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ABSTRACT

The 5G wireless network, which has been introduced in the market in recent times,
offers the potential to enhance network performance and establish seamless con-
nectivity across various locations. Nevertheless, the advent of numerous emerging
applications such as extended reality, telepresence, telesurgery, and autonomous
driving demands high connectivity while also upholding the associated reliability
standards. Paired with a significant increase in the quantity of smart devices and
the Internet of Things (IoT), these demands are projected to saturate the 5G net-
work in the future. As a result, the research community has been spurred to explore
advancements beyond the scope of 5G wireless technology.

In order to facilitate high data speeds and accommodate extensive connectiv-
ity within restricted spectrum resources, it is imperative to explore sophisticated
multiple access technologies designed for the forthcoming generation of wireless sys-
tems. The concept of non-orthogonal multiple access (NOMA) has captured sub-
stantial attention and exhibited immense potential in bolstering connectivity and
augmenting capacity. By exploiting the signal superposition at transmitters and the
successive interference cancellation (SIC) at receivers, NOMA enables users served
by the same time/frequency/space/code resource block to be further multiplexed
and distinguished in the power domain. Hence, it can dramatically enhance the
network capacity and user connections, as well as reducing the outage probability.
Furthermore, rapidly increased users and huge data demands has lead to the con-
ventional network comprising of only macro base station (MBS) tier to shift toward
more practical heterogeneous cellular networks (HetNets). The HetNets comprises
of the MBS tier deployed with small BSs, e.g., femto base station (FBS) tier, to aid
the MBS tier, especially in the overcrowded areas such as shopping malls, sports
venues, airports, and others. In parallel, to achieve the vision of a green commu-
nication system, simultaneous wireless information and power transfer (SWIPT) is
a new paradigm in wireless networks that provides simultaneous energy harvesting
and information transmission. This thesis provides a systematic treatment of this
newly emerging technology, from the basic principles of NOMA, to its combination
with SWIPT and HetNets, to achieve improved spectral efficiency, energy efficiency
and reliability.

In this thesis, initially, application of SWIPT in networks employing cooperative
NOMA is investigated with imperfect channel state information (CSI). The perfor-
mance is investigated in a multi-tier downlink scenario with MBSs and FBSs. The
distribution of MBSs and FBSs follow Poisson point process (PPP) model. Unlike
solutions in the existing literature, instead of using only the superimposed signal
for energy harvesting (EH), in this chapter, the cooperating node/user employs EH
using interference from the adjacent base stations. The harvested energy is utilized
for cooperative transmission to the far user. Expressions for outage probability and
throughput are derived at the user pair (comprising a cell-center user and a cell-edge
user) served using NOMA. Comparison of the proposed EH system with the existing
solutions is highlighted.

Second, this thesis investigates the application of SWIPT in HetNets employing
cooperative NOMA and carrier sensing. The HetNets consists of MBS under-laid
by small-base stations (SBS). The distribution of MBSs follow PPP model, while
the SBS tier supports NOMA and carrier sensing for its transmission. It is chal-
lenging to manage interference due to the SBSs’ random placement. So, at the SBS



tier, carrier sensing becomes crucial. Since the PPP model is unable to accurately
simulate correlated base stations, advanced stochastic geometry methods are used
to model the SBS tier with carrier sensing. Carrier sensing helps in reducing inter-
ference by blocking the base stations within a specific range from transmitting. The
analysis at SBS tier is carried out in two phases. In the direct phase transmission,
the SBS transmits the superimposed signal to a user pair, comprising of a cell-centre
user (CCU) and a cell-edge user (CEU), using NOMA principle. The CCU acts as
a cooperative relay to forward information to the CEU in the cooperative phase.
Unlike existing literature, instead of using only the superimposed signal for EH, in
this thesis, the cooperating user (i.e. CCU) employs EH using interference from
the adjacent base stations along with the EH from the superimposed signal. Ex-
pressions for outage probability and throughput are derived at the user pair served
using NOMA. Comparison of the proposed EH system with existing solutions are
highlighted and useful insights are drawn.

Third, for the purpose of both EH and information decoding, a receiver can either
employ two distinct sets of independent antennas or opt for a configuration where
it shares the same antenna. The latter approach requires less hardware complexity
compared to the former and can even be realized with a single antenna. In the
case of shared antenna, the time switching (TS) architecture can be utilized. TS
architecture involves the use of a straightforward switch that toggles between EH
and information decoding at different time intervals. Hence this thesis explores a
NOMA enabled HetNet with a TS protocol at the cooperating user for EH. The
cooperative user employs EH utilizing neighbouring base stations (BS) interference
and the transmitted NOMA signal. Closed-form expressions of outage probability
and energy efficiency are derived, and comparisons with useful insights are drawn
for EH-enabled and without EH-enabled systems. To ensure the users’ fairness, the
proportional fairness (PF) index is also evaluated.

Fourth, most works are based upon the simple linear energy harvester model
where the output power is linearly proportional to the input power. However, as
most rectennas include non-linear components (e.g., diodes and capacitors), the
input/output relationship is non-linear, hence it is necessary to perform analysis with
nonlinear harvester models. Hence this thesis studies the performance of EH assisted
cooperative NOMA in a two-tier HetNet with a realistic non-linear EH model. The
thesis proposes an analytical methodology for improving the performance of NOMA
user with poor channel conditions by employing EH and cooperative NOMA at the
user with good channel conditions. The analysis is considered at the NOMA pair
served by the SBS. Cooperation is carried out by one of the users in a NOMA
pair which acts as decode and forward relay node assisted with EH. The outage
probability at the NOMA users is derived in closed form using tools of stochastic
geometry. The performance of the proposed system is compared with the system
without EH and the system with linear EH. It is shown that the proposed system
attains higher throughput than orthogonal multiple access (OMA) without EH in
the considered scenario.

Fifth and in the last, the SWIPT based systems are appropriate for the short
distance communication. To overcome this limitation, power beacon (PB) is used
to supply power for wireless devices. PBs are low-cost stations for recharging wire-
less IoT devices as they do not require any computational capabilities and backhaul
links. Therefore, they can be deployed in large numbers at locations with connec-
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tions to the electrical grid. Hence, this thesis studies the performance of PB as-
sisted downlink cooperative NOMA in a wireless powered communication network
(WPCN) with realistic non-linear EH model. This thesis proposes an analytical
methodology for improving performance at blocked user (BU) at the edge of net-
work via an intermediate node (IN). IN deployed in the coverage area of the BS,
acts as decode-and-forward relay to perform cooperative transmission. IN assists
the BS in communicating with the blocked IoT device after harvesting energy from
PB mounted on the BS. IN employs NOMA to serve IoT devices with heterogeneous
quality of service requirements in order to achieve higher spectral and energy effi-
ciency. A practical non-linear EH model is employed at IN to power the cooperative
transmission to the IoT devices. The performance of the proposed scheme is com-
pared with the system employing OMA and it is shown that the proposed scheme
attains improved performance in terms of outage probability, system throughput,
and energy efficiency.

Lastly, numerical results are compared with Monte-Carlo simulations to verify
the correctness of the derived expressions.
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Chapter 1

Introduction

1.1 Overview

In wireless communication, ultra-high data rates, energy efficiency, ultra-reliable and

low-latency communication (URLLC), enhanced mobile broadband (eMBB), global

coverage and connectivity, and massive machine-type communication (mMTC) are

stringent requirements for beyond fifth generation (5G) networks [3]. At the physical

layer, the speed of the cellular links has increased manyfold from 50 kbps in 2G sys-

tems, 144 kbps in 2.5G systems, approximately 2 Mbps in 3G systems to around 100

Mbps in 4G systems (3GPP-LTE and WiMAX), around 1 Gbps in 5G and around 1

Tbps in sixth generation (6G) systems. Similarly, the speed of indoor wireless local

area networks (LANs) has increased from 11 Mbps in IEEE 802.11b to 300 Mbps

in IEEE 802.11n within the last 20 years [4]. Although 4G systems provide many

services with high data rates, there is still a gap between customers’ requirements

and the services provided by 4G systems. The 5G network aims to connect the

entire world in a seamless manner with ubiquitous communications between any-

body, anything, everywhere, and at any time. Achieving an idealistic 5G network

would require pioneering research and innovative methods to be implemented in

the conventional approaches to deal with the spectrum crunch. In this regard, the

research has shifted to develop advanced methods and groundbreaking wireless tech-

nologies to manage massively connected devices. So far, some potential candidates

have been proposed to address challenges of 5G, such as, massive multiple input

multiple output, millimeter-wave (mmWave) communications, ultra dense network,
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visible light communication, cognitive communication, cooperative communication,

non-orthogonal multiple access (NOMA), etc. NOMA is highly expected to increase

system throughput and accommodate massive connectivity, therefore, is studied un-

der the third generation partnership project (3GPP) framework, from Release 14

in 2015 to Release 16 in 2019, where NOMA was formally adopted for downlink

transmission in Release 15, also termed Evolved Universal Terrestrial Radio Access

[5–7]. With the current unveiling of the 5G wireless systems, significant efforts are

being made towards the full inclusion of NOMA in beyond 5G systems. NOMA

breaks the orthogonality rule for the multiple access and is able to provide service

to multiple users simultaneously on the same resource block (i.e., same frequency,

and the same time). Such an multiple access scheme is capable of addressing both,

the spectrum scarcity and the need for increased simultaneous connected devices.

1.2 Non-orthogonal Multiple Access

The multiple access scheme is defined as a technique of serving multiple users over

the same channel by applying rules to cancel or limit the interference between the

users, e.g., by providing orthogonality in frequency, or time, or space, etc. The

use of a suitable multiple access technology is fundamental to the physical layer

and has evolved with different generations of wireless communication. The type

of multiple access schemes have shown significant improvements with the advance-

ment of wireless networks. For instance, the first generation operated on frequency

division multiple access, which is an analog frequency modulation scheme. The

multiple access schemes were transformed into digital modulation from the second

generation. The second generation utilized digital modulation and performed multi-

plexing in time, also known as time division multiple access (TDMA). After TDMA,

Qualcomm [8] proposed another useful MA scheme, known as code division multiple

access (CDMA). The use of CDMA was prominent in the third generation networks.

However, CDMA was not capable of supporting data rates with high speeds, hence

the 4G network adopted yet another advanced technique, the orthogonal frequency

division multiple access (OFDMA) [9]. The orthogonal multiple access (OMA) tech-

niques are widely accepted in the 4G networks [10].
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NOMA has been contemplated as a potential candidate in providing superior

spectral efficiency and massive connectivity. Recently, NOMA has been proposed

for the 3GPP long term evolution (LTE) [11], [12]. It is worth pointing out that in

long term evolution-Advanced (LTE-A), NOMA is implemented as a two-user case

[6]. Broadly, NOMA is categorized as power domain (PD)-NOMA and code do-

main (CD)-NOMA (generally referred as sparse code multiple access). CD-NOMA

includes multiple access solutions relying on low-density spreading [13], sparse code

multiple access [14], multi-user shared access [15], successive interference cancella-

tion amenable multiple access [16], etc. PD-NOMA and CD-NOMA differ in their

basic principle of application. As the names suggest, while PD-NOMA exploits the

power domain, CD-NOMA exploits the code domain for non-orthogonal resource

allocation. However, due to simpler implementation, PD-NOMA has gained more

popularity [17], since no big changes are required at the transmitter as compared

to the current 4G technology. This work focuses on the application and analysis of

PD-NOMA. PD-NOMA exploits a new dimension of power domain. Therefore, it is

capable of serving multiple users simultaneously on a given resource block (RB) by

applying successive interference cancellation (SIC). The messages/signals of multiple

users with different channel conditions are superimposed and transmitted, as shown

in Fig. 1.1(b). Application of NOMA considering two user equipment (UE), termed

as cell-center user (CCU) and cell-edge user (CEU), is illustrated in Fig. 1.1(b).

Based on the order of users’ channel gain conditions, SIC is applied to decode their

signal [18]. Assume that the base station (BS) allocates more power to the CEU,

owing to its weak channel with respect to the BS due to larger distance from the

BS as compared to CCU. After receiving the superimposed signal, CEU decodes its

own signal by treating CCU’s signal as interference. Whereas, CCU performs SIC,

i.e., it decodes CEU’s signal first and cancels it from the received signal. After SIC,

CCU decodes its own signal. Fundamentally, the implementation of PD-NOMA

(referred as NOMA hereafter) is different from the conventional approach used in

OMA technologies, e.g., in frequency division multiple access, TDMA, CDMA, and

OFDMA. By exploiting the power domain, NOMA is able to serve multiple users by

assigning different power based on the user’s channel condition, thereby is capable

of utilizing the spectrum more efficiently, which is essential for the future genera-
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tion networks. A theoretical comparison between the conventional OMA technique

namely OFDMA and NOMA is depicted in [18]. The comparison shows that theoret-

ically, users served using NOMA achieves improvement in their rate as compared to

OFDMA. The improvement is credited to the increased bandwidth (BW) allocated

to the users served using NOMA, which otherwise is distributed between the users

due to the orthogonal allocation of resources under OMA. Moreover, by exploring

the users’ channel condition opportunistically, NOMA can serve multiple users with

different requirements [19].

The major advantages of NOMA, which make it popular are, improved spectral

efficiency, massive connectivity, and compatibility. The improved spectral efficiency

is attributed to the fact that NOMA serves multiple users on the same resource block,

i.e., the same frequency and time, which indicates efficient utilization of the spectrum

and also leads to enhanced sum throughput of the system [18]. Furthermore, users

are served simultaneously, which implies a larger number of active devices leading

to massive connectivity. NOMA can support a larger number of users on a given

resource block as compared to OMA, which dedicate an entire resource block for

one user only. Moreover, the application of NOMA requires only minimal changes

in the current 4G network [17]. The development of the superposition coding and

SIC technologies both in theory and practice guarantees compatibility and easier

implementation of NOMA.

1.2.1 Basic Principles

The fundamental concept of NOMA is to realize the multiple access technologies

from the power domain (as shown in Fig. 1.1(a)). Unlike the conventional mul-

tiple access technologies, NOMA is capable of bringing a new power dimension to

perform multiplexing in the existing time/frequency/code domain. In other words,

NOMA can be regarded as an add-on” technique, which provides the very promising

potential to be well integrated with the existing MA paradigms.

1.2.2 Key Technologies of NOMA

The key enabling technologies for NOMA is based on two principles, namely, super-

position coding and SIC. In fact, these two technologies are not new and the roots
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Figure 1.1: Basic principles of NOMA.

of them can be found in many existing literature. As the two main technologies

superposition coding and SIC continue to mature both in theoretical and practical

aspects, NOMA is able to be applied in the next generation networks without con-

sidering the implementation issues. By invoking superposition coding technique, the

BS transmits the combination of superposition coded signals of all users’ messages.

Without loss of generality, the channel gains of users are with respect to a partic-

ular ordering (e.g., increasing order or decreasing order). In the traditional OMA

schemes, one of the popular power allocation policy is water filling policy. However,

in NOMA, users with poor channel conditions are supposed to allocate more power.

By doing so, it can ensure that the users with poor channel condition can decode the

message of themselves by treating other users’ messages as noise. For those users

which are in good channel conditions, SIC technologies can be applied to enable

subtract the interference from other users with poorer channel conditions.

Superposition Coding

As first proposed by Cover as early as in 1972 [20], the elegant idea of superposition

coding is regarded as one of the fundamental building blocks of coding schemes to
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achieve the capacity on a scalar Gaussian broadcast channel [21]. More particularly,

it was theoretically demonstrated that superposition coding is capable of achiev-

ing the capacities of Gaussian broadcasting channel capacity [22] and of achieving

the capacities of the general degraded broadcast channel capacity . The fundamen-

tal concept of superposition coding is that it is able to encode a user with poor

channel condition at a lower rate and then superimpose the signal of a user with

better channel condition on it. Due to the solid foundation laid on the information

perspective, researchers begin to apply superposition coding technologies to enor-

mous channels, such as interference channels [23], relay channels [24], multiple access

channels [25], and wiretap channels [26]. While the aforementioned contributions

sufficiently motivate the use of superposition coding from theoretic perspective, an-

other breakthrough which have been made on superposition coding is to bring this

technique from theory to practice [27, 28]. Specifically, [27] designed an experimental

platform using a software-radio system to investigate the performance of superpo-

sition coding. The set of achievable rate pairs under a packet-error constraint was

determined.

Successive Interference Cancelation

Aiming to improve the network capacity with efficient managing interference, SIC is

regarded as a promising technology for performing interference cancellation in wire-

less networks. SIC technique achieves interference cancellation with the following

procedure: it enables the user with stronger link to decode the user with weaker link

first. Then, it regenerates the signal of weaker user at the stronger user side and

subtract the interference. At last the stronger user decodes its information without

suffering the interference from the weaker user. It is demonstrated that SIC is ca-

pable of reaching the region boundaries of Shannon capacity, both in terms of the

broadcast channel and multiple access networks. Additionally, one main advantage

of SIC is that it requires low hardware complexity design at the receiver side [29].

As such, SIC has been widely studied and various version was been employed in

practical systems such as CDMA [30] and vertical-bell laboratories layered space-

time (V-BLAST) [31]. Furthermore, SIC has been exploited in several practical

scenarios, such as multi-user multiple input multiple output (MIMO) networks [32],
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multi-hop networks [33], random access systems [34], and stochastic geometry mod-

eled large-scale networks [35]. Another important development on SIC is that it has

been implemented in some commercial systems, e.g., IEEE 802.15.4.

1.2.3 Mathematical Description of NOMA

For better illustrating the relationship between NOMA and OMA from the in-

formation theoretic aspect, an analytical demonstration is provided with examin-

ing the high signal noise ratio (SNR) performance. Consider a two user case of

downlink NOMA transmission, first h1 and h2 are denoted as the channel coef-

ficients of the user 1 and user 2, ρ as the transmit SNR at the BS and assume

that |h1|2 ≤ |h2|2 without loss of generality. According to the Shannon Capac-

ity theorem, the obtaining throughput in the context of OMA can be expressed

as 1
2

log2 (1 + ρ|h1|2) and 1
2

log2 (1 + ρ|h2|2), respectively. Regarding to NOMA,

the obtaining throughput are given by log2

(
1 + ρα1|h1|2

1+ρα2|h1|2

)
and log2 (1 + ρα2|h2|2),

where α1 and α2 are the power allocation coefficients which satisfies α1 ≥ α2 and

α1 +α2 = 1. At high SNR approximation, the sum throughput of OMA and NOMA

are 1
2

log2 (ρ|h1|2) + 1
2

log2 (ρ|h2|2) = log2

(
ρ
√
|h1|2|h2|2

)
, and log2 (ρ|h2|2), respec-

tively. As such, it is noted that in high SNR region, the sum throughput of NOMA

significantly outperform OMA, especially for the scenarios when the channel con-

ditions of two users are largely different. On the stand point of mathematically

thinking, the performance improvements brought by NOMA is mainly due to the

fact that the resource (e.g., time/frequency) splitting factor 1
2

that outside of the

logarithm, is more damaging than the power allocation inside of the logarithm.

1.2.4 Downlink and Uplink NOMA Transmission

Downlink NOMA transmission employees the superposition coding technique at the

BS for sending combination signals and the SIC technique at users for interference

cancellation. More specifically, as shown in Fig. 1.1(b), at the side of cell center user

(CCU), the interference of the superimposed signal can be cancelled with employing

SIC technique. While at the side of cell edge user (CEU), it will decode the message

by treating CCU as interference. This thesis focuses on the downlink NOMA trans-

mission scenarios. This is attributes to the fact that a downlink version of NOMA
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transmission, namely, multi-user superposition transmission (MUST), has been al-

ready included in the long term evolution advanced (LTE-A) standards, which is

more promising as a candidate for 5G.

Unlike the downlink NOMA transmission, the uplink NOMA transmission re-

quires that the BS should send controlling signals to multiple users for power alloca-

tion first. Then multiple users transmit their own information to the BS in the same

orthogonal resource block resource (as shown in Fig. 1.1(c)). With the aid of SIC

technique, the BS decodes all the messages of users following increasing/decreasing

decoding order.

1.2.5 Cooperative NOMA

The core idea of cooperative NOMA is to regard strong NOMA users as several

decode-and-forward (DF) relays to help weak NOMA users. Still taking the two

user downlink transmission in Fig. 1.1(b) as an example. The cooperative NOMA

requires two time slots for transmission. The first slot, namely, direct transmission

phase, is the same as the non-cooperative NOMA (as shown in Fig. 1.1(b) with

solid line). During the second time slot which is called cooperative phase, CCU

will forward the decoded message to CEU with invoking DF relaying protocol (as

shown in Fig. 1.1(b) with dash line). [10] proposed this novel concept sparked that

interests to researchers since the cooperative NOMA fully exploits the penitential

benefits of SIC and DF decoding. In this thesis, the design.

Compared with the conventional NOMA, the key advantages of the cooperative

NOMA transmission can be summarized as follows. 1) Technique integration: with

applying SIC technology in NOMA, the message of the weak user has already been

decoded at the side of strong user. As such, it is natural to consider the use of

DF relay protocol; 2) Better fairness: one key feature of cooperative NOMA is that

the reliability of the weak user is significantly improved. As a consequence, the

fairness of the NOMA transmission can be guarantied; and 3) High diversity gain:

cooperative NOMA is capable of achieving higher diversity gain for the weak NOMA

user, which is an effective approach to overcome the multi-path fading.
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1.3 Heterogeneous Networks

With increasing data demands in cellular networks and with link efficiency approach-

ing its fundamental limits, there emerges a need to improve spectral efficiency. A

possible way of doing this is increasing the number of macro base station (MBS).

However, more MBSs in an already dense network would imply higher inter-cell in-

terference [36]. Also, deploying additional MBSs can cost immense expense due to

site acquisition in dense areas. An alternate strategy to deal with the ongoing issue is

deploying smaller base stations, i.e., BS with lower power (250mW to approximately

2W) and smaller transmission range, which also poses lower deployment cost. Such

small base stations include pico base stations, femto base station (FBS), etc. The

small base stations can be overlaid with the MBS, creating a HetNet, which is an

accepted design for the LTE-A wireless networks. HetNet comprising of MBS, with

transmit power of up to 40W, overlaid with FBSs, which transmit at substantially

lower power and are typically deployed in an unplanned manner. Installing small

base stations improve coverage and provide capacity gain via higher spatial reuse.

Unlike the pico base stations, which are meant for outdoor use, the FBSs are de-

signed for indoor users. Since the FBSs are particularly user-installed, thereby, they

can select the mode of their operation, i.e., which users in the network can access

the FBSs. The FBSs can work in two access modes, open access and closed access

[37, 38]. Under closed access, only a closed/fixed group of subscribers (users) have

access to the service. However, in open access, any user can connect to the FBS,

i.e., a user is allowed to connect to any tier without any restrictions.

1.3.1 Stochastic Geometry for Heterogeneous Networks

Stochastic geometry deals with the probability distributions related to the random

spatial models or random topology [39–42]. In a wireless network setting, the main

theme of the stochastic geometry-based model is to endow probability distributions

on the locations of transmitters and receivers in a network. In other words, the

transmitter and receiver locations are assumed to be the realizations of point pro-

cesses or random processes in Euclidean space (such as R2). The point process based

models of wireless nodes have been a standard approach for the performance anal-
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ysis of wireless ad hoc networks for a long time (see [43–46] for a rich history of the

random spatial modeling of wireless networks). In the context of cellular networks,

in [47, 48] Poisson point process (PPP) is used as the spatial distribution of BSs for

the traffic and economic models of the networks. [49] characterized the fundamental

performance metrics like coverage and rate of a single tier cellular network with

PPP-distributed BSs. [37] formulated a PPP-based analytical model for a general

multi-tier cellular network consisting of macro and small cell BSs (SBSs).

In a stochastic geometry based cellular network model, the BSs and user locations

are treated as realizations of some random point pattern, also known as a point

processes. Then the performance metrics of the network (such as the coverage

and rate of an arbitrary user) are evaluated as functionals of these point processes.

The key role of stochastic geometry is to transform these point process functionals

(which are sum, product or the combination of sum and product over the points)

to easy-to-compute expressions which are often times integrals over R2. The most

common practice is to use the homogeneous PPP as the spatial model for the BSs

and users. This assumption is equivalent to saying that the users and BSs are placed

independently and uniformly at random over a plane. The PPP-based models have

gained significant popularity in cellular network modeling because of the following

reasons.

