (50–100 Mbps) of ubiquity adverse provisions, e.g., in a dense area under
high mobility. Additionally, the target for user data traffic latency is 4 ms.

3.2. Massive Machine Type Communication (mMTC)

mMTC indicates the communication service for connecting a massive number of
devices. This service can foster the fulfilment of the IoT by implementing effective Internet
connectivity. Extensive connectivity is expected for numerous applications associated
with environmental measurements, traffic monitoring, asset tracking, resource utility
management, and the smart grid. These applications may require further communication
requirements besides extensive connectivity. For example, many devices are battery-
powered and should stand for a long time, e.g., a couple of years, without replacing
them. For instance, smart meters might be used in locations with high penetration loss.
Therefore, they need prolonged network coverage for their services. Furthermore, a low-
cost transceiver is fundamental for recognizing various IoT applications. Some of these
characteristics was partially discussed in Long Term Evolution (LTE) releases 13 and 14
by proposing new UE categories, such as UE CAT-0, Cat-M1, and Narrowband Internet of
Things (NB-IoT) [PI] [44].

3.3. URLLC

URLLC is a new communication service that is recognized for cellular systems. This
service is crucial for sustaining numerous emerging mission-critical applications, mainly
industrial automation, vehicular safety communications, and remote surgery. URLLC
has rigorous requirements on availability, latency, and reliability [45]. This implies that
the communication link should be available most of the time to transfer data in a short
period and with high reliability. The 3GPP intended to provide URLLC for short data
payloads (up to 32 Bytes) with the user plane latency of 1 ms (measured at layer 2 and
layer 3) and the reliability of 1–10−5 (99.999%). An asymmetric latency budget of 0.5 ms is
defined for both up-link and down-link to assure the latency target. The information must
be carried at the higher layers quickly and error-free with a significant level of integrity,
reliability, and confidentiality [46]. As long as these specifications are adequate for many
mission-critical applications, some other applications have more precise requirements and
further demands. Therefore, the 3GPP may define more rigorous requirements for URLLC
service in later 5G releases.
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3.4. Challenges and Research Directions

NOMA-based RAN affords a powerful and promising platform for achieving future
application requirements. Various essential issues persist in thoroughly assessing the gains
that can potentially endure from such an architectural integration. The following Table 2
addresses the fundamental open problems toward the design of NOMA-based RAN.

Table 2. Integration of NOMA in different radio access network technologies.

NOMA Use Case Opportunities Challenges and Research Directions

eMBB

Downlink NOMA, D2D
NOMA, edge caching,
Better spectral efficiency
and user’s fairness, In-
creased number of sev-
eral users satisfying their
QoS

Design a comprehensive RRA, IM,
caching placement and strategy that
includes down-link NOMA and D2D
NOMA

mMTC

Grant-free NOMA in the
uplink transmissions, Re-
duced energy consumed
in signaling, Higher
transmission success
probabilities compared
to OMA

Optimize the number of multiplexed
users through NOMA

URLLC

Dowanlink NOMA by
increasing the network-
ing availability, Up link
NOMA by reduce the
collision, Data storage
and computation at the
network edge

