VSB - Technical University of Ostrava

Faculty of Electrical Engineering
and Computer Science

Energy Harvesting Enabled Relaying Network:

Design System and Performance Analysis

Ph.D. THESIS

2018 Hoang-Sy Nguyen



VSB - Technical University of Ostrava
Faculty of Electrical Engineering and Computer Science

Department of Telecommunications

Energy Harvesting Enabled Relaying Network:

Design System and Performance Analysis

Ph.D. Thesis

Doctoral Study Branch: 2601V018 Communication Technology
Doctoral Study Programme: P1807 Computer Science, Communication Technology and
Applied Mathematics

2018 Hoang-Sy Nguyen



VYSOKA SKOLA BANSKA-TECHNICKA UNIVERZITA OSTRAVA
VSB-TECHNICAL UNIVERSITY OF OSTRAVA

FAKULTA ELEKTROTECHNIKY A INFORMATIKY
FACULTY OF ELECTRICAL ENGINEERING AND COMPUTER
SCIENCE

KATEDRA TELEKOMUNIKACNI TECHNIKY
DEPARTMENT OF TELECOMMUNICATIONS

Energy Harvesting Enabled Relaying Network: Design

System and Performance Analysis

Ph.D. Thesis; Delivered in November, 2018

Doctoral Study Programme:

P1807 Computer Science, Communication Technology and Applied Mathematics
Doctoral Study Branch:

2601V018 Communication Technology

PhD. Student: Ing. Hoang-Sy Nguyen
VSB - Technical University of Ostrava
Faculty of Electrical Engineering and Computer Science
Department of Telecommunications
17. listopadu 15/2172, 708 33 Ostrava, Czech Republic
sy.nguyen.hoang.st@vsb.cz

Supervisor: Prof. Ing. Miroslav Voznak, PhD.
VSB - Technical University of Ostrava
Faculty of Electrical Engineering and Computer Science
Department of Telecommunications
17. listopadu 15/2172, 708 33 Ostrava, Czech Republic

miroslav.voznak@vsb.cz

OSTRAVA, 2018



DECLARATION

I myself declare that this thesis is conducted as the result of my original research done
by myself with the guidance of my supervisor in the faculty of electrical engineering and
computer science at VSB - Technical University of Ostrava as a candidate for the Doctor
of Communication Technology.

My works included below were carried out under the supervision of Prof. Miroslav
Voznak. It is noted that this thesis has never been submitted for any other degrees or

awards in any other universities or educational institutions.

This is a true copy of the thesis, including any required final revisions, as accep-
ted by my examiners.
I understand that my thesis may be made electronically available to the public.

(author’s signature)






ACKNOWLEDGEMENT

Firstly, I would like to express my gratitude to my supervisor prof. Ing. Miroslav Voznak,
Ph.D. for his kind support of my Ph.D. study and research activities. His instructions
helped me well through all my research works and the completion of this thesis. His not
only advises me on how to be a great researcher, but also shows me how to be a good
person.

Secondly, I would like to thank my little family for their motivations. Over the course of
my student life, my wife and my son play a very important role in my study. I am grateful
to my parents and siblings who have provided me with moral, emotional, and sometimes
financial support. I also would like to express my gratitude to other family members and
friends who have motivated me along the way.

Last by not least, my study would be really challenging if I did not receive much support
from my dear colleagues in WiCOM research group, especially Mr. Thanh-Sang Nguyen
who has supported me a lot. His valuable suggestions and insightful comments have
significantly improved the quality of my papers.

(author’s signature)






ABSTRAKT

Tato dizertacni prace se vénuje navrhu novych protokolii pro bezdratové napajené
komunikacni sité, jejichz efektivita je nédsledné podrobena analyze. V této préaci jsou pro-
bréany pristupy k bezdratovému napédjeni komunika¢nich zafizeni, a sice SP (Separated
Power) a HP (Harvested Power), kdy energie je ziskdna z okoli. Tyto techniky jsou zkou-
many z pohledu tzv. relay uzlu R (Relay node) v plné duplexnich sitich RN (Relaying
Networks) pracujicich v rezimu DF (Decode-and-Forward).

Mimoto, jsou v praci rozebrany i faktory snizujici vykonnost a efektivitu bezdratove na-
pajenych komunikaé¢nich systému vyuzivajicich navrzeny hybridni protokol HTPSR, (Hyb-
rid Time Switching-based and Power Splitting-based Relaying). Pro tyto tcely je vyuzita
zejména informace o stavu kanalu CSI (Channel State Information), pficemz detekovany
a vyhodnoceny jsou i vlivy jednotlivych zatizeni HWIs (Hardware Impairments). Pro zmi-
nény protokol HTPSR je v praci taktéz fesen problém optimalizace poméru mezi intervaly
¢asového prepinani TS (Time Switching) a déleného napéjeni PS (Power Splitting), kde
byl vyuzit geneticky algoritmus.

Dalsi oblasti, kterda je v této praci zkoumana, je sit umoznujici soucasny prenos in-
formaci i energie pro napajeni, pro niz byly v ramci této prace navrzeny, nasazeny a
vyhodnoceny dva protokoly, a to PTSTW (Power Time Splitting-based Two-slot) a PT-
STH (Power Time Splitting-based Three-slot).

Nésledné jsou v dizertaci zkoumany t¥i navrzena schémata, ve kterych mize byt pro-
vozovan uzel R a je provedena jejich vykonnostni analyza, konkrétné jde o rezim:
« poloduplexni vyuzivajici techniku kombinovani maximélnich pomérat HDMRC (Half-
duplex Deploying Maximal Ratio Combine),
e plné duplexni vyuzivajici sdruzené dekédovani FDJD (Full-duplex Deploying Joint
Decoding),
e a hybridni kombinujici oba vySe zminéné zpusoby v rezimu HTS (Hybrid Transmis-

sion Scheme).

Vsechna tato tfi schémata jsou provozovana v optimalizovanych rezimech provozu,
pricemz v praci jsou rozebrany dva — optimalni napdjeni s individualnimi limity OPIPC
(Optimal Power Under the Individual Power Constraints) a optimélni napéjeni s moznosti
vyuziti ziskdvani energie OPEHA (Optimal Power with Energy Harvesting Ability). Z
naslednych simulaci pak bylo zjisténo, ze HTS svou efektivitou predéi jak HDMRC, tak
FDJD a ze rezim OPEHA je vyhodnéjsi nez rezim OPIPC.

Poslednim pfinosem této prace jsou dva navrzené zpusoby urceni casovych poméra
OTPS (Optimal Time for transmitting Power at Source) a OTPR (Optimal Time for
transmitting Power at Relay) s cilem optimalizovat prenos energie v CR (Cognitive Rela-
ying) sitich. Rovnéz byly peclivé zkoumany vykonnostni parametry jako pravdépodobnost



vypadku, pomér mezi prenosovou rychlosti systému a dodanou energii a primérna efek-

tivita systému pri prenosu energie, a to za ucelem zlepseni vlastnosti datovych prenost.

KLICOVA SLOVA
Ziskavani energie, pravdépodobnost vypadku, ergodicka kapacita, pruchodnost, energe-

tickd ucéinnost.



ABSTRACT

The thesis deals with the design of new protocols and the analysis of wireless-powered
communications networks’ performance. In order to bring the contribution to the science
in field of my topic, this thesis starts with the study of wireless power supply policies,
namely the separated power (SP) and harvested power (HP) techniques at the relay node
in the full-duplex (FD) decode-and-forward (DF) relaying networks (RNs).

In the second emphasis, the thesis deals with the factors degrading the system per-
formance, i.e., channel state information (CSI) and hardware impairments (HWIs) using
Hybrid time switching-based and power splitting-based relaying (HTPSR) protocol. Be-
sides that, an optimization problem regarding time switching (T'S) and power splitting
(PS) ratios are solved in this thesis, where a genetic algorithm was used.

In the third emphasis of this thesis, a two-way simultaneous wireless information and
power transfer (SWIPT) network is considered to be an important technique, in which
two new proposed protocols, namely power time splitting-based two-slot (PTSTW) and
power time splitting-based three-slot (PTSTH) are deployed and compared with each
other. The throughput performance is analyzed for both developed protocols.

The following emphasis is the study of relay selection (RS) schemes. The three optimal
RS schemes are proposed to examine the system performance, namely:

 Half-duplex (HD) deploying maximal ratio combine (HDMRC),

» FD deploying joint decoding (FDJD),

 and hybrid FD/HD relaying transmission scheme (HTS).

All of them operate in two optimal power supply policies - optimal power under the
individual power constraints (OPIPC) and optimal power with energy harvesting ability
(OPEHA). The simulation results show that the HTS outperforms HDMRC and FDJD,
and OPEHA is better than OPIPC.

Finally, Optimal time for transmitting power at source (OTPS) and Optimal time
for transmitting power at relay (OTPR) are proposed to optimize the transmit power
in a cognitive relaying network (CRN). For performance analysis, the outage probability
(OP), the rate-energy trade-off and the average energy efficiency are studied to enhance

the successful data transmission.

KEYWORDS

Energy harvesting, outage probability, ergodic capacity, throughput, energy efficiency.
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1 INTRODUCTION

In this chapter, I present the general background for the dissertation. Specific background
material relevant to only one chapter is provided in the introduction of the appropriate
chapter. I provide an overview of the specific technical problems in Section 1.1, and the
organization of this thesis is presented in Section 1.2.

1.1 Background and Motivation

Thanks to the increasing demand for services requiring wireless connection in recent years,
wireless networks have caught more attention. In principle, wireless systems, i.e. wireless
sensor or wireless body sensor networks often face with limited lifetime. Thus, in order to
overcome that limitation, energy harvesting (EH) has emerged as a promising technology.
In particular, energy can be extracted from the surrounding environment (e.g. solar, ge-
othermal, wind, etc.) to help prevent the short lifetime and the recharge or replacement
of batteries. Now, I am going to go through some fundamental knowledge on elements in

wireless systems.

1.1.1 RF Energy Transfer

Recently, RF-EH techniques, which enable the process of generating electricity from the
received RF signals, have received considerable research interests [I]. Thus, a number of
solutions have been proposed in terms of RF-EH to enhance power energy-constrained
wireless networks for information transmission (IT) and signal processing due to a lack of
radio resources. Since RF-EH technology has been deployed in wireless sensor networks
(WSNs) [2], wireless body networks [3], and wireless charging systems [4], it is increasingly
challenging to come up with new models to make RF-EH more efficient. Furthermore,
wireless energy transfer has been presented in wireless systems for RF-EH, where a robust
model was introduced so-called simultaneous wireless information and power transfer
(SWIPT) [5]. In such a technique, both energy and information can be carried by RF
signals. Hence, it is worth noting that wireless-powered networks can become a vital and
irreplaceable building block of large-scale wireless systems, including WSNs [6] and the
Internet of Things (IoT) .

Here, as illustrated in Fig. [I.I, a RF-EH network model consisting of three main
components is considered, including information gateways, the sources and the nodes. Base
stations (BSs) , the information gateways represent wireless routers or relays. In principle,
RF sources can be deployed as RF transmitters or ambient RF sources, where nodes
representing the user equipments (UEs) communicate with the information gateways.
Note that the gateways and sources are equipped with a fixed power supply while energy
from RF sources can be used to power the network nodes.
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Information
Transmission
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Information
Gateway .

@
— — -» Energy / Interference link
Energy Transmitter —— Information link

Fig. 1.1: Infrastructure-based Architecture RF-EH

Regarding Fig. , devices located in the EH zone (the dashed line zone) scavenge
energy from BS, while components in the IT zone (the line zone) can decode information.
It is noted that each node in the EH and IT zone is equipped with separate RF energy
harvester and RF transceiver, respectively. Thus, both EH and IT can be done simulta-

neously.

1.1.2 Relaying Networks

Relaying networks (RNs), which have been comprehensively studied, improve the energy
efficiency (EE) with the help of relay nodes, and this kind of network also enables short
multi-hop communication with low system energy consumption compared to the direct
communication. RNs can help achieve larger coverage area and longer network lifetime.
Besides that, both relaying protocols, namely amplify-and-forward (AF) and decode-and-
forward (DF) protocol were deployed in [7], where DF relaying scheme enables the relay
node to receive the transmitted signals from the source node (S) , after that the received
signal is decoded and then forwarded to the destination node (D) . Meanwhile, the relay
node (R) in AF relaying scheme receives the source signal, amplifies and forwards to D. In
[8] and [9], a receiver model was considered, in which wireless power transmission (WPT)
and information decoding from the same RF was evaluated. Nonetheless, SWIPT was
mentioned in [8] and [9], since the work in [10] showed that circuits used for EH from RF
signals cannot decode the information.
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Fig. 1.2: Time Switcher Architecture
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Fig. 1.3: Power Splitter Architecture

Motivated from these limitations, two practical receiver policies illustrated in Fig. (1.2
and Fig. [I.3] were put forward based on TS or PS architecture. The main goal of the TS
architecture is coordinating the time for information reception and RF EH. However, for
the PS architecture, its aim is to achieve an optimal ratio to split the received RF signals,
if the circuit power consumption is negligible.

A. Time switching-based relay protocol (TSR):

T
|
Energy transfer Information transfer Information transfer
at Relay from Source to Relay | from Relay to Destination

( ! |

aT (1—a)2s (1-a)ls

Fig. 1.4: Time switching-based relay protocol

In Fig. TS receiver model switches between EH and information decoding mode.
The received signal denoted by yg is transmitted to the EH receiver for an amount of
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time, o', and then to the information receiver in (1 — «) 7', where T' stands for time
duration for information being transmitted between S and D.

B. Power splitting-based relay protocol (PSR):

|

Energy Transfer at Relay BP.
Information Transfer
from Relay and Destination

Information Transfer (1 . ,3) P
From Source to Relay :

% P

Fig. 1.5: Power splitting-based relay protocol

In addition, in Fig. [I.5 the power of the received signal is split into two parts in PS
receiver architecture so-called the PS ratio denoted by 3. A portion, v/Byg, of the received
signal is transmitted to the EH receiver, while the remaining portion, /(1 — 3)yg is used
for the information receiver. The considered architecture have been deployed in a number
of systems, i.e. [11], [12] and [13].

C. Hybrid power time switching-based relay protocol (HPTSR)

In addition, a hybrid TSR-PSR protocol (HPTSR) is also proposed in this thesis which
is illustrated in Fig. [1.6]

- T- >
At Relay Source-to-Relay Relay-to-Destination
(R) (S) and (R) (R) and (D)
(BP) (2-pP) -
Energy Transfer Information Transfer I et e T

aTl 1-a) TI2 1-a) TI2
Fig. 1.6: The HPTSR. protocol

In Fig. [1.6| T" stands for the time block, where S transmits data to D, and the ratio
of T"is oT where R harvests power from the transmitted signal from S (0 < o < 1). The
remaining time, (1 — «) 7" used for IT is split into two equal portions, in which (1 — «) T'/2
is for S-R link while R-D link accounts for (1 — «) T'/2, respectively. Furthermore, R
consumes all the harvested energy during energy transfer process to forward signals from
S to D. Most importantly, 5 Ps is used for EH with Ps being the transmit power at S,
while (1 — ) Ps denoted as PS ratio is utilized for IT.
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D. Energy Harvesting (EH)

Therefore, the harvested energy in TSR, PSR and HPTSR protocol at R can be respecti-
vely expressed as

ETSE — nPg|hg|*alT, (1.1)
1
EPSE — 5nPS|hS|2/3T, (1.2)
and
EfPTSE = P |hs|*aBT, (1.3)

where 0 < 1 < 1 denotes the EH efficiency at the energy receiver relying on the EH
circuitry and the rectifier.

1.2 Thesis Organization

The structure of the thesis is as follows:

o Chapter 1 is the introduction to this thesis which provides a background. Besides
that, the description of each task and the thesis organization are also given.

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

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

o Chapter 4 examines the performance of RNs with WPT constraint policies.

o In Chapter 5, the impact of CSI when HTPSR protocol is examined.

« Chapter 6 focuses on the presence of HWIs in cognitive device-to-device (D2D)
communications.

o In Chapter 7, the system performance of two-way relaying networks (TWRNSs) is
examined, where different time slots are going to be investigated.

o In Chapter 8 and 9, RS policies in different situations are studied, where a hybrid
FD and HD RS scheme with optimal power under individual power constraints and
EH is taken into consideration.

o Chapter 10 studies the TS policies, i.e., OTPS and OTPR in a HD DF small-cell
CRN to enhance the maximum transmit power at S and R.

o Chapter 11 draws conclusions from our works and also suggests some possible di-

rections for future research.
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2 STATE OF THE ART

This chapter begins with a discussion of the motivation and context for the problems
considered in this dissertation.

These days, thanks to the advancement of RF-EH circuit, powering wireless devices in
wireless communication systems is the primary focus in both academia and industry [14],
[15]. In particular, the work in [14] considered a network model of a set of RF charging
stations overlaying with an uplink cellular network, while a harvest-then-transmit protocol
was put forward for wireless power transfer [15]. Additionally, different kinds of up-to-date
beamforming methods were implemented to enhance power transfer efficiency [8| [15] [16].

Recently, to assist wireless energy and information transfer, the dual use of RF signals
was thoroughly discussed [I1], [I7]. Besides that, the authors in [9] proposed SWIPT
to transmit RF energy in low-power systems (i.e. body sensor networks). There are a
number of benefits associated with SWIPT in terms of bringing information and energy
simultaneously efficiently, and it is a cost-effective choice for sustainable wireless systems
without requiring further hardware update on transmitting devices. Nonetheless, it is
worth noting that SWIPT can be optimized to bring more efficient network performance
[, [18].

Moreover, different kinds of low-power electronics, (i.e. smart watch, wireless keyboard
and mouse, etc.) can be powered by energy scavenged from RF signals, since the majority
of them only consume a little amount of power ranging from approximately micro-watts
to milli-watts. An RF circuit was designed in [19] to assist non-stop charging of mobile
electronics in areas filling with lots of people, in which more ambient RF signals are
scavenged. Due to the fluctuations in entropy rate, RF signals determine the amount of
data sent, while the average squared value of RF signals represents its power. As a result,
the transmitted information and energy cannot be optimized concurrently. Therefore, new

designs for next wireless systems are needed.

2.1 Power supply policies

In principle, the energy harvester powers communications or other processing, otherwise
the unused energy will be put in an energy storage, i.e., a capacitor. Nevertheless, different
from traditional wireless communication devices which suffer from a power constraint or a
sum energy constraint, EH transmitters are subject to other EH constraints. In particular,
each transmitter in each time slot can only consume at most the amount of stored energy
available despite the availability of more energy in upcoming slots. Therefore, the use of
the harvested energy is the biggest constraint the needs discussing.

There are a number of works considering the use of energy harvester as an energy
source [20], 21, 22] 23, 24], 25]. In particular, the technique of dynamic programming was
discussed [20], while the optimization problem of a reward which is linear with the used
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energy was discussed in [21]. In [22], the throughput performance was optimized over
an infinite horizon, in which [23] data queuing was also studied. Besides, an adaptive
duty cycling was employed for throughput optimization. In [24], an information-theoretic
technique was considered where the energy is harvested at the level of channel uses. The
work in [25] presented optimal methods for throughput maximization over additive white
Gaussian noise (AWGN) or fading channels.

2.2 Different factors affecting wireless relaying networks

According to studies related to EH in RNs, authors most assumed the ideal transceiver
hardware is at all nodes. In fact, the transceiver hardware is imperfect because of some
issues, i.e., phase noise, I/Q) imbalance and amplifier nonlinearities [26]. In particular,
HWTIs of dual-hop RNs in terms of the capacity, throughput and symbol error rate (SER)
were discussed in [27]. Meanwhile, the authors in [28] evaluated the issue of designing
linear precoding and decoding for a TWRN between two MIMO FD nodes, in which the
presence of HWIs and CSI are comprehensively studied.

Regarding the imperfect CSI, the work in [29] obtained the closed-form expression for
the OP of two-way FD RNs with the residual loop interference (LI) and the imperfect
CSI, but they did not study EH. Meanwhile, although the imperfect CSI in a FD RN
was discussed in [29], the system performed badly in HD mode. In [30], the imperfect CSI
at S was studied, and an opportunistic regenerative relaying deployed to guarantee the
quality of service (QoS) in a CRN. Nonetheless, in most previous works, ergodic capacity
was not comprehensively discussed in terms of PS and TS protocols for both AF and DF
RNs under the impact of imperfect CSI.

2.3 Two-way Relaying Networks

Considering on TWRNs, a number of works have been carried out on this subject. In
particular, the authors in [31] studied the ergodic capacity, the OP and the finite-SNR of
SWIPT for TWRNs, while the work in [32] studied three TS EH policies, namely dual
source power transfer, single-fixed source power transfer, and single-best-source power
transfer. In addition, the impact of HWIs in TWRNs was also studied, where the authors
derived the closed-formed expressions for throughput to study the trade-off between throu-
ghput and TS/PS ratios. The work in [33] considered TS-based network coding relaying
protocol in a TWRN. However, to evaluate the performance of two-way transmission,
the time-slot processing was studied to balance EH and IT. Besides, the system perfor-
mance of TWRN also faces with several a number of technical limitations, e.g., the direct
transmission of information cannot be processed. Thus, the use of multiple S-D pairs is
considered as a potential solution in [34], where information is exchanged via EH R, and
the allocation of energy among users is also a concern.
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2.4 Relay selection techniques in CRNs

In terms of opportunistic multiple relay selection (RS) which is a goal of this thesis,
we have found several interesting works. In particular, the work in [35] studied an issue
associated with RS between AF and FD relaying protocols, where the best RS helps
optimize instantaneous capacity of FD channel, and more importantly, several less-than-
standard policies of RS with the assistance of partial CSI knowledge, including i) the
communication between S and R; ii) the communication between R and D; iii) the loop
interference. The authors in [36] put forward a scheme of power assignment in DF RNs
with multi-relay over Rayleigh fading channels.

2.5 Cognitive radio in wireless communication networks

There is no doubt that combining EH with CRNs leads to better SE in the demand of green
communications [37, 38, 39, 40]. In principle, both primary users (PUs) and secondary
users (SUs) in a CRN can gain access to the spectrum concurrently. To guarantee QoS of
PUs, the interference caused by SUs should be remained under an acceptable threshold
[37]. In particular, the work in [38] studied the EH cooperative CRN, where SU, which
shares the spectrum owned by PU, is equipped with EH capability and has finite capacity
battery for energy storing. In return, SU transfers portion of its energy to PU.

There have been significant improvements in the deployment of CRNs [39], [40]. In
[39], the work focused on a CRN, where SU uses portion of the primary time for IT, and
it is deployed as a R for PU, SU can help in primary transmission. In the aforementioned
model, the work implemented two RF EH techniques at R. Meanwhile, the authors in [40]
considered SUs in case they are used as cooperative R nodes. An optimal stopping rule

was proposed which selects a R node from a group of them to support the I'T process.
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3 GOALS OF DISSERTATION THESIS

The structure of the dissertation is based on the state-of-the-art research and requirements.
All goals of the dissertation describe the dissertation schedule based on the new trends in
current wireless communication networks. The contributions of each goal are going to be

discussed in this chapter.

3.1 Goal 1: Performance analysis with wireless power transfer

constraint policies

Regarding the first goal, wireless power supply policies are put forward to not only extend
the coverage but also lengthen the network lifetime. The main contributions regarding this
research problem include:

o Closed-form expressions for outage probability (OP) and the delay-tolerant and
delay-limited throughput over independent and identically distributed Rayleigh fa-
ding channels are obtained.

« Simulation results are given in terms of some parameters like SI, power allocation
schemes, transmit power at S and TS schemes for EH and FD mode. Additionally,
SP and HP mode are compared.

o The proposed EH architecture helps boost the throughput performance. Further-
more, with the obtained optimal TS, the optimal transmission rate is achieved for
HP mode.

3.2 Goal 2: Different factors affecting wireless relaying networks

and measures to deal with them

Regarding this goal, new methods to address HWIs and CSI are presented. Therefore, I
am going to summarize the contributions of each work.

In particular, the first research area is how to cope with the impact of CSI. The

contributions can be summarized as follows:

o Under the impact of CSI, closed-form expressions for the end-to-end signal-to-noise
ratio (SNR) and ergodic capacity are obtained. Besides, policies to choose optimal
TS and PS ratios in HPTSR protocol are also evaluated.

o The closed-form analytical expressions of throughput in delay-limited and delay-
tolerant modes are provided.

o We derive expressions of the instantaneous transmission mode and delay-limited
transmission mode in both AF and DF protocols. The performance of bit error rate
(BER) is evaluated by OP and signal modulation techniques.

o The appropriate choice of ideal PS and TS ratios in the proposed HTPSR is done
carefully in close form for DF and AF.

11
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In the second research problem, we propose ways to cope with the impact of HWIs in
a D2D communication underlaying a cellular network. This study’s contributions can be
listed as follows:
e The energy consumption is quantified by deriving closed-form expressions for the
STP, average EE and average spectral efficiency (SE) in case all nodes are affected.
o Comparisons between AF and DF transmission schemes in the multi-hop D2D com-
munication and the direct P2P communication are given, and the optimization pro-
blem related to TS and PS ratios is also solved with the proposed HTPS protocol.
e Most importantly, our main goal is to optimize the successful transmission probabi-

lity (STP).

3.3 Goal 3: Different time slots in two-way relaying networks

The study of different time slots contribute to the development of TWRNSs in these listed
following ways:

o Two newly proposed EH relaying protocols, namely PTSTW and PTSTH are deployed,
where the role of TS and PS ratios is balanced.

e The throughput performance for these protocols under the impact of TS and PS
ratios is studied.

o Following that, closed-form and approximate expressions for OP are provided, and
we also achieve delay-limited and delay-tolerant throughput. It is noted that position
allocation for R is determined to analyze OP.

e Most importantly, PTSTW is better than PTSTH regarding OP and throughput,
since three times slot are occupied by PTSTH which result in more delay time
compared to PTSTW.

