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Prof. Dr. Öznur Özkasap
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ABSTRACT

Full-Duplex Relay Based Energy Harvesting Wireless Networks
Syed Adil Abbas Kazmi

Doctor of Philosophy in Electrical and Electronics Engineering
January, 2022

According to the recent Ericsson mobility report, 24.6 billion IoT (Internet-of-Things)
devices are expected to be installed by 2025. Increasing the lifetime of this massive
battery-powered installation can only be achieved by using low power transceivers with
energy harvesting capability. For this purpose, we investigate the resource allocation
in full-duplex (FD) relay-based wireless powered cooperative communication networks
(WPCCN), and Simultaneous Wireless Information and Power Transfer (SWIPT) net-
works. In the SWIPT network, the nodes are able to receive data and harvest energy
to recharge their batteries simultaneously by using the same radio frequency (RF) signal
from the hybrid access point (HAP). In WPCCN, energy is transferred in the downlink
from the HAP to the nodes and information is transmitted in the uplink from the nodes to
the HAP. We consider novel optimization frameworks for the optimization of time alloca-
tion, scheduling and relay selection.

In the first part of the thesis, we work on FD-WPCCN. First, we study the trans-
mission time minimization and throughput maximization optimization problems through
relay selection. Then, we incorporate the on-off transmission scheme in FD-WPCCN and
investigate the transmission time minimization and throughput maximization problems by
using scheduling and relay selection.

In the second part of the thesis, we work on the FD-SWIPT network. First, we pro-
vide the outage analysis of an FD relay-based system and present the optimization prob-
lems for the outage throughput and energy efficiency maximization. Then, we extend
the system model to a more practical multi-relay-user FD multiple-input-multiple-output
(MIMO) system incorporating self-energy recycling. Self-energy recycling exploits the
self-interference that arises due to the FD mode. We present the resource allocation
and relay selection optimization framework with the objective of maximizing the sum-
throughput in a SWIPT FD MIMO system.
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ÖZETÇE

Tam Çift Yönlü Röle Tabanlı Enerji Hasatı Kablosuz Ağlar
Syed Adil Abbas Kazmi

Elektrik ve Elektronik Mühendisliği, Doktora
Ocak 2022

Ericsson mobilite raporuna göre, 2025 yılına kadar 24,6 milyar sensör düğümünün ku-
rulması bekleniyor. Bu devasa pille çalışan kurulumun ömrünü artırmak ancak enerji
toplama kapasitesine sahip düşük güçlü alıcı-vericiler kullanılarak elde edilebilir. Bu
amaçla, tam çift yönlü (FD) röle tabanlı kablosuz destekli işbirliği iletişim ağlarında
(WPCCN) ve Eşzamanlı Kablosuz Bilgi ve Güç Aktarımı (SWIPT) ağlarında kaynak tah-
sisini araştırıyoruz. SWIPT ağında, düğümler hibrit erişim noktasından (HAP) aynı radyo
frekansı (RF) sinyalini kullanarak pillerini aynı anda şarj etmek için veri alabiliyor ve en-
erji toplayabiliyor. WPCCN’de, HAP’ten düğümlere aşağı bağlantıda enerji aktarılır ve
düğümlerden HAP’a giden bağlantıda bilgi iletilir. Zaman ayırma, zamanlama ve geçiş
seçiminin optimizasyonu için yeni optimizasyon çerçevelerini göz önünde bulunduruy-
oruz.

Tezin ilk bölümünde FD-WPCCN üzerinde çalışıyoruz. İlk olarak, röle seçimi yoluyla
iletim süresi en aza indirme ve aktarım hızı maksimizasyonu optimizasyonu sorunlarını
inceliyoruz. Daha sonra, açık-kapalı iletim şemasını FD-WPCCN’ye dahil ediyoruz ve
zamanlama ve röle seçimini kullanarak iletim süresi en aza indirme ve aktarım hızı mak-
simize etme sorunlarını araştırıyoruz.

Tezin ikinci bölümünde FD-SWIPT ağı üzerinde çalışıyoruz. İlk olarak, FD röle
tabanlı bir sistemin kesinti analizini sağlıyoruz ve kesinti verimi ve enerji verimliliği
maksimizasyonu için optimizasyon sorunlarını sunuyoruz. Ardından, sistem modelini
daha pratik bir çok röle kullanıcılı FD çoklu giriş-çoklu çıkış (MIMO) sistemine kendi
kendine enerji geri dönüşümünü içerecek şekilde genişletiyoruz. Kendi kendine enerji
geri dönüşümü, FD modu nedeniyle ortaya çıkan kendi kendine enterferanstan yararlanır.
Bir SWIPT FD MIMO sisteminde toplam aktarım hızını en üst düzeye çıkarmak hedefiyle
kaynak tahsisi ve geçiş seçimi optimizasyon çerçevesini sunuyoruz.
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Chapter 1: Introduction 1

Chapter 1

INTRODUCTION

The applications of wireless sensor networks have seen a tremendous increase recently

because of the advances and standardization in communication technologies such as Inter-

net of Things (IoT) and machine type communications (MTC) etc. Wireless sensor nodes

are capable of sensing, computing and communicating wirelessly and are the backbone

of many self controlled and intelligent systems. These networks are expected to support

applications in health monitoring, home and industrial automation, unarmed vehicles,

cities and traffic management, inter/intra vehicle communication and smart agriculture.

A recent Ericsson mobility report states that 24.6 billion sensor nodes are expected to be

installed in different fields by 2025. Due to the large number of sensor networks, wireless

traffic will grow significantly. Increasing the lifetime of this massive battery dependent

installation is a major challenge for the future wireless networks. With the introduction

of many innovative and bandwidth hungry applications, the wireless spectrum drought

has become more alarming than ever before. Moreover, many of these applications have

strict latency and coverage area requirements. In order to overcome these challenges, low

power transceivers with energy harvesting capability, networks capable to communicate

in full-duplex mode and cooperative (relay-based) communication have been proposed.

The lifetime of a wireless sensor network is battery dependent requiring replacement

and recharging, which is either very difficult or infeasible. Getting rid of this depen-

dence not only reduces the size and maintenance cost but also increases the network life.

For this purpose, recharging the batteries of sensor nodes through wireless means is the

most efficient option. Wireless sensor nodes can harvest energy from various renewable

sources such as solar, wind, thermal and radio frequency (RF). The dependence of nat-

ural sources like solar, wind on the environmental conditions results in an unpredictable
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amount of harvested energy, which is not acceptable for time critical wireless network

applications. However, RF energy harvesting arises as a competent option due to its long

range, controlled energy and small form factor. In RF energy harvesting, radio signals

with frequency range 3 kHz-300 GHz are used as a medium to carry energy in the form of

electromagnetic radiation. In the literature, two main RF energy harvesting schemes are

proposed: Simultaneous Wireless Information and Power Transfer (SWIPT) and Wire-

less Powered Communication Network (WPCN). In the SWIPT scheme, the nodes are

being able to transfer information and harvest energy to recharge their batteries simul-

taneously by using the same RF signal. In WPCN, energy and information flow sepa-

rately, i.e., energy flows in downlink and information in uplink. To enhance the network

lifetime, throughput and coverage area by assisting the end-user nodes to successfully

transmit information, cooperative (relay-based) communication networks have been pro-

posed together with RF energy harvesting capabilities. There are two main type of relays:

decode-and-forward (DF), where the relay node first decodes the signal received and then

forwards it to the destination; and amplify-and-forward (AF), in which the relay node am-

plifies the received signal and then sends it to the destination. To overcome the spectrum

scarcity issue and to increase the energy harvesting time, full-duplex communications can

be used in both relay-based SWIPT and WPCN schemes. However, the main challenge in

full-duplex systems is to mitigate the self-interference, where part of the transmitted sig-

nal is received by itself. Several self-interference cancellation (SIC) techniques and their

practical implementations have been proposed in the literature which placed full-duplex

as one of the key transceiving techniques for future wireless networks. Moreover, instead

of cancelling the self-interference signal, it can be utilized to harvest energy through the

concept of self-energy recycling.

In order to increase the network lifetime, throughput, coverage area, and to overcome

the spectrum scarcity issue, resource allocation schemes in which scheduling, relay selec-

tion, allocation of transmission times, powers and rates are determined are of paramount

importance. This thesis investigates the resource allocation of full-duplex WPCN and

SWIPT based relay networks subject to various constraints such as maximum transmit

power, energy causality and traffic demand of the users etc. It is organized as different
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chapters focusing on a variety of problems with different objective functions such as to-

tal transmission time minimization and throughput maximization through scheduling and

relay selection requirements.

1.1 Organization

The rest of the thesis is organized as follows.

• Chapter 2 presents the novel optimization framework to determine the time allo-

cation and relay selection with the objective of minimizing the total transmission

time duration for an FD-WPCCN. The formulated problem is mixed integer non-

linear programming problem (MINLP), which is difficult to solve for the global

optimal solution. We decompose the problem into two sub-problems: time alloca-

tion problem for a predetermined relay selection and relay selection problem. For

the time allocation problem, we prove that it is convex and present an optimal so-

lution. Then, we propose a heuristic relay selection algorithm utilizing the optimal

time allocation problem solution.

S. A. A. Kazmi, M. S. Iqbal, and S. Coleri, “Total transmission time minimization

through relay selection for full-duplex wireless powered cooperative communica-

tion networks,” Grieco L.A., Boggia G., Piro G., Jararweh Y., Campolo C. (eds) Ad-

Hoc, Mobile, and Wireless Networks. ADHOC-NOW, vol. 12338, pp. 257–268,

2020.

• Chapter 3 presents the optimization framework for the throughput maximization

and relay selection of an FD-WPCCN. The formulated problem is MINLP, which is

difficult to solve for the global optimum. We decompose the problem into two sub-

problems: throughput maximization problem for a predetermined relay selection

and relay selection problem. For the throughput maximization problem, we prove

that it is convex and present an optimal solution by utilizing Karush-Kuhn-Tucker

(KKT) conditions. Then, we propose a heuristic relay selection algorithm based on

the idea of selecting a relay for each user with the best channel conditions.
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S. A. A. Kazmi, M. S. Iqbal, and S. Coleri, “Relay selection and Throughput Max-

imization for full-duplex wireless powered cooperative communication networks,”

IEEE International Symposium on Personal, Indoor and Mobile Radio Communi-

cations, PIMRC 2021.

