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ABSTRACT

The evolution of wireless communication beyond fifth-generation (5G) and towards
sixth-generation (6G) networks necessitates advancements in spectral efficiency, en-
ergy efficiency, and massive connectivity. To address these demands, non-orthogonal
multiple access (NOMA) has emerged as a promising multiple access scheme that
enables multiple users to share the same resources efficiently. However, practical
challenges such as multi-user interference, error propagation in successive interfer-
ence cancellation (SIC), imperfect channel state information (CSI), and transceiver
hardware impairments (HIs) significantly impact system performance. Addition-
ally, the increasing demand for self-sustainable communication has motivated the
exploration of energy harvesting (EH) and backscatter communication (BC), which
improve energy efficiency by utilizing ambient radio frequency signals. The the-
sis investigates advanced NOMA-based frameworks that integrate HQAM, EH, and
BC to enhance wireless systems’ spectral and energy efficiency under realistic con-
straints.

The initial focus of this thesis is the error performance analysis of HQAM-based
NOMA systems. The average symbol error rate (ASER) of HQAM schemes is
analyzed by considering a two-user NOMA downlink system, and closed-form ex-
pressions are derived over generalized Nakagami-m fading channels. The impact
of modulation order, power allocation, and channel conditions on ASER perfor-
mance is investigated, providing critical insights into optimal constellation design
for NOMA transmission. Furthermore, the feasibility of HQAM in practical NOMA
systems is assessed, and a power allocation strategy is proposed to improve its error
performance.

Since interference management and error propagation remain significant chal-
lenges in NOMA systems, the thesis proposes a multiple feedback successive inter-
ference cancellation (MF-SIC) algorithm for ultra-dense internet-of-things (IoT) net-
works. The proposed MF-SIC algorithm enhances the reliability of SIC by utilizing
multiple feedback iterations, significantly reducing error propagation and improving
detection performance. The effectiveness of MF-SIC is evaluated in both uplink and
downlink NOMA systems under the presence of imperfect CSI, and a comparative
analysis with conventional SIC is conducted to demonstrate its robustness.

To address the need for self-sustainable wireless networks, this thesis investigates
an EH cooperative NOMA system, where multiple decode-and-forward relays assist
the transmission while harvesting energy from the base station. A relay selection
strategy is implemented to optimize performance, and closed-form expressions for
outage probability and ergodic rate are derived under perfect and imperfect CSI/SIC
conditions. Additionally, an asymptotic analysis of outage probability is presented
to provide further insights into system reliability. The results demonstrate how
energy-harvesting relays can enhance coverage and improve the energy efficiency of
cooperative NOMA networks.

Further extending the concept of EH-based NOMA, a hybrid backscatter-assisted
NOMA system is introduced, integrating passive and active relaying modes to sup-
port low-power IoT devices. A novel hybrid relay protocol is developed, where
the relay simultaneously performs energy harvesting, active information reception,
and passive backscatter transmission. The system is analyzed under nonlinear EH
constraints, residual hardware impairments, and channel estimation errors, and the
performance is evaluated in terms of outage probability, system throughput, and



energy efficiency. The findings highlight the potential of backscatter-NOMA as a
viable solution for extending connectivity in energy-constrained IoT networks.

Finally, the thesis presents a symbiotic radio (SR)-enabled NOMA framework
that facilitates dynamic spectrum sharing between the primary network and IoT
devices. The SR-based system allows passive IoT devices to backscatter primary
signals while improving the performance of the primary network itself. The outage
probability for NOMA users is analyzed under different deployment scenarios, con-
sidering cases with and without a direct link between the primary base station and
the far user. The results demonstrate that SR-enabled NOMA significantly outper-
forms orthogonal multiple access making it an attractive solution for next-generation
ultra-dense wireless networks.

The analytical models presented in this thesis are extensively validated through
Monte Carlo simulations, confirming the accuracy of the derived expressions. The
proposed methodologies contribute to the advancement of next-generation multiple
access techniques, offering novel insights into the design of spectrally and energy-
efficient NOMA-based communication systems for beyond 5G and 6G networks.

ii
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Chapter 1

Introduction

1.1 Evolution of Wireless Communications: From

1G to 6G

In the early 1980s, the foundations of mobile telecommunications were laid with

the first generation (1G) of mobile networks. It introduced seamless connectivity of

voice services in determined zones of the world. By being an analogue technology, it

had some limitations, for example, it only supported one user per channel. In terms

of its radio access technology (RAT), frequency division multiple access (FDMA)

was used, multiple users were assigned to different frequencies but frequency gaps

in-between channels were needed, to minimize adjacent-channel interference (ACI).

The transition to second generation (2G) in the early 1990s marked a significant

technological leap, moving from analog to digital systems. This new generation

introduced enhanced voice quality, with data speeds of up to 384 Kbps, SMS text

messaging, and rudimentary data services, enhancing communication efficiency. The

2G of mobile networks, also known as global system for mobile communications

(GSM), used time division multiple access (TDMA), a RAT that allowed eight users

to share the same channel, occupying 200 KHz. The third generation (3G) networks

launched in the early 2000s, bringing speed and functionality improvements. These

networks offered data transfer rates of at least 144 Kbps, significantly enhancing

mobile internet capabilities and supporting services like video calls. The 3G mo-

bile networks, also known as universal mobile telecommunications system (UMTS)
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brought code division multiple access (CDMA) as its RAT, allowing users to share

the same frequency and communicate at the same time, using different orthogo-

nal codes. This was a breakthrough from a spectral efficiency theoretical point of

view since users could share the same time/frequency but it had some limitations,

namely, the bandwidth used was very large compared to 2G and there was a lim-

itation in the number of codes that could be assigned to the users. The fourth

generation (4G), rolled out in the early 2010s, provides a monumental advancement

in mobile technology, offering broadband-like speeds and low latency. This genera-

tion enabled high-definition video streaming, real-time online gaming, and seamless

video conferencing, fundamentally changing user interactions with their devices. 4G

mobile networks, also known as long term evolution (LTE), came as a response to

the need of faster and better mobile broadband. From a spectral efficiency perspec-

tive, the RAT used in downlink LTE, orthogonal frequency division multiple access

(OFDMA), is not great because the OFDMA sub-carriers are packed in 20 MHz

of spectrum. The fifth generation (5G) networks began rolling out around 2019,

heralding a new era of hyperconnectivity with unprecedented speeds and ultra-low

latency. 5G can support vast numbers of connected devices and is crucial for en-

abling applications such as Internet-of-things (IoT), smart cities, and autonomous

vehicles. Its capacity for high-speed data transmission is foundational for inno-

vative sectors, including healthcare, transportation, and entertainment. Typical

peak data rates are expected to reach 20 Gbps with an emphasis on reliability and

bandwidth efficiency. New performance indicators introduced during this phase in-

cluded metrics for ultra-reliable low-latency communication (URLLC) and massive

machine-type communications (mMTC), reflecting the technological advancements

and more complex use cases. Expected to debut in the early 2030s, sixth generation

(6G) will push the boundaries of mobile technology, potentially delivering data rates

up to 1 terabit per second. Innovations in 6G may include advanced applications

like immersive extended reality (XR) and artificial intelligent (AI)-driven networks,

promising to fundamentally transform daily life and various industries. This future

generation will support even more incredible levels of connectivity, making it inte-

gral to the next chapter of mobile technology evolution In wireless communication,

ultra-high data rates and energy efficiency, URLLC, enhanced mobile broadband

2
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Figure 1.1: Mobile Network Evolution [1].

(eMBB), global coverage and connectivity, and mMTC are stringent requirements

for beyond 5G/6G networks [3]. At the physical layer, the speed of the cellular links

has increased manyfold from 50 kbps in 2G systems, 144 kbps in 2.5G systems, ap-

proximately 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 6G systems [4]. Simi-

larly, 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 twenty years

[5]. 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. To

fill this gap, current and future research is directed toward next-generation wireless

communication technologies such as non-orthogonal multiple access (NOMA), coop-

erative relaying, and higher order modulation scheme. As the frequency spectrum

for wireless communication is worldwide allocated, efficient utilization of the limited

bandwidth along with high data rate transmission over multipath fading channels

is also a challenging task in practical wireless communication systems. Thus, vari-

ous challenges exist in the design and operation of wireless communication systems

which must be studied and analyzed to get high data rate transmission with high

reliability and low latency over multipath fading channels.
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1.2 Non-Orthogonal Multiple Access

The fundamental concept of NOMA lies in leveraging the power domain for multiple

access, as illustrated in Figure 1.2. Unlike conventional multiple access technologies,

NOMA introduces a new power dimension to perform multiplexing within the exist-

ing time, frequency, or code domains. In essence, NOMA can be seen as an ‘add-on’

technique with the potential to seamlessly integrate with existing multiple access

paradigms, offering significant improvements in spectral efficiency and connectivity

[6, 7].

Near user

Far userPo
we

r

Figure 1.2: Illustration of NOMA transmission.

The key enabling technologies for NOMA are superposition coding (SC) and

successive interference cancellation (SIC). These principles have evolved significantly

in both theory and practice, making NOMA feasible for next-generation networks.

In NOMA, the base station uses the SC technique to transmit a composite signal

formed by superimposing coded signals from multiple users’ messages. The users

selection also plays a critical role in NOMA performance, users are typically arranged

according to their channel gains. User selection in NOMA is based not only on

channel conditions but also on quality-of-service (QoS) requirements [8]. In a typical

NOMA scenario, users with different channel conditions are paired together. For

instance, a user with a strong channel (near user) is paired with a user with a

weaker channel (far user). The user with the poorer channel condition is allocated

more power to ensure it can decode its own message while treating other users’

signals as interference. Conversely, users with better channel conditions apply SIC

to subtract the interference from far user, enabling them to decode their messages

effectively as shown in Figure 1.3. In the scenario when channel condition of users
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are not diverse, the users are selected based on the QoS requirement. Users with

higher QoS demands may be prioritized in power allocation and pairing strategies

to ensure that their stringent latency, reliability, or throughput needs are met.

Unlike traditional orthogonal multiple access (OMA) schemes, which often use

a power allocation policy like water-filling, NOMA allocates more power to users

with poorer channel conditions. This ensures that these users can decode their

messages while treating other users’ messages as noise. For users with better channel

conditions, SIC is employed to subtract the interference caused by signals from users

with poorer conditions, thus enhancing overall system performance.

Base station

Near user

Far user

SIC of far 
user signal

Near user 
signal 

detecton

Far user 
signal 

detecton

Figure 1.3: Illustration of downlink power domain NOMA transmission.

Superposition Coding

First proposed by Cover in 1972, the concept of superposition coding is a fundamen-

tal component of coding schemes designed to achieve capacity on a scalar Gaussian

broadcast channel. The core idea behind SC is to encode the signal of a user with

poor channel conditions at a lower rate, and then superimpose the signal of a user

with better channel conditions on top of it. Building on its strong theoretical foun-

dation in information theory, SC has been applied to various types of channels,

including interference channels, relay channels, and multiple access channels. While

these theoretical advancements have provided ample motivation for the use of SC, a

significant breakthrough has been its successful transition from theory to practical

implementation.
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Successive Interference Cancellation

SIC is a promising technology for enhancing network capacity by efficiently managing

interference in wireless networks. The SIC technique achieves this by enabling the

user with a stronger link to first decode the signal intended for the user with a weaker

link. The stronger user then regenerates the weaker user’s signal and subtracts it

from the received signal to eliminate interference. Finally, the stronger user decodes

its own information without any interference from the weaker user. SIC has been

shown to achieve the boundaries of Shannon capacity for both broadcast channels

and multiple access networks. Moreover, one of the key advantages of SIC is its low

hardware complexity at the receiver side [9, 10].

Downlink and Uplink NOMA Transmission

Downlink NOMA transmission employees the superposition coding technique at the

base station for sending superimposed signals and the SIC technique at users for

interference cancellation. More specifically, as shown in Figure 1.3, at the side of near

user, the interference of the superimposed signal can be cancelled with employing

SIC technique. While at the side of far user, it will decode the message by treating

near user as interference.

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

quires that the base station should send controlling signals to multiple users for

power allocation first. Then multiple users transmit their own information to the

base station in the same orthogonal resource block resource. With the aid of SIC

technique, the base station decodes all the messages of users following increas-

ing/decreasing decoding order.

1.3 Cooperative Communication

In wireless communication, multipath fading is one of the major impairments that

cause reduced reliability, robustness, and coverage of a network. Cooperative relay-

ing has been reckoned as an effective approach to counteract the effect of multipath

fading in wireless communications. Cooperative relaying can mitigate the path-loss
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and shadowing effects by introducing an intermediate node i.e., a relay node in be-

tween the source and destination. In this way, three distinct gains can be achieved:

(i) diversity is increased because of the additional and independent path available

for signal propagation between source and destination; (ii) communication between

source and destination is performed in hops i.e., the transmitter is closer to the

receiver and path-loss is reduced; (iii) the smart relay position mitigates the shad-

owing effect [11]. The basic idea of cooperative relaying is to process the information

between source and destination through alternative indirect multipath via interme-

diate relay nodes. The cooperative relaying has been incorporated in the standards

such as LTE-Advanced and IEEE 802.16j [12]. The transmitted signal is processed

through different relaying schemes. Commonly used relaying schemes are

Transmitter

Receiver

Relay  

node

Figure 1.4: Cooperative communication.

� Amplify-and-forward (AF)

� Decode-and-forward (DF)

Amplify-and-forward:

In AF relaying, the relay receives the signal coming from the source node, amplifies

it, and forwards it to the destination. The signal received at the relay is affected

by channel fading and noise. Hence, noise is also amplified at the relay along with

the information signal. AF is the simplest relaying technique because no further

processing is required at the relay. However, since a power amplifier (PA) is used

to amplify the signal, AF relaying is sensitive to PA nonlinearity i.e., non-linear PA

(NLPA), and the impact of non-linear distortion (NLD) becomes a major issue in a

multi-hop network.
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Decode-and-forward:

In DF relaying, the relay first decodes the received information signal from the

source, and then re-encodes and transmits it to the destination. Both decoding

and re-encoding are performed at the relay. Ideally, the same information is re-

transmitted through the relay, so noise is not amplified and fading impairments of

the source to relay channel are mitigated. However, the processing load at the relay

is greater than AF relaying, and an accumulation in error occurs if there is an error

in the recovery of the information signal at the relay which is also forwarded to the

destination.

1.4 Wireless Energy Harvesting

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 [13]. 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 [14]. As a result, EH in

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

as medicinal implants, remote environmental monitoring, etc. EH-enabled receiver

architectures such as time switching (TS), power splitting (PS), and hybrid time

switching and power splitting are commonly used.

Time Switching

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

antenna for EH and information reception [15]. As illustrated in Figure 1.5, the re-

ceiver employed in this architecture includes an RF energy harvester, an information

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 informa-
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Energy 

Harvester

Information 

Decoder

αT

(1-α)T

Figure 1.5: Time switching receiver architecture.

tion decoder circuit periodically. The received RF signal is switches between energy

harvester and information decoder into αT : (1− α)T proportion, where α denotes

time switching factor and T denotes frame duration. Further, the TS receiver also

requires accurate information/energy scheduling and time synchronization. The TS

factor can be optimized to achieve optimum performance.

Power Splitting

Energy 

Harvester

Information 

Decoder

Power 

Splitter

βP

(1-β)P

Figure 1.6: Power splitting receiver architecture.

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 [15]. To enable simultaneous EH and information decoding, both power

streams are then delivered to an information decoder and energy harvester as de-

picted in Figure 1.6. The power splitter splits the received power between energy

harvester and information decoder into βP : (1− β)P proportion, where β denotes

power splitting ratio and P denotes transmit power. Further, by varying PS ratios,

the information rate and the harvested energy can be balanced according to the
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system requirements. Furthermore, the overall performance can also be improved

by optimizing the PS ratio.

1.5 Backscatter Communication

Backscatter communication (BC) is an ultra-low-power wireless communication tech-

nology that enables devices to communicate by reflecting existing RF signals. This

method leverages ambient signals from sources like Wi-Fi, TV towers, or dedicated

RF emitters, allowing devices to operate without batteries or with minimal power

consumption. The BC refers to a design where a radio device transmits data via

reflecting and modulating an incident RF signal by adapting the level of antenna

impedance mismatch to vary the reflection coefficient and furthermore harvests en-

ergy from the signal for operating the circuit. Backscatter devices do not require

oscillators to generate carrier signals that are obtained from the air instead. Further-

more, using the simple analog modulation scheme, the device requires no analog-

to-digital converters (ADCs) used in the case of digital modulation. As a result of

these features, a backscatter transmitter consumes power orders-of-magnitude less

than a conventional radio. Traditionally, BC is widely used in the application of RF

identification (RFID) where a reader powers and communicates with a RFID tag

over a short range typically of several meters [16].

In the BC as shown in Figure 1.7, the radiation or incident signal is reflected by

the backscatter tag and then the transmit information at the backscatter transmitter

is remodulated to the reflected signal and delivered to the backscatter receiver. Sig-

nal reflection by the backscatter tag is involved in the BC. This is different from the

traditional communications, where the transmit information is included in the radi-

ation signal and delivered to the receiver directly. In particular, instead of initiating

their own RF transmissions as conventional wireless systems, a backscatter trans-

mitter can send data to a backscatter receiver just by tuning its antenna impedance

to reflect the received RF signals. Specifically, the backscatter transmitter maps its

bit sequence to RF waveforms by adjusting the load impedance of the antenna [16].

BC is particularly suited for IoT applications, where numerous low-power de-

vices are required to communicate over short distances. Its ability to support EH
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Carrier emitter

Backscatter 
transmitter/

tag

Backscatter receiver

Figure 1.7: Backscatter communication architecture.

and enable battery-free or extended-lifespan devices makes it ideal for sustainable,

scalable IoT networks, especially in environments with dense deployments of sensors

and smart objects. The traditional reader-tag configuration is unsuitable for IoT

since typical nodes are energy-constrained and may not be able to wirelessly power

other nodes for communications over sufficiently long distances. This motivated the

design of a BC system powered by RF EH, where the transmission of a backscatter

node relies on harvesting energy and reflecting incident RF signals from the ambient

environment such as TV, Wi-Fi and cellular signals.

1.6 Symbiotic Radio

The symbiotic radio (SR), has attracted significant attention to support IoT con-

nections using cellular (Primary) networks due to its spectrum and energy mutual-

istic sharing feature. SR combines the advantages of BC and cognitive radio (CR),

and has gained significant attention as a solution for achieving spectrum-efficient,

energy-efficient, and cost-effective communications [17, 18]. In the SR system, the

IoT device transmits information by passively backscattering the primary signal,

and thus the primary and IoT transmissions share the same spectrum and energy

resources. For example, smart home sensors (tags) in an IoT network can be in-

tegrated with a primary network. The secondary tags form an BC network. This

symbiotic relationship improves overall performance, enhances energy efficiency, and

11



1.7. WIRELESS CHANNEL: MODELING AND PERFORMANCE
METRICS

utilizes wireless resources more efficiently. The passive tags can exploit the primary

signal for EH and data transmission.

Similar to CR systems, SR achieves spectrum sharing communication with co-

existence of primary and secondary systems without causing interference to the

primary system as in CR systems. In return, due to the collaboration between

the primary and IoT transmissions, the backscattered signal serves as a multipath

component instead of interference, leading to an enhancement to the primary trans-

mission. Therefore, both cellular and IoT transmissions can benefit from their co-

existence in SR. Due to the outstanding spectrum and energy mutualistic sharing

properties, SR has been regarded as an enabling technology for massive IoT connec-

tions in 6G networks.

1.7 Wireless Channel: Modeling and Performance

Metrics

The wireless communication channel is a medium through which the information

signals traverse from source to destination. Information signals suffer from various

impairments during propagation. In this section, the fundamentals of wireless prop-

agation, multipath fading, and various channel models are discussed. Further, to

characterize the performance of wireless systems, various fundamental performance

metrics with their mathematical descriptions are explained.

1.7.1 Modeling of wireless channel

Fading in wireless communication is the fluctuation of signal strength due to factors

like multipath propagation, obstacles, or motion. It results in signal attenuation,

phase shifts, or interference over time, space, or frequency. Due to reflection, diffrac-

tion, refraction, or scattering, the transmitted signal in wireless communication tra-

verses multiple paths to reach the destination (receiver). Different replicas of the

transmitted signal (experiencing different amplitude, phase, and frequency varia-

tions) are combined at the destination. Further, due to constructive or destructive

interference, amplification or attenuation in the signal power occurs which affects
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the robustness and reliability of the wireless communication system. In Figure 1.8, a

typical signal propagation scenario between a transmitting and a receiving antenna

through a multipath fading channel is depicted.

Figure 1.8: Wireless communication channel.

Small-scale and large-scale fading are the two primary categories of fading.

Large-scale fading occurs mainly due to shadowing by large objects such as hills,

buildings, and due to path loss as a function of distance, whereas small-scale fading

occurs due to the constructive or destructive interference of multiple copies of the

transmitted signal through multipath.

It is highly challenging to precisely mathematically describe fading because it

varies with time, frequency, and geographic locations. Thus, substantial efforts

have been directed to characterize fading statistically. According to the nature of the

propagation environment, various precise and relatively simple statistical models are

proposed to characterize the fading channels [19, 20]. In case of small-scale fading,

the Rayleigh, Nakagami-m, Rician, Weibull, or α − µ distributions are commonly

used whereas, in case of large-scale fading, the Log-normal distribution is used.

Rayleigh distribution:

The Rayleigh distribution is the most popular method for describing the radio chan-

nel’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 and the

base station. 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 ampli-
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tude of the received signal is Rayleigh distributed.

Rician distribution:

The Rician distribution is preferred when there is a significant stationary non-LoS

component between the end users. In this case, the random multipath gains a DC

component from the superposition of the multipath components, which results in

a dominating stationary non-fading component. In the absence of the strong LoS

component, the Rayleigh distribution turns into a specific example of the Rician

distribution.

Nakagami-m distribution:

Nakagami-m is used to characterize small-scale fading for dense signal scatters. It

is also used in a variety of real-world applications such as modeling wireless signals

and radio wave propagation due to its generalized fading characteristic for different

values of the severity parameter m. One sided Gaussian distribution for m = 1
2
and

Rayleigh distribution for m = 1 are special cases of Nakagami-m distribution [21].

1.7.2 Performance metrics

To examine the performance of SWIPT-enabled wireless communication systems

over fading channels, several performance metrics are used for different modula-

tion schemes. To fix various design issues of wireless communication systems, these

performance measures are used. Commonly used performance metrics are instan-

taneous signal-to-noise ratio (SNR), outage probability, system throughput, energy

efficiency, ergodic capacity, and average symbol error rate (ASER) [20].

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
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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
, (1.1)

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

ance, 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.

Outage Probability:

Outage probability is one of the important performance 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 received end-to-end instantaneous SNR (γ) of

the considered system lies below a predefined threshold (γth)

System throughput:

The system throughput is one of the important performance metrics to characterize

spectrum utilization. It can also be referred to as mean spectral efficiency. Based

on the derived expression of outage probability (Pout), the system throughput can

be formulated as

τ = [1− Pout(γth)] rth. (1.2)

Energy efficiency:

Energy efficiency is an important performance metric in the wireless communication

system to achieve the vision of green communication systems. It is defined as the

overall data transferred to the overall consumed energy. The overall data transferred

is referred to as system throughput. Energy efficiency can be expressed as

ηEE =
τ

P
. (1.3)
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Ergodic capacity:

Ergodic capacity quantifies the ultimate reliable communication limit over fading

channels. Instantaneous capacity (measured in bps/Hz) is defined as the maximum

rate achieved by the communication channel and can be determined as C = log2(1+

γ). Hence, ergodic capacity is obtained by averaging the instantaneous capacity over

the PDF of the instantaneous SNR (γ).

Average symbol error rate (ASER):

ASER is an important performance metric for wireless communication systems that

can be determined by averaging the symbols with error at the receiver. For any

digital modulation technique, the generalized ASER expression by using the CDF-

based approach can be given as

Pe = −
∫ ∞

0

P ′

s(e|x)Pout(x)dx, (1.4)

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

for the received SNR.

1.8 Imperfections

In a practical system, there are many imperfections that limit the performance

of wireless communication systems. These imperfections include hardware impair-

ments (HIs), such as non-linearities in amplifiers and phase noise in oscillators, as

well as channel estimation errors caused by dynamic environments. In this sec-

tion, various imperfections such as imperfect channel state and transceiver HIs are

discussed.

1.8.1 Imperfect channel state information

In a practical wireless communication system the knowledge of perfect channel state

information (CSI) is a challenge and lead to imperfect knowledge of the channel con-

ditions between the transmitter and receiver. This imperfect CSI can significantly
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impact system performance, leading to errors in data transmission and decreased

overall efficiency. This imperfection primarily arises from factors such as channel

estimation errors (CEE) and quantization errors, which are inherent in real-world

systems. Further, other factors that affect the channel estimation performance are

the time-varying channel, estimation method, and signal detection when combined

with the channel estimation. Thus, the system’s performance can be improved by

utilizing an efficient channel estimation method that reduces channel estimation er-

rors. A minimum mean square error (MMSE) estimator at the receiver estimates the

channel with the help of some training symbols known as pilot symbols. Hence, the

best combination of pilot patterns, estimation method, and signal detection provides

improved performance at the cost of additional resources and is application-specific.

Under imperfect CSI, according to MMSE estimation [22, 23]

hk = ĥk + ϵk, (1.5)

where hk is actual channel between the transmitter and receiver and ĥk is the esti-

mate of the channel hk, where hk and ĥk are jointly ergodic and stationary Gaussian

process [24]. The ϵk is the CEE, which is assumed to be complex normal with mean

zero and variance σ2
e [25]. The CEE arise due to the improper pilot pattern in chan-

nel estimation. A pilot pattern for estimating the channel should be performed as

a function of coherence time and frequency. Otherwise, an irreducible error floor

arises in the estimation.

To address the challenges posed by imperfect CSI, various strategies can be

implemented. These include the use of robust resource allocation algorithms that

consider the uncertainties arising from CSI inaccuracies and the development of

advanced encoding and decoding techniques designed to operate effectively even with

limited channel knowledge. Additionally, improving channel estimation algorithm

and utilizing feedback mechanisms that can enhance overall performance in the

presence of imperfect CSI.
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1.8.2 Hardware impairments

In practice, wireless communication system hardware suffers from various types

of impairments, such as phase noise, in-phase/quadrature-phase (I/Q) imbalances,

etc. The HIs can be mitigated by the compensation algorithms, but there are

always residual impairments [26]. The HIs have an adverse impact on achievable

performance. The HIs create a mismatch between the intended signal x and what

is actually generated and transmitted, and distort the received signal during the

reception processing. By considering the impact of HIs, the received signal at the

destination can be expressed as [27]

y =
√
Ph (x+ ηt) + ηr + n, (1.6)

where P , ηt ∼ CN (0, κ2t ), ηr ∼ CN (0, κ2rP |h|2), and n ∼ CN (0, σ2) represent the

transmit power, distortion noise due to HIs in the transmitter, distortion noise due

to HIs in the receiver, and the AWGN, respectively. The design parameters κt ≥ 0

and κr ≥ 0 characterize the level of impairments in the transmitter and receiver

hardware, respectively. The parameters κt and κr are interpreted as error vector

magnitudes. The error vector magnitude measures the RF HIs and can be defined

as the ratio of the average distortion magnitude to the average signal magnitude.

The design parameters κt and κr can be designed jointly by taking the aggregate

distortion effect at the receiver as

Eηt,ηr
[∣∣∣√Phηt + ηr

∣∣∣2] = P |h|2
(
κ2t + κ2r

)
. (1.7)

The aggregate level of impairments κ =
√
κ2t + κ2r is sufficient to characterize

transceiver HIs. By considering the aggregate level of transceiver HIs, (1.6) can

be expressed as

y =
√
Ph (x+ η) + n, (1.8)

where η ∼ CN (0, κ2) denotes distortion noise which describes the impact of HIs at

both the transmitter and receiver. In particular, κ = 0 denotes the ideal transceiver
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i.e., κt = κr = 0. Meanwhile, the typical value of κt and κr lies in the range

κt, κr ∈ [0.08, 0.175] [27].

1.9 Motivation

Because of the importance of multiple access, there has been an ongoing quest dur-

ing the past decade to develop next generation multiple access (NGMA). Among

those potential candidates for NGMA, NOMA has received significant attention

from both the industrial and academic research communities, and has been high-

lighted in the recently published International Mobile Telecommunications (IMT)-

2030 Framework as follows: “for multiple access, technologies including NOMA

and grant-free multiple access are expected to be considered to meet future re-

quirements”. NOMA is a promising technology for future wireless communication

systems, enabling multiple users to share the same resources using power domain

multiplexing. This approach significantly improves spectral efficiency and supports

massive connectivity, which is essential for accommodating the growing number of

devices in next-generation networks. Additionally, adaptive transmission schemes,

which employ adaptive modulation and coding along with optimal power utilization,

have become critical in modern and future wireless communication systems. These

schemes are widely adopted in applications such as digital broadcasting, HDTV

services, and telephone line modems due to their increased data throughput and

spectral efficiency [28]. To further enhance data rates and achieve optimal spectral

efficiency, higher-order modulation techniques like the quadrature amplitude modu-

lation (QAM) family (e.g., hexagonal QAM) are gaining increased attention due to

their superior power and bandwidth efficiency. Moreover, cooperative relaying has

become a key area of focus in both current and future wireless systems for its abil-

ity to enhance coverage and link capacity. It has been considered in standards like

IEEE 802.16j/m, 3GPP LTE-Advanced, and is seen as a promising solution for 5G

and beyond systems [29]. To realize the vision of green communication, EH enables

wireless nodes to capture energy from ambient sources, such as RF signals, reducing

reliance on traditional power sources and extending the lifespan of battery-operated

devices. Integrating NOMA with EH capabilities facilitates the design of a spectral
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and energy-efficient wireless system. Additionally, BC and SR technologies enable

ultra-low-power communication by utilizing existing signals, while promoting mu-

tual benefits among devices through shared resources, ultimately enhancing both

energy and spectral efficiency in future IoT networks.

