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Abstract

In this research, a non-orthogonal multiple access (NOMA) scheme is investigated
with successive interference cancellation (SIC) error in an underlay cognitive radio
network. This system has an intermediate set of relays in the secondary network to
improve network reliability. The research examines the outage probability of a
dual-hop NOMA system with SIC error exposed to Rayleigh fading. The secondary
network is allowed to access the licensed primary network frequency band if it does
not exceed the maximum allowable transmit power. Concurrent transmission of the
primary and secondary network will only occur if the secondary network
transmissions do not exceed preset interference temperature. The inclusion of relays
increases network coverage and the research analyses the effect of the number of
relays in the system and makes a comparison of outage probability of the secondary
network in decode and forward (DF) and amplify and forward (AF) relaying
scheme. Considering interference power constraints, a relay that maximises the
received signal-to-interference-and-noise ratio (SINR) is selected among the
secondary set of relays. We derive analytical expressions for the asymptotic
analysis of the NOMA system and then perform simulations to verify the accuracy

of the model.
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Chapter 1 Introduction

There has been a general increase in the demand for high-speed internet
connectivity with the advancement of technology. Human interaction with devices
has been on the rise, and the future is shifting to a smart world [1] as shown in
Figure 1.1 adopted from [2], in which intelligent devices do most of the day to day
work. It is clear that to have confidence in these devices there is a need for a trusted
connection and most of the gadgets will require high data volumes. Traffic demand
will increase for both uplink and downlink.
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Figure 1.1 A smart city representation in the fifth generation and beyond [2]

The high demand in bandwidth, in turn, results in the need for high spectrum
utilization which at present is a challenge to the telecommunications industry. The
wireless spectrum is strained and existing wireless solutions are not able to meet
the demands of the increase in the traffic using existing resources [3]. It is expected
that the fifth-generation (5G) mobile networks will have a latency as low as 1 ms

and throughput as high as 10 Gbps which is more than 100x the LTE capabilities



[4]. There is a need to research and develop new technologies to optimize spectrum

usage, the channel capacity performance and power usage of the system.

1.1  Non-Orthogonal Multiple Access

Recently a lot of research has been conducted on the possibility of using Non-
orthogonal Multiple Access (NOMA) to improve spectral efficiency and
throughput [5]. NOMA has been proposed as a multiple access scheme that will
play a great part in the future of radio access [6-9]. The rate of conducted research
has significantly increased because of the rapid growth in wireless communication

systems putting pressure on the dem n and for high-speed connectivity.

Wireless multiple access systems can be categorized in two ways, the orthogonal
multiple access such as (OMA) [10] and non-orthogonal multiple access (NOMA)
[11]. In Orthogonal Frequency Division Multiple Access (OFDMA) wireless
systems, throughput is optimized by utilization of diversity gain [12] based on the
received channel state information (CSI) of all sub-channels. The user with the best
channel conditions gets priority on spectrum allocation. OFDMA wireless systems
have drawbacks in very high data-rate communications because they do not allow
frequency reuse within one cell [11]. A spectrum in OFDMA is dedicated to one
user and this limits the overall cell throughput. NOMA, on the contrary, can allocate
the same spectrum to multiple users at the same instance within one cell. This
results in higher throughput due to spectrum reuse within a cell. NOMA can yield
a significant spectral efficiency gain by scheduling multiple users over the same
spectrum resources but at different power levels. NOMA has been proposed as a
promising technique in future wireless communication systems because it brings a

balance between user fairness and system throughput.

1.2 NOMA Principle

NOMA is receiving great attention from the wireless community because it can
transmit to multiplexed users using the same spectrum resources but varying power

allocation ratios. These spectrum resources range from time, space, frequency and



code. Based on each users’ channel quality, NOMA superposes the message signals
of many users in the power domain at the source (transmitter). Each will perform
successive interference cancellation by first decoding the information of the user
with stronger interference and subtracting them allowing it to decode its intended

information last. [13].

Y SIC of U1 Decodingof | .| @R

signal U2 signal
aR a,R of
aR
<« 1Hz _>‘ Decoding of . aR
U, U1 signal o

Figure 1.2 Basic 2 user NOMA downlink scenario [13]

In a basic downlink NOMA scenario as shown in Figure 1.2 above the scheme
considers a single antenna base station (s) with 2 NOMA users, U;and U, sharing
the same bandwidth (f) of 1 Hz. It is assumed that all links exhibit Rayleigh block
fading and additive white Gaussian noise. Complex channel coefficients for U,
and U, are denoted by h, and h, respectively such that 0 < h, < h,, which shows
that U, has at least greater or equal channel gain to U;. In this scenario multiplexing
is performed in the power domain and based on NOMA we assume a power
allocation ratio in which |a,| > |a,| given |a,| + |a,| = 1, with a;Ps + a,Ps =
P; where a, and a, are the power allocation coefficients for U; and U,
respectively and P Is the source transit power. U,, will start by decoding the signal
meant for U, and then subtract it from the received signal to decode its signal. U,,

will decode its signal taking the signal meant for U, as interference.

1.3 Problem Statement and Motivation

The concept of NOMA has been researched in various wireless systems. A NOMA
design for uplink transmission in which several users could share the same sub-
carrier without increasing redundancy was investigated in [14], incorporating
cognitive radio (CR) network. CR network comes in as an efficient way to resolve

the radio spectrum scarcity. It allows the unlicensed users to utilize the licensed



user’s spectrum provided the quality of service (QoS) of the licensed users is not
affected. A NOMA system performance analysis in CR with randomly deployed
users was done in [14] considering different power constraints on the primary
transmitter. [14], derived closed-form expressions for outage probability using
stochastic geometry. A CR NOMA setup in which a primary user and secondary
users could be served simultaneously by a base station such that the primary user is
allocated with high power than secondary users to guarantee the high priority of its
message was proposed in [15]. To evaluate the performance of the proposed
scheme, [16] derived the outage probability and system throughput for the primary

and secondary network in closed-form for Nakagami-m fading.

Moreover, the performance of NOMA in relay networks has been analysed, since
relays have been addressed as a promising solution to improve reliability and extend
radio coverage in communication systems. This solution has been applied in
cognitive radio networks with relay selection, also a relay system employing
NOMA scheme has been studied in [17], through analysis of achievable rate in a
Rayleigh fading channel. In addition, [18] provide the asymptotic expressions and
used a sub-optimal power allocation scheme at the source. In [19-20], NOMA with
partial relay selection was examined, in which the outage probability and the
corresponding asymptotic behaviour were analysed. NOMA was applied to a
cooperative scenario, where a user with stronger channel gain was used to relay for

another user experiencing poorer channel gain.

It is key to note that the performance of NOMA schemes in the context of CR
networks remains to be better explored in the technical literature which is the main

motivation of my research.

e Literature has not covered a model where NOMA is implemented in CR
with a set of AF relays. The closest contribution in literature is [21], where
the authors considered a cooperative NOMA system where the users which
are closer to the secondary base station would be used to relay data to a
single far user. This, in essence, is a Decode and Forward (DF) scenario and

this also motivates our work to consider straight NOMA with two users and



a set of relays that forward without performing any successive interference
cancellation (SIC).

Another gap exists in the literature in that work that incorporates SIC error
in the derivation and analysis of outage probability expressions for a CR
NOMA scenario is still open to be explored. In [22] the authors investigated
SIC error in which two sources transmit to two corresponding destinations
over the same frequency via a single DF relay. Also [23] studied a
cooperative NOMA system with imperfect SIC in an underlay CR network
with a single DF relay.

Another gap exists in the literature in that there is a need to also derive
asymptotic outage performance for the model that incorporates SIC error in
a CR NOMA system with RS.

The thesis focuses on the integration of NOMA in a CR network with a set of relays

to maximise spectral efficiency and ensuring minimal outage probability under

maximum interference power constraints. The research is mainly guided by the

following areas:

A NOMA system in a CR network setup with an intermediate multiple AF
and DF relay system. In this setup, the secondary network transmits in an
underlay spectrum sharing mode. The transmit power of the secondary
source and the selected relay are constrained by the maximum allowable
transmit power without causing interference, determined by the primary
receiver.

The effects of co-channel interferences (CCI) [24] from the simultaneous
primary transmission on the secondary network in terms of outage
probability is analysed. The exact expressions of the outage probability are
derived for the secondary network to establish the relay with the best
channel strength and subsequently select the respective relay for
transmission.

In the process of determining the SNR of the received signal, we consider
SIC error for the stronger user and investigate the impact this has on the

outage performance.



1.4

An analysis of the asymptotic outage performance of a NOMA system in
underlay spectrum sharing is analysed as well. Expressions of the
asymptotic outage probability are derived and analysed for the secondary
network which is in a NOMA setup.

Research Question

To what extent does the incorporation of Non-Orthogonal Multiple Access in an

underlay spectrum-sharing network affect system performance in terms of outage

probability considering SIC error?

141

1.4.2

Research Sub-questions

How does an interference power constraint setup in an underlay NOMA
cognitive radio network affect the best relay selection in a set of relays?
How does SIC error affect the outage probability of the NOMA underlay
cognitive radio system?

What is the impact of asymptotic outage performance in a NOMA

underlay cognitive radio network?

Main Contributions

We propose a cooperative underlay CR-NOMA wireless system with
partial relay selection (AF and DF). We derive outage expressions and
the relayed signal is transmitted to the destination

We provide insights on the impact of the number of relays available in
the network and the interfering signals from the primary transmissions
on the underlying performance metric

The impact of considering SIC error on the outage performance of the
stronger NOMA user in an underlay cognitive radio system.

An analytical approach to derive the asymptotic outage performance in

a NOMA underlay cognitive radio network.



1.5 The organisation of the Dissertation

In this section we provide the various chapters that make up the remainder of the

dissertation:

Chapter 2: This chapter provides a survey of the works that have been carried out
to date. It looks at the different concepts that have been investigated in the literature
that are used as building blocks of this dissertation. We carry out an exhaustive
interference investigation of NOMA systems, cognitive radio networks, relay

selection and successive cancellation.

Chapter 3: The chapter proposes NOMA in spectrum sharing network under
interference power constraints. A model is developed and we derive closed-form
expressions for outage probability assuming perfect SIC and DF relaying scheme.
The chapter incorporates simulation results which are used to verify the analytical

mathematical formulations for outage performance.

Chapter 4: In this chapter we analyse the model in chapter 3 assuming perfect SIC

but implemented with AF relaying.

Chapter 5: We remodel chapter 3 taking into account the impact of SIC error on the
outage performance of the system. Moreover, we also derive the asymptotic outage
performance of the users. Simulation results are obtained to validate the

mathematical analysis proposed.

Chapter 6: This chapter gives a summary of the main work covered in the thesis
and a conclusion to the dissertation. We also give recommendations and prospective

works that could still be investigated in the future.



Chapter 2 Literature Review

2.1 Introduction

The purpose of this chapter is to provide an extensive survey that helps to
understand the significant accomplishments that have been done in the area of
NOMA. Several concepts have been integrated with NOMA in a bid to optimize
spectral efficiency and also to achieve high throughput.

The rest of the chapter comprises Section 2.2, which gives a review of relay
selection and cooperative communication. Section 2.3 highlights some research
studies related to NOMA, while Section 2.4 discusses the current research work
covering successive interference cancellation error. Section 2.5 elaborates on
spectrum sharing in cognitive radio networks, and Section 2.6 reviews some work

on NOMA integrated with relay selection.

2.2 Cooperative Communication and Relay Selection

The basic principle of cooperative communication refers to the use of other
communication devices to relay transmission. The source will send information to
the relay in the first time slot and the destination as well if a direct link exists. The
relay will then forward the transmission to the destination in the second time slot.
The main advantage of cooperative communication is that it increases capacity
performance. If the channel between the source and destination experiences high
channel fading, the link will have poor performance, and if a relaying link exists,
this will increase the reliability of the system. If the relay used for transmission is
closer to the source, then that implies that the source will save power for
transmission. The system will need to use lower resource through the selection of

the appropriate relay for transmission.

Recent works on wireless communication systems have revealed that incorporating
a relaying network in a cognitive radio network (CRN) improves transmission

reliability, robustness to channel impairments and system throughput without



increasing the transmit power. Research in [25-26] has shown that there are two
main relaying protocols, decode and forward (DF) and amplify and forward (AF).
In DF, the relay decodes and does re-encoding of the received transmission at the
relay while AF multiplies the signal with an amplification factor then forwards to
the intended destination. The amplification factor in AF is dependent on the relative

strengths of the source-to-relay and relay-to-destination links.

S e (2
hsr Feo

Figure 2.1 Common cooperative communication network model [27].

In Figure 2.1, the source node (S) transmits a message to both the relay node (R)
and the destination node (D), [27]. The signals received at the destination node and

the relay node denoted by ys, and ygg respectively can be expressed as

Ysp = \/Fshsnx + Nsp (2.1)
Ysr = \/FshSRx + Nsr (2.2)

where Pg, is the transmit power at the source, hgp, hgp and hgg are channel
coefficients between the source and destination node and source and relay node,
respectively, x is the transmitted information symbol and ng, and ngg are the
additive white Gaussian noise (AWGN) at the relay and destination, respectively,
modeled with mean zero and variance 2. The received signal is forwarded to the
destination, and the destination will decode the messages received from the direct

link and the relaying link based on the processing method applied.



2.2.1  Fixed Amplify and Forward Scenario

Research done in [28-29] elaborates on a cooperative communication network with
AF. The relay nodes forward the received signal from the source multiplied by an
amplification factor. Relating to the setup in figure 2.1, a message is sent from the
source to the relay and the destination simultaneously. The received signal at the
destination and relay can be expressed as equation (2.1) and (2.2), respectively. In
the AF case, the signal received at the destination from the relay is given by

YrDp = \/P_RhRD (\/FshSRx + Nsr ) + Mrp (2.3)

where Py is the relay transmit power, 1y, is the AWGN also modelled as complex
Gaussian random variables with zero mean and variance 2. In [30-31], the authors
studied the impact of the AF model in a multi-relay setup and derived the outage
probability performance of the system.

