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Abstract: Energy efficiency is a major concern in the emerging mobile cellular wireless networks since
massive connectivity is to be expected with high energy requirements from the network operators.
Non-orthogonal multiple access (NOMA) being the frontier multiple access scheme for 5G, there
exists numerous research attempts on enhancing the energy efficiency of NOMA enabled wireless
networks while maintaining its outstanding performance metrics such as high throughput, data
rates and capacity maximized optimally.The concept of green NOMA is introduced in a generalized
manner to identify the energy efficient NOMA schemes. These schemes will result in an optimal
scenario in which the energy generated for communication is managed sustainably. Hence, the effect
on the environment, economy;, living beings, etc is minimized. The recent research developments
are classified for a better understanding of areas which are lacking attention and needs further
improvement. Also, the performance comparison of energy efficient, NOMA schemes against
conventional NOMA is presented. Finally, challenges and emerging research trends, for energy
efficient NOMA are discussed.

Keywords: energy efficiency; energy harvesting; green communication; interference cancellation;
non orthogonal multiple access; optimization; simultaneous wireless information and power transfer;
5G

1. Introduction

In parallel to providing the expected connectivity of 5G, it is expected that the 5G network will
be a more energy efficient, self-sustained, low budget, globally available to all resource, than the
existing LTE networks. It is predicted that the mobile traffic in the emerging 2020 era will be 1000 times
more and there will be 100 billion devices connected which will pose a huge challenge for the mobile
network industry [1-4]. Moreover, as users are looking for a cost-effective high data rate, high capacity
network, there are many research contributions towards enhancing the performance of the 5G mobile
network. With the expected high number of end terminals or devices and applications requested
from 5G, the multiple access scheme has a significant contribution. In this regard, non-orthogonal
multiple access (NOMA) is a flexible communications technology that can cater for a massive number
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of simultaneous connections with the available bandwidth [5]. Therefore, NOMA scheme has been
recently proposed as the most optimal multiple access strategy for the current 3GPP LTE and the
upcoming 5G mobile networks [6-8]. One of the most significant contribution of NOMA is the
enhanced spectral efficiency, thus it can serve multiple users in the same time, frequency or with
the same code but with different power allocations. Hence, yielding a significant spectral efficiency
compared to the conventional orthogonal frequency division multiple access (OFDMA). Furthermore,
NOMA scheme can be combined with many other technologies to cater the requirements of high
spectral efficiency, very low latency, massive device connectivity, very high achievable data rate,
ultra-high reliability, excellent user fairness, high throughput, supporting diverse quality of services
(Q0S), energy efficiency and reduction of operating costs expected from 5G networks [9]. Thus, NOMA
incorporated technologies such as MIMO-NOMA, cooperative NOMA, NOMA, and cognitive radio
(CR) and green NOMA have attracted much attention from the research community [10].

Energy-efficient NOMA or green NOMA will be a key ingredient in the upcoming 5G mobile
network design to cater for the goal of achieving a low cost, self-sustaining, environment-friendly
wireless network. It has been observed from the Global e-Sustainability Initiative that in 2002,
the mobile industry was producing around 43% of the global information and communications
energy-related emissions and it is expected that this will rise to 51% by 2020 [11]. With the ever
increasing humans to human and machine to machine communications and the advent of the concepts
of smart cities, smart homes and smart transportation, the future networks must be designed to
achieve up to 1000 times the capacity of currently available networks. Catering high end mobile service
requirements will result in a huge carbon print. Therefore, sustainable energy-saving techniques create
a big impact on reducing the effect on the environment as well as the economy. The carbon emissions
generated by mobile devices and the operation of mobile radio access networks will remain major
contributors to the global carbon footprint due to the rising mobile traffic volumes in the years to come
[12]. Therefore, maintaining energy efficiency and sustainability in the design and operation of wireless
communication systems is a major concern. For more than a century, attention was mostly driven
towards optimizing performance metrics such as the data-rate, throughput, latency, etc. However, in
the last decade, energy efficiency has emerged as a new prominent figure of merit due to economic,
operational and environmental concerns. Also, more than 80% of a typical mobile network operator’s
energy requirements are associated with operating the network [11].

Hence, since NOMA is the multiple access technology proposed for 5G network requirements,
the design of NOMA networks will necessarily have to consider energy efficiency as one of its key
performance indicators. Thus, the concept of green NOMA is introduced in a generalized manner
to identify the energy efficient NOMA schemes. These schemes will result in an optimal scenario
in which the energy generated for communication is managed sustainably. Hence, the effect on the
environment, economy, living beings, etc is minimized. It is observed in [13] how the distributed
energy production from renewable energy sources can generate sufficient electrical energy and also
avoid carbon dioxide emission. Figure 1 illustrates the major existing energy efficient technologies and
their applied scenarios in wireless mobile-cellular networks.

Mathematically, energy efficiency is defined as the amount of information that can be reliably
transmitted per Joule of consumed energy; which is denoted using units of bits-per-Joule [14]. Even
though many research works proposed many solutions for energy efficient NOMA, however the
output appears to be insufficient to face the high energy consumption issue of 5G networks [15].
This study aims to discuss the beneficial role of energy harvesting technology in 5G networks. We
categorize and classify the literature Table 1 available on energy efficiency for NOMA based networks.
The key requirements and challenges for enabling energy efficiency networks are also outlined.

Our contributions in this article are:

e  Extensive classification of research works on NOMA related energy efficient technologies under
power and code domain.
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e  Proposition of strategies for extending the energy efficiency of existing green NOMA schemes
incorporating state-of-the-art techniques.
o  Identifying challenges and future directions for energy efficient NOMA.
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Figure 1. Existing schemes of enhancing energy efficiency in NOMA based wireless networks such as

power allocation, RF energy harvesting, cooperative communications (D2D, M2M), cloud, caching,
beamforming, sleep/active modes.
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Table 1. Classification of research work related to energy efficient NOMA which are discussed in
this article.

Domain Technology Citations

Power domain Resource allocation [16-35]
Energy harvesting and transfer [36-49]

Interference cancellation techniques [50-55]

Sleep /wake modes [56-60]

. Sparse code multiple access (SCMA) [61,62]

Code domain Space time block coding (STBC) [56,63]
Polar codes [64-66]

Low density parity check (LDPC) [67-69]

Multi user shared access (MUSA) [70,71]

Additionally, the basic principles of NOMA and energy efficient NOMA are also discussed and
the recent research works and challenges incorporating green concept are revisited and the possible
future directions are presented. Hence, in-depth the recent state of art for energy efficiency for NOMA
based networks are presented in the proceeding section.