Analyze the joint provision of high re-
liability and low latency

4. Principle of NOMA System

In this section, we briefly explain the fundamental principles of orthogonal multiple
access (OMA) and NOMA. Traditional OMA schemes are: frequency-division multiple
access (FDMA), time-division multiple access (TDMA), code-division multiple access
(CDMA) and orthogonal frequency-division multiple access (OFDMA) used for 1G, 2G,
3G, and 4G, respectively. Multiple users are allocated to orthogonal radio resources in
frequency, time, code-domain, or combinations. More particularly, every user sends a
unique user-specific signal through its unique frequency resource in FDMA. Therefore the
receiver can quickly identify all users’ data in their identical frequency bands, respectively.
Furthermore, in TDMA, a particular time slot is allocated to each user; accordingly, it is
straightforward to notice the distinct users’ signals at the receivers in the time domain. In
CDMA, various users can share the same time-frequency resources, while the transferred
symbols of distinctive users may be correlated to orthogonal spreading sequences, e.g.,
Walsh-Hadamard codes. Hence, a low-complexity decorrelation receiver enables the use
of multi-user detection (MUD). OFDMA can be considered an intelligent combination
of FDMA and TDMA where the radio resources are orthogonality divided in the time-
frequency grid [47]. Theoretically, as an advantage of orthogonal resource allocation, there
is no interference between OMA systems users. Consequently, low-complexity indicators
with linear complexity can assign different users’ signals. The maximum number of
sustainable users is tightly limited by the available number of orthogonal resources in
conventional OMA schemes which results in reducing the extensive connectivity in 5G.
Moreover, it has been proven that OMA cannot regularly obtain the maximum achievable
sum-rate of multi-user wireless systems. Unlike OMA techniques, NOMA can accomplish
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the multi-user capacity with the aid of time-sharing or rate-splitting if required [48]. To
address the above constraint of OMA, NOMA has been recently introduced as a potential
solution. The key characteristic of NOMA scheme is to maintain reliable communication for
a massive number of users higher than the number of orthogonal resource slots supported
by non-orthogonal resource allocation [49]. The complex inter-user interference cancellation
can perform at the cost of an enhanced receiver complexity, e.g., computational complexity
with polynomial or exponential order. An effective way to eliminate the interference
is to exploit powerful multiuser detectors. NOMA schemes can be introduced in two
domains: power-domain NOMA and code-domain NOMA. NOMA in the power-domain,
for distinct users, indicates different power levels based on their channel quality, as long
as the same time-frequency-code resources are shared between multiple users. NOMA
power-domain utilises the users’ power-difference to identify various users concerning
successive interference cancellation (SIC) at the receiver side. The NOMA Code-domain is
comparable to CDMA or multi-carrier CDMA (MC-CDMA) unless its decision to employ
the low-density sequences or non-orthogonal sequences has a low cross-correlation [50].

4.1. SIC Technology

The basic principle of SIC technology is to adopt a step-by-step interference elimination
strategy. In the received signal, users are judged one by one according to the order of power.
After the amplitude is restored, the signal’s multiple access interference are subtracted
from the received signal. Then, judge the remaining users again, and repeat the operation
until all the multiple access interference is eliminated. Therefore, SIC technology has more
significant advantages for users with weak signals.

Figure 2 illustrates the typical diagram of SIC strategy for three users. Assume the
three users superimposed on the same sub-channel are x1, x2, x3 where the corresponding
channel gains are, respectively, h1, h2, and h3 under h1 > h2 > h3 condition; i.e., the users
are ranked based on SNR. When the SIC receives the signal from the wireless channel, it
first sorts all user signals according to their power from strong to weak and then performs
detection according to the power. Since x3 has the strongest signal power and the corre-
sponding SINR, SIC detects x3 first, and then detects x2 after obtaining the signal of x3, and
finally x1.

Figure 2. SIC receiver principle.

There are several potential problems with SIC receivers that may adversely affect the
performance of NOMA. The first disadvantage is that it is more sensitive to the power level,
i.e., if two or more UEs have similar power, the performance will be significantly reduced.
If two or more UEs have similar channel gains, the NOMA scheme will assign them the
same power allocation coefficient, lowering the SIC’s performance. Another drawback of
SIC is its high dependency on the correct decoding of the first UE. If the first UE fails to
decode successfully, this decoding error propagates through the lower-order of UEs and
results in system performance degradation. Another limitation of the SIC receiver comes
from the decoding delay for low-order UEs due to the nature of the SIC serial decoding
process. To reduce the decoding delay, NOMA must group a small number of UEs with
significantly different channel gains, limiting the system capacity. Finally, because the
NOMA protocol serves users based on the SIC sequence, the rate achieved between users
is different.
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4.2. Resource Allocation