• Chapter 4 presents the optimization framework for the throughput maximization

through relay selection and scheduling of the users for an on-off transmission scheme

based FD-WPCCN. The formulated optimization problem is MINLP, which is diffi-

cult to solve for the global optimal solution. As a solution strategy, we first present

the polynomial time heuristic relay selection algorithm for a predetermined sched-

ule of the users by studying the characteristics of optimal relay allocation solution of

the optimization problem. Then, we propose a polynomial time heuristic schedul-

ing algorithm by investigating the characteristics of the optimal scheduling solution

of the optimization problem.

S. A. A. Kazmi, M. S. Iqbal, and S. Coleri, “Throughput Maximization for On-Off

transmission scheme based full-duplex wireless powered cooperative communica-

tion networks,” submitted to IEEE International Conference on Communications,

ICC 2022.

• Chapter 5 presents the analysis of the outage probability of an FD-AF relay based

SWIPT system, incorporating a non-linear CLC EH model. We formulate the prob-

lems of maximizing the system outage throughput and energy efficiency (EE) and

optimize the time-switching (TS) ratio. The formulated optimization problems are

found to be convex, we utilize golden-section method to find the optimal TS solu-

tion.

S. A. A. Kazmi and S. Coleri, ”Optimization of Full-Duplex Relaying System With

Non-Linear Energy Harvester,” in IEEE Access, vol. 8, pp. 201566-201576, 2020,

doi: 10.1109/ACCESS.2020.3035005.

• Chapter 6 presents the resource allocation problem of FD-MIMO relaying system

with self-energy recycling. The formulated problem is MINLP, which is difficult
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to solve for the optimal solution. We decompose the optimization problem into

two sub-problems: resource allocation problem and relay selection problem. First,

we reduce the resource allocation problem to a convex optimization problem by

using the optimality analysis and Taylor series approximation. Then, we solve it

for the optimal solution by using the convex optimization techniques. For the relay

selection problem, we propose the polynomial time heuristic algorithm based on

the idea of iteratively selecting the relay offering the maximum throughput at each

time.

S. A. A. Kazmi, M. S. Iqbal, and S. Coleri, “Resource Allocation for Full-Duplex

MIMO Relaying System with Self-Energy Recycling,” submitted to IEEE Transac-

tions on Wireless Communications.

• Chapter 7 presents the optimization problem of maximizing the end-to-end achiev-

able information rate of the MIMO-OFDMA system employing SUDAS. It exploits

both licensed and unlicensed frequency bands in the system. The formulated prob-

lem is MINLP, which is difficult to solve for the optimal solution. We present the

heuristic polynomial time algorithm based on the separation of EH and information

transmission problems and optimize the interactive time-switching variable.

S. A. A. Kazmi and S. Coleri Ergen, ”Wireless Information and Energy Transfer for

Outdoor to Indoor Multicarrier SUDAS: Poster”, EuCNC, June 2018.

• Chapter 8 presents the concluding remarks and possible future research directions.
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Chapter 2

TOTAL TRANSMISSION TIME MINIMIZATION THROUGH

RELAY SELECTION FOR FULL-DUPLEX WIRELESS

POWERED COOPERATIVE COMMUNICATION NETWORKS

We consider a relay based full-duplex wireless powered cooperative communication

network which consists of a hybrid access point (HAP), N users and K decode-and-

forward relays with energy harvesting capability. We propose an optimization framework

for relay selection with the objective of minimizing the total transmission time subject to

energy causality and user traffic demand constraints. The formulated optimization prob-

lem is a mixed integer non-linear programming problem, which is difficult to solve for

the global optimal solution in polynomial-time. As a solution strategy, we decompose

the proposed optimization problem into two sub-problems: time allocation problem and

relay selection problem. We derive the optimal solution of the time allocation problem by

using convex optimization techniques. For the relay selection problem, based on the opti-

mality analysis, we propose a polynomial-time heuristic algorithm, which minimizes the

total transmission time by allocating the best relay to each user. Through simulations, we

illustrate that the proposed algorithm outperforms the conventional predetermined relay

allocation scheme and performs very close to the optimal solution for different network

densities, HAP power values, and initial battery levels.

2.1 Introduction

In conventional wireless networks, the network lifetime is limited since the wireless de-

vices in the network are powered by replaceable or rechargeable batteries. Energy har-

vesting (EH) from various renewable sources, such as wind, solar, and radio frequency

(RF), has been proposed as a promising solution to prolong the lifetime of such networks.
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Among these renewable sources, RF-EH is the most suitable option for future wireless

systems due to its controllability, reliability, and lower cost. In the literature, two main

RF-EH network models are proposed: Simultaneous Wireless Information and Power

Transfer (SWIPT), and Wireless Powered Communication Networks (WPCN). In SWIPT,

information and energy are transmitted simultaneously from the access point (AP) to mul-

tiple users, whereas in WPCN, only energy flows in the downlink (DL), and users harvest

this energy to transmit their information in the uplink (UL).

Relay nodes are incorporated into the RF-EH networks with the goal of enhancing the

throughput and network coverage by assisting the end users in their information transmis-

sion [1]. There are two main categories of the relays: decode-and-forward (DF), where

a relay node first decodes the received signal and then forwards it to the destination; and

amplify-and-forward (AF), in which a relay node amplifies the received signal from the

source and forwards it to the destination. Initially, relay selection has been studied in

SWIPT systems considering a single source, a destination and multiple EH relays [2–6].

The relay selection is proposed based on the available channel state information (CSI) of

the single hop, either of the hop from source to relay or from relay to destination (known

as partial relay selection (PRS)), or for both the hops, from source to relay and relay to

destination, (known as opportunistic relaying (OR)) [2–4]. [5] and [6] consider EH re-

lays, which are equipped with batteries, and present a relay selection problem based on

the available energy level of the relays. All the aforementioned relay based SWIPT sys-

tems incorporate half-duplex (HD) transmission mode, in which information transmission

and reception takes place in non-overlapping time slots. [7] considers the full-duplex (FD)

relay based SWIPT system, where a single or multiple relays can be selected based on the

greedy RS method that achieves the maximum capacity, whereas [8] studies a two-way

FD SWIPT system, where two relay selection schemes to select a single best relay, to

minimize the outage probability and maximize the sum capacity respectively are pro-

posed. [9] extends the work of [8], by incorporating both single relay and multiple relays

selection schemes in two-way SWIPT system.

In the context of WPCN, initially researchers analyzed the three node model for the

relay based system which consists of a source, a relay and a destination, also referred as
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the wireless powered cooperative communication network (WPCCN). [10] studies this

WPCCN, in which both source and relay need to harvest energy from the HAP in the

DL, and work cooperatively in the UL. Authors incorporate the AF relaying scheme and

present the closed-form expression of the average throughput. The analysis is also ex-

tended to multi-relay scenario and CSI based relay selection. [11] derives an approximate

closed-form expression for the average throughput of the proposed adaptive transmission

(AT) protocol of the three node WPCCN. In the proposed AT protocol, at the beginning

of each transmission block, the HAP transfers energy to the source, and HAP and then,

the source performs channel estimation to acquire the CSI. Based on the CSI estimation,

the HAP adaptively chooses the source to perform UL information transmission either

directly or cooperatively through relay. [12] extends the three node WPCCN model to

multiple source/user multiple relay network model and presents a joint relay selection,

scheduling and power control problem with the objective of minimizing the total duration

of wireless power and information transfer for an HD system. To the best of our knowl-

edge, [10] and [12] are the only works in WPCCN, where the relay selection problem is

addressed, but they are limited to HD transmission.

In this chapter, we study the multiple relay, multiple users FD-WPCCN, where relays

and users are the energy harvesting components and harvest energy from the HAP in the

DL. Both the users and the relays incorporate a practical non-linear EH model based on

logistic function, whereas all the previous studies incorporated an easy and impractical

linear EH model in WPCCN systems. We determine the time allocation and relay selec-

tion with the objective of minimizing the total transmission time. The main contributions

of this chapter are as follows:

• We present a new optimization framework for an FD-WPCCN system, incorporat-

ing the energy causality and traffic demand constraints by using a non-linear EH

model for the first time in the literature.

• We formulate the optimization problem to determine the time allocation and relay

selection with the objective of minimizing the total transmission time. The formu-

lated problem is MINLP, which is difficult to solve for global optimal solution.
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• We decompose the problem into two sub-problems. First, we formulate a time

allocation sub-problem for a given relay selection and after proving its convexity,

we propose the optimal solution. Then, we extend the problem to the best relay

selection problem and propose a polynomial-time heuristic algorithm for the relay

selection.

The rest of the chapter is organized as follows. The system model and assumptions are

given in Section 2.2. The optimization problem for total transmission time minimization

is presented in Section 2.3. In Section 2.4, we present the time allocation problem for

a predetermined relay selection. In section 2.5, we present the heuristic relay selection

algorithm. The numerical results are provided and discussed in Section 2.6. Finally,

Section 2.7 presents the concluding remarks.

2.2 System Model and Assumptions

We consider a cooperative WPCN which consists of a HAP, K DF relays and N users,

as depicted in Fig. 2.1. The HAP is operating in an FD mode, whereas the relays and

users are operating in HD mode. The HAP is equipped with an FD antenna, which is

used for simultaneous wireless energy transfer (WET) in the DL to the relays and users,

and wireless information transmission (WIT) in the UL from the users to the HAP via

relays. The transmission power of the HAP is assumed to be constant and denoted by

Ph. We assume that the channels are block fading and different, i.e., channel gains remain

constant during the transmission time and may change independently in the other blocks.

DL channel gains from HAP to user i and relay k are denoted by hi and hk, respectively.