3.4 Goal 4: Multiple relay selection schemes in both full-duplex

and half-duplex transmission

In this work, optimal RS in a multi-relay RN is going to be investigated. In particular,
the contributions of this research area include:

e The optimization problem of both TS and PS ratios is studied.

e The expressions for OP and throughput in delay-limited and delay-tolerant mode
are derived.

o The trade-off between ergodic capacity and average EH is evaluated using HTPSR
protocol.

e Thanks to the numerical results, the system throughput is proved to be greatly
improved when RS is applied at high SNR, where delay-tolerant throughput is better
than delay-limited throughput. In addition, the transmission data rate is boosted by
the joint optimal T'S and PS ratios.

12
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In addition to the above work, more contributions can be shown as:

OP at high SNR regime considering three proposed RS schemes, i.e. HDMRC and
FDJD and HTS is comprehensively studied to minimize the impact of SI.

In addition, two optimal power supply policies, i.e., OPIPC and OPEHA are used
to study each RS scheme.

The asymptotic results are also given besides the closed-form expressions.

With the quantified power consumption model, EE can be improved.

The numerical results prove that the proposed HTS scheme is superior to HDMRC
and FDJD schemes in terms of OP.

3.5 Goal 5: The optimization of time-switching ratios in small

cell cognitive relaying networks

Regarding this research goal, a HD DF small cell CRN is studied to examine the optimal

TS ratio with the following summarized contributions:

We put forward two optimal time switching policies so-called OTPS and OTPR to
maximize the instantaneous transmit power at S and R.

Closed-form expressions for OP, where the choice of an appropriate power allocation
allows the proposed policies to enjoy better outage performance.

The EE in the considered system is evaluated, where the average EE based on
different impacts of power circuits and transmit powers is considered. In addition,
the throughput performance in delay-limited transmission mode and the rate-energy
trade-off are also obtained.

13
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4 PERFORMANCE ANALYSIS WITH WIRELESS POWER
TRANSFER CONSTRAINT POLICIES

In this chapter, we develop wireless power supply policies, SP and HP to propose a flexi-
ble architecture at R in FD DF RNs considering TSR to achieve optimal time used for
a communication process. This transmission mode requires more processing procedure at
R, i.e. antenna installations and SI cancellation. We evaluate the optimal power con-
straints in case of SP and HP to achieve better power consumption efficiency R. More
importantly, closed-form expressions for outage probability and throughput are derived. To
prove the correctness of the system, comparisons between SP and HP are given using nu-
merical and simulation results, in which HP outperforms SP due to the amount of energy
harvested. INHS01)

4.1 Motivation

In practice, FD transmission modd' not only helps extend the coverage but also lengthen
network lifetime, has attracted much research interest in recent years [41} 42]. In principle,
thanks to the use of FD transmission mode, the SE in advanced communication systems
can be significantly increased compared to HD mode. Besides that, FD mode is considered
as an attractive mechanism to enhance data rate to satisfy the requirements of high
transmission rate.

Furthermore, FD mode acquires more benefits than HD mode regarding SI. Particu-
larly, ST resulted from FD was evaluated in [43]. However, a few disadvantages were dis-
cussed in that work [43]. For example, it is intractable and approximations are required.
There was a rise in noise floor because of the interfering signal according to the model of
self-inference in [44]. In such a model, better SI cancellation and SI channel estimation
are achieved thanks to higher transmit power. Though perfect SI cancellation was able
to achieve an upper bound on FD mode performance, it was considered to be unfeasible
[45].

In addition, there are some special cases of the use of EH transmitters in multi-hop
scenario which were considered [46], 47, 48]. In [47], unlike traditional battery powered
wireless nodes, EH transmitters must deploy transmission to harvest available energy at
any time. In [48], a HD relaying channel using DF protocol was considered, in which
two delay constraints were proposed, namely delay-constrained and no-delay-constrained
traffic were analysed. The work in [49] focused on promising FD methods such as SI can-
cellation solutions which were divided in to passive suppression, analog cancellation and
digital cancellation. Recently, SE loss has been overcome with the help of FD transmission

mode by allowing users to exchange information at the same frequency band [50], 51].

In wireless communications, FD transmission mode, which allows the transmitter and receiver to be operated

simultaneously in the same frequency band.

15
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However, power allocation was not addressed comprehensively in the aforementioned
studies in terms of opportunistic EH-assisted relay scheme. Therefore, we are going to
focus on the power supply policies in DF FD RNs.

The rest of this chapter is organized as follows: We present the system model in Section
2. In Section 3, the optimal power constraints for R are studied for system performance.
The simulation results are provided in Section 4. Section 5 gives a brief conclusion for the
chapter.

4.2 System Model

As illustrated in Fig[4.] we study a two-hop system consisting of R, S, and D. In particu-
lar, R is used to assist the communication between S and D. Assuming that S and D are
respectively provided with a single antenna while R has one receiving and one transmit-
ting antenna. We denote the channel coefficients of S-R link, R-D link and the residual
LI respectively as h, g and f. The channel power gains, |h|*, |g|*, |f|” are exponentially
distributed random variables (RVs) with means Q, = dgp , Q4 = dgp, and Q; = d;[".
The distances between S and R, R and D are dggr , drp, respectively. Besides that, the
distance between two antennas is denoted as dy;, and m is the path-loss exponent . We
assume that the AWGN denoted as Ny is with variance o2.

In addition, perfect CSI is assumed at S and R. Since information is transmitted and
received at the same frequency band at R, this leads to residual SI, |f |2 although SI
cancellation techniques are deployed at R.

In this chapter, we use TSR protocol to study EH with 7" being the time block for an
information transfer period. In particular, transmitting energy in the first phase makes

up o1 while the remaining amount of time, (1 — a) T is used for IT in the second phase.

® ~

—— ——p Energy hawvesting transfer
———————p Information transfer

............... » Loop - Interference

Fig. 4.1: The system model for EH FD RNs.

Note that Ps and Pg represent the transmit powers at S and R which are considered
as individual constraints, i.e., P¢ < 1 and Pg < 1. The received signal at R can be given

16
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as
yr = hxs + frr + Ny, (4.1)

where the energy symbols of S and R are defined as E {]:US|2} = Ps and E {|:1:R\2} = Pg,
respectively.
The high SNR at R when small noise term is available can be given as

Ps|h|? Ps|h|®
TR = ’2 | S = | |2- (4.2)
PrlfI"+0*  Pglf|
The received SNR at D can be similarly computed as
Yo = Prlgl*/o”. (4.3)
The overall end-to-end SNR deploying DF relaying protocol is written by
Yeg = min {yr, Y} (4.4)

4.3 Performance Analysis

In order to evaluate the system performance, we separate the optimal power constraints
at S and R. It is worth noting that the transmit powers at S and R are defined as
{Ps =1, Pg = 1}. Hence, the instantaneous rate of FD relaying in DF protocol can be
computed as

R, = Bflog, (1 + ’qu) ) (4'5)

where the values for SP and HP are defined as f = 1/2 and 8 = (1 — «), respectively,
and the signal bandwidth is B.

In order to analyse OP denoted as P,,;, we should consider following points. In par-
ticular, an outage event happens if the given target rate is higher than the system data
rate. As a result, OP corresponds with the given target rate Ry (bps/Hz) which can be
computed by

oPt

out

(R < Ry) Pr (7%, <), (4.6)

ke{SP,HP}

where two scenarios including SP and HP are taken into consideration. Therefore, the
SNR threshold is defined as vy = 250 — 1.
4.3.1 Separated power mode

Thanks to optimal power constraints, the instantaneous rate can be maximized. Besides
that, we can also optimize the optimal transmit powers of S, Pg and R, P} by solving the
following optimization problem which is given as

(Pg, P) = argmax (Ry), (4.7)

17
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where 0 < (Ps, Pr) < 1. Note that R is under the impact of CSI, and each SNR value
corresponds with the received power at R. Hence, the given optimization issue can be

given as
PP _ pxlgl?
PRlfP TR 0 < (PE, Py <1 (4.8)
Ps=1
We solve the proposed optimization problem as
IINE
Py, =min ¢ Pg, % . (4.9)
911 ]

Similarly, we compute the average optimal transmit power at R as

_ _ 20)
P% = min {Pg, ;')Q};} . (4.10)
g

Proposition 4.1: In this mode, the analysis of OP can be done by giving a expression

as

PsS, a7
OP3P(y)) =1 — — . 4.11
out (70) PSQh + PRQf’YO eXp ( PRQg ( )

Proof: See in Appendix A.1

4.3.2 Harvested power assisted relay

In the second phase, R can harvest energy from the received RF signal because it is not
equipped with any fixed power supplies (i.e., batteries). Therefore, the transmitted power
at R can be computed as [52]

Ey

T

= pPs|h*, (4.12)
where the energy conversion efficiency is defined by 0 < 1 < 1. Besides, this coef-
ficient illustrates the impact of EH circuitry, and the harvested energy is written as
E, = naPs|h|*T, and p = na(l —a) "

Following from (4.2)), the high SNR at R can be rewritten as

Ps|h|*
pPs|h|*|f”
As in [53], the end-to-end SNR in HP mode is given by
1 P
HP : : S 1702102
28 = min (om0} = min{ o T2 0Pl N
! Pl o
We achieve the optimal transmission rate by giving the following expression
1 Ps 12, 2
= na (1 —a) —5|h7gl" (4.15)
na(l—a)|f|’ o?
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The optimal TS coefficient is achieved after some manipulations as follows

-1

20250,y

Qopt = 0
(M1+4§&f—1)

Remark 4.1: Thanks to the careful choice of a,, and understanding of its impact

+1| . (4.16)

on the instantaneous rate, more energy can be harvested at S and R. However, worse
throughput performance is seen at D.
Proposition 4.2: The expression for OP in HP mode can be given as

OPHP(y)) =1 — L x WK, (1), (4.17)

out

where ¥ = 202\/%(,0P5§2h99)71, L=1—exp <_p7019f)'
Proof: See in Appendix A.2.

4.3.3 Asymptotic Outage Probability Analysis:

In this part, upper bound expressions for OP in case of both SP and HP modes are
derived. However, SP mode is first studied.

1) SP Case:

Since designing low interference systems are in demand for future wireless networks,
several insights into the fundamental impact of SI should be provided. Thus, we upper
bound the expression for OP using ideal FD relaying protocol with (Q; — 0) as

PSP Upper( ) 1 0-270 (4 18)
- ~1—exp|— . .
out Yo p PRQg
2) HP Case:
On the other hand, when the approximation of WK; (¥) = \IJ% = 1 with respect to
— 0) in the high-power regime (Pg — o0) is used, the or mode can be given
¥ — 0) in the high i P i d, the OP for HP mod be gi
as

1
PoHuf*Upper(%) ~ exp <_p709f> ) (4.19)

4.3.4 Throughput Performance

1) Delay-Limited Transmission:

In this part, the throughput performance in delay-limited transmission mode is first
given with the knowledge of the derived OP. As a consequence, the expression for throu-
ghput at the fixed rate Ry is given by

k

ke{SEHP} ( OUt) Ry (4.20)

2) Delay-Tolerant Transmission:
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In terms of the delay-tolerant throughput, the ergodic capacity, C*, k € {SP, HP} at
D has to be studied first. It is noted that less transmission rate is needed by S than or
equal to the values of ergodic capacity. Therefore, neither S nor R has knowledge of CSI
to obtain ergodic capacity. It is noted that the fixed transmission rate at S corresponds
with the ergodic capacity. Hence, the throughput in delay-tolerant transmission mode at
D, 7%, is given by

k k
= 4.21
TTOke{SP,HP}ﬁc ) ( )

where C*F = B2 10217121082 (1 + fyfq> for both case in |D It is noted that ergodic capa-
city at (D) can be computed as
k 1 > 1-— Pfut('x) d

pHPY In2 : 4.22
ke{SP.HP} In2 Jz=0 1+ v ( )

4.4 Numerical Results

In this section, to prove the robustness of the analytical expressions derived, we provide
numerical results. The simulation results follow some parameters specified in Table [4.1]

In these simulations, we present ysr = Qp, Yrp = 1y and ;= Q.

Parameters Values
Transmission fixed rate, Ry 2 (bps/Hz)
Transmit power at S, Pg 1 (Joules/s)
EH efficiency, n 0.5
Bandwidth, B 1

Noise variances for all nodes, o2 | 1/2

Tab. 4.1: Main Simulation Parameters (WPT Constraint Policies)

As illustrated in Fig. and Fig. [4.3] the throughput is presented as a function of
SNRs in the communication between S and R with ysg = Yrp. It is evident that, we set
a = 0.5 for SP mode while the optimal TS ratio, ay is is used for HP mode.

In Fig. and Fig. we present the optimal throughput performance in both delay-
limited and delay-tolerant transmission modes obtained with the optimal TS ratio in HP
mode.

Regarding the considered protocol, throughput increase as a climbs from 0 to the
optimal value, a = 0.1, resulting in the best performance than SP mode when o = 0.5.
When values of o are smaller than the optimal values of oy, EH consumes more time.
It is evident that SI degrades the throughout performance at any time. However, in both
transmission modes, the appropriate choice of o for HP can lead to better throughput
performance regardless of SI factors.

In addition, the delay-limited throughput of HP mode in Fig. increases to the
peak which later drops slightly. It is clear that the highest throughput can be achieved
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Fig. 4.2: Theory and simulation results of throughput vs. 4sg under different impacts of SI
L1 = 5dB or A = 10dB and oy , (Delay-limited mode).
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Fig. 4.3: Theory and simulation results of throughput vs. ygr under different impacts of SI
A1 = 5dB or yr; = 10dB and oy , (Delay-tolerant mode).

regardless of the increase in the transmit power at S, and the tight upper bound is close
to the simulation results. The throughput performance varies significantly with respect to
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Fig. 4.4: Throughput performance versus time

in the delay-limited mode.
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Fig. 4.5: Throughput performance versus TS coefficients with ysg = Yrp = 10dB in the delay-

tolerant mode.

different values of the SNR threshold. As a consequence, R with EH circuitry can satisfy

proper applications for wireless communications with an acceptable SNR level.
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Fig. 4.7: The asymptotic throughput performance under impact of self-interference with ysp =

Yrp = 20dB.

In Fig. [4.7, the throughput performance under the impact of SI is illustrated. We

observe that the throughput declines as SI rises while the upper bound of SP is appro-
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Fig. 4.8: The transmission rate vs Pg other parameters: ;5 = 5dB, ysg = Yrp = 20dB, a = 0.1

and agpt.

ximately 0. Due to both pre-defined SNR thresholds, i.e., 0dB and 2dB, the throughput
performance is degraded.

As shown in Fig. [4.§] the transmission rate in terms of the optimal TS ratios is presen-
ted. More energy cannot be harvested to assist the communication process in SP mode, so
the transmission rate is observed to remain stable. However, HP enjoys higher transmis-

sion rate due to its EH capacity and the the installation of energy storage at R.

4.5 Summary

In this chapter, wireless power supply policies, including SP and HP in FD RNs were
proposed. In particular, thanks to the deploying of TSR protocol and the achievement
of optimal TS ratio, R can function without using completely the energy like SP. For
system performance analysis, we provided the exact expressions for OP and throughput in
delay-limited and delay-tolerant transmission modes. Besides that, an acceptable outage
performance between HP and SP mode was achieved, in which our simulation results
matched well with the exact expressions for OP. In addition, we also provided insights
into the impact of several parameters, i.e., SI, TS ratio, and the transmit power on the
system throughput.
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5 EVALUATING THE IMPACT OF CSI USING HTPSR PRO-
TOCOL

In this chapter, the proposed HTPSR protocol is exploited, and the comparisons between the
performance of AF and DF under the impact of imperfect CSI are provided. Besides that,
the instantaneous rate and the achievable BER are determined, and closed-form expressi-
ons for throughput in delay-tolerant and delay-limited transmission mode are derived. In
addition, the optimization of TS and PS ratios is achieved to enhance the overall system
performance. With the simulation results, we are able to provide better insights into the
differences between AF and DF and the impact of TS and PS ratios on the performance
of BER, OP, and throughput. It is noted that DF outperforms AF, and the optimization
of TS and PS ratios helps obtain the optimal instantaneous rate [NHS02].

5.1 Motivation

There are a number of studies on perfect and imperfect CSI conducted in [54] 5] 50,
57, 68, (9]. In particular, a MISO system was studied in [54] while the authors in [55]
considered a transmit power allocation issue for a hybrid EH single relay network with
channel and energy state uncertainties to maximize system throughput over a limited
number of transmission intervals, in which sub-optimal online, optimal online and optimal
offline allocation schemes were put forward. In [56], two-way FD relaying with a residual
LI was studied. In [57], under the impact of imperfect CSI, the performance of a CRN
was investigated. Furthermore, fault-tolerant schemes were analyzed in the presence of
imperfect CSI [58]. The authors in [59] addressed a joint optimization problem over RS,
subcarrier assignment, and PS ratio under the impact of imperfect CSI.

In order to conduct the optimization of throughput performance in cooperative RNs,
there are a number of works carried out [60} [61, 62, 63, 64]. In particular, in [62], two-hop
MIMO AF RNs with SWIPT at the multi-antenna relay were studied. Meanwhile, the
impact of imperfect CSI in AF FD RN was investigated in [64], in which the optimal TS
ratio was achieved numerically.

Being motivated from these works, we find that the optimal TS and PS ratios for the
instantaneous rate have not been addressed carefully, so we decided to propose an optimal
policy to enhance EE. Thanks to the proposed HTPSR protocol, we are able to compare
the performance between AF and DF relaying protocols in case of perfect and imperfect
CST [NHS03], [NHS04].

This chapter is organized as follows: The system model is presented in Section 2 while
Section 3 provides expressions for throughput, BER and optimization problems for TS
and PS ratios in both AF and DF relaying schemes. We provide the numerical results in
Section 4. Section 5 gives a brief conclusion for the chapter.
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Fig. 5.1: System model

5.2 System Model

As illustrated in Fig.[5.1], a RN is considered, where S transmits data to D with the help of
R. It is noted that iy and hs are depicted as the first hop between S and D, and the second
hop between R and D, respectively. The D receives information transmitted from S in the
block time, 7T'. In particular, the communication between S and R in the first hop during
aT involves EH and IT while the second time slot is responsible for IT during (1 — «) T
In terms of HTPSR protocol, a and  respectively denote the TS and PS ratios, where

€ (0,1), 5 € (0,1). Furthermore, R utilizes the entire received energy via EH and IT.
Particularly, S Ps is used to transmit the amount of harvested energy to R while I'T from
S to R accounts for (1 — 3)Pg, where Pgs is the source transmit power.

Assuming that all channels affected by Rayleigh fading, and they are also independent
and identically distributed (i.i.d) from one block to another. Besides, the fading channel
denoted as zero mean circularly symmetric complex Gaussian random variable, is distri-
buted by hi ~ CN (O’Qﬁl)’ hy ~ CN (O, QEQ)' It is noted that the distances between
S — R and R — D are [; and [y, respectively.

In the first hop, the fading channel, hy can be expressed as in [55]

El - hl + Ahl, (51)
similarly, the fading channel, hs in the second hop can be expressed as
hy = hy + Ahy, (5.2)

where hy, he and Ah;, Ahy are channel errors (CEs) and channel estimation errors
(CEEs) , respectively. Meanwhile, Circularly Symmetric Complex Gaussian (CSCG) RVs
are denoted by hy ~ CN (0,Qp,), ha ~ CN (0,8p,), and Ahy ~ CN (0,Qap,), Ahy ~
CN (0,an,), respectively with Qan, = Qp — Qp,, and Qap, = Q5 — Qp,.
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In the proposed HTPSR protocol, the harvested energy depends on T'S and PS ratios
are expressed as

EETPSE — nPg (|h|* + Qan, ) ;BT (5.3)

where the energy conversion efficiency is denoted by 7 which relies on the rectification
process and the EH circuitry, n € (0,1), and m stands for the path loss exponent.

At R, we compute the received power, Pr in the communication between R and D
during (1 — «)T as

P, — EflTPSR _ naBPs (| P +Qan, )i ™"
R= U-—aT — (1) , (5.4)

= QOPS (’h1|2 + QA}”) ll_m

where ¢ = naf(1 — &)_1.
In AF and DF schemes, we calculate the received signal at R in the first hop as

yr(k) = I (1= B) (hy + Ahy) 25(k) + ng, (5.5)

where we denote the data symbol for S as xg(k) at the time slot defined as k, (k = 1,2, ..., N),
and it must satisfy E {\xg(k)\2} = Pg, with AWGN denoted by ng with zero-mean and
noise variance, Ng.

In terms of AF scheme, the amplification factor, G processing the received signal is
computed as [65]

G* =1/ (™" (1= 8) Ps (I[” + Qan, ) + No) -

~1/ (7™ (1= B) Ps (|haf* + Qan,)) (56)

Therefore, the received signal at R for both AF and DF can be respectively written

as
zg (k) = Gygr (k) , (for AF relaying), (5.7)
and .
zg (k) = IR (k), (for DF relaying). (5.8)
s

Following that, the received signal at D can be given as

vp(k) = \ 5™ Pr(hy + Ahg)zgr(k) + np, (5.9)

where the AWGN at D is np with zero mean and variance, Nj.

5.3 Performance Analysis

To give better insights into the system performance, we are going to study the performance
of instantaneous rate and throughput for HD in the presence of imperfect CSI. Besides,
both AF and DF are taken for comparisons in terms of perfect and imperfect CSI.
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5.3.1 The calculation of SNR
Now, we are going to give expressions for the instantaneous rate for AF and DF relay

schemes are given. First, let us consider the AF scheme.

A. In case AF relaying
Substituting the values of (5.5)) and (5.7) into (5.9), yp(k) can be computed without the

instant index time k as

yp(k) = /(1 — B) Prly ™G (k) hihat\/(1 — B) Prly™G (hs + Ahs) ng + np

(5.10)
+/(1 = B) Prly"Gas (k) (haAhy + hy Ahy + Ahy Ahy).
Based on (j5.10)), the end-to-end SNR at D can be computed as
[ |*[o?
Yar = , (5.11)
|ha "W + [ha [P W + W
where Wy = Qap, + —20 W, = and Wh = Qap. Qnp. 4 —2angNo - 15 No

L= 308 T gy Ry VY2 T AR 37 SPAh AN T gy ey T TPy

B. In case DF relaying

From (5.5 at R and based on (5.10]) at D. The received SNRs at R and D in terms of DF
scheme are respectively calculated as

e — A =B)Pslal”
(1 = 5) PsQan, + 17" Ny
7] |ha

[ha* 21 + |22 + Z3)

(5.12a)

YD = (512b)
(

[mim
where Z; = QAhl, Zy = QAhza and Z5 = QAthAhg + <;P2S Np.

Therefore, the end-to-end SNR, vpr can be given as
Ypr = min (Yr,Vp), (5.13)

where v and vp follow from (5.12) and (5.12b).

Accordingly, the data rate achieved for AF and DF schemes can be given by

Riciar,pry = logy (1 + 7). (5.14)

Remark 5.1: In order to select the ideal values of T'S and PS ratios, a and (3 for achieving
the instantaneous rate. It is clear that the integration and the Bessel functions are helpful
in the analytical expressions of ergodic capacity to obtain the closed-form expressions for
the optimal T'S and PS ratios. Nevertheless, we can solve this optimization issue off-line
by numerically studying the optimal values, e.g., Pg, noise terms, and CEEs. Therefore,
we are going to present this optimization problem in the following section.
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5.3.2 Delay-Limited throughput
A. In case of AF relaying

In the delay-limited transmission mode, the throughput has a close relationship with OP,
OP with a fixed source transmission rate, Ry (bps/Hz), and the threshold value of SNR
at D is 79 = 27 — 1 for information decoding. In that way, OP is given by

OPAF = Pr ("YAF < ’}/0) , (515)

where the probability function is denoted by Pr(.).

It is worth noting that we are going to determine the closed-form expression for OPp
in the following Proposition 5.1. Let us first use the following theorem 5.1 to clarify the
Proposition 5.1.

Theorem 5.1. We define the general SNR as
X1X5

Y = , 5.16
a1 Xy + a Xy + as ( )

where a;,7 € {1..3} is constants, X; and X5 are RVs with means 2x, and Qy,, respectively.
Thus, the CDF of the exponential RVs is derived as

Fy(z) =1 - (A)"'Bx K, (B), (5.17)
o a1 _ag o z(az+zaiaz)
where A = exp (3: (Qx2 + Qx1>)’ B=2 493)(19;22,.
Proof:
It is easy to derive the PDF of RV, X; for the Rayleigh fading channel as

(1>

fX1 (SL’)

1 T
- . Nl
O, exp ( Qxl) (5.18)

Next, the CDF of Y, Fy(x) = Pr(Y < x) is defined as

Z=T.a2 oo

Fy (z) = 0/ fixa (2 dz+ [ fix (2) Pr (1—exp (—é(f?;a*l)aé;))dz.

N (5.19)
Substituting the obtained PDF of X into ([5.19). Thus, it can be rewritten as
o0 Yy x (ag + xay)
Fy(z)~1- s+ exp | — - dy, 5.20
v 1 Symay ( (Qxl (y — za1) QX2>> ’ (520

where we eventually derive the result for (5.17)) after some manipulations based on the

expression, /e_%_yxdx = \/BKl («/53/) as in ([60], 3.324.1).
)
0

This ends the proof for theorem 5.1.
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Proposition 5.1. Thanks to the use of theorem 5.1, the OP for AF scheme using
HTPSR is computed as

OPar ~ 1 — (Aar) ' Bar x Ky (Bar), (5.21)

where -AAF = exp <’70 <32/\;12 + S?,ﬁ))’ and Byr = 2\/’}/0(W3 +’70W1W2)(Qh19h2)71. It is
noted that the channel gains of the exponential RVs, |hy|* and |hy|* are characterized as
Qp, and €2y, respectively. Now, we are going to investigate OP in DF scheme.

B. In case of DF relaying

Proposition 5.2. The system OP for DF is given by

OPDF(’}/(]) ~1— exXp <—1é,70

hy

) X (.ADF)_IBDF X Kl (BDF): (5.22)

i Qn 23170212
where v = Qa5 Ar = oxp (10 (1 + 52 ) ). ond B = 2/ A,

Proof:
Similarly, according to the expression of OP at D in (5.12p) for DF scheme. Using
Theorem 5.1 in (5.17)), the CDF at D can be computed as

Fyp ()= 1- (-ADF)_lBDF x Ky (Bpr), (5.23)

where vy > 0, Apr, and Bpr in (5.22)).
The imperfect CSI for DF scheme, the OP at R in (5.12h) is calculated as

Fp(v) =1—exp (—é:0> ; (5.24)

where the PDF of 5 is presented as f.,(7) = %exp <—;§ZO>, and v can be seen in
1 1

522).