In the conventional OFDMA system, just a single symbol is mapped to a sub-carrier.
Distinct characters are sent on different sub-carriers that are orthogonal and do not interfere
with each other. Accordingly, the total number of transferred symbols is limited by the
number of orthogonal sub-carriers. Figure 3 illustrates a typical diagram of resource
allocation carried by user information on the frequency domain and time domain planes of
OFDM technology. The smallest unit in the frequency domain represents a sub-carrier with
a specific bandwidth. The smallest unit in the time domain can be considered a particular
length of the OFDM symbol. Each resource unit is a resource plane composed of one
subcarrier and one OFDM symbol. Since each resource unit’s user power is the same, the
OFDM technology did not develop a power domain in terms of the power domain. It is a
two-dimensional planar resource carrying system, and its wireless channel transmission
capacity is relatively weak.

Figure 3. Resource allocation of OFDM technology.

NOMA can be obtained in a recently emerged new domain, particularly in the power
domain. In contrast to the multiple access schemes based on time, frequency, code-domain,
or combinations as illustrates in Figure 4. Figure 4 illustrates a diagram of resource
allocation in NOMA scheme. The corresponding frequency domain, time domain plane,
and OFDM resource plane are the same. The difference is that it has developed the power
domain application. Unlike OMA technology that can only allocate a unit resource (i.e.,
time/frequency) to one user, NOMA can take advantage of allowing different power and
assign a unit resource to numerous users.

Figure 4. Resource allocation of NOMA technology.

NOMA technology is a three-dimensional resource bearing system, so wireless chan-
nels’ transmission capacity is much stronger than OFDM. Distinctive signals formed by
various users are instantly superimposed on each other after classic channel coding and
modulation at the transmitter. Multiple users share the same time-frequency resources, fol-



Information 2021, 12, 510 9 of 24

lowed by exposure to the receivers by MUD algorithms such as SIC. Accordingly, the SE is
magnified at the cost of an enhanced receiver complexity compared to conventional OMA.
Furthermore, in the information-theoretic literature, it has been broadly acknowledged
that non-orthogonal multiplexing utilizing superposition coding at the transmitter and SIC
at the receiver outperforms classic orthogonal multiplexing.

Figure 5 illustrates the downlink transmitter and receiver of the NOMA system
management process per sub-channel. The system consists of a single base station (BS)
and multiple users. The BS transmits the signal to the user set u ∈ 1, 2, . . . , U through
the sub-channel set v ∈ 1, 2, . . . , V, and all receivers are equipped with SIC per each sub-
channel and single antenna. Assuming that the system bandwidth is BW, each sub-channel
bandwidth is Bv = BW/V. Assume PBS denote the transmit power of the BS. Furthermore,
let Pv and Pu,v, respectively, represent the power of the sub-channel and the power of the
uth user on the sub-channel v.

As an example, assume that the base station serves three users denoted as UE1,
UE2, and UE3 where their channel responses are, respectively, h1, h2, and h3, and their
corresponding signal-to-noise ratios are 20 db, 10 db, and 0 db, respectively. As it can be
readily checked, the h1 channel condition is the best one with the highest signal-to-noise
ratio. The h2 channel condition is worse than h1, and the h3 channel condition is the worst.
Next, we will analyze the signal processing situation at the transceiver end the principle of
NOMA. A user over strongest channel should not remove interference from others. The
best user decodes the signal containing possible interference and shares the decoded signal
with the other users. The user over the second strongest channel decodes its signal by
removing the best user’s interference and shares it with the others. The last user over the
worst channel will have zero interference from other users after applying (n−1) SIC and
decodes its signal.

Figure 5. Downlink sub-channel system model of NOMA.

Assuming that n users are assigned for each sub-channel, the signal sent by the BS to
each sub-channel can be expressed as:

xv =
n

∑
i=1

√
Pi,vsi (1)

where si is the modulated symbol of the ith user. According to the principle of NOMA,
multiple users can be superposed on the same sub-channel where each user not only
receives its own signal but also receives possible interference signals from other users
on the same channel. The received signal at the jth user over vth sub-channel can be
expressed as:
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yj,v = xvhj,v + wj,v

= (
n

∑
i=1

√
Pi,vsi)hj,v + wj,v

=
√

Pi,vsihj,v +
n

∑
i=1,i 6=j

√
Pi,vsihj,v + wj,v

(2)

where hj,v = gj,vPL−1(d) is the coefficient of sub-channel v from BS to the jth user, gj,v is
the Rayleigh fading channel gain and PL−1(d) is the path loss function between the BS
and the jth user at distance d. Further, wj,v is the additive white Gaussian noise (AWGN)
with zero mean and variance σ2

v where σ2
v = E[|wj,v|2].