2. Classification of Green NOMA Technologies

Facing massive connections and unavoidable interference, the ways of providing green
communication for emerging mobile networks is an important matter. Thus, it is our goal to review
and investigate available strategies in maintaining and increasing the energy efficiency of all users in
a NOMA network. Hence, related research works on enhancing energy efficiency are revisited and
presented in this paper. In most of the existing literature [16-27], proposed algorithms are derived using
probability, optimization, signal processing principles and are used to derive optimal or sub-optimal
energy efficient algorithms. The approaches for green NOMA of wireless networks can be classified
under two major categories namely power domain and code domain NOMA as illustrated in Figure 2.
Further, all the proposed methods for green NOMA are compared with the prevailing multiple access
schemes in the current 3GPP mobile networks and their performances evaluated.

Energy efficient NOMA technologies

Y

Power domain Code domain

> Resource allocation > Sparse code
~ multiple access (SCMA)
Space time block
—>| Energy harvesting and transfer coding (STBC)
- 5 Multiuser shared
> Interference F:ancellatlon access(MUSA)
technigues
> Sleep/wake modes

Figure 2. Classification of green technologies for NOMA based on existing research work discussed in
this article.



Information 2020, 11, 89 5 of 31

3. Power Domain based NOMA

3.1. Resource Allocation

A lot of literature discussed on the resource allocation to achieve energy efficiency of NOMA
[16,18-28]. Resource allocation is a key area to achieve the full potential of communication
systems with NOMA [19]. With the notion of achieving energy efficiency in NOMA systems
under resource allocation, the research contribution can mainly be classified under power allocation,
channel assignment, transmission scheduling, user selection and joint schemes of these techniques.
The contributions of research work under these categories are elaborated in the subsequent subsections.
Also, the choice of which resource allocation to use depends on the type of communication system
that will be applied. Therefore, it is necessary to choose the optimal strategy according to the specific
scenarios.

3.1.1. Power Allocation

Power allocation strategies play a major role under resource allocation and thus, the techniques
used in the current research work on power allocation and optimization for energy efficiency are
addressed here. Besides, Figure 3 provides an overview of power allocation technologies and related
fields that enhance the energy efficiency of NOMA based wireless networks.

| e—e joint schemes |

Transmission
Channel scheduling
assignment

Channel state
information

Power
allocation

Cognitive
Radio (CR)

Power allocation

i Applications
technologies

Coordinated

1 cell multi
smatt ce point(COMP)
networks

Figure 3. Classification of energy efficient green technologies for NOMA under power
allocation scheme.

First, the paper [21] addresses an adaptive power minimization strategy which utilizes an
optimization algorithm to minimize power allocation and determine the optimal user equipments
(UEs) grouping for a certain subchannel. The number and the composition of the UEs group are also
derived. Therefore, both power allocation and UEs grouping are optimized here to obtain the best
performance of the NOMA scheme. In [17], an optimal energy efficient power allocation scheme is
proposed for a NOMA system, where multiple users have their own data rate requirements. Further,
the minimum required transmission power to satisfy the total data rate of all users is computed.
Moreover, the numerical results of the optimal energy efficient power allocation scheme outperforms
the energy efficiency performance of conventional orthogonal multiple access (OMA) systems. This
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is due to the fact that NOMA scheme can serve multiple users simultaneously via power domain
division which makes it more energy efficient.

In [16,18,20,22-24], derivation of optimal power allocation strategies under different categories of
channel state information (CSI) namely, known CS], statistical CSI and imperfect CSI have been studied
to improve the performance in terms of providing minimum per user data rate requirements and
minimization of transmission power. In [18,20], energy efficient allocation algorithms were proposed
for single-cell downlink NOMA with perfect CSI. Here, a low complex optimization algorithm is
presented for subchannel assignment and power allocation for subchannel users. Also, it is revealed
that the proposed algorithms receive a considerable enhancement in the sum rate and energy efficiency
compared with the conventional OFDMA scheme. In [25], the authors have focused on the energy
efficiency optimization for fading MIMO NOMA systems with statistical CSI at the transmitter.
Here, the energy efficiency maximization problem in fading MIMO channels, under both the total
transmission power constraint and the minimum transmission rate constraint of the weaker or farther
user is addressed. In [22], an optimal power allocation solution that minimizes the total transmission
power with throughput constraints for downlink NOMA under statistical CSI is presented. Using
this, NOMA can guarantee certain throughputs for users with the minimum total transmission power
when only statistical CSI is available at the base station (BS).

Research work, in [23], investigates the NOMA system under imperfect CSI and proposes two
power allocation algorithms. First, a power allocation algorithm that can be employed in both
uplink and downlink NOMA systems is proposed. The proposed algorithm is shown to provide
the optimal solution to the rate maximization problem without relying on perfect CSI. Secondly, the
earlier proposed algorithm is extended to consider various rate requirements of users. The extended
algorithm considers the heterogeneous rate requirements of users and provides solutions based on a
novel rate measure scheme. In [24], the authors consider the problem of power allocation for energy
efficiency maximization in NOMA systems with imperfect CSI for a set of users. The total transmit
power level is optimized under per user minimum rate requirement constraint.

In [26], the authors discuss a power allocation and channel assignment respectively. Here, the
power allocation is optimized under multiple constraints using Lyapunov optimization. Moreover,
it develops a subchannel assignment algorithm based on matching theory. In [27], the authors
address a power efficient resource allocation algorithm with imperfect CSI for a multi-carrier NOMA
(MC-NOMA) system. Also, the algorithm develops an optimal user scheduling based on the bottom-up
approach of hierarchical clustering.

3.1.2. Joint Schemes

Moreover, the works [16,29-35] propose energy minimization solutions by jointly utilizing power
allocation, user scheduling, transmission scheduling and channel assignment. Further, it is observed
that the joint schemes are better than the single technique alone in terms of energy efficiency. In [29],
the authors propose a joint transmission scheduling and power allocation algorithm to address the
energy efficiency maximization problem. Here, they use practical data rate evaluation considering the
modulation and coding compared to the analytical information-theoretic approach. In [30], authors
resolve an energy minimization problem for uplink with a machine to machine system and NOMA
based wireless network. Further, in [16] an energy efficient subchannel allocation algorithm was
proposed for simple downlink NOMA with imperfect CSI. Here, an energy efficient optimization
problem is formulated which combines user scheduling and power allocation schemes. It should be
noted that channel estimation plays a major role in the performance of the algorithm. High channel
estimation error deteriorates the performance of the proposed algorithm. Nevertheless, it is shown
that the impact of the proposed resource allocation scheme in enhancing the energy efficiency of a
NOMA system is better than in conventional OFDMA system. In [31], the problem of energy efficiency
optimization is addressed for downlink NOMA by joint power allocation and channel assignment
strategies. Here an optimal subchannel matching scheme is provided for the NOMA system using a
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game-theoretic approach. Thus, for a proposed subchannel matching, the power allocation problem is
solved.

