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ABSTRAKT

V této dizertacni praci je provedena studie novych prenosovych protokola pro rtzné bez-
dratové sifové systémy. S vyuzitim matematické analyzy jsme analyzovali a vyhodnotili
efektivitu prenosu z hlediska pravdépodobnosti vypadku pres Rayleightiv kandl. Teore-
tické analyzy jsou ovéreny provedenymi simulacemi metodou Monte Carlo.

Nejprve doslo ke studii kooperativniho prenosu ve dvoucestném dekdduj-a-predej (Two-
Way Decode-and-Forward-TWDF) a vicecestném DF schématu s vét$im poétem pre-
nosovych uzli pro sekundarni systém, kdy takto byl ziskan pristup ke spektru spolu s
primarnim systémem. Konkrétné jsme navrhli dvoucestné DF schéma se ziskdavanim ener-
gie a dvoucestné DF neortogonalni schéma s mnohondsobnym piistupem (Non-orthogonal
Multiple Access-NOMA) s digitalnim sitovym kédovanim. Kromeé toho rovnéz zkoumame
bezdratové systémy s vétsim poctem prenosovych uzll, kde je pritomen vybér nejlepsiho
prenosového uzlu pro optimalizaci efektivnosti navrzeného schématu. Prenosové protokoly
navrzenych schémat EHAF (Energy Harvesting Amplify and Forward) a EHDF (Energy
Harvesting Decode and Forward) jsou spoleéné porovnany v identickém prostiedi z po-
hledu pravdépodobnosti vypadku. Nasledné, na zakladé ziskanych vysledkt, jsme dospéli
k zavéru, ze navrzena schémata vylepsuji vykonnost bezdratovych kooperativnich sys-
témi, konkrétné jejich propustnost.

Déle jsme se zamérili na zkoumani NOMA technologie a navrhli optimalni feseni (pro-
tokoly) pro urychleni datového prenosu a zajisténi QoS v dalsi generaci bezdratovych
komunikaci. V této praci jsme navrhli dvoucestné DF NOMA schéma (nazyvano jako
TWNOMA protokol), ve kterém mezilehly prenosovy uzel napoméha dvéma zdrojovym
uzlim komunikovat mezi sebou. Vysledky simulace a analyzy ukazuji, Ze navrzeny pro-
tokol TWNOMA vylepsuje dosazenou prenosovou rychlost v porovnani s konvenénim
dvoucestnym schématem pouzivajicim DNC (TWDNC protokol), dvoucestnym schéma-
tem bez pouziti DNC (TWNDNC protokol) a dvoucestnym schématem v zesil-a-predej
(amplify-and-forward) prenosovych systémech (TWANC protokol).

Nakonec jsme zvazili vyuziti kombinace NOMA a zabezpeceni fyzické vrstvy (Physical
Layer Security—PLS) v podpurné kooperativni kognitivni siti (Underlay Cooperative Co-
gnitive Network-UCCN). Zde je zde zkouman vybér nejlepsiho prenosového uzlu, ktery
uziva NOMA a bere v tivahu PLS pro efektivnéjsi prenos a zabezpeceni nové generace
bezdratovych siti.

KLICOVA SLOVA

Neortogonalni mnohonasobny pristup, postupna eliminace ruseni, zabezpeceni fyzické
vrstvy, kooperativni komunikace, dvoucestné schéma, dekoduj-a-predej, oportunisticky
vybér prenosového uzlu, kognitivni radio, ziskavani energie, pravdépodobnost vypadku.



ABSTRACT

In this dissertation thesis, we study the new relaying protocols for different wireless
network systems. We analyze and evaluate an efficiency of the transmission in terms
of the outage probability over Rayleigh fading channels by mathematical analyses. The
theoretical analyses are verified by performing Monte Carlo simulations.

First, we study the cooperative relaying in the Two-Way Decode-and-Forward (DF)
and multi-relay DF scheme for a secondary system to obtain spectrum access along with
a primary system. In particular, we proposed the Two-Way DF scheme with Energy
Harvesting, and the Two-Way DF Non-orthogonal Multiple Access (NOMA) scheme with
digital network coding. Besides, we also investigate the wireless systems with multi-relay;
the best relay selection is presented to optimize the effect of the proposed scheme. The
transmission protocols of the proposed schemes EHAF (Energy Harvesting Amplify and
Forward) and EHDF (Energy Harvesting Decode and Forward) are compared together
in the same environment and in term of outage probability. Hence, with the obtained
results, we conclude that the proposed schemes improve the performance of the wireless
cooperative relaying systems, particularly their throughput.

Second, we focus on investigating the NOMA technology and proposing the optimal
solutions (protocols) to advance the data rate and to ensure the Quality of Service (QoS)
for the users in the next generation of wireless communications. In this thesis, we propose
a Two-Way DF NOMA scheme (called a TWNOMA protocol) in which an intermediate
relay helps two source nodes to communicate with each other. Simulation and analysis
results show that the proposed protocol TWNOMA is improving the data rate when com-
paring with a conventional Two-Way scheme using digital network coding (DNC) (called
a TWDNC protocol), Two-Way scheme without using DNC (called a TWNDNC proto-
col) and Two-Way scheme in amplify-and-forward(AF) relay systems (called a TWANC
protocol).

Finally, we considered the combination of the NOMA and physical layer security (PLS)
in the Underlay Cooperative Cognitive Network (UCCN) . The best relay selection stra-
tegy is investigated, which uses the NOMA and considers the PLS to enhance the transmis-
sion efficiency and secrecy of the new generation wireless networks.

KEYWORDS

Non-orthogonal multiple access, successive interference cancellation (SIC), physical layer
security, cooperative communication, Two-Way, decode-and-forward, opportunistic relay
selection, cognitive radio (CR), energy harvesting, outage probability.
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Introduction

1 INTRODUCTION

In recent time, wireless networks have become one of the most common communication
methods due to its flexibility in different environments. Besides, many kinds of smart
devices and the Internet of Things (IoT) devices are produced. They are predicted to keep
rising in the future. Therefore, they will make to surge an increase in amounts of wireless
connections. As a result, this tendency is developed in the 5G systems. A major challenge
for the wireless system designer is to find the solutions to improve the performance for
reliable transmission, high data rate (i.e. bandwidth) and security.

To deploy above problems, in this thesis, we introduce the new NOMA technology
and apply the cooperative relay methods: Two-Way cooperative relay, relay selection
to propose the relay protocols to enhance the efficiency in the wireless communication
systems. Besides, we have also proposed the NOMA in the UCCN with PLS to increase
security transmission and improve the bandwidth for wireless communication systems.

The concepts of this Section are presented as follows.

1.1 Backgrounds

1.1.1 NOMA technology

The NOMA has been recently received significant attention from the researches in wire-
less systems as a promising technique to achieve enhanced spectrum efficiency of the fifth
generation (5G) mobile network [T, 2, [3, 4], 5, [6]. In the NOMA technique, the users can
share both time and frequency resources and only adjust their power allocation ratios.
The users with better channel conditions can serve as relays to enhance the system perfor-
mance by using SIC [7, §]. This technology improves the limitation of orthogonal multiple
access (OMA) . Figure 1.1 is denoted the difference between the NOMA and OMA. The
OMA technique is known as Time division multiple access (TDMA), and orthogonal
frequency-division multiple access (OFDMA). In TDMA technology, the users share the
same frequency channel by dividing the signal into different time slots. The users commu-
nicate in quick sequence, one after the other, each using their assigned time slots. With
the OFDMA, the multi-user is contacted via orthogonal frequency-division multiplexing
(OFDM) technique, in which subcarrier frequencies are chosen so that the subcarriers are
orthogonal to each other [§].

In figure 1.1 (a), the characteristic NOMA scheme is considered with a single-cell
downlink scenario in which a single base station (BS) connects to two users ( Uy, Uy)
directly. The BS always transmits the signals to the U; and U, at the same time, the
total power also distributes two users. It is assumed that each user has a private antenna.
The variances of Zero-mean Additive White Gaussian Noises (AWGNSs) are equal, denoted
similarly as Ny. All channels are designated to flat and block Rayleigh fading. The Channel
State Information (CSI) regarding the BS to U;, Uy are known at the BS and the Uy,
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Figure 1.1: Multiple access schemes for a two-user scenario (a) NOMA (b) OMA.

U,. In NOMA, the channel condition is presented as |h;|? > |hs|?. This is a condition to
the user U,y always holds the weakest instantaneous channel [9]. The operation principle
of the above simple NOMA scheme is presented as follows

Firstly, the BS broadcasts the information xg [9] to two users in which zg is given by

Ty = /a1 Pxy 4+ /s Pxs, (1.1)

where P is the power at BS that are distributed to user Uy, user U,. The «y and «y are
the power allocation coefficients, x; and x5 are the messages sending to user U; and user
Us. Following the principle of the NOMA and in Figure 1.1, we assume that ay > a4 with
a1+ ag = 1.

The received signal at user U;, ¢ € (1,2) can be represented as
Yi = hizs +n;. (1.2)

Firstly, user U; performs SIC to decode the signal x5 from (1.1) for user Uy and removes
this signal. So user U; receives the signal z;, and is given as

Y1 = arPrihy +ny. (1.3)
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Because user Uy does not use SIC, the signal is decoded directly. The signal received at
user Uy is expressed as follows

Yo = \/Oélphg.’ll'l + \/OégPhQJ?Q + No, (14)

where n; denote the AWGNSs at the user U; with the same variance Ny, E{|z;|*} = 1
(E{z} is denoted for the expectation process of x).

From the formulas (1.3), (1.4) and applying the Shannon formula, the achievable data
rate for user U; and user U, are given by

1 Plhy|?
Ry = log, <+O‘1|1|> ) (1.5)
No
O{2P|h2|2
=1 1 1.
RQ Og?( + O[1P|h2|2 +NO ) ( 6)

In this thesis, we apply the NOMA technology to investigate two protocols model and
denote for improving the performance of the wireless communication system. The details
of the NOMA technology are presented in Chapter 6 and Chapter 7.

1.1.2 Cooperative communication DF, AF

Relay

s

§§;
Retransmitted
Signal
\
((2)
) Transmitted Signal
B —
Source Destination

Figure 1.2: Cooperative communication.

In order to advance the transmitting signals in the fading environment, avoid the
limited power of the wireless communication devices, the useful solution to increase di-
versity capacity and improve range of wireless communication is to use the cooperative
communication [10] [IT), 12, 13, 14]. The wireless communication is mainly depended on
communication technology that is most functional in terms of mobile access. Since its
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initiation, it has gone through many developmental phases to satisfy the increasing requi-
rement of its wide range of applications.

Figure 1.2 shows a brief description of the concept of cooperative communication.
There are two mobile users interacting with the same destination. Each mobile node has
one antenna and cannot independently set up spatial diversity. When the distance from
Source to Destinations is very far, or there are disadvantages to the fading environment,

the relays will help wireless source nodes in forwarding their data to destinations.

f?:
)

User A

Destination

— User A’ssignal —strong
—> User B ssignal — strong
----- > User A’ssignal —weak

''''' 2 User A’ssignal retransmitted by User B — strong

Figure 1.3: Amplify and Forward.

In this thesis, we assume that wireless devices are used to perform as source and relay
nodes; however, without the loss of generality, any other wireless devices can also be used
in cooperative communication. There are different types of cooperative communication

protocols which could be outlined. These include the AF and DF protocols.

In AF, Figure 1.3 illustrates a simple cooperative signaling method which immediate
user B helps to forward the signal of user A to the Destination. In this figure, user A
sends its messages to the user B. Then the collected signal at user B is amplified and
re-transmitted to the BS [15-21].

With DF, there are many authors studied in [22-29]. The procedure of this technique
is given in figure 1.4. The received signal from the user A is decoded then re-encoded and
forwarded to the destination station by the user B. The DF method helps data security

in transmission among users.
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p

User A Channel 1
Destination

—> User A’ssignal —strong
—> User B s signal —strong

'''' » User A’ssignal —weak

————— > User A’ssignal retransmitted by User B — strong

Figure 1.4: Decode and Forward.

1.1.3 Two-Way Cooperative Networks

Figure 1.5: Two-Way Cooperative communication.

Two-Way cooperative relaying is essential to increase diversity capacity and thus to
improve the range of wireless communication. Due to the ability to enhance data rate and
cutting down the consumed energy of the network [30-40], Two-Way cooperative relaying
has become an interesting case study. Problem importance being it takes four phases in
common one-way relaying to transfer different messages between two sources, those are
links S-R, R-S, D-R, and R-D respectively. Therefore, the performance operation of the
system in the traditional one-way relaying system is not optimal efficiency, while Two-Way
relaying only takes two phases or three phases in the transmitting signal. Therefore, Two-
Way relaying scheme improves the performance of the system. As in figure 1.5, During
the first (broadcast) phase, the source nodes S; and S, broadcast their packets z; and
xo to the relay R. In the second (cooperation) phase, the relay R decodes the packets
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x1 and xy based on the channel gains, and then, the relay combines the packets xq,x
together by using an XOR operation (z = z1 & x3) [30] before broadcasting the coded x
to the source nodes S; and S,. At source Sy, the signal is also decoded by an XOR method
1D x =21 D x D ry = T9, the result Sy received the signal x5 from source S,. Similarly,
the source S; take the signal x; from source S; by xo & x = x9 ® 1 D 2 = x1. Because of
this efficiency, so many researches focus on the Two-Way relaying system as a potential
solution to widen the coverage and to manipulate the diversity characteristic of wireless
networks.

1.1.4 Relay Selection Methods

In cooperative communication systems as shown in figure 1.6, selecting a proper relay
is a difficult choice. One of several reasons is that, if any of the channel links, such as
the source-relay link or destination-relay link experiences deep fading, the performance
cannot be as good as we expected. Subsequently, the outcome may be lead to the wastage
of limited systems resources if the selected relay is not satisfactory. Some researchers in
[44], [45], 46] have seen that the principle of choosing relay can maximize or minimize the
desired purpose of each transmission. Throughput, error rate, signal to noise ratio (SNR)
and transmission power are some main desired purposes of the function. In summary, the
main reason for relay selection or allocation is to enhance cooperating as shown in Figure
1.7. However, if the number of relays is increased, it may be lead to the overhead and
complexity in the system. Consequently, to reach a high efficient result, we must introduce
a balance in relay selection because all relays may not have good channel conditions.