Then the signal to interference plus noise ratio (SINR) (without SIC) received by the
jth user can be expressed as [51]:

SINRj,v =
Pj,v|hj,v|2

σ2
v + ∑n

i=1,i 6=j Pi,v|hj,v|2
(3)

The normalized signal to interference plus noise ratio can be expressed as [51]:

SINRj,v =
Pj,v Hj,v

1 + ∑n
i=1,i 6=j Pi,v Hj,v

(4)

where Hj,v =
|hj,v |2

σ2 represents the channel response normalized by noise of the jth user on
sub-channel v. Recalling the principle of SIC approach and the optimal decoding order, we
assume that the channel conditions of n users superposition on sub-channel v are sorted by
the channel response normalized by noise (CRNN) as:

|H1,v| ≥ |H2,v| ≥, . . . ,≥ |Hj,v| ≥ |Hj+1,v| ≥, . . . ,≥ |Hn,v| (5)

As previously mention, in NOMA protocol, more power is allocated to user with poor
channel conditions. As a result, the power allocated to each user on sub-channel v can be
expressed as:

|P1,v| ≤ |P2,v| ≤, . . . ,≤ |Pj,v|,≤ |Pj+1,v| ≤ . . . ,≤ |Pn,v| (6)

After removing the interference from the users having poorer channel condition, the
received signal to interference plus noise ratio (with SIC) of user jth can be expressed as:

˜SINRj,v =
Pj,v Hj,v

1 + ∑
j−1
i=1 Pi,v Hj,v

(7)

Recalling the Shannon’s capacity expression, the data rate of the jth user on sub-
channel v is given by:

Rj,v = Bvlog(1 +
Pj,v Hj,v

1 + ∑
j−1
i=1 Pi,v Hj,v

) (8)

The sum rate of the sub-channel v is given by:

Rv =
n

∑
j=1

Bvlog(1 +
Pj,v Hj,v

1 + ∑
j−1
i=1 Pi,vHj,v

) (9)

Therefore, the overall sum rate of system can be given by:

R =
V

∑
v=1

n

∑
j=1

Rj,v (10)
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4.3. Principle of Transceiver

Figure 6 illustrates a typical scheme for the power allocation, the uplink and downlink
of the NOMA system management process per sub-channel. Multiple users send their
signals to the BS in the same Resource Block (RB) in uplink transmission, as illustrated in
Figure 6b. The BS identifies all the users’ messages with the assistance of SIC. The main
differences between uplink NOMA and downlink NOMA can be summarized as follows:

• Transmit Power: in regards to downlink NOMA, the users’ transmit power in uplink
NOMA does not have to be different. It is based on the channel conditions of each
user. If the users’ channel conditions are considerably different, their received SINR
can be somewhat different at the BS, irrespective of their transmit Power.

• SIC Operations: the uplink NOMA and downlink NOMA users’ SIC operations and
interference are also somewhat different. In particular, as displayed in Figure 6c for
downlink NOMA, the signal of user n is disinfected from the interference caused by
user m. In precise, that is performed by first detecting the more powerful signal of user
m, modulating it and then deducting it from the composite signal. That implies SIC
operation is carried out on a strong user in the downlink for cancelling the weak user’s
interference. By contrast, SIC is performed at the BS in uplink NOMA to distinguish
the strong user n first by treating User m as interference, as presented in Figure 6b.
Then it demodulates the recovered signal and subtracts the interference imposed by
user n to identify user m.

Figure 6. Principle of transceiver of NOMA system.