2.2.2  Fixed Decode and Forward Scenario

The authors in, [32-33] evaluated the DF setup, the relay starts by decoding the
signal received from the source, re-encodes the information before forwarding to
the intended destination. The received signal at the destination from the relay is

given by

Yrp = \/P_RhRDJ? + Nrp (2.4)

where X is the information re-encoded by the relay. The main challenge with this
scenario is that the relay may decode incorrectly; thus the relay will end up
forwarding an error to the destination node leading to error propagation which can
be detrimental to the system performance. Most studies assume perfect decoding to

avoid error propagation.

2.2.3  Adaptive Relaying Scenario

Fixed relay is a simplified approach to implementation of a cooperative
communication network because the relay always forwards the information to the
destination in a deterministic manner. The major challenge with this method is the

fact that it has low efficiency, since the received signals at the relay may not be
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good enough to be forwarded to the destination, which is often due to adverse
channel conditions and high noise levels. Adaptive relaying [34-36] plays the role
of mitigating the drawbacks of fixed relaying by employing different scenarios in

forwarding information.

Selective relaying [37] is a common form of adaptive relaying. Selective relaying
takes advantage of the SNR information on the relay to decide whether to transmit
to the destination or not to transmit in that particular time slot. If the SNR of the
received signal at the relay is lower than a set threshold, the probability of
accurately decoding at the relay will be very low such that it will be better not to

forward the transmission due to high chances of causing errors in the destination.

The second form of adaptive relaying is the incremental relaying [38-40]. This acts
like the automatic repeat re-quest (ARQ) protocol to stop the relay from
transmitting an erroneous signal. This setup allows a source to broadcast message
to the destination and relay, and the destination then checks the received signal. If
the signal fulfils the required SNR for the receiver, then the destination sends an
acknowledgement to the source. Now if the SNR fails to meet the receiver
requirement, then the destination can request the relay to forward the information

and then combine the transmission from the relay and the source.

2.3 Background on Relay Selection

The studies in [41-42] have shown that incorporating a relay node in wireless
transmissions increases both the capacity and the system diversity. It is important
to note that there are three common relay selection strategies implemented in
cooperative communications. In what follows, we focus on these strategies to

understand the impact they have on the system performance.

2.3.1 Opportunistic Relay Selection Strategy

Based on [43], the selection scheme depends mainly on the best end-to-end link

between the source and the destination. The channels from source to relay and relay
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to destination vary with time and directly impact system performance. These
channels are considered to follow a Doppler shift inversely proportional to channel
coherence [44]. The choosing of the most appropriate relay before the channel
condition changes defines opportunistic relay selection (ORS).

In this scheme, the relays should always be aware of the instantaneous channel
conditions towards the destination from the source to decide the most reliable
channel for transmission before channel conditions change. There are, however,
two common types of ORS: the proactive relay selection and reactive relay
selection [45-47].

2.3.2 Proactive Relay Selection

Proactive relay selection can be referred to as opportunistic relay selection that is
performed before source transmission. It offers energy efficiency [48] since only
the selected relay is activated for receiving when the source transmits. It also
reduces the probability of channel access data packet collisions. However, based on
[49], the best relay should be chosen at each instant of transmission. The drawback
of proactive relay selection is that the relay is selected based on channel conditions

before transmission.

2.3.3 Reactive Relay Selection

Reactive relay selection is also referred to as partial relaying, and it is opportunistic
relaying performed after the first hop transmission. In reactive mode [50], only
relays with average received SNR higher than the threshold will form the relaying
set. The relay with the maximum SNR received at the destination node chosen from

the relaying set is then selected for forwarding the signal to the destination.

2.3.4 Max-min Relay Selection

In this scheme, performance is optimised by maximizing the end-to-end SNR
through minimizing error rate and maximizing transmission rate, [51]. The choice
of selection criteria for relaying depends on the system QoS requirements.

Generally, this selection criterion maximizes the minimum end-to-end SNR.
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Considering a dual-hop relaying scheme with source-relay and relay-destination

hops, then the selection is based on the scheme below
k* =arg mane{T...i._l?..K}(YSRk »YRiD)> (2.5)

where k* denotes the selected relay, k is an element of a set of 1 to K relays and
Ysr, IS the SNR for the source-relay link while y, ,, denotes the SNR for relay-

destination link.

2.3.5 Max-max Relay Selection

Relay1with
buffer

h5R1 hR1D

Source | Destination

Relay K with
buffer

Figure 2.2 A model for max-max relay selection scheme with the source — relay
link transmission in the 1% time slot and relay — destination transmission in the 2"

time slot.

In this type of selection, relays should have buffers as in figure 2.2, such that the
relay with the best source-relay channel conditions is used for receiving [52]. The
best relay-destination channel can also be selected for transmission to the

destination while the relay with the best source-to-relay channels is used to receive
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packets from the source. It is practical only when the relay selected for source-relay
reception can store the received packet in its buffer and retransmit in the second
time slot. Based on the same concept the relay selected for relay-destination
transmission can transmit the packet from the first time slot in the buffer queue,

which is the source-relay received packet.

2.3.6 BER-based Relay Selection

In a BER-based relay selection strategy, the relay that can minimize the BER at the
destination is selected for transmission. Based on [53] this is determined by first
deriving the BER expression of the system, then the approximate BER expression
based on the relation between the SNR of relay-to-destination link and the error

propagation.

Considering a dual-hop relaying scheme with source-relay, relay-destination hops
and also a direct source-destination link, then the selection is based on the scheme

below
k* = arg mkin{Pe(ed(k))} ~ arg mkin min {(VSR(R),VR(k)D +1In(1 + VSD)}

(2.6)

Where k* denotes the selected relay, P, (g4(x)) is the BER at the destination when

the kth relay is selected as the best relay to forward the received signals from the
source. min {(VSR(k)'VR(k)D +In(1 + st)} is an effective method for measuring

the BER at the destination proposed in this paper. ysg, is the SNR for the source-
relay link while y, , denotes the SNR for relay-destination link and ygp, is the

SNR of the source-destination link.
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2.4 Non-Orthogonal Multiple Access (NOMA)

NOMA is a communication principle which ensures spectrum resource
sharing/reuse at different power ratios. The spectrum resources shared are mainly
time, space, frequency and code, [54-56]. NOMA allows the simultaneous serving
of multiple users by using the entire system bandwidth to transmit data with the
help of superposition coding at the base station and successive interference
cancellation (SIC) decoding techniques at the users; this is in contrast with the
traditional orthogonal multiple access in which spectrum resources are exclusively

allocated per user.[57]

241 NOMA in Uplink Transmission Scenario

In the uplink NOMA [58-59], we have multiple antennas of different user
equipment non —orthogonally transmitting to a single receiver antenna at the base
station using the same spectrum resources. The transmission is non-orthogonal;
each user transmits its signal at a power dependent on its channel gain. Superposed
message signals received at the receiver (BS) cause interference to each other.
There is a need to distinguish the different received messages when considering

SIC accurately.

Based on NOMA the received signal from the highest channel gain user will be the
strongest at the BS receiver and will be decoded first but will also experience
interference from the other NOMA users while the lowest channel gain user

experiences zero interference from other users.

2.4.2 NOMA in Downlink Transmission Scenario

According to [58] and [60], the power domain NOMA system can serve multiple
users in the same time slot. The multiple access trait is achieved by allocating
different power levels to different users. The base station transmits a linear
superposition of N users’ data by allocating a fraction a; of the total power to each
such that the power allocated to the i** user U; is P; = a;P, where P is the total

transmit power.
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On the receiving end, each user decodes the signal of the stronger user i.e. U; can
decode the messages for each strong user and perform SIC with N < i. Signals
from stronger users are then subtracted from the received signal to decode the actual
signal of the user U; itself treating the signals of the weaker user Uy with N > i, as

interference termed intra-cell or intra-cluster interference.
The received signal at the user U; can be represented as
yi = hl-x + Tli (27)

where x = >V, /a;Ps; , refers to the superposed signal transmitted by the base
station with s; being the signal for U; and n; is the additive white Gaussian noise of

the user U; with zero mean and variance 7.

Considering a NOMA downlink scenario with a single antenna base station and N
single antenna users with distinct channel gains. The base station non-orthogonally
transmits N different signals by superposing them on the same spectrum resources,
but all N user equipment receivers will get their desired signals along with

interference caused by the messages of other users.

2.5 NOMA and Relay Selection

Among the many promising wireless communication techniques, relay-based
networks have emerged as a critical concept, primarily when employed with
NOMA, [61-62]. The key idea is that the mobile users relay signals to each other
to emulate an antenna array. Since the deployment of multiple relays offers even
more significant performance improvements in dual-hop cooperative networks,
special attention has been given to the analysis of relay selection techniques mainly

the opportunistic relay selection and the partial relay selection.

Due to the benefits of relay selection and NOMA as separate concepts. It is essential
to develop NOMA systems under relay selection jointly. A cooperative NOMA
system with simultaneous wireless information and power transfer which was

studied in [63], where NOMA users located near the source act as energy harvesting
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relays to help far NOMA users. Different from cooperative NOMA [64], a
cooperative relay system employing the NOMA scheme was proposed in [65-67]
to improve spectral efficiency. The design of NOMA with one relay was also
studied in [68]. Recently, [69] studied the implementation of NOMA in a multi-
relay network system investigating a scheme assuming joint NOMA and PRS. The
researches on NOMA and relay selection are broad some of the more recent works

in literature are as explained in the section that follows.

2.5.1  NOMA schemes in partial relay selection

In this scheme the authors consider joint NOMA and PRS using an AF relay
network. Based on this model, the authors in [19] investigated the outage
performance and the sum rate of the NOMA scheme in AF relay system.

K Relays
hsp

thD2

hSDZ >.

Figure 2.3 System model for NOMA model will PRS [19]

The system model of this scheme is shown in Figure 2.3 where the authors consider
a downlink cooperative dual-hop relay system with a base station (BS) intending to
transmit the signal to two users (i.e., D, and D,) with the help of one out of K AF
relays (i.e., {R,....., R }. The selected relay is determined using PRS criteria. The
system is considered to exhibit frequency non-selective Rayleigh block fading and
additive white Gaussian noise (AWGN).
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The authors showed using numerical results that the ergodic capacity at the weak
user relies on the power allocation ratio in the high SNR region. It was also
demonstrated that NOMA with PRS improves performance gain as the number of
relays increases and this only significant for a maximum of 2 relays, outage

performance is almost constant for more than two relays.

2.5.2  Joint user and relay selection for cooperative NOMA networks

The work done in [70] considered AF cooperative NOMA to derive approximate
and asymptotic expressions on average sum rate with relay selection. Inspired by
this work, authors [69] focused on investigating a joint user and relay selection for
AF cooperative NOMA network. Based on a candidate subset, they proposed an
optimal selection criterion to improve the outage performance of the system and
derive the exact expressions on the outage probability. They also noted the effects
of several physical parameters, including transmission power, the number of relays
and target data rate on outage probability were revealed. The authors’ results
showed that when the target data rate is low enough, the diversity order of the
outage probability equals to the number of relays, whereas when the target data rate

tends to infinity, the outage probability occurs one.

The research considered two-slot AF cooperative NOMA networks, as shown in
Figure 2.4, in which multiple users transmit messages to two destinations with the
help of multiple AF relays. In this system, they had M users, N relays and two
destinations. The destinations share channel resource simultaneously through
NOMA, and they are categorized by their quality of service (QoS) requirements.
Hence D, required a low data rate with short packet size for urgent scenarios, while
D, is served opportunistically for a long time. All nodes were assumed to be
equipped with single antennas and operate in the half-duplex time-division mode.
Due to severe fading, there were no direct links between the user and the
destination, and all links were assumed to be quasi-static Rayleigh block fading and

independent
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Figure 2.4 Two-slot AF cooperative NOMA system model [69].

In this model, a system analysis was done by deriving closed-form analytical
expressions and asymptotic results. The asymptotic outage performance revealed
that the number of relays and target data rate affect diversity order. The number of
users has no positive impact on the diversity order of outage performance but help

in improving transmission quality.

The authors in [71] also considered a dual-hop AF NOMA model but subjected to
Nakagami-m fading. In this model, they evaluated the impact of the number of
relays, the Nakagami-m fading severity parameter and NOMA power allocation on
the outage performance of the system. In [72], a NOMA-based transmission
between two sources and two users through a set of full-duplex/half-duplex relays.
In this model, they also consider channel variance to be exponentially dependent

on the transmitted power of the relay.

2.5.3  Underlay cognitive networks with cooperative NOMA

In another research that focused on NOMA and relay selection, the author [21]
focused on an underlay cognitive radio network with cooperative NOMA. In this
research, they focused on developing a cooperative NOMA scheme for a CR [73]
network subject to an underlay approach. In their work, a cooperative scheme is
used to enhance the outage performance at a cell edge user for user fairness, and

NOMA aims to improve its decreased spectral efficiency, with this in mind they
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proposed this system to enhance both spectral efficiency and user fairness. In the
analysis, a number of secondary users employed cooperative NOMA, in which a
user with strong channel gains is selected (to act as a relay) by a multi-antenna BS
to assist another user with weak channel gains in the presence of a primary network.

Closed-form expressions for the outage probabilities were derived, and some useful
insights into the behaviour of outage performances in different cases were given.
These results showed that the outage at both users decreases significantly by
increasing the number of antennas at the BS. Also, an outage floor which relies on
the maximum tolerable interference was observed in the outage probability.
Furthermore, the impact of multiple antennas on the outage floor was discussed,
and the impact of the number of multiple cooperative secondary users in multi-user

scenarios.

In their model, they considered a cooperative NOMA scheme for an underlay CR
network in which a secondary BS intends to transmit to two groups of secondary
users in the presence of one primary transmitter and one primary receiver as shown
in Figure 2.5. Assuming that the BS is equipped with M antennas and adopts a
transmit beamforming technique, while all other nodes are equipped with a single
antenna. They considered that user U; is located far away from the BS while the
user U ,xis near to the BS. The preliminary analysis was performed considering
only two secondary users U; and U,, and afterwards, it was generalised for the

multi-user case.
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Figure 2.5 Cognitive radio network with cooperative NOMA [73].