Furthermore, an energy optimization problem is addressed using joint user scheduling and power
allocation scheme by considering both perfect CSI and imperfect CSI in [32] for downlink NOMA
heterogeneous networks. NOMA heterogeneous networks consist of a macrocell overlaid by several
small cells, where each of the small cells utilize the NOMA scheme. In [33], a joint user scheduling and
power allocation problem is formulated as a stochastic optimization problem. Further, the long-term
power consumption of the whole system including the BS and all mobile devices is minimized using the
optimization problem created. Moreover, a joint combination of user scheduling, channel assignment
to optimize the energy efficiency is proposed in [34]. A joint subchannel assignment and power
allocation optimization problem is formulated in [35] for downlink NOMA coordinated multi-point
(CoMP) networks. Here, both the total network and cell edge user throughput are maximized.

3.2. Radio Frequency (RF) Energy Harvesting

It is observed from the recent literature [44,72—77] that with the advent of energy efficient
techniques like energy harvesting, the resulting self-sustained networks are getting attention of
the research community. Energy harvesting and transfer have recently taken the attention in the field
of wireless communication networks as an energy efficient mechanism that leads to self-sustaining,
cost-effective networks. Recently, under RF energy harvesting communications, many research works
have been done because energy harvesting has the potential to provide a continuous supply of
power to the nodes in the communication networks [78]. Mainly, the focus has been driven towards
investigating optimal energy harvesting techniques, protocols, transmission schemes and security in
wireless communication networks.

Uplink energy efficient internet of things (IoT) NOMA based network which uses RF energy
harvesting technology is given in [36]. Here, an efficient NOMA system is proposed which elaborates
on the effect of energy harvesting radius against the user equipment density. Further, this shows that
with the increment in user equipment density, the energy harvesting range increases. This shows that
the cooperative energy sharing enables more energy harvesting for the users. In [37], authors propose
a new relay selection scheme for energy harvesting cooperative NOMA based network. The relays are
assumed to have no embedded energy supply and rely only on the energy harvested from the signals
broadcasted by the source for cooperative NOMA transmission. In [38], an energy harvesting relay
which supports multiple source-destination pairs to communicate is presented. Further, this strategy
enables the energy harvesting relay to distribute the energy optimally among the multiple users.
Further, it addresses two centralized methods for power allocation. The first one is an auction-based
power allocation strategy where multiple destinations compete with each other for the assistance of
the relay. This method provides a convenient trade-off between complexity and system performance.
Secondly, the effect of a centralized method of water filling for power allocation is investigated.
It shows an optimal performance, however it has high complexity. Furthermore, non-cooperative
individual transmission strategy is shown to be inefficient compared to a cooperative communication
system which allocates sufficient energy to the users with weak channel conditions.

In [39], a power splitting mechanism is derived for a simultaneous wireless information and
power transfer (SWIPT) enabled NOMA network using a game theory approach that computes power
splitting ratios for all relays to achieve maximum achievable rates for each user. Here, non-cooperative
games are proposed for three different network scenarios and each link is modeled as a strategic player
who aims to maximize its achievable rate by choosing the dedicated relay’s power splitting ratio such
that a good network-wide performance can be achieved. This is specially effective for systems with
low and medium interference. The authors of [40] address the challenge of enhancing the energy
efficiency of a M2M communication network, where energy is limited. Here the uplink scenario is
considered and energy efficiency enhancement is achieved by combining both power control and time
scheduling schemes.
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Several energy harvesting techniques that can be utilized for wireless sensor networks are given
in [79]. Here, the major techniques which can be utilized for energy harvesting are classified as
cooperative communication [41,80,81], energy harvesting and wireless charging [76,82,83], radio
optimization [84], modulation optimization [46,85,86], sleep/wake up mechanisms [87-89], multi path
routing and data reduction techniques such as adaptive sampling, compression and network coding.

In the era of 5G communication, SWIPT technology could be fundamentally important for energy
and information transmissions within numerous types of modern communications networks. It is
an emerging research area in wireless networks in enhancing energy efficiency and the sustainability
of the network [79]. The concept of simultaneous wireless information and power transfer was first
addressed in [90] which led to many research works related to SWIPT [43,49]. The work of [90] deals
with the fundamental trade-off between transmitting energy and information over a single noisy line
simultaneously. Energy harvesting and wireless transfer is an emerging area in enhancing the energy
efficiency of wireless networks with many open problems.

The objective in [44] is to achieve self-sustaining energy harvesting wireless networks utilizing
energy cooperation and SWIPT. SWIPT and cooperative relay communication are combined in [43],
where the relays are randomly scattered. Here, energy is harvested at the relays from the relay
receptions and the relay transmissions are powered by that energy. Further, the reliability of the
transmission and energy efficiency is enhanced by the proposed algorithm where energy delivery and
information transfer are conducted simultaneously by a single source. This solution is more energy
efficient than the systems where the energy delivery and information transfer are decoupled and
conducted by separate sources. Moreover, an energy efficient method for downlink energy harvesting
NOMA relaying network is proposed in [41] with a three-phase harvest-transmit-forward transmission
protocol. Furthermore, in [42], authors discuss how to apply SWIPT in NOMA using cooperative
relaying. Here, a cooperative relay protocol in which near users act as energy harvesting relays to
help the far users. Also, the advantage of opportunistic node location selection for user selection is
performing better in terms of high throughput and low outage probability compared to random user
selection scheme. It is concluded that by proper selection of network parameters such as transmission
rate and power splitting coefficient, the expected energy efficiency can be obtained so that the users do
not have to use their own batteries to power the relay transmission. Another instance of combining
SWIPT and cooperative relaying is addressed in [45]. Here, the cell-center user, which is a full duplex
relay, is used to support a cell edge user. The optimal power splitting and beamforming vectors are
computed by an optimization algorithm ensuring enhanced energy efficiency and minimum required
target rate for cell edge user and successful decoding rate at the cell center user. Further, the proposed
strategy is used for an imperfect CSI system and it was found that the proposed solution can improve
energy efficiency compared to existing strategies.