Another promising challenge is synchronization among participating relays.

Figure 1.6: Cooperative communication with M Relays.

This method is very important. It is used to find the best relay to help the optimal
system. There are two relay selection methods, namely, Opportunistic relay selection
method and Partial relay selection [46].
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Figure 1.7: Cooperative communication with Best Relay.

- Opportunistic relay selection method:

There are the authors to research this method. They have proposed the only best relay
is selected to forward the data from source to the destination. The opportunistic relay
selection considers the signal quality balance between two links at every relay. The op-
portunistic relay selection method is given as

Ry, = arg max {min (vsr,, Yr,p)} - (1.7)

=1,4,...,

- Partial relay selection method:

The best Partial relay selection strategy is based on the maximum channel gain of the
links at either the source-relay or the relay-destination, this method is presented by the
formula as follows,

R, = arg _max (YsR) 5 (1.8)

=1,4y...y

where: ys g, and g, p are defined as the Signal-to-Noise Ratio, Ry, is the relay best.

1.2 Related works

1.2.1 Energy Harvesting (EH)

In recent times, in order to develop the green communication based on the superiority over
classical grid-powered and battery-based devices, EH devices have become one of the most
interesting research fields [48], 49, 50} 51}, 52]. There are many power sources from different
environments such as Radio Frequency (RF) , solar, wind, sea wave, thermoelectric effects
or other physical phenomena. There had been many types of research about renewable
energy such as solar and wind, but the power from the ambient RF signal is a new and
promised solution to transfer data and energy at the same time. In general, to preserve



Introduction

the long-term operation of wireless sensor networks, we usually have to replace the limited
lifetime batteries in a large number of sensor nodes. However, RF-based energy could be
a promised replacement of energy resources of low-power wireless sensor networks. There-
fore, EH could solve the limited lifetime of the battery. Another tendency about wireless
power transmission is the incorporation of the traditional cooperative networks and the
energy harvesting technology to lengthen the lifetime and the coverage range [53, 54, [55].
As we had known in cellular networks and Wireless LAN, the mobile devices do not have
long continuous working time because of the batteries issue. Also, the applications on
these devices also drain the battery capacity quickly. As a result, in the scenario that the
relay nodes in the communication network do not have the private energy sources, energy
harvesting technology can be a proper solution. Two following receiver architectures is
used to enable wireless energy harvesting and information processing at the energy con-
strained relay in wireless AF relaying networks.

-Power splitting receiver: Figure 1.8 shows Power splitting architecture. Power split-
ting receiver detects a part of the received RF power to harvest energy and the remaining
part of the RF power to process the information signals. Power splitting receiver is studied

to improve the throughput of wireless communication systems [56].

T

Energy Harvesting at R
(pP)
S—>R Information Transmission

(1-p)P)

T/2 T/2

R—D Information Transmission

Figure 1.8: Power Splitter Architecture.

-Time switching receiver: Transmitted RF signals are separated into two intervals
[58]. The first interval is used to provide energy for the receiver. The second interval is
used to transmit the desired information.

T
Energy S—R R—D
Harvesting at R | Information Transmission | Information Transmission
al (1—0/)]"/2 (l—a)T/Z

Figure 1.9: Time Switching Architecture.

1.2.2 Physical Layer Security (PLS)

Wireless and mobile networks are rapidly extending, so the security of information transfer
is an important problem. It needs to increase in research and development. In recent
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years, PLS has been investigated in lots of papers [59-63]. The article in [59] considered
the secrecy wireless communication with the same cipher keys to connect between the
source and destination nodes. In [60], the authors evaluate optimal power allocation for
secure multiuser communication in cooperative relaying networks. Nowadays, there are
many studied PLS to apply for 5G network [61], 62, [63]. The combination of cooperative
communication and PLS is an effective approach to overcome the disadvantages of the
fading environment as well as to increase the security capacity of the wireless network.
In addition, the security performance of wireless mobile sensor networks is studied and

applied for the smart city [64].

/, UJH
/I
=
8

Figure 1.10: A simple system model of a direct transmission under physical layer security.

Figure 1.10 presents a simple system model of a direct transmission under PLS in
which a source node S transmits its packets xg to a destination node D. Eavesdropper
node E is always wiretap to get data from node S. In Figure 1.10, secure communication is
implemented if the capacity of the desired channel is larger than that of the eavesdropping
channel, and is given by formula as follows

[ASR = {Rsp — Rsgp}" (1.9)

where Rgp is the achievable data rate of link S-D and Rgg is the obtainable data rates
of wiretapped link S-E. They are denoted by mathematical formula as following

Ryp = 1log2 (1 + SNR ) = 1log2 1+ hssl (1.10)
E 2 SE 2 NO ’
1 1 Yhspl?
Rgp = log, (1+SNR_,)) = 5log (1 N, ) (1.11)

The PLS method is shown in Chapter 7.
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1.2.3 Underlay Cooperative Cognitive Network (UCCN)

The underlay cognitive radio was considered in [65], [66] [67] to increase the transmission in
wireless communication. In cooperative cognitive network, the secondary user is permitted
to use the licensed spectrum bands so that any interference created is always small than
the maximum of the interference power level at the primary user). The underlay CR
network is studied throughout figurel.11 where an ST transmits its signal to an SR using
the licensed spectrum band of the primary network. Both PR and SR of the primary will
have designed signals with the same spectrum band. In order to reduce the affection of
interference to PR, the ST has to adjust its transfer power Ps; before transmitting its

signal xg.

hs:r SR

Figure 1.11: A simple system model of underlay CR network.

Therefore, this adjust is denoted by formula Psy < Iti};R‘Q, where |hsr pgl? is

D

channel gain of link ST-SR, and [, is the maximum intelerSrTe?nce threshold at the PR.
Due to restraint of the transmit power in the underlay CR network, the transmission
signal will be decreased in fading environments. To overcome this disadvantage, many
researchers [68], [69] investigated the cooperative transmissions in the secondary network
under interference constraints, so that transmitted signals from ST to SR were good than

with the support of secondary relays.

1.3 Thesis Organization

The structure of the thesis is as follows:

e Chapter 1 introduces to thesis with background concepts. Besides that, the detail
Related works and the thesis organization are also denoted.

o Chapter 2 presents the state-of-the-art of all the related research works in this thesis.

o Chapter 3 consists of our primary goals in the thesis.

e Chapter 4 presents a Two-Way scheme to increase channel quality and diversity
capacity.

o In Chapter 5 implements the best relay selection method in energy-harvesting coo-
peration scheme to improve the efficient performance and throughput.

10
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o Chapter 6 focuses on the NOMA technology in Two-Way Decode-and-Forward scheme

with DNC to enhance spectrum efficiency.
o In Chapter 7, we examine the security of UCCN Using NOMA to improve the system

performance and secrecy performance.
o Chapter 8 draws conclusions from our works and also suggests some possible directi-

ons for future research.

11
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2 STATE OF THE ART

2.1 The performance enhancement solutions in wireless com-

munication networks

There are many studies about wireless communication [10], 1T, 12 13]. One of the most
attracting aspects is optimizing the efficiency of the network. Studying about cooperative
communication has become a highlighted subject for researching and applying in other
to enhance the capability of wireless communication. Cooperative relaying is essential to
increase diversity capacity and thus to improve the range of wireless communication. The
aim of the cooperative relaying is to help wireless source nodes to transmit their data to
destinations. During the first (broadcast) phase, the source node broadcasts its data to
relays while the second (cooperation) phase, the relays help the source to forward the re-
ceived data to the destination. In other to transfer data from the source to the destination
through the relay, cooperative methods are considered as AF and DF [15-24]. The DF
technique is more complex than the AF because the relays must successfully decode the
received data signals first and then forward the recoded signals to the destination node.
The AF technique does not require the decoding operation at the relays, but it creates
more noises due to the amplification characteristic of the signals plus noises.

In recent years, Two-Way cooperative communication is investigated to increase diver-
sity capacity and thus to improve the range of wireless communication [30]. In Two-Way
schemes, many methods are proposed for enhancing the diversity capacity, secrecy capa-
city, ... They are known as the power transmission policies for the energy harvesting [33],
the performance of NOMA-based cooperative relaying systems [7, 87, 89], the optimal
relay transmission policy [31].

In addition, wireless networks having multiple-relay are also studied broadly. The relay
selection method and the optimal relay selection [45], 46| [47] are applied to advance the
performance of the system. It helps the users to transmit data quickly.

In order to prolong the lifetime and expand the coverage of the network, there is a new
research trend on wireless power transfer, which is combining the EH technology and the
conventional cooperative networks [48]. Concerning cellular networks and WLAN, because
the fast growth multimedia applications consume much energy, the batteries in mobile
devices have limited operation time. EH techniques have become a further important role
in wireless powered communication networks, in which the relay nodes are assumed not
to have an internal energy source.

There are many study cases in cooperative relay networks about EH [74] [75], [76) 77, [78|
79]. The researchers in [76] studied the throughput maximization with the assumptions
of both causal and non-causal knowledge of the harvested energy for the EH two-hop AF
relaying network. Besides, the authors assumed that the channel state information is well
recognized before the data is transmitted to the destination by the collaboration of the

13
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single relay node and the transmitter.

In [79], the author studied transmission power policies for the EH Two-Way relay chan-
nel which maximize the sum-throughput. The EH relay can perform AF, DF, compress-
and-forward, or compute-and-forward relaying. Due to intermittent energy availability,
the channel calls for relaying strategies that adapt to varying transmit powers.

The above researches show that the performance of the system has improved and they
have been deployed in the wireless communications. However, they have not been the best
solutions for the development of the fifth generation (5G) yet.

2.2 The NOMA solutions for applying the fifth generation (5G)

mobile network.

With the NOMA technique, the users can share both time and frequency resources. This
sharing is implemented by adjusting its power allocation ratio. The users with better
channel conditions can serve as relays to enhance the system performance by using suc-
cessive interference cancellation (SIC) [7, 8]. So, it is not only considered to apply for
increasing amounts of the wireless connections, transmitting data traffic, data rate and
the consumed energy in the next generation of wireless communications but also helps to
improve the system throughput and transmit lower latency in wireless communications.
There are many studied cases regard combinations of cooperative relaying and NOMA
[87, 88, [89]. The researchers in [88] studied the performance of NOMA-based cooperative
relaying systems. These are the filed which has attracted increasing interests recently to
improve the throughput of future 5G wireless networks. Besides that, the authors resear-
ched the NOMA technique combining with the PLS in [101, 102]. In [I0I], the authors
solved the problem of maximizing the minimum confidential information rate among users
subject to the secrecy outage constraint and instantaneous transmit power constraint. Co-
operative NOMA systems with the PLS were investigated in [102] in cases of both AF
and DF operations. The PLS and NOMA have recently received great attention from the
researches in wireless system fields as a promising technique to achieve enhanced spectrum
efficiency of the fifth generation (5G) mobile network. The PLS is very important for data
transmissions. It helps safety for the source nodes to communicate with each other. In
addition, the underlay cognitive radio networks applying NOMA technique and security
principle is also proposed by some authors in [103-108]. In [I03] a cooperative transmission
scheme was proposed for a downlink NOMA in CR systems and this research exploited
the maximal spatial diversity. The authors in [I08] studied secure communication in co-
gnitive DF relay networks in which a pair of cognitive relays is opportunistically selected
for security protection against eavesdroppers. The above solutions help to enhance the
significant performance of wireless communication. Nevertheless, the authors have not
considered the Two-Way DF scheme using NOMA, also have not examined a combination
of the NOMA with PLS in the UCCN yet.

14



Goals of dissertation thesis

3 GOALS OF DISSERTATION THESIS

This Session, we denote the particular goals of the research. There are three goals in the
thesis. The details are shown as follows

3.1 Goal 1: Design and deploy Multi-relay AF, DF scheme to
improve the performance and throughput for the wireless

communication networks.

With the backgrounds, we proposed the system models which are based on the network
coding technique, Two-Way scheme, multi-relay scheme, relay selection technique, and
energy harvesting technique for performance enhancement solutions in wireless communi-
cation networks. In particular, we design and deploy two new protocols such as Energy-
Harvesting Cooperation Scheme with Best Relay Selections Under I/Q Imbalance; Two-
Way DF Scheme with Energy Harvesting from Intermediate Relaying Station. The achie-
vable results are presented as follow:

In the first protocol, we have researched the throughput performance. The achievable
result being the throughput performance of the proposed protocols EHAF and EHDF is
improved when compared with that of a non-selection cooperation scheme. In addition,
because of the optimal relay selection approach, we have figured out that, the system
model with three relays achieves the better throughput than the system model with one
relay in both protocols, so the proposed protocol EHDF is more efficient than the EHAF
protocol.

The second proposed protocol, we have investigated the performance of the Two-Way DF
scheme by applying digital network coding and energy harvesting. Due to collect energy
from the source nodes, the system performance obtained the good diversity performance

of signal transmission between two source nodes.

3.2 Goal 2: Implement proposed Two-Way NOMA protocols to
increase the spectral efficiency and overcome disadvantages

of the fading environment.

In this goal, we proposed a Two-Way cooperation scheme with multiple wireless relays
in which the best relay uses the non-orthogonal multiple access (NOMA) to improve the
system performance in 5G wireless networks (called a TWNOMA protocol). We applied
digital network coding (DNC) technique to compress received data from source nodes.
The system performance has analyzed and evaluated in terms of exact closed-form outage
probability over Rayleigh fading channels. The theoretical analyses have also validated by
performing Monte Carlo simulations.
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For the results of research, we have developed a new protocol model based on NOMA
technique for Performance enhancement solutions in wireless communication networks.

In this protocol, the efficiency transmission has improved because we applied both the
NOMA technique and the DNC technique to compensate for the loss of the bandwidth.
Besides, the spectral efficiency of the proposed protocol was best when the relay was lo-
cated at the midpoint between the sources. Finally, by using the NOMA technology, the
system has overcome the disadvantages of the fading environment.