Eventually, we have vpr = min{7yg,vp}, and the CDF of ypr can be derived as in
Proposition 5.2.
This ends the proof for Proposition 5.2.

C. Throughput analysis

Regarding delay-limited throughput, 74 is defined as the effective communication time,
(1 — a)T leading to the given fixed transmission rate, Ry. Thus, the general expression
for throughput for AF and DF schemes is defined after achieving OP as

dl _ _ V(1 —
e Bo(1 = OP)(1 —a). (5.25)
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5.3.3 Delay-Tolerant transmission

In principle, in the delay-tolerant transmission mode, the code length is large compared
to the block time so the code sees all the possible realizations of the channel during a
code-word transmission and average channel conditions. Hence, it is possible to achieve
the ergodic capacity by transmitting at a rate equal to the ergodic capacity [64]. Using
the received SNR, v4r and vppr defined in and , the expressions for ergodic
capacity for AF and DF schemes are going to be derived in the following parts.

A. In case of AF relaying

Let us start with the ergodic capacity at D, Cyp (bps/Hz) which can be presented as
Car = Ep, 12 o2 {108o (1 +7ar)} - (5.26)

Proposition 5.3. Thus, the analytical expression for ergodic capacity is derived by

a1 (2 1-F(g)
CAF—M/m:O i+ ) dx 52m)
~ L/Oo Bar(x) x Ky (Bar(2)) | '
n2 Je=o (14 2) Asp(z) ’

where A p(x) = exp (x (Q{Z + S‘;‘}ﬁ)), Bap(x) =2, /W.

Proof: Starting from utilizing the result in ([5.21)), the desired result can be obtained after

some algebraic manipulations.

B. In case of DF relaying

Proposition 5.4. Likewise, the ergodic capacity for DF mode is depicted by

| e b (=52 ) Bor() x Ki (Bpr(x))
In2 Ja=o (14 2) Apr(x)

Cpr ~ dx, (5.28)

Qpy Z3+z21 Zz)

where App(z) = exp <1: (é; + 92:1))’ and Bpp(x) = 2\/36( O g
Proof: The proof is similar to that of Proposition 5.3 and is omitted.

C. Throughput analysis

Thanks to the expression of ergodic capacity, C; (bps/Hz), the throughput at D is written

a — U=l e, (5.29)

U ietarpFy T
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5.3.4 BER consideration

In this section, expressions for the BER at D are going to provided. However, we first
evaluate OP obtained in [67]. Therefore, we have

BER=F [aQ (\/ﬁﬂ , (5.30)

[ee] t2
where the Gaussian Q-Function is denoted as )(.) defined as Q(x) = 127r / e~ zdt, and the

oo
modulation formats are defined for BPSK and QPSK as (a,b) = (1,2) and (a,b) = (1, 1),
respectively. As a consequence, the distribution function of 7 is considered before the

BER performance can be evaluated. Following that, we can rewrite the expression for

BER obtained in (5.30) regarding OP at S by using integration as
avb Te
BER;e(ar.pr} = 7/7%(7”% (5.31)
2\/m vl
where F.,(v) = OP;(v) for AF or DF protocol.

5.3.5 Optimization Problems

In this section, we are going to solve the optimization problem of both TS and PS ratios
for AF and DF relaying protocols. Now, AF relaying protocol is considered first.

A. In case of AF relaying
Based on (5.14)), the OP is given as

H;ELBX RiE{AF,DF} . (532)

subjectto a,5€(0,1)
In fact, the logarithmic function is a monotonically increasing function. Nevertheless,
the aforementioned expressions are complex to solve, giving a closed-from expression is
difficult, and the optimal instantaneous rate is a biconvex function of o and 3. Therefore,

the complex function above can be numerically evaluated by using the building function

"NSlove'of the Mathematica software. We are going to present them in simulations.

B. In case DF relaying

Following from ([5.12p) and (5.12b), we can rewrite the received SNRs as

1
VR = % (5.33a)
0% + (1—,3)
1
D = T (5.33h)
w3 + B Wy
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Qany 17" No '3 No Qan Qan Qan, Qan
Dan gy = AN gy = R0 and wy = 2 2 | Dany
Il 92 = By Y4 2Ps R 35 TP el T P ThP
The optimal a,p, Bepr can be obtained by solving the following optimization

where w; =

max Rpr = argmax ypr (@, ), (5.34)

where it is subject to 0 < a < 1,0< g < 1.
We can achieve the optimal values of the above issue analytically when vz = ~p, so

we have the following expression

Q [(Wl + (1(126) - W3> 6 + w41 = W4. (535)
Now, we set the fixed value for 3, so o, can be obtained as
Qopt = i . (5.36)
(w1 + 25 — ws) 6+ i
Otherwise, when « is fixed , B, is written as
—b+ Vb — dac
6opt — y (537)

2a

where b = (aw; + awy — aws + (1 — @) wy), ¢ = (@ — 1) wy, and a = a (w3 — wy).
To this end, we finally achieved the the optimal values for TS and PS.

5.4 Numerical Results

In this part, we are going to provide numerical results on the throughput performance,
the OP and BER under the impact of imperfect CSI. For simplicity, the simulation results
follow some parameters specified in Table [5.1]

Parameters Values
Transmission fixed rate, Ry 3 (bps/Hz)
Transmit power at S, Pg 1 (Joules/s)
EH efficiency, 7 1

Noise variances for all nodes, Qap, = Qap, | 0.03

PS ratios, 0.3

TS ratios, « 0.3

Path loss exponent, m 2.7

Tab. 5.1: Main Simulation Parameters (Impact of CSI)

In Fig.[5.2]and Fig. 5.3, we present the OP in the presence of perfect CSI and imperfect
CSI. It can be observed that the OP of AF is outperforms that of DF. In particular,
when « and [ vary from 0 to 0.9, the OP of AF and DF enjoy considerable declines,
especially when « is around 0.9. Different from TS, Fig. shows that the OP drops
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2.2

Instantaneous rate (bps/Hz)

— A = HTPSR protocol
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SNR (dB)

Fig. 5.4: The instantaneous rate of perfect and imperfect CSI for AF and DF RNs for different
values of SNR (dB).

as [ fluctuates between 0 and 0.7, since the more energy harvested at R is, the better
outage performance becomes. Following that, the increase of PS from 0.7 to 0.9 leads to
worse outage performance due to less power for information processing. The performance
gap between imperfect CSI and perfect CSI is noticeable at approximately a = 0.9 and
B = 0.7 due to the impact of CEEs.

Fig. presents the instantaneous rate of imperfect CSI and perfect CSI for AF and
DF relaying networks for different values of SNR (dB). In this experiment, we only consider
the imperfect CSI and compare the three energy harvesting protocols, namely PSR, TSR
[13] with HTPSR. It can be observed that TSR is the best performance in two cases
of protocols. In fact, it is worth noting that this performance depends on instantaneous
values of the channel, since the transmit power from source, SNR intends to supply the
energy harvesting circuit at the relay node in TSR protocol while only small fraction
of such power is used for the considered protocol HTPSR. In addition, when the values
of SNR increase, the system throughput in the presence of imperfect CSI of the three
schemes also rise due to the contribution of SNR.

In Fig.[5.5]and Fig. [5.6] the BER of AF and DF RNs is presented. In particular, when
Ps rises from 0 to 30, QPSK is better than BPSK in both AF and DF. Besides, 03,
increase as the BER performance in the presence of imperfect CSI falls. Both AF and DF
relaying protocols undergo the same tendency.

35



Evaluating the impact of CSI using HTPSR protocol

0.08

0.02

0.01

—sfe— Imperfect CSI QAh1= QAh2= 0.03

— © — |mperfect CSI QAh1= QAh2= 0.05

QPSK

O -o--6--0-90--9

5 10 15 20 25 30
SNR (dB)

Fig. 5.5: The BER performance of AF RNs vs. various values of Pg.

0.07

0.06

0.05¢

BER

0.04

0.03

0.02

—sf=— Imperfect CSI QAh1= QAh2= 0.03

— © — Imperfect CSI QAh1= QAh2= 0.05

BPSK

QPSK

[®--6--0--9--06-

~®--0-9--6--6-

0.01

5 10 15 20 25 30
SNR (dB)

Fig. 5.6: The BER performance of DF RNs vs. various values of Ps.
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Fig. illustrates the instantaneous rate as a function of the transmit power at S.
The instantaneous rate is proved to be superior with optimal values of & and . It is clear
that as Pg climbs from 0 to 0.6, the instantaneous rate considerably increases. Next, it
sees gradually increases from 0.6 to 1. The appropriate choice of optimal values of T'S and

PS for the proposed HTPSR helps achieve optimal instantaneous rate.

The OP under the impact of imperfect CSI is depicted in Fig. [5.8] Regarding this
simulation, we compare OP in three different cases, i.e., AF, DF relaying protocols, and
an optimal power allocation (OPA) scheme proposed in [68]. In particular, we set the
CCEs to 0.001, n = 0.9, a— 0.3, 8 = 0.5, and the number of relays to K = 1. It is evident
that outage performance of the proposed HTPSR is superior to that of OPA scheme.

In Fig. p.9] Fig. 5.10] the impact of imperfect CSI on throughput performance in
delay-limited transmission and delay-tolerant transmission mode is depicted. It can be
observed that the throughput performance is degraded when imperfect CSI is available.
Additionally, a comparison between three EH protocols, including HTPSR, TSR and PSR
is provided, in which the pre-set values for each protocol are respectively as a = g = 0.2
(HTPSR), « = 0.2, =0 (TSR), and a = 0.5, 8 = 0.2 (PSR). It is worth noting that PSR
is better than that of other two protocols. This performance depends on the instantaneous
values of the channel.
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Fig. 5.9: Comparison of throughput 7 for imperfect and perfect CSI in delay-limited transmission
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sion

5.5 Summary

In this chapter, we studied both AF and DF RNs under the impact of imperfect CSI.
The system is determined by the harvested power for AF and DF RNs. The analytical
expressions for achievable throughput, BER and the impact on imperfect CSI on AF and
DF RNs were obtained. Thanks to the numerical analysis, it is noted that AF relaying
performs worse than that of DF relaying in terms of throughput. In particular, the best
instantaneous rate was achieved for HTPSR with optimal values of TS and PS ratios.
Interestingly, comparisons between the proposed HTPSR protocol with TSR and PSR

protocols in simulations were also given.
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6 THE IMPACT OF HWIS ON COGNITIVE D2D COMMU-
NICATION

This chapter studies the impact of HW1s on the cognitive EH D2D communication under-
laying cellular network with of two communication types, i.e., multi-hop D2D and P2P.
Closed-form expressions for the STP, average EE and SE were provided, and the opti-
mization problem of TS and PS ratios was solved using a genetic algorithm (GA )-based
optimization algorithm. We obtain the simulation results to verify the comparisons between
AF and DF schemes, where DF outperforms AF in every performance metrics. We can
ensure the STP although HWIs are available at all nodes of the system [NHS03].

6.1 Motivation

In principle, D2D communication is considered as a promosing technology [69]. For exam-
ple, the authors in [70], [71] showed that the total power consumption was drastically
reduced because of grouping mobile devices together in multi-hop D2D networks, while
they satisfied with the minimum rate for each device. Apart from that, the improvement
of throughput in D2D-aided underlaying cellular networks was discussed in [72], in which
D2D devices can operate in FD mode to transmit and receive information simultaneously
in the same frequency band.

Regarding the distortions stemming from HWTIs, several works can be mentioned. In
particular, a FD RN was examined in [73], where a FD relay is deployed to assist D2D
pairs in direct communicating with each other. In [74], the authors focused on the outage
performance of multi-relay DF cooperative RNs in the presence of HWIs, where RF-EH
technique was implemented to combat energy constraints at R nodes.

Based on our previous works [I1), [75] [76l, [77] which considered the impact of HWIs on
particular nodes. In particular, we respectively studied the impact of HWIs in AF using
TSR protocol and PSR protocol in [75] and [76], while the work [77] examine DF scheme
using TSR protocol. It is noted that only a few investigations have been carried out on
the impact of HWIs with regards to multi-hop D2D communications. In this chapter, we
are going to obtain the closed-form expressions for the average EE and SE to quantify the
energy consumption when all nodes are under the impact of HWIs. Besides, comparisons
between AF and DF schemes are given, and we solve the optimization problem of T'S and
PS ratios by using (GA)-based optimization algorithm. The most important focus of this
chapter is to optimize the STP.

We organize this chapter as follows: Section 2 presents the system model. Meanwhile,
the system performance is analysed Section 3. Section 4 provides numerical and simulation
results with detailed analysis and comparisons. A conclusion for the chapter is drawn in
Section 5.
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6.2 System Model
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Fig. 6.1: System model

In Fig. 6.1} we provide a cognitive D2D communication underlaying a cellular network,
where two different modes are presented including Mode A being considered as a multi-
hop D2D communication and Mode B being a one-hop P2P wireless communication. In
particular, Mode A consists of two PU equipments (i.e. UE1 and UE2) communicating
with each other via a EH R. Meanwhile, Mode B describes the direct information exchange
between UE2 and UE3. It is noted that R can also transfer secondary information to UES3.
This system operates in HD mode, and a single antenna is equipped at each UE.

The communication model in Mode A comprises two phases. In particular, in phase 1,
UE1 transmits the information to R. Then, R exploits the harvested energy to broadcast
resulting signals as well as the information intended to UE2 and UE3 in phase 2. It is
noted that UE3 can receive signals to conduct interference cancellation in phase 2. In case
of mode B, UE2 and UE3 will exchange information in two time slots.

The maximum threshold of the transmit power and the circuit power for UEs denoted
as Ep;, Ec; with ¢ = 1,2, 3 are assumed to be the same. For simplicity, we denote Ep; =
Ep, Ec;i = Ec. Note that the transmit power of R is denoted as Er. Besides that, ng is
the AWGN with mean power, V.

The channel gains are denoted as hy, hy,hy for the links from UEl to R, and R
to UE2, UE3, respectively, while the channel gains for P2P communication is hy . In
addition, ry is the distances for the aforementioned links, where k € {X,Y, Z, W}.

In addition, the path loss model denoted as PLy is defined by PLy = 1/¢ry* with m
being the path-loss exponent, and the path-loss constant is represented by ¢ as in [17]. All
channel gains between two nodes are modelled as Rayleigh fading channels with free space
propagation path loss. In terms of the channel gain coefficient, we have \thQ = |k|2PLk,
where k is the complex Gaussian distributed RVs to model fading phenomena with zero
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mean and variances, Qr ~ CN (0, 1).

In this chapter, HTPSR is deployed 1" being the time block, where the portion, a7 is
used for EH at R with Ep. Signals transmitted to R from UE1 is divided into two parts.
In particular, asT', BEp is used for EH at R while (1 — 8)Ep is used for IT. Note that,
the residual fraction, (" — anT — asT') is used for broadcasting signals from R to UE2,
UE3 with power allocation being A and (1 — \), respectively. Note that PSR protocol is
a special case of HTPSR when a7 = 0 and ay = 0.5, while TSR protocol is a special case
when =0 and as = 0.5 X (1 — ay).

Since all nodes are assumed to suffer from HWIs [78] so we represent the practical
transceiver impairments at UEs as z in the a — b link, while the HWIs of receivers degrade
the during the reception phase. HI, and HI, are denoted as the aggregate distortions
degrading the a — b link with zero mean variance HI, ~ CN (O,Iia|h|2ED), HI, ~

CN (0, Iib’h|2ED), respectively, and x,, x; are the levels of HWIs at HI, and HI,. Thus,
the received signal can be expressed as

Yp = \/EDhiL' + H[a + H[b + ng
:\/EDhZE+H]ab+7’LQ 7
where the channel gain for the a — b link is h, and an aggregate distortion at the receiver
b is denoted as HI, with aggregate distortion power HI, ~ CN (O, /f\h|2ED), where

(6.1)

K2 Kq + Kp is the aggregate impairment level during the information processing phase.

Hence, the distortion noise stemming from HWIs at R is represented by HI; with
variance HI; ~ CN (0, mEDPLX|X|2), while the corresponding distortion noise caused by
HWIs at UE2, UE3 are denoted by HI», H I3 with variance HI, ~ CN (o, nAER\Y\QPLy),
HIy ~ CN (0,5(1 = \)Eg|ZPLz), respectively.

6.3 Performance Analysis

In this section, we are going to study the STP, the EE and SE in the presence HWIs.
Besides that, comparisons between AF and DF scheme are evaluated in multi-hop D2D
communication and P2P communication, and we also derive closed-form expressions for

each aforementioned factor. Eventually, we are going to solve the optimization problem
of TS and PS ratios with the help of GA-based algorithm.

6.3.1 Energy harvesting and information transmission under the impact of
HWIs
Mode A: Multi-hop cognitive D2D wireless communication

In this part, the impact of HWIs considering HTPSR protocol is going to discussed. Let
us first conisder the first phase.
A. Phase 1
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Now, the amount of energy harvested at R is given as
E, = nEp|X[’PLx (a1 + aaf) T, (6.2)

where 7 is the energy conversion efficiency and n € (0, 1].

Therefore, the transmit power of R is expressed as

E EpPLx|X|?
Ep = h :77(041-1-0625) pPLx|X]| ‘ (6.3)
(1—0{1—042)T 1—061—042
Following that, we calculate the received data at R as
y1 = /(1 = B) Ephxx1 +no + HI, (6.4)

where we denote z; as the normalized data signal from UE1 satisfying E {|x1|2} =1.

It is noted that R splits the harvested power into two parts, AER is used for transmit-
ting data to UE2 while (1 — \)Er is for forwarding signals to UE3. Now, we are going to
consider both AF and DF transmission scheme.

Regarding DF relaying scheme, the transmitted signal at R, xp is given by

TR = <\/Ex2+\/(l —A) ERx3> , (6.5)

where the power unit of the transmitted information for UE2 and UE3 is represented as
T9, T3, respectively, which satisfy E {|w2\2} =1,and E {\x3]2} =1

In AF scheme, the transmitted signal at R, xz can be expressed as
TRr = G /\ERy1 + (1 — /\) ERxg, (66)

where the amplification factor at R [79] is calculated as

G = \/((1 — B) Ep| X’ PLx + Qo + /»zED|X|2PLX)_1 ~ \/((1 — B+ k) ED|X|2PLX)_1.

Remark 6.1. Tt is noted that the power allocation, A is the primary concern, due to the

importance of balancing the received information at UE2 and UE3. Therefore, to maintain
the quality of UE2 at an acceptable level, as A increases, the amount of signal received at
UE3 drops. This scenario is going to be explained in Remark 6.3.2.

B. Phase 2

Considering the IT process between R and UE2, we compute the received signal at
UE2 as

Y2 = hyxp +no+ HIy, (6.7)

and we similar derive the expression for UE3 as

Y3 :hzl’R—i-no—i-H[g. (68)
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Mode B: P2P Wireless Communication

In this section, the P2P communication between UE2 and UE3 happens within two time
slots. It is assumed that the same signal is received at UE2 and UE3 which is written as

ys =\ Ephwzs +no + Hly, (6.9)
where the transmitted data from UE2 to UE3 and vice versa is represented as x4, and

it must satisfy E {\x4|2} = 1, and the distortion noise at UE2 and UE3 is H1, where
Q ~ CN (0, kEp|W[*PLw). Besides, PLw = (¢rfy) ",

6.3.2 The end-to-end signal-to-noise-plus-distortion ratio (SNDR)

In this part, we investigate the end-to-end signal-to-noise-plus-distortion ratio (SNDR) ,
v, where v = E {|Signal|2}/E {|overa11 noise|2} for AF and DF scheme. Now, AF scheme
is going to examined first.

A. AF relaying

Replacing (6.3)), (6.4) into (6.6]), and then combining with (6.7)), we express the end-to-
end SNDR at UE2 when UE2 treats x5 as interference and later decodes the primary

information, x; as

O P i
1 - )
T XPIY ]+ meY P + 7o
where 0y = kA + KA1 = +K)+(1 =N (1—-F+k), 1o = (1_67;2281;;61)_“2), and
Tia= %2 (1= B)APLxPLy
Ty = 520, PLx PLy
Tle = )\PLY
Similarly, substituting (6.3)), (6.4), and into ([6.8), the end-to-end SNDR at UE3

when UE3 treats z; as interference and later decodes the secondary information, xs is

(6.10)

written as 5 o
2.4 X["|Z|

: (6.11)
TQ’b|X‘2|Z|2 + TQ’C|Z|2 + T0

AF
Yo =

where we already mentioned 0o = KA+ k(1 =N (1—=F+K)+A(1 =5 —K)+ K, 70 in
the above expression, and

2,0 = %’3(1_5)(1_/\)PLXPLZ

Top = K20 Lx PLy

Toe = APLy.

As a consequence, we obtain the achievable data rate at UE2 and UE3 as

AF
%

B
= ] 1+ ~AF 12
e 2 og, (147, (6.12)

where the channel bandwidth is B.
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Remark 6.2. To clarify Remark 6.1, we derive the end-to-end SNDR at UE2 to sa-
tisfy the QoS. In particular, when secondary signals are treated as interference, we can
easily derive the desirable expression from (6.10) if Fp — oo in case all parameters
is fixed, limg, ¥ = A/ (1 — \). However, due to the achievement of the end-to-end
SNDR at UE3 (6.11]), primary signals are considered as interference, where if Ep — oo,
limg, 73" = (1 —X) /A. We are going to give simulation results to explain these phe-

nomena.

B. DF relaying

Similarly, regarding DF scheme, the end-to-end SNDR at both UE2 and UE3 can be

written as

DF _ DF
1
’Yz 16{1 2} {’yza 7%1) }7 (6 3)

where the instantaneous SNDR at R, UE2, and UE3 can be computed, respectively based

on (6.4), (6.7) and as follows

(1-8) 72 P PLx|X|?

,yl,(l - 72,& - 1+HED PLxlX‘Z
__alX] |Y|2 ,
e = P16 XY [P +150
V2.0l X 2122

Y25 T V2,5 X %127 +40

and g = Uzo=09) ), = EPAPLxPLy, {0 = 2 (1— X) PLxPLy,

iy = Z2 (kA +1=)) PLXPLy, oy = R (K(1 - )\) +A) PLxPLy.
Therefore, the transmission rate for DF protocol is given by
B
DF  _ DF
" et 5108 (1 T ) ‘ (6.14)

C. P2P communication

In this part, we are going to study the SNDR under the impact of HWIs in P2P commu-
nication as follows
2
PP o PLy|W|
P14 RED PLy|W/[*

(6.15)

6.3.3 Successful transmission probability

In this section, we represent the STP as the probability that a receiver is able to receive
packets successfully in the up-link in a time slot. Considering the STP in the one hop
P2P communication, packets are successfully received if the SNDR is higher than its
threshold, I'p, Pr(y > T'p). Therefore, UE2 and UE3 will receive a negative feedback,
and the packets will be put first in the queue for retransmission. Hence, we derive the
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STP for P2P communication as

Ep pry w2
PP > =Pr| %" >
Pr (73 = FD) Pr <1+n€§PLW|W|2 =Tp

S PLw W (6.16
Q . .
=1—-Pr (71 K%ﬁ Lo W <TIp )

_ ol'p
= e QwEpPLw(1-+Ip)

In terms of multi-hop D2D communication in the presence of HWIs, expressions for
STP with the large scale path-loss and small scale Rayleigh fading at UE2 and UE3
in AF and DF scheme are going to be obtained in Proposition 6.1 and Proposition 6.2,
respectively.