Further, authors in [46] propose a modulation based NOMA scheme and observe its efficiency in
terms of higher harvested energy. It is a SWIPT enabled modulation based NOMA (M-NOMA) which
shows higher energy efficiency outperforming conventional NOMA. Also, it proposes a SWIPT scheme
where channel response is estimated using pilot symbols which are energy signals superimposed on
the information signals and where energy is harvested from pilot symbols. Authors claim that the joint
energy harvesting schemes and data rate fairness beamforming with distributed power beacons aid in
enhancing energy efficiency which is illustrated in Figure 4.
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Figure 4. Proposed SWIPT scheme in [46] where cooperative relay users provide wireless power
transfer and enable data rate fairness beamforming.

When the receiver architecture for SWIPT is considered, the authors propose two protocols for
RF energy harvesting techniques in [47] as power splitting (PS) protocol and time switching (TS)
protocol. The performance of these protocols are compared and the most energy efficient protocol is
proposed. Hence, it is discovered that the time switching protocol is more energy efficient in lower
transmission rates. In a higher transmission rate scenario, the information decoding cannot be done
efficiently enough and thus the information transfer is not properly conducted. Therefore, the selection
of the SWIPT protocol is a critical factor in conducting SWIPT of the wireless powered cooperative
communication networks (WPCCNs). In [48], a power splitting protocol to enhance the performance
of SWIPT assisted cooperative NOMA (SWIPT - CNOMA ) system is unfolded. Here, the near users
with strong channels act as energy harvesting relays that support the far users with weak channels.
Furthermore, [49] addresses energy efficiency optimization using NOMA under combined power
allocation and time switching techniques.

3.3. Interference Mitigation and Cancellation

The massive connectivity required in the emerging mobile networks for example in IoT scenarios
results in unavoidable interference which is a huge challenge [5]. Mitigating interference is one of
the major challenges in NOMA and recent research works on interference cancellation is detailed
herewith. In [50] a method of minimizing interference between individual cells using coordinated
approach between the cells and improving user throughput is explained. Research works describe
another approach on interference cancellation, named as triangular successive interference cancellation
(T-SIC) [51]. In this approach, multiple signals from each interfering user are collected and processed
to create interference cancellation triangles. The strong users’ symbol is detected before detecting
the weak users’ symbol and possible interference from the strong user is mitigated. In addition,
interference cancellation using practical successive interference cancellation techniques are addressed
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in [52]. In this research work, authors study the effect of zero forcing (ZF) and minimum mean square
error (MMSE) on interference cancellation in NOMA. Further, they modify ZF and MMSE schemes
and develop a scheme which shows better interference cancellation than ZF and MMSE in a NOMA
network. Further, in [53] an interference cancellation method namely, multiple interference cancellation
(MIC) is introduced for a network with D2D pairs. MIC has a higher performance than the successive
interference cancellation utilized in the conventional NOMA scheme. Here, the network coverage area
is divided into multiple sectors by the directional antennas at the BS. Next, successive interference
cancellation at the receivers is used to achieve interference cancellation, and the next MIC is applied
where the decoded symbols are removed from the superimposed signals which reduce the effective
interference on each D2D pair. It is shown that MIC provides considerable energy savings. In [54]
the optimal cooperative design of energy efficiency and spectral efficiency in NOMA is investigated.
The energy efficiency-spectral efficiency relationship of a single cell NOMA is shown to be linear
with the slope of bandwidth per unit transmit power when total transmit power is constant. Next,
a precoding technique which can be utilized to mitigate the intercell interference is also proposed.
The technique improves both the energy and spectral efficiencies. Furthermore, the single-cell NOMA
is extended to network NOMA, where a distributed multi-user zero-forcing (ZF) precoding scheme is
applied to users with weak channel conditions. Further, an interference mitigation technique which
can be utilized in a small cell network using cooperative communication and game theory approach is
elaborated in [55].

3.4. Sleep Wake Modes

Optimizing the sleeping and waking modes of the devices will enhance the energy efficiency of
wireless networks [57-60]. By controlling the active mode of the BS using optimal algorithms, energy
enhancement is obtained for NOMA enabled network in [56]. Here, the level of low transmit power
which facilitates constant received power and allows BSs to go into deep sleep modes is discussed.
Further, the optimal percentage of deep sleep BSs which will maximize the energy efficiency while
meeting QoS requirements is addressed in [56]. Besides, the waking or sleeping modes of UEs can be
utilized to maintain the state of charge of the battery of the UE above a certain threshold. For example,
this strategy is helpful in a cooperative NOMA scheme where certain UEs are used frequently as
relays during the transmissions between the source and destination and their state of charge of the
battery can completely discharge. In this section, the recent research works on the power domain
based NOMA were discussed and in the proceeding section, the energy efficient NOMA schemes
proposed under the code domain based NOMA are presented.

4. Code Domain Based NOMA

4.1. Sparse Code Multiple Access

In most of the above researches, NOMA was implemented in the power domain. However, there
is room for energy efficiency enhancement using code domain NOMA as well. It is mentioned in [61],
that out of the tested NOMA schemes, sparse code multiple access (SCMA) show lowest bit error
rate and outage probability at high interference channels and utilizes low transmit power. Hence,
SCMA falls under an energy efficient spectrum efficient algorithm that requires further research insight.
In [62], an algorithm is proposed to enhance energy efficiency using SCMA in the uplink. It is shown
that the SCMA scheme provides extra multiplexing ability while optimizing the energy consumption
which results in an energy efficient approach for the NOMA uplink scenario. Hence, the SCMA scheme
can support an extra number of users with the help of non-orthogonal transmission thereby enhancing
the average energy efficiency of a single user. Here a low complexity decoding algorithm is utilized
which makes the transceiver hardware implementation less complex.
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4.2. Space Time Block Coding

Another coding scheme namely, space time block coding (STBC) [63], is used in enhancing both
spectral efficiency and energy efficiency of NOMA. In [56], authors present a cooperative NOMA
scheme utilizing STBC. Both orthogonal and non-orthogonal are used simultaneously with STBC and
it is shown that both spectral efficiency and energy efficiency are enhanced.

4.3. Multi User Shared Access

Furthermore, multi user shared access (MUSA) is a code domain technique that can be used to
optimize energy efficiency, throughput, simultaneous connections of a NOMA based wireless network.
In [70,71], MUSA is used in an IoT scenario where the massive number of users are accommodated
simultaneously using the same radio resource. A collection of short length code sequences are used
since they enable simple and steady successive interference cancellation and manage high user loads.