UL channel gains from user i to relay k and from relay k to HAP are denoted by gi,k and gk,

respectively. We assume a practical non-linear energy harvesting model, based on logistic

function. The energy harvesting rate of user i is given by

Ci =
Ps

(
Ψi −

1
1+eaibi

)(
1 − 1

1+eaibi

) , (2.1)
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Figure 2.1: Architecture for Wireless Powered Cooperative Communication Network

where Ψi=(1 + e−ai(Phhi−bi))−1, and EH rate for relay k is given by

Ck =
Ps

(
Ψk −

1
1+eakbk

)(
1 − 1

1+eakbk

) , (2.2)

where Ψk=(1 + e−ak(Phhk−bk))−1, Ps represents the maximal power that energy harvester

can harvest, a and b are the positive constants related to the non-linear charging rate with

respect to the input power and turn-on threshold, respectively.

We consider time division multiple access as medium access protocol for the UL data

transmission from the users to the HAP via relays. The total time is partitioned into

scheduling frames, which are further divided into variable-length slots, each allocated to

a particular user and its selected relay, as depicted in Fig. 2.2. We assume that the trans-

mission order of the users is predetermined and the relays and users can harvest energy

throughout the frame except during information transmission/reception time. The energy

harvested after the information transmission can be stored in the battery, resulting in the

initial battery level Bi, i ∈ {1, ...,N} and Bk, k ∈ {1, ...,K} for users and relays respec-

tively. We assume that user i and the corresponding relay are transmitting information

during time slot i. The transmission time of user i by using relay k is denoted by τi,k and

transmission time of relay k, to transmit information of user i to HAP, is denoted by τk.

Therefore, the energy harvesting time of user i till the end of its transmission is given
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Figure 2.2: A time-slotted transmission block for downlink WET and uplink WIT

by
∑i−1

j=1
∑K

k=1 s j,k(τ j,k + τk), where s j,k is a binary variable, which takes value 1 if user j

transmits information using relay k and zero otherwise. Then the total available energy

for user i is given by

Ei = Bi + Ci

i−1∑
j=1

K∑
k=1

s j,k(τ j,k + τk) (2.3)

Similarly, the energy harvesting time before the information transmission of relay k is∑
j∈U

∑K
k=1 s j,k(τ j,k + τk), where the set U is the set of users, which are scheduled before

user i using their corresponding relays. Note that the set U does not contain the users who

have selected the same kth relay to communicate to the HAP. The total available energy of

the relay k, Ek is given by

Ek = Bk + Ck

∑
j∈U

K∑
k=1

s j,k(τ j,k + τk) (2.4)

We assume that user i and relay k must consume all of its available energy in the allocated

transmission slot τi,k and τk, respectively. Then the average transmit power of user i by

using relay k is given by

Pi,k =
Ei

τi,k

∀i ∈ {1, 2, · · · ,N},∀k ∈ {1, 2, · · · ,K} (2.5)
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Similarly, the average transmit power of the relay k is given by

Pk =
Ek

τk

∀k ∈ {1, 2, · · · ,K} (2.6)

We assume that user i has traffic demand Di bits to be transmitted over the scheduling

frame. We use continuous transmission rate model and Shannon’s channel capacity for-

mula to determine the maximum achievable rate. The instantaneous UL transmission rates

from user i to relay k, denoted by Ri,k and from relay k to HAP, denoted by Rk, are given

by

Ri,k = τi,kWlog2

(
1 +

Eigi,k

τi,kWN0

)
(2.7)

Rk = τkWlog2

(
1 +

Ekgk

τk(βPh + N0W)

)
(2.8)

where βPh is the power of self-interference at the HAP, arises due to FD mode and N0W

is the noise power, where W is the bandwidth.

The objective of the optimization is to minimize the total transmission time for an FD

WPCCN subject to energy causality constraint and users traffic demand. In the following

section, we formulate the optimization problem.

2.3 Problem Formulation

In this section, we formulate the optimization problem of the relay selection for total time

minimization, denoted by RS − TTM, as follows:
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RS − TTM

minimize
N∑

i=1

K∑
k=1

τi,k +

K∑
k=1

τk (2.9a)

subject to
K∑

k=1

si,kτi,kWlog2

(
1 +

Eigi,k

τi,kWN0

)
≥ Di;∀i ∈ {1, ...,N}, (2.9b)

τkWlog2

(
1 +

Ekgk

τk(βPh + WN0)

)
≥

N∑
i=1

Disi,k;∀k ∈ {1, ...,K}, (2.9c)

K∑
k=1

si,k = 1;∀i ∈ {1, ...,N}, (2.9d)

variables

si,k ∈ {0, 1}; τi,k, τk,≥ 0;∀i ∈ {1, ...,N}, k ∈ {1, ...,K}. (2.9e)

The variables of the RS − TTM optimization problem are si,k, the relay selection vari-

able, which is a binary variable taking value 1 if user i transmits information by using

relay k and zero otherwise for i ∈ {1, ...N}, k ∈ {1, ...,K}; τi,k transmission time of user i

by using the relay k, for i ∈ {1, ...N}, k ∈ {1, ...,K}; and τk, the transmission time of relay

k to the HAP for k ∈ {1, ...,K}.

The objective of the optimization problem is to minimize the total transmission time

duration. Eqs. (2.9b) and (2.9c) represent the constraints on satisfying the traffic demand

of the users. Eq. (2.9d) guarantees that only one relay is selected for each user.

The RS − TTM is MINLP, which is generally hard to solve for the optimal solution.

To solve the problem optimally, we decompose the RS − TTM into two sub-problems,

namely, time allocation problem and relay selection problem. Next, we formulate the

time-allocation problem.

2.4 Time Allocation Problem

In this section, we discuss the time allocation problem, denoted by TAP. In the TAP

the users are already allocated the relay, i.e., si,k are known. The TAP is formulated as

follows:
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TAP

minimize
N∑

i=1

K∑
k=1

τi,k +

K∑
k=1

τk (2.10a)

subject to

Di − τi,kWlog2

(
1 +

Eigi,k

τi,kN0W

)
≤ 0;∀i,∀k, (2.10b)

Di − τkWlog2

(
1 +

Ekgk

τk(βPh + N0W)

)
≤ 0;∀i,∀k, (2.10c)

τi,k, τk ≥ 0;∀i,∀k. (2.10d)

The variables of the problem are τi,k, the transmission time of the first hop, from user

i to relay k, for i ∈ {1, ...N}, k ∈ {1, ...,K} and τk, the transmission time of the relay k to

HAP, for k ∈ {1, ...,K}.

Lemma 1. TAP is a convex optimization problem.

Proof. The objective function of TAP is a linear function of τi,k and τk. The constraints

in Eqs. (2.10b) and (2.10c) are convex functions as the hessian of both functions are

positive semi-definite. Therefore, TAP is a convex optimization problem. �

Since TAP is a convex optimization problem, there is a unique optimal solution for

the problem. In the following, we provide the optimality conditions of the optimization

problem.

Lemma 2. In the optimal solution of TAP, the constraints in Eqs. (2.10b) and (2.10c)

should hold with equality.

Proof. The proof is by contradiction. Suppose that in an optimal solution τ = {τ∗1,k, τ
∗
2,k, · · · , τ

∗
N,k}

are the allocated transmission times of users such that τ∗i,kWlog2

(
1 +

gi,kEi
τ∗i,kWN0

)
> Di. The

function f (x) , xlog(1 + z/x), where z is a constant, is a monotonically increasing

function of x for x > 0. Therefore, for any user i, we can always find a τ
′

i,k such that

τ
′

i,kWlog2

(
1 +

gi,kEi

τ
′

i,kWN0

)
= Di and it is clear that τ

′

i,k < τ∗i,k. This is a contradiction. In a

similar way, we can prove that Eq.(2.10c) should hold with equality. �

Based on Lemma 2, the problem TAP can be solved for a unique set of transmission

times and the solution is presented in Theorem 1.
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Theorem 1. In the optimal solution of TAP, the transmission time of user i is given by

τi,k =
1

−W
Di ln(2)W

(−Di ln(2)
Wγi,k

exp(−Di ln(2)
Wγi,k

)
)

+ 1
γi,k

, (2.11)

where W(.) is a well known Lambert function [13], and γi,k is given by

γi,k =
gi,kEi

N0W
. (2.12)

Proof. As per Lemma 2, the constraint given in Eq. (2.10b) should hold with equality,

i.e.,

Di − τi,kWlog2

(
1 +

gi,kγi,k

τi,k

)
= 0. (2.13)

Eq. (2.13) can then be rearranged as follows:

1 =
(
1 +

γi,k

τi,k

)
exp

(
−Di ln(2)

Wτi,k

)
. (2.14)

We rewrite the Eq. (2.14) in the form of Y = XeX as

−Di ln(2)
Wγi,k

exp
(
−Di ln(2)

Wγi,k

)
=

(
−Di ln(2)

Wγi,k

−
−Di ln(2)

Wτi,k

)
exp

(
−Di ln(2)

Wγi,k

−
−Di ln(2)

Wτi,k

)
. (2.15)

Eq. (2.15) is a standard form for Y = XeX and its solution is X = W(Y), Then after some

simple mathematics, τi,k is obtained as given in Eq. (2.11). �

Since, in the decode-and-forward relay network, user and relay transmit their infor-

mation in non-overlapping transmission times, we can treat both entities separately. The

transmission time of the relays is given as presented in the following theorem.

Theorem 2. In the optimal solution of TAP, the transmission time of relay k is given by

τk =
1

−W
Di ln(2)W

(−Di ln(2)
Wγk

exp(−Di ln(2)
Wγk

)
)

+ 1
γk

, (2.16)
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where,

γk =
gkEk

βPh + N0W
. (2.17)

Proof. Theorem 2 can be proved in a similar way as Theorem 1 by solving Eq. (2.10c)

and proof is skipped for brevity. �

Now, as we have solved the TAP problem, the relay selection problem is presented

in the following section.

2.5 Relay Selection

The goal of this section is to determine the relay selection for each user such that the

total transmission time is minimized. In section 2.4, we presented the optimal transmis-

sion time allocation for a given relay allocation, i.e., si,k were known for i ∈ {1, ...N},

k ∈ {1, ...,K}. On the other hand, the total transmission time can be further minimized

by optimizing the relay selection for each user. For instance, allocating a relay to the

user with better channel conditions and smaller distance over any random relay will sig-

nificantly reduce the transmission time of the users. A straightforward approach to this

problem can be brute-force search, i.e., enumerate all the possible relay combinations and

then pick the combination with minimum transmission time. However, the computational

complexity of this approach is exponential due to KN possible combinations of the relays.