Proposition 6.1. Thus, the STP at UE2 and UE3 in AF scheme in case I'p > 7,,/7ip is
given by

Pr (%,AF > FD) - 1. (6.17)

Otherwise, in case I'p < 7;,/7;p, the STP at UE2 and UE3 is derived as

Pr(yF >Tp) = 2e7"\JoAF K, (2\/19?) (6.18)

1€{1,2}

1—‘ .
where wAF = —~PTe __ and 94 = Lp7o

i Qy (Ti,a—FDTi,b QxQy (Ti,a_FDTi,b) )

Proof: Considering AF scheme, the general SNDR for both UE2 and UE3 can be obtained

as

AF aXY
YT WY oY 1 d

where constant values are a, b, c,d, and the exponential RVs, i.e. X, Y are independent

(6.19)

with mean, Q2x and {2y, respectively.
Following from (6.19)), we calculate the CDF of SNDR as

Pr(y/F <Tp) = Pr (X < 2L

Y (a—Tpb)
[oe} __Upleytd) __v_
= [ (1 )y SRR
I'pe
_ “ax(a-tph) Cpd Lpd
=1—2e “x(a-Tph) axy (a—Tph 11 (2 m)

where the above expression is obtained thanks to the use of [[66], 3.324.1] under the

condition, I'p < 7;,/7ip. On the contrary, if I'p > 7,,/7, Pr (X < S’E()ofi?;i;

the probability is higher than the negative values, and it can be equal to 1.
To this point, the STP at UE2 can be written as

) = 1 since

I'pe

A _ T Qv (a—Tnb) I'pd I'pd
Pr(7" > Tp) = 2¢ =020\ [ooaBod o 6 (24 ey o) (6:21)

This ends the proof for Proposition 6.1.
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Proposition 6.2. In case of DF, the STP at UE2 and UE3 can be similarly given by

Pr(sPF 2 Tp) = 2e"JPFK, (2\/191.DF>, (6.22)

I'pQo 19DF C'po
QXEDPLX((]- ﬁ) FD"f QXQZ<¢M—FD1/;M)

proof: We first follow from , so the CDF of the instantaneous SNDR from UEL1 to
R can be computed by

Ep
Pr(%’IZF < FD) — Pr ((1 B) oo PLX|X| FD)

where wP =

1+H PLX\X|2 (623)
I'pQo
=1—c¢ SZXEDPLX((l—,B)—nI‘D)
Next, based on ((6.23)), the STP in the first hop can be written by
_ I'pQo
Pr(y5F > Tp) = BPorix(0-mTom, (6.24)

If I'p < vq/tip, the STP of the instantaneous SNDR from R to UE2, UE3 in the
second hop can be computed based on (6.7)), as

DF _ $i,a XY

_ wi,aXY
=1l-Pr (m <Tp)
C'p¥o
— _L / QX ¥; a_FDwz b)> 6_%dy (625)

_ C'pio T'pio
o 2\/QXQY (wi,a*FDT/}i,b) LS <2\/QXQY (wi,aFD¢i,b)> )

Otherwise, if I'p > /1, then Pr (2550~ > T'p) = 0.
Finally, by denoting the end-to-end SNDR at UE2, UE3 in DF scheme as v”F =

min(vET,vET) with i € {1,2}, the STP of vP¥" can be given by

Pr(vP¥ > Tp) = Pr(h2F > Tp) x Pr(v2¥ > T'p). (6.26)

Substituting (6.24)), (6.25)) into (6.26)), this ends the proof for Proposition 6.2.
Remark 6.3. The joint optimal values of TS and PS ratios can optimize STP which is

difficult to evaluate in terms of the STP with Bessel function for maximum transmission
power, distances, power allocation and HWIs level, etc. Since the above optimization
problem is non-convex, a genetic algorithm (GA)-based optimization algorithm is going
to be used in Section [6.3.5]

6.3.4 Average energy efficiency and average spectral efficiency

In this part, expressions for average EE and average SE. Note that EE is defined as the ave-
rage transmission rate under unit-energy consumption. In order to achieve energy-efficient

communication, both the transmission power and the circuit power can be examined [80].
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Proposition 6.3. We derive the expressions for the average EE and average SE,
respectively in AF scheme as

AF
ot = [Pl

QES’U/VTL
Ti,a/Tib , (627&)
- ﬁ / (MZAF—FNf‘F)logQ(l%—J;) dx
=0
and .
seM =1 {Blog? (21;71' )}
Ti,a/Ti,b , (627b)
=1 / (MZAF—FNZAF)logQ(l%—x) dx
=0
AF AF
2150”1 OAT Ko [ 24/9AF 27; qwte™ % IAT K (24/94F
where MAF = ( 0( ) , NAE = ( )1( ) , and the total
T(Ti,a—TTi b z(Ti,a =TT

power consumption of Mode A is defined as Fq,,, = 2Ep + 2E¢c + Ek.
Proof: Based on Proposition 6.1, the CDF of SNDR at UE2, UE3 in AF scheme is given
by

Floar(z)=1- 2"\ JOAT K (2\/19{”:) : (6.28)

AF TOL AF TTi.c
where 9 = L Wit = ——he |
¢ QxQy (Ti,a_x'ri,b) ? T Qx (Tz‘,a—xﬂ',b)

The derivative of Far(x) with respect to 2 helps us derive the PDF of *" as

Foar () = 5 Fyr (2)
7 7
where MAF = Zrioe 4 OA" Ky (2 v ﬁ’AF) 2ri 0w Fe IR K (QVﬂzAF)
i I(Ti,a*ét‘l’i,b) x(Ti,a*CCTi’b)

rive the expression above by using the property of Bessel function in [[66], 8.486.18].

(6.29)

, NAF = , and we de-

Thus, we give the closed-form expression for the average EE as

Ti,a/Tib

E {log2 (1 + %AF)} = / frar(z)log, (1 + ) dzx
=0 . (6.30)

Ti,a/Tib
= / (MiAF + ]Vl-AF)log2 (1+x)dx
2=0
This proof is provided to prove Proposition 6.3.
Similar to Proposition 6.3, we similar compute the closed-form average EE and ave-
rage SE in Mode A using DF scheme as

Blog, (1+’~/iDF)

eePt = E T~
Yi,a/Vib ’ (6.31a)
=5 [ (MPF 4 NP )logy (14 2) da
=0
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and .
sePF = E Bloga{1+7:7 ) (21;% )
Yi,a/Vip , (6.31Db)
=1 / (MiDF + NiDF)log2 (1+x)dx
=0
2sae i DAF K, (2\/19??) 91— BwPFe i \ /9P Iy (2\/19271?)
where MPF = , NP = .
I(¢i,a—$wi,b) ¢ x(wi,a—xwi,b>

Meanwhile, in case I'p < 1/ and the sum of the transmit power and the circuit power
is defined as Py, = 2FEp + 2FE¢, the expressions for both average EE and average SE in
P2P communication can be given by

o PP
ee” =2 x E{Bl B> (1474 )}

2P9U4m
/s 9oz , (6.32a)
_ B TG ERPLy (I=ra) -1
=l [ AT (L4 2)
=0

and

2B
1/k : (6.32Db)
— L / e QWEDPLW(I KT) (1 + l‘) ldI

Py { Tt

n2

6.3.5 Optimization problem

In terms of the HTPS relaying protocol, the optimization problem of TS and PS ratios
are going to be solved to optimize the STP. Thus, it can be overall obtained as

max. {Qewf VK, (2\/@) } , (6.33)
where the expression is subject to ay, as, 8 € (0, 1], and wf, 193 were defined in Proposi-
tion 6.1 and Proposition 6.2, respectively, i € {1,2},j € {AF, DF'}.

Because the expression is a non-convex function, a genetic algorithm (GA)-
based optimization algorithm is applied to obtain the optimal values of TS and PS to
maximize the STP which is explained in details as follows:

Definition 6.3.5: The generation of a random population is defined as a set of chro-
mosomes which comprises a group of genes, and it is assumed to contain the optimal values
for the considered variables [81]. Since the chromosome is against an objective function,
the fitness of each one is determined. Only best chromosomes can exchange information
(via crossover or mutation) to produce offspring chromosomes so that simulations for the
natural survival of the fittest process can be provided. If offspring solutions are more
feasible than weak population members, they are going to be investigated and used for
population evolution. The process continues for many generations to find a best-fit (near-
optimum) solution. Parameters, i.e., the number of generations, population size, crossover

rate, and mutation rate affect the performance of GAs [82, [83].
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TS and PS denoted as o and [ are considered as genes, a chromosome is created by
combining o and . To obtain each chromosome’s fitness, objective function in
is used. H,,,, denotes the optimal solution of the t-th generation, and the predefined
precision with constraint tolerance of GA is denoted by e. Thus, all the steps of the
GA-based optimization algorithm [I] can be summarized as follows:

Algoritmus 1: GA-based Optimization Algorithm

Input : N as the number of generations, constraint tolerance, €, and mutation
probability, p.,
Output: H,,,, with joint optimal TS and PS

Step 1: Generate random population for P solutions (chromosomes);

Step 2: foreach individual t +— 1 to P do

fitness (t) is evaluated by objective function in formula (6.33);
if (Hymaz(t) — Hmaz(t — 1)) < € then the algorithm will stop;
else go back to Step 3;

Step 3: fort + 1 to N do

An operation is selected randomly (i.e. crossover or mutation);

if crossover is chosen then
use Roulette wheel selection to Select two parents at random t, and t;
Generate on offspring t. = crossover(t, and tp);
else mutation is chosen;
Select one chromosome randomly, ¢ with mutation probability, py,;
Note that generate mutation results in the production of a new group of TS and PS
which is similar to an offspring, where ¢, = mutate(t);
End if;
The fitness of the offspring, ¢. is Calculated;
if t. is better than the worst chromosome then
Update the worst chromosome by t;
Replace t =t + 1,
end

return to Step 2;

As a result, the use of a genetic algorithm (GA)-based optimization helps us achieve
the joint optimal TS and PS ratios to guarantee the best STP.

6.4 Numerical Results

In this section, simulations are provided to prove the analytical expressions and evaluate
the impact of HWIs on the STP and average EE and average SE, where we compare AF
and DF in both communications. Besides, the joint optimization of TS and PS is solved.
For simplicity, we summarize all the primary parameters and default values in Table
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Parameter Values
Circuit power at UEi, F¢o 100 W
Channel bandwidth, B 10 Mhz

Path loss for all links in the system, PLy, k € [X,Y, Z, W] | (148 + 40log;, ()" dB
Thermal noise density, Ny -174 dBm/Hz
Energy conversion efficiency, n 1

TS and PS ratios, a1 = as = f3 0.1

Power allocation, A 0.7

Hardware impairments level, s 0.15

SNDR threshold at UE2, I'p 3 dB

SNDR threshold at UE3 , I'p 1 dB

Tab. 6.1: Main Simulation Parameters (Impact of HWIs)

which are used when UE1, R and UE2 are located at (0,0), (0.5,0), and (1,0) on the X-Y
plane, respectively while UE3 is located at (1,0.5). The simulation results are averaged

over 10° channel realizations.

A. STP vs. the maximum transmission, Ep at UE2 and UE3

In Fig.[6.2)and Fig.[6.3] the STP is illustrated as a function of the maximum transmission,
Ep at UE2 and UE3, where AF and DF scheme are compared with each other using the
proposed HTPSR and TSR under the impact HWIs. We can observe that more Ep results
in better STP, DF scheme outperforms AF scheme, where HTPSR relaying protocol is
better than TSR in terms of STP. Besides, UE2 is much better than UE3 without spectrum
sharing, e.g., when Ep = 10dB, the STP at UE2 is approximately 0.55 and 0.72 for AF
and DF, respectively, while the STP at UE3 is at around 0.48 and 0.59 for AF and DF,

respectively.

B. Successful transmission probability vs. HW1s levels, x at UE2 and UE3

The STP with HWIs for AF and DF schemes is presented in Fig. and Fig. [6.5] The
impact of HWIs on the STP is obvious, as « increases the STP is degraded, where the
STP in AF scheme drops remarkably when Fp = 5dB.

C. Average EFE and average SE at UE2 and UE3 vs. Ep

In Fig. and Fig. the average EE and average SE at UE2 are considered as a
function of Ep (W). We can observe that the average EE rises as Ep increases before
dropping gradually when Ep reaches approximately 0.2, since Ep rises, Ey,,, increases

while the average SE is linear. In particular, two different levels of HWIs, x = 0.15,
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k = 0.3 are presented in Fig. [6.6] where the average EE is degraded considerably, e.g.,
when k = 0.3, the average EE falls dramatically. Nevertheless, the locations of R in two
cases, including Case 1: (0.5,0) and Case 2: (0.3,0) are spotted in Fig. [6.7, where Case
2 enjoys better SE, due to the close distance between UE2 and R, leading to better SE.
Furthermore, the similar trends at UE3 are seen in Fig. and Fig.[6.9] the average EE
falls as E'p rises while the average SE increases, where the performance gap between Case
1 and Case 2 is clear when the nearer the communication between R and UE3 is, the
better SE is achieved.

D. Average EE and average SE vs. Ep in the P2P communication

Fig. shows the average EE and average SE as functions of Ep in P2P communication
in case the distance between UE2 and UE3 is set to 5 Km. Meanwhile, Fig. compares
2 cases of the distance between the two nodes, including Case 1: 5 km and Case 2: 10 km,
respectively. It is easy to see that the EE first increases along with SE. After hitting the
highest level (k = 0.15) and (k = 0.3), it drops when average SE increases. It is evident
that k = 0.15 shows SE is not affected much by HWIs, so it increases rapidly compared
to the scenario when k = 0.3.

E. Time switching and power splitting ratios under HWis at UE2 and UE3

In Fig. and Fig. [6.13] visual results under different TS and PS ratios for UE2 and
UE3 under the impact of HWIs are presented. The STP in case of HTPSR achieves its
optimal values when the joint values of TS and PS varies between 0 and 0.7, 0 and 0.4,
respectively with Ep = 10dB and x = 0.15.

F. The joint optimal value of a and § vs. Ep at UE2 and UE3

The optimization problem achieved in Section can be presented in Fig. and
Fig. [6.15] In particular, we set the number of generations, constraint tolerance, and mu-
tation probability as N = 100, e = 107°, and p,, = 0.05, respectively. The joint optimi-
zation is compared with the fixed values of TS and PS ratios with a; = ay = § = 0.1
at UE2 and UE3 in AF and DF scheme. We observe upward trends for all curves as Ep
increases, because the higher Fp means larger SDNR, which increases the STP. In ad-
dition, the performance gain of the joint optimized TS and PS achieves maximum value
when Ep reaches approximately 25dB.

6.5 Summary

In this paper, the impact of HWIs on the cognitive EH D2D communication underlaying
cellular network consisting of two communication types, i.e., multi-hop D2D and P2P was
discussed. Closed-form expressions for the STP, average EE and SE were derived, and
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we solved the optimization problem of TS and PS ratios thanks to the deployment of a
genetic algorithm (GA)-based optimization algorithm. With the simulation results, DF
outperforms AF in terms of every performance metrics. The STP is guaranteed regardless
of the existence of HWIs at all nodes.
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7 TIME SLOTS IN TWO-WAY RELAYING NETWORKS

In this chapter, we study the performance of our two proposed PTSTW and PTSTH
protocols for 2TS and 3TS. We provide expressions for OP, the optimization of throughput
s also given. In particular, the throughput performance is studied in delay-limited and
delay-tolerant transmission mode, where PTSTW outperforms PTSTH. In addition, delay-
tolerant throughput is superior to the delay-limited throughput. We try to optimize TS
and PS ratios to enhance the performance of the proposed schemes. It is evident from the

simulation results that the placement of the relay node helps boosts the system performance

[NHS06], [NHS07).

7.1 Motivation

To improve system bandwidth utilization, the two-way transmission mode was introduced
in RNs. In particular, there are investigations carried out on bidirectional communication
with helping of EH-assisted nodes. Combining AF and two-way transmission is also po-
pular model in field of wireless technology. Regarding applications of AF two-way relay
networks in green communication for 5G, the OP and ergodic capacity were analysed with
PS receiver architecture protocol in [84]. Meanwhile, the authors in [32] proposed flexible
policies for WPT to select the most appropriate S nodes for IT in TS and PS protocols.
In [85], the source power, TS and PS ratios were jointly optimized to achieve the optimal
sum rate. In addition, in [3], TWRN under the impact of HWIs was put forward, and
the closed-form expression for throughput was derived to evaluate the trade-off between
throughput and TS-PS ratios. In [33], the authors deployed TSR protocol for EH TWRNS.
However, the time-slot processing problems should be focused on to have a nice balance
between EH and IT.

Motivated from the aforementioned works, we come up with two EH relaying protocols,
including PTSTW and PTSTH based on the proposed HTPSR protocol. They can help
balance TS and PS ratios.

We organize this chapter as follows: the system model is presented in Section 2. Me-
anwhile, the SNR of the two proposed schemes, including 2TS and 3TS in TWRN is
studied Section 3. Next, we obtain the expression for OP and throughput in Section 4.
Section 5 provides simulation results. Eventually, we write a brief a conclusion for this
chapter in Section 6.

7.2 System Model

In Fig.[7.1] we take a HD AF TWRN consisting of two S nodes, A and B into consideration.
In the communication process, an EH R is deployed to assist the communication between
the two nodes. It is noted that a single antenna is equipped at each node. In particular,
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Fig. 7.2: PTSTW and PTSTH protocols for 2TS and 3TS transmission scheme.

the transmit power at S node, ¢ is denoted as P; to transmit the data symbol z;, where
i,j € {A, B} and i # j. The Rayleigh fading channel between i and R is represented by
fi ~ CN(0,€;), and the noise term is distributed by AWGN at n; ~ CN(0,0?), at R
nr ~ CN(0,0%).

We describe how TS and PS function in this chapter in Fig. In particular, the
transmit power, pP is used to transfer EH to R while (1 — p) P is responsible for IT from
S nodes to R.

In Fig. [7.2) we clarify the TS coefficient of the proposed protocols, where the block
time is T, and ¢T is allocated for R for EH from both S nodes while the remaining time,
(1 —¢) T is utilized for IT. Regarding EH time, ¢T is divided into two equal durations
for 3TS scheme and each duration, ¢7'/2 while ¢T is used for EH in 2TS scheme. The
IT time (1 — ¢) T is divided into two equal durations for 2TS, and three durations for
3TS, and each duration (1 — ¢)T'/2 and (1 — ¢) T'/3, respectively. A and B node transfer
its data to R in the first (1 — ¢)T'/2 of 2TS, and A (or B) transmits its information to
R during the first two (1 — ¢)T'/3 durations of 3TS. Besides, R broadcasts to the two
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S nodes in the remaining time. When information is received at either node, it is then
decoded based on the knowledge of CSI.

In our proposed protocols, the power allocation, p, which is used to process the transmit
signal, ¢, can be written as

Colim VoPixp 4/ (1 — p) P, (7.1)

where xg describes the energy capability while x; represents the IT process which satisfy
E{|:17E|2} =1, E{|xl|2} = 1, respectively and i € {A, B}.

The distances of R — ¢ or R — j are denoted as dgr; or dr; while m is denoted as
the path loss exponent. The location allocation of R is presented by ¢, in which each hop
is 7 —+ R and j — R with d;; being the distance of ¢ node and j node. Therefore, we can

obtain
dr,j = €dp,, (7.2)
then we have g . J
R,A R,B €
— 2 = d — = . 73
dap 14e ™M A4 1+e (7.3)

7.3 SNR in two schemes of bidirectional relaying

In Fig. [7.2] we represent 2T'S in its phase 1 of the transmission process, and phase 1 and
phase 2 of 3TS for ¢ to transfer power and information to R, respectively. In addition, the
remaining phase of both time slots is used for R to transfer the received data to node i.
It is evident that there is a trade-off between the amount of power transferred and
information decoding. Therefore, we are going to HT'PSR which is computed in one-way

RNs as below
ETPSE = Py ol fil?, (7.4)

where 0 < 1 < 1 denotes energy conversion efficiency which depends on the quality of
power collection circuits, A\ = ¢T" (for PTSTW protocol), and A = ¢T'/2 (for PTSTH
protocol).

However, in TWRNs, we can calculate the transmitted power from R as

(ERE™ + EPER)  2np P,

pPTSTW _ = i (75)
R (1—¢)T)/2 (1-19) {i,j}g{:AvB} s
i#]
and
s s
pPTSTH _ (Eflj,g "+ By R) __3nep > b | fil*a3 (7.6)
R (1-9)T/3 2(1-9) A |

{i,j}e{A,B} "R
i#]

where the power allocation, a4 and ap must satisfy the condition, o + a% = 1.
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7.3.1 Power splitting-based and time switching-based 2TS relaying protocol
(PTSTW)

Regarding this protocol, phase 1 describes the communication between both A and B and
R. As a result, data is amplified and forwarded to the two S nodes in phase 2. Therefore,

the received signal in phase 1 can be given as

PTSTW o fAfUA il T fBJIB + ng. (7.7)
R,A R,B

The received signal is used for I'T in phase 2, R broadcasts signals to two S nodes.
Hence, the transmitted signal can be calculated by

L PTSTW _ GPTSTW \/m ( i — pygTSTW) : (7.8)

GPTSTW

where the amplification factor is which is random in the presence of immediate

CSI. In order to restrict the instantaneous transmit power, statistical noise should be at
high SNR.
The energy constraint,

~1
P P
(CHE N (<1— >(d;;‘f4|fA|2+dzni|fB|2)) , (7.9)
2

where o7 ~ 0 is at high SNR. The received signal in phase 2 at two S nodes can be

GFPTSTW of R can be computed as

expressed as

It is noted that due to the knowledge of the received channel, SI can be eliminated.
Therefore, we can obtain the expression obtained in ([7.10) again by

P.
yiPTSTW _ \/1Tp dTJ / p}fTSTWGPTSTW fifix;
R.j

signal <71]‘)
+ \/P}fTSTWGPTSTmeR +n;
where i, j € {A, B} and i # j.
Lemma 7.1. Based on A/ T5TW = E(S;ZZZZQ , replacing (|7 . into ([7.11)), the
SNRs at A and B node can be given as
m 2 2
PTSTW _ (1+5) Pp (1 —p)[fal’| /5l (7.12a)
T edap 2 5, (=p1-9)o2 )’ ‘
[fal ok +—%5,
and by
PTSTW _ <1+5>m Pa(1—=p)|fal’| /5] (7.12b)
B dap 2 9 | (1=p)(1-¢)o} )’ '
/8l 0r+—%5

2n¢p
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7.3.2 Power splitting-based and time switching-based 3TS relaying protocol
(PTSTH)

With this proposed protocol, the received signal at R is presented by

P

y}]:fSTH RR\PT fixi + R, (7.13)
R

where the AWGN term can be defined as ng; = ng; = ng, and ng ~ CN(0,0%).

Next, the transmitted signal at R is written as

gPTSTH _ PTSTH \/@ S (aj mylpTSTH) (7.14)

{i.i}e{A,B}
i#]

Similarly, the energy constraint, GFTSTH of R in this protocol is given as
1

2 b
(GPTSTH) ~ > (dm (1—p)a] fi|2> : (7.15)
{l’J}E;jA:B} R’i

In phase 3, the received signal at A and B is computed by

yPTSTH — f.oPTSTH | .
Pi
= N Z (Oéjq/<1 — p) delg;z + OéjnR) /PII;TSTHGPTSTH]‘Z- Ty
{i.j}e{A,B} J R
i
(7.16)
As in (|7.11]), we write the received signal at A and B as
P
y T = fz‘\/PIfTSTHGPTSTHOZi\/ (1—p) ﬁfjxj
i (7.17)
signal
+ (fi\/PIfTSTHGPTSTH (&j + Oéi) ngr+ nl) .
According to Lemma 7.1, the SNRs at A and B are expressed as
2 pPTSTH ( PTSTH 2 121 £.12
(PISTH _ 1 (o (L=p) PP, (G ) £l (7.18)

" iy \ (L= p) PYTSTH(GPISTRY G| [+ o

Substituting (7.3]), (7.6) and (7.15) into (7.18), the output SNRs at A and B are

written as
1 m o2 (1= p) Pglfal’|fs]?
v o = ( ; 8) - (2 ; 2 Q(Lf'f;ﬂ’ﬁ;’il : (7.19a)
EAAB |fA| 0%+ WA
and
prsra (1 e\ ap (1—p) PA|fA|2|fB|2
B B 2 2(1-¢)(1—p)o? (7.19b)
das /- \ |fsl’oh + 25555

3nop
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7.4 Performance Analysis

In this section, we are going to derive expressions for OP and throughput for 2TS and
3TS in the proposed protocols. In principle, thanks to achievements SNR expressions, the
transmission rate at A and B is calculated by

RITST® — log2(1 + T, (7.20)
=Wu=2
h € {A, B} and .
where i € { } an { CHu-3

7.4.1 Outage Probability

In such TWRNs, OP is defined as a probability when SNR is less than the threshold
values of SNR. OP is used to measure the quality of communication links. Therefore, the
OP in this chapter can be expressed by

OPPTSTz — pr (R, < RPTSTa: or Rp< RPTSTa:)
OPPTSTe — pp(y, < ,}/PZ(;STz, or g < ,ygq(;sm)
= Pr(ya < 9455™) + Pr (v8 < 1555) (7.21)

B Pr( V4 < ,YPTSTw and g < ,YPTSTx)
~ OP;‘DTST:U + OPgTSTz o OP};TST:UOPgTSTw,

where ~/ 57" = = 2R _ 1, and R§ST* denotes the target rate of A and B.
Proposition 7.1. The OP at A and B is expressed by

emUPTSTa PTSTa
OPPTSTe _ FﬁTSTz (,ﬁ:igSﬂ:) =1—2exp (_ d ) paky (2pa), (7.22a)

s U2PTSTxQA
and
O pPTSTz _ [pPTSTx ( PTSTx) —1_9 _U 1P TSTI'YIB?%SM K+ (2 7 99%
B =r, YBo ) = exp UPTSTaq, | 1B 1(2uB),  (7.22b)
where

UPTSTz — (dap)" o2, UPTSTe — [ (1 — p) (1 +¢)™, UPTST= = v(l—p)(lg(f;(dw)m’

— — _ 2
for node A: MA:\/E’“szm PTSTx x=W,l=Pgp,v=03/2
. UPTSTzQ [9) 7A70 ) 9 9

2 AQpB x:H,l:aAPqu)ZQUA/Q,

2
UPTST(L PTSTx I':VV,ZZPA,U:O'B/Q

for node B: = \/T ’
UB UPTSTzq) g /B0 { x:H7l:OK%PA,U:2U%/3

Proof: See in Appendix B.
Substituting ([7.22)) into ([7.21)), the OP of the two S nodes can be approximated as

OPFPTSTz o (TiTSTz + TgTSTx) _ Kl _ TiTSTx) % (1 _ TgTSTx)} 7 (7.23)
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PTSTx.PTSTx
U; Va0

where TETST® = exp (—gmUQPTSTbe> 2uaKy (214) and

UPTSTI PTSTx

— exp (‘M) sk (2up).
In order to find the approximation expression, we should derive the upper and lower

TPTST{E
B

bound of the OP at A and B for the transmission schemes as below

out,up

OPPTSTz < ip (1’ Pr (,YETSTQE < 7££STI> + Pr ('VB < 7£55Tx)> _ pPTSTz

and

OPETSTe — max (Pr (,.YETSTQZ < ,}/i?{;STm) Pr (,ylgTST:c < ,ylg?(;STx)) < QPpFPTSTz,
(7.24)

out,i

where Pr (7fTST$ < 7555“) = PPTSTz and i € {A, B}, v € {W, H}.

7.4.2 Throughput Analysis

In this part, two transmission modes are derived, including delay-limited transmission

and delay-tolerant transmission.

A. Delay-limited transmission

Here, the throughput in this case is evaluated by the knowledge of OP in case the source
transmission rate is fixed as Ry75™* (bps/Hz), where RFT5T™ = llog, (1 + W(I)JTST:”) with
AETST® heing the threshold SNRs.

Therefore, the throughput is calculated by

FPTSTe _ Mu _ OPPTST:E)Rg’TST:p’ (7.25)

DL U

where the 2TS or 3TS TWRN is defined by u = 2 or u = 3, respectively.

B. Delay-tolerant transmission

Regarding the delay-tolerant throughput, S transmits data at a fixed rate set below the
ergodic capacity. Hence, we compute the ergodic capacity as

v 1-)T . .
ThESTz = %( uﬁ) (E {log2 (1 + A FTST )} +F {log2 (1 + 4 ETST )})
1— T T —1 (726)
= 3 / (A" +x5"51") (14 2) 1 dz,
z=0
PTSTx, PTSTz .
where x ;757" = exp <—5mUZplTstA) pi K (pa), i = \/46"1(]219%’%%2 and x5 =
UlPTSTacZ U:{)TSTl
exp T UPTSTzqp po Ky (p2), p2 = 4U2PTSTWZ .