Tractability: It is possible to obtain easy-to-compute expressions (which often

times reduces to closed forms) of the key performance metrics like the coverage and

rate [49]. It is also possible to generalize the network models to a K-tier HetNet

model with different types of BSs (such as macro, pico and femto cells) [37]. As a

result, a wide set of network deployment scenarios can be studied using this model

[50, 51].

Flexibility: These models are very flexible to be used for the performance

evaluation of different technologies, such as self-powered energy harvesting BSs [52],

MIMO enabled networks [53], localization [54] and millimeter wave (mm-wave) com-

munication [55], and many more. The PPP-based modeling and analysis of cellular

networks is quite mature by now. Referring to [50, 56, 57] for more pedagogical

treatment of the topic as well as extensive surveys of the prior art. Over the last

decade PPP has remained the foundation of the stochastic geometry based cellular
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network models.

1.3.2 NOMA Enabled Heterogeneous Networks

NOMA and HetNets have achieved immense popularity individually. However, the

two technologies combined pose more promising advantages due to the reasons men-

tioned below [58].

� Increased transmit signal-to-interference-and-noise-ratio (SINR): Apart from

its several benefits, higher density of BSs in a HetNet results in increased inter-

ference, thereby reducing SINR at the user. Using NOMA enabled BSs enables

intelligent tracking of different categories of interference, e.g., inter/intra-tier

interference and intra-group interference. This effectively increases the SINR

at the users.

� Improved fairness: Fairness among the users is very important for the Het-

Nets, especially while investigating efficient resource allocation in multi-tier

networks. NOMA provides an efficient way to address fairness by allocating

more power to the user with poorer channel condition. Hence, NOMA plays

a role of high significance in the HetNets.

MBS usually serves similar types of users where power is equally distributed amongst

the users. However, FBS is a device like a wireless local area network router where

it supports dense users with far varying needs like Internet of Things (IoT) devices

and high definition video transmissions at the same time [59]. Such differences in

requirements need a proportionate power splitting. NOMA techniques enable such

power splitting for multiple users with different data needs. Hence, NOMA at FBS

tier is more likely than at the MBS tier for dense networks. Furthermore, NOMA

has a significant role in HetNets in situation where users are offloaded to the open

access FBS tier, and the FBS happens to be fully-loaded [60] with its registered

subscribers. Since a fully-loaded FBS cannot allocate orthogonal resource to the

incoming offloaded user, NOMA plays a vital role in serving the offloaded user by

pairing it with the appropriate pairing user.
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1.4 Point Process

The conventional design adopted for the traditional cellular network is grid based.

The grid based model places the BSs (specifically the MBS) on a grid. Although the

grid based models are popular and are used extensively, however, they are highly ide-

alized and are not easily tractable. Due to the intractability, complex system-level

simulations are used to calculate the outage probability and rate of the network.

Furthermore, interference modeling is a challenging task, even while considering

single-tier cellular networks. The characterization of interference in a single-tier

network, assuming the conventional hexagonal grid based model, requires massive

Monte-Carlo simulations [8] due to intractability or inaccurate results due to un-

realistic assumptions [61]. Thus, a more realistic model with tractable analysis is

required, especially for modeling the multi-tier BSs of the HetNets. Practically, due

to varied capacity demands across the service area (e.g., residential areas, parks,

suburban, and rural areas), the BSs are far from following a grid-based model. If

snapshots of BSs at various location is checked, the position of the BSs with respect

to each other will be random. This makes the grid based model very idealistic,

and its assumptions violate realistic characteristics of a network. Such topological

randomness is true for single-tier and multi-tier networks. The design of HetNet re-

quires interference avoidance. Therefore, rigorous yet simple interference models are

necessary. Stochastic geometry provides the necessary tools to model the multitier

networks. Besides, capturing the topological randomness of the BSs, stochastic ge-

ometry tools are competent in providing tractable analysis [56, 62, 63]. In stochastic

geometry, the randomness of the BSs is captured using various point processes, ap-

propriate for the given practical scenario. This makes the point process an essential

object in stochastic geometry. A point process is defined as a random collection

of points in space. The locations of BSs (or users/devices) are the points that are

generated using spatial point processes. Detailed discussion on different point pro-

cesses are given in [63], [56], [42]. Some of the popular point processes considered

in the existing literature to analyze the cellular networks are Poisson point process

[37], [60], [64], hard core point process [65], [66], [67], and Poisson cluster process

[68–70]. A brief introduction to the common point processes is given below:
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� Poisson point process: A point process Ω = {xi, i = 1, 2, 3, . . .} ⊂ Rd is called

a PPP if and only if the number of points inside any compact set B ⊂ Rd

is a Poisson random variable, and the numbers of points in disjoint sets are

independent, where d represents number of dimensions.

� Hard core point process (HCPP): An HCPP is a repulsive point process where

the distance between two co-existing points is always greater than a predefined

hard core parameter r. A point process Ω = {xi, i = 1, 2, 3, . . .} ⊂ Rd is an

HCPP if and only if ∥ xi − xj ∥≥ r ∀xi, xj ∈ ω, i ̸= j, where r > 0 is a

predefined hard core parameter.

� Poisson cluster process (PCP): The PCP is used to model random patterns

produced by random clusters. The PCP is constructed from a parent PPP

Ω = {xi, i = 1, 2, 3, . . .} ⊂ Rd by replacing each point xi ∈ Ω with a cluster

of points Ci,∀xi ∈ ω, where the points in Ci are independently and identically

distributed in the spatial domain.

For more formal and detailed definitions of the point processes, readers can refer to

[56, 63].

1.5 SimultaneousWireless Information and Power

Transfer

In wireless communication networks, energy harvesting (EH) is a new paradigm

that enables terminals to recharge their batteries using the received radio-frequency

(RF) signal [71]. The energy constraint issue in wireless networks can be resolved

by RF-EH. EH is the process of transforming RF energy into electrical energy. In

contrast to traditional battery or grid-powered communications, the EH offers sev-

eral unique advantages and promising benefits for future wireless communications,

such as self-sustaining functionality, reduction of carbon footprint, wireless nodes

that don’t require battery replacement, and many more [72]. As a result, EH in

wireless networks is becoming increasingly popular in a variety of applications, such

as medicinal implants, remote environmental monitoring, etc. Particularly in the

RF-EH, simultaneous wireless information and power transfer (SWIPT) provides
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simultaneous transfer of information and power. SWIPT-enabled receiver architec-

tures such as time switching (TS) and power splitting (PS) are commonly used.

1.5.1 Time Switching

Figure 1.2: Time switching receiver architecture. α is the time switching coefficient
which describes the portion of the time to be dedicated for energy harvester and the
information decoder.

TS architecture, also known as co-located receiver architecture, shares the same

antenna for EH and information reception [73]. As illustrated in Figure 1.2, the

receiver employed in this architecture includes an RF energy harvester, an infor-

mation decoder, and a switch that alters the system’s receiving antenna. Based

on a TS sequence, the receiver antenna switches between the energy harvester and

information decoder circuit periodically. Further, the TS receiver also requires ac-

curate information/energy scheduling and time synchronization. The TS factor can

be optimized to achieve optimum performance.

1.5.2 Power Splitting

The PS receiver divides the received signal into two power streams of different power

levels with a certain PS ratio before signal processing is performed at the receiver

[73]. To enable simultaneous EH and information decoding, both power streams are

then delivered to an information decoder and energy harvester as depicted in Figure

1.3. Further, by varying PS ratios, the information rate and the harvested energy

can be balanced according to the system requirements. Furthermore, the overall

performance can also be improved by optimizing the PS ratio.
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Figure 1.3: Power splitting receiver architecture. β is the power splitting coefficient,
such that β times the received power is used for information decoding and the rest
i.e., 1 − β times received power is used for EH.

1.6 Wireless Communication Channel Model

The radio-wave propagation through the wireless channel can be primarily charac-

terized by two phenomena, multi-path propagation, and shadowing. Mathemati-

cally,finding the exact analysis of the fading phenomenon is a complex task. How-

ever,through researchers’ constant efforts, statistical models have been developed to

characterize the channel under fading. The radio environment between the trans-

mitter and receiver tends to fluctuate during transmission of the signal. Based on

the fluctuations, there exist various fading models that statistically describe the

nature of the multi-path propagation. Few of the commonly used fading models in-

clude Rayleigh fading, Nakagami-m fading, Ricean fading, and Weibull fading [74],

[75]. This thesis utilizes Rayleigh distribution for the small scale fading as discussed

below:

� Rayleigh distribution: The Rayleigh distribution is the most popular method

for describing the radio channel’s statistical behavior. It is operated in the case

where multipath propagation exists without a dominant line-of-sight (LoS)

path between the end users. Due to the constructive or destructive interference

of the multipath components, the in-phase and quadrature-phase components

of the received signal are modeled with a zero mean complex Gaussian random

process. Thus, the amplitude of the received signal is Rayleigh distributed.
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The PDF of the Rayleigh distributed signal can be expressed as

fγ(x) =
1

Ω
exp

(
− x

Ω

)
, x ≥ 0 (1.1)

where Ω represents the average SNR.

1.7 Performance Metrics

To examine the performance of SWIPT-enabled cooperative NOMA based HetNets,

several performance metrics are used for different modulation schemes. To fix various

design issues of wireless communication systems, these performance measures are

used. Commonly used performance metrics are instantaneous signal-to-noise ratio

(SNR), outage probability, system throughput, energy efficiency, ergodic capacity,

and average symbol error rate (ASER) [75].

1. Instantaneous SNR: The instantaneous SNR is a basic performance metric

that is used to quantify the signal corruption due to noise. Instantaneous SNR

is related to data detection as it is measured at the output of the receiver and

is an excellent indicator of the overall fidelity of the communication system.

Instantaneous SNR can be expressed as

γ =
Received signal power at the receiver

Received noise power at the receiver
=
P |h|2

σ2
, (1.2)

where P , h, and σ2 represent the transmit power, channel parameter, and noise

variance, respectively. Due to the multipath fading in wireless communication,

average SNR is a more appropriate performance metric than instantaneous

SNR. Average SNR is the statistical averaging over the probability distribution

of the fading and is given as Ω = E[γ], where E[·] represents the statistical

expectation operator.

2. Outage Probability: Outage probability is one of the important perfor-

mance metric that depicts link failure probability and is mainly used in the

case of a slow-fading scenario. It is defined as the probability that the re-

ceived end-to-end instantaneous SNR (γ) of the considered system lies below
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a predefined threshold (γth), which can be given as

Pout(γth) = Pr [γ < γth]

=

∫ γth

0

fγ(x)dx, (1.3)

where fγ(·) represents the PDF of γ, γth = 2rth − 1, and rth represents the

threshold data rate.

3. System throughput: The system throughput is one of the important per-

formance metrics to characterize spectrum utilization. It can also be referred

to as mean spectral efficiency. Based on the derived expression of outage

probability, the system throughput can be formulated as

τ = [1 − Pout(γth)] rth. (1.4)

4. Energy efficiency: Energy efficiency is an important performance metric

in the wireless communication system to achieve the vision of green commu-

nication systems. It is defined as the overall data transferred to the over-

all consumed energy. The overall data transferred is referred to as system

throughput. Energy efficiency can be expressed as

ηEE =
τ

P
. (1.5)

5. Ergodic capacity: Ergodic capacity quantifies the ultimate reliable com-

munication limit over fading channels. Instantaneous capacity (measured in

bps/Hz) is defined as the maximum rate achieved by the communication chan-

nel and can be determined as C = log2(1 + γ). Hence, ergodic capacity is

obtained by averaging the instantaneous capacity over the PDF of the instan-

taneous SNR (γ), which is defined as

Ce =E [log2(1 + γ)]

=

∫ ∞

0

log2(1 + x)fγ(x)dx. (1.6)

17



1.8. MOTIVATION

6. Average symbol error rate (ASER): ASER is an important performance

metric for wireless communication systems that can be determined by averag-

ing the symbols with error at the receiver. For any digital modulation tech-

nique, the generalized ASER expression by using the CDF-based approach can

be given as

Pe = −
∫ ∞

0

P ′

s(e|x)Pout(x)dx, (1.7)

where P ′
s(e|x) represents the first order derivative of the conditional symbol

error probability (Ps(e|x)) for the received SNR.

1.8 Motivation

As a promising candidate for future fifth generation (5G) and beyond systems,

NOMA transmission offers a multitude of advantages. One of its standout fea-

tures is its high spectrum efficiency, a vital performance metric in wireless networks.

NOMA achieves exceptional spectrum efficiency by allowing multiple users to share

a single resource block, be it time, frequency, or code. Unlike traditional power

allocation policies, NOMA allocates more power to weaker users, striking a crucial

balance between fairness and system throughput. Moreover, NOMA’s ultra-high

connectivity capabilities align perfectly with the 5G vision of connecting billions of

smart devices, such as those in the IoT. By capitalizing on its non-orthogonal char-

acteristic, NOMA efficiently supports numerous devices with fewer RBs compared

to conventional OMA methods. In addition, NOMA exhibits excellent compatibil-

ity as it can complement existing OMA techniques like TDMA, FDMA, CDMA, or

OFDMA by introducing a new power dimension. With the maturation of superpo-

sition coding and SIC technologies in both theory and practice, NOMA holds the

promise of seamless integration into existing wireless systems.

Motivated by the flexibility and compatibility of NOMA, this thesis aims at inves-

tigating the application of NOMA with recent advanced technologies, e.g., HetNets,

and SWIPT. Various stochastic tools are utilized to evaluate the performance of the

proposed system models. The application of SWIPT in networks employing cooper-

ative NOMA is investigated in a multi-tier downlink scenario with MBSs and FBSs.

The NOMA is applied at the FBS tier and performance analysis is performed at
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the femto users distributed uniformly in the coverage area of FBS. The near user

employs SWIPT using superimposed NOMA signal and the interference from the

adjacent base stations. The harvested energy is utilized for cooperative transmission

to the far user. Besides, the outage probability and system throughput is evaluated

at the user pair served by the FBS using NOMA. Moreover, for interference man-

agement at the small base station tier, medium access channel (MAC) protocol is

applied by utilizing carrier sensing. The performance of the resulting network is

investigated using repulsive point process. Moreover, since the TS architecture re-

quire less hardware complexity compared to the PS architecture. This motivates to

explore a NOMA enabled HetNet with a TS protocol at the cooperating user for

EH. Furthermore, the application of NOMA involves pairing of users with varying

channel conditions, consideration of user fairness is also crucial. This motivates to

ensure the users’ fairness, and evaluate the proportional fairness index. Moreover,

the rectennas in the energy harvester include non-linear components (e.g., diodes

and capacitors), hence the input/output relationship is non-linear. Therefore, this

thesis studies the performance of EH assisted cooperative NOMA in a two-tier Het-

Net with a realistic non-linear EH model. Furthermore, the SWIPT based systems

are appropriate for the short distance communication. To overcome this limitation,

PB is used to supply power for wireless devices. Hence, this thesis studies the per-

formance of power beacon (PB) assisted downlink cooperative NOMA in a wireless

powered communication network (WPCN) with realistic non-linear EH model.

1.8.1 Related Works

The concept and practical consideration on NOMA is investigated in [18]. Perfor-

mance of downlink NOMA with randomly deployed users is studied in [76], which

proves the superior ergodic rate achieved by NOMA over OMA. Sub-channel assign-

ment, power allocation, and user scheduling in NOMA is studied in [77]. In [19],

impact of user pairing in NOMA is studied and [78] studies a low complexity user

pairing algorithm. In [79], cooperation techniques are studied from NOMA per-

spective. Authors in [80] analyze NOMA in a cognitive underlay network wherein

the interference from primary network to secondary users is considered. A joint

fractional time allocation and beamforming in NOMA network is investigated in
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[81]. A fair power allocation scheme for NOMA is discussed in [82]. The authors

in [19] prove that in a NOMA group, a user with better channel condition, i.e., a

strong user achieves higher throughput in comparison to a user with poorer channel

condition, i.e., a weak user. In [83], a coordinated superposition coding scheme is

presented, which can improve the CEU’s rate, without sacrificing the rate of the

users, which are close to the BS. In this direction, cell boundary user’s performance

is also analyzed in [84], and user fairness in NOMA is dealt in [85], where a dynamic

user clustering problem is formulated from a fairness perspective, and power alloca-

tion coefficients for the users in each cluster is optimized. Furthermore, to eliminate

unfairness in NOMA networks, cooperative NOMA is used wherein a nearby user

(i.e., a strong user) is treated as a relay to assist a distant user (i.e., a weak user) as

studied in [79]. The authors in [86] use energy harvesting at the strong user to as-

sist the weak user using cooperative NOMA. As a further advance, the fairness issue

of NOMA has been addressed in [87], by examining appropriate power allocation

policies among the NOMA users. In [88], the sum rate and outage probability of

NOMA with partial CSI is investigated. The work in [89] investigate NOMA using

stochastic geometry.

1.8.2 NOMA and cooperative transmission

The recent research works associated to NOMA with cooperative relaying systems

are based on two common relay protocols, namely, amplify-and-forward (AF) relay

protocol and DF relay protocol. For AF relaying, [90] and [91], investigated the

outage performance of the systems in single antenna AF relay aided NOMA down-

link transmission scenarios, while both the BS and the users were equipped with

single antenna and multiple antenna, respectively. It also illustrated the potential

gains of NOMA over OMA in both two scenarios. Regarding the DF relaying pro-

tocol, apart form the well integration with the cooperative NOMA protocol which

is proposed in [79], a DF based two-stage relaying protocol was proposed in [92].

Apart from extending the transmission coverage of wireless networks, another key

aspect of cooperative communication is to generate spatial diversity for combating

the deleterious fading. Coordinate multi-point (CoMP) transmission, as an effec-

tive approach to mitigate the interference, is particularly capable of improving the
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performance of the users at the edge of the cell. [83] first attempted to employe

NOMA into CoMP transmission system for spectral efficiency improvement. A new

coordinated superposition coding scheme with the aid of Alamouti code was pro-

posed. In an effort to explore more efficient design approach, [93] proposed a novel

opportunistic NOMA transmission scheme in CoMP system and showed the effec-

tiveness compared with the convectional joint-transmission NOMA. [94] considered

a coordinated direct and relay transmission scheme, where the BS communicated

with a near user and a relay simultaneously with invoking NOMA technique during

the first phase, while communicated with a far user with the aid of the relay. [95]

proposed a NOMA based power allocation for a downlink CRAN scenario, which

can be also regarded as a coordinated transmission scenario where all the BSs are

controlled by a cloud.

1.8.3 Wireless Energy Harvesting and NOMA

Recently, harvesting energy from ambient RF signals has received increasing at-

tention due to its convenience in providing energy self-sufficiency to a low power

communication system [96]. With recent advances in the technology of low power

devices both in industry [97] and academia [98], it is expected that harvesting energy

from RF signals will provide a practically realizable solution for future applications,

especially for networks with low power devices such as wireless sensor network nodes

[99, 100]. SWIPT, which was initially proposed in [101], has rekindled the interest

of researchers to explore more energy efficient networks. In [101], it was assumed

that both information and energy could be extracted from the same RF signals at

the same time, which does not hold in practice. Motivated by this issue, two prac-

tical receiver architectures, namely TS receiver and PS receiver, were proposed in a

MIMO system in [102]. Since point-to-point communication systems with SWIPT

are well established in the existing literature, recent research on SWIPT has fo-

cused on two common cooperative relaying systems: AF and DF. On one hand, for

AF relaying, a TS-based relaying protocol and a PS-based relaying protocol were

proposed in [103]. On the other hand, for DF relaying, a new antenna switching

SWIPT protocol was proposed in [104] to lower the implementation complexity. Ad-

ditionally, a novel wireless energy harvesting DF relaying protocol was proposed in
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[105] for underlay CR networks to enable secondary users can harvest energy from

the primary users. In [106], the application of SWIPT to DF cooperative networks

with randomly deployed relays was investigated using stochastic geometry in a co-

operative scenario with multiple source nodes and a single destination. A scenario

in which multiple source-destination pairs are randomly deployed and communicate

with each other via a single energy harvesting relay was considered in [79]. Regard-

ing NOMA systems related with SWIPT, in [107], the uplink NOMA transmission

considering energy constrained users which can harvest energy from the BS with

adopting ”harvest-then-transmit” protocol. The results demonstrate that NOMA

can provide considerable improvements in terms of system throughput, fairness and

energy efficiency.

1.9 Thesis Flowchart, Outline, and Contributions

Spectrum underutilization, low connectivity, and power constraint problems

NOMA and SWIPT Enabled HetNets
(Resolves both the spectrum underutilization problem by implementing NOMA and connectivity 

problems by distributing BSs in different tiers)

Interference management issues due to PPP distribution of BSs

Carrier Sensing in HetNets
(Manages the interference at the FBS tier such that the FBS transmission does not use the 

channel which is already being accessed by other FBS.)

Linear EH techniques are ideal, BS is not a reliable source of RF power and energy-efficient network 
problems 

Non-linear EH models with PB in HetNets
 i) Non-linear EH model to provide useful insights for the design and realization of HetNets.
ii) PB assisted WPCN provides higher energy efficiency by exploiting energy beamforming.

Figure 1.4: Flowchart of the thesis.

The flowchart of the thesis is shown in Figure 1.4. The thesis is organized into

7 chapters, which are briefly described with their contributions as follows:
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Chapter 1. Introduction : In chapter 1, a brief introduction to the NOMA,

cooperative NOMA, various performance metrics, simultaneous wireless information

and power transfer, HetNets, and finally, the motivation and major contributions of

the work presented in the thesis are provided.

Chapter 2. SWIPT Enabled Cooperative NOMA Heterogeneous Net-

work: In this chapter, an analytical framework is proposed for a SWIPT-enabled

cooperative NOMA based heterogeneous downlink network. The model aimed to

improve the performance at the CEU using cooperation from the CCU. The CCU

is enabled with SWIPT to prevent their battery from draining while performing co-

operation. The CCU utilizes the RF energy from the superimposed signal and the

aggregate interference of the HetNets. The analytical expressions of outage proba-

bility for both the CCU and the CEU are derived. Further, analytical expressions

of system throughput, and user fairness is also investigated. The chapter also in-

vestigates a practical case of imperfect CSI, and its impact on the system. The

proposed system model is compared with commonly used EH models where EH is

performed using only the superimposed signal, and new insights from the proposed

system model are drawn.

Chapter 3. SWIPT Enabled Heterogeneous Networks with NOMA

and Carrier Sensing: In this chapter, application of SWIPT in HetNets employ-

ing cooperative NOMA is investigated. The HetNets consists of MBS under-laid by

SBS. The distribution of MBSs follow Poisson point process model, while the SBS

tier supports NOMA and carrier sensing for its transmission. Carrier sensing helps

in reducing interference by blocking the base stations within a specific range from

transmitting. In this work, the analysis at SBS tier is carried out in two phases. In

the direct phase transmission, the SBS transmits the superimposed signal to a user

pair, comprising of a CCU and a CEU, using NOMA principle. The CCU acts as a

cooperative relay to forward information to the CEU in the cooperative phase. The

CCU is enabled with SWIPT to prevent their battery from draining while perform-

ing cooperation. The CCU utilizes the RF energy from the superimposed signal

and the aggregate interference of the HetNets. The analytical expressions of outage

probability for both the CCU and the CEU are derived. Further, analytical expres-

sions of system throughput, and user fairness is also investigated. The chapter also
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investigates a practical case of imperfect CSI, and its impact on the system. The

proposed system model is compared with commonly used EH models where EH is

performed using only the superimposed signal, and new insights from the proposed

system model are drawn.

Chapter 4. Time Switching based Energy Harvesting Enabled Coop-

erative NOMA HetNets: This chapter studies the performance of EH assisted

cooperative NOMA two-tier HetNets for self-sustaining beyond 5G communication

systems. The chapter proposes an analytical methodology for examining the use

of EH in HetNets with cooperative NOMA. The study is performed at the NOMA

pair served by the SBS. Cooperation is carried out by one of the users in a NOMA

pair which acts as an EH decode and forward relay node. TS protocol is employed

at the cooperating user for EH. Closed-form expressions of outage probability and

energy efficiency are derived, and comparisons with useful insights are drawn for

EH-enabled and without EH-enabled systems. To ensure the users’ fairness, the

proportional fairness (PF) index is also evaluated.