Therefore, we propose a polynomial time heuristic algorithm based on the minimization

of the total transmission time through the allocation of the best relay to each user. For

a single user i, let τi,k be the transmission time of the first hop, from user to relay k and

τk be the transmission time from relay k to HAP. Then argmink∈{1,2,··· ,K}(τi,k + τk) will be

the optimal relay that gives the minimum transmission time for the single user. As the

users are transmitting data in a sequence, the relay selection is updated online for each

user as due to different energy harvesting rates, users may select different relay at different

decision times. Based on this we propose the following heuristic algorithm.

The Minimum Length Relay Selection Algorithm (MLRSA), as given in Algorithm

1, is described in detail next. The algorithm starts by initializing R, τi,k(R), τk(R), t(N)
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Algorithm 1 Minimum Length Relay Selection Algorithm (MLRSA)
1: input: set of users N and relays K
2: output: Relay selectionR, set of user transmission times τi,k, set of relay transmission

times τk, schedule length t(N)
3: R ← ∅, τi,k(R)← 0, τk(R)← 0, t(N)← 0
4: for i = 1 : |N| do
5: Calculate τi,k, τk, ∀k ∈ {1, ...,K}
6: m← argmink∈K (τi,k + τk),
7: R ← R + {m},
8: τi,k ← τi,k + {τi,m},
9: τk ← τk + {τm},

10: t(N)← t(N) + τi,m + τm,
11: end for

to an empty set (Line 3). For each user i of the system, the relay that offers the minimum

transmission time is selected (Line 6). Then, the set R is updated with the selected relay

(Line 7). τi,k(R) is updated by adding the transmission time of the user i to the selected

relay m (Line 8) and τk(R) by adding the transmission time of relay m to HAP (Line 9).

Finally, t(N) is updated by adding the transmission times of both the hops i.e, τi,m and τm

(Line 10). Algorithm terminates when all the users in the system are being assigned to

the best relays. The computational complexity of MLRSA is O(N × K).

2.6 Performance Analysis

In this section, we evaluate the performance of the proposed algorithm. Simulations are

carried out in MATLAB, averaged over 1000 independent random network realizations.

The attenuation in the channel is calculated by using both large scale and small scale fad-

ing. To model the large scale fading, we used PL(d, dB) = PL(d0, dB)+10αlog10(d/d0)+Z

where, PL(d, dB) is the path loss at distance d in dB, d0 is the reference distance and path

loss at reference distance d0 = 1m is taken as 30dB, the term α is the path loss exponent

and is taken as 2.76. Z is a zero mean Gaussian random variable with standard deviation

σ=4 . The parameters used in the simulations are W=1 MHz; Di is 100 bits for i ∈ {1, ...N}

and β = −80dB [14]. For the non-linear EH model, Ps = 7mW, a = 1500 and b = .0022.



Chapter 2: Total Transmission Time Minimization Through Relay Selection for Full-Duplex
Wireless Powered Cooperative Communication Networks 18

0 2 4 6 8 10 12 14 16 18

P
h

0

1

2

3

4

5

6

7

T
ot

al
 T

ra
ns

m
is

si
on

 T
im

e 
(s

)

TAP
MLRSA
BFA

Figure 2.3: Total transmission time vs. HAP transmit power Ph

2.6.1 Transmission Time versus HAP Power Ph

Fig. 2.3 illustrates the total transmission time for different values of HAP transmit power

Ph. The total transmission time duration decreases with the increasing transmit power

since higher HAP power allows the relays and the users to harvest more energy and com-

plete their transmission in shorter time as long as they can transmit with higher transmit

powers. After a certain value of Ph, the total transmission time becomes almost constant

due to the saturation region of all the users and relays and any further increase in the HAP

power will not improve the energy harvesting rate. The proposed MLRSA outperforms

the predetermined relay selection scheme (TAP) and performs very close to the optimal

solution (BFA).

2.6.2 Transmission Time versus the number of users

Fig. 2.4 illustrates the effect of the network size on the total transmission time. As the

number of users increase in the system, the total transmission time increases. When the

network size keeps increasing, any further addition of a user results in very small increase

in the total transmission time.

2.6.3 Transmission Time versus battery level of the nodes

Fig. 2.5 shows the total transmission time for different values of battery levels of the

relays and the users. Total transmission time decreases as the energy in the battery of the
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Figure 2.4: Total transmission time vs. the number of users in the system
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Figure 2.5: Total transmission time vs. the initial battery level of the relays and the users

nodes increases. It is because of the fact that higher initial battery level helps the users to

complete their transmissions in shorter time. The MLRSA outperforms the conventional

predetermined relay selection (TAP) and performs close to the optimal BFA.

2.7 Conclusion and Future Work

In this chapter, we have investigated the total transmission time minimization of the FD-

WPCCN system through relay selection. We formulate an MINLP problem for the sub-

ject. To solve the problem efficiently, we decompose the problem into two sub-problems,

namely, time allocation and relay selection problem. We derive the optimal solution of

the time allocation problem by using convex optimization techniques and present the
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polynomial-time heuristic algorithm for the relay selection problem. Through simula-

tions, we show that the proposed algorithm performs very close to the optimal solution.

We aim to incorporate multi-antenna system in the future.



Chapter 3: Relay selection and Throughput Maximization for Full-Duplex Wireless Powered
Cooperative Communication Networks 21

Chapter 3

RELAY SELECTION AND THROUGHPUT MAXIMIZATION

FOR FULL-DUPLEX WIRELESS POWERED COOPERATIVE

COMMUNICATION NETWORKS

Cooperative communication using energy harvesting (EH) nodes promises significant

improvement in network throughput, coverage, and reliability. This chapter studies a full-

duplex (FD) wireless powered cooperative communication network (WPCCN), in which

the users communicate to a hybrid access point (HAP) via decode-and-forward (DF) EH

relay nodes. We present an optimization framework for the relay selection problem with

an objective of maximizing the sum throughput of the FD-WPCCN, for the first time in

the literature. The formulated optimization problem is a mixed integer non-linear pro-

gramming problem (MINLP), which is difficult to solve for global optimal solution. As

a solution strategy, we first analyze the problem for a given relay allocation and prove

that it is a convex problem. We solve the problem for the optimal solution by using the

Karush-Kuhn-Tucker conditions. Then, for the relay selection problem, we present a

polynomial-time heuristic algorithm based on the allocation of relay with the best chan-

nel conditions to each user. Through extensive simulations, we show that the proposed

algorithm performs close to the optimal solution for various network parameters such as

different HAP transmission power values, network sizes, and initial battery level of the

nodes. We observe that the sum throughput of the network can be increased significantly

by using a proper relay selection technique.

3.1 Introduction

The lifetime of a conventional wireless network is limited, because the nodes are depen-

dent on rechargeable or replaceable batteries. To prolong the lifetime of such energy
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constrained networks, EH techniques have been proposed from the sources such as wind,

solar, vibration and radio frequency (RF). Among these sources, RF energy harvesting

arises as the most suitable option due to its long range, lower cost, and control on the

energy being transferred [15]. The relay based RF-EH wireless networks have been ex-

ploited by the researchers to enhance the network throughput and coverage area by help-

ing the end terminals in their signal transmission with efficient energy management [16].

There are two main types of RF energy harvesting wireless network models. Simul-

taneous Wireless Information and Power Transfer (SWIPT) [17] and Wireless Powered

Communication Network, referred as WPCN [18].

Specifically, in WPCCN, the relay and user nodes are powered by the transferred en-

ergy from the HAP in the downlink (DL). Then, they transmit their information signal by

using the harvested energy in the uplink (UL), to the HAP. [10,11,19] study a simple three

node WPCCN, operating in half-duplex (HD) mode, in which the relay and user nodes

first harvest energy in the DL, and then work cooperatively to transmit the user’s infor-

mation in the UL. Specifically, [10] derives the closed-form expression for the average

throughput of the three node HD-WPCCN. It also extends the three node model to multi-

relay scenario, and proposes a relay selection algorithm based on available channel state

information (CSI) of the system. [11] presents an approximate closed-form expression

for the throughput of an adaptive transmission (AT) protocol. In the AT protocol, HAP

charges the source and then, they together estimate the CSI. Based on the channel state

estimation, the AP chooses the source to transmit information either with or without using

a relay. [19] studies the impact of EH relay position on the link outage performance of

a three node WPCCN. [12] studies a multi-relay multi-user HD-WPCCN and presents a

joint relay selection, scheduling and power control problem with the objective to minimize

the total duration of wireless information and power transfer. However, [10] and [12] are

the only works in WPCCN that investigate the relay selection problem and are based on

the HD mode of transmission. Recently, our works [20] (Chapter 2) and [21] study an FD-

WPCCN, for the first time. The throughput performance achieved by the FD-WPCCN is

always better than its HD counterpart due to the HAP’s ability of simultaneous EH and in-

formation transmission. [20] studies a relay selection and transmission time minimization
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problem, considering the multi-relay multi-user FD-WPCCN. [21] studies a scheduling

and relay selection problem in FD-WPCCN, with the objective of total time minimiza-

tion, for an on-off transmission scheme. However, both of these works consider only the

transmission time minimization problem.

In this chapter, we study an optimization problem of throughput maximization for a

multi-relay multi-user FD-WPCCN, incorporating a realistic non-linear energy harvesting

model based on logistic function. The original contributions of this chapter are as follows:

• We formulate an optimization problem with the objective of maximizing the sum

throughput of the FD-WPCCN through relay selection, for the first time in the lit-

erature.

• The formulated problem is a mixed integer non-linear programming problem, which

is difficult to solve for the global optimal solution. Therefore, we first solve the

given relay allocation problem for the optimal solution by exploiting the convexity

of the problem. Then, we present the polynomial time heuristic algorithm for re-

lay selection based on the allocation of a relay to each user with the best channel

conditions.