Remark 7.2. Tt is noted that the obtained expressions for OP and throughput are based
on the joint of TS and PS ratios, ¢ and p. Nevertheless, to provide closed-form expres-
sions of optimal TS and PS ratios is complication. Therefore, we are going to find the
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optimal values of ¢ and p by numerical methodology. In addition, the throughput per-
formance is dependent on the position allocation of R. Similarly, the findings of optimal
location cannot be solved in closed-form expressions, and the optimal allocation can then
be calculated through simulations.

Delay-Limited (P4 =10dB, p =0.3, d,, =1, R =2)

07 T T T T T T T T T
Analytical Approx. with ¢ =1
= = = Analytical Approx. with ¢ =3
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<
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Fig. 7.3: Throughput 7 at destination node in delay-limited and delay-tolerant modes vs. ¢
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Fig. 7.4: Throughput 7 at destination node in delay-limited and delay-tolerant mode with diffe-

rent p
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7.5 Numerical results

In this section, we are going to achieve the optimal value of throughput relying on p and
¢ in the proposed protocols based on HPTSR protocol, including PTSTW and PTSTH in
delay-limited and delay-tolerant transmission modes. The simulation results follow some
parameters specified in Table [7.1]

Parameters Values
Power transmission, Pg 10(dB)
Energy conversion efficiency, n | 1

TS ratios, ¢ 0.3

PS ratio, p 0.3
Distance of A-B, dap 1

The location allocation, € 1

SNR threshold, R 2

Tab. 7.1: Main Simulation Parameters (TS in Two-way)

We consider ¢ to achieve the optimal throughput in Fig. [7.3] It is clear that as ¢
increases from 0 to approximate 0.2 throughput dramatically rises. However, as ¢ exceeds
its optimal value, the throughput drops because of the trade-off between IT and EH. In
particular, the delay-limited throughput is outperformed by the delay-tolerant through-
put, because we assume the delay time to be zero for delay-tolerant mode. Besides, the
delay-limited throughput for PTSTW and PTSTH with ¢ = 1 is greater than that of
€ = 3, while the delay-tolerant throughput with ¢ = 1 is less than that of ¢ = 3. Besides,
the throughput of PTSTW outperforms that of PTSTH because the amount of time used
for information processing in PTSTW is huge which leads to higher throughput compared
to PTSTH.

In Fig. we can see that the delay-limited throughput is worse than delay-tolerant
throughput. In addition, the value of throughput with e = 1 and ¢ = 3 in two modes have
the similar trends as shown in Fig[7.3] Throughput increases significantly when p rises
from 0 to its optimal value, later dropping when p reaches its optimal factor.

The OP in delay-limited mode is presented in Fig. In particular, the OP of PTSTW
is worse than PTSTH. Furthermore, HTPSR protocol enjoys better outage performance
than TSR, since the transmit power at S supplies the EH circuit at R in TSR protocol while
only small fraction of such power is used for the proposed protocols based on HPTSR,
e.g., PTSTW, and PTSTH.

The OP of PTSTH protocol is illustrated in Fig. where it is proved to be better
than PTSTW in delay-limited mode. In addition, they both see similar trends. It is noted
that when m rises, the OP drops, and outage probability increases as a function of e.
As a consequence, the impact of location of each node has an impact on the system

performance.
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Fig. 7.7: A comparison between the proposed protocols and existing protocols.

We compare our proposed protocols with existing ones in Fig. [7.7} In particular, the
OP of PTSTH and PTSTW are superior to time division broadcast and multiple access
broadcast in [32] at low SNR. It is worth nothing that the similar throughput performance
of these protocols can be seen when SNR reaches 30 dB, because the optimal values of

TS and PS ratios are found to achieve the optimal throughput.

7.6 Summary

In this chapter, we introduced and evaluated the performance of PTSTW and PTSTH
relaying protocols for 2TS and 3TS. To analyse the system performance, expressions of
OP and optimal throughput were obtained. In particular, we provide numerical results to
prove the throughput of PTSTW outperforms that of PTSTH. In addition, the throughput
of the delay-limited mode is way lower compared to that of the delay-tolerant mode. The
performance improvements of the proposed schemes can be done by optimizing TS and
PS ratios. Last but not least, the appropriate placement of R can contribute to better the
system performance.
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8 RELAY SELECTION FOR SWIPT: PERFORMANCE ANA-
LYSIS OF OPTIMIZATION PROBLEMS AND THE TRADE-
OFF BETWEEN ERGODIC CAPACITY AND EH

In this chapter, optimal RS in a multi-relay cooperative RN is going to addressed. Our
main target is to solve the optimization problem of TS and PS ratios and obtain the
expressions for OP and throughput in delay-restricted and delay-tolerant modes. Besides,
we apply the proposed HTPSR to study the trade-off between ergodic capacity and average
FEH [NHS0S).

8.1 Motivation

In principle, a trade-off between the quality of I'T and EH exists when it comes to RS.
Due to the implementation of multiple relays, we can greatly improve SE, because more
than one relay nodes are selected for IT, while RS based on the instantaneous CSI is a
well-established strategy with conventional relay nodes.

In terms of optimal RS, there are a number works carried out on this research area. In
particular, the work in [86] focused on the physical-layer security in AF and DF relaying
networks RNs, where AF and DF optimal RS policies were proposed to enhance security
and avoid being eavesdropped. In [87], an energy-aware optimal RS was proposed, where
they selected optimal relays based on the energy consumption. Besides, the work in [8§]
designed an optimal RS scheme with less outage probability, while they approximated the
expressions for OP at high SNR in [13]. The work in [89] studied opportunistic multiple RS
schemes with both FD and HD scheme for both EH and non-EH in decode-and-forward
(DF) relaying mode

Motivated from state-of-the-art works, it is clear that there are a few works focusing
on ergodic capacity and the optimization of RS in EH multi-relay cooperative RNs. We
learn that there are a few works on the trade-off between ergodic capacity and the average
EH, so we are going to study it in this chapter.

We organize this chapter as follows: Section 2 presents the system model, while the
system performance is studied in Section 3. We provide the simulation results in Section

4. Section 5 gives us a brief conclusion for the chapter.

8.2 System Model

In Fig. B.1] we study a multi-relay RN which has a S, a cluster of relays, (R;) with
i € {1,2,...,N} denoted as N AF intermediate relays in HD mode and a D. Tt is noted
that ¢th R depends on external charging via RF-EH. Besides, Ps and Py are the transmit
powers at S and ith R, respectively. We denote the distances from S to ¢th R and ith R

(0]
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Fig. 8.1: The system model

to D as [y and Iy, respectively while m is the path loss exponent. Furthermore, n, and ng
are the zero mean AWGN at ith R and D with zero mean and variance Ny, respectively.

Considering the system channels, we represent hg and hp as quasi-static block-fading
and frequency non-selective parameters from S to ¢th R and from the ith R to D, re-
spectively. These channels are constant over the block time T, and |hg|®, |hp|* are i.i.d.
following a Rayleigh distribution and exponential RVs with mean €2g and €2p, respectively.
Nonetheless, CSI is assumed to be available at D when considering I'T, and we study the
long-term SE, where R with best statistical CSI is selected with the control unit.

In this chapter, we use the proposed HTPR to study EH. In particular, 7" is the block
time for information being transmitted from S to D, so o1 is the EH ratio. Meanwhile,
the transmission signal from S is split into two parts, where ¢th R harvests energy from
the received signal with the power ratio, 8. Particularly, a part of power at S, 8 Ps is used
for EH while the portion, (1 — 5)Ps belongs to IT from S to ith R, and the remaining,
(T'— aT) is used for IT from ith R to D. It is noted that «, 5 € [0,1]. Nevertheless,
because of the implementation of multiple relays in signal transmission, D can receive
multiple similar blocks of the signal. This makes the synchronization become complicated
[90]. Since deploying one relay in I'T may not be reasonable, we are going to discuss the
single RS mode thoroughly in the following section.

For simplicity, primary symbols used in this paper are listed in Table. |8.1
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Tab. 8.1: List of the symbol meanings

Symbols | Meanings

Iy The distance between S and ith R.

lo The distance between ith R and D.

hs The Rayleigh fading channel between S and the ith R node with mean (g.
hp The Rayleigh fading channel between the i R and D node with mean Qp.
Pg The transmission power from S to ith R.

Pr The transmission power from ith R to D.

oT The amount of time used for EH.

(T — oT) | The amount of time used for IT.

B Pg The power splitting ratio in EH.

(1 — B)Ps | The information received at i** R.

8.3 Performance Analysis

In this chapter, we first obtain preliminary analytical results, contributing to the compre-
hensive understandings on the study of a single relay. Besides, we also study the average
end-to-end SNR, optimal RS, and the system performance in multi-relay mode in this

section.

8.3.1 HTPR Protocol for Single Relay-Assisted Transmission

In this part, we take the average end-to-end SNR and the OP into consideration when
only one relay is deployed which is taken from N relays. Hence, we can solve the joint
optimization of a and £.

First, the sampled baseband signal, yr is written by

YR = \/ll_m(l — B)PShSZS + NR, (81)

where the information transmitted to ith R is zg which satisfies E {|25]2} =1.
In addition, we can obtain the same expression in case of the proposed HTPSR protocol
as

EHTPE — ) polrma 3T | hs|’. (8.2)

When ith R transmits the amplified signal using the received energy within (7' — oT'),
the transmit power at ¢th R can be expressed by
BETPR pap

Pg = Ty (1_awpsjhs|2. (8.3)

Regarding AF protocol, we can compute the input signal at ith R as

ZR = G PRyR, (84)
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where the power coefficient at ith R in the presence of CSI can be written by

G = /(L= B) " Pslhs|* + N (85)
The received signal at D, yp is given by

Yp = \/lgthzR—i—nD. (86)

Hence, substituting (8.1), (8.4) into (8.6]), the expression for yp can rewritten as

Yp = (l;mG PR ll_m(l - ﬂ)PshShDZS> + (l;mG\/PRhDTZR + TZD> . (87)

Signal Noise

To evaluate RS, we decided study the average end-to-end SNR, OP and throughput.
Therefore, by replacing (8.3)), (8.5)) into (8.7), we obtain the expression for the average
end-to-end SNR at D as

nef(1-F) p2 x2y
T = AT : (88)
eI PsNo XY + 1715 (1 = 8) PsNoX + 315" No Ny
where X = |hg|?, Y = |hp|>.
Therefore, the data transmission rate is derived as follows
R=B(l1—a)log,{l1+p}. (8.9)

8.3.2 The CDF and PDF of the average SNR

Proposition 8.1. The approximation of CDF of the average end-to-end at high SNR at
D can be done by

A | C C
FVD(m)N1_2eXp(_BQS> BQSQDK1<2 BQSQD>’ (8.10)

where A = naﬁ)PSNoat B= ”aﬁ a )6 PZ and C =715 (1 — 8) PsNyz.
Proof: See appendix C.
Remark 8.1. Tt is noted that we set the fixed values for Pg, n, Iy, lo, Ng, X and Y to 1,

so some assumptions can be made: i) When (o — 0, g is fixed) and (5 — 0, « is fixed),

the performance is worse in terms of all aspects, particularly vp — 0, which is presented
in , makes the OP goes to 1, and the throughput goes to 0, since the communication
between R and D is impossible due to no energy harvested at R, (EfTPR — 0). ii) While
high values of (f — 1) provide the energy harvester with more input signal, the signal
power is affected, particularly vp — 0 which makes the OP and throughput go to 1

and 0, respectively. iii) In case (« — 1), we achieve the best average end-to-end SNR
at approximately 1 defined by lim, .1vp = %

1 —exp (—%), in which the SNR threshold value is z. Besides, when (o — 1) or

, and the OP can be expressed as
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(6 — 1) at the same time, the throughput performance turns worse because R harvests
energy during the whole block time 7', and the signal is transmitted to D infinitesimally
with large power, which we are going to be proved with simulation results.

Proposition 8.2. The expression, (8.10]) is taken derivative with respect to z, so we
can approximate the PDF of RV at SNR as

2C exp ( ) Ky (2D) 2ADexp ( ) K, (2D)
(@) = BOstn " Bover ’

(8.11)

where we mentioned A, B, C above, and D = C(BQSQD)_I
Proof: The CDF of the average end-to-end SNR at D, F,,, (x) can be computed as

P, (2) = Pr(yp < 2)
ik o = I (8.12)
S
y=Q4/Q3

PSvandQ4 =

where Q) = 715" (1 — ) PsNoz, Qo = I3™15*NoNoz, Q3 = na/o’( =
Meanwhile, the PDF of vp with respect to x is expressed as

OFy (x
f’YD (*T) = 32«( )
_ 1 / ( (Qy + Q2) Qsy” ) . (QLJ'_%) dy. (8.13)

Qgx 2 2
=G0 /Qs (Q3y? — Quy)"Qp

nofs
1—a)

To this point, the integration cannot be simplified while the CDF can be applied
at high SNR approximation mentioned in Appendix C. Therefore, we decided to use Bessel
function ([66], 8.486.18) and the approximated value of the CDF of ~p, the derivative of
PDF with respect to x can be rewritten by

ot = e () )] o1
YD : :

X
Q Qg0
Q3 exp (7Q§és ) o S%D

This ends the proof for Proposition 8.2.

8.3.3 Optimal relay selection

In this section, RS is deployed in a centralized manner, where a central unit (CU) selects
the best relay for a each transmission frame. In other words, the selected relay must satisfy
the total transmitted energy to ¢th R and maximize IT to D.

A. Relay selection optimizing the average SNR at D

In this part, the joint optimization of TS and PS ratios can be done by using a robust
algorithm so-called Alternate Convex Search [90], second derivatives and Hessian matrices.
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In Table. we present the joint optimization a and [, where we optimize the
variables of an active block while other blocks are fixed [90]. Meanwhile, defining the stop
criterion has several ways in the final step of the algorithm. For example, the absolute
values of these functions are considered. Different function values are used as the criteria
standard.

Theorem 8.1. This is how the convex is defined.

We set A C R™ as a convex open set and f : A — R. It is assumed that for all x € A,

%I is considered as the positive semi-definite.

Ox?
Theorem 8.2. By using both the Hessian matrix denoted as M (x) in Theorem 8.1, the
following functions should be considered:

1. When % = 0 and M (x) is positive definite, f has a strict local minimum at .

2. When % = 0 and M (x) is negative definite, f has a strict local maximum at x.

3. When g—x = 0 and M(z) has positive and negative eigenvalues, f does not have
neither a local minimum nor a local maximum at z, since f has a saddle point at x.

Tab. 8.2: Optimal algorithm to solve the joint optimization of o and 3

H (a, p) is first used to represent the objective optimization
while we use F and F' to denote the set of o and (.
Step 1: Then, the biconvex set of o and 3 is denoted as B = E x F,
where a random starting point, g = (ap, Bo) can be selected,
and we set ¢ to 0.
Step 2: If ; is fixed, the convex optimization problem is solved as: min {H («, 3) , 5 € By, }
If an optimal point 8* € B, exists, set 3,11 = 8" or the algorithm stops here.
Step 3: If ;41 is fixed, we solve the convex optimization problem as:
min {H (o, Bi+1) ,« € Bg,,, }. In case the existence of the optimal point o € Bg, |,
the algorithm stops or we need to set a;41 = a™.
Step 4: In case (aj+1,8i+1) achieves a stopping criterion, then stop or increase i by 1 and

return to step 2.

Remark 8.2. Let us denote B C X x Y, where X C R" and Y C R™ stand for the two

independent non-empty convex sets. Therefore, x and y of B are expressed by

B, ={yeY:(z,y) € B},
B, ={z €Y :(z,y) € B}.

In case B, is convex for every fixed z € X, and B, is convex for every fixed y € Y, we

express the set B C X X Y as a biconvex set similar to the one in [91].

Therefore, the optimal RS at high SNR at D is Ry, where if k =4, i =1,..., N, ith R
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is selected. Hence, we examine the optimization problem for IT as

k = arg max yp.
0<a<l1 (8.15)

subject to
0<p<1

Thanks to (8.15]), the logarithmic function is a monotonically increasing function of

its arguments, the following expression is as follows

il e (1-a)po (1-a)ps3
i =@a T as T has
. 0<a<l (8.16)
subject to
0<p<1

_ o pNo e = LTl Noo
where ¢ = hsZPs’ P2 = nihalPihp Py’ and 3 = nX2|hp P2

Following that, we represent the objective optimization of (8.16) by F'(«, 5). With the
second partial derivative of F' («, 3) with respect to  while « is fixed, we have
OF (o, 8) _2(1—a)(p2+¢3)  2(pra+ (1 —)ps)

oz R Y TR R (8.17)

The expression, 82];(60‘2’5 ) is obviously positive. Therefore, F' («, [3) is convex in .

Next, the second partial derivative of F'(f,«) with respect to o while [ is fixed.
Therefore, we have

0’F 2 2
(@0f) 202 205 (8.18)
g %8 (1-B)a’B
Likewise, the value of 82];((;’6 ) is always positive. As a result, F' (3, a) is convex in .

Besides, the Hessian matrix =5 52 908

Consequently, using the partial optimum with the algorithm described in Table. [8.2]
we finally achieve a partial optimal point, («, 3) from (8.16]).

2
0*F(0.8) F(af) {821” (aﬁ)} is positive.

B. Relay selection optimizing the harvested energy at R

From (8.2), we use R, to denote optimal RS of the amount of energy harvested at R,
where A =1, 7 =1,..., N if ith R is selected. Therefore, we have

A = arg max B TPR, (8.19)

Hence, the minimum average energy harvested at the selected relay can be expressed
by
EHIPE — ppolrmafTQg. (8.20)

min

Meanwhile, the maximum average energy harvested at N is computed by

N nPsli™afTQs
i=1 7 ’

EHTPR _ Z

max

(8.21)
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Remark 8.3. In principle, RS is applied to satisfy the balance between IT and EH, so
we use a technique called Time-Sharing selection method (TSM) which is a simplistic
selection method, or the CU selects Ry or Ry in a pseudo-random fashion. We are going

to examine these methods in Section R.3.5

8.3.4 Performance analysis for multi-relay selection

To this point, we are going to give expressions for OP, ergodic capacity and throughput
in case multiple-relay mode.

A. Delay-Restricted Transmission Mode

In the delay-restricted transmission mode, we obtain the expression for the OP at D with
ith R as P,,.; = Pr(yp < 7), where the expression for P,,.; = F,, (7o) can be derived
in Proposition 8.1.

Using the order statistics, when channels are independent, the OP at D for RS can be

given as
Pout = Pout,l X ... X Pout,i X Pout,N

~ 117, () . (5:22)
~ [Fyp (o)

We see that the OP derived in ({8.22) is a function of «, it decreases as « climbs from
0 to 1. Hence, the throughput at D, 7pgr in delay-restricted mode can be written by

TDR — (1 — Oé) (1 — Pout) Ro. (823)

B. Delay-Tolerant Transmission

Here, we compute the ergodic capacity for the received SNR at D by

C — Eth‘2:|hD|2{10g2<1 + '7D>} (824)

Proposition 8.3. The ergodic capacity at D can be expressed as

C = va( Jog, (1 + x)dx. (8.25)

=0

Thanks to Proposition 8.2, we approximate the ergodic capacity at high SNR as

~ / BthQD:c( -
o 2AD exp K, (2D)
+/ Blsr

where we already defined the constants, A, B, C and D in (8.10) and (8.11]).

log, (1 + ) d
: (8.26)

logy (1 + ) dx
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To this end, the ergodic capacity for the network is

C=N [[Fy @) o (a)log, (1 + 2) da
% , (8.27)
~ N [ 1B, @] (21 + Z2) logy (14 2) do
0
2C exp [ —zA— ) Ko (2D) 2AD exp | — zA— ) K1(2D)
where Z; = p( BQS) ’ , Zo = p< BQS) : , and the PDF of the average

BQsQpx BQsx
end-to-end SNR in case of multi-relay mode is solved by taking partial derivative of the

CDF from (8.12)) with respect to x.
We assume that if I'T is at a fixed rate equal to the ergodic capacity, and the throu-
ghput, 7pr at D with oT relying on the successful IT time, (1 — «)T can be expressed as

(1—a)T

——C=(1-a)C. (8.28)

TpT =

Remark 8.4. It is worth noting that the ergodic capacity derived in is the function of
@, it increases when « rises from 0 to 1. If « is larger, more energy is transmitted, leading
to better ergodic capacity. Nevertheless, the block time, (1 — «) T falls as « climbs. Hence,
the trade-off between ergodic capacity and the average EH is going to be studied in the
following section, where the average EH and the ergodic capacity are regarded as the

reference for metric (x) and the cost metric (y) [92], respectively.

8.3.5 Trade-off between ergodic capacity and average energy harvesting

In this part, the trade-off between the average EH at ith R and ergodic capacity is con-
sidered. In particular, TSM is applied, where ¢ represents the proportion of transmission
frames for optimal IT and the harvested energy. For example, Ry is selected with the
probability, 6 while R, is selected with the probability, 1 — 9.

From ({8.20) and (8.21)), if 6 = k then EHIPE is activated. In contrast, in case § = \,
pHTPR

max

is activated. Hence, by applying TSM, the average EH at ith R is given by

EHERR — GEHTPR 4 (1 - 5) EHIPR, (8.29)

min max

By solving (8.29) with respect to d, we have

o BEEER SN Pyl a0

nPsly™af0s (1 - XN i)

(8.30)

In addition, we represent the minimum and maximum ergodic capacity of TSM for IT
as Cpn obtained in (8.26)) for the time frames when 6 = A and C),,, derived in ({8.27))
for the time frames where § = k, respectively. As a consequence, using (8.30)), the ergodic
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capacity can be expressed as a function of the average EH, EXZIR at ith R as

CVTSM = 5Cmax + (1 — (5) Cmm
_ quggIZR_ziV nPsll_ma,BQsz‘—lC
T s (1) e (8.31)
4 (1 = BEGIR npst maBsi Y o
nPsll_maﬂQSO_ZjV 7;71) min -

8.4 Numerical Results

In this section, simulations on the throughput, transmission rate and ergodic capacity
are given. In addition, the analytical results are also provided to evaluate the trade-
off between ergodic capacity and the average EH by deploying TSM. The simulation
results are averaged over 10° channel realizations following the Rayleigh fading channels.
Regarding the distances, we normalize [; and [, = 2—1; to unit value. Meanwhile, the mean
values, Qg and Qp of the exponential RVs, \hg]2 and ]hD]2 are set to 1. The simulation
results follow some parameters specified in Table

Parameters Values
Number relays, N 3
Power transmission, Pg 1(dB)

Energy conversion efficiency, n | 1

The path loss exponent, m 2.7

The SNR threshold, Ry 3(bps/Hz)
The zero mean AWGN, Ny 0.01

The distances, I; = Ilo 1

Tab. 8.3: Main Simulation Parameters (RS for SWIPT)

The impact of @ and 5 on EH in delay-restricted mode is presented in Fig. and
Fig. We see that the optimal throughput is a function of to the number of relays. In
particular, tthe throughput changes thanks to the change of IV, e.g., 1 to 5. It is clear that
for each value of N, a and throughput increase significantly, e.g., « rises from 0 to 0.3.
However, as «a falls, the throughput begins falling. Meanwhile, the throughput increases
dramatically when (3 climbs from 0 to 0.3 before falling at the end values of 3, ranging
from 0.8 to 1.

We present the delay-tolerant throughput with o and 8 as a function of N in Fig.
and Fig. 8.5 The throughput reaches its optimal values as « increases from 0 to 0.2.
It is clear that throughput in delay-tolerant mode outperforms that of delay-restricted
mode, since the time delay in delay-tolerant mode is set to zero. Meanwhile, the delay-
tolerant throughput is superior to the delay-restricted throughput, where for every values
of N, the optimal throughput is achieved as f rises from 0 to 0.6, but it decreases in the
remaining values of 5. It is worth noting that while « — 0, 8 — 0, vp — 0, the OP
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goes to 1 and the throughput goes to 0. In contrast, the high end-to-end SNR is valid
when a — 1, in this case, the OPy goes to 0.1101 leading to worse throughput (0,1068).
Similarly, in case § — 1, the OP goes to approximately 1 (0,8209), and the throughput
goes to approximately 0 (0,3760) in delay-restricted mode.

In Fig. [8.6] throughput drops as [ rises, l; = 2—1{;. In particular, the distance between
S and 7th R increases, e.g., N = 1 and N = 3, the energy harvested and the received
signal at ith R drop because of the path loss. So, throughput falls dramatically since the
received signal at D is weak. However, the throughput gap is much different when we
change the number of relays, e.g., N =1 to N = 3. Due to the near distance between ith
R and D, less energy is harvested to serve for reliable communication.

The throughput is presented in Fig. in both delay-restricted and delay-tolerant
modes for different number of relays, where we set the source transmission power, Py =
1dB and Ps = 5dB. At first glance, the system performance metrics enjoy upward trends
as N increases. It is obvious that delay-tolerant throughput is better when Pg = 5dB,
and it rises significantly because more energy is harvested at ith R.

In Fig. 8.8 we show the trade-off between ergodic capacity and average EH at ith R.
The performance of the TSM is evaluated versus the average harvested energy. We see
that TSM contributes to a linear trade-off. The ergodic capacity decreases as the average
harvested energy rises. Besides, when the harvested energy rises, e.g., to approximately
(0.8) (bps/Hz), the ergodic capacity dramatically drops.

In Fig. [8.9] we prove the considered optimization problem. It can be observed that all
curves go up as SNR rises, which accordingly lead to better data rate. In practice, the EH
RNs can be enhanced with the optimization of o when we can select the best end-to-end
SNR for a given EH time, oT. In Fig. [8.9] the role of « influences the transmission rate,
e.g., when § = 0.3, the solid curve outperforms the dot curve with a = 0.3 or a = 0.7,
respectively. Besides, when a = 0.3, the solid curve is better than the dash curve with
B =0.3 or 8 =0.7, respectively. On the other hand, if the values of « are higher than the
optimal values of «r, more time is spent on EH, and less time is available for IT. Thanks to
the proposed joint optimization of o and 3, the instantaneous transmission rate reaches
its optimal value. Interestingly, the joint optimal values of o and 8 outperform the two

pre-set random values.