Chapter 5. SWIPT and NOMA Enabled Heterogeneous Networks

with Non-linear Energy Harvesting: This chapter studies the performance of

EH assisted cooperative NOMA in a two-tier HetNet with a realistic non-linear EH

model. The chapter proposes an analytical methodology for improving the perfor-

mance of NOMA user with poor channel conditions by employing EH and coopera-

tive NOMA at the user with good channel conditions. The analysis is considered at

the NOMA pair served by the SBS. Cooperation is carried out by one of the users in

a NOMA pair which acts as decode and forward relay node assisted with EH. The

outage probability at the NOMA users is derived in closed form using stochastic

geometry. The performance of the proposed system is compared with the system

without EH and the system with linear EH. It is shown that the proposed system

attains higher throughput than OMA without EH in the considered scenario.

Chapter 6. Power Beacons Assisted NOMA Based Wireless Powered

Communication Networks: In this chapter, the performance of power beacon

(PB) assisted downlink cooperative NOMA in a wireless powered communication

network (WPCN) with realistic non-linear EH model is studied. This chapter pro-

poses an analytical methodology for improving performance at blocked user at the
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edge of network via an intermediate node (IN). IN deployed in the coverage area

of the BS, acts as decode-and-forward relay to perform cooperative transmission.

IN assists the BS in communicating with the blocked IoT device after harvesting

energy from PB mounted on the BS. IN employs NOMA to serve IoT devices with

heterogeneous quality of service (QoS) requirements in order to achieve higher spec-

tral and energy efficiency. A practical non-linear EH model is employed at IN to

power the cooperative transmission to the IoT devices. The performance of the

proposed scheme is compared with the system employing OMA and it is shown that

the proposed scheme attains improved performance in terms of outage probability,

system throughput, and energy efficiency.

Chapter 7. Conclusions and Future Works: All the contributions of the

thesis have been summarized in this chapter, and important insights and conclusions

have been presented. Further, the scope for future works is also discussed.
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Chapter 2

SWIPT Enabled Cooperative

NOMA Heterogeneous Network

Spectrally efficient and sustainable techniques with minimum hardware cost are crit-

ical for realizing feasible and green beyond 5G wireless networks. NOMA has been

considered as a viable multiple access technique for supporting massive number of

devices with high spectral efficiency [108]. The underlying concept of NOMA is to

have multiple users sharing orthogonal resource block thereby efficiently utilizing

the given spectrum/resources [109]. Also, SWIPT draws considerable attention for

deployment of energy efficient networks. In SWIPT, both energy, as well as informa-

tion, is extracted at the same time from the transmitted RF signal. The concept was

initially given in [101] for point-to-point link which was extended to parallel links

in [110]. Two practical receiver designs, i.e., TS and PS are planned in a relay as-

sisted system in [103]. SWIPT targets two important cooperative relaying systems,

namely, DF and AF. For cooperative DF relaying, a novel low complexity antenna

switching SWIPT protocol was proposed in [104]. In [106], SWIPT applications to

cooperative DF networks with spatially deployed random relays were studied apply-

ing stochastic geometry with multiple transmitters and a single receiver. For AF

cooperative networks, relaying protocols based on TS and PS was proposed in [103].

In [111], resource allocation algorithm design for SWIPT in orthogonal frequency di-

vision multiple access systems was studied, whereas [112] studied resource allocation

in energy cooperation enabled two-tier HetNets with NOMA. Secrecy performance

in a downlink NOMA system in the presence of eavesdropper is investigated in
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[113]. In [114] security enhancement in a two slot cooperative NOMA scheme is

proposed. Optimization for energy efficiency in SWIPT-enabled NOMA scheme is

addressed in [115]. A resource allocation problem regarding the imperfect SIC case

in a cooperative NOMA HetNet was investigated in [116].

2.1 Motivation and Contribution

In the existing literature, only limited work exists on outage performance in SWIPT

enabled with multi-tier interferences. In [76], the performance of the NOMA scheme

in a single BS is studied in terms of the outage and ergodic rate and it is found that

NOMA can achieve a higher sum rate as compared to OMA. In [2], a SWIPT-enabled

cooperative NOMA strategy for users in a single BS is presented, and the outage

probabilities for various user selection schemes are studied. Some prior works, such

as [79] exploits the idea of cooperative NOMA to achieve performance gain. The

aforementioned studies are limited to single BS scenarios, therefore, they are unable

to predict how multi-tier HetNets with multi-tier interferences affect users’ outage

performance. There are few recent NOMA works based on large-scale HetNets. For

example, in [117], the outage probability in a large-scale cognitive radio network is

investigated. Similarly, in a single-tier cellular network, [118] investigates the outage

and attainable rate of users. In [58], the NOMA scheme is explored for HeNet, and

its coverage, ergodic rate, and energy efficiency are evaluated. [119] develops an

analytical framework for a downlink NOMA systems in large-scale cellular networks

and evaluates the outage performance. The works mentioned in [2]-[119] do not

take into account the utilization of cooperative NOMA and SWIPT among users

to enhance outage performance in a HetNet context. As a result, while employing

SWIPT enabled cooperative NOMA in a HetNet, it is still unclear how to increase

users’ outage performance and overall system throughput which is crucial for beyond

5G sustainable systems. Furthermore, the above works are based upon the assump-

tion of perfect CSI to be known at the BS which is not feasible in practice. The

assumption of perfect CSI leads to significant system overhead and the existence

of channel estimation errors and quantization errors [120]. Therefore, motivated by

this practical issue this chapter also investigates the proposed system model under

28



CHAPTER 2. SWIPT ENABLED COOPERATIVE NOMA
HETEROGENEOUS NETWORK

an imperfect CSI scheme. The main contributions of the chapter are highlighted

below:

� An analytical framework for SWIPT enabled cooperative NOMA is proposed

in a multi-tier heterogeneous downlink network to improve the performance of

the CEU using cooperation from the CCU. The CCUs are enabled with SWIPT

to prevent their battery from draining while performing cooperation. Unlike

the existing works, the CCU performs EH using the superimposed signal

and the aggregate co-tier and cross-tier interference (EHSI). In the existing

literature, EHSI has not been considered in the previous literature.

� Apart from EHSI, this chapter also investigates a practical case of imperfect

CSI, and its impact on the system.

� Using tools from stochastic geometry, closed-form expressions for the outage

probability at the CCU and the CEU with imperfect CSI are derived for the

proposed EHSI at the CCU. To obtain the overall system performance, the

throughput of the system is analyzed.

� Comparison of outage probability for the CCU and CEU both, with and with-

out SWIPT, is investigated. Furthermore, the proposed system with EHSI

is compared with commonly used EH models where EH is performed using

only the superimposed signal (EHS), and new insights from the proposed sys-

tem model are drawn. The analytical results are validated using Monte Carlo

simulations.

2.2 System Model

The proposed system model considers a two-tier heterogeneous network comprising

of an MBS tier and an FBS tier, such that the locations of MBS and FBS follow

independent homogeneous PPP denoted by Ωt such that t ∈ {m, f} where m stands

for MBS tier and f represents FBS tier, with density λt. Users are distributed

uniformly with density λu. The transmit power of MBS and FBS is denoted as Pm

and Pf . The coverage range of MBS tier and FBS tier are denoted as Ym and Yf ,

respectively. The analysis is carried out at a NOMA pair in the FBS tier wherein the
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Figure 2.1: Illustration of a downlink cooperative NOMA-SWIPT system model
with a tagged FBS and a NOMA user pair in a multi-tier scenario. The spatial
distributions of the MBS and the FBS follow PPP assumption.

CCU and CEU are paired by the FBS based on their channel condition. The overall

system transmission bandwidth is assumed to be 1 Hz [1] and the total resource time

block is divided into two equal phases a direct phase and a cooperative phase each of

equal duration. In the direct phase of transmission, the proposed model considers a

NOMA downlink transmission in which FBS transmits the signal to both CCU and

CEU. In the cooperative phase of the transmission, CCU acts as energy harvesting

DF relay to forward information to CEU as shown in Fig. 2.1. The channel between

the BS of and the typical ith user is denoted by hi/
√

1 + rαt
i , where hi ∼ CN (0, 1)

such that CN (a, b) is the complex Gaussian distribution with mean a and variance

b, ri is the distance of ith user from the BS of tth tier, αt is the path loss exponent

for the tth tier. Following the minimum mean square error (MMSE) estimation error

[121]:

ĥi = hi + ei, (2.1)

where ei is the channel estimation error for ith user, such that ei ∼ CN (0, σ2
e), ĥi

is the estimate for hi. Thus, the estimate ĥi follows complex Gaussian distribution

with mean 0 and variance (1 + rαt
t,i)

−1 + σ2
e . The quality of channel estimation is

based on the value of σ2
e .
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2.2.1 SINR at CCU and CEU

Let the two users, to be served using NOMA, are selected using a random selection

scheme [2]. Their estimated channel gains are ordered as ĥ1≤ĥ2 and their power al-

location coefficients are ordered as a1≥a2, respectively. User-2 with a better channel

condition is the CCU, and user-1 with a poorer channel condition is the CEU. There-

fore, ĥ1 is the channel power gain corresponding to the CEU and ĥ2 corresponds to

the CCU.

Direct Transmission

The FBS sends the signal Xf=
∑2

i=1xi
√
aiPf to users based on NOMA transmission,

where xi is the intended signal for the ith user such that expectation E[x2i ]=1 and is

assumed to be equal ∀i∈(1, 2). The observation at the kth typical user is given by

Yk = ĥk

√
(1 + rαk )−1Xf + nk, (2.2)

where nk is the additive white Gaussian noise (AWGN) at the kth user. Using the

NOMA principle, SIC is carried out at CCU which decodes and removes the message

of CEU to detect its own message. The received SINR at CCU to detect message

of CEU is expressed as

γ12→1 =
βρf a1|ĥ2|2(1 + rα2 )−1

βρf a2|ĥ2|2(1 + rα2 )−1 + β
∑

t ρtIt + ρfσ2
e + 1

, (2.3)

where β is the power splitting coefficient and ρt=Pt/σ
2
f is the transmit SNR at FU.

ρfIf denotes co-tier interference from FBS tier such that If=
∑

y∈Ωf/{fo}|ĥy|
2, where

|ĥy|2 denotes the estimate of channel gain from the yth FBS to the typical user and

fo is the tagged FBS. Similarly ρmIm denotes the cross-tier interference from MBS

tier such that Im=
∑

y∈Ωm
|ĥv|2, where |ĥv|2 denotes the estimate of the channel gain

from vth MBS to the typical user. Thus, the SINR at the CCU to detect its own

message is given as

γ12 =
βρa2|ĥ2|2(1 + rα2 )−1

β
∑

t ρtIt + ρfσ2
e + 1

. (2.4)
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Here, it is assumed that the CCU has rechargeable storage ability [103], and PS

technique [2] is applied at CCU to perform SWIPT. The observation at CCU is

divided into two parts. One part is used for information decoding and another for

EH to power CCU for cooperation. The energy harvested (E2) at CCU from the

source and the interference from MBSs and FBSs is given as

E2 =
T

2
η(1 − β)

(
Pf |ĥ2|2(1 + rα2 )−1 + PfIf + PmIm

)
, (2.5)

where T is the total transmission time block, and η is the conversion efficiency of

the energy harvester. The transmit power from CCU can be expressed as

P2 =
E2

T
2

= η(1 − β)
(
Pf |ĥ2|2(1 + rα2 )−1 + PfIf + PmIm

)
, (2.6)

where P2 denotes the harvested power from the energy harvester which is also the

transmit power of the CCU. In this chapter, it is assumed that the energy consumed

by the cell CCU for information decoding is negligible as compared to information

transmission during the cooperative phase. The use of this assumption is consistent

with prior works (which uses power amplifier) [103], [122], [123]. Also, the SINR at

the CEU during the first phase of transmission is given by

γ11 =
ρa1|ĥ1|2(1 + rα1 )−1

ρa2|ĥ1|2(1 + rα1 )−1 +
∑

t ρtI ′
t + ρfσ2

e + 1
, (2.7)

where ρfI ′
f denotes co-tier interference from FBS to the CEU and ρmI ′

m denotes

the cross-tier interference from MBS tier to the CEU.

Cooperative Transmission

In the second phase, the CCU forwards the message to the CEU. The received

SINR at CEU to detect x1 forwarded from CCU user is given by

γ21 =
P2|ĥ12|2(1 + rα12)

−1

PfI ′
f + PmI ′

m + Pfσ2
e + σ2

1

, (2.8)
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where |ĥ1|2 is the estimated channel power gain between CCU and CEU, and r12

denotes the distance between the CCU and CEU. The CEU combines the signal from

FBS and CCU using selection combining (SC) [124], since maximal ratio combining

(MRC) increases the receiver system complexity [125]. Even though only one SINR

is used in SC the diversity order is same as compared to MRC which coherently

combines all SINR especially when the number of links is less than five [126]. Here,

SC is performed by taking the maximum of the received SINR of the direct phase

(2.7) and the cooperative phase (2.8). The received SINR at the CEU is expressed

as

γsc1 = max
(
γ11 , γ

2
1

)
. (2.9)

2.3 Performance Analysis

2.3.1 Outage Probability at CCU

The outage probability of CCU relies on the SIC of the signal for CEU. The outage

probability at the CCU can occur in two ways: first when CCU is unable to decode

the message of CEU and secondly when CCU decodes the message of CEU, however

is unable to decode its own message. Therefore, the outage probability at CCU is

calculated as

P cc
out = P

(
γ12→1 < ϕ1

)
+ P

(
γ12→1 ≥ ϕ1, γ

1
2 < ϕ2

)
, (2.10)

where ϕ1=22R1−1 and ϕ2=22R2−1, with R1 and R2 being the target rate to detect

the message of CCU and CEU.

Proposition 1: The outage probability of the CCU based on PPP assumptions

is given as

P cc
out =

1

2

N∑
n=0

bne
−

cn(ϵ1+ρfσ2
e)

1+cnσ2
e LIp [sp], (2.11)

where LIp [sp]=LIf [sf ]LIm [sm], sf=
ρf cnϵ1
1+cnσ2

e
, sm= ρmcnϵ1

1+cnσ2
e
, ϵ1=

ϕ1

βρ(a1−ϕ1a2)
, ϵ2=

ϕ2

βρfa2
, bn=−ωN(1+

θn)
√

1 − θ2n, b0=−
∑N

1 bn, ωN= π/N , θn=cos
(
2n−1
2N

π
)
, cn=1+

(
Yf

2
θn +

Yf

2

)α
, c0=0,

N is complexity-accuracy trade-off parameter for the Gaussian-Chebyshev (G-C)

quadrature. The two terms in equation (2.11), i.e, LIf (s) and LIm(s) correspond to
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the Laplace of co-tier and cross-tier interference from FBS and MBS tier respectively.

The Laplace transform of interference by the tth tier is calculated [1] as

LIt (s) = eπλt(sδtΓ(1−δt,s)−sδtΓ(1−δt)), (2.12)

where δt=
2
αt

, Γ (a, x)=
∫∞
x
ta−1e−tdt and Γ (z)=

∫∞
0
xz−1e−xdx.

Proof: Let the channel gain be denoted as X=ĥ1(1+rα1 )−1, Y=ĥ2(1+rα2 )−1, and

Z=ĥ12(1+rα12)
−1. The cumulative distribution function (CDF) of channel gain Y

can be expressed as

FY (y) =
2

Y2
f

∫ Yf

0

1− e

−

(
1+r

αf
2

)
y

1+

(
1+r

αf
2

)
σ2
e

 r2dr2. (2.13)

Applying G-C quadrature [127], CDF can be approximated as

FY (y) ≈ 1

2

N∑
n=0

bne
− cn

1+cnσ2
e
y
, (2.14)

where bn=−ωN(1 + θn)
√

1 − θ2n, b0=−
∑N

1 bn, ωN= π/N , θn=cos
(
2n−1
2N

π
)
, cn =

1+
(

Yf

2
θn +

Yf

2

)α
, c0=0, N is complexity-accuracy trade-off parameter for the G-C

quadrature. (2.10) can be rewritten in terms of random variable Y as

P 1
cc = P (Y < ϵ1) + P (Y ≥ ϵ1, Y < ϵ2) . (2.15)

Second part of (2.15) gives outage for condition ϵ1<ϵ2. Thus, for the case when

ϵ1≥ϵ2, the outage probability is given by the CDF of Y with y=ϵ1(1+β
∑

t ρtIt +

ρfσ
2
e), and substituting y in (2.14) to get (2.11).

2.3.2 Outage Probability at CEU

The outage probability at the CEU can occur in two ways, firstly when neither

the CCU nor the CEU can detect the message of the CEU, and secondly when the

CCU can detect the message of the CEU however overall SINR at the CEU can not

support the targeted rate. Therefore, the outage probability at the CEU can be

expressed as

P ce
out = P

(
γ12→1 < ϕ1, γ

1
1 < ϕ1

)︸ ︷︷ ︸
Θ1

+P
(
γ12→1 > ϕ1, γ

sc
1 < ϕ1

)︸ ︷︷ ︸
Θ2

. (2.16)
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Proposition 2: The outage probability at the CEU based on PPP assumption is

given by

P ce
out =

1

4

N∑
n=0

K∑
k=0

bnbke
−

(cn+ck)(ϵ1+ρfσ2
e)

(1+cnσ2
e)(1+ckσ2

e)LIp [sp]L′
Ip [sp] +

1

2

N∑
n=0

bne
−

cn(ϵ1+ρfσ2
e)

(1+cnσ2
e) LIp [sp]×(

1 − lim
B→∞

π2B

α2NMY3
f

N∑
n=1

(
1 − θ2n

) 1
2
e−Kn

K
1+ 2

α
n

(
(2 + αKn) Γ

( 2

α

)
− αKnΓ

( 2

α
,Yα

fKn

)
×

M∑
m=1

bme
− cmQ1

(1+cmσ2
e)Kn − αΓ

(2 + α

α
,Yα

fKn

))
LIp

[
dmQρm

(1 + dmσ2
e)Kn

])
(2.17)

Proof: Let the first and the second term of (2.16) be denoted as Θ1 and Θ2. The

terms of Θ1 are independent. Therefore, Θ1 can be obtained as

Θ1 = P
(
γ12→1 < ϕ1

)
P
(
γ11 < ϕ1

)
, (2.18)

P (γ12→1 < ϕ1) is given by (2.11) and the analysis for P (γ11 < ϕ1) is carried in the

same manner, i.e., by assuming the channel gain X=ĥ1(1 + rα1 )−1 and following the

same steps as in the Appendix A. The expression of Θ1, is given as

Θ1 =
1

4

N∑
n=0

K∑
k=0

bnbke
− (cn+ck)ϵ1

(1+cnσ2
e)(1+ckσ2

e)LIp [sp]L′
Ip [sp] (2.19)

where LI [s] and L′
I [s] represents the Laplace transform of the interference at CEU

during the direct phase transmission and cooperative phase transmission, respec-

tively. Θ2 can be written as

Θ2 = P
(
γ11 < ϕ1

)︸ ︷︷ ︸
Θ21

P
(
γ12→1 ≥ ϕ1, γ

2
1 < ϕ1

)︸ ︷︷ ︸
Θ22

, (2.20)

The evaluation of Θ21 is completed in (2.19). Therefore, the expression of Θ21 is

given as

Θ21 =
1

2

N∑
n=0

bne
−

cn(ϵ1+ρfσ2
e)

(1+cnσ2
e) LIp [sp]. (2.21)

Consider ρfσ
2
e + ρfIf+ρmIm=I, and ϵ′1=ϵ1(βI + 1), using this Θ22 can be given
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from (2.20) as

Θ22 = P
(
Z <

ϕ1(I + 1)

η(1 − β)(ρy + I)
, Y ≥ ϵ′1

)
. (2.22)

Consider high SNR approximation, i.e., assuming ρ→∞, which approximate ρy +

I≈ρy and ϵ′≈0. Using these approximations Θ22 can be rewritten as

Θ22 =

∫ Yf

0

∫ Yf

0

∫ ∞

0

FZ

(
ϕ1(I + 1)

η(1 − β)ρy

)
fY (y)dy︸ ︷︷ ︸

I1

fYf
(r1)dr1fYf

(r2)dr2. (2.23)

Consider Q = ϕ1

η(1−β)ρf
and replacing the upper integral of I1 to be B and take the

limit as B→∞. Applying G-C Quadrature to find the approximation of I1 as

I1 ≈ 1− lim
B→∞

πB

2N

N∑
n=1

(1 + r
αf

2 )

(1 + r
αf

2 σ2
e)

e− 2(1+r
αf
12 )Q

(1+r
αf
12 σ2

e)(1+θn)B

×

LIp [sp] e

−(1+r
αf
2 )(1+θn)B

2(1+r
αf
2 σ2

e) (
1 − θ2n

) 1
2 , (2.24)

where sp =
2(1+rα12)Q

(1+rα12σ
2
e)(1+θn)B

, θn=cos
(
2n−1
2N

)
π. Substituting the value of I1 in (2.23),

applying fYf
(r1) = 2r1

Y2
f

,fYf
(r2) = 2r2

Y2
f

and approximating the distance as r12 ≈ r1,

Θ22 is given as

Θ22 = 1− lim
B→∞

2πB

NY4
f

N∑
n=1

(
1 − θ2n

) 1
2

∫ Yf

0

(1 + rα2 )

(1 + rα2 σ
2
e)
e
− (1+rα2 )Kn

(1+rα2 σ2
e) r2dr2︸ ︷︷ ︸

I2

×

∫ Yf

0

e− (1+r
αf
1 )Q

(1+r
αf
1 σ2

e)Kn

LIp [sp] r1dr1

︸ ︷︷ ︸
I3

(2.25)

where Kn = (1+θn)B
2

, sm =
(1+r

αf
1 )Q1ρm

(1+r
αf
1 σ2

e)Kn
, sf =

(1+r
αf
1 )Q1ρf

(1+r
αf
1 σ2

e)Kn
. After solving for I2 and

applying G-C quadrature to get approximation of I3. The expression of Θ22 is given
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as

Θ22 = 1 − lim
B→∞

π2B

α2NMY3
f

N∑
n=1

(
1 − θ2n

) 1
2
e−Kn

K
1+ 2

α
n

(
(2 + αKn) Γ

(
2

α

)
− αKnΓ

(
2

α
,Yα

fKn

)
M∑

m=1

bme
− cmQ1

(1+cmσ2
e)Kn − αΓ

(
2 + α

α
,Yα

fKn

))
LIp

[
dmQρm

(1 + dmσ2
e)Kn

]
, (2.26)

where cm = 1 +
(

(1 + φm)
Yf

2

)α
, dm = 1 + (1 + φm)

Yf

2
, φm=cos

(
2m−1
2M

π
)

and M

is the complex accuracy trade-off parameter. After substituting Θ21 and Θ22 from

(2.21) and (2.26) into (2.20), respectively to get Θ2. Then, substituting for Θ1 and

Θ2 in (2.16) to get closed form expression for outage probability of CEU as given in

(2.17).

2.3.3 System Throughput

To obtain overall system performance the throughput of the system is evaluated.

The system throughput, based on the outage probability of the CCU and the CEU

at fixed target rates, is given as

Tsys = (1 − P ce
out)R1 + (1 − P cc

out)R2, (2.27)

where P cc
out and P ce

out is obtained from (2.11) and (2.17).

2.3.4 Proportional Fairness Index

In NOMA, since the total transmit power is split between users with different chan-

nel gains, the users may achieve different performance such that one user have better

performance than the other [128]. Therefore, user fairness becomes important con-

sideration in NOMA. It is desired that the performance gap between the users should

not increase and user fairness be maintained. The proportional fairness (PF) index

is used to compare users’ performances based on the outage probability. In case if

the fairness is not maintained, one of the users may have higher outage probabil-

ity than the other. To alleviate this unfairness, PF index for outage probability is

defined [129]
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Figure 2.2: Variation of outage probability at the CCU with transmit SNR.

PF =
P cc
out

P ce
out

, (2.28)

The expressions for P cc
out and P ce

out can be obtained from (10) and (13). We

observe that the optimum value for PF can be considered as 1 which means that

both user have exactly the same outage probability.