In practice, hardware suffers from various kinds of impairments that affect per-

formance and play an important role in the design of practical communication sys-

tems. Further, perfect knowledge of CSI at receiving nodes is hardly available in

practice. This leads to CEE, which has a significant detrimental impact on the sys-

tem’s performance. Thus, the impact of the CEE must be investigated for realistic

system design. While moving towards 5G and beyond systems, with the increased

multimedia applications through wireless channels, the bandwidth requirement has

increased. Furthermore, imperfection in SIC in decoding of NOMA users also affects

the performance of NOMA system.

Therefore, performance analysis of spectral and energy-efficient next-generation

wireless technologies, such as NOMA, cooperative relaying, EH, and backscatter-

aided systems, under practical constraints like imperfect CSI, transceiver HI, and

imperfect SIC, is crucial for designing practical communication systems for beyond

5G/6G. The objective of this thesis is to address various challenges in practical

wireless communication systems and enhance their performance, rather than relying

solely on extensive Monte Carlo simulations

1.10 Thesis Outline, Contributions

The thesis is organized into 7 chapters, which are briefly described below with their

contributions. The flowchart of the thesis is shown in Figure 1.9 which shows the

advancement of future wireless communication technology with their capability.

Chapter 1. Introduction : In chapter 1, a brief introduction to the wire-

less communication channel, multipath fading, channel characterization, various

performance metrics, NOMA, cooperative relaying, energy harvesting, backscat-

ter communication, symbiotic radio, hardware imperfections like imperfect CSI and

transceiver hardware impairments, and finally, the motivation and major contribu-

tions of the work presented in the thesis are provided.
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Spectrum underutilization, spectrum scarcity, and massive constraint problems

NON-ORTHOGONAL MULTIPLE ACCESS 
Resolves both the spectrum underutilization and spectrum scarcity problems by allowing 

multiple users in single resource block

Coverage area, diversity, and energy-efficient wireless networks

COOPERATIVE RELAYING WITH ENERGY HARVESTING
Resolves both the coverage area and path-loss problems with increase energy efficiency 

Self-sufficient energy efficient and smart radio environment for IoT network

BACKSCATTER COMMUNICATION AND SYMBIOTIC RADIO 
BC minimizes power consumption, enabling ultra-low-power communication, which is 

ideal for battery-free or energy-constrained IoT applications.
SR systems with BC have gained significant attention for their ability to achieve mutually 

beneficial spectrum sharing. 

Figure 1.9: Flowchart of the thesis.

Chapter 2. Average Symbol Error Rate Analysis for NOMA Systems

with Advanced Modulation Schemes: In this chapter, the performance of a

downlink NOMA system over Nakagami-m fading channels is analyzed. The ASER

of hexagonal quadrature amplitude modulation (HQAM) schemes by considering a

two user NOMA pair is analyzed. Closed-form expressions for ASER of HQAM

schemes for users are derived over generalized Nakagami-m fading channels. Fur-

ther, for the HQAM constellation feasibility in two user downlink NOMA systems,

the power allocation criterion for the users is presented. Furthermore, the impact of

modulation order of the users over the systems ASER analysis is investigated and

valuable insights are drawn.

Chapter 3. Average Symbol Error Rate with Multiple Feedback Based

SIC for Multiuser NOMA Systems: This chapter investigates a novel multiple

feedback-based SIC algorithm for an ultra-dense IoT device network. A multi-user

uplink and downlink NOMA system is considered, and it is shown that the proposed

algorithm outperforms conventional SIC. Further, the proposed algorithm’s perfor-
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mance is analyzed under the practical case of imperfect CSI at the receiver node to

validate the robustness. The computational complexity of multiple feedback SIC is

compared with the conventional SIC.

Chapter 4. Performance Analysis of Energy Harvested Cooperative

NOMA System: In this chapter, a EH-based multi-relay downlink cooperative

NOMA system with practical constraints is considered. The base station serves

NOMA users with the help of decode-and-forward based multiple EH relays, where

relays harvest the energy from the base station’s RF. A relay is selected from the

multiple K-relays by using a partial relay selection protocol. The system is consid-

ered to operate in half-duplex mode over a generalized independent and identical

Nakagami-m fading channel. The closed-form expression of outage probability and

ergodic rate are derived for users, under the assumption of imperfect CSI and imper-

fect SIC at the receiver node. Expression of outage probability and ergodic rate for

two users under the assumption of perfect CSI and perfect SIC are also presented.

Further, the asymptotic expression for the outage probability is also shown.

Chapter 5. Performance Analysis of Backscatter Cooperative NOMA

System: This chapter presents a NOMA-based coordinated direct and relay trans-

mission system that utilizes a hybrid backscatter relay. The hybrid backscatter relay

consists of passive information transmission via backscatter, EH, and active infor-

mation reception. A novel and simple hybrid protocol is presented, where the relay

operates in EH mode and active mode in the first phase, while in the second phase,

the relay operates in passive mode. The chapter investigates the outage probability

of the backscatter NOMA systems, considering realistic assumptions of nonlinear

EH, channel estimation errors, and residual hardware impairments. Moreover, to

gain deeper insights into the considered system, asymptotic outage probability, sys-

tem throughput, and energy efficiency are derived.

Chapter 6. Performance of Backscatter-NOMA Systems: Symbiotic

Communication for IoT Devices: In this chapter, a SR system tailored for IoT

devices is presented, proposing an innovative framework that integrates backscatter-

based IoT devices into the NOMA network. In this system, the primary base station

uses NOMA principles to serve both near and far users simultaneously. The IoT
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network includes an IoT device equipped with a backscatter transmitter, which

transmits its information over the primary signal, creating a symbiotic relationship

between the two networks. The IoT transmitter not only serves the IoT receiver

but also enhances the performance of the far user. This chapter provides a compre-

hensive analysis of the outage probabilities for both the NOMA and IoT networks.

The outage probability of the far user is derived for scenarios with and without a

direct link between the primary base station and the far user. The results clearly

demonstrate a significant performance improvement over OMA techniques.

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

Average Symbol Error Rate of

Higher Order Hexagonal-QAM

Schemes for NOMA Systems

In this chapter, the performance of a downlink NOMA system over Nakagami-m fad-

ing channels is analyzed. This chapter presents a novel closed-form ASER analysis

for HQAM-based NOMA under generalized Nakagami-m fading channels, addressing

key limitations in existing studies that primarily focus on square QAM (SQAM).

Unlike conventional SQAM, HQAM provides better power and spectral efficiency

due to its hexagonal lattice structure, making it a promising modulation scheme for

future NOMA systems. The key contributions of this chapter include the deriva-

tion of closed-form ASER expressions for HQAM-NOMA, a detailed investigation

of power allocation strategies to minimize ASER, and an analysis of the impact of

different modulation orders on system performance. Additionally, this work evalu-

ates the feasibility of HQAM in practical two-user NOMA systems, providing key

insights into its robustness under various fading conditions and power allocation

scenarios. The findings demonstrate that HQAM outperforms SQAM in terms of

error resilience, further establishing its viability for spectral and energy-efficient

NOMA-based communication systems.
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2.1 Introduction

NOMA is recognized as a promising technology for beyond 5G wireless communica-

tions with superior spectrum efficiency, user fairness, and high connectivity [6, 30–

32]. Hence, applications like IoT, unmanned aerial vehicles (UAV), and satellite

communication focus on integrating NOMA for future deployments [33–37]. On the

other hand, use of energy and bandwidth-efficient QAM schemes have gained enor-

mous research interest for beyond 5G communication systems [2, 38]. The family

of QAM schemes includes square QAM (SQAM), rectangle QAM (RQAM), cross

QAM (XQAM) and HQAM. SQAM scheme is used to transmit an even number

of bits, e.g. 4, 16, 64, 256, 1024, 4096, and so on and usually takes a perfect

square shape also refer as QAM scheme. SQAM has the maximum possible mini-

mum Euclidean distance between the constellation points for a given average symbol

power and requires a simple maximum likelihood detection technique [2]. For ex-

ample, the 16-SQAM constellations is shown in Figure 2.1. RQAM scheme is used

to transmit an odd number of bits, which includes SQAM, quadrature phase shift

key, binary phase shift key and multilevel amplitude shift keying schemes as special

cases [39]. However, RQAM scheme is inappropriate because of its high average and

peak powers. An improved XQAM scheme is prefered over RQAM schme because of

the lower peak to average energy than RQAM. The research for an energy-efficient

modulation technique with high data-rate has directed us towards an optimum two-

dimensional (2D) hexagonal-shaped constellation namely HQAM. Among the avail-

able QAM schemes, the HQAM scheme has a relatively low peak-to-average power

ratio (PAPR), considerable SNR gain over the other QAM schemes, and a more

spectral and power-efficient constellation due to its densest 2D packing [40]. There-

fore, to achieve high target data rates with limited power and bandwidth, HQAM

scheme can be adopted in multiple wireless applications for beyond 5G communi-

cation, such as multiple-antenna systems, physical-layer network coding, small cell,

optical communications, and advanced channel coding [2]. HQAM constellations are

further categorized into regular and irregular HQAM, based on the placement of the

constellation points. Regular HQAM has high power efficiency or BER performance

for larger values of modulation order with simpler detection. The irregular HQAM
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M SQAM Regular HQAM Irregular HQAM
Eavg PAPR Eavg PAPR Eavg PAPR

4 2 1 2 1.5 2 1.5
8 - - 4.5 1.55 4.321 2.13
16 10 1.8 9 2.11 8.75 1.74
32 - - 17.75 2.08 17.59 1.879
64 42 2.33 37 2.51 35.22 1.90
128 - - 72 2.347 70.56 1.96
256 170 2.647 149 2.74 141.23 2.03

Table 2.1: Comparison of various QAM schemes [2].

provides improved power efficiency and optimum performance, however, at the cost

of increased detection complexity. The constellation points of irregular 4-HQAM

and 16-HQAM with hexagonal decision boundaries are shown in Figure 2.2. Re-

sults of a comparative study between SQAM, regular HQAM, and irregular HQAM

schemes for different constellation orders are shown in Table 2.1. Table 2.1 presents

the average constellation energy or power (Eavg) and PAPR for the different constel-

lations. From the table, it is observed that irregular HQAM has the reduced peak

and average energies or power for all the constellation orders. Hence, HQAM is the

most energy or power efficient constellation and can be concluded as the optimum

constellation which provides better performance than the other constellations [2].

I

Q

Figure 2.1: 16-SQAM constellation.

The error rate analysis of downlink NOMA using the SIC technique has received

considerable attention by the research community recently [41–46]. In [41], the au-

thors derived the exact BER for NOMA over Nakagami-m using quadrature phase

shift key (QPSK). In [42], the authors analyzed the NOMA system considering sym-

bol level SIC and derived closed-form expression of SER using M -ary QAM. In [43],

the authors derived the pairwise error probability expression of downlink NOMA
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considering the symbol-level SIC. In [45], the authors considered a coordinated re-

lay NOMA system and derived the closed-form expression of ASER using SQAM

scheme over the Rayleigh fading channel. The authors in [46] consider a NOMA

system with an arbitrary number of users and modulation order for SQAM scheme

over the Rayleigh faded channel.

In NOMA, users are served in the same resource block, resulting in inter-user inter-

ference, which degrades users’ performance. Thus, power allocation plays a critical

role in minimizing the system’s error rate. The analysis of power assignment is car-

ried out in [41, 42, 47, 48]. In [41], the authors derived the power constraint such

that the average BER of users is minimized. The power constraints in [42, 47, 48]

are obtained such that the overlapping of the constellation of users is minimized.

In [41], the authors considered a NOMA system and derived the power constrain

using SQAM scheme with arbitrary modulation order. In [48], the authors consider

a NOMA system and derive the power range using RQAM scheme. The error rate

analysis of the NOMA system is already available in the open literature; however,

the analysis is valid only for SQAM and RQAM scheme.

Contributions

As HQAM is a power and bandwidth-efficient modulation scheme compared to the

existing QAM schemes and with NOMA systems being spectrum efficient, they are

envisioned as solutions for beyond 5G communication. Hence, analysis of HQAM

over NOMA systems is highly motivated for futuristic communications in attaining

multi-rate power and spectrum efficient communications. To the best of the author’s

knowledge, the generalized analysis considering HQAM schemes in the NOMA sys-

tem over Nakagami-m fading channel is not available in the literature, and for the

first time, a framework to bridge this gap is presented. The main contributions are

as follow

� A NOMA system is considered to unify the study of ASER analysis of M -ary

HQAM schemes over Nakagami-m fading channels.

� A condition on power allocation coefficients is provided for the design of fea-

sible HQAM constellations. The impact of power allocation coefficients on
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user’s ASERs is investigated.

� The ASER performance of M -ary HQAM for the NOMA system is compared

with the OMA system. The ASER performance of the HQAM scheme is also

compared with an equivalent SQAM scheme, and useful insights are drawn

from the same.

2.2 System Model

A downlink NOMA system is considered with a base station (BS) as a source of

information and two users denoted as UE1 and UE2. It is considered that the BS

serves only two users in one resource block due to the presence of error propagation

in the SIC layer, high complexity and challenges in practical implementation with

multiple users. The analysis can be generalized to serve the very number of users

using hybrid TDMA NOMA. Where all users are divided into pairs, and each pair

is allocated an orthogonal time block [49]. All the nodes are equipped with a single

antenna each, and the link between BS and users experiences an independent and

identically Nakagami-m distributed fading channel with m as the shape parameter.

The channel coefficient corresponding to user links in the system are denoted by

hb,i, i ∈ {1, 2}, where i = 1 corresponds to UE1, and i = 2 corresponds to UE2 with

fading parameter mi and mean power E[|hb,i|2] = Ωi. Without loss of generality, it

is assumed that |hb,1|2 > |hb,2|2. The BS transmits the superimposed NOMA signal

to users given as

x =

√
Pa1
Eavg,1

x1 +

√
Pa2
Eavg,2

x2, (2.1)

in which P indicates total transmit power from BS, x1 and x2 denote complex

modulated symbols of UE1 and UE2. The power allocation coefficients are a1 and

a2, with a1 + a2 = 1. Further, it is assumed that the data symbols x1 and x2 are

modulated with M1-ary HQAM and M2-ary HQAM respectively. Eavg,1 and Eavg,2

are the average constellation energy ofM1-ary andM2-ary HQAM respectively. In a

Cartesian coordinate plane, the HQAM symbol of the user is given as xi = AiI+jA
i
Q,

where j =
√
−1, AiI and A

i
Q are the I/Q components of a HQAM symbol. Consider

an example for the resultant superimposed NOMA constellation for M1 = 16, M2 =
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In-phase

In-phase

Quadrature

 4 - HQAM 

 16 - HQAM 

Figure 2.2: 4-HQAM and 16-HQAM constellation

Figure 2.3: Superimposed constellation of UE1 and UE2 at transmitter.
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4 given in Figure 2.3. The received superimposed signal at UE1 and UE2 is given

as

yi = hb,i

(√
Pa1
Eavg,1

x1 +

√
Pa2
Eavg,2

x2

)
+ zn,i, i ∈ {1, 2}, (2.2)

in which zn,i ∼ CN (0, σ2
0) represent the AWGN. In this work, since the fixed power

allocation is considered (a2 > a1), the UE1 performs SIC to obtain the symbol x1

intended for UE1. Thus, the SNR at UE1 to detect its own message is given as

γ1,1 =
|hb,1|2Pa1

σ2
0

. (2.3)

Considering that UE1 can decode UE2 symbols, the signal-to-interference noise ratio

(SINR) to detect x2 is given as

γ1,2 =
|hb,1|2Pa2

|hb,1|2Pa1 + σ2
0

. (2.4)

The UE2 decodes its own message in the presence of interference, the SINR is given

as

γ2,2 =
|hb,2|2Pa2

|hb,2|2Pa1 + σ2
0

. (2.5)

2.3 Power Allocation Criteria

In this section, the power allocation criteria is derived for the downlink NOMA

system using the generalized representation of the constellation point of HQAM.

In NOMA, power allocation plays a crucial role in determining the system’s per-

formance. The power allocation criteria minimizes the error rate by enabling the

SIC receiver to decode the signal without overlapping of constellation points. For

practicable HQAM constellation of NOMA system, the feasible condition for QAM

constellation is given as [42]

C2 > A1
I , C2 > A1

Q =⇒ C2 > max
(
A1
I , A

1
Q

)
C2 > max

(
max

(
A1
I

)
,max

(
A1
Q

))
, (2.6)

31



2.4. ASER ANALYSIS

in which C1 =
√

Pa1
Eavg,1

and C2 =
√

Pa2
Eavg,2

. For HQAM, A1
I = (2ki − 1) 1

2
C1, ki =

1, . . . , 2K and A1
Q = (2kq − 1)

√
3
2
C1, kq = 1, . . . , K, where K =

√
M1

4
[50]. On

substituting C1, C2, A
1
I and A

1
Q in (2.6), the following expression is obtained

√
Pa2
Eavg,2

>

√
Pa1
Eavg,1

(
4

√
M1

4
− 1

)
1

2
. (2.7)

After some simplifications, the power allocation coefficients must satisfy the follow-

ing condition.

a2
a1

>
Eavg,2

4Eavg,1

(
4

√
M1

4
− 1

)2

, (2.8)

2.4 ASER Analysis

In this section, the ASER expressions of UE1 and UE2 are derived for HQAM.

The generalized ASER expression for a digital modulation scheme using CDF based

approach is given as [38, 51, 52]

Ps,i(e) = −
∫ ∞

0

P
′

s(e|λ)Fλi(λ)dλ, (2.9)

in which Fλi(λ) is the CDF of the instantaneous SNR of the users received signals

and P
′
s(e|λ) is the first-order derivative of the conditional symbol error probability

(SEP) of HQAM scheme in AWGN channel with respect to (w.r.t) instantaneous

SNR (λ). For M -ary HQAM scheme, the conditional SER expression over AWGN

channels is given as [38]

Ps (e/λ) = WQ
(√

αλ
)
+

2

3
WcQ

2
(√

2αλ/3
)
− 2WcQ

(√
αλ
)
Q
(√

αλ/3
)
,

(2.10)

in which the values of the parameters W,Wc and α for different constellations are

given in Table 2.2. Using the identities Q (x) = 1/2
(
1− erf

(
x√
2

))
and using [53,
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Regular HQAM Irregular HQAM
M α W Wc α W Wc

4 1 5/2 3/2 1 5/2 3/2
8 2/5 7/2 21/8 32/69 7/2 21/8
16 2/9 33/8 27/8 8/35 33/8 27/8
32 8/71 75/16 33/8 512/4503 75/16 33/8
64 2/37 161/32 147/32 8/141 163/32 75/16

Table 2.2: Various value of α, W , Wc for different regular and irregular HQAM
constellation [2].

eq. (7.1.21)], the first order derivative of SEP w.r.t λ is given as

P
′

s (e/λ) =
1

2

√
α

2π
[Wc −W ]λ−

1
2 e−

α
2
λ − Wc

3

√
α

3π
λ−

1
2 e−

α
3
λ +

Wc

2

√
α

6π
λ−

1
2 e−

α
6
λ

+
2Wcα

9π
e−

2α
3
λ
1F1

(
1;

3

2
;
α

3
λ

)
−
(

1F1

(
1;

3

2
;
α

2
λ

)
+ 1F1

(
1;

3

2
;
α

6
λ

))
× Wcα

2
√
3π
e−

2α
3
λ. (2.11)

2.4.1 ASER analysis of near user

On considering perfect SIC at UE1, the CDF of received SNR is given by

Fλ1(λ) =
γ
(
m1,

m1λ
a1ρΩ1

)
Γ(m1)

. (2.12)

The generalized closed-form ASER expression of M -ary HQAM of UE1 is obtained

by substituting the Fλ1(λ) and the first-order derivative of the conditional SEP

(2.11) in (2.9), the following expression is obtained

Ps,1(e) =−
∫ ∞

0

(
1

2

√
α

2π
[Wc −W ]λ−

1
2 e−

α
2
λ − Wc

3

√
α

3π
λ−

1
2 e−

α
3
λ

+
Wc

2

√
α

6π
λ−

1
2 e−

α
6
λ +

2Wcα

9π
e−

2α
3
λ
1F1

(
1;

3

2
;
α

3
λ

)
− Wcα

2
√
3π
e−

2α
3
λ

×
(

1F1

(
1;

3

2
;
α

2
λ

)
+ 1F1

(
1;

3

2
;
α

6
λ

)))γ (m1,
m1λ
a1ρΩ1

)
Γ(m1)

dλ. (2.13)
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Integer valued fading parameter

For the integer-valued fading parameter, The ASER expression of UE1 is obtained by

solving required integration’s with the help of [54, eq. (6.455.2), (7.522.9), (8.352.1)],

the ASER expression is given as

Ps,1,i(e) =− 1

2

√
α

2π

[Wc −W ]

Γ(m1)
A1

(
m1

a1ρΩ1

,
α

2

)
+

√
α

3π

Wc

3Γ(m1)
A1

(
m1

a1ρΩ1

,
α

3

)
+ A1

(
m1

a1ρΩ1

,
α

6

)√
α

6π

Wc

2Γ(m1)
+
αWc

9π

[
A2

(
1,

2α

3
,
α

3

)
−

m1−1∑
q=0

(
m1

a1ρΩ1

)q
× 1

q!
A2

(
q + 1,

(
2α

3
+

m1

a1ρΩ1

)
,
α

3

)]
+

α

2
√
3π
Wc

([
A2

(
1,

2α

3
,
α

2

)
−

m1−1∑
q=0

(
m1

a1ρΩ1

)q
1

q!
A2

(
q + 1,

2α

3
+

m1

a1ρΩ1

,
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in which ρ = P
σ2
0
, A1(u, ϱ) =

um1Γ( 1
2
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Non-integer valued fading parameter

For the non-integer valued fading parameter, the CDF of the Nakagami-m dis-

tributed link can be expanded as an infinite series representation [55, eq. 31]. Solving

required integration’s with the help of [54, eq. (6.455.2), (7.522.9)], ASER expres-

sion for the general order HQAM scheme for non-integer value of fading parameter

is given as
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2.4.2 ASER analysis of far user

The CDF of the received signal instantaneous SNR at UE2 can be written as [56]

Fλ2(λ) =


γ
(
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)
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, if λ < a2
a1
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(2.16)

The closed form expression of far user is obtained as follows. Substitute Fλ2(λ) and

(2.11) in (2.9) the following expression is obtained
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The (2.17) can further expressed as
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By substituting λ = 1
2
a2
a1
(1 + v) and changing the integration limit accordingly, the

integral in (2.18) reduces to
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after some simplification, the following expression is obtained
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The integral in (2.20) is challenging to solve. Thus, Gaussian-Chebyshev quadrature

(GCQ) [57, eq. (8.8)] is applied to obtained an approximation for the integral. The

GCQ is given as

∫ 1

−1

f(v)√
(1− v2)

dv ≈ π

n

n∑
k=1

f

(
cos

(
(2k − 1)π

2n

))
, (2.21)

in which and without the indentation n is the complexity-accuracy trad-off param-

eter. By utilizing (2.21), the obtained generalized closed form ASER expression of
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M -ary HQAM of UE2 is given as

Ps,2(e) ≈
√

α

2π

[Wc −W ]π

2nΓ(m2)

n∑
k=1

√
1− vke

−αa2
4a1

(1+vk)γ

(
m2,

m2(1 + vk)

a1(1− vk)ρΩ2

)
+

√
α

3π

√
a2
2a1

Wcπ

3nΓ(m2)

n∑
k=1

√
1− vke

−αa2
6a1

(1+vk)γ

(
m2,

m2(1 + vk)

a1(1− vk)ρΩ2

)
+

√
α

6π

√
a2
2a1

Wcπ

2n

1

Γ(m2)

n∑
k=1

√
1− vke

− αa2
12a1

(1+vk)γ

(
m2,

m2(1 + vk)

a1(1− vk)ρΩ2

)
+

2αWcπ

9nπΓ(m2)

a2
2a1

n∑
k=1

√
1− v2ke

−αa2
3a1

(1+vk)γ

(
m2,

m2(1 + vk)

a1(1− vk)ρΩ2

)

1F1

(
1; 1.5;

αa2(1 + vk)

6a1

)
+

αWc

2
√
3nΓ(m2)

a2
2a1

n∑
k=1

γ

(
m2,

m2(1 + vk)

a1(1− vk)ρΩ2

)
√

1− v2ke
−αa2

3a1
(1+vk)

[
1F1

(
1;

3

2
;
αa2(1 + vk)

4a1

)
+ 1F1

(
1;

3

2
;
αa2(1 + vk)

12a1

)]
,

(2.22)

in which vk = cos
(

(2k−1)π
2n

)
.

2.5 Numerical and Simulation Results

In this section, numerical and simulation results are presented. Unless specified,

the system parameters are as follows: a1 = 0.1, n = 50, m1 = 1, m2 = 1, Ω1 = 2

and Ω2 = 1. In the figures, ‘Sim.’ refers to simulation and ‘Ana.’ refers to analyt-
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Figure 2.5: ASER of UE1 w.r.t SNR for HQAM scheme and SQAM scheme.

ical results. The accuracy of the closed-form expressions is validated through the

Monte-Carlo simulations.

Comparison of OMA and NOMA system

Figure 2.4 demonstrates superiority of the NOMA system over the OMA system.

In this Figure, analytical and simulation results for ASER performance for HQAM

for both the systems are presented w.r.t. the transmit SNR. For a fair comparison,

the total bit rate of OMA and NOMA is considered to be equal. For example, when

M1 = 16 is employed for UE1 and M2 = 4 for UE2 in the NOMA system during

two transmission frames. For consistency in the data rate of the two systems i.e.,

2 log2M1 = 2 log2 16 = log2 256 = 8 bit per channel used (bpcu). Hence, in the

corresponding OMA system, M1 = 256 must be utilized for UE1 in the first frame,

and M2 = 16 must be utilized for UE2 in the second frame. It is observed that

the ASER of both users in the NOMA system is much lower than its ASER in the

OMA system. At ASER of 10−1, NOMA system provides a gain of approximately

6 dB over OMA system for UE2. Further, it is observed that the analytical ASER

of both users matches the simulated ASER perfectly, which validates the derived

expressions.
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Figure 2.6: ASER of UE1 and UE2 w.r.t. SNR with same modulation orders (M1 =
M2).

Comparison of SQAM and HQAM schemes

In Figure 2.5 comparison of SQAM and HQAM schemes is given for the considered

NOMA system. Analytical and simulation results for ASER performance are pre-

sented for the constellation orders ofM1 = 16 andM2 = 4. It is observed that at an

ASER of 3.2×10−2, 16−HQAM provides a gain of 0.4 dB over 16−SQAM. Further,

it is observed that at an ASER of 3.3 × 10−1, 256−HQAM provides a gain of 0.5

dB over 256−SQAM. The superiority of HQAM is due to its low peak and average

energy compared to other QAM schemes. HQAM has an optimum 2D constellation

with its densest 2D packing and is efficient even at high SNRs by providing SNR

gains over the other QAM schemes. Further, from the results, it is confirm that

the HQAM could be adopted in futuristic wireless communication because of its

optimum 2D constellation, which is energy efficient than other QAM schemes [2].

Impact of power allocation criterion for a practicable HQAM

Figure 2.6 and Figure 2.7 show the ASER performance of user receivers plotted with

respect to SNR with different value of a1. In Figure 2.6 results are presented for

the same modulation orders (M1 = M2). The channel parameters are considered

as m1 = 2, m2 = 1. The results also corroborates the power allocation criterion
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Figure 2.7: ASER of UE1 and UE2 w.r.t. SNR with different modulation orders
(M1 ̸=M2).

derived in (2.8). It is observed that the power allocation criterion must satisfy for

proper decoding of a symbol. According to (2.8), the power allocation criterion for

M1 = M2 = 4 is a2
a1
> 4.5, M1 = M2 = 8 is a2

a1
> 5.42, and M1 = M2 = 16 is

a2
a1
> 12.25. For the case M1 = M2 = 4 with a2

a1
= 9, M1 = M2 = 8 with a2

a1
= 19

and M1 = M2 = 16 with a2
a1

= 99, the power criterion satisfies, and the ASER

performance of both users decreases with SNR. For the case M1 = M2 = 16 with

a1 = 0.1, a2
a1

= 9, the power criterion does not hold, and the ASER performance

shows a constant error floor with the increase in SNR. Further, it is observed that

for an ASER of 10−2 with M1 =M2 = 4 for the same power condition, UE1 has an

SNR gain of 2.5 dB over UE2, due to the better channel condition. In Figure 2.7,

results are presented for different modulation orders (M1 ̸= M2) of users. In the

case of M1 = 8,M2 = 4, and M1 = 16,M2 = 4, as the constellation order of UE1 is

changed, it is observed that the performance of UE2 is unaffected. This is due to

the consideration of power allocation criterion for a given case. It is observed that

UE1 with M1 = 16 and M1 = 32 need additional 3 dB SNR as compared to UE1

with M1 = 8 to achieve the ASER of 10−2.

Impact of channel conditions over constellation orders

In Figure 2.8 and Figure 2.9, the ASER of UE1 is plotted with respect to SNR for

different fading parameters. In figure Figure 2.8, the ASER is plotted for integer
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Figure 2.8: ASER of UE1 w.r.t SNR with different integer fading parameter value
(m)

valued fading parameter. It is observed that for M1 = 8, at the ASER of 10−2, UE1

has a SNR gain of 6 dB by varying the fading parameter from m1 = 1 to m1 = 2.

It is observed from the figure that at a high SNR value, the UE1 with M1 = 32 and

m1 = 2 performs better than M1 = 8 and m1 = 1. At SNR of 27 dB, UE1 with

M1 = 32 and m1 = 2 shows equal ASER performance as M1 = 8 and m1 = 1. And

at ASER of 1.5 ∗ 10−2, UE1 with M1 = 32 and m1 = 2 provides an SNR gain of

approximately 2 dB over M1 = 8 and m1 = 1. In Figure 2.9, the ASER is plotted

for different non-integer fading parameters. Figure verify the ASER expression of

UE1 with non-integer fading parameter (2.15). It is observed that for M1 = 16, at

the ASER of 10−3, UE1 has a SNR gain of 5 dB by varying the fading parameter

from m1 = 1.5 to m1 = 2.5. It is observed from the figure that at a high SNR value,

the UE1 with M1 = 16 and m1 = 2.5 performs better than M1 = 4 and m1 = 1.5.