8.5 Summary

In this chapter, we studied optimal RS in a multi-relay cooperative RN. We tried to solve
the optimization problem between TS and PS ratios and derived the expressions for OP
and throughput in delay-restricted and delay-tolerant modes. In addition, we also stu-
died the trade-off between ergodic capacity and average EH using the proposed HTPSR
protocol. Thanks to the numerical results, the system throughput was significantly impro-
ved when RS is applied at high SNR, where the delay-tolerant throughput outperforms
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that the delay-restricted throughput. In addition, we observed the improvement in the
transmission data rate with the joint optimal TS and PS ratios.
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9 HYBRID FD/HD RS SCHEME WITH OPTIMAL POWER
UNDER INDIVIDUAL POWER CONSTRAINTS AND EH

In this chapter, we extend the work in the previous chapter on the optimal RS. Particu-
larly, we evaluate OP at high SNR in three new proposed RS schemes, i.e. HDMRC and
FDJD and HTS to reduce the impact of SI. In addition, we propose two optimal power
supply policies, namely OPIPC and OPEHA which are used to analyse the proposed RS
schemes. We try to derive closed-form expressions and asymptotic results for OP to prove
the correctness of the system. This system’s EE is improved thanks to the proposed power
consumption model. According to the numerical results, HTS scheme outperforms HDMRC
and FDJD in terms of OP [NHS09/.

9.1 DMotivation

In principle, HD and FD relaying schemes contribute to the loss of SE and the SI. Thus,
adaptive relaying schemes have attracted much research interest since they can switch
between HD and FD without spectrum sharing. Thanks to the implementation of hybrid
relaying techniques, we can clearly see the impact of SI on HD relaying mode which
accordingly degrades the e2e symbol rate while the residual SI impairs the performance
of FD mode regardless of cancellation process.

In fact, the presence of ST has a detrimental impact on FD wireless systems FD [93], [94]
95, INHSO7, 96, 97, 08]. ITn [93], the authors proposed an optimal RS scheme to maximize
SINR, while RS in FD RNs under the impact of multi-path fading was studied in [94].
Different from [99], the work in [95] analysed the secrecy OP under the impact of an
eavesdropper in cooperative RNs with RS schemes. In addition, opportunistic RS schemes
with EH and without EH in both FD and HD were discussed in [NHSO7], while the work in
[96] considered the SNR, OP and the average channel capacity. In [97], RS was investigated
in multi-relay FD systems under the multi-path fading conditions.

However, network lifetime and the power saving are two concerns in low-power wire-
less networks, so power efficiency should be paid more attention [100, T0T], 102, T03]. In
particular, the authors in [103] evaluated a hybrid wireless network, in which the amount
of successful data transmission and the network lifetime at MUs were studied.

In order to take advantage of both FD and HD, hybrid relaying techniques actively
switching between HD and FD have been addressed in several works, [98], [104] and
[T05]. In particular, the selection of relaying mode and the transmit power adaptation
were combined to maximize SE in [I04]. Despite optimal RS schemes proposed in FD
and HD in [98], the combination of the direct link and relay links [I05] has not been
addressed. In [106], four hybrid relaying modes were proposed thanks to an integrated
model, and the authors developed a joint RS mode and a power allocation algorithm,
where a hybrid relaying scheme was proposed to prove that FD outperforms HD mode
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in terms of throughput performance. These works motivated us to conduct this extended
work.

We organize this chapter as follows: The system performance is analysed in Section 3,
in which we derive the expressions for OP for the three considered RS schemes for the two
power supply policies, and the power consumption model for each RS scheme is given.
In Section 4, numerical and simulation results are provided. Finally, a brief conclusion is

drawn in Section 5.

9.2 System Model

In Fig. 0.1} a multi-relay cooperative network is considered, in which there are a source
node (S) communicating with a destination node (D) via a cluster of N relays denoted
by (R;) with 1 < ¢ < N operating in decode-and-forward (DF) transmission mode. In our
system model, each node is equipped with a single antenna while relay nodes are equipped
with two antennas (i.e. a transmit antenna and a receive antenna) operating in full-duplex
(FD) transmission mode.In principle, we focus on the coverage extension scenario, where
the direct communication between S and D is not strong, so relay nodes are deployed to
assist other nodes in the system without utilizing their data.

In terms of system channels, we denote hx, hy and hz as the channel coefficients of the
S—R; link (first hop), the R;~D link (second hop) and the S-D link (direct channel), re-
spectively. Meanwhile, hy is denoted as the channel coefficient of the self-interference (SI)
link, where it is assumed that the transmit and receive antennas suffer from the scatte-
ring component while the specular component is greatly weakened due to the deployment
of passive and active SI cancellation methods in case FD is deployed. Further to this,
the received signal is compromised by additive white Gaussian noise (AWGN), Ny. It is
noted that all links undergo Rayleigh fading channels over independent and identically
distributed (i.i.d), in which we assume that all channel coefficients are constant in each
data transmission block but independently fluctuate from one block to another. As a
result, the channel coefficient, hy with A € {X,|Y, Z, W} is modeled as a zero-mean, in-
dependent and circularly symmetric complex Gaussian random value (RV) with variance,
Oy = E{|hA|2}. Furthermore, the channel power gain of h is denoted as |A| = |h4l?
following an exponential distribution with the mean value, €24. It is worth noting that Pg
and Pp, are respectively the maximum allowed transmit powers at S and i—th R, since
the system’s total energy consumption is more practically trivial compared to each pre-set
transmitter’s power.

It is worth noting that the communication from S to D can be assisted by the best
selected relay in each time slot, (R; € N). Most importantly, the benefits of RS have
caught much attention in a number of new wireless networks in terms of evaluating OP.

Therefore, let us begin with the generalized case in single relay mode.
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In practice, the antenna noise power is not noticeable than the baseband noise power
in most practical baseband circuits. For simplicity, we assume that the antenna noise
power is zero [107], so the high instantaneous signal-to-noise ratio (SNR) for FD in the
presence of SI and HD without SI can be approximated as

Ps|X| . PslX]|
T — PR.|IS;V|+N0 ~ P;‘W‘a fOI' FD (9 1)
o %%PSIXL for HD :

The equivalent instantaneous received SNR at D is given by
I'r,p = Pr,|Y|/No + Ps|Z|/No. (9.2)
The overall end-to-end (e2e) SNR deploying DF protocol can be computed by

)

Legi = min, {Tsgr;, Trin}- (9.3)

9.3 Performance analysis

In this section, we derive exact and approximate closed-form expressions for outage pro-
bability (OP) in multi-relay mode. In addition, opportunistic relay selection (RS) schemes
are evaluated for the proposed power supply policies.
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9.3.1 Outage Probability

Regarding the two proposed optimal RS schemes, FDJD and HDMRC based on the
statistical channel state information (CSI), the instantaneous e2e capacity is given by
! cren T puBlogy (1 +Tey), (9.4)
j€{FDJD,HDMRC}
where =1 or u = % due to the switching between FDJD and HDMRC RS scheme.
Remark 9.1. All fading channels are independent in each block, and the fading gain, hy
of the S-D link is trivial compared to that of hy of the R,~D link, i.e., E{|Z|} < E{|Y|}.

Furthermore, each variable corresponds with the instantaneous SNR, where the single-
hop transmission is carried out over the distinct fading channels to maximize spectral
efficiency (SE) and energy efficiency (EE), since the relay with the best statistical CSI is
selected by the control unit to guarantee the Quality of Service (QoS). It is clear that the
source transmit power, Ps monotonically increases along with I'¢, ;. Besides that, the SNR
in the (S—R;) link increases as Pg, declines and vice versa. Similarly, the same situation
happens when SNR in the (R;~D) link climbs as a function of Pg,. Hence, OPIPC and
OPEHA are going to comprehensively evaluated in the following section.

It is noted that OP is less than a pre-set value SE, Ry (bits/s/Hz), where Ry =
logy {1+ T'1} or Ry = 1log, {1 + I}, and I'y, Iy are the target SNR thresholds for FDJD
and HDMRC, respectively. The OP for the strongest bottleneck link depends on the
selection of i—th relay which is defined as OP7 = Pr (C’ZJ < RO), j€{FDJD,HDMRC},
since the OP for N relays can be expressed in Theorem 9.1.

Theorem 9.1. The OP in multi-relay mode can be written symmetrically due to the

selection of R; as
OP =Pr (€ < Ry, ..,C) < Ry, ...,C} < Ro)
— f{l Pr(CJ < Ro) (9.5)
= [pr(c < Ry)]".
In the following sections, we are going to study OP in different RS schemes for the
two proposed power supply policies.

9.3.2 RS Schemes for Full-Duplex relaying deploying joint decoding (FDJD)

In this section, we are going to study proposed RS schemes for the two proposed power
supply policies based on the instantaneous SE. Let us first evaluate FDJD, the max-min
RS under the impact of SI is considered. It is noted that this scheme depends on the
selection of the strongest bottleneck link, where the best e2e SNR link and the SI are
evaluated to select the best relay which can be given as

Ps|X| PrlY| PslZ|
Pr W[ Ny Ny |-

[ = arg max min
©:R,EN

(9.6)
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Here, we express the instantaneous e2e capacity as
CPIP =logy (1 +Tegy) s (9.7)

where I';,; is the instantaneous SNR at D via I-th R as in (9.3).

A. Optimal power under the individual power constrains (OPIPC)

Let us define OPIPC as

P, Py ) = cFpIp 9.8
(7% Pi) argug?,%ﬁ)( ) 6:8)
where the average optimal transmit powers at S and [—th R are denoted by Pg, Pg,
respectively.

We assume that the maximum transmit power, P¢ = 1 is used for coverage extension,

so we first solve the following expression to express OPIPC later as

Pylx| _ Pr 1Y n Pg|Z|
P, WT ™~ No Moo 0<(Pg,Pp) <1 (9.9)
Pi=1,

Based on ([9.9), the long-term SE and the R; with the best CSI are used to obtain the
average optimal transmit power at [-th R. Therefore, the average optimal transmit power

} . (9.10)
} . (9.11)

Proposition 9.1. Following from Theorem 9.1, we obtain the exact closed-form ex-
pression for OP for OPIPC policy at high SNR as

at [-th R can be written after algebraic manipulations as

2]
2Y|

(X1Y]

—1+J1+4N0

In fact, we can rewrite the expression (9.10) as

Q
Pg, = min {Pg, ﬁ

1 . 4NOQXQ§
Qw(Qz)

OPERIP (T)) = 1 — (61 x ©,)]", (9.12)

- T PR 0
PsQze Psz 7PR]de Ry

— _ PsOx
Where @1 = PRZQWF1+PSQX’ 62 - PSQZ—PRZQY

get SNR threshold for FDJD is I'; = 2fo — 1.
Proof: The proof for Proposition 9.1 can be seen in Appendix D.1.

NoT'y Nol'y

, and the definition of the tar-
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B. Optimal power with energy harvesting ability (OPEHA)

Regarding this policy, R nodes have EH capacity based on the principles of TSR protocol
without fixed power supplies [I3]. In principle, the fraction used for EH and IT from S to
R; link in the first hop is a7" while the remaining block time, (1 — a)) T is for IT from R;
to D, where each period of IT from Sto Dis 0 < a < 1.

Therefore, we express the transmit power at [-th R during (1 — ) T as

Ep

Pp = ——2
= d—a)T

where we define the harvested energy at I-th R as Ej, = naPs|X|T.
Following from (9.1]), (9.2), (9.13), we rewrite the e2e high SNR for OPEHA policy
E3) as

: 1 Ps Ps }
oy = mind —— oS 1X|[V]+ =2 2|\ 9.14
=i XY+ 12 (9.14)

Therefore, the following expression must be solved to maximize the e2e high SNR as

1—0&? 77057 PS PS
- XY+ =27, 9.15
T = T XY+ 512 (9.15)

where we define o as the optimal TS ratio at R;.
Following from Remark 9.1, the above expression must be solved first to achieve aj
for OPEHA policy. Thus, we have

-1

QﬁQny
\/(QZ)2 + iy _

Ps  Qw

+1

a] = (9.16)

Proposition 9.2. Similar to Proposition 9.1, the exact closed-form OP for this

policy be expressed as
OPERAP(Ty) = [1 = (61 x 6,)]", (9.17)

-(78%) (1 _ (amimw)
where ©; = ¢ \"s%2/ [ 1 — e\ nl1%w

I () [ 1
d O, = 1+M/ Fs9z2)\ | ——-= K —— | dx ).
e ( Pz Joy sy \V sy )
Proof: The proof for Proposition 9.2 is given in Appendix D.2.

9.3.3 RS Schemes for Half-Duplex relaying deploying maximal ratio combine
(HDMRC)

Different from FDJD RS scheme, the best relay node is selected without the knowledge
of SI based on the max-min RS without the impact of SI in HDMRC. Regarding the best
e2e link, we select k-th relay by

PrlY PolZ
Ri |Jr 5| |}_

9.18
N, N (9.18)

k = arg max min< Pq|X
g’i:RieN S’ |’
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The instantaneous e2e of HDMRC RS scheme is computed by

1
CHDMRC §log2 (1+Teqr), (9.19)

where the instantaneous e2e SNR at D is denoted as I'c,x, when the best relay, Ry is

selected.

A. Optimal power under individual power constrains (OPIPC)

Proposition 9.3. In terms of OPIPC, we obtain the exact closed-form expression for OP
in the e2e high SNR based on (9.12) as

1)

O, = e Psix, (9.20a)
and
PoQye P05 _ Py Qe Ty
Sz — k
@, — 2° fy Y , (9.20b)
PsQly — Pg,Qy
where the target SNR threshold for HDMRC is I'; = 220 — 1, and the average transmit

power at k-th R is obtained following from (9.11) as Pr, = min {PS, W}

Proof: We present the proof for Proposition 9.1 similarly in Appendix D.1. However,
thanks to SI cancellation process at k-th R, the CDF of the first branch at high SNR,

N
I'sg, at k-th R is now updated as Frg, (Ty) 2 Py (Ps|X| <T9)=1- ¢ Psix

B. Optimal power with energy harvesting ability (OPEHA)

Proposition 9.4. Similarly, we derive the exact closed-form expression for OP for OPEHA
at high SNR can be computed using (9.17)) as

NoQx+Qy )F

0, = e*( Psxfz )% (9.21a)

and

2Ny (VT2 (2N 4 42
Oy =1+~ / 2956(1’592)\/:”}( <\/x> dz, (9.21b)

PsQy Jao e PsQxQy \ pe PsQx

where since we obtained the optimal TS ratio in ((9.16)), we can similarly express it for

OPEHA policy as a = |1+ %Tl-

Proof: We omit the detailed proof for the above expression due to similar steps provided
in Appendix D.2.

9.3.4 RS schemes Hybrid FD/HD relaying transmission scheme (HTS)

In fact, both FDJD and HDMRC suffer from zero diversity gain because of the nature
of FD transmission and the impact of SI. Therefore, we come up with an adaptive RS
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policy called HTS to overcome these situations which is able to switch between FD and
HD relaying.

It is noted that the proposal of an efficient RS scheme is important, where HTS
activates the h-th relay to enjoy the best outage performance. However, the following
condition must be satisfied

= arg max max {Cf;?JD, CE?MRC} : (9.22)
me{IPC,EHA} i:R;eN ’ ’

Theorem 9.2. Therefore, the OP in HTS in both OPIPC and OPEHA can be respecti-
vely expressed by
OPHTS by L [cEDID cHpMRCY < R

™ me{IPC,EHA}

= Pr{CEPIP < Ry, CHPMRC < Ryl

me{IPC,EHA}

(9.23)

Remark 9.2. Tt is interesting that HTS scheme helps the system select the suitable du-
plexing mode with better transmission efficiency at R nodes. In this scheme, we can
achieve the better outage performance than other RS schemes without being degraded by
zero-diversity. Besides, when an outage event exists, the best relay is selected with the
maximum information rate in case we set the system below the target SE, Ry. In other
words, we express the maximum instantaneous capacity in FDJD and HDMRC in
and , respectively.

Please note that we are going to obtain the closed-form expression for OP in Theorem
9.3, Proposition 9.5 and Proposition 9.6 later. Now, the following lemmas are used to
explain the proof of these propositions. Lemma 9.1 is considered first.

Lemma 9.1. We define a; > 0, ay > 0, 7 > 0 and 75 € [0, 00]. The probability of the
intersection of events, i.e., [a1 |Y| + a2 |Z] < 7] and [|Y| < 73] denoted by Yy (ay, az, 71, 72)

can be written as

Tl (ala A2, T1, 7-2)

- (o
_ o0y _ T (azﬂz) ; _ —
l—e ™ —gre , i alZ[—a |[Y][=0 . (9.24)
= a4 ,(L, ay )TO .
1—e “ay _ é(é — azaifllz) e a2fiz (1 —e \y @iz , otherwise

where 79 = min {7—2, ay } Particularly, if 75 = oo, Pr ([a1 [Y |+ a2 |Z| < 7)) =1, (al, Ao, T, CL1_17'1).
Proof: We define the transformation, {|Y],|Z|} = {U,V}as{U = Y|,V = a1 |Y| + a2 | Z|}.
Thus, the Jacobian determinant of its inverse transformation is a5 *. Thus, the probability
Pr([V <mn],[U < 1)) is expressed as

o) = [ /0 " ) i (0= ) do) d
_ / ( i fiv| (w) fiz1 () dt) du (9.25)

_/ fiv| (u) Fiz ( (11 — alu)) du,
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where 7 is defined in Lemma 9.1. After some algebraic manipulations, the useful expres-
sion ({9.24)) is derived which ends the proof for Lemma 9.1.
Lemma 9.2. We assume o« € (0,00], and A, B,C > 0. Besides, J® (o, 4,B,C) =

/ * exp (— (Bx + Cx_l)) dz is defined as the integral of a general function. Thus,
0 h—{E + A
we have

L1+L§p),A<o¢<oo

gw® (v, A,B,C)~ ¢ Lj,a=A or a=o00 , where pe{0,00} , (9.26)
Lép),a <A
where
L= [555 + 55 + 5 = 459 = + G3]exp (- (AB + CATY), (9.27a)
LY = — [oz—i—%—i—%(—B—i—a%)a(—oz—i—A)—k?(—a—i-A) (—B—i—%)
2 [ 9 o\2 (9.27Db)
+a(—a+ A) <—a3 +(-B+ %) )] AP,

12A 6A2

LY = [k (- B2t = C?) + & (Ba® + (3+ BC) a?) + ¢k (B%® + Ca)
+35 (Ba' + (1= BC) o® — 2Ca?)| A®),

(9.27¢)

where if Ba — 0, A®®) = (1 — Ba)exp (—Ca™'). Otherwise, A©) = exp (— (Ba + Ca™1)).
Proof: Let us define G (z) = =5 = -1+ —zﬁA and H (z) = exp (— (Bz + Cz™1)). Be-
cause the derivation of J® (a, A, B,C) in close form is challenging, the second-order

Taylor series expansion of G (z)H (x) is applied in each region, including i) o > A, i)
a=A, or o =o00and i) o < A.
Here, the second-order Taylor series expansion of G (z),H () is defined as GV (x) =

A 9 (1) = i, HO (0) = (~B+ §) H (a),
2
and H®? (z) = (—i{f + (—B + m%) ) H (z), respectively.

Here, each region i), i) and 4i7) is considered.

i). In case a > A, we have the following expression as

TP (a, A, B,C) = /a :zrx—i— 7 P (— (Bx + C’x_l)) dz
-
= lim /0 G (x) M (x) do+ lim. / G (2)H (z)dz - (9.28)
L1 Lgp)

In terms of the first item, L, is as ¢ — A™, a one-dimensional Taylor series is an
expansion of a real function G(z), H(z) at x = 0, x = ¢, respectively. Thus, L, is presented
similarly as in (9.27a)).

Likewise, when ¢ — AT, Taylor series is an expansion of a real function, G(x), H(z)
at © = a. Therefore, Lép ) follows from the result of 1’
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). When o = A or @ — 00, it can be known easily as Lgp) = 0. Thus, J® (o, 4, B, C)
can be computed by

JP (a, A, B,C) = lim Q( YH (z)dx = L. (9.29)

e—A—J0

4ii). When 0 < o < A, after some similar simple manipulations, where 7® (a, A, B, C) =
L. Ly is obtained as in (9.27d).

To this end, the desired result for Lemma 9.2 is achieved to prove the proof.
Lemma 9.3. Let us define Y (a, a, 8,7) = Pr ([|X| < o, [|X||Y]| +a|Z| < 8],[|1Z] <),
where «, 3,7 € (0,00] and a > 0.

The exact expression is derived as

1

1Y (0.0,59) = Fx) () Fa 6) — - [exp (—) 7i— JQ] O 9a0)

R TN A (e S (y (E Y 1.
whereé—mln{%ﬁa }"71_/1—0 _x+aQZleeXp< <QX+ Qy ))d%

o x 5
= — 2 ep(— [+ L)) da
% /x:o o+ a0 F < (QX * ny>> !

In principle, closed-form expressions for [J; and J; are difficult to obtain, but based

on Lemma 9.2, we can approximate them as
i~ T (0,00205", Q%' (8 — a6)05") | (9.31a)
and
T~ IV (0,002,057, Q%' 8O3 (9.31b)

where p € {0, 00}.
Proof: Using a similar argument used for the proof of Lemma 9.2 with the transformation,
{U = ]X\ S =|X[|Y|+alZ|, T =1|Z|}. We have

(0,0, B,9)

/ (/ fix) () fiz) () Fly, < (B — at)) dt> du
— /0 /0 fix| (u) fiz) () dtdu — Qy /Oa (/05 Sixi (w) fizy () fry (i (8- at)) dt) du

x1(0) Flz (0) = O [0 () du
(9.32)

where

6 (0) = @ 2) ™ i () exv (—f) [ exw (= (= =)o)
_ { (2 Qz) " fix) (w) exp (=2 (u)),  for u= %%
(0 2) i (1) (=1 (1)) exp (—ps () fexp (—1 (1) 6) — 1], otherwise

a -1 u,
¥1 ( ) QIZ sy (Qpl (U)) = uggféza and 9 (u) = %
Eventually, we derive the desired result in (9.30]) which ends the proof for Lemma 9.3.
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A. Optimal power under individual power constrains (OPIPC)

For this RS scheme, the OP in (9.23) for OPIPC can be rewritten by

. Ps|x| PrlYl | Ps|z
OPHLS = Pr <{m1n(PSW|, ]}\ZIO + ]SV|0|> §F1},

{mln (P | X1, PR’“‘Yl + PS|Z|> <TI, }) ’

where Pp,, Pg, are the average transmit powers at R; and R;, which were defined above.
We are going to derive the analytical expression for OP/ELY in the next proposition.
Proposition 9.5. The exact closed-form expression for OP at high SNR in HTS RS

scheme is calculated by

OP[pc” =01 (1 =05 —03) + 04 (1 + 0, — 04 — O5) + 0205 + 0304, (9-34)

(9.33)

where O;, ¢ € [1..6] is presented in detailed in the proof below.
Proof: Let us start with the simplification of notations used below for the following events

|X]| Pr,T1 Pr Y| | Ps|Z|
as by = |t < “pt] @p = [T + B <y,
Pr, |Y
be = [|X| < 2] and @p = [’3@1 L B2l <,

It is worth noting that ®, is independent of &5 and & while &4 is independent of
®p and ¢p. Following from [I08], Pr (min(U,V)) = Pr(U U V) is the probability of all
results of U or V| so Pr(U U V) = Pr(U) + Pr(V) — Pr(UV). Thus, the probability in

(19.33]) can be expressed as

OPHLY = Pr (&4 U ), (Pc U Pp))
= Pr (0,00 UDDp) + Pr(0p0e Udpdp) — Pr(®a0p (deUd)p))
— Pr(®,4P¢) [1 — Pr(®g) — Pr(®p)] (9.35)
+Pr(®pPp) [l — Pr(P4) — Pr(Pe) + Pr(daP0)]
+Pr(®p) Pr(®c) + Pr(®4) Pr(®p).

Here, each probability in the above expression is going to studied. Let us start with
©1 = Pr (®,4%P¢) which can be given as

IX|  PpTy
=P < L E P
o r(hwr— py B TP

where F; is defined as {

Iy
X < =

E1> , (9.36)

sz } because
1

% < PRzFI} [|X! < 1“2} — {|X| < mjn{P};FI ,E—;H, and F, is the complement of
FE;.

Now, let us regard the first probability item in (9.36) as
©1,=Pr ({IXl < PR’FI} [’W‘ = >

W] PR Fl
_Ty 1 RrT'1
PR, T1 oot )x
wi (p,ffr) - ﬁ/o Ce \PW T dy (9.37)
(T Py —1 (1 PR Iy
=1 —¢e \PR1%W ) _ QL(QL + RlQ 1) 1 —e \®w Ps@x ) PrT1
w PsQix )
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Next, due to the independence of RVs of | X| and |W|, the second probability item is

computed as

@Lb:Pr@X! < FQ} {|W| > Pr F1D

x| ( ) (1 — Flw| (;»R r1)> (9.38)

Ty
(1 —e PSQX> e Plelﬂw

Replacing (9.37)), (9.38) into (9.36)), the result for ©; is obtained as

Iy

=t 4 1
@1:1—6 (PSQX+PRZFIQW)

_L(L + Perl)_l (1 — e_<PSIQ)(+per‘119VV>F2> | (9.39)

Qw \ Qw PsQx

Firstly, using the result of (D.1.2) in Appendix D.1, the probability is as follows

Q _}]Dvofgl Q 7PJI\;O£ZIY 9 40
P, e 'Sz —P, e l 40a
0y =Pr(®p) = 1+ =555, ) (9-402)
and
R _py 0y T (9.40D)
PsQze P52z —Pp, Qye )
O3 =Pr(®p) =1+ =4 g —ka, ,
Secondly, thanks to (D.1.1]) in Appendix D.1, we compute the probability, ©4 as
Psﬁx
O, =Pr(dy)=1- : 9.40c
! () Pr,QuwT + PsQyx (9.40c)
Thirdly, the following expression can be easily derived as
To
O; =Pr(Pc) =1—e€ Ps9%. (9.41)
Finally, considering O = Pr (®5®p), we see that I'y > I'y and Pg, > Pg,. Thus, we
derive
[a|Y|+clZl <V PBY|+c|Z] < Ty
=[1Zl < T —alYDI[IZ] < 7t (T2 = b Y]]
=[|Z] < min{c™ ' (T1 —a|Y]),c " (T2 = b[Y])}],
Wherea:%, b:%, andc:%.