5. Practical Aspects of Deploying Green NOMA

The available research contributions on practical implementations [91] of energy efficient NOMA
are discussed in this section. In [92], the energy efficiency of a practical heterogeneous cloud radio
access network (HCRAN), adopting NOMA, is discussed. Further, the optimal number of BSs that
maximize the energy efficiency of the HCRAN is presented for both micro and macro type BSs which
allocate power assuming a practical channel model. The results indicate that the proposed NOMA
for the HCRAN outperforms the conventional OFDMA schemes in terms of providing higher energy
efficiency of up to four times. Further, it is shown that with a low power supply at the cloud based
central station (CCS), twice the number of micro BSs can be served to provide an improved energy
efficiency of up to 1.6 times compared with the macro BSs and remote radio heads, that achieve the
same energy efficiency with high-power CCS. Besides, in [93], authors concentrate on the design
of green BS assignment incorporating optimal power allocation. Here, the impact of the proposed
solution against the densities of small BSs and users is addressed. Further, a practical implementation
of a hybrid NOMA network by combining the concepts of non-orthogonal multiple access (NOMA)
and orthogonal frequency division multiplexing and a heuristic resource allocation algorithm is
proposed which includes a low complexity user clustering mechanism utilizing search and allocation
approach [94].

Another practical scenario of enhancing energy efficiency is discussed in [95], where SWIPT is
utilized in a multiple input single output (MISO) cognitive radio (CR) and NOMA based network.
Here, a large population of power limited battery-driven devices are supported by the network.
In contrast to most of the existing works, which use an ideal linear energy harvesting model, in this
study, a more practical non-linear energy harvesting model is adopted. Furthermore, aspects of secure
communication are also added and the power efficiency of the network is maximized under practical
secrecy rate and energy harvesting constraints. In order to improve the secrecy rate of secondary
users [96], techniques of multiple antennas, cooperative relaying, jamming and artificial noise aided
techniques are used. The transmission beamforming and artificial noise aided covariance were jointly
optimized to satisfy secrecy rates of both primary and secondary users [96] and energy harvesting
of receivers. Power optimization was carried under both perfect CSI and bounded CSI error model.
The target of establishing secure communication and outperforming energy efficiency of OMA was
accomplished with the proposed algorithm. In [97], authors address an IoT scenario where constant
replacement of batteries is required for increasing the lifetime of IoT devices and maintain the network
functionality. This challenge was practically solved using wireless power transfer mechanisms and
here authors use wireless powered communication based mechanisms for the field-deployed IoT
sensor network. Further, practical aspects of deployment of large scale NOMA network for massive
Machine-Type Communication (mMTC) is addressed in [98]. Here, several practical challenges of
large scale deployment of NOMA, namely the inter-NOMA-interference (INI), inter-cell interference
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and hardware implementation complexity is discussed. Next, diversity gain techniques are used to
reduce the complexity of successive interference cancellation and compensate the severe degradation
of coding gain.

6. Trending Schemes for Energy Efficient NOMA

In this section, various energy efficiency enhancing techniques are investigated and their
applicability to the requirements of emerging wireless networks is discussed. Besides, the proposed
and extended schemes of enhancing energy efficiency of NOMA based wireless networks are illustrated
in Figure 5. Next, incorporating emerging trends such as modulation coding, constellation shaping,
backscatter communication, channel coding, cloud, edge computing, caching, unmanned aerial vehicle
(UAV), artificial intelligence (Al) and tactile internet (TT) to enhance energy efficiency in NOMA based
wireless networks is detailed as follows.

6.1. Asymmetric Modulation as a Precoding Technique for Self Interference Cancellation

High interference level of NOMA is a resultant of enabling each user to access all the subcarrier
channels. Precoding schemes designed to reduce the interference and complexity of signal decoding
of the NOMA system can achieve a drastic energy efficiency than conventional NOMA [99-102].
Furthermore, research work on using asymmetric quadrature amplitude modulation (AQAM) based
precoding schemes is limited. AQAM has several strong benefits that could be exploited to improve
wireless communication systems which needs further attention [103,104]. The complexity of SIC in
NOMA utilizing modulation based precoding is drastically reduced due to the addition of interference
cancellation aspects to the constellation mapping prior to transmitting signals to the channel in
[46,99,105,106]. Further, these precoding schemes will be beneficial in large scale dense mobile cellular
networks. We propose AQAM as a feasible precoding technique for enhancing energy efficiency of
NOMA. When using AQAM, similar to conventional NOMA, power gets allocated to users according
to channel gains in an inversely proportional manner so that the best user gets the minimum power
and the weakest user gets the maximum power. However, in contrast to the conventional NOMA,
two changes are done to the constellation mapping at the BS for each user namely,

1. Incorporating the amount of transmitted power allocated to each user to the amplitude of the
symbols in the constellation map such that the power level is proportional to amplitude. The UEs
which are located far from the BS will get more power and hence the amplitude of the symbols
which are equidistant from the origin will be higher. Hence, for the near UE, the amplitude will
be lesser.

2. Mapping each user constellations asymmetrically that no two users have the same amplitude and
phase. The constellation map of each user will be phase shifted by a predetermined angle which
will incorporate a unique mapping to each user.

Thus, basically a precoding technique will be utilized here to insert self interference cancellation
with the modulation scheme which will minimize the complex computing at the end user. This method
is extremely useful in scenarios where the channel gains are equal or nearly equal. In the conventional
NOMA scheme it is difficult to differentiate the users with equal strength channels. Therefore, the
proposed built in self interference cancellation techniques can be a productive solution for the large
scale mobile networks. Consider a system which used a QPSK modulation scheme initially, to transmit
symbols under NOMA scheme for 3 users scenario. The new constellation diagram of each user
under this proposed technique is illustrated in Figure 6. Here, the users are classified as farthest
user, intermediate user and nearest user. The farthest user is allocated a constellation with the highest
amplitude, d; and a constellation is rotated by an angle of 6. Further, the intermediate user constellation
is allocated a medium amplitude d; and a rotation by an angle of . The nearest user is allocated the
minimum amplitude, d3 and a rotation by 90°.
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Nearest user (strong
channel)
Constellation map

Farthest user Intermediate user
(weak channel) Constellation map
Constellation map

Figure 6. A sample constellation mapping design for 3 users under NOMA principle, where each
user has a unique constellation mapping. A unique constellation map is assigned to each user at the
transmitter in order to reduce the inter-symbolic interference and the complexity of decoding at the
end receiver.