The other derived closed-form expressions for the outage performance of a single
cooperative NOMA user. They also showed that the outage performance at both
users increased significantly as the number of antennas at the secondary BS
increased. An outage floor existed which was dependent on the maximum tolerable
interference power, and this outage floor reduced as the number of antennas
increased. They concluded using these results that for an underlay cognitive
cooperative NOMA system, selecting the optimal number of antennas and
maximum tolerable interference power results in an improved outage performance

of the system.

2.6 NOMA and Successive Interference Cancellation

Based on the downlink NOMA concept, all individual user information signals are
superimposed into a single waveform at the BS. SIC distinguishes all multiplexed
users that are using the same spectrum resources (time, code, frequency, space, etc.)

through successive subtraction of the decoded signal from the overall received
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signal. According to [74], the decoding time increases as the number of users
increases and also the power allocation gets complicated when trying to distinguish
the users. The receiver needs to determine the phase and amplitude of each user
accurately, according to [75]. This is crucial as it helps in the subtraction of other
messages through SIC.

2.6.1 NOMA with imperfect SIC Implementation

The work of [76], focused on a NOMA network with SIC for the downlink channel
and the associated security issues. NOMA signals for all users are superimposed
and encoded then transmitted from the source, at the destination each user uses SIC
for the decoding process. A user performs SIC by subtracting unwanted signals for
the other NOMA users in a well-defined sequence until it decodes its intended
signal. The sequence at each user should tally with the user index in SIC, however,
in the event of a cancellation mismatch the user will not get its intended signal and
will re-request the source which will increase processing time. The increase in
processing times poses security threats to transmitted messages [77-78]. The
authors present an analysis of the impact on the performance of having perfect SIC

and ling decoding times associated with imperfect SIC.

It is revealed that the time for decoding varies according to the order of user
connected to the network. The order/sequence depends on the distance of the user
from the base station; this distance is also used to determine the power allocation
coefficients. Time to decode signal for the first user gradually increases as the
number of NOMA users increases. The authors simulated a scenario where the user
mistakenly decodes the message of the neighbouring user with an error index of
two users. A way to prevent interception and optimize security is through the

addition of layers from complex algorithms and intelligent transmission.

2.6.2  Exploiting NOMA in cooperative relay sharing

The work of [22], was motivated by the need for strategies that can increase
capacity gains and provide connectivity to more users in cooperative relaying
schemes (CRS) [79] using NOMA systems. The authors carried out investigations

in the impact of relay schemes (RS) on the performance of cooperative NOMA.
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They proposed and analyzed a dual-hop CRS using NOMA where two sources are
allowed to transmit in parallel, and the decoded signals at the relay are re-encoded
and forwarded in parallel again to the destination NOMA users as illustrated in

Figure 2.6

S,

—» t, datalink - - » t, data link

Figure 2.6 System model for NOMA-RS [22].

They derived the ergodic sum capacity of NOMA-RS under both perfect and
imperfect SIC scenarios, and simulation results validated these results. The authors
also used a cooperative network using orthogonal multiple access as a benchmark.
Results showed that NOMA-RS outperformed OMA under perfect SIC, whereas
performance gains under imperfect SIC were significantly dependent on the level
of the residual interference. The results showed that power allocation coefficients
have a substantial impact on ergodic sum capacity of NOMA-RS and also the fact

that more users can be served at the same instance.
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2.6.3  Cooperative NOMA systems with imperfect SIC in cognitive Radio

Networks

The work done in [23], a NOMA system with imperfect SIC in an underlay
cognitive radio network. The model in Figure 2.7 assumes that all channel
coefficients follow Rayleigh distribution. They derive an exact closed-form of the

outage probability for each secondary destination.
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Figure 2.7 System model of an underlay cognitive NOMA network where, h; ;

(i#j,i€{ps,r},je€{p,r dy,d,})isthe channel coefficient [23].

Imperfect SIC scenario, as defined in [23], is investigated in an underlay cognitive
radio network. Derivations for the asymptotic outage probability are analyzed, and
it is noted that the diversity order of zero is achieved, which results in error floor
ah high transmit power regions. Simulations results are used to validate the

mathematical derivations.

2.7 Spectrum Sharing in Cognitive Radio Networks

Cognitive radio refers to an intelligent wireless device that exploits the existing
wireless spectrum opportunistically to improve spectrum utilization. The main issue

addressed by cognitive radios is spectrum usage, which allows for spectrum
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sharing. According to [80-81], there are three main categories for spectrum sharing

in CRs; overlay, underlay or interweave.

= Underlay: Code Side Information- this is when a secondary transmitter
knows the channel strengths to the non-cognitive (primary) receiver. The
secondary user can transmit simultaneously with the primary user as long
as interference caused is below a set threshold. The secondary user’s
power is limited by the interference constraint (set threshold). The
interference caused by the secondary user can be estimated via reciprocity
if the secondary transmitter can overhear a transmission from the
secondary receiver’s location. The secondary transmitter can also be very
conservative in its transmit power to ensure that its signal stays below the
predefined interference threshold. Since the interference constraints in
underlay are restrictive, secondary users in this paradigm are limited to
short range communication.

= Qverlay: Codebook Side Information (CSI)-[82] cognitive nodes know
channel gains, codebooks and the messages of the non-cognitive users.
Codebook information can be obtained if the primary user follow a
uniform standard for communication based on a publicised codebook or
through broadcasting of the codebook periodically. In the overlay
paradigm it is assumed that the primary message is known at the
secondary transmitter when the primary user starts transmission (more
practical in a case of retransmission where the secondary user manages to
decode the signal while the primary receiver fails due to fading.Cognitive
users can transmit simultaneously with the non-cognitive user; the
interference to a non-cognitive user can be offset by using part of the
cognitive user’s power to relay the non-cognitive user’s message. The
cognitive user can transmit at any power; the interference to the non-
cognitive user can be offset by relaying the non-cognitive user’s message.

= |nterweave: Activity Side Information (ASI) - [83-84] Cognitive user
knows the spectral holes in space, time or frequency when the non-
cognitive user is not using these holes. The cognitive user transmits

simultaneously with a non-cognitive user only in the event of a false
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spectral hole-detection. The cognitive user’s transmit power is limited by
the range of its spectral hole-sensing. The utilization of spectrum is
improved by opportunistic frequency reuse over the spectrum holes. The
interweave technique requires knowledge of the activity information of the
primary users in the spectrum. The interweave paradigm allows a
secondary user to periodically monitor the radio spectrum, intelligently
detect occupancy in the different parts of the spectrum holes with minimal

interference to the active primary users.

2.8 Cognitive Radio Network with Relay Selection

CRs, according to [83], exploits side information about its environment to improve
spectral utilization. This side information can be activity channels, codebooks and
messages of the nodes. CRs utilizes advanced radio and signal processing
technology along with novel spectrum-allocation policies to support new wireless
users operating in the existing crowded spectrum without degrading the

performance of the entrenched users.

2.8.1  Cognitive Coded Cooperation in Underlay Spectrum sharing

network

Due to the high demand for a means to deal with the strain on the radio spectrum,
cognitive radio networks have been exploited as a possible solution. Work done in
[85], proposed integrating CRs with cooperative relaying techniques. It analysed
the outage and bit error probabilities of a dual-hop cognitive turbo-coded relaying
network with outdated channel state information (CSI) [86] Rayleigh block fading.
The model assumed a transmit power that is constrained by the maximum allowable
transmit power at the secondary source and an interference power constraint
determined by the primary network. The model, as shown in Figure 2.8,
incorporates the effect of interference from the primary transmitter on the
secondary network relays and a destination user. The best relay is selected from a
set of DF relays. Motivated by [87-89], they assume that the relays are corrupted
by cochannel interference (CCI) while the destination is only affected by additive

noise
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Figure 2.8 System model of coded cooperation with relay selection in an underlay

spectrum sharing environment [85].

To efficiently analyze the main parameters of the system performance, the authors
derived analytical expressions of the end-to-end bit error rate (BER) and outage
probability of the proposed model. The authors derived upper bound of the
probability in the high SNR regime assuming binary phase-shift keying. The author
also provided corresponding simulation results to validate all these mathematical
derivations. In conclusion, this study revealed that the diversity gain on the outage
probability was found to solely depend on the desired CSI without being affected
by the interference CSI.

2.8.2  Underlay Cognitive Multiple relay Networks

Motivated by another scenario, [90] investigated underlay cognitive network
systems with multiple intermediate relays. In this model, the authors assumed that
there was a direct link from the secondary source to the destination and a relaying
link as well. The relaying link was implemented using two modes: (i) DF and (ii)

incremental decode and forward (IDF).
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Figure 2.9 Model of an underlay cognitive radio network with multiple relays [90].

SU transmitter

Illustrated in Figure 2.9, the author investigated an underlay cognitive relaying
network with mutual interference between SU and PU. Insightful analysis of the
outage performance gap between DF and IDF relaying was done. In particular,
based on the characteristics of cognitive relay networks, the authors considered a

direct link between SU source and destination, and a set of relays.

In this model, it was assumed that all nodes are equipped with a single
omnidirectional antenna and are in half-duplex mode with time division multiple
access (TDMA) [91]. This study revealed that the outage gap between DF and IDF
relaying reduces with an increase in the number of available relays. The direct link
and increasing number of relays also compensated the performance loss resulting

from the PU transmitter’s interference.

2.9 Conclusion

The main focus of this chapter is to explain the work that exists in the literature that
motivated us into doing this research. We cover NOMA, Cognitive Radios and
Cooperative relaying models that have been studied in the past. NOMA has been
considered the future of multiple access radio network due to its capabilities of

enhancing spectrum efficiency by transmitting using the same spectrum resources
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without spreading redundancy.  Cognitive radios are intelligent wireless
communication devices that utilize side information about the transmission
environment to improve spectrum utilization. These radios use advanced radio and
signal process technology and comprehensive spectrum utilization policies to
support wireless users in the crowded spectrum without the performance of
established/licensed users. Cooperative communication is vital in transmission
since it increases capacity performance. System reliability increases with the
existence of a relaying link as it reduces end-to-end channel fading by being an
intermediate node. Due to all these different positive attributes research work is
expanding to the integration of these models as a way of optimising the overall
system. Now in the chapters that follow motivated by these concepts, we propose a
model that integrates these three key concepts. The main aim of this study is to
understand the impact of relay selection in a cognitive NOMA radio network model

concerning outage performance.
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Chapter 3 NOMA in Spectrum-Sharing
Network under Interference Power

Constraints

3.1 Introduction

This chapter focuses on non-orthogonal multiple access in a cognitive radio
network with spectrum sharing and transmission power constrained. The model
incorporates a dual-hop transmission through a set of decode and forward relays.
A secondary source node communicates with two destination nodes through the
help of a single relay node selected from the set of DF relays making sure that the
multiple cognitive transmissions do not compromise the primary networks’ quality

of service (QoS).

The relay nodes are used to improve the reliability and coverage of the cognitive
network since there exists a strict power constraint on the secondary cognitive
source. Closed-form expressions for the outage probabilities at both destination
nodes are obtained. Monte Carlo simulations are provided to assess the accuracy of

the proposed analytical framework.

3.2 System Model

As shown in Figure. 3.1, motivated by [19] we consider a downlink cooperative
underlay CR-NOMA wireless system, where concurrent primary transmissions and
secondary transmissions with NOMA take place. On the one hand, the secondary
network consists of a cognitive source SUs, a set of K relays denoted by R,
where k = 1, ..., K, and two destination nodes, D,and D, while on the other hand,
the primary network includes a primary transmitter PU;, and a primary

receiver PUg,.
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Figure 3.1 Illustration of a cooperative underlay CR-NOMA wireless system with

DF partial relay selection.

The secondary transmissions take place in two-time slots. In the first phase, SUs
broadcasts information xs to all the relay nodes Ry, and both the destination nodes

D, and D,. The received signals at Ry, D, and D, are given respectively by

YRy = Rsppxs + \/P_PhUka' t Ngry,, (3.1)
Yp, = hspyXxs + \/P_Phuulx' + Ngp,, (3.2)
Yo, = hsp,Xs + /Pphyp,x’ + ngp,, (3.3)

where x' is the transmitted signal from the primary transmitter in the first phase, Pp
is the transmit power of the primary transmitter, and the transmitted signal x is

given by

Xg = Ja,Psx; + ./ a,Psx,, (3.4)
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with x; and x, being the messages for D; and D,, respectively, and a; and a, are
the power allocation coefficients. We assume that |a,| > |a,|, with |a;| + |a,| =
1 according to NOMA. Also, hgp ~ CN(0,Qgp ) denotes the complex channel
fading coefficient, with the subscripts E = {S,R,,U} andF = {Ry,D;,D,,V}.
Moreover, the noises at the receivers R, and D; with i = {1,2} denoted by
nsg,and ngp, respectively, are additive white Gaussian noise (AWGN) with zero
mean and variance M, i.e., ~ CN (0,2, ). Both the users D; and D, form a
NOMA downlink system with channel hgp, < hgp, [10]. In (4), the transmit power
at the secondary source is given by

Ps = min (P, ), (35)

|hsy|?

where P, represents the maximum allowable transmit power, I, is the interference
temperature limit which guarantees that the secondary transmissions do not violate

the primary transmissions at the primary receiver.