Thus higher constellation orders are highly preferred for high data rates for a fast

communication when the channel conditions are good.

2.6 Summary

In this chapter, an analysis of the downlink NOMA system with two users is per-

formed. Closed-form expressions for ASER of generalized M -ary HQAM for both

the users are obtained. The ASER analysis is carried out using a symbol-level SIC
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Figure 2.9: ASER of UE1 w.r.t SNR with different non-integer fading parameter
value (m)

detector. Based on the analytical results, it is shown that NOMA’s performance

is superior to OMA’s performance for HQAM. Further, it is observed that at an

ASER of HQAM provides a gain of 0.4 dB over SQAM scheme. For the feasibility

of the HQAM constellation, the power allocation criterion is provided. It is shown

that the proposed power allocation criteria for HQAM can avoid the error floor at

high SNR, which can not be realized with arbitrary power allocation. Further, the

impact of modulation orders on users with different channel conditions is analyzed.

It is shown that users’ ASER performance is unaltered with other user’s constella-

tion orders when the power allocation criterion is satisfied. To further analyze and

enhance the performance of NOMA systems while achieving massive connectivity,

the next chapter explores a multi-user NOMA system and proposes an algorithm to

improve the overall system performance.
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Chapter 3

Average Symbol Error Rate with

Multiple Feedback Based SIC for

Multiuser NOMA Systems

In the previous chapter, the significance of higher-order modulation schemes in the

NOMA system is emphasized for power and spectral efficient transmissions to meet

the needs of rocketing multi-media multi-data-rate high-speed communications in

5G and beyond. However, the analysis is confined to the two users of the NOMA

system, and power allocation criteria are obtained for HQAM to remove the error

floor and improve the performance of NOMA users. Thus, the impact of a multi-user

in the NOMA system needs to be analyzed.

In this chapter, a novel multiple feedback-based SIC (MF-SIC) algorithm is

investigated for an ultra-dense IoT device network. A multi-user downlink and

uplink NOMA system is considered, and it is shown that the proposed algorithm

outperforms conventional SIC. Further, the proposed algorithm’s performance is

analyzed under the practical case of imperfect CSI at the receiver node to validate

the robustness.

3.1 Introduction

The fundamental idea behind NOMA is to accommodate multiple users in the same

resource block by leveraging power diversity, thereby resulting in multi-user inter-
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ference. SIC is the predominant algorithm for mitigating interference in NOMA. In

SIC, decoding is carried out iteratively, starting with the strongest user signal and

progressing to the weakest in succession. The SIC algorithm is prone to error prop-

agation at each detection layer, stemming from inaccurate decisions made in earlier

detection layers, leading to imperfect SIC decoding [58]. Consequently, imperfect

SIC substantially degrades the performance of NOMA users [59]. To overcome the

drawback, an MF-SIC algorithm for both the downlink and uplink NOMA system

is proposed in this chapter.

Performance of the NOMA system in uplink and downlink scenario with the

SIC algorithm is extensively analyzed in the literature, which mainly focuses on

outage probability, sum rate, and error rate. The outage probability of the uplink

NOMA system is analyzed in [60–62]. The outage probability and achievable sum-

rate expression are derived in [60], considering a two-user uplink NOMA system. In

[63, 64], the authors considered a downlink NOMA system with randomly deployed

users, and a closed-form expression of outage probability is derived based on order

statistics. In [65], the author introduces an advanced SIC technique for the NOMA

system. The technique involves mapping the received signal into subgroups, enabling

enhanced interference cancellation capabilities. The chapter delves into an in-depth

analysis of the end-to-end outage probability. In [61], the authors considered a

dynamic decoding order of SIC based on instantaneous CSI. A closed-form outage

probability expression is derived considering three users’ uplink NOMA system. In

[62], the authors proposed an advanced SIC receiver and outage probability are in-

vestigated over the Rayleigh faded channel. The error rates of the NOMA system

are analyzed in [41–46, 66–68]. In [66], the authors investigated an uplink NOMA

system and analysed the system in terms of BER. In [69], the authors examine the

NOMA systems, analyzing the BER performance while considering both perfect

and imperfect SIC. In [70], the authors analyze the impact of co-channel interfer-

ence on relay-aided NOMA networks and demonstrate that co-channel interference

degrades the performance of the NOMA system. The outage probability and error

rate reported in [60–62, 66, 67, 69] exhibits an error floor, diminishing the reliability

of NOMA transmission. Conversely, strict conditions on the power allocation and

number of users are considered in [71–74], to eliminate the error floor. In [73, 75], an
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uplink NOMA system is considered with a joint maximum likelihood (JML) detec-

tor. However, JML performs an exhaustive search over all the constellation points.

However, as the modulation orders and the number of users increases, the number

of constellation points grows exponentially, and therefore, the JML search becomes

computationally impractical In [74], the noise floor in the error rate of the uplink

and downlink NOMA system is eliminated by considering an adaptive decoding re-

gion, however, being limited to the quadrature phase shift key modulation scheme

with three users.

Contributions

To this end, SIC forms an integral part of the detector module used in NOMA-based

receiver [66, 67, 69]. In SIC, interference from the weak user is inevitable and leads

to decoding errors, resulting in imperfect SIC. Thus, the significant interference in

SIC detection results in an error floor [59, 69]. Constraining the number of users in a

single resource block and with adequate power diversity between users are assumed

to avoid the error floor [71, 74], which would defeat the main reason for introducing

NOMA. Thus, a new design in the NOMA detection technique is required to achieve

massive connectivity for massive IoT devices. This work introduces a novel MF-SIC

algorithm for uplink NOMA detection. The receiver algorithm is based on the

reliable decision of each user. Multiple neighbouring constellations (NC) points

are generated at each detection layer if the constellation points are outside the

reliable region. Thus, more constellation points in the decision tree are considered

to mitigate the error propagation in each layer. Further, the proposed algorithm is

analyzed in terms of ASER, revealing its significant outperformance compared to

conventional SIC. The impact of different parameters on the user’s performance is

analyzed considering the proposed algorithm.

In a practical system, obtaining a perfect channel estimation at the receiver

is not feasible due to inherent issues such as channel noise and imperfections in

estimation algorithms. Imperfect channel estimation primarily results from factors

like CEE and quantization errors. Moreover, the performance of channel estimation

is influenced by the time-varying nature of the channel, the estimation technique

employed, and the integration of signal detection with channel estimation. Thus,
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in the proposed work, simulations are performed considering the practical case of

imperfect CSI to validate its robustness. Furthermore, the proposed algorithm’s

computational complexity (CC) is compared with that of conventional SIC. The

performance-complexity trade-off and CC w.r.t different parameters of the proposed

algorithm are also provided.

3.2 System Model

This section introduces the system model for the downlink and uplink NOMA sys-

tem. Some notations and assumptions are presented in this section, with an intro-

duction to SIC in the downlink and uplink NOMA system.

3.2.1 Downlink NOMA system

In the downlink NOMA system, a single-antenna BS and K-single antenna users

(UE1, UE2, · · · , UEK) are considered. The BS transmits the symbol intended for

K-users employing superimposition coding. The superimposed signal at BS is given

by

X =
K∑
k=1

√
akxk, (3.1)

where ak is the power allocation coefficient and xk is a complex modulated symbol

with unit energy for the kth user respectively. Further, it is assumed that the data

symbols xk are modulated with Mk-QAM. Let vector a = [a1, a2, · · · , aK ] where the

condition on coefficients are given as
∑K

k=1 ak = 1 and ak > 0. The received signal

at kth user is given as

yk =
√
PhkX + nk, (3.2)

where P is total transmit power available at BS, hk is the channel between the BS,

and the kth user. zk is the AWGN at the kth user. The link between BS and users

experience an i.i.d Nakagami−m distributed fading channel with m as the shape

parameter. For reliable detection, it is assumed that the users are ordered based

on the channel gain i.e. |h1|2 ≥ |h2|2 ≥ · · · ≥ |hK |2, the power is allocated in the

opposite order of the channel gains (a1 < a2 < · · · < aK) [43]. The user first nullify

the effect of channel impairments from the received signal (yk). The received signal
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Figure 3.1: Uplink NOMA system (a) System model, (b) SIC technique.

at the kth user after channel equalization is given as

x̄k = wdyk, (3.3)

where wd =
h∗k

|hk|2
. In the downlink NOMA system, the SIC algorithm mitigates the

multiple-user interference by exploiting the difference in the power among users.

To detect the signal of the kth user, the user’s UK , · · · , Uk+2, Uk+1 signal needs

to be detected first and cancelled from the received signal. Further, the user UK

directly detects its signal from the received signal, considering all other user signals

as interference. A pseudo-code of the SIC technique is given in Algorithm 1.

Algorithm 1: Conventional SIC for downlink NOMA

Input: k, a, yk, hk, K
Output: Soft output x̂k
wd =

h∗k
|hk|2

x̄k = wdyk
for i = K: -1:k do

x̂i = Q(x̄k/
√
ai)

x̄k = x̄k −
√
aix̂i

3.2.2 Uplink NOMA system

An uplink NOMA system is considered as shown in Figure 3.1, consisting of the BS

and K users (UE1, UE2, · · · , UEK). The BS and users are equipped with a single
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antenna. At BS, the received signal is given by

y =
K∑
k=1

√
Pkhkxk + n, (3.4)

where hk represents channel coefficient between the BS and the kth user. The channel

links are assumed to be Nakagami-m independent and identically distributed with

shape parameter mk and variance λk. The K users are ordered according to their

channel gain [69, 76]. In the NOMA system, for reliable detection, it is assumed that

users are ordered based on their average channel gain, with the first user having the

highest average channel gain, the second user the second-highest average channel

gain, and so on (|h1|2 ≥ |h2|2 ≥ · · · ≥ |hK |2). The transmitted power is Pk of the

kth user and xk is the unit energy transmitted symbol of user k. xk is taken from

the signal constellation set S = {s1, s2, . . . , sM} of M -QAM, where the modulation

order is given byM, M ∈ {M1,M2, · · ·MK} In the uplink NOMA scenario, each user

transmits using their own power without the need for centralized power allocation

by the base station [69, 77]. This self-management by users means that the base

station does not need to schedule power allocation, as each device is responsible

for its own battery and transmission power. Therefore, the power allocation issue

primarily concerns downlink scenarios and is less relevant for uplink scenarios. For

4-QAM constellation, S = {(±1/
√
2,±1/

√
2)}. n is the additive white Gaussian

noise assumed as complex normal with mean zero and variance σ2
0.

� In a practical system, at the receiver, the perfect knowledge of CSI is un-

available and is estimated by the channel estimation, resulting in the CEE

and deteriorating the system performance [78, 79]. Thus, according to the

minimum mean square error estimation,

hk = ĥk + ϵk, (3.5)

where ĥk is the estimate of the kth user channel and hk is the actual channel

gain of the kth user. The ϵi is CEE, which is assumed to be complex normal

with zero mean and variance σ2
e . The estimated variance is given by λ̂k =

λk − σ2
e , assuming the ĥk and ϵk are uncorrelated.
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� Considering imperfect CSI due to the feedback delay, the estimation model is

given as

hk = ρiĥk +
√

1− ρ2kϵ
f
k , (3.6)

where ϵfk represents the estimation error and ĥk is estimated CSI. ϵk and ĥk are

independent complex Gaussian random variable with zero mean and variance

σ2
e and λk, respectively. ρi ∈ (0, 1), is the correlation coefficient between hk

and ĥk and obtained using the Jakes’ auto correlation model [80].

Since SIC decodes iteratively, K−1 iterations are required to detect all the K-users

symbols as given in Algorithm 2. The SIC reduces the interference by cancelling out

an undesired signal to yield reliably detected symbols. In SIC, to detect the kth users’

signal, the BS detects and cancels out the signal of users UE1, UE2, · · · , UEk−1. At

the receiver, the received signal is processed as follows

x̄k = wky, (3.7)

where wk =
h∗k

|hk|2
is the channel inverse of the kth user. The channel inverse of K

users is given by vector w = h∗

|h|2 , where h
∗ denotes the conjugate of h, |h| is modulus

of h and vector h = [h1, h2, · · · , hK ] represents of K users channel. The soft decision

x̄k maps to the nearest constellation point and is expressed as

Q(x̄k) = argmin
j∈S

|x̄k − sj|2. (3.8)

Algorithm 2: Conventional SIC for uplink NOMA

Input: y, h, K
Output: Soft output x̂
w = h∗

|h|2

for i = 1:1:K do
x̄i = wiy
x̂i = Q(x̄i)
y = y − hix̂i
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3.3 MF-SIC Algorithum

3.3.1 Uplink NOMA system

This section illustrates the proposed MF-SIC algorithm for the uplink NOMA sys-

tem. The MF-SIC algorithm block diagram is shown in Figure 3.2. Since the con-

ventional SIC suffers from multi-user interference, it results in degrading the NOMA

users’ performance [69]. An MF-SIC algorithm is proposed, where the optimal con-

stellation point is selected from the multiple points available in the feedback. The

pseudo-code of MF-SIC for the uplink NOMA system is presented in Algorithm 3.

The MF-SIC algorithm is based on reliable detection at each detection layer. The

reliability of the detected symbol is determined based on the shadow area constraint.

The shadow area is the reliable region defined around the constellation point from

the set S. The shadow area is the sphere around the given constellation point based

on the predefined radius dth, dth ∈ {dth−1, dth−2, · · · , dth−K}, dth−1 denoting the

predefined radius for the first user, dth−2 for the second user, and so forth. The

radius dth reduces the CC of the algorithm by avoiding the processing of reliable

detection.

The reliability of the soft output is checked based on the Euclidean distance d

given as

d = |x̄k −Q(x̄k)| (3.9)

If the d < dth−k, i.e. the x̄k is in the reliable region, where Q(x̄k) is considered to

be the reliable output of the kth user. The symbol detection is done similarly to

SIC. Thus, the MF-SIC algorithm follows the same approach as SIC if the condition

d < dth is satisfied for all the users. The shadow region diagram for the two-user

NOMA system is illustrated in Figure 3.3. Figure 3.3 (a) represents the constellation

point of UE1 in the presence of interference and the shadow area with radius dth−1.

The points which are outside the shadow region, i.e. the circle with radius dth−1, will

be considered unreliable points, and the MF-SIC algorithm will be applied to obtain

the optimum point of UE1. Further, the Figure 3.3 (b) represents the constellation

point of UE2 after SIC. The shadow area is represented for the UE2 with radius

dth−2.
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If the d ≥ dth−k, the x̄k is considered to be in the unreliable region. The user’s

symbol will be decoded based on the MF-SIC algorithm. In MF-SIC, multiple

NCs are used to find the optimal detected symbol. The NC are selected from the

constellation set S. Let L ∈ {z1, z2, · · · , zS} be the set of NC points selected based

on the minimum distance between Q(x̄k), and the constellation points from the set

S.
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Figure 3.2: Multiple feedback SIC algorithm for the uplink NOMA system.
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Figure 3.3: Shadow regions representation of two-user NOMA system.

When d ≥ dth, the routine MFloop as shown in Algorithm 4 is called. In the

MFloop function, L is initialized with the NC point of x̄k. Such that the point z1

is the nearest constellation point to Q(x̄), z2 is the second nearest point to Q(x̄),

and so on. The x̂jk is initialized with the optimal candidate constellation point zj.

Considering x̂ji as one of the optimal feedback constellation points selected from

L for the kth user, then the solution vector x̂j is obtained using SIC algorithm to
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compute the symbols of subsequent users. The function MFloop recursively checks

reliability conditions in all the subsequent layers to obtain the optimal constellation

point. The remaining user signals, i.e. k + 1, k + 2, · · · , K users, are performed

by symbol cancellation and checking the unreliability condition at each layer. Let

S denotes the total NC points generated such that S ∈ {S1, S2, · · · , SK}. Thus, a

total set of Sk different solution (x̂1, x̂2, . . . , x̂S) is obtained for the kth user. The

indexed value of the optimum solution is selected from the number of NC points

generated, which minimizes the function below

ĵ = arg min
j∈1,2,··· ,S

|y − hx̂j|2, (3.10)

Thus, the optimum detected symbol of the kth user is given as

x̂k = x̂jk (3.11)

In the MF-SIC algorithm, the recursive checking of reliability conditions reduces

the error propagation compared to the conventional SIC. However, recursive com-

putation increases the CC. Hence, the MF-SIC algorithm is bounded by the NC

points (S), the reliability condition (dth) and the recursions allowed (L). The value

L defines the number of MFloop recursions in each user detection. For the value of

Lk = 1, the NC points are generated in the first layer of the MF-SIC algorithm of

the Kth users, and the detection of further layers is performed equivalent to a SIC

technique. Thus, the choice of dth, S and L depends on the target error rate and

tolerable CC. Further, the multiple iterations of each S neighbouring element can

be performed in S parallel streams, thus increasing the overall algorithm speed.

3.3.2 Downlink NOMA system

This subsection presents the proposed MF-SIC technique for the downlink NOMA

system. In the downlink NOMA system, symbols of the user Uk are detected after

detecting and subtracting the subsequent users (Uk+1 to UK) symbols. Thus, the

decoding order in the downlink NOMA system is in reverse order as that of the

uplink NOMA system. With the increase in the number of users, the interference

at users to detect its symbol increases, resulting in unreliable detection of symbols.
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Algorithm 3: Proposed MF-SIC for uplink NOMA

Input: y, dth, M, h, K, S, L
Output: Soft output x̂
Y = y
w = h∗

|h|2

for i = 1:1:K do
x̄i = wiY
d = |x̄i −Q(x̄i)|
if d ≥ dth(i) then

[x̂i] = MFloop(x̄i, y, Y , h, w, dth, i, K, S L)

else
x̂i = Q(x̄i)

Y = Y − hix̂i

Algorithm 4: MFloop routine

function [x̂i] = MFloop(x̄i, y, Y , h, w, dth, i, K, S, L)
L = [z1, z2, · · · , zS]
for j=1:1:S(i) do

x̂ji = zj neighborhood set of x̄i
Y = Y − hx̂ji
for l=i+1:1:K do

x̄jl = wlY
if l ≤ L(l) then

d = |x̄jl −Q(x̄jl )|
if d ≥ dth(l) then

[x̂jl ] = MFloop(x̄jl , y, Y , h, w, dth, l, K, S, L)

else

x̂jl = Q(x̄jl )

else

x̂jl = Q(x̄jl )

Y = Y − hlx̂
j
l

ĵ = argminj∈1,2,··· ,S |y − hx̂j|2
return x̂i = x̂ji
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Hence, unreliable detection leads to error propagation in the subsequent layer of SIC

detection. Thus, a low-complexity MF-SIC algorithm is proposed for the downlink

NOMA system to achieve massive connectivity with reliable symbol detection. The

pseudo-code of the proposed algorithm for downlink NOMA is given in Algorithm

5. Detection of symbol using the proposed algorithm for the kth NOMA user is

illustrated in this section. In the proposed algorithm, the multiple neighbouring

constellation points are used in the decision feedback loop to find the optimal con-

stellation point. The MF-SIC is based on the reliability of the constellation point.

At the ith loop the reliability condition is defined as

D = |x̄k −Q(x̄k/
√
ai)| (3.12)

where x̄k = wdyk, if the D is less than the predefined threshold dth, the detection is

reliable detection and the soft output of the received signal is obtained as conven-

tional SIC. However, if D ≥ dth, the detection is considered unreliable and multiple

neighbouring constellation points are used to obtain the optimal detection. The

neighbouring constellation points are obtained following the same procedure as the

uplink NOMA system. Whereas, in the downlink NOMA system, the neighbouring

constellations are not generated recursively in the ith layer of detection. Unlink

uplink NOMA where neighbouring constellations are generated recursively in each

detection layer. The detection of subsequent users i−1 to 1 is performed in a similar
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way as that in a conventional SIC.

Algorithm 5: Proposed MF-SIC for downlink NOMA

Input: k, a, yk, dth, hk, K, S
Output: Soft output x̂k
wd =

h∗k
|hk|2

x̄k = wdyk
x̄ = wdyk
for i = K:-1:k do

D = |x̄k −Q(x̄k/
√
ai)|

if D ≥ dth then
L = {z1, z2, · · · , zS}
for j=1:1:S do

x̂ji = zj neighborhood set of x̄k
x̄k = x̄k −

√
aix̂

j
i

for l=i-1:-1:1 do

x̂jl = Q(x̄i/
√
ai)

x̄k = x̄k − alx̂
j
l

ĵ = argminj∈1,2,··· ,S |x̄−
√
ax̂j|2

return x̂i = x̂ji
else

x̂i = Q(x̄k/
√
ai)

x̄k = x̄−√
aix̂i

3.4 Simulation Results and Discussion

In this section, simulation results are presented to assess the NOMA system per-

formance, focusing on ASER. The ASER performance of MF-SIC is compared with

that of conventional SIC across different numbers of users. The results are obtained

through Matlab simulations with 104 Monte-Carlo iterations. The simulation is per-

formed for different numbers of users K = 2 and 3. The modulation order of users

M1 = M2 = M3 = 4. The Nakagami parameters are considered as m1 = 3, m2 = 2,

and m3 = 1, with channel gains between the BS and users given by λ1 = λ2 = 1

and λ3 = 0.5. In this setup, UE1 is assigned the strongest channel, while the Kth

user has the weakest channel such that the UE1 is assigned the strongest and the

Kth user with the weakest channel. The users’ transmit powers are uniformly set

to P1 = P2 = P3 = 1. Unless otherwise specified, the algorithm parameters are as-

sumed to be dth = dth−1 = dth−2 = dth−3, L = L1 = L2 = L3 and S = S1 = S2 = S3.
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Figure 3.5: ASER w.r.t. the transmit SNR for a two-user uplink NOMA system.

Comparison of MF-SIC and SIC

In Figure 3.5, the ASER of the two-user uplink NOMA system is presented w.r.t.

SNR. The MF-SIC algorithm parameters are set as dth−1 = dth−2 = 0.2, S1 =

S2 = 4 and L1 = L2 = 3. The figure demonstrates the superiority of the proposed

algorithm over the conventional SIC. It is observed from the figure that the proposed

algorithm achieves a lower ASER than the conventional SIC, particularly at high

SNRs. It is observed that the error floor at high SNR achieved in conventional

SIC is eliminated by employing the MF-SIC algorithm. The proposed MF-SIC

algorithm considers a neighbouring constellation concept, which effectively mitigates

the interference caused by other users. In conventional SIC, as the SNR increases,

the interference from other users also increases, leading to an ASER floor with an

increase in SNR. However, in the proposed MF-SIC, the generation of neighbouring

constellations while decoding at the BS effectively reduces the interference from

other users, resulting in a decrease in the ASER as the SNR increases. Further, in

the low and mid-range of SNR, it is observed that UE1 shows better performance

than UE2, whereas, in the high SNR region, UE2’s performance is superior to UE1.

In UE1, at high SNR, the interference from UE2 dominates. Thus, the performance

of UE1 is limited because of interference, where the UE2 symbols are detected after
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cancelling the interference from UE1 symbols; thus, UE2 shows lower ASER at high

SNR.

In Figure 3.6, the ASER of the three user’s uplink NOMA system are presented

w.r.t. SNR. The MF-SIC parameters are set as dth−1 = dth−2 = dth−3 = 0.2,

S1 = S2 = S3 = 4 and L1 = L2 = L3 = 3. The figure shows that when the

conventional SIC is utilized to detect users’ symbols, the ASER of all users shows

a constant error floor with the increase in the SNR. However, the error floor is

eliminated when the MF-SIC algorithm is utilized to detect symbols. It is observed

that the ASER of users shows a linear decrease with the increase in the SNR.
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Figure 3.6: ASER w.r.t. the transmit SNR for a three-user uplink NOMA system.

In Figure 3.7, the ASER of the downlink NOMA system is presented considering

three users with respect to SNR for different NOMA power allocation coefficients.

Two different case of power allocation coefficients are considered for analysis given

as a1 = 0.1, a2 = 0.2, a3 = 0.6 and a1 = 0.05, a2 = 0.15, a3 = 0.7. It is observed that

the proposed algorithm does not show any performance improvement over the con-

ventional SIC considering a3 = 0.7, whereas with a3 = 0.6, the ASER performance

with the MF-SIC algorithm shows significant performance improvement compared

to the SIC algorithm. The ASER of users using the SIC algorithm reaches a con-

stant error floor with the increase in the SNR, whereas with the MF-SIC algorithm,

a decrease in the ASER with an increase in the SNR is observed. Thus, utilizing

the proposed algorithm, the desirable performance of users is achieved without any

constraint on the power allocation of the NOMA users. The UE3 can detect its
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signal directly without employing SIC. Hence, UE3 performance analysis is not con-

sidered.
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Figure 3.7: ASER w.r.t. transmit SNR for three user downlink NOMA system.

In Figure 3.8, ASER of four user downlink NOMA system is performed with respect

to SNR. The power allocation coefficients are chosen as a1 = 0.08, a2 = 0.12, a3 = 0.2

and a4 = 0.6. It is observed that there is an improvement in the performance of

all users with MF-SIC over the conventional SIC. At ASER of 5× 10−3, UE1 with

MF-SIC shows SNR gain of 3 dB over SIC. It is observed that the ASER perfor-

mance of UE2 and UE3 with SIC shows a constant error floor with varying SNR,

whereas with MF-SIC, the ASER of UE2 and UE3 decrease with the SNR increase.

In MF-SIC, the optimal constellation point is selected from multiple constellation

generations in the feedback loop, resulting in a decrease in the error propagation in

each layer. Thus, the ASER of UE2 and UE3 show a significant improvement with

the increase in SNR. Further, it is observed that at ASER of 6× 10−2, UE1 has an

SNR gain of 6 dB and 7dB over UE2 and UE3, respectively. Since users are ordered

based on the channel gain such that UE1 has a strong channel condition, resulting

in reliable detection at the user UE1 compared to UE2 and UE3. Thus, UE1 shows

better ASER performance than UE2 and UE3.
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Figure 3.8: ASER w.r.t. transmit SNR for four user downlink NOMA system.
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Figure 3.9: ASER w.r.t the transmit SNR for a two-user uplink NOMA system.

Impact of different modulation order (M)

In Figure 3.9, the ASER is plotted against the SNR for different modulation orders.

It is assumed that the near user has M1 = 16 and the far user has M2 = 4. The

modulation order is chosen based on the CSI estimated by the BS. UE1, with good

channel conditions, increases data rates by using a higher modulation order, while

UE2, with poorer channel conditions, uses a lower modulation order. It is observed

that as the modulation order increases, the performance of the users degrades due

to increased interference from the higher constellation order. Further, the results

considering different dth values for different users is also included. UE1 with a
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higher modulation order is considered with dth−1 = 0.05, while UE2 with a lower

modulation order is considered with dth−2 = 0.2. Since the Euclidean distance

between points decreases with higher modulation orders, thus for UE1 with higher

modulation order, a lower dth−1 value is chosen. It is observed from the figure

that as dth−1 is reduced from 0.2 to 0.05, the performance of the user improves

significantly. At an ASER of 10−1, UE1 with dth−1 = 0.05 shows an SNR gain of

5dB over dth−1 = 0.2 due to the smaller Euclidean distance for 16-QAM compared

to 4-QAM.

Impact with respect to received SNR

In Figure 3.10, the ASER is plotted with respect to the received SNR for a three-

user uplink NOMA system. The received SNR of the kth user to the BS is given as

[73], ρB,k = PkE[|hk|2]
N0

, where E is the expectation operator. It is observed from the

figure that as the SNR increases, the ASER decreases for all three users.
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Figure 3.10: ASER w.r.t. the received SNR for a three-user uplink NOMA system.

Impact of number NC (S)

Figure 3.11 shows the ASER plotted against the SNR for different values of S,

where S represents the number of neighbouring constellation points generated. It is

observed that as S increases, the performance of the proposed algorithm improves
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significantly. Specifically, higher values of S correspond to a larger pool of neighbour-

ing constellation points, which enhances the proposed algorithm’s ability to decode

the received symbols accurately. This leads to a reduction in ASER, demonstrating

that the proposed algorithm’s performance becomes more robust with an increase

in S. The figure clearly illustrates that at any given SNR, increasing S results in a

lower ASER, highlighting the trade-off between computational complexity and error

performance.
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Figure 3.11: ASER w.r.t. the transmit SNR for a three-user uplink NOMA system
with different S.

Impact of number of recursions (L)

In Figure 3.12 and Figure 3.13, ASER of the two and three user’s uplink NOMA

system, respectively, are presented w.r.t SNR for different values of L. It is observed

from the figures that the performance of users increases with the increase in L value.

In Figure 3.12, it is observed that at ASER of 2.4×10−3 of UE1, MF-SIC with L = 3

provides an SNR gain of 1.5 dB over L = 1. For the same ASER of UE2, the MF-

SIC with L = 3 provides an SNR gain of 1.5 dB over L = 1. The L limits the

number or recursion in each detection layer. Thus, with the increase in L, multiple

constellation points are generated in each layer of MF-SIC detection to find the

optimal constellation point. In Figure 3.13, it is observed that the ASER of users

decreases significantly with an increase in L from 1 to 3. At ASER of 2.5 × 10−1,

UE1 with L = 3 shows an SNR gain of 8 dB over L = 1. At high SNR, the ASER
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performance with L = 1 suffers from the error floor and reaches a constant value of

0.24, 0.19 and 0.15 for UE1, UE2 and UE3, respectively. With increased SNR, each

layer’s multi-user interference and error propagation limit the user’s performance.

Meanwhile, with L = 3, multiple constellation points in each layer lead to a decrease

in the user’s ASER.
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Figure 3.12: ASER w.r.t. the transmit SNR for a two-user uplink NOMA system.
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Figure 3.13: ASER w.r.t. the transmit SNR for a three-user uplink NOMA system.

