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Abstract

The proliferation of technologies like Internet of Things (IoT) and Industrial
IoT (IIoT) has led to rapid growth in the number of connected devices and the
volume of data associated with IoT applications. It is expected that more than
125 billion IoT devices will be connected to the Internet by 2030. With the
plethora of wireless IoT devices, we are moving towards the connected world
which is the guiding principle for the IoT. The next generation of IoT network
should be capable of interconnecting heterogeneous IoT sensor or devices for
effective Device-to-Device (D2D), Machine-to-Machine (M2M) communications
as well as facilitating various IoT services and applications. Therefore, the next
generation of IoT networks is expected to meet the capacity demand of such a
network of billions of IoT devices. The current underlying wireless network is
based on Orthogonal Multiple Access (OMA) by assigning orthogonal resources
to multiple users. OMA cannot serve multiple IoT devices simultaneously and
hence cannot maximize the resource efficiency. Therefore, OMA is considered
spectrally inefficient for the design and optimization of the next-generation
wireless systems. In this context, to provide massive connectivity requirements of
IoT sensor and devices and to ameliorate their capacity demands, Non-Orthogonal
Multiple Access (NOMA) has been considered as a potential candidate for the
Fifth-Generation (5G) and the next-generation networks. Fundamentally, in
NOMA, multiple signals or messages for users with distinct channel conditions are
multiplexed in power domain. Specifically, multiple signals can overlap in same
time, frequency and code in order to achieve a balanced trade-off between system
throughput and user fairness. Moreover, in addition to improving the Spectral
Efficiency (SE), which is the main motivation of NOMA, another key objective
of the next-generation wireless IoT networks is to maximize the energy-efficiency
so as to support massive IoT device communication and data transmission.
To this end, Simultaneous Wireless Information and Power Transfer (SWIPT)
has been contemplated as an energy efficient viable solution to self-sustainable
communication in IoT networks.

In this dissertation, different from the state-of-the-art methods and
architectures, we investigate and propose several spectral and energy-efficient
NOMA architectures for next-generation IoT networks. This dissertation first
proposed an architecture to demonstrate how bi-directional communications
can be achieved in a NOMA-SWIPT enabled IoT relay networks. Then pairing
issues in NOMA are discussed, since efficient user pairing between multiple users
is needed to enhance the capacity of NOMA systems. Thus, a new adaptive
user pairing strategy that enhances the capacities of a cell for NOMA systems is
proposed and thoroughly examined. Then this dissertation sheds lights on the
issue of distributed localization in the IoT, since accurate and precise localization
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Abstract

can help the IoT sensor nodes for efficient user pairing and energy harvesting.
Therefore, we propose Social Learning based Particle Swarm Optimization (SL-
PSO), which is a new distributed localization algorithm inspired from nature.
Following this, several architectures for cooperative NOMA-SWIPT are proposed
where outage probability, throughput, sum-throughput, Ergodic capacity and
Ergodic sum capacity is investigated for a delay limited and delay tolerant
transmission mode. Their analytical derivations are mathematically derived and
corroborated with the simulation results under both perfect Signal-to-Interference
Cancellation (SIC) and imperfect SIC scenarios. Moreover, NOMA is based on
the principle of SIC, which is known to be very fragile to interference, as the
decoding failure propagates in the SIC chain to weaker users. Therefore, we
propose and investigate a simple and energy-efficient distributed power control
in downlink NOMA using Reinforcement Learning (RL) based Game Theoretic
approach. Finally, this dissertation proposes and investigates different models by
consolidating direct links in a way that significantly enhances the performance
of the cooperative NOMA-SWIPT systems. We believe that our works proposed
in this dissertation will be useful for designing spectral and energy-efficient
NOMA in next-generation IoT networks. We further believe that the study
and results presented in this dissertation might be potentially useful to network
operators, researchers and scientists in the wireless networking community from
both academia and industry who want to assess the characteristics of NOMA to
design next-generation IoT networks.
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Chapter 1

Introduction

1.1 Background and Motivation

The proliferation of technologies like Internet of Things (IoT) has led to rapid
growth in the number of connected devices and volume of data associated with
IoT applications [4]. It has been predicted that by 2025, 80 billion Internet
of Things (IoT) devices will be connected to the Internet, and the global data
traffic will reach up to 175 trillion gigabytes [71].

In simple terms, IoT is a network of physical objects such as sensors which are
further embedded with software, electronics and network connectivity that allows
these physical entities to collect and exchange data between them [86][38]. There
are numerous applications of IoT such as routing, target tracking, monitoring
homes, cities, automation, health monitoring, transportation management and
environment [53].

All these applications of IoT are possible due to the deployment of sensor
nodes that continuously monitor the surrounding environment and entities,
collect and send sensed data according to the application requirement in IoT.
IoT technologies such as Machine-to-Machine (M2M), Device-to-Device (D2D)
communication complemented with intelligent data analytics are expected to
drastically change landscape of various industries. Therefore, the realization of
automation is fully possible without any human intervention.

The upcoming Fifth-Generation (5G) and next generation networks are
expected to support these massive connectivity requirements of the IoT devices
[9][28]. However, it is to be noted that these IoT devices are usually battery
powered. Essentially, energy is a limited resource of eminent importance as much
longer operation lifetime is expected in the next generation wireless networks
such as IoT networks for self-sustainable green communications [34].

Meeting the capacity and energy demands of the IoT devices and networks is
a challenge that needs to be resolved [76]. Thus, among the various challenging
requirements of 5G and next-generation networks, spectral and energy efficiency
are the two key requirements. Therefore, new, energy and spectral efficient
protocols to ameliorate the capacity and energy demands of the massive IoT
networks need to be designed. In this regard, to provide a higher data rate,
higher capacity, and massive connectivity requirements of the IoT device, Non-
Orthogonal Multiple Access (NOMA) has been contemplated as a promising
radio access technique for the 5G and next-generation IoT networks to meet
their heterogeneous capacity demands [42][19][22]. Different from conventional
Orthogonal Multiple Access (OMA) schemes, the principal concept of NOMA is
to assist multiple users in the same frequency band, time and code [20].

In addition, Simultaneous Wireless Information and Power Transfer (SWIPT)
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has emerged as a potential technology to meet the energy demands of IoT nodes.

1.2 Non-orthogonal Multiple Access

In the OMA approach, the different MA techniques such as Frequency
Division Multiple Access (FDMA), Time Division Multiple Access (TDMA)
and Orthogonal Frequency Division Multiple Access (OFDMA), allow only a
single user to be served under the same time/frequency resource block. In
contrast to OMA approach, NOMA allows multiple users to be served under
the same time/frequency/code. NOMA can primarily be classified into two
categories, namely code domain NOMA and power domain NOMA. In code
domain NOMA, each user is assigned a unique code-book, which is complex-
valued, multidimensional and sparse in nature. A prominent code-domain
NOMA technique is Sparse Code Multiple Access (SCMA) that utilizes the
Message Passing Algorithm (MPA) for multi-user detection [65]. However, the
complexity of the MPA increases exponentially with the number of interfering
users. Moreover, in order to increase the number of users supported by code
domain NOMA system, we have to increase the number of codebook patterns.
However, adding new codebook patterns increases the decoding complexity
and reduces the reliability of the system [7]. For more details on code domain
NOMA, we refer the reader to a NOMA survey by Tao et. al [84]. In the other
hand, the Long Term Evolution (LTE) standard uses a power domain NOMA
method called Multi-User Superposition Transmission (MUST) [22]. Therefore,
we restrict ourselves to power domain NOMA in this dissertation as it is being
used by LTE standard. Specifically, in power domain NOMA, multiple user
signals are superimposed in the power domain at the transmitter side, and the
user signals are separated using the Signal-to-Interference Cancellation (SIC)
technique at the receiver side [77].

1.2.1 Downlink NOMA

The working principle of downlink NOMA is shown in Figure 1.1. In downlink
NOMA, the users with strong channel conditions decode the signals of weak
users and cancel them through a SIC technique before decoding its own signal.
The user with weak channel conditions treats the signals of strong users as noise
when decoding its own signal. In a downlink NOMA transmission, the power
allocated to a user depends on the power of the other users due to the total
power constraint of the Base Station (BS) [82].

1.2.2 Uplink NOMA

The working principle of uplink NOMA is shown in Figure 1.2. In uplink NOMA,
the signals of users with strong channel conditions are likely to be the strongest
at the BS. Therefore, these signals are decoded first at the BS. Then, the BS
applies the SIC technique to remove the signals of users with strong channel
conditions to successfully decode weak user signals. The power transmitted per
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Figure 1.1: Downlink NOMA Transmission

Figure 1.2: Uplink NOMA Transmission

user is restricted by the overall battery power of the user. Unlike downlink
NOMA, all users can use their battery power individually to the maximum limit,
as long as the channel gains of the users are sufficiently distinct [82].

1.3 Simultaneous Wireless Information and Power Transfer
(SWIPT)

Sensors are the principal components that make the idea of IoT into reality.
However, in IoT these sensor devices are usually battery operated, which limits
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their lifetime operation. Moreover, it is difficult to replace the battery of a IoT
sensor node that is deployed in a hostile or hazardous environment, like in a
nuclear reactors or in toxic environments where sensors and IoT devices, such as
indicators, detectors and alarms are often employed for effective operation [61].
In such areas, it is difficult to manually replace the battery of the sensor nodes
or IoT devices and often it is also difficult to connect all of them through wired
connections.

Moreover, cooperative communication has been widely considered to
combat wireless impairments, such as fading and other environmental factors
[54][70][41][31]. Also, cooperative communication can be used for extending the
coverage area [106]. However, the cooperation for relaying the information comes
at the cost of extra energy consumption of the relay node. This may prevent the
battery operated IoT nodes or devices to take an efficacious part in relaying.

Recently, Energy Harvesting (EH) from Radio Frequency (RF) signals have
emerged as a promising candidate to fulfill the energy requirements of the massive
IoT sensor and devices [57][93]. The IoT sensor or devices can be recharged
through EH mechanism by the directed RF signal from the source node [35].
In [51], it is shown that to charge a 5V super-capacitor utilizing RF wireless
EH technology, their proposed system was able to work with a minimum input
power of a 10 dBm (0.1 mW). Further, the authors in [30] demonstrated that
the wireless sensor node received 3.14 mW of power through the air at a distance
of 1m from a 3W source by RF EH. This amount of power is sufficient for
the operation of the sensors nodes which indicates the usefulness of RF EH in
wireless sensor networks [85]. The energy consumption of various components
used in IoT is listed in Table 1.1.

Since RF signal carries both energy and information simultaneously, the
IoT sensors or nodes can recharge themselves through RF EH and at the same
time decode the information data and then relay or transmits the information
of the source node to its destination [8]. Therefore, SWIPT is being considered
as an energy-efficient viable approach for self-sustainable communication in
IoT networks [52][90]. Due to the practical considerations of the EH circuit of
the receivers, SWIPT cannot be directly applied for the EH and Information
Decoding (ID) at the same time. Therefore, Power Splitting (PS) and Time
Switching (TS) relaying are two popular EH architectures widely considered for
SWIPT [64].

In RF energy transfer, the amount of energy that can be received by a receiver
in free space can be modeled as the Friis equation, as follows [6]:

PR = Ps
GTGRλ

2

(4πd)2L
(1.1)

where Ps is the transmit power of the transmitter, PR is the receive power of the
receiver, GT and GR are the transmit and receive antenna gains respectively, L
is the path loss factor, λ is the wavelength of the RF signal, and d is the distance
between the transmit and receive antennas. Note that in Equation (1.1), it only
denotes the amount of energy that can be received by a receiver in free space.
However, the amount of energy or power received by a receiver in different fading
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Table 1.1: Energy Consumption of Various Components Used in IoT [108]

Component Power/Current
Consumption

Wi-Fi 835 mW
Zigbee node 36.9 mW
Bluetooth 215 mW

Wireless Technology BLE 10 mW
Cellular 0.1-0.5 mW
LoRa 100 mW
Temperature/humidity 0.2-1 mA
Infrared (IR) sensor 16.5 mA

Typical Sensing Devices Ultrasonic 4 - 20 mA
Light 0.65 µA
Camera 270-585 mA

WASP mote 9 mA
IoT node/gateway Pi 100-500 mA

Arduino 3.87 - 13.92 mA

channel scenario other than free space would be different as it also depends on
the energy conversion efficiency of the circuits of the receiver.

The free-space model consider deterministic parameters of RF signal
propagation. In a model, the randomness of signal propagation needs to be
captured. A realistic probabilistic model is thus widely adopted, i.e., the Rayleigh
model. For a Rayleigh fading channel, the amount of energy at a receiver is
calculated as follows [66]:

PR = PRdet10L|r|2 (1.2)
where PRdet is the received RF power obtained from a deterministic model, L
is a path loss factor and r is a random number following a complex Gaussian
distribution.

1.3.1 Power Splitting Relaying (PSR)

A basic PS relaying protocol for energy harvesting and information processing at
the node is shown in Figure 1.3. In this PS relaying scheme, a power constrained
node first harvests the energy from the signal of source node using εPs, where ε
is the power splitting factor, and Ps is the power of the source node transmit
signal. The power constrained node uses the remaining power(1− ε)Ps for the
information decoding.
The harvested energy at the node can be determined by:

EPSRH = ηε|h|2Ps(
T

2 ) (1.3)
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Figure 1.3: Power Splitting Relaying Architecture

Figure 1.4: Time Switching Relaying Architecture

where 0 < η < 1 denotes the EH efficiency at the energy receiver and it depends
on the rectifier and EH circuitry deployed at the node. |h|2 represents the
channel gain between the EH node and the source node. T is the total block
time.

1.3.2 Time Switching Relaying (TSR)

A basic TS relaying protocol for energy harvesting and information processing at
the node is shown in Figure 1.4. In this TS relaying scheme, a power constrained
node first harvests the energy from the source node signal for a duration of αT ,
where α is the time switching factor, and T is total time duration. The power
constrained node uses the remaining time (1−α)T for the information decoding.
For TSR, the harvested energy at the node can be determined by:

ETSRH = ηα|h|2PsT (1.4)

1.4 Research Aims and Objectives

The main research aims and objectives of this dissertation is to explore and
enhance spectral and energy efficiency of NOMA in the next-generation of IoT
networks and to provide some new deeper insights. The focus is on a wireless
communication engineering perspective. Figure 1.5 gives an overview of the
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Figure 1.5: Overview of Research Objectives and Contributions with Linkage to
Individual Papers in this Ph.D. Dissertation.

research objectives and contributions of this Ph.D. dissertation with linkage to
the individual papers. We consider six main research aims and objectives related
to the following areas:
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1. Bi-directional communication in NOMA-SWIPT systems.

2. User pairing issues in NOMA and localization.

3. Spectral and energy efficiency of NOMA with SWIPT and
diamond relaying networks.

4. Radio frequency energy harvesting for wireless powered IoT
systems.

5. Interference issue in NOMA and NOMA-SWIPT systems.

6. NOMA-SWIPT system with direct links.

Now, to address key research aims and objective of this dissertation, we consider
the following six main research questions:

1. How bi-directional communications can be achieved in a NOMA-
SWIPT enabled IoT relay networks?

• Due to different factors such as bad pairing between the users,
hardware limitation, channel estimation, and power allocation of
the paired users causes interference on the SIC process and leads
to SIC imperfection on the system. We address the issue of how
such imperfect SIC (ipSIC) affects the Bi-directional relaying (BR)
NOMA-SWIPT system performance?

• How uplink and downlink NOMA can be used to achieve bi-directional
communications for BR NOMA-SWIPT systems?

• To see the performance gain, the impact of node’s location, user
pairing, outage probability of the nodes, sum-throughput and
achievable sum capacity of the BR NOMA-SWIPT system needs to
be investigated. Moreover, a fair comparison of BR NOMA-SWIPT
system with BR OMA-SWIPT system needs to be examined to show
the performance enhancement.

2. Since efficient user pairing between multiple users is needed to
enhance the capacity of NOMA systems, how should NOMA
users be paired is a key issue that needs to be investigated?

• For even number of nodes around the BS, what is the optimal user
pairing scheme for the NOMA systems?

• An additional problem arises when there is an odd number of nodes
around the BS. In this scenario, how to accommodate the unpaired
user to the already formed pairs?

• How to find best pair of nodes to serve the unpaired node in order
to improve overall sum capacity? What is the impact of perfect SIC
(pSIC) and imperfect SIC (ipSIC) on the user pairing strategy and
how does it affects the overall sum capacity performance?
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• The location of the nodes plays an important role for user pairing
and energy harvesting. Can we accurately localize the nodes by using
bio-inspired algorithms that are known to converge faster and are
computationally efficient? What is the performance gain in terms
of average localization error of the proposed bio-inspired algorithm
compared to traditional localization algorithms?

3. How to to increase the spectral, energy efficiency and capacity
enhancement of the system by combining NOMA with SWIPT
and diamond relaying networks compared to OMA-SWIPT
network?

• NOMA based Diamond Relaying (NDR) network provides an effective
strategy to improve the achievable rate of the system compared to a
traditional two-relay cooperative communication protocol. Moreover,
a diamond network topology has been established as a standard
cooperative relaying model in the 3rd Generation Partnership Project
(3GPP). In short, the diamond relay network is an efficient cooperative
networking configuration in which the source node cooperates with
two selected neighbors.

• Contrary to research objective 1, how downlink and then uplink
NOMA can be used to achieve higher spectral, energy efficiency and
capacity enhancement of the NDR-SWIPT system?

• How NOMA power allocation factor and relay node’s location affects
the NDR-SWIPT system performance?

4. Can we have a system model where an IoT relay node can be
used to relay the information to the destination of the source
node and at the same time transmits or offload data to its
destination node? What is the effect of different EH parameters
on the considered system model based on TSR and PSR
architecture with NOMA for delay limited and delay tolerant
transmission mode under both pSIC and ipSIC scenarios?

• Although a myriad of works have been carried out in the literature
for EH, the absolute vast majority of those works only consider RF
EH at relay node and transmission of source node data successfully
to its destination node. Those approaches do not consider the data
transmission of the relay node that may be an IoT node which needs
to offload or transmit its data along with the source node data to their
respective destinations. Thus, such approaches are clearly ineffective
for energy efficient IoT relay systems.

• The optimized TS and PS factor for the considered system needs to
be examined for delay limited and delay tolerant transmission mode
under both pSIC and ipSIC scenarios to have optimum performance
gain.
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• Furthermore, which architecture is more energy efficient needs to be
explored?

5. This research objective is dedicated to examining the distributed
power control in NOMA and the effect of interference in NOMA-
SWIPT systems respectively? This research objective is sub divided
into two as:

a) Can we utilize Reinforcement Learning (RL) and Game Theory for
distributed power control in multi cell downlink NOMA systems that
is maximizing the achievable rate fairness of the system?

b) Considering the interference from the external entity, can we study
and extend the NOMA-SWIPT model considered in the research
objective 4 and examine it under the influence of interference from
an external entity?

• Since resources are not used in an orthogonal manner in NOMA, it
is important to efficiently manage interference among multiple users
to maximize the system throughput or capacity. This is particularly
more important in large scale networks where BSs might be densely
placed to serve their associated multiple NOMA users.

• If power control optimization is not used, the BS serving at a higher
power levels to satisfy the individual achievable data rate of its
associated NOMA users will create interference on the NOMA users
associated with other BSs and thus jeopardize their achievable data
rates.

• Most of the power control schemes in the literature are based on
scheduling, optimization techniques, heuristics, sub-carrier allocation,
and power allocation techniques. These techniques may not be globally
efficient and thus may result into sub-optimal solutions. Furthermore,
latter techniques are usually centralized and require large message
exchanges between BSs and users.

• As BSs aspire to maximize the individual data rate of its associated
NOMA users, they might act selfishly by raising their power level at
the detriment of other users from other BSs which might get affected
by the interference and thus fail in the SIC phase.

• There has recently been a growing interest in examining distributed
power control in wireless networks from a game-theoretical perspective.
Game theory is a powerful modeling tool in many systems where the
outcome of a player does not only depend on its decision or action,
but also on the decisions taking by other players. On the other hand,
RL would ultimately yield the optimum strategy as the learning
parameter gets sufficiently small.

• Can we model the distributed power control in downlink NOMA as a
strategic game and derive the Nash Equilibrium (NE) of the game
and show its convergence?
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Table 1.2: Linking the Research Aims and Objectives Area With Our Included
Papers
Research Aims and Objectives Area Included Papers

1. Bi-directional Communication in NOMA-SWIPT Systems Paper I
2. User Pairing Issues in NOMA and Localization Paper II, Paper III
3. Efficiency of NOMA with SWIPT and NDR Network Paper IV
4. Radio Frequency Energy Harvesting with NOMA Paper V, Paper VI, Paper VII, Paper VIII
5 a). Power Control and Interference Issue in NOMA Paper IX
5 b). Interference Issue in NOMA-SWIPT systems Paper X
6. NOMA-SWIPT System with Direct Links Paper XI, Paper XII, Paper XIII

• Usually, in the practical environment, such as IoT networks or systems
are subjected to external interference factors which often results in the
loss of the system rate. Considering the NOMA-SWIPT system model
proposed in research objective 4, a thorough comparison with the
TS and PS protocol with NOMA under the influence of interference
from the external entity on the outage performance, throughput
performance of the source user and IoT relay user needs to be
examined. How to optimize EH parameters such as TS and PS
factor to achieve higher sum-throughput of the system?

6. Examining the impact of direct links in NOMA SWIPT systems
is important as incorporating direct links could significantly
enhance the performance of cooperative NOMA SWIPT systems.
What is the impact of Single Signal Decoding Scheme (SDS) and
Maximal Ratio Combining (MRC) scheme on the TS and PS
relaying EH architecture with NOMA in the presence of direct
links?

• To the best of our knowledge, there is no published literature that
investigates the Ergodic Capacity (EC) and Ergodic Sum Capacity
(ESC) of the NOMA-SWIPT aided IoT relay systems with the direct
link, in which one source or BS transmits symbol to two destination
nodes through the direct link and with the help of EH based relay
node.

• Further EC performance of D2D IoT relay NOMA-SWIPT systems
where the relayed communication is supported with direct link needs
to be examined.

• Can a D2D user offloading scheme enhance the spectral efficiency of
the system? What is the impact of single signal decoding and MRC
decoding scheme on the proposed D2D IoT relay NOMA-SWIPT
systems?

For a clear representation, the linking of the research areas related to the
research questions of this Ph.D. dissertation with our included papers is shown
in Table 1.2.
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1.5 Methods Used in This Dissertation

In our work, we have favored of using mathematical techniques such as analytical
modeling to analyze the performance of the various wireless system models
presented in this dissertation. Using this method, we obtain useful insights that
aid in designing next-generation of spectral and energy-efficient IoT networks.
Moreover, we have used the Monte-Carlo simulations, based on the same physical
assumptions as of the analytical derivations, to corroborate the correctness of
the analytical derivations of the system model.

An advantage of analytical modeling, is that the derivations provide further
insights and understanding of the workings of the system, and especially
closed-form solutions can be very informative. Moreover, an asymptotic closed-
form solution also provides mathematical tractability and simplified analysis.
Essentially, we can extract tractable expressions that contribute to more general
characterizations of results and gives intuition through the analytical modeling.

A disadvantage is that we often have to limit ourselves to look at fairly
simple network setups. Studying complex networks will require other methods
than analytical, like pure event-driven simulations. However, we believe that
by studying simpler networking models, much of the insights gained through a
mathematical techniques, such as analytical modeling, are transferable to larger
systems as well. Thus, it might be helpful when analyzing the performance of
wireless communication in general and provide insights that aid in designing a
better wireless world.

1.6 Organization of the Dissertation

The rest of this dissertation is organized as follows.

• Chapter 2 starts with briefly introducing the state-of-the arts methods
in the field of NOMA, cooperative communications and SWIPT. It also
discusses the issue and shortcomings of the previous works that lead us to
define our research objectives.

• In Chapter 3, we provide the summary, contributions and main results of
each of the papers dealing with our research objectives and questions as
explained in Chapter 1.

• Finally, Chapter 4 concludes the thesis, with a summary of main findings
and contributions, and also discusses possible future works.

• In Part II, we include all our published scientific papers that are part of
this Ph.D. dissertation.
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Chapter 2

Related Works

NOMA has been widely studied with cooperative relaying to combat wireless
impairments, such as fading and other environmental factors, to improve the
system capacity and reliability of wireless networks [98][44]. However, the
cooperation for relaying comes at an extra energy consumption of the relay
nodes, which may be battery operated in the context of IoT, and this may
prevent it from taking an active part in cooperative relaying. Due to significant
Spectral Efficiency (SE) of NOMA, as compared to OMA, NOMA has also
been extensively researched in combination with other technologies, such as
cooperative NOMA [21] and NOMA-SWIPT [24].

This chapter briefly presents a summary of the relevant related works found in
the literature for the six research objective areas that we presented in Chapter 1.

2.1 Bi-directional NOMA SWIPT enabled IoT Relay
Networks

Here we summarize the most important related works for research objective 1
from our Paper I.

A two-phase cooperative relaying strategy is proposed using the concept of
uplink and downlink NOMA in [47] where the authors successfully analyzed
the capacity and outage probability of a dual-hop Decode-and-Forward (DF)
relay-aided NOMA scheme. In downlink NOMA, the strong channel users achieve
throughput gains by successively decoding and cancelling the messages of the
weak channel users, prior to decoding their own signals. In the uplink NOMA,
the BS successively decodes and cancels the messages of strong channel users
before decoding the signals of weak channel users to enhance the throughput
of weak channel users [80]. A comprehensive difference between uplink and
downlink NOMA is given in [82]. A full/half duplex user relaying scheme in
NOMA systems is proposed in [102] where strong NOMA users act as relays for
weak NOMA users. Further, the authors in [97] proposed a novel receiver design
for cooperative NOMA systems where dedicated relays are used to assist NOMA
users. Among several research directions of NOMA in cooperative networks,
NOMA-SWIPT is being considered as the most promising active research area
by researchers for the development of next-generation wireless networks. A
cooperative network where a source node communicates with two NOMA users
through an EH based relay is analyzed in [99] to investigate the impact of
power allocation policies in NOMA-SWIPT networks. Joint power allocation
and time switching control for energy efficiency optimization in a TS-based
NOMA-SWIPT system is proposed in [83]. A SWIPT-aided NOMA transmission
scheme to support energy-efficient uplink NOMA transmissions, helping the
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source node in receiving the signals with distinguished power levels, is proposed
in [105]. However, all of these schemes are only based on a One Way Relaying
(OWR) scheme where messages are relayed or transmitted only in one direction.
Two-Way Relaying (TWR) or BR where two users can simultaneously exchange
information through a common relay has gained much attention because of its
high SE as compared to OWR [69].

Aiming to increase the SE further, NOMA and BR can be integrated together.
There are already a few proposals that have successfully applied NOMA for BR,
such as [17][103][46]. The algorithm to find the optimal power allocation that
maximizes the user fairness and sum-rate is studied in [17] for a bidirectional
cooperative NOMA in a two user scenario without full channel state information.
Here, the bidirectional cooperation is considered between two NOMA users for
improved decoding of the signal of the user that is not performing the SIC.
A TWR-NOMA system is investigated in [103] where two groups of NOMA
users can exchange the messages with the aid of one half-duplex DF relay.
The authors also investigated the effect of ipSIC and pSIC on a TWR-NOMA
system. With the model presented in [103], the authors in [46] proposed a
similar BR-NOMA model where they studied the ergodic sum capacity and
outage capacity to evaluate the performance of the system. All these models
have only integrated BR in cooperative NOMA networks. Moreover, these works
have ignored the impact of EH in their considered network. To the best of our
knowledge, there is no existing work or contribution on BR for NOMA-SWIPT
networks. The reason for combining BR and NOMA with SWIPT in cooperative
networks is obvious and simple, as bidirectional NOMA improves the SE and
SWIPT provides incentives to the IoT relay node through RF EH to take an
active part in relaying. Therefore, in Paper I, we propose and examine in
detail, the performance of BR NOMA-SWIPT system under both psIC and
ipSIC scenarios. Specifically, we show how uplink and downlink NOMA can
be used to achieve bi-directional communications for BR NOMA-SWIPT systems.

2.2 NOMA User Pairing and Localization

Here we summarize the most important related works for our research objective
2 from our papers - Paper II and Paper III.

An efficient user pairing strategy is needed to enhance the capacity of NOMA
systems. Usually, a high capacity gain can be achieved if the two users in a
cluster have a significant disparity in channel gain [112]. For an even numbers of
the users around the BS, two users can form a cluster for user pairing. However,
a problem arises in user pairing when there are an odd numbers of users around
the BS. In such a scenario, if pairing between the two users is performed then,
one user will remain unpaired.

A user pairing algorithm with SIC in a NOMA system is proposed in [109].
The authors presented the channel state sorting pairing and the user difference
selecting access algorithm. However, the unpaired user is assigned resources
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individually in their proposed algorithm. Furthermore, the work in [75] presents
a uniform channel gain difference pairing and hybrid pairing scheme in which the
cell mid users are accommodated by maintaining a relatively uniform channel
gain difference between in-pair users of all pair. A fast Proportional Fairness (PF)
scheduling based user pairing and a power allocation algorithm are proposed in
[39]. The idea is to form user pairs around the users with the highest PF metrics
with a fixed power allocation. Two user pairing algorithms based on neighbor
search methods, specifically the hill climbing and the simulated annealing, are
proposed in [111]. However, [75], [39] and [111] considered even number of users
in their proposed algorithms. For a non-uniform distribution of users, a virtual
pairing scheme in the NOMA system is proposed in [74]. The authors considered
that a cell-centered user could be paired with two cell edge users provided they
have similar channel gain. The authors in [60] extend the model presented in
[74] to multi-user multiple inputs multiple out downlink channels. The authors
in [95] proposed a user pairing strategy where the performance of a cell edge
user is improved with the help of pairing with two cell center users.