3.3 Goal 3: Design expanded NOMA protocol to advance the

secrecy system.

In this part, with the inheritance from the goal 2, we have developed and extended ope-
ration protocol based on NOMA technique combining with Physical Layer Security in
Underlay Cooperative Cognitive Networks for performance enhancement in wireless com-
munication networks.

We have researched the best relay selection strategies by three types of relay selection
criteria. With the analyzing and evaluating results, we have seen that the system increa-
sed the security as well as the spectrum efficiency. Besides, due to applying the NOMA
technique, the performance of system and bandwidth have achieved higher efficiency. Fi-
nally, the result of the proposed system has obtained well security performance when
eavesdropper node E moved far from the source and cooperative relay.
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4 PRESENTS A TWO-WAY SCHEME TO INCREASE CHAN
NEL QUALITY AND DIVERSITY CAPACITY.

Today, many wireless devices, IoT and smart devices are developed quickly. So, we need to
have the solutions to expand the scope of the networks and the energy for these devices. In
this chapter, we proposed the Two-Way cooperative relaying scheme with the energy har-
vesting to denote these problems. As we know, Two-Way cooperative relaying is essential
to increase diversity capacity and thus to improve the range of wireless communication.
The aim of the cooperative relaying is to help wireless source nodes to transmit their data
to destinations. During the first (broadcast) phase, the source nodes broadcast their data
to relays while in the second (cooperation) phase, the relays help the sources to forward the
recetved data to the destinations. In order to transfer data from the sources to the desti-
nations through the relays, cooperative solutions are considered as AF and DF techniques
[HTPO02], [32,[70, 71, [73]. With energy harvesting helps the system to improve throughput
performance and prolong the lifetime of the wireless networks.

4.1 Motivation

It has been many researches about energy harvesting in cooperative network [311, [74], [75]
70, [77). In [74] based on the presumption of both causal and non-causal knowledge of
the harvested energy in the energy harvesting two-hop AF relaying network, the authors
researched the throughput maximization. Furthermore, before the data is transmitted to
the destination through the single relay node and the transmitter, an assumption has
been made that channel state information was well identified.

Besides, the researchers in [78] examined the power transmission policies for the energy
harvesting Two-Way scheme to find out the optimal the sum throughput. The research has
been observing the energy harvesting relay can operate AF, DF, compress-and-forward,
or compute-and-forward relaying.

Most of all above researchers have assumed that the source nodes have enough energy
in the first phase of the transmission processes. In the other hand, in [79], the source
nodes are insufficient energy for operation in the one-way scheme. There is no study
about Two-Way relaying networks with finite energies at the source and the destination
nodes.

Due to the emerged idea, in this Chapter, we proposed an intermediate relay supplies
the power and transfers the signals to two source nodes in Two-Way energy-harvesting
scheme (called a TWEH protocol). The relay applies digital network coding to compress
received data from the source nodes. There are two significant assumptions given follow.
Initially, we presume that both sources have not enough energy to send as well as to
receive the data. As a result, each source has to harvest energy from the RF signals of
the relay. For instance, in real wireless systems, source nodes sometimes lack the power
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to send and receive messages from other sources while original stations relays have full
energy. In our assumption, the sources node can be charged their battery by using the
power from the RF signals of the relay with full energy (original stations). And then these
source nodes have enough energy to operate.

The second, we examine and compare the proposed TWEH protocol with a conventional
Two-Way DF scheme without using digital network coding and energy harvesting (called
a TWNEH protocol).

In this Chapter, we evaluate the system performances with reference to exact closed-
form outage probabilities (OPs) of the Two-Way DF schemes. There are four superiori-
ties extracted from simulation results: 1) the proposed TWEH protocol outperforms the
Two-Way decode-and-forward scheme without using digital network coding and energy
harvesting (TWNEH protocol); 2) The sum OPs of the protocols TWEH and TWNEH
are smallest when the relay is located at the midpoint of the two sources; 3) the proposed
TWEH protocol achieves the higher performance at the higher energy conversion effici-
encies and the smaller target data rates; 4) The theoretical expressions correspond with
the Monte Carlo simulation results.

This research is constructed as follows: Section 4.2 illustrates a Two-Way system model
with the energy harvesting architecture and operation principles of the proposed TWEH
protocol; Section 4.3 studies and measures the exact OPs of the source nodes, and figures
out the sum OPs of the protocols TWEH and TWNEH; In Section 4.4, we hand out the
simulation results; and Section 4.5 is about our summarization and conclusions.

4.2 System model

(+)

A

R
hi1,d; ha1,d;

@ﬁ)}, Paatl e \@Zi))

N

h14,d1 h24;d2 i

Figure 4.1: System model of a Two-Way DF energy-harvesting scheme

As shown in Figure 4.1, in this Section, we study a system model of a Two-Way DF
with the energy-harvesting scheme, in which consists of a relay R and two source nodes S;
and So. The S; and S, are the energy harvesting source nodes. In this scheme, we consider
that two sources S; and Sy are insufficient energy in the transmitting-receiving process
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of the pilot messages in the preparing phase, and two sources collect energy from the RF
signals of the relay R. Then, the messages of two source nodes S; and S, are carried to the
intermediate relay node R. We have four presumptions as follow. First thing, each node
has a single antenna. Then, variances of Zero-mean White Gaussian Noises (AWGNs) are
equal, denoted similarly as Ny. Next, all channels are aimed to flat and block Rayleigh
fading. Finally, Channel State Information (CSI) is perceived at the source nodes S; and
Sy [80].

In Figure 4.1, let hy; and hg; are Rayleigh fading channel coefficients, where i €
{1, 2,3,4}. The distances of link R-S; and R-Sy are d;, ds, respectively. The random
variables gi; = |hy|? and go; = |hai|? have exponential distributions with the parameters
AL = df and Ay = dg , respectively, where [ is a path-loss exponent. The Cumulative Dis-
tribution Function (CDF) and probability density function (pdf) of random variables g;;
are expressed as Fy (z) = 1 —e M and f, (x) = X\je™ ™7, respectively, where j € {1, 2}.

As the above assumptions, the fading channel hj; stays intact during a block time T,
and is independent and identically assigned between two consecutive block times.

The operation principle of the Two-Way DF with the energy-harvesting scheme (called
the TWEH protocol)[HTP05] is divided into four time slots. In the first time slot, an
energy-provided packet of the relay is carried to two source nodes. The second time slot,
S1 and Sy harvest the energy from the relay R, and then S; sends an information-carrying
packet x1 to the relay. Similar to S;, S also dispatches an information carrying packet x-
to the relay R in the third time slot. Finally, in the last time slot, a coded packet is based
on digital network coding by an XOR operation (x = z1 & x2) [HTP04] is transmitted to
the source nodes S; and Ss.

In the next Section, we will discuss the mathematical expressions and the outage proba-
bility analyses of the protocols TWEH and TWNEH [HTPO05].

4.3 Owutage Probability Analysis

We assume that a node decodes the received packet successfully if its achievable data rate
is larger than a target data rate threshold R;. The assumption is aimed to analyze the
outage probability of the Two-Way DF schemes (the TWEH and TWNEH protocols).

4.3.1 The TWEH protocol

Because of the symmetry of the system model in Figure 4.1, the outage probability of the
two source nodes S; and Sy is calculated in the same way. Therefore, we only calculate
the outage probability of S, and then infer the outage probability of Ss.

At the first phase point of the block time T, the energy signal e of the relay R is
transmitted to the source nodes S; and Sy with a transmission power P, where E{|e|?} =1
(E{x} is notated for the expectation process of x). The energy carried signals received at

19



Presents a Two-Way scheme to increase channel quality and diversity capacity.

the source nodes Sj are given, respectively, as
yg) = \/ﬁhjle + TLSj7 (41)

where ng; represent the AWGNS at receiving antennas of the source nodes Sj, respectively,
with the same variance Ny. The harvested energies at the source nodes Sj over a time
interval T are obtained from (4.1), as

Eg, = Plhj[*Tn;, (4.2)

where 7); is defined as the energy conversion efficiencies at the nodes Sj, 0 < n; < 1. The
source nodes Sj are considered having the same construction, and 7; are constant, denoted
as 1n; = 1.

In the second phase, the relay R receives the signal from the source node S;, and is

shown as
yg) = \/PSIhIQ:L'l + ng. (43)

The power Ps, in (4.3) can be achieved from the harvested energy Eg, as in (4.2) for
sending the signal z; to the cooperative relay R over a time interval T as follows

Es
Ps = 22 (4.4)

Replacing Fg, at formula (4.2) into (4.4), we have the formula as:

PSl = P|h11‘2?7. (45)
At the third time slot, by calculating the same way, the following formula is shown for
the received signal at the relay R from the source node S; as

yg’) =/ Ps,ha322 + np. (4.6)

Similar to formula (4.4), we have the power Ps, which is represented as follows
Ps, = Plha|*n. (4.7)

The received SN Rg,r at the relay R which decode the signal x4 is achieved as follows

Pslhosl?  Prylhon [2[hs?
SNRg,r = S]’V%' _ Pl 2]1\‘,| 23 = YNg21923, (4.8)
0 0

where 7 is denoted as a transmit SNR,y = N%. Hence, we have the achievable data rate

at the relay R to decode the information signal x5 of the source S, is given as:

1
Rg,p = ilog2 (1+SNRg,r), (4.9a)

where a ratio % denotes for four time slots of the operation in the proposed TWEH
protocol .

Replacing the SN Rg,r from (4.8) into (4.9a), Rg,p is expressed as:

1
Rg,p = Zlogz (1 +ng21923) (4.9b)
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After the relay R received the packets z; and x5 in the second time slot, the relay R codes
these signals by using the digital network coding as © = x; @ z2. The next, the signal x
will be sent to the source nodes Sj in the last time slot, and are shown respectively, as

4) = \/ﬁhjzlf + nsj. (410)

Base on the (4.10), the received SN Rgg, at the source S; for decoding the information
signal x is obtained from (4.10) as follows

Plh4)?
No

SNRR51 = Yg14- (411)

Using formula SN Rgg, in (4.11), the achievable data rate at the source node S; from the
transmission x of the relay R is given as:

1
Rpg, = Elog2 (14 SNRgs,) . (4.12a)

Replacing SN Rgg, the from (4.11) into (4.12a), the following result is shown as

1
Rps, = 1108;2 (1+7914). (4.12Db)

Using formulas (4.9b) and (4.12), we calculate the outage probability of the source
node S; in which the source node S; does not receive signal from the source node Sy. The

outage probability of the source node S; is achieved by a math equation as follows

PoS = Pr[Rg,r < Ri| +Pr[Rs,r > Ry, Rps, < Ry (4.13)

Pr1 Pr2

Prl is solved by replacing formula (4.9b) into the equation of Prl in (4.13) and is repre-
sented as follows

1
Prl1="Pr Lllog2 (1 +1g21923) < Rt] / Joor (X)) F s (a)x) dx, (4.14a)

where a = 24?”’1, Using the pdf and CDF of the random variables go; and go3 into (4.14a),
we have a closed form expression of Prl as

A —A2 (a/:r;)
Prlz/ Ao 2 [1—e de =1—wu; x Ki(1,uy), (4.14b)
0
where u; = 2X\3y/a and K (.) is the modified Bessel function [112, eq.(8.432.6)].

Similar to Prl, Pr2 is calculated by replacing the formula (4.9b) and (4.12b) into the
formula of Pr2 in (4.13), Pr2 is solved as

Pr2 = Pr [1log, (1 +y7g21923) > R, 3log, (14 v9u) < Ry
1 1
=Pr Lllog2 (14 yng21923) > Rt] x Pr Lllog2 (1+7vg14) < Rt} . (4.15)

Pr2.1 Pr2.2
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From (4.21), the probability Pr2.1 and Pr2.2 is solved respectively, as follows

1
Pr21=1-Pr |:410g2 (1 + ’)/T]gglggg) < Rt] =1—Prl=wu; X Kl(l,ul). (416)

Pr2.2="Pr

4Ry 1 B
914 < 7] = Prlgu < an] = F,, (an) =1 — e M. (4.17)

From (4.16) and (4.17), Pr2 is obtained as follows:
Pr2=Pr2.1 xPr2.2 =uy x Ki(1,u) x (1 —e 7). (4.18)

Finally, from (4.14b) and (4.18), we have the outage probability of the source node S,

Pﬁ%@% is obtained in the closed-form expression as

Pt = Pri+Pr2=1—u x e M x K (1,u). (4.19)

Similarly, the outage probability Pﬁf@% of the source node S, in the TWEH protocol is

inferred by changing Ay to A\; and vice versa as
out__ Sy __ —A2an

where uy = 2X\1/a.

The sum OPs Ppiz4™ in the TWEH protocol is obtained as

out__sum out_ S out__S: —A1a —A2a

4.3.2 The TWNEH protocol

In this Section, we present the TWNEH protocol which the two source nodes S; and
So are sufficient energy. Two source nodes do not need to harvest the energy from the
relay R in the first time slot. Because the operation principle of the TWNEH protocol is
also performed in four time slots, so the outage probability of the source node S; in the
TWNEH protocol is similar to the TWEH protocol, and is expressed as

Pk = Pr[RYET < R]+Pr[RYFY > Ry, RVEY < Ry, (4.22)

Pr3 Pr4

where RYET and RS are achievable data rates at the relay R and the source node Sy,
respectively.