Impact of reliable region (dth)

In Figure 3.14, ASER of the uplink NOMA system with three users is presented

with different values of dth. The figure illustrates that users exhibit similar perfor-
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Figure 3.14: ASER w.r.t the transmit SNR for a three-user uplink NOMA system.

mance across various dth values in the low SNR region. In contrast, a significant

improvement in the ASER is observed in the high SNR region with a decrease in

the dth. At ASER of 1.4 × 10−1 with dth = 0.2, UE3 has an SNR gain of 7 dB

over dth = 0.5. And at ASER of 5 × 10−2 with dth = 0.3, UE3 has an SNR gain

of 6 dB over dth = 0.5. For a high value of dth (0.5), the reliability region of the

constellation point increases. Thus, the detected symbol is obtained the same way

as it is performed in SIC, decreasing users’ performance.

Comparison of MF-SIC with JML
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Figure 3.15: ASER w.r.t. the transmit SNR for a two-user uplink NOMA system.
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Figure 3.15 illustrates the ASER of a two-user uplink NOMA system with the

JML [73] and MF-SIC algorithms. It is observed from the figure that both algo-

rithms provide similar ASER performance for NOMA detection. The JML performs

an exhaustive search over all constellation points. However, as the modulation or-

ders and the number of users increases, the number of constellation points grows

exponentially, and therefore, the JML search becomes computationally impractical.

The MF-SIC algorithm, on the other hand, considers only neighbouring constellation

points and leaves the others. Further, the JML algorithm has a fixed computational

complexity, whereas the proposed MF-SIC algorithm has a computational complex-

ity that depends on the algorithm parameters S, L, and dth, as depicted in Table

3.1.

Impact of imperfect CSI

In Figure 3.16, ASER of the uplink NOMA system with three users is presented

considering imperfect CSI at the receiver node with CEE. The ASER for users

employing MF-SIC is compared under imperfect and perfect CSI conditions, high-

lighting a notable impact on user performance under imperfect CSI. At ASER of

2.6× 10−1 with MF-SIC, UE1 with perfect CSI provides a significant SNR gain of 4

dB over imperfect CSI. Further, the ASER of the MF-SIC is compared with conven-

tional SIC. It is observed from the figure that the performance of the proposed algo-

rithm with imperfect CSI is superior to that of the conventional SIC under perfect

CSI. The results, plotted in Figure 3.16, demonstrate that the proposed algorithm

consistently outperforms the SIC technique. Even as the channel estimation error

increases, the proposed algorithm maintains a lower ASER compared to SIC. This

improvement is due to the enhanced detection capability of the proposed algorithm,

which effectively mitigates the impact of estimation errors. These findings confirm

the robustness and reliability of our algorithm in practical wireless communication

scenarios.

In Figure 3.17, the ASER experienced by downlink NOMA users with MF-SIC

under imperfect CSI is compared with the perfect CSI condition. It is observed

that the ASER performance of users degraded under the assumption of imperfect

CSI compared to perfect CSI case. At ASER of 2.1× 10−1 with MF-SIC, UE1 with
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Figure 3.16: ASER w.r.t. the transmit SNR for a three-user uplink NOMA system
with CEE.

perfect CSI provides an SNR gain of 4 dB over imperfect CSI. Further, at ASER

of 5 × 10−1, UE1 with MF-SIC under imperfect CSI provides SNR gain of 3 dB

over conventional SIC under perfect CSI. Thus, the performance of the proposed

algorithm, even with imperfect CSI, is superior to that of the conventional SIC.
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Figure 3.17: ASER w.r.t. transmit SNR for three user downlink NOMA system.

In Figure 3.18, the ASER is plotted against the SNR to compare the performance

of MF-SIC with perfect CSI (ρ = 1) and MF-SIC with imperfect CSI (ρ = 0.99) due

to feedback delay. The figure shows that as the SNR increases, MF-SIC with perfect

CSI outperforms both the conventional SIC and MF-SIC with feedback delay. At
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Figure 3.18: ASER w.r.t. the transmit SNR for a three-user uplink NOMA system
with feedback delay.

an ASER of 0.3, it is observed that UE1 with ρ = 1 shows an SNR gain of 5 dB

over UE1 with ρ = 0.99.

CC of MF-SIC Algorithm

The CC of the proposed algorithm is evaluated by taking the number of real-time

floating point operations (FLOPS) as the standard of CC [81]. Table 3.1 illustrates

the comparison of error rate (ASER) and average number of FLOPS between the

proposed algorithm and the conventional SIC with N=105 at SNR of 25 dB. The

CC is compared with the conventional SIC, revealing that the proposed algorithm

exhibits higher complexity. However, this increased complexity is accompanied by

an improved error rate. Further, the performance-complexity trade-off is presented

in Table 3.1. Based on the target ASER, the parameters L, S, and dth control the

complexity of the proposed algorithm.

In Table 3.2, the complexity of the proposed algorithm is shown for different

values of S, with all other parameters remaining constant. It is observed from

the table that as the number of neighbouring constellation points increases, the

performance of the users improves with the increase in complexity. This is due to

the larger pool of constellation points in each layer of the decoding process.
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Algorithm ASER FLOPS
(105)

U1 U2 U3

SIC 0.4537 0.4915 0.5033 0.1
MF-SIC (L = 1, dth = 0.2, S = 4) 0.25 0.19 0.16 1.75272
MF-SIC (L = 3, dth = 0.2, S = 4) 0.0450 0.0442 0.040 10.03928
MF-SIC (L = 3, dth = 0.3, S = 4) 0.07 0.068 0.069 9.00604
MF-SIC (L = 3, dth = 0.5, S = 4) 0.17 0.15 0.13 6.31976
MF-SIC (L = 3, dth = 0.2, S = 3) 0.127 0.125 0.10 5.68647
MF-SIC (L = 3, dth = 0.2, S = 2) 0.24 0.24 0.219 2.82918

Table 3.1: Comparison of complexity-performance of uplink NOMA system. (SNR
= 25 dB, N=104)

Algorithm ASER FLOPS
(105)

U1 U2 U3

SIC 0.4537 0.4915 0.5033 0.10007
MF-SIC (L = 4, dth = 0.2, S = 4) 0.04350 0.047 0.0.046 10.03928
MF-SIC (L = 4, dth = 0.2, S = 3) 0.106 0.10800 0.0917 5.68647
MF-SIC (L = 4, dth = 0.2, S = 2) 0.220 0.23 0.190 2.82918

Table 3.2: Comparison of complexity-performance of uplink NOMA system. (SNR
= 25 dB, N=104)

3.5 Summary

The chapter analyzes the uplink and downlink NOMA system with multiple users.

A multiple feedback-based SIC algorithm is proposed to mitigate the multi-user in-

terference and error propagation in each layer of SIC. The interference suppression

algorithm is developed by introducing multiple constellation points as an optimal

constellation. The results show the superiority of the proposed algorithm over the

conventional SIC. The proposed algorithm can avoid the error floor of the NOMA

system at high SNR. The impact of different parameters on users’ performance is

also analyzed. Additionally, the CC of the proposed algorithm is compared with

that of the conventional SIC. The impact of different parameters on the CC is also

analyzed, and inferences are drawn. Further, to enhance the coverage, diversity,

spectral efficiency, energy efficiency and reliability of wireless communication sys-

tems, cooperative relaying with an EH relay node is a key technology. The next

chapter explores a NOMA network utilizing a cooperative EH relay node.
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Chapter 4

Performance Analysis of Energy

Harvested Cooperative NOMA

System

In the previous two chapters, the NOMA system’s error performance was analyzed

with a focus on different modulation schemes. The work concentrated on enhancing

error performance through optimized power constraints and algorithmic improve-

ments. To further extend the coverage area of NOMA systems, it is essential to

analyze cooperative relaying within the NOMA framework, exploring how it can

enhance the reliability and performance of the system.

This chapter considers a multi-relay downlink cooperative NOMA system under

practical constraints. To ensure the relay node remains efficient and sustainable, an

EH-based relay is integrated into the analysis. The closed-form expression of outage

probability and ergodic rate are derived for users under the assumption of imperfect

CSI and imperfect SIC at the receiver node. Further, the asymptotic expression for

the outage probability is also shown.

4.1 Introduction

Cooperative relaying and NOMA systems have garnered research attention due to

their significant advantages in enhancing coverage and reliability [82–88]. In [83],

authors investigated cooperative-NOMA with AF and DF relaying and derived the
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outage probability and asymptotic outage probability expressions. Considering the

fact that multiple relays provide a significant performance gain in cooperative net-

works, special attention has been given to the cooperative NOMA with multiple

relays and analysis of relay selection techniques [85–88]. In [85], the authors have

provided a two-stage max-min relay selection scheme for the NOMA system with

fixed power allocation at relays and different QoS requirements at users. In [85], the

users are selected based on different QoS requirements, whereas in [86], authors have

considered the users according to their channel condition, with fixed and adaptive

power allocation at the relay node. In [87], the outage probability of cooperative

NOMA with multiple half-duplex DF relays is analyzed. In [88], the outage proba-

bility and sum rate of cooperative NOMA with multiple half-duplex AF relays were

studied, considering partial relay selection (PRS).

EH from radio frequency signals is considered a viable solution to provide addi-

tional lifespan to energy-constrained nodes. Hence, EH-based NOMA systems have

gained research attention to meet the needs of 5G and beyond communications. In

[89–94], the performance of cooperative NOMA has been studied with EH relaying.

A cooperative NOMA with simultaneous wireless information and power transfer is

studied in [89], where nearby users acting as EH relays assist the far away NOMA

users. In [90], authors analyzed the performance of cooperative NOMA network with

EH relaying over Rayleigh fading. In [91], a multi-user NOMA system is analyzed

with an EH-powered relay node. In [92], the authors evaluated the NOMA system’s

performance with multiple EH relaying and derived the closed-form expressions of

outage probability and ergodic capacity over the Rayleigh fading channel. In [93],

the authors analyzed the NOMA system’s outage probability with multiple EH AF

relays with imperfect CSI and hardware impairment.

In the literature, most of the work assumes perfect knowledge of the CSI at

the receiver, which is too idealistic for a practical system. However, in practice,

knowledge of perfect CSI is unavailable at the receivers, which leads to CEE. CEE

significantly deteriorates the performance of the system [51, 93, 95]. In [95], a closed-

form expression of outage probability is derived from a downlink relay aided NOMA

system with multiple users over Nakagami-m fading with imperfect CSI.
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Contributions

To the best of the author’s knowledge, the NOMA system’s performance with DF-

based multiple EH relays over Nakagami−m fading channels has not been consid-

ered. Further, a detailed study on the impact of practical constraint, imperfect CSI

at receiver nodes, and imperfect SIC is not available in the literature. Nakagami-m

fading is considered due to its generalization to a variety of realistic fading channels,

which includes Rayleigh fading channel with m = 1, recently for THz channels with

m = 3 [96], and also for the UAV [97]. The main contributions of this work are:

� For the first time in EH-based multi-relay NOMA systems, the practical case

of imperfect CSI at receiver nodes and imperfect SIC is considered, and its

impact on system performance is analyzed.

� A DF-based cooperative multi-relay EH NOMA system employing relay selec-

tion is presented, and its performance is analyzed in terms of outage probabil-

ity. Closed-form expressions are derived from the novel end-to-end (E2E) SNR

of the system for both users, considering both perfect and imperfect cases.

� Further, the system performance at high SNR is analyzed by deriving the

expression for the asymptotic outage probability, providing useful insights.

� The EH time fraction parameter (α) is optimized to maximize system through-

put. The optimization problem is addressed using particle swarm optimization

(PSO) under both perfect and imperfect CSI/SIC conditions.

� Rate analysis of the system is performed by deriving the closed-form expression

of ergodic rate for both users, and the impact of imperfect CSI and SIC is

analyzed.

4.2 System Model

A downlink cooperative NOMA system with EH-based multiple relays, as shown in

Figure 4.1 is considered where a transmitter (S), i.e., the BS transmits messages to

the downlink users, i.e., U1 and U2, with the help of cooperative relaying [85, 86].

Both users are ordered according to their channel condition. It is assumed that the

71



4.2. SYSTEM MODEL

R1

R2

RK

U1

U2S

Source

h
rk ,2

h r
k
,1

hs,r1

hs,r2

h
s,r
K

Figure 4.1: NOMA system with multiple EH relays

weak user (U2) has a poor channel condition and the strong user (U1) has a good

channel condition. To facilitate cooperative relaying, it is also assumed that there

are K numbers of relays in the system with DF relaying. Further, it is assumed that

each node is equipped with a single antenna and operates in half-duplex mode. All

the channel links are considered to be independent and identically distributed (i.i.d),

which are modelled by Nakagami−m fading, the channel coefficients corresponding

to links are represented as hi,j, i ∈ (s, rk) and j ∈ (rk, 1, 2), where the subscript

s, rk, 1 and 2 represent BS, Rk, U1 and U2 respectively. The |hi,j| is assumed to

be Nakagami−m with shape parameter mi,j and variance E[|hi,j|2] = λi,j. Under

imperfect CSI, according to minimum mean squared error (MMSE) estimation [22,

23, 98],

hi,j = ĥi,j + ϵi,j, (4.1)

where hi,j is actual channel and ĥi,j is the estimate of the channel hi,j, where hi,j and

ĥi,j are jointly ergodic and stationary Gaussian process [24]. The ϵs,r is the CEE,

which is assumed to be complex normal with mean zero and variance σ2
e [25]. The

CEE arise due to the improper pilot pattern in channel estimation. A pilot pattern

for estimating the channel should be performed as a function of coherence time and

frequency. Otherwise, an irreducible error floor arises in the estimation.

Assuming that ĥi,j andϵi,j are independent
1, thus the estimated channel variance

is given as λ̂i,j = λi,j−σ2
e [99]. In this work, the PRS is considered for the selection of

the relay node, where the BS selects the relay that provides the best instantaneous

channel gain between the BS and relays [100]. The BS continuously monitors the

1The independence of ĥi,j and ϵi,j was not required, only that they were uncorrelated [22].
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quality of the links between the BS and relays, and based on this information, the

source selects the best link. The PRS scheme to select the best source to relay the

link is expressed as

|ĥs,r|2 = arg max
k=1,2,...,K

|ĥs,rk |2. (4.2)

Furthermore, relays harvest the energy from the source transmitted signal. In this

chapter, the TS protocol to harvest energy for αT block time is considered, where

α (0 ≤ α ≤ 1) is the fraction of block time over which relay harvest the energy from

a source transmitted signal. The remaining (1− α)T block time is assigned for the

information transfer. The information transfer is completed in two blocks. The first

half of time block (1− α)T
2
is assigned for the source to relay transmission, and the

remaining half (1−α)T
2
for relay to users transmission. Thus, the harvested energy

for αT time is given by [101]

EH = Psµ|ĥs,r|2αT, (4.3)

where 0 ≤ µ ≤ 1 denotes energy conversion efficiency. The transmit power at

Rk is expressed as Pr = EH
(1−α)T/2 = 2Psµ|ĥs,r|2α

1−α . Initially, BS transmits the NOMA

signal for users by performing power domain multiplexing and superposition coding.

The transmitted signal is given by xs =
∑2

i=1

√
aixi, where, xi denotes complex

modulated symbols with unit energy for Ui (i.e., E {|xi|2} = 1). Further, ai is the

power allocation coefficients for xi with
∑2

i=1 ai = 1 and ai > 0. The received signal

at Rk is given by yrk = (ĥs,r + ϵs,rk)
√
Psxs + zs,rk , where, Ps indicates the total

transmit power at BS, zs,r represents AWGN with zero mean and variance σ2
0. As

DF transmission protocol is employed at the relay, Rk has to first decode both x1

and x2 before transmitting.The SINR at Rk to decode x2 in the presence of imperfect

CSI is given by

γrk,2 =
|ĥs,r|2Psa2

|ĥs,r|2Psa1 + Psσ2
e + σ2

0

. (4.4)

According to SIC principle, x1 is decoded by removing x2 from yrk , the SIC is perfect,

x2 will be completely removed. Otherwise, decoding of x1 will be carried out in the
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presence of residual interference due to imperfect SIC. Thus, SINR in the presence

of imperfect CSI and imperfect SIC at Rk to decode x1 is given by

γrk,1 =
|ĥs,r|2Psa1

|ĥs,r|2βPsa2 + Psa1σ2
e + Psβa2σ2

e + σ2
0

. (4.5)

where, β represents the residual interference due to imperfect SIC, 0 ≤ β ≤ 1,

and β = 0 refer to perfect SIC. After decoding x2 and x1, Rk will re-encode the

information bit using superposition coding. Thus the transmitted signal by Rk is

given by xr =
∑2

i=1

√
aixi. The received signal at U1 and U2 is given as yl =

(ĥrk,l+ϵrk,l)
√
Prxr+zrk,l, l = 1, 2.Where Pr is harvested power at Rk, zrk,l represent

AWGN with zero mean and variance σ2
0. Thereafter, U1 will perform SIC to obtain

its own symbol x1. Thus, the SINR at U1 to decode x2 and x1 under imperfect CSI

and imperfect SCI are given as

γ1,2 =
|ĥrk,1|2Pra2

|ĥrk,1|2Pra1 + Prσ2
e + σ2

0

, (4.6)

γ1,1 =
|ĥrk,1|2Pra1

|ĥrk,1|2βPra2 + Pra1σ2
e + Prβa1σ2

e + σ2
0

. (4.7)

The SINR to decode x2 at U2 under imperfect CSI is given by

γ2,2 =
|ĥrk,2|2Pra2

|ĥrk,2|2Pra1 + Prσ2
e + σ2

0

. (4.8)

4.3 Outage Probability Analysis

In this section, the outage probability expression for both NOMA users is derived.

Outage probability gives the achievable maximum rate for error-free transmission

[38]. The closed-form outage probability expressions for U1 and U2 under imperfect

CSI/ SCI and perfect CSI/SIC are obtained in the following subsections.
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4.3.1 Outage probability under imperfect CSI/SIC

Outage probability of U1

U1 is said to be in outage, when U1 fails to detect either of the two symbols x1 and

x2 at Rk and U1. Therefore, the outage probability of U1 is defined as

Pout,1 =Pr
{
γrk,2 < γth2, γrk,1 < γth1, γ1,2 < γth2, γ1,1 < γth1

}
, (4.9)

where, γth1 and γth2 are predefined SINR threshold. γth1 and γth2 can be represented

as γth1 = 2
2r1
1−α − 1 and γth2 = 2

2r2
1−α − 1, where, r1 and r2 are the desired target rates.

Consider the outage probability definition given in (4.9). Substituting (4.4),

(4.5), (4.6) and (4.7) in (4.9), on rearranging, the following expression is obtained

Pout,1 =1− Pr
{
|ĥs,r|2 >

γth2(Psσ
2
e + σ2

0)

(a2 − a1γth2)Ps
, |ĥrk,1|2 >

γth2(Prσ
2
e + σ2

0)

(a2 − a1γth2)Pr
,

|ĥs,r|2 >
γth1(Psσ

2
e(a2 + βa1) + σ2

0)

(a1 − βa2γth1)Ps
, |ĥrk,1|2 >

γth1(Prσ
2
e(a1 + βa2) + σ2

0)

(a1 − βa2γth1)Pr

}
,

(4.10)

According to EH criteria, the transmitted power at the relay is given as Pr =

2Psµ|ĥs,r|2α
1−α . Substituting Pr in (4.10), and after some simplification (4.10) is given as

Pout,1 =1− Pr
{
|ĥs,r|2 > ψ, |hrk,1|2 >

λ1

|ĥs,r|2
+ Ω1, |hrk,1|2 >

λ2

|ĥs,r|2
+ Ω2

}
, (4.11)

where, ∆1 = γth2(σ
2
e+(1/ρ))

(a2−a1γth2)
, λ1 = γth2(1−α)

(a2−a1γth2)αµ2ρ
, λ2 = γth1(1−α)

(a1−a2βγth1)αµ2ρ
, Ω1 = γth2σ

2
e

a2−a1γth2
,

Ω2 =
γth2(a1+a2β)σ

2
e

a1−a2βγth2
, ψ = max

[
∆1,

γth1(Psσ2
e(a1+a2β)+σ

2
0)

(a1−a2βγth1)Ps

]
.

Pout,1 =1−
[
Pr
{
|ĥs,r|2 > ψ, |hrk,1|2 >

λ1

|ĥs,r|2
+ Ω1, |ĥs,r|2 >

λ2 − λ1
Ω1 − Ω2

}
+ Pr

{
|ĥs,r|2 > ψ, |hrk,1|2 >

λ2

|ĥs,r|2
+ Ω2, |ĥs,r|2 <

λ2 − λ1
Ω1 − Ω2

}]
. (4.12)

Let Pout,1 = 1 − (A + B), where A and B are separately evaluated as follows.

Assume the links in the network to be independent, γth1 <
a1
a2β

, γth2 <
a2
a1
, λ2 > λ1

and Ω1 > Ω2. Since i.i.d Nakagami fading is assumed, the channel power gains |ĥi,j|
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are gamma functions. The PDF and CDF [102] of |ĥi,j|2 with parameter mi,j and

λ̂i,j is given as

f|ĥi,j |2(x) =

(
mi,j

λ̂i,j

)mi,j
xmi,j−1

Γ(mi,j)
e

−xmi,j
λ̂i,j , (4.13)

F|ĥi,j |2(x) = 1− e
−xmi,j
λ̂i,j

mi,j−1∑
n=0

1

n!

(
xmi,j

λ̂i,j

)n

, (4.14)

Let β̂i,j =
mi,j

λ̂i,j
, since PRS with K-relays is performed, the CDF and PDF of the

|ĥs,r|2 is given by

F|ĥs,r|2(x) =

1− e−xβ̂s,rk

ms,rk−1∑
n=0

1

n!

(
xβ̂s,rk

)nK , (4.15)

f|ĥs,r|2(x) =Kβ̂
ms,rk
s,rk

xms,rk−1

(ms,rk − 1)!
e−xβ̂s,rk

[
1 +

K−1∑
k=1

(−1)k
(
K − 1

k

)
e−kxβ̂s,rkms,rk−1∑

n=0

1

n!

(
xβ̂s,rk

)nk ]
, (4.16)

By using the Binomial expression for the term
(∑ms,rk−1

n=0
1
n!

(
xβ̂s,rk

)n)k
, the Bino-

mial expansion is given as [95]

=
k∑

i1=0

k−i2∑
i2=0

· · ·
k−i1···ims,rk−2∑
ims,rk−1=0

(
k

i1

)(
k − i1
i2

)
. . .

(
k − i1 − ...ims,rk−2

ims,rk−1

)ms,rk−2∏
r=0

(
(β̂s,rkx)

r

r!

)ir+1
(

β̂
ms,rk−1
s,rk x

(ms,rk − 1)!

)k−i1−...ims,rk−1

(4.17)

Substituting (4.17) in (4.16), the CDF is obtained. By utilizing the above equation,
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A is obtained as follows

A =

∫ ∞

x=γ

[
1− Frk,1

(
λ1
x

+ Ω1

)]
fs,rk(x)dx, (4.18)

A =

∫ ∞

x=γ

e−β̂rk,1(
λ1
x
+Ω1)

mrk,1−1∑
n=0

K

n!
β̂
ms,rk
s,rk e−xβ̂s,rk

(
β̂rk,1

(
λ1
x

+ Ω1

))n
xms,rk−1

(ms,rk − 1)!

[
1 +

K−1∑
k=1

(−1)k
(
K − 1

k

)
e−kxβ̂s,rk

⋃
k

Ξ1,kΞ2,kx
ī

]
dx, (4.19)

where γ = max
[
ψ,
(
λ2−λ1
Ω1−Ω2

)]
,
⋃
k =

∑k
i1=0

∑k−i2
i2=0 · · ·

∑k−i1···ims,rk−2

ims,rk=0
, Ξ1,k =(

k
i1

)(
k−i1
i2

)
...
(k−i1−...ims,rk−2

ims,rk−1

)
, Ξ2,k =

∏ms,rk−2

r=0

(
β̂rs,rk
r!

)ir+1
(

β̂
ms,rk

−1
s,rk

(ms,rk−1)!

)k−i1−...ims,rk−1

and

ī = (ms,rk − 1)(k − i1) − (ms,rk − 2)i2 − (ms,rk − 3)i3 − ...ims,rk−1. Using Binomial

expansion on
(
λ1
x
+ Ω1

)n
, the above equation can further simplified as

A =e−β̂rk,1Ω1

mrk,1−1∑
n=0

1

n!
β̂nrk,1Kβ̂

ms,rk
s,rk

1

(ms,rk − 1)!

n∑
j=0

(
n

j

)
λj1Ω

n−j
1

[∫ ∞

x=γ

xms,rk−j−1

e−xβ̂s,rke
−β̂rk,1λ1

x dx+
K−1∑
k=1

(−1)k
(
K − 1

k

)⋃
k

Ξ1,kΞ2,k

∫ ∞

x=γ

e−x(k+1)β̂s,rkxms,rk−j+ī−1

e
−β̂rk,1λ1

x dx

]
. (4.20)

Now, using Taylor’s series expansion, as e
−β̂rk,1λ1

x =
∑Nt

l1=0
(−1)l1

l1!

(
β̂rk,1λ1

x

)l1
where

Nt ∈ {2, 3, ...∞} and using [54, eq. (3.351.4)] the (4.20) can be simplified. Further,

the B is simplified as follows

B =

∫ λ2=λ1
Ω1−Ω2

x=ψ

[
1− Frk,1

(
λ2
x

+ Ω2

)]
fs,r(x)dx. (4.21)

The (4.21) can be simplified by following the same approach as used in (4.18), the

obtained result Pout,1 = 1− (A+B).

When γth2 <
a2
a1
, γth1 <

a1
βa2

, λ2 > λ1 and Ω1 > Ω2. The outage probability of U1
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under imperfect CSI and imperfect SIC is defined as

Pout,1 =1−

[
e−Ω1β̂rk,1A1Ω

n−j
1 λj1

[
ι1

(
β̂rk,1λ1

)l1
β̂(j+l1)
s,rk

Γ
(
κ1, β̂s,rkγ

)
+ A2

(
β̂rk,1λ1

)l2
× β̂(j+l2−ī)

s,rk
Γ
(
κ2, β̂s,rk(k + 1)γ

)
ι2 (k + 1)−κ2

]
+ e−Ω2β̂rk,1A1Ω

n−j
2 λj1

×
[
ι1

(
β̂rk,1λ1

)l1
β̂(j+l1)
s,rk

[
Γ
(
κ1, β̂s,rkψ

)
− Γ

(
κ1,

β̂s,rk(λ2 − λ1)

Ω1 − Ω2

)]
+ A2ι2

(
β̂rk,1λ1

)l2
(k + 1)−κ2 β̂(j+l2−ī)

s,rk

[
Γ
(
κ2, (k + 1)β̂s,rkψ

)
− Γ

(
κ2,

(k + 1)β̂s,rk(λ2 − λ1)

(Ω1 − Ω2)

)]]]
. (4.22)

where, A1 =
K

(ms,rk−1)!

∑mrk,1−1

n=0

∑n
j=0

1
n!
β̂nrk,1

(
n
j

)
, A2 =

∑K−1
k=1

⋃
k Ξ1,kΞ2,k (−1)k

(
K−1
k

)
, κ1 =

ms,rk − j− l1, κ2 = ms,rk − j− l2+ ī, λ1 =
γth2σ

2
0(1−α)

(a2−a1γth2)αµ2ρ
, λ2 =

γth1(1−α)
(a1−a2βγth1)αµ2ρ

, Ω1 =

γth2σ
2
e

a2−a1γth2
, Ω2 = γth2(a1+a2β)σ

2
e

a1−a2βγth2
, γ = max

[
ψ,
(
λ2−λ1
Ω1−Ω2

)]
, ρ = Ps

σ2
0
, β̂rk,1 =

mrk,1

λ̂rk,1
, β̂s,rk =

ms,rk
λ̂s,rk

, ψ = max

[
∆1,

γth1(σ2
e(a1+a2β)+(1/ρ))
(a1−a2βγth1)

]
, ∆1 =

γth2(σ2
e+(1/ρ))

(a2−a1γth2)
, ι1 =

∑Nt
l1=0

(−1)l1

l1!
, ι2 =∑Nt

l2=0
(−1)l2

l2!
,
⋃
k =

∑k
i1

∑k−i2
i2

...
∑k−i′′′1 ims,rk−2

ims,rk
,

Ξ1,k =
(
k
i1

)
...
(k−i1−...ims,rk

ims,rk

)
,Ξ2,k =

∏ms,rk−2

n=0

(
β̂ns,rk
n!

)in+1(
β̂
ms,rk

−1
s,rk

(ms,rk−1)!

)k−i1−...ims,rk−1

and

ī = (ms,rk − 1)(k − i1) − (ms,rk − 2)i2 − (ms,rk − 3)i3 − ...ims,rk−1. Further, when

γth2 >
a2
a1
, γth1 >

a1
βa2

, Pout,1 = 1.

Outage probability of U2

U2 is said to be in outage, when U2 fails to detect x2 at Rk and U2.

Pout,2 =Pr
{
γrk,2 < γth2, γ2,2 < γth2

}
, (4.23)

Substitute (4.4) and (4.8) in (4.23), after some manipulation (4.23) can be simplified

as

Pout,2 =1− Pr
{
|ĥs,r|2 >

γth2(Psσ
2
e + σ2

0)

(a2 − a1γth2)Ps
, |ĥrk,2|2 >

γth2(Prσ
2
e + σ2

0)

(a2 − a1γth2)Pr

}
, (4.24)

Substituting Pr =
2Psαµ|ĥs,r|2

1−α , (4.24) can be further reduced as
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Pout,2 =1− Pr
{
|ĥs,r|2 > ∆1, |ĥrk,1|2 >

λ1

|ĥs,r|2
+ Ω1

}
, (4.25)

Pout,2 =1−
∫ ∞

x=∆1

[
1− Frk,2

(
λ1
x

+ Ω1

)]
fs,r(x)dx. (4.26)

The integration in (4.26) can be simply simplified by following the same approach

as of (4.18) of Appendix A. The obtained closed-form expression is given as The

outage probability of U2 under imperfect CSI is given as

Pout,2 =1− e−Ω1β̂rk,2A3Ω
n−j
1 λj1

[
ι1

(
β̂rk,2λ1

)l1
β̂(j+l1)
s,rk

Γ
(
κ1, β̂s,rk∆1

)
+ A2ι2

(
β̂rk,2λ1

)l2
β̂(j+l2−ī)
s,rk

(k + 1)−κ2 Γ
(
κ2, (k + 1)β̂s,rk∆1

) ]
, (4.27)

whereA3 =
K

(ms,rk−1)!