These works mainly concentrated on the user pairing for downlink NOMA.
There are considerably fewer published studies of user pairing in uplink NOMA.
A user pairing scheme based on channel quality indicator for uplink NOMA is
presented in [62]. A framework to analyze multi-cell uplink NOMA systems is
presented in [81]. A user selection and power allocation for the uplink NOMA
beamforming system is presented in [11]. However, all of these models considered
an even number of 2N users in their system model. When there is an odd
number of users, i.e. 2N + 1 around the BS, we will end up with one user who
will remain unpaired. Such unpaired users cannot be paired in another cluster
as it will create an inter-set interference from the low/weak channel gain user.
Usually, the unpaired user can be served through OMA. Using the Conventional
NOMA (C-NOMA) technique, the unpaired user can be grouped together in a
cluster, if two users can be paired and served through NOMA, while the other
user will be served through OMA. It is obvious that the performance of the latter
is better in terms of capacity as compared to using only OMA. The objective of
this Paper II is to propose and analyze a scheme that will be able to serve the
unpaired user by adapting it into one of the paired clusters and thereby increase
the overall capacity. Moreover, finding the right cluster for the unpaired user
is also important so that the overall capacity can be increased. Therefore, to
address these issues, we propose and study an adaptive user pairing scheme for
uplink NOMA systems under both pSIC and ipSIC scenarios.

Pairing between nodes is highly dependent on the channel conditions which
in turn depends on the nodes location. Therefore, it is important to find the
precise location of the IoT nodes so that the nodes can be rightly paired and
performance gain of NOMA can be achieved.

An unknown IoT sensor node’s location (X,Y ) can be estimated if it is in the
communication range of at least three anchor nodes which have a priori knowledge
about their location information as (X1, Y1), (X2, Y2), (X3, Y3) respectively [68].
The process of localization consists of two phases namely ranging phase and
estimation phase. In the ranging phase, an unknown sensor node estimate their
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distance based on Received Signal Strength Identification (RSSI), Time of Arrival
(TOA) of received signal, Time Difference of Arrival (TDOA) of received signal
[5] etc. The results obtained during the ranging phase is affected by the noise
factor and thus likely to be inaccurate [14]. In the estimation phase, the position
of an unknown sensor node is calculated using the ranging information from
the first phase. This can be done either by using conventional mathematical
optimization algorithms such as solving a set of simultaneous equations or by
using stochastic optimization algorithms that minimizes the localization error.
The focus of the Paper III is on bio-inspired stochastic optimization algorithms.

Many localization algorithms have been proposed for the Wireless Sensor
Network (WSN) to surmount the localization accuracy and increase lifetime of
wireless sensor nodes and have been documented in the literature [67][58]. A
WSN node localization based on bio-inspired Particle Swarm Optimization (PSO)
has been proposed in [32][50]. However, PSO is likely to get trapped in local
minima of the optimization problem. Different variants of the PSO algorithm has
been widely researched and proposed in the literature. A distributed localization
for WSN using Binary PSO (BPSO) is proposed in [107]. The authors showed the
fast computation of the BPSO algorithm on the WSN sensor node localization
process at the expense of increased localization error. A distributed localization
of WSN node based on differential evolution approach is proposed in [10]. The
authors demonstrated results for different scenarios delimited by walls and tested
with inner obstacles to obtain a suboptimal solution. A recursive shortest path
routing algorithm with it’s application in WSN localization is proposed in [18].
Their proposed recursive shortest path routing algorithm is capable of estimating
the shortest distance between two non-neighbouring sensors in multi-hop WSN.
A localization scheme for IoT is proposed in [12]. The authors proposed scheme
consists of two phases namely the partition phase and localization refinement
phase. In partition phase, the target region is first divided into small grids.
Then in localization refinement phase a higher accuracy of localization can be
obtained by applying a compact algorithm which can easily implement two-
dimensional plane localization with a regular deployment of reference nodes.
An effective bio-inspired cuckoo search algorithm for sensor node localization
in WSN is proposed in [13]. The author showed the effective performance of
cuckoo search algorithm on reducing the average localization error and increasing
the convergence rate. Bio-inspired algorithms are known to be computationally
efficient algorithms and are widely used for solving optimization problems. Out of
all proposed bio-inspired algorithms in the literature so far, PSO is widely chosen
optimization algorithm because of its simplicity and ease of implementation. An
interesting new variant of the PSO algorithm inspired from social behaviour
found in animals, which they called ‘SL-PSO’ is proposed in [15]. The authors
showed the superior performance of the ‘SL-PSO’ algorithm in solving scalable
optimization problems. This ‘SL-PSO’ algorithm serves as the basis for our
proposed distributed localization algorithm in IoT in Paper III. We first surveyed
the bio-inspired algorithms, such as PSO and its variants - BPSO and Modified
BPSO algorithm, to tackle the distributed localization issue in IoT. We then
formulate and propose a new distributed Social Learning based Particle Swarm
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Optimization (SL-PSO) localization algorithm to find the precise location of the
IoT nodes and show its superiority over PSO and its variants in terms of average
localization error and computation time.

2.3 NOMA with SWIPT and Diamond Relaying Networks

Here we summarize the most important related works for our research objective
3 from our Paper IV.

NOMA based diamond relaying network was first proposed in [94], provides
an effective strategy to improve the achievable rate of the system compared to a
traditional two-relay cooperative communication protocol. Here two relay nodes
assist the source node in transmitting its data to a destination node. A protocol
for NDR networks is investigated, and the joint power allocation problem is
examined in [40]. Further, a full duplex NDR network is proposed in [89]. The
authors studied the ESC performance of the system under ipSIC. All of these
works did not examine the impact of SWIPT on the NDR networks. Moreover,
there is not much work investigated on the NDR networks. The reason for
combining NDR networks with SWIPT is obvious. Since, NDR is an effective
strategy to improve the system’s achievable rate, integrating NDR networks
with SWIPT will further provide incentives to the relay nodes to take an active
part in relaying and thereby enhancing the energy efficiency of the system. Note
that such a network topology considered in our proposed Paper IV has been
established as a standard cooperative relaying model in the 3rd Generation
Partnership Project (3GPP) [2]. Contrary to research objective 1, in Paper IV,
we show how downlink and then uplink NOMA can be used to achieve higher
spectral, energy efficiency and capacity enhancement of the NOMA-NDR SWIPT
system.

2.4 NOMA for Wireless Powered IoT Relay Systems

Here we summarize the most important related works for our research objective
4 from our papers - Paper V, Paper VI, Paper VII and Paper VIII.

RF EH is considered as an appealing solution in extending the lifetime of
these IoT sensors and devices from months to years and even decades, that
ultimately enable their self-sustaining operations [59]. In wireless communication
systems, SWIPT is another emerging paradigm that allows the wireless nodes to
recharge themselves through RF signals directed to them from the source node
and then relaying or transmitting the information [110].

Nasir et al. studied Amplify-and-Forward (AF) relaying network based
on TS and PS relaying schemes [63]. They derived the analytical expressions
for outage probability and the ergodic capacity for delay-limited and delay
tolerant transmission modes. Du et al. investigated outage analysis of multi-user
cooperative transmission network with TS and PS relay receiver architectures
[26]. They theoretically analyze the system outage probability based on TS and
PS relaying protocols. A cooperative SWIPT NOMA protocol is studied in [56].
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Here, near NOMA users that are close to source node acted as a EH based relay
to help far NOMA users. Considering user selection schemes, they derived the
closed-form expressions for the outage probability and system throughput. Ha
et al. [36] studied the outage performance of EH based DF relaying NOMA
networks by deriving the closed form equation of the outage probability. Two
copies of same information from the source node direct link and EH based relay
link were received at the destination nodes. Kader et al. [45] studied TS and
PS with EH and NOMA in a spectrum sharing environment. The secondary
transmitter acts as an EH based relay and then transmits the primary transmitter
data along with its data using NOMA protocol. Jain et al. [43] also proposed
an EH-based spectrum sharing protocol for wireless sensor networks. However,
although a myriad of such EH works have been carried out in the literature, EH
considering the energy-efficient data transmission of source and IoT relay node
together based on TS, PS and NOMA suitable for IoT relay systems has not
been considered in the previous works. This motivated us to propose an RF EH
and information transmission based on TS, PS and NOMA for IoT relay systems
and analyze their performance by deriving the analytical expressions for outage
probability, throughput and sum-throughput in delay-limited transmission mode
in Paper V, Paper VI, and Paper VII.

Moreover, in delay-limited transmission mode, the system throughput is
limited by a fixed rate. However, for the delay tolerant transmission mode, the
source transmits at any constant rate upper bounded by the EC [114]. Zaidi et
al. [104] evaluated the ergodic rate in SWIPT-aided hybrid NOMA in which the
users transmits on the uplink by utilizing the harvested energy on the downlink.
Considering the EC as a fundamental performance indicator, in Paper VIII, we
investigated the ESC analysis of the NOMA-SWIPT enabled IoT relay systems
in delay tolerant transmission mode under the both pSIC and ipSIC scenarios.

2.5 Distributed Power Control in NOMA and Effect of
Interference in NOMA-SWIPT System

Here we summarize the most important related works for our research objective
5 from our papers Paper IX, and Paper X.

Since resources are not used in an orthogonal manner in NOMA, it is
important to efficiently manage interference among multiple users to maximize
the system throughput or capacity. Most of the power control schemes in the
literature are based on scheduling, optimization techniques, heuristics, sub-
carrier allocation, and power allocation techniques. These techniques may not be
globally efficient and thus may result into sub-optimal solutions. Furthermore,
latter techniques are usually centralized and require large message exchanges
between BSs and users. As BSs aspire to maximize the individual data rate
of its associated NOMA users, they might act selfishly by raising their power
level at the detriment of other users from other BSs which might get affected
by the interference and thus fail in the SIC phase. There has recently been a
growing interest in examining distributed power control in wireless networks
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from a game-theoretical perspective. Game theory is a powerful modeling tool
in many systems where the outcome of a player does not only depend on its
decision or action, but also on the decisions taking by other players. Rational
users make calculated decisions to achieve maximise their pay-off functions. On
the other hand, some RL strategies, such as Learning Automata (LA) [101],
would ultimately yield the optimum strategy as the learning parameter gets
sufficiently small [73, 91, 100]. LA is one of the simplest and yet efficient RL
schemes that are shown to reach NE in a large set of games [73]. Therefore, in
Paper IX, we explore if can utilize RL and game theory for distributed power
control in multi cell downlink NOMA systems that is maximizing the achievable
rate fairness of the system.

Fu et al. studied distributed downlink power control for the NOMA system
with two interfering cells [29]. The authors formulated the distributed downlink
power control mathematically as an optimization problem that aimed to minimize
the total transmit power of the two BSs. Similarly, Sung et al. investigated game
theoretic analysis of uplink power control with two interfering cells for the uplink
NOMA systems [79]. Furthermore, a game-theoretic approach is studied in [16]
where NOMA is applied to ALOHA for deciding the transmission probability.
Based on the Glicksberg game, Aldebes et al. proposed a power allocation
algorithm for cellular downlink NOMA networks [3]. In particular, for the power
allocation algorithm, the authors proposed a price-based user’s utility function,
which is shown to be restrictive if the allocated power beyond a threshold value
causes a decrease in the utility value. In [88], a joint utility-based power control
via S-modular theory in multi-service wireless networks is addressed. A RL-based
power control scheme for downlink NOMA in the presence of smart jamming is
studied in [96], where the authors formulated a Stackelberg equilibrium of the
antijamming NOMA transmission game. A power control based on evolutionary
game theory for uplink NOMA systems is examined in [72]. A power allocation
based on optimization and deep reinforcement learning approach for cache-aided
NOMA systems is proposed in [25]. Moreover for a hybrid NOMA systems, a
joint channel selection and power control based on game theory is proposed
in [87]. Although a lot of work for power allocation for NOMA and wireless
networks based on game theory has been carried out in the literature, some
interesting questions still remain to be answered. How to optimize distributed
power control, especially for multicell NOMA networks where multiple BSs
compete with each other based on the fairness of achievable data rate among its
users so as to achieve overall system fairness for the downlink NOMA systems.
Therefore, in Paper IX, we propose distributed power control in a multicell
downlink NOMA system based on the joint application of RL and game theory.

In the practical environment, IoT networks or systems are subjected to the
external interference factors which often results in the loss of the system rate
[92]. An interference aided energy harvesting model is proposed for cooperative
relaying systems in [33]. The author studied the TS and PS relaying scheme
where the relay harvests the energy from the source RF signal and co-channel
interference and then transmit the information to the destination node. The
authors investigated their scheme on the three terminal model namely source-
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relay-destination. The authors in [27] studied three relaying protocols, the TSR
protocol, the PSR protocol and hybrid TSR-PSR protocol in the presence of an
interfering signal. The authors derived the analytical expressions for the outage
probability and throughput for the aforementioned three protocols. However, the
investigated model was limited to three terminal model-source-relay-destination
with the interfering signal. The authors in [23] investigated the performance of
dual-hop AF relaying networks under the impact of co-channel interference at
the two source nodes and the EH based relay node. The authors derived the
closed-form expressions for outage probability and Bit Error Ratio (BER) to
analyze the system performance. In our previous Paper VII, we proposed and
investigated RF energy harvesting and information transmission based on NOMA
for Wireless Powered IoT relay systems. However, no interference constraint
was considered in our work in Paper VII. In the practical environment, external
interference factors often results in the loss of the system rate [92]. Therefore,
it is important to study the effect of interference on the system. Hence, we
extend our work presented in Paper VII by introducing the interfering signal
in our system model. We investigate the performance analysis of RF EH and
information transmission based on TS, PS and NOMA for IoT relay systems and
study the effect of interference in proposed NOMA-SWIPT system in Paper X.

2.6 NOMA-SWIPT System with Direct Links

Here we summarize the most important related works for our research objective
6 from our papers Paper XI, Paper XII and Paper XIII.

In cooperative communications research, a general assumption is often that
a direct link to the node is not available, and the communication of data is only
possible through relaying. However, in wireless communication it is known that
when direct links between the BS and the users exist and are non-negligible,
consolidating direct links could significantly enhance the performance of the
cooperative relaying systems [48],[49]. The performance analysis of the SWIPT
relaying network in the presence of a direct link is carried out in [113]. The
authors analyzed the optimal throughput performance by considering a simple
system model with a source node, a relay node, and a destination node in the
presence of a direct link. A DF relay is analyzed in [55] for a cooperative NOMA
system with direct links. Although three different relay schemes are analyzed by
the authors, EH is not considered in their system model. Analyzing and studying
the impact of EH in the cooperative NOMA-SWIPT systems is important for
increasing the spectral and energy-efficiency demands of IoT networks. The
spectral and energy efficiency of the next generation IoT networks is possible
through the combined approach of NOMA with SWIPT. Thus, the authors in
[37] studied the outage probability of a NOMA-SWIPT network in the presence
of direct links. However, the authors only studied and analyzed the outage
probability for the NOMA-SWIPT network with the direct link, while the EC
and ESC were not studied. Motivated by the works in [55] and [37] and taking
the EC as a fundamental performance indicator, in this paper, we investigate
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the EC performance of cooperative NOMA-SWIPT aided IoT relay systems in
which one BS sends two symbols to two users UE1 and UE2 through the direct
link and via an EH based relay node in papers - Paper XI and Paper XII and
show the impact of SDS and MRC decoding scheme on the considered system
model with direct links.

In Paper XIII, we consider a two-user case where a BS transmits symbols to
two NOMA users and to the EH based relay node via a direct link. The PS EH
based relay node harvests the energy from the BS’s signal and again transmits a
superimposed composite NOMA signal intended for the user with poor channel
condition and for its D2D user. The reason we have considered a D2D user in
the considered system is to assist the EH based relay node for offloading its data
traffic and thereby further enhancing the spectral efficiency of the considered
system.
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Chapter 3

Summary, Contributions and Main
Results of Papers
In this chapter, we give a brief summary and contributions of the included papers
in the dissertation. We also highlight some important results from each of the
papers.

3.1 Paper I: Summary, Contributions and Main Results

Summary

Paper I demonstrates how bi-directional communications can be achieved in
a NOMA-SWIPT enabled IoT relay networks. To the best of our knowledge,
there is no existing study or research on BR NOMA with SWIPT. A scenario
consisting of multiple NOMA users in one group that can communicate or
exchange information with multiple NOMA users in another group through
a common energy harvesting based relay is examined. The EH based relay
exploits the RF energy supplied by the two NOMA user groups to recharge
itself, and then it exchanges the information between them. Specifically, the two
groups of NOMA users transmit the information intended for the exchange to
the relay node using the uplink NOMA protocol. The relay node first harvests
the RF energy through the signals of the two group of NOMA users, and then
it carries out the exchange of information between two NOMA user groups by
using the downlink NOMA protocol to achieve energy-efficient bi-directional
communication in the system. We also study the effect of both pSIC and ipSIC
on the proposed BR NOMA-SWIPT system. Analytical expressions for the
outage probability, EC and ESC are mathematically derived. The analytical
results of our proposed system model are validated by the simulation results,
and representative performance comparisons are presented thoroughly. The
results provide practical insights into the effect of different system parameters
on the overall network performance. It also demonstrates that our proposed
BR NOMA-SWIPT can attain significant throughput and capacity gains as
compared to conventional BR multiple access schemes.

Contributions

As pointed out in Section 2.1, most of the previous works have ignored the
impact of EH in their considered network. To the best of our knowledge, there
is no existing work or contribution on BR for NOMA-SWIPT networks. The
reason for combining BR and NOMA with SWIPT in cooperative networks
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is obvious and simple, as bidirectional NOMA improves the SE and SWIPT
provides incentives to the IoT relay node through RF EH to take an active
part in relaying. Therefore, in Paper I, we propose and examine in detail, the
performance of BR NOMA-SWIPT system under both psIC and ipSIC scenarios.
Specifically, we show how uplink and downlink NOMA can be used to achieve
bi-directional communications for BR NOMA-SWIPT systems.

The major contributions of Paper I can be summarized as:

• To the best of our knowledge, this is one of the first study or research on
BR NOMA with SWIPT.

• We propose and examine in detail, the performance of BR NOMA-SWIPT
enabled IoT relay networks where users in one NOMA group can exchange
information with other users in another NOMA group with the help
of an energy harvesting based relay node R to achieve bi-directional
communication.

• The outage probability, throughput, and ergodic capacity of each user and
the sum-throughput and ergodic sum capacity of the proposed system are
analytically derived under the both pSIC and ipSIC scenarios.

• For a fair comparison and benchmarking of our results, we devise and
investigate the TWR/BR-OMA SWIPT system considering TDMA and
compare it with our proposed system model. This demonstrates the
significant improvement in the throughput and ergodic capacity of our BR
NOMA-SWIPT system.

• We also study the effect of user pairing for the exchange of information
in different groups and show the sum capacity enhancement of the BR
NOMA-SWIPT system.

• We provide thorough practical insights into the effect of different system
parameters on the overall network performance. We also show that our
derived analytical results match exactly with the simulation results, to
demonstrate that our analytical derivations are correct.

Main Results

The proposed BR NOMA-SWIPT system model scenario is shown in Figure
3.1. There are two NOMA users in each group, S and D i.e., S1 and S2 are
NOMA users in group S, and D1 and D2 are NOMA users in group D, which
can exchange information and communicate via the bidirectional IoT relay node
R. Both group S and D works on a channel that is orthogonal to each other.

Figure 3.2 shows the effect of user pairing on the performance of sum capacity
maximization of the proposed BR NOMA-SWIPT system of Paper I at time
switching factor α = 0.5. We consider the user pairing case where a NOMA
user in group S with good channel condition i.e., S1 exchanges information
with another NOMA user in group D with good channel condition of group
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Figure 3.1: Proposed BR NOMA-SWIPT System Model of Paper I
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Figure 3.2: Ergodic Sum Capacity Comparison of the BR NOMA-SWIPT System
with Different User Pairing

D i.e., D2 and a NOMA user in group S with poor channel condition i.e., S2
exchanges information with the NOMA user in group D with poor channel
condition i.e., D1 with the help of the EH based relay R. We see that the
ergodic sum capacity of such a system is greatly affected when such user pairing
is done, and the performance is severely degraded compared to our proposed
BR NOMA-SWIPT and TWR-OMA SWIPT system. This is because SIC is
performed on different NOMA users during the uplink and downlink, and hence
a user will not gain the appropriate benefits of SIC and cooperative diversity.
For our proposed BR NOMA-SWIPT system, SIC is performed on the same
user during the uplink and downlink so that the sum capacity is maximized.
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This indicates that the user pairing has significant impact on the capacity
enhancement of the system. Also, in Figure 3.2, we observe that as SIC factor
ξ decreases from 0.02 to 0.01, the ergodic sum capacity of the BR NOMA-
SWIPT system is improved. This specifies that with the use of a better SIC
technique, a significant improvement of the ergodic sum capacity can be achieved.

3.2 Paper II: Summary, Contributions and Main Results

Summary

Paper II shows a new and exciting result about an adaptive user pairing strategy
for uplink NOMA systems. As pointed out in Paper I, an efficient user pairing
between multiple users is needed to enhance the capacity of NOMA systems.
This paper investigates and proposes a new user pairing strategy that enhances
the capacities of a cell for uplink NOMA systems. In general, NOMA separates
nodes into two equally-sized groups where half of nodes with the best channel
conditions are allocated to one group, while the other half of nodes are allocated
to the other group. Then, NOMA pairs each node in one group with another
node in the other group. First, we investigate an efficient pairing scheme that
maximizes the sum capacity for the uplink NOMA system, with an even number
of nodes, i.e. when there is an equal number of cellular users in each group.
An additional problem arises when there is an odd number of nodes, and the
number of users in one group is thus one larger than in the other, leaving one
node potentially unpaired. Instead of using regular OMA for the unpaired node,
we propose an efficient adaptive user pairing strategy where the unpaired node
is allowed to pair with one of the other pairs, forming a cluster of three nodes.
The objective of our proposed scheme is to find the best pair of nodes to serve
the unpaired node in order to increase the overall sum capacity. Moreover, the
impact of perfect and imperfect SIC is studied on the user pairing strategy for
uplink NOMA systems. Numerical results verify the effectiveness of our proposed
adaptive user pairing strategy over the user pairing scheme utilizing conventional
NOMA and OMA schemes.

Contributions

As pointed out in Section 2.2, there are considerably fewer published studies of
user pairing in uplink NOMA. When there is an odd number of users around the
BS, we will end up with one user who will remain unpaired. Usually, the unpaired
user can be served through OMA. Using the conventional NOMA technique, the
unpaired user can be grouped together in a cluster, if two users can be paired
and served through NOMA, while the other user will be served through OMA.
It is obvious that the performance of the latter is better in terms of capacity as
compared to using only OMA. The objective of this Paper II is to propose and
analyze a scheme that will be able to serve the unpaired user by adapting it into
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Figure 3.3: Conventional OMA, NOMA and Proposed Adaptive User Pairing
Scheme

one of the paired clusters and thereby increase the overall capacity. Moreover,
finding the right cluster for the unpaired user is also important so that the overall
capacity can be increased. Therefore, to address these issues, we propose and
study an adaptive user pairing scheme for uplink NOMA systems under both
pSIC and ipSIC scenarios.

The principal contributions of Paper II are as follows:

• First, a fundamental study of user pairing strategy that enhances the
capacities of a cell for uplink NOMA is investigated for even numbers of
users around the BS.

• Then for uneven distribution of users around the BS, an efficient Adaptive
user pairing strategy for uplink NOMA systems is proposed in order to
accommodate the unpaired user into the formed clusters. Our proposed
scheme finds the right paired cluster to serve the unpaired user by
accommodating it so as to increase the overall sum capacity.

• We also study the effect of perfect SIC and imperfect SIC on the proposed
Adaptive user pairing strategy for uplink NOMA systems.

• We demonstrate the effectiveness of our proposed Adaptive user pairing
strategy over the user pairing scheme using conventional NOMA and OMA
schemes.
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Main Results

The conventional OMA, NOMA and the proposed Adaptive user pairing scheme
is shown in Figure 3.3. We named our scheme as an Adaptive user pairing
scheme as in our scheme, the paired cluster is able to adapt or accommodate the
unpaired user and hence forming a three user cluster from the two user cluster.

The clusteri sum capacities for three user cluster when N = 21 as found
through our Adaptive user pairing scheme is shown in Figure 3.4. The difference
in the overall clusteri sum capacity for the Adaptive user pairing scheme, C-
NOMA, and OMA scheme is clearly visible against all transmit SNR (ρ) values.
Since our proposed adaptive user pairing approach aims to find a suitable cluster
to accommodate the unpaired user with the paired user, the sum capacity
of clusteri is significant, which can contribute to the improvement of overall
sum capacity for our proposed Adaptive user pairing scheme. Also, since SIC
imperfection leads to capacity degradation, we can see that the cell capacities for
OMA actually exceed the cell capacities for ipSIC C-NOMA for ρ greater than
40 dB. However, even the cell capacities for ipSIC of our proposed adaptive user
pairing scheme remains higher than the OMA which indicates the performance
gain of our proposed user pairing scheme.
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3.3 Paper III: Summary, Contributions and Main Results

Summary

Paper III focuses on the issue of distributed localization in the IoT. There
are numerous applications of IoT such as routing, target tracking, monitoring
homes, cities, automation, health monitoring, transportation management and
environment. All these applications of IoT are possible due to the deployment
of sensor nodes which continuously monitor the surrounding environment and
entities. Accurate localization of sensor nodes is the prerequisite to run these
emerging applications of IoT as it is staggeringly difficult to differentiate sensed
data and employ sensing information of the nodes without location information.
Besides, accurate localization of sensor nodes also help to tackle problem such as
geographic routing, energy harvesting,intrusion detection, traffic monitoring
and so on. However, accurate localization of deployed sensors nodes is a
classical optimization problem which falls under NP-hard class of problems.
Therefore, in this paper, we propose and study a new distributed localization
algorithm inspired from nature which we call as Social Learning based Particle
Swarm Optimization (SL-PSO) for IoT. Experimental results depicts that a
precise localization of deployed IoT sensors nodes can be achieved with reduced
computational complexity that will further enhance the lifetime of these resource
constrained IoT sensor nodes. Experimental results demonstrate that SL-PSO
algorithm can not only increase convergence rate but also significantly reduce
average localization error compared to traditional PSO and its other variants.

Contributions

Pairing between nodes is highly dependent on the channel conditions which
in turn depends on the nodes location. Therefore, it is important to find the
precise location of the IoT nodes so that the nodes can be rightly paired and
performance gain of NOMA can be achieved. As discussed in Section 2.2, bio-
inspired algorithms are known to be computationally efficient algorithms and are
widely used for solving optimization problems. Out of all proposed bio-inspired
algorithms in the literature so far, PSO is widely chosen optimization algorithm
because of its simplicity and ease of implementation. Therefore, in Paper III, we
formulate and propose a new distributed SL-PSO localization algorithm to find
the precise location of the IoT nodes and show its superiority over PSO and its
variants in terms of average localization error and computation time.

The main contribution of Paper III can be outlined as:

• We first survey the bio-inspired algorithms, such as PSO and its variants
BPSO and Modified BPSO algorithm, to tackle the distributed localization
issue in IoT.

• We then formulate and propose a new distributed SL-PSO localization
algorithm and show its superiority over PSO and its variants.
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Figure 3.5: Procedural Flow of SL-PSO Algorithm for Localization

• We performed extensive simulation to verify that the SL-PSO
algorithm significantly reduces average localization error and that it
is computationally more efficient than PSO and its variants.

Main Results

The procedural flow of SL-PSO algorithm for localization is shown in Figure 3.5.
The mean of square of localization error between the anchor nodes and unknown
sensor node is formulated as the cost/objective function f(xn, yn) which is given
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Table 3.1: Comparison of Localization Error

Algorithm Average Localization 95% CI 95% CI
Error, EALE (m) Lower Range, Upper Range,

LwrCI (m), UppCI (m)

SL-PSO 0.0024 0.0014 0.0040
PSO 0.0710 0.0674 0.0806
BPSO 0.2494 0.1684 0.3098
Modified BPSO 0.2494 0.1684 0.3098

Table 3.2: Comparison of Computation Time

Algorithm Computation Time (s)

SL-PSO 63.63875
PSO 139.34383
BPSO 100.43645
Modified BPSO 66.65743

as:

f(xn, yn) = 1
M

M∑
m=1

(
√

(xn − xm)2 + (yn − ym)2 − d̂nm)2 (3.1)

where d̂nm is the measured distance of the node, M ≥ 3 is the number of anchor
nodes within communication range, an nth unknown sensor node can estimate its
location coordinate (xn, yn) by running the SL-PSO algorithm which minimizes
the cost/objective function f(xn, yn).
If (Xn, Yn) is the actual unknown sensor node location and (xn, yn) is the
computed location through SL-PSO algorithm then the average localization error
(EALE) can be given as:

EALE =
∑N
n=1

√
(Xn − xn)2 + (Yn − yn)2

N
(3.2)

where N is the total number of nodes to be localized.
The EALE within Confidence Interval (CI)95% range and computation time

for each of these bio-inspired localization algorithms are shown in Table 3.1 and
Table 3.2 respectively. From Table 3.1, we can see that the SL-PSO algorithm
can significantly reduce localization error compared to PSO and its variants
BPSO and Modified-BPSO. BPSO and Modified-BPSO algorithm have almost
identical localization performance. Further, as shown in Table 3.2, our proposed
SL-PSO algorithm takes less computation time to run the localization algorithm.
It is due to the fact that the SL-PSO algorithm learns from all other better
particles and also learns from the mean value of the particles in the current
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swarm which helps to converge to optimized solution rapidly compared to PSO,
BPSO and Modified-BPSO where the implicit learning process takes through
only Pbest and Gbest vectors. With less computation time, our proposed SL-PSO
algorithm can enhance the lifetime of these resource constrained and battery
operated IoT sensor nodes.