6.2. Spatial Shift Keying Modulation

Incorporating spatial modulation on NOMA is a feasible strategy of enhancing energy efficiency
in massively connected wireless networks. The spatial modulation technique is a recently developed
concept that is applied in multi antenna scenarios such as MIMO. It is beneficial in enhancing signal to
noise ratio performance over the conventional modulation schemes. Hence, through recent research, it
has been concluded that energy efficiency, spectral efficiency and capacity of a MIMO system can be
enhanced using spatial modulation technique [107-109]. However, although several types of research
have incorporated NOMA with spatial modulation [110-112], there is limited research available on the
energy efficiency which can be additionally attained by mitigating inter-user interference present in
spatial modulation. Further, since the computational complexity of the spatial modulation scheme
is lower than other modulation schemes, the energy efficiency is higher than conventional MIMO -
NOMA [108,113]. In spatial modulation, the index of the transmitting or receiving antennas is used
to denote extra information. The concept of spatial shift keying (SSK) was born using the spatial
modulation concept [111,114]. In SSK, the transmission of information is done using the antenna index
instead of using conventional amplitude or phase modulation techniques. While achieving almost same
results as the conventional modulation techniques, this results in the removal of transceiver architecture
elements such as coherent detectors [115]. Further, transmit beamforming is a promising technique for
interference mitigation in spatial modulation. Also, it is important to allocate antennas to different
users by considering the user requirements and channel conditions. With the spatial modulation
scheme, the weak channels are less influenced by signal to noise ratio. Detecting the index of the
antenna is comparatively less energy consuming which is beneficial for weak users. In addition, when
considered with the conventional NOMA, the transceiver architecture and computation complexity
have decreased enhancing the overall energy efficiency The Figure 7 illustrates incorporating spatial
modulation and beamforming on a massive MIMO network.
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Figure 7. Spatial modulation scheme under NOMA principle, where the spatial diversity of the Massive
MIMO BS is utilized to mitigate inter user interference and serve many users simultaneously.

6.3. Constellation Shaping

For a specific channel, there exists a signal distribution which maximizes the information rate
[116]. Moreover, constellation shaping is a method of shaping the signal distribution so that both
the information rate and energy efficiency is optimized. Hence, it is considered a more energy
and spectral efficient way of reducing bit error rate and improving the capacity of the channel.
It is used in digital modulation schemes such as amplitude and phase-shift keying (APSK) and
the conventional quadrature amplitude modulation (QAM). There are two types of constellation
shaping namely geometrical and probabilistic. The geometrical shaping scheme places points in the
constellation mapping in non-uniform locations while making each symbol equally probable. However,
the probabilistic constellation shaping scheme keeps the location of points of the constellation uniform
but makes the probability of each symbol non-uniform which means that each symbol is sent with
different probabilities [117]. This is employed in communication to limit the probability of occurrence
of the high energy symbols and then increases the signal to noise ratio for all other symbols. Thus,
low energy symbols will be transmitted more frequently than high energy symbols. Therefore, the
low amplitude constellation points are sent with a higher probability than the high amplitude points.
Additionally, the constellation points under the same amplitude layer are sent equally likely. Hence,
the average symbol power will be decreased. However it will also reduce the average information
transfer rate. Furthermore, mapping and demapping of the constellation points when using the
constellation shaping method poses a significant challenge. As a solution, a bit sequence is mapped to
a sequence of symbols whose probability of symbols per sequence is known correctly. In demapping,
the principle of ‘reverse concatenation’ is used at the decoder to reduce complexity. However, the
hardware implementation remains a considerable challenge [118]. Probability shaping has been used in
the quadrature amplitude modulation (QAM) of a SWIPT scheme in [119]. It has shown that the energy
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efficiency of the SWIPT scheme based on constellation shaping performs better than the conventional
SWIPT scheme based on power splitting mechanism.

6.4. Ambient Backscatter Communication

Ambient backscatter transmission is a recent communication mechanism that enables devices to
communicate by harvesting energy from the nearby radio frequency signals and utilizes the energy to
send information to nearby devices [120-122]. Since backscatter does not require battery power or or
built in power infrastructure, it is an energy efficient communication method for emerging massive
wireless networks. Specifically applications like D2D, IoT can be improved further with this scheme
[123]. As there are limited research works conducted under energy efficient communications based
on NOMA with backscatter, it is a feasible direction for future green wireless networking. One of the
main challenges of backscatter communication, the reduced strength of the backscatter signal, can
be overcome by full duplex communications as suggested in [124]. Moreover, research works reveal
that frequency modulated (FM) signals also can be used for radio frequency energy harvesting [125].
Further, Wifi consuming low power can be generated using backscatter communications which is an
energy efficient communication solution for the NOMA based massive connectivity applications [126]

6.5. Channel Coding

The channel coding mechanisms are used in communication systems to correct the errors caused
due to noise, interference and poor signal strength of the communication channel [127]. Polar codes
and LDPC have been proposed as the optimal error correction mechanisms for emerging 5G [64,67] and
here we propose the research work which is useful in implementing energy efficiency under channel
coding for NOMA based networks [65,66]. Energy efficient LDPC designs have been addressed in
[68,69] which can be utilized for NOMA networks to enhance energy performance.

6.5.1. Low Density Parity Check (LDPC)

LDPC codes with iterative belief propagation decoding promises to perform very close to
Shannon’s capacity limit. The nonzero elements distribution in the parity check matrix determines the
performance of the LDPC code. Long LDPC codes are showing capacity approaching performance on
many channels. Further, binary LDPC codes with iterative belief propagation decoding, do not perform
well at short to moderate block lengths. Recently, protograph-based LDPC codes have shown to
perform well under belief propagation decoding at short-to-moderate block length. Protograph-based
LDPC has very low decoding complexity under iterative decoding algorithms. Non-binary LDPC
codes also perform very close to the finite length performance limit where decoding complexity poses a
major drawback. Also, some other branches of protograph codes, such as protograph-based raptor-like
(PBRL) codes and spatially-coupled protograph-based (SCPB) codes, have been developed. Hence,
protograph LDPC codes are considered as the new major direction for channel coding [127].

For the emerging 5G networks the usage of polar codes has been proposed as an optimal error
correction mechanism because they have simple encoding decoding algorithms and have been proven
to achieve channel capacity. Hence, NOMA based networks that are utilizing polar code sequences
can utilize simple polar code decoders to enhance energy efficiency and increase the reliability of
the information. Further, the research work conducted under channel coding is limited on how to
enhance energy efficiency using polar coding in 5G especially in scenarios of massive machine-type
communication (MTC) and ultra-reliable low-latency communication (URRLC) [66].