2.4 Results and Discussions

This section discusses the numerical results based on the derived expressions for the

outage probability and system throughput obtained in Section IV for the proposed

system model. The analytical results are validated using Monte Carlo simulation for

an ensemble of 105. Parameters for the numerical results are considered as η=0.7,

β=0.5, N=10, M=10, B=1000, and the network parameters for the analytical plots

and the simulation plots are given as [1] Pm = 40W, Pf = 1W, λm = 10−4m−2,

λf = 10−3m−2, Ym = 1km, Yf = 5m, a1 = 0.8, a2 = 0.2, αf = 4 and αm = 3.

The channel estimation error variance σ2
e is assumed to take the values 0.005 and

0.008. For comparison, to plot the rate outage probability based on perfect CSI,

the channel estimation variance is considered as σ2
e = 0. For analysis, the transmit

SNR at the FBS tier is varied from 0 to 40dB, while, comparisons are performed

at a transmit SNR of 36dB. In this chapter, EHSI-PPP refers to the proposed
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Figure 2.3: Variation of outage probability at the CEU with transmit SNR.

system model in which the CCU performs EH using the superimposed signal and

the aggregate co-tier and cross-tier interference. Further, it indicates that the BSs

follow PPP distribution. EHS-SBS refers to the system wherein the CCU performs

EH using only the superimposed signal and the network contains a single FBS

as in [2]. EHS-PPP refers to the system wherein the CCU performs EH using

only the superimposed signal and the distribution of BSs follow PPP assumptions.

Furthermore, the systems without EHSI-PPP, without EHS-PPP and without EHS-

PPP are the cooperative NOMA systems that do not perform EH as considered in

[79].

Fig. 2.2 shows the outage probability of the CCU versus transmit SNR plot. A

degradation of 89.37% in the outage performance of CCU with EHS-SBS compared

with the CCU without EHS-SBS is observed. The reason for the observed degra-

dation is because the CCU with EHS-SBS dedicates only a part of the energy for

information decoding and only half of its time block is used for cooperative trans-

mission. For the same reason, the outage probability of the CCU with EHSI-PPP

achieves degradation of 75.56% when compared with the outage probability of the

CCU without EHSI-PPP. The CCU with EHS-SBS achieves better outage perfor-

mance by 25.52% as compared to the CCU with EHSI-PPP. The reason is that

the CCU with EHSI-PPP suffers from co-tier and cross-tier interference. However,

no interference is experienced at the CCU with EHS-SBS since only a single BS is
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Figure 2.4: Comparision of proposed EHSI-PPP system with EHS-PPP system.

considered for the analysis.

Fig. 2.3 shows the plot for the outage probability of the CEU versus transmit

SNR. It can be inferred that an improvement of 88.16% is achieved in the outage

performance of CEU with EHS-SBS as compared to that achieved at the CEU

without EHS-SBS. The reason being that the CEU with EHS-SBS detects its signal

using SC from both phases, while, the CEU without EHS-SBS receives signal only

from the direct phase. For the same reason, the outage performance of the CEU with

EHSI-PPP achieves an improvement of 79.63% when compared with CEU without

EHSI-PPP. The CEU with EHS-SBS achieves better outage performance by 68.45%

as compared to the CEU with EHSI-PPP. It can be seen from Fig. 2.2 and Fig.

2.3 that imperfect CSI deteriorates the outage probability as compared to perfect

CSI. This is because the channel estimation error acts as a source of interference,

thus causing degradation in the outage probability. However, the complexity of

the system can be reduced using imperfect CSI at the cost of increased outage

probability. Also, a further degradation in the outage probability can be observed

with the increase in error variance from 0.005 to 0.008. The error variance indicates

the quality of channel estimation.

In Fig. 2.4, the outage performance of CEU with EHS-PPP shows an improve-

ment of 31.49% as compared with the system without EHS-PPP. Also, the outage

performance of the proposed CEU with EHSI-PPP shows an improvement of 79.63%
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Figure 2.5: System throughput versus transmit SNR for the target rates R1=0.5
and R2=0.5

as compared with the system without EHSI-PPP. The outage performance of the

CEU with the proposed EHSI-PPP achieves an improvement of 70.27% as compared

to the CEU with EHS-PPP.

To obtain the overall system performance, the throughput of the system is ob-

tained as shown in Fig. 2.5. As can be observed from Fig. 2.5 that at low values of

the transmit SNR, the system without EH performs better in terms of throughput as

compared to the system with EH. This is because at low transmit SNR, degradation

in the outage performance of the CCU dominates the improvement in the outage

performance of the CEU. Also, the amount of harvested energy is proportional to

the transmit SNR. Therefore, at low values of the transmit SNR the harvested power

for cooperation is also lower. At high values of transmit SNR, the outage perfor-

mance of the EH-enabled system surpasses the system without EH. The throughput

performance of the proposed system with EHSI-PPP enabled at the CCU achieves

better performance as compared to the system with EHS-PPP.

Fig. 2.6 shows the comparison of user PF index between the systems, without

EHS-SBS, without EHSI-PPP, with EHS-SBS, with EHS-PPP, and EHSI-PPP, for

the same parameter values as for the outage probabilities with the target rates of

R1 = R2 = 0.5. It can be seen from Fig. 2.6 that the proposed system with EHSI-

PPP provides better user fairness than all other systems except for the system with
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EHS-SBS. The CCU has outage probability closer to the CEU for the systems, with

EHS-SBS, with-EHS-PPP, and EHSI-PPP. Hence the PF index is less than 2, till

the transmit SNR of 28dB. The systems, without EHS-SBS and without EHSI-PPP

have the most significant difference between the outage probabilities of users, this is

because the outage probability at the CEU in a non-SWIPT system depends only

on the transmission from one of the two phases. However, in the SWIPT enabled

systems the CEU combines the SINR from both transmission phases.

2.5 Summary

This chapter investigates the application of SWIPT in a PPP-distributed two-

tier downlink cooperative NOMA network with imperfect CSI. Closed-form expres-

sions in terms of outage probability and system throughput have been derived at the

CCU and the CEU. It is observed that the CCU with EHSI-PPP suffers degrada-

tion in outage probability. Further, the outage performance of the CEU experiences

significant improvement by employing cooperation from the CCU. The throughput

analysis also highlights that the performance of the proposed system with EHSI-

PPP surpasses a cooperative NOMA system without EHSI-PPP at high transmit

SNR. The PF index plot shows that the system with EHSI-PPP achieves a better

user PF index than all other systems except for the system with EHS-SBS.
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Chapter 3

SWIPT Enabled Heterogeneous

Networks with NOMA and

Carrier Sensing

In the previous chapter, PPP is commonly used to model location of MBSs and

SBSs. PPP assumes that the locations of the BSs are independent and hence uncor-

related. This assumption is true for the BSs locations in random wireless networks

with high BSs density and also for the networks where BSs access channel inde-

pendently such as in ALOHA [83]. However, need for models with practical BSs

distribution are desired. The random distribution of SBSs makes the channel access

strategies troublesome [130]. Dearth of planning between the BSs’ channel access

leads to performance degradation [131]. The problem can be rectified by employ-

ing a suitable MAC protocol. One possible solution is to employ carrier sensing to

manage interference at the SBS tier such that the SBS transmission does not use

the channel that is already being accessed by other SBS. Carrier sensing prevents

the transmission of SBSs using the same channel simultaneously.

Carrier sensing maintains a region around the SBS, known as exclusion region

where no additional SBSs are granted transmission. The radius of the exclusion

region is known as contention radius (CR) which can be thought of as a minimum

distance between the two transmitting SBS. This implies correlation between the

SBSs’ location as encountered in scenarios with practical deployment. To model the

dependence of SBSs’, PPP modeling is not accurate [65], thus the repulsive point
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process (RPP), for e.g., HCPP, with a hard core parameter (HCP), is used to model

the formation of exclusion region around SBSs.

3.1 Motivation and Contribution

In NOMA, one of the most popular technique for user pairing is based on users’

channel condition [132], where a user with a good channel condition is termed as

CCU, and the user with a poor channel condition is called as cell edge user CEU [1].

Although, NOMA is more spectrally efficient than OMA, pairing CCU and CEU

together results in degradation of performance at the CEU due to power splitting

[128]. Thus, to improve performance at CEU, a cooperative NOMA scheme is

proposed in [79]. The basic idea of cooperative NOMA is to make CCU act as

relays to help the CEU with poor channel condition. The underlying principle of

cooperative NOMA systems is that CCU performs SIC to remove the message of

CEU thereby it has the information of CEU’s message too. Therefore, the knowledge

of CEU’s message at the CCU can be exploited to improve reliability at the CEU

[1]. CCU is considered as a DF relay that forwards information to CEU. However,

relaying drains the CCU battery [2]. In this chapter, to maintain energy levels,

CCU harvests energy from the RF signal using SWIPT. However, unlike performing

EH from only the superimposed signal [2], this chapter utilizes the interference,

which is lying latent in the RF environment, from the SBSs and MBSs to harvest

energy at the CCU along with EH from the superimposed signal. In this chapter, the

aforementioned concepts of NOMA and SWIPT are combined to attain performance

enhancement at the CEU. Main contributions of the chapter are highlighted below:

� An analytical framework is proposed for a two-tier HetNet, where SBS tier

is enabled with NOMA for power splitting, to improve reliability at the CEU

using cooperation from the CCU. SBS tier also utilizes carrier sensing for

managing the co-tier interference.

� The CCUs are enabled with SWIPT to prevent their battery from draining

while performing cooperation. Unlike the existing works, the CCU performs

EH using the superimposed signal and the aggregate co-tier and cross-tier

interference (EHSI).
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� Closed-form expressions for the outage probability at the CCU and the CEU

are derived using the proposed EH at the CCU. To obtain the overall system

performance, the throughput and energy efficiency of the system are analyzed.

� Comparison of outage probability plots for the CCU and CEU both with and

without SWIPT is shown. Furthermore, the proposed system with EHSI is

compared with the scenario when EH is performed using the superimposed

signal (EHS) only, and new system insights are drawn.

3.2 System Model

Figure 3.1: Illustration of a downlink cooperative NOMA-SWIPT system model
with a tagged SBS and a NOMA user pair in a multi-tier scenario. The spatial
distributions of the SBS follow marked PPP assumption.

The proposed system model considers a two-tier heterogeneous network compris-

ing of MBS tier under-laid with SBS tier. The locations of MBS follow independent

homogeneous PPP model denoted by Ωm with densities λm. The distribution of

SBSs follow marked PPP denoted by Ωs = {(xsi , p
s
i ); i = 1, 2, 3, ...}, where the points

Ω = {xsi ; i = 1, 2, 3, ...} construct a PPP with density λs in R2, and the time marks

{pSi ; i = 1, 2, 3, ...} are uniformly distributed in the range [0, 1]. The time marks
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are independent of each other as well as independent from Ω. The transmit power

of MBS and SBS is denoted as Pm and Ps, with coverage range, denoted as Ym

and Ys respectively. Ω denotes the spatial distribution of all the potential SBSs.

The analysis is carried out at a NOMA pair inside SBS tier, wherein the CCU and

CEU are paired by the SBS based on their channel condition. In the direct phase

of transmission, the proposed model considers a NOMA downlink transmission in

which SBS transmits the signal to both CCU and CEU. In the cooperative phase of

the transmission, CCU acts as energy harvesting DF relay to forward information

to CEU as shown in Fig. 3.1. In the literature, the energy efficiency analysis is

based on the simple linear energy harvesting model. In practical systems, there is a

non-linear relationship between the received signal power and the harvested energy.

Moreover, after a certain received power level, the energy harvester reaches power

saturation, which limits the harvested energy [133]. Fading between the links is

Rayleigh distributed, hence the power is distributed exponentially with unity vari-

ance. The bounded path-loss model assumes that the received power is proportional

to (1 + rαk )−1, where rk denotes the Euclidean distance between the SBS and the kth

user, and α is the path-loss exponent. Therefore, the total channel power gain can

be expressed as hk(1 + rαk )−1, where hk denotes the channel power gain between the

SBS and the kth user.

3.2.1 SINR at CCU and CEU

Let the two users, to be served using NOMA, are selected using random selection

scheme [2]. Their channel gains are ordered as h1≤h2≤h3 · · · , and their power

allocation coefficients are ordered as a1≥a2≥a3 · · · , respectively. Hence for a two

user NOMA case, the User-2 with a better channel condition is termed as CCU, and

the User-1 with a poorer channel condition is termed as CEU. This work assumes

perfect CSI at the BS.

Direct Transmission

The SBS sends the signal Xs=
∑2

i=1xi
√
aiPs to user pair based on NOMA trans-

mission, where xi is the intended signal for the ith user such that E[x2i ]=1, and is

46



CHAPTER 3. SWIPT ENABLED HETEROGENEOUS NETWORKS
WITH NOMA AND CARRIER SENSING

assumed to be equal ∀i∈(1, 2). The observation at the kth typical user is given by

Yk =
√
hk(1 + rαk )−1Xf + nk, (3.1)

where nk is the additive white Gaussian noise (AWGN) at the kth user. Using the

NOMA principle, SIC is carried out at CCU which decodes and removes the CEU’s

signal to detect its own signal. The received signal to interference and noise ratio

(SINR) at CCU to detect message of CEU is expressed as

γ12→1 =
βρsa1h2(1 + rα2 )−1

βρsa2h2(1 + rα2 )−1 + βρsIs + βρmIm + 1
, (3.2)

where β is the power splitting coefficient and ρs=Ps/σ
2
s is the transmit SNR at the

user, and ρm=Pm/σ
2
f . ρsIs denotes co-tier interference from SBS tier such that

Is=
∑

y∈Ωs/{so}hy, where hy denotes the total channel gain from the yth SBS to

the typical user and so is the tagged SBS. Similarly, ρmIm denotes the cross-tier

interference from MBS tier such that Im=
∑

y∈Ωm
hv, where hv denotes the total

channel gain from vth MBS to the typical user. Thus, the SINR at the CCU to

detect its own message is given as

γ12 =
βρsa2h2(1 + rα2 )−1

βρsIs + βρmIm + 1
. (3.3)

Here, it is assumed that the CCU have rechargeable battery [103] and, to apply

SWIPT PS technique [2] is implemented at the CCU. The received signal power at

CCU is divided into two parts. One part is treated for information decoding and

another for EH to power the CCU for cooperation. The energy harvested (E2) at

CCU from the source and the interference from MBSs and SBSs is given as

E2 =
T

2
η(1 − β)

(
Psh2(1 + rα2 )−1 + PsIs + PmIm

)
, (3.4)
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where η is the conversion efficiency of the energy harvester. The transmit power

from CCU can be expressed as

P2 =
E2

T
2

= η(1 − β)
(
Pf |h2|2(1 + rα2 )−1 + PfIf + PmIm

)
, (3.5)

where P2 denotes the harvested power from the energy harvester which is also the

transmit power of the CCU. In this chapter, it is assumed that the energy consumed

by the cell center user (CCU) for information decoding is negligible as compared to

information transmission during the cooperative phase. The use of this assumption

is consistent with prior works (which uses power amplifier) [103], [122], [123]. Also,

the SINR at the CEU during the first phase of transmission is given by

γ11 =
ρsa1h1(1 + rα1 )−1

ρsa2h1(1 + rα1 )−1 + ρsI ′
s + ρmI ′

m + 1
. (3.6)

Cooperative Transmission

In the second phase, the CCU forwards the message to the CEU. The received SINR

at CEU to detect x1 forwarded from CCU user is given by

γ21 =
P2g(1 + rα12)

−1

PsI ′
s + PmI ′

m + σ2
1

, (3.7)

where g(1+rα12)
−1 is the total channel power gain between CCU and CEU, r12 denotes

the distance between the CCU and CEU. PsI ′
s denotes co-tier interference from the

SBS tier such that I ′
s=
∑

y∈Ωs/{so}h
′
y, where h′y denotes the total channel gain from

the yth SBS to the CEU and so is the tagged SBS. Similarly, ρmI ′
m denotes the

cross-tier interference from the MBS tier such that I ′
m=
∑

y∈Ωm
h′v, where h′v denotes

the total channel gain from vth MBS to the CEU. The CEU combines the signal

from SBS and CCU using SC [124]. SC is used over MRC, since MRC increases the

receiver complexity [125]. Even though only one SINR is used in SC the diversity

order is same as compared to MRC which coherently combines all SINR especially

when the number of links is less than five [126]. Here, SC is performed by taking the

maximum of the received SINR of direct phase (3.6) and cooperative phase (3.7).
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The received SINR at the CEU is expressed as

γsc1 = max
(
γ11 , γ

2
1

)
. (3.8)

3.3 Modeling SBS Tier

In this section, the density of simultaneous transmitting SBSs is derived by applying

carrier sensing. The process, which is used here for finding simultaneous transmitters

is known as thinning process. The distribution of all SBSs is based on the marked

PPP which acts as a parent model. However, the distributions of SBSs that are

retained for transmission is based on a hard core point process (HCPP) with hard

core parameter rc, which is generated by independent thinning of this marked PPP

as shown in Fig. 3.1.

To implement contention, the neighborhood set of a generic SBS, xsi contend-

ing for accessing the channel, are formed. Nxs
i

denotes the neighborhood set of

generic SBS, xsi . The concept of received signal strength is utilized to determine

Nxs
i
. Mathematically, Nxs

i
can be written as Nxs

i
= {(xsi , p

s
j) ∈ Ωs|γ(xsi , x

s
j) > TB}i ̸=j

where γ(a, b) is the signal-to-noise ratio (SNR) received at node a from node b. This

implies that Nxs
i

is the group of SBSs, such that the received SNR at the generic

SBS, xsi , from xsj is greater than the BS sensing threshold, TB. The SBS is selected

amongst the neighborhood set on the basis of their time marks. The SBS with the

lowest time mark amongst all the SBSs in the neighborhood set is retained (qualifies

to transmit), as can be seen from Fig. 3.1. This process is analogous to the general

carrier sensing multiple access (CSMA) protocol [67], [66]. In agreement with the

above consideration, the retaining probability of an SBS is derived, wherein the CR

denoted as rc, is calculated first. The observation region denoted as Bxs
i
, centered

at the SBS xsi of radius rc, gives all the SBSs contending for the channel. The

CR is considered to be sufficiently large such that the probability of an SBS in the

neighborhood of SBS xsi located beyond rc is negligible. Mathematically, it can be

written as

P
{
ρsh(i,j)(1 + rαj )−1 > TB|rj > rc

}
≤ ϵ, (3.9)
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where ρf = Ps/σ
2
s denotes the transmit SNR of SBS tier, σ2

s is the noise variance,

h(i,j) denotes the channel power gain between the SBS xsi and xsj in the disc Bxs
i
, and

rj is the distance of SBS xsj from SBS xsi in the disc Bxs
i
(rc). Evaluating probability

at rc, (3.9) can be rewritten as

P
{
h(i,j) >

rαc TB

ρs

}
≤ ϵ, (3.10)

Assuming X = h(i,j) and FX(x) as the complementary cumulative distribution func-

tion (CCDF) of X, (3.10) is rewritten as

FX

(
rαc TB

ρs

)
≤ ϵ. (3.11)

By taking inverse on both the sides of (3.11), the CR can be calculated as

rc =

(
ρs
TB

F−1
X (ϵ)

) 1
αs

, (3.12)

where F−1
X (ϵ) represents the inverse of the CCDF of X evaluated at infinitesimal ϵ.

The neighborhood success probability (NSP) is described as the probability that an

SBS xfj satisfies the carrier sensing threshold of TB around SBS xsi and becomes its

neighbor. The SBS associated with the lowest time mark acquire the contention and

is permitted to access the channel neighboring SBS in N s
xi

. The NSP is calculated

using (3.12) as

Ps = P{ρsXr−αs
j ≥ TB|xsj ∈ Bxs

i
(rc)}. (3.13)

On the assumption that the small scale fading is Rayleigh distributed and the large

scale fading is based on bounded path loss model, thus (3.13) can be expressed as

Ps =

∫ 1

0

f(rj)

(
1 − FX

(
rαj TB

ρs

))
drj +

∫ rc

1

f(rj)

(
1 − FX

(
rαj TB

ρs

))
drj, (3.14)
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where f(rj) = 2rj/r
2
c . Solving (3.14), the NSP can be expressed as

Ps =
1

r2c
e−

TB
ρs +

2

(
TB
ρs

)− 2
αs

Γ

(
2
αs
, TB/ρs

)
αsr2c

−
2

((
TB/ρs

)
rαs
c

)− 2
αs

Γ

(
2
αs
, TB/ρs

)
αs

,

(3.15)

where Γ
(
a, x
)

is the incomplete gamma function. From [65], the retaining probability

for CSMA protocol can be written as PR = 1−e−NePs

NePs
, where Ne = πλsr

2
c is the

average number of SBS in the observation region Bxs
i
(rc), of radius rc, centered at

xsi . The intensity of active number of transmitting SBS using carrier sensing is

given by λRs = λsPR, where λs is the intensity of the PPP distributed SBS without

carrier sensing. This means that the intensity of simultaneously transmitting SBS

under the applied carrier sensing is reduced by PR(0 ≤ PR ≤ 1). For example

Fig. 10(a) in [65] shows the effect of intensity of primary PPP versus the intensity

of simultaneous active transmitters. The figure shows that the RPP reduces the

intensity of the primary PPP by 30%. This decreases the co-tier interference at

the CCU and the CEU but also reduces the harvested power at the CCU. Due to

the decrease in the intensity from (3.5) the term Is decreases which decreases the

amount of harvested power at the CCU.

3.4 Performance Analysis

3.4.1 Outage probability at CCU

The outage probability of CCU relies on the efficient SIC of the signal for CEU. The

outage probability at the CCU can occur in two ways: first when CCU is unable to

decode the message of CEU and secondly when CCU decodes the message of CEU,

however is unable to decode its own message. Therefore, the outage probability at

CCU is calculated as

P cc
out = P

(
γ12→1 < ϕ1

)
+ P

(
γ12→1 ≥ ϕ1, γ

1
2 < ϕ2

)
, (3.16)

where ϕ1=22R1−1 and ϕ2=22R2−1, with R1 and R2 being the target rate to detect

the message of CCU and CEU.
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Proposition 1

The outage probability of the CCU based on PPP assumptions is given as

P cc
out =

1

2

N∑
n=0

bne
−cnϵ1LIm [sm]eµs , (3.17)

where µs = EΩs

[
−
∑

v∈Ωs
ln
(
1 + ssr

α
v

)]
, ss=ρsϵ1cn, sm=ρmϵ1cn, ϵ1=

ϕ1

βρs(a1−ϕ1a2)

and ϵ2=
ϕ2

βρsa2
, bn=−ωN(1 + θn)

√
1 − θ2n, b0=−

∑N
1 bn, ωN= π/N , θn=cos

(
2n−1
2N

π
)
,

cn=1+
(Ys

2
θn + Ys

2

)α
, c0=0, N is complexity-accuracy trade-off parameter for the

Gaussian-Chebyshev (G-C) quadrature. LIm(s) in (3.17), corresponds to the Laplace

of cross-tier interference from MBS tier and eµs term correspond to co-tier interfer-

ence from SBS tier. The Laplace transform of interference by the tth tier is calculated

[134] as

LIt (s) = eπλt(sδtΓ(1−δt,s)−sδtΓ(1−δt)), (3.18)

where δt=
2
αt

, and Γ(z) is the gamma function.

µs =
−λRs
α′ r

−α′

g

(
αssF (rg, α) − α′K

)
, (3.19)

where K = rαg ln(ssr
−α
g + 1), F (rg, αs) = 2F1(1,

α′

αs
; 2 − 1

αs
;−ssr−αs

g ) is the hyperge-

ometric function and α′ = αs − 1.

Proof: Let the channel gain be denoted as X=h1(1+rα1 )−1, Y=h2(1+rα2 )−1, and

Z=h12(1+rα12)
−1. The probability density function (PDF) of the random variables

X, Y, and Z are expressed as fX(x)=(1+rα1 )e−(1+rα1 )x, fY (y)=(1+rα2 )e−(1+rα2 )y, and

fZ(z)=(1+rα12)e
−(1+rα12)z. Also, r1 is the distance of CEU from SBS, r2 is the distance

of the CCU from SBS and r12 is the distance of CEU from CCU. The cumulative

distribution function (CDF) of channel gain Y can be expressed as

FY (y) =
2

Y2
f

∫ Ys

0

(
1− e−(1+rα2 )y

)
r2dr2. (3.20)

Applying G-C quadrature [127], CDF can be approximated as

FY (y) ≈ 1

2

N∑
n=0

bne
−cny. (3.21)

(3.16) can be rewritten in terms of random variable Y as

P cc
out = P (Y < ϵ1) + P (Y ≥ ϵ1, Y < ϵ2) . (3.22)
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Second part of (3.22) gives outage for condition ϵ1<ϵ2. Thus, for the case when

ϵ1≥ϵ2, the outage probability is given by the CDF of Y with y=ϵ1(1+βρsIs+βρmIm),

and substituting y in (3.21) to get

P cc
out =

1

2

N∑
n=0

bne
−cnϵ1E

[
smIm

]
E
[
ssIs

]
=

1

2

N∑
n=0

bne
−cnϵ1LIm [sm]FI , (3.23)

where E
[
smIm

]
= LIm [sm] and E

[
ssIs

]
= FI . Now, we evaluate the co-tier interfer-

ence at the typical user from SBS tier applying similar steps as in [135].