In the TWNEH protocol, the sum energy equals to 4 x T' X Pygg, where Pygy is the
same power of the nodes S;, Sy and R, whereas the sum energy in the TWEH is 2x T x P.
With fair comparison purpose about used energy, we set as 4 X T' X Pygg =2 X T X P,
then Pypy = P/2.
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The achievable data rates at the relay R and the source node S; to decode the information
signal x5 of the source node Sy are given, respectively, as:

1 1

RS = Jlog, (14 SNRYR!) = Jlog, (14722, (4.23)
1 1

RYEH = Jlog, (1+ SNRIEM) = Jlog, (14 794)). (4.24)

By replacing the RS from (4.23) into the formula of Pr3 in (4.22), Pr3 is obtained as
follows

Pr3="Pr [ilogQ (1 + 79%) < Rt} — Pr [923 < 2241{,5_1}

v
=Pr [ggg < 2&7’]] =F

4.25
o (201) = 1 — -2, 429

The Pr4 is calculated similar to the Pr3. The Pr4 are achieved by replacing the R&%H
from (4.23) and RYEY from (4.24) into the Prd in (4.22) as

24Rt -1 24Rt -1
Pr4 = [1 — Pr <923 < 2) ,PI‘ <914 < 2>‘| — 6—2)\21177 X (1 _ 6—2>\1a77) )
Y Y

(4.26)

Finally, the P25k, is achieved the closed-form expression as
Poiiahy =Pr34+Prd=1— e (utio)2m (4.27)

Due to identical effects of the relay R on the transfer signal between the source node S;
and S, in the TWNEH protocol, the outage probability Pﬁ%j\% y of the source node S is
equal to P51 and the sum OPs P24 in the TWNEH protocol is 2 x Povisol.

4.4 Simulation Results

In this Section, we use the Monte Carlo simulations to check the exact theoretical analyses
of the system performance. The parameters for analysis is set as, the path-loss exponent
B equal to 3, in the two-dimensional plane, the SNR on the x-axis is defined as SNR =
P/ Ny. Besides, we set the coordinates of Sy, Se, and R as S; (0, 0), Sz (1, 0) and R (x, y),
respectively, satisfying 0 < x < 1. Therefore, we have the distances d; = /22 + »? and
dy = /(1 —2)” + 2.

Figure 4.2 shows the sum OPs of the protocols TWEH and TWNEH versus the SNR
(dB). We consider the values with x = 0.5, y=0, R; = 1 (bit/s/Hz) and n = 0.9. Due to
the symmetric network model, the OPs of the source nodes S; and S, are identical. We
can see that in Figure 4.2, the sum OPs of the source nodes S; and S, in both protocols
decrease when the SNRs increase because the harvested energies as in formulas (4.21) and
(4.27), the decoding capacities at the nodes Sy, So and R are larger at the higher SNRs.
Furthermore, because the proposed TWEH protocol applies the digital network coding
to compensate the loss of the bandwidth for the energy harvesting phase (the first time

23



Presents a Two-Way scheme to increase channel quality and diversity capacity.

10048

-
o
L

Sum Outage Probabilities
5
n

B TWNEH - Simulation
% TWEH Simulation

Exact Theory

-5 0 5 10 15 20 25 30
SNR(dB)

10

Figure 4.2: The sum OPs of the source nodes S; and Sy in the protocols TWEH and TWNEH
versus SNR (dB) when x=0.5, R;= 1 (bit/s/Hz), n = 0.9

slot), the performance of the proposed TWEH protocol exceeds the conventional TWNEH
protocol. Lastly, we can see that the simulation results match well to the theoretical
results. Thus, we can confirm that the derived formulas during analyzing are accurate.

In Figure 4.3 presents sum OPs of the protocols TWEH and TWNEH versus the
location of relay x on x-axis, when SNR = 10 (dB), R; = 1 (bit/s/Hz), and x moves from
0.1 to 0.9. In Figure 4.3, the sum OPs of the TWEH protocol is also smaller than that
of the TWNEH protocol. Hence, the proposed TWEH protocol with the digital network
coding outperforms the TWNEH protocol, and concurrently, achieves higher bandwidth
utilization efficiency. In addition, the performance of both protocols is best when the relay
is located at the midpoint of the sources S1 and S2. At this point, the proposed TWEH
protocol can balance the energy harvesting operations and the decoding capacities.

Figure 4.4 presents the sum OPs versus 7 of the protocols TWEH and TWNEH with
Ry = 1(bit/s/Hz), x= 0.5, y=0, 1 is moved from 0.1 to 1, and the SNR values are set to
10 and 20 (dB). As shown in Figure 4.4, the sum OPs of the TWEH protocol is smaller
than the sum OPs of the TWNEH protocol at SNR=10 dB. At SNR = 20 dB, the sum
OPs values of the TWEH protocol is larger than sum OPs of the TWNEH protocol
when 7 < 0.2(small energy conversion efficiency). However, when the value of the energy
conversion efficiency increases from 0.2 to 1, the sum OPs of the TWEH protocol also
decrease and smaller than the sum OPs of the TWNEH protocol. Because the proposed
TWEH protocol apply the energy harvesting, the performance system is good than the
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Figure 4.3: Sum OPs of the protocols TWEH and TWNEH versus location of relays x on x-axis,
when SNR = 10 (dB), n = 0.9, R; = 1 (bit/s/Hz), and x moves from 0.1 to 0.9.
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Figure 4.4: The sum OPs of the scheme in the TWEH and TWNEH protocols versus n when
x=0.5, y=0, Ry = 1 (bit/s/Hz) and SNR is considered at 10 and 20 (dB).
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TWNEH protocol does not apply the energy harvesting.
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Figure 4.5: The sum OPs of the scheme in the TWEH and TWNEH protocols versus R; when
x=0.5, y=0, and SNR is considered at 10 and 20 (dB).

In Figure 4.5, the sum OPs of the proposed TWEH is compared with the TWNEH
protocol via R; when x=0.5, y=0, SNR values are set to 10 (dB) and 20 (dB). The Fingure
4.5 illustrates the target data rate R; goes up, the system performance of the protocols
TWEH and TWNEH decreases and then moves to the worst regions (about R; > 2.5).

4.4.1 Conclusions

In this research, we introduce the Two-Way energy-harvesting model (called the TWEH
protocol) in which the intermediate relay performs two roles: supporting energy to two
source nodes in the initial system and implementing the digital network coding to compress
received data from the source nodes. In the offered TWEH protocol, to have enough energy
to transmit and receive the data, each source has to collect energy from the RF signals
of the relay. The system performance of the proposed protocol is gauged by the exact
closed-form outage probability expressions and is verified by the Monte Carlo simulation
method. The outcomes show that the proposed TWEH protocol has higher performance
when compared with the conventional Two-Way DF scheme without using digital network
coding and energy harvesting (called the TWNEH protocol). It also shows that when the
relay is placed at the midpoint of the two sources, both protocols attain the lowest sum
OPs. Moreover, when applying the TWEH protocol, the performance of the system obtains

efficient and maintain the long-term time operation for transmission.
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5 IMPLEMENTS THE BEST RELAY SELECTION METHOD
IN ENERGY-HARVESTING COOPERATION SCHEME.

In Chapter J, we research the TWEH protocol with only one relay to help the transfer
signal between two source nodes and improve throughput performance of wireless systems.
In this Chapter, to advance in the longer lifetime operation and enhance the throughput
performance of wireless networks, we propose an energy-harvesting cooperation scheme in
which relays suffer in-phase and quadrature-phase imbalances (IQI) and harvest energy
from a wireless transmit source [HTP02].

5.1 Motivation

In recent time, widening the range and rising the diversity capacity of wireless communi-
cation are effected by cooperative relaying. The cooperative communication supports the
data transmission from the wireless source nodes to the destinations. Therefore, many re-
searchers propose cases of cooperative networks under the impact of IQI [82, [83]. The IQI
pertains to the phase and/or amplitude mismatch between the in-phase (I) and quadra-
ture (Q) signals at the transmitter (TX) and receiver (RX) sides. Most researches about
IQI have only investigated the performance analysis and baseband compensation that
base on the single hop communication systems. The performance analysis of AF dual-hop
relaying, where IQI affects both the TX and RX front ends of the relay node [82].

Most of the above researchers, the authors have not presented the energy-harvesting
cooperation scheme with the best relay selection under IQI yet. In this Chapter, we
propose a dual-hop DF and AF relaying networks in which the best relay selection collects
the energy under the impact of 1QI.

The Chapter is summarized as follows. Firstly, an energy-harvesting cooperative multi-
relay scheme is proposed. We apply the opportunistic relay selection method to find a best
relay for the EHAF protocol and partial relay selection to have a best relay for the EHDF
protocol. These best relays suffer the IQI. Secondly, the exact closed-form throughput
over Rayleigh fading channels are derived and are confirmed by Monte Carlo simulations.
Thirdly, the proposed EHDF protocol outperforms the proposed EHAF protocol. Finally,
the throughput performance of the two protocols also improves when the number of

cooperative relay increase.

This Chapter is presented as follows: Section 5.2 considers a dual-hop DF and AF
cooperative relaying scheme in which the multiple wireless energy harvesting relay nodes
under impact of IQI; The throughput performance analyses of the proposed EHDF and
EHAF protocols are described in Section 5.3; Section 5.4 is presented the simulation

results are presented; Section 5.5 summarizes our conclusions.
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5.2 System model

Figure 5.1: dual-hop DF and AF relaying model with M energy-harvesting relays under IQI.

We propose two kinds of cooperative relays, namely DF and AF in which M energy-
harvesting relays denoted as with i =1, 2, . . ., M. As shown in Figure 5.1, a source node
S and a destination node D are assumed having a single antenna, and transmittance is
forced in the half-duplex mode where transmitting and receiving works do not happen
concurrently. Assuming that there is no connection between the source S and destination
D directly, which the transmission signal from the source S and destination D is just via
relays R; because of deep shadowing. In addition, the relays R; suffer the impact of the
1QLI.

In the proposed scheme, we consider two phases to transfer a single data. In the first
phase, the source S transfers the signal to the relays R;, and then, the relays harvest
energy from the RF signals of the source S. In the second stage, the signal is carried to
the destination through relays R;. The next, relays R; apply two methods to process the
received signals: amplify and forward to the destination D (called the EHAF protocol), and
decode and forward to the destination D (called the EHDF protocol). In this Chapter,
the best relay of two proposed protocols EHAF and EHDF is found by basing on the
end-to-end SINRs.

The mathematical equations for the throughput analyses of the two protocols EHDF
and EHAF will be considered in the next Section.

5.3 Throughput performance analyses

In this Section, we define the hy; and the hy; as Rayleigh channel factors of the S — R;
link and the R; — D link, respectively. Besides, let ny; ~ CN(0, N;) and np ~ CN(0, N2)
as the complicated Gaussian noises at the relays R; and D.

Two proposed protocols EHDF and EHAF which the throughput based on the research
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in [48], is described as follows

TX:(]_—PX

out

)(1-a)R/2 (5.1)

where: PX , are the OPs of the protocols X, X € {EHAF, EHDF}, R is defined as a target
data rate and is related to a threshold SINRs 7y as R = log, (1 4+ 7). and « is described
as time-switching coefficient with 0 < a < 1.

In the first phase, the source S transmits its signals to the relays R;. Then, the received
baseband signals at the relays R; of the proposed EHAF and EHDF protocols after down
shift and under effects of RX I/Q mismatch can be presented as

yx_sr, = Ki(hyw + nyi) + Ka(hyz +np)” (5.2)

where x is the transmit signal of the source node S with average transfer energy E{|z|*} =
P (E{z} is an expectation expression of z), and

K1 = (14g57")/2 (5.3)
Ky = (1—g5"")/2 (5.4)

The TX magnitude and phase mismatch in (5.3-5.4) is performed gr and @7
The mirror data introduced by the IQI is often assigned as (hy;x 4+ ny;)* terms in Eq. (5.2).
From (5.2) and [48], the power is gotten from the collected energy in the time (1 —«)7'/2
for forwarding the processed signal to the destination D as

(1K [* + | K2[*) 2an P | ha

Pp, = 7o) (5.5)

The relays R; tranfer the signal to the destination D by amplifing (the EHAF protocol)
or decoding (the EHDF protocol) in the second time slot.

5.3.1 The EHAF protocol

In this Section, we consider the operation principle of the proposed EHAF protocol. After
the signals are broadcasted to the relay R; from the source S, they will be magnified at
the baseband level by the relay R; with a magnification coefficient G, the next, converted
up the radio frequency level (RF), and then, transferred to the destination D. Under TX
IQI at the relay R;[HTPO03], the received baseband signal at the destination D is presented
as

Yeuar m;p = hoi(G1(Gyenar sr,) + G5(GYrmar sr;,)*) +np (5.6)
where '
G2 (1+g57")/2 (5.7)
A eJPR
Go=(1—gg ")/2 (5.8)
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Pr
G = z 59
V P PP+ V) (5:9)

In (5.7-5.8), gr and @gr denote the RX magnitude and phase mismatch.
Replacing the formulas (5.2), (5.9) into (5.6), and after some manipulations, the end-to-
end SINRs is achieved as

aPPRi|h1i|2’h2i|2

YEHAF R;D = (5.10)
{0PPg, |y |? [y + aN1 Pr, [ ho|*+
ON1 Pp, h’2i’2 + NQP‘huP + NN, }
where a=4"p b=B"p c=a+b, AL K\G+ KiG5 B 2 K\Gy + K3GE,
A
F = (JK 2+ [Ka)(|Ga]* + 1Gaf?)
Replacing the Pg, in (5.5) into (5.10), we have the following result:
CaanP? (K P + [Kal) | By ?) _

YEHAF R;D =
{ (2banP|hy,4hos|2) + (2aanNy Plhy, | hy, ) }

+ (2banN1P|h1¢|2|hzi|2) + (N2P|h1i|2<1 —a)+ NiNy(1 - «)

We base on the maximum of the end-to-end SINRs to find the best relay Ry, and is

expressed as

Ry, = arg ie {f%??fM} YEHAF R;D (5.12)

A math equation presents the outage probability of the EHAF protocol as follows

out

PEHAF _ Py [’YEHAF?Rle < 'YO} =Pr L{%ax YEHAR_F.D) < %}

ul

. L=l e (5.13)
= ‘1:[1 Pr{vemar r;p <] = l:[l Pr |:w2i < T v
Applied the proposition in [48], the expression PEHAF is given as:
. M
_ wz+1p
v/u

Av

~ |1 —e v puky (u)} M, (SINRs approximation)
where
w=7NP(1 — )
Y = %N Ny (1 - )
u = 2aanP? (|K1|? + | K3 |*) — 2bany, P2
v = 2aanP — 2banyy P
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5.3.2 The EHDF protocol

From (5.2), the SINRs at the relays R; is achieved as follows
K12 PRy, 2
= : 5.15
VEHDE S R BB TP+ (1 2+ [P Ny 1)

After the decoded signal, this signal will be forward to the destination D by the relays R;.
The received signal at the destination D with the TX IQI at the relays R; is shown as

YEHDF R,D — Gl(h,giﬂﬁ + TLD) -+ Gg(hgiil? + nD)* (516)
The next, the SINRs ygupr gr,p at the destination D is represented as
_ |G1[? Pr,|hy, [?
YEHDF_R;D = |G2 2P, [hy, 2 +(1G1 2 +[G2 ) N2
(5.17)

— 20”7P|G1|2|h1i‘2‘h2i|2
{(2anPIGa Iy, Plhyi ?) + (1GL P+ G2 ) Na (1—a)}

We calculate similar to the EHAF protocol, the best relay Ry, in proposed EHDF protocol

is given as follows
Ry, = arg max min(Yeupr_sr;, YEHDF_R.D) (5.18)
i€{1,2,...M}

From formula (5.18), the outage probability of the EHDF protocol is achieved as

PEHDE _ py [ max _ min ( TEHDE_ SR | _ 70]

out i€{1927""M} WEHDF_RZD
M
— [[ Pr |min YEHDF _SR;> <%
i=1 YEHDF R;D
— ﬁ 1 — Pr min(VEHDFﬁSRu (519)
i=1 YEHDF RiD) > Y0
M >
— I[Pr|1-Pr (’YEHDF?SRZ Y0,
i=1 YEHDF R.D) > Y0
o
The @ in (5.19) is solved as
d ="Pr (wu > m, Wy > m)
B Pr[w1i>m,wgi>m , D>q
Pr [wy; > m] , p<q (5.20)

A S e~MeHAz2) g ,p>q

e~ Mm ,p<q
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(1K1 2+ K2[2 ) Niyo
(K12 =|K2[?v0) P

wy; = ‘h1i|2§ 0= (|G1]> + |G2*) Ni(1 — a)yo
p= |Gi[P2anP ; q= |Ga*2anPy,
The integral in ® (5.20) is complex, and solving of this integral is not practical. However,

where m =

we can find the values of ® by using the numerical method.