3.4 Paper IV: Summary, Contributions and Main Results

Summary

Paper IV focuses on increasing the spectral, energy efficiency and capacity
enhancement of the system by combining NOMA with SWIPT and cooperative
relaying networks. In cooperative communications, NOMA based diamond
relaying network, provides an effective strategy to improve the achievable rate
of the system compared to a traditional two-relay cooperative communication
protocol. The diamond relay network is an efficient cooperative networking
configuration in which the source node cooperates with two selected neighbors.
Moreover, a diamond network topology has been established as a standard
cooperative relaying model in the 3GPP. Therefore, in this paper, we propose
and investigate SWIPT for IoT NOMA-based diamond relay networks wherein
a source node transmits two symbols to a destination node through two EH
based decode-and-forward relay nodes using the principle of downlink NOMA in
the first time slot. The two EH based relay nodes harvest the energy from the
source’s signal and then transmits the decoded symbol to the destination node
using the uplink NOMA protocol in the next time slot. Analytical expressions
for the achievable rate of the symbols and the achievable rate of the considered
system are derived and verified with the simulation results. Moreover, an
asymptotic closed-form solution for the achievable rate is also provided for
mathematical tractability and simplified analysis. Our results demonstrates that
significant performance gain could be achieved with our considered system model
as compared to the OMA-SWIPT system. Since we exploited SWIPT for the
considered system, we also found the optimal power splitting factor ε that can
achieve optimum performance for the achievable rate of the considered system.
Our results also indicate that the NOMA power allocation co-efficient plays an
important role. With a proper selection of the NOMA power allocation factor
and ρ, it can increase the achievable performance of the system. Finally, our
results also demonstrates that the relay node R1 node should be placed close to
the source to have a higher achievable rate performance of the system.

Contributions

NOMA based diamond relaying network, provides an effective strategy to improve
the achievable rate of the system compared to a traditional two-relay cooperative
communication protocol. As pointed out in Section 2.3, previous works did
not examine the impact of SWIPT on the NDR networks. Moreover, there is
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not much work investigated on the NDR networks. The reason for combining
NDR networks with SWIPT is obvious. Since, NDR is an effective strategy to
improve the system’s achievable rate, integrating NDR networks with SWIPT
will further provide incentives to the relay nodes to take an active part in relaying
and thereby enhancing the energy efficiency of the system. Note that such a
network topology considered in our Paper IV has been established as a standard
cooperative relaying model in the 3GPP. Contrary to research objective 1, in
Paper IV, we show how downlink and then uplink NOMA can be used to achieve
higher spectral, energy efficiency and capacity enhancement of the NOMA-NDR
SWIPT system.

The principal contributions of Paper IV are as follows:

• We propose and investigate the achievable rate of the considered system
that exploits the SWIPT for IoT NOMA based diamond relay networks,
in which one source or BS transmits two symbols to the destination node
via the help of two EH based relay node adopting PS architecture.

• We derive the analytical expressions for the achievable rate of the symbols
and the achievable rate for the considered system model and validate it
through the simulation results, which shows that our derived analytical
expressions are intact.

• Moreover, asymptotic closed form solution for the achievable rate is also
provided for mathematical tractability and simplified analysis.

• For a fair and logical comparison of the considered NOMA-SWIPT system,
we devised the model using OMA-SWIPT and compared them.

• Our results demonstrate the effect of energy harvesting parameters, NOMA
power allocation co-efficients, relays distance, and effectiveness of the
considered system over the similar system model using conventional OMA-
SWIPT scheme.

Main Results

Figure 3.6 shows the considered diamond relaying based NOMA-SWIPT system
model, where a source node, i.e, S transmits two data symbols x1 and x2 to the
destination node D via two EH based relaying nodes R1 and R2 using downlink
NOMA protocol. We have assumed that there is no direct link from the source
to the destination node due to deep fading or blockage. Hence, S only relies on
R1 and R2 for transmission of data to D. We have also assumed that h2 < h1.
Similarly, g1 < g2. The power-constrained relaying nodes R1 and R2 act as
decode-and-forward EH based relay nodes. They first harvest the energy from
the source node’s signal using the PS protocol, and then they decode the symbols
x1 and x2 transmitted by S in the first stage. The relay nodes R1 and R2 then
forward the decoded symbols x1 and x2 using the uplink NOMA protocol to the
destination node in the second stage.
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Figure 3.6: Considered Diamond Relaying based NOMA-SWIPT System Model

Figure 3.7 shows the achievable rate of the considered system and OMA-SWIPT

Figure 3.7: Achievable Data Rate of the Diamond Relaying based NOMA-SWIPT
System

system. It should be noted that for the OMA-SWIPT system, we allocate full
power for the transmission of x1 and x2 symbols. However, for our considered
system model, the transmit power of the source node is divided between x1 and
x2. We observe that the achievable rate for the considered system is higher
than that of the OMA-SWIPT system, especially when ρ is greater than 10 dB.
Also, as we increase the ε factor from 0.3 to 0.7, the achievable rate for both
the OMA-SWIPT system and the considered system increases which indicates
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that a higher power splitting factor ε is required to have a higher achievable rate
performance.

3.5 Paper V: Summary, Contributions and Main Results

Summary

Paper V presents our system model on RF energy harvesting and information
transmission where a power constrained IoT relay node first harvests the energy
from the source node RF signal to power up itself using power splitting protocol
and then transmits the source node information along with its information
data using NOMA protocol. As opposed to conventional EH based relaying
techniques, where a EH based relay node only helps the source user to transmits
its data successfully, this paper also considers the data of the IoT relay user to
be transmitted along with the source node data using NOMA protocol. This is
particularly important for data offloading by the IoT relay node to its own D2D
user or destination node. We derive the analytical expressions for the outage
probability, throughput and sum-throughput for the proposed system where
we corroborate our theoretical analysis with the simulation results. Effects of
different EH parameters have been studied to get an insight of the considered
system. It is evident that the proposed system model is feasible for ubiquitous
IoT relay systems for self-sustainable energy efficient communication and data
transmission.

Contributions

As pointed out in Section 2.4, unlike previous works where the participating
relay node is used only to transmit source node data, in Paper V, we have also
considered to transmit/offload the data of the IoT relay node along with source
node data using PS and NOMA to respective destination nodes.

The major contribution of Paper V can be outlined as:

• Realizing the energy constrained nature of IoT nodes, we have considered
and investigated an RF EH-based on power splitting and NOMA for
IoT relay systems. Unlike several of the previous works, where the
participating relay node is used only to transmit source node data, we have
also considered to send the IoT relay node data along with source node
data to respective destination nodes using PS and NOMA.

• We derive the analytical expressions for outage probability, throughput
and sum-throughput for our considered scenario based on PS and NOMA.

• The developed analysis is corroborated through Monte-Carlo simulations
that proves that our derived analysis are correct.

• Moreover, we find the optimal power splitting factor that maximizes the
sum-throughput of our proposed model through iterative Golden section
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Figure 3.8: System Model based on Power Splitting and NOMA.
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Figure 3.9: Optimal ε for Sum-throughput Maximization

search method. Also, some representative performance comparisons with
different EH parameters are presented.

Main Results

The proposed system model based on PS and NOMA protocol is shown in Figure
3.8. In this PS relaying scheme, power constrained (IoTR) node first harvests
the energy from the source node signal using εPs where Ps is the power of the
source node’s transmit signal and ε is the power splitting factor. IoTR uses
remaining power (1 − ε)Ps for information decoding in the first stage. In the
second stage, IoTR node transmits the source node and IoTR data to their
respective destination nodes using NOMA.

It should be noted that higher the value of power splitting factor ε, higher is
the sum-throughput. In reality, we cannot have high ε as there will be less power
allocated for information decoding. Hence, there will be an outage in the system
as no communication data will be transferred to the respective destinations.
Therefore, we need to find optimal ε∗ that maximizes the sum-throughput for
the proposed system. In Figure 3.9, we found out optimal ε∗ that maximizes the
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sum-throughput of the proposed system through Golden section search method
and plotted it against the transmit SNR. We observe that the optimal ε∗ first
decreases and then slightly tends to increase with the increase in transmit SNR
at which the sum-throughput for the considered system using PS and NOMA is
maximized.

3.6 Paper VI: Summary, Contributions and Main Results

Summary

Paper VI presents our system model on RF energy harvesting and information
transmission based on TS protocol and NOMA protocol. Although a myriad of
works have been carried out in the literature for EH, the absolute vast majority
of those works only consider RF EH at relay node and transmission of source
node data successfully to its destination node. Those approaches do not consider
the data transmission of the relay node that may be an IoT node which needs to
offload or transmit its data along with the source node data to their respective
destinations. Thus, such approaches are clearly ineffective for energy efficient
IoT relay systems. Unlike Paper V, in this paper, we rather focus on RF EH and
information transmission based on TS relaying and NOMA for IoT relay systems.
Analytical expressions for outage probability, throughput and sum-throughput
for our proposed system have been mathematically derived. Effects of different
EH parameters such as time switching factor, energy harvesting efficiency factor
and transmit SNR were studied to get an insight of the considered system based
on TS and NOMA.

Contributions

As pointed out in Section 2.4, previous works have not consider the data
transmission of the relay node that maybe an IoT node which needs to offload or
transmit its data along with the source node data to their respective destinations.
Thus, such approaches are clearly ineffective for energy efficient data transmission
in IoT relay systems. Therefore, in Paper VI, we propose RF EH and information
transmission based on TS relaying and NOMA for IoT relay systems.

The principal contribution of Paper VI can be outlined as:

• We have proposed an RF EH-based on TS and NOMA suitable for IoT
relay systems.

• Previous works and approach in this domain, have not considered the
data transmission of the relay node that may be an IoT node which needs
to transmit or offload its data along with the source node data to their
respective destinations. In this Paper VI, we rather focus on RF EH and
information transmission based on TS relaying and NOMA for IoT relay
systems.
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Figure 3.10: System Model based on Time Switching and NOMA.

• We derive the analytical expressions for outage probability, throughput
and sum-throughput for our proposed system based on TS and NOMA.

• We also formulate an iterative algorithm-Golden section search method to
find the optimal time switching factor for sum-throughput maximization.

• Our proposed system analytical results are validated by the simulation
results to show that are derived analysis are correct.

Main Results

The proposed system model based on TS and NOMA is shown in Figure 3.10. In
this TS relaying scheme, power constrained IoTR node first harvests the energy
from the source node’s RF signal for αT duration and uses the time (1−α)T

2
for information decoding in the first stage. IoTR uses the remaining (1−α)T

2 for
information transmission to the source and IoT user using NOMA protocol in
the second stage. Here, α is the time switching factor and T is the total time.

In Figure 3.11, we find out optimal α∗ that maximizes the sum-throughput of
the proposed system through Golden section search method and plot it against
transmit SNR. In Figure 3.11, we can observe that optimal α∗ linearly decreases
with increase in transmit SNR. Finding optimal α∗ is important to avoid an
outage in the proposed system and maximizing the sum-throughput of the
considered system based on TS and NOMA.

3.7 Paper VII: Summary, Contributions and Main Results

Summary

Paper VII is an extended version of the Paper V and Paper VI as Paper VI
was chosen for the Best Paper Award at the 2018 28th IEEE International
Telecommunication Networks and Applications Conference (ITNAC), Sydney,
Australia and invited to extend the paper for the Sensors journal.

In this extended version paper, we envisioned a RF EH and information
transmission system based on the TSR, PSR and NOMA which is suitable for
wireless powered IoT relay systems. A thorough comparison between the TS and
PS protocol with NOMA is made to show the effect of EH parameters on the

38



Paper VII: Summary, Contributions and Main Results

0 2 4 6 8 10 12 14 16 18 20

Transmit SNR [dB]

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

O
p

ti
m

a
l 

o
p

t 

Optimal Time Switching Factor versus Transmit SNR

Optimal  when  = 1.0

Optimal  when  = 0.8

Optimal  when  = 0.6
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considered system. In reality, we cannot have a high TS and PS factors as there
will be less time and power allocated for information processing. Hence, there
will be an outage in the system as no communication data will be transferred
to the respective destination nodes. Therefore, through Golden section search
method, we found out the optimal time switching and power splitting factor that
maximizes the sum-throughput of the proposed model. It is revealed that the PS
with NOMA performs better at higher transmit SNR than the TS with NOMA.
For a smaller values of transmit SNR, TS with NOMA performs than the PS
with NOMA. Moreover, for a higher sum-throughput of the considered system,
a higher PS factor is required for PS with NOMA than the corresponding TS
factor for TS with NOMA.

Contributions

As mentioned above, Paper VII is an extended version of the Paper V and
Paper VI. Although a myriad of works have been carried out in the literature for
RF-EH, the absolute vast majority of those works only considered RF EH at the
relay node and transmission of source node data successfully to its destination
node. Those approaches do not consider the data transmission of the relay node
that may be an IoT node which needs to transmit or offloads its data along
with the source node data to their respective destinations. Therefore, in this
Paper VII, we propose an RF-EH and information transmission based on the
TS, PS relaying and NOMA for IoT relay systems.

The major contributions of Paper VII are as follows:
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Figure 3.12: Proposed System Model Scenario

• Realizing the energy constrained nature of IoT nodes, we have considered
and investigated an RF EH-based on the TS, PS and NOMA for IoT relay
systems.

• We mathematically derived the analytical expressions for outage probability,
throughput and sum-throughput for our proposed system based on the TS,
PS relaying and NOMA.

• Our proposed system analytical results for the TS and PS with NOMA are
validated by the simulation results. A thorough comparison between TS
and PS with NOMA are presented. Effects of different energy harvesting
parameters are also studied to get an insight of the considered system
based on TS, PS relaying and NOMA.

• We also formulate an iterative algorithm - Golden section search method
to find the optimal time switching and power splitting factors for sum-
throughput maximization.

Main Results

We have considered a cooperative relaying EH scenario as shown in Figure 3.12,
where a source has to transmit its information data to the destination. Due to
fading or weak link between a source-destination pair, the source node seek the
help of IoT relay node (IoTR) for relaying its information data. Here, the source
node may be an IoT node which has abundant energy supply from the other
sources. Cooperative communication with single relay is a simple but effective
communication scheme especially for energy constrained networks such as IoT
networks [115]. Furthermore, using more than one relay increases the complexity
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Figure 3.13: Sum-throughput of the Proposed System v/s α or ε with Different
Transmit SNR δ.

of the systems greatly [78]. Therefore, we have considered a single IoTR node for
our system model. However, it can be extended to multiple IoTR node scenario
as well.

IoTR is rather power constrained node that acts as a DF relay. It first
harvests the RF energy from the source signal using either time switching
protocol or power splitting protocol in the first stage. Then it transmits the
source information data along with its own data using NOMA protocol in next
subsequent stage. The dual purpose of energy harvesting and forwarding the
information data is thus served by IoTR. The receiving end for the source and
IoTR node serves as the destination for data transmission.

Figure 3.13 shows the sum-throughput of the proposed system at different
time switching factor α and power splitting factor ε for both - TS and PS
protocol. We plot the sum-throughput against the α and ε varying from 0 to 1
and at δ = 5, 10, & 15. In Figure 3.13, we can observe that the sum-throughput
first increases with the increase in α, ε, and δ, reaches to the maximum and
then it decreases. This confirms that the sum-throughput is maximum at some
optimal time switching factor α∗ and optimal power splitting factor ε∗. In reality,
we cannot have high α and ε as there will be less time and power allocated
for information processing. Hence, there will be an outage in the system as no
communication data will be transferred to the respective destinations.
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3.8 Paper VIII: Summary, Contributions and Main Results

Summary

Paper VIII extends the works presented in Paper V, Paper VI and Paper VII
and studies the ESC analysis of NOMA-SWIPT enabled IoT relay systems
in delay tolerant transmission mode. In delay-limited transmission mode, the
system throughput is limited by a fixed rate as seen in Paper V, Paper VI
and Paper VII. However, for the delay tolerant transmission mode, the source
transmits at any constant rate upper bounded by the EC. Therefore, considering
the EC as a fundamental performance indicator, specifically, in this Paper VIII,
we study and analyze the ESC of the NOMA-SWIPT enabled IoT relay systems
in the delay tolerant transmission mode under both pSIC and ipSIC scenario.
Analytical expressions for the ESC of the proposed system are derived and
verified with the Monte-Carlo simulations. The impact of imperfect SIC, energy
efficiency and effect of NOMA power coefficient is thoroughly examined on the
ESC performance of the system. Our results demonstrate that PS relaying with
NOMA is more energy-efficient than TS relaying with NOMA for the proposed
system. Our results also confirmed that the SIC imperfection only affect the
ESC performance and it does not show any effect on the TS or PS factors at
which ESC is maximized.

Contributions

As pointed out above and in Section 2.4, in a delay-limited transmission mode,
the system throughput is limited by a fixed rate. However, for the delay tolerant
transmission mode, the source transmits at any constant rate upper bounded by
the EC. Therefore, considering the EC as a fundamental performance indicator,
in Paper VIII, we investigated the ESC analysis of the NOMA-SWIPT enabled
IoT relay systems in delay tolerant transmission mode under the both pSIC and
ipSIC scenarios by extending the works presented in Paper V, Paper VI and
Paper VII.

The principal contribution of this Paper VIII are outlined as follows:

• We investigate and propose to use IoT node for the dual role of relaying
the source node data and offloading data to its own destination based on
TS and PS relaying with NOMA under both pSIC and ipSIC scenario.

• We derive the analytical expressions for the ESC of the proposed system
and verified with the Monte-Carlo simulations.

• Our results demonstrate that PS relaying with NOMA is more energy-
efficient than TS relaying with NOMA for the proposed system.

• Our results also confirmed that the SIC imperfection only affect the ESC
performance and it does not show any effect on the α or ε at which ESC is
maximized.
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Figure 3.14: Energy Efficiency Comparison

Main Results

In Figure 3.14, we plot the Energy Efficiency (EE) of the proposed system for
both TS and PS relaying with NOMA under pSIC and ipSIC scenarios. The EE
can be calculated as the ratio of total achievable data rate to the total power
consumption in the entire network [102]. From Figure 3.14, we can observe that
PS with NOMA under both pSIC and ipSIC is more energy efficient than the
TS with NOMA for the same value of EH parameters, i.e. α = 0.3 and ε = 0.3
especially at transmit SNR less than 25 dB. For transmit SNR greater than 35
dB, the EE performance gap of the proposed system reduces because at such
high transmit SNR, the IoTR node can harvest more energy for both TS and
PS relaying with NOMA.

3.9 Paper IX: Summary, Contributions and Main Results

Summary

Paper IX proposes a simple and energy-efficient distributed power control in
downlink NOMA using RL based game theoretic approach. Since resources
are not used in an orthogonal manner in NOMA, it is important to efficiently
manage interference among multiple users to maximize the system throughput
or capacity. Moreover, NOMA is based on the principle of SIC which is known
to be very fragile to interference as the decoding failure propagates in the SIC
chain to weaker users. Therefore, the power must be properly allocated such
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that the interfering signals can be correctly decoded and subtracted from the
certain users’ received signal to recover the desired signal. This is particularly
more important in large scale networks where BSs might be densely placed to
serve their associated multiple NOMA users. If power control optimization is not
used, the BS serving at a higher power levels to satisfy the individual achievable
data rate of its associated NOMA users will create interference on the NOMA
users associated with other BSs and thus jeopardize their achievable data rates.

A scenario consisting of multiple BSs serving their respective Near User(s)
(NU) and Far User(s) (FU) is considered. The aim of the game is to optimize
the achievable rate fairness of the BSs in a distributed manner by appropriately
choosing the power levels of the BSs using trials and errors. By resorting to
a subtle utility choice based on the concept of marginal price costing where
a BS needs to pay a virtual tax offsetting the result of the interference its
presence causes for the other BS, we design a potential game that meets the
latter objective. As RL scheme, we adopt Learning Automata (LA) due to its
simplicity and computational efficiency and derive analytical results showing
the optimality and convergence of the game to a NE. Numerical results not
only demonstrate the convergence of the proposed algorithm to a desirable
equilibrium maximizing the fairness, but they also demonstrate the correctness
of the proposal followed by thorough comparison with random and heuristic
approaches.

Contributions

As explained in Section 2.5, although a lot of work for power allocation for
NOMA and wireless networks based on game theory has been carried out in
the literature, some interesting questions still remain to be answered. How to
optimize distributed power control, especially for multicell NOMA networks
where multiple BSs compete with each other based on the fairness of achievable
data rate among its users so as to achieve overall system fairness for the downlink
NOMA systems. Therefore, in Paper Paper IX, we propose distributed power
control in a multicell downlink NOMA system based on the joint application of
RL and game theory.

The major contributions of Paper IX are as follows:

• We first formulate distributed power control in downlink NOMA as a
strategic game and derive the Nash Equilibrium of the game.

• We prove that the distributed power control game we designed is an exact
potential game. We then propose a LA based game-theoretic approach for
distributed power control that provides a full characterization of the best
achievable performance for the potential function of the game.

• We show that our proposed distributed power control algorithm that is
designed as a game is guaranteed to converge to an NE.
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Figure 3.15: Considered System Model Scenario for RL-GT based Distributed
Power Control in Downlink NOMA

• We conduct a thorough theoretical analysis that demonstrates the
convergence of the proposed algorithm which is maximizing the achievable
rate fairness for the respective near users and far users and thus achieving
the higher energy efficiency in downlink NOMA systems.

Main Results

Our considered system model scenario for RL-GT based distributed power control
in downlink NOMA is shown in Figure 3.15. For simplicity, we assume that there
are two BSs (players) in the system and each of the BS is serving its associated
NUs and FUs as shown in Figure 3.15. Our work generalises for more than
two UEs in a straight forward manner but for the sake of simplicity we content
ourselves to two UEs per BS Two UEs per frequency band has been already
adopted as a standard by the 3GPP LTE under the name of MUST [1]. Please
note that a BS might have a certain number of frequency bands, and thus, more
pairs of users can be served in different frequency bands.

In Table 3.3, we present our findings for the overall fairness of the system
with different power levels at learning parameter λ = 0.1. Also, to compensate
for the randomness of the probabilities in our experiments, we run all our
experiments for 100 number of times and report the average performance of the
system together with 95% confidence interval. From Table 3.3, we can observe
that, for learning parameter λ = 0.1, as we increase the power levels from 3 to
9 to 27, the average fairness of the system increases and the average iteration
for convergence also increases. The best average fairness of the system 2.9846 is
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Table 3.3: Fairness of the System When Learning Parameter λ = 0.1

Power Learning Average Average 95% CI 95% CI
levels Parameter Iteration Fairness Lower Upper
K λ Range Range

3 0.1 244 2.9632 2.9467 2.9798
9 0.1 259 2.9770 2.9647 2.9893
27 0.1 276 2.9846 2.9740 2.9952

Table 3.4: Comparison of Fairness of the System

Learning Power Random Exhaustive LA-GT
Parameter λ Levels K Method Method Method

0.1 3 2.5648 3.0195 2.9632
0.1 9 2.7537 3.0248 2.9770
0.1 27 2.8009 3.0249 2.9846

achieved when there are 27 power levels which converges at an average iteration
of 276. It should be noted that even with 27 different power levels for each
of the player, the average iteration for convergence is 276, which is significant
compared to having just three power levels where the average iteration is 244.

In Table 3.4, we present the comparison of the fairness of the system
through our LA based Game-Theoretic (LA-GT) approach with the random and
exhaustive search method. Unlike our proposed method, in a random method,
the players choose the actions randomly with equal probability and no active
learning parameters in each iteration. We can see that, at different power levels,
the fairness of the LA-GT approach is higher compared to the random method.
This signifies the importance of having LA in combination with game theory to
improve the fairness of the system by distributed power control over a range
of players with different power levels in the system. Also, we can observe that
fairness of the LA-GT approach is quite competitive compared to exhaustive
search method. It should be noted that exhaustive search method is the heuristics
method which finds the best solution by including all power levels. Although
exhaustive method gives the best fairness of the system, it is not desirable as it is
usually centralized and require large message exchanges between BSs and users.
Hence, energy-efficiency of the system cannot be achieved through exhaustive
search method. Our LA-GT converges much faster at just an average iteration
of 244 to achieve 2.9846 average fairness of the system which is quite competitive
compared to exhaustive search method and better than random method.
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3.10 Paper X: Summary, Contributions and Main Results

Summary

Paper X studies the performance analysis of RF energy harvesting and
information transmission based on NOMA with interfering signal for IoT relay
systems. Usually, in the practical environments, IoT networks or systems are
subjected to external interference factors which often results in a loss in the
system rate. Specifically, in the presence on interfering signals, we study the
combination of two popular energy harvesting relaying architectures - TSR and
PSR with NOMA protocol for IoT relay systems. Considering the interference
from the external entity, we have mathematically derived the outage probability,
throughput, and sum-throughput for our proposed system. Extensive simulations
are carried out to find the optimal TS and PS factor that maximizes the sum-
throughput of the considered system in the presence of an interfering signal.
A thorough comparison with the TS and PS protocol with NOMA revealed
that the outage performance of the source user and IoT relay user is greatly
affected by the interfering signal power in the system which in turn decreases the
overall sum-throughput of the system. Therefore, in such interfering conditions,
a careful selection of EH parameters such as TS and PS factor is envisaged to
achieve higher sum-throughput of the system.

Contributions

As explained in Section 2.5, in the practical environments, IoT networks or
systems are subjected to the external interference factors which often results in
the loss of the system rate. Moreover, no interference constraint was considered
in our work in Paper VII. We extend our work presented in Paper VII by
introducing the interference in our considered system model. We investigate
the performance analysis of RF EH and information transmission based on the
TS, PS and NOMA for IoT relay systems and study the effect of interference in
proposed system in Paper X.

The major contributions of Paper X can be outlined as:

• Considering the practical interference constraint and realizing the energy
constrained nature of IoT nodes, we have considered and investigated an
RF EH-based on the TS, PS and NOMA with interfering signal for IoT
relay systems.

• We have mathematically derived the outage probability, throughput and
sum-throughput for our considered scenario.

• Our proposed system analytical results for the TS, PS relaying and
NOMA with interfering signal are validated by the simulation results.
The developed analysis is corroborated through Monte-Carlo simulations
to show the correctness of our derived analysis.
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Figure 3.16: Considered System Model with Interfering Signal

• A thorough comparison with the TS and PS protocol with NOMA is made
to investigate the impact of interfering signal on the outage and throughput
performance of the source and the IoT relay node.

Main Results

Our considered system model is as shown in Figure 3.16. Here, a source node has
to transmit its data to the destination i.e. source user information destination
node in the presence of an interfering signal from the external source or entity.
We have assumed that the source has abundant energy supply. It is also assumed
that there are no direct links between the source user node due to deep shadowing
or blockage; thus information exchange between them only relies on the relay
node. Therefore, it requires the help of the IoT node (IoTR) for relaying its
information data to its intended destination. IoTR is rather power constrained
node that acts as a DF relay and it will first harvest the RF energy from
the source signal using the time switching relaying or power splitting relaying
protocol in the first stage and then transmits the source information data along
with its own data using NOMA protocol in the next stage. Here, IoTR harvests
the energy which is used for transmitting the source user and IoTR node data
to their respective destinations. The destination pair for source and IoTR node
serves as the receiving end for data transmission. Also, in the considered system,
the network is subjected to interference from the external entity (marked as red
in Figure 3.16) which affects the system performance.

We plot the outage probability of the source user and IoTR for TS and PS
relaying with NOMA against the interfering signal power in Figure 3.17 and
Figure 3.18 respectively at 10 dB transmit SNR, at different α = 0.3, 0.5, &
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Figure 3.17: Outage probability of the Source User Under Interfering Signal
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Figure 3.18: Outage probability of the IoT Relay User Under Interfering Signal

0.7 and at different ε = 0.3, 0.5, & 0.7. We can see that the outage probability
for both source and IoTR is an increasing function with respect to the increase
in interfering signal power. Also, the outage probability for PS relaying with
NOMA is shown higher than the TS relaying with NOMA against the same
amount of time switching factor α = 0.3, 0.5, & 0.7 and power splitting factor ε =
0.3, 0.5, & 0.7. Also, it can be seen from Figure 3.17, for interfering signal power
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greater than 5 dB, the outage probability of the source user for PS relaying with
NOMA has almost identical performance at ε = 0.5, & 0.7 unlike TS relaying
with NOMA. This indicate that the interfering signal power has a significant
role in the outage probability of the source user for PS relaying with NOMA
compared to TS relaying with NOMA.

3.11 Paper XI: Summary, Contributions and Main Results

Summary

Paper XI investigates the EC and ESC performance of cooperative NOMA-
SWIPT aided IoT relay systems with direct links over the Rayleigh fading
channels. To the best of our knowledge, there is no published literature that
investigates the EC and ESC of the NOMA-SWIPT aided IoT relay systems with
the direct link, in which one source or BS transmits symbol to two destination
nodes through the direct link and with the help of EH based relay node.
Specifically, we study the TSR, and PSR architecture for increasing the spectral
and energy-efficiency of the considered system. Analytical expressions for the
EC and the ESC are mathematically derived and validated by the simulation
results. Our results provide a thorough comparison of the TS and PS relaying
EH architecture for the considered system model. It also demonstrates that the
ESC performance could be significantly improved through the optimal choice of
the power splitting factor for PS relaying with NOMA compared to TS relaying
with NOMA.

Contributions

For a delay-tolerant transmission mode, Ergodic capacity is an appropriate
measure for the performance analysis of the system. As explained in Section 2.6,
previous works haven’t studied the EC and ESC of the system with direct links,
in which one source or BS wants to transmit symbols to two destination nodes
through the direct links and with the help of EH based relay node. Therefore,
for the considered NOMA-SWIPT system, in Paper XI, we investigate EC and
ESC for TSR, and PSR relaying architecture with NOMA in the presence of
direct links.