∑mrk,2−1

n=0

∑n
j=0

1
n!

(
mrk,2
λrk,2

)n (
n
j

)
. Further when γth2 >

a2
a1
, Pout,2 =

1.

4.3.2 Outage probability under perfect CSI/SIC

Outage probability of U1

The outage probability of U1 under perfect CSI and perfect SIC is obtained by

considering the perfect channel estimation and perfect SIC at all nodes. The |ĥi,j|2 =

|hi,j|2 i.e., the CEE ϵi,j = 0 and residual interference due to imperfect SIC β = 0.

Considering the perfect CSI and perfect SIC condition on the SINR’s equation

(4.4), (4.5), (4.6) and (4.7). The outage probability of U1 under perfect SIC and

perfect CSI is given as

P P
out,1 =1− Pr

{ |hs,r|2Psa2
|hs,r|2Psa1 + σ2

0

. > γth2,
|hrk,1|2Pra2

|hrk,1|2Pra1 + σ2
0

> γth2,
|hs,r|2Psa1

σ2
0

> γth1,
|hrk,1|2Pra1

σ2
0

. > γth1

}
. (4.28)

substituting Pr =
2Psµ|hs,r|2α

1−α and after some manipulation, (5.16) further simplified
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as

P P
out,1 =1− Pr

{
|hs,r|2 > ∆3, |hrk,1| >

∆2

|hs,r|2
}
, (4.29)

where ∆3 = max[
γth2σ

2
0

(a2−a1γth2)Ps
,
γth1σ

2
0

a1Ps
], ∆2 = max[λ1,

γth1(1−α)
a1α2µPs

]. Let P P
out,1 = 1 − D,

where D is evaluated as follow

D =

∫ ∞

x=∆3

[
1− Frk,1

(
∆2

x

)]
fs,rk(x)dx, (4.30)

=

mrk,1−1∑
n=0

1

(ms,rk − 1)!

(
mrk,1∆2

λrk,1

)n(
ms,rk

λs,rk

)ms,rk K
n!

[∫ ∞

x=∆3

xms,rk−n−1e
ms,rk

x

λs,rk

e
−mrk,1∆2

λrk,1
x dx+

K−1∑
k=1

(−1)k
(
K − 1

k

)⋃
k

Ξ1,kΞ2,k

∫ ∞

x=∆3

e
−x(k+1)ms,rk

λs,rk xms,rk−n+ī−1

e
−mrk,1∆2

λrk,1
x dx

]
. (4.31)

The integration in (4.31), is same as in (4.20) in appendix A. Hence, D can be ob-

tained following the similar procedure as adopted in (4.20). The outage probability

of U1 under perfect CSI/SIC is expressed as

P P
out,1 =1−B1 (βrk,1∆2)

n
[
ι1 (βrk,1∆2)

l1 Γ (κ3, βs,rk∆3) β
(n+l1)
s,rk

+ A2ι2 (βrk,1∆2)
l2

(k + 1)−κ4 β(n+l2−ī)
s,rk

Γ (κ4, (k + 1)βs,rk∆3)

]
, (4.32)

where B1 = K
(ms,rk−1)!

∑mrk,1−1

n=0
1
n!
, κ3 = ms,rk − n − l1, κ4 = ms,rk − n − l2 + ī,

∆3 = max[ γth2
(a2−a1γth2)ρ

, γth1
a1ρ

], ∆2 = max[λ1,
γth1(1−α)
a1α2µρ

].

Outage probability of U2

The outage probability of U2 under perfect CSI is obtained by considering the perfect

CSI assumption as used in P P
out,1. Thus, the outage probability of U2 under perfect

CSI is given as

P P
out,2 =1−B2 (βrk,2λ1)

n
[
ι1 (βrk,2λ1)

l1 (βs,rk)
n+l1 Γ (κ3, χ) + A2ι2 (k + 1)κ4 (βrk,2λ1)

l2

(βs,rk)
n+l2−ī Γ (κ4, (k + 1)χ)

]
, (4.33)
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where B2 = K
(ms,rk−1)!

∑mrk,2−1

n=0
1
n!
, χ =

ms,rkγth2
λs,rk (a2−a1γth2)ρ

. Further, when γth2 >
a2
a1
,

P P
out,2 = 1.

4.4 Asymptotic Outage Probability Analysis

In this section, an approximation of the outage probability at a high SNR region is

provided. The asymptotic outage probability is obtained by considering the ρ→ ∞.

Further, at high SNR, the approximated CDF is given as F (x) ≈
x→0

1
mi,j !

(βi,jx)
mi,j

[93].

4.4.1 Asymptotic outage probability under imperfect CSI/SIC

Asymptotic outage probability of U1

At high SNR, the asymptotic outage probability of U1 is obtained by utilizing the

approximated CDF equation in (4.11) and equating 1
ρ
→ 0 in λ1 and λ2. The

asymptotic outage probability of U1 under imperfect CSI/SIC is given as

P asy
out,1 =1−

[(
1− 1

ms,rk !

(
β̂s,rkψ

)ms,rk)K
e−β̂rk,1a

mrK,1−1∑
n=0

1

n!

(
β̂rk,1a

)n ]
, (4.34)

where, a = max[Ω1,Ω2].

Asymptotic outage probability of U2

The asymptotic outage probability of U2 is obtained by approximating the CDF

equation and equating 1
ρ
→ 0 in λ1. The asymptotic outage probability of U2 under

imperfect CSI is given as

P asy
out,2 =1−

[(
1− 1

ms,rk

(
β̂s,rk∆1

)ms,rk)K
e−β̂rk,2Ω1

mrK,2−1∑
n=0

1

n!

(
β̂rk,2Ω1

)n ]
. (4.35)
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4.4.2 Asymptotic outage probability under perfect CSI/SIC

Asymptotic outage probability of U1

The asymptotic outage probability of U1 under perfect CSI and SIC is obtained by

utilizing the approximated CDF. The asymptotic outage probability of U1 under

perfect CSI/SIC is given by

P P,asy
out,1 =

(
1

ms,rk !
(βs,rk∆3)

ms,rk

)K
+

(βrk,1∆2)
mrk,1

(ms,rk − 1)!

K

mrk,1!

[
β
mrk,1
s,rk Γ (κ5, βs,rk∆3)

+ A2β
(mrk,1−ī)
s,rk (k + 1)−(κ5+ī) Γ (κ5 + ī, (k + 1)βs,rk∆1)

]
. (4.36)

where κ5 = ms,rk −mrk,1.

Asymptotic outage probability of U2

The asymptotic outage probability of U2 under perfect CSI is obtained by approx-

imating CDF. The asymptotic outage probability of U2 under perfect CSI is given

by

P P,asy
out,2 =

(
1

ms,rk !
χms,rk

)K
+

K (βrk,2λ1)
mrk,2

(ms,rk − 1)!mrk,2!

[
β
mrk,2
s,rk Γ (κ6, χ) + A2 (k + 1)−(κ6+i)

(βs,rk)
mrk,2−ī Γ (κ6 + ī, (k + 1)χ)

]
. (4.37)

where κ6 = ms,rk −mrk,2.

4.5 Optimization of fraction of EH time

In this section, the fraction of EH time (α) is optimized in order to maximize the

throughput of the system. The system throughput of a dual-hop system in a delay-

limited transmission mode for a fixed transmission rate from the outage probability

is given as [103]

τ =
(1− Pout,1)r1(1− α)

2
+

(1− Pout,2)r2(1− α)

2
, (4.38)
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where λth1 = 2
2r1
1−α − 1 and λth2 = 2

2r2
1−α − 1 are the threshold SNR for a fixed rate

r1 and r2 respectively. Maximum throughput can be attained by optimizing α. The

objective function for maximizing throughput can be formulated as follows

α∗ = argmax
α

τ subject to 0 < α < 1,

α∗ = argmax
α

(1− Pout,1)R1(1− α)

2

+
(1− Pout,2)R2(1− α)

2

subject to 0 < α < 1

(4.39)

The objective function in (4.39) is nonlinear and non-convex. Thus, a low-complexity

optimum fraction of EH time that maximizes the system throughput based on a PSO

algorithm [104] is proposed, wherein the optimal solution from each iteration in the

search space is based on a swarm of particles. It is noteworthy that PSO is chosen

due to its fast convergence and stability [105, 106]. The algorithm for determining

the PSO-based solution is shown in Algorithm 1. Let τ(α) denote the objective

value of solution α as given in (4.38). Let αi denotes the position of particle i

(1 ≤ i ≤MAXparticles), where MAXparticles denotes the number of particles.

4.6 Ergodic Rate Analysis

In this section, the ergodic rate expression for NOMA users is derived. The achiev-

able rate for error-free transmission is given as

Ri = E

[
1− α

2
log2(1 + γi,j)

]
,

=
1− α

2 ln 2

∫ ∞

z=0

1− Fi,j(z)

1 + z
dz. (4.40)

where Fi,j represents CDF of SNR γi,j. The closed-form ergodic rate expressions for

U1 and U2 are obtained in the following subsections.
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Algorithm 6: PSO algorithms

Input: Lower Bound of Decision Variables = 0, Upper Bound of Decision
Variables = 1,

Output: the best fitness value (optPosition) and the corresponding
solution (optcost)

Initialize GlobalBest = −Infinity
for each particle i ≤MAXparticles do

initialize αi, in the interval of [0, 1] randomly
initialize velocity, vi = 0
Compute the fitness value of particle i, τ(αi) and set the best solution of
particle i as BestCosti and corresponding position BestPositioni.
if the BestCosti is greater than the GlobalBest then

set current value as the new GlobalBest value and corresponding
position GlobalPosition

end

end
for t ≤ 20 do

for each particle i ≤MAXparticles do
calculate the velocity of particle i
vi = vi + 2∗random function in the interval of
[0, 1]× (BestPositioni − αi) + 2×random function in the interval of
[0, 1]∗(GlobalPosition− αi)
update the particle position
αi = αi + vi;
αi = max(αi, 0);
αi = min(αi, 1)
calculate the fitness value τ(αi) according to new position
if the fitness value is greater than the best fitness value in history
then

set current value as the new BestCosti of particle
end
if the fitness value is greater than the global best value in history
then

set current value as the new GlobalBest value and corresponding
position GlobalPosition

end

end
set optcost= GlobalBest and optPosition= GlobalPosition

end
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4.6.1 Ergodic rate under imperfect CSI/SIC

Ergodic rate of U1

The ergodic rate of U1 is defined as

R1 =E

[
1− α

2
log2 (1 + min(γrk,1, γ1,1))

]
, (4.41)

R1 =E

[
1− α

2
log2(1 + min(

|ĥs,r|2Psa1
|ĥs,r|2βPsa2 + Psσ2

e(βa2 + a1) + σ2
0

,

|ĥrk,1|2Pra1
|ĥrk,1|2βPra2 + Prσ2

e(βa2 + a1) + σ2
0

)

]
. (4.42)

Considering the practical scenario, the harvested energy at the relay is always small.

Hence, the transmit power of the relay is much lower than that of the source. Thus,

it is assumed that the SINR at the destinations is lower than the SINR at the relay

[92].

|ĥs,r|2Psa1
|ĥs,r|2βPsa2 + Psσ2

e(βa2 + a1) + σ2
0

>
|ĥrk,1|2Pra1

|ĥrk,1|2βPra2 + Prσ2
e(βa2 + a1) + σ2

0

. (4.43)

Therefore, (4.42) will reduce to

R1 =E

[
1− α

2
log2

(
1 +

|ĥrk,1|2Pra1
|ĥrk,1|2βPra2 + Prσ2

e(βa2 + a1) + σ2
0

)]
, (4.44)

After some manipulation and by using (4.40), the above equation can be further

simplified as

R1 =
1− α

2 ln 2

∫ ∞

z=0

1− FP (z)

1 + z
dz − 1− α

2 ln 2

∫ ∞

z=0

1− FQ(z)

1 + z
dz, (4.45)

where P = |ĥrk,1|2Pr(βa2+a1)+Prσ2
e(βa2+a1) and Q = |ĥrk,1|2βPra2+Prσ2

e(βa2+

a1). After some manipulation and using [54, eq.(3.471.9)], the CDF of P and Q are
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given as follow

FP (z) =1− 2eβ̂rk,1σ
2
eA1(−σ2

e)
n−jβ̂

ms,rk
s,rk

(
z

ζ

)j [( β̂rk,1z
β̂s,rkζ

) τ1
2
Kτ1

(
2
√
ξ1z
)

+ A2

( β̂rk,1
β̂s,rk

) τ1+ī
2

(
z

ζ(k + 1)

) τ1+ī
2

Kτ1+ī

(
2
√
ξ1z(k + 1)

)]
, (4.46)

where τ1 = ms,rk − j, ξ1 =
β̂rk,1β̂s,rk

ζ
and ζ = 2ρµα(a1+βa2)

1−α .

FQ(z) =1− 2eβ̂rk,1ξ3A1(−ξ3)n−jβ̂
ms,rk
s,rk

(
z

ζ̄

)j [
Kτ1

(
2
√
ξ2z
)( β̂rk,1z

β̂s,rk ζ̄

) τ1
2

+ A2

( β̂rk,1
β̂s,rk

) τ1+ī
2

(
z

ζ̄(k + 1)

) τ1+ī
2

Kτ1+ī

(
2
√
ξ2z(k + 1)

) ]
, (4.47)

where ξ2 =
β̂rk,1β̂s,rk

ζ̄
, ξ3 = σ2

e(a1+βa2)
βa2

and ζ̄ = 2ρµαβa2
1−α . Further, substituting (4.46)

and (4.47) in (4.45), and using [54, eq. (7.811.5), (9.34.3)], after some manipulation

the ergodic rate of U1 is given as

R1 =
1− α

2 ln 2
I1 (4.48)

where I1 is defined as

I1 =e
β̂rk,1σ

2
eA1(−σ2

e)
n−j
(
1

ζ

)j [( β̂rk,1
ζ

)−j

G 1 3
3 1

(
0

0,ms,rk ,j

∣∣ξ1)+ A2

(
β̂rk,1
ζ

)−j

(
1

k + 1

)ms,rk+ī
β̂−ī
s,rk
G 1 3

3 1

(
0

0,ms,rk+ī,j

∣∣∣ξ1(k + 1)
) ]

− eξ3β̂rk,1A1 (−ξ3)n−j
(
1

ζ̄

)j
[( β̂rk,1

ζ̄

)−j

G 1 3
3 1

(
0

0,ms,rk ,j

∣∣ξ2) + A2

(
β̂rk,1
ζ̄

)−j (
1

k + 1

)ms,rk+ī
β̂−ī
s,rk

G 1 3
3 1

(
0

0,ms,rk+ī,j

∣∣∣ξ2(k + 1)
) ]
. (4.49)

Ergodic rate of U2

The ergodic rate of U2 is defined as

R2 =E

[
1− α

2
log2 (1 + min(γrk,2, γ2,2))

]
, (4.50)
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Substituting (4.4) and (4.8) in (4.50), and by employing the same approach as of

U1, the ergodic rate of U2 is given by

R2 =
1− α

2 ln 2
J1, (4.51)

where J1 is defined as

J1 =e
β̂rk,2σ

2
eA3(−σ2

e)
n−j
(
1

ν

)j [( β̂rk,2
ν

)−j

G 1 3
3 1

(
0

0,ms,rk ,j

∣∣ξ5)+ A2(
β̂rk,2
ν

)−j (
1

k + 1

)ms,rk+ī
β̂−ī
s,rk
G 1 3

3 1

(
0

0,ms,rk+ī,j

∣∣∣ξ5(k + 1)
) ]

− e
β̂rk,2

σ2e

a1 A3

(
−σ2

e

a1

)n−j (
1

ν̄

)j [
G 1 3

3 1

(
0

0,ms,rk ,j

∣∣ξ6)( β̂rk,2
ν̄

)−j

+ A2

(
β̂rk,2
ν̄

)−j (
1

k + 1

)ms,rk+ī
β̂−ī
s,rk
G 1 3

3 1

(
0

0,ms,rk+ī,j

∣∣∣ξ6(k + 1)
) ]
. (4.52)

where ν = 2ρµα
1−α and ν̄ = 2ρa1µα

1−α .

4.6.2 Ergodic rate under perfect CSI/SIC

Ergodic rate of U1

The ergodic rate of U1 is obtained by employing the same approach as of U1 under

imperfect CSI/SIC. Under the assumption of perfect CSI/SIC, the |ĥi,j|2 = |hi,j|2 i.e.,

the CEE ϵi,j = 0 and residual interference due to imperfect SIC β = 0. Substituting

the SNR equation under the assumption of perfect CSI/SIC in (4.41), and employing

the same approach as of U1 under imperfect CSI/SIC, the following expression is

obtained

RP
1 =E

[
1− α

2
log2

(
1 +

|hrk,1|2Pra1
σ2
0

)]
, (4.53)

After some simplification and by using (4.40), the above equation can be further

simplified as

RP
1 =

1− α

2 ln 2

∫ ∞

z=0

1− FS(z)

1 + z
dz (4.54)
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where S = |hrk,1|2Pra1.

FS(z) = P{S < z},

= P{|hrk,1|2Pra1 < z}, (4.55)

Substituting Pr =
2Psµ|hs,r|2α

1−α and after simplification, (4.55) further simplified as

FS(z) = 1− P{|hs,rk |2|hrk,1|2ν̄ > z}. (4.56)

After simplification and utilizing [54, eq. (3.471.9)], the CDF of S is given as follows

FS(z) =1− 2B1β
n
rk,1

β
ms,rk
s,rk

(z
ν̄

)n [(βrk,1z
βs,rk ν̄

) τ2
2
Kτ2

(
2
√
ξ4z
)
+ A2

(βrk,1
βs,rk

) τ2+ī
2

(
z

ν̄(k + 1)

) τ2+ī
2

Kτ2+ī

(
2
√
ξ4z(k + 1)

)]
, (4.57)

where τ2 = ms,rk−n, ξ4 =
βs,rkβrk,1

ν̄
. Further, substituting (4.57) in (4.54), and using

[54, eq. (7.811.5), (9.34.3)], after simplification, the ergodic rate of U1 under perfect

CSI/SIC is given as

RP
1 =

1− α

2 ln 2
B1

[
G 1 3

3 1

(
0

0,ms,rk ,n

∣∣ξ4)+ A2β
−ī
s,rk

(
1

k + 1

)ms,rk+ī
G 1 3

3 1

(
0

0,ms,rk+ī,n

∣∣∣ξ4) ].

Ergodic rate of U2

The ergodic rate of U2 under perfect CSI is obtained by substituting the SINR under

the perfect CSI assumption in (4.50). By employing the same approach as of U1,

the ergodic rate of U2 under perfect CSI is given as

RP
2 =

1− α

2 ln 2

∫ ∞

z=0

1− FU(z)

1 + z
dz − 1− α

2 ln 2

∫ ∞

z=0

1− FV (z)

1 + z
dz, (4.58)

where U = |hrk,2|2Pr and V = |hrk,2|2a1Pr. By employing the same approach as

of U1 under perfect CSI/SIC, and after simplification, the ergodic rate of U2 under

perfect CSI is given as
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RP
2 =

1− α

2 ln 2

[
B2

(
G 1 3

3 1

(
0

0,ms,rk ,n

∣∣ξ5)+ A2β
−ī
s,rk

( 1

k + 1

)ms,rk+ī
G 1 3

3 1

(
0

0,ms,rk+ī,n

∣∣∣ξ5(k + 1)
))

−B2

(
G 1 3

3 1

(
0

0,ms,rk ,n

∣∣ξ6)+ A2

( 1

k + 1

)ms,rk+ī
β−ī
s,rk
G 1 3

3 1

(
0

0,ms,rk+ī,n

∣∣∣(k + 1)ξ6

))]
, (4.59)

where ξ5 =
βs,rkβrk,2

ν
and ξ6 =

βs,rkβrk,2
ν̄

.

4.7 Numerical and Simulation Results

In this section, numerical and simulation results are presented to evaluate the impact

of imperfect CSI/SIC, the number of relays, EH time fraction (α) and σ2
e on the

considered NOMA system. Unless specified, the system parameters are as follows.

The target data rate r2 = r1 = 0.5 bpcu, α = 0.35, energy conversion efficiency

µ = 0.9, mi,j = 2, β = 0.15, the channel gains λs,rk = λrk,1 = 1, λrk,2 = 0.5,

σ2
e = 0.01, a1 = 0.3 and MAXparticles = 30. [92]. The correctness of the derived

analytical expressions is validated through Monte-Carlo simulations. Simulations are

performed using Matlab, and analytical results are obtained using Mathematica. In

the figures, (Sim.) denotes the Matlab simulation result.

Analysis of outage probability of U1 and U2

Impact imperfect CSI/SIC

In Figure 4.2, the outage probability experienced by U1 and U2 under imperfect

CSI/SIC is compared with perfect CSI/SIC for the considered NOMA system. Re-

sults show a significant impact on the outage probability of both users due to imper-

fect CSI/SIC. It is observed that at the outage of 10−1 with K=2, U1 with perfect

CSI/SIC provides SNR gain of 5 dB over imperfect CSI/SIC case and U2 with per-

fect CSI/SIC provides SNR gain of 10 dB over imperfect CSI/SIC. Whereas, at a

high SNR regime, the outage probability of users with imperfect CSI/SIC suffers an

outage floor and reaches a constant value of 0.038 and 0.12 for U1 and U2, respec-
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tively. With the increase in SNR, CEE increases and thus limits outage probability

to further decrease and maintains a constant value for both users under imperfect

CSI. However, in U1, the residual interference due to imperfect SIC also increases

with the increase in the SNR, thus causing degradation in the outage probability of

U1.

Impact of number of relays (K)

Figure 4.3 investigates the impact of the total number of active relay nodes in the

network on U1 and U2. From the figure, a performance gain is observed as the K

increases. A gain of 3 dB is observed for both users under perfect CSI/SIC, with

the increase in relays from 2 to 5 for an outage probability of 10−2. In the case of

imperfect CSI/SIC, an SNR gain of 2 dB is observed at an outage probability of 0.1

and 0.2 for U1 and U2, respectively. Whereas at a high value of SNR, due to the

presence of CEE and residual interference due to imperfect SCI performance, the

gain is not observed with the increase in K. It is also observed that the analyti-

cal results are perfectly matching with the simulation result. Further, the derived

asymptotic outage results match the derived analytical and simulation results at a

high SNR value, which validates our results.

Impact of CEE

Figure 4.4 investigates the impact of CEE σ2
e on U1 and U2 with the fixed residual

interference due to SIC error β. It is observed the outage floor decreases with a

decrease in σ2
e and approaches towards perfect CSI/SIC case for both the users. In

U1, for high CEE values σ2
e = 0.01 and σ2

e = 0.005, perfect CSI/SIC has an SNR

gain of 4 dB and 3 dB for an outage of 10−1. However, for smaller values of CEE

(σ2
e = 0.001), the gain is 5 dB for an outage of 10−3. Thus, the outage probability

is more limited by CEE than SIC error, as high CEE shows degradation in outage

probability with the same value of β.
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Figure 4.2: Outage probability of U1 and U2 with respect to transmit SNR ( a2 = 0.7,
α = 0.35).
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Figure 4.3: Outage probability of U1 and U2 with respect to transmit SNR for
different values of K ( a2 = 0.7, α = 0.35).
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e ( a2 = 0.7, α = 0.35).

Impact of α

Figure 4.5 and Figure 4.6 illustrate the impact of α, the fraction of EH time, on the

outage probability of U1 and U2. In the given scenario, the α is ranged between 0.1

and 0.7, whereas the ρ and σ2
e are fixed at 20 dB and 0.01, respectively. In Figure

4.5, the system’s performance comparison under perfect CSI/SIC and imperfect

CSI/SIC are shown. With the increase in α, the EH time increases, thus reducing

the information processing time and hence outage probability of users increases

for the entire time duration. The plot shows that the optimum value of α, which

minimizes the outage probability, lies in the range of 0.2 to 0.3 for both perfect

and imperfect CSI/SIC. Further, it is observed that at a high value of α, i.e., above

0.45, the outage probability of users becomes one. With the increase in the α, the

threshold SNR, i.e., γth1 and γth2, also increases to maintain the constant target data

rates r1 and r2, respectively. Thus, the outage probability criteria γth2 <
a2
a1

and

γth1 <
a1
βa2

does not satisfied and makes the outage probability Pout,1 = Pout,2 = 1. In

Figure 4.6, the impact of a1 and β on the outage probability of users under imperfect

CSI/SIC is analyzed. In the case of U2, it is observed that the outage probability

with a1 = 0.1 shows significant improvement over a1 = 0.3 since more power is

allocated to the symbol intended for U2. However, in U1, Pout,1 tends to unity due

to failure of outage criteria γth1 <
a1
βa2

and γth2 <
a2
a1
. Considering the high residual
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Figure 4.5: Outage probability of U1 and U2 w.r.t. α (K=2, ρ = 20 dB, a2 = 0.7)

interference due to imperfect SIC, i.e., β = 0.16 and β = 0.1, the outage criteria

are not satisfied and lead to a constant noise error floor. With a further decrease in

residual interference i.e. β = 0.01, the outage probability of U1 reduces. Hence, the

selection of a1 and β plays a crucial role in the outage performance of U1.

Analysis of system throughput

Figure 4.7 shows the system throughput under optimized and non-optimized, i.e.,

(arbitrary) α = 0.3 value. It is observed that the system throughput of the optimized

NOMA scheme under both perfect and imperfect SIC/CSI is enhanced compared

to the non-optimized value. It is observed that at the system throughput of 0.3

bps/Hz, the optimized value provides an SNR gain of 3 dB over the non-optimized

fixed value.

Analysis of ergodic rate of U1 and U2

Impact imperfect CSI/SIC

In Figure 4.8, both users’ ergodic rates under perfect CSI/SIC and imperfect CSI/SIC

are plotted against SNR. It is observed from the figure that the ergodic rate of U1

under perfect CSI/SIC outperforms the ergodic rate of all other cases. The ergodic
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rate of U1 under perfect CSI/SIC increases linearly with the SNR, whereas in case

of U2, the ergodic rate saturate at a high SNR region. The ergodic rate of 0.5

bps/Hz the U1 provides an SNR gain of 7 dB over U2 with perfect CSI/SIC. With

the increase in SNR, the interference generated by the symbol of U1 increases and

leads to saturation in the ergodic rate plot. It is also observed that both users under

imperfect CSI/SIC show a marginal increasing trend at low SNR region and satu-

rates at high SNR region. This is due to the increase in SNR, the interference due

to imperfect CSI/SIC increases, and the ergodic rate reduces effectively. Further,

the NOMA system’s sum rate (i.e., r1+ r2) is also presented under perfect CSI/SIC

and imperfect CSI/SIC. For the ergodic rate of 1 bps/Hz, the perfect CSI/SIC case

provides an SNR gain of 10dB over imperfect CSI/SIC. It is observed that at high

SNR values, there is a marginal gap between the analytical and simulated curve for

U1, which is because of the approximation used in the analytical expression.

Impact of β

Figure 4.9 illustrates the impact of β, on the ergodic rate of U1 under imperfect

CSI/SIC. It is observed from the figure as the β increases, the interference due to

the imperfect SIC increases; thus, the ergodic rate of U1 decreases. It is observed

that at the ergodic rate of 0.4 bps/Hz, the β = 0.05 provides an SNR gain of 5 dB

over β = 0.2.

4.8 Summary

In this chapter, the analysis of a downlink multiple EH relay-based NOMA system

over Nakagami−m fading is performed. The practical assumption of imperfect SIC

and imperfect CSI were taken into consideration for investigation. The closed-form

expressions for the outage probability, asymptotic outage probability, and ergodic

rate of the users under imperfect CSI/SIC are obtained. The analytical results

showed that the system under imperfect CSI/SIC provides massive performance

degradation compared to the perfect CSI/SIC NOMA system. It is observed that the

users’ performance improved with increasing the total number of active relay nodes

in the system. The significance of channel estimation error over the performance of
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users is analyzed. The impact of the power allocation coefficient and a fraction of

block time on user performance is also analyzed. Further, the impact of SIC error

over the performance of U1 is analyzed. It is also observed that there is an optimum

value of α for users’ minimum outage probability. To further make the relay node

self-sustainable, in the next chapter, a backscatter-based NOMA system is analyzed.
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Chapter 5

Performance Analysis of

Backscatter Cooperative NOMA

System

In the previous chapter, a cooperative NOMA system with an EH relay node was

considered to enhance coverage and energy efficiency. The system performance

was analyzed under the assumption of linear EH; however, in practice, the EH

processes are inherently nonlinear and subject to significant inefficiencies, which can

degrade the overall performance of the NOMA system. To address these challenges,

BC technology emerges as a viable solution for achieving self-sustainability in low-

power wireless networks. This approach not only aligns with the constraints of

energy-limited scenarios but also enhances spectral efficiency, making it an effective

strategy for next-generation NOMA systems.

In this chapter, a NOMA-based cooperative transmission system that utilizes

a hybrid backscatter relay is considered. The hybrid backscatter relay consists of

passive information transmission via backscatter, EH, and active information recep-

tion. novel and simple hybrid protocol is presented, where the relay operates in EH

mode and active mode in the first phase, while in the second phase, it operates in

passive mode. The chapter investigates the outage probability of the backscatter

NOMA systems, considering realistic assumptions of nonlinear EH, channel estima-

tion errors, and residual hardware impairments. Moreover, to gain deeper insights

into the considered system, asymptotic outage probability, system throughput, and
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energy efficiency are derived.