• Through extensive simulations, we demonstrate that the proposed algorithm sig-

nificantly outperforms the conventional scheme while performing very close to the

optimal solution.

The rest of the chapter is organized as follows. In Section 3.2, we present the system

model and assumptions. In section 3.3, we formulate an optimization problem for the

relay selection of the FD-WPCCN, with the objective of maximizing the throughput of the

system. Section 3.4 presents the solution of the formulated problem for a predetermined

relay allocation. In section 3.5, we present the polynomial-time heuristic relay selection

algorithm. Section 3.6 evaluates the performance gain of the proposed algorithm through

simulations. In section 3.7, we conclude our work and discuss the future direction.
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3.2 System Model

We consider an FD-WPCCN, as shown in Fig. 2.1. It consists of a single FD antenna HAP,

L HD DF relays and N HD users. The FD antenna of the HAP is used for transmitting

energy to the relay and user nodes in the DL, and receiving information in the UL from the

users through relays, simultaneously. The relays and users depend on the energy harvested

from the HAP, which they store in their batteries. The initial battery levels of the relays

and users at the start of time frame are denoted by Bl, l ∈ {1, ..., L}, and Bn, n ∈ {1, ...,N},

respectively. The transmission power of the HAP is denoted by Ph.

We assume that the channel gains are constant during the transmission time frame,

i.e., they are block fading. We consider that the total time duration for the operation of the

system is divided into multiple scheduling frames of unit length. Every frame is further

divided into multiple time slots allocated to the relay and user nodes for information

transmission. We assume that the transmission order of the users is known [18], [20].

We incorporate a more realistic non-linear energy harvesting model based on a logistic

function [22], in which the energy harvesting rate of user n and relay l, is given by

Cx =
Ps

(
Ψx −

1
1+eaxbx

)(
1 − 1

1+eaxbx

) , (3.1)

where x ε [n, l], Ψx=
1

(1+e−ax(Phhx−bx))
, hl and hn are the channel coefficients of the first and

second hop i.e., from the HAP to relay l and user n, in the DL, respectively; Ps represents

the maximum saturated power achieved due to large input power values; constants a and

b are linked to the circuit specifications of the energy harvester such as input power,

capacitance, resistance, and diode turn-on threshold.

The HD relays and users cannot harvest energy when transmitting or receiving infor-

mation. Harvested energy after the information transmission of any node can be stored

in the battery for future use. The information transmission time from user n to relay l in

the UL is denoted by τn,l, whereas transmission time of relay l is denoted by τl. The total
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available energy of user n and relay l is given by

En = Bn + Cn

n−1∑
i=1

L∑
l=1

si,l(τi,l + τl) (3.2)

where
∑n−1

i=1
∑L

l=1 si,l(τi,l +τl) represent the time in which user n is harvesting energy, si,l

is a binary relay selection variable, which is either 1 or 0, depending on whether a relay l

is assigned to user n or not.

El = Bl + Cl

∑
i∈S

L∑
l=1

si,l(τi,l + τl) (3.3)

where
∑

i∈S
∑L

l=1 si,l(τi,l + τl) is the energy harvesting time of relay l before it transmits

information, the set S contains the users, scheduled before user n with their allocated

relays. However, the users that have been allocated the same lth relay before to assist the

information transmission to the HAP are not included in the set. We assume that user n

and relay l consume all of its harvested energy in their respective information transmission

time slots. Based on this, the transmit powers of the two hops are given by

Pn,l =
En

τn,l

(3.4)

Pl =
El

τl

(3.5)

The instantaneous throughput from user n to relay l and from relay l to the HAP is

denoted by Rn,l and Rl, respectively and is given by

Rn,l = τn,lWlog2

(
1 +

Engn,l

τn,lWN0

)
(3.6)

Rl = τlWlog2

(
1 +

Elgl

τl(βPh + N0W)

)
(3.7)

where gn,l and gl are the channel coefficients from user n to relay l and from relay l to

HAP, respectively; βPh is the self-interference power; N0W is the noise power, and W is

the system bandwidth.
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The end-to-end throughput of the two-hop DF relay based WPCCN is given as [23]

R = min{Rn,l,Rl} (3.8)

3.3 Optimization Framework

This section presents the joint optimization framework of the relay selection and through-

put maximization. It is denoted by RS − TMP, and is presented as follows:

RS − TMP

max
N∑

n=1

L∑
l=1

sn,l min{Rn,l,Rl} (3.9a)

subject to
N∑

n=1

L∑
l=1

τn,l +

L∑
l=1

τl ≤ 1, (3.9b)

L∑
l=1

sn,l = 1;∀n ∈ {1, ...,N}, (3.9c)

variables

sn,l ∈ {0, 1}; τn,l, τl,≥ 0;∀n ∈ {1, ...,N}, l ∈ {1, ..., L}. (3.9d)

The RS − TMP optimization problem has three decision variables, namely, τn,l, τl,

the transmission times of the two hops, and sn,l, the binary relay selection variable, which

is 1 if relay l is selected for user n and 0 otherwise.

The objective of the optimization problem is to maximize the sum throughput of the

system. Eq. (3.9b) represents the constraint that indicates the normalized schedule length

of 1 is assigned to the users. Eq. (3.9c) guarantees that only one relay assists each

user for the information transmission. The RS − TMP is a mixed integer non-linear

programming problem. Therefore, to solve the MINLP problem, in the next section, we

first present the optimal solution of the RS − TMP for a predetermined relay allocation,

and then study the optimal brute-force and heuristic best relay selection algorithms.
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3.4 Throughput Maximization Problem for a known relay selection

In this section, we present the throughput maximization problem for a predetermined

relay allocation scheme i.e., sn,l are known. The novelty of this problem is to optimize the

transmission times of both the hops with the objective of sum throughput maximization.

The problem is denoted by TMP, and is presented as follows:

TMP

max
N∑

n=1

L∑
l=1

min{Rn,l,Rl} (3.10a)

subject to
N∑

n=1

L∑
l=1

τn,l +

L∑
l=1

τl ≤ 1, (3.10b)

variables

τn,l, τl ≥ 0;∀n,∀l. (3.10c)

Lemma 3. TMP is a convex optimization problem.

Proof. The objective function of TMP is concave as hessian of both the functions are

negative semi-definite and minimum of two concave functions is a concave function.

Moreover, the constraint in Eq. (3.10b) is linear w.r.t. τn,l and τl. Therefore, TMP is

a convex problem. �

There exists an optimal solution, which is unique, for TMP, since it is a convex

optimization problem. However, for simplicity, we first handle the min{Rn,l,Rl} func-

tion of the objective function. Then, we incorporate the Karush-Kuhn-Tucker (KKT)

conditions to find the optimal solution. Since the sum throughput performance of DF

relaying system is limited by the link with lower signal-to-noise (SNR) ratio, TMP is

optimized only when
∑N

n=1
∑L

l=1 Rn,l =
∑L

l=1 Rl. Therefore, the TMP is equivalent to a

problem having
∑N

n=1
∑L

l=1 Rn,l +
∑L

l=1 Rl as an objective function with an additional con-

straint
∑N

n=1
∑L

l=1 Rn,l =
∑L

l=1 Rl. Therefore, the transformed TMP is written as:
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T − TMP

max
N∑

n=1

L∑
l=1

Rn,l +

L∑
l=1

Rl (3.11a)

subject to
N∑

n=1

L∑
l=1

τn,l +

L∑
l=1

τl ≤ 1, (3.11b)

N∑
n=1

L∑
l=1

Rn,l =

L∑
l=1

Rl, (3.11c)

variables

τn,l, τl ≥ 0;∀n,∀l. (3.11d)

To analyze the KKT conditions of T − TMP, the Lagrangian function of the problem

is written as:

L =

N∑
n=1

L∑
l=1

τn,lWlog2

(
1 +

Engn,l

τn,lWN0

)
+

L∑
l=1

τlWlog2

(
1 +

Elgl

τl(βPh + WN0)

)
− µ(

N∑
n=1

L∑
l=1

τn,l +

L∑
l=1

τl − 1)

−φ
( N∑

n=1

L∑
l=1

τn,lWlog2

(
1 +

Engn,l

τn,lWN0

)
−

L∑
l=1

τlWlog2

(
1 +

Elgl

τl(βPh + WN0)

)
(3.12)

where µ ≥ 0 and φ ≥ 0 are the Lagrange multipliers corresponding to constraints.

Theorem 2: In T − TMP, the transmission times of user n and relay l are given by

τn,l =
−γn,lW(−e−( µln(2)

(1−φ)W + 1))

1 + W(−e−( µln(2)
(1−φ)W + 1))

(3.13)

τl =
−γlW(−e−( µln(2)

(1−φ)W + 1))

1 + W(−e−( µln(2)
(1−φ)W + 1))

(3.14)

where W(.) is a Lambert function [13], the terms γn,l and γl are given by

γn,l =
gn,lEn

N0W
. (3.15)
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γl =
glEl

(βPh + N0W)
. (3.16)

Proof. To solve for the transmission times of user n and relay l, we take the derivative of

Lagrangian function L with respect to τn,l and τl, respectively. First, we derivate L w.r.t to

τn,l, which is given as

∂L
∂τn,l

=
(1 − φ)
ln(2)

(( gn,lEn

τn,lN0W
+ 1

)
−

Wgn,lEn

WN0τn,l(
gn,lEn

τn,lN0W + 1)

)
− µ = 0 (3.17)

which can be written as

−e( −µ ln(2)
(1−φ)W +1) = −

( τn,l

γn,l + τn,l

)
e(

−τn,l
γn,l+τn,l

) (3.18)

Since X = W(Y) is the solution of Y = XeX, after some manipulations, τn,l is obtained

as given in Eq. (3.13). The expression for transmission time of relay l can be proved

similarly by taking the derivative of L with respect to τl and is skipped for brevity. �

To update the multipliers µ and φ, we adopt the gradient method [24]. The rules of

updating multipliers are given as

µ( j + 1) =

[
µ( j) + εµ

( N∑
n=1

L∑
l=1

τn,l +

L∑
l=1

τl − 1
)]+

(3.19)

φ( j + 1) =

[
φ( j) + εφ

( N∑
n=1

L∑
l=1

τn,lWlog2

(
1 +

Engn,l

τn,lWN0

)
−

L∑
l=1

τlWlog2

(
1 +

Elgl

τl(βPh + WN0)

))]+

(3.20)

where εµ and εφ are the step sizes at the jth iteration. In the following, we present the

algorithm for the evaluation of optimal transmission times τn,l and τl, named as Trans-

mission Times Evaluation Algorithm (TTEA). The algorithm takes the set of users N and

predetermined relays L as inputs, and returns the optimal τn,l, τl, Rn,l, and Rl results. It

starts by initializing the lagrange multipliers µ and φ and iteration index j to 0 (Line 1). In

each iteration, the values of τn,l and τl are updated (Line 3). Then, the corresponding Rn,l
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and Rl are updated using the values of τn,l and τl (Line 4). In Line 5, µ and φ are updated,

using τn,l and τl. The TTEA algorithm keeps updating τn,l, τl, Rn,l, and Rl values iteratively

until µ and φ converge.The computational complexity of TTEA algorithm is O(N × L× J)

for a network of N users and L relays, where J is the number of iterations until the algo-

rithm converges. In order to guarantee that the TTEA algorithm convergences, εµ( j) and

εφ( j) must satisfy
∑∞

j=1 ε( j) = ∞ and lim j→∞ε( j) = 0.