5. Proposed Algorithm

NOMA technology is considered as one of the key technologies of the 5G mobile
communications [52]. It is able to distribute the power and SIC technology allows multiple
users to share the same resource, such as time, frequency rate, etc. As a result, it is expected
to improve the system performance in terms of throughput and energy efficiency. D2D
and cooperative relaying technology are the key technologies in 5G systems. There is
also a surge of interest in utilizing NOMA technology combined with D2D and relay
technology. The combination of NOMA and D2D gives full play to the advantages of the
two hotspot technologies and is very suitable for 5G scenarios. An interesting algorithm
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called GADIA is proposed in the literature [53]. The algorithm itself provides a simple
fully distributed dynamic frequency allocation strategy, without any information exchange
between autonomous systems equipment and no knowledge about the existence of other
equipment autonomous entity. Moreover, it can be used as a part in conjunction with any
reasonable radio channel model. In the GADIA calculation, each node has the knowledge
of possible interference that it may encounter, and then selects the spectrum band with
the least interference. In this work, we use the combination of NOMA and D2D to build a
system model, and employ the GADIA algorithm to allocate D2D strategies.

5.1. System Model

We consider one BS and K cellular users as UE1, UE2,. . . , UEK. Among them, UE1 is
the closest to the base station with the best channel conditions, and UEK is at the edge of
the cell with the worst channel conditions. In the two-stage NOMA-D2D model, UE2 can
act as a relay for UE1, while UE2 can directly communicate with UE3 as D2D transmitter.
In the first stage, the BS sends signals to UE1 and UE2 in NOMA mode; in the second
stage, UE2 acts as a relay and D2D transmitter and also sends signals to other users in
GADIA mode.

5.2. Algorithm Design

The transmitted signal by the BS can be written as:

x(t) =
K

∑
k=1

xk(t)
√

αk PT (11)

where PT denotes the base station transmit power and αk is the power allocation factor for
the UEK power allocation factor. The power allocated to each UEk can be written as:

Pk = αk PT (12)

and the received signal at the UEk can be expressed as:

yk(t) = hbu

K

∑
k=1

xk(t)
√

αk PT + nuk (13)

where nuk represents the received Gaussian white noise, and hbu indicates the channel from
the base station to UEK. UE1 first detects xk(t) and eliminates the interference of the signal
to yk(t), and then detects xk−1(t) and eliminates the interference of the signal to yk(t), until
x1 is checked. Therefore, the SINR for UEK can be written as:

SINRk =
Pk |Hbu|2

∑K−1
i=1 Pi |Hbu|2 + 1

(14)

Using NOMA, the throughput of each UE in bps can be expressed as:

Rk = Wlog2

[
1 +

Pk |Hbu|2

∑k−1
i=1 Pi |Hbu|2 + n

]
(15)

where W denotes the transmission bandwidth. Furthermore, let J denote the fairness index
which can be written as:

J =
(∑ Rk)

2

K ∑ R2
k

. (16)

In Equation (16) represents the fairness of sharing system capacity among UEs. When
J is close to 1, the capacity of each UE is close to each other. We can set the goal of the
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power allocation mechanism to maximize the total capacity of the NOMA system under
fairness constraints. The nonlinear optimization problem can be expressed as:

max
αk

W log2

[
1 +

Pk |hbu|2

∑k−1
i=1 Pi |hbu|2 + n

]
s.t. J ≥ J′

Pk ≥ 0, ∀k
k

∑
k=1

αk ≤ 1

k

∑
k=1

Pk ≤ PT

(17)

where J′ is the target fairness index in the network.

5.3. Energy Model

In this section, we analyze the energy efficiency (EE) of NOMA systems. Considering
the downlink, the total power consumed Ptot by the BS can be written as:

Ptot = Ps + PT (18)

In (18), PT is the power consumed by the signal transmission, and Ps is the power
consumed due to other hardware and signal processing operations. Therefore, the total
transmission power can be expressed as the sum of the energy consumed by the signal
transmission power and the energy consumed. EE can be defined as the ratio of the
throughput over the total power. Mathematically speaking, it is given as [42].