5.1 Introduction

Along with EH, BC is also an emerging technique that has the potential to address

the energy requirement of wireless networks. In EH, the node utilizes the harvested

energy from the received RF signal for active transmission, whereas BC transmits

the information by modulating it on the incident RF signal and reflects it toward

the receiver. Thus, BC does not require any active components, e.g., oscillators,

analog-to-digital/digital-to-analog converters, and others [107]. In a practical sys-

tem, nonlinear EH circuits result in nonlinear wireless power transfer. Hence, the

harvested energy is insufficient for information transmission, leading to performance

degradation. Recently, to enhance the system’s performance, a hybrid backscatter

has been proposed by combining both BC and EH [108, 109]. In the hybrid mode,

the node can operate in either passive mode, active mode or EH mode. In [108],

cooperative communication with hybrid BC is considered, where the hybrid relay

node switches its operating mode. In [109], hybrid BC is considered with a battery

that stores the harvested energy and switches the operating mode according to the

CSI.

The integration of cooperative communication with NOMA has garnered consid-

erable attention due to its ability to expand coverage and enhance spectral efficiency

[89, 110]. In particular, coordinated direct and relay transmission (CDRT) is one

of the promising approach [111]. In [111], the performance of the CDRT-NOMA

system is analyzed where an EH relay is deployed to assist the far user. In [112], au-

thors considered an EH-based IoT device to assist the far user and the performance

is analyzed in terms of outage probability and system throughput. In [111, 112],

the authors considered a pure EH-based relay node, where the harvested energy is

utilized for the information transmission and the power utilized by the relay circuit

has not been considered for the analysis. In [107, 113–115], the authors analysed

the performance of the NOMA system considering a cooperative backscatter relay-

ing. In [114], authors considered a backscatter-based cooperative communication

and showed that backscatter-based cooperative NOMA enhances the outage and
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rate performance compared to a non-cooperative NOMA system. In [107], authors

considered a backscatter-based relaying, where a dedicated relay assists the NOMA

users, and performance is analyzed in terms of error rate. The authors in [115] ex-

amined a backscatter-based NOMA system and demonstrated its performance gain

compared to an OMA. However, their study was limited to ideal hardware with a

linear EH model.

In this chapter, a novel and simple hybrid backscatter relay-based CDRT-NOMA

system is proposed. In the first phase, the relay acts as an active device and per-

forms EH and information reception. In the second phase, the relay acts as a passive

node and backscatters the weak user’s symbol by considering the source signal as

an ambient signal. The harvested energy is only used to energize and operate the

embedded circuit. In the proposed hybrid BC, the switching of mode is fixed rather

than dependent on CSI, which reduces the system complexity. Further, in prac-

tical communications, all RF front-ends are susceptible to different types of HIs.

Although these impairments can usually be mitigated through compensation tech-

niques, some RHIs may still exist [116]. Thus, the performance of the considered

system is analyzed by deriving closed-form outage probability expressions for both

users, assuming practical imperfect cases, i.e. non-linear EH, RHIs, and CEE. The

overall summary of contributions and novelty are as follows:

� For the first time in a hybrid backscatter-based CDRT NOMA system, the

practical case of imperfect CSI and hardware impairment at receiver nodes

is considered, and its impact on the system is analyzed. The proposed sys-

tem features a hybrid relay that utilizes EH for its circuit operation and the

backscatter principle for information transmission.

� The system performance is analyzed in terms of outage probability by deriving

its closed-from expression from the novel E2E SNR of the considered system

for both users for the imperfect case.

� The system performance is analyzed at high SNR by deriving the expression of

asymptotic outage probability, and useful insights were drawn. The obtained

results indicate that there are error floors for the outage probability due to

the imperfect CSI and hardware impairment.
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Figure 5.1: Hybrid backscatter-based CDRT NOMA.

� Extensive evaluations of the impact of imperfect CSI and hardware impair-

ments on the outage performance of the users are presented. Furthermore,

results for the system throughput and energy efficiency are also presented.

� The performance gain of the considered backscatter-based CDRT NOMA sys-

tem has been compared against that of EH-based CDRT NOMA system and

the conventional OMA based CDRT system. Analytical results are corrobo-

rated by extensive Monte-Carlo simulation.

� Further, it is demonstrated that there exists a unique value of the power

splitting coefficient parameter that minimizes the outage probability.

5.2 System Model

In this work, a downlink hybrid backscatter-based CDRT NOMA system is consid-

ered, where the BS communicates directly with the strong user UE1 and indirectly

with the weak user UE2 through the assistance of hybrid backscatter relay (BR) as

shown in Figure 5.1. All the nodes work in half-duplex mode and are equipped with

one antenna. As in [117], it is assumed that the direct link between the BS and UE2

is absent due to severe path loss, which forces the communication only through the

relay nodes. It is assumed that the channel links between the nodes are frequency

flat block fading, where Rayleigh fading is assumed for each link. Under a practical

scenario, the perfect CSI is unavailable, which leads to CEE. According to linear
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MMSE estimation, the channel can be modelled as

hij = ĥij + ϵij, (5.1)

where i = {S,B} and j = {B, 1, 2}, where the subscript S,B, 1 and 2 represents

BS, BR, UE1, and UE2, respectively. The ϵij is the CEE, where ϵij ∼ CN (0, σ2
ij)

[79]. The hij is the actual channel, and ĥij is the estimated channel with variance

given as λ̄ij = λij − σ2
ij.

The communication between BS, and UE1 and UE2 takes place in two phases (τ1

and τ2). In the first phase (τ1), the BS broadcasts superimposed NOMA signal

intended for UE1 and UE2. The superposition signal is given as

s1 =
√
Psa1s

1
1 +

√
Psa2s

1
2, (5.2)

where Ps is the total transmit power at BS, a1 and a2 are the NOMA power allocation

coefficients of UE1 and UE2, respectively such that a1 < a2
1 and a1 + a2 = 1.

Transmitted signal of UE1 and UE2 are denoted by s11 and s12, respectively in the

first phase with E{|s11|2} = E{|s12|2} = 1. Meanwhile, the hybrid BR will work in

active mode, where the BR dynamically splits the received signal into two streams

with power splitting coefficient β and (1 − β) for EH and information processing,

respectively. The harvested energy is utilized to energize the circuit. To characterize

the harvested power, a practical nonlinear EH model is considered at the relay node

given as [118]

EH =
Pmax (1− exp (−τPin + τPsen))

1 + exp (−τPin + µ)
τ1, (5.3)

where Pin = Psβ|ĥSB|2 is input power at BR, maximum harvested power is Pmax,

Psen is the sensitivity threshold, the parameters τ and µ are fixed determined by

resistance, capacitor and diode, and τ1 is the time phase of the transmission. The

received signal at i (i ∈ {B, 1}) in the first phase is given as

y1i =
(
ĥSi + ϵSi

) (
s1 + ηSi

)
+ ni, (5.4)

1More power is allocated to the weaker user to improve user(s) fairness.
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where ni ∼ CN (0, N0) is the complex AWGN, the RHI is modelled by a Gaussian

random variable ηSi ∼ CN(0, κ2SiPs), where κSi denotes the level of RHI at the

transceivers [116].

According to the NOMA protocol, UE1 decodes the signal s11 with the aid of

SIC, and BR decodes signal s12 considering s
1
1 as interference. The received SINR at

l (l ∈ {1, B}) to decode s12 is given as

γ
s12
l =

Pla2|ĥSl|2

Pla1|ĥSl|2 + Plσ2
Sl(1 + κ2Sl) + Pl|ĥSl|2κ2Sl +N0

, (5.5)

where P1 = Ps and PB = Ps(1 − β). The received SINR at UE1 to decode s11 is

given as

γ
s11
1 =

Psa1|ĥS1|2

Psσ2
S1(1 + κ2S1) + Ps|ĥS1|2κ2S1 +N0

. (5.6)

In the second phase, the BS transmits a new signal intended for the UE1 (s21).

Meanwhile, BR acts as a passive node and backscatters the received signal from the

BS by modulating s12. The received signal at UE1 in the second phase is given as

y21 = hS1

(√
Pss

2
1 + ηS1

)
+
√
PsηδĥSBĥB1s

2
1s

1
2 + n1, (5.7)

where the term
√
PsηδĥSBĥB1s

2
1s

1
2 is the interference from the BR, which can be

estimated and eliminated using s12 obtained during the SIC process in the first phase.

The δ represents the residual interference cancellation coefficient of the BR signal

at UE1. The backscatter efficiency is given by η, which denotes the signal being

effectively reflected by the BR. The UE1 directly decode its desired signal from the

received signal.

γ
s21
1 =

Ps|ĥS1|2

Psηδ|ĥSB|2|ĥB1|2 + PsM0 + Ps|ĥS1|2κ2S1 +N0

, (5.8)

where M0 = σ2
S1(1 + κ2S1). The received signal at UE2 in the second phase is given

as

y22 = PsηhSBhB2

(
s21s

1
2 + ηS2

)
+ n2. (5.9)
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The corresponding SINR in the second phase is given as

γ
s22
2 =

Psη|ĥSB|2|ĥB2|2

Ps

[
η|ĥSB|2|ĥB2|2κS2 + |ĥSB|2M2 + |ĥB2|2C2 + ψ

]
+N0

, (5.10)

where, B2 = η (1 + κ2S2), ψ = B2σ
2
SBσ

2
B2, M2 = σ2

B2B2 and C2 = σ2
SBB2.

5.3 Performance Analysis

5.3.1 Outage probability analysis

Outage probability of UE1

The UE1 is in an outage when, in the first phase, UE1 fails to detect the symbols

s11 and s12. The UE1 also fails to detect the symbols s21 in the second phase. Thus,

the outage probability of UE1 in the first phase is defined as

P1
UE1

= Pr
{
γ
s12
1 ≤ γth,2, γ

s11
1 ≤ γth,1

}
, (5.11)

where γth,1 = 2R1 − 1 and γth,2 = 2R2 − 1 are predefined SINR threshold, where

R1 and R2 are the desired target rate of UE1 and UE2, respectively. Closed-form

expression of (5.13) is derived by substituting γ
s12
1 and γ

s11
1 in (5.11). After solving,

the outage probability of UE1 is given as

P1
UE1

= Pr{Psa2|ĥS1|2 ≤ γth,2(Psa1|ĥS1|2 + Ps|hS1|2κ2S1 +N0 + Psσ
2
S1(1 + κ2S1)),

Psa1|ĥS1|Ps|2 ≤ γth,1(N0 + Psσ
2
S1(1 + κ2S1) + PsĥS1|2κ2S1)}. (5.12)

Given the assumption of Rayleigh fading, the channel gains |hi,j|2 are exponential

functions. By utilizing the CDF, the closed-form expression of outage probability

for UE1 in the first phase under imperfect CSI with RHI is given as

P1
UE1

= 1− exp

(
− 1
λ̄S1

Max

{
A1
ρA2

,
A1γth,1/γth,2

ρ(a1−κ2S1γth,1)

})
, (5.13)
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where A1 = (κ2S1 + 1) ρσ2
S1γth,2 + γth,2, A2 = (a2 − a1γth,2 − κ2S1γth,2), ρ = Ps/N0.

The outage probability of UE1 in the second phase is defined as

P2
UE1

= Pr
{
γ
s21
1 ≤ γth,1

}
. (5.14)

Substituting γ
s21
1 in (5.14), after further simplification, the following expression is

obtained

P2
UE1

= Pr
{
Do|ĥS1|2 ≤ C0|ĥSB|2|ĥB1|2 +B0

}
, (5.15)

where D0 = (a1 − κ2S1γth,1) , C0 = ηδγth,1 and B0 = γth,1 (M0 + 1/ρ). Further, utiliz-

ing CDF, the outage probability is given as

P1
UE1

= 1−
∫ ∞

x=0

∫ ∞

y=0

exp
(
− B0

D0λ̄S1

)
λ̄SBλ̄B1

exp

(
− xyC0

D0λ̄S1

)
exp

(
− x

λ̄SB

)
exp

(
− y

λ̄B1

)
dydx, (5.16)

The integral in (5.16) is solved by utilizing [54, eq. 3.352.4], and the closed-form

expression is given in (5.17). The analytical expression of outage probability for

UE1 in the second phase under imperfect CSI with RHI is given as

P2
UE1

= 1− A3 exp

(
− B0
λ̄S1D0

)
exp

(
A3
λ̄SB

)
E1

(
A3

λ̄SB

)
, (5.17)

where A3 =
λ̄S1D0

C0λ̄B1
.

Outage probability of UE2

The outage event occurs at UE2 when the harvested energy at BR falls below the

minimum energy requirement by the BR circuit, BR fails to decode s12, and UE2

fails to decode s12. Thus, the outage probability at UE2 is given as

PUE2 =1−
[
Pr
{
γ
s12
BR ≥ γth,2

}(
1− Pr {EH < Pcτ1}Pr

{
EH ≥ Pcτ1, γ

s12
UE2

≤ γth,2

})]
,

(5.18)
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where Pc denotes the BR circuit power consumption. Let PUE2 = 1−[I1 × (1− I2 × I3)],

after substituting γ
s12
BR in I1 and simplification, I1 is given as

I1 = Pr{Psa2(1− β)|ĥSB|2 > γth,2Ps(1− β)(a1|ĥSB|2 + κ2SB|ĥSB|2

+ σ2
SB(1 + κ2SB)) + 1}. (5.19)

By using the CDF, the obtained I1 is as follows

I1 = exp

(
−

(1−β)C1ργth,2+γth,2

(1−β)λ̄SBρ(a2−a1γth,2−κ2SBγth,2)

)
. (5.20)

Further, by substituting EH , I2 can be written as

I2 = Pr
{
Pmax

(
1− e−τPin+τPsen

)
< Pc(1 + e−τPin+µ)

}
, (5.21)

By using the CDF, the obtained I2 is as follows

I2 = 1− 1

λ̄SB
exp

(
− A

λ̄SB

)
, (5.22)

where A =
ln(Pc exp(µ)+Pmax exp(−Psenτ)

Pmax−Pc )
βρτ

. Further, substituting EH and γ
s12
UE2

in I3, the

following expression is obtained

I3 =Pr
{
Pmax

(
1− e−τPin+τPsen

)
> Pc(1 + e−τPin+µ), Psη|ĥSB|2|ĥB2|2 <

γth,2Ps[η|ĥSB|2|ĥB2|2κS2 + |ĥSB|2M2 + |ĥB2|2C2 + ψ] + 1
}
, (5.23)

Now, the I3 is simplified as follow

I3 =

∫ ∞

x=A

(1− exp (−S1))
exp

(
− x
λ̄SB

)
λ̄SB

dx,

where S1 = xM2ρ+ψρ+1
ζ1x−C2ρ

.

I3 =
1

λ̄SB
exp

(
− A

λ̄SB

)
−
∫ ∞

x=A

exp
(
−S1− x

λ̄SB

)
λ̄SB

dx. (5.24)
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The integral above is challenging to solve. Therefore, GCQ is used.
∫ b
a
f(y)dy ≈

(b−a)π
2V

∑V
m=1

√
1− x2mf(ym), where ym = (b−a)xm

2
+ b−a

2
, xm = cos

(
(2m−1)π

2V

)
to ob-

tained an approximation for the integral. After some simplification and substituting

I1, I2 and I3 in PUE2 , the analytical expression of outage probability for UE2 under

imperfect CSI with RHI is given as

PUE2 ≈ exp

(
−

(1−β)C1ργth,2+γth,2
(1−β)λ̄SBρA2

)
×

(
1−

N1∑
k=1

√
1− ϕ2

k exp

(
−
γth,2(M2y+ψ+1/ρ)

ζ1y−C2
− y
λ̄SB

)

π(δ1 − A)

2λ̄SBN1

)
, (5.25)

where C1 = σ2
SB(1+κSB), ϕk = cos

(
(2k−1)π

2N1

)
, ζ1 = η (1− γth,2κ

2
S2) and y = 1

2
ϕk(δ1−

A) + A+δ1
2

.

5.3.2 Asymptotic outage probability

The asymptotic outage probability is analyzed to improve analytical tractability

and gain valuable insights. At high SNR region, by considering the approximation,

1
x
≈ 0, as x → ∞, The asymptotic outage probability of UE1 in the first phase is

given as

P1,A
UE1

= 1− exp

(
−1
λ̄S1

Max

{
(κ2S1+1)σ2S1γth,2

A2
,
(κ2S1+1)σ2S1γth,1
(a1−κ2S1γth,1)

})
. (5.26)

The asymptotic outage probability of UE1 in the second phase is given as

P2,A
UE1

= 1− A3E1

(
A3

λ̄SB

)
exp

−
γth,1M0

λ̄S1D0
+

A3
λ̄SB . (5.27)

The analytical expression of asymptotic outage probability for UE2 under imperfect

CSI with RHI is given as

PAUE2
≈ exp

(
−

(1−β)C1γth,2
(1−β)λ̄SBA2

)
×

(
1−

N1∑
k=1

√
1− ϕ2

k

πδ1
2λ̄SBN1

exp

(
−
γth,2(M2y+ψ)

ζ1y−C2
− y
λ̄SB

))
.
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5.3.3 System throughput

The system throughput in a delay-limited transmission mode based on outage prob-

ability or a fixed transmission rate is defined as

Rsys =
(1− P 1

UE1
)

2
R1 +

(1− P 2
UE1

)

2
R1 +

(1− PUE2)

2
R2. (5.28)

5.3.4 Energy efficiency

Energy efficiency serves as a crucial performance metric that facilitates high-speed

data rates while optimizing power consumption to support sustainable technologies.

In the context of the given system, energy efficiency is defined as the ratio of the

total transferred data to the total consumed power. The energy efficiency of the

considered system is given as

EEs =
Rsys

Ps + Pc
. (5.29)

5.4 Numerical and Simulation Results

This section presents results for evaluating the proposed system’s performance. Un-

less stated otherwise, the system parameters used in the evaluation are as follows.

Pc = 8.9 × 10−3, τ = 274, µ = 0.29, Pmax = 0.001,[118] target rate R1 = 1 bpcu,

R2 = 0.5 bpcu, a1 = 0.2, λB1, λS1 = λSB = λB2 = 1, σe = σ2
S1 = σ2

SB = σ2
B2 = 0.01,

κ = κS1 = κS2 = κSB = 0.1 [119]. The results are obtained through extensive

simulations using Matlab with 105 Monte Carlo iterations. In the figures, (Sim.)

denotes the Matlab simulation results.

In Figure 5.2, the outage probability experienced by UE2 of the proposed backscatter-

based CDRT-NOMA system is compared with the existing EH-based NOMA system

[111]. Results show a significant improvement of the proposed backscatter-based

model over the EH-based model. It is observed that, at an outage of 10−2, the pro-

posed system provides an SNR gain of 4 dB over an EH-based CDRT-NOMA with

linear EH. Further, compared to the nonlinear EH case, the proposed model signif-

icantly improves performance due to the insufficient harvested power at the relay
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node for the IT due to the nonlinear EH. Further, Figure 5.2 shows the comparison

of the proposed system with the benchmark OMA system. It is observed from the

Figure 5.2 that the backscatter-based NOMA system outperforms the OMA sys-

tem. At an outage of 2× 10−2, the backscatter-based NOMA system shows an SNR

gain of 2 dB over the OMA system for UE2. Further, at outage of 4 × 10−2, the

backscatter-based NOMA system shows a considerable SNR gain of 4 dB over the

OMA system for UE1.

Figure 5.3 compares the outage probability experienced by the two users, UE1

and UE2, with different CEE (σe) and RHI level (κ). The results indicate that

there is a significant impact on the outage probability of both users due to the im-

perfections in CSI with RHI. For instance, at an outage probability of 5 × 10−2,

UE1 experiences a 10 dB SNR gain in the first phase with perfect CSI without RHI

(σe = 0, κ = 0) over the imperfect CSI with RHI (σe = 0.01, κ = 0.1), and the UE2

with perfect CSI without RHI provides an SNR gain of 2.5 dB over imperfect CSI

with RHI (σe = 0.01, κ = 0.1). Furthermore, it is observed that the performance

degradation of the imperfect CSI case worsens as the SNR increases due to an in-

crease in CEE and RHI, which limits the outage probability from decreasing further

and ultimately reaching a floor. Furthermore, the asymptotic outage probability of

users is plotted, and it is observed that the asymptotic outage probability perfectly

matches the outage probability at a high SNR region. It is also observed that the

outage probability approaches fixed constant floors due to the CEE in the high SNR

region. Thus, the diversity order of the considered system is zero.

In Figure 5.4, depict the outage probability of UE2 against the transmit SNR for

various values of maximum harvested energy (Pmax) and power splitting coefficient

(β). It is observed that for the low value of Pmax = 10−4, the UE2 is in an outage

for the entire SNR range. Since at a low value of Pmax, the harvested energy at BR

is insufficient to energize the BR circuit to operate, leading the outage probability

to unity. However, the power consumption of the BR circuit is usually very low

[108], resulting in the circuit working with small harvested energy. Thus, with

Pmax = 10−3, the outage probability shows a significant improvement in the outage

probability as the BR successfully backscatter the information. Further, results

show the improvement in outage probability with β = 0.3 over β = 0.5, at an outage
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probability of 10−1, UE2 with β = 0.3 provides an SNR gain of 1 dB over β = 0.5.

With the decrease in the β, a higher fraction of power is given for information

decoding at BR, resulting in improved performance.

In Figure 5.5, the variation of outage probability of UE2 w.r.t. β for different

EH parameter τ is shown. In this scenario, β is taken between 0 and 1, while ρ is

fixed at 20 dB. As β increases, the EH time increases, resulting in a reduction in

backscattering time and, consequently, a degradation in OP. It is observed that at

τ = 15, the optimal value of β ranges between 0.4 and 0.6. It is also noted that

when β = 0 and β = 1, the outage probability becomes one, as with β = 1, the

BR will not be able to backscatter the information to UE2, leading to the outage
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probability reaching unity.

In Figure 5.6, the system throughput is plotted w.r.t. the SNR. It is observed

that as the SNR increases, the throughput increases and attains a constant sat-

urated value. The saturated value is the maximum achievable throughput for a

specific threshold data rate. Further, it is also observed that the proposed NOMA

system outperforms the OMA system. At a throughput of 0.6 bps/Hz, the NOMA

system shows an SNR gain of 5 dB over an OMA system. Figure 5.7, illustrates the

relationship between energy efficiency and SNR. It is evident that energy efficiency

increases as SNR rises and reaches its maximum value at a specific SNR correspond-

ing to a particular β. Notably, a specific SNR value exists at which maximum energy

efficiency is achieved. Additionally, the energy efficiency decreases in the high SNR

regime due to higher consumed energy compared to the achievable throughput. Fur-

thermore, the proposed system model exhibits a substantial improvement over the

OMA system.

5.5 Summary

This chapter primarily revolves around the analysis of a hybrid backscatter-based

CDRT-NOMA. The investigation takes into account practical scenarios, such as non-

linear EH, imperfect CSI, and RHI. Closed-form expressions of outage probability

for both users’ imperfect cases are derived. The asymptotic OP, system throughput

and energy efficiency of the considered system are derived. The results demonstrate

that the CDRT-NOMA system with a self-sustainable backscatter relay node out-

performs EH-based systems, providing a significant improvement in performance.

The study highlights the potential of backscatter-based systems in enabling self-

sustainable wireless communication networks.

The rapid growth of IoT devices demands more efficient use of the wireless spec-

trum to support the vast amounts of data transmission and connectivity required.

SR is crucial in this context, as it enables cooperative communication between de-

vices, improving spectral efficiency and reducing energy consumption in IoT net-

works. Thus, in the next chapter, a symbiotic communication approach for IoT

devices is considered for a backscatter NOMA system.
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Chapter 6

Performance of

Backscatter-NOMA Systems:

Symbiotic Communication for IoT

Devices

In the previous chapter, the performance of a backscatter-based NOMA system

was analyzed. Analytical expressions for outage probability, asymptotic outage

probability, system throughput, and energy efficiency were derived, focusing on

a cooperative NOMA system utilizing BC to enhance performance. Further, the

exponential growth of IoT devices demands a communication paradigm that can

efficiently manage massive connectivity, minimize energy consumption, and utilize

spectrum resources effectively. SR addresses these challenges by enabling IoT de-

vices to communicate through backscattering ambient signals, significantly reducing

power requirements and extending device lifetimes. Additionally, SR facilitates dy-

namic spectrum sharing between the primary network and IoT network, thereby

improving spectral efficiency and supporting seamless coexistence in ultra-dense

networks.

In this chapter, instead of using a dedicated relay to enhance NOMA system

performance, an SR system tailored for IoT devices is proposed. This innovative

framework integrates backscatter-based IoT devices into the NOMA network, em-

ploying an SR approach to serve IoT receivers while simultaneously boosting NOMA
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user performance cooperatively. The chapter provides an in-depth analysis of outage

probabilities for both NOMA and IoT networks, leveraging existing infrastructure

to improve performance and optimize resource utilization, thereby reducing the need

for additional dedicated relays.

6.1 Introduction

The SR technique has emerged as a solution for battery-less IoT devices, employing

BC [17, 18]. SR establishes a cooperative relationship between the two networks,

namely the primary and the IoT networks, enabling them to share resources and

exchange information within the same radio spectrum. Thus, in the SR system, the

primary transmitter or the primary BS plays a dual role, supporting transmission

from the primary and the IoT devices. IoT devices, also referred to as backscatter

devices, employ load modulation techniques to convey their messages by riding on

the RF signal emitted by the BS, ensuring efficient data transfer to the designated

receivers. The SR is divided into parasitic SR and commensal SR, based on the

symbol rate of the IoT device compared to the transmission rate of the BS [17]. In

parasitic SR, the symbol rates of both BS and IoT device transmission are equal,

whereas, in commensal SR, the symbol rate of IoT transmission is much lower as

compared to the BS transmission, resulting in the IoT transmission as an additional

multipath component at the primary receivers [120]. In [113], the authors consid-

ered a symbiotic system of cellular and IoT networks, and the performance of the

SR-NOMA system under a parasitic setup was analyzed by deriving the closed-form

expression of the outage probability and ergodic rate. In [121], the authors consid-

ered the system model as in [113] and derived the coexistence outage probability

for the symbiotic system. In [122], the author considered a downlink NOMA SR

system consisting of one backscatter device and one receiver. The outage probability

expressions were derived to analyze the system performance under the Nakagami-m

fading channel. In [123], the author considered a primary NOMA network with a

backscatter device and optimized the system performance and power efficiency. In

[124], a BS serves two NOMA primary users and a tag in a commensal SR setup.

The power allocation factor and the tag’s reflection coefficient were jointly opti-
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mized to maximise the system rate under imperfect SIC. However, the majority of

these works primarily emphasize parasitic SR communication [113, 121–123, 125].

Moreover, BC operates on the same spectrum as the RF source, aligning with the

vision for green IoT technology. The BC may suffer from severe direct-link interfer-

ence (DLI) due to its spectrum-sharing nature [126]. Different schemes have been

proposed to mitigate the DLI issue and improve the system reliability over DLI. In

[127], the authors proposed a DLI cancellation method for BC over ambient digi-

tal video broadcasting signals and demonstrated its effectiveness in suppressing the

DLI. Similarly, in [17, 120], the authors applied the cancellation methods to sup-

press the DLI and analyzed the system considering perfect DLI cancellation at the

receiver.

Contribution

Drawing inspiration from incorporating BC into NOMA, which has demonstrated

significant enhancements in both spectral and energy efficiency, furthering the goal

of establishing a self-sustainable wireless network. Remarkably, to the best of the

author’s knowledge, no existing literature analysed the integration of commensal

SR communication within the NOMA system. The existing literature appears to

lack a comprehensive analysis of performance evaluation metrics, encompassing crit-

ical aspects such as outage probability, system throughput, and energy efficiency.

Therefore, a symbiotic system of primary NOMA and IoT networks is considered

in this work. In the considered system, the BS transmits the superimposed sig-

nal to the two NOMA users, i.e., the near and far users. Meanwhile, IoT devices

independently transmit their signals to their dedicated IoT receivers through BC,

which involves reflecting the signal received from the BS. This proposed model is

versatile and can be applied to various scenarios. For instance, in a scenario where

the primary network, like WiFi or cellular, communicates with a smartphone, IoT

sensors or devices can employ backscattering to transmit signals to their designated

IoT receivers by reflecting the signal received from the BS. Since commensal SR is

the key component of this work, the path from the IoT transmitter acts as a multi-

path, benefiting the far users and contributing to performance improvement. This

is particularly beneficial for the far users who often experience severe path loss and
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shadowing, where the additional multipath from the SR device helps mitigate these

challenges and further enhances overall performance. The main contributions of the

work are summarized as follows:

� A novel system model built on commensal SR for the IoT network to serve

the IoT receiver while simultaneously enhancing the performance of the far

NOMA users.

� The aim of the work is to characterize the impact of SR (commensal SR) on

the NOMA system. To achieve this, the analytical expressions for the outage

probability of the NOMA and IoT networks are derived.

� Further, the outage probability of the far user is obtained for both cases with

and without a direct link from the BS. Additionally, system throughput and

energy efficiency of the system under consideration is obtained.

� Furthermore, analytical results are developed to identify the impact of imper-

fect DLI cancellation on the performance of the considered IoT receivers.

� The proposed system is compared with the benchmark OMA-based system.

� The theoretical results obtained in the analysis are validated through simula-

tion results, and valuable insights are drawn from the obtained results.

6.2 System Model

An SR communication consisting of NOMA and IoT network is considered as shown

in Figure 6.1. The network consists of a BS serving two NOMA users, UE1 and UE2,

where the UE1 is the near (strong) user and UE2 is the far (weak) user. The BS

transmits information directly to the NOMA users and meanwhile enables the IoT

transmitter (IoTT) to backscatter its own information to its receiver (IoTR) and

simultaneously assist the NOMA far user. All the nodes are assumed to work in the

half-duplex mode with a single antenna. The IoTT is an energy-constrained node

equipped with a backscatter circuit. All the channel power gains are assumed to

stay constant within each transmission block. The channel links corresponding to

BS-UE1, BS-UE2, BS-IoTT, IoTT-UE2 and IoTT-IoTR, are h1, h2, f , g1 and g2,
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Figure 6.1: Proposed system model
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Figure 6.2: Transmission frame for commensal SR

respectively. Note that it is assumed that perfect CSI is available at the BS and the

receiver nodes.