In the second phase, a relay selected from a set of relay nodes that have successfully
received the source information in the first time slot is used to assist the source by
forwarding its message to both D, and D,. The relay selection criterion will be
defined subsequently. For now, we assume that R, is selected to transmit in the
second time slot. Similar to the source, the transmit power of R;, is also limited and

given by

Pg, = min <Pt ,I—p>. (3.6)

2
thV|

The received signals at both D, and D,, emanating from R;, in the second phase are

given respectively by

YRep, = hRKDlka + VfﬁhUDlx” + NRgp, » (3.7)
YRy, = hRKDZka'+ VfﬁhUsz" + NRD, (3.8)
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where xp, the transmitted signal from the selected relay node is expressed as xg, =
J diPr x1 + [ dyPg x,, with the assumption that |dy| > |d,| given |d,|+
|d,| = 1, x"" is the transmitted signal from the primary transmitter in the second
phase, and NRyp, ~ CN(0,Vy ) is AWGN. Next, we derive the received signal-
to-interference-plus-noise ratio (SINR) at D,, and, D, as shown in appendix Al.1-
Al.2. After substituting (3.4) into (3.2) and after some manipulations, the received
instantaneous SINR at D, to detect x; is given by

Vsp, = #;(1131“’ (3.9)
where X; = yo|hSD1|2 andBp, = y2|hUD1|2. Using the approach in Appendix
Al.3, the received SNR at D, used to detect x; is given by

Vsp,, = — 2 (3.10)

aX; +Bp, +1'
where X, = )/0|h$DZ|2 and B, = )/2|hUDZ|2 . Note that, Bp, = VzthDilz
represents the instantaneous signal-to-noise ratio (SNR) for the links P — D;,
with i = {1, 2}. D, decode the symbol x, by cancelling x, using SIC. To this end,
the received SNR at D, for receiving x, according to Appendix Al.4-Al.5 is
expressed as

Vsp, = —2X2— (3.11)

BD2+1l

Note that By, refers to the interference caused by the primary transmitter on the
destination D, . In the second phase, the selected relay transmits the source
information to both the destination nodes. Using the above definition of x, and
equation (3.7) and after derivations shown in A2.1-A2.2, the instantaneous SINR

at D, is given

di1Z;
=—%k 3.12
YRyD, d2Z1) +Bpy + 1 (3.12)
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where Z;, = V1|thD1|2 with y; = min (yp le> With the help of xp, in
hr,v
(3.8), the received instantaneous SINR used for D, to detect x; based on Appendix

A2.3-A2.4 is given by

— d1Zz
d2Z3;, + Bp, +1 '

(3.13)

YRyD:2

While the instantaneous SINR used for D, to detect x, according to Appendix
A2.5-A2.6 is given by

d2Zz,
Bp,+1°

YrD, =

(3.14)

It is assumed that both D, and D, employ a selection combining (SC) scheme.
Hence, as mentioned above, the received instantaneous SINR at D, and D, are

given respectively by
VYp, = maX(VSD ' )/Rle)l (3.15)

Yp, = max(ySDZJYRkDZ)- (3.16)

It is previously assumed that R, is selected as the best relay node. Here, a partial

relay selection scheme is used according to the following criterion
k = argjer?fK {YRjDi}' (3.17)

For mathematical tractability, the relay with the highest SNR link between any of

the relay node and the two destinations is selected.

3.3 Outage Performance Analysis

In this section, we derive the outage performance of each destination node using
the statistics of the received SINR obtained previously. It is defined as the

probability that the received SINR at a particular user falls below a pre-defined
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threshold. In this case, it is assumed that both destinations D, and D, have the same

outage threshold y,,, = 22%h — 1, where R, denotes the target transmission rate.

3.3.1  Outage Probability at D4

Here, an outage event occurs if neither the direct transmission nor the relaying
transmission succeeds at D,. Using the above definition, the corresponding outage

probability can be expressed mathematically as

0P1 = Pr(maX[)/SDl, yRle] < yth)' (318)

Since the random variables (RV) ysp, and yg,p, are independent, (3.18) can

further be written in terms of the cumulative distribution function (CDF) as
0P1 = FYSDl(Yth)FyRle()/th)' (319)

In what follows, we derive the expressions of the CDFs in (3.19). Starting with the
CDF of the RV ygp, and using (3.9), we get

a1 Xy
a2X1 + BD1 +1

Frgp, (r) = Pr < Yun). (320)

Using the definitions of X; and B, given above, and with the condition on the
transmit power at the source node, (3.20) can further be expressed as

2
Mg T2 5o

1
Esp, (yn) = Pr < Vth,m <7r

M:ﬁmsulf + |hUD1|2V2 +1

2
+ Pr( |hsp,|"aivp < Yenr |h7’_1|2 > ],P> ) (3.21)
SV

|hsp, |2anP + |hUD1|2V2 +1

where yu; = a,y; and u, = a,y;. To derive (3.21) in closed-form, we deal with the
two expressions in (3.21) separately. In what follows, we denote I, as the first part
of the summation and I, as the second part. We start with the first part of the

summation which can be rewritten after some algebraic manipulations as
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)4
L = Pr(|h501|2 = (W) (Yz|hunl|2 + 1) |hsv|2)

x Pr(|hgy|? VV—') (3.22)
P

By taking @ = u; — u, v, and after performing some manipulations and using the
moment generating function (MGF) of the chi-square distribution as shown in
Appendix B.1, we obtain

_ 2 2 ﬁ
11 = Pr(thDll S g'l) Pr(thVl ZVP)
[ 1, n
L =11- exp <— g1 > (3 YPQSV)
i Qsp, /|

[ [ __91 v
L=|1—-E . al|e “sml (e naﬂsv), (3.23)

lhsv1%|hup, |

where g, = (%h) ()/2|hUD1|2 + 1) |hgy|2. It turns out that the exact expression of

(3.23) is difficult to obtain. Therefore, we derive an approximate expression with

the help of Jensen’s inequality, which yields
I 1- ythythSVQUD1> - (1 + —nhnhw)_l _ypg’llsv (3.24)
1= ?Qsp, BQsp, ¢ '

A detailed derivation of (3.24) is given in appendix A. Using the same approach, I,

can be approximated as shown in (3.25), where ¥ = 8, — B, v, With B; = a,¥p,

and 8, = a,y, for notational convenience.

__Yth
I, = [1 — I thi;};zium e 1.095131” Vpﬂhsv> (3.25)
1

After substituting (3.24) and (3.25) in (3.21), we obtain a closed-form analytical

expression for the approximate of F,__ (y.,). Next, we focus on deriving an

VSD

analytical expression of F, (Ytn)- Based on (3.14), the CDF of y, p, can further

VRD

be expressed as
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—prf R
oo, ) = Pr (s < i) (3.26)

Using the definitions of Z;, and Bj given above, and with the condition on the

transmit power at the relay node, (3.26) is provided by

a 2
2| RkD1|

Fyep, (en) = Pr | | R|’;V|

\M"‘ |hUD1|ZYZ + 1
| Rle

< Yth |thV|2 = é

N

2
‘th’31| w1

+Pr

——==Ypr |\ (3.27)

thkV|

< Yih,

2 2
‘thnl‘ w2 + |hunl| Y2+1

where a; =dy; ,a, =d,y; w; =d;yp , and w, = d,yp for notational
convenience. After rearranging (3.27), and using n = a; — a,y, and 9 = w, —

W, Yh, We can express (3.27) as

Y
FVRkD1 (Yen) = (Pr (lthnllz < (,01) Pr (|thV|2 > ﬁ))

+Pr (|hgp, | < 01) Pr ([hey | < yy—;) (3.28)

where we define ¢, = (Vnﬂ) ()/2|hUDl|2 + 1) |thV|2and from the second part of

(3.28), 0, = (%h) ()/z |hup, |2 + 1), and we denote the first and second parts of the

summation in (3.28) by J; and J,, respectively. It is easy to obtain the closed-form

expression of J; as
1 X 4
Ji = [1 —e QRlel <e VPﬂRkV>_

-1
Ji= (1= 25 () D™ [(1 +—m”hyzﬂ"’<"“”"1) (1 MY TRy ” VP“Rkv

UQRle nQRle

(3.29)
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Next, to evaluate J,, we use the same approach as the one used to obtain J;. Hence,

J» can be approximated by

e 13 (o

n=1

-1
< VthVZQUD1> <e‘an}::D1) 1— (e‘yps];;kv) ]
YQg, p,

(3.30)

Plugging (3.29) and (3.30) into (3.28) and substituting the resulting expression

together with the analytical expression of E, . (yy,) previously derived in (3.20),

VSD
yields the analytical expression for the approximate of the outage probability at D,
as shown in (3.31).

X . . :
my V205 w0 My, Qp, v - h
0P, = Z( )( pyn-t ( wm V2 Qg v UDI) (l—l— th R,‘L) (e v 0g,v
& \m NQg,D, 10,0,
-1 _ Tih Y
( n}ﬂl}’gﬂb‘Dlj e 13;13;‘_51 1_ e T"PanV
LE"ﬂR;‘.D:[

¥r

[T " -1 , -1 -
1— (14_M) (l+}”‘ﬂﬁﬂ«') o TPUhgy
| Gﬂsgi G’ﬂsgi
[ [ 1 yalle -1 __nh —
+li- (1 + M) e sy || [ 1= ¢ 770
| ¢%Dj

+ K (K)( l)nj_

(3.31)

3.3.2  Outage Probability at D,

An outage event at D, occurs when both the first phase and the second-phase
transmissions are not successful. Based on NOMA and SIC, the outage will occur
when D, can detect x, successfully but fails to detect its signal x,, or when D, fails
to detect x; due to the significant impact of the interference from the primary

network, i.e., Bp,. The outage probability at D, is given by
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OPZ = FVSDZ(Yth)FVSRkDZ (Yth)- (332)

First, our attention is on deriving an analytical expression of E,._ (y.,) which can

)/SD

be expressed as

E_ (yq) =P aX; < a, X, >

+Pr (—X < yth). (3.33)

azX, +BD2 +1

With the constraints on the transmit power, the first part of (3.33) denoted by G,

can be rewritten as

a, X, o a, X, )4i
G, =Pr|————— < < +Pr|—— < ST = )
(3.34)

And can further be expressed as

-1
~ |1 <1 + YthYZQhSVQUD2> <1 Ythﬂhsv PQhSV
Uz Qsp, .UZQSD2

Yth

1— l(l + M X e Bzﬂsnzu Pﬂh5V> (3.35)
ﬁzQSDZ

+

Similarly, the second part of (3.33) denoted by G, can be analytically obtained

using the above approach. First, we rewrite G, in (3.33), as

a X a1 X

Yi Yi
= e o A < + — < —_— >
Gy =Pr (azxz +Bp, +1 — Vb, |hsyl? = ]/p) Pr (azxz +Bp,+1 — Vin, lhsyl? — )/p),

(3.36)
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Equation (3.36) can be given in closed form as

Qe Qup\ " Q. N\l -
G, =|1- <1+Yth)/2 hsy UD2> <1+Yth h5V> <e yPQhSV>
¢‘(ISDZ ®QSD2

Y

VenyaQ -1 __Yth __rr
1— I(l +M> e ¢QSDZl <1 —e YPQhSV>_ (3.37)

YQsp,

Also, note that

p a1 X, S 1_p a1 X, <
r =1-Pr < ,
WX, +Bp, +1 ' WX, + Bp, +1 '

Pr(al—x2 >yth) =1-0G,

a2X2+BD2+1

(3.38)

The analytical expression of F, . (y,) based on (3.33) can be expressed as

SD»

FySDZ(Vth) =G,(1-Gy) + G,
(3.39)
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Equation (3.39) reduces to

-1 -1 .
ythy'?ﬂh_g[, Qyp, Yin Qpgyr —h
}spﬂ(j’th) - 1+ e 'Fhsy
‘U.aﬂ_g'gq ﬂzﬂSDg
[ r N -1 Yih _:1’_!
+|1—- (1+W) x e F2soz|l| 1 —e "Ry
P2 Da
-1 -1
_ _ Yeh Y28 g, Qup, Vi gy, “yeoy,
<|i [1 (1 et ™ reta 7
[ [ Y ¥aflyp ! e = om;
+(1-— (l-l—#) e Yosp2 1—e :"P‘ﬂ"s'v)
S0
-1 -1 ¥I
Yeh Y2l o, Quo, Yenflh gy Typn.,
(l+ o000, ) (1+ om0, e v
[ P -1 __Ydh -
o[-l ] o)
D2

(3.40)

Next, we turn our attention to deriving an analytical expression of F YSR b, Ven)

Using (3.13) and (3.14), the term F, () can further be expressed as

VSR D,

dzZ; a1Z; a1Z;
K = Pr{—k <y, > Pr{——2— < yy).
YSRD, en) Bp,+1 Vb dyZz, +Bp, 1 Ve ) + dpZy, +Bp, +1 ~ Vi

(3.41)
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We denote the first part of (3.41) by H,. After some expansion, H; is given by

dZZZ yI
Hy =Pr <—B +k1 <Y 3 =Vp
DZ thv|

d,yZ:
+Pr< k- < Y _yp>, (3.42)
B RkV|

1_)2+1

And can be obtained analytically through tome approximations and given by

.
(6 VPQRkV>

K [ nythV2Qup -1 -2
- g (v (1 et ]| (1), g

W2QR,; D,

H, =

[ Qr.\ "1 Qr.vQup.\ L
1 —Z§n=1(7ﬁ)(—1)m—1 (1 +—myth RkV) (1+—mhhy2 RyV UDZ) ]

a2QR, D, a2QR; D,

_|_

Subsequently, the second part of (3.41) is denoted by H,. Expanding H, in (3.41)
yields

dlzz V4i dIZZ Yi
H,=Pr L <y <y |+Pr{—————F—<yp.——==>75 |,
’ <d222k + BDz +1 " | RkV|2 3 dZZZk + BDz +1 . |thV|2 F

(3.44)

And further given by

K L ,
e () () )
NQg,p, N0, D,

m=1

n Q -1 __Yth W
K=1(§)(_1)n_1 I(l + M) e ‘mRlel <1 —e VpﬂRkv>_

| l

ﬁﬂRsz

(3.45)
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Based on (3.43) we have the below

Pr iy 1-P L, <
dyZy +Bp, 1 )T T 4z, + 8y, 1

Pr (dli > yth) =1—-H, (3.46)

dzsz+BD2 1

After plugging (3.43) and (3.45) into (3.41), we come up with the closed-form

expression of E (ywn) Shown below

YSR Dy

-1

-1 -
() — )’th Yin V2% o Qup, - Yin Qpg, g—},ﬁbﬂ;
}SR o il 2 sp, Hadsp,
_ [ yenvalyp,\ T -8 -
+[1— (l—l—i“ - ”3) X e ’93‘“592] (1—5’ ”"n"srr')
| Baflzp,
-1 -17] Y
vih ¥20h g, Qup, Vih g, 7T
(1 * 0fsp, ) (1 * Blcp, ¢ o
[ [ R -1 __Th _n -
1|1 = (1+M) e ¥0spy 1—¢g "Plhgy
| Pisp,
B -1 -1 Y1
Vi ¥2lh o Qurp Veh Qh gy Typhn_
+1|1 [(1+ o0sn, 1+ T e 0

X ||1— [1—

(3.47)

Substituting the resulting expression together with the analytical expression of

() as above obtained in (3.41), yields the outage probability at D,

VSD
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3.4 Numerical Results

In this section, we present numerical results to evaluate the performance of the
proposed system. Monte Carlo simulations are also provided to assess the
correctness of the mathematical derivations. Without loss of generality, we use the
following parameters: a; = 0.8, a, =0.2 , d; = 0.8 and d, = 0.2. Also, the
threshold SINR at D, and D, is the same and is given by y,, = 22kt — 1, where
Ry, = 1 bit/s/Hz. It is observed in the subsequent figures that Monte Carlo

simulations corroborate our proposed analytical framework.