6.5.2. Polar Coding

Polar coding is a binary input discrete memoryless channel capacity achieving coding mechanism
which uses a low complexity encoding and decoding algorithm as the code lengths go to infinity. Here,
the channel polarization technique is used to construct the polar codes. The block code translates
the available set of N independent and identical uses of binary input memoryless channel into two



Information 2020, 11, 89 17 of 31

polarized types with capacities close to zero or one. The message is sent over the near-perfect channels
and the useless channels are discarded. Under successive cancellation, for sufficiently large code
word lengths, the block error probability decays exponentially. However, the recursive nature of the
decoding and butterfly operation results in a large latency. This is improved using a technique called
successive cancellation list (SCL) where all the decoding paths are listed. In addition, since there are
several decoding path options there is no need to follow only one decoding path which improves the
decoding efficiency. Improved versions of SCL include CRC- aided SCL, where the message is encoded
with a cyclic redundancy check (CRC) and error detection.An improvement to SCL is CRC-aided SCL
(CA-SCL), where the message is encoded with a CRC error detection code, and the result is polar
coded [128]. Then at the decoding end, the concatenated CRC checksum is used to select the correct
decoding path out of the SCL.

6.6. Caching

With the increased usage of the internet in the past two decades, the internet backhaul created
massive data traffic in communications networks and the ultimate solution was web caching. Web
caching is a technique where the content which is reused repeatedly by the end users is stored at
intermediate nodes in the network rather than at the original remote server. This technique enabled to
reduce retransmissions of data, enhance the performance metrics of the network and also provide a
high quality of service (QoS) to the users [87,129]. Further, an illustration of a mobile cellular network
with and without caching and its effect on data congestion in the network is shown in Figure 8.

Further, many research works reveal that caching enabled networking can enhance the system
performance [129-138]. Web caching led to content delivery networks (CDNSs) that are capable of
replicating content across the internet and reducing more than 50% of the data traffic that is directed
to the remote main servers which helped in reducing the amount of backhaul traffic in the network
[129]. Further, enabling caching in wireless networks is another means of achieving energy efficiency
in the emerging networks [87,129-135]. The power consumption for data transfer from a remote main
server to the end user is higher than the data transfer from an intermediate cache node to the end
user. However, here the energy consumption at the cache node for buffering the data for a long time
is comparatively higher than an average node which is one of the drawbacks of caching. Therefore,
caching is a promising energy efficient technique that can be incorporated with massive connectivity
requirements. In literature, there remains limited research work on energy enhancing in NOMA
using caching. Hence, NOMA related challenges such as massive content delivery with higher energy
efficiency can be mitigated by techniques such as cache enabled intermediate relays in small cell
networks, D2D transmitters, cache enabled edge and fog computing and artificial intelligence (AI)
enabled caching.
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Figure 8. Effect of with and without caching on the data congestion in a mobile cellular wireless
network.

6.7. Computing

To reduce the overall energy consumption for operations such as computations, communications
and storage, types of computing provide effective solutions. Cloud, edge and fog computing plays
a major role in networks where massive data communication is required. The overall view of all
these three types of computing techniques and their connections in a wireless network is illustrated in
Figure 9.
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Figure 9. Overall view of three types of computing techniques namely, cloud, fog and edge and their
connections and applications in a wireless network.

In this figure we elaborate on the recent trends under the computing categories and discuss
achieving energy efficiency especially for NOMA based systems using computing. The difference
between the computing types is the location where data processing occurs. Cloud computing processes
data at a cloud server, while fog computing and edge computing perform the data processing near to
the user. Cloud computing does not do real time data processing, security, and privacy. Further, in fog
computing, data is processed at the land area network (LAN) node level or gateway. Fog computing
bridges the connection between the cloud server and the network. In contrast, edge computing is
processed on the embedded systems of the network and very close to the end device [139].

6.7.1. Cloud Computing

Cloud computing can deliver services to reduce on device computing, storage and
communications by utilizing online data centers [140]. Cloud computing enabled energy efficient
NOMA network is addressed in [141,142], where the cloud is used for baseband data processing and
radio resource controlling to reduce the workload on the low power nodes, which are used to control
data traffic in ultra-dense cellular networks. Furthermore, an energy efficient scheme which utilizes
both cloud computing architecture and caching techniques is detailed in [143]. Cloud computing
provides cooperative processing and network gains which helps in mitigating the operating expenses
and the energy consumption of the wireless network infrastructure.
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6.7.2. Fog computing

Fog computing involves data processing in the middle layer between the cloud server and smart
end devices at the edge. There is much research available on energy efficiency in fog computing
in wireless networks [144-146]. Although there is considerable research on fog computing based
energy efficiency for NOMA [147-150], it can be utilized further to mitigate the prevalent challenges
such as resource optimization, low processing power and optimal placing of servers [145,146]. Fog
computing is extremely useful in scenarios where low latency, high data rates, real time processing,
reliability, storage are required. For example in scenarios such as industrial IoT and health, optimized
fog computing designs are required [145,151]. Further, energy efficiency achieving caching schemes
for fog computing is addressed in [152]. Therefore, NOMA based networks can utilize energy efficient
fog computing designs to further improve the performance metrics.

6.7.3. Edge Computing

In edge computing, data is processed at a wireless network edge before being sent to a data center
or a cloud. This reduces the stress of computation and traffic on the upper layer servers such as fog
and cloud. Here the edge node, which is the automated controller at the network edge, is developed
for computation. In terms of energy, edge computing nodes require lower processing power and since
it reduces the computations at the upper layer servers, it will enhance the overall network energy
consumption. Energy efficiency for NOMA using edge computing has been sought in [153,154]. Mobile
edge computing incorporated with NOMA can serve multiple users using the same bandwidth and
time [155]. Further, the computing done at the edge of the network results in a significant reduction in
network traffic and resource utilization and an enhancement in energy efficiency. However, computing
algorithms need to be further optimized for better efficiency.

6.8. Unmanned Aaerial Vehicle (UAV)

UAV communication has become a frontier topic for the upcoming mobile network due to its many
applications and uses. Mostly in cellular wireless networks, UAV can be utilized as a BS or relay station
which can improve the QoS of the network. There are several research contributions on utilization
of UAV in cellular NOMA based networks [156,157]. In [157], authors address the challenge of full
duplex communication in a UAV assisted NOMA network where cooperative UAV communication is
utilized to enhance the performance of the network in terms of outage probability. Further, an energy
efficiency enhancement for a NOMA enabled UAV network is addressed in [158]. Here, the authors
utilize a UAV based aerial base station (UAV-BS) to provide a solution for the high data traffic demands
of the future wireless networks. Since UAV is having limited energy reserves, efficient utilization of its
energy is of significant importance. Here, the authors present an optimal scheme for the placement of
UAV-BS systems such that energy efficiency of the UAV assisted scheme is enhanced. This proposed
optimal scheme outperforms the conventional cooperative NOMA scheme with half duplex operation.
Moreover, research work in [147], proposes an optimal subchannel assignment and power allocation
for a fog computing based UAV assisted wireless network which can enhance energy efficiency of the
system. Furthermore, energy efficiency ventures using UAV for a NOMA based networks are still at
the beginning phase and can be further investigated.