FI = E
[
ssIs

]
(a)
= EIs

[
e
−ss

∑
ν∈ΩR

f
hνr

−αs
ν

]
= EΩR

s

[ ∏
ν∈ΩR

s

E
[
e
−ss

∑
ν∈ΩR

s
hνr

−αs
ν

]]

= EΩR
s

[
e
−

∑
ΩR
s
ln

(
1+ssr

−αs
ν

)]

≥ e
E
ΩR
s

[
−
∑

ΩR
s
ln

(
1+ssr

−αs
ν

)]
(3.24)

where (a) comes after the consideration of a guard zone around receiving nodes

rg > 1, therefore, the bounded path loss model is scaled down to r−αs
ν for the

evaluation of interference, where rν is the distance between the typical FU to the

νth SBS and (3.24) comes from Jensen’s inequality. Let µs = EΩR
s

[
−
∑

ΩR
s

ln
(

1 +

ssmr
−αs
ν

)]
. Using Campbell’s theorem [37], we can rewrite µs as

µs = EΩR
s

[
−
∑
ΩR

s

ln
(

1 + ssr
−αs
ν

)]
=

∫ ∞

rg

−λRs ln
(

1 + ssr
−αs
ν

)
drν

=
−λRs
α′ r

−α′

g

(
αssF (rg, α) − α′rαs

g ln
(

1 + ssr
−αs
ν

))
(3.25)
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From (3.25) and (3.24), FI = eµs . Substituting FI in (3.23) to get (3.17).

Proposition 1 derives the outage probability at the CCU when the CCU harvests

energy from the superimposed signal transmitted by the SBS using NOMA principle

and the aggregate co-tier and cross tier interference. The outage probability at the

CCU in (3.17) depends upon, the power splitting ratio β, the co-tier interference

from the SBS tier, and the cross tier interference from the MBS tier. The outage

probability decreases as β varies from 0 to 1. We observe this by considering two

extreme cases of β = 0 and β = 1. β = 0 means that the total received power at

the CCU is used for EH and no power left for information decoding which results in

outage at the CCU, where as β = 1 signifies that the total power at the CCU is used

for information decoding and no power is left for EH which improves outage and

hence decreases the outage probability. Co-tier interference at the CCU decreases

on increasing the intensity of the SBS λs which also reduces the outage probability

at the CCU. This is due to removal of dominant interferers under the applied carrier

sensing. On the contrary cross-tier interference at the CCU depends upon the

intensity of the MBS λm and increases with increase in λm. The outage probability

at the CCU also increases with increase in λm.

3.4.2 Outage Probability at CEU

The outage probability at the CEU can occur in two ways, firstly when neither the

CCU nor the CEU can detect message of the CEU, and secondly when the CCU can

detect message of the CEU but the CEU is unable to decode its message by using

SC scheme. Therefore, the outage probability at the CEU can be expressed as

P ce
out = P

(
γ12→1 < ϕ1, γ

1
1 < ϕ1

)︸ ︷︷ ︸
Θ1

+P
(
γ12→1 > ϕ1, γ

sc
1 < ϕ1

)︸ ︷︷ ︸
Θ2

. (3.26)

Proposition 2: The outage probability at the CEU, based on RPP assumption
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of the SBS tier and PPP assumption of MBS tier, is expressed in (3.27).

P ce
out =

1

4

N∑
n=0

K∑
k=0

bnbke
−(cn+ck)ϵ1LIm [smIm]L′

Im [smIm]eµseµ
′
s +

1

2

N∑
n=0

bne
−cnϵ1×

LIm [sm]eµs

(
1 − lim

B→∞

π2B

α2NMY3
s

N∑
n=1

(
1 − θ2n

) 1
2
e−Kn

K
1+ 2

α
n

(
(2 + αKn) Γ

( 2

α

)
− αKnΓ

( 2

α
,Yα

s Kn

) M∑
m=1

bme
− cαmQ1

Kn − αΓ
(2 + α

α
,Yα

fKn

))
LIm

[dmQρm
Kn

]
×

e
−λRs
α′ r−α

g

(
α
(

dmQρf
Kn

)
F (rg ,α)−α′rαg ln

(
1+
(

dmQρf
Kn

)
r−α
g

)))
(3.27)

Proof: Let the first and the second term of (3.26) be denoted as Θ1 and Θ2. The

terms of Θ1 are independent. Therefore, Θ1 can be obtained as

Θ1 = P
(
γ12→1 < ϕ1

)
P
(
γ11 < ϕ1

)
, (3.28)

P (γ12→1 < ϕ1) is given by (3.17) and the analysis for P (γ11 < ϕ1) is carried in the

same manner, i.e., by assuming the channel gain X=h1(1 + rα1 )−1 and following the

same steps as in the Appendix A. The expression of Θ1, is given as

Θ1 =
1

4

N∑
n=0

K∑
k=0

bnbke
−(cn+ck)ϵ1LIm [sm]L′

Im [sm]eµseµ
′
s , (3.29)

where LIm [sm] and L′
Im

[sm] represents the Laplace transform of the interference from

MBS tier at CCU and CEU, respectively during the direct phase transmission. eµs

and eµ
′
s represents the interference from SBS tier at CCU and CEU, respectively

during the direct phase transmission. Θ2 can be written as

Θ2 = P
(
γ11 < ϕ1

)︸ ︷︷ ︸
Θ21

P
(
γ12→1 ≥ ϕ1, γ

2
1 < ϕ1

)︸ ︷︷ ︸
Θ22

, (3.30)

The expression for Θ21 is given in (3.29). Therefore, the expression of Θ21 is given

as

Θ21 =
1

2

N∑
n=0

bne
−cnϵ1L′

Im [sm]eµ
′
s . (3.31)
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Considering ρsIs+ρmIm=I, and ϵ′1=ϵ1(βI + 1), Θ22 can be written from (3.30) as

Θ22 = P
(
Z <

ϕ1(I + 1)

η(1 − β)(ρy + I)
, Y ≥ ϵ′1

)
. (3.32)

Considering high SNR approximation, i.e., assuming ρ→∞, gives ρy + I≈ρy and

ϵ′≈0. Using these approximations Θ22 can be rewritten as

Θ22 =

∫ Ys

0

∫ Ys

0

∫ ∞

0

FZ

(
ϕ1(I + 1)

η(1 − β)ρy

)
fY (y)dy︸ ︷︷ ︸

I1

×

fYs(r1)dr1fYs(r2)dr2. (3.33)

Considering Q = ϕ1

η(1−β)ρ
, replacing the upper integral of I1 to be B, taking the limit

as B→∞, and applying G-C Quadrature, I1 can be approximated as,

I1 ≈ 1 − lim
B→∞

πB

2N

N∑
n=1

(1 + rα2 )

(
e−

2(1+rα12)Q
(1+θn)B

)
LIm [sm]×

eµse
−(1+rα2 )(1+θn)B

2

(
1 − θ2n

) 1
2 , (3.34)

where s = 2(1+r12)Q
(1+θn)B

, θn=cos
(
2n−1
2N

)
π. Substituting the value of I1 in (3.33), applying

fYs(r1) = 2r1
Y2
s

,fYs(r2) = 2r2
Y2
s

and approximating the distance as r12 ≈ r1, Θ22 is given

as

Θ22 = 1− lim
B→∞

2πB

NY4
s

N∑
n=1

(
1 − θ2n

) 1
2

∫ Ys

0

(1 + rα2 )e−(1+rα2 )Knr2dr2︸ ︷︷ ︸
I2

×

∫ Ys

0

(
e−

(1+rα1 )Q
Kn

)
LIm [sm] eµr1dr1︸ ︷︷ ︸

I3

, (3.35)

where Kn = (1+θn)B
2

, sm = (1+r1)Q1ρm
Kn

, ss = (1+r1)Q1ρs
Kn

. After solving for I2 and

applying G-C quadrature to get approximation of I3, the expression of Θ22 is given

56



CHAPTER 3. SWIPT ENABLED HETEROGENEOUS NETWORKS
WITH NOMA AND CARRIER SENSING

as

Θ22 = 1 − lim
B→∞

π2B

α2NMY3
s
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(
1 − θ2n

) 1
2
e−Kn

K
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α
n

×

(
(2 + αKn) Γ

(
2

α

)
− αKnΓ

(
2

α
,Yα

s Kn

) M∑
m=1

bme
− cαmQ1

Kn

− αΓ

(
2 + α

α
,Yα

fKn

))
LIm

[
dmQρm
Kn
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×

e
−λRs
α′ r−α

g

(
α
(

dmQρs
Kn

)
F (rg ,α)−α′rαg ln

(
1+
(

dmQρf
Kn

)
r−α
g

))
, (3.36)

where cm = 1+
(

(1 + φm)
Yf

2

)α
, dm = 1+(1 + φm) Ys

2
, φm=cos

(
2m−1
2M

π
)

and M is the

complexity accuracy trade-off parameter. On substituting Θ21 and Θ22 from (3.31)

and (3.36) into (3.30), respectively, to get the expression for Θ2. Afterwards, substi-

tuting for Θ1 and Θ2 in (3.26) to get closed form expression for outage probability

of CEU as given in (3.27).

Proposition 2 derives the outage probability at the CEU. The CEU receives

signal from SBS in direct transmission phase where it detects its signal considering

the CCU signal as interference. The CEU also receives signal from the CCU where

the CCU uses harvested energy to forward information to the CEU in the cooperative

phase transmission. The outage probability at the CEU in (3.27) depends upon the

power splitting ratio β and increases when the β is close to 0 or 1, this is because at

β = 0 the CCU does not decode the incoming signal and at β = 1 the CCU does not

perform EH, both the cases impact the cooperative transmission phase and increases

the outage probability at the CEU.

3.4.3 System Throughput

In the previous subsection, the outage probabilities have been evaluated individually

at the CCU and at the CEU, however to evaluate the overall system performance

the delay-sensitive system throughput is calculated in this subsection. In delay

sensitive mode [103], the SBS transmits information at a fixed rate and the system

throughput is determined from the outage probability at the CCU and the outage

probability at the CEU. The system throughput, based on the outage probability
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at the CCU and the CEU at fixed target rates, is given as

Tsys = (1 − P ce
out)R1 + (1 − P cc

out)R2, (3.37)

where P cc
out and P ce

out is obtained from (3.17) and (3.27).

3.4.4 System Energy Efficiency

Hereby, we compare the energy efficiency of the proposed EHSI-RPP with EHSI-

PPP and EHS-SBS. Fundamentally, the energy efficiency for the system can be

defined as the total amount of data delivered to the total amount of consumed

energy. The total amount of data delivered can be quantified by system throughput

defined in (3.37). While the total energy consumed in the system is the energy

consumed by SBS. Consequently, the expression of energy efficiency, for a delay-

limited system, can be given as

ηsys =
Tsys
Ps

=
(1 − P ce

out)R1 + (1 − P cc
out)R2

Ps

. (3.38)

3.5 Results and Discussions

This section discusses the numerical results based on the derived expressions for the

outage probability and system throughput obtained in Section IV for the proposed

system model. The analytical results are validated using Monte Carlo simulation for

an ensemble of 105. Network parameters for the analytical plots and the simulation

plots are given as [1] η=0.7, β=0.5, N=10, M=10, B=1000, Pm = 40W, Ps = 1W,

λm = 10−4m−2, λs = 10−3m−2, Ym = 500m, Ys = 5m, a1 = 0.8, and a2 = 0.2.

For analysis, the transmit SNR of the SBS tier is varied from 0 to 40dB, while,

comparisons are performed at a transmit SNR of 36dB.

In this chapter, EHSI-RPP refers to the proposed system in which the CCU

performs EH using the superimposed signal and the aggregate cross-tier and co-tier

interference. Further, it indicates that the SBSs are equipped with carrier sensing

hence their locations follow RPP distribution. EHSI-PPP refers to the system in
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Figure 3.2: Variation of outage probability at the CCU with transmit SNR.

which the CCU performs EH using the superimposed signal, and the aggregate

cross-tier and co-tier interference. Further, it indicates that the BSs follow PPP

distribution. EHS-SBS refers to the system wherein the CCU performs EH using

only the superimposed signal and the network contains a single SBS. EHS-PPP

refers to the system wherein the CCU performs EH using only the superimposed

signal and the distribution of the BSs follow PPP assumption.

Fig. 3.2 shows outage probability of the CCU versus transmit SNR plot. The

degradation of 62.38% in the outage performance is shown by the proposed system

with EHSI-RPP as compared to the system without EHSI-RPP. The reason is that

the proposed EHSI-RPP uses only a fraction of power for information decoding in

the direct phase transmission however, the system without EHSI-RPP dedicates

all the power for decoding. For the same reason, the outage probability of the

CCU with EHSI-PPP and EHS-SBS achieve degradation of 48.30% and 68.94%

when compared with the outage probability of the CCU without EHSI-PPP and

EHS-SBS, respectively. The proposed CCU with EHSI-RPP performs better as

compared to EHSI-PPP by 12.58%. This is due to the application of proposed

carrier sensing in the SBS tier which removes the simultaneously transmitting SBSs

among its neighborhood set thereby reducing the co-tier interference. However, the

CCU with EHSI-PPP suffers from randomized co-tier and cross-tier interference

which degrades its performance. The CCU with EHS-SBS achieves better outage
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Figure 3.3: Variation of outage probability at the CEU with transmit SNR.

performance by 22.68% and 32.50% as compared to the CCU with EHSI-RPP and

EHSI-PPP, respectively. The reason is that the CCU with EHSI-RPP and EHSI-

PPP suffers from co-tier and cross-tier interference. However, no interference is

experienced at the CCU with EHS-SBS since only a single BS is considered for the

analysis.

Fig. 3.3 shows the plot for outage probability of the CEU versus transmit SNR. It

can be inferred from Fig. 3.3 that an improvement of 59.26%, 79.12% and 50.82% is

achieved in the outage performance of CEU with EHSI-RPP, EHSI-PPP and EHS-

SBS, respectively as compared to that achieved at the CEU without EHSI-RPP,

EHSI-PPP and EHS-SBS, respectively. The reason being that the CEU enabled

with EH detects its signal using SC from both phases, while, the CEU without

EH receives signal only from the direct phase. The proposed CEU with EHSI-

RPP achieves better outage performance by 39.43% as compared to the CEU with

EHSI-PPP. The reason is that the system with EHSI-PPP suffers from larger co-

tier interference as compared to the system with EHSI-RPP, because of the applied

carrier sensing in EHSI-RPP. Though, the performance at CEU with EHSI-PPP is

enhanced by harvesting energy from the co-tier and cross-tier interference however

the same interference also degrades its performance. The outage performance of the

CEU with EHS-SBS achieves better performance by 48.36% and 72.35% as compared

to the proposed system with EHSI-RPP and the system with EHSI-PPP, respec-
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Figure 3.4: Variation of outage probability at the CCU with transmit SNR for
different values of λs

tively. This is because the system with EHS-SBS depicts an ideal situation with no

co-tier and cross-tier interference, therefore achieves better outage performance.

Fig. 3.4 shows the plot for outage probability of the proposed CCU with EHSI-

RPP versus transmit SNR for different values of SBS intensity λs. As the intensity

of the SBS increases, the outage probability at the proposed CCU with EHSI-RPP

increases. The reason is that the intensity of simultaneously transmitting SBS using

carrier sensing (λRs ) increases with increasing the intensity of the SBS (λs) which in

turn increases the co-tier interference at the CCU. However, this has a constructive

effect on the amount of energy harvested at the CCU. The harvested energy E2 at the

CCU increases with the increase in the co-tier interference. The increased harvested

energy at the CCU boosts the cooperative phase transmission as evident from Fig.

3.5. Fig. 3.5 shows the plot for outage probability of the proposed CEU with EHSI-

RPP versus transmit SNR for different values of SBS intensity λs. The proposed

CEU with EHSI-RPP shows near similar performances for different values of SBS

intensity. This is due to the fact that the degradation in the outage probability

with the increased intensity is compensated by the boost in the cooperative phase

transmission due to increased harvested energy at the CCU.

For detailed comparative study, Fig. 3.6 presents comparison between the outage

probability of CEU with, the proposed EHSI-RPP, EHS-RPP, EHSI-PPP and EHS-
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Figure 3.6: Comparision of proposed EHSI-RPP system with EHSI-PPP system.
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Figure 3.7: System throughput versus transmit SNR for the target rates R1=0.5
and R2=0.5

PPP. Primarily, the study tries to distinguish the system in which the CCU is

harvesting only from the superimposed signal to that from the system in which

the CCU is harvesting from superimposed signal as well as aggregate interference

from co-tier and cross-tier. In Fig. 3.6, the outage performance of CEU with the

proposed EHS-RPP shows an improvement of 31.49% as compared with the system

with EHS-PPP. This is because both the systems’ CCU harvests energy only from

superimposed signal and hence the cooperative signal in both the systems have

nearly same power however, the aggregate interference at the CEU with EHS-PPP

is greater than the aggregate interference at the CEU with EHS-RPP which degrades

its performance. The proposed CEU with EHSI-RPP performs better than the CEU

with EHS-RPP, similarly the CEU with EHSI-PPP achieves improvement than the

CEU with EHS-PPP. Because in both cases, i.e., the CEU with EHSI-RPP and the

CEU with EHSI-PPP, the CCU harvest energy together from aggregate interference

and superimposed signal. However, in the case of the CEU with EHS-RPP and the

CEU with EHS-PPP, the CCU harvests energy only from superimposed signal.

To obtain the overall system performance, the throughput of the system is ob-

tained as shown in Fig. 3.7. As can be observed from Fig. 3.7 that at low values of

the transmit SNR, the system without EHSI-RPP, the system without EHSI-PPP,

the system without EHS-SBS performs better in terms of throughput as compared
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Figure 3.8: System Energy Efficiency versus transmit SNR

to the system with EHSI-RPP, the system with EHSI-PPP, the system with EHS-

SBS, respectively. This is because at low transmit SNR, degradation in the outage

performance of the CCU dominates the improvement in the outage performance

of the CEU when using EH. Also, the amount of harvested energy is proportional

to the transmit SNR. Therefore, at low values of the transmit SNR, the harvested

power for cooperation is also lower. At high values of transmit SNR, the outage

performance of the EH enabled system surpasses the system without EH. This is

because at high transmit SNR, the improvement in the outage performance of the

CEU dominates the degradation in the outage performance of the CCU. Also, the

amount of harvested power for cooperation is considerable at high SNR. The system

throughput performance of the proposed system with EHSI-RPP enabled at the

CCU achieves better performance as compared to the system with EHSI-PPP. This

is because the outage performance at the proposed, CCU with EHSI-RPP and the

CEU with EHSI-RPP, performs better than the CCU with EHSI-PPP and the CEU

with EHSI-PPP, respectively.

Fig. 3.8 plots the energy efficiency of the proposed EHSI-RPP system versus

transmit SNR for different values of target rates R = R1 = R2. Plot also compares

the energy efficiency of the proposed EHSI-RPP system with EHS-SBS system and

EHSI-RPP system. From Fig. 3.8, it can be observed that the EHS-SBS system

achieves higher energy efficiency as compared to the proposed EHSI-RPP system and
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Figure 3.9: Outage Probability versus PS factor β at transmit SNR of 36dB.

EHSI-PPP system, for both target rates R = 0.3 and R = 0.5. The energy efficiency

of the proposed EHSI-RPP system is higher than the EHSI-PPP system. This is

because the proposed EHSI-RPP system achieves better throughput performance

as compared to EHSI-PPP system. From the plot, one can also observe that the

systems exhibits maximum energy efficiency at a certain SNR value for a given target

rate and if the target rate changes to a different value, the SNR value for which

system attains maximum energy efficiency also changes. One can also note that

energy efficiency of the considered system is decreases with SNR. This is because,

for higher values of transmit SNR, the consumed power is higher than the achieved

system throughput.

The optimal value of β is defined as the value, which results in the lowest out-

age probability at the CCU and the CEU. Because of the complicated analytical

expressions of the outage probability at the CCU and the CEU, it is intractable to

evaluate the closed-form expressions for the optimal value of β. Therefore, to obtain

the optimal value of power splitting ratio β Fig. 3.9 plots the outage probabilities

at the CCU and the CEU versus the power splitting ratio β at the transmit SNR of

36dB. β is the power splitting coefficient for SWIPT at the CCU, such that β times

the received power at the CCU is used for information decoding during the direct

phase transmission and the rest i.e., 1− β times received power at the CCU is used

for EH. It is observed from Fig. 3.9 that as β increases from β = 0 to β = 1 the
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outage probability at the CCU decreases. β = 0 means that the total received power

at the CCU is used for EH. Therefore, no power is left for information decoding that

results in an outage at the CCU. β = 1 signifies that the total power at the CCU is

used for information decoding that results in the decrease in the outage probability.

It is also observed from Fig. 3.9 that as β increases from β = 0 to β = 1 the outage

probability at the CEU first decreases until reaches a minimum value at β = 0.4

and then again starts increasing. The outage probability of the CEU remains below

10−2 for the β values between 0.4 to 0.6. For the CEU β = 0.4 achieves the best

outage performance and, for the CCU β = 1 achieves the best outage performance.

For the proposed scheme we selected β = 0.5 from the intuitive perspective as the

received power at the CCU be divided equally for information decoding and EH,

and β = 0.5 also ensures the outage probability to be less than 10−2 for the CEU.

3.6 Summary

This work explores the application of SWIPT in a CNOMA enabled two-tier het-

erogeneous network. The locations of the MBSs are based on PPP assumption. The

SBS tier supports NOMA and the location of SBS are modelled using RPP due to

the applied carrier sensing for interference management. Closed-form expressions of

outage probability and system throughput are obtained at the CCU and the CEU.