EE =
Rt

Ptot
(19)

6. Results and Discussion

In this section, we demonstrate the performance of the NOMA scheme under con-
sideration. First, we study the boundary rate comparison of OFMA and NOMA. Next,
the performance of EE and SE is investigated. Finally, we consider a D2D system model
for two distinct condition (i.e., rural and urban) and investigate the behaviour of GADIA
algorithm. Figures 7–9 illustrate the main steps of our simulation process; i.e., random
pairing algorithm, channel state sorting-pairing algorithm and orthogonal pairing algo-
rithm. The simplest grouping method is the Random Pairing Algorithm (RPA) [54]. For
grouping, the BS chooses users at random from the user pool. The algorithm has a Com-
mitted Information Rate when CIR0 is the rate threshold users establish based on their
business needs. Users that meet the rate can be chosen at random by the BS. However, the
system performance is poor because this method does not consider the user’s channel state.
The Channel State Sorting–Paring Algorithm (CSS-PA), on the other hand, considers that
there are N users to be assigned. First, organize the candidate set’s channel conditions in
ascending or descending order. If the number of users is even, divide them in half and
divide them into groups A and B. When the number of users is odd, the first N

2 users are in
group A, the (N

2 + 1)th user is in group B, and the rest of the users are in group C. After
the grouping, match pairwise in sequence A users and B users [55]. Moreover, the OPA
algorithm allows users with the best channel orthogonality to pair [56].In turn, match each
user in the candidate user set. Then, calculate the orthogonality factor for each match, and
choose the user with the highest orthogonality factor. Therefore, delete the matched users
from the group of candidate users.
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Figure 7. The flowchart of random pairing algorithm.

Figure 8. The flowchart of channel state sorting-pairing algorithm.



Information 2021, 12, 510 15 of 24

Figure 9. The flowchart of orthogonal pairing algorithm.

6.1. Comparison NOMA vs. OFDMA

Figure 10 illustrates the boundary rate comparison of OFMA and NOMA. To better
illustrate this, a pair of users communicating with a BS over an AWGN channel is consid-
ered as an example. As it can be observed from Figure 10, utilizing NOMA leads to a larger
capacity region compared to OFDMA. The rate of user 2 with NOMA is about 3 times
higher than the one with OFDMA. That is regarded as a significant superiority of NOMA
over OFDMA. Intuitively, the users associated with small normalized channel gains should
be allocated higher power levels to improve their received SINR.More particularly, the
users with higher channel gain require less power and they can successfully detect the
data with a high probability as a benefit of SIC. In the absence of preventative measures,
the SIC induced error propagation may have a severe effect on the error probability as the
number of users increase. Based on this optimal SIC-detection order, any user can detect
its information without substantial interference-contamination imposed on the other users
whose normalized channel gain is smaller than that of this user.



Information 2021, 12, 510 16 of 24

0 2 4 6 8 10 12 14 16 18

Rate of user 1 (bps) 10
7

0

1

2

3

4

5

6

R
a
te

 o
f 
u
s
e
r 

2
 (

b
p
s
)

10
5 Comparison Rates: NOMA vs OFDMA

OFDMA

NOMA

Figure 10. The boundary rate between NOMA and OFDMA for downlink.

In Figure 11, we investigate the performance of EE and SE. We assume the power con-
sumed due to hardware and signal processing operations is Ps = 100 W. For Equation (19)
the EE peak can be assumed in NOMA is 3696.4 bit/joule, and OFDMA’s peak is 4.5 bit/joule.
The result of NOMA is much better 370 times than the result of OFDMA. Furthermore,
the NOMA scheme has the potential of striking a more attractive trade-off between SE
and user-fairness. However, some advanced user pairing and power allocation methods
and powerful channel coding schemes reduce the error probability. Furthermore, NOMA’s
down-link could achieve the capacity region, while OFDMA is suboptimal in general.
However, rate-fairness is not maintained at this optimal point since the low-power user
rate is much lower than that of the higher-power user when the distinction between the two
users’ received powers is high. Note that the simple two-user case results can be extended
to the general case of an arbitrary number of users. In this way, the user with the most
substantial normalized channel gain can cancel interference from all the other users and
thus is least contaminated. Then, simulations in Figure 12 compare the sum data rate in a
rural area at a given EE and SE when using NOMA versus OFDMA. The simulation were
performed in MATLAB, and the results showed that NOMA achieves a better performance
than OFDMA in the categories compared.
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Figure 12. Data rate comparison of NOMA vs. OFDMA in rural areas.