Therefore, Og is written as

@6 = Pr ((I)B,Eg) + Pr ((I)D,Fg)

(9.42)
=Pr(®p, B) + Pr(®p) — Pr(®p, Bs),

where By = [[1 —alY| < Ty —0b|Y|] = [|[Y| <Ty], Iy = (b—a)”" (I'y = I'y), and we can
derive the last equality following the fact that Pr(U,V) = Pr(U) — Pr(U, V) in [108].
By reconsidering Lemma 9.1, GOg can be easily obtained as

P, Ps Fl,NO(Fz_F1>>+@3—T1 (PRk Py NO(FQ—Fl))’ (9.43)

PRk_PRl NO NO PRk_PRl
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where O3 is presented in ((9.40b)).

To this end, substituting the derived results from ((9.39)), (9.40al), (9.40b)),(9.40c]), (9.41))
and ((9.43]) into (9.35)), the desirable closed-form OP for HTS in case of OPIPC is obtained.
This ends the proof for Proposition 9.5.

B. Optimal power with energy harvesting ability (OPEHA)
Regarding OPEHA policy, the OP in (9.23)) can be expressed as

OPffid = Pr({min (ar [ X], a2 | X] Y] + a3 |Z]) < T2},
{min (S dor a0 [X[ V] +a5]2]) <Tw}),

where based on the obtained expressions for OP in HDMRC and FDJD in OPEHA,
Pr = % at R, and p; = 177—(10[4, at Ry, respectively. In each definition, we denote a; =

Ps, a9 = ppPs/No,a3 = Ps/Ny and a4 = p;Ps/Ny. It is noted that 'y > I'y and as > ay.
It is challenging to obtain the exact analysis as in (9.44)). Thus, thanks to the results

(9.44)

of Lemma 9.2 and 9.3, the following proposition is going to be presented regarding the
derivation of OP in this policy.

Proposition 9.6. The closed-form approximation of the OP in for OPEHA
policy is given by
(i) When asl'y — a4l > 0,

OPHES ~ ©14 (1 — 03) O34 02 (04 + 05 — O7) — (1 — ©3) ©5 — 0, (05 — Oy) , (9.45a)
(ii) Otherwise, when asl'; — a4’y < 0,
OPHIS ~ 01+ (1 - 0,) 03 + 0,0, — (1 — 0,) 65, (9.45b)

where 0;, ¢ € [1..9] in the above expression is going to evaluated in the following proof.
Proof: Likewise, we denote ®4 = [|X] < Z—ﬂ , Pp = UX| Y| < % - |Z” :
bo = (W] > L], &p = [|X|[Y] <2t - 2|Z]], and
p =3 - sz < - 517]] = [12] < a5 (2 — a0) (6ol — aaTa)]

The event, @ is independent of &4, Pg and ®p. Similar to the proof for in
Proposition 9.5, we can simplify the probability in as

OPHES = Pr(®4) Pr (®¢) + Pr(®p) Pr(®c)
+Pr (®c) [Pr(Pp®y) + Pr(@p) — Pr(0pPp)] (9.46)
— Pr(®¢) Pr(24®p) — Pr (®¢) [Pr(24pPs) — Pr(®40pp)].

i) If aol'y — a4’y > 0, @ # 0. Firstly, we have

©1 =Pr(®4) Pr(®c) = (1 — exp <_

o )) exp (~gyrr) - (947)

aidix

0, = Pr (EC) =1 —exp (— (9.48)

1
ﬂlQWF1) ’
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Secondly, the following expressions are written based on Appendix D.2 and (D.2.8) as

@3:P1" (CI)B)
(2 VT 2 (%) 2
=1- (“392) 1 2 / 20y | ——————e\ "2 K | 24 ————— d
¢ +GBQZ =0 o (ZQN()Q_)(de ! CZQN()Q_)(QY Tl
(9.49a)
and
@4:P1" (CI)D)

=1 — @_(a;éz)

\/ﬁ .1'2 (i) .1'2
1 2 / 20\ — e\ 2 K | 24| ———— | | dx| .
+ Kt =0 ( . (Z4N09)(Qy6 ! (14N09)(Qy o

(9.49b)
Thanks to Lemma 9.2 and Lemma 9.3, the joint probability distributions is expressed

as
I, T
@5 =Pr ((I)A(I)B) ~= Tgp) <0J3’ 72’ 72’ 51) ) (950&)
Ao a1 Q2
r
Qs = Pr (Ppdp) ~ TV (a*”’ 00, —2, 52> , (9.50D)
(05} [25)
r
©; = Pr (®p®p) ~ TP (“3 00, —, 53> : (9.50¢)
Qy ay
I, T
Og = Pr (®,0505) ~ TV (C‘S -2 22 54> , (9.50d)
Ao a1 Q9
T, T
Oy = Pr (0,40 p®p) ~ TP <“3 -2 =L 55> : (9.50¢)
aq4 Q1 Q4

-1
_ : I a _Tr _ _ . —1 —1 T
where 0; = min {007 . <i) } = o2, 02 = 64 = min {ag (ay —aq)” (asly — aqly), a—;},

53 = min {CL;I (CLQ — CL4)_1 (a2F1 — (I4F2) s %}, 55 = min {agl (CLQ — CL4)_1 (a2F1 — CL4FQ) s %},

respectively.
ii) If apl'; —ayy < 0, @ = () which leads to the fact that Pr (P Pp®Pp) = Pr (PP pPp) =
Pr(®p®p) = Pr(®p®Pg) = 0, we rearrange the hybrid OP in (9.46)) for simplicity as

OPHTS = Pr(®4) Pr (®c) + Pr (p) Pr (@) + Pr (B¢ ) Pr(@p) — Pr(c) Pr(2405).
(9.51)

This ends the proof for Proposition 9.6.

9.3.5 Power consumption model

There is no doubt that the demand for EE communication is high in future 5G wireless ne-
tworks, the total power consumption must be deeply studied. In this chapter, the amount
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of power consumed in the proposed RS schemes, the best relay is selected to minimize
the total power consumption, where the quantity of bits received successfully per unit of
energy into is examined while the QoS requirements are satisfied. In fact, the static power
consumption falls, and the system EE increases [100] [101].

Thus, if HDMRC RS scheme is assumed to be selected to operate, the total power

consumption is expressed as

N
PIPDMEC = P+ ; <aSPS +ary. ngMRC> ., mée[IPC,EHA| (9.52)
n=1
where ag and ag are coefficients of power consumption considering the average radiated
power, while the static power consumption is defined as Po = bg + Nbgr with bg and by
being modelled as the stable power consumed in case of signal processing and cooling,
with N being the number of relays [100]. For this formula, Prpc and Pgr gpa are the
maximum transmit powers at R in OPIPC and OPEHA, respectively.

Otherwise, when the system operates in FDJD RS scheme, although the static power,
P¢ is similar to that in HDMRC scheme, the average radiated power in in FDJD scheme
is double compared to that in HDMRC. Therefore, the total power consumption in FDJD
RS scheme can be expressed by

N
PP = Po+asPs+ar » , PLo7P. (9.53)

n=1

Likewise, in case of HT'S RS scheme, the total of power consumption is obtained as

PHTS = QPJIPMAC (1y) pHPMAC 4 [1 — OPHPMAC (1y)| PEDIP. (9.54)

Remark 9.5.

o The derived exact and approximate closed-form expressions for OP for the three
proposed RS schemes are summarized in Table. 0.1} It is worth noting that the
expressions for OP with constants, ®;, ¢ € [1..9] are different in OPIPC and OPEHA.

e Thanks to the asymptotic characteristic of Kj(z) which shows that Kj(z) — 1/x,

and e =1 —x when x — 0, the asymptotic expressions for OP at high SNR when
Pgs — oo can be derived. Thanks to the derived results in Table. 9.1 Table. pro-
vides approximate values for the derived analytical expressions in the above sections,

with %, i € [1..9].

9.4 Numerical Results

In this section, we provide numerical simulations to prove the OP, the total power con-
sumption of the proposed RS schemes with regard to optimal power supply policies with
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Tab. 9.1: The summary of derived OP expressions

I. In HDMRC, the OP is given by OP,, (I's) =1 — [©1 X O3], m € [[PC, EH A

NoT
OPIPC T Petize P8 _pp aye TV
O1=¢ "%, 0, = PsQ1z—Pr, Qy
NoQ v +Q
0, = 6_( gSQ);QZZ>F2
OPEHA VTs ( Ngz? ) 22 22
Oy =1+ 2o / ze\s%2)2 | —— K, [2¢{/ ———— | dx
? P02 Jumg prPsQxQy i PsQx Qy
. s i 1 ™m e — , ,
II. In FDJD, the OP is given by OP,, (I'1) =1 — [©1 x O3], m € [[PC, EH A
_ NoI'y _ _Nol'y
OPIPC O, = PsQx 0, — PsQze Psfz *PRZQYe PR, Qy
L= PrOwli+PsOx’ V27 PsQz—Pr Oy
NI’
e
OPEHA e} 1+ 2Ng /\/ﬁ (;};952)2 2 w9 x2 p
= xe _— — = |dz
2 PsSiz [, pPsQxQy p1PsxQy
III. In HTS

The OP in OPIPC policy is given by

OPﬁ%S =01(1-—032—-03)+6(1 —05 — 04+ 0O1) + 0205 + O304

The OP in OPEHA policy is given by

(i) when asl'y — aqT'9 > 0,
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where used parameters are presented in Proposition 9.6.

dx| ,

dx| ,
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Tab. 9.2: The summary of derived asymptotic OP expressions at high SNR when Pg — oo.

I. In HDMRC
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where used parameters are presented in Proposition 6.
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Parameters Values
Number relays, N 3

Power transmission, Pg 10 (dB)
Energy conversion efficiency, 7 0.8

The SNR threshold, Ry 2 (bps/Hz)
The exponential distribution, Qx = Qy | 10 (dB)
The exponential distribution, Qyy 10 (dB)
The exponential distribution, Qz 10% x Qx
The average radiated power at S, ag 1/0.33
The average radiated power at R, agr 1/0.38
The stable power consumed at S, bg 120 (W)
The stable power consumed at R, bp 22 (W)

Tab. 9.3: Main Simulation Parameters (Hybrid FD/HD RS).
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Fig. 9.2: OP vs. the average SNR links in HDMRC scheme

Qx = Qy being assumed, and the distance of each link is regarded as the average power.
The simulation results follow some parameters specified in Table [9.3]

In Fig. and Fig. 9.3 we illustrate the OP of HDMRC and FDJD schemes (a.k.a
max-min RS) for the comparisons between OPIPC and OPEHA with N = 1,3,5 as
function of the average SNRs of the S-R and R-D links. It is clear that in both figures,
OPEHA is superior to OPIPC, since we obtained the optimal EH ratio to avoid the
limited lifetime in most low-powered wireless networks, i.e., WSNs. Besides, the best
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Fig. 9.3: OP vs. the average SNR links in FDJD scheme
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Fig. 9.4: OP vs. the average SNR links with different Qy in OPIPC policy.

outage performance is achieved in FDJD.

In Fig.[9.4and Fig.[9.5 comparisons between HDMRC, FDJD and FD relaying without
JD in the presence of SI in terms of OP are given with N = 3. Because the optimal power
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Fig. 9.5: OP vs. the average SNR links with different 2y, in OPEHA policy.

supply policies are deployed to deal with SI which dominates grealy the power allocation
of FD-based relays, interference will not affect FDJD at the receiving antenna if the
residual self-interference (RSI) link is trivial (2w ~ 0). The SI can be cancelled if source
signals are transmitted with the optimal power. OPEHA marks higher power efficiency
than OPIPC, so OP in case of OPEHA is better than that in OPIPC. In particular,
when 2y, climbs to approximately 20dB, FDJD RS scheme is still positive compared to
HDMRUC in the first half of the average SNR link, but then as the values of average SNR
links increase, outage performance of FDJD is worse than HDMRC. HDMRC scheme is
superior to FDJD when Qy exceeds 20dB as in Fig. [9.4] FDJD is better than that of
FD without JD [96] in the same scenario of Qy . Besides, with EH capacity in OPEHA
in Fig. 9.5 FDJD RS scheme achieves better outage performance with €2y = 20dB than
HDMRC, it is proven to be prior to HDMRC by approximately 5dB.

Fig. [9.6) and Fig. 9.7 provide the comparisons between OPIPC and OPEHA. We can
clearly see that HT'S scheme outperform two conventional max-min RS schemes in terms
of OP at high SNR. Note that if the system enjoys favourable SI cancellation, HT'S selects
FDJD to operate, since the OP in case of HT'S deploying HD will deteriorate. Otherwise, if
SI increases, the system performance in FDJD gets worse, and the OP in HTS approaches
HDMRC. Furthermore, the performance of HTS scheme in OPIPC and OPEHA, where
we examine OP versus Pg/Ny with N = 3 and Qx = Qy = Qu = 10(dB) being fixed
in Fig. and Fig. 9.9 We illustrate the performance of the conventional max-min RS
schemes for the comparison with HTS. We can easily observe that HTS is better than
HDMRC and FDJD, and HTS is more efficient since it witnesses lower SI. Besides, the
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analytical results converge to the asymptotic line in high SNR.

The total power consumption is presented versus Pg with Qx = Qy = 20(dB), Qw =
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Fig. 9.8: OP for proposed RS schemes vs. Ps/Ny in OPIPC policy.
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Fig. 9.9: OP for proposed RS schemes vs. Pg/Ny in OPEHA policy.

10(dB), and N = 3 in Fig. and Fig. [9.11} The proposed RS schemes in terms of the
total power consumption in OPIPC and OPEHA. The total power consumption climbs
as Pg increases in each scheme, the weaker channel will dominate the performance of the
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Fig. 9.10: Total power consumption vs. the transmit power, Ps in OPIPC policy.
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Fig. 9.11: Total power consumption vs. the transmit power, Ps in OPEHA policy.

relaying systems and more power will be consumed to ensure the QoS. These figures show
that FDJD uses less power than HTS and HDMRC. In particular, OP does not exist at
first until Pg approaches approximately 0.15W, HTS scheme adopts HDMRC. In contrast,
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if OP starts increasing in HDMRC, FDJD will be automatically selected.

9.5 Summary

In this chapter, we proposed the optimal RS schemes in multi-relay cooperative RNs. In
particular, OP is investigated at high SNR in our proposed otpimal RS schemes, including
HDMRC and FDJD and HTS. Besides, two optimal optimal power supply policies called
OPIPC and OPEHA were put forward which are used to evaluate each RS scheme. The
asymptotic results are derived together with closed-form expressions for OP. Based on
the designed power consumption model, EE was improved. The simulation results proved
that HTS outperforms HDMRC and FDJD in terms of OP.
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10 OPTIMAL TIME SWITCHING-BASED POLICIES FOR
EFFICIENT TRANSMIT POWER IN WIRELESS EH SMALL
CELL CRNS

In this final chapter, we take two TS policies, i.e., OTPS and OTPR to improve the ma-
ximum, transmit power at S and R for a HD DF small-cell CRN. For system performance
analysis, closed-form expressions for OP are derived for the proposed policies. Besides,

throughput is evaluated delay-constraint transmission mode, and the average EE and the

R-E trade-off are also studied [NHS10).

10.1 Motivation

In practice, the cross-tier interference has a negative impact on cognitive heterogene-
ous small cell networks, so the deployment of cognitive small cell networks is associated
with several issues, i.e., cross-tier interference cancellation and resource management. In
particular, a sensing-based power allocation policy in a cognitive small cell network was
studied in [109] to maximize the sum rate in each cell. Additionally, the authors in [110]
tried to optimize the radio resource allocation and sensing parameters to optimize the
throughput in the precence of interference caused by PU. Meanwhile, the impact of HWIs
in [111] was studied in underlay CRNs.

According to our best knowledge, the study of EH in small cell CRNs is still open so
we are going to study and propose two novel EH policies, and the system performance is
comprehensively investigated [NHS11].

10.2 System model

In Fig. [10.1] we present a HD small cell CRN. In particular, there is a macro cell network
in tier 1 consisting of a BS a.k.a MPT and a mobile user representing a macro cell primary
receiver (MPR) , while there are a secondary S and a secondary HD R in the small cell
network in tier 2, and the secondary D is located in tier 3. It is worth noting that S and R
can harvest energy from RF signals transmitted from MPT thanks to the communication
between MPT and MPR. We assume the CSI of the link between the MPT and S is
available at MPT.

We respectively denote the Rayleigh fading channels for links from MPT to S and R
as t; and t, while h; and hy are the channel gain coefficients from S to R and from R
to D. Similarly, r; and ry are for the links S and R to MPR, respectively. The energy
used by S and R is constrained by the energy harvested which can be defined as E% at S
and E% at R. The distances between MPT and S, and MPT and R are denoted as [y, I,
respectively, while we denote the distances from S, R to MP as I3, l4. Likewise, distances
between S to R and R to D are I5, lg, respectively. We assume that the channel power
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Fig. 10.2: TS protocol and power allocation for small cell CRNs.

gains are defined as |t1]?, |ta|°, |r1\2, \7"2]2, |h1|2, and \h2|2, respectively. In addition, the
channel coefficients are complex Gaussian distributed with zero mean and variances €2,
Qiyy Qryy Qpyy gy, and §Qy,, respectively. We denote PLi as the path loss model with m
being the path-loss exponent, where i € {t1,ta,71,79, h1, ho}, (i.e, PLt; = [{™), and the
received signal at each node is perturbed by AWGN with mean N, and we can ignore
the impact of noise.

We assume that the amount of energy harvested by S and R can be stored in capacitors
or batteries to serve for the IT process, where they can help the switching between EH
and IT. It is noted that S and R use the spectrum shared by MPT, in which they can
transmit information simultaneously only when the interference at MPT is not higher
than a peak interference threshold represented by Pp;.

In Fig. [10.2] we use TS protocol to study EH, where S and R harvest energy within
a duration of o' with T being the block time for each EH-IT time slot. Besides, the
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interference signal transmitted from MPT to nodes in the small cell network in tier 1
makes up SPp and (1 — [3)Pp, respectively. It is noted that Pp is the transmit power of
MPT, and g is the power ratio, and 0 < 8 < 1. Following that, R receives information
from S for a duration of I (1 — a)) T before R forwards data to D in (1 — ) (1 — «) T, where
we assume [ = 1/2 for simplicity.

To protect macro cell nodes, S and R must have the transmit powers satisfying the
QoS in tier 1. Thus, the constant transmit powers of S and R are going to be studied
during I'T period to optimize the transmit power based on the knowledge of the harvested

energy and the peak interference power. Thus, we have the following expressions

h

— i 2Eg Py
PS = min ((1—0&)T7 7'12PL7“1> (101&)

= min (pﬁpp’tl’sztla |T'1|123}]\:/'IL7‘1)

and

. 2ER P
— R M
Pp = min ((1—a)T’ |7«2|2er2)

= min (p(l — ) Pplta]* PLt,, #) 7

iy
|r2|“PLrg

(10.1Db)

where the energy conversion efficiency is n with 0 < n < 1, E& = naﬁPp|t1|2PLt1T,

Ef = na (1= B) Pplto|* PLt,T, p = 2072,

Remark 10.1. In practice, the communication of S and R suffers from MPR, because the

same spectrum is allocated to S and R by MPT. The transmit power constraints of S
and R affecting Ps, Pr make the interference power not exceed Py;. Besides, the choice
of power allocation factor, § is important to balance the optimization the throughput
performance and the harvested energy used for WPT which we are going to evaluate it
by simulations. In particular, E% falls, 8 decreases, but this accordingly leads to the rise
in E7.

Next, the gain is dependent solely on the instantaneous CSI. Therefore, the signal-to-
interference ratio (SIR) (SIR = |signal|®/|interference|”) at R and D can be written as

Ps|hi|*PLh
p= il — (10.2a)
(1= B) Pplta| " PLty
¥p = Pr|ha|*PLhs. (10.2b)
To this point, we can obtain the achievable transmission rate at D as
1—
R = ( a)loga (1 +Yeq) s (10.3)

where 7., = min (g, 7p) for DF small cell relay-assisted cognitive networks.
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10.3 Performance analysis

In this section, the OP of HD small cell nodes using DF R and optimal TS policies
are going to be addressed. It is worth noting that the optimal TS should be computed
by an entity which gets access to the global instantaneous CSI while the optimal TS is
updated only if the channel statistics changes. In principle, the interference power limits
the maximum transmit powers at S and R which degrades the operation of the primary
network. Due to this constraint, OTPS, OTPS are proposed by assuming that maximal
transmit powers at S and R are permitted.

10.3.1 Outage probability

Here, we represent the OP in the DF CRN as OP, where OP is considered as the proba-
bility that the RVs of SIR for each time slot are set under a threshold value, vy. Therefore,

we define it as
OP = Pr{ve,< v} (10.4)

Similarly, in case of the end-to-end SIR, we can express the probability at D (10.4)) as

OP =1—Pr{y, =10}

) 10.5
=1—-Pr{yvg >} xPr{yp >} ( )

In this chapter, we are going to obtain the expressions ((10.5) for OP in Proposition
10.1, and 10.2 in the following sections.

A. Optimal time for transmit power at source (OTPS):

In this work, the power transmitted to S is superior to the activation threshold, and EH
circuits at S are always active. Due to the maximum transmit power at S, the optimal ag

is computed based on the following expression

Py

—_—. 10.6
|T1|2PLT’1 ( )

«
(1__ixs)2n5}%4tlfjjliliz

Thus, the TS ratio, ag is given by

Py

- 22 : (10.7)
2776Pp’t1’ ‘7’1| PLtlpLT1+PM

as

Proposition 10.1. The overall closed-form expression for OP at D for DF mode is

expressed by
OPOTPS — 1 _ QOTPS & (QQOTPS 1 QgTPS) 7 (10.8)

OoTPS
where Q?TPS _ (I)loTPS L O (q)lo:rps)7 QgOTPS _ 2@?TPS@?TPS K, (2q)30TPS>7

QQOTPS _ 2(I)QOTPSK1 (z@gTPs> % {1 - 2(1)3OTPSK1 <2¢30TPS>}7
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POTPS _ Pr€n) PLhy HOTPS _ Yo

1 (].—ﬁ)’yoppﬂrl QtQPL’I”lPLtQ ) 2 p(l—,B)Pth2 Qh2 PLhoPLty’
POTPS _ Py and ®OTPS — Prr€ny PLho

3 p(1—B)PpSryQu, PLraPLts 4 Y0y PLra+ Py, PLhy

Proof: With the optimal ag for maximum transmit power at S. Thus, the probability
related to SIR at R can be written as

oTPS 5 _ (1= B)yPplta|*|r1|* PLty P L1,
=Pr{|h|” > 10.9
S S eltallrl (109)

Then, conditioning on |t,|*, the OP at R can be given by

1 (=B Pplta|?PLtaPLry 4 "
PpyQp,, PLRy 2y )" doe

OTPS||¢ 2 _
QUlitl = | g, , (10.10)

1
=wi (——
1 (|t2\2+w1)

o0

. . 1, PpnQp PLhy
where using formula /e Prdy = p in [[66], 3.310], and wy = (=B Pros, PLriPLi; "
0
Consequently, the distribution of |t2\2 can be given as
QOTPS — iwl/oo ng( 1 )dt
1 Qiy RE t+wr , (10.11)

w1 9
_Q (& 2E1 (QtQ)

where the function Ej(z) is from the exponential integral E;(z) thanks to the use of
formula [[66], 3.352.4].
Thus, we obtain the probability for SIR at D by two probability terms as

— 2 2 P
PI" {’YD Z ,YO}_ Pr {|h2| p (1 ﬁ Pp‘tz(‘) PLhQPLtQ’ |’r2| S p(l*B)PP|tQI\|42PLT2PLt2} (10 12)

PLr 2 P
> J0lre|"PLray > M }
+Pr {|h2| PyrPLho s [ral” > p(1—B) Pplt2|> PLro PLt2

Following that, the left joint probability of right-hand slide above is written by the
product of two independent probabilities as

OTPS
= Pr {|h2\ (1—5)Pp|tz(|)2PLh2PLt2} (10.13)
< Pr {|rsf? < Py | |
— p(1—B)Pp|t2|“PLraPLty

Next, the term Pr {\h2|

BBl PLh2PLt2} in Q9779 can be calculated by

co _1 0 __t
QOTPS L/ e t \ p(1=B)PpQp, PLho PLiy Qtqy dt
‘ 2 Ji=o , (10.14)
=9 10 2
p(l—B)PPQh2Qt2PLh2PLt2 PthQQt2PLh2PLt2

where we take advantage of [[66], 3.324.1].