It is inferred that the CCU with EHSI-RPP shows improvement in outage proba-

bility in comparison with the CCU with EHSI-PPP, however, suffers degradation in

outage probability in comparison with the CCU with EHS-SBS. Also, CCU achieves

flexibility in terms of energy consumption due to EH. Furthermore, the outage per-

formance of the CEU experiences significant improvement by employing cooperation

from the CCU. The throughput analysis highlights that the proposed system with

EHSI-RPP surpasses a cooperative NOMA system with EHSI-PPP at high trans-

mit SNR. The energy efficiency analysis also depicts that the energy efficiency of

the proposed EHSI-RPP is higher as compared to EHSI-PPP. The optimal value of

PS coefficient is also obtained for the proposed system model as β = 0.5. However,

the previous chapters are based upon the PS protocol for energy harvesting models

in HetNets. In the PS protocol the receiver has separate circuits for EH and ID to
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process the received signal simultaneously. The PS ratio determines the portion of

the received signal allocated for EH and ID, respectively. In the next chapter, we

choose the TS relaying protocol in the considered model as it has been shown to

require less complicated circuitry than the PS protocol.
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Chapter 4

Time Switching based Energy

Harvesting Enabled Cooperative

NOMA HetNets

The existing literature on the performance in EH enabled NOMA in two-tier Het-

Net, considering the two-tier interference is limited. The NOMA-enabled system

is investigated in [76], by evaluating the ergodic rate and outage rate, the results

indicate that the NOMA reaches a higher sum rate. Work in [2] investigates the

utilization of EH to NOMA networks wherein the users are randomly located. Some

previous works, such as [79] and [136], have also used cooperative NOMA to improve

performance. In [137], a novel implementation of EH in a cooperative NOMA net-

work with PS relaying protocol is proposed, and the data rate maximization problem

of the NOMA users is formulated for the case of multiple-input single-output. In

[138], a PS relaying protocol for a DF relay is investigated, and outage probability

and throughput expressions in closed form are evaluated in a delay-limited trans-

mission mode. In [139], a novel PS relaying protocol for an EH cooperative NOMA

system is proposed, and the outage probability at NOMA users is investigated, and

analytical expression is also obtained. The system throughput is also evaluated for a

delay-limited transmission mode. [86] analyzes the utilization of EH in cooperative

NOMA, where analytical closed-form outage expressions are evaluated for the weak

and strong users. [140] derives the analytical secrecy outage probability in a cooper-

ative NOMA cellular network for distinct energy harvesting relay selection schemes.
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These aforementioned studies are based upon a single tier scenario with a single BS

and thus they are not able to estimate how the outage performance of users are af-

fected by multi-tier HetNets with multi-tier interference. The works [141] and [142]

are based upon the PS protocol wherein the received signal is split into two parts:

one for EH and the other for ID. The receiver has separate circuits to process these

two signals simultaneously and the PS ratio determines the portion of the received

signal allocated for EH and ID, respectively. Furthermore, the studies in [86, 137–

140] are based upon PS relaying protocol. In this work, we choose the TS relaying

protocol in the considered model as it has been shown to require less complicated

circuitry than the PS protocol [143]. There have been few works that are related

to large-scale networks. For instance, in [80], outage probability is analyzed in a

dense cognitive network. In the large-scale systems, [118] and [144] investigate the

outage and energy efficiency of users, respectively. In [58], the system enabled with

NOMA is implemented in a HetNet, and the performance of the coverage and er-

godic rate are examined. The work in [112] focuses on resource allocation in energy

cooperation enabled two-tier HetNets with NOMA, high-power MBS is underlaid

with a group of pico BSs, and renewable energy can be shared between BSs. In [145],

NOMA is introduced in the SBS tier to enhance the spectrum efficiency. However, in

[145], SBS additionally harvests energy from the RF signal to supplement the energy

consumed in transmission phase. Furthermore [145] have not considered the distri-

butions of the MBS and SBS into account. [146] proposes the fair energy-efficient

resource allocation for the downlink of a power domain NOMA-based HetNet sys-

tem by considering energy harvesting. [146] formulates various fairness methods for

the optimization problems based on which the trade-off between energy efficiency,

fairness, and system sum rate is investigated. [147] studies the problem of joint

subcarrier allocation, beamforming design, decoding order for the user, and energy

beam for EH users in a NOMA-assisted SWIPT while considering a non-linear en-

ergy harvesting model. However, [147] does not consider the distribution of MBS,

and the interference from the MBSs. As observed, the application of cooperative

NOMA and the application of EH between the users to influence the performances

in a HetNet scenario are not addressed in these previous works. As a result, it is

currently unknown how to improve user outage performance and system throughput
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when using EH-enabled cooperative NOMA in a multi-tier HetNet. Furthermore,

few studies have examined user fairness in HetNets involving cooperative NOMA

and EH. Technical contributions of the work are summarized as follows:

� A time switching-based EH-enabled cooperative NOMA communication scheme

has been considered in a two-tier HetNet, constituting MBS-tier and SBS-tier.

The locations of MBS and SBS are based upon the independent PPP assump-

tion. An analytical framework is developed at a typical SBS tier. The strong

user (SU), powered with EH prevents their battery from draining while acting

as a DF relay to transmit the message to WU.

� Unlike existing works in [2], where EH is performed by only utilizing the

transmitted NOMA signal, in this work, the SU of the considered system

model carries out EH utilizing the transmitted signal and additionally the

aggregate two-tier interference (EH-ATI).

� Closed-form expressions characterizing outage probability have been obtained.

The throughput is evaluated to analyze the overall system performance.

� The outage probability at SU and WU of the proposed system is studied with

the existing systems [2], where EH is achieved by only utilizing the superim-

posed signal (EH-SS). Furthermore, the outage probabilities are also analyzed

with the existing systems [1], [148], [149], that do not employ EH at the coop-

erative node.

� Finally, a proportional fairness index is defined utilizing the outage probability,

demonstrating that the suggested system with EH-ATI delivers greater user

fairness than the system with EH-SS and the system without EH.

4.1 System and Channel Model

A wireless network comprising of SBS tier and MBS tier is considered as shown in

Fig. 4.1. Without the loss of generality the location of SBS and MBS follows inde-

pendent PPP distribution, Ωt with density λt for the tth tier, such that t ∈ {m, s},

where m stands for MBS-tier and s stands for SBS-tier, respectively. The PPP
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Figure 4.1: A downlink EH enabled cooperative NOMA system model in a two-tier
situation with a tagged SBS broadcasting to NOMA user pair. The MBS and SBS
spatial distributions are consistent with the PPP assumption.

Figure 4.2: Total transmission time block T
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model is used to distribute the nodes since it provides a mathematically tractable

and spatially realistic model for wireless networks, which can be used for system

design and performance evaluation [1, 149]. Pm and Ps indicate the power trans-

mitted by the MBS and the SBS, respectively. The coverage area of MBS-tier and

SBS-tier is designated as Ym and Ys, respectively. The main focus of analysis is

at SBS-tier enabled with NOMA as shown in Fig. 4.1. The use of NOMA in SBS

ensures that users with different channel conditions can be served using the same

spectrum [132, 150]. In the SBS-tier, distribution of users follows independent PPP

[80], Ωu with density λu such that λu >> λs. The SBS selects NOMA pair based

on random selection scheme [2]. Random selection schemes can be beneficial in

specific scenarios where associating BS with users which would provide the best

performance for the user device may be difficult. For example, in a dense urban en-

vironment with large number of users in proximity, a random selection scheme may

be more effective than manually determining which user received the strongest sig-

nal. The channel gains between the links are considered to be Rayleigh distributed

and accordingly the channel power gains are exponentially distributed with unit

variance. A bounded path loss model is taken into account for the large-scale path-

loss model. Hence, the total channel gain is given as ht

(1+r
νt
t )

, where νt denotes the

path loss exponent for the tth tier, such that t ∈ {m, s}, hk and rk, are the channel

power gain and separation between the kth NOMA user and the tagged SBS, re-

spectively. Fig. 4.2 describes the total transmission time block T, which is divided

into the EH phase, and the information transmission (IT) phase [151]. In the EH

phase, the SU performs EH from the transmitted NOMA signal and additionally

the aggregate two-tier interference (EH-ATI) for αT of the time block, where α is

the fractional time block, such that 0 ≤ α ≤ 1. The IT phase is further divided into

two parts Phase-1 and Phase-2 each of (1 − α)T/2 of the time block. In Phase-1,

the SBS transmits information to the two NOMA users (the SU and the WU). In

Phase-2, the SU performs cooperative transmission to the WU. It is important to

acknowledge that [141] and [142] divide the signal transmission into two distinct

phases: the direct transmission phase and the cooperative transmission phase, with

both phases of equal duration. During the direct transmission phase, the research

works consider a NOMA downlink transmission, where the SBS transmits the signal
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to both the CCU and the CEU. The signal received at CCU is split into two parts

using the PS coefficient β. β times the received signal is utilized for EH, while 1−β

times the received signal is used for ID. In the cooperative phase of the transmission,

CCU functions as an energy harvesting DF relay to relay information to CEU. Such

architecture allows for simultaneous EH and ID, however it requires more complex

hardware implementation.

4.1.1 SINR at SU and WU

SBS selects two users, based on random selection scheme [2], for the NOMA trans-

mission. Let us assume h1

(1+rνs1 )
≤ h2

(1+rνs2 )
to be ordered channel gains. Hence their

ordering of power allocation coefficients are given as a1 ≥ a2, such that a1 + a2 = 1.

Therefore, WU is the user-1 having a lower channel gain as compared to user-2 which

is the SU, where, the channel corresponding to the WU and the SU are h1 and h2,

respectively. r1 corresponds to the distance between the SBS and WU whereas r2

corresponds to the distance between the SBS and SU. The SBS is considered to have

knowledge of CSI.

Phase-1 Transmission

The SBS transmitted message is given as Xs =
∑2

i=1 xi
√
aiPs utilizing PD-NOMA,

where the signal meant for the ith user is denoted by xi. The transmitted power

in the message xi is assumed to be unity i.e. E[x2i ]=1 and is equal ∀i∈(1, 2). The

received message at the typical kth user is expressed as

Yk =
√
hk(1 + rνsk )−1Xs + nk, (4.1)

where nk ∼ N (0, σ2
k) is the noise at the kth user. Utilizing NOMA principle, SU does

SIC to decodes its message by eliminating the WU’s message. The SINR received

at the SU for detecting the WU messages is described as

γ12→1 =
ρa1h2(1 + rνs2 )−1

ρa2h2(1 + rνs2 )−1 + ρsIs + ρmIm + 1
, (4.2)
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where ρ = ρs = Ps/σ
2
2 is the transmit signal to noise ratio (SNR) at SU, and

ρm = Pm/σ
2
2. Is =

∑
y∈Ωs/{so} hy is the total SBS-tier interference at the SU, where

hy is the channel gain between the the SU and yth SBS, and so represent the assigned

SBS. Likewise Im =
∑

y∈ρm hv is the total MBS-tier interference at the SU, such that

hv represent the channel gain between the typical SU and the vth MBS. Hence, the

SU’s SINR for detecting its message is described as

γ12 =
ρa2h2(1 + rν2)−1

ρsIs + ρmIm + 1
. (4.3)

Here, it is presumed that the SU have energy storage ability [2] and TS protocol

[103] is incorporated at SU to perform EH. In EH phase, the SU harvests energy

for cooperative transmission in Phase-2. The energy harvested (E2) at SU from the

transmitted NOMA signal and additionally the aggregate two-tier interference, i.e.,

interference from MBS-tier and SBS-tier is given as

E2 = αTζ
(
Psh2(1 + rν2)−1 + PsIs + PmIm

)
, (4.4)

where ζ represents the energy conversion efficiency of the harvester. Let P2 rep-

resents the transmit power from SU, to be used in Phase-2 transmission, is given

by

P2 =
E2

(1−α)T
2

=
2α

1 − α
ζ
(
Psh2(1 + rνs2 )−1 + PsIs + PmIm

)
. (4.5)

It is assumed that the strong user will always be able to execute the cooperative

transmission after harvesting energy in the direct phase. It must be noted that the

user grouping process used in the work may not consider the battery life of the users,

it is possible to develop more sophisticated algorithms that take into account energy

harvesting and other constraints of the users which can be a future extension of the

proposed scheme. The SINR received at the typical WU is given by

γ11 =
Psa1h1(1 + rνs1 )−1

Psa2h1(1 + rνs1 )−1 + PsI ′s + PmI ′m + σ2
1

, (4.6)
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where I ′s =
∑

y∈Ωs/{so} hy is the total SBS-tier interference at the WU, where hw is

the channel gain between the WU and wth SBS, and so represent the assigned SBS.

Likewise I ′m =
∑

y∈ρm hu is the total MBS-tier interference at the WU, such that hu

represent the channel gain between the typical WU and the uth MBS.

Phase-2 Transmission

In this phase, the message is forwarded to the WU by the SU. The SINR to decode

x1 at WU is given by

γ21 =
P2h12(1 + rνs12)

−1

PsI ′s + PmI ′m + σ2
1

, (4.7)

where h12(1+rνs12)
−1 is the total channel gain for the link SU → WU, r12 denotes the

distance between the SU and WU. The WU utilizes SC [124] technique to choose

the highest signal from SBS and SU. This is achieved by considering the maximal

received SINR from (4.6) and (4.7), the received SINR at the WU is given by

γsc1 = max
(
γ11 , γ

2
1

)
. (4.8)

4.2 Performance Analysis

4.2.1 Outage probability at SU

The outage probability at SU depends upon the successful SIC of WU’s message.

The SU goes into outage when SU is not able to detect the message of WU, and

when SU detects the message of WU however is unable to detect its own message.

Therefore, outage probability expression at the WU is described as

P su
out = P

(
γ12→1 < ϕ1

)
+ P

(
γ12→1 ≥ ϕ1, γ

1
2 < ϕ2

)
, (4.9)

where ϕ1=2
2R1
1−α−1 and ϕ2=2

2R2
1−α−1, with R1 and R2 represents the targeted rate to

successfully decode the messages of SU and WU.

Proposition 1: Depending on the PPP model, the outage probability at the SU
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is defined as

P su
out =

1

2

L∑
l=0

ble
−clϵ1LIs [slρs]LIm [slρm], (4.10)

where sl=ϵ1cl, ϵ1=
ϕ1

ρ(a1−ϕ1a2)
, bl=−ωL(1+ψl)

√
1 − ψ2

l , b0=−
∑L

1 bl, cl=1+
(Ys

2
ψl + Ys

2

)νs
,

ψl=cos
(
2l−1
2L
π
)
, ωL= π/L, c0=0, L is a parameter to provide complexity-accuracy

trade-off for the Gaussian-Chebyshev (G-C) quadrature. The Laplace transform

(LT) of the tth tier is described [134] as

LIt (s) = eπλt(sδtΓ(1−δt,s)−sδtΓ(1−δt)), (4.11)

where δt=
2
νt

, Γ (a, x) is the lower incomplete gamma function, and Γ (z) is the gamma

function.

Proof : Look at Appendix A.

4.2.2 Outage probability at WU

The WU goes into outage when both the SU and the WU are not able to decode

the signal of the WU, and when the SU decodes signal of the WU however the WU

is not able to attain the targeted rate in Phase-2. Thus, the outage probability

expression at the WU is described as

Pwu
out = P

(
γ12→1 < ϕ1, γ

1
1 < ϕ1

)︸ ︷︷ ︸
Θ1

+P
(
γ12→1 > ϕ1, γ

sc
1 < ϕ1

)︸ ︷︷ ︸
Θ2

. (4.12)

Proposition 2: Depending on the PPP model, the outage probability at the WU is

defined in (4.13).

Proof : Look at Appendix B.

4.2.3 System Throughput

The system’s throughput is calculated to determine overall system performance. It

is evaluated utilizing the outage probability at the SU and at the WU at constant
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Pwu
out =

1

4

L∑
l=0

N∑
n=0

blbne
−(cl+cn)ϵ1LIs [slρs]LIm [slρm]L′

I′s
[snρs]L′

I′m
[snρm]+

1

2

N∑
n=0

bne
−cnϵ1L′

I′s
[snρs]L′

I′m
[snρm]

(
1 − lim

B→∞

π2B
νs2KMY3

s

K∑
k=1

M∑
m=1

(
1 − ψ2

k

) 1
2

(
(2 + νsQk) Γ

(
2

νs

)
− νsQkΓ

(
2

νs
,Yνs

s Qk

)
− νsΓ

(
2 + νs
νs

,Yνs
s Qk

))
×

bme
− cmQ

Qk e−Qk

Q
1+ 2

νs
k

L′
I′s

[
cmQρs
Qk

]
L′

I′m

[
cmQρm
Qk

]
. (4.13)

targeted rates, and is expressed as

Tsys =
(1 − α)R1

2
(1 − Pwu

out) +
(1 − α)R2

2
(1 − P su

out), (4.14)

where P su
out and Pwu

out are given in (4.10) and (4.13).

4.2.4 System Energy Efficiency

The energy efficiency, represented as ζsys, of the proposed EH-ATI system is studied

together with EH-SS system and without EH system. Basically, ζsys is described as

the ratio of successful data delivered and the total energy consumed by the system.

The successful data delivered is measured by the system throughput performance

obtained from (4.14). The total amount of energy used by the system as a whole is

the amount used by SBS. The expression of ζsys can therefore be given as

ζsys =
Tsys

1/2(1 + α)Ps

=
(1 − α)(1 − Pwu

out)R1 + (1 − α)(1 − P su
out)R2

(1 + α)Ps

. (4.15)

4.2.5 PF Index

The total transmitted power is divided among the users in NOMA, hence one user

may attain better performance than the other [19]. As a result, user fairness has

become a key factor in NOMA for ensuring minimal performance disparities among

users. The PF index is used to measure the difference in users’ performances [152]

78



CHAPTER 4. TIME SWITCHING BASED ENERGY HARVESTING
ENABLED COOPERATIVE NOMA HETNETS

Table 4.1: Parameters used for obtaining the mathematical and simulation results
[1], [2].

Parameters Symbols Value

Transmitting power
from MBS, SBS

Pm, Ps 40W, 1W

Density λm, λs
10−4m−2,
10−3m−2

Coverage radius Ym, Ys 1Km, 5m

Path loss exponent νm, νs 3, 4

Targeted rates R1, R2 0.5bps, 0.5bps

Power allocation coeffi-
cients

a1, a2 0.8, 0.2

Energy conversion effi-
ciency

ζ 0.7

G-C quadrature com-
plexity accuracy trade-
off parameter

K,M,L,N 10, 10, 10, 10

and is formulated as

PF =
P su
out

Pwu
out

, (4.16)

where P su
out and Pwu

out are from (4.10) and (4.13). The best possible value for PF

is 1 indicating that users have achieved similar performances. Although, this may

not be accomplished when the users have distinct quality of service (QoS) demands.

If the PF index has value 2, this means that the performance of SU is two times

greater than the WU. In this work, NOMA users are chosen based upon their channel

conditions.

4.3 Results and Discussions

The mathematical results depend on the acquired results from Section 4.2 are ex-

plained in this section. The results of the analysis are validated for an ensemble

of 105 using a Monte Carlo simulation. The considered parameters for obtaining

the mathematical and simulation results are given in Table 4.1. For analytical ob-
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Table 4.2: Outage probability comparison between the proposed system with the
existing solutions at the transmit SNR of 36dB

Outage probability
Comparison

SU with EH-ATI
(proposed system)

WU with EH-
ATI(proposed
system)

Without EH [1], [148],
[149]

62.38% degrada-
tion

88.46% improve-
ment

With EH-SS [2] remains same
81.66% improve-
ment
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Figure 4.3: Outage probability at SU versus transmit SNR
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Figure 4.4: Outage probability at WU versus transmit SNR

servation, the SBS transmit SNR varies between 0 and 40 dB, while comparative

results are drawn at a transmit SNR of 36 dB. In this chapter, EH-ATI refers to the

proposed TS based EH enabled HetNet system wherein the SU performs EH using

the transmitted NOMA signal and the aggregate two-tier interference. The EH-SS

system is the same system as the proposed EH-ATI system, except in the EH-SS

system, the SU performs EH by only utilizing the superimposed signal as in [2].

Furthermore, the system without EH is the two-tier NOMA system that does not

perform EH as in [1], [148], [149]. The existing systems taken for comparison are

assumed under the environment of two-tier HetNet.

Fig. 4.3 exhibits the outage probability of SU versus transmit SNR plot. A

decline of 62.38% in the performance of SU with EH-ATI compared to the outage

probability at the SU without EH is shown in Table 4.2. The reason is that the SU

with EH-ATI decodes information only for (1−α)T/2 of its time block, wherein the

SU without EH uses its entire time block for decoding information. It is evident

from Table 4.2 that the outage probability at the SU for the considered system

model and the system with EH-SS are the same. The reason for this is that both

the systems dedicate αT for harvesting energy, and the effect of EH, whether from

the transmitted signal or from both the transmitted NOMA signal and the aggregate
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Figure 4.5: Outage probability at SU versus transmit SNR for different values of TS
factor α

two-tier interference, has no effect on the outage probability at the SU.

Fig. 4.4 exhibits the outage probability of WU with respect to SNR. It is con-

cluded from Table 4.2 that an enhancement of 88.46% is attained in the performance

of WU with EH-ATI compared to the WU without EH. The reason is that the WU

with EH-ATI obtains its signal utilizing SC from both phases, while the WU without

EH obtains its signal only from Phase-1. Table 4.2 also compares the outage proba-

bilities of the considered WU with EH-ATI and the WU with EH-SS. The difference

between EH-ATI and EH-SS is that EH-SS harvests energy from the transmitted

NOMA signal, whereas EH-ATI harvests energy from the aggregate two-tier in ad-

dition to the NOMA signal. Therefore, the performance of WU with the considered

EH-ATI attains an enhancement of 81.66% times at 36dB compared to the WU with

EH-SS. This means that the SU with EH-ATI has more energy for cooperation in

comparison to the SU with EH-SS.

Fig. 4.5 and Fig. 4.6 show the outage probabilities of the SU and the WU,

respectively, for different values of TS factor α. It is concluded from Fig. 4.5 that

the SU attains the best performance at lower values of α, since the SU with EH-ATI

decodes information only for (1 − α)T/2 of its time block. Hence for α = 0 the SU
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Figure 4.6: Outage probability at WU versus transmit SNR for different values of TS
factor α

achieves the best outage performance. However, from Fig. 4.6, it is observed that

WU achieves the best outage performance at α = 0.2. The reason is that the SU

harvests energy for αT of its time block, which aids in the cooperative transmission

(Phase-2 transmission) and the WU combines SINR from both phases utilizing SC

thereby improving the outage performance. Hence α = 0.2 is used for obtaining the

outage probability plots shown in Fig. 4.3 and Fig. 4.4. Furthermore, increasing

the value of α reduces the decoding time ((1−α)T/2) for both the SU and the WU.

Hence, increasing α results in poor outage performance for both the WU and the

SU.

The throughput of the system is calculated to obtain overall performance as

demonstrated in Fig. 4.7. It is realized from Fig. 4.7 that the performance of the

considered system with EH-ATI attains improvement compared to the system with

EH-SS. In addition, the system with no EH is better than the system with EH at

low transmit SNRs since at low transmit SNRs, the reduction in the performance of

the SU prevails over the increase in the performance of the WU. Since the amount of

energy harvested depends on the transmit SNR and at low SNR, the power harvested

for cooperative communication is insignificant. At high SNR, the performance of
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Figure 4.7: System throughput versus transmit SNR for the target rates R1 = 0.5 and
R2 = 0.5

the EH-enabled system surpasses that of the system without EH. The reason is that

the energy harvested is significant at high transmit SNR.

Fig. 4.8 exhibits the energy efficiency of the considered EH-ATI system with

respect to transmitting SNR for distinct values of target rates R = R1 = R2.

The considered EH-ATI system is also compared to the EH-SS system in terms of

energy efficiency. From Fig. 4.8, it can be noticed that the energy efficiency of the

considered EH-ATI system is higher than the EH-SS system. The reason is that

the considered EH-ATI system achieves better outage performance than the EH-SS

system. The plot also illustrates that for a given target rate and at a specific SNR

value, the system achieves maximum energy efficiency. The SNR value at which the

system achieves maximum energy efficiency varies with the target rate. It is also

important to mention that as SNR increases, the energy efficiency of the system

under consideration reduces. The reason is that, at high transmit SNR, the energy

utilized by the system is greater than the attained system throughput.

The user PF index is compared between the systems, without EH, with EH-

SS and with EH-ATI and is shown in Fig. 4.9. It can be noticed from Fig. 4.9

that the considered system with EH-ATI represents user fairness better than any
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other systems. The SU has outage probability closer to the WU for the systems,

with EH-SS and with EH-ATI. Also, with the increase of transmit SNR, the PF

index increases. The systems, without EH, has the greatest impact on the outage

probability of users. The reason is that the outage probability at the WU in the

system depends only on the transmission from the direct phase. The WU in EH

systems, on the other hand, considers the SINR from both phases.

4.4 Summary

In this chapter, the utilization of TS-based EH in a cooperative NOMA two-tier

HetNet is investigated, where the distributions of the BSs are depended upon PPP

assumptions. At the SU and the WU, expressions of outage probability and system

throughput have been evaluated. It has been shown that the SU with EH-ATI suf-

fers degradation in outage probability. However, SU attains flexibility with regards

to energy consumption. Moreover, the outage performance of the WU undergoes

notable enhancement by utilizing cooperation from SU. Throughput analysis shows

that at high transmit SNR the considered system with EH-ATI achieves better per-

formance than the system with EH-SS and the system without EH. Energy efficiency

analysis also illustrates superiority of the proposed system with EH-ATI over the

system with EH-SS. Finally, the considered system with EH-ATI provides better

user fairness as compared to the system with EH-SS and the system without EH.