The principle contributions of Paper XI are as follows:

• To the best of our knowledge, there is no published literature that
investigates the EC and ESC of the NOMA-SWIPT aided IoT relay systems
with direct links, in which one source or BS wants to transmit symbols to
two destination nodes through the direct links and with the help of EH
based relay node.

• Specifically, for the considered NOMA-SWIPT system, we investigate the
TSR, PSR relaying architecture.
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Figure 3.19: Optimized Ergodic Sum Capacity

• We derive the analytical expressions for the EC and the ESC for the
considered system model and validate it through the simulation results,
which shows that our derived analytical expressions are intact.

• We provide a thorough comparison of TS and PS relaying EH architecture
for the considered NOMA-SWIPT system model with direct links.

• Our results demonstrate that the EC performance could be significantly
improved through the optimal choice of power splitting ε factor for PS
relaying with NOMA compared to TS relaying with NOMA.

Main Results

In Figure 3.19, we plot the optimized ESC of the system for both - TS and PS
relaying with NOMA at different transmit SNR. We observe that at the lower
transmit SNR values, i.e. less than 10 dB, both TS and PS relaying with NOMA
almost have the same optimized ESC. After 10 dB and higher transmit SNR, PS
relaying with NOMA outperforms the TS relaying with NOMA. This confirms
that through the optimal choice of ε, it is possible to achieve better optimized
ESC for the PS relaying with NOMA than the TS relaying with NOMA.
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Figure 3.20: Considered System Model for the NOMA-SWIPT with Direct Links

3.12 Paper XII: Summary, Contributions and Main Results

Summary

Paper XII investigates capacity enhancement of NOMA-SWIPT IoT relay system
with direct links over Rayleigh fading channels. It is known that when the direct
links between the BS and the users exist and are non-negligible, consolidating
direct links could significantly enhance the performance of the cooperative
relaying systems. Specifically, for the considered NOMA-SWIPT system with
direct links, we study a time-switching EH architecture in which a BS transmits
two symbols to the two users through the direct links and via an EH-based
relay node. On the receiving user node, we employ MRC to show the capacity
enhancement of the considered system. Moreover, analytical expressions for
the EC and ESC are mathematically derived for the MRC and SDS scheme.
The analytical expressions are corroborated with the Monte-Carlo simulation
results. This not only reveals the effect of different EH parameters on the
system performance, but it also demonstrates the capacity enhancement of the
considered NOMA-SWIPT system compared to a similar NOMA-SWIPT system
without direct links and to conventional OMA schemes.

Contributions

In wireless communication, it is known that when direct links between the
BS and the users exist and are non-negligible, consolidating direct links could
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Figure 3.21: Ergodic Sum Capacity of Considered System Model for the NOMA-
SWIPT with the Direct Link

significantly enhance the performance of the cooperative relaying systems. As
mentioned in the Section 2.6, although a myriad of works have been carried
out in the literature for NOMA-SWIPT systems, to the best of our knowledge,
there is no published literature investigating the EC and ESC of the NOMA-
SWIPT assisted IoT relay systems with the direct link over the Rayleigh fading
channels in which one BS transmit two symbols to two destination nodes through
the direct link and with the assistance of EH-based relay node. Therefore, in
Paper XII, we investigate the capacity enhancement of NOMA-SWIPT IoT relay
system with direct links over the Rayleigh fading channels. Since the direct links
are involved, we employ the MRC scheme and show the capacity enhancement
of the system.

The major contributions of Paper XII are as follows:

• We propose and investigate the capacity enhancement of the NOMA-
SWIPT assisted IoT relay systems with the direct link over the Rayleigh
fading channels in which one BS wants to transmit two symbols to two
destination nodes through the direct link and with the assistance of EH-
based relay node using the TS architecture.

• Since the direct links are involved, we employ the MRC scheme and show
the capacity enhancement of the system by comparing it with the SDS
scheme.

• For the considered NOMA-SWIPT system model with direct links, we
derive the analytical expressions for the EC and the ESC for both the
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MRC and SDS schemes and validate them by Monte-Carlo simulations,
demonstrating that our derived analytical expressions are correct.

• For a fair and logical evaluation of the considered NOMA-SWIPT system
with the direct link, we devised a comparable model using OMA. Along
with its analytical derivations, a thorough comparison is provided between
the NOMA-SWIPT and OMA-SWIPT system models without considering
the impact of direct links.

• Our results demonstrate that employing the MRC scheme could significantly
enhance the ESC performance of the system compared to using the SDS
scheme. Moreover, we also showed that, with proper selection of EH
parameters, such as the time switching factor and the power allocation
factor for the NOMA, the ESC performance of the system could be further
improved as compared to a NOMA-SWIPT system that has no direct links
and to a conventional OMA schemes.

Main Results

The considered cooperative NOMA-SWIPT system model with direct links is
shown in Figure 3.20. Here, a BS transmits two symbols, x1 and x2, to the
two destination nodes, UE1 and UE2, respectively through the direct link and
with the assistance of an EH-based relay node using the TS protocol. As R is a
power-constrained node that acts as a DF relay, it first harvests the RF energy
from the BS signal using the TS protocol, and then it decodes the symbols x1
and x2 transmitted by the BS in the first phase. Also, UE1 and UE2 receive the
information transmitted by the BS through the direct links in the first phase.
Then, R forwards the decoded symbols x1 and x2 using the NOMA protocol to
the UE1 and UE2 in the subsequent phase.

We plot the ESC at α = 0.3 and α = 0.7 against the transmit SNR for all
the schemes for a thorough comparison in 3.21. We observe that the ESC is
an increasing function with respect to increase in the transmit SNR for all of
the schemes. At low transmit SNR, i.e. less than 10 dB, the OMA-TDMA
MRC scheme has higher ESC than our NOMA-SWIPT model with direct links.
However, as we increase the transmit SNR, the ESC of our NOMA-SWIPT
model gives the overall higher ESC for the system. The reason for OMA-TDMA
MRC scheme to have better ESC at low transmit SNR is that the BS transmits
the signal for UE1 and UE2 with its full power of BS in two time slots whereas,
in our considered NOMA-SWIPT model, the power of the BS is divided into
two parts for the UE1 and UE2 using a single time slot. Also, it is interesting to
note that the NOMA-SWIPT model without direct links has higher EC for UE2
than our considered NOMA-SWIPT model with direct links that is using the
SDS scheme. The reason for this is that the EC is dominated by the weakest
link. Moreover, as we increase the α factor from 0.3 to 0.7, we see that the ESCs
for all the models decrease. This indicates that a small α factor is sufficient for
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the system to harvest enough energy and the remaining time can be used for
the data transmission.

3.13 Paper XIII: Summary, Contributions and Main Results

Summary

Paper XIII investigates the EC performance of D2D IoT relay NOMA-SWIPT
systems where the relayed communication is supported with the direct link
communication. A two-user case is considered in which a base station transmits
symbols to two NOMA users, and the EH based relay node via a direct link.
The EH based relay node harvests the energy from the BS’s signal and again
transmits a superimposed composite NOMA signal intended for the user with
poor channel condition and for its D2D user to offload its data traffic. A D2D
user offloading is considered to further enhance the spectral efficiency of the
system. We derive the analytical expressions for the EC of each of the user
and the ESC of the system and validate them with simulation results. In such
settings, our results demonstrate that the EC of a node and the ESC of the
system can be improved through the MRC scheme compared to a system with
single signal decoding scheme. Our results also indicate that the overall ESC
of the NOMA-SWIPT system can be improved by incorporating a direct link
communication with a relayed communication for a user in the system.

Contributions

In Paper XIII, we consider a NOMA-SWIPT system in which a BS transmits
symbols to two NOMA users and to the EH based relay node via a direct link.
The PS EH based relay node harvests the energy from the BS’s signal and again
transmits a superimposed composite NOMA signal intended for the user with
poor channel condition and for its D2D user. The reason we have considered
a D2D user in the considered system is to assist the EH based relay node for
offloading its data traffic and thereby further enhancing the spectral efficiency
of the considered system as explained in the Section 2.6.

The major contributions of Paper XIII are as follows:

• Unlike existing works, our proposed system model is more practical as
we have assumed that the UE2 user has a strong direct link with the BS,
and the UE1 user has a weak direct link from the BS. Therefore, the data
of UE1 has to be re-transmitted again via an EH based relay node UE3.
Further, UE3 not only forwards the data of UE1, but it will also transmit
the data for its D2D user, i.e. UE4 to offload its data traffic.

• To show the impact of direct links, we have used the SDS scheme, and the
MRC scheme and derive its analytical expressions for the EC and ESC.
We show the performance gains in terms of ESC of the system by using
MRC scheme.
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Figure 3.22: Considered System Model for NOMA-SWIPT with Direct Link

• Effect of transmit signal-to-noise ratio (SNR) and other EH parameters on
the EC and ESC performance for both the MRC and SDS schemes were
investigated to gain further insight into the NOMA-SWIPT system.

Main Results

The considered cooperative NOMA-SWIPT aided D2D IoT relay system model
with direct links is shown in Figure 3.22. Here, a BS transmits two symbols,
x1 and x2 to UE1 and UE2, respectively, through the direct links. UE1 is
considered as a distant user with poor channel conditions compared to UE2. As
UE3 is a power constrained node that acts as a DF relay, it first harvests the RF
energy from the signal of BS using the PS protocol and then decodes the symbols
x1 and x2 transmitted by the BS in the first phase. Also UE1 and UE2 receives
the information transmitted by the BS through the direct link in the first phase.
Since UE1 is a distant user with poor channel conditions compared to UE2, the
symbol x1 is re-transmitted via a energy constrained relay node UE3. Further to
improve the spectral efficiency of the considered NOMA-SWIPT system, we have
considered that UE3 will also transmit or offload its data traffic to its D2D user
UE4 to enhance the spectral efficiency of the system. Thus, UE3 forwards the
symbol x1 and xr using the NOMA protocol to UE1 and UE4 in the subsequent
phase.
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Figure 3.23: Ergodic Sum Capacity of the Proposed System

Taking UE1, UE2, and UE4 as three users in the considered system, we plot
the ESC of the system against the transmit SNR at ε = 0.3 and 0.7 in Figure
3.23. As expected, we see that the MRC scheme outperforms the SDS scheme.
However, the ESC difference between MRC and SDS is clearly seen when the
transmit SNR is less than 35 dB. When the transmit SNR is above 35 dB, the
ESC difference between the MRC and SDS schemes becomes very small and
eventually negligible. The reason for this is that at such high transmit SNR, i.e.,
above 35 dB, the relay node UE3 can harvest more energy, which eventually
increases the ESC of the SDS scheme. It should be noted that in our considered
system, the MRC scheme is only applied to the UE1 user since it receives data
through the direct link and via UE3. Figure 3.23 clearly shows that by having a
direct link and using the MRC scheme for a single user, the ESC of the whole
system can be improved.
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Chapter 4

Conclusions
With the proliferation of IoT, spectral and energy efficiency are some of the key
requirements of 5G and next-generation IoT networks. Therefore, new energy
and spectral efficient protocols to ameliorate the capacity and energy demands
of the massive IoT networks need to be designed. In this regard, to provide
higher data rate, and massive connectivity requirements of the IoT devices,
NOMA has been considered as a promising radio access technique for the 5G
and next-generation IoT networks to meet their heterogeneous capacity demands.
To this end, this dissertation focused on exploring and enhancing the spectral
and energy-efficiency of NOMA in next-generation IoT networks.

In Chapter 1, we introduced the background and motivation for our work. We
also defined research aims and objectives along with our research questions. State
of the knowledge related to these defined research objectives are explained in
Chapter 2. This leads us to propose and study new spectral and energy-efficient
NOMA system models that advances the state-of-the-art. The defined research
aims and objectives are further divided into thirteen different papers, which are
briefly explained in Chapter 3 along with their main contributions and results.

The main findings of our work can be listed as follows:

• We demonstrate how bi-directional communications can be achieved in a
NOMA-SWIPT enabled IoT relay network through the uplink and downlink
NOMA protocol. The effect of user pairing for the exchange of information
in different NOMA groups are investigated. We showed how it affects the
BR NOMA-SWIPT system capacity under both pSIC and ipSIC scenarios.
A thorough comparison of the proposed BR NOMA-SWIPT system with
BR OMA-SWIPT system model is devised, which showed the performance
enhancement.

• Since efficient user pairing between multiple users is needed to enhance the
capacity of NOMA systems, an efficient Adaptive user pairing strategy for
uplink NOMA systems is proposed and studied in order to accommodate
the unpaired user into formed clusters. We showed how our proposed
Adaptive user pairing strategy finds the right paired cluster to serve the
unpaired user in a way that increases the overall sum capacity under both
pSIC and ipSIC scenarios. A thorough comparison against the state-of-art,
such as OMA and C-NOMA pairing techniques, shows the effectiveness of
our proposed Adaptive user pairing strategy.

• Moreover, location of the nodes plays an important role for user pairing and
energy harvesting. We propose and study a new distributed localization
algorithm inspired by nature, which we call social learning based particle
swarm optimization for IoT. Our experimental results depict that a
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precise localization of deployed IoT sensors nodes can be achieved with
reduced computational complexity that further enhances the lifetime of
these resource constrained IoT sensor nodes. Experimental results also
demonstrate that our proposed SL-PSO algorithm can not only increase
convergence rate but it also significantly reduces the average localization
error compared to traditional PSO and its other variants.

• A NOMA based diamond relaying network provides an effective strategy
to improve the achievable rate of the system compared to a traditional two-
relay cooperative communication protocol. Contrary to research objective
1, we show how downlink and then uplink NOMA can be used to achieve
higher spectral, energy efficiency and capacity enhancement of the NDR-
SWIPT system compared to OMA-SWIPT diamond relaying system.

• Realizing the energy constrained nature of IoT nodes, we consider and
investigate an RF EH based on time switching, power splitting and
NOMA for IoT relay systems. Unlike several of the previous works, where
the participating relay node is used only to transmit source node data
successfully, we also consider to send the IoT relay node data along with
the source node data to its respective destination. This is particularly
important for data offloading by the IoT relay node to its own D2D user or
destination node. A thorough comparison between a TS and a PS protocol
with NOMA under both delay limited and delay tolerant transmission
mode is made to show the effect of EH parameters on the considered
system. By the Golden section search method, we find the optimal time
switching and power splitting factor that maximizes the sum-throughput of
the proposed model. It is revealed that PS with NOMA performs better at
higher transmit SNR than TS with NOMA. For a smaller values of transmit
SNR, TS with NOMA performs better than PS with NOMA. Moreover,
for a higher sum-throughput of the considered system, a higher PS factor
is required for PS with NOMA to perform better than a corresponding
TS factor for TS with NOMA. Our results demonstrate that PS relaying
with NOMA is more energy-efficient than TS relaying with NOMA for the
considered system. Our results also confirm that the SIC imperfection only
affects the ESC performance, and it does not show any effect on the time
switching factor α or power splitting factor ε at which ESC is maximized.

• A simple and energy-efficient distributed power control in downlink NOMA
using RL based game theoretic approach is proposed and investigated.
Since resources are not used in an orthogonal manner in NOMA, it is
important to efficiently manage the interference between multiple users to
maximize the system throughput or capacity. The aim of the game is to
optimize the achievable rate fairness of the BSs in a distributed manner
by appropriately choosing the power levels of the BSs. We prove that the
distributed power control game we designed is an exact potential game.
We then propose a RL based game-theoretic approach for distributed
power control that provides a full characterization of the best achievable

60



performance for the potential function of the game. We show that our
proposed distributed power control algorithm which is designed as a game
is guaranteed to converge to a Nash equilibrium. We also conducted a
thorough theoretical analysis that demonstrates the convergence of the
proposed algorithm that is maximizing the achievable rate fairness for
the respective near users and far users and thus achieving higher energy
efficiency in downlink NOMA systems.

• Usually, in practical environments, IoT networks or systems are subjected
to external interference factors. This often results in a loss in the system
rate. To study the effect of interference on the system, specifically, we study
the combination of two popular energy harvesting relaying architectures
- TSR and PSR with the NOMA protocol for IoT relay systems in the
presence of interfering signals. Extensive simulations are carried out to
find the optimal TS and PS factors that maximize the sum-throughput of
the considered system in the presence of an interfering signal. A thorough
comparison of the TS and PS protocols with NOMA revealed that the
outage performances of the source user and IoT relay user are greatly
affected by the interfering signal power in the system which in turn
decreases the overall sum-throughput of the system. Also, the results
demonstrate that the interfering signal power has a significant role in the
outage probability of the source user for PS relaying with NOMA compared
to TS relaying with NOMA. Therefore, in such interfering conditions, a
careful selection of EH parameters, such as the TS and PS factors is
envisaged to achieve higher sum-throughput of the system.

• It is known that when direct links between the BS and the users exist and
are non-negligible, consolidating direct links could significantly enhance
the performance of the cooperative relaying systems. Specifically, we
investigate the EC and ESC of the NOMA-SWIPT aided IoT relay systems
in the presence of direct links. Here, one source or base station transmit
symbols to two destination nodes through the direct links and with the
help of a EH based relay node. We made a thorough comparison of the
TS and PS relaying EH architectures for the considered NOMA-SWIPT
system model with direct links. The results demonstrate that the EC
performance could be significantly improved through the optimal choice of
power splitting factor for the PS relaying with NOMA compared to the
TS relaying with NOMA. Our results also demonstrate that, employing
the MRC scheme could significantly enhance the ESC performance of the
system compared to using the SDS scheme. Moreover, the results also
show that, with the proper selection of EH parameters, such as the time
switching factor and the power allocation factors for the NOMA, the ESC
performance of the considered system with direct links could be further
improved compared to a similar NOMA-SWIPT system that has no direct
links and to a conventional OMA schemes.

• We further investigate the EC performance of D2D IoT relay NOMA-
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SWIPT systems. Here the relayed communication is supported with direct
link communications to support the user with poor channel condition.
Further, a D2D user offloading is considered to further enhance the spectral
efficiency of the system. In such settings, our results demonstrate that the
overall ESC of the NOMA-SWIPT system can be improved by incorporating
a direct link communication with a relayed communication for a user in
the system.

For all our evaluations, we demonstrate the effectiveness of our proposed
methods through analytical modeling and validating them through Monte-Carlo
simulations. The proof of the analytical model derivations are given in the paper
itself or in the appendix of each of the paper.

Finally, we believe that our work presented in this dissertation opens new
doors to the design and implementation of spectral and energy efficient NOMA in
the next generation IoT networks. We further believe that the study and results
presented here will be potentially useful to network operators, researchers and
scientists in the wireless networking community from both academia and industry
who want to assess the characteristics of NOMA to design next-generation IoT
networks.

4.1 Future Research Directions

At this juncture, we discuss the possible future directions that exploit the
approaches outlined in this dissertation and stimulate more studies to introduce
new and innovative strategies to design spectral and energy-efficient architectures
in next-generation IoT networks.

• The use of optimized wireless technologies is essential in the context of
IoT and industrial IoT. Bringing intelligence into IoT systems is mostly
constrained by the availability of energy. IoT devices should prepare
carefully how they use their available energy resources. This includes the
tasks they should execute and when in order to make the most of the
available energy. This requires the development of policies. However, it
is difficult to know which policy will be best for IoT devices as different
IoT devices may find themselves in different situations. This is a research
challenge. Therefore, it would be useful to automate it with the use of
Artificial Intelligence (AI) and Machine Learning (ML) algorithms.

As a future work, it would be interesting to model the energy
harvesting profile for each of the IoT devices taking NOMA-SWIPT into
account. Further, various machine-learning methods can be exploited for
modeling the input/output of power supplies. This will allow IoT devices
to learn more about their current and future states as well as about their
energy budget policies to work better and more autonomously. Moreover,
the expected energy profiles for each device in its operating environment
will be different. To this end, it will be interesting to investigate expected
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energy profiles for each devices so that it can learn to decide when to do
work and when to wait for recharging. Furthermore, investigating the
performance of the designed solutions over a choice of wireless technologies
such as WiFi 5, 5G New Radio (NR), WiFi 6, or LoRa would be an
interesting research direction.

• Paper I is one of the initial attempts to address and use BR NOMA
with SWIPT that support the low data rate requirement of the users.
Modeling a system that will also support high data rate requirements of
NOMA users according to their Quality of Service (QoS) requirements is
interesting. Moreover, extending the BR NOMA-SWIPT system model
to study secrecy capacity for secure communication in IoT networks is an
interesting research direction. Nevertheless, evaluating the performance
of the BR NOMA-SWIPT system with other multipath fading channel
models would be also interesting for future research work.

• Paper II proposed an Adaptive user pairing strategy for sum capacity
maximization of uplink NOMA systems. As an extension to this, proposing,
comparing and investigating the user pairing strategy for the downlink
NOMA systems along with the closed-form analytical expressions to gain
more insights would be interesting for future research work.

• An extension to Paper IV would be to investigate the outage performance
of the proposed NOMA-NDR SWIPT system with a non-linear energy
harvesting model. Studying and investigating the secrecy capacity in the
presence of eavesdroppers is also interesting for future work.

• In Paper IX, we only consider discrete power levels that used linear
discretization for downlink NOMA systems where the power levels are
equi-spaced. Nevertheless, for future work, extending our model and study
the scenario with non-linear discretization power levels for uplink and
downlink NOMA systems would be interesting. Studying and designing
a game for distributed power control in multicell NOMA systems in the
presence of smart jammers and eavesdroppers is also an interesting research
direction for future work.

• As an extension to Paper X, it would also be interesting to apply a game
theory approach for power allocation for RF EH under the influence of
various interfering signals using a stochastic geometry approach.

• As an extension to Paper XIII, investigating the outage probability and
doing a thorough comparison of the considered NOMA-SWIPT aided D2D
IoT relay system model with other energy harvesting architectures would
be another interesting future research direction. Also, studying the effect
of interference and secrecy capacity in the presence of eavesdroppers is an
interesting topic for the future work.
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Abstract: Amidst the rapid development of the fifth generation (5G) networks, Internet of Things
(IoT) is considered as one of the most important part of 5G next generation networks as it can
support massive object communications. These massive object communications in the context of
IoT is expected to consume a huge power. Furthermore, IoT sensors or devices are rather power
constrained and are mostly battery operated. Therefore, energy efficiency of such network of IoT
devices is a major concern. On the other hand, energy harvesting (EH) is an emerging paradigm that
allows the wireless nodes to recharge themselves through radio frequency (RF) signals directed to
them from the source node and then relaying or transmitting the information. Although a myriad of
works have been carried out in the literature for EH, the vast majority of those works only consider
RF EH at the relay node and successfully transmitting the source node data. Those approaches do
not consider the data transmission of the relay node that may be an energy deprived IoT node which
needs to transmit its own data along with the source node data to their respective destination nodes.
Therefore, in this paper, we envisioned a RF EH and information transmission system based on time
switching (TS) relaying, power splitting (PS) relaying and non-orthogonal multiple access (NOMA)
which is suitable for wireless powered IoT relay systems. A source node information data is relayed
through power constrained IoT relay node IoTR that first harvests the energy from source node RF
signal using either TS and PS relaying protocol and then transmits the source node information along
with its information using NOMA protocol to the respective destination nodes. Considering NOMA
as a transmission protocol, we have mathematically derived analytical expressions for TS and PS
relaying protocol for our proposed system. We have also formulated an algorithm to find out optimal
TS and PS factor that maximizes the sum-throughput for our proposed system. Our proposed system
analytical results for TS and PS protocol are validated by the simulation results.

Keywords: Internet of Things; time switching; power splitting; NOMA; energy harvesting;
radio frequency; relaying; outage probability; sum-throughput

1. Introduction

The Internet of Things (IoT) is a promising technology that aims to provide connectivity
solutions. With the expeditious expansion of IoT technology across the globe, it is expected that
billions of small sensors or devices will be connected with each other over the next few years [1–3].
The technological development in IoT integrates various sensors, devices, smart objects to be fully
operated as autonomous device-to-device (D2D), machine-to machine (M2M) without any human
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intervention [4–6]. IoT is considered as one of the most important part of the fifth generation
(5G) wireless systems as it can support massive object communications [7,8]. These massive object
communications in the context of IoT is expected to consume a huge power. Therefore, energy efficient
green communication within the context of 5G and IoT is a challenging problem to be solved [9].

Sensor nodes are the principal components which brings the idea of IoT into reality [10].
These massive IoT sensor nodes and devices are usually battery operated and hence replacement of
battery in such small objects is not a feasible option. Moreover, cooperative communication has been
widely studied to mitigate wireless impairments such as fading and other environmental factors [11–14].
However, conventional cooperative relaying techniques requires the participating relaying nodes to
spend extra energy for data transmission which may prevent the battery operated IoT nodes to take an
active part in relaying. Therefore, wireless energy harvesting (EH) from ambient Radio Frequency (RF)
signals is considered as a buoyant energy efficient solution to combat the issue of powering massive
IoT sensor and devices [15–17].

RF EH is thus considered as an appealing solution in extending the lifetime of these IoT sensors
and devices from months to years and even decades, that ultimately enable their self-sustaining
operations [18]. In wireless communication systems, simultaneous information and power transfer
(SWIPT) is another emerging paradigm that allows the wireless nodes to recharge themselves through
RF signals directed to them from the source node and then relaying or transmitting the information [19].
Meanwhile, accommodating multiple users that can be multiplexed in power domain, non-orthogonal
multiple access (NOMA) has been proposed as another important candidate for future 5G technology
for providing spectral efficiency and power gains [20,21]. The main idea of NOMA is to serve multiple
users in the same frequency band, but with different power levels, which is fundamentally different
from conventional orthogonal multiple access schemes [22]. In particular, power-domain NOMA
allocates more transmit power to users with worse channel conditions and less transmitting power
to users with better channel conditions in order to achieve a balanced trade-off between system
throughput and user fairness. Therefore, users can be separated by successive interference cancellation
(SIC) at the receiver side [23].

An illustration of generic RF EH relay communication system is shown in Figure 1, where a source
node selects one of the RF EH relaying node to transmits its information to its intended destination.
The harvested energy from RF source signals allows the relay node to power up themselves for
simultaneous information processing and transmission (SWIPT) [24]. It is also understood that using
more than one relay increases the complexity of the systems greatly [25]. Such cooperative RF EH
relay communication systems as depicted by Figure 1, only considers the transmission of source node
data successfully. In this paper, we envisioned an ubiquitous IoT relay system where an IoT node
that can acts as a relay for transmitting source node information data to its intended destination and
at the same time, it also transmits its own data to its destination node based on NOMA protocol.
Furthermore, if EH is employed in such IoT relay systems, it has the potential to provide unlimited
energy to sensor nodes and thus enabling self-sustainable green communications [26]. Also, in order
for small IoT device to communicate and transmit data, M2M relaying has been proposed as a suitable
heterogeneous architecture for 802.16p IoT, Third Generation Partnership Project (3GPP) machine
type communications (MTC) and European Telecommunications Standards Institute (ETSI) M2M
communication [27]. Hence, we believe that our considered scenario for IoT relay EH system fits to the
standardization activities of ETSI and 3GPP projects for self-sustainable green communications.

In SWIPT, time splitting (TS) relaying and power splitting (PS) relaying schemes are very popular
for energy harvesting and decoding the information separately. In TS relaying scheme, the receiver
switches between energy harvesting and information decoding over time. However, in PS relaying
scheme, the receiver uses a portion of received power for energy harvesting purpose and then uses the
remaining power for information decoding.

Nasir et al. studied amplify-and-forward (AF) relaying network based on TS and PS relaying
schemes [28]. They derived the analytical expressions for outage probability and the ergodic capacity
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for delay-limited and delay tolerant transmission modes. Du et al. investigated outage analysis
of multi-user cooperative transmission network with TS and PS relay receiver architectures [29].
They theoretically analyze the system outage probability based on TS and PS relaying protocols.
A cooperative SWIPT NOMA protocol has been studied in [30]. Here, near NOMA users that are
close to source node acts as EH-based relay to help far NOMA users. Considering user selection
schemes, they derived the closed-form expressions for the outage probability and system throughput.
Ha et al. [31] studied the outage performance of EH-based decode-and-forward (DF) relaying NOMA
networks by deriving the closed form equation of the outage probability. Two copies of same
information from the source node direct link and EH-based relay link were received at the destination
nodes. Kader et al. [32] studied TS and PS with EH and NOMA in a spectrum sharing environment.
The secondary transmitter acts as an EH-based relay and then transmits the primary transmitter data
along with its data using NOMA protocol. Jain et al. [33] also proposed an EH-based spectrum sharing
protocol for wireless sensor networks. However, although a myriad of such EH works have been
carried out in the literature, EH considering the energy-efficient data transmission of source and IoT
relay node together based on TS, PS and NOMA suitable for IoT relay systems has not been considered
in the previous works. This motivated us to propose an RF EH and information transmission based
on TS, PS and NOMA for IoT relay systems and analyze their performance by deriving the analytical
expressions for outage probability, throughput and sum-throughput.

Figure 1. Generic RF EH relay communication system.

In summary, the main contribution of this paper is as follows:

• Realizing the energy constrained nature of IoT nodes, we have considered and investigated an RF
EH-based on TS, PS and NOMA for IoT relay systems.

• Although a myriad of works have been carried out in the literature for EH, the absolute vast
majority of those works only consider RF EH at relay node and transmission of source node data
successfully to its destination node. Those approaches do not consider the data transmission of the
relay node that may be an IoT node which needs to transmit its data along with the source node
data to their respective destinations. In this paper, we rather focus on RF EH and information
transmission based on TS, PS relaying and NOMA for IoT relay systems.

• We have mathematically derived the outage probability, throughput and sum-throughput for our
proposed system. We have also formulated an iterative algorithm-Golden Section Search Method
to find the optimal time switching and power splitting factor for sum-throughput maximization.