5.4 Simulation results

Similar to the simulation results in Section 4.4 of Chapter 4, the system performance of
the proposed protocols EHAF and EHDF is also analyzed and evaluated by using the
exact theoretical analyses and the Monte Carlo simulations of the throughput. Besides,
the coordinates of S, D, and R; are set the same with (0, 0), (1, 0) and (x, y), respectively,
satisfying 0 < x < 1. Hence, di=v/22 + 32 and dy =y/(1 — x)2 + y2. The IQI parameters
are set to 20logl0(gr ) = 20logl0(gr ) = 1.58dB. In addition, the SINRs on the x-axis is
defined as v = NEZ {i e 1,2}.
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Figure 5.2: The throughput at the destination in the protocols EHDF and EHAF versus when
the IQI parameters: 20 logl0 (g7) = 20 logl0 (gr) = 1.58dB and @7 = ¢ = 10°, n =0.9.

Figure [5.2| shows the throughput performance of two proposed protocols EHDF and
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EHAF via the o with the values are considered as d; = dy = 1, SINR=5(dB), n=0.9 and
O<a <1. In this Figure, the throughput performance of in both EHDF and EHAF proto-
col increases by time-switching coefficient v and then throughput performance decreases
when « increases. Besides, the throughput performance obtains the largest when values
a get to an optimal value. These optimal values can be obtained by the Golden Section
Search (GSS) method in [85] with a minimal interval 1073, Particularly, the optimal va-
lues in the EHDF protocol are approximately 0.27 and 0.17 when the number of relays,
M, is set to 1 and 3, respectively. In EHAF protocol, the optimal value o« = 0.39 when
M=1 and a = 0.29 when M=3. As shown in Figure 5.2, the results show that the throu-
ghput performance achieves the optimal at the ideal value . Besides, because of applying
the best relay selection method, we have seen that, the system model has 3 relays, the
throughput performance achieves the better than the system model has 1 relay in both
proposed protocols. In addition, due to the impact of IQI noise in the propose system,
the throughput performance will descend by «. Finally, the throughput performance of
the EHDF protocol is greater than that of the EHAF protocol.
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Figure 5.3: The throughputs in the protocols EHDF and EHAF versus the IQI parameters gr=
gr(dB) and oy = pp= 10°, n =0.9.

Figure illustrates the throughput performances vesus the IQI parameters gr =
gr(dB). In the asymmetric network scheme, we set parameters values pr= =10, n=0.9,
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the IQI from 0 (dB) to 30 (dB). The parameters a are set to the optimal values appt ar
and a,,; pr at each value of the gy . It can be seen that when the IQI parameters values
increase, the throughput performances of both protocols EHDF and EHAF decrease.
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Figure 5.4: The throughput at the destination in the protocols EHDF and EHAF versus SINR
when the IQI parameters: 20 logl0 (g7)=20logl0 (gr) = 1.58dB and @7 = pr = 10°, n=0.9.

Figure compares the throughput performance between the EHDF and EHAF pro-
tocol versus SINR (dB) when « is set to the optimal valuesay, ap and g, pr at each
value of the SINR(dB), respectively. The throughput performance of two proposed pro-
tocols increases when the SINRs values increase. Besides, we can see that the throughput
of the EHDF protocol is efficiency the throughput of the EHAF protocol.

Lastly, the simulation results in two proposed protocols EHDF and EHAF fit well to the
theoretical results. Hence, we can conclude that the formulas of throughput performance
analysis are precise.

5.5 Conclusion

In this research, we presented a system model having M relays to transfer the signal
between two sources together under the impact of IQI. To enhance the performance of the
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system, we applied the best relay selection basing on end-to-end SINRs and using energy-
harvesting from a wireless transmit source in both AF (called an EHAF protocol) and DF
(called an EHDF protocol) cooperation methods. The system performance has analyzed
and examined in terms of exact closed-form throughput over Rayleigh fading channels.
The results have shown that the proposed EHDF protocol obtained higher throughput
performance the proposed EHAF protocol. Furthermore, when the system model had the
number of relays increases, the throughput performance of the two proposed protocols

was also improved.
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6 THE NOMA TECHNOLOGY IN TWO-WAY DECODE-AND-
FORWARD SCHEME WITH DNC

In Chapter 4, we investigated the Two-Way cooperative relaying with energy harvesting.
We have proof that it has the advantage of increasing diversity capacity and improving
the performance of wireless communication. However, with the development of wireless
devices, the demand for always available connectivity and transfer data quickly increasing
steadily, so we need the solutions to resolve the speed up data rate, the QoS efficiently.
The NOMA technique is one of the optimal solutions to improve these problems. [HTPO01],
[HTPO4).

6.1 Motivation

It has been many research the combinations of cooperative relaying and NOMA [7, 88|
89, 90]. In [80], the performance of NOMA-based cooperative relaying systems had been
studied and the performance of NOMA schemes in AF relay systems had been investigated
in [90]. In order to improve the throughput of future 5G wireless networks, the NOMA
has been recently received great attention from the researches and has been becoming an
interesting topic.

The majority of researchers have not to focus on the Two-Way DF using NOMA. Be-
cause of the emerged idea, in this study, we introduce the Two-Way DF scheme to enhance
the spectrum efficiency and improve the speed transfer data in which an transitional relay
applies the NOMA technique and uses the DNC solution to compress received data from
the source nodes (called a TWNOMA protocol) [HTPO04].

The particular goal of this paper can be summarized as follows. Initially, we introduce
a Two-Way DF cooperative relaying scheme in which relay applies NOMA technology to
enhance the system performance for the wireless networks. Then, Monte Carlo simulation
is used to derive and to confirm the exact closed-form sum OPs over Rayleigh fading
channels. Lastly, the proposed TWNOMA protocol surpasses the conventional protocols,
namely, Two-Way scheme using DNC (TWDNC), Two-Way scheme without using DNC
(TWNDNC) and Two-Way AF scheme (TWANC).

The details of research are organized as follows:a Two-Way DF NOMA system model
is described in Section 2; Section 3 presents the exact OPs of the source nodes in the
proposed TWNOMA protocol; the simulation results are shown in Section 4; and Section

5 summarizes our conclusions.

6.2 System model

As shown in Figure 6.1, in this part, a Two-Way DF NOMA model in which relay R
using SIC in NOMA is proposed called as a TWNOMA protocol. Particularly, the system
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Figure 6.1: System model of a Two-Way DF NOMA scheme
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consists of two source nodes S1, So and intermediate relay R. The S; propagates the signal
71 to Sy and S, transits the signal zo to Sy, where E{|z,|*} = 1, E{|z:|*} = 1,(E{z} is
notated for the expectation process of x).

There are four assumptions given as follows. Firstly, the variances of Zero-mean AWGNSs
are equal, represented namely Nj. Secondly, all channels are designated to flat and block
Rayleigh fading. Thirdly, all the nodes in the system have a private antenna.. Finally,
Channel State -Information (CSI) are known at all the source nodes[30, [87].

In Figure 6.1, the parameters for analysis are the same way in Section 4.2 of the
Chapter 4. Particularly, (hy;, di) and (hy;, ds) are Rayleigh fading channel coefficients and
the link distances of S1-R, So-R respectively, where i € {1, 2}. The random variables g;; =
|h1;]? and go; = |hy;|? have exponential distributions with the parameters A} = df and \y =
dg , respectively, where [ is a path-loss exponent. The Cumulative Distribution Function
(CDF) and probability density function (pdf) of random variables g;; are expressed as
Fo.(r)=1- e~ and fo:(x) = e~ % | respectively, where j € {1, 2} .

The operation principle of the TWNOMA protocol is divided into two timeslots based
on a time division channel model. In the beginning timeslot, the source nodes S; and S,
transmit their packets x; and x5 to the relay R. In the next timeslot, the relay R applies
the NOMA to decode one after another the packets x; and x5 based on the channel gains,
and then uses the DNC by an XOR operation (x = x; @ x2) before broadcasting the coded
z to the source nodes S; and S;.

6.3 Outage Probability Analysis

In this Section, some assumptions are given as. The source nodes S7, Sy and the relay R
use the transmit power P the same, a node successfully decodes the received packet if its
achievable data rate is larger than or equal a target data rate R;.

The transmission signal between source node S; and source node S, consist of two
phases. In the first phase, two source nodes Sy, S; transfer their signal to each other
through relay R. So, the relay R gets the signals from Sy, Sy are given as

yr = VPhiai + VPhaywy + ng (6.1)

38



The NOMA technology in Two-Way Decode-and-Forward scheme with DNC

In the second time slot, the relay R sends the received signals = z1 @ x5 to at the sources
S1 and Sy are given as

ys, = VPhyotr +ng,, k€ {1,2} (6.2)

where np and ng, denote the AWGNSs at the nodes R and Sy, respectively, with the same
variance Ng.
This Chapter, due to proposing the Two-Way scheme, we consider two conditions of
channel gain to calculate the outage probability as follow:
The condition g1; > g1

Based on researches about the NOMA in [1], 2, 3] [4, 5], by applying SIC technology
in the NOMA first the relay R decodes z; from (6.1) [HTPO1], then x5 will be decoded
without the component v/Phyyz; in (6.1). The received Signal-to-Noise Ratios (SNRs)
SN R;IR and SN R;R at the relay R for decoding the information signal z; and z, are
obtained, respectively, as follows

P’h11|2 791

SNR! = = 6.3
SR Plhot|?+ No  vgar +1 (6.3)
Plhot|?
SNR;R = ‘]\721’ = Yg21 (64)
0

where 7 is defined as a transmit SNR, v = N%.

The outage probability of the source node S, without receiving signal x; happens when
the achievable data rates of links S;-R and R-S; are small than the threshold Rt, and
represented as follows,

t_Spt 1
Prynoma = Pr [RSIR < Rt]

Pri.1 6.5
+Pr Ry > Ry, Ry, < Ri| (6:5)

Pri1.2

where R p and Ry, are given as

Ry = log, (1+ SNRL )

. (6.6)
- %10g2 (1 + 73291+1>

1 1
Rhg, = 5log, (1+SNR}, ) = 5108z (14 7922) (6.7)
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The probability Prl.1 at (6.5) is manipulated and calculated as

Pr1.1 = [gi1 > 921,911 < 0921 + 0/
= Pr[ga1 < g11 < 0gn +0/9]

I fyn @)= Fyy () + Eyy (0 40/)]
,1-0<0 (6.8a)

b?fgm (x>[_Fg11 (ZE) + an (91‘ + ‘9/7)]
, 1—-0>0

_ 92Rt _ _ 0
where 6 = 2 1,a= =G

By applying the pdf of the random variable go; and the CDF of the random variable g1,
Prl.1 obtained a closed form expression as

A2 _ )\26_’\16/’7 o
A1+A2 Aa+A160 1 0 <0

Prl1.1=
' e 1-60>0

_ Age=M0/7=(a+A10)a (A2+X10)a _
Ao+\10 x e 1

(6.8b)

Calculating similar to the Prl.1, Pr1.2 in (6.5) is also is solved as
Pr1.2 = Prlgi1 > g1, 911 > 0ga1 +0/7, gaa < 0/9]

Prigi1 > 091 +0/7,9220 < 0/7], 1—-6<0

Prgi1 > 0go1 + 6/,
go1 < 0ga1 +0/v,922<0/7], 1-0>0
+Prlga1 > 0go1 + 0/,
g1 > g1, 922 < 0/7]
7(@M@ﬂ—@d%+ww 1—8<0
0 X Fy,,(0/v) dzx

X Foo, (0/7)d

®° fgm (l’) [1 - Fgu (l’)]
*J(xﬂawww )’1_8>0

= f(ﬁﬁwﬂ—@d%+Wﬂ>

00/ Age— PO/
(1 ¢ ) A2+A16 , 1<

= )\2 El — €_>\29/’y) X (69)

e—A10/v—aXg—ar10 )
i 1> 0

(A2+A10)a __ ) e~ (Gatrn)a
{ X (6 1)+ A1+A2
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With the probabilities Pr1.1 in (6.8b) and Pr1.2 in (6.9) in hand, the closed-form expres-
sion is denoted for the outage probability of the source node Sy in the TWNOMA protocol
in (6.5) is obtained in the closed-form expression.