2 p : oTPS :
< M }
The term Pr {|rg| APl PLraPLh | 11 Q5 can be given as

oo _1 Py .t
g)Z“PS -1 L/ e ¢ (p(lfﬁ)PpQTQPLTQPLtQ) D5t
’ t=0 : (10.15)

=1-2 Py K (2 Py
p(1=B)PpQryQu, PLraPLts 1 o(1=B)PpQry Qu, PLra PLt>
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Likewise, we derive the right joint probability of RHS of the above expression (10.12)
by using the product of two independent probabilities

OTPS _ 2 S qolre[?PLry
o —Pr{|h2| 2 Py PLhy

2 P
X Pr{ ro|® > M
[ra|” > p(1—B)Pp|t2|>PLroPLt,

. (10.16)
j

Following from (({10.16)), we compute the left probability term of RHS as

orps _ 1 [~ (‘770}3”2 ~a, )x
PrQnoPLhy  ©
— e M2hy 2 Mr2 )y
3,a Cry . (10.17)
o M S2hy PLR2
- Y082rg PLro+PprQpy PLho

To this end, we obtain the right term of RHS from ([10.15)) as

OTPS _ 1 _ OOTPS
3 = 2,b

) . (10.18)

=2 Ly K (2 Pt
p(1—B)PpQryQu, PLra PLtz 1 p(1—B)PpQry O, PLraPLts

To this point, the Proposition 10.1 can be explained by ((10.11)), (10.14)), (10.15)),

(017, and (019,

B. Optimal time for transmit power at relay (OTPR):

We depend on the characteristic of the SIR for R-D link and maximum transmit power

at R. Here, we achieve the optimal ag as

Py
1 — B3) Pplto|*PLty = — 52— 10.19
p( B) Pplts| 2 |r2|2PLr2 ( )
Thus, the value of TS ratio, ag is given as
P
R M (10.20)

29 (1 — B) Pplto|*|re|*PLryPLty + Py

Proposition 10.2. Next, the closed-form expression for OP at D is written by

OpOTPR _ 1 _ ( IOTPR + Qg)TPR) x Q?TPR7 (10.21)

QgTPR _ 2<I)20TPR(I)30TPR6<I>§7TPR E, ((I)gTPR) K, (2(I)g)TPR)’ QgOTPR _ QCI)Z?TPR K, (2(1)4OTPR),

where GO — TN (7P4) 1~ 20917, (209770

GOTPR — (1=, PLts  §O0TPR _ Py
1 pBO, Oy PLhyPLt 2 pBPp, O, PLr1 PLt;
HOTPR _ Py Qg PLI and ®OTPR _ 0
3 (1—5)Pp’onT1 Qtz PLriPLty? 4 p(l—ﬁ)PthQQtQ PLhoPLts "

Proof: Similarly, the probability at R based on two probabilities and three independent

power constraints can be given as

_ 2 5 (1-B)yltz|* PLts 2 Py }
Pr{yr >0} = Pr {|h1| = pBlti|>PLhi PLt;’ | < pBPp|t1|PPLr PLt;

2  (1—B)Ppyolt2|?|r1|?PLta PLry P 2\
> AL <
+Pr {‘h1| . ParPLhy ' pBPp|ri[PPLri PLt; — a1

(10.22)
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It is noted that each probability in the above formula is computed by the product of

two terms as

OTPR __ 2 (1—B)voltzl2PLt2}
Ql - Pr {|h1| Z pﬁ|t1|2PLh1PLt1

2 P :
< M }
x Pr {|r1\ = LBPp|t1|2PLr PLt,

(10.23)

The left term of RHS of Q977 when we condition on |t,|* can be written as

0o _ (-B)wlta?PLty o

OTPRHt2| 1 e pBthPthPLtlz @dl'

O Jyg : (10.24)
-9 (1=B)yolt2|* PLts K. (2 (1=B)yolt2|* PLt:
- pBQp, Qe PLhyPLt; 1 pBh, Quy PLha PLt
We average the results of Q?EP R’ over the PDF of |t,|*. Therefore, it can be obtained
as

OTPR _ 2 (1-B)y0 PLt2 * e (1 — )y PLty
e \/thlﬂtlpmf’“l /t:Oe sVi (2J pB3, Q0 PLInPLE, «

(1— ﬂ)’yoﬂt2PLt2 (

2pﬁﬂhlﬂt1 PLhyPLty W

(1—8)v08, PLt2 )

=€ B, Oty PLAI PLL;
(10.25)
where we use the integral identity in [[66], 6.643.3].
The right term of RHS of Q¢TT% can be given by
oo _ Py __=z
1OZ“PR é/ (1 —e pﬁPpﬂrlPLTlPLtlz> e %1dr
1 Jz=0 - - (10.26)
=1-2 P/D’PPQHQZYPLHPLH K (2\/,0,313199” Qtllv[PLﬁPLh)
By using (10.25)), (10.26)), (10.23) is achieved.
Likewise, the right term of RHS in ({10.22)) is derived as
OTPR __ (1 B)PP'YO‘t2| ‘7”1‘ PLtoPLry
QF"7 =Prijhf’ > Py PLb } (10.27)

Py
x Pr {W = 0BPp|tiPPLri PLt;

Following that, we consider the first term of RHS based on ((10.27]) which can be given
by conditioning on ]t2|2 as

@(1-B)Ppylta|>PLr  PLty 4

x _ PR
QgTPR||t2|2 _ 1 / e PpSy,, PLRy 1 I
“ ™1 Jz=0 (10.28)
o PJMth PLhy (’t | + PMth PLhy )*1
— (1-B)Ppr0oQr, PLriPLty \1"2 (1-B)Pp~0Str, PLr1 PLts

Then, using the certain values of the results over the distribution of |t2\2. Thus, we

oTPR _ Ql/‘”w?( e
2 Ji=0 L+ wo 7 (10.29)
= 612 eﬂtQE (Qtz)
PrrQyy PLy

(1_5)PP’YOQT1 PLriPLts "

have

where wy =
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Eventually, with the help of (10.26), the expression for Q97 "# can be given as

OTPR _ Dy } OTPR
= Pr {|T1| = pBPp|t1|*PLr1PLt Q
. (10.30)
=2 Ly Ky (2 Y
pBPpQy, Qpy PLri PLt; 11 pBPpQ, Qyy PLri PLty

We continue with the evaluation of OP at D as

co _ 1 70 __t
OTPR __ L/ et \P(=B)PpQp, PLhyPLt 25 dt
’ 2 J=o . (10.31)

— o
— 2\/p(17ﬂ)PthQQt2PLh2PLt2 (2\/ PPQhQQtQPLhQPLt2>

We complete the proof for Proposition 10.2 by using ((10.25)), (10.26)), (10.29), (10.30)),

and (10.31)).

Remark 10.1. We provided closed-form expressions for the OP in (10.8]) and ({10.21]) for the
small cells. Thanks to these expressions, the throughput is optimized. In particular, MPT

is located near S and R for EH, so the small cell tier 2 can be deployed. Most importantly,
it is necessary that S and R should be placed far from MPR to avoid interference.

10.3.2 Rate-Energy trade-off for small cell CRN

Here, the expression for the ergodic capacity and the average harvested energy for the

considered system can be given as
1
B = (Ej + Eff) = 5 10Pp (8%, PLty + (1= 5) Qu, PL1) (10.32)

and

¢ =1 og, (147} (1033

Thanks to the expression for ergodic capacity in (10.33), a and C' decline, because
less a leads to more information to mitigate the interference power. Therefore, the trade-
off between maximizing the average harvested energy for power transfer and the ergodic
capacity for IT is considered. Thus, similar to [I12], we can use rate-energy (R-E) region
to clarify the considered trade-off, including the ergodic capacity and average harvested

energy pairs. The R-E region is defined as follows

Tnr2 U {(RE):R<C,E<E™}. (10.34)

0<a<l1

10.3.3 Average energy efficiency

It is noted that EE is the number of bits associated with the consumption of unit-joule.
There are two concepts of energy consumption, i.e., the power transmission for reliable
data transmission and the other is defined as the circuit energy consumption which can
be denoted as FPg.
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Therefore, the average EE, n.. can be given considering the transmit power and the

circuit power as

2 (1= 0) {loga (147}

1€

Mo = , 10.35
2Ptotal ( )

where Py = Ps+ Pgr+ 2Ps, and Pg is constant, standing for the associated circuit
energy consumption at all nodes.

10.3.4 Throughput

The delay-constraint throughput is evaluated in this section which is equal to the suc-
cessful transmission rate during the transmission time, (1 — «)7T/2 , when the require-
ment for SIR, 7, is satisfied at R and D. Thanks to the OP expressions obtained in
and , we are able to examine the delay-constraint throughput at fixed rate,
Ry — log, (1 + 7o) as

k o (1 — a) B .
T ke{OTPS,OTPR} 2 Fo (1 or (70)) : (10.36)

10.4 Numerical Results

In this section, the impacts of EH period, «, energy conversion efficiency, 7, transmit
power of primary source MPT, Pp, and the distances between nodes in the small cells
and macro cell are going to be presented. It is noted that the network topology is designed
on the X-Y plane. The simulation results follow some parameters specified in Table [10.4]

Parameters Values
Located at MPT (0.5,1)
Located at S (0,0)
Located at R (0.5,0)
Located at D (1,0)
Power transmission, Pp 10(dB)
Energy conversion efficiency, 7 0.8
The path loss exponent, m 4

The SNR threshold, v -5dB
The average channel gains, 2y, =, =, =Q,, =, =0, =0 | 5

Tab. 10.1: Main Simulation Parameters (Optimal TS Polocies)

In Fig. we present the OP at S and R as a function of the peak interference
power at vy = —bdB. We see that the outage performance depends on the placement
of MPT, i.e. at (0,0.5), (0,1) and (0.5,1), respectively. Besides, as P, increases, the
outage performance improves, because as Py, rises, the power constraint is extended, more
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energy is harvested at S and R from MPT, which accordingly enhances the small cell’s
outage performance. It is worth nothing that OTPS is superior to OTPR at Pp = 20dB.
Particularly, in case of OTPS, when S is located near MPT, the OP is high, at (0, 1),

since more harvested power can be used for information decoding.

We illustrate the OP versus P, for different values of transmit power at MPT, Pp in
Fig. with MPT being at (0.5,1). When Py, increases, the OP significantly enhances.
Thanks to the achievement of ag and g which are dependent on Pp, Py, different levels
of the transmit power at MPT lead to the changes of outage performance, because as Pp
increases, S and R can use higher transmit power to replenish the interference affecting
R and D from MPT. In contrast, as P, rises, interference does not affect the transmit
power at S and R.

-8 08 0. 0.5
l T T T T T é Iv- C R =z
O  Simulation o,
09 r , 4
Theory (Case 1) 0./
= = = Theory (Case 2) 4 o

o o o
o ~ o]

Outage Probability
o
(6)]

0.4 i
0.3 1
0.2 1
0.1 i
»
-20 15 10 5 0 5 10 15 20 25 30
7()

Fig. 10.5: OP vs. 9, with Pp=Py;=10(dBW), MPT at (0.5,1), and $=0.5 in two cases.

Fig.|10.5|presents the OP as a function of the SIR threshold, 7y, where some parameters
are used to simulate our results (i.e, Pp= 10dBW at (0.5,1)), P,y = 10dBW, g = 0.5. We
consider Case 1 and Case 2 with {2 = 1 and §2 = 5 for each case, respectively. In particular,
as 7o increases, 7 is not satisfied at one of the communication links in the small cell, so
the OP climbs. As v rises, the channel gain coefficients increase which result in a drop
in the OP.

In Fig. [10.6] the delay-constraint throughput, « is depicted as a function of P, and
we assume that MPT is located at (0.5,1). It is clear that the throughput increases and
then falls as « rises. For each small « value, S and R do not have enough energy for
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Fig. 10.6: Throughput vs. Py/(dBW) with different ~y, and Pp=10(dBW) location (0.5,1),
n=0.8, B=0.5.
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successful IT because of the long time used for EH; as a result, the throughput is low. In
contrast, regarding large values of «, S and R cannot transfer signals in a reliable way,
since the IT periods are short.

The transmission rate versus different values of § is shown in Fig. [I0.7. We can see
that as [ increases, the transmission rate of the small cell rises. Since (3 is low, less
power is available for IT carried out by MPT. We can see that all curves go up as (8
increases, because the higher § means larger SIR, which improves the transmission rate
in case of OTPS, because small 5 at S leads to less transmission rate, while large g at R
associates with more transmission rate in case of OTPR. Note that the choice of £ allows
the proposed policies to achieve better transmission rate for the small cell.

We use different energy conversion efficiency, i.e, n = 0.8, n = 0.4, and n = 0.1 to
study the average EE in Fig. [10.8 It is clear that the average EE increases as well as
Pyy. Subsequently, Py, falls to approximately 18(dB). Furthermore, the harvested energy
is less dependent on Pp than 7. Due to the impact of 1 on the transmitted signal in the
small cell, the average EE is linear with 7.

In Fig. [10.9, we present the energy conversion efficiency n which has the impact on
the R-E trade-off. It is obvious that as ergodic capacity rises, the amount of harvested
energy drops. The harvested energy is less sensitive to ergodic capacity than n, because
E}* is linear with n, but n affects both the transmitted signal to ensure the QoS of the

macro cell.

10.5 Summary

In this chapter, we proposed two TS-based policies so-called OTPS and OTPR to greatly
improve the maximum transmit power at S and R for a HD DF small cell CRN. Most
importantly, we derived the closed-form expressions for OP in both single antenna, which
result in better OP. For system performance analysis, the expressions for delay-constraint
throughput, the average energy efficiency, and the R-E trade-off were obtained. With the
numerical and simulation results, we can confirm that OTPR is better than OTPS in
terms of all performance metrics due to the achievement of optimal TS ratio and the
location of small cell nodes, but the QoS for the macro cell is still guaranteed.
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11 CONCLUSIONS AND FUTURE WORK

In this thesis, new cooperative protocols were proposed, the system performance of different
networks was analyzed. Fach work is summarized in this chapter. Besides, our future

developments to the existing works can also be presented.

11.1 Summary of results and insights

In Chapter 4, wireless power supply policies in FD RNs were proposed to address Aim 1.
The choice of optimal time in HP mode assists R in sharing energy without consuming
much energy like SP. Besides, the numerical results proved that an acceptable outage
performance can be achieved between HP and SP mode. Valuable understandings into the
impact of SI, TS ratio and the transmit power on the system throughput were presented
systematically [NHSO1].

Following that, Aim 2 presents the impact of CSI and HWIs in Chapter 5 and Chapter
6, respectively. There were several noticeable contributions of these works [NHS02], [NHS05].
Firstly, closed-form expressions for the achievable throughput, the STP and the average
EE and SE were derived. Secondly, comparisons between AF and DF transmission sche-
mes were provided to analyze the system performance. Last but not least, due to the fact
that the optimization of STP is non-convex, T'S and PS ratios were optimized by using
the Genetic Algorithm.

In Aim 3, the development of SWIPT in bidirectional networks was focused, where
PTSTW and PTSTH protocols were examined in Chapter 7 [NHS06/, [NHSOT]. This ana-
lysis provided closed-form expressions for OP in two considered protocols. Numerical re-
sults showed that the throughput performance of PTSTW outperforms that of PTSTH. In
addition, the delay-tolerant throughput is higher than that of the delay-limited throughput.
In fact, the energy accumulation process in RNs should be examined with the placement

of R nodes.

Regarding RS techniques in Aim 4, optimal RS schemes in multi-relay cooperative RNs
were studied in both Chapter 8 and Chapter 9. In particular, the trade-off between ergodic
capacity, average EH, and OP were clearly investigated at high SNR in our new proposed
schemes, i.e., HDMRC, FDJD, and HTS to combat self-interference with OPIPC and
OPEHA. In order to prove the correctness of the system, the asymptotic results were
obtained along side with the closed-form expressions. It is proven that HTS is superior to
HDMRC and FDJD schemes in terms of OP [NHS0§|, [NHSQ9].

Finally, in Aim 5, OTPS and OTPR were designed to enhance the mazimum transmit
power at source and relay for a HD DF small-cell CRN in Chapter 10 [NHS10], [NHS11)].
Our numerical and simulation results proved that OTPR outperforms OTPS in terms of

all performance metrics.
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11.2 Future work

We propose the following extensions to all the works presented in this thesis.

In Aim 1, some restrictions are associated with the power level, or the amount of
energy that R can transfer requiring us to design a proper power transfer policy. In our
future work, we are planning to formulate the optimal policy for SP and HP. Besides that,
instead of using Rayleigh fading channel, Rician fading channel model will be applied.

The work in Aim 2 can be extended with multiple-antenna mode. In principle, this
concept in wireless systems can ensure high SEs and EEs by exploiting the randomness in
multipath propagation. In our future work, we are going to investigate the impact of CSI
and HWIs in both AF and DF relaying protocol considering HTPSR in case R is equipped
with multiple antennas. In this future work, we are going to determine how much HWIs
will affect the process of RS.

To extend the work in Aim 3, we realize the security problems in TWRN are critical to
comprehensively evaluate. Therefore, SWIPT is deployed at R to provide relay cooperation
as R may not drain the energy from the limited battery.

Motivated from non-orthogonal multiple access (NOMA) which has attracted a lot
of research attention thanks to its higher SE than traditional orthogonal multiple access
(OMA) . These days, it has increasingly been recognized as a prime candidate multiple
access scheme for future wireless networks. Therefore, the work in Aim 4 can be expanded
with the the proposing of new RS schemes with fixed and adaptive power allocations at
R nodes.

Regarding the work of Aim 5, the use of NOMA in CRN can be deployed to expand the
work, where SUs can share the spectrum with the licensed PUs as long as the interference
at PUs remains below a threshold. In principle, SU has to restrict its transmit power to
deal with the interference to the PU, so the use of NOMA can significantly enhance the
SU performance.
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Appendix A. Proofs for Chapter 4

APPENDIX A.1

Proof of Proposition 4.1

We provide this appendix to explain how OP at D using TSR protocol is obtained. In the
first hop, the PDF and CDF of SNR are derived. In particular, the PDF is written as

1 T
Sinp () = Q*heXP <_Qh> ;22> 0.
Next, we obtain the CDF as

Fpp(r) =1—exp (_Qx) :

h
The distribution function of SI can be defined as

1 x
Next, the the overall OP of the system is as

F,.(z) :Pr{yR<x}:Pr{PS‘h‘2 <x} ‘

TR Pr|f|?

-1 Psly,
PRQfx+Psﬂh

(A.11)

(A.1.2)

(A.1.3)

(A.1.4)

Note that the end-to-end SNR in DF scheme is defined as Y = min {yg,vp}. We have

the general outage probability

Fr(e) = 1= (1= Fy(a) x (1= Fpl@)
=1-— Psﬂh(Pth + PRQ]@$>71 exp (—#ﬂgl’) ’

where F,, (z) =1 —exp {—Pf;gsc} :

This ends the proof for Proposition 4.1.

APPENDIX A.2

Proof of Proposition 4.2
Likewise, the PDF of the SNR for SI must be first given as

1 T
fipe(a) = P exp <_Qf> .
Following this, we have the CDF of the SNR at R as

a1~ (1o (1))

Using the integral identity [47], the OP is computed by

Fp(x) =1-20% [———F, (20% | ———] .
7D<x> “ ppthQg ! ( 7 pPSQth

To this end, the overall OP is as follows

PHP(2) = 1 - 202 (1 — exp (1)) % \ ot K (202 /7)

This ends the proof for Proposition 4.2.

(A.1.5)

(A.2.1)

(A.2.2)

(A.2.3)

(A.2.4)



Appendix B. Proofs for Chapter 7

APPENDIX B

Proof of Proposition 7.1:
It is established to depict the outage probability and the output SNRs at source A and
B for both transmission schemes which is rewritten by

U, XY

— B.1
U X +Us’ (B-1)

where variables X and Y are |f4|” and |fp|” and constant Uy > 0, Uy > 0 and Us > 0 are
distinguished factors from X and Y.
The outage probability at high SNRs is given by

U, XY
P,.=PriZ=—"—< } B.2
= Pr{Z = e < (B.2)
Following (B.2)), the OP can be rewritten as
¥ Y0Us
Py =F / Pr{X < —1023 g
Pt (B.3)
- exp<_2_ 70Us )dz
Q5 Q Uiz —vUs) Q ’
e B ( 12 — 7 2) A
where 1Y<70U2 Pr (X > Ulgof[{;’;w) = 1 because U1 Y — yyUs is a negative number and the

Uy

probability of X is always 1.

The cumulative distribution function (CDF) of Q4 that is the exponential random
variable by ]fA\2 and Fx (z) 2 Pr(X < z)=1-—exp(—2/Qx). Moreover, the probability
density function (PDF) of Qp that is the average of the exponential random variable | f5|°

d firap (2) = qyexp (—2/95)
and f; 2 (2) = ., €Xp B) -

We have

! i z YUs
Pu=1- / exp (— _ )da:, B4
t exp (%) QBIZO UiQlg 20y (B4)

where new integration is set x 2 Uiz — U, and the modified Bessel function of the
second kind with order n in [66] is depicted by K, {.} and /e’%"y’”daz = \/EKl (y/ﬁfy).
Y
0

Thus, the CDF of Z is calculated by

Fy () = 1 - exp (- UUjg;) 1K (1) (B.5)

(4Us)v0
U1(QaQB)"

This ends the proof for Proposition 7.1.

where 1 =

II



Appendix C. Proofs for Chapter 8

APPENDIX C

Proof for Proposition 8.1.
Based on ({8.8), the PDF of 7p for a Rayleigh fading channel can be computed by

naB(1—P8) p2 y2
Fy, =Pr| = N i 2 <%
(1_(!)l’lnPSNOXY+l’1"l§”(1—6)PSN0X+l1ml§"N0N0 (Cl)

= Pr((QsX? — QuX)Y < (Q1X + Q2)),

where Q) = I7"l" (1= 8) PsNovo, Q2 = B"I5'NoNoyo, Qs = "0 P2 and Q4 =
=1 Py Ny
It is clear that (Q3X? — @Q,X) has both negative or positive values. If (X > Q4/Q3),

it will be a negative value, and the greater figure than the negative value is 1. Therefore,

we derive the following equations as follows

F,, = Pr(Y < g2a78%)

Q?C)QX;:-%}X QX10 (C.2)
= Pr(Y < gli=dix) lov<auan + Pr (Y > gR=8k) Losaue:
From (C.2)), the CDF of vp can be expressed as
Q4/Q3 )
Q1 X + Qs Q1 X + Q2
F, = / PrlY>——F—"—]d / PrilYy < —/——F"—]d
7D fx(ZL‘) T( QX2 — QX X+ fx<l’) r Qs X2 — QuX v
=0 r=Q4/Qs3
Q4/Qs 00 WX +¢
= fx(z)dx + / Ix(x)Pr (1 — e_W‘Q—WmD) dz
z=0 x=Q4/Q3
r Q1z + Q2
=1-L / exp [— (a:+ dw
QS Q 2 Q ’
2=G1/Qs s (@s2® =~ Qua) o
(C.3)
where the integration variable is x, the PDF of random variable, X is fx(z) 2 Qise*@.

The CDF of the random variable Y is Fy(z) 2 PriYy <z)=1- e %5, Although it
is obvious that the integration of the formula in cannot be simplified, thanks to
the product of the two noise variance terms in (8.§)), the approximated SNR is derived
since the constant, 125" Ny Ny is approximately 0. Consequently, the CDF of vp can be
rewritten by

1

7 x
F,,~1- %I_Q[/Qs exp [— (QS + (G — Q4)QD>]dx. (C.4)

Thanks to the final equation in [[66], 3.324.1], the approximated CDF at high SNR is
written as

Q4 0o

s gl (L, &
F’YD ~1 Q38 g exp [ <Q3Qh5 * thD>] 4

y=0

_1_ e, Q Q
=1 2eXp( Q394hs) \ @ngan, 1 (2\/ Qsﬂh;mD)'

This ends the proof for Proposition 8.1.

(C.5)
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Appendix D. Proofs for Chapter 9

APPENDIX D.1

Proof of Proposition 9.1
This appendix derives the outage probability at D node for FDJD relay selection in OPIPC
policy.

Let us first calculate the CDF at R; as

Frgp, (x) = Pr{lsp, <z} =Pr {IfRSzl)vi/ < :p}

(D.1.1)
=1— — PsOx
PRLQW$+PSQX :
Next, the CDF for FDJD mode at D node can be expressed by
FFRZD:PY(Z_Zl+ZQ<.CE) N :
— -2
QZ iz
N QZI QZz /z 0/21 =0 e T dadz (D.1.2)
Noz Nozx
1 PsQge Ps9z —Pr, de PR Oy
=1+ Pr,Qy —PsQz )
where Z; = PIX;LH, and Z = Pf\]‘f‘ with mean variables Qz, = PI},?Y and Qg, = 522,

respectively.
It is noted that the e2e SNR in DF scheme can be calculated as 'y, ; = min {T'sg,, I'r,p}-
Therefore, the outage probability can be obtained as

_ Ngz

Png PSQZe PSQZ —PRlee PRy
FFeq,l (x) = 1 -
RiQwa + PsQlx Png—PRle

(D.1.3)

This ends the proof for Proposition 9.1.

APPENDIX D.2

Proof of Proposition 9.2
We have the CDF of the high SNR at R; in OPEHA policy as

Frgg (z) =1 - (1 - e<_lQW)> : (D.2.1)

where applying the PDF is fiw () = ie( ﬁ)

Thanks to the use of [[66],324.1], / e <—ﬂ — ”y@") de = \/>K1 , we denote
0

Ixy = %)qu. Hence, the CDF of I'xy can be calculated as

N()I N()ZE' )
F r)=1-2{|—F 5K |2\ —55 7| D.2.2
v (7) p1PsS2xy ' < p1PsxQy ( )

v



Appendix D. Proofs for Chapter 9

Following that, the SNR at D as I'p,p = %ﬁf'm + Ps%, the CDF at D node can be
expressed by

A
Frp,p(x) = Pr lFXY < - PS|]V|‘| . (D.2.3)
0

Based on (D.2.3)), the CDF is expressed as

Fran ()= o [ 1y (B - I2) (z <N—P>)

pPsQxQy PP x Qy
Now we define a new integration variable, ¢ 2 (Nox — Psz). Therefore, the outage

e %zdz. (D.2.4)

probability at D node can be written by

_( Ng= Nz Ngt?
Frpp (7)) = ;S—]\S@Ze (PSQZ) te(PSQZ)dt
=0
Pstiz t=y/z 1P xQy 1P x Qy
(D.2.5)
We obtain the first term of (D.2.5]) as follow
_ Noz

Ti=1—c (”sﬂz), (D.2.6)

u 1
where we use the formula, / ze T dy = — (1 — e_q2“2> in [[66],3.321.4].
0 2q¢?

The second term of (D.2.5)) can be expressed as

IN, —( Doz \ vz 2 Not? 5
e 20 38) [ o) (o W wan
PsQy 0 p1PsQx )y p1PsQx )y

Thus, base on (D.2.6), (D.2.7)), the CDF at D node can be calculated as

[ Nyz IN N (NOtQ) 12 12

o 11 () [y 20 (G5 T ) )

I'r,p (.’L‘) € [ + 5 Ji=0 € plpstQy ! plPSQXQY
(D.2.8)

Finally, based on (D.2.1)), (D.2.8), we compute the overall outage probability as

Fro, () = 1= (1= Frgy (1)) (1= Frp (@) - (D.2.9)

This ends the proof for Proposition 9.2.
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