• Our proposed system analytical results for TS and PS are validated by simulation results.
The developed analysis is corroborated through Monte-Carlo simulations and some representative
performance comparisons are presented.
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The rest of the paper is organized as follows. In Section 2, we present the system model for
the considered scenario. Section 3 deals with the considered system model based on time switching
and NOMA protocol along with outage probability, throughput and sum-throughput derivations.
Section 4 deals with the considered system model based on power splitting and NOMA protocol along
with outage probability, throughput and sum-throughput derivations. In Section 5, we explain the
algorithm—Golden Section Search Method to find out the optimal time switching and power splitting
factor that maximizes the sum-throughput for our proposed system. Numerical results and discussions
are presented in Section 6. Conclusions and future works are drawn in Section 7.

2. System Model

We have considered a cooperative relaying EH scenario as shown in Figure 2, where a source
has to transmit its information data to the destination. Due to fading or weak link between a
source-destination pair, the source node seek the help of IoT relay node (IoTR) for relaying its
information data. Here, the source node may be an IoT node which has abundant energy supply
from the other sources. Cooperative communication with single relay is a simple but effective
communication scheme especially for energy constrained networks such as IoT networks [34].
Furthermore, using more than one relay increases the complexity of the systems greatly [25]. Therefore,
we have considered a single IoTR node for our system model. However, it can be extended to multiple
IoTR node scenario as well.

Figure 2. Considered system model scenario.

IoTR is rather power constrained node that acts as a DF relay. It first harvests the RF energy from
source signal using either time switching protocol or power splitting protocol in the first stage and
then transmits the source information data along with its own data using NOMA protocol in next
subsequent stage. The dual purpose of energy harvesting and forwarding the information data is
thus served by IoTR. The receiving end for source and IoTR node serves as the destination for data
transmission. Unlike several of the previous works, here the information data forwarded by IoTR node
is the source node information data and its own data.

3. System Model Based on Time Switching and NOMA

The proposed system model based on TS and NOMA is shown in Figure 3. In this TS relaying
scheme, power constrained IoTR node first harvests the energy from the source node’s RF signal for αT
duration and uses the time (1−α)T

2 for information processing and (1−α)T
2 for information transmission

to the source and IoT user using NOMA protocol. We have assumed that all nodes are considered to
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be operating in half duplex mode. An independent Rayleigh block fading with channel coefficient
hi ∼ CN(0, λi = d−v

i ) with zero mean and variance λi is assumed between any two nodes where, di is
the distance between the corresponding link and v is the path loss exponent.The detailed step of our
proposed system model based on TS and NOMA is given below.

Figure 3. System model based on time switching and NOMA.

3.1. Stage 1

In this stage, the source transmits signal xs with power Ps to the IoTR for half of the block time T
i.e., T/2 period of time. Here, IoTR node works as TS-based relay. The IoTR node divide the time block
in the ratio αT: (1−α)T

2 : (1−α)T
2 . Here αT is for energy harvesting by IoTR and (1−α)T

2 is for information
processing by IoTR respectively, 0 ≤ α ≤ 1. The information signal received at IoTR during this stage
is given as:

ŷIoTR =
√

PshIoTR xs + nIoTR , (1)

where nIoTR ∼ CN(0, σ2
IoTR

) is the additive white Gaussian noise at IoTR with mean zero and variance
σ2

IoTR
. hIoTR ∼ CN(0, λh) is the channel coefficient between source node and IoTR node with zero mean

and variance λh.
The energy harvested at IoTR in αT duration of time is given as:

ÊhIoTR
= ηPs|hIoTR |2αT, (2)

where 0 ≤ η ≤ 1 is the energy conversion efficiency. Here, we assume that the pre-processing power
for the energy harvesting is negligible in contrast to the transmission power Ps which is in line with
the previous works [31–33].

The transmit power of IoTR i.e., P̂IoTR in (1−α)T
2 block of time can be given as:

P̂IoTR =
ÊhIoTR

(1− α)T/2
=

2ηPs|hIoTR |2α

(1− α)
, (3)

3.2. Stage 2

In this stage, the IoTR node transmits a superimposed composite signal ẐIC1 which consists of
source information xs and IoTR information xIoTR to the respective destination of source and IoT relay
node using NOMA protocol. The superimposed composite signal ẐIC1 following NOMA protocol can
be given as:

ẐIC1 =
√

φ1P̂IoTR xs +
√

φ2P̂IoTR xIoTR (4)

where φ1 + φ2 = 1 and φ2 = 1− φ1 is the power allocation factor for the NOMA protocol.
Now, the received signals at the receiver of Source user and IoT user can be respectively given as:

ŷsrec =
√

P̂IoTR hsrec ẐIC1 + nsrec , (5)

ŷIoTrec =
√

P̂IoTR hIoTrec ẐIC1 + nIoTrec , (6)
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where nsrec and nIoTrec is the additive white Gaussian noise at the receiver of source and IoT
user node respectively with mean zero and variance σ2

srec and σ2
IoTrec

. Also, hsrec ∼ CN(0, λg) is
the channel coefficient between IoTR node and receiving source user with zero mean and variance λg

and hIoTrec ∼ CN(0, λz) is the channel coefficient between IoTR node and receiving IoT user with zero
mean and variance λz. We have also assumed that hsrec > hIoTrec . Therefore, λg > λz and φ1 < φ2.

3.3. Outage Probability, Throughput and Sum-Throughput

According to Equation (1), the received signal to noise ratio (SNR) at IoTR is given by:

γ̂IoTR =
Ps|hIoTR |2

σ2
IoTR

= δ̂|hIoTR |2 (7)

where δ̂ , Ps
σ2

IoTR

represents the transmit signal-to-noise ratio (SNR) from the source.

According to Equation (4), the received SNR with xIoTR and xs at the receiving source user is
given by:

γ̂
xIoTR→xs
srec =

φ2P̂IoTR |hsrec |2
φ1P̂IoTR |hsrec |2 + σ2

srec

(8)

γ̂srec =
φ1P̂IoTR |hsrec |2

σ2
srec

(9)

where γ̂
xIoTR→xs
srec is the SNR required at xs to decode and cancel xIoTR .

The received SNR at IoT user associated with symbol xIoTR is given by:

γ̂IoTrec =
φ2P̂IoTR |hIoTrec |2

φ1P̂IoTR |hIoTrec |2 + σ2
IoTrec

(10)

As we can see from Figure 2, the data transmission is break down into two separate hops which
are independent of each other. Hence, the outage occurs only if source to IoTR path and IoTR to
corresponding destination path fails to satisfy the SNR constraint. Therefore, the outage probability of
the source can be given as:

P̂OutS = Pr(min(γ̂IoTR , γ̂srec) ≤ ψ̂) (11)

where ψ̂ = 2R − 1 is the lower threshold for SNR i.e., outage probability.
Similarly, the outage probability of the IoT relay node IoTR can be given as:

P̂OutIoTR
= Pr(min(γ̂

xIoTR→xs
srec , γ̂IoTrec) ≤ ψ̂) (12)

The throughput of the source node can be given as:

ˆThrS =
(1− P̂outS)(1− α)R

2
(13)

where R is the transmission rate in bits per second per hertz.
The throughput of the IoT relay node IoTR can be given as:

ˆThrIoTR =
(1− P̂OutIoTR

)(1− α)R

2
(14)

Therefore, the sum-throughput of the whole system using TS and NOMA can be given as:

ˆThr = ˆThrS + ˆThrIoTR =
(1− P̂OutS)(1− α)R

2
+

(1− P̂OutIoTR
)(1− α)R

2
(15)
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Theorem 1. The outage probability and throughput of the source node using TS and NOMA can be expressed as:

P̂OutS = 1− 2

√
λhλgx0

k
K1

(
2

√
λhλgx0

k

)
+

∞

∑
n=0

(−1)n

n !
(λhx0)

n+1En+2

(λg

k

)
(16)

ˆThrS =
R(1− α)

2

(
2

√
λhλgx0

k
K1

(
2

√
λhλgx0

k

)
−

∞

∑
n=0

(−1)n

n !
(λhx0)

n+1En+2

(λg

k

))
(17)

where, x0 = ψ̂

δ̂
, k = 2αηφ1

(1−α)
, K1(.) is a first-order modified Bessel function of the second kind, and

En(a) =
∫ ∞

y=1 y−ne−aydy is the exponential integral of order n.

Proof. The detailed proof is given in Appendix A.

Theorem 2. The outage probability and throughput of the IoT relay node using TS and NOMA can be
expressed as:

P̂OutIoTR
= 1− 2

√
dλh(λg + λz)K1

(
2
√

dλh(λg + λz)

)
(18)

ˆThrIoTR =
R(1− α)

2

(
2
√

dλh(λg + λz)K1

(
2
√

dλh(λg + λz)

))
(19)

where, d = ψ̂

(φ2−φ1ψ̂)l , l = 2αηPs
(1−α)

Proof. The detailed proof is given in Appendix B.

Combining Equations (17) and (19), we finally get the analytical equation for the sum-throughput
of the proposed system using TS and NOMA.

4. System Model Based on Power Splitting and NOMA

The proposed system model based on PS and NOMA protocol is shown in Figure 4. In this PS
relaying scheme, power constrained (IoTR) node first harvests the energy from the source node signal
using εPs where Ps is the power of the source transmit signal. IoTR uses remaining power (1− ε)Ps for
information processing.

Figure 4. System model based on power splitting and NOMA.

4.1. Stage 1

During this stage, a source node signal xs with Ps power is transmitted to the IoTR node for half
of the block time T i.e., T/2 period of time. The IoTR node divide the received power Ps in the ratio
εPs:(1− ε)Ps. Accordingly here, εPs is for energy harvesting and (1− ε)Ps is for information processing
by IoTR respectively, 0 ≤ ε ≤ 1. The information signal received at IoTR during this stage is given as:

yIoTR =
√

PshIoTR xs + nIoTR , (20)
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The energy harvested at IoTR in T/2 period of time is given as:

EhIoTR
=

ηεPs|hIoTR |2T
2

, (21)

The signal received at the information receiver of the IoTR is given as:

√
(1− ε)yIoTR =

√
(1− ε)PshIoTR xs + nIoTR , (22)

The transmit power of IoTR i.e., PIoTR in T/2 block of time is given as:

PIoTR =
EhIoTR

T/2
= ηεPs|hIoTR |2, (23)

4.2. Stage 2

In this stage, the IoTR node transmits a superimposed composite signal ZIC1 which consists of
source information xs and IoTR information xIoTR to the respective destination node i.e., source user
and IoT user using NOMA protocol. The superimposed composite signal ZIC1 following NOMA
protocol is given as:

ZIC1 =
√

φ1PIoTR xs +
√

φ2PIoTR xIoTR (24)

where φ1 + φ2 = 1 and φ2 = 1− φ1.
Now, the received signals at the respective source user and IoT user can be given as:

ysrec =
√

PIoTR hsrec ZIC1 + nsrec , (25)

yIoTrec =
√

PIoTR hIoTrec ZIC1 + nIoTrec , (26)

4.3. Outage Probability, Throughput and Sum-Throughput

According to Equation (22), the received signal to noise ratio (SNR) at IoTR node is given by:

γIoTR =
(1− ε)Ps|hIoTR |2

σ2
IoTR

= (1− ε)δ|hIoTR |2 (27)

where δ , Ps
σ2

IoTR

represents the transmit signal-to-noise ratio (SNR) from the source.

According to Equation (25), the received SNR with xIoTR and xs at the receiving source user is
given by:

γ
xIoTR→xs
srec =

φ2PIoTR |hsrec |2
φ1PIoTR |hsrec |2 + σ2

srec

(28)

γsrec =
φ1PIoTR |hsrec |2

σ2
srec

(29)

where γ
xIoTR→xs
srec is the SNR required at the receiving source user to decode and cancel IoTR information

i.e., xIoTR .
The received SNR at the receiving IoT user node associated with symbol xIoTR is given by:

γIoTrec =
φ2PIoTR |hIoTrec |2

φ1PIoTR |hIoTrec |2 + σ2
IoTrec

(30)

158



Sensors 2018, 18, 3254 9 of 22

As we can see from Figure 2, the data transmission is break down into two separate hops which
are independent of each other. Hence, the outage occurs only if source to IoTR path and IoTR to
corresponding destination path fails to satisfy the SNR constraint. Therefore, the outage probability of
the source node can be given as:

POutS = Pr(min(γIoTR , γsrec) ≤ ψ) (31)

where ψ = 2R − 1 is the lower threshold for SNR i.e., outage probability, R being the target data rate.

Similarly, the outage probability of the IoTR node can be given as:

POutIoTR
= Pr(min(γ

xIoTR→xs
srec , γIoTrec) ≤ ψ) (32)

The throughput of the source node can be given as:

ThrS =
(1− POutS)R

2
(33)

where R is measured in bits per second per hertz.
The throughput of the IoT relay node can be given as:

ThrIoTR =
(1− POutIoTR

)R

2
(34)

The factor 1/2 in Equations (33) and (34) is originated by the predicament that the two
transmission phases are involved in the system.

Therefore, the sum-throughput of the whole system can be given as:

Thr = ThrS + ThrIoTR = (1− POutS)
R
2
+ (1− POutIoTR

)
R
2

(35)

Theorem 3. The outage probability and throughput of the source node using PS and NOMA can be expressed as:

POutS = 1− 2

√
λhλg(1− ε)x0

a
K1

(
2

√
λhλg(1− ε)x0

a

)
+

∞

∑
n=0

(−1)n

n !
(λhx0)

n+1En+2

( (1− ε)λg

a

)
(36)

ThrS =
R
2

(
2

√
λhλg(1− ε)x0

a
K1

(
2

√
λhλg(1− ε)x0

a

)
−

∞

∑
n=0

(−1)n

n !
(λhx0)

n+1En+2

( (1− ε)λg

a

))
(37)

where x0 = ψ
(1−ε)δ

, a = εηφ1, K1(.) is a first-order modified Bessel function of the second kind, and

En(a) =
∫ ∞

y=1 y−ne−aydy is the exponential integral of order n.

Proof. The detailed proof is formulated in Appendix C.

Theorem 4. The outage probability and throughput of the IoT node using PS and NOMA can be expressed as:

POutIoTR
= 1− 2

√
cλh(λg + λz)K1

(
2
√

cλh(λg + λz)
)

(38)

ThrIoTR =
R
2

(
2
√

cλh(λg + λz)K1

(
2
√

cλh(λg + λz)

))
(39)

where c = ψ
(φ2−φ1ψ)b , b = ηδε.

Proof. The detailed proof is formulated in Appendix D.
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Combining Equations (37) and (39), we finally get the analytical equation for the sum-throughput
of the proposed system using PS and NOMA.

5. Optimal Time Switching α∗ and Optimal Power Splitting Factor ε∗ for
Sum-Throughput Maximization

To find out optimal time switching factor α∗ and power splitting factor ε∗ that gives the best
performance for sum-throughput maximization for our proposed system using TS, PS and NOMA,

we evaluate
( d ˆThr(α)

dα

)
TS = 0 and

( dThr(ε)
dε

)
PS = 0, where ˆThr(α) is the sum-throughput function with

respect to time switching factor α and Thr(ε) is the sum-throughput function with respect to power
splitting factor ε respectively. By analyzing the sum-throughput function for source and IoT node
versus α and ε, we determine that this is concave function which has a unique maxima α∗, ε∗ on
the interval [0, 1]. Therefore, we resort to Golden section search method [35] which is simple yet
compelling iterative process to find out the optimal α∗ and ε∗ that maximizes the sum-throughput of
the proposed system using TS and PS respectively. The Golden section search method for determining
optimal α∗ and ε∗ is shown in Algorithm 1.

Algorithm 1 Golden Section Search Method for Finding Optimal Time Switching Factor α∗ and Optimal
Power Splitting Factor ε∗

Input: η, δ, R, φ1, φ2

Initialization: Set the start interval a = 0.001, end interval b = 0.99, golden proportion

coefficient τ = 0.618, the iteration index, accuracy value µ = 0.000001, choose starting points

x1 = a + (1− τ) ∗ (b− a) and x2 = a + τ ∗ (b− a)
Output:Optimal α∗ and ε∗

1: do function evaluation for respective TS and PS protocol i.e.,
( d ˆThr(α)

dα

)
TS,
( dThr(ε)

dε

)
PS at point x1

and x2

2: repeat
3: i f evaluated function

( d ˆThr(α)
dα

)
x1

<
( d ˆThr(α)

dα

)
x2

,
( dThr(ε)

dε

)
x1

<
( dThr(ε)

dε

)
x2

then
4: choose b = x2, x2 = x1 and find new point x1 for both TS and PS
5: do function evaluation as step 1
6: else
7: a = x1, x1 = x2 and find new point x2 for both TS and PS
8: do function evaluation as step 1
9: end i f

10: until |b− a| > µ and iteration index = max
Choosing Optimal α∗ for TS

11: i f evaluated function
( d ˆThr(α)

dα

)
x1

<
( d ˆThr(α)

dα

)
x2

then
12: α∗ = x1

13: else
14: α∗ = x2

Choosing Optimal ε∗ for PS
15: i f evaluated function

( dThr(ε)
dε

)
x1

<
( dThr(ε)

dε

)
x2

then
16: ε∗ = x1

17: else
18: ε∗ = x2

19: end of Algorithm 1
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6. Numerical Results and Discussion

In this section, we present Monte-Carlo simulation results to verify our analysis for the proposed
system as explained in the previous section for both TS and PS protocol. The simulation parameters are
given in Table 1. We use MATLAB to run the Monte-Carlo simulation by averaging over 105 random
realizations of Rayleigh block fading channels hIoTR , hsrec , hIoTrec and get the simulation results.
In Figures 5 and 6, the outage probability of the source user and IoT relay user are plotted against
the transmit SNR at different time switching factor α = 0.3, 0.5, & 0.7 for TS relaying and different
power splitting factor ε = 0.3, 0.5, & 0.7 for PS relaying. It can be observed that outage probability
is a decreasing function with respect to increase in transmit SNR and α for TS protocol. It can also
be observed that outage probability is also a decreasing function with respect to increase in transmit
SNR and ε for PS protocol. Furthermore, our analysis exactly matched with the simulation results as
depicted in Figures 5 and 6. From Figures 5 and 6, it should be noted that the outage probability of the
source and IoT relay user using PS is higher than the TS protocol for our proposed system.

Table 1. Simulation Parameters.

Parameter Symbol Values

Mean of |hIoTR |2 → X λh 1
Mean of |hsrec |2 → Y λg 1
Mean of |hIoTrec |2 → Z λz 0.5
Source Node Transmit SNR δ 0–20 dB
Energy Harvesting Efficiency η 1
Source and IoT Node Rate R 1 bps/Hz
Power Factor for NOMA φ1 0.2
Power Factor for NOMA φ2 0.8
Noise Variance σ2

IoTrec
, σ2

srec
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Figure 5. Outage Probability of Source User.
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Figure 6. Outage Probability of IoT Relay User.

Considering, source user and IoT relay user as two user in the system for our proposed system,
in Figure 7, we plotted the sum-throughput against the transmit SNR at time switching α = 0.3, 0.5,
& 0.7 for TS and different power splitting factor ε = 0.3, 0.5, & 0.7 for PS. It can be observed that
sum-throughput is a increasing function with respect to increase in transmit SNR and α for TS. Also,
it is observed that sum-throughput is a increasing function with respect to increase in δ and ε for PS.
Moreover, sum-throughput is higher for PS as compared to TS with the same varying amount of α and
ε respectively for transmit SNR greater than 10 dB. At transmit SNR less than 6 dB, TS outperforms the
PS protocol.
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Figure 7. Sum-throughput of proposed system.

Next, we wanted to verify our analysis for the proposed system at different time switching factor
α and power splitting factor ε for both TS and PS protocol. We plotted the sum-throughput against
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the α and ε varying from 0 to 1 and at δ = 5, 10, & 15. In Figure 8, we can observe the trend that, the
sum-throughput first increases with the increase in α, ε, and δ, reaches to the maximum and then
decreases. Similarly, in Figure 9, we plotted the sum-throughput for our proposed system with δ = 10
at varying energy harvesting efficiency factor η = 0.6, 0.8, & 1.0 for both TS and PS. We can observe
a similar trend as in Figure 8. The sum-throughput of the system first increases with the increase in
α, ε, and η, reaches to the maximum and then decreases. This confirms that the sum-throughput is
maximum at some optimal time switching factor α∗ and optimal power splitting factor ε∗. In reality,
we cannot have high α and ε as there will be less time and power allocated for information processing.
Hence, there will be an outage in the system as no communication data will be transferred to the
respective destinations.
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Figure 8. Sum-throughput of proposed system v/s α or ε with different δ.
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163



Sensors 2018, 18, 3254 14 of 22

Therefore, we need to find optimal α∗ and ε∗ that maximizes the sum-throughput for the proposed
system for TS and PS respectively. In Figures 10 and 11, we found out optimal α∗ for TS and optimal ε∗

for PS respectively that maximizes the sum-throughput of the proposed system through Golden section
search method as explained in Algorithm 1 and plotted it against the transmit SNR. In Figure 10, we can
observe that optimal α∗ linearly decreases with increase in transmit SNR. Also, in Figure 11, we can
see that optimal ε∗ first decrease and then slightly tends to increase with increase in transmit SNR.
Finding optimal α∗ and ε∗ is important to avoid an outage in the proposed system and maximizing the
sum-throughput.
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Figure 10. Optimal α for sum-throughput maximization.
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Figure 11. Optimal ε for sum-throughput maximization.
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7. Conclusions and Future Works

In this paper, we presented our model on RF energy harvesting and information transmission
in IoT relay systems based on time switching, power splitting and NOMA. Considering the energy
constrained nature of the IoT nodes, here a power constrained IoT relay node first harvests the
energy from the source node RF signal to power up themselves. The IoT relay node can harvests the
energy using either time switching relaying or power splitting relaying protocol. Then in the next
subsequent stage, IoT relay node transmits the source node information along with its information
data using NOMA protocol. We have mathematically derived the outage probability, throughput and
sum-throughput for our proposed system based on TS, PS and NOMA. Furthermore, we verified our
derived analysis with the simulation results and some representative performance comparisons were
presented. We showed that our analytical results for TS and PS relaying protocol exactly matched with
the simulation results. We also found out the optimal time switching factor α∗ and optimal power
splitting factor ε∗ that maximizes the sum-throughput of the proposed system through the formulated
Golden section search algorithm as shown in Algorithm 1.

For future work, we would like to investigate the ergodic capacity of the proposed system and
derive the exact-forms of outage probability and sum-throughput for the proposed system. We
would also like to study the performance of our proposed system by introducing interference from
other nodes.
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Abbreviations

The following abbreviations are used in this manuscript:

Symbol Meaning
IoTR IoT relay node
Ps Power of source node transmit signal
RF Radio Frequency
EH Energy Harvesting
SNR Signal-to-noise ratio
NOMA Non-orthogonal multiple access
PS Power splitting
DF Decode and Forward
ε Power splitting factor
xs Source node information data
T Time period
yIoTR , ŷIoTR Information signal received at IoTR
nIoTR Additive White Gaussian Nosie at IoTR
σ2

IoTR
Noise variance at IoTR

hIoTR Channel co-efficient between source node and IoTR node
λh Mean variance of hIoTR

hsrec Channel co-efficient between IoTR and source user
λg Mean variance of hsrec

hIoTrec Channel co-efficient between IoTR and IoT user
λz Mean variance of hIoTrec

η Energy conversion efficiency
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EhIoTR
, ÊhIoTR

Energy harvested at IoTR node
PIoTR , P̂IoTR Transmit power of IoTR node
ZIC1 ,ẐIC1 Superimposed composite signal for NOMA protocol
φ1,φ2 Power allocation factors for NOMA protocol
xIoTR IoTR node information data
ysrec , ŷsrec Received signal at destination source user
yIoTrec , ŷIoTrec Received signal at destination IoT user
nsrec , ŷIoTrec Additive White Gaussian Nosie at destination source user
nIoTrec Additive White Gaussian Nosie at destination IoT user
γIoTR , γ̂IoTR Received SNR at IoTR node
δ, δ̂ Transmit SNR
γ

xIoTR→xs
srec , γ̂

xIoTR→xs
srec SNR required at the destination source user to decode and cancel IoTR information data

γsrec , γ̂srec Received SNR at destination source user node
γIoTrec , γ̂IoTrec Received SNR at destination IoTR user node
σ2

srec
Noise variance at destination source user node

σ2
IoTrec

Noise variance at destination IoTR user node
ψ, ψ̂ Outage probability
POutS , P̂OutS Outage probability of source node
POutIoTR

, P̂OutIoTR
Outage probability of IoTR node

R Rate in bits per second per hertz
ThrS, ˆThrS Throughput of source node
ThrIoTR , ˆThrIoTR Throughput of IoTR node
Thr, ˆThr Sum-throughput of whole system
α∗ Optimal time switching factor
ε∗ Optimal power splitting factor
K1(.) First-order modified Bessel function of the second kind
En(a) Exponential integral of order n

Appendix A. Proof of Theorem 1 in (16) and (17)

From Equation (7) we have,

γ̂IoTR = δ̂X where, |hIoTR |2 = X

Also, from Equation (9), we have,

γ̂srec =
φ1P̂IoTR |hsrec |2

σ2
srec

, δXYk

where
Y = |hsrec |2, σ2

srec = 1, k =
2αηPs

(1− α)

From Equation (11), the outage probability of the source is:

P̂OutS = Pr(min(γ̂IoTR , γ̂srec) < ψ̂)

= 1− Pr(min(γ̂IoTR , γ̂srec) ≥ ψ̂)

= 1− Pr(δ̂X ≥ ψ̂, δ̂kXY ≥ ψ̂)

= 1− Pr
(
X ≥ ψ̂

δ̂
, Y ≥ ψ̂

δkX
)
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Let
x0 = ψ̂

δ̂
,

= 1− Pr
(
X ≥ x0, Y ≥ x0

kX
)

= 1−
∫ ∞

x0
fX(x)

( ∫ ∞
x0
kx

fY(y)dy
)
dx

= 1−
∫ ∞

x0
λhe−λhx( ∫ ∞

x0
kx

λge−λgydy
)
dx

= 1−
∫ ∞

x0
λhe−λhx(e−λg

x0
kx
)
dx

= 1−
∫ ∞

x0
λh
(
e−λhx−λg

x0
kx
)
dx

= 1−
(

λh

∫ ∞

x=0

(
e−4λg

x0
k4x−λhx)dx

︸ ︷︷ ︸
I1

− λh

∫ x0

x=0

(
e−λg

x0
kx−λhx)dx

︸ ︷︷ ︸
I2

)

Let us first evaluate the integral I1 by using the formula [36], Equation 3.324.1)

∫ ∞
0 e−

β
4x−γxdx =

√
β
γ K1

√
βγ

I1 = λh

√
4λgx0

kλh
K1

(√
4λgx0λh

k

)

I1 = 2
√

λhλgx0
k K1

(
2
√

λhλgx0
k

)

Now, let us evaluate the integral I2

I2 = λh

∫ x0

x=0

(
e−λhx− λg x0

kx
)
dx

Expanding the term e−λhx in Taylor series

= λh

∞

∑
n=0

(−1)
n !

(λh)
n
∫ x0

x=0
xne−

λg x0
kx dx

Substituting y = 1
x → dx = − 1

y2 dy

=
∞

∑
n=0

(−1)
n !

(λh)
n+1

∫ ∞

y= 1
x0

y−n−2e−
λg x0y

k dy

Now, substituting further t = x0y→ dt = x0dy

=
∞

∑
n=0

(−1)
n !

(λhx0)
n+1

∫ ∞

t=1
t−n−2e−

λgt
k dt

Now, by definition of exponential integral of order n, we have,

En(a) =
∫ ∞

y=1 y−ne−aydy

I2 = ∑∞
n=0

(−1)
n ! (λhx0)

n+1En+2

(
λg
k

)

Therefore,

P̂OutS = 1− I1 + I2

P̂OutS = 1− 2
√

λhλgx0
k K1

(
2
√

λhλgx0
k

)
+ ∑∞

n=0
(−1)n

n ! (λhx0)
n+1En+2

(
λg
k

)

Putting the value of P̂OutS in Equation (13), we get,

167



Sensors 2018, 18, 3254 18 of 22

ˆThrS =
R(1− α)

2

(
2

√
λhλgx0

k
K1

(
2

√
λhλgx0

k

)
−

∞

∑
n=0

(−1)n

n !
(λhx0)

n+1En+2

(λg

k

))

This ends the proof of Theorem 1.

Appendix B. Proof of Theorem 1 in (18) and (19)

From Equation (12), the outage probability of IoT relay node is:

P̂OutIoTR
= Pr(min(γ̂

xIoTR→xs
srec , γ̂IoTrec) < ψ̂)

P̂OutIoTR
= 1− Pr

( φ2lXY
φ1lXY+1 ≥ ψ̂, φ2lXZ

φ1lXZ+1 ≥ ψ̂
)

where

P̂IoTR =
2αηPs|hIoTR |2

(1− α)
, 2αηδ̂X

(1− α)
, l =

2αηδ̂

(1− α)

X = |hIoTR |2, Y = |hsrec |2, Z = |hIoTrec |2, σ2
IoTrec

= 1, σ2
srec = 1

= 1− Pr
(
Y ≥ ψ̂

(φ2−φ1ψ̂)lX , Z ≥ ψ̂

(φ2−φ1ψ̂)lX

)

Conditioning on X, we have,

= 1−
∫ ∞

0
Pr
(
Y ≥ ψ̂

(φ2 − φ1ψ̂)lx
)
× Pr

(
Z ≥ ψ̂

(φ2 − φ1ψ̂)lx
)

fX(x)dx

put
ψ̂

(φ2−φ1ψ̂)lx = T

= 1−
∫ ∞

0 Pr(Y ≥ T)Pr(Z ≥ T) fX(x)dx
= 1−

∫ ∞
0

( ∫ ∞
T λge−λgydy

)( ∫ ∞
T λze−λzzdz

)
λhe−λhxdx

= 1−
∫ ∞

0 e−λgTe−λzTλhe−λhxdx
= 1−

∫ ∞
0 e−λgTe−λzTλhe−λhxdx

substituting the value of T above

= 1−
∫ ∞

0
e
−λg

ψ̂

(φ2−φ1ψ̂)lx e
−λz

ψ̂

(φ2−φ1ψ̂)lx λhe−λhxdx

let
d = ψ̂

(φ2−φ1ψ̂)l

= 1−
∫ ∞

0 e−λg
d
x e−λz

d
x λhe−λhxdx

= 1− λh
∫ ∞

0 e−4(λg+λz)
c

4x−λhxdx

Now, using the formula

∫ ∞
0 e−

β
4x−γxdx =

√
β
γ K1

√
βγ

= 1− λh

√
4(λg+λz)d

λh
K1

(√
4(λg + λz)dλh

)

P̂OutIoTR
= 1− 2

√
dλh(λg + λz)K1

(
2
√

dλh(λg + λz)
)

Putting the value of P̂OutIoTR
in Equation (14), we get,

ˆThrIoTR =
R(1− α)

2

(
2
√

dλh(λg + λz)K1

(
2
√

dλh(λg + λz)

))
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This ends the proof of Theorem 2.