Algorithm 2 Transmission Times Evaluation (TTEA) Algorithm
input: users N and relays L
output: Rn,l ,τn,l, Rl, τl, ∀n, ∀l

1: set j← 0 and initialize µ( j), φ( j),
2: repeat
3: update τn,l and τl according to Eqn. (3.13) and Eqn. (3.14),
4: update the corresponding Rn,l and Rl according to Eqn. (3.6) and Eqn. (3.7),
5: update µ( j + 1) and φ( j + 1) according to Eqn. (3.19) and Eqn. (3.20),
6: j← j + 1
7: until µ and φ converge
8: obtain the values τn,l, τl, and corresponding Rn,l and Rl.

3.5 Best Relay Selection Algorithm (BRS)

In this section, we present the heuristic polynomial-time sub-optimal best relay selection

algorithm (BRS). The throughput of the FD-WPCCN can be increased further by selecting

a better relay for each user. An optimal solution of the relay selection problem is to

incorporate brute force search (BFA) algorithm. In BFA, we evaluate all the possible

relay-user combinations and select the combination with the maximum sum throughput.

The computational complexity of BFA is exponential due to LN possible combinations

of the relay-user, where L and N are the total number of relays and users, respectively.

Due to the exponential computational complexity of BFA, we propose BRS as a heuristic

algorithm. It is based on assigning a relay to the user that offers the best channel to noise

(CNR) ratio, taking into account both channel links of the network i.e., from user to relay,

and from relay to HAP, respectively.

The BRS Algorithm, as given in Algorithm 3, is described in detail as follows. It
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Algorithm 3 Best Relay Selection (BRS) Algorithm
input: users N and relays L
output: Relay selection R, transmission times τn,l, τl, throughput Rn,l, Rl, ∀n, ∀l

1: for n = 1 : |N| do
2: Calculate αn,l, αl, ∀l
3: z← argmaxl∈L {min(αn,l, αl)},
4: R ← R + {z},
5: end for
6: Execute the TTEA algorithm using the relay set R, and get the outputs τn,l, τl, Rn,l, Rl,
∀n,∀l

starts by taking the total number of N users, and L relays as inputs and returns the relay

allocation R, transmission times τn,l, τl, throughput Rn,l, and Rl as outputs. Then, for every

user in the network, it calculates the CNR of both the hops with all the relays l, respec-

tively (Line 2), and allocates a relay to the current user with the highest {min(αn,l, αl)}

(Line 3), where αn,l =
gn,l

NoW and αl =
gl

βPh+NoW be the CNR of the two hops using the

relay l, respectively. After allocating relays to all the users in the network, TTEA algo-

rithm is executed to get the outputs (Line 6). The computation time complexity of BRS is

O(N × L) + O(N × L × J), for a network of N users and L relays.

3.6 Performance Evaluation

In this section, we compare the throughput performance of the proposed BRS and TTEA

algorithms to the optimal BFA.

The simulations are obtained in MATLAB and are based on Monte Carlo simulations,

averaged over 1000 random network realizations. For large scale fading, we used the

model given as

PL(d, dB) = PL(d0, dB) + 10αlog10(d/d0) + Z (3.21)

where, PL(d, dB) is the path loss in dB at distance d, d0 is the reference distance, α is the

path loss exponent, Z is a zero mean Gaussian random variable with standard deviation

σ. The parameters used are W=1 MHz; β=-80 dB; do=1 m; PL(do)=30 dB; α=2.76;

σ=4 [14]. For the non-linear EH model based on logistic function, Ps = 7mW, a = 1500
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Figure 3.1: Sum throughput of the algorithms for different HAP transmit power Ph

and b = .0022. We assume a network of N=4 users, and L=4 relays, Ph= 1 dB, and initial

battery levels Bn=Bl=10e−8 J, unless otherwise stated.

3.6.1 Throughput versus HAP power Ph

Fig. 3.1 illustrates the sum throughput of a network for varying HAP power Ph values.

As Ph increases, throughput of the system increases. It is because the relays and users

can harvest more energy with increasing Ph values. After a certain value of HAP power,

the throughput becomes almost constant. This is due to the saturation region of the non-

linear energy harvester of the relays and the users. Specifically, as Ph increases, the EH

circuit saturates, and throughput of the network becomes almost constant. The proposed

BRS algorithm performs close to the optimal BFA solution, despite offering a very low

computational complexity as compared to BFA. It outperforms the predetermined relay

allocation TTEA, showing the significance of appropriate relay selection in the network.

3.6.2 Throughput versus the number of users

Fig. 3.2 shows the throughput performance of the TTEA and BRS algorithms in compari-

son to optimal, denoted by BFA, for different network densities. We observe that the sum

throughput increases with the network size, as expected. With the increase of each user

in the network, throughput increase yielded by BRS is large compared to TTEA. This ob-
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Figure 3.2: Sum throughput of the algorithms for varying network sizes

Figure 3.3: Sum throughput for different battery levels of the nodes

servation shows the significance of appropriate relay selection in BRS as compared to the

predetermined relay allocation in TTEA. Moreover, throughput achieved by the proposed

BRS algorithm performs very close to the optimal solution BFA.

3.6.3 Throughput versus battery levels of the nodes

Fig. 3.3 shows the throughput for different initial battery levels of the relays and users.

Throughput increases as the battery level of the nodes increases. It is because higher

battery levels allow the users to transmit their information in short time durations and

with higher rates. The proposed BRS algorithm performs very close to the optimal BFA,

followed by the TTEA scheme.
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Figure 3.4: Run time of the algorithms for different network densities

3.6.4 Run time versus Network Density

Fig. 3.4 shows the runtime of the proposed algorithms for different network densities.

With the addition of nodes in the network, the runtime of optimal BFA increases expo-

nentially, whereas add minimal burden to the proposed BRS and predetermined TTEA.

The significance of incorporating the proposed BRS is that it achieves very close through-

put performance to the optimal BFA, but with very less computational complexity, as

observed in this section.

3.7 Conclusion and Future Works

In this chapter, we investigate the relay selection problem to maximize the sum through-

put of the FD-WPCCN. The formulated problem is MINLP. First, we present the optimal

solution of the throughput maximization problem by studying its properties for a prede-

termined relay allocation. We then propose a polynomial time heuristic BRS algorithm

for the relay selection. We compare the performance of the proposed algorithms through

simulations. In future, we will study multi-antenna WPCCN.
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Chapter 4

THROUGHPUT MAXIMIZATION FOR ON-OFF

TRANSMISSION SCHEME BASED FULL-DUPLEX WIRELESS

POWERED COOPERATIVE COMMUNICATION NETWORKS

Higher network throughput, increased coverage area and reliability are some of the

significant improvements promised by the energy harvesting (EH) cooperative communi-

cation. This chapter considers a two-hop full duplex (FD) multi-relay multi-user wireless

powered cooperative communication network (WPCCN), in which the EH capable re-

lays and users transmit their information to an energy broadcasting hybrid access point

(HAP). We present an optimization framework for the relay selection and scheduling of

the users. The objective is to maximize the sum throughput of FD-WPCCN, considering

an on-off transmission scheme, in which the relays and users either transmit at a constant

power or remain silent. The formulated optimization problem is a mixed integer non-

linear programming problem, which is difficult to solve for the global optimum. As a

solution strategy, we first present the polynomial time heuristic relay selection algorithm

for a predetermined schedule of the users by studying the characteristics of optimal relay

allocation solution of the optimization problem. Then, we propose a polynomial time

heuristic scheduling algorithm by investigating the characteristics of the optimal schedul-

ing solution of the optimization problem. Through extensive simulations, we evaluate the

performance of the proposed algorithms for different HAP power values, network sizes,

battery levels of the nodes, and transmit power values of the relays and the users. We

compare the proposed algorithms with the optimal and another benchmark algorithm and

observe that throughput can be increased by selecting an appropriate relay and optimal

transmission order of the users.
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4.1 Introduction

Cooperative communication, in which one or more intermediate relay nodes assist the

information transmission between a source and destination has the potential to increase

the network coverage area, system throughput, and reliability of the transmission [25].

According to the recent ericsson report, 24.6 billion sensors are expected to be installed

by 2025, which are mostly battery dependent. For this purpose, researchers proposed an

interesting idea of harvesting energy from various environmental sources such as wind,

solar, vibration, and radio frequency (RF) signals [26]. Among them, RF energy harvest-

ing is the most efficient solution due to its reliability, and controllability [15]. There are

two main types of RF energy harvesting wireless network models. Simultaneous Wireless

Information and Power Transfer (SWIPT) [17] and Wireless Powered Communication

Network, referred as WPCN [27]. Specifically in WPCN, a HAP transmits the energy

signal to the destination nodes, i.e., sensors, which then transmit their information using

the harvested energy, to the HAP.