Similarly, the outage probability of the source node S; in the TWNOMA protocol in also
the condition g1 > go1 is expressed by a math expression as follows

t Sit 1
Potsa =Pr[RL < R

Pr2] 6.10
+Pr[RL > Ry, Ry, < Ri| (6.10)

Pr2.2

where Rpg and Rpg are expressed respectively, as
Rhg, = 3log, (14 7g22) and Rpg = ilog, (1 +7g12). Hence, the probabilites Pr2.1 and
Pr2.2 are also solved easily as follows

Pr2.1 =Prlg11 > g21, 921 < 0/7]

0/
= ({ f921 (iL‘)(l - an (x))dx (6'11)
= )\1{"_2)\2 (1 — 6—9/’7()\1+>\2))

Pr2.2 = Pr{g11 > go1, 921 > /7, 912 < 0/7]

= Fy,,(0/7) % 0{ Soun (@) (1 = Fy,, ())da (6.12)
v
— (1 _ @*M)/v) X A+2A o~ (M+22)0/
2 1

From (6.11) and (6.12), the outage probability Pﬁf,jv%L 4 18 solve successfully.

The condition g;; < go

The system model of the TWNOMA protocol is researched in the symmetric cha-
racteristic. Therefore, the outage probabilities of the source nodes S; and S, are in-
ferred easily by changes parameters A\; as Ay. The outage probabilities are expressed
as P%%T\%?\/[A = Pr3.1+Pr3.2 and P;%j\%j\/m = Pr4.1 + Pr4.2, where the closed-form

results are shown as:

A _ )\16_)‘29/"’ _
PV VS W W) , 1=0<0

Pr3.l={ A Sle/_ i—(/:lj),\z)a) (6.13)
Aie—r20/7=(A1+A20)a
— =0 ,1—0>0

X (60\14—)\29)‘1 _ 1)
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e e , 1-0<0
PI‘ 32 - )\ e—A20/v—aX;—aXa0 (614)
A (1 —e 9/7) ( S TEsv )
X (e()‘1+)‘29)a 1 L 1-60>0
(1) (g
)\1 0
Prdl= 1— e 0/at) 6.15
L=y, (e ) (6.15)
Pra2 = (1—e¢ ) N -Owey (6.16)
A2+ A
Finally, with the formulas in (6.8b), (6.9), (6.11), (6.12), (6.13),(6.14), (6.15) and (6.16),

sum

the sum outage probabilities Poiyxany 4 of the proposed TWNOMA protocol are obtained
and are expressed in the closed form.

out_sum out_S% out_S% out_Sf out_Sg
Prwnoma = Privnoma + Priwnéaa + Prwnosa + Prwnéaa

) o (1 — e~ (2M+X2)0/y

DY ESY DY (1 . e-(xl+2x2)9/7)
 dpem(ahA)0/y N (A1 tA)0/y .
1 A2+A10 M tA20 , 1—60<0

_—(AA)a) _ Aee= MO/ —0otMOa [ (x4 N 0)a _ _ e ?20/v=(atAe0a [ x4 \o8)a
+ (1 € A2+A10 € 1 A1+A20 € 1

_ /7 [ (e M1f/nmaramaMl (A2+A10)a _ e~ (atApa
Al —e A2+A10 € )+

— e~ M0/y e M20/rmeimer28 [ (Ai+Af)a e~ Oatrpa _
M(l—e T e 1) + 51 , 1—0>0

(6.17)

6.4 Simulation Results

In this Section, we analyzed and evaluated the system performance of the TWNOMA
protocol. The exact theoretical analyses results have verified by the Monte Carlo simu-
lations. In the two-dimensional plane, we set the S;, Sy, and R at positions as S; (0, 0),
Sy (1, 0) and R (x, y), respectively, satisfying z € (0, 1). Therefore, we had d; = /22 + 2
and dy = /(1 — x)2 + y2. The path-loss exponent [ is assumed equal 3.

In this research, we compared the simulation and analysis results of the proposed TW-
NOMA protocol with the TWANC protocol [17], the TWDNC protocol and the TWNDNC
protocol [30]. We considered these protocols having the same energy E for comparing fairly
between protocols TWNOMA, TWANC, TWDNC, and TWNDNC.
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Figure 6.2 illustrate the sum OPs of two source nodes S; and S, via E/Ny (dB) when
the parameters for analysis in the network model are set with z = 0.2, y =0, R, = 1
(bit/s/Hz). We can see that in Figure 6.2, the sum outage probabilities of the source
nodes S7 and Sy in the protocols decrease when the E/Nj raises due to the large transmit
powers. Besides, because the proposed TWNOMA protocol uses both SIC technique in the

TWNOMA (Simulation)
O  TWNOMA (Theory)

—%— TWANC [17]

—+&— TWDNC [30]

—— TWNDNC [30] . . . .

0 2 4 6 8 10 12 14 16 18 20
E/N,(dB)

Sum Outage Probabilities

107

Figure 6.2: The sum OPs of the source nodes S; and Sy versus E/Ng (dB) when z=0.2, R, = 1
(bit/s/Hz).

NOMA and the DNC technique to compensate the loss of the bandwidth, the performance
of the proposed TWNOMA protocol outperforms the conventional protocols TWANC,
TWDNC, and TWNDNC . Lastly, the theoretical results match well to simulation results
of the proposed TWNOMA protocol. Hence, we conclude that the derived formulas are

accurate during analysis.

Figure 6.3 presents sum OPs versus the position x of the relay on x-axis, when the
parameters are set as follow, E/Ny = 10 (dB), R; = 1 (bit/s/Hz), and x moves from 0.1 to
0.9. In Figure 6.3, we can see that the performance of the proposed TWNOMA protocol
is best when the relay is located at the point x;= 0.3 and x;= 0.7 between the sources S;
and S5. It mean that, if the relay R is set at these position, the performance of system is
achieved the best efficiency. Besides, the sum OPs of the proposed TWNOMA protocol
is also smaller than that of the protocols TWANC, TWDNC, and TWNDNC. Therefore,
the proposed TWNOMA protocol with the NOMA and DNC techniques exceed the other
protocols, and simultaneously, achieves higher bandwidth utilization efficiency.
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Figure 6.3: The sum OPs versus location x of the relay on x-axis, when E/Ny = 10 (dB), R; =
1 (bit/s/Hz), and x; moves from 0.1 to 0.9.

6.5 Conclusions

In this research, the Two-Way DF NOMA scheme (called the TWNOMA protocol) was
proposed. The intermediate relay applied SIC in the NOMA technology to detect the
received and transmitted signals. The system performance was analyzed, evaluated and
obtained closed-form exact for SOPs over Rayleigh fading channels. The research results
shown that the proposed TWNOMA protocol improved performance when it was compa-
red with the conventional Two-Way DF scheme using DNC (called the TWDNC protocol),
Two-Way DF scheme without using DNC (called the TWNDNC protocol) and Two-Way
AF scheme (called the TWANC protocol). Besides, we can see that the proposed protocol
achieved the best performance if the relay was set at two optimal positions between two
source nodes. Lastly, we obtained the closed-form exact for the sum OPs and matched
well with the Monte Carlo simulation results.
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7 THE SECURITY OF UCCN USING NOMA TO IMPROVE
THE SYSTEM PERFORMANCE AND SECRECY PERFOR-
MANCE

Inheritance from Chapter 6, this chapter, we suggested the NOMA scheme with PLS to
enhance the spectral efficiency and the security capacity of the wireless network.

7.1 Motivation

Today, the security is one of the important problems to save the data of users. So, there are
many types of research to the PLS [98| [I01]. The research in [98] investigated the secrecy
performance of the cooperative network using the relay selection method under the impact
of co-channel. The other authors in [I01] studied the secrecy performance of multiple DF
relaying under the effect of correlated fading and using the optimal relay selection method.
Besides, the NOMA technology combining with the PLS was researched in [102] [103].
In [102], the authors presented the problem of maximizing the minimum confidential
information rate among users subject to the secrecy outage constraint and instantaneous
transmits power constraint. The NOMA with the PLS in AF and DF cooperation network
were also investigated in [103].

In addition, NOMA technique in underlay cognitive radio networks was proposed by
some authors in [104}, T05] 106, 107]. In [104], A downlink NOMA in CR systems has been
researched to exploit the optimal spatial diversity. The studies in [108, 109, 110] given
many security principles. The authors in [I09] researched the secrecy communication in
cognitive DF relay networks in which a pair of cognitive relays is opportunistically selected
for security protection against eavesdroppers. The authors in [T10] presented the tradeoffs
between reliability and secrecy in cooperative cognitive radio networks with the NOMA
technology.

All of the above researchers, the authors have not presented to combine between the
NOMA technology and PLS in the UCCN yet. So, in this Chapter, we propose a NOMA
cooperative relay scheme for UCCN in which the best relay helps to DF and transfer two
signals x; and x5 two destination nodes D; and D, respectively, under impact wiretapping
of a node eavesdropper. In this Chapter, we give three strategies to choose the best relay.
In the first and second strategy, the best relay selection is based on maximizing the value
of the channel gains from the links R;-D;, R;-Ds, respectively. Remain of strategy is
applied by the minimum value of the channel gains from R;-E link. After finding the best
relay, we examine the efficient secrecy of the transmissions x; and x5 in the proposed
UCCN-NOMA scheme in terms of the secrecy outage probabilities(SOPs) over Rayleigh
fading channels to enhance the spectrum efficiency and secure communication.

The chapter is summarized with the main contributions as follows. Firstly, we propose
a DF-formed cooperation UCCN scheme in which the best relay uses the NOMA and
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considers the PLS to enhance the system performance in 5G wireless networks. Secondly,
the SOPs over Rayleigh fading channels are derived and are confirmed by Monte Carlo
simulations. Thirdly, the secrecy performances of the transmissions x; and x5 in three best
relay selection strategies are compared with each other in the proposed UCCN-NOMA
system. The rest of this Chapter organized as follows: Section 7.2 presents a UCCN system
model in which the best relay applying the NOMA technology collaborating with the PLS
and operation principles of the suggested system; Section 7.3 analyzes and evaluates the
secrecy outage probabilities of the messages x; and x, in the proposed UCCN-NOMA

system; Section 4 shows the simulation results; and Section 5 outlines our conclusions.

7.2 System model

(((")) hsgi» dsgi

Figure 7.1: System model of a UCCN-NOMA scheme considering PLS.

In this Section, in Figure 7.1 was considered a wireless cooperative scheme for a UCCN.
The cooperative scheme uses the NOMA principle to improve spectral performance. It
contains one source node S transfer the messages to two destination nodes Dy, Dy through
multi-wireless relay nodes under impact by one eavesdropper node E to wiretap the signals.
As shown in this figure, we assume that the source S and two destination nodes are not
transmitted directly which the intermediate relays help to carry the messages to D; and
D, with illegal presence of the eavesdropper E. In system model, we assumed the distance
from R; to Dy link is farther than distance from R; to D;. Besides, the source node S
sent its packets to two nodes D; and Dy shown as x; is sent to Dy, x5 is sent to Dy. To
obtain optimal performance, we considered applying the NOMA technology and the relay
selection technique to find out the best relay to support the two nodes D; and Dy can
receive quickly. Three kinds of relay selection were given as follow, the first strategy and
second strategy were calculated to base on the maximum channel gain of the links R; -
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D; and R; - Do, respectively. The remaining strategy was presented by minimum channel
gain of the link R;-E.

Some assumptions are denoted as follows. The first, the source S and two destination
nodes Dy and Dy have a private antenna. Secondly, variances of Zero-mean AWGNSs are
equal, presented the same N,. Thirdly, all channels are designated to flat and block Ra-
yleigh fading. Finally, the Channel State Information (CSI) regarding the S-E, S-R;, and
R;-E channels are known at the source node S and the destination nodes D; and Dy [96].

In Figure 7.1, we define the parameters for analysis as follow. The hgg,, hj; are Rayleigh
fading channel coefficients which is fixed during a block time T, and are the variables
independent and identically distributed between two continuous block times. The dgg,,
d;; are the link distances of S-R;, R;-Dy, R;-E, and R;-Pu respectively, where j € {1, 4},
i € {1, M}, and k € {1, 2}. Hence, the random variables g;; = |h;;|* has exponential
distribution with the parameter \; = dfi,
distances of R;-Dy, R;-E, and R;-Pu have represented in the figure 7.1. The Cumulative

where (3 is a path-loss exponent. The respectively

Distribution Function (CDF) and probability density function (pdf) of random variables
gj; are expressed as Fy (a) =1 —e M and fy, (a) = Xje™ N, respecctively.

D, ()

S(x5) %Rb (SIC) Rb(xR) {Dz ()
xS:\/@x1+ o, P, (x),x,) xR:mxﬁ_ azPsz"uE(x X))
Wiretagpir%g

Timeslot 1 Timeslot 2

Figure 7.2: Operation diagram of the proposed system.

As shown in Figure 7.2, the operation principle of the proposed NOMA scheme in
UCCN is presented within two timeslots. The first timeslot, the source node S sends its
signal , which consists messages r; and x5 through the best relay Ry, with E{|x|*} =
1,E{|z2|*} = 1 (E{z} is denoted for the expectation process of x). The message z; is
created by the superposition coding method. The strategy for finding the best relay R
[HTPO02] will be presented in the next section. The best relay Ry, applies the SIC in NOMA
technology to decode the messages x; and x5 sequentially based on the allocated powers
to the messages x; and x5 at the source node S. In remaining timeslot, the best relay
Ry, combines the messages x; and x5 to the coded signal xr by the superposition coding.
Then, the message xg is sent to the destinations Dy and Ds. The eavesdropper E is always

wiretapping the message z i in the wireless environment.
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7.3 Secrecy Outage Probability (SOP) Analysis

In this section, the security performance for the eavesdropping of the messages x; and x5
in the proposed UCCN-NOMA system is analyzed and exploited. With the assumption
that a node decodes the received packet successfully and safely if its achievable secrecy
capacity is larger than a target secrecy capacity SCyy,.