In Figure 3.2, we investigate the impact of the interference constraint on the outage
performance of the system. We consider a case wherein, and all channels are
subjected to the same conditions and the maximum allowable transmit power of the
secondary network. As can be observed, the outage probability decreases as SNR
increases until it reaches a specific fixed value. This result shows that outage
performance improves until a particular floor of outage value determined by

interference constraints of the system.

In Figure 3.3, we consider a case wherein, the maximum allowable transmit power
of the secondary network takes fixed values, and the interference power varies. This
result implies that the outage probability decreases as the interference power
increases until it reaches a given outage floor which depends on the maximum
allowable transmit power of the secondary nodes. There is a small discrepancy
between the analytical and simulated results for Figure. 3.2 and Figure. 3.3, these
are mainly because the closed-form analytical expressions for outage probability

are approximated using moment generating function.
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Figure 3.2 Outage probability of D;and D,versus y, for y; = 15,25 and 35 dB.
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Figure 3.3 Outage probability of D,and D, versus y; for yp = 15,25 and 35 dB.
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To show the impact of the number of relays, Figure 3.4 considers a scenario where
we vary the amount of DF relays with fixed interference power while maximum
allowable transmit power for secondary nodes increases. The results show that the
outage performance improves significantly when we change the number of relays
from one to two. It is essential also to note that there is a continual improvement
when we increase to three relays even though the difference is not very significant.
This result implies that for a NOMA system in a cognitive radio network, increasing
the number of relays results in outage performance improvement but employing a

high number of relays is relatively insignificant in the improvement of outage

performance.
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Figure 3.4 Outage probability of D;and D, versus y, (SNR) with different number
of DF relays (K=1, 2 and 3) when y, = 25 dB.

Figure 3.5 refers to a case where we include or exclude the secondary relay-to-

destination link for D, with a fixed interference power and varying the maximum
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allowable transmit power of secondary nodes. Results indicate that excluding
the R, = D, link results in higher outage probability implying poor system
performance. It justifies why our model incorporates both a direct link and a
relaying link to transmit to the two destinations. Given these results, it is essential
to note that using D, as a relaying NOMA user results in poor performance on D,

as it will be receiving it is signal direct from the secondary source only.
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Figure 3.5 QOutage probability of D, versus y, (SNR) with and without R;, —» D,
link, when y, = 25 dB.

In Figure 3.6, we consider a case where the relay is a cooperative NOMA user such
that it does SIC before forwarding the signal to D,. In this case, it means the
received signal no longer includes interference from the user D,, as shown in [23],
the outage probability decreases because there is no interference from the stronger
destination. This result indicates that using D, as a relaying NOMA user will lower

its outage performance but in turn improve the performance of D,.
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Figure 3.6 Outage probability of D, versus y, (after SIC assuming D, is a
cooperative NOMA user and when D, signal is treated as interference) with y, =
25 dB.

3.5 Conclusion

In this chapter, we presented a NOMA network in a cooperative spectrum-sharing
network with partial DF relay selection under interference power constraints.
Closed-form expressions of the outage probabilities of both destination nodes were
derived. Monte Carlo simulations were provided to corroborate the proposed
mathematical derivations. There is a small difference between the simulated and
analytical results which is due to the use of the Jensen’s inequality. It was concluded
that the outage probabilities of the two secondary destinations improved
significantly with an increasing number of relay nodes. Furthermore, results
showed that for a fixed interference power, the outage probability decreases as the

average SNR or maximum allowable transmit power of the secondary source
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increases. However, this decrease had an error floor which is dependent on the

interference power constraint.

Chapter 4 Underlay Spectrum Sharing
NOMA network with Imperfect SIC

4.1 Introduction

This chapter investigates the performance of a cooperative non-orthogonal multiple
access (NOMA) cognitive network with imperfect successive interference
cancellation (SIC) under Rayleigh fading conditions. We consider an underlay
cognitive network that consists of a primary transmitter-receiver pair and a
secondary system where a source node communicates with two destinations nodes
directly and directly through a relay node selected from a set of decode-and-forward
(DF) relays. SIC receivers face several challenges, for instance, the decoding time
increases as the number of users grow, and a sophisticated power control
mechanism is needed to differentiate the users successfully [74]. The receiver needs
to accurately estimate the amplitude and phase of each user, this is vital in imitating
the information waveforms of each user at the receiver for further subtraction [75].
Based on these factors, perfect SIC is not always possible in realistic scenarios

which is why we investigate NOMA under imperfect SIC.

A partial relay selection scheme is implemented to determine the best relay used
for the source transmissions. For this analytical framework, we derive closed-form
analytical expressions for the outage probabilities at the two destinations.
Moreover, to simplify the analysis and to provide further insights into the impact
of key system parameters, asymptotic studies of the outage probabilities are carried
out. To this end, we focus on two cases: a) the maximum allowable transmit power

of the secondary network grows sufficiently large; b) the interference power
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approaches infinity. Finally, Monte Carlo simulations are provided to assess the

accuracy of the proposed mathematical framework.

4.2 System Model

Motivated by [73], we consider an underlay cognitive radio network which consists
of a primary source-primary destination pair denoted by PS and PU, respectively,
and a downlink cooperative NOMA wireless scheme with a secondary source S, a
set of secondary J relays denoted by R;, where j = 1,...,J, and two secondary
destination nodes, U; and U as illustrated in Fig. 4.1. We assume that all links
undergo frequency non-selective Rayleigh block fading and all the nodes are

equipped with a single antenna.

PU ‘ PRIMARY LINK PS

Figure 4.1 lllustration of an underlay spectrum-sharing network with downlink

cooperative NOMA.

The secondary transmissions are divided into two-time slots. In the first time slot, S

transmits the signal v =,/ 6;Psv; +. 6,Psv,, to the two secondary
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destinations U, and U, and all the relay nodes R;, where &, andé, are the power
allocation coefficients for U; and U,, respectively, with §; + §, = 1 and §; < &5,

the transmit power P of the secondary source is given by

—) (4.2)
t5p|

where I, is the interference temperature limit, P represents the maximum allowable

Ps = min (P,

transmit power at the source node, and ¢, is the complex channel fading coefficient

between S and PU. The received signal at the relay node is given by

Yrj = tRj(\/ 61Psvy + 8,Psv,) + \/FPQR]-V’ T g (4.2)

Where v, and v, are the messages for U; and U,, respectively. In Figure 4.1,

complex channel fading exponentially distributed coefficients are denoted by Ay ~

(0,9, ), with {Ax} € {ts .ty tu,. tr, G, Gupr Grp huy, hu,, b, [ The noise
at the secondary users U; and U,, and at the relay nodes R; are denoted by additive

white Gaussian noise (AWGN) with mean zero and variance N . v’ is the
transmitted signal from the primary network and P, is transmit power of the

primary source. The received signals at U; and U, are given respectively by

yUl = tUlv + 4/ Ppgulvl + nUl, (43)
yUZ = tUZU + 4/ PPgUzv, + nUZ. (44)

Using (4.2), the received instantaneous signal-to-interference-plus-noise ratio

(SINR) used to decode v, is given by

1)
VR = 5o (4.5)

T Sty +1]

where y; = min (i (1—”)/ : ) |t:R].|2andy2 = (%0) |gRj|2' Similarly, with

t
Ny T\ Sp

the aid of (4.3), the received instantaneous SINR at U; to decode v, is given by
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Vot = (4.6)

S2¥3+va+1’

where y; = min (i Can™ : ) |tu,["and vs = (3= ) lgu, |” with the aid of

No No

(4.4), the received SNR at U, used to detect v, is given by

Vi = e (4.7)

S2¥s +ve+ 1’

2
)|t,,2|2andy6 = (%0) |gv,|”. Both R; and

U, decode the symbol v, by cancelling v; using SIC. It is assumed that the SIC

Where y; = min (i ,(I—p)/

t
No No Sp

performed at R; and at U, for receiving v, is imperfect, and the resulting SINRs

are expressed respectively as

6
VR, = 5o (4.8)

82¥11+y2 + 1’

e ey (4.9)

S1¥s1+Ve+1’

t

2 2
) |tU2_1| ’

ty, ,~CN (0,(2_1Qtuz) and the variable {, ; denotes the level of residual

- 31 I
In (49, we  define  ys; = min (% (3)/

Sp

interference from imperfect SIC with 0<{,; <1, y;; = min (L (1—”)/
- - No No

2 2
) |tRj_1| , Where tr; ,~CN (0, {j_lﬂtRj ) and variable 0 < {; < 1. Wealso

tsp

assume for simplicity that {;  is some residual interference from imperfect sic.t”

™The SIC error used in this model follows a Gaussian distribution as in [22]. The
assumption made in (4.9) is such that when ¢, ; = 1 then we have 100% SIC error

and when ¢, 1 = 0, perfect SIC occurred.
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In the second time slot, a single relay selected from a set of J relay nodes decodes

2
and transmits the source message with P, = min (P,Ip/|hRj| ) As

aforementioned, a PRS scheme is used to select the best relay according to the

following criterion
j'=arg max {VSR,.}, (4.10)

where Vsr; is the average SNR of the jth relay. The received signals to interference

at both U; and U,, forwarded by R; in the second phase are given respectively by

R. " R.

yUlj = hUlij + 1/ Ppgulv + nUi, (411)
R. " R.

yuz’ = hy,vg; +  Ppgu,v" + nU;, (4.12)

where v, is the transmitted signal from PS in the second time slot and Vg, =
b1PRj17I + bZPRjD; is the transmitted signal from the selected relay node
assuming b, = 6; and b, = §,.

In the second time slot, the best relay transmits the re-encoded information to the
two secondary destination nodes. Using (4.11), the instantaneous SINR at U; to
decode 77 is given by

Izl b
Yeu, = po i (4.13)

bay7 +va+1

. P I 2 2 . .
where ¥, = min (70 (Tpo)/ |hRj| ) |hy,|”. Using the same approach to obtain

(4.9), the received instantaneous SINRs at U, to detect 7; and U; are given

respectively by
L (4.14)
ijUZ bays + Ve +1 '
2= Da¥s (4.15)
ny Uz biygi+ve+? '

53



2
where 75 ; = min (P/]\fo,(%)/|h,?j| >|hU2_1|2 for hy, ,~CN'(0,4; 2%, )

with the range of SIC error being 0 < {;; <1and yg = min (P/J\f0 (17’”)/
0
2 2
| ) s

Based on selection combining (SC), the received instantaneous SINR at U; and U,

are given respectively by
Yy, = max ()/,1,711, y;jlul), (4.16)
Yu, = max (y;;:, ygfuz). (4.17)

4.3 Outage Probability Analysis

In this section, due to mathematical tractability, we investigate the approximate
outage performance of the underlying scheme taking into account the imperfectness
of the SIC. To this end, we derive the outage probabilities at both destination nodes.
Before delving into that, we first define the outage probability as the probability
that the received SINR falls below a preset threshold, y,;,. Here, it is assumed that
both destination nodes U, and U, have equal outage threshold y,, = 22Rth — 1,
where Ry, denotes the target transmission rate. It is worthwhile noting that the
proposed approach applies to the case where both U; and U, have unequal outage
thresholds.

4.3.1  Outage Probability at U,

In this proposed system, an outage occurs when U, fails to detect v, or v from the
received signals through the direct link and the indirect link (via the relay node),
respectively. Based on the above definition, the outage probability can be expressed

mathematically as

OPU1 = Pr(yul < Vth)' (4.18)
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where Pr(x) denotes the probability of x. With the help of (4.15), (4.18) is given in
terms of the cumulative distribution functions (CDFs) of the random variables

(RVS) vy andy R,u, 85

OPy, =F vt ()’th)F n (Ven)- (4.19)

] Uy

The expressions of the CDFs in (4.19) can be expanded using the law of total

probability, and the resulting expression of the outage probability is given by 0P,

1“1./ Ls,

2
)ltuil - Vi

|£ul| + |.9ful| ypt+1 -

hy,| &
| Uil 1Yo <y, ¥ -
|hm| §2¥o + |.9ful| vpt 1 ts,

0Py, =

C‘-‘L/lhﬂ | ) |hul|2

hn |hui| + |.9U1| yp+ 1 - v

H?/

h b
Pr - L - < Vi, wa_w
|, | "Bz + |gu | v2 +1 |th

(4.20)

P I P -
where yp = 7’;)/,:7”0,)/0 =0 & = b;y; and p; = &;y; for i € {1,2}.
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In what follows, we evaluate the CDF Fy;;l (vt1,)- Before that, we rewrite the
1

expression of Fy;;l (Yen) @S
1

tsp

2 2
t/ )t
(1 |U1| < Y1

2 = Yihy
Yew|* + 1gu,*rs +1

ZSVO

F vi(ym) = |Pr
Y
n <ﬂ2/

tsp tsp

|tU1|261V0 Vi ]

2 3 <Yt 3 2Yo
|tU1| 8270 + |gU1| yvp+ 1 t

(4.21)

To derive the analytical expression of (4.21), we separate (for the sake of clarity) it

into two expressions, D; and D,, such that

2 2
#1/|t5 | |tU |
D1 = Pr ( 2 p 2) 1 . S ‘ythlLZ S V() (422)
(”2/\%\ )ltull +|gu, ["vp+1 top|
j— |tU1|261y0 YI
DZ = Pr 2 2 <Y —2=Y0 | (423)
ltu,|"82v0 + |gu, v +1 tsp|