6.9. Artificial Intelligence (Al)

Al schemes have become applicable for any field and have become an extremely useful technique
in reducing high computational complexity. It is identified as a performance enhancement tool
which can achieve intelligence in network operations, optimization, maintenance and management
in the emerging mobile networks [159-161]. However, there are limited research work [105,162] on
improving the energy efficiency of NOMA based networks using branches of Al which leaves space
to explore more solutions. In the paper [105], authors have addressed an optimization of energy
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efficiency and RF energy harvesting using a machine learning based algorithm. This algorithm is
applied on a built in energy efficient modulation based system (BEEM-NOMA). The combination
of BEEM-NOMA and machine learning outperforms the conventional NOMA in terms of energy
efficiency. Moreover, in contrast to the conventional methods of optimizing a power allocation
algorithm, a deep learning based approach to determine an approximated optimal solution is utilized
in [162]. The results of the proposed scheme have shown to achieve a similar performance to the
conventional optimization method. NOMA energy efficiency can further be improved by incorporating
concepts such as distributed learning, reinforcement learning which can be used for massive networks.
Possible ventures using Al include strong user symbol prediction, interference cancellation, cooperative
energy harvesting, etc which can be used to enhance the energy efficiency of NOMA.

6.10. Age of Information (Aol)

An upcoming metric of evaluating the performance of wireless networks is Aol [163]. Aol in
wireless networks is a measurement of information freshness. Thus, it is the main goal of the emerging
network designs to incorporate Aol to improve the freshness of data received by the users. From the
recent research work, it has been concluded that the Aol is higher in NOMA than OMA [164]. Hence,
many research works have investigated optimizing Aol using different techniques [165] while there are
fewer researches on enhancing energy efficiency of NOMA under Aol constraints [166]. Aol is higher
in NOMA mainly due to the higher computational complexity which should be addressed properly to
minimize Aol. Thus, various techniques discussed above related to Al, interference reduction, caching
can be utilized to maintain the balance between Aol, energy and spectral efficiency of NOMA.

6.11. Internet of Things (10T)

Application of NOMA in IoT can be elevated using fog computing, caching, edge computing,
Al techniques. However, the trade-off between enhancing energy efficiency and data rates should be
optimized. In the paper [123], a self-powered IoT network with NOMA is presented where the time
allocation for wireless power and information transfer stages are optimized under node deployment
and constraints for data transmission. M2M communication is a constituent of IoT networks and is
becoming a more frequent technology. Due to the advance in cellular communications, cellular enabled
M2M is a convenient solution to M2M communication based systems. The challenges of serving
multiple users, multiple transmissions at the same frequency and time, reducing data traffic and
satisfying high energy efficiency requirements can be solved using NOMA scheme. In [167], authors
propose an energy efficient NOMA scheme for M2M based IoT scenario. Here, UEs are configured as
mMTC gateways. Next, game theory principles [168] are utilized to build an optimal power allocation
scheme incorporating convex optimization principles.

6.12. Tactile Internet(TI)

TI is expected to enable low latency in the communication which will be useful in many
applications related to health, industrial, business, entertainment sectors which require real time
processing, automation to achieve the expected performance of the system [169,170]. Few research
works have incorporated TI with NOMA [171,172]. However, enabling both TI with energy efficiency
is a significant concern. In [173], enhancing energy efficiency while incorporating characteristics of
TI is discussed. However, the application of TI specifically to NOMA systems incorporating energy
efficiency remains low. In [174], authors discuss enhancing the performance of a NOMA based TI-IoT
system. Furthermore, a feasible design of a energy efficient NOMA based network incorporating
several emerging strategies is illustrated in the following Figure 10.
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efficiency in NOMA based wireless networks.

7. Conclusions

Achieving system performances of high throughput, data rates, while optimizing energy efficiency
will pose a huge challenge with the emerging large scale mobile wireless networks. It is expected that
the cost of energy for the operation of the networks” multiple access schemes will increase drastically
with the new technologies enabled with the emerging mobile networks. Therefore, the goal of this
paper is to address the different methods of optimizing energy efficiency for NOMA based 5G green
wireless communication networks available in literature. Although many methods are supporting
energy efficient green communication for the 5G network, many challenges still exist which need
attention. Hence, we proposed several trending strategies in this paper which will give an insight and
future direction on enhancing the energy efficiency of NOMA.
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Abbreviation/Acronym  Definition

Al

Aol

BER
BEEM-NOMA
BP

BS
CA-SCL
CCSs
CoMP
CR

CRC

CsI

D2D
HCRAN
IoT

INI
IPMMSE
LDPC
LTE
MC-NOMA
MIC
MIMO
MISO
M2M
M-NOMA
MMSE
mMTC
NOMA
OFDMA
OMA
PBRL

PS

QoS
QPSK
SC

SCL
SCPB
SCMA
SISO

SM

SSK
SWIPT
SWIPT-CNOMA
TI

TS

T-SIC
UAV
UAV-BS
UE
URRLC
WPCCNs
ZF

Artificial intelligence

Age of Information

Bit error rate

Built in energy efficient modulation based NOMA
Belief propagation

Base station

CRC-aided SCL

Cloud based cloud station

Coordinated multi point networks

Cognitive radio

Cyclic redundancy check

Channel state information

Device to device

Heterogeneous cloud radio access network
Internet of Things

Inter-NOMA-interference

Interference predicted minimum mean square error
Low density parity check

Long-Term Evolution

Multi-carrier NOMA

Multiple interference cancellation

Multiple input multiple output

Multiple input single output

Machine to machine

Modulation based NOMA

Minimum mean square error

Massive machine type communication

Non orthogonal multiple access

Orthogonal frequency division multiple access
Orthogonal multiple access

Protograph-based raptor-like

Power splitting

Quality of services

Quadrature phase shift keying

Successive cancellation

Successive cancellation list

Spatially-coupled protograph-based

Sparse code multiple access

Single input single output

Spatial modulation

Spatial shift keying

Simultaneous wireless information and power transfer
SWIPT assisted cooperative NOMA

Tactile internet

Time switching

Triangular successive interference cancellation
Unmanned aerial vehicle

UAV based aerial base station

User equipment

Ultra-reliable low-latency communication
Wireless powered cooperative communication networks
Zero forcing
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