The message x; is the superposition coding [HTPO04]. It is created by the source node
S and is sent to to all of the relay R; in first timeslot. The message z, is shown by

Ty = /a1 Psxq + /g Pso, (7.1)

where P, is the power at source node S, the a; and ay are the power allocation coefficients,
and x; and x5 are the messages sending to Dy and D,. Following the operation principle
of the NOMA, the power allocation coefficients are define as a; > ap with a; + ap = 1.

The message received at the relay R; is shown as follow

yg&é = xshSRi +ng, = \/OélpsthiZL’l + \/OéQPshSRifEQ + Ng;, (72)

where np, denote the AWGNSs at the relay R; with the same variance Nj.

In the operation principle of NOMA scheme, after the relay R; received the signal from
(7.1), it decodes the signal x; and removes it using the SIC, and then the signal x5 will be
decoded and forward to Dy without the component /oy P,hsg, o1 in (7.2). So the signal
received at R; after decoding x; is illustrated as follows

Q?Ri = \/ﬁﬂahsm + ng,. (7.3)

In the second phase, the messages received at the users D; and Dy related to links

R;-D; and R;-Ds, respectively, can be shown as

Yr.p, =\ 1 Prhgit1 + \/Eh%l? +np,. (7.4)

ylx%ziDQ =4/ OéQPR.Tghgi + Np,- (75)

where np, denote the AWGNSs at the user Dy, with the same variance Ny, Pp is a transmit
power of the relay R;.
Similar as above, the eavesdropper E also wiretaps the messages x; and x, from R,

respectively, the received signals at eavesdropper E are achieved as follows

YRip = \/ﬁ%hu + /e Psrahy; + np. (7.6)

Yrp =\ 2 Pstahai + np. (7.7)

where ng denote the AWGNSs at the eavesdropper E with the same variance Nj.

48



The security of UCCN Using NOMA to improve the system performance and secrecy performance

In the UCCN, because of the impact the interference constraint at the Pu node, the
relay R; have to adjust their transmitting powers less than a threshold value, I, [111].
The maximum powers of the relays R; are given, respectively,

|hil? g

The received SINRs at the users D; and D, for decoding the information messages x;

Pr (7.8)

and x5 are calculated by the formulas in (7.4) and (7.5) and are achieved, respectively, as

follows p
192
SINRY , = - 17192 7.9
fDr Pranga; + Ny (7.9)
P, i
SINRE ), = 2205 (7.10)
No

Similarly, the received SINRs at the node E for eavesdropping the information signal x;

of D; and signal x5 of Dy from the relay R; are obtained, respectively, as follows

P 7 i
SINRE , — —1rgn ____Qoagu (7.11)
! Praggsi +1  Qangai + gu
P 7 7
SINRg, — 2200 _ Qazgui (7.12)

No gui
The formulas (7.11) and (7.12) is found by the formulas (7.6) and (7.7).
Using the Shannon capacity formula, the achievable rates of the links R;,~Y are formulated

as
X 1 xX
where the number 1/2 is ratio that data transmission is split into two time slots, and
Y € {E, Dy}.
Hence, we calculate the secrecy capacity of proposed system for the R;-D; communi-

cation can be presented as

T T +
SCy = |[SC} b, — SCH: 5] (7.14)

where [2]" = max (0,2); w € {1, 3}; SCgt |, are the secrecy capacities from the the
relay R; to the destination Dy are given, respectively, as

7.3.1 The sum SOP of the secrecy transmission in the proposed UCCN-
NOMA system with the best relay selection, called as ST1 case.

To calculate the sum SOPs, we have to find out the best relay Rp,. In this case (ST1),
the best relay Rj, achieve by calculating the maximum channel of the R;-D; link. Hence,
we find the SOPs of the ST1 case in which the destination nodes D; and D, does not
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get signal safely from the source node S through R, under the malicious attempt of the
eavesdropper E. And then, the sum SOPs is compared with the sum SOPs in the ST2
and ST3 case in the section 7.3.2 and 7.3.3. The best relay Ry, obtained as follows

R, =arg max \hr.p,|* = max |hy|* = gop, (7.16)
i=1..M i=1...M

From formula of Ry, in (7.16), the CDF and pdf of the random variables gas,is obtained
respective, as

F,, (a)=Pr (ggbl < a) =Pr

9261

max go; < a]

o i=1..M (7,17)
= il;ll (1 _ €—>\2a) — (1 _ e—)\Q(Z)M
g, (@) = MB—E() = Mge™e(1 — 6_&@)%1' (7.18)

The first, we perform the SOP at destination node D; in the ST1 case in which the
node D; does not receive signal safely from the Rj, under the malicious attempt of the
eavesdropper E, and is denoted by a math equation as follows

pout D _p, (5 R by < SCth> | (7.19)
Replacing formula (7.15) into (7.19), P31 is achieved as
Pt = Pr (Ry, p, — Ry < SCi) (7.20)
Substituting formula (7.13) into (7.20), P&-"" is expressed as

Pé)%tlfDl = Pr |:%10g2 (1 + SIN 515%1le1) < %IOgQ (1 + S[N f%lb E) -+ SCth:|
— Py %10g2 (1 1 Praigap, ) < %10g2 (1 + _Proaga, +SCth:| (721)

Prazgap, +1 Prazgap, +1

_ Proaigap, Proigap,
=Pr Prazgap, +1 <0+ (0 + 1) Proaggap, +1 ) |7

where 0 = 225Cn — 1.
In this part, we examine the worst case in which the node E can get the data of D; with
the best conditions. From formula (7.21), we have an upper constraint of the PJ~""as

follows

PG < PR = Pr| pEBh < 4 (9+1) (Prosgu,)

Prazgap, +1
. 92b1 91by _ 991
= Pr|gs, > (0+1)(Qazgap, +915,)  (0+1)Qan
Gop, T Ox (722)
= x)Pr > - dz
Fo1, (x) Pr | gan, (0+1)(Qazgay, +x) (0+1)Quy

fglbl (I) (A1+A2) d$,

0\80\8
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_ I I 92b, % 0
where PR = tfh Q th =Pr Gab, > (9+1)(Q011292b1 +z) (9+13EQ041]’
_ 92b1 T o Oz . 9261 T Ox
A, =P, 94, > (0+1)(a2Q92b1+ﬂf) O+1)Qan”’ (0+1)(a2Q92b1+x) = (‘9+1)Qalj| ’
in order to solve the P, " in (7.22), we apply two Lemmas as follows

Lemma 1: The A; is achieved by a closed-form expression as follows

A ! 01 % 02l (7.23)
' (1 - e"\wm)M, a1 > anb, .

Whel"e w = m

Proof: The proof of Lemma 1 is provided in Appendix Al.
Lemma 2: The following expression is valid of A,

yoq < Oay

/f92b1 (BH)(QQQHZ) (9+1)Q°‘1)dxdy ,aq > Oas. (7‘24)

Proof: The proof of Lemma 2 is presented clearly in Appendix A2.
The exact upper expression Pgw,—“PP" of the SOP Pg#:—"" is provided in a following
Theorem.

Theorem 1: The upper expression Pgj;—"PP¢" is obtained by the expression as
1 yaq < oy

M
<>\1 tgﬂ(—l)tC}w Xt + 222 x 11> ay > fay,

pah e

(7.25)

o 77 eXp Alx + nx — (gﬁfﬁ"zQQ + 2;25) dd
where I, = 2 ; No(z— M-1 Zax.
X €Xp f eXp (eﬁW - 35@) (1 —exp(—*255 )>>
2\
and n = (9+14)a1Q'

Proof: Substituting Lemma 1 and Lemma 2 into (7.22), P4, —“PP*"is shown in two cases
as
-When o1 < fas:

[e.o]

Pgpy " = / fou, (®)(1 + 0)dz = //\16 My = 1. (7.26a)

0

-When oy > fas:

o M o o
PR = | [ oy @)1= ) Nt [y @) [ o, ()¢ 0y | (726D)
0 0 Y

Az Ay
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— Ty _ Ox
where ¢ = Giya,0yr) ~ GFhaie-

The A3z in (7.26b) is calculated as

As = /fglb — ey Mgy — /)\16—/\1:0(1 - e_AQ’W)de
—(A1+A29t) l t vt 1 (7‘27)
L R Vi S | o, P g —
EJ / ! 12( ) OV X T )
where C7' = n!((;?z!n)!.
The A4 in (7.26b) is presented as
A= [ Sy @)z [ f, ()€ dy
0 Yz
:/ _’\1‘%/ M x )\26_’\29(1 —e"\w)Mile_’\‘“"dxdy
0 P
A6
— MM / Y 5 VR
S eXp< ”’( 1 <0+1>a1@>>
T — ATy M-1
X - A x (1 — —A dxdy,
[ow (0 (o =) (1 exp( )y
(7.28)
By setting z = axQy + z, the A4 in (7.28) is given as
exp (—\ix + nx
A}XZQQM// p 1)\433(z 93)) Ao (z—1) Ao(z2—2) M-1 ] dzdz
xexp (e — “aa) * (1 - en(=255")

_ AdeM // exp )‘1$+mj wgi)%ﬁf O/\Q%) * EXp (Wr%iizéh B t;\;g?) ] dede
(7.29)
where p = axQvY + 1.
Replacing Az in (7.27) and A4 in (7.29) into (7.26b), the PZ4,—"PP<" is given as
M
Pg%tliupper _ (}\1 ;( ) Ct ()\1 +1>\2wt> + )\Z\;QM Il) . (730)

From obtained results in formulas (7.30) and (7.26a), the Theorem 1 in (7.25) is proven
successfully.

Secondly, we find the SOP at destination node Dy in the ST1 case in which the node
Dy does not receive message safely from the source node S through the best relay Ry,
under the malicious attempt of the eavesdropper E as follows

P2 = Pr (SCR p, < SCi) . (7.31)
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Replacing formula (7.15) into (7.31), P&~ is obtained as
Pt = Pr (R o, = Rif, i < SCun) . (7.32)
Substituting the formula (7.13), Pr = %, Q= 5\'}—3 into (7.32), PA&4-"2 is expressed as

P2 = Py |Slog, (1+ SINRE p,) — Slog, (14 SINR ;) < SCi)]
=Pr Elog2 (1 + M) — 1log, (1 + PRQTQOQ%) < SCth} (7.33)

No
0
= Pr gz, < G+ (0+ Lgu, | -

2

The math equation in (7.33) is achieved the close-form expression by applying the pdf of
the random variables gi,, g, and the CDF of the random variable g3, , and given as

0
g%<w+W+n4@gmm¢mmw

0 Qo
00 00 B oz
=1 [ [aeene e (S 0) g, (7.34)
0 0
=1 — A .
(M 322 ) Ot xa (0-41)

Finally, from formulas (7.25) and (7.34), the sum SOPs in ST1 case is constrained by the

upper expression as

out __ pout Dy out_ Do
Sum Pgyy = Pgpi ' + Pgrj

1+(1 — )\9)\1)\4 ,a1§9a2
()\1+Q%12)()\4+>\3(9+1))
<
M
A —1)'ct 1 AAzM o 1 — A1 > fa,.
( 1t§o( ) Cr X ataadd) T e M T <A1+C%62>(>\4+/\3(9+1)) o 2

(7.35)

7.3.2 The SOP of the secrecy transmission in the proposed UCCN-NOMA
system with the best relay selection, called as ST2 case.

We have the best relay R;, by calculating the same way the best relay R;, but based on
maximum channel gain of the R;-Dy link. Then, we calculate the sum SOPs of the nodes
D1, Dy in the ST2 case.

The best relay R;, is presented as follows

R, =arg max |hg,p,/>= max |hs|* = ga, (7.36)
m=1...M m=1...M
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The CDF and pdf of the random variable gsp,is expressed similar as (7.17) and (7.18)
M M—1
and is shown as Fy, (a) = (1 - e*)‘?’“) s foa, (@) = M)\ge*’\w(l — e*’\3“> :
The SOP at destination D, in the ST2 case happens when the destination Dy does not
receive signals x safely from the source node S, and is expressed by a math expression
as follows
PG5> = Pr (SCR p, < SCi) (7.37)
Replacing formula (7.15) into (7.37), thePge:-"2 is calculated as
Pgis " = Pr (R, p, — Ry} p < SCi) (7.38)

Substituting formula (7.13) , Pr = %,Q = f@—’; into (37), P32 is expressed as

PSP = Pr [Hog, (1+ SINR 1) — Slogy (14 SINRR? ) < SCil
= Pr [Llog, (1 + 2252202 ) — Llog, (14 225284 ) < SCy| (7.39)

0
= Pr [ngg < S;b; + (9 + 1)94172}

By calculating similar to (7.33), the probability P%w-"2in (7.39) is obtained the close-form
as follows

out_ Do
PSTZ

[e. ol ¢} 9
[ [P < 55+ 04 0] o 0, 0
00 2

7 -\ ( 921 (941) ) M
/)\16_/\1z)\4€_/\4y (1 — e \Qu v ) dxdy
0

00 0O ol
(=1)'Cly //eﬂlze’“ye 3<Q“2+( H)y)tdxdy
00

I
0\8

(7.40)

I
>
&

M=

t

M
. 1\t Qo 1
= )\1)\4 tgo ( 1) CM X )qQOéQ‘i)\Bet X )\4+(0+1)>\3t :

The next, we calculate the SOP at destination node D; in the ST2 case in which the
destination node D; does not receive signal safely from the source node S through the
best relay Rye under the malicious attempt of the eavesdropper E as follows

Pet ™ = Pr (SCR, p, < SC) = Pr (R3, p, — Ril, 5 < SCu) (7.41)
By replacing the formulas (7.9) and (7.13) into (7.41), we have an expression of the pout-b1
ST2
as follow
Pgis "t = Pr[Hlog, (1+ SINRR, 1) < 3log, (14 SINRE, ) + SCi]
Pra Praigap,,
= Pr |3log, (1 + M) < 3log, <1 + 1:};2941?“2) + SCth} (7.42)
Praigs Proigs
== Pr 4PRZQ{]21;:‘21’17 < 0 + (9 —I'_ 1) <PR2294b2b<2‘rl>:|
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We solve the probability Psu-"" similar to the probability P%w—""  we also consider the

worst case in which the node E can wiretap the data x; with the best condition. Hence,

the formula (7.42) rewrite an upper constraint of the Psw"" as follows

Provigas,

<O+ E+D(P - 7.43
Prasgay, + 1 + (0 + 1) (Pra1gan,) ( )

out D1 out__upper __
Fgyrs < Psry =Pr [

After some algebra, the probability of the P can be shown as

1 o < fa

out__ D aut __upper __ , &1 > 2
PS ' < P - { A2t + Ao M

(M +X2v) a2@

(7.44)

X I , Q> 80(2,

A A
exp (i + e — g + 220)

where Iy = / / 2 ; dzdx.
<exp J exp (g — 2%)

From formulas (7.40) and (7 44), we calculate the sum SOPs of secrecy transmission in

the ST2 case is constrained by the upper expression as

out out__ D1 out_ Do
Sum Pgry = Pgrs ' + Pgrs
NI WS % (_1)tCt % Qo % 1 <0
! 4t—0 M7 XQa+X30t 7 Aa+(0+1) st ;1 S Vg
< =

M
Aot A Ao M t Qo 1
<()‘1+2>\2'¢))+ 10‘22Q X I2> + (Al)\4 tg() (_1) C}EM X )\1Qa2j)\30t X )\4+(0+1))\3t> y 1 > Qaz-
(7.45)

7.3.3 The SOP of the secrecy transmission in the proposed UCCN-NOMA
system with the best relay selection, called as ST3 case.