6.2. D2D System Model

In this scenario, we consider a D2D system model containing a cellular system where
the number of assigned users follow a Poison Point Process (PPP) and the user’s spatial
position is randomly distributed following a uniform distribution. We assume the D2D
users are also distributed following a Poisson point process. In this part, the downlink
data of the base station received by the UEs receiving end is optimized in combination
with D2D. For our study, we consider a square cell, where the BS is omnidirectional and
placed at the cell centre. The research is focused on the downlink scenario. A crucial part
of the downlink is power control. Furthermore, we reflect shadow fading, represented as a
Gaussian random variable X with zero mean and standard deviation in dB. Recalling the
GADIA algorithm, we create two different scenarios where GADIA allocates the D2D users
in rural, and urban environment. For the convenience of the reader, the system parameters
are summarized in Table 3 unless otherwise stated.

Table 3. System parameters.

Type Urban Rural

BS Sensitivity (dBm) −100 −100
BS Coverage Area 1 km2 1 km2

UEs Max Tx Power 30 dBm 30 dBm
Path Loss Exponent 6 2

The GADIA algorithm is applied to a single random user deployed in the square
unit. It then conducts a continuous iterative analysis of its performance, focusing on the
interference of its behaviour. After several iterations, the GADIA algorithm is applied
to different random users to obtain the average value of its performance. This process
is iterated until the number of users is exhausted. The BS is illustrated as a red point in
the square cell centre, BS users as blue squares, and D2D connections as green triangles.
Figures 13 and 14 , respectively, illustrate distribution of UEs within a range of 1 km using
GADIA for rural and urban scenario under consideration. After the frequency allocation
using GADIA, D2D users will stay within their frequency or change into the BS users. That
shows how users are stationed in this simulation model for the two studied environments.
Moreover, D2D users (represented with triangles) are colored with green (if they remain to
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utilise the non-shared frequency band) or cyan (if they turn to the shared frequency band).
The figures represent how the D2D users are allocated with one or another frequency
according to the number of interference signal received from these maps.
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Figure 13. Location map after GADIA for rural environment.
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Figure 14. Location map after GADIA for urban environment.

After several iterations, the average interference of the two scenes stabilized, and the
mean interference received by D2D users represent in Figures 15 and 16. The two other
variables have been pursued along GADIA iterations to determine the whole network’s
performance ultimately: mean interference received by all network users (red line) and
mean received interference of cellular network users (blue line). The simulation results
for the two studied environments confirm how the D2D user’s performance is enhanced
at the expense of a deterioration of the cellular network users performance. The average
interference of D2D users in cities is −60 dBm, and the moderate interference of D2D users
in rural areas is −30 dBm. That effect can be described by increasing the interference that
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cellular network users receive as the D2D users are allocated with the second frequency
band (shared with the cellular network users).
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Figure 15. Mean interference level in rural environment along GADIA iterations.
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Figure 16. Mean interference level in urban environment along GADIA iterations.

As it can be seen in Figure 17, employing GADIA controlled frequency allocation
brings improvements compared to random frequency allocation or not using any kind of
frequency sharing approach. It should be noted that the final simulation result strongly
relies on the initial deployment of users. For determining the actual behaviour of GADIA,
it is required to run the simulation multiple times and analyze the mean performance
afterwards. In this regard, we have repeated the experiments 200 times to obtain reliable
results. To better emphasize this, we study the mean interference received by D2D users by
applying three different approaches, i.e., GADIA controlled frequency allocation, random
frequency allocation, and without using any frequency sharing. As it can be readily checked
from Figure 17, the average interference for GADIA-based algorithm for urban scenarios is
about −74 dBm which is much smaller than other resource allocation schemes.
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Figure 17. Mean D2D user interference level for different environments after 200 iterations.