In the context of relay based WPCN, also known as wireless powered cooperative

communication network (WPCCN), authors initially study a simple three node model,

consisting of a HAP, a relay and a user [10, 11, 19]. In these WPCCN works, the re-

lay and user are the EH nodes, which harvest energy in the downlink (DL) from the

HAP, and transmit the information in the uplink (UL) to the HAP. Specifically, [10] de-

rives the closed form expression of the average throughput. [11] presents an approximate

closed-form expression for the throughput of an adaptive transmission (AT) protocol,

whereas [19] investigates the impact of EH relay position on the link outage performance.

In addition, [10] also investigates a multi-relay scenario and proposes a relay selection

scheme based on channel state information (CSI) of the system. [12] extends the three

node model to multi-relay multi-user scenario, with an objective to minimize the time

duration for information and energy transfer. However, the aforementioned studies con-

sider a half-duplex (HD) model. More recently, [20] and [28] consider an FD multi-relay

multi-user WPCCN, with the objectives of transmission time minimization and through-

put maximization through relay selection, respectively. The performance gain achieved
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by the FD WPCCN is always better than the HD counterpart due to the HAP’s ability of

simultaneous information and energy transfer.

Generally, in RF EH networks, the EH rates are very small, which necessitates simple

and low power consuming circuitry. In this scenario, an on-off transmission scheme is

very efficient which requires simple power amplifiers and low processing cost. [29–31]

study a single hop multi-user WPCN based on on-off transmission scheme. In [29, 30],

authors analyze the average error and outage probability in a single user system, whereas

[31] studies a multi-user system with the objective to minimize the schedule length and

maximize the sum throughput. Currently, [21] investigates the scheduling and relay se-

lection problem for an on-off transmission based FD-WPCCN to minimize the schedule

length.

In this chapter, we present an optimization framework for the scheduling and relay

selection problem, with the objective of maximizing the sum throughput of the multi-

relay multi-user FD-WPCCN, considering an on-off transmission scheme, for the first

time in the literature. The main contributions of this chapter are as follows:

• We consider an FD-WPCCN, with HAP and decode-and-forward (DF) relays both

operating in FD mode, for the first time in literature. The relays and users har-

vest energy from the HAP, by using a non-linear energy harvesting model which is

based on a logistic function, and transmit information utilizing on-off transmission

scheme.

• We formulate an optimization problem with the objective of maximizing the sum

throughput of the FD-WPCCN through relay selection and scheduling of the users.

• The formulated optimization problem is a mixed integer non-linear programming

problem which is in general hard to solve for the global optimum. To solve the prob-

lem, we decompose it into two sub-problems: relay selection problem and schedul-

ing problem. We first propose a polynomial time heuristic relay selection algorithm

by studying the characteristics of the optimal solution of optimization problem, for

a known schedule of the users. It is based on the idea of selecting a relay for the user
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with the minimum difference of transmission times between the two hops. Then,

we present the heuristic scheduling algorithm by investigating the characteristics

of the optimal scheduling solution of the original problem. The scheduling algo-

rithm is based on the idea of prioritizing the users with the maximum throughput

performance.

• We evaluate the performance of the proposed algorithms through simulations and

compare them with the other benchmark scheme. We observe that the throughput

can be increased significantly by choosing appropriate relays and schedule of the

users.

The rest of the chapter is organized as follows. In Section 4.2, we present the sys-

tem model and assumptions. In section 4.3, we formulate the optimization problem and

present the polynomial-time heuristic algorithms for the formulated optimization prob-

lem. Section 4.4 evaluates the performance gain of the proposed algorithms through sim-

ulations. Section 4.5 presents the concluding remarks and future directions.

4.2 System Model and Assumptions

We consider a WPCCN architecture, as shown in Fig. 4.1. It consists of a single HAP, K

relays and N users. The HAP and relays are equipped with single FD antenna, whereas

single antenna users operate in HD mode. The FD antenna of the HAP is used for simul-

taneous information and energy transfer in the UL and DL, respectively. The FD antenna

of the relay works in a way that it receives and transmits information from the user to the

HAP simultaneously. The HAP is transmitting a constant power denoted by Ph, whereas

relays and users harvest energy from the HAP in the DL. The UL channel gains from user

n to relay i, and from relay i to HAP are denoted by gn,i, and gi, respectively. The DL

channel gains from HAP to relay i and user n are represented by hi and hn, respectively.

We assume a non-linear energy harvesting model based on logistic function, in which the



Chapter 4: Throughput Maximization for On-Off Transmission scheme based Full-Duplex
Wireless Powered Cooperative Communication Networks 39

 

HAP 

𝑈 1 
  

𝑈 2 
  

𝑈 𝑁 
  

𝑅 2 
  

Energy Transfer 

Information Transfer 

𝑅 𝐾 
  

𝑅 1 
  

β 
  

αk α2 

α1 

Figure 4.1: Full-Duplex Wireless Powered Cooperative Communication Network

energy harvesting rate of user n is given as

Cn =
Ps

(
Ψn −

1
1+eanbn

)(
1 − 1

1+eanbn

) , (4.1)

where Ψn=
1

(1+e−an(Phhn−bn))
. The energy harvesting rate of relay i is expressed as

Ci =
Ps

(
Ψi −

1
1+eaibi

)(
1 − 1

1+eaibi

) , (4.2)

where Ψi=
1

(1+e−ai(Phhi−bi))
, Ps represents the maximum saturation power achieved by the

energy harvesting circuit due to large input power values, constants a and b are linked to

the circuit specifications.

We consider block fading channels, i.e., the channel gains remain constant within the

time frame and may vary from frame to frame. The total time duration is divided into

various scheduling frames. Each scheduling frame is further divided into slots of variable

lengths which are allocated to the users and their selected relays. We assume that the

relays and users can harvest energy from the HAP throughout the time duration except

when they are transmitting information to the HAP in the UL. The harvested energy can



Chapter 4: Throughput Maximization for On-Off Transmission scheme based Full-Duplex
Wireless Powered Cooperative Communication Networks 40

be stored in their batteries with initial battery levels Bi, i ∈ {1, ...,K}, and Bn, n ∈ {1, ...,N},

respectively. The available energy for user n is given by

En = Bn + Cn

n−1∑
l=1

K∑
i=1

xl,i(tl,i + ti) (4.3)

where
∑n−1

l=1
∑K

i=1 xl,i(tl,i + ti) represent the energy harvesting time duration for the user n,

xl,i is a binary variable for the relay selection, which is either 1 or 0, depending on whether

a relay i is assigned to user n or not, tl,i is the information transmission time of user l to

relay i, and ti is the information transmission time of relay i to HAP. The available energy

for relay i is given by

Ei = Bi + Ci

∑
n∈S

K∑
i=1

xn,i(tn,i + ti) (4.4)

where
∑

n∈S
∑K

i=1 xn,i(tn,i + ti) is the energy harvesting time of relay i before its information

transmission time. The set S contains the users, scheduled before user n with their allo-

cated relays. However, those users which have been allocated the same ith relay before

are not included in this set.

We assume a constant on-off transmission power model, in which all the relays and

users in the system have a constant transmission power, denoted by Pmax. The throughput

from the user n to relay i is expressed as

Rn,i = tn,iWlog2

(
1 +

gn,iPmax

αiPmax + N0W

)
(4.5)

where tn,i is the information transmission time of user n to relay i, αiPmax is the self-

interference power at each relay i, i ∈ {1, ...,K}, arises due to the FD mode. N0W is the

noise power, and W is the system bandwidth. The transmission throughput of relay i is

given as

Ri = tiWlog2

(
1 +

giPmax

βPh + N0W

)
(4.6)

where ti is the transmission time of relay i to HAP, and βPh is the self-interference power
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at the HAP. The end-to-end throughput is expressed as [32]

R = min{Rn,i,Ri} (4.7)

4.3 Optimization Framework

4.3.1 Throughput Maximization Problem

In this subsection, we formulate the joint optimization problem for scheduling and relay

selection with the objective of maximizing the sum throughput of the system. It is denoted

by TM− SRP, and is presented as follows: TM− SRP

max
N∑

n=1

K∑
i=1

xn,i min{Rn,i,Ri} (4.8a)

subject to
N∑

n=1

K∑
i=1

tn,i +

K∑
i=1

ti ≤ 1, (4.8b)

En − tn,iPmax ≥ 0;∀n ∈ {1, ..,N} (4.8c)

Ei − tiPmax ≥ 0;∀i ∈ {1, ..,K} (4.8d)
K∑

i=1

xn,i = 1;∀n ∈ {1, ..,N} (4.8e)

smn + snm = 1;∀m, n ∈ {1, ..,N} (4.8f)

variables

tn,i, ti,≥ 0;∀n, i; xn,i ∈ {0, 1}; smn ∈ {0, 1}; (4.8g)

The decision variables of the TM− SRP are xn,i, a binary relay selection variable, which

takes value 1 if user n is assigned to relay i, and 0 otherwise; tn,i and ti, the transmission

times of the two hops i.e., from user n to relay i, and relay i to HAP; and smn, a binary

scheduling variable, which is 1 if user m transmits before user n, and 0 otherwise.

The objective of the TM− SRP is to maximize the sum throughput, as given in Eqn.

(4.8a). Eqn. (4.8b) represents a normalized schedule length of 1 to transmit information.

Eqns. (4.8c) and (4.8d) represent the energy causality constraints of the users and relays,

respectively. Energy causality guarantees that the consumed energy must be less than or
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equal to the available energy. Eqn. (4.8e) ensures that only one relay assists a particular

user in its information transmission. Eqn. (4.8f) represents a scheduling constraint, i.e., if

user m transmits its information first, then some other user n cannot transmit before user

m.

The TM− SRP is a mixed integer non-linear programming problem, which is in

general difficult to solve for global optimal solution. As a solution strategy, we first pro-

pose a polynomial-time heuristic relay selection algorithm for a predetermined schedule

of the users, by incorporating the characteristics of the optimal solution of TM− SRP.

After the relay selection, we present the heuristic scheduling algorithm by exploiting the

properties of the optimal solution of TM− SRP.