Appendix C. Proof of Theorem 1 in (36) and (37)

From Equation (27), we have,

γIoTR = (1− ε)δX where |hIoTR |2 = X

Also, from Equation (29), we have,

γsrec =
φ1PIoTR |hsrec |2

σ2
srec

, δXYa

where
Y = |hsrec |2, σ2

srec = 1, a = ηεφ1

From Equation (31), the outage probability of the source is:

POutS = Pr(min(γIoTR , γsrec) < ψ)

= 1− Pr(min(γIoTR , γsrec) ≥ ψ)

= 1− Pr((1− ε)δX ≥ ψ, δaXY ≥ ψ)

= 1− Pr
(
X ≥ ψ

(1−ε)δ
, Y ≥ ψ

δaX
)

Let
x0 = ψ

(1−ε)δ

= 1− Pr
(
X ≥ x0, Y ≥ (1−ε)x0

aX
)

= 1−
∫ ∞

x0
fX(x)

( ∫ ∞
(1−ε)x0

ax
fY(y)dy

)
dx

= 1−
∫ ∞

x0
λhe−λhx( ∫ ∞

(1−ε)x0
ax

λge−λgydy
)
dx

= 1−
∫ ∞

x0
λhe−λhx(e−λg

(1−ε)x0
ax

)
dx

= 1−
∫ ∞

x0
λh
(
e−λhx−λg

(1−ε)x0
ax

)
dx

= 1−
(

λh

∫ ∞

x=0

(
e−4λg

(1−ε)x0
a4x −λhx)dx

︸ ︷︷ ︸
I1

− λh

∫ x0

x=0

(
e−λg

(1−ε)x0
ax −λhx)dx

︸ ︷︷ ︸
I2

)

Let us first evaluate the integral I1 by using the formula [36], Equation 3.324.1)

∫ ∞
0 e−

β
4x−γxdx =

√
β
γ K1

(√
βγ
)

I1 = λh

√
4λg(1−ε)x0

aλh
K1

(√
4λg(1−ε)x0λh

a

)

I1 = 2
√

λhλg(1−ε)x0
a K1

(
2
√

λhλg(1−ε)x0
a

)

Now, let us evaluate the integral I2

I2 = λh

∫ x0

x=0

(
e−λhx− (1−ε)λg x0

ax
)
dx

Expanding the term e−λhx in Taylor series

= λh

∞

∑
n=0

(−1)
n !

(λh)
n
∫ x0

x=0
xne−

(1−ε)λg x0
ax dx
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Substituting y = 1
x , and further t = x0y, we get,

=
∞

∑
n=0

(−1)
n !

(λhx0)
n+1

∫ ∞

t=1
t−n−2e−

(1−ε)λgt
a dt

Now, by definition of exponential integral of order n, we have

En(a) =
∫ ∞

y=1 y−ne−aydy

I2 = ∑∞
n=0

(−1)
n ! (λhx0)

n+1En+2

(
(1−ε)λg

a

)

Therefore,

POutS = 1− 2

√
λhλg(1− ε)x0

a
K1

(
2

√
λhλg(1− ε)x0

a

)
+

∞

∑
n=0

(−1)n

n !
(λhx0)

n+1En+2

( (1− ε)λg

a

)

Putting the value of POutS in Equation (33), we get,

ThrS =
R
2

(
2

√
λhλg(1− ε)x0

a
K1

(
2

√
λhλg(1− ε)x0

a

)
−

∞

∑
n=0

(−1)n

n !
(λhx0)

n+1En+2

( (1− ε)λg

a

))

This ends the proof of Theorem 3.

Appendix D. Proof of Theorem 1 in (38) and (39)

From Equation (32), the outage probability of IoT relay node is:

POutIoTR
= Pr(min(γ

xIoTR→xs
srec , γIoTrec) < ψ)

POutIoTR
= 1− Pr

( φ2bXY
φ1bXY+1 ≥ ψ, φ2bXZ

φ1bXZ+1 ≥ ψ
)

where
PIoTR = ηεPs|hIoTR |2 , ηεδX, b = ηδε

X = |hIoTR |2, Y = |hsrec |2, Z = |hIoTrec |2, σ2
IoTrec

= 1, σ2
srec = 1

= 1− Pr
(
Y ≥ ψ

(φ2−φ1ψ)bX , Z ≥ ψ
(φ2−φ1ψ)bX

)

Conditioning on X, we have,

= 1−
∫ ∞

0
Pr
(
Y ≥ ψ

(φ2 − φ1ψ)bx
)
× Pr

(
Z ≥ ψ

(φ2 − φ1ψ)bx
)

fX(x)dx

putting,
ψ

(φ2−φ1ψ)bx = U

= 1−
∫ ∞

0 Pr(Y ≥ U)Pr(Z ≥ U) fX(x)dx
= 1−

∫ ∞
0

( ∫ ∞
U λge−λgydy

)( ∫ ∞
U λze−λzzdz

)
λhe−λhxdx

= 1−
∫ ∞

0 e−λgUe−λzUλhe−λhxdx

substituting the value of U above

= 1−
∫ ∞

0
e
−λg

ψ
(φ2−φ1ψ)bx e

−λz
ψ

(φ2−φ1ψ)bx λhe−λhxdx

let
c = ψ

(φ2−φ1ψ)b

= 1−
∫ ∞

0 e−λg
c
x e−λz

c
x λhe−λhxdx

= 1− λh
∫ ∞

0 e−4(λg+λz)
c

4x−λhxdx
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Now, using the formula,

∫ ∞
0 e−

β
4x−γxdx =

√
β
γ K1

(√
βγ
)

= 1− λh

√
4(λg+λz)c

λh
K1

(√
4(λg + λz)cλh

)

POutIoTR
= 1− 2

√
cλh(λg + λz)K1

(
2
√

cλh(λg + λz)

)

Putting the value of POutIoTR
in Equation (34), we get,

ThrIoTR =
R
2

(
2
√

cλh(λg + λz)K1

(
2
√

cλh(λg + λz)

))

This ends the proof of Theorem 4.
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Instead of using the participating relay node only for relaying the data of the
source node, in this letter, we have also considered transmitting the data of the
IoT relay node (IoTR) along with the source node data based on time switch-
ing (TS), power splitting (PS) relaying and NOMA. Therefore, in this context,
we investigate the ergodic sum capacity (ESC) analysis of simultaneous wireless
information and power transfer (SWIPT) based non-orthogonal multiple access
(NOMA) for the Internet of Things (IoT) relay systems. Furthermore, we also
study the effect of both perfect successive interference cancellation (pSIC) and
imperfect SIC (ipSIC) on the proposed system. Analytical expressions for the
ESC under both pSIC and ipSIC scenarios are mathematically derived and cor-
roborated through Monte-Carlo simulations. Our result demonstrates that the
PS relaying with NOMA is more energy-efficient than TS relaying with NOMA
for the proposed system.

K E Y W O R D S
energy harvesting, ergodic capacity, internet of things, NOMA, power splitting, radio frequency,
relaying, time switching

1 INTRODUCTION

The exponential growth of mobile data traffic resulting from the rapid proliferation of the Internet of Things (IoT) is
expected to consume a huge power. Therefore Simultaneous wireless information and power transfer (SWIPT) and radio
frequency (RF) energy harvesting (EH) has been contemplated as self-sustainable energy efficient solution for realizing
next generation of wireless networks to fulfill the energy requirements of Internet of Things (IoT) sensor nodes. Time
switching (TS) and power splitting (PS) relaying are two popular EH architecture extensively considered in the literature
for EH and information processing separately.1 The receiver alternatively switches between EH and information decoding
(ID) over time in TS relaying while in PS relaying, the receiver splits the incoming signal into two parts, where one part
is used for EH and another part is used for ID.1

Meanwhile, non-orthogonal multiple access (NOMA) is a key technique considered for fifth generation (5G) net-
works where multiple users can be accommodated in the same frequency, time and code.2 Specifically, in power domain
NOMA, multiple users can be multiplexed with different power levels based on the channel gain and then the users can
be separated through successive interference cancellation (SIC) at the receiver side.3,4

Nasir et al.5 studied the achievable throughput and ergodic capacity (EC) of a decode-and-forward (DF) relaying
network for both TS and PS schemes. Yang et al.6 studied the impact of power allocation on cooperative NOMA with
SWIPT. They investigated fixed and cognitive radios (CR) inspired power allocation policies for cooperative NOMA net-
work where a source node communicates with two users through an EH based relay. Similar to,6 Do et al.7 studied EH

Internet Technology Letters. 2020;e218. wileyonlinelibrary.com/journal/itl2 © 2020 John Wiley & Sons, Ltd. 1 of 6
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protocol based on time power switching-based relaying (TPSR) architecture for amplify-and-forward (AF) mode. They
confirmed that the optimal outage and EC performance can be obtained through the right selection of power allocation
for NOMA users. Zaidi et al.8 evaluated the ergodic rate in SWIPT-aided hybrid NOMA in which the users transmits on
the uplink by utilizing the harvested energy on the downlink. Jain et al.9 studied the dual problem of power and spectrum
issues in wireless sensor networks (WSN) by utilizing cooperative spectrum sharing and RF EH under the Nakagami
fading channel.

Among several research directions of NOMA, NOMA-SWIPT is being considered as the most promising active
research area by researchers for the development of next-generation wireless networks.6,10,11 Unlike most of the previ-
ous work in this domain where the participating relay node is only used for relaying the source node data, in our earlier
work,12 we proposed an RF EH and information transmission system based on TS, PS relaying and NOMA where we
studied and derived the analytical expressions for the outage, throughput and sum-throughput of the proposed system in
delay limited transmission mode. In delay-limited transmission mode, the system throughput is limited by a fixed rate.
However, for the delay tolerant transmission mode, the source transmits at any constant rate upper bounded by the EC.13

Moreover, the impact of imperfect SIC (ipSIC), energy efficiency and effect of NOMA power coefficient was also not stud-
ied in.12 Considering the EC as a fundamental performance indicator, specifically, in this letter, we study and analyze
the ergodic sum capacity (ESC) of the NOMA-SWIPT enabled IoT relay systems in the delay tolerant transmission mode
under both pSIC and ipSIC scenario.

The principal contribution of this letter are outlined as follows:
• We investigate and propose to use IoT node for the dual role of relaying the source node data and offloading data to

its own destination based on TS and PS relaying with NOMA under both pSIC and ipSIC scenario.
• We derive the analytical expressions for the ESC of the proposed system and verified with the Monte-Carlo

simulations.
• Our results demonstrate that PS relaying with NOMA is more energy-efficient than TS relaying with NOMA for the

proposed system. Our results also confirmed that the SIC imperfection only affect the ESC performance and it does not
show any effect on the 𝛼 or ε at which ESC is maximized.

2 SYSTEM MODEL BASED ON TS AND NOMA

We have considered a scenario as shown in Figure 1 where a source node has to transmits its data to its destination node.
We have assumed that there is no direct link between the source user and its destination node due to deep fading or
blockage.7 Therefore, it will seek the help of a IoT relay node (IoTR) for transmitting its data to its destination node. We
have also assumed that IoTR has its own data to send to its destination node. IoTR is rather power constrained and hence
it will first harvest the energy from the RF signal of the source node using either TS or PS relaying and then transmits the
source data and its own data by using the NOMA protocol to respective destination nodes. We have also assumed that
channel state information is perfectly known to the receiver.4 The nodes are assumed to be operating in a half duplex
mode. The channel between any two nodes is subjected to the independent Rayleigh block fading plus additive white
Gaussian noise. Also, h∼CN(0, 𝜆h) is the complex channel co-efficient between source node and IoTR with zero mean and
variance 𝜆h. Similarly, g∼CN(0, 𝜆g) and z∼CN(0, 𝜆z) is the complex channel coefficient between IoTR and the receiving
source and IoTR destination node respectively. In the first stage, the source node transmits signal xs with power Ps to the
IoTR. The IoTR node divide the time block into three parts: 𝛼T, (1−𝛼)T2 , and (1−𝛼)T

2 where 𝛼T is used for energy harvesting
and (1−𝛼)T

2 is used for information processing by IoTR, and (1−𝛼)T
2 is used for the data transmission by the IoTR node to the

respective destination nodes, 0≤ 𝛼 ≤ 1. The information signal received at IoTR during this stage is given as yR =
√

Pshxs +
nR, where nR ∼ CN(0, 𝜎2

R) is the additive white Gaussian noise at IoTR with mean zero and variance 𝜎2
R. The energy har-

vested at IoTR in 𝛼T time interval is given as EH = 𝜂Ps|h|2𝛼T, where 0≤ 𝜂 ≤ 1 is the energy conversion efficiency. The
pre-processing power for the energy harvesting is assumed to be negligible in contrast to the transmission power of IoTR.

The transmit power of IoTR ie, PR in (1−𝛼)T
2 period of time can be given as: PR = EH

(1−𝛼)T∕2 = 2𝜂Ps|h|2𝛼
(1−𝛼) = 2𝜂Ps𝛼X

(1−𝛼) .
In the next stage, by following NOMA protocol, the IoTR node transmits a superimposed composite signal Z consisting

source node and IoTR data that can be given as: Z =
√
𝜙1PRxs +

√
𝜙2PRxR, where 𝜙1 +𝜙2 = 1 and 𝜙2 = 1−𝜙1.
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F I G U R E 1 Considered system model scenario

3 ERGODIC SUM CAPACITY ANALYSIS UNDER IPSIC AND PSIC

The received SNR at IoTR node is given as:

𝛾R = Ps|h|2
𝜎2

R
= 𝛿|h|2 = 𝛿X (1)

where 𝛿 ≜ Ps
𝜎2

R
represents the transmit SNR and |h|2 = X .

Similarly, the received SINR with xR and xs at the receiving destination node of the source can be given as:

𝛾xR→xs
SR =

𝜙2PR|g|2
𝜙1PR|g|2 + 𝜎2

SR
= 𝜙2PRY

𝜙1PRY + 1 (2)

𝛾SR =
𝜙1PR|g|2

𝜙2PR𝜉 |̂g|2 + 𝜎2
SR

= 𝜙1PRY
𝜙2PR𝜉Y + 1 (3)

where 𝛾xR→xs
SR is the SINR required at xs to decode and cancel xR, ĝ ∼ CN(0, 𝜉𝜆g) and |g|2 = Y , 𝜎2

SR = 1.
Here, the parameter 𝜉, 0≤ 𝜉 ≤ 1 denotes the residual interference signal caused by the SIC imperfection.
The received SINR at destination node of IoTR associated with symbol xR is given by:

𝛾RR = 𝜙2PR|z|2
𝜙1PR|z|2 + 𝜎2

RR
= 𝜙2PRZ

𝜙1PRZ + 1 (4)

where |z|2 = Z and 𝜎2
RR = 1.

By using Equation (1)–(4), the achievable data rate of source node and IoTR node based on TS and NOMA can be
respectively given as:

CS = 1
2 (1 − 𝛼)log2(1 + min(𝛾R, 𝛾SR)) (5)

CIoTR = 1
2 (1 − 𝛼)log2(1 + min(𝛾xR→xs

SR , 𝛾RR)) (6)

The ergodic capacity equation of the source node and IoTR node in terms of CDF can be given as: C = (1−𝛼)
2 ln 2 ∫ ∞

0
1

1+𝛾 [1 −
F𝛾min(𝛾)]d𝛾 .

Theorem 1. The EC of the source node using TS and NOMA with ipSIC can be expressed as:

CipSIC
S = (1 − 𝛼)

2 ln 2

𝛿
C𝜙1

∫
y=0

𝜆ge−𝜆gy
(

e
𝜆h

Cy(𝜙1+𝜉𝜙2) E1

(
𝜆h

Cy(𝜙1 + 𝜉𝜙2)

)
− e

𝜆h
Cy𝜉𝜙2 E1

(
𝜆h

Cy𝜉𝜙2

))
dy
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+ (1 − 𝛼)
2 ln 2

∞

∫
y= 𝛿

C𝜙1

𝜆ge−𝜆gy
(

e
𝜆h

Cy(𝜙1+𝜉𝜙2) E1

(
𝜆h(Cy𝜙1(𝜙1 + 𝜉𝜙2) − 𝜙1𝛿)

Cy(𝜙1 + 𝜉𝜙2)(𝜉𝜙2𝛿)

)
− e

𝜆h
Cy𝜉𝜙2 E1

(
𝜙1𝜆h
𝜉𝜙2

))
dy

+ (1 − 𝛼)
2 ln 2

𝜙1
𝜙2𝜉

∫
𝛾=0

1
1 + 𝛾

e−
𝛾𝜆h
𝛿 e−

𝜆g𝛿
C(𝜙1−𝛾𝜙2𝜉) d𝛾 (7)

where C = 2𝛼𝜂𝛿
(1−𝛼) and E1() is exponential integral function of order 1.

Proof: The proof is given in the Supporting Information.
Due to the involvement of the integral term, it is difficult to obtain a closed form solution from Equation 7. However,

it can be evaluated through numerical approaches.

Corollary 1. When 𝜉 = 0, the EC of the source node using TS and NOMA with pSIC can be expressed as:

CpSIC
S = (1 − 𝛼)

2 ln 2

(
G3,1

1,3

(
AB

|||||
0

0,0,1

)
− E1(B) +

∞∑
m=1

Am

(m − 1)!

(
(Ψ(m) − ln A)Em+1(B) + BmG3,0

2,3

(
AB

|||||
1, 1

0, 0,−m

)))
(8)

where A = 𝜆h
𝛿

, B = 𝜆g

k and k = 2𝛼𝜂𝜙1
1−𝛼 .

Proof: The proof is given in the Supporting Information.

Theorem 2. The EC of the IoTR node using TS and NOMA can be expressed as:

CIoTR = (1 − 𝛼)
2 ln 2

(
G3,1

1,3

(
C
|||||

0
0,0,1

)
− G3,1

1,3

(
C
𝜙1

|||||
0

0,0,1

))
(9)

where C = 𝜆h(𝜆g+𝜆z)
l , l = 2𝛼𝜂Ps

(1−𝛼) and G3,1
1,3 is Meijer G function with parameters {0} and {0,0,1}.

Proof: The proof is given in the Supporting Information.
By combining Equations 7 and 9, and combining Equations 8 and 9, we finally get the ESC with ipSIC and pSIC

respectively of the proposed system.

4 SYSTEM MODEL BASED ON PS AND NOMA

In PS relaying scheme, a power-constrained IoTR node first harvests the energy from the signal of the source node using
εPs where Ps is the power of the transmit signal. IoTR uses remaining power (1−ε)Ps for information processing. IoTR
then transmits the respective information signal to source and IoT user destination node using NOMA protocol in T/2
remaining period of time. The energy harvested at IoTR in T

2 time interval is given as: EH = 𝜂𝜀Ps|h|2T
2 . The transmit power

of IoTR ie, PIoTR in T
2 period of time can be given as: PR = EH

T∕2 = 𝜂𝜀Ps|h|2.
Now, following the NOMA protocol, IoTR transmits a superimposed composite signal consisting of the information

of the source and IoTR to respective destination nodes using the power PIoTR in the next stage. The detailed procedure of
the considered system model based on PS and NOMA follows the same steps as of TS and NOMA as explained in Section
II and III. The derivations of the EC of the considered system based on PS and NOMA under ipSic and pSIC, is straight
forward and it can be derived by following the same steps as in Theorem 1, Corollary 1 and Theorem 2.

Therefore, the EC of the source node using PS and NOMA with ipSIC can be expressed as in Equation 7 by replacing
C with ε𝜂𝛿 and 𝛿 with (1−ε)𝛿 and removing the (1− 𝛼) term. Similarly, the EC of the source node using PS and NOMA
with pSIC can be expressed as in Equation 8 by replacing A with 𝜆h

(1−𝜀)𝛿 , and k with 𝜀𝜂𝜙1
(1−𝜀) and removing the (1− 𝛼) term.

Finally, the EC of IoTR node using PS and NOMA can be expressed as in Equation 9 by replacing l with ε𝜂𝛿 and removing
the (1− 𝛼) term.
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5 NUMERICAL RESULTS

In this section, we present the simulation results to verify our analysis for the proposed system. We let, distance between
source node and IoTR to 2 m, distance between IoTR and source destination node to 1 m and distance between IoTR and
IoTR destination node to 2 m, path loss factor v = 3, 𝜙1 = 0.1, 𝜙2 = 0.9, 𝜉 = 0.03 and 𝜂 = 0.9.

From Figure 2A, we can observe that for TS relaying with NOMA under both pSIC and ipSIC, at 𝛼 = 0.3 outperforms
the ESC at 𝛼 = 0.7 for 𝛿 greater than 3 dB. The ESC at such high value of 𝛼 = 0.7 gives the worst performance at all 𝛿 greater
than 3 dB as compared to 𝛼 = 0.3. However, for PS relaying with NOMA, the ESC clearly increases with increases in ε and
𝛿 under both pSIC and ipSIC. Moreover, the ESC of PS relaying with NOMA is apparently higher than the TS relaying
with NOMA. It is interesting to note the difference in the ESC performance due to pSIC and iPSIC increases especially at
high transmit SNR values for both TS and PS relaying with NOMA which implies that ipSIC has a significant effect on the
ESC performance. This further demonstrates the need of proper SIC technique that could enhance the ESC performance
of the system. Also, our analysis exactly matched with the Monte-Carlo simulation results for both protocols under pSIC
and ipSIC as shown in Figures 2 and 3, which verifies that our derived mathematical analysis is correct.

In Figure 2B, we plot the energy efficiency (EE) of the proposed system for both TS and PS relaying with NOMA under
pSIC and ipSIC. The EE can be calculated as the ratio of total achievable data rate to the total power consumption in the
entire network.14 From Figure 2B, we can see that PS with NOMA under both pSIC and ipSIC is more energy efficient
than TS with NOMA for the same value of EH parameters, that is, 𝛼 = 0.3 and ε = 0.3 especially at transmit SNR less than
25 dB. Same observation can be depicted at higher 𝛼 = 0.7 and ε = 0.7. However, it is omitted for the sake of brevity. For
transmit SNR greater than 35 dB, the EE performance gap of the proposed system reduces because at such high transmit
SNR, the IoTR node can harvest more energy for both TS and PS relaying with NOMA.

Since, 𝜙2 is the NOMA power coefficient factor which determines the maximum amount of harvested energy used
by the IoTR node to transmits its data, in Figure 3A, we plot the ESC against the NOMA power allocation factor 𝜙2 at
𝛿 = 30 dB. We find that the ESC of both TS and PS with NOMA under pSIC shows an increasing trend with the increase
in 𝜙2. However the increase in ESC performance after 𝜙2 = 0.6 is not much. In addition, the ipSIC case for both TS, and
PS with NOMA shows a decreasing trend in the ESC performance. With the increase in 𝜙2, the ESC for both TS, and PS
with NOMA under ipSIC decreases rapidly and it remains saturated for 𝜙2 greater than 0.2. This indicates that, with the
proper selection of 𝜙2, ESC can be enhanced.

Figure 3B depicts the ESC performance with respect to 𝛼 or ε at 𝛿 = 15 dB and 𝜉 = 0.02 and 𝜉 = 0.03. It is worthwhile
to note that the ESC of PS relaying with NOMA outperforms the TS relaying with NOMA for higher values of 𝛼 or ε while
at smaller values of 𝛼 or ε TS relaying with NOMA outperforms the PS relaying with NOMA under both pSIC and ipSIC
case. Moreover, it can be seen from Figure 2B that for both TS and PS relaying with NOMA protocol under both pSIC and
ipSIC case, there lies an optimum value of 𝛼 or ε that maximizes the ESC of the proposed system. We cannot have high
value for EH parameter 𝛼 for TS with NOMA as less time will be allocated for information decoding and processing at
IoTR node. Similarly, we cannot have high value for EH parameter ε for PS with NOMA as less power will be allocated for
information decoding and processing at IoTR node. Thus, the optimum ESC at 𝛼 or ε as shown in Figure 3B can be easily
found out through iterative search methods such as Golden section search method as in our previous work.12 Further,
we also observe that increasing the 𝜉 value from 0.02 to 0.03, the optimum value of 𝛼 or ε remains the same at which
ESC is maximum for both TS and PS relaying with NOMA under ipSIC scenario. This implies that the SIC imperfection
only affects the ESC performance and it does not show any effect on the optimal 𝛼 or ε for both TS and PS relaying with
NOMA under ipSIC scenario.
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6 CONCLUSIONS

Unlike most of the previous work, we proposed to use IoT node for the dual role of relaying the source node data and
offloading data to its own destination based on TS and PS relaying with NOMA. Specifically, in this letter, we inves-
tigated the ESC analysis of the NOMA-SWIPT enabled IoT relay systems under the both pSIC and ipSIC scenarios.
The impact of parameters such as 𝛼, ε, 𝜉, 𝜙2 and 𝛿 are studied to get an insight of the ESC on the system perfor-
mance. It is confirmed that except for some smaller values of 𝛼 and 𝛿, increasing the 𝛼 value for the TS relaying with
NOMA gives inferior ESC performance than the corresponding increment in the ε at higher 𝛿 value for the PS relay-
ing with NOMA under both pSIC and ipSIC scenario. Our results demonstrate that the PS relaying with NOMA is
more energy-efficient than the TS relaying with NOMA for the proposed system. Our results also confirmed that the
SIC imperfection only affect the ESC performance and it does not show any positive effect on the 𝛼 or ε at which
ESC is maximized. Also, our results confirmed that the ipSIC has a significant impact on the ESC performance of the
proposed system.
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SUPPLEMENTARY MATERIAL - PROOF OF THEOREM 1

Theorem 1: The EC of the source node using TS and NOMA with ipSIC can be expressed as:
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�(1+z��2)
C�1

∫
y=0

�ge
− �ℎz

Cy
−�gydydz

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
J1

−
(1 − �)
2 ln 2

∞

∫
z=0

��2
(1 + z��2)

�(1+z��2)
C�1

∫
y=0

�ge
− �ℎz

Cy
−�gydydz

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
J2

After some algebraic calculations, we can find,

J1 =
(1 − �)
2 ln 2

(

�
C�1

∫
y=0

�ge
−�gye

�ℎ
Cy(�1+��2)E1

(

�ℎ
Cy(�1 + ��2)

)

dy +

∞

∫
y= �

C�1

�ge
−�gye

�ℎ
Cy(�1+��2)E1

(�ℎ
(

Cy�1(�1 + ��2) − �1�
)

Cy(�1 + ��2)(��2�)

)

dy

)

Similarly,J2 =
(1 − �)
2 ln 2

(

�
C�1

∫
y=0

�ge
−�gye

�ℎ
Cy��2 E1

(

�ℎ
Cy��2

)

dy +

∞

∫
y= �

C�1

�ge
−�gye

�ℎ
Cy��2 E1

(

�1�ℎ
��2

)

dy

)
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Therefore, C ipSIC
S = I1 + I2 = J1 − J2 + I2

By substituting the value of I1 = J1 − J2 and I2, we get the ECequation with ipSIC as in Equation 7 and hence the proof.

PROOF OF COROLLARY 1

Corollary 1: When � = 0, the EC of the source node using TS and NOMA with pSIC can be expressed as:

CpSIC
S =

(1 − �)
2 ln 2

(

G3,11,3

(

AB
|

|

|

|

0
0, 0, 1

)

− E1(B) +
∞
∑

m=1

Am

(m − 1) !

(

(

Ψ(m) − lnA
)

Em+1(B) + BmG
3,0
2,3

(

AB
|

|

|

|

1, 1
0, 0,−m

)

))

where A = �ℎ
�
, B = �g

k
and k = 2���1

1−�
.

Proof ∶ The CDF of min
(


R, 
SR
)

can be given as:
F
min(
) = 1 − Pr((
R, 
SR) > 
)

F
min(
) = 1 − Pr(X >


�
, Y >



�kX

)

where k =
2���1
1 − �

and let 

�
= x0

= 1 − Pr(X > x0, Y >
x0
kX

)

= 1 −

∞

∫
x0

�ℎe
−�ℎx−

�gx0
kx dx,

Now, changing the integration variable, we get,

= 1 −

∞

∫
x=1

A
e−A
x−
B
x dx where A =

�ℎ
�
and B =

�g
k

= 1 −

( ∞

∫
x=0

A
e−A
x−
B
x dx −

1

∫
x=0

A
e−A
x−
B
x dx

)

= 1 − 2
√

AB
K1(2
√

AB
) +

1

∫
x=0

A
e−A
x−
B
x dx

Now, substituting the F
min(
) expression in EC equation,

=
(1 − �)
2 ln 2

( ∞

∫
0

2
√

AB
K1(2
√

AB
)
1 + 


d
 −

∞

∫
0

1

∫
x=0
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B
x

1 + 

dxd


⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
I1

)

=
(1 − �)
2 ln 2

(

G3,11,3

(

AB
|

|

|

|

0
0, 0, 1

)

− I1

)

where G3,11,3 is Meijer G function with parameters {0} and {0, 0, 1}

Since,
∞

∫

=0

A
e−Ax


1 + 

d
 = 1

x
− AeAxE1(Ax)where E1(.) is exponential integral of order 1

182



3

I1 =

1

∫
x=0

(

1
x
− AeAxE1(Ax)

)

e−
B
x dx = E1(B) −

A

∫
x=0

ex−
AB
x E1(x)dx

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
I(A,B)

Through some algebraic manipulation, we can find I(A,B) =
∞
∑

m=1

Am

(m − 1) !