7. Conclusions and Future work

Several innovative techniques have been introduced for the next mobile generation.
The next part is to control the URLLC, which pursues super reliable and low latency
requirements. Precisely, D2D fits within URLLC, especially in mission-critical communi-
cations. This article discussed the critical concept and advantages of NOMA techniques,
which constitute promising future 5G systems. The principal NOMA schemes have been
presented to compare their operating principles, key features, and receiver complexity. We
also highlighted a range of critical challenges, opportunities and future research trends
related to NOMA’s design with eMBB, mMTC and URLLC. It is expected that NOMA will
play an essential role in future 5G wireless communication systems sustaining massive
connectivity and low latency.

In this paper, we investigated opportunistic spectrum sharing for a D2D-based URLLC
system. A novel performance examined a NOMA-based D2D communication system coex-
isting with a cellular network, where the power resource requires to be carefully allocated
based on the shortage in practice. We formulated a max–min fairness optimization problem
with energy budget constraints to provide a reasonable boundary rate for the downlink to
all devices and cellular users in the network while still limiting the whole system’s total
transmit power. Moreover, we consider two scenarios where a D2D system coexists with
a mobile cellular system within the same cell. Two frequency bands are available, D2D
users only use the first one, and D2D and cellular network users share the second one.
D2D users use GADIA to allocate them to one of the two frequencies. GADIA is a fully
distributed algorithm for finding a sub-optimal frequency band allocation to the network
users. Each D2D group includes several paired devices so that the NOMA technique can be
used to mitigate co-subchannel interference. Then, simulations in theoretical and practical
scenarios are examined, comparing the maximum achievable rate and the EE at a given
SE when using NOMA and OFDMA. The simulations were shown in MATLAB, and the
results confirmed that NOMA obtains better performance than OFDMA in the categories
compared. Furthermore, we study the mean interference received by D2D users by ap-
plying three different approaches, i.e., GADIA controlled frequency allocation, random
frequency allocation, and without using any frequency sharing.

However, there are still diverse, challenging problems to be solved. Further challenges
should also be determined in the context of NOMA systems, including the allied reference
signal design and channel estimation, the loss of the PAPR in multi-carrier NOMA systems,
such as LDS-OFDM, sustaining system scalability, the effects of channel-quality feedback
design, BS cooperation, etc. Moreover, the existing multiple access design routinely allows
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a single scheme for all applications, regardless of their distinct requirements. Therefore,
different system design factors have to be estimated to accommodate the worst-case situa-
tion, which leads to inefficient multiple access design in various applications. Therefore,
the software-defined multiple access technology is assumed to maintain the flexible config-
uration of multiple access schemes, and thus multiple services, as well as applications, can
be advanced in 5G. It is anticipated that NOMA solutions will achieve further performance
enhancements by addressing these challenges.
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Abbreviations
The following abbreviations are used in this manuscript:

BS Base station.
BW Bandwidth of system.
UEs Users/Terminals.
v ∈ (1, 2, . . . , V) The number of sub-channel.
u ∈ (1, 2, . . . , U) The number of user.
PBS The power at base station.
Bv Bandwidth of the sub-channle v.
Pu,v The power of the user at the sub-channel v.
xv The signal sent by BS.
si The modulated symbol of the ith user.
yj,v The received signal of the jth user at the sub-channel v.
hj,v The coefficient of the sub-channel v from BS to the jth user.
wj,v Additive white Gaussian noise with mean of 0 and variance of σ2 .
PT The base station transmit power.
αk is the power allocation factor for the UEK power allocation factor.
nuk represents the received Gaussian white noise.
hbu indicates the channel from the base station to UEK .
W is the transmission bandwidth.
J is the fairness index.
J′ is the target fairness index in the network.
EE energy efficiency.
PT is the power consumed by the signal transmission.
Ps is the power consumed due to other hardware and signal processing operations.
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