With this case, the best relay R, based on calculating the minimum channel gain of the
R;-E link. The best relay selection is given as

Ry, =arg  min |hRmE|2 = mmin |h4,-|2 = Gub, (7.46)
m=1...M m=1...M

The CDF and cdf of of the random variable gy, is given as

F, (a):Pr[@gg4i<a]:1—Pr @g4i2a

94173
i=1...M z:lM.M (747)
M — Z )\4(1
=1-1] [1—Fg4i(a)} =[1-¢ &
=1
oF, . (O —Z)\w
Faun, (@) = ga;() = MMe = . (7.48)
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The SOP of Dy, Dy in the ST3 case is performed similar to in two cases ST1 and ST2,
and is shown by two math equation, respectively, as follows

pat D2 _ (SCR by < SOth> —Pr(Ry p, — RY < SCu)  (7.49)
Py = Pr (SC?%;Sm < Scth) =Pr (R p, — Ri,_p < SCi) (7.50)

With calculating the same way, finally, we can easily calculate the probability Pgig- Dz

PSP respectively as
MM A
Pérs™” =1 — I A (7.51)
(M +222) (MAs + X0+ 1))
-When oy < fay
P = [ i)+ 0)dw = [ deNdr =1 (7.52a)
0 0
-When a; > 9@2
A A
poepi (YA A g 7.52b
ST <>\1 Fod Q7 ( )
00 00 MMO . Mz Aoz
eXp /\11: t @010 " T Brasg 2@)
where I3 = // Mgz Aoz dtdx.
X exp f eXp ((9+1)0¢2QZ B OézQ)
From formulas 7.51 7. 52a and (7.52b), the Sum P3%, is obtained as
ST3
Sum Pgtty, = Péys ™ + Pérs
1+ (1 — v M ) yoq < Oy
< <A1+Q70L2)(M>\4+>\2(9+1)) (7 53)
YAz A2 o T 1 - MM > Oas.
(/\1+¢>\2 T s 3) + ( (/\1+$§‘;)(M,\4+/\2(9+1))) s e

The integrals I in (7.35), I, in (7.45) and I3 in (7.53) are the complex, and solving of
these integrals is not practical. However, we can use numerical methods to find value of
11, 12 and 13.

7.4 Simulation Results

With system model, we analyzed and evaluated the sum SOPs of secrecy transmission in
three cases, namely ST1, ST2, and ST3. The theoretical analyses results are verified by the
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Monte Carlo simulations. In the two-dimensional plane, the coordinates of S, R;, Dy, Do,
Pu and E are set as S(0, 0), R(zg,0), D1(1,0), Do(zp,, yp,), Pu(zpu, ypu), E(zg, yE) , re-
spectively, satisfying (0 < xg, xp,, xg). Therefore dsg, = *g, dr,p, = *p, — TR, dr,D, =
\/(.CED2 —zR)’ + Yh,s drypu = \/(ajpu —xp)* + y3, and dp,p = \/(xE —xR)” +yg?. We
assume that the target secrecy capacity and the path-loss exponent are set to constants,
SCy, = 1 (bits/s/Hz) and § = 3. The value range of § can be from 2 to 7 which de-

pends on the transmission environments. The parameters for simulating and analyzing

are summarized in Table 1 as follow.

Tab. 7.1: Simulation parameters.

Symbols Parameter Names Values

15} Path-loss 3

M Number of Relay 3
1,09 Power allocation coefficients 0.8;0.2
SCq, Threshold 0.7,1(bit/s/Hz)
dR, Pu Distance of Ry-Pu link 1
dr,D, Distance of Ry-Dy link 0.5
dR,D, Distance of Ry-Do link 0.6,1
dr,E Distance of Ry-E link 1-3

Figure 7.3 shows the sum SOPs of secrecy transmission in three cases ST1, ST2 and
ST3 versus Q(dB) when the symmetric network model is examined the parameters as
M=3, ay = 0.8, ay = 0.2, 5 = 3, SCy,=1(bit/s/Hz), dg,pu = 1, dr,p, = 0.5, dr,p, = 1,
dr,r = 1. With the results shown in Figure 7.3, we can see that the secrecy performance
of the ST3 is good than the ST1 and ST2. Besides, the sum SOPs of the ST1, ST2 and
ST3 decrease when the Q(dB) raise because of the increment of transmit powers. It can
be explained by applying the NOMA technique and selecting the best relay method.

Figure 7.4 shows the security performance versus the position of the eavesdropper node
E when the symmetric network model is performed with M=3, a; = 0.8, ap = 0.2, f = 3,
Q(dB)=10dB, SCy,=1(bit/s/Hz) and dg,r changes from 1 to 3. As shown in Figure 7.4,
the security performance of the ST3 case is also smaller than the ST1 and ST2 case.
The simulation results and the theoretical results are reasonable. Furthermore, we can see
that when the value dg, g increases, the security performance becomes good than in three
cases. It means that the security of the system is very well when eavesdropper node E is
far from the relays.

In Figure 7.5, shows the sum SOPs of secrecy transmission in three cases ST1, ST2
and ST3 versus Q(dB) when the symmetric network model is examined the parameters as
M=3,a; =08, a0 =0.2, 8 =3,dgr,pu = 1,dg,p, = 0.5,dg,p, = 1, dr,g = 1. We compare
the secrecy performance in two cases of thresholds security capacity: SCy,=0.7(bit/s/Hz)
and SC;,=1(bit/s/Hz). It is clear that the security capacity is the lower, the secrecy
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Figure 7.3: The sum SOPs of the UCCN-NOMA system versus Q(dB) when M=3, a; = 0.8,
az = 0.2, B = 3 and SCy,=1(bit/s/Hz).
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Figure 7.4: The sum SOPs of the UCCN-NOMA system versus dg,g when M=3, a1 = 0.8,
az = 0.2, B = 3 and SCy,=1(bit/s/Hz).

performance becomes more efficient. In addition, as shown in Figure 7.5, the simulation
results are suitable to the theoretical results in three cases of security transmission. .
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Figure 7.5: The sum SOPs of the UCCN-NOMA system versus Q(dB) when M=3, a3 = 0.8,
az = 0.2, B =3, SCy,=0.7(bit/s/Hz) and SCy,=1(bit/s/Hz).
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Figure 7.6: The sum SOPs of the UCCN-NOMA system versus Q(dB) when M=3, a; = 0.8,
ag = 0.2, B =3, SCy,=1(bit/s/Hz), dr,p, = 0.6 and dg,p, = 1.

Figure 7.6 represents the sum SOPs versus Q (dB) when M=3, a; = 0.8, as = 0.2, § = 3,
SCu,=1(bit/s/Hz), dg,p, = 0.6 and dg,p, = 1. The secrecy performance of the ST1, ST2,
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and ST3 reduce at the higher Q(dB) regions. It means that the proposed UCCN system
used NOMA solution, and apply PLS with the best relay selection, so achieves higher
secrecy efficiency. Besides, we can see that when link distance dg,p, = 0.6 is security
performance of system good than the dg,p, = 1.
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Figure 7.7: The sum SOPs of the UCCN-NOMA system versus a1 when M=3, 8 = 3 and
SCy,=1(bit/s/Hz).

In Figure 7.7, we shows the security performance of the UCCN system using the
NOMA technology under the impact of power allocation coefficients. As illustrates in this
figure, we consider the effects of varying a; and ap on system. When «; rises, the SOPs of
the secrecy transmission of the signals x; and x5 decrease and move to small values. We
can see that the power allocation coefficients in Figure 7.7 can make significant capacity
gains in the UCCN system using the NOMA and the best relay selection solution.

7.5 Conclusions

We investigated the secrecy for Underlay Cooperative Cognitive Network in which multiple
relays using the NOMA technology. We researched the three strategies of relay selection.
The first case and second case, the best relay was calculated base on the maximum channel
of the link R;-D; and R;-Ds, respectively. In the third case, we found the best relay by
calculating the minimum value of the channel gains from the R;-E link. We analyzed and
evaluated the secrecy performance of UCCN system using NOMA technology in terms of
the secrecy outage probabilities based on Rayleigh fading channels. Besides, the proposed
scheme using NOMA and PLS improved secrecy performances. In addition, the security
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performance in the system model obtained better when the distance between eavesdropper
E and the best relay was far together. Finally, theory analyses and the simulations results
proved the tight accuracy.
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8 CONCLUSIONS AND FUTURE WORK

The thesis considered potential benefits of cooperative relaying in conventional wireless
and cognitive radio networks, include: Two-Way scheme, Multiple Relay scheme. Base on
these scheme, we applied the methods such as AF, DF, Relay selection, EFH and NOMA to
propose the protocols to improve the reliability, throughput performance and enhance the
data rate. In addition, the best important research work of this dissertation was to use the
NOMA technique combine with PLS in the UCCN having many relays. The achieved re-
sults have shown that the proposed system model increase QoS , and security performance.
Finally, we analyzed and evaluated the system performance in terms of exact closed-form
outage probabilities over Rayleigh fading channels. Furthermore, the theoretical analyses

were verified by performing Monte Carlo simulation results.

8.1 Summary of Results and Insights

There are three the main goals of the thesis as follows. Parts of the thesis, which are
dedicated to the Goal 1, we can find in Chapter 4 and Chapter 5, where Two-Way Energy
Harvesting cooperative relaying protocol and multi-relay cooperative protocols (EHAF,
EHDF) with the best relay selection method in wireless communication networks were
proposed and analyses. Goal 2 was presented in Chapter 6, where the Two-Way NOMA
cooperative relaying protocol to enhance transmission efficiency was investigated. Goal 3
was presented in Chapter 7, where multiple relays NOMA scheme in Underlay Cooperative
Cognitive Network for enhancing secrecy performances was studied.

All three goals of the thesis specified in Chapter 3 were fulfilled. Goal 1 was published
in [HTPO02], [HTPO03] and [HTPO05] with Two-Way cooperative relaying scheme and multi-
hop relaying scheme for enhancing throughput performance and improving the range of
wireless communication. Goal 2 was published in the articles [HTP04]| and proposed
with Two-Way NOMA protocol for enhancing the spectral performance and overcome
the disadvantages of the fading environment. Goal 3 was published in paper [HTPO1]
and proposed the security system for the UCCN using NOMA to improve the secrecy
performance.

In light of the investigated obtained of this dissertation is the hypothesis given: It
is possible to apply the NOMA technology for the development of 5G networks. Such

application would contribute to the security efficiency of wireless communications.

8.2 Future Work

To finish the thesis, some works in the future are mentioned with the details as follows.
In this dissertation, we have investigated different cooperative methods in wireless

communication networks, but each user has assumed only a private antenna. However,
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in practice, each user can have many antennas for receiving and sending the signal. This
problem will be interesting, and this is an attractive research topic.

As shown in Chapter 7. We have just only researched the NOMA in the one-way
system with multi-relay. In order to enhance system reliability, the Two-Way scheme, in
this case, needs to be researched and designed.

In this thesis, we only present the wireless cooperative network with assumption each
node being stationary. However, in mobile ad-hoc networks, each node can move to diffe-
rent places, so the security system needs to thorough considered. So this problem will be

one of our future researches.
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Appendix

APPENDIX A

A1l. Proof of the Lemma 1 - Solving formula (7.23)

From formula (7.27), we calculate A; as follows

= 9261 T Oz
A =P (0+1)(Qgab, o+ = (9+1)Q0¢1:|
— g2b, (0+1)Qon o B
=P (9+1)(1Q92b1a2+x)9 < 1} =P, [9%1Q (al 9042) < J}Q] (Al)
1 ;ap < apf
- z6
Eom, [m] ,aq > agl

Applying the CDF of the RV ga, (7.17) into (A.1), A.1 is solved in a closed-form

expression as
4 1 Lo < aplb (A2)
! (1 — e‘AQW) , Q> ol

_ [
Where 1/1 = m

Hence, Appendix Al is proven completely.

A2. Proof of Lemma 2 - Solving formula (7.24)

To solve Lemma 2, we calculate Ay in (7.22) as follows

_ 9261 T o Oz 926, T Oz
Az =Pr {941)1 7 0 (02Qom, 17) | OFDQa1’ (61 1)(02Qom, +7) (9+1)Qa1}
_ 9201 % . Ox o
=P |:g4b1 - (9+1)(012Q92b1+x) (6+1)c1 @’ QG (al 9&2) > bz (A3)

0,01 < Oay

7 x Ox
wfx Foa W)Pr |930: > Grryistamesy — wrtera) v on > fos

Solving (A.3) by using the pdf of the random variable go;, and the CDF of the random
variable gu,, A.3 is obtained as

yop < fay

0
= 7 — ry _ Ox
A2 = /fg2b1 (y) e )\4((6+1)(a2Qy+w) (0+1)Qa1)dl‘dy g > 00&2. (A4)

Y
Hence, Appendix A2 is proven completely.
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