From NOMA, the BS superimposes UE1 and UE2 signals as x =
√
a1x1+

√
a2x2,

where x1 and x2 are signal intended for UE1 and UE2 with unity power, respectively.

NOMA power allocation coefficients are denoted by a1, a2 with a1 + a2 = 1, and

a2 > a1.

In the considered system, the IoTT transmits its own information to IoTR uti-

lizing the same resource as of the BS. The IoTT node works in a cooperative mode,

transmitting its own information to IoTR by modulating on the incident signal from

the BS and at the same time assisting the far user. Let Cb ∼ CN (0, 1) denote the

backscatter signal with symbol period Tb. According to the symbiotic principle, it

is assumed that Tb = KTx, where Tx is the symbol period of x and K >> 1 is

a positive integer. Cb spans over K-BS symbol period [17, 120]. Thus, in the kth

BS symbol period within one IoTT symbol period, for k = 1, · · · , K, the received
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signals at UE1 and IoTT are given as

y1(k) =
√
Psx(k)h1 + z1, (6.1)

yT (k) =
√
Psx(k)f + zi, (6.2)

The transmitted power at BS is denoted by Ps, z1, and zi are additive white Gaussian

noise with zero mean and σ2
0 variance. The UE1 directly receives the signal from

the BS and decodes its own information using SIC. The SINR to decode x2, and x1

at UE1 is given by γ21 = Psa2|h1|2
Psa1|h1|2+σ2 , and γ

1
1 = Psa1|h1|2

σ2 , respectively. Meanwhile, the

IoTT modulates and backscatter information Cb to the UE2 and IoTR. Accordingly,

the received signals at UE2 and IoTR are given by

y2(k) =
√
Psδx(k)h2 +

√
PsαCbx(k)fg1 + z2, (6.3)

yR(k) =
√
Psx(k)h3 +

√
PsαCbx(k)fg2 + zi, (6.4)

where the power reflection coefficient is given by α, δ = {0, 1} is the coefficient that

represents the direct link between the BS and the UE2. The δ = 1 is taken as the

direct link, and δ = 0, otherwise.

As KTx = Tb, thus the symbol period of IoTT symbol spans K x’s symbols

resulting Cb to remains unchanged for k = 1, 2, . . . , K. The term
√
PsαCbxfg1 in

(6.3) for a given Cb can be considered as the output of BS passing through the slowly

varying channel
√
αCbfg1 [17, 120]. Accordingly, the SINR at UE2 is given by

γ2 =
Psδ|h2|2a2 + Psαa2|f |2|g1|2|Cb|2

Psδ|h2|2a1 + Psαa1|f |2|g1|2|Cb|2 + σ2
. (6.5)

Meanwhile, the IoTR receives its own signal from the IoTT. IoTR first decodes

the primary signal x(k) by treating the BD signal as a multipath component. After

decoding x(k), the IoTR also applies the SIC technique to remove the DLI. Assuming

that the primary signal component is removed perfectly, the obtained intermediate

signal as

yDR (k) =
√
PsαCbx(k)fg2 + zi, (6.6)
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Due to the symbiotic setup, one IoTR symbol is transmitted using K successive BS

symbols. Since E[|s(n)|2] = 1, and one Cb modulated into K consecutive x(k)′s

symbols, for k = 1, · · · , K, thus maximal ratio combing can be performed on yR(k),

for k = 1, · · · , K, which are received in K consecutive x(k)′s symbol periods, to

decode IoTR symbol. The SNR for decoding Cb is increased by K times, at the cost

of symbol rate decrease by K [120]. Thus an approximated SNR at IoTR is given

by

γi =
PsKα|f |2|g2|2

σ2
, (6.7)

However, according to the SIC principle, if the direct link is cancelled from the yr,

the SIC is perfect, and the direct link signal can be completely removed. Otherwise,

decoding of Cb will be carried out in the presence of residual interference due to

imperfect DLI cancellation. Thus SINR in the presence of imperfect DLI cancellation

at IoTR to decode Cb is given by

γDi =
PsKα|f |2|g2|2

Psβ|h3|2 + σ2
, (6.8)

where β represents the residual interference due to imperfect SIC, 0 ≤ β ≤ 1, i.e.,

β = 0 refers to perfect SIC.

6.3 Performance Analysis

This section analyses the performance analysis of UE2 and IoTR in terms of outage

probability, system throughput and energy efficiency. In the considered model, the

performance of UE1 is the same as that of two users’ NOMA systems as depicted

by γ21 and γ11 . Thus, the performance analysis of UE2 and IoTR is focused in the

remainder of the chapter.

6.3.1 Outage probability

This subsection derives an analytical expression of the outage probability.
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Outage probability of UE1

The outage probability of UE1 is given as

P1 = Pr{γ11 ≤ γth1, γ
2
1 ≤ γth2}, (6.9)

where γth1 = 2R1 − 1, R1 is the target rate of UE1. Simplifying the above equation,

the outage probability of UE1 is given as

P1 = 1− exp

(
−max

(
γth2

ρ(a2 − a1γth2)
,
γth1
ρa1

))
. (6.10)

Outage probability of UE2 with the direct link

The outage probability of UE2 is defined as follows

P2 = Pr{γ2 ≤ γth2} (6.11)

where γth2 = 2R2 − 1, and R2 is the target rate of UE2. Substituting (6.5) with

δ = 1 in (6.11). After solving, the outage probability of UE2 with a direct link is

given as

PD2 = Pr

{
Ps|h2|2a2 + Psαa2|f |2|g1|2|Cb|2

Ps|h2|2a1 + Psαa1|f |2|g1|2|Cb|2 + σ2
≤ γth2

}
, (6.12)

After simplification (6.12) reduces to

PD2 = Pr
{
|h2|2 ≤ ζ1 − α|f |2|g1|2|Cb|2

}
, (6.13)

where ζ1 =
γth2

(a2−a1γth2)ρ
, ρ = Ps

σ2 . As Rayleigh fading is assumed for all the channels,

the PDF of channel gains is as follows. f|h1|2(x) =
exp(−x/λh1)

λh1
, f|f |2(x) =

exp(−x/λf)
λf

,

f|g1|2(x) =
exp(−x/λg1)

λg1
, f|Cb|2(x) = exp (−x), Let Z = |g1|2|Cb|2, which means that

the PDF of Z is given as fZ(x) =
2
λg1

K0

(
2
√

x
λg1

)
according to [113]. Thus, utilizing
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the PDF, (6.13) is expressed as follows

PD2 =

∫ ∞

z=0

∫ ζ1
αz

y=0

∫ ζ1−αyz

x=0

exp (−x/λh1)
λh1

exp (−y/λf )
λf

2

λg1
K0

(
2

√
z

λg1

)
dxdydz,

(6.14)

After solving the integration, (6.14) reduces to

PD2 =1−
∫ ∞

z=0

exp

(
−ζ1
αz

)
−

exp
(

−ζ1
λh2

)
λf

(
1− exp

(
−
(
λh1 − αzλf
λh1λf

)
ζ1
αz

))
2K0

(
2
√

z
λg1

)
λg1

dz, (6.15)

The integral in (6.15) is challenging to solve. Substituting z = 1+z1
1−z1 , and utilizing

GCQ [53, e.q. 8.8]

∫ +1

−1

f(x)√
(1− x)2

dx ≈ π

N1

N1∑
m=1

f

(
cos

(
(2m− 1)π

2N1

))
, (6.16)

where N1 is the complexity-accuracy trade-off parameter. After some simplification,

the outage probability of UE2 with a direct link is given as

PD2 ≈1−
N1∑
n=1

4
√

1− ϕ2
nπ

(1− ϕn)2N1λg1
exp

(
−ζ1
α∆

)
2K0

(√
4∆

λg1

)
− exp

(
−ζ1
λh2

)
λh2
λg1

N1∑
n=1

1− exp

(
−(λh2−α∆)ζ1
α∆λfλh2

)
λh2 − λfα∆

√
1− ϕ2

nπ

(1− ϕn)2N1

K0

(√
4∆

λg1

)
, (6.17)

where ∆ = 1+ϕn
1−ϕn and ϕn = cos

(
(2m−1)π

2N1

)
.

Outage probability of UE2 without the direct link

The outage probability of UE2 without a direct link is obtained by substituting

δ = 0 in (6.5). After simplification, the outage probability expression without a

direct link is reduced to
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PWD
2 = Pr

{
|f |2 ≤ ζ1

α|g1|2|Cb|2

}
, (6.18)

utilizing the PDF in the (6.18), and after simplification the outage probability is

expressed as follows

PWD
2 =1−

∫ ∞

z=0

exp

(
−ζ1
αzλf

)
2

λg1
K0

(
2

√
z

λg1

)
dz. (6.19)

The above integration in (6.19) is solved using GCQ, and the obtained analytical

expression is given as

PWD
2 ≈ 1−

N1∑
n=1

2
√

1− ϕ2
nδ1π

(1− ϕn)2N1λg1
exp

(
−ζ1
α∆

)
2K0

(√
4∆

λg1

)
. (6.20)

Outage probability of IoTR

The outage probability of IoTR is defined as

Pi = Pr{γi ≤ γthi} (6.21)

where γthi = 2KRi−1, and Ri is the target rate of IoTR. Substituting (6.8) in (6.21),

the outage probability expression reduces to

Pi = Pr

{
PsKα|f |2|g2|2

σ2
≤ γthi

}
, (6.22)

Pi = Pr

{
|f |2 ≤ γthi

|g2|2ρKα

}
, (6.23)

Pi =

∫ ∞

x=0

1

λg2

(
1− exp

−γthi
xρKαλf

)
exp

−x
λg2

dx, (6.24)
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utilizing [54, eq. 3.324], the above integral can be obtained as follows. Thus, the

outage probability of IoTR with perfect DLI cancellation is given as

Pi = 1−

√
4γthiλg2
ρKαλf

K1

(√
4γthi

ρKαλfλg2

)
(6.25)

Outage probability of IoTR with imperfect DLI cancellation

Substituting (6.8) in (6.21), and after some straightforward algebraic manipulations,

the outage probability is given as

PDi = Pr
{
PsKα|f |2|g2|2 ≤ γthi(Psβ|h3|2 + σ2)

}
. (6.26)

Utilizing the PDF of channel gains, the above equation is simplified as follows.

PDi =1−
∫ ∞

x=0

1

λg2λh3

√
4γthiλg2(1 + ρβy)

ρKαλf
K1

(√
4γthi(1 + ρβy)

ρKαλfλg2

)
exp

−y
λh3

dy.

(6.27)

The integral in (6.27) is challenging to solve. Thus, using GCQ, the analytical

expression of outage probability of IoTR with imperfect DLI cancellation is given by

PDi ≈1−
N1∑
n=1

2
√
1− ϕ2

nδ1π

(1− ϕn)2N1λg1

√
4γthiλg2(1 + ρβ∆)

ρKαλf

1

λg2λh3
K1

(√
4γthi(1 + ρβ∆)

ρKαλfλg2

)

exp

(
−∆

λh3

)
, (6.28)

6.3.2 System throughput

This subsection presents the delay-sensitive system throughput achieved by the pro-

posed system. The system throughput of the considered system at the fixed target

rate using the outage probability with the direct link is given as

STD = (1− P1) ∗R1 + (1− PD2 ) ∗R2 + (1− Pi) ∗Ri, (6.29)
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The system throughput of the considered system without a direct link is given as

STWD = (1− P1) ∗R1 + (1− PWD
2 ) ∗R2 + (1− Pi) ∗Ri, (6.30)

6.3.3 Energy efficiency

In 6G communication, energy efficiency is a crucial performance metric that op-

timises power usage to facilitate high-speed data rates. The energy efficiency is

formally defined as the ratio between the maximum achievable throughput and the

total power expended by the system. The energy efficiency of the considered system

with and without direct link is expressed as

EED =
STD

Ps
, (6.31)

EEWD =
STWD

Ps
, (6.32)

6.4 Numerical and Simulation Results

This section presents the simulation and numerical results of the considered system.

The simulation parameters are considered as follows. The NOMA power allocation

coefficient a1 = 0.3, K = 128 [120], the power reflection coefficient α = 0.25, the

channel gains λh1 = λf = λg1 = λg2 = 1 and λh2 = 0.5. The target data rate

R1 = R2 = 1 and Ri = 0.05. Monte Carlo simulations are performed using Matlab

to validate the obtained analytical expression. In the figures, Matlab simulations

are denoted by Sim. and Ana. denotes analytical results.

In Figure 6.3, the outage probability of UE2 and IoTR are presented w.r.t. the

transmit SNR. From the figure, it is observed that as the SNR increases, the outage

probability decreases, and the performance of both users improves. Further, the

outage probability of UE2 is compared with that of the benchmark OMA technique.

In OMA, the transmission is completed in two-time slots. For a fair comparison,

the target rates for OMA and NOMA are assumed same, owing to the requirement

of additional time slots by the OMA to complete the transmission. At an outage

probability of 10−3, the NOMA-based system provides a 1 dB SNR gain over the

OMA system. Furthermore, the outage of UE2 is assessed in the scenario where
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Figure 6.3: Outage probability w.r.t. SNR.

there is no transmission from IoTT (i.e., α = 0). The results indicate a significant

increase in outage when the link between IoTT and UE2 is absent. At an outage

level of 10−2, UE2 with the presence of the IoTT link exhibits a notable gain of

10 dB compared to without UE2-IoTR link. Furthermore, the outage probability

is compared with the parasitic SR-NOMA system [113]. It is observed that as the

SNR increases, the outage probability of both parasitic and commensal decreases in

the low SNR region. However, the parasitic SR system shows a noise floor in the

high SNR region. Conversely, the proposed system does not show any noise floor

because of the commensal setup. This is due to the fact that signal from IoTT is

treated as a multipath component, resulting in improved performance for UE2.

In Figure 6.4, the outage probability plots for both UE2 and IoTR are presented

w.r.t the power reflection coefficient (α) and different target rate values (Ri and R2).

The α parameter varies within the range of 0 to 1, while ρ is maintained at 15 dB.

Notably, when α = 0, IoTT remains in the silent mode, i.e., reflecting no symbols,

thereby resulting in a unity outage for IoTR. As α increases, the outage performance

for both IoTR and UE2 demonstrates noticeable improvements. Additionally, it is

observed that as Ri decreases, the outage probability of IoTR also decreases. When

Ri = 0.1, the outage probability shows a marginal improvement with increasing α

compared to Ri = 0.01. Hence, this proposed model is well-suited for low data rate

IoT devices like sensor nodes.

Figure 6.5 depict the relationship between the system throughput and the SNR.
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As SNR rises, the throughput increases until it reaches a constant maximum value,

representing the highest achievable throughput for a given target rate. Notably,

the proposed NOMA system exhibits superior performance compared to the OMA

system. At a system throughput of 0.8 bpcu, the NOMA-based system with direct

link provides an SNR gain of 5 dB over the OMA system.

In Figure 6.6, the energy efficiency is plotted w.r.t to SNR, offering insights into

optimizing the utilization of energy resources. It is evident that energy efficiency

increases as SNR rises and peaks at a specific SNR value. Particularly, an SNR

threshold exists at which maximum energy efficiency is achieved. However, as SNR

enters the high range, energy efficiency begins to decline due to the consumption of

energy surpassing the achievable throughput. Additionally, the plot of energy effi-

ciency is presented for scenarios both with and without a direct link, demonstrating

that the system with a direct link outperforms the one without a direct link. Fur-

thermore, the proposed NOMA system exhibits superior energy efficiency compared

to the OMA system, affirming its potential for more energy-efficient wireless com-

munication.

In Figure 6.7, the system throughput is plotted with respect to the power alloca-

tion coefficient (a1). The parameter a1 varies between 0.1 and 0.5, while ρ remains

constant. As a1 increases, the system throughput initially increases to a peak level

before subsequently diminishing. An increase in the a1 results in increased power

allocation for UE1, thereby increasing the overall system throughput. However,
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further increments in a1 reduce the power allocated to UE2, resulting in overall

performance degradation, as indicated by the figure. The plot illustrates that the

optimal value of a1 that maximizes the system throughput lies within the range of

0.25 to 0.35 for both ρ = 15 dB and ρ = 20 dB. Further, it is observed that as λh1

increases, the system throughput increases due to an increase in the channel gain

between the BS and the UE1.

In Figure 6.8, illustrates the outage probability of IoTR with respect to the

SNR, considering both perfect and imperfect DLI cancellation. It is evident that as

the residual interference (β) due to imperfect DLI cancellation increases, the user’s

performance deteriorates. Notably, at an outage probability of 2× 10−2, IoTR users

with perfect DLI cancellation show an SNR gain of 2 dB compared to those with

imperfect DLI cancellation (β = 0.01). Further, it is observed that at low SNR,

the performance of IoTR with perfect DLI cancellation closely resembles imperfect

DLI cancellation. However, as SNR increases, the interference presence becomes

more pronounced, leading to performance degradation. This is because as the SNR

increases, the interference due to imperfect DLI cancellation increases, resulting in

the outage probability increasing effectively.

6.5 Summary

In this chapter, the study delves into an SR communication-based NOMA system

integrated with an IoT network. It established analytical expressions for the outage

probability for both the NOMA user and the IoT receiver while also deriving insights

into the system throughput and energy efficiency. In addition, the performance of

the NOMA far user is thoroughly examined, comparing scenarios with and without

direct links from the base station. The results also indicate that IoT transmission

not only supports its own data transmission but also enhances the performance of

the NOMA far user. The impact of the power reflection coefficient and a target rate

on user performance was also analyzed. These findings unequivocally underscore the

superiority of the proposed NOMA system, particularly when integrated with self-

sustainable IoT nodes, showcasing a significant performance improvement compared

to traditional OMA-based systems.
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Chapter 7

Conclusions and Future Works

7.1 Conclusions

The thesis explores advanced techniques in NOMA systems and their integration

with IoT networks, addressing the evolving demands for spectral and energy-efficient

wireless communication. By focusing on various aspects of NOMA, including higher

order modulation schemes, interference management, and EH technologies, the re-

search comprehensively analyses how these techniques can be leveraged to enhance

system efficiency and performance. Through a detailed examination of NOMA sys-

tems, the thesis provides valuable insights into how to optimize system performance

in real-world scenarios. Integrating IoT networks with NOMA is particularly signif-

icant, as it addresses the need for scalable and sustainable communication solutions

in the face of rapidly increasing device connectivity. By exploring various cooper-

ative communication strategies, the thesis contributes to a deeper understanding

of achieving reliable and energy-efficient communication systems. The findings also

highlight the potential of combining NOMA with advanced technologies such as BC

and SR to create more robust and self-sustaining networks. The research empha-

sizes the importance of practical considerations, such as imperfect CSI and hardware

impairments, in designing NOMA systems.

Intially, the thesis explores the downlink NOMA system with two users, deriving

closed-form expressions for the ASER of generalized M-ary HQAM. The findings

demonstrate that NOMA significantly outperforms OMA in HQAM scenarios. Fur-

ther, it is observed that at an ASER of HQAM provides a gain of 0.4 dB over SQAM
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scheme. A power allocation criterion is introduced that prevents error floors at high

SNRs, with insights into how modulation orders impact user performance. Adher-

ing to the proposed criterion ensures consistent ASER performance across different

constellation orders.

Expanding to multi-user NOMA systems, a multiple feedback-based successive

interference cancellation algorithm is proposed to address multi-user interference

and error propagation. This algorithm proves superior to conventional SIC methods

by avoiding error floors at high SNRs.

Additionally, the role of cooperative relaying with EH relay nodes is emphasized

for enhancing coverage, diversity, and reliability. Performance analysis of a downlink

NOMA system with multiple EH relays over Nakagami-m fading channels reveals

significant degradation under practical conditions such as imperfect SIC and CSI.

The study finds that increasing the number of active relay nodes improves perfor-

mance, and identifies an optimal power splitting coefficient for maximizing system

throughput. The effects of power allocation coefficients and block time fractions on

user performance are also examined.

A hybrid backscatter-based CDRT-NOMA system is analyzed, considering prac-

tical challenges like nonlinear EH, imperfect CSI, and RHI. Results show that a self-

sustainable backscatter relay node provides a significant performance boost com-

pared to traditional EH-based systems, highlighting the potential of backscatter

technology for self-sustaining wireless communication networks.

An SR communication-based NOMA system integrated with an IoT network is

analyzed. Integrating NOMA with IoT networks, the analysis establishes analytical

expressions for outage probability, system throughput, and energy efficiency. The

performance of the NOMA far user is examined in scenarios with and without direct

links from the base station, demonstrating that IoT transmission enhances both its

own data transmission and the performance of the NOMA far user. The impact of

the power reflection coefficient and target rate on user performance underscores the

advantages of integrating NOMA with self-sustainable IoT nodes. The proposed

SR system integrates IoT and NOMA transmissions, resulting in a spectrum- and

energy-efficient communication design that facilitates low-power wireless communi-

cation.
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Overall, the thesis advances the understanding of NOMA systems by incorpo-

rating advanced modulation techniques, cooperative relaying, and backscatter com-

munication, addressing practical challenges, and enhancing system performance and

efficiency. The thesis highlights the potential of NOMA based systems in enabling

spectrally and energy efficient wireless communication networks.

7.2 Future Works

� Future work should explore the integration of NOMA with integrated sensing

and communication (ISAC) in future wireless standards. NOMA’s capability

to serve multiple users in the same resources block can complement ISAC’s

dual function of sensing and communication. Research can focus on develop-

ing new NOMA-based ISAC frameworks that optimize the trade-offs between

communication capacity and sensing accuracy, ensuring efficient resource al-

location, and minimizing interference.

� ISAC with backscatter tag-assisted NOMA systems to enhance spectral and

energy efficiency in next-generation wireless networks. In this context, backscat-

ter tags can be leveraged to simultaneously perform communication and sens-

ing functions without requiring a dedicated power source, thereby facilitating

low-power operations.

� Optimal resource utilization in wireless communication, particularly with the

integration of NOMA, BC, and SR, is crucial for next-generation networks.

The focus should be on developing strategies for optimizing power allocation,

interference management, and user scheduling within these technologies to

ensure high performance and energy-efficient communication.

� Due to the use of spectrally and energy-efficient systems, the work presented in

this thesis can also be extended to beyond 5G technologies, such as intelligent

reflecting surfaces (IRS), visible light communication (VLC), and others, to

achieve high coverage, energy efficiency, and throughput.

135



References

[1] Y. Lu and X. Zheng, “6G: A survey on technologies, scenarios,

challenges, and the related issues,” Journal of Industrial Infor-

mation Integration, vol. 19, p. 100158, 2020. [Online]. Available:

https://www.sciencedirect.com/science/article/pii/S2452414X20300339

[2] P. K. Singya, P. Shaik, N. Kumar, V. Bhatia, and M.-S. Alouini, “A survey on

higher-order QAM constellations: technical challenges, recent advances, and

future trends,” IEEE Open J. Commun. Soc., vol. 2, pp. 617–655, Mar. 2021.

[3] Q. Wu, S. Zhang, B. Zheng, C. You, and R. Zhang, “Intelligent reflecting

surface-aided wireless communications: A tutorial,” IEEE Trans. Commun.,

vol. 69, no. 5, pp. 3313–3351, May 2021.

[4] B. Zheng, C. You, W. Mei, and R. Zhang, “A survey on channel estimation and

practical passive beamforming design for intelligent reflecting surface aided

wireless communications,” IEEE Commun. Surv. Tutor., vol. 24, no. 2, pp.

1035–1071, 2nd Quart. 2022.

[5] D. Raychaudhuri and N. B. Mandayam, “Frontiers of wireless and mobile

communications,” IEEE Proceed., vol. 100, no. 4, pp. 824–840, Feb. 2012.

[6] Z. Ding, X. Lei, G. K. Karagiannidis, R. Schober, J. Yuan, and V. K. Bhar-

gava, “A survey on non-orthogonal multiple access for 5G networks: research

challenges and future trends,” IEEE J. Sel. Areas Commun., vol. 35, no. 10,

pp. 2181–2195, Jul. 2017.

[7] P. Swami, V. Bhatia, S. Vuppala, and T. Ratnarajah, “A cooperation scheme

for user fairness and performance enhancement in NOMA-HCN,” IEEE Trans.

Veh. Technol., vol. 67, no. 12, pp. 11 965–11 978, Oct. 2018.

136



REFERENCES

[8] M. Vaezi, R. Schober, Z. Ding, and H. V. Poor, “Non-orthogonal multiple

access: Common myths and critical questions,” IEEE Wireless Commun.,

vol. 26, no. 5, pp. 174–180, Sep. 2019.

[9] Y. Liu, Z. Qin, M. Elkashlan, Z. Ding, A. Nallanathan, and L. Hanzo,

“Nonorthogonal multiple access for 5G and beyond,” Proc. IEEE, vol. 105,

no. 12, pp. 2347–2381, Dec. 2017.

[10] L. Dai, B. Wang, Y. Yuan, S. Han, I. Chih-Lin, and Z. Wang, “Non-orthogonal

multiple access for 5G: solutions, challenges, opportunities, and future research

trends,” IEEE Commun. Mag., vol. 53, no. 9, pp. 74–81, Jun. 2015.

[11] N. Nomikos, T. Charalambous, I. Krikidis, D. N. Skoutas, D. Vouyioukas,

M. Johansson, and C. Skianis, “A survey on buffer-aided relay selection,”

IEEE Commun. Surv. Tutor., vol. 18, no. 2, pp. 1073–1097, 2nd Quart. 2016.

[12] C. Hoymann, D. Astely, M. Stattin, G. Wikstrom, J.-F. Cheng, A. Hoglund,

M. Frenne, R. Blasco, J. Huschke, and F. Gunnarsson, “LTE release 14 out-

look,” IEEE Commun. Mag., vol. 54, no. 6, pp. 44–49, Jun. 2016.

[13] M.-L. Ku, W. Li, Y. Chen, and K. R. Liu, “Advances in energy harvesting

communications: Past, present, and future challenges,” IEEE Commun. Sur.

Tutor., vol. 18, no. 2, pp. 1384–1412, 1st Quart. 2016.

[14] J. Huang, C.-C. Xing, and C. Wang, “Simultaneous wireless information and

power transfer: Technologies, applications, and research challenges,” IEEE

Commun. Mag., vol. 55, no. 11, pp. 26–32, Nov. 2017.

[15] T. D. P. Perera, D. N. K. Jayakody, S. K. Sharma, S. Chatzinotas, and J. Li,

“Simultaneous wireless information and power transfer (SWIPT): Recent ad-

vances and future challenges,” IEEE Commun. Sur. Tutor., vol. 20, no. 1, pp.

264–302, 1st Quart. 2018.

[16] Z. Ding and H. V. Poor, “On the application of BAC-NOMA to 6G umMTC,”

IEEE Commun. Lett., vol. 25, no. 8, pp. 2678–2682, Aug. 2021.

137



REFERENCES

[17] R. Long, Y.-C. Liang, H. Guo, G. Yang, and R. Zhang, “Symbiotic radio: A

new communication paradigm for passive internet of things,” IEEE Internet

Things J., vol. 7, no. 2, pp. 1350–1363, Feb. 2020.

[18] A. Al-Nahar, R. Jäntti, G. Zheng, D. Mishra, and M. Nie, “Ergodic secrecy

rate analysis and optimal power allocation for symbiotic radio networks,”

IEEE Access, vol. 11, pp. 82 327–82 337, Aug. 2023.

[19] T. S. Rappaport, Wireless Communications– Principles and Practice. Hori-

zon House Publications, Inc., 2002, vol. 45, no. 12.

[20] M. K. Simon and M.-S. Alouini, Digital Communication over Fading Channels.

John Wiley & Sons, 2005, vol. 95.

[21] N. C. Beaulieu and C. Cheng, “Efficient Nakagami-m fading channel simula-

tion,” IEEE Trans. Veh. Technol., vol. 54, no. 2, pp. 413–424, Apr. 2005.

[22] S. M. Kay, Fundamental of statistical signal processing: estimation theory.

Prentice-hall, 1993.

[23] D. Do, T. Anh Le, T. N. Nguyen, X. Li, and K. M. Rabie, “Joint impacts

of imperfect CSI and imperfect SIC in cognitive radio-assisted NOMA-V2X

communications,” IEEE Access, vol. 8, pp. 128 629–128 645, Jul. 2020.

[24] Taesang Yoo and A. Goldsmith, “Capacity and power allocation for fading

MIMO channels with channel estimation error,” IEEE Trans. on Inf. Theory,

vol. 52, no. 5, pp. 2203–2214, May 2006.

[25] F. Fang, H. Zhang, J. Cheng, S. Roy, and V. C. M. Leung, “Joint user schedul-

ing and power allocation optimization for energy-efficient noma systems with

imperfect CSI,” IEEE J. Sel. Areas in Commun., vol. 35, no. 12, pp. 2874–

2885, Dec. 2017.

[26] T. Schenk, RF imperfections in high-rate wireless systems: impact and digital

compensation. Springer, 2008.

138



REFERENCES

[27] E. Bjornson, M. Matthaiou, and M. Debbah, “A new look at dual-hop relay-

ing: Performance limits with hardware impairments,” IEEE Trans. Commun.,

vol. 61, no. 11, pp. 4512–4525, Nov. 2013.

[28] S. Kim, H. W. Kim, K. Kang, and D. S. Ahn, “Performance enhancement in

future mobile satellite broadcasting services,” IEEE Commun. Mag., vol. 46,

no. 7, Jul. 2008.

[29] Y. Yang, H. Hu, J. Xu, and G. Mao, “Relay technologies for WiMAX and

LTE-Advanced mobile systems,” IEEE Commun. Mag., vol. 47, no. 10, Oct.

2009.

[30] P. Swami, V. Bhatia, S. Vuppala, and T. Ratnarajah, “User fairness in noma-

hetnet using optimized power allocation and time slotting,” IEEE Syst. J.,

vol. 15, no. 1, pp. 1005–1014, Mar. 2021.