Using the approach as in Appendix 1, the analytical expression for the

approximation of D, yields

-1 -1
D=2 |1- [(1 + —yt“y”nts”n“’l’l) <1 + y—“““’) ] : (4.24)

A1 Qtul Algtul

_n
where 2; = e "°%sp and A; = p; — U, Y. Based on the same approach, D, can be

approximated by

-1 Yth
. v
D,= (1-2)|1- [(1 + M) e “2“%] . (4.25)

AZQtul
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To derive the analytical expression of Fyf;'l (Yen), We also separate it into two

RjUq

expressions, E; and E,, such that Fy,,v1 (yw) = E; + E, where

RjU1

2 2
/|hr;| ||h 2
E; =Pr (“12 ‘ RJ‘ 2)| vyl : < v |hRj| S n , (4.26)
(“2/"”?;‘ )|hU1| +gu,|"vp+1 Yp
2
E2 = |hU1| by S Yth, 2 vo | (427)

lhu, |*b2 + gu, | v2+1

2
R|
j

Similarly, using the same method as shown in Appendix 1, we derive an analytical
expression of E; which is given by

m}’thVPQhRngul -1 ththRj -1 498
(1 + ¢’1QhU1 ) <1 + ¢’1Qhu1 ) d2s ( ' )

Ey = 1= Epn () D™

Y
YoQhp . .. . .
where 1, = e Riand ¢; = a; — a, ¥y Similarly, the analytical expression of

the approximation of E, can be obtained and expressed as

-1 Yth
Q __Yth
Ez ~ (1 _32) 1 _211:1(7]1)(_1)”_1 [(1 n nY;m;P gu1> e ¢zﬂhU1] , (4.29)
2 hUl

where ¢, = by, — b,YoYwm- Substituting the derived expressions into (4.19) gives
the analytical expression for the approximate outage probability of U; as shown
(4.30).
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-1

OPU;[ =

m=1 ry

——————

[ -1
| ] MYy, ¥ pe Qg MYy, Q.
I1—Z( )(—1)”"l 1+ ————— (1+ )
i- m (ﬁ}lﬂp., ¢1Dh~r

w,

L j
e e e e

/ Ny Y, \T -l -
_ VPt 0
+(1-23) l—Z(J‘)(—l)”_l (1+ <o bl) e 7y
n=1 n ¢2 hyy
L Tay 0,0, \T Ver 0, \ 7
:l 1_ th /' P tSP 551) (1+ th f_g_p)
MOy A Qg
Yen¥eQ — g
+(1-2)|1- l—i-ﬁ) e A2,
ﬂzﬂtﬂl

(4.30)

4.3.2  Outage Probability at U,

An outage event occurs at U, under two scenarios: 1) when U, can detect
v, successfully but fails to detect its signal v,; 2) when D, fails to detect v; due to
high interference from the primary network. Based on NOMA and SIC, U, should
decode v, , subtract it and then decode its intended signal v,. Hence, the outage

probability at U, is given by

0Py, = Pr(yy, < ¥un)- (4.31)
Using (4.16), the expression in (4.30) can further be expressed as

OPy, = F o (Vth)F % (Yen), (4.32)

] Uz

Where F o (Ywn) and F vz, (yn) are given by (4.33) and (4.34) respectively

] Uz

1) 1) 1)
Fyoz (ven) :[Pr (Z—VS < Vi s >) +Pr (1—”3 < Vth)]'

8151+ Ve + 1 82¥5+ve+1 S2V5+7ve+1

(4.33)
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b
F 1}2 2Vs

R]Uz

() = [Pr

+ ( biys
byyg +ve +1

biyg 1+ve+1

biys
bayg+ve +1

20

< Yth > )’th)

(4.34)

After some mathematical manipulations and using the constraints on the transmit

power of the source, (4.33) can further be expressed, as shown in (4.35).

-1 -1
yﬁhyf’ntspﬂg.;a Yenlsp Y en€a, ey,
F_vs ~ 1+4—m—F717—7— *x|14+—— 1+——- )
Yus ('}(ﬂ‘:) l( + p"—ﬂti}g _'_.IE"'Z‘C!?U2 - 22y, (l)
4|1 (1 TrhTPﬂgug)_l Tgl‘?Ti-,q(l_i_al}’U?’r#il ty, (1-2,)
62 }’0 ﬂt‘yg 6".}(0 ‘C!Ebr,, !
— M= 1 _l l
0 _
x[1—-]|1 VenVp s Qg x(l Ve t”) (1)
a0, 4y tys
-1
1+ ¥
| Yo, | xe 2w |f(1—2))
ﬁgnfi’rq
-1
YerVplhsp quq) ( YenQecs )
+|1-||1+—————= % 1+— (2,)
l( ﬂ]_.;)ru: ]‘l()rblﬂ '
_ Ya¥eQgy \ " Tt
+1‘|(”3ij l (1-3)
(4.35)
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The analytical expression of the approximation of Fy,,v2 (Yn) is given by (4.36)

RjUZ
] a -1 n -1
( ) 1 1 I ( 1)??‘!—]_ 1+m}’fh h‘r‘!_. 1+m'}’th'}’p hﬁ';%ug (: )
YRjU2 ‘ = (plﬂh;;g (plﬂh;;g
] 1 ¥ir
W erVeQgy, 5200,
1=y (1) - ll( — ) xe *’“l (1-13,
n=1 2 ""b'ﬂ
m‘}(ﬂ"ﬂ}'ﬁ! - m}ft}.}fpﬂ}.ﬁ ﬂg[’rq -t
1—2 o™t 1 +—] x|[14—F—
ﬂ’”ﬂn"'br,, ﬂ'ﬁﬂqu
-1
alm‘}(fh{jlnth
x _— :’!
R ) ”( 2)
] J Y eQ -1 n¥eh
_ _qyn-1 thYE™ gy, _bzl‘uﬂ-‘:;;:
?Zl(ﬂ)( b l(1+ bz}’oﬂhuq ) e
byyonyen §j1 Ony, )_l
¥x|1l+—m--—2 x(1—2,)
by¥o Oy, -
] -1 —1]
J MYen Ong, MYenVelhg Dy,
=D (1) comr {1+ 222 ) @)
£ \m ¢'1 hurs 10,
- nymyeQy, \" e -
o T2 o (15
AR (B P
n=1 ?"r,,
(4.36)
4.4 Asymptotic Performance Analysis

In this section, we investigate the asymptotic expressions for the outage probability
of the two NOMA users. We mainly focus on two scenarios; 1) when the maximum
tolerable interference power grows sufficiently large; 2) when the maximum

allowable transmit power at the secondary source, and relay becomes very large.
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441  Asymptotic Analysis for the scenario with y; — o

Assuming that maximum tolerable interference power grows sufficiently large,

i.e., y; = oo the following approximations can be used:

Y

lim e "°%sp ~ 0, (4.37)
VI—)CX)
v
Q
lime '~ "% 0. (4.38)
']/I—)Cx)

The asymptotic outage probability for U; when y; — oo can be derived as

0Py, = Ry " (ra) By o (ren), (4.39)
where FV"’°° (Y, and Fy’;"l’]w (yw,) represent the CDFs for sufficiently large values

of y; and are given respectively by

AZQtul

-1 Yth
S0 YenYpPQ TAo0r
Fyyzjl (Yn) = ll - [ gUl) e Azﬂtull ) (4.40)

y]g_;oo()/th) =[1-%_ (DDt x

nYthypQ B
LA R | P
¢ZQhU1

Note that (4.40) and (4.41) are independent of y; since the maximum allowable

transmit power will always be the minimum for high values of interference power.

For D,, based on the approximations given in (4.37) and (4.38), the asymptotic

outage probability expression when y;, — oo can be expressed as (4.42).

YR;U,

Opgg_m - FV]Z:OO(Vth)FV o () (4.42)

In what follows, we derive the analytical expressions Fy”;:w and Fy’;’zw (V). The

former expression is given by

61



B (rm) = 5777 (1= 877) +577% (4.43)
It should be noted that (4.43) represents the asymptotic outage expression for (4.32)

asy; — oo, where S}~ and S} are given below, for the sake of clarity by

]/thypﬂ -1 ——th__ 81YoYtnl2 19

—® Ju 82v00 1YoVth62 1%ty

SVI =|1- —2 Xe 2V0%tu, x 1+ 2
SZVOQtU 52Y09tu

(4.44)
—00 VthVP gu - _A}/%
Sy =11 - hafny, ——2| ¢ ||, (4.45)

The same approach as above is used to derive an analytical expression of
Fy’;’_l’] (ye) Which is given by

FVVI;;“ () =T/7°(1 =T)7%) + TV, (4.46)
where T,7”% and T,)"”* are given respectively by (4.47) and (4.48)

Y=o _
T, =

1= 2 (D x

N
th/Pgy bayoQ
<1 + —2> e ",

szthUZ
b1YorVenlinQny. \
><<1+ 1YoYtnGj1 u2>
bz)/oﬂhuz

(4.47)
-1 __'th
14 PRy} Ty, |
¢ZQhU2

(4.48)

R D AN CATCE
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From (4.39) and (4.42), it can be noticed that both the derived asymptotic outage
probabilities are independent of y,, but depend on y, with a probability of one. This
means that after the maximum allowable transmit power is attained, the system
performance cannot longer improve. Using the definition of the diversity order [24],

U, and U, have diversity orders given respectively by

0 . logor/ """y
OP)"™" = -1 ! =0, 4.49
Uy o logrn) (4.49)
ORI =  im 9892 "0 _ (4.50)
Uz Y>>0 log(vp) ! '

4.4.2  Asymptotic Analysis with y, = o

Assuming that maximum tolerable interference power grows sufficiently large,

i.e.,y, — oo, the following approximations can be used:

Y

lim e "°%sp ~ 1, (4.51)
’]/0—)00
v
Q
lim e ° "R~ 1. (4.52)
’]/0—)00

The asymptotic outage probability for U; when y, — oo can be derived as

OR;, ™" = Ky " (re) g " (i) (4.53)

YRjU;

o)

The expressions of Fyylj’:w (ye) and E/°”% (yy,) for large values of y, are given

YR;jU;

respectively by (4.54) and (4.55)

-1 -1
Fyy;])l ()/th) _ 1 _ [(1 + YthYP tsp gU1> <1 + Vtthsp> ] ) (4.54)

Alﬂtul Al-Qtul
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yy;?o( Vi) = [1—2,’n (L) Enm

-1
thhVPQhRngul
¢lﬂhU1

mytthR. -1
x| 1+ / : (4.55)

¢1QhU1

Both (4.54) and (4.55) are obtained from the asymptotic outage probability of (4.20)
when y, — o and are independent of y,. The asymptotic outage probability

expression for D, can be obtained as

OP°™" = F}o" (ym)Fy, Va0, 2 (Ven)- (4.56)

In the sequel, we find the analytical outage expressions of Fy°_)°°(yth) and

yR v ~“(ya) Wheny, — co. We start with the former, which can be expressed as

O—)w _ YO_’OO yo—>00 )/o—>00
B (yem) = S7°77 (1 = 5,°7%) + 8777, (4.57)
where S7°7* and SY°~ are given respectively by

-1 -1 1
gYom® ~ 1+ YenVPlespfgy, 1 4 renfese Yenllegp 1+ H1YenS2, ey,
1 - )
uZQtUZ uZQtUZ MZ'QtUZ

(4.58)

-1
S;,O_)oo ~ |- [(1 4 VthVPQtspQgU2> < Ythﬂtsp ] (4.59)

Algtuz Alntuz

The same approach used in (4.57) is applied to derive the analytical outage
expression as
Fpeoy () = 7777 (1 =T,°77) + 1,777, (4.60)

YR;U

where T)°”* and T,)°” are given in (4.61) and (4.62).
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-1
mytthRj
1+——1
az QhUz

-1 -1
y <1 N m]/thVPQhRngU2> <1 +%> ] (4.61)

azﬂhuz azﬂhuz

O G S

and

oo MmytnQhp \ 71 MythYpQnp Qg -1
TZYo — [1_Z£n=1(r]n)(_1)m_1 <1+ R1> <1+ Rj U2> ]

¢)1Qhuz ¢1QhU2

(4.62)
The diversity order at U; and U, when y, — oo is given respectively by
Yo — _ qim 108OPI (o) _
divy’ = y{)l_rgo s =0, (4.63)
Yo
div}? = — lim <8271 _ ¢ (4.64)

Vo= log(vo)

As v, grows sufficiently large, the transmit power of the secondary source and the
selected relay depends on the interference power with probability one. This means

we will experience error floors after a given interference power constraint.

4.5 Numerical Results and Discussions

Here, we provide Monte Carlo simulations for some scenarios to assess the
accuracy of the proposed mathematical analysis. We highlight the outage and
asymptotic performances of the underlying network. For simplicity and without

loss of generality, it is assumed that 6, = 0.8, 6, = 0.2, b; = 0.8 and b, = 0.2.

Figure 4.2 shows the outage probability versus%p wherein € = 0.01, %z
0 0

{15, 25,35} dB. It is shown that the outage probability decreases as the interference

SNR increases until error floors occur for high interference SNR values. This result
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shows that when we experience some error in the SIC manifested by § = 0.01, the

outage probability of U, increases

— © — Analytical D1 \ %
3L — ¥ — Simulation D1 S KB N
1073k :
: —%— Analytical D2 X Sha
—&— Simulation D2 N 3
(= —x— =
10.4 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
lplNO (dB)

Figure 4.2 Outage probability versus interference power constraint with ¢ = 0.01

and -2 = {15,25,35} dB.

Figure 4.3 shows the outage probability versus the maximum allowable transmit
power of the secondary network in a case where & = 0.01, ;}—” = {15,25,35} dB. It
is shown that the outage probability decreases as the maximum available transmit

. . P
power increases, as expected error floors occur at hlghN— values. When we
o

experience an error in the SIC manifested by € = 0.01, the outage probability of U,

increases as opposed to the case of perfect SIC (as shown in [21]).
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Figure 4.3 Outage probability versus maximum available transmit power with § =

0.01and - = {15,25,35} dB.