(

(

Ψ(m) − lnA
)

Em+1(B) + BmG
3,0
2,3

(

AB
|

|

|

|

1, 1
0, 0,−m

)

)

where Ψ(m) is Digamma function and Ψ(m) = −
 +
m−1
∑

i=1

1
i

By substituting I1 and I(A,B), we get the EC equation with pSIC as in Equation 8 and hence the proof.

PROOF OF THEOREM 2

Theorem 2: The EC of the IoTR node using TS and NOMA can be expressed as:

CIoTR =
(1 − �)
2 ln 2

(

G3,11,3

(
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|

|

|

|

0
0, 0, 1
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(

C
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|
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0
0, 0, 1

)

)

where C = �ℎ(�g+�z)
l

and l = 2��Ps
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.
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�2lXZ
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≥ 


)
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2��PsX
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, l =
2��Ps
(1 − �)

= 1 − Pr
(
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)lX

,Z ≥ 
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)

Through some algebraic manipulation,

F
min(
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√

d�ℎ(�g + �z)K1
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2
√
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)
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It can be rewritten with parameter C =
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l
as,1 − 2

√
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(

2
√
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)

Now, substituting the F
min(
) expression in EC equation, = (1 − �)
2 ln 2

�2
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∫
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√
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)
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Changing the integration variable by u = 

�2 − �1


gives,
(1 − �)�2
2 ln 2

∞

∫
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2
√

CuK1(
√
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(1 + u)(1 + �1u)

By partial fraction method, we can rewrite it as:
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2 ln 2
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∫
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2
√

CuK1(
√

Cu)
(1 + u)

−

∞

∫
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2
√

Cu
�1
K1(

√

Cu
�1
)

(1 + u)

)

=
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2 ln 2
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G3,11,3

(

C
|
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|
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(

C
�1

|

|

|

|

0
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)

)

where G3,11,3 is Meijer G function with parameters {0} and {0, 0, 1}

Hence the proof of EC for IoTR node as in Equation 9.
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Abstract
It is known that when the direct links between the base station (BS) and the
users exist and are nonnegligible, consolidating direct links could significantly
enhance the performance of the cooperative relaying systems. Therefore, taking
the impact of direct link into account, in this article, we investigate the capacity
enhancement of the nonorthogonal multiple access (NOMA) with simultane-
ous wireless information and power transfer (SWIPT) for the Internet of Things
(IoT) relay systems over the Rayleigh fading channels. Specifically, for the con-
sidered NOMA-SWIPT system with direct links, we study a time-switching
energy harvesting (EH) architecture in which a BS transmits two symbols to
the two users through the direct links and via an EH-based relay node. On the
receiving user node, we employ maximum ratio combining (MRC) to show the
capacity enhancement of the considered system. Moreover, analytical expres-
sions for the Ergodic capacity and Ergodic Sum Capacity are mathematically
derived for the MRC and single signal decoding scheme, and the analytical
expressions are corroborated with the Monte-Carlo simulation results. This
not only reveals the effect of different EH parameters on the system perfor-
mance, but it also demonstrates the capacity enhancement of the considered
NOMA-SWIPT system compared to a similar system without direct links and to
conventional OMA schemes.

1 INTRODUCTION

Due to the proliferation of technologies like the Internet of Things (IoT), it has been predicted that by 2025, 80 billion
IoT devices will be connected to the Internet, and the global data traffic will reach up to 175 trillion gigabytes.1 There-
fore, the upcoming fifth generation (5G) and next generation networks are expected to support these massive connectivity
requirements of the IoT devices.2,3 Meeting the capacity and energy demands at the same time is a challenge that needs
to be resolved.4 The two key requirements are spectral efficiency and energy efficiency among the various challenging
requirements of the 5G and the next-generation networks. Therefore, new, energy and spectral efficient protocols to
ameliorate the capacity and energy demands of the massive IoT networks need to be designed. To this end, nonorthog-
onal multiple access (NOMA) has been contemplated as an efficient multiple access solution to support the massive
connectivity of IoT and fulfill the demand of global data traffic.5-7 Specifically, in power domain NOMA, signals of
the multiple users are superposed on each other by allocating different power levels based on the perceived channel
conditions. In the downlink power domain NOMA, the users with good channel conditions are allocated less power,

Trans Emerging Tel Tech. 2020;e3913. wileyonlinelibrary.com/journal/ett © 2020 John Wiley & Sons, Ltd. 1 of 18
https://doi.org/10.1002/ett.3913 227



2 of 18 RAUNIYAR et al.

while the users with poor channel conditions are allocated more power.8,9 Finally, through the process of successive
interference cancellation (SIC), the users can be separated at the receiver side.10 On the other hand, simultaneous
wireless information and power transfer (SWIPT) has been considered as a promising solution to combat the issue
of powering up the devices through radio frequency (RF) signals.11-13 Thus, NOMA and SWIPT can be integrated
to serve the purpose of both key requirements—spectral and energy-efficiency for the 5G and the next generation
networks.14,15 Integrating NOMA and SWIPT can also be seen as a sustainable approach for green communication in the
IoT networks.

Since RF signals are abundant in nature because of the vast amount of coexisting wireless technologies, these RF
signals can actually be exploited to harvest the energy.16 This harvested energy from the RF signals can be used to power
up the small IoT devices for data transmission and prolong the lifetime of such IoT networks. In this regard, through
SWIPT, a device or node can harvest the energy from the RF signal and do the data transmission simultaneously.17,18

However, considering the practical considerations of the energy harvesting (EH) circuits of the receivers, SWIPT cannot
be applied directly for the information decoding (ID) at the same time. Therefore, time switching (TS) and power splitting
(PS) are two popular EH architectures widely considered for SWIPT. In the TS architecture, a fraction of time is used for
EH and ID separately, while in the PS architecture, the receiver splits the incoming signal into two parts by following the
signal partition method for EH and ID.19 In this article, we have used the TS architecture at the relay node because of its
low complexity and ease of implementation compared to the PS architecture. However, the analysis in this article can be
applied easily to other EH architectures as well.

In Reference 20, TS relaying and PS relaying protocols are proposed for the relay node to harvest the energy and ID.
The authors showed that the TS relaying protocol outperformed the PS relaying protocol at relatively low signal-to-noise
ratios and at high transmission rates. NOMA has been successively applied in conjugation with several technologies,
such as cooperative networks and SWIPT. In Reference 21, a relay selection for the cooperative NOMA networks was
studied where a two-stage relay selection strategy was proposed to achieve a minimal outage probability. In Reference 22,
a best-near best-far termed as BNBF user selection scheme for NOMA-based cooperative NOMA systems with SWIPT was
proposed. Here, the authors investigated the outage performance, and closed-form analytical expressions of the outage
probability were derived to evaluate the system performance. Different from most of the works on cooperative NOMA
with SWIPT, the work in Reference 23 proposed an RF EH and information transmission based on TS, PS, and NOMA.
Here, a power-constrained IoT node operated in the dual-mode of EH and transmitted its own data along with the source
node data using the NOMA protocol. The NOMA-SWIPT model was extended to include the interfering signals and
further studied in Reference 24.

In cooperative communications research, a general assumption is often that a direct link to the node is not available,
and the communication of data is only possible through relaying. However, in wireless communication it is known that
when direct links between the base station (BS) and the users exist and are nonnegligible, consolidating direct links could
significantly enhance the performance of the cooperative relaying systems.25,26 The performance analysis of the SWIPT
relaying network in the presence of a direct link was carried out in Reference 27. The authors analyzed the optimal
throughput performance by considering a simple system model with a source node, a relay node, and a destination node
in the presence of a direct link. A Decode-and-Forward (DF) relay was analyzed in Reference 28 for a cooperative NOMA
system with direct links. Although three different relay schemes were analyzed by the authors, EH was not considered
in their system model. Analyzing and studying the impact of EH in the cooperative NOMA-SWIPT systems is important
for increasing the spectral and energy-efficiency demands of IoT networks. The spectral and energy efficiency of the
next generation IoT networks is possible through the combined approach of NOMA with SWIPT. Thus, the authors in
Reference 29 studied the outage probability of a NOMA-SWIPT network in the presence of direct links. However, the
authors only studied and analyzed the outage probability for the NOMA-SWIPT network with the direct link, while the
Ergodic capacity (EC) and Ergodic sum capacity (ESC) were not studied. The reason for the necessity of studying the
system's EC and ESC is obvious. For the delay-tolerant transmission mode, the source transmits at any constant rate
upper bounded by the EC.30 Since the codeword length is sufficiently large compared to the block time, the codeword
could experience all possible realizations of the channel. Therefore, the EC becomes an appropriate measure for the
performance analysis of the system.

Motivated by the works in References 28 and 29 and taking the EC as a fundamental performance indicator, in this
article, we investigate the EC performance of cooperative NOMA-SWIPT aided IoT relay systems in which one BS sends
two symbols to users UE1 and UE2 through the direct link and via an EH-based relay node using the TS architecture. In
summary, the major contributions of this article are as follows:
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• Although a myriad of works have been carried out in the literature for NOMA-SWIPT systems, to the best of our
knowledge, there is no published literature investigating the EC and ESC of the NOMA-SWIPT-assisted IoT relay
systems with the direct link over the Rayleigh fading channels in which one BS wants to transmit two symbols to two
destination nodes through the direct link and with the assistance of EH-based relay node using the TS architecture.

• Since the direct links are involved, we employ the maximum ratio combining (MRC) scheme and show the capacity
enhancement of the system, by comparing it with the single signal decoding scheme (SDS).

• For the considered NOMA-SWIPT system model with direct links, we derive the analytical expressions for the EC and
the ESC for both the MRC and SDS schemes and validate them by Monte-Carlo simulations, demonstrating that our
derived analytical expressions are correct.

• For a fair and logical evaluation of the considered NOMA-SWIPT system with the direct link, we devised a com-
parable model using OMA. Along with its analytical derivations, a thorough comparison is provided between the
NOMA-SWIPT and OMA-SWIPT system models without considering the impact of direct links.

• Our results demonstrate that employing the MRC scheme could significantly enhance the ESC performance of the
system compared to using the SDS scheme. Moreover, we also showed that, with proper selection of EH param-
eters, such as the TS factor and the power allocation factor for the NOMA, the ESC performance of the system
could be further improved as compared to a NOMA-SWIPT system that has no direct links and to a conventional
OMA schemes.

The rest of the article is organized as follows. In Section 2, we explain the considered NOMA-SWIPT system model
with the direct link scenario. Section 3, describes the system model based on TS and NOMA. In Section 4, we explain the
single SDS along with its EC and ESC derivations. The MRC scheme along with its EC and ESC derivations are carried
out in Section 5. EC and ESC of the OMA system model for benchmarking of results are carried out in Section 6. The
performance demonstrated through the simulations is presented in Section 7. Finally, the conclusions of the article are
drawn in Section 8.

2 SYSTEM MODEL SCENARIO

The considered cooperative NOMA-SWIPT system model with direct links is shown in Figure 1. Here, a BS will transmit
two symbols, x1 and x2, to the two destination nodes, UE1 and UE2, respectively, through the direct link and with the
assistance of an EH-based relay node using the TS protocol. As R is a power-constrained node that acts as a DF relay, it first
harvests the RF energy from the BS signal using the TS protocol, and then it decodes the symbols x1 and x2 transmitted
by the BS in the first phase. Also, UE1 and UE2 receive the information transmitted by the BS through the direct links
in the first phase. Then, R forwards the decoded symbols x1 and x2 using the NOMA protocol to the UE1 and UE2 in the
subsequent phase. We have assumed that all nodes are considered to be operating in a half-duplex mode. Each of the
communication channels faces an independent Rayleigh flat fading with additive white Gaussian noise (AWGN) with
zero mean and variance 𝜎2. The complex channel coefficient between any two nodes is denoted by hi ∼ CN(0, 𝜆hi = d−v

i )
where i ∈ {1, 2, 3, 4, 5}. CN(0, 𝜆hi = d−v

i ) is complex normal distribution to model the Rayleigh flat fading channel with
zero mean and variance 𝜆hi , di is the distance between the corresponding link, and v is the path loss exponent. The
channel state information is assumed to be known at all nodes. As there exists direct links from the BS to R and UEs in
our considered system model, therefore, the scenario in this article can be also depicted as the worst-case scenario of the
Rician fading.

3 SYSTEM MODEL BASED ON TS AND NOMA

In the TS relaying scheme, a power-constrained R node first harvests the energy from the BS signal for the duration of
𝛼T and then uses the time (1−𝛼)T

2 for the ID and finally (1−𝛼)T
2 for the information transmission to the UE1 and UE2 by

following the NOMA protocol. The working of the system model based on the TS and NOMA can be explained in two
phases as follows:
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F I G U R E 1 Considered System Model for the NOMA-SWIPT with Direct
Links

3.1 First phase

In the first phase, the BS broadcasts the following signal to R, UE1 and UE2:

x =
√

a1Px1 +
√

a2Px2 (1)

where a1 and a2 are the NOMA power allocation coefficients and a1 > a2, and a1 + a2 = 1.
The received signal at R, UE1 and UE2 can be given, respectively, as:

yR = h1

(√
a1Px1 +

√
a2Px2

)
+ nR (2)

yUE1 = h2

(√
a1Px1 +

√
a2Px2

)
+ nUE1 (3)

yUE2 = h3

(√
a1Px1 +

√
a2Px2

)
+ nUE2 (4)

where nR, nUE1 , and nUE2 ∼ CN(0, 𝜎2 = 1) denote the AWGN at R, UE1, and UE2, respectively.
The energy harvested at R in the 𝛼T period of time is given as:

EhIoTR
= 𝜂P|h1|2𝛼T, (5)

where 0 ≤ 𝜂 ≤ 1 is the energy conversion efficiency. We let PR denote the transmit power of R in the (1−𝛼)T
2 time interval.

PR is given as:

PR =
EhIoTR

(1 − 𝛼)T∕2 = 2𝜂P|h1|2𝛼
(1 − 𝛼)

= k𝜂P|h1|2 (6)

where k = 2𝛼
1−𝛼 .

Now, the SINR for x1 at R, UE1 and UE2 can be given, respectively, as:

𝛾x1
R = a1P|h1|2

a2P|h1|2 + 1
= a1PX1

a2PX1 + 1 (7)

𝛾x1
UE1

= a1P|h2|2
a2P|h2|2 + 1

= a1PX2
a2PX2 + 1 (8)

𝛾x1
UE2

= a1P|h3|2
a2P|h3|2 + 1

= a1PX3
a2PX3 + 1 . (9)
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Now, R and UE2 decode the symbol x2 by cancelling x1 symbol with SIC. Therefore, the received SINR for x2 at R and
UE2 can be given, respectively, as:

𝛾x2
R = a2P|h1|2 = a2PX1 (10)

𝛾x2
UE2

= a2P|h3|2 = a2PX3. (11)

It should be noted that in Equations (10) and (11), we have taken noise variance 𝜎2 = 1.

3.2 Second phase

In this phase, R now uses the harvested energy (Equation (6)) to forward the successfully decoded symbols x1 and x2 to
UE1 and UE2. R broadcasts the signal

(√
b1PRx1 +

√
b2PRx2

)
to UE1 and UE2 with b1 and b2 as the power allocation

coefficients for the decoded symbols x1 and x2, respectively, and b1 + b2 = 1, b1 > b2.
The received signal at UE1 and UE2 in the second phase can be given, respectively, as:

yII
UE1

= h4

(√
b1PRx1 +

√
b2PRx2

)
+ nII

UE1
(12)

yII
UE2

= h5

(√
b1PRx1 +

√
b2PRx2

)
+ nII

UE2
(13)

Now, UE1 decodes x1 by treating x2 as noise.

𝛾x1,II
UE1

= b1PR|h4|2
b2PR|h4|2 + 1

= b1k𝜂PX1X4
b2k𝜂PX1X4 + 1 . (14)

UE2 decodes x2 after decoding x1 and cancelling it by SIC.

𝛾x1,II
UE2

= b1PR|h5|2
b2PR|h5|2 + 1

= b1k𝜂PX1X5
b2k𝜂PX1X5 + 1 (15)

𝛾x2,II
UE2

= b2PR|h5|2 = b2PRX5 = b2k𝜂PX1X5. (16)

In Equation (16), we have taken noise variance 𝜎2 = 1.

4 SDS SCHEME

In the first phase of the SDS scheme, R, UE1, and UE2 immediately decode the symbol x1 with the corresponding received
SINR as shown in Equations (7), (8), and (9). Similarly, R, and UE2 decode the symbol x2 by cancelling the symbol x1 with
SIC. The corresponding received SINR for decoding the symbol x2 at R, and UE2 can be given by Equations (10), (11).
During the second phase, UE1 and UE2 decode the symbols x1 and x2 retransmitted from the R with the received SINR as
shown in Equations (14), (15), (16). Thus, during the first and second phase of the SDS scheme, a single signal or symbol
‘x1’ and ‘x2’ is detected at UE1 and UE2, respectively.

4.1 EC and ESC Analysis for the Single SDS

By using Equations (7), (8), (9), (14) and (15), the achievable data rate of UE1 associated with the symbol x1 based on TS
and NOMA for the SDS scheme is given as:

Cx1
SDS = (1 − 𝛼)

2 log2

(
1 + min

(
𝛾x1

R , 𝛾x1,II
UE1

, 𝛾x1,II
UE2

, 𝛾x1
UE1

, 𝛾x1
UE2

))
(17)
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Theorem 1. The EC of UE1 using TS and NOMA for the single SDS can be expressed as:

Cx1
SDS-Ana =

(1 − 𝛼)
2 ln 2 ∫

a1
a2

𝛾=0

𝜆h1

1 + 𝛾
e−

(𝜆h2 +𝜆h3 )𝛾

P(a1−𝛾a2)

⎛
⎜⎜⎝
2

√
(𝜆h4 + 𝜆h5)𝛾

k𝜂P𝜆h1 (b1 − 𝛾b2)
K1

⎛
⎜⎜⎝
2

√
(𝜆h4 + 𝜆h5)𝛾𝜆h1

k𝜂P(b1 − 𝛾b2)

⎞
⎟⎟⎠

−
∞∑

n=0

(−1)n

n! 𝜆n
h1

(
𝛾

P(a1 − 𝛾a2)

)n+1
En+2

( (𝜆h4 + 𝜆h5 )(a1 − 𝛾a2)
k𝜂(b1 − 𝛾b2)

))
d𝛾 (18)

Proof. The proof is given in Appendix A1. ▪

Corollary 1. In Theorem 1, when 𝜆h2 = 0 and 𝜆h3 = 0, the analytical expression for EC of UE1 using TS and NOMA without
direct links (WDLs) can be expressed as:

Cx1
WDL-Ana =

(1 − 𝛼)
2 ln 2 ∫

a1
a2

𝛾=0

𝜆h1

1 + 𝛾

⎛⎜⎜⎝
2

√
(𝜆h4 + 𝜆h5)𝛾

k𝜂P𝜆h1 (b1 − 𝛾b2)
K1

⎛⎜⎜⎝
2

√
(𝜆h4 + 𝜆h5 )𝛾𝜆h1

k𝜂P(b1 − 𝛾b2)

⎞⎟⎟⎠

−
∞∑

n=0

(−1)n

n! 𝜆n
h1

(
𝛾

P(a1 − 𝛾a2)

)n+1
En+2

( (𝜆h4 + 𝜆h5)(a1 − 𝛾a2)
k𝜂(b1 − 𝛾b2)

))
d𝛾 (19)

Proof. Substituting 𝜆h2 = 0 and 𝜆h3 = 0, the proof can be derived by following the same steps as in Theorem 1. ▪

Now, by using Equations (10), (11), and (16), the achievable data rate of UE2 associated with the symbol x2 based on
TS and NOMA for the SDS scheme is given as:

Cx2
SDS = 1

2 log2

(
1 + min

(
𝛾x2

R , 𝛾x2,II
UE2

, 𝛾x2
UE2

))
(20)

Theorem 2. The EC of UE2 using TS and NOMA for the single SDS can be expressed as:

Cx2
SDS-Ana =

(1 − 𝛼)
2 ln 2 ∫

∞

𝛾=0

𝜆h1

1 + 𝛾
e−

𝜆h3 𝛾

a2P

⎛
⎜⎜⎝
2

√
𝜆h5𝛾

b2k𝜂P𝜆h1

K1

⎛
⎜⎜⎝
2

√
𝜆h1𝜆h5𝛾
b2k𝜂P

⎞
⎟⎟⎠
−

∞∑
n=0

(−1)n

n! 𝜆n
h1

(
𝛾

a2P

)n+1
En+2

(𝜆h5 a2

b2k𝜂

)⎞
⎟⎟⎠

d𝛾 (21)

Proof. The proof is given in Appendix B1. ▪

Corollary 2. In Theorem 2, when 𝜆h2 = 0 and 𝜆h3 = 0, the analytical expression for EC of UE2 using TS and NOMA WDL
can be expressed as:

Cx2
WDL-Ana =

(1 − 𝛼)
2 ln 2 ∫

∞

𝛾=0

𝜆h1

1 + 𝛾

⎛
⎜⎜⎝
2

√
𝜆h5𝛾

b2k𝜂P𝜆h1

K1

⎛
⎜⎜⎝
2

√
𝜆h1𝜆h5𝛾
b2k𝜂P

⎞
⎟⎟⎠
−

∞∑
n=0

(−1)n

n! 𝜆n
h1

(
𝛾

a2P

)n+1
En+2

(𝜆h5 a2

b2k𝜂

)⎞
⎟⎟⎠

d𝛾 (22)

Proof. Substituting 𝜆h2 = 0 and 𝜆h3 = 0, the proof can be derived by following the same steps as in Theorem 2. ▪

Now, by combining Equations (18) and (20), the analytical expression for the ESC of the considered system based on
TS and NOMA with direct links for the SDS scheme is given by:

CSDS
ESum = Cx1

SDS-Ana + Cx2
SDS-Ana (23)

Similarly, by combining Equations (19) and (22), the analytical expression for the ESC of the considered system based
on TS and NOMA WDL is given by:

CWDL
ESum = Cx1

WDL-Ana + Cx2
WDL-Ana (24)

It should be noted that the final analytical expression of Cx1
SDS-Ana, Cx2

SDS-Ana, Cx1
WDL-Ana and Cx1

WDL-Ana as shown
in Theorem 1, Theorem 2, Corollary 1 and Corollary 2, respectively, contain an integral term which is difficult to
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evaluate in closed form, but it can be evaluated through numerical approaches using software such as MATLAB
or Mathematica.

5 MRC DECODING SCHEME

As the achievable data rate is limited by the inferior channel, in the MRC scheme, UE1 and UE2 will not decode the
received signal in the first phase. UE1 and UE2 will instead conserve the signal and jointly decode the signal through
the MRC scheme after receiving the decoded symbol x1 and x2 from R in the second phase. Therefore, the corre-
sponding SINR during the second stage for x1 and x2 through the MRC scheme at UE1 and UE2 can be, respectively,
given as:

𝛾x1
MRC = a1PX2

a2PX2 + 1 + b1k𝜂PX1X4
b2k𝜂PX1X4 + 1 (25)

𝛾x2
MRC = a2PX3 + b2k𝜂PX1X5 (26)

5.1 EC and ESC Analysis for the MRC Decoding Scheme

By using the Equations (7), (9), (15), and (26), the achievable data rate of UE1 associated with the symbol x1 based on TS
and NOMA for the MRC scheme can be given as:

Cx1
MRC = (1 − 𝛼)

2 log2

(
1 + min

(
𝛾x1

R , 𝛾x1
UE2

, 𝛾x1,II
UE2

, 𝛾x1
MRC

))
(27)

Theorem 3. The EC of UE1 using TS and NOMA for the MRC decoding scheme can be expressed as:

Cx1
MRC-Ana =

(1 − 𝛼)
2 ln 2 ∫

a1
a2

𝛾=0

1
1 + 𝛾

(
e−

𝜆h3 𝛾

P(a1−𝛾a2) ∫
∞

x1=
𝛾

P(a1−𝛾a2)

e−
𝜆h5 𝛾

k𝜂P(b1−b2𝛾)x1

×
(
∫

ẑ

z=c3

𝜆h2

c4
e−

c1
c4 e

𝜆h2 c3
c4 e−

(c2c4−c1c3)
c4z −

𝜆h2 z

c4 dz + e−
𝜆h2 𝛾

(a1−a2𝛾)P

)
𝜆h1 e−𝜆h1 x1 dx1

)
d𝛾 (28)

where c1 = 𝜆h4 P(a2𝛾 − a1), c2 = 𝜆h4𝛾, c3 = k𝜂Px1(b1 − 𝛾b2), c4 = k𝜂P2x1(b1a2 − b2(a2𝛾 − a1)), ẑ = c3 + c4
𝛾

(a1−a2𝛾)P

Proof. The proof is given in Appendix C1. ▪

Now, by using Equations (10) and (25), the achievable data rate of UE2 associated with the symbol x2 based on TS and
NOMA for the MRC scheme can be given as:

Cx2
MRC = (1 − 𝛼)

2 log2
(
1 + min

(
𝛾x2

R , 𝛾x2
MRC

))
(29)

Theorem 4. The EC of UE2 using TS and NOMA for the MRC decoding scheme can be expressed as:

Cx2
MRS-Ana =

(1 − 𝛼)
2 ln 2 ∫

∞

𝛾=0

1
1 + 𝛾

(
∫

∞

x1=
𝛾

a2P

𝜆h1𝜆h3

b2k𝜂x1
b2k𝜂𝜆h3 x1 − a2𝜆h5

e−
𝜆h5 𝛾

b2k𝜂Px1
−𝜆h1 x1 dx1

− ∫
∞

x1=
𝛾

a2P

𝜆h3

b2k𝜂x1
b2k𝜂𝜆h3 x1 − a2𝜆h5

e−
𝜆h5 𝛾

b2k𝜂Px1 e−
(b2k𝜂𝜆h3 x1−a2𝜆h5 )𝛾

b2k𝜂x1a2P 𝜆h1 e−𝜆h1 x1 dx1 + e−
(𝜆h1 +𝜆h3 )𝛾

a2P

)
d𝛾 (30)

Proof. The proof is given in Appendix D1. ▪

Now, by combining the Equations (28) and Equation (30), we get the analytical expression for the ESC of the
considered system based on TS and NOMA with direct links for the MRC scheme.
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It should again be noted that the final analytical expression of Cx1
MRC−Ana, and Cx2

MRC−Ana as shown in Theorem 3, and
Theorem 4, respectively, contain an integral term which is difficult to evaluate in closed form, but it can be evaluated
through numerical approaches using software such as MATLAB or Mathematica.

6 EC AND ESC OF OMA - FOR BENCHMARKING OF RESULTS

To evaluate the performance and demonstrate the capacity enhancement of our NOMA-SWIPT IoT relay system with a
direct link, an OMA scheme using time-division multiple access (TDMA) referred to as OMA-TDMA, is considered. In
the OMA-TDMA scheme, the time slots, each of the duration T, can be arranged into four time slots. In the first time slot,
the BS broadcasts the signal x1 to R and UE1. Since R is an EH based relay, it first harvests the energy from the BS's signal
for a period of 𝛼T and then uses the time (1 − 𝛼)T for ID. In the second time slot, R now broadcasts the decoded symbol
X1 to UE1. Similarly, the process is repeated for the symbol x2 for the UE2 through the direct link and via an EH based
relay R in the next two time slots. For a fair comparison with our NOMA-SWIPT system model with direct links, similar
to our discussion on the SDS and MRC scheme in the above section, the user nodes UE1 and UE2 in the OMA-TDMA
scheme can also apply the SDS or MRC scheme. Also, it should be noted that in our model, the power of the BS and the
EH based R node is divided by allocating the power allocation coefficients a1, a2, b1 and b2 and thus allowing BS and R to
transmit x1 and x2 symbols with full power. OMA-TDMA scheme would not represent a fair and reasonable comparison
with our NOMA-SWIPT model. Instead, we resort to allocating the same power allocation coefficients, b1 and b2 at the R
in both the NOMA-SWIPT system model and the OMA-TDMA scheme.

In the OMA-TDMA scheme, the transmit power of the EH based DF relay node R is given by:

PR−OT = 𝜂𝛼P|h1|2
1 − 𝛼

(31)

The EC of UE1 for OMA-TDMA that is using the SDS scheme and the MRC scheme is given respectively by:

Cx1
OMA-SDS = (1 − 𝛼)

4 log2(1 + min(P|h2|2,P|h1|2, b1PR−OT|h4|2)) (32)

Cx1
OMA-MRC = (1 − 𝛼)

4 log2(1 + min(P|h1|2,P|h2|2 + b1PR−OT|h4|2)) (33)

Similarly, the EC of UE2 for OMA-TDMA that is using the SDS scheme and the MRC scheme is given respectively by:

Cx2
OMA-SDS = (1 − 𝛼)

4 log2(1 + min(P|h3|2,P|h1|2, b2PR−OT|h5|2)) (34)

Cx2
OMA-MRC = (1 − 𝛼)

4 log2(1 + min(P|h1|2,P|h3|2 + b2PR−OT|h5|2)) (35)

Now, by combining Equations (32) and (34), we get the ESC of the OMA-TDMA model that is using the SDS scheme.
Similarly, by combining Equations (33) and (35), we get the ESC of the OMA-TDMA model that is using the MRC scheme.