The previous chapters consider the simple linear energy harvester model where

the output power is linearly proportional to the input power. However, as most

rectennas include non-linear components (e.g., diodes and capacitors), the input/output

relationship is non-linear, hence it is necessary to perform analysis with nonlinear

harvester models. In the next chapter, a non-linear energy harvesting model is

employed in the proposed models.
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Chapter 5

SWIPT and NOMA Enabled

Heterogeneous Networks with

Non-linear Energy Harvesting

In the literature, there have been some recent related works for instance, in [153, 154],

where outage probability is analyzed in a cooperative NOMA network however, re-

sults are calculated for single-tier scenarios considering a single BS. In the large-scale

systems, [144] investigate users’ outage probability and energy efficiency, respec-

tively. In [58], the system enabled with NOMA is implemented in a HetNet, and

the coverage, and ergodic rate are examined. However, the application of coop-

erative NOMA and the application of SWIPT between the users to influence the

performances in a HetNet scenario, are not addressed in these previous works. Fur-

thermore, the works in [153], [141] and [142] have looked into outage performance in

HetNets involving cooperative NOMA utilizing SWIPT however, a linear EH model

is considered.

To the best of authors knowledge, no previous research investigates the outage

probability of NOMA users for a SWIPT-enabled cooperative NOMA using non-

linear energy harvesting in HetNets. This is the first work to derive the outage

probability expressions of NOMA users with the SU enabled with SWIPT involving

non-linear EH. The proposed non-linear EH model accurately depicts the practical

restrictions of the energy harvesting system, for example, the saturation effect, i.e.,

the maximum power at which output power does not change and brings out novel
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Figure 5.1: Illustration of a downlink NOMA assisted HetNet scenario.

insights into an EH-enabled NOMA-based HetNets. The major contributions of the

letter are:

� A NOMA-based HetNet is investigated utilizing SWIPT at the SU considering

a practical case of non-linear EH. SU performs cooperative transmission in

order to achieve performance improvement at the WU.

� Closed-form expressions for the outage probability at both the NOMA users

are evaluated. The system throughput is also analyzed to obtain the overall

system performance. The results demonstrate that the considered scheme

substantially improves the performance of the WU.

� The analytical results are confirmed through simulations. The proposed sys-

tem is compared with the benchmark linear EH system [141, 142], the system

without EH involving NOMA [155], and the system without EH involving

OMA [156, 157].
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5.1 System and Channel Model

A HetNet comprising of SBS tier and MBS tier is considered with locations of SBS

and MBS following independent PPP distribution Ωt, with density λt for the tth

tier, such that t ∈ {m, s}, where m and s indicate the MBS-tier and the SBS-tier,

respectively as illustrated in Fig. 5.1. The power transmitted by MBS and SBS is

indicated as Pm and Ps, respectively. The coverage radius of the MBS tier and SBS

tier is designated as Ym and Ys, respectively, with the focus on the SBS tier with

NOMA users. The distribution of users follows independent PPP, Ωu with density

λu, in the SBS-tier. The SBS selects the NOMA pair based on the random selection

scheme [2]. The channel gains between the links are considered to be Rayleigh

distributed, and accordingly, the channel gains are exponentially distributed with

unit variance. A bounded path loss model for modeling large scale path-loss is

considered. Hence, the total channel gain is given as ht

(1+rνt )
, where ν denotes the

path loss exponent, ht and rt, are the channel power gain and separation between the

NOMA user and the tagged SBS, respectively. The total transmission time block, T,

is split into two phases; the EH phase, and the information transmission (IT) phase.

In the EH phase, the SU performs EH for αT of the time block, where α is the

fractional time block wherein the SU harvests energy from the transmitted NOMA

signal and the aggregate interference from both the tiers, such that 0 ≤ α ≤ 1. The

IT phase is further divided into Phase-1 and Phase-2, each of (1−α)T/2 of the time

block. In the Phase-1, the SBS transmits information to both the NOMA users (the

SU and the WU). In the Phase-2, the SU performs cooperative transmission to the

WU.

Phase-1 Transmission

The SBS transmitted message is given as Xs =
∑2

k=1 xk
√
akPs, where, the signal of

the kth user is denoted by xk. The transmitted power in the message xk is assumed

to be unity i.e. E[x2k]=1 and is equal ∀k∈(1, 2), where the operator E[·] represents

the statistical expectation operator. The received message at the typical kth user

is expressed as

Yk =
√
hk(1 + rνk)−1Xs + nk, (5.1)
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where hk

1+rνk
is the total channel gain between the BS and the kth user for k ∈ {1, 2}.

It is assumed that h1

1+rν1
≤ h2

1+rν2
therefore, User 1 is WU, and User 2 is SU. nk ∼

N (0, σ2
k) is the noise at the kth user. Utilizing the NOMA principle, SU performs

SIC to decode its signal by eliminating the WU’s signal. The SINR received at the

SU for detecting the WU signal is described as

γ12→1 =
ρsa1h2(1 + rν2)−1

ρsa2h2(1 + rν2)−1 + ρsIs + ρmIm + 1
, (5.2)

where ρs = Ps/σ
2
2 is the transmit signal-to-noise ratio (SNR) at SU, and ρm =

Pm/σ
2
2. Is =

∑
y∈Ωs/{so} hy is the total SBS-tier interference at the SU, where hy

is the total channel gain between the SU and the yth SBS, and so represents the

assigned SBS. Likewise, Im =
∑

u∈Ωm
hu is the total MBS-tier interference at the

SU, such that hu represent the total channel gain between the typical SU and the

uth MBS. The SU’s SINR for detecting its signal is described as

γ12 =
ρsa2h2(1 + rν2)−1

ρsIs + ρmIm + 1
. (5.3)

It is presumed that the SU have energy storage ability [2] and TS protocol [103] is

incorporated at SU to perform EH. In the EH phase, the SU harvests energy for

cooperative transmission in Phase-2. The energy harvested (E2) at SU from the

transmitted signal is given as

E2 = αT

(
aPs h2(1 + rν2)−1 + b

Ps h2(1 + rν2)−1 + c
− b

c

)
, (5.4)

where a, b, and c are values obtained from the rectifier circuit by curve fitting [158].

Note that the energy harvested based on the linear EH model is also considered,

represented by E2 = αTζ (Ps h2(1 + rν2)−1), where ζ is the linear energy harvester’s

conversion efficiency. It is helpful to utilize the linear EH model as a performance

standard. Let P2 represent the transmit power from SU, to be used in Phase-2

transmission, which is given by

P2 =
2α

1 − α

(
aPs h2(1 + rν2)−1 + b

Ps h2(1 + rν2)−1 + c
− b

c

)
. (5.5)

90



CHAPTER 5. SWIPT AND NOMA ENABLED HETEROGENEOUS
NETWORKS WITH NON-LINEAR ENERGY HARVESTING

The SINR received at the typical WU in Phase-1 transmission is given by

γ11 =
Psa1h1(1 + rν1)−1

Psa2h1(1 + rν1)−1 + PsI ′s + PmI ′m + σ2
1

. (5.6)

Phase-2 Transmission

In this phase, the message is forwarded to the WU by the SU. The SINR to decode

x1 at WU is given by

γ21 =
P2h12(1 + rν12)

−1

PsI ′s + PmI ′m + σ2
1

, (5.7)

where h12(1 + rν12)
−1 is the total channel power gain for the link SU → WU, r12

denotes the distance between the SU and WU. The WU utilizes the SC [124] tech-

nique to choose the highest SINR from SBS and SU. This is achieved by considering

the maximal received SINR from (5.6) and (5.7), the received SNR at the WU is

given by

γsc1 = max
(
γ11 , γ

2
1

)
. (5.8)

5.2 Performance Analysis

5.2.1 Outage Probability at SU

The outage probability at the SU depends upon the successful SIC of WU’s signal.

The SU goes into outage when SU cannot detect the signal of WU, and also when

SU detect the signal of WU but cannot detect its own signal. Therefore, outage

probability expression at the WU is described as

P su
out = P

(
γ12→1 < ϕ1

)
+ P

(
γ12→1 ≥ ϕ1, γ

1
2 < ϕ2

)
, (5.9)

where ϕ1=2
2R1
1−α−1 and ϕ2=2

2R2
1−α−1, with R1 and R2 represents the targeted rate to

decode the messages of SU and WU successfully.
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Proposition 1

Depending on the PPP model, the outage probability at the SU is defined as

P su
out =

1

2

L∑
l=0

ble
−clϵ1LIp [sp], (5.10)

where LIp [sp]=LIs [ss]LIm [sm], ss=ρsϵ1cl and sm=ρmϵ1cl, ϵ1=
ϕ1

ρs(a1−ϕ1a2)
and ϵ2=

ϕ2

ρsa2
,

bl=−ωL(1+ψl)
√

1 − ψ2
l , b0=−

∑L
1 bl, ωL=π/L, ψl=cos

(
2n−1
2L

π
)
, cl=1+

(Ys

2
ψl + Ys

2

)ν
,

c0=0, L is a parameter to provide complexity-accuracy trade-off for the Gaussian-

Chebyshev (G-C) quadrature. The Laplace transform (LT) of the tth tier such that

t ∈ {m, s}, is described [134] as

LIt (s) = eπλt(sδtΓ(1−δt,s)−sδtΓ(1−δt)), (5.11)

where δt=
2
νt

, Γ (a, x) is lower incomplete gamma function and Γ (z) is the gamma

function. For the SBS tier, the path-loss exponent ν is used instead of νs throughout.

Proof

Let us represent the total channel power gain with random variables X, Y and Z.

Such that, h1(1+rν1)−1=X, h2(1+rν2)−1=Y , and h12(1+rν12)
−1=Z. The probability

density function (PDF) of X, Y, and Z are given by expressions fX(x)=(1+rν1)e−(1+rν1 )x,

fY (y)=(1+rν2)e−(1+rν2 )y, and fZ(z)=(1+rν12)e
−(1+rν12)z, where, r1, r2 and r12 denote

the distances from SBS to WU, from SBS to SU, and from WU to SU, respectively.

The cumulative distribution function (CDF) of random variable Y is described as

FY (y) =
2

Y2
s

∫ Ys

0

(
1 − e−(1+rν2)y

)
r2dr2. (5.12)

Approximating CDF by utilizing G-C quadrature [127], as

FY (y) ≈ 1

2

L∑
l=0

ble
−cly. (5.13)
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Pwu
out =

1

4

L∑
l=0

K∑
k=0

blbke
−(cl+ck)ϵ1LIp [sp]L′

Ip [sp] +
1

2

L∑
l=0

ble
−clϵ1 LIp [sp]×(

1 − lim
B→∞

π2 B

NMY3
s

N∑
n=1

M∑
m=1

bm
(
1 − θ2n

) 1
2
e−χne−cmQ1Kn

ν2χ
1+ 2

ν
n

(
(2 + νχn) Γ

(
2

ν

)
− ν×

χnΓ

(
2

ν
,Yν

s χn

)
− νΓ

(
2 + ν

ν
,Yν

s χn

))
LIs [Cnmρs]LIm [Cnmρm] (5.16)

(5.9) is rearranged in the form containing Y as

P su
out = P (Y < ϵ1) + P (Y ≥ ϵ1, Y < ϵ2) , (5.14)

where P (Y ≥ ϵ1, Y < ϵ2) of (5.14) gives outage for ϵ1<ϵ2. Thus, for the case when

ϵ1≥ϵ2, the P su
out is specified by CDF of Y with y=ϵ1(1+ρsIs+ρmIm), and substituting

y in (5.13) to obtain (5.10).

5.2.2 Outage Probability at WU

The WU goes into outage when both the SU and the WU are not able to decode

the signal of the WU, and also when the SU decodes the signal of the WU however,

the WU is not able to attain the targeted rate in Phase-2. Thus, outage probability

expression at the WU is described as

Pwu
out = P

(
γ12→1 < ϕ1, γ

1
1 < ϕ1

)︸ ︷︷ ︸
Θ1

+P
(
γ12→1 > ϕ1, γ

sc
1 < ϕ1

)︸ ︷︷ ︸
Θ2

. (5.15)

Proposition 2

The outage probability at the WU is given in (5.16).

Proof

From equation (5.15), Θ1=P (γ12→1 < ϕ1, γ
1
1 < ϕ1) and Θ2=P (γ12→1 > ϕ1, γ

sc
1 < ϕ1).

The conditions in Θ1 are independent. Therefore, Θ1 can be obtained as

Θ1 = P
(
γ12→1 < ϕ1

)
P
(
γ11 < ϕ1

)
, (5.17)
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P (γ12→1 < ϕ1) is already derived and simultaneously P (γ11 < ϕ1) is derived, i.e., by

considering the random variable X=h1(1 + rν1)−1. The analytical expression of Θ1,

is given as

Θ1 =
1

4

L∑
l=0

K∑
k=0

blbke
−(cl+ck)ϵ1LIp [sp]L′

Ip [sp], (5.18)

where LIp [sp] and L′
Ip

[sp] represent the LT of the interference at SU and the WU,

during the Phase-1 transmission, respectively. Θ2 is given as

Θ2 = P
(
γ11 < ϕ1

)︸ ︷︷ ︸
Θ21

P
(
γ12→1 ≥ ϕ1, γ

2
1 < ϕ1

)︸ ︷︷ ︸
Θ22

. (5.19)

The evaluation of Θ21 is completed in (5.18). Therefore, the expression of Θ21 is

given as

Θ21 =
1

2

L∑
l=0

ble
−clϵ1 LIp [sp]. (5.20)

Consider ρsIs + ρmIm = I, ρsI ′
s + ρmI ′

m = I ′, ϵ1 = ϕ1

ρs(a1−ϕ1a2)
and ϵ′1 = ϵ1(I + 1)

so Y ≥ ϵ′1 using this Θ22 can be given from (5.19) as

Θ22 = P
(
Z <

c(1 − α)ϕ1(PsY + c)(I ′ + 1)

2α(ac− b)ρsY
, Y ≥ ϵ′1

)
=

∫ Ys

0

∫ Ys

0

∫ ∞

ϵ′
FZ

(
c(1 − α)ϕ1(Psy + c)(I ′ + 1)

2α(ac− b)ρsy

)
︸ ︷︷ ︸

I1

×

fY (y)dyfYs(r1)dr1fYs(r2)dr2. (5.21)

The above expression becomes intractable due to limits of I1. Hence to solve the

expression, high SNR approximation [142] is considered, i.e. ρs → ∞ implies ϵ′ ≈ 0.

let us take Q1 = c(1−α)ϕ1

2α(ac−b)ρs
and applying G-C Quadrature to I1 after changing the

upper limit of integration of I1 to be B and taking the limit as B →∞, I1 in (5.21)
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is approximated as

I1 ≈ 1 − lim
B→∞

πB

2N

N∑
n=1

(
1 − θ2n

) 1
2 (1 + rν2)

(
e(1+rν12)Q1Kn

)
×

EI′m

[
e−smI′

m

]
EI′s

[
e−ssI′

s

]
e

−(1+rν2 )(1+θn)B

2 , (5.22)

whereKn = (Ps+
2c

(θn+1)B
), s = (1+rν12)Q1Kn, sm = ρms, ss = ρss, θn = cos

(
2n−1
2N

)
π,

Taking I1 from (5.22) and substituting in (5.21). Applying fYs(r1) = 2r1
Y2
s

,fYs(r2) =

2r2
Y2
s

and approximating the distance as r12 ≈ r1, Θ22 is given as

Θ22 = 1 − lim
B→∞

2πB

NY4
s

N∑
n=1

∫ Ys

0
(1 + rν2)e

−(1+rν2 )(1+θn)B

2 r2dr2︸ ︷︷ ︸
I2

×

(
1 − θ2n

) 1
2

∫ Ys

0

(
e−(1+rν1 )Q1Kn

)
EI′

[
e−sI′

]
r1dr1︸ ︷︷ ︸

I3

. (5.23)

Approximating I3 by utilizing G-C quadrature and solving for I2, to get the

expression of Θ22 as

Θ22 = 1 − lim
B→∞

π2 B

NMY3
s

N∑
n=1

M∑
m=1

bm
(
1 − θ2n

) 1
2 ×

e−χne−cmQ1Kn

ν2χ
1+ 2

ν
n

(
(2 + νχn) Γ

(
2

ν

)
− νχnΓ

(
2

ν
,Yν

s χn

)
−

νΓ

(
2 + ν

ν
,Yν

s χn

))
LIs [Cnmρs]LIm [Cnmρm] , (5.24)

where χn = (1+θn)B
2

, bm = (1 + φm) (1 − φ2
m)

1
2 , cm = 1 +

(
(1 + φm)Ys

2

)ν
, φm =

cos
(
2m−1
2M

π
)
, and Cnm = Q1cmKn. Substituting Θ21 and Θ22 from (5.20) and (5.24)

into (5.19), respectively to obtain Θ2. Then, substituting for Θ1 and Θ2 in (5.15) to

get a close form expression of outage probability at WU.

5.2.3 System Throughput

Utilizing the outage probability at the SU and at the WU, the throughput of the

system is evaluated to determine the overall system performance [2], and is expressed
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Figure 5.2: Variation of outage probability at the SU with transmit SNR.

as

Tsys =
(1 − α)

2
((1 − Pwu

out)R1 + (1 − P su
out)R2) . (5.25)

5.3 Results and Discussions

The mathematical results derived in Section 5.2 are explained in this section. The

results of the analysis are validated for an ensemble of 105 using Monte Carlo simu-

lations. The considered parameters for obtaining the mathematical and simulation

results are given as [1] L=10, N=10, K=10, M=10, B=1000, Pm = 40W, Ps = 1W,

λm = 10−4m−2, λs = 10−3m−2, Ym = 1km, Ys = 10m, ν = 4, νm = 3, a1 = 0.8,

and a2 = 0.2. The normalization constants for the non-linear EH model are set at

a = 2.463, b = 1.635, and c = 0.826 [158]. The fractional time block α is chosen

as 0.3 [159]. For comparison, NOMA and OMA schemes are considered, such that

both schemes are not employing cooperative transmission. NOMA scheme uses a

single time slot to serve the two users, whereas OMA uses two different time slots to

serve two users. The system with benchmark NOMA scheme [153, 155] is denoted
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Figure 5.3: Variation of outage probability at the WU with transmit SNR.

as NOMA without EH, whereas the benchmark system with OMA [156, 157], is de-

noted as OMA without EH. Furthermore, the proposed scheme, denoted as NOMA

with non-linear EH, is also compared with linear EH scheme [141, 142] under the

same setting as the proposed scheme denoted as NOMA with linear EH.

Fig. 5.2 exhibits the outage probability of SU versus the transmit SNR plot.

At the transmit SNR of 30dB, a degradation of 62% in the outage probability per-

formance of NOMA with non-linear/linear EH, as compared to OMA without EH

case, is observed. Furthermore, degradation of 42% in the performance of NOMA

with non-linear/linear EH is observed in comparison to the outage probability at

the SU without EH. This is observed since the SU in NOMA with non-linear/linear

EH decodes information only for (1 − α)T/2 of its time block. However, the SU in

NOMA without EH and SU in OMA without EH dedicate the entire time block and

T/2 of the time block for information decoding, respectively. The outage probability

at the SU for the NOMA with a non-linear EH model and with linear EH are the

same. This is because both systems dedicate αT for harvesting energy.

Fig. 5.3 exhibits the outage probability of WU with respect to the SNR. At the

transmit SNR of 30dB, it can be inferred that an enhancement of 59% and 73% is

observed in the performance of NOMA with non-linear EH in comparison to the
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Figure 5.4: System throughput versus transmit SNR for the target rates R1=0.5
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WU in NOMA without EH and OMA without EH, respectively. This is because

the WU in NOMA with non-linear EH derives its signal through SC, while, the

WU in NOMA without EH and WU in OMA without EH only obtains its signal

from Phase-1. Fig. 5.3 also shows a difference between the outage probability of

the considered NOMA with non-linear EH and the NOMA with linear EH, since for

non-linear EH models, the performance saturates for higher transmit SNRs.

The throughput of the system is calculated to obtain overall performance as

demonstrated in Fig. 5.4. It is realized from Fig. 5.4 that the performance of the

system with NOMA but without EH attains better performance in comparison to

the system with NOMA and non-linear EH at low transmit SNR. This is because at

low transmit SNR, degradation in the performance of the SU is higher as compared

to increase in the performance of the WU. Since, the amount of energy harvested

depends on the transmit SNR and at low SNR, the power harvested for cooperative

communication is not significant. At high SNR, the performance of the EH-enabled

system surpasses that of the system without EH, Since the energy harvested is

significant at high transmit SNR.
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5.4 Summary

This work investigates the utilization of a non-linear EH model in a cooperative

NOMA two-tier HetNet. At the SU and the WU, outage probability and system

throughput expressions have been evaluated. It has been shown that the SU with

non-linear EH suffers degradation in outage probability. However, SU attains flexi-

bility with regard to energy consumption. Moreover, the outage performance of the

WU undergoes notable enhancement by utilizing cooperation from SU. Through-

put analysis shows that at high transmit SNR, the system with a non-linear EH

model achieves better performance than the system without EH. Furthermore, the

linear EH model fails to represent the saturation region of practical EH circuits. To

overcome this limitation, a non-linear EH model is used to provide useful insights

for the design and realization of HetNets. In the previous chapters SWIPT is used

to power the energy constrained device however, due to a big gap between the ac-

tive sensitivity of the energy harvester and that of the decoder, the SWIPT-based

systems are only appropriate for short distance communication. To overcome this

limitation, PB is used to supply power for wireless devices. PBs are low-cost sta-

tions for recharging wireless IoT devices as they do not require any computational

capabilities and backhaul links. Therefore, they can be deployed in large numbers

at locations with connections to the electrical grid. Hence, in the next chapter a

practical PB-assisted downlink NOMA system model is analyzed.
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Chapter 6

Power Beacons Assisted NOMA

Based Wireless Powered

Communication Networks

The number of IoT devices are increasing and evolving rapidly, which inevitably

results in the ubiquitous deployment of low-powered devices and a large amounts

of data flow [160]. The application of appropriate multiple access schemes is a

well-known and effective method for supporting a large number of devices and data

flow. Next generation multiple access (NGMA) [161] schemes are being considered

in the 6G wireless systems to overcome these challenges since they combine existing

schemes and incorporate novel concepts like NOMA. In comparison to the traditional

multiple access schemes, NOMA is a crucial enabling technology for achieving im-

proved performance by encouraging spectrum sharing among wireless devices with

different QoS requirements [153]. Power domain NOMA connects a massive num-

ber of devices by utilizing the same time/frequency resources, thereby improving

capacity and throughput performance as compared to the conventional OMA.

The growing demands for widespread connectivity for IoT devices can be met

with the help of networks combined with NOMA, which can also improve spectral

and energy efficiency [141]. However, the need for sufficient and constant power

supplies (batteries) is one of the most prevalent challenges when deploying IoT

devices in a practical context. For 6G network, Ericsson proposed their concept

of zero-energy devices [162], with a battery life of up to 10 years. Additionally,
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charging or replacing the batteries of these devices on a regular basis limits their

usability. To overcome this issue, wireless power transfer (WPT) is proving to be a

potential method for extending the lifespan of power-constrained equipment [153].

In a WPCN, PBs are set up to wirelessly provide RF power to wireless devices, and

sensors [163]. PBs are low-cost stations for recharging wireless IoT devices as they

do not require any computational capabilities and backhaul links [164]. Therefore,

they can be deployed in large numbers at locations with connections to the electrical

grid, making them suitable for mounting on the BS in the WPCN. PB-assisted EH

provides a consistent and readily controllable amount of energy as compared to the

BS while operating at different frequencies [165]. The WPCN assisted with NOMA

and PB can be applied to various IoT applications, such as smart buildings, smart

bridges, smart homes, smart healthcare, and smart agriculture. For example, in

a smart agriculture scenario, when the relay communicates simultaneously with a

smartphone and transmits a low data rate control signal to a device, when device is

a water sprinkler, humidity sensor, pesticide sprayer, and others.

6.1 Communication scenarios and contribution

Many recent works highlight the advantage of NOMA combined with PB-assisted EH

to improve spectral efficiency and energy efficiency. For example, in [163], and [166],

the power beacon-aided wireless NOMA network has been investigated in which all

the transmitting nodes use EH from a PB. However, the existing works assume a

linear EH model which is far from the practical scenario. Multi-user relaying with

NOMA and EH is studied in [165], and [167] with a practical non-linear EH model

however, the locations of BS and relays are assumed to be fixed. [157] investigated

the performance of a PB-assisted WPCN, where multiple relays are distributed to

communicate with a common information receiver. However, the work in [157] did

not consider NOMA. Furthermore, the distribution of BS and the use of stochastic

geometry for analysis is also not considered in the present literature.