Figure 4.4 plots the outage performance versus average SNR for a various number
of relays. We consider two cases: 1) perfect SIC, 2) imperfect SIC manifested in
this particular setup by &€ = 0.05. Here, the number of relays varies from J= {1, 2,
3....}, with a fixed interference power while the maximum allowable transmit
power for the secondary nodes increases. The results show that implementing a
NOMA system with multiple relays improves outage performance. The set of
results with SIC error also improve although the performance is not as good as in
the case of perfect SIC. This result also shows that for a NOMA system, outage

performance improvement is most significant for up to two relays.
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Figure 4.4 Outage probability of U, versus % with different number of relays, J =
0

{1, 2, 3} wheny; = 25dB and ¢ = {0,0.05}.

To investigate the impact of the relaying link on the outage performance, Figure 4.5
considers a scenario where we include or exclude the secondary relay-to-destination
link for U, with y, = 25 dB and varying y,. Our results show that eliminating
the R; —» U, link results in reduced system outage performance. Our model
performs better by incorporating both a direct link and a relaying link to transmit to
the two destinations. These results show that using U, as a relaying NOMA user

results in poor performance on U, due to the absence of a relaying link.
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Figure 4.5 Outage probability of U, versus maximum allowable transmit power

(SNR) in cases where the hy, link is includes and excludes, with y, = 25 dB.

In Figure 4.6, we consider the outage performance versus interference power for

% = 25dB and & = 0.05. In this case, it is shown that outage probability increases
0

as & increases. Also, as expected, error floors exist for high interference power
values. It is important to note that the outage performance becomes independent of

interference power for high values, which justifies our asymptotic outage analysis.

69



4

° 1074

r—o—e—&—o—e—e—o—-&\—.—&\—o—
L \

)‘\
-

©

-0-0—6—6-0—6—0

— & - Analytical Uf \ \
— % — Simulation U, ‘m *_
— — — Asymptotic U, \\ * — . o

|| — & —Analytical U, \

7] = % —Simdationu, [T~ T T T T 7 P
— & — Asymptotic U2

1042 1 Il Il 1 I ! 1 Il ]
0 5 10 15 20 25 30 35 40 45 50
IpINO (dB)

Figure 4.6 Outage probability versus interference power constraint with, & = 0.05,

and = = 25 dB.
N

0

Figure 4.7 shows the outage probability against maximum allowable transmit
power taking y; = 25dB and € = {0, 0.05,0.1}. Similar to Figure 4.6, the outage
performance decreases as ¢ increases. Error floors exist for high maximum
allowable transmit power values because outage performance is now independent
on the maximum allowable transmit power. The improvement in outage
performance is limited, and for high values, it becomes independent of the

maximum allowable transmit power which validates our asymptotic outage

analysis.
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Figure 4.7 Outage probability versus maximum allowable transmit power with, & =

0.05 and y; = 25 dB.

4.6 Conclusions

In this work, we analyzed the performance of a NOMA system in a cooperative
spectrum-sharing network with partial DF relay selection under interference power
constraints assuming the presence of SIC error. We derived closed-form
expressions of the outage probabilities of the secondary network destination users.
Monte Carlo simulations were provided to validate our mathematical derivations.
There is a small difference between the simulated and analytical results which is
due to the use of the Jensen’s inequality. It was shown that SIC error has a
significant impact on the performance of the system. Moreover, the asymptotic
analysis is provided to approximate the derive outage probabilities in for large

values of interference power and the maximum tolerable transmit power.
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Chapter 5 NOMA in Spectrum Sharing
with Amplify and Forward Relaying

5.1 Introduction

This chapter considers NOMA in an underlay cognitive radio network with
cooperative amplify and forward relaying in the secondary network. In this model,
a secondary source node transmits to two destination nodes through a direct link
(source-to-destination) and indirectly through an AF relay node. The transmission
of the secondary network is constrained by a threshold (interference power
constraint) which ensures that there is no compromise on the quality of service of

the primary network.

The AF relays improve network reliability and increase the network coverage
considering that the primary network constrains the transmission. The remainder of
this chapter is organized as follows. In Section 5.2, the system model is described,
followed by the performance analysis in Section 5.3. Numerical results are
discussed in Section 5.4. Finally, Section 5.5 summarizes the main findings and

provides concluding remarks.

5.2 System Model

We consider a downlink cooperative NOMA wireless scheme for an underlay
cognitive radio network which comprises of a primary source PS, primary
destination PU, a secondary source S, a set of ] relays denoted by R; where j =
1, ...,J in the secondary network and two secondary destination nodes, U; and U>
as illustrated in Fig. 5.1. We consider a condition where all links are frequency non-

selective Rayleigh block fading and additive white Gaussian noise (AWGN).
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PU < PRIMARY LINK PS

Figure 5.1 System model of a downlink cooperative NOMA system in an underlay

cognitive radio network with AF relaying.
521 Phasel

The secondary transmissions are divided into two-time slots. In the first time slot, S

transmits the signal v =,/ 6;Psv; +. 6,Psv,, to the two secondary
destinations U, and U,, and all the relay nodes R;, where &, andd, are the power

allocation coefficients for U, and U,, respectively, with §; + §, = 1 and §; < §,,

the transmit power Ps of the secondary source is given by

L ) (5.1)
t5p|

where I, is the interference temperature limit, P represents the maximum allowable

Ps = min <P,

transmit power at the source node, and ts, is the complex channel fading coefficient

between S and PU. The received signal at the relay node is given by

YRrj = tRj(\/ 6,Psvy + 52PSV2) + \/TPgij’ T gy (5.2)
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where v, and v, are the messages for U; and U,, respectively. In Figure 5.1,

complex channel fading exponentially distributed coefficients are denoted by Ay ~
eN(0,9,, ), with {Ax} € {tsp, tuys tuys try Guys Gugr IRy huy husy, hRJ.}The noise
at the secondary users U; and U,, and at the relay nodes R; are additive white

Gaussian noise (AWGN) with mean zero and variance V. v’ is the transmitted
signal from the primary network and Py is transmit power of the primary source.

The received signals at U; and U, are given respectively by

yUl = tU1U + 1/ Ppgulv, + nul, (53)
yUZ = tUZU + A/ PngZU' + 7’LU2. (54)

Using (5.3), the received instantaneous SINR at U; to decode v, is given by

vy _ 51v3 55
Yo, 82y +va+1’ (5.5)

, I 2 2 2 .
where y; = min (P/NO’(TO)/ >|tU1| andy, = (Pp/ Ny)|gu,|” with the

aid of (5.4), the received SNR at U, used to detect v, is given by

tsp

V1 — 61)/5 5 6
Yo, 825 +ve+ 1’ (5.6)

2
where ys = min (P/J\fo :(%0)/ >|tU2|2 and ye = (Pp/ ]\fo)lguzlz . Uy,

decodes the symbol v, by cancelling v; using SIC. It is assumed that the SIC

tsp

performed at U, for receiving v, is perfect, and the resulting SINRs are expressed

respectively as

vy _ _O2¥s
Yo, =5 i1 (5.7)

5.2.2 Phase 2

In the second time slotR;, transmits 17;] = Gijj to both U; and U, with G;
denoting the amplifying gain of the j¢* relay, and YR; denotes the received signal

on the relay R; in equation (5.2)
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Pp.
2 _ Rj
G? =

(5.8)

2 2 )
Ps|tRj| + PPlgle + No

where Pp; is the maximum allowable transmit power of the selected relay and we

also assume that Pp; = P.

— " Rj
ijU1 = hulvR] + 1/ Ppgulv + nui, (59)
—~— [ " Rj
ijUz = hUZUR] + PngZU + TlU;, (510)

But since 15,,: = Gijj

1 Rj
np;tg;G; + / Pegy V' + nUi. (5.11)

Now the SINR at U; to detect v, as shown in Appendix C.1 is given by

v 1)
Ya -1U — 1Y7V1 (5.12)
=1 82V7YV1 +V7V2+Y7 + VaV1+VaYa+vatyi+y2+1

. (P (I 2 2 . .
where ¥, = min (70 (70)/ |hRj| ) |hy, |”. Using the same approach in (5.11)

the SINR at U, to detect v; and v, is given by (5.13) and (5.14) respectively

v 6
Ya -1U — 1Y8¥1 (5.13)
Ihe 82Y8Y1 +Vs8Y2+Vs + VeV1+VeV2+VetV1tV2+1

Ve, = Satals (5.14)

Y8Y2tYs + VeV1tVeV2tVety1t+y2t1

P

Ip 2 2 .
v '(E)/|hRi| >|hu2| . So the instantaneous SINR at U,

where yg = min(

and U, based on selection combining which has lower complexity than maximal

ratio can be written as
Yy, = max (Vsul' VRjul ) (5.15)

Yy, = max (ySUZ'ijUZ ) (5.16)
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The selected relay is given
j* =arg max Ysg;, (5.17)
where ygg, denotes the instantaneous SNR at the kth relay.

Based on selection combining (SC), the received instantaneous SINR at U; and U,
are given respectively by

vo, = max (v;5, ey, ). (5.18)
Yu, = max (y,';zz, Y:;Uz)' (5.19)

5.3 Numerical Results

In this proposed system, an outage occurs when U, fails to detect v; from the
received signals through the direct link and the indirect link (via the relay node),
respectively. An outage event occurs at U, under two scenarios: 1) when U, can
detect v, successfully but fails to detect its signal v,; 2) when U, fails to detect v,
due to high interference from the primary network. Based on NOMA and SIC, U,
should decode v, , subtract it and then decode its intended signal v,. Here, we
provide Monte Carlo simulations for some scenarios to assess the performance of
the model. We highlight the outage performances of the underlying network. For
simplicity and without loss of generality, it is assumed that §; = 0.8, 5, = 0.2
, by =08and b, = 0.2.
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Figure 5.2 Outage probability against % for different interference power values,
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Figure 5.3 Outage probability against IT” with the maximum allowable transmit
0

power taking values,{15, 25,35} dB.

In Figure 5.3, plots the outage probability of the system against interference power,

%’ dB. The maximum allowable transmit power of the secondary network, % take
0 0

values {15, 25, 35} dB and we assume that all channel conditions remain

unchanged. The results indicate that the outage probability decreases as interference
power increases but becomes constant at high 17” values. The results motivate us to
0

conclude that outage performance improves in this case until a particular outage
floor value determined by maximum allowable transmit power of the secondary

source and selected relay of the system.
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Figure 5.4 Outage probability against %(dB) with different number of relays, J =
0

(1,2 ,3} when - = 25 dB.
No

Figure 5.4 considers the effect of having multiple AF relays in the model with

interference power fixed at 25 dB while % increases. There is a notable significant
0

improvement in performance when the number of relays is increased to two. The
small improvement that results when we have three relays shows that for a NOMA
system in a cognitive radio network, an increase in the number of AF relays results
in outage performance improvement, but it’s unnecessary to go beyond two relays

as improvement is insignificant.
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Figure 5.5 A comparison of the outage probability against %for different
0

interference power values, 17” = {15, 25,35} dB, using AF relaying vs DF relaying
0

for U,.

Figure 5.5 and Figure 5.6 show results for outage performance against average SNR
at different fixed interference values. The results illustrate that the DF relaying
scenario has better outage performance for all the different interference power
values. It is important to note that in this model, the DF relaying outperforms AF
relaying since we assumed that the selected DF relay perfectly decodes and re-
encodes the signal for transmission without any errors. The AF relaying model has
higher outage probability since the end-to-end SINR includes the amplified
interference from the primary network to the relay and also the interference on the

destination node.
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Figure 5.6 A comparison of the outage probability against % for different
0

interference power values, ;\f—” = {15, 25,35} dB, using AF relaying vs DF relaying
0

for U,.

5.4 Conclusion

This chapter presented the model used in chapter 3 but employing AF relaying. The
simulated outage performance of a NOMA system in a cooperative spectrum-
sharing network with AF relay selection under interference power constraints is
provided. Moreover, the performance of the underlying system from this model was
also compared to the DF model, and it was shown that the AF model
underperformed in this case this is also due to the fact that AF the noise and
interference in the received signal leading to performance degradation. In most
practical scenarios, DF relaying results in huge re-encoding errors since for a bad
source-relay channel, a lot of wrong decisions will be made at the relay. However,
from attained results, it can be concluded that the outage performance of the two
secondary destinations improved significantly with an increase in the number of AF

relays from one to two. Attained results also revealed that for a fixed interference
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power, the outage probability decreases as the average SNR or maximum allowable
transmit power of the secondary selected relay (both AF and DF) or source
increases, with error floors existing which are dependent on the interference power

constraint.
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Chapter 6 Conclusion

In this final chapter, we provide a concluding summary of the work done, focusing
on the contributions, and we suggest potential improvements that have been
identified as future works.

6.1 Summary

The work in this write-up mainly focused on the implementation of NOMA as a
prospective solution to the challenges of spectrum extinction. The work was
expanded to the incorporation of cognitive radios and cooperative relaying to the

proposed model.

The introductory chapter (chapter 1) outlined the problem statement and
motivation, and it models the research questions and research contributions. A
section that thoroughly dealt with literature survey (chapter 2) follows, building up
towards the gaps that exist in literature. Chapter 2 mainly focused on enlightening
us on the NOMA implementations that have been done in past works. In chapter 3
we proposed a NOMA model in a cognitive underlay network implemented with
an intermediate DF partial relaying link in the secondary network. In chapter 4, we
remodel chapter 3, taking into account SIC error. We analysed the outage
performance of the NOMA users to validate the theoretical derivations. The work
covered in chapter 5 evaluated the implementation of a different relaying protocol

(AF relaying) in the model proposed in chapter 3.