7 NUMERICAL RESULTS AND DISCUSSIONS

In this section, we use Monte-Carlo simulations to test the correctness of our derived mathematical expressions for
the EC and ESC of the system and make performance comparisons with the system model WDL and with the con-
ventional OMA scheme. Unless otherwise stated, the simulation parameters used in the experiments are specified in
Table 1. We used MATLAB for the Monte-Carlo experiments by averaging over 105 random realization of Rayleigh
fading channels, i.e. h1, h2, h3, h4 and h5. In all the results presented in this section, the legends in the figures ‘SDS
Ana’ and ‘SDS Sim’ represent the analytical and simulation results for the NOMA-SWIPT model with direct links
that is using the single signal detection scheme. Similarly, ‘MRC Ana’ and ‘MRC Sim’ represent the analytical and
simulation results for the NOMA-SWIPT model with direct links that is using the MRC detection scheme. ‘WDL
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T A B L E 1 Simulation parameters Parameter Symbol Values

Distance between BS and R d1 2.0 m

Distance between BS and UE1 d2 3.0 m

Distance between BS and UE2 d3 1.5 m

Distance between R and UE1 d4 2.0 m

Distance between R and UE2 d5 1.0 m

Path loss exponent v 3

BS transmit SNR 𝛿 0-45 dB

Energy harvesting efficiency 𝜂 0.9

Power allocation factor for NOMA a1 0.8

Power allocation factor for NOMA a2 0.2

Power allocation factor for NOMA b1 0.8

Power allocation factor for NOMA b2 0.2
Abbreviation: SNR, Signal-to-noise ratio.

F I G U R E 2 Ergodic Capacity of UE1
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Ana’ and ‘WDL Sim’ represent the analytical and simulation results of the NOMA-SWIPT system that is not using
direct links, that is, without direct links stands for ‘WDLs’. ‘OMA-TDMA SDS Sim’ and ‘OMA-TDMA MRC Sim’
represent the Monte-Carlo simulation results for the single signal detection and MRC scheme for the OMA-TDMA
system model.

In Figures 2 and 3, we plot the ECs of UE1 and UE2 with the TS factor 𝛼 = 0.3 against the transmit SNR. As UE1
is a distant user with poor channel conditions compared to UE2, we observe that the EC of UE1 is worse than that
of UE2. The ECs of UE1 of the OMA-TDMA schemes that are using the SDS or MRC schemes are higher than our
NOMA-SWIPT model with direct links. However, the EC for the NOMA-SWIPT model with direct links is superior to the
OMA-TDMA scheme, as shown in Figure 3. As expected, the MRC scheme outperforms the SDS scheme. Also, one could
argue this is not the case in Figure 2. Moreover, OMA-TDMA gives a more equal and fair sharing of capacity between
UE1 and UE2.

In Figure 4, we plot the ESC at 𝛼 = 0.3 and 𝛼 = 0.7 against the transmit Signal-to-noise ratio (SNR) for all the schemes
for a thorough comparison. We observe that the ESC is an increasing function with respect to increase in the transmit SNR
for all of the schemes. At low transmit SNR, i.e. less than 10 dB, the OMA-TDMA MRC scheme has higher ESC than our
NOMA-SWIPT model with direct links. However, as we increase the transmit SNR, the ESC of our NOMA-SWIPT model
gives the overall higher ESC for the system. The reason for OMA-TDMA MRC scheme to have better ESC at low transmit
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F I G U R E 3 Ergodic capacity of UE2
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F I G U R E 4 Ergodic sum capacity of considered system
model for the NOMA-SWIPT with the direct link

SNR is that the BS transmits the signal for UE1 and UE2 with its full power of BS in two time slots whereas, in our consid-
ered NOMA-SWIPT model, the power of the BS is divided into two parts for the UE1 and UE2 using a single time slot. Also,
it is interesting to note that the NOMA-SWIPT model WDLs has higher EC for UE2 than our considered NOMA-SWIPT
model with direct links that is using the SDS scheme. The reason for this is that the EC is dominated by the weakest link.
Moreover, as we increase the 𝛼 factor from 0.3 to 0.7, we see that the ESCs for all the models decrease. This indicates that
a small 𝛼 factor is sufficient for the system to harvest enough energy and the remaining time can be used for the data
transmission.

In order to investigate the impact of 𝛼 factor on the ESC performance, we plot the ESC against various 𝛼 at the transmit
SNR 25 dB and 10 dB in Figure 5. We observe that the ESC for all of the considered system models except the OMA-TDMA
MRC scheme increases with an increase in 𝛼 factor, until it reaches up to a maximum, and then it decreases again. This
confirms that the ESC is a concave function that has a unique maxima at which the ESC of the system is maximized.
The optimal 𝛼 factor can be easily found, e.g., using the Golden section search method as in.23 Also, as expected, a higher
transmit SNR increases the ESC, as observed in Figure 5.

Since, the power allocation factor plays an important role in the NOMA-SWIPT system, in Figure 6, we plot the ESC
against the power allocation coefficient factor b1. When plotting the results in Figure 6, all other factors, such as b2 = 0.2,
a1 = 0.8, and a2 = 0.2 remained fixed and 𝛼 = 0.3. The reason for choosing to plot the ESC against the power allocation
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F I G U R E 5 Ergodic sum capacity vs time switching factor
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F I G U R E 6 Ergodic sum
capacity vs power allocation
coefficient b1
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coefficient factor b1 is that b1 is the power allocated to the weak channel user UE1, and b1 factor determines the highest
power allocation factor from the harvested energy at R that it is used for the data transmission to UE1. We observe that
the OMA-TDMA scheme outperforms our NOMA-SWIPT model with direct links when the power allocation coefficient
factor b1 is less than 0.6. When the value of b1 increases beyond 0.6, the ESC of our NOMA-SWIPT model increases for
both the SDS and MRC schemes. This confirms that the value of the power allocation coefficient factor needs to be selected
carefully to achieve the best ESC performance.

Next, we intend to verify the ESC performance of our system model with the same power allocation coefficients of a1
and a2 for the OMA-TDMA system, to see the effect of ESC on the system. It should be noted that for the OMA-TDMA
system, we assumed that the BS transmits the signals to UE1 and UE2 with the full power. However, for our NOMA-SWIPT
model, the BS power is divided for the data transmission of the UE1 and UE2 by the power allocation coefficients a1
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F I G U R E 7 Ergodic sum capacity with the same power
allocation coefficients a1 and a2

and a2. Therefore, in Figure 7, we see that, if we allocate the same power allocation coefficients of a1 and a2 for the
OMA-TDMA system for a fair comparison with our NOMA-SWIPT model with direct links, the ESC performance of our
model outperforms the OMA-TDMA system model for both the MRC and SDS schemes. Also, it is observed that the ESC
of the NOMA-SWIPT system model that is not using direct links outperformed the ESC performance of the OMA-TDMA
system for both the SDS and MRC scheme. This indicates the performance gain in the ESC of the NOMA-SWIPT system
over the OMA-TDMA SWIPT system.

8 CONCLUSION

It is understood that consolidating direct links can significantly improve the efficiency of cooperative relaying systems
when there are direct links between the BS and the users. Therefore, in this article, we investigated how direct links
improve the capacity of the NOMA-SWIPT IoT relay systems with Rayleigh fading channels. Specifically, by employing
the MRC scheme, we showed how direct links enhance the capacity of our NOMA-SWIPT system model with a TS EH
architecture. For a detailed study and a fair comparison of the NOMA-SWIPT system model with direct links, we also
studied the model without considering direct links and also other OMA-TDMA SWIPT models. The analytical expressions
for the NOMA-SWIPT model with and WDLs for both MRC and SDS schemes were mathematically derived and analyzed
and finally corroborated with the Monte-Carlo simulation results. Our results demonstrated that the MRC scheme can
significantly enhance the ESC performance of the system compared to the SDS scheme. Moreover, we also showed that,
with a proper selection of EH parameters, such as TS factor and power allocation factor for the NOMA, the ESC perfor-
mance of the system can be further improved compared to the NOMA-SWIPT system that is not using direct links and
compared to conventional OMA schemes.
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APPENDIX A

Proof of Theorem 1. The cumulative distributive function (CDF) of min(𝛾x1
R , 𝛾x1,II

UE1
, 𝛾x1,II

UE2
, 𝛾x1

UE1
, 𝛾x1

UE2
) can be given as:

F𝛾 (𝛾) = 1 − Pr
(

a1PX2
a2PX2 + 1 ≥ 𝛾

)
Pr

(
a1PX3

a2PX3 + 1 ≥ 𝛾
)

Pr
(

a1PX1
a2PX1 + 1 ≥ 𝛾,

b1k𝜂PX1X4
b2k𝜂PX1X4 + 1 ≥ 𝛾,

b1k𝜂PX1X5
b2k𝜂PX1X5 + 1 ≥ 𝛾

)

F𝛾 (𝛾) = 1 − Pr
(

X2 ≥ 𝛾
P(a1 − 𝛾a2)

)
Pr

(
X3 ≥ 𝛾

P(a1 − 𝛾a2)

)

× Pr
(

X1 ≥ 𝛾
P(a1 − 𝛾a2)

,X4 ≥ 𝛾
k𝜂P(b1 − b2𝛾)X1

,X5 ≥ 𝛾
k𝜂P(b1 − b2𝛾)X1

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
I1

F𝛾 (𝛾) = 1 − e−
𝛾𝜆h2

P(a1−𝛾a2) e−
𝛾𝜆h3

P(a1−𝛾a2) I1

Conditioning I1 on X1, we get

F𝛾 (𝛾) = 1 − e−
(𝜆h2 +𝜆h3 )𝛾

P(a1−𝛾a2) ∫
∞

x1=0
Pr

(
x1 ≥ 𝛾

P(a1 − 𝛾a2)
,X4 ≥ 𝛾

k𝜂P(b1 − b2𝛾)x1
,X5 ≥ 𝛾

k𝜂P(b1 − b2𝛾)x1

)
fX1 (x1)dx1

F𝛾 (𝛾) = 1 − e−
(𝜆h2 +𝜆h3 )𝛾

P(a1−𝛾a2) ∫
∞

x1=
𝛾

P(a1−𝛾a2)

Pr
(

X4 ≥ 𝛾
k𝜂P(b1 − b2𝛾)x1

,X5 ≥ 𝛾
k𝜂P(b1 − b2𝛾)x1

)
fX1 (x1)dx1

F𝛾 (𝛾) = 1 − e−
(𝜆h2 +𝜆h3 )𝛾

P(a1−𝛾a2) ∫
∞

x1=
𝛾

P(a1−𝛾a2)

Pr
(

X4 ≥ 𝛾
k𝜂P(b1 − b2𝛾)x1

)
Pr

(
X5 ≥ 𝛾

k𝜂P(b1 − b2𝛾)x1

)
fX1(x1)dx1

F𝛾 (𝛾) = 1 − e−
(𝜆h2 +𝜆h3 )𝛾

P(a1−𝛾a2) ∫
∞

x1=
𝛾

P(a1−𝛾a2)

e−
𝜆h4 𝛾

k𝜂P(b1−b2𝛾)x1 e−
𝜆h5 𝛾

k𝜂P(b1−b2𝛾)x1 𝜆h1 e−𝜆h1 x1 dx1

F𝛾 (𝛾) = 1 − 𝜆h1 e−
(𝜆h2 +𝜆h3 )𝛾

P(a1−𝛾a2) ∫
∞

x1=
𝛾

P(a1−𝛾a2)

e−
(𝜆h4 +𝜆h5 )𝛾

k𝜂P(b1−b2𝛾)x1
−𝜆h1 x1 dx1

F𝛾 (𝛾) = 1 − 𝜆h1 e−
(𝜆h2 +𝜆h3 )𝛾

P(a1−𝛾a2)

⎛⎜⎜⎜⎜⎜⎝
∫

∞

x1=0
e−

(𝜆h4 +𝜆h5 )𝛾

k𝜂P(b1−b2𝛾)x1
−𝜆h1 x1 dx1

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
I2

− ∫
𝛾

P(a1−𝛾a2)

x1=0
e−

(𝜆h4 +𝜆h5 )𝛾

k𝜂P(b1−b2𝛾)x1
−𝜆h1 x1 dx1

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
I3

⎞⎟⎟⎟⎟⎟⎠

The integral I2 is in the form ∫ ∞
x=0 e−

𝛽
4x −𝛾x dx which can be solved using the formula in eq. 3.324.1 of Reference 31, as:

𝛽
𝛾

K1(
√
𝛽𝛾), where K1(.) is a first order modified Bessel function of the second kind.

Similarly, the integral I3 is in the form ∫ a
x=0 e−

c
x −bx dx, which can be solved in closed form23 as:∑∞

n=0
(−1)n

n! bnan+1En+2

(
c
a

)
where En+2(.) is the exponential integral of order n + 2.

Therefore,

F𝛾 (𝛾) = 1 − 𝜆h1 e−
(𝜆h2 +𝜆h3 )𝛾

P(a1−𝛾a2)

⎛
⎜⎜⎝
2

√
(𝜆h4 + 𝜆h5)𝛾

k𝜂P𝜆h1 (b1 − 𝛾b2)
K1

⎛
⎜⎜⎝
2

√
(𝜆h4 + 𝜆h5 )𝛾𝜆h1

k𝜂P(b1 − 𝛾b2)

⎞
⎟⎟⎠

−
∞∑

n=0

(−1)n

n! 𝜆n
h1

(
𝛾

P(a1 − 𝛾a2)

)n+1
En+2

( (𝜆h4 + 𝜆h5 )(a1 − 𝛾a2)
k𝜂(b1 − 𝛾b2)

))

The EC in terms of CDF F𝛾 (𝛾) can be written as:

Cx1
SDS-Ana =

(1 − 𝛼)
2 ln 2 ∫

∞

𝛾=0

1
1 + 𝛾

[1 − F𝛾 (𝛾)]d𝛾

Substituting F𝛾 (𝛾) in the above equation, we get the final expression as in Equation (18).
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This ends the proof of Theorem 1. ▪

APPENDIX B

Proof of Theorem 2. The CDF of min(𝛾x2
R , 𝛾x2,II

UE2
, 𝛾x2

UE2
) can be given as:

F𝛾 (𝛾) = 1 − Pr (a2PX1 ≥ 𝛾, b2k𝜂PX1X5 ≥ 𝛾, a2PX3 ≥ 𝛾)

F𝛾 (𝛾) = 1 − Pr
(

X3 ≥ 𝛾
a2P

)
Pr

(
X1 ≥ 𝛾

a2P ,X5 ≥ 𝛾
b2k𝜂PX1

)

Now, conditioning Pr
(

X1 ≥ 𝛾
a2P ,X5 ≥ 𝛾

b2k𝜂PX1

)
on X1

F𝛾 (𝛾) = 1 − e−
𝜆h3 𝛾

a2P ∫
∞

x1=0
Pr

(
x1 ≥ 𝛾

a2P ,X5 ≥ 𝛾
b2k𝜂Px1

)
fX1 (x1)dx1

F𝛾 (𝛾) = 1 − e−
𝜆h3 𝛾

a2P ∫
∞

x1=
𝛾

a2P

Pr
(

X5 ≥ 𝛾
b2k𝜂Px1

)
fX1(x1)dx1

F𝛾 (𝛾) = 1 − 𝜆h1 e−
𝜆h3 𝛾

a2P ∫
∞

x1=
𝛾

a2P

e−
𝜆h5 𝛾

b2k𝜂Px1
−𝜆h1 x1 dx1

F𝛾 (𝛾) = 1 − 𝜆h1 e−
𝜆h3 𝛾

a2P

(
∫

∞

x1=0
e−

𝜆h5 𝛾

b2k𝜂Px1
−𝜆h1 x1 dx1 − ∫

𝛾
a2P

x1=0
e−

𝜆h5 𝛾

b2k𝜂Px1
−𝜆h1 x1 dx1

)

F𝛾 (𝛾) = 1 − 𝜆h1 e−
𝜆h3 𝛾

a2P

⎛⎜⎜⎝
2

√
𝜆h5𝛾

b2k𝜂P𝜆h1

K1

⎛⎜⎜⎝
2

√
𝜆h1𝜆h5𝛾
b2k𝜂P

⎞⎟⎟⎠
−

∞∑
n=0

(−1)n

n! 𝜆n
h1

(
𝛾

a2P

)n+1
En+2

(𝜆h5 a2

b2k𝜂

)⎞⎟⎟⎠
Now, the EC in terms of CDF F𝛾 (𝛾) can be written as:

Cx2
SDS-Ana =

1
2 ln 2 ∫

∞

𝛾=0

1
1 + 𝛾

[1 − F𝛾 (𝛾)]d𝛾

Substituting F𝛾 (𝛾) in the above equation, we get the final expression as in Equation (20).
This ends the proof of Theorem 2. ▪

APPENDIX C

Proof of Theorem 3. The CDF of min(𝛾x1
R , 𝛾x1

UE2
, 𝛾x1,II

UE2
, 𝛾x1

MRC) can be given as:

F𝛾 (𝛾) = 1 − Pr
(

a1PX3
a2PX3 + 1 ≥ 𝛾

)
Pr

(
a1PX1

a2PX1 + 1 ≥ 𝛾,
b1k𝜂PX1X5

b2k𝜂PX1X5 + 1 ≥ 𝛾, a1PX2
a2PX2 + 1 + b1k𝜂PX1X4

b2k𝜂PX1X4 + 1 ≥ 𝛾
)

F𝛾 (𝛾) = 1 − Pr
(

X3 ≥ 𝛾
P(a1 − 𝛾a2)

)
Pr

(
X1 ≥ 𝛾

P(a1 − 𝛾a2)
,X5 ≥ 𝛾

k𝜂P(b1 − b2𝛾)X1
,

b1k𝜂PX1X4
b2k𝜂PX1X4 + 1 ≥ 𝛾 − a1PX2

a2PX2 + 1

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
I1

F𝛾 (𝛾) = 1 − e−
𝛾𝜆h3

P(a1−𝛾a2) I1

Conditioning I1 on X1, we get

F𝛾 (𝛾) = 1 − e−
𝜆h3 𝛾

P(a1−𝛾a2) ∫
∞

x1=0
Pr

(
x1 ≥ 𝛾

P(a1 − 𝛾a2)
,X5 ≥ 𝛾

k𝜂P(b1 − b2𝛾)x1
,

b1k𝜂Px1X4
b2k𝜂Px1X4 + 1 ≥ 𝛾 − a1PX2

a2PX2 + 1

)
fX1 (x1)dx1

F𝛾 (𝛾) = 1 − e−
𝜆h3 𝛾

P(a1−𝛾a2) ∫
∞

x1=
𝛾

P(a1−𝛾a2)

Pr
(

X5 ≥ 𝛾
k𝜂P(b1 − b2𝛾)x1

,
b1k𝜂Px1X4

b2k𝜂Px1X4 + 1 ≥ 𝛾 − a1PX2
a2PX2 + 1

)
fX1(x1)dx1
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F𝛾 (𝛾) = 1 − e−
𝜆h3 𝛾

P(a1−𝛾a2) ∫
∞

x1=
𝛾

P(a1−𝛾a2)

e−
𝜆h5 𝛾

k𝜂P(b1−b2𝛾)x1 Pr
(

b1k𝜂Px1X4
b2k𝜂Px1X4 + 1 ≥ 𝛾 − a1PX2

a2PX2 + 1

)
fX1 (x1)dx1

F𝛾 (𝛾) = 1 − e−
𝜆h3 𝛾

P(a1−𝛾a2) ∫
∞

x1=
𝛾

P(a1−𝛾a2)

e−
𝜆h5 𝛾

k𝜂P(b1−b2𝛾)x1 Pr
(

b1k𝜂Px1X4
b2k𝜂Px1X4 + 1 ≥ 𝛾 − a1PX2

a2PX2 + 1

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
I2

fX1 (x1)dx1

Now, conditioning I2 on X2, we get

I2 = ∫
∞

x2=0
Pr

(
b1k𝜂Px1X4

b2k𝜂Px1X4 + 1 ≥ 𝛾 − a1Px2
a2Px2 + 1

)
fX2(x2)dx2

Now,

𝛾 = a1Px2
a2Px2 + 1 → x2 = 𝛾

(a1 − a2𝛾)P

I2 = ∫
𝛾

(a1−a2𝛾)P

x2=0
Pr

(
b1k𝜂Px1X4

b2k𝜂Px1X4 + 1 ≥ 𝛾 − a1Px2
a2Px2 + 1

)
fX2 (x2)dx2

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
J1

+ ∫
∞

x2=
𝛾

(a1−a2𝛾)P

fX2 (x2)dx2

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
J2

J1 = ∫
𝛾

(a1−a2𝛾)P

x2=0
Pr

(
b1k𝜂Px1X4

b2k𝜂Px1X4 + 1 ≥ 𝛾a2Px2 + 𝛾 − a1Px2
a2Px2 + 1

)
fX2 (x2)dx2

J1 = ∫
𝛾

(a1−a2𝛾)P

x2=0
Pr

(
X4 ≥ Px2(a2𝛾 − a1) + 𝛾

𝜂kPx1((b1 − 𝛾b2) + Px2(b1a2 − b2(a2𝛾 − a1))

)
𝜆h2 e−𝜆h2 x2 dx2

J1 = ∫
𝛾

(a1−a2𝛾)P

x2=0
𝜆h2 e−

𝜆h4 Px2(a2𝛾−a1)+𝛾𝜆h4
𝜂kPx1((b1−𝛾b2)+Px2(b1a2−b2(a2𝛾−a1))

−𝜆h2 x2 dx2

Now, let c1 = 𝜆h4 P(a2𝛾 − a1), c2 = 𝜆h4𝛾, c3 = 𝜂kPx1(b1 − 𝛾b2), c4 = 𝜂kP2x1(b1a2 − b2(a2𝛾 − a1))

J1 = ∫
𝛾

(a1−a2𝛾)P

x2=0
𝜆h2 e−

c1x2+c2
c3+c4x2

−𝜆h2 x2 dx2

Now, let c3 + c4x2 = z → dx2 = 1
c4

dz
Also, when x2 = 0, z = c3 and, when x2 = 𝛾

(a1−a2𝛾)P
, z = c3 + c4

𝛾
(a1−a2𝛾)P

→ ẑ

J1 = ∫
ẑ

z=c3

𝜆h2

c4
e−

c1
(z−c3)

c4
+c2

z −𝜆h2

(
z−c3

c4

)
dz

J1 = ∫
ẑ

z=c3

𝜆h2

c4
e−

c1
c4 e

𝜆h2 c3
c4 e−

(c2c4−c1c3)
c4z −

𝜆h2 z

c4 dz

Now,

J2 = ∫
∞

x2=
𝛾

(a1−a2𝛾)P

fX2(x2)dx2 = ∫
∞

x2=
𝛾

(a1−a2𝛾)P

𝜆h2 e−𝜆h2 x2 dx2

J2 = e−
𝜆h2 𝛾

(a1−a2𝛾)P

I2 = J1 + J2

I2 = ∫
ẑ

z=c3

𝜆h2

c4
e−

c1
c4 e

𝜆h2 c3
c4 e−

(c2c4−c1c3)
c4z −

𝜆h2 z

c4 dz + e−
𝜆h2 𝛾

(a1−a2𝛾)P
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Furthermore,

F𝛾 (𝛾) = 1 − e−
𝜆h3 𝛾

P(a1−𝛾a2) ∫
∞

x1=
𝛾

P(a1−𝛾a2)

e−
𝜆h5 𝛾

𝜂kP(b1−b2𝛾)x1 I2fX1 (x1)dx1

F𝛾 (𝛾) = 1 − e−
𝜆h3 𝛾

P(a1−𝛾a2) ∫
∞

x1=
𝛾

P(a1−𝛾a2)

e−
𝜆h5 𝛾

𝜂kP(b1−b2𝛾)x1

(
∫

ẑ

z=c3

𝜆h2

c4
e−

c1
c4 e

𝜆h2 c3
c4 e−

(c2c4−c1c3)
c4z −

𝜆h2 z

c4 dz + e−
𝜆h2 𝛾

(a1−a2𝛾)P

)
𝜆h1 e−𝜆h1 x1 dx1

Now, the EC in terms of CDF F𝛾 (𝛾) can be written as:

Cx1
MRS-Ana =

(1 − 𝛼)
2 ln 2 ∫

∞

𝛾=0

1
1 + 𝛾

[1 − F𝛾 (𝛾)]d𝛾

Substituting F𝛾 (𝛾) in the above equation, we get the final expression as in Equation (27).
This ends the proof of Theorem 3.

▪

APPENDIX D

Proof of Theorem 4. The CDF of min(𝛾x2
R , 𝛾x2

MRC) can be given as:

F𝛾 (𝛾) = 1 − Pr(a2PX1 ≥ 𝛾, a2PX3 + b2k𝜂PX1X5 ≥ 𝛾)

Conditioning on X1, we get,

F𝛾 (𝛾) = 1 − ∫
∞

x1=0
Pr

(
x1 ≥ 𝛾

a2P , a2PX3 + b2k𝜂Px1X5 ≥ 𝛾
)

fX1 (x1)dx1

F𝛾 (𝛾) = 1 − ∫
∞

x1=
𝛾

a2P

Pr(b2k𝜂Px1X5 ≥ 𝛾 − a2PX3)fX1 (x1)dx1

Again, conditioning on X3, we get,

F𝛾 (𝛾) = 1 − ∫
∞

x1=
𝛾

a2P
∫

∞

x3=0
Pr(b2k𝜂Px1X5 ≥ 𝛾 − a2Px3)fX3 (x3)dx3fX1(x1)dx1

Now, 𝛾 = a2Px3 → x3 = 𝛾
a2P

F𝛾 (𝛾) = 1 − ∫
∞

x1=
𝛾

a2P

(
∫

𝛾
a2P

x3=0
Pr(b2k𝜂Px1X5 ≥ 𝛾 − a2Px3)fX3(x3)dx3 + ∫

∞

x3=
𝛾

a2P

fX3 (x3)dx3

)
fX1(x1)dx1

F𝛾 (𝛾) = 1 − ∫
∞

x1=
𝛾

a2P

(
∫

𝛾
a2P

x3=0
Pr

(
X5 ≥ 𝛾 − a2Px3

b2k𝜂Px1

)
𝜆h3 e−𝜆h3 x3 dx3 + e−

𝜆h3 𝛾

a2P

)
fX1(x1)dx1

F𝛾 (𝛾) = 1 − ∫
∞

x1=
𝛾

a2P

(
∫

𝛾
a2P

x3=0
𝜆h3 e−

𝜆h5 𝛾−𝜆h5 a2Px3
b2k𝜂Px1

−𝜆h3 x3 dx3 + e−
𝜆h3 𝛾

a2P

)
fX1 (x1)dx1

F𝛾 (𝛾) = 1 − ∫
∞

x1=
𝛾

a2P

(
∫

𝛾
a2P

x3=0
𝜆h3 e−

𝜆h5 𝛾

b2k𝜂Px1 e−
(b2k𝜂𝜆h3 x1−a2𝜆h5 )x3

b2k𝜂x1 dx3 + e−
𝜆h3 𝛾

a2P

)
fX1 (x1)dx1

F𝛾 (𝛾) = 1 − ∫
∞

x1=
𝛾

a2P

(
𝜆h3

b2k𝜂x1
b2k𝜂𝜆h3 x1 − a2𝜆h5

e−
𝜆h5 𝛾

b2k𝜂Px1

(
1 − e−

(b2k𝜂𝜆h3 x1−a2𝜆h5 )𝛾

b2k𝜂x1a2P

)
+ e−

𝜆h3 𝛾

a2P

)
fX1(x1)dx1

F𝛾 (𝛾) = 1 − ∫
∞

x1=
𝛾

a2P

𝜆h3

b2k𝜂x1
b2k𝜂𝜆h3 x1 − a2𝜆h5

e−
𝜆h5 𝛾

b2k𝜂Px1 𝜆h1 e−𝜆h1 x1 dx1
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+ ∫
∞

x1=
𝛾

a2P

𝜆h3

b2k𝜂x1
b2k𝜂𝜆h3 x1 − a2𝜆h5

e−
𝜆h5 𝛾

b2k𝜂Px1 e−
(b2k𝜂𝜆h3 x1−a2𝜆h5 )𝛾

b2k𝜂x1a2P 𝜆h1 e−𝜆h1 x1 dx1 − ∫
∞

x1=
𝛾

a2P

e−
𝜆h3 𝛾

a2P 𝜆h1 e−𝜆h1 x1 dx1

F𝛾 (𝛾) = 1 − ∫
∞

x1=
𝛾

a2P

𝜆h1𝜆h3

b2k𝜂x1
b2k𝜂𝜆h3 x1 − a2𝜆h5

e−
𝜆h5 𝛾

b2k𝜂Px1
−𝜆h1 x1 dx1

+ ∫
∞

x1=
𝛾

a2P

𝜆h3

b2k𝜂x1
b2k𝜂𝜆h3 x1 − a2𝜆h5

e−
𝜆h5 𝛾

b2k𝜂Px1 e−
(b2k𝜂𝜆h3 x1−a2𝜆h5 )𝛾

b2k𝜂x1a2P 𝜆h1 e−𝜆h1 x1 dx1 − e−
(𝜆h1 +𝜆h3 )𝛾

a2P

Now, the EC in terms of CDF F𝛾 (𝛾) can be written as:

Cx2
MRS-Ana =

(1 − 𝛼)
2 ln 2 ∫

∞

𝛾=0

1
1 + 𝛾

[1 − F𝛾 (𝛾)]d𝛾

Substituting F𝛾 (𝛾) in the above equation, we get the final expression as in Equation (30).
This ends the proof of Theorem 4. ▪
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