[31] A. S. Parihar, P. Swami, V. Bhatia, and Z. Ding, “Performance analysis of

SWIPT enabled cooperative-NOMA in heterogeneous networks using carrier

sensing,” IEEE Trans. Veh. Technol., vol. 70, no. 10, pp. 10 646–10 656, Oct.

2021.

[32] Y. He, R. Zhang, and N. Ye, “5G-oriented non-orthogonal

multiple access technology,” Int. J. Commun. Syst., vol. 35,

no. 5, p. e4574, 2022, e4574 IJCS-20-0450.R1. [Online]. Available:

https://onlinelibrary.wiley.com/doi/abs/10.1002/dac.4574

[33] Z. Xiang, W. Yang, Y. Cai, Z. Ding, Y. Song, and Y. Zou, “NOMA-assisted

secure short-packet communications in IoT,” IEEE Wirel. Commun., vol. 27,

no. 4, pp. 8–15, Aug. 2020.

[34] Y. Liu, Z. Qin, Y. Cai, Y. Gao, G. Y. Li, and A. Nallanathan, “Uav commu-

nications based on non-orthogonal multiple access,” IEEE Wirel. Commun.,

vol. 26, no. 1, pp. 52–57, Feb. 2019.

[35] A. I. Perez-Neira, M. Caus, and M. A. Vazquez, “Non-orthogonal transmission

techniques for multibeam satellite systems,” IEEE Commun. Mag., vol. 57,

no. 12, pp. 58–63, Dec. 2019.

139



REFERENCES

[36] A. S. Parihar, P. Swami, and V. Bhatia, “On performance of swipt enabled

ppp distributed cooperative noma networks using stochastic geometry,” IEEE

Trans. Veh. Technol., vol. 71, no. 5, pp. 5639–5644, 2022.

[37] J. Jose, A. Agarwal, V. Bhatia, and O. Krejcar, “Outage probability mini-

mization based power control and channel allocation in underlay D2D-NOMA

for IoT networks,” Trans. Emerg. Tel. Tech., vol. 33, no. 9, p. e4568, Sep.

2022.

[38] S. Parvez, P. K. Singya, and V. Bhatia, “On ASER analysis of energy effi-

cient modulation schemes for a device-to-device MIMO relay network,” IEEE

Access, vol. 8, pp. 2499–2512, Dec. 2020.

[39] N. Kumar and V. Bhatia, “Exact ASER analysis of rectangular QAM in two-

way relaying networks over Nakagami-m fading channels,” IEEE Wirel. Com-

mun. Lett., vol. 5, no. 5, pp. 548–551, Oct. 2016.

[40] N. Kumar, P. K. Singya, and V. Bhatia, “ASER analysis of hexagonal and rect-

angular QAM schemes in multiple-relay networks,” IEEE Trans. Veh. Techno.,

vol. 67, no. 2, pp. 1815–1819, Feb. 2018.

[41] T. Assaf, A. Al-Dweik, M. E. Moursi, and H. Zeineldin, “Exact BER perfor-

mance analysis for downlink NOMA systems over nakagami- m fading chan-

nels,” IEEE Access, vol. 7, pp. 134 539–134 555, Sep. 2019.

[42] I. Lee and J. Kim, “Average symbol error rate analysis for non-orthogonal

multiple access with M-ary QAM signals in Rayleigh fading channels,” IEEE

Commun. Lett., vol. 23, no. 8, pp. 1328–1331, Jun. 2019.

[43] L. Bariah, S. Muhaidat, and A. Al-Dweik, “Error probability analysis of non-

orthogonal multiple access over Nakagami-m fading channels,” IEEE Trans.

Commun., vol. PP, pp. 1–1, Oct. 2018.

[44] T. Assaf, A. J. Al-Dweik, M. S. E. Moursi, H. Zeineldin, and M. Al-Jarrah,

“Exact bit error-rate analysis of two-user NOMA using QAM with arbitrary

modulation orders,” IEEE Commun. Lett., vol. 24, no. 12, pp. 2705–2709,

Dec. 2020.

140



REFERENCES

[45] S. Bisen, P. Shaik, and V. Bhatia, “On ASER performance of M-ary QAM

schemes over DF coordinated-NOMA,” ser. IEEE Region 10 Conf. (TEN-

CON), Nov. 2020, pp. 280–285.

[46] H. Yahya, E. Alsusa, and A. Al-Dweik, “Exact BER analysis of NOMA with

arbitrary number of users and modulation orders,” IEEE Trans. Commun.,

vol. 69, no. 9, pp. 6330–6344, Sep. 2021.

[47] Y. Iraqi and A. Al-Dweik, “Power allocation for reliable sic detection of rect-

angular qam-based noma systems,” IEEE Trans. Veh. Technol., vol. 70, no. 8,

pp. 8355–8360, 2021.

[48] F. Kara and H. Kaya, “A true power allocation constraint for non-orthogonal

multiple access with m-qam signalling,” ser. 2020 IEEE Microwave Theory

and Techniques in Wireless Communications (MTTW), vol. 1, 2020, pp. 7–12.

[49] Y. Sun, Z. Ding, and X. Dai, “A new design of hybrid sic for improving

transmission robustness in uplink noma,” IEEE Trans. Veh. Technol., vol. 70,

no. 5, pp. 5083–5087, 2021.

[50] S. Park, “Performance analysis of triangular quadrature amplitude modulation

in AWGN channel,” IEEE Commun. Lett., vol. 16, no. 6, pp. 765–768, Apr.

2012.

[51] P. Shaik, P. K. Singya, and V. Bhatia, “On impact of imperfect CSI over hexag-

onal QAM for TAS/MRC-MIMO cooperative relay network,” IEEE Commun.

Lett., vol. 23, no. 10, pp. 1721–1724, Oct. 2019.

[52] D. Kumar, P. K. Singya, and V. Bhatia, “ASER analysis of hybrid receiver

based SWIPT two-way relay network,” IEEE Trans. Veh. Technol., vol. 70,

no. 10, pp. 10 018–10 030, Oct. 2021.

[53] M. Abramowitz and I. A. Stegun, Handbook of mathematical functions: with

formulas, graphs, and mathematical tables. 9th ed. New York, NY, USA:

Dover, 1970.

[54] I. S. Gradshteyn and I. M. Ryzhik, Table of integrals, series, and products.

Academic Press, 2014.

141



REFERENCES

[55] P. K. Singya, N. Kumar, V. Bhatia, and M.-S. Alouini, “On performance of

hexagonal, cross, and rectangular qam for multi-relay systems,” IEEE Access,

vol. 7, pp. 60 602–60 616, May 2019.

[56] A. Agarwal, R. Chaurasiya, S. Rai, and A. K. Jagannatham, “Outage proba-

bility analysis for NOMA downlink and uplink communication systems with

generalized fading channels,” IEEE Access, vol. 8, pp. 220 461–220 481, Dec.

2020.

[57] F. B. Hildebrand, Introduction to numerical analysis. 2nd ed. Dover Publi-

cations, 1987.

[58] X. Chen, R. Jia, and D. W. K. Ng, “On the design of massive non-orthogonal

multiple access with imperfect successive interference cancellation,” IEEE

Trans. Commun., vol. 67, no. 3, pp. 2539–2551, Mar. 2019.

[59] Y. Wang, J. Wang, D. W. Kwan Ng, R. Schober, and X. Gao, “A minimum

error probability NOMA design,” IEEE Trans. Wireless Commun., vol. 20,

no. 7, pp. 4221–4237, Jul. 2021.

[60] N. Zhang, J. Wang, G. Kang, and Y. Liu, “Uplink nonorthogonal multiple

access in 5G systems,” IEEE Commun. Lett., vol. 20, no. 3, pp. 458–461,

Mar. 2016.

[61] Y. Gao, B. Xia, K. Xiao, Z. Chen, X. Li, and S. Zhang, “Theoretical analysis of

the dynamic decode ordering SIC receiver for uplink NOMA systems,” IEEE

Commun. Lett., vol. 21, no. 10, pp. 2246–2249, Oct. 2017.

[62] B. Xia, J. Wang, K. Xiao, Y. Gao, Y. Yao, and S. Ma, “Outage performance

analysis for the advanced SIC receiver in wireless NOMA systems,” IEEE

Trans. Veh. Technol., vol. 67, no. 7, pp. 6711–6715, Jul. 2018.

[63] Z. Ding, Z. Yang, P. Fan, and H. V. Poor, “On the performance of non-

orthogonal multiple access in 5G systems with randomly deployed users,”

IEEE Signal Pro. Lett., vol. 21, no. 12, pp. 1501–1505, Dec. 2014.

142



REFERENCES

[64] Z. Ding, P. Fan, and H. V. Poor, “Impact of user pairing on 5G nonorthogonal

multiple-access downlink transmissions,” IEEE Tran. Veh. Technol., vol. 65,

no. 8, pp. 6010–6023, Sep. 2016.

[65] V. Ozduran, “Advanced successive interference cancellation for non-orthogonal

multiple access,” in 2018 26th Telecommunications Forum (TELFOR), 2018,

pp. 1–4.

[66] X. Wang, F. Labeau, and L. Mei, “Closed-form BER expressions of QPSK con-

stellation for uplink non-orthogonal multiple access,” IEEE Commun. Lett.,

vol. 21, no. 10, pp. 2242–2245, Jul. 2017.

[67] F. Wei, T. Zhou, T. Xu, and H. Hu, “BER analysis for uplink NOMA in

asymmetric channels,” IEEE Commun. Lett., vol. 24, no. 11, pp. 2435–2439,

Jun. 2020.

[68] Q. He, Y. Hu, and A. Schmeink, “Closed-form symbol error rate expressions for

non-orthogonal multiple access systems,” IEEE Trans. Veh. Technol, vol. 68,

no. 7, pp. 6775–6789, May 2019.

[69] F. Kara and H. Kaya, “BER performances of downlink and uplink NOMA

in the presence of SIC errors over fading channels,” IET Commun., vol. 12,

no. 15, pp. 1834–1844, Jul. 2018.

[70] V. Ozduran, N. Nomikos, E. Soleimani, I. S. Ansari, and

P. Trakadas, “Relay-aided uplink NOMA under non-orthogonal CCI

and imperfect SIC in 6G networks,” Dec. 2023. [Online]. Available:

http://dx.doi.org/10.36227/techrxiv.24523801.v1

[71] Z. Ding, R. Schober, and H. V. Poor, “A new QoS-guarantee strategy for

NOMA assisted semi-grant-free transmission,” IEEE Trans. Commun., vol. 69,

no. 11, pp. 7489–7503, Jul. 2021.

[72] Y. Sun, Z. Ding, and X. Dai, “A new design of hybrid SIC for improving

transmission robustness in uplink NOMA,” IEEE Trans. Veh. Techno., vol. 70,

no. 5, pp. 5083–5087, Mar. 2021.

143



REFERENCES

[73] J. S. Yeom, H. S. Jang, K. S. Ko, and B. C. Jung, “BER performance of uplink

NOMA with joint maximum-likelihood detector,” IEEE Trans. Veh. Technol.,

vol. 68, no. 10, pp. 10 295–10 300, Oct. 2019.

[74] R. Campello, G. Carlini, C. E. C. Souza, C. Pimentel, and D. P. B. Chaves,

“Successive interference cancellation decoding with adaptable decision regions

for NOMA schemes,” IEEE Access, vol. 10, pp. 2051–2062, Dec. 2022.

[75] H. Semira, F. Kara, H. Kaya, and H. Yanikomeroglu, “Error performance anal-

ysis of multiuser detection in uplink-NOMA with adaptive M-QAM,” IEEE

Wireless Commun. Lett., vol. 11, no. 8, pp. 1654–1658, Aug. 2022.

[76] A. Agarwal, R. Chaurasiya, S. Rai, and A. K. Jagannatham, “Outage proba-

bility analysis for NOMA downlink and uplink communication systems with

generalized fading channels,” IEEE Access, vol. 8, pp. 220 461–220 481, Dec.

2020.

[77] Z. Ding, R. Schober, P. Fan, and H. V. Poor, “Simple semi-grant-free trans-

mission strategies assisted by non-orthogonal multiple access,” IEEE Trans.

Commun., vol. 67, no. 6, pp. 4464–4478, Jun. 2019.

[78] J. Men, J. Ge, and C. Zhang, “Performance analysis for downlink relay-

ing aided non-orthogonal multiple access networks with imperfect CSI over

Nakagami- m fading,” IEEE Access, vol. 5, pp. 998–1004, Nov. 2017.

[79] S. Bisen, P. Shaik, and V. Bhatia, “On performance of energy harvested co-

operative NOMA under imperfect CSI and imperfect SIC,” IEEE Trans. Veh.

Technol., vol. 70, no. 9, pp. 8993–9005, Sep. 2021.

[80] V. Ozduran, B. S. B. Yarman, and J. M. Cioffi, “Opportunistic source-pair

selection method with imperfect channel state information for multiuser bi-

directional relaying networks,” IET Commun., vol. 13, no. 7, pp. 905–917,

2019.

[81] H. Qian, “Counting the floating point operations (FLOPS),”

MATLAB Central File Exchange, Apr. 2022. [Online]. Available:

144



REFERENCES

https://www.mathworks.com/matlabcentral/fileexchange/50608-counting -

the-floating-point-operations-flops

[82] J. Kim and I. Lee, “Non-Orthogonal Multiple Access in Coordinated Direct

and Relay Transmission,” IEEE Commun. Lett., vol. 19, no. 11, pp. 2037–

2040, Nov. 2015.

[83] Z. Ding, M. Peng, and H. V. Poor, “Cooperative non-orthogonal multiple

access in 5G systems,” IEEE Commun. Lett., vol. 19, no. 8, pp. 1462–1465,

Jun. 2015.

[84] J. Men, J. Ge, and C. Zhang, “Performance analysis of nonorthogonal multiple

access for relaying networks over Nakagami-m fading channels,” IEEE Trans.

Veh. Technol., vol. 66, no. 2, pp. 1200–1208, Feb. 2017.

[85] Z. Ding, H. Dai, and H. V. Poor, “Relay selection for cooperative NOMA,”

IEEE Wireless Commun. Lett., vol. 5, no. 4, pp. 416–419, Aug. 2016.

[86] P. Xu, Z. Yang, Z. Ding, and Z. Zhang, “Optimal relay selection schemes

for cooperative NOMA,” IEEE Trans. on Veh. Technol., vol. 67, no. 8, pp.

7851–7855, Aug. 2018.

[87] Y. Li, Y. Li, X. Chu, Y. Ye, and H. Zhang, “Performance analysis of relay

selection in cooperative NOMA networks,” IEEE Commun. Lett., vol. 23,

no. 4, pp. 760–763, Apr. 2019.

[88] S. Lee, D. B. da Costa, Q. Vien, T. Q. Duong, and R. T. de Sousa, “Non-

orthogonal multiple access schemes with partial relay selection,” IET Com-

mun., vol. 11, no. 6, pp. 846–854, Apr. 2017.

[89] Y. Liu, Z. Ding, M. Elkashlan, and H. V. Poor, “Cooperative non-orthogonal

multiple access with simultaneous wireless information and power transfer,”

IEEE J. Sel. Areas Commun., vol. 34, no. 4, pp. 938–953, Apr. 2016.

[90] H. Dac-Binh and N. Sang Quang, “Outage performance of energy harvesting

DF relaying NOMA networks,” Mobile Netw. and Appl., vol. 23, no. 6, pp.

1572–1585, Dec. 2018.

145



REFERENCES

[91] Y. Zhang and J. Ge, “Performance analysis for non-orthogonal multiple access

in energy harvesting relaying networks,” IET Commun., vol. 11, no. 11, pp.

1768–1774, Aug. 2017.

[92] H. Tran Manh, N. Tan. Nguyen Trungand Hoang, and P. Hiep, “Performance

analysis of decode-and-forward partial relay selection in NOMA systems with

RF energy harvesting,” Wireless Netw., vol. 25, no. 8, pp. 4585–4595, Feb.

2019.

[93] X. Li, J. Li, P. T. Mathiopoulos, D. Zhang, L. Li, and J. Jin, “Joint impact

of hardware impairments and imperfect CSI on cooperative SWIPT NOMA

multi-relaying systems,” Proc. IEEE/CIC Int. Conf. commun. China, pp. 95–

99, Jul. 2018.

[94] D. Do, M. Vaezi, and T. Nguyen, “Wireless powered cooperative relaying using

NOMA with imperfect CSI,” in Proc. IEEE Globecom Workshops, Dec. 2018,

pp. 1–6.

[95] J. Men, J. Ge, and C. Zhang, “Performance analysis for downlink relay-

ing aided non-orthogonal multiple access networks with imperfect CSI over

Nakagami-m fading,” IEEE Access, vol. 5, pp. 998–1004, Mar. 2017.

[96] E. N. Papasotiriou, A. A. Boulogeorgos, and A. Alexiou, “Performance analy-

sis of THz wireless systems in the presence of antenna misalignment and phase

noise,” IEEE Commun. Lett., vol. 24, no. 6, pp. 1211–1215, Jun. 2020.

[97] M. Alzenad and H. Yanikomeroglu, “Coverage and rate analysis for unmanned

aerial vehicle base stations with LoS/NLoS propagation,” in Proc. IEEE

Globecom Commun. Conf. Workshops, Dec. 2018, pp. 1–7.

[98] X. Liang, Y. Wu, D. W. K. Ng, S. Jin, Y. Yao, and T. Hong, “Outage probabil-

ity of cooperative NOMA networks under imperfect CSI with user selection,”

IEEE Access, vol. 8, pp. 117 921–117 931, May 2020.

[99] L. L. Scharf, Statistical Signal Processing: Detection, Estimation, and Time-

series Analysis. Reading, MA: Addison-Wesley, 1991.

146



REFERENCES

[100] I. Krikidis, J. Thompson, S. Mclaughlin, and N. Goertz, “Amplify-and-forward

with partial relay selection,” IEEE Commun. Lett., vol. 12, no. 4, pp. 235–237,

Apr. 2008.

[101] S. Parvez, D. Kumar, and V. Bhatia, “On performance of SWIPT enabled

two-way relay system with non-linear power amplifier,” in National Conf. on

Commun., Feb. 2020, pp. 1–6.

[102] A. Goldsmith, Wireless Communications. Cambridge University Press, 2005.

[103] P. Shaik, P. K. Singya, N. Kumar, K. K. Garg, and V. Bhatia, “On impact of

imperfect CSI over SWIPT device-to-device (D2D) MIMO relay systems,” in

2020 Int. Conf. on Signal Process. and Commun., 2020, pp. 1–5.

[104] W. Shuming, Z. Yudong, W. Shuihua, and J. Genlin, “A comprehensive sur-

vey on particle swarm optimization algorithm and its applications,” Math.

Problems Eng., pp. 1211–1215, Feb. 2015.

[105] M. Song and M. Zheng, “Energy efficiency optimization for wireless powered

sensor networks with nonorthogonal multiple access,” IEEE Sensors Lett.,

vol. 2, no. 1, pp. 1–4, Mar. 2018.

[106] A. Masaracchia, D. B. Da Costa, T. Q. Duong, M. Nguyen, and M. T. Nguyen,

“A PSO-based approach for user-pairing schemes in NOMA systems: Theory

and applications,” IEEE Access, vol. 7, pp. 90 550–90 564, Jul. 2019.

[107] X. Lu, P. Wang, G. Li, D. Niyato, and Z. Li, “Short-packet backscatter assisted

wireless-powered relaying with NOMA: Mode selection with performance es-

timation,” IEEE Trans. Cognitive Communications Networking, vol. 8, no. 1,

pp. 216–231, Mar. 2022.

[108] Y. Long, G. Huang, H. Zheng, S. Zhao, G. Liu, and D. Tang, “Cooperative

multirelay network design with hybrid backscatter and wireless-powered re-

laying,” IEEE Internet Things J., vol. 9, no. 19, pp. 18 445–18 460, Oct. 2022.

[109] Y. Long, G. Huang, D. Tang, S. Zhao, and G. Liu, “Achieving high throughput

in wireless networks with hybrid backscatter and wireless-powered communi-

cations,” IEEE Internet Things J., vol. 8, no. 13, pp. 10 896–10 910, Jul. 2021.

147



REFERENCES

[110] Z. Ding, M. Peng, and H. V. Poor, “Cooperative Non-Orthogonal Multiple

Access in 5G Systems,” IEEE Commun. Lett., vol. 19, no. 8, pp. 1462–1465,

Aug. 2015.

[111] Y. Guo, Y. Li, Y. Li, W. Cheng, and H. Zhang, “SWIPT assisted NOMA for

coordinated direct and relay transmission,” in 2018 IEEE/CIC International

Conference on Communications in China (ICCC), 2018, pp. 111–115.

[112] A. K. Shukla, K. Yadav, P. K. Upadhyay, and J. M. Moualeu, “Exploiting

deep learning in the performance evaluation of EH-based coordinated direct

and relay transmission system with cognitive NOMA,” IEEE Commun. Lett,

pp. 1–1, 2023.

[113] Q. Zhang, L. Zhang, Y.-C. Liang, and P.-Y. Kam, “Backscatter-NOMA: A

symbiotic system of cellular and internet-of-things networks,” IEEE Access,

vol. 7, pp. 20 000–20 013, Feb. 2019.

[114] W. Chen, H. Ding, S. Wang, D. B. da Costa, F. Gong, and P. H. Ju-

liano Nardelli, “Backscatter cooperation in NOMA communications systems,”

IEEE Trans. Wireless Commun., vol. 20, no. 6, pp. 3458–3474, Jun. 2021.

[115] S. Bisen and V. Bhatia, “Performance analysis of backscatter-based coordi-

nated direct and relay transmission with NOMA,” in IEEE Wireless Commu-

nication and Networking Conference, 2023.

[116] X. Li, M. Zhao, M. Zeng, S. Mumtaz, V. G. Menon, Z. Ding, and O. A.

Dobre, “Hardware impaired ambient backscatter NOMA systems: Reliability

and security,” IEEE Trans. Commun., vol. 69, no. 4, pp. 2723–2736, Apr.

2021.

[117] X. Pei, H. Yu, M. Wen, S. Mumtaz, S. Al Otaibi, and M. Guizani, “NOMA-

based coordinated direct and relay transmission with a half-duplex/ full-

duplex relay,” IEEE Trans. Commun., vol. 68, no. 11, pp. 6750–6760, Nov.

2020.

[118] S. Wang, M. Xia, K. Huang, and Y.-C. Wu, “Wirelessly powered two-way

communication with nonlinear energy harvesting model: Rate regions under

148



REFERENCES

fixed and mobile relay,” IEEE Trans. Wireless Commun., vol. 16, no. 12, pp.

8190–8204, Dec. 2017.

[119] X. Li, J. Li, Y. Liu, Z. Ding, and A. Nallanathan, “Residual transceiver hard-

ware impairments on cooperative NOMA networks,” IEEE Trans. Wireless

Commun., vol. 19, no. 1, pp. 680–695, 2020.

[120] Y. Ye, L. Shi, X. Chu, G. Lu, and S. Sun, “Mutualistic cooperative ambi-

ent backscatter communications under hardware impairments,” IEEE Trans.

Commun., vol. 70, no. 11, pp. 7656–7668, Nov. 2022.

[121] H. Yang, H. Ding, M. Elkashlan, H. Li, and K. Xin, “A novel symbiotic

backscatter-NOMA system,” IEEE Trans. Veh. Technol., vol. 72, no. 8, pp.

11 006–11 011, Aug. 2023.

[122] M. Elsayed, A. Samir, A. A. A. El-Banna, X. Li, and B. M. ElHalawany,

“When NOMA multiplexing meets symbiotic ambient backscatter commu-

nication: Outage analysis,” IEEE Trans. Veh. Technol., vol. 71, no. 1, pp.

1026–1031, Jan. 2022.

[123] F. Rezaei, D. Galappaththige, C. Tellambura, and S. Herath, “NOMA-assisted

symbiotic backscatter: Novel beamforming designs under imperfect sic,” IEEE

Trans. Veh. Technol., pp. 1–15, 2023.

[124] W. U. Khan, X. Li, M. Zeng, and O. A. Dobre, “Backscatter-enabled NOMA

for future 6G systems: A new optimization framework under imperfect SIC,”

IEEE Commun. Lett., vol. 25, no. 5, pp. 1669–1672, May 2021.

[125] S. Bisen, J. Jose, V. Bhatia, A. K. Mishra, and K. Choi, “Hybrid backscat-

ter NOMA under imperfect CSI and hardware impairment,” IEEE Commun.

Lett., pp. 1–1, 2023.

[126] G. Wang, F. Gao, R. Fan, and C. Tellambura, “Ambient backscatter communi-

cation systems: Detection and performance analysis,” IEEE Trans. Commun.,

vol. 64, no. 11, pp. 4836–4846, Nov. 2016.

149



REFERENCES

[127] W. Guo, H. Zhao, C. Song, S. Shao, and Y. Tang, “Direct-link interference

cancellation design for backscatter communications over ambient DVB sig-

nals,” IEEE Trans. Broadcasting, vol. 68, no. 2, pp. 317–330, Jun. 2022.

150



REFERENCES

List of Publications

Publications from thesis:

Patent:

1. V. Bhatia, S. Bisen, ”MULTI-USER DOWNLINK NOMA COMMUNICA-

TION SYSTEM AND METHOD THEREOF”, Indian Patent (Filed)

Journal Papers:

1. S. Bisen, Shaik, P, Jose, J, Nebhen, J, Krejcar, O, Bhatia, V. “ASER analysis

of generalized hexagonal QAM schemes for NOMA systems over Nakagami-m

fading channels”, Int J Commun Syst. 2023; 36( 6):e5440.

2. S. Bisen, V. Bhatia, P. Brida, ”Successive Interference Cancellation with

Multiple Feedback in NOMA-Enabled Massive IoT Network”, EURASIP J.

Wireless Commun. and Net., 2024 (Accepted).

3. S. Bisen, P. Shaik, and V. Bhatia, “On performance of energy harvested

cooperative NOMA under imperfect CSI and imperfect SIC”, IEEE Trans.

Veh. Technol., vol. 70, no. 9, pp. 8993–9005, Sep. 2021

4. S. Bisen, J. Jose, V. Bhatia, A. K. Mishra and K. Choi, “Hybrid Backscatter

NOMA Under Imperfect CSI and Hardware Impairment”, IEEE Commun.

Letters, vol. 27, no. 11, pp. 3078-3082, Nov. 2023,

5. S. Bisen, J. Jose, Z. Ding, K. Choi and V. Bhatia, “On Performance of

Backscatter-NOMA Systems: Symbiotic Communication for IoT Devices”,

IEEE Trans. Veh. Technol., 2024 (Early access).

Conference Papers:

1. S. Bisen, J. Jose, S. Jain, A. Kaushik, V. Bhatia, “On Outage Performance of

Backscatter NOMA SystemUnder Imperfect DLI Cancellation”, IEEE Inter-

national Symposium on Personal, Indoor and Mobile Radio Communications,

2024.

151



REFERENCES

2. S. Bisen, V. Bhatia, “Ergodic Capacity Analysis of Backscatter based CDRT-

NOMA Systems”, Int. Conf. Commun. Sys. Net. (COMSNETS). IEEE,

2024 , Poster track.

3. S. Bisen and V. Bhatia, “Performance Analysis of Backscatter-based Coordi-

nated Direct and Relay Transmission with NOMA,” IEEE Wireless Commu-

nications and Networking Conference (WCNC), Glasgow, United Kingdom,

2023, pp. 1-6.

4. S. Bisen, P. Shaik, and V. Bhatia, “On ASER performance of M-ary QAM

schemes over DF coordinated-NOMA”, IEEE REGION 10 CONFERENCE

(TENCON), 2020.

Book Chapter:

1. AS Parihar, S. Bisen, V Bhatia, O Krejcar, “Machine Learning for Non-

Orthogonal Multiple Access”, Intelligent Communication Networks, 135-153,

2024.

Publications apart from thesis:

Journal Papers:

1. J. Jose, S. Bisen, P. Shaik, S. Biswas, K. Singh and V. Bhatia, “Performance

Analysis of IRS Assisted Full-Duplex Systems with Different Downlink and

Uplink Users”, IEEE Trans. Veh. Technol, 2024 (Early access).

2. J. Jose, P. Shaik, S. Bisen, A. Srivastava, V. Bhatia, and K. Choi, “Perfor-

mance analysis and optimization of frequency division duplex based virtual

full-duplex communication systems”, Ad Hoc Networks, vol. 154, p.103379,

Dec. 2023. (IF: 4.8)

3. J. Jose, S. Bisen, P. Shaik, O. Krejcar, K. Choi and V. Bhatia, “Virtual

Full-Duplex Communication Enabled STAR-RIS: Performance Analysis and

Machine Learning-Assisted Optimization”, IEEE Trans. Cog. Commun. Net-

work 2024 (Under Minor Revision).

4. S. Bisen, Vimal Bhatia, Amit Kumar Mishra et al. “Performance Analysis of

NOMA System with QoS-Guarantee Scheme”, 02 August 2023, PREPRINT

152



REFERENCES

(Version 1) available at Research Square [https://doi.org/10.21203/rs.3.rs-

2836358/v1] (Under Revision).

Conference Papers:

1. V. Bhatia and S. Bisen, “Implementation and Performance Analysis of NOMA

on Software Defined Radio”, IEEE International Conference on Advanced

Networks and Telecommunications Systems (ANTS) 2023.

2. J. Jose, P. Shaik, S. Bisen, and V. Bhatia, “On outage probability analysis of

uplink cooperative VFD-NOMA over Nakagami-m faded channels, IEEE Nat.

Conf. Commun. (NCC), 2021, pp. 1–6.

3. J. Jose, P. Shaik, S. Bisen, V. Goyal, and V. Bhatia, “Frequency division

duplex based cooperative VFD: Outage analysis and relay power allocation,”

Int. Conf. Commun. Sys. Net. (COMSNETS), 2023, pp. 1–7.

4. J. Jose, P. Shaik, S. Bisen, and V. Bhatia, “Ergodic rate analysis and opti-

mization of full-duplex STAR-RIS communication systems,” Joint European

Conference on Networks and Communications & 6G Summit (EuCNC/6G

Summit), 2023, pp. 1–6.

153