In the 6G wireless networks, the envisioned IoT devices often have low power

consumption and compact sizes, which commensurate with their lower computa-

tional performances. As a result, energy harvesting devices used in IoT applications

are compact sensors having a smaller hardware footprint with simple and cheap
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circuitry, thus, in these situations, non linearity in EH must be taken into account,

since it may be quite challenging to practically deploy different energy harvesters in

order to reduce nonlinear effects. The necessity of non-linear model for IoT devices

has inspired this chapter to analyze the performance of IoT devices in such networks,

which to the best of authors’ knowledge, has not been fully addressed in the existing

works. In particular, the significant contributions are summarized as follows:

� Motivated by the advantages of PB for powering WPCN and the NOMA

protocols to support massive number of IoT devices with heterogeneous QoS

requirements, this chapter proposes a WPCN system that employs PB at the

BS to power the battery-less IoT devices in assisting the communication.

� The model introduces an intermediate node (IN), acting as a relay to assist the

BS in communicating with a blocked user (BU). IN harvests energy from the

PB to power the relay transmission. Unlike the existing works, this chapter

uses a non-linear EH model at IN. Furthermore, the BS and INs are distributed

using the PPP. PPP provides a mathematically tractable and spatially realistic

model for system design.

� IN uses the licensed band in underlay mode to forward its signal to a delay-

tolerant (DT) IoT device by simultaneously superimposing the signal of the

BU received from the BS using the NOMA protocol. Using IN as a relay

in underlay mode encourages spectrum sharing among wireless devices with

different QoS requirements and provides connectivity to the blocked users.

� The approximate closed-form expression of outage probability is evaluated at

the users. Furthermore, the performance of the proposed system is analyzed in

terms of outage probability, system throughput, and EE. Additionally, consid-

ering the same communication scenario, a comparison between the proposed

system and the system employing OMA [124, 156, 157], is made.

6.2 System Model

Considering WPCN wherein the locations of the BS follow independent PPP dis-

tribution, Ωb with density λb, a more practical system model is proposed. The IN
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Figure 6.1: Illustration of a downlink PB assisted WPCN scenario and total transmission
time block with time splitting protocol.

is distributed as an independent and stationary point process Ωu with density λi.

BS selects IN based on a random selection scheme such that λi >> λb. The ran-

dom selection scheme is more beneficial in terms of complexity than other selection

schemes as there is a dense distribution of INs [2]. The power transmitted by BS

is indicated as Pb. The coverage area of BS is designated as Yb. A PB is config-

ured on the BS to broadcast RF energy to power the IN. A downlink NOMA-based

IoT communication scenario [167] is considered wherein the BS communicates with

the BU with the assistance of IN. In order to achieve higher SE and EE, the IN

broadcasts superimposed NOMA signals for the BU and the DT. It is assumed that

there is no direct link between the BS and the BU as well as the DT. The channel

between the links are considered to be quasi-static Rayleigh distributed denoted

by hi, where i ∈ {bs, ib, id} for BS → IN , IN → BU and IN → DT link, re-

spectively. Accordingly, the channel gains are exponentially distributed with unit

variance. This work considers the large-scale path loss as 1√
1+rνi

, where ν denotes

the path loss exponent. ri is the separation between the links, where i ∈ {bs, ib, id}

for BS → IN , IN → BU and IN → DT link, respectively. Therefore the total
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channel gain between the links is represented as |hi|2
1+rνi

. The DT and the BU are

located at a fixed distance from IN. The time splitting protocol is considered, which

involves the information transmission phase and the EH phase. In the EH phase,

the PB supply energy to the IN for βT duration, where β (0 ≤ β ≤ 1), and T

are the time splitting factor and the total coherence time block, respectively. The

information transmission phase is divided into two phases Phase-1 and Phase-2. In

Phase-1 transmission, half of the remaining duration i.e., (1−β)T/2, is allocated for

the BS to transmit the superimposed NOMA signal to IN. In Phase-2 transmission,

the remaining duration, (1 − β)T/2, is allocated to the IN, which uses energy that

has been harvested as its power source for relaying operations.

6.2.1 Energy Harvesting Phase

In the EH phase, the received signal at the IN is given by

Ybs =
√
Pb

hbs√
1 + rνbs

xe + ns, (6.1)

where hbs is the channel coefficient of the BS to IN link, and rbs is the separation

between the BS and IN. The xe is the energy signal corresponding to IN and ns is

the additive white Gaussian noise (AWGN) at IN with mean zero and variance σ2.

The energy harvested at the IN is given by

Es = βT

(
aPb|hbs|2(1 + rνbs)

−1 + b

Pb|hbs|2(1 + rνbs)
−1 + c

− b

c

)
, (6.2)

where a, b, and c are values obtained from the rectification circuit by curve fitting

[158]. Note that the energy that has been harvested according to the linear EH

model is also considered, which is represented by E2 = βTζPb|hbs|2(1+ rνbs)
−1, where

ζ is the linear energy harvester’s conversion efficiency. It is helpful to utilize the

linear EH model as a performance standard. Let Ps represent the transmit power

from IN, to be used in Phase-2 transmission,

Ps =
2β

1 − β

(
aPb|hbs|2(1 + rνbs)

−1 + b

Pb|hbs|2(1 + rνbs)
−1 + c

− b

c

)
=

C1Pb|hbs|2(1 + rνbs)
−1

Pb|hbs|2(1 + rνbs)
−1 + c

, (6.3)
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where C1 = 2β(ac−b)
c(1−β)

.

6.2.2 Information Transmission Phase

Phase-1 Transmission

The BS first broadcasts signal of BU to the IN. Then, the signal received at the IN

is given as

ys =
√
Pb

ĥbs√
1 + rνbs

xb +
√
PbIb + n̂s, (6.4)

where ĥbs is the channel coefficient of the BS to IN link in Phase-1 transmission. xb

is the signal of the BU. Ib =
∑

y∈Ωb/{bo} |hy|
2(1+rνy)−1 is the total interference at the

IN from neighboring BS, where hy and ry are the channel gain and the separation

between the IN and the yth BS, respectively. bo denotes the assigned BS. n̂s is

the AWGN with mean zero and variance σ2, at the receiver of IN in the Phase-1

transmission. The SINR at the IN for decoding the signal xb of BU can be written

as

γIN =
Pb|ĥbs|2(1 + rνbs)

−1

PbIb + σ2
, (6.5)

It is assumed that all the BSs transmit their signal only in Phase-1 transmission.

Therefore, the interference term does not appear in the SINR expressions of the

Phase-2 transmission.

Phase-2 Transmission

After detecting the received signals of BU, the IN superimposed signals xb of BU

with xd of DT by implementing NOMA such that the superimposed coded signal is

given by x =
√
αPsxb+

√
(1 − α)Psxd, where E[x2b ] = E[x2d] = 1, α and (1−α) are the

power allocation coefficients for BU and DT, respectively. The signal transmitted

from the IN that is received at the BU and the DT can be represented as

yBU =
hib√

1 + rνib

(√
αPsxb +

√
(1 − α)Psxd

)
+ nw, (6.6)

and

yDT =
hid√

1 + rνid

(√
αPsxb +

√
(1 − α)Psxd

)
+ ns, (6.7)
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where nw and ns are the AWGN at the receiver of BU and DT, respectively both

having zero mean and variance of σ2. The SIC ordering is based on the QoS re-

quirement of the BU and the DT [168]. Since the QoS requirement of the BU is

considered to be higher than that of DT, it performs SIC. The BU first uses SIC to

decode xd and subtracts it from the received signal to decode its own message, xb.

For decoding xd and xb at the BU, the SINRs are written as

γxd
BU =

(1 − α)Ps|hib|2(1 + rνib)
−1

αPs|hib|2(1 + rνib)
−1 + σ2

, (6.8)

and

γxb
BU =

αPs|hib|2(1 + rνib)
−1

σ2
. (6.9)

Additionally, DT decodes its own message xd while considering the message of BU

as interference. The SINR at DT is expressed as

γDT =
(1 − α)Ps|hid|2(1 + rνid)

−1

αPs|hid|2(1 + rνid)
−1 + σ2

. (6.10)

6.3 Performance Analysis

6.3.1 Outage Performance

The definition of outage event is when a receiver’s instantaneous SINR falls below

a predetermined threshold [169].

Outage Performance at DT

The DT outage probability is defined as the event when the DT cannot success-

fully detect the message xd or when the BU cannot detect xd via SIC. The outage

probability at DT is written as

PDT
out = Pr (min(γDT , γ

xd
BU) ≤ γ̂DT ) , (6.11)

where γ̂DT = 22RDT /(1−β) − 1 represents the target SINR threshold for successfully

detecting xd, and RDT is the target data rate of the DT. From (6.11) the outage
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probability of the DT can be expressed as

PDT
out = 1 − Pr (γDT > γ̂DT , γ

xd
BU > γ̂DT )

= 1 − Pr

(
Y >

Q(PbX + c)

X
,Z >

Q(PbX + c)

X

)
, (6.12)

where X = |hbs|2(1 + rνbs)
−1, Y = |hid|2(1 + rνid)

−1, and Z = |hib|2(1 + rνib)
−1, Q =

γ̂DT/ρbC1((1 − α) − αγ̂DT ). ρb = Pb/σ
2 is the transmit signal-to-noise ratio (SNR)

at IN. The PDF and CDF of RVs is given by fW (w) = (1+rν)e−w(1+rν) and FW (w) =

1 − e−w(1+rν) such that W ∈ {X, Y, Z} and r ∈ {rbs, rid, rib}, respectively. On

substituting the values in (6.12) to get the outage probability expression as

PDT
out

(a)
= 1 −

∫ Ys

0

∫ ∞

0

e−Q(1+rνid)Pbe−
cQ(1+rνid)

x ×

e−Q(1+rνib)Pbe−
cQ(1+rνib)

x (1 + rν)e−x(1+rν) 2r

Y2
s

dxdr

(b)
= 1 − πC2

2N

N∑
n=1

(θn + 1)
√

4C3(1 − θ2n)cnK1

(√
4C3cn

)
, (6.13)

where C2 = e−Q(1+rνid)Pbe−Q(1+rνib)Pb , C3 = cQ(2 + rνid + rνib), θn = cos
(
2i−1
2n
π
)
, cn =

1 +
(

(θn+1)Ys

2

)ν
. (a) is obtained after taking the expectation over the coverage area

πY2
s of BS by substituting rbs=r. (b) is obtained by using [170, eq. (3.324.1)] and

applying GC quadrature to obtain the final closed-form expression.

Outage Performance at BU

Outage probability at BU is defined as the events when the message xb is not cor-

rectly decoded by IN or when the BU is unable to successfully detect its own message

xb.

PBU
out = Pr (min(γIN , γ

xb
BU) ≤ γ̂BU) , (6.14)

where γ̂BU = 22RBU/(1−β)−1 represents the SINR threshold for successfully detecting

xb, and RBU is BU’s desired data rate. The probability that at least one of γIN and

γxb
BU is smaller than γ̂BU is equivalent to one minus the probability that both γIN

and γxb
BU are greater than γ̂BU . Hence (6.14) can be rewritten as
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PBU
out = 1 − Pr (γIN > γ̂BU , γ

xb
BU > γ̂BU) . (6.15)

From (6.4) and (6.9), substituting the SINR expression in (6.15). Also substitut-

ing the total channel gains in terms of RVs X, Y and Z in (6.15) and after some

mathematical simplifications, the outage probability expression can be written as

= 1 − Pr

(
X >

γ̂BU(ρbIb + 1)

ρb
, Z >

γ̂BU(PbX + c)

αC1ρbX

)
(a)
= 1 −

∫ Ys

0

∫ ∞

0

e
− γ̂BU (ρbIb+1)

ρb
(1+rν)

e
− γ̂BU (Pbx+c)

αC1ρbx
(1+rνib)

× (1 + rν)e−x(1+rν) 2r

Y2
s

dxdr

(b)
= 1 − πe−C4Pb

2N

N∑
n=1

(ϕn + 1)
√

4cdnC4(1 − ϕ2
n)e

− γ̂BUdn
ρb ×

K1

(√
4cdnC4

)
LIb (sn) , (6.16)

where C4 =
γ̂BU (1+rνib)

αC1ρb
, ϕn = cos

(
2i−1
2n
π
)
, dn = 1 +

(
(ϕn+1)Ys

2

)ν
, sn = γ̂BUcn. (a) is

obtained after taking the expectation over the coverage area πY2
s of BS by substitut-

ing rbs=r. (b) is obtained by using [170, eq. (3.324.1)], and applying GC quadrature

in to get the final closed-form expression. LIb (sn) denotes the Laplace transform

(LT) of the interference coming from PPP distributed BSs and is described [171] as

LIt (s) = eπλt(sδtΓ(1−δt,s)−sδtΓ(1−δt)), (6.17)

where δt=
2
νt

, Γ (a, x)=
∫∞
x
ta−1e−tdt and Γ (z)=

∫∞
0
xz−1e−xdx.

6.3.2 System Throughput

The system throughput is calculated to determine overall system performance by

utilizing the outage probability at the DT and at the BU at constant targeted rates

[2], and is expressed as

Tsys =
(1 − β)

2

(
(1 − PDT

out )RDT + (1 − PBU
out )RBU

)
(6.18)

6.3.3 System Energy Efficiency

The energy efficiency of the system is determined by dividing the maximum attain-

able data rate by the total amount of power used by the entire network [169] and is
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Figure 6.2: Outage probability comparison of NOMA and OMA

defined as

ηSEE =
Tsys
Pb

. (6.19)

6.4 Results and Discussions

Using Monte-Carlo computer simulations, numerical results are presented in this

section to support the theoretical analysis reported in Section 6.3. Hereinafter,

unless otherwise mentioned, the simulation parameters are as follows: α = 0.2,

β = 0.5, rid = 0.7m, rib = 0.5m, RDT = 0.25, RBU = 0.5, ν = 2.7, Pb = 1W,

λb = 10−3m−2, Yb = 10m [142, 163]. The normalization constants for the non-linear

EH model are set at a = 2.463, b = 1.635, and c = 0.826 [158]. For illustration, the

proposed system is compared with a OMA based system [124, 156, 157], under the

same communication scenario.

In Fig. 6.2, it is observed that the analytical and simulated outage probabilities

of both the BU and the DT overlap. It is also observed that the BU with NOMA

performs better by 76.92% than the BU with OMA at the transmit SNR of 16dB.
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Similarly, the performance of DT with NOMA is better by 30.36% than that with

OMA at the transmit SNR of 16dB.

For various values of the TS coefficient β, Fig. 6.3 illustrates the outage proba-

bility of BU and DT versus transmit SNR. It can be observed that the performance

improves when β increases from 0.25 to 0.5. This is because, with an increase in β,

the power needed for cooperative transmission increases as IN harvests energy for

βT. However, the performance again drops when β further increases to 0.75. The

reason is that increase in β results in a shorter decoding time (1−β
2

)T for BU as well

as for DT.

The outage probabilities of BU and DT are plotted against transmit SNR for

various values of the power allocation coefficient α in Fig. 6.4. It is inferred that

the outage performance of BU improves when α increases from 0.1 to 0.3. This

is because with an increase in α the power allocated to the BU signal increases.

However, the power allocated to DT is 1-α, therefore, the performance of DT drops

when α increases from 0.1 to 0.3.

Fig. 6.5 plots the system throughput versus transmit SNR, wherein the solid lines

indicate the proposed NOMA system and the dashed lines represent the benchmark

OMA system [124, 156, 157]. It is inferred that the system throughput of the
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proposed system outperforms the benchmark OMA system. This is because the

NOMA is suitable for systems with diverse needs, and in the proposed system, the

target rates for DT and BU are different, which makes it suitable for NOMA. Thus,

the proposed system model is ideal for scenarios where IoT devices have diverse QoS

requirements.

The system energy efficiency is plotted against transmit SNR for various values

of the TS coefficient β in Fig. 6.6. It can be observed that the proposed system

outperforms the benchmark system for all values of β. Furthermore, β = 0.5

achieves the best performance as compared to β = 0.25, 0.75. This is evident from

Fig. 6.7 wherein the system throughput is plotted against β for the transmit SNR

of 15 dB, 20 dB and 25 dB. The system throughput achieves best performances at

β = 0.5.

6.5 Summary

In this chapter, the advantage of NOMA in the WPCN with heterogeneous QoS

requirements has been investigated, and a practical PB-assisted downlink NOMA

scheme has been proposed. First, a PB mounted on the PPP-distributed BS is con-

sidered to recharge battery-less IoT devices to enable transmission. Second, in order

to make the system practical, a non-linear EH scheme is considered at the PPP dis-

tributed IN to assist the BS transmission. Third, in order to achieve higher spectral

and energy efficiency, the IN uses NOMA to accommodate IoT devices. Both at the

BU and at the DT, the closed-form expression of outage probability is evaluated.

The performance at the BU and at the DT is compared with the OMA system. It

is shown that the proposed NOMA system outperforms the OMA system in out-

age probability, system throughput, and energy efficiency. The system throughput

achieves best performances at the optimal value of time switching coefficient β = 0.5.
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Conclusions and Future Works

7.1 Conclusions

This thesis focuses on the system enabled with NOMA in wireless HetNets, which is

regarded as one promising technology in future 5G networks. The following aspects

are presented in this thesis: 1) The basic principles of NOMA is introduced, including

the two key technologies superposition coding and SIC, mathematical demonstra-

tion of NOMA and the basic downlink/uplink NOMA transmission model; 2) The

potential combination of NOMA with the emerging technologies such as SWIPT

and HetNets; and 3) Capturing the topological randomness of the BSs and utilizing

stochastic geometric tools to provide tractable analysis. The main contributions and

insights are summarized as follows

Initially, the work investigates the application of SWIPT in a PPP-distributed

two-tier downlink cooperative NOMA network with imperfect CSI. The FBS tier

is enabled with NOMA. A new cooperative NOMA and SWIPT protocol has been

proposed, in which near NOMA users that are close to the BS act as energy har-

vesting relays to help far NOMA users. Stochastic geometry is utilized to model

the locations of MBSs, FBSs and users. Closed-form expressions in terms of outage

probability and system throughput have been derived at the CCU and the CEU. It is

observed that the CCU suffers degradation in outage probability. This highlights the

significance of exact channel estimation methods in cooperative NOMA networks,

particularly incorporating SWIPT, in order to maintain performance. Further, the

outage performance of the CEU experiences significant improvement by employing
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cooperation from the CCU. The throughput analysis also highlights that the per-

formance of the proposed system surpasses a cooperative NOMA system without

EH. This implies that EH integration at the CCU can lead to enhanced spectral

efficiency and overall system throughput in NOMA-enabled HetNets.

Chapter 3 addresses the limitations of using PPP assumption for modeling the

SBS tier under realistic assumptions. Since the SBSs are opportunistically deployed

by the end users, the interference management becomes challenging, which necessi-

tates the use of appropriate MAC layer protocol, e.g., carrier sensing. Using carrier

sensing at the FBS tier renders the BSs to be correlated with each other. The cor-

related BSs cannot be accurately modeled using the PPP assumption. Therefore,

an advanced point process, i.e., RPP is used to model the SBS tier. The retaining

model for the SBS tier is discussed, and the analysis at SBS tier is carried out in

two phases. In the direct phase transmission, the SBS transmits the superimposed

signal to a user pair, comprising of a CCU and a cell-edge user CEU, using NOMA

principle. The CCU acts as a cooperative relay to forward information to the CEU

in the cooperative phase. Expressions for outage probability and throughput are

derived at the user pair served using NOMA. The outage performance of the CEU

experiences significant improvement by employing cooperation from the CCU. This

implies that the implementation of cooperative strategies helps in improving the

performance of users in CNOMA HetNets. Comparison of the proposed EH system

with existing solutions are highlighted and useful insights are drawn. The improve-

ment in outage probability observed when EH utilizes RPP as compared to PPP

shows the significance of carrier sensing and interference management in enhancing

the reliability and efficiency of the system. The optimal value of PS coefficient is

also obtained for the proposed system model as β = 0.5.

Chapter 4 investigates the utilization of TS based EH in a cooperative NOMA

two-tier HetNet, where the distributions of the BSs are depended upon PPP as-

sumptions. At the SU and the WU, expressions of OP and system throughput have

been evaluated. It has been shown that the SU with EH suffers degradation in out-

age probability. However, SU attains flexibility with regards to energy consumption.

Moreover, the outage performance of the WU undergoes notable enhancement by

utilizing cooperation from SU. Throughput analysis shows that at high transmit

116



CHAPTER 7. CONCLUSIONS AND FUTURE WORKS

SNR the considered system with EH achieves better performance than the system

without EH. Energy efficiency analysis also illustrates superiority of the proposed

system. This implies that EH integration at the CCU can lead to enhanced energy

efficiency and overall system throughput in NOMA-enabled HetNets. Finally, the

considered system provides better user fairness as compared to the system without

EH.

Furthermore, the linear EH model fails to represent the saturation region of

practical EH circuits. As most rectennas include non-linear components (e.g., diodes

and capacitors), the input/output relationship is non-linear, hence it is necessary to

perform analysis with nonlinear harvester models. Therefore, Chapter 5 investigates

the utilization of a non-linear EH model in a cooperative NOMA two-tier HetNet.

The outage probability at the NOMA users is derived in closed form using stochastic

geometry. The performance of the proposed system is compared with the system

without EH and the system with linear EH. It is shown that the proposed system

attains higher throughput than OMA without EH in the considered scenario.

Finally, in Chapter 6, the advantage of NOMA in the WPCN with heteroge-

neous QoS requirements has been investigated, and a practical PB-assisted downlink

NOMA scheme has been proposed. First, a PB mounted on the PPP-distributed

BS is considered to recharge battery-less IoT devices to enable transmission. The

chapter address the challenges of EH and transmission in battery-less IoT devices.

Second, in order to make the system practical, a non-linear EH scheme is consid-

ered at the PPP distributed IN to assist the BS transmission. Third, in order to

achieve higher spectral and energy efficiency, the IN uses NOMA to accommodate

IoT devices. Both at the BU and at the DT, the closed-form expression of outage

probability is evaluated. The performance at the BU and at the DT is compared

with the OMA system. It is shown that the proposed NOMA system outperforms

the OMA system in outage probability, system throughput, and energy efficiency.

The system throughput achieves best performances at the optimal value of time

switching coefficient β = 0.5.
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7.2 Future Works

� The work can be extended to analysis the propagation characteristics, chan-

nel models, design considerations, implementation strategies, and exploring

potential applications of EH and NOMA enabled HetNet in the 6G wireless

networks.

� To develop fundamental limits, performance analysis, network theoretic ap-

proaches (e.g., stochastic network calculus, throughput), and theoretical bounds

for HetNets in the 6G wireless networks.

� According to the 5G new radio standard, upon reaching out beyond 6 GHz,

the coverage area is significantly reduced. Since high-frequency signals are

sensitive to blockage effects of trees and buildings the cost-effective technique

of intelligent reflective surfaces (IRS) aided networks can be integrated into

the present infrastructures. An IRS-aided system relies on many reflective

elements, each of which is able to adjust the phase shifts and possibly the

amplitude of the incident signals. By aligning the signals reflected by the

IRS elements, the received signal of both the BS and of the users can be

constructively or destructively superimposed by appropriately adjusting the

global CSI. Motivated by the potential benefits, IRS-aided HetNets can be

studied for future extension of the work.

� The work in this thesis can also be extended to MIMO systems. Multi-antenna

HetNet is another advanced wireless network paradigm relying on spatial mul-

tiplexing, which can enhance system capacity and SE by placing a lot of an-

tennas at the BSs. MIMO channels can realize spatial division multiple access

for multiple users by using transmit beamforming. As multiple antennas with

beamforming is advantageous at FBS tier, this can be explored in the future.

� The MBSs are connected to the network core via high-speed fiber backhaul.

However, it is not feasible to provide fiber backhaul to all SBSs. Conversely,

wireless backhaul solutions for SBSs have not been widely adopted due to spec-

trum shortages at sub-6 GHz frequencies. Nevertheless, with the availability

of ample spectrum in mm-wave frequencies, achieving fiber-like performance
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on the MBS-SBS backhaul links while preserving sufficient bandwidth for BS-

user access links becomes feasible. Since both the access and backhaul links

are established in mm-wave frequencies, they can share the same network in-

frastructure and resource pool, facilitating the joint design of the radio access

network and backhaul network. In the future, these characteristics can be

further studied within a stochastic geometry-based two-tier mmWave HetNets

for 6G wireless networks.
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