The performance of each model in terms of outage probability was analysed, and
simulations were performed in Matlab to comprehend the theoretical framework
with the simulated results for validation. Chapter 3 results from Fig. 3.2 and 3.3
outlined that outage performance improves with a gradual increase in the maximum
allowable transmit power and interference power. However, both results show that

the improvement is limited to a specific outage floor value determined by the
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interference constraint for fig. 3.2 and maximum allowable transmit power for Fig.
3.3. Results in Fig. 3.4 shows that for a NOMA system in a cognitive radio network,
increasing the number of relays has a positive impact on the outage performance
(optimal at two relays) but employing more than two relays in the model causes
insignificant improvement of the outage performance. In Fig. 3.5, the results show
that including two transmission links (relaying link and source —to- destination link)
yields better results than having the direct link only, which justifies why our model
implements both links for transmission in the secondary network. In the last figure
(Fig. 3.6), we consider a case where the relaying user in a cooperative NOMA user
and does SIC before forwarding the message to the end-user. The results show that
the outage performance increases due to the absence of interference from the other
NOMA user. This model shows that there is a trade-off as the end-user performance
increases, but the lack of a relaying link lowers the relaying NOMA user

performance.

In Chapter 4 it is shown that the outage probability decreases as the interference
SNR/ maximum available transmit power increases until error floors occur for Fig.
4.2 and 4.3, respectively. The results also showed that when we experience some
error in the SIC, the outage probability of the NOMA user that performs SIC will
increase (U, in this case). Fig. 4.4 shows the improvement that comes with
incorporating a set of DF relays in the model. The critical contribution shown is
that in as much as introducing multiple relays improves outage performance, SIC
error will increase outage probability. Fig. 4.6 show that as the SIC error increases
outage probability increases as well. The results also show that outage performance
becomes independent of interference power for high values which verifies the
asymptotic outage analysis. Fig. 4.7 shows the outage probability against maximum
allowable transmit power. The outage performance decreases as the SIC error
increases. At high maximum allowable transmit power, error floors exist since
outage performance is now independent of the maximum allowable transmit power

which validates the asymptotic analysis.

The outcome in Fig. 5.3 and 5.4 of Chapter 5 reveal that outage performance

improves until a specific outage floor value determined by interference constraint
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and maximum allowable transmit power of the system, respectively. This model
differs from Chapter 3 and 4 in that it employs AF relaying. However in Fig. 5.4 a
comparison of the performance of the DF versus the AF relaying is made. Both
schemes improve as the number of relays increases but it’s evident that DF relaying
outperforms AF relaying. The main reason is that the models assume perfect SIC,
which subtracts interference for the destination SINR compared to the AF model,

which amplifies and forwards the signal inclusive of the interference.

6.2 Contributions

The work done in this write-up focus on the implementation of NOMA integrated
with cognitive radio network and cooperative relaying to enhance spectrum

optimization. The contributions below were made:

i.  Inthis model, we consider a network was the secondary source transmit to
two NOMA users through a set of DF relays. The analytical expressions of
the outage probabilities of both destination nodes are derived in closed-
form, and they differ from [21] in that, interference from the stronger
NOMA user is considered, and the relayed signal is transmitted without
successive interference cancellation (SIC). Capitalizing on the offered
results, we provide useful insights on the impact of the number of available
relays in the networks and the interfering signals from the primary
transmissions on the underlying performance metric. Monte Carlo
simulations demonstrate the correctness of the proposed analytical
framework.

ii.  Motivated by the work in Chapter 3 in Chapter 4, we propose a more
realistic and practical model that takes into account the effect of SIC error.
This model also incorporates both the direct link and the relaying link to
increase reliability and overall throughput of the system. Novel analytical
expressions for outage probabilities of both destinations are derived in
closed-form. Using the offered results, we provide insightful discussions on
the impact of imperfect SIC in the overall system performance. To simplify

the derived expressions of the outage probabilities, the asymptotic analysis
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6.3

of the performance mentioned in the above metric is obtained under two
scenarios: a) the maximum allowable transmit power grows sufficiently
large; b) the interference power constraint grows infinitely large. Monte
Carlo simulations are provided for some scenarios (without loss of

generality) to verify the accuracy of our proposed analytical.

Chapter 5 presented the model used in chapter 3 but employing AF relaying.
Monte Carlo simulations from this model were compared to the DF model
from chapter 3. The DF model had better outage performance since we
assumed perfect decoding. However, in practical scenarios, DF relaying is
complicated and results in substantial re-encoding errors which degrade the
performance and increase outage probability. AF outage performance
results showed a significant improvement for both users with an increase in
the number of relays from one to two. However, we conclude from the
implementation three relays that the improvement is quite insignificant, and
for a NOMA AF model, it would be optimal to use two relays. Results in
fig. 5.3 also revealed that for a fixed maximum allowable transmit, and the
outage probability decreases as the interference power increases, with error
floors existing which are dependent on the maximum allowable transmit

power.

Future Works

The main concept addressed in this dissertation is the incorporation of NOMA in

an underlay CR network with cooperative relaying. The idea of NOMA being a

promising solution for spectrum optimization through reuse is still open for further

studying to come up with an integrated solution that performs well. Specific

concepts that we recommend for future exploration are as below:

Relay selection criterion - The relay selection implementation in chapter 3
considered the highest SNR link between any of the relay node and the two
destinations, being selected for transmission. However, it is worth

mentioning that this selection is not optimal for both relays. It can be the
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best for one destination but not necessarily for the other destination. An
optimal relay selection in the context of both destination nodes will be the
subject of future works.

Number of NOMA users - The work covered focused on two NOMA users;
however, future studies can implement multiple users higher than two. This
will mean users going through multiple SIC and work can be done to
determine the maximally admissible NOMA users in the models that we
have studied in this write-up.

SIC error - We assume that the SIC error follows a Gaussian distribution
and future work can consider cases in which the error follows other
distributions. Future work can consider determining an approximate
probability of error instead of just taking any residual interference levels
greater than or equal to zero but less than or equal to one

Outdated channel state information (CSI) - It is important to note that the
relay with the best channel state information at the time of selection is not
necessarily the relay that will be having the best channel state information
during transmission. Future research will study the impact of outdated CSI

on partial relay selection in an underlay NOMA cognitive network.
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Appendix A

A.1 Derivation of SINR in first phase

After substituting (3.4) in (3.1) and performing some manipulations as shown
below, the received instantaneous SINR R, to receive the signal x; is as given

below

2
Ysp, = calton, | Ps (AL.1)

a1|h5D1|2P5+Pp|hUD1|2+62
Now dividing all terms in (A1.1) by §2 we get

P
as|hsp, |25—§

Vsp P
1 az|h5D1|2?§+%|hUD1|2+l

as|hsp,|* ¥
Vsp, = o (Al.2)

az|h501|2 V0+Vz|hunl|2+1

The result in (Al.2) reduces to give equation (3.9) in chapter 3 where X; =

yo|hSD1|2 and Bp, = y2|hUD1|2. Using the approach mentioned above, the
received SNR at D, used to detect x,is given by

P
_ a1|h5D2|25—§

Vspy, = Ps P
12 a2|hSD2|28_§+8—I;|hUD1|2+1

a:|hsp,|”
Yoy, = L1°obz] T (AL.3)

az|hsp, |2 Yo+vz2|hup, |2+1

The result in (A1.3) reduces to give equation (3.10) in chapter 3 where X, =

yo|hSD2|2 and By, = y2|hUD2|2. After substituting (3.4) in (3.1) and performing
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some manipulations as shown below, the received instantaneous SINR R; to

receive the signal x; is as given below

a2|h5D2|2PS
=2 272 5 Al4
Vsp, Polhun, | +57 ( )
Now dividing all terms in (A1.4) by §2 we get
_ a2|hSD2|21;_§
Vsp, I;_I2)|hUD2| 1
_ az|h5D2|2Yo
YVsp, =z . (AL5)

B VZ|hUD2|2+1
The result in (A1.5) reduces to give equation (3.11) in chapter 3 where X; =

V0|h501|2 andBp, = Y2|h001|2

A.2 Derivation of SINR in second phase

In the second phase, using equation (3.7), the instantaneous SINR at D, is derived

as shown below

|thD1|2d1PRk

VReby = ‘thD1|2d2PRk+ |hup,|*Pp+ 82 (A2.1)
Now dividing all terms in (A2.1) by §2 we get
— |thD1|2d1P:%
VRcDy = |thD1|2d2P;%+ |hup, |25+ 1
2
YriD, = r o, | o (A2.2)

2
V1|th01| da+ Vz|hUD1|2+ 1

The result in (A2.2) reduces to give equation (3.12) in chapter 3 where Z;, =

V1|thD1|2 with y; = min (yp L) Now using equation (3.8), the received

2
thv|

instantaneous SINR used for D, to detect x, is given by
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2
|thD2| d1PRy

YRy, = |thD2|2d2PRk+ rom [ ot 52 (A2.3)
Now dividing all terms in (A2.3) by §2 we get
_ |thDZ|2d1%
VRkD1p = |thD2|2d2P:%+ |hup,|“25+1
2
YReD,, = LR (A2.4)

2
Vl|thD2| dy+ Y2|hUD2|2+ 1

The result in (A2.4) reduces to give equation (3.13) in chapter 3 where Z,, =

y1|thD2|2. Also we note that after SIC the instantaneous SINR used for D, to

detect x, is given by

2
|thD2| dz PRy,

= A2.
YRyD, e, | Prt 02 (A2.5)
Now dividing all terms in (A2.5) by §2 we get
— |thDz|2d2%
Vripy = |hup, |55+ 1
_ nlaofes (A2.6)
)/RkDZ - y2|hUD2|2+1 .

The result in (A2.6) reduces to give equation (3.14) in chapter 3
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Appendix B

B.1 Derivation of CDF F,., (v

This section shows a detailed derivation of the CDF F),SDl(yth) from equation

(3.22) in chapter 3. This is important to give proof of equation (3.26).

Eren 0en) = Pr(vsp, < ven) (B1.1)
vspy \Vth azX1 +Bp, +1 ~ Ven :

Now equation (B1.2) can be rewritten as below

2
% gy 2 s

FV501 (Yth) = Pr

y 2 2Py
azmthDll + |h’UD1| To‘l‘ 1
2
|hSD | a,1Yp Vi
|hSD1| azyp + |hUD1| A + 1 sV
(B1.3)
Now lets consider
y 2
a; Tho |2 h5111|2 |hsnl| Vi
Il = Pr 7z 2 ZPP —ythﬂlhsvlz =Yp
7 |h + |h =+ 1
a2|hsv|2| SD1| | UD1| N
(B1.4)
Taking u; = a,y;, and u, = a,y; we have
2
|hl:;|2|hSD1| i
"\ ¥ o Pra e 1 T
Th, 2 1"sD1 up.| V2
(B1.5)
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Equation (B1.5) can be written as

Y

1 2 2 2
I = PT( 2 (“1 - ﬂzyth)lhsml S VzthD1| Yen T yth) pr |hhsv| =—
|hsv| Yp

y
I = Pr<|h5D1|2 < (_V+h> (valhn,|” +1) |h5V|2> Pr<|h5V|2 > y—’)
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(B1.6)
Now taking (u; — tyy:n) = @ we get
2 _ (Ytn ¥i
I = PT(|h501| < ( é) )(Yzth01| + 1) |y ? )PT(|h5v| yp)
(B1.7)
This can be further expressed as
2 Vi
I = PT'(||hSD1| S g )Pr(lhsv|2 = VP)
(B1.8)
2
Where g, = (’%’l) (y2|hUD1| + 1) | sy |2
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(B1.9)
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I -li—E | exp —Vth)’2|hu1)1| |hSV| Vthlhsvl VPQSV
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Now considering that

2
_ _ythy2|hUD1| |h'SV|2 _ythIhSVIZ
I =|1-E 2 [Ejyg, 2€XP Epgpexp| ———
|hUDl| QSD1® ‘Q‘5D1®

v
X (e YPQSV>

(B1.11)

This can be expressed as below

)4 h}/ZQUDl Yin
L= [1-E M - 1M -
1 [ |hunl|2 l |hgy|? < D, hsy|? B,

N
e VpSlsv

(B1.12)
The solution in (A1.12) can then be approximated after applying Jensen’s inequality

as,

[ ythyzﬂhSVQUD1> < ytthSV> l < _prIh >
1- 1+—m e Sy
PQsp, DQsp,

The above results in the solution used in equation (3.26)
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Appendix C

C.1 Derivation of SINR at U, to detect v, (yZ}Ul)

In this section, we find the instantaneous SINR YRju, from the received signal
—~ [ " Rj
ijU1 = hulvR] + Ppgulv + nU]1 (Cll)
But since 15,,: = Gijj

[ I Rj
+nR]tR]G] + Ppgulv + TlUi
(CL2)

Using equation (C1.2) the SINR to detect v, canthen be initially expressed as y}'{]?l,l

) |hU1|2|tRj|251PSGj2

V1
Yriu,

2 2
o, | [tr; | 62PsG% + [hus | |9, | PoGi? + |, |* G262 + | gu, | P + 62

(C1.3)
Divide all terms on the right of the equation by sz
2 2
yvl _ |hU1| |tRj| 51PS
Rjtn ™ 2 2 “Pp + 62
|hU1|2 |tRJ| SZPS + |hU1|2 |gRJ| PP + |hU1|252 +%
(C1.4)
But we know

2 Pg

= 2 2
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J
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Such that

|gU1|2PP+ 6 _ <|gU1|2PP+ 62) <P5|tRj|2+ Pp |9Rj|2+ 52)

sz PR]
(CL.5)
2
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(CL.6)

2 2 2
Where, V= (lgull Py + 52) (PS |tRj| + Py |gRj| + 52) and after expansion and
simplification we get (C1.7)
2 2 2 2 2 2 2
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Now when we divide each element of (C1.7) with §252 we get

2P5| |2 2 Pp

AL
Which reduces to

Y P e P L 1 L P o

Z=yYsy1+VaVo+Vatyit+ty,+1

(C1.8)
Now the complete expression in (C1.6) reduces to the equation below
R
y = |hU1|2 3 |tR]| 61
RjU; — P 2 p P
| U1|2 R]| Rj| 615_3 + |h’U1|2 - |gR| 52 + |hU1|2 R]+Z
(C1.10)

The expression in (C1.10) gives the SINR at U, for detecting v,

81Y771
62¥V7V1 +VoV2 Vs T VaVit VaVo +Vatvity2 + 1

1 —
Yrju, =

(C1.11)

This derivation results in equation (5.12) in chapter 5
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