4.3.2 Relay Selection Algorithm

In this subsection, we propose a polynomial-time heuristic relay selection algorithm for

a predetermined schedule of the users. We observe that the TM− SRP is a mixed inte-

ger non-linear programming problem, and is very difficult to solve for the global optimal

solution. One approach to solve TM− SRP is the exhaustive search, in which we enu-

merate all the possible transmission order of the users and the relay-user combinations,

and then select the scenario yielding the maximum throughput value. However, this solu-

tion is intractable due to O(KN × N!) computational complexity, where KN represents the

possible relay-user combinations and N! is the possible transmission orders of the users.

On the other hand, the predetermined schedule and relay selection problem, i.e., smn and

xn,i are given, is a convex optimization problem. Therefore, to overcome this exponen-

tial computational complexity of the optimal exhaustive search and to better understand

the optimization problem, we first study the characteristics of the optimal relay allocation

solution of TM− SRP, in the following discussion.

Since the DF relays in the network operate in FD mode of transmission, each relay

achieves the maximum throughput performance gain when assigned to a user with the

minimum transmission time difference of the two hops. Suppose, for a user n, ∆i = |tn,i−ti|

and ∆k = |tn,k− tk| be the difference of transmission time of the two hops using relays i and

k, respectively. If ∆k > ∆i, the throughput performance achieved by the user n via relay
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i is better as compared to the performance via relay k i.e., min{Rn,i,Ri} > min{Rn,k,Rk}.

Specifically, for a user n to transmit the same number of bits, over the two hops using

relay i, the transmission time difference of the hops from user n to relay i and from relay

i to the HAP should be minimum to achieve the maximum end-to-end throughput.

Based on the above discussion, we propose a polynomial-time heuristic relay selection

algorithm for a predetermined schedule of the users, referred as Best Relay and Predeter-

mined Schedule (BRPS), in Algorithm 4. It is based on the idea of selecting a relay for

each user with the minimum transmission time difference of the two hops i.e., |tn,i − ti|,

where tn,i =
En,i

Pmax
and ti = Ei

Pmax
.

The BRPS Algorithm 4 is described in detail as follows. It takes the set of relays K

and users N as input, and returns the set of selected relays R for all the users as output.

For each user n in the system, it calculates tn,i and ti, for all the relays, respectively (Line

2), and allocates a relay to the user which provides minimum |tn,i − ti| (Line 3). The BRPS

Algorithm terminates when all the users are being allocated the relays. The computational

complexity of BRPS is O(N).

Algorithm 4 Best Relay and Predetermined Schedule (BRPS) Algorithm
input: relays K and predetermined scheduled users N
output: Relay selection set R

1: for n = 1 : |N| do
2: Calculate tn,i, ti, ∀i
3: z← argmini∈K (|tn,i − ti|),
4: R ← R + {z},
5: end for

After the relay selection algorithm BRPS, the problem reduces to a scheduling prob-

lem. In the next subsection, we present the polynomial time heuristic scheduling algo-

rithm by discussing the properties of TM− SRP.

4.3.3 Scheduling Algorithm

In this subsection, we propose a polynomial-time heuristic scheduling algorithm, referred

as Best Relay and Best Schedule (BRBS), for the relay-user set obtained from BRPS algo-

rithm. For this purpose, we first present the optimal scheduling property of TM− SRP
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in the following Lemma.

Lemma 4. In the optimal solution of TM− SRP, for any two users n and m, and Rn >

Rm, if tn = 0, then tm = 0, where Rl = min{Rl,i,Ri}, tl = min{tl,i, ti}, and l ε [n,m].

Proof. The lemma can be proved by contradiction. Suppose that t∗ = [t∗1, t
∗
2, ..., t

∗
N] repre-

sent the set of optimal transmission time of the users. In this optimal set, t∗n=0 and t∗m >0

for some users n and m with rates Rn > Rm. Now, for some positive t′ > 0, which do not

violate the energy causality constraint of user n, we can divide the transmission time of

user m into time slots having lengths t∗m − t′ and t′, respectively. We can allocate t∗m − t′ to

user m, and t′ to user n, which in turn increases the throughput by an amount t′(Rn − Rm).

The term t′(Rn − Rm) is strictly positive. This is a contradiction. �

Based on Lemma 4, the high rate users in the network must be prioritized to transmit

the information and the final schedule must not necessarily contain all the users of the

network. The final schedule can be any subset of the users, as long as it achieves the

objective i.e., to maximize the throughput. Moreover, it is possible that the maximum

throughput user i.e., maxiεR {min(Rn,i,Ri)} can occupy the entire frame length T , where R

is the set of relays allocated to the users by using BRPS Algorithm.

In the following, we present the BRBS Algorithm. The BRBS algorithm takes the set

of users N , sorted in decreasing order of transmission rates with their selected relays R

obtained from the BRPS algorithm, and transmission times tn,i, ti. It returns the sched-

ule set S and resulting sum throughput R(S) of the system. It starts by initializing the

unallocated time T to 1 (Line 1). In each step, BRBS allocates the maximum feasible

transmission time to the maximum rate user (Line 4). Note that it starts allocating time

from the end of the scheduling frame T , so that the users with higher rates can harvest

more energy. It keeps updating unallocated transmission time T (Line 5), and terminates

if T becomes 0 at any step (Line 6). Otherwise, it schedules all the users accordingly, and

the remaining unallocated time is considered as to (Line 9), which represent the energy

harvesting or waiting time until the first user in the network starts transmitting. Finally,

BRBS algorithm returns the schedule set S and the corresponding sum throughput R(S).

The computational complexity of BRBS is O(N).
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Algorithm 5 Best Relay and Best Schedule (BRBS) Algorithm
input: set of users N sorted in decreasing order of transmission rates with their selected
relay set R , tn,i, ti, ∀n, ∀iεR
output: schedule set S, throughput R(S)

1: T = 1
2: for n = 1 : |N| do
3: obtain the corresponding tn,i and ti,
4: tn ← min{(tn,i, ti),T },
5: T ← T − tn,
6: if T = 0 then break,
7: end if
8: end for
9: to ← T ,

10: Obtain S ← {1, 2, ...., n}
11: Obtain R(S)←

∑n
l=1 tlrl

4.4 Performance Evaluation

In this section, we evaluate the throughput performance of the proposed heuristic algo-

rithms BRBS and BRPS, and compare them to the optimal BFA solution which is ex-

ponential time complex and other polynomial time heuristic algorithm as benchmark,

namely, PRPS; predetermined relay and predetermined schedule. As the name suggests,

in PRPS, we assume a predetermined relay allocation and predetermined schedule of the

users. Moreover, in the simulations, for fair comparison, we terminate all the algorithms

once the condition T = 1s is achieved. The simulations are obtained in MATLAB and

are averaged over 1000 random network realizations. For large scale fading, we used the

model given as

PL(d, dB) = PL(d0, dB) + 10αlog10(d/d0) + Z (4.9)

where, PL(d, dB) is the path loss in dB at distance d, d0 is the reference distance, α is the

path loss exponent. Z is a zero mean Gaussian random variable, and its standard deviation

is σ. We assume a network of N=10 users, HAP power value Ph=1W, Pmax=10−3W,

battery levels Bi = Bn = 1e−8, unless otherwise stated. The other simulation parameters

are W=1 MHz; β=-80 dB; do=1 m; PL(do)=30 dB; α=2.76; and σ=4 [14]. For the non-
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Figure 4.2: Throughput of the algorithms for different HAP transmit power values Ph

linear EH model based on logistic function, Ps = 5mW, a = 1500 and b = .0022.

4.4.1 Throughput versus HAP power Ph

Fig. 4.2 illustrates the throughput performance of the algorithms for different HAP power

Ph values. The throughput of the system increases with the increasing HAP power. It is

due to the fact that higher Ph values allow the relays and users to harvest more energy in

less time, thus increasing the throughput. The proposed BRBS algorithm performs close

to the optimal BFA solution. Note that the optimal BFA is exponential time complex,

whereas the proposed BRBS has polynomial time complexity. BRBS performance is

followed by the BRPS in which we assume the predetermined schedule of the users and

perform the relay allocation only. The benchmark PRPS algorithm in which we assume

the predetermined schedule and relay allocation, achieves the least performance gain,

showing the significance of determining an appropriate relay and optimal schedule of the

users.

4.4.2 Throughput versus Pmax

Fig. 4.3 shows the throughput performance of the algorithms for different Pmax values. We

observe that the throughput decreases with increasing Pmax. It is because the relays and

users need more time to harvest energy to afford information transmission at high Pmax

values, which results in an increased unallocated initial harvesting time, and therefore,
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Figure 4.3: Throughput of the algorithms for different values of Pmax

Figure 4.4: Throughput for different network densities

decrease in allocated transmission time for the users. The proposed BRBS algorithm

performs very close to the optimal BFA and outperforms other heuristic BRPS and PRPS

algorithms, showing the significance of determining an appropriate relay and optimal

schedule of the users.

4.4.3 Throughput versus network size

Fig. 4.4 compares the throughput performance of the proposed BRBS and BRPS al-

gorithms as compared to the optimal BFA and benchmark PRPS schemes for different

network sizes. We observe that the throughput increases with the network size, as ex-

pected. With the increasing network size, the better throughput performance achieved by
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Figure 4.5: Throughput of the algorithms for different initial battery levels

the proposed BRBS algorithm as compared to BRPS shows the significance of schedul-

ing of the users in the network. Moreover, the BRPS achieves better performance gain as

compared to the benchmark PRPS signifies the importance of appropriate relay selection

for the users in the network. Note that the polynomial time BRBS algorithm performs

very close to the exponential time complex optimal BFA solution.

4.4.4 Throughput versus battery levels of the nodes

Fig. 4.5 shows the throughput for different initial battery levels of the nodes i.e., relays and

users, in the network. We observe that the throughput increases with the increasing battery

levels. Higher battery levels allow the nodes to transmit their information in shorter time

durations, which in turn increases the throughput of the system. The proposed BRBS

algorithm performs very close to the optimal BFA solution followed by BRPS and PRPS

algorithms, respectively.

4.5 Conclusion and Future Works

In this chapter, we investigate the throughput maximization problem through appropriate

relay selection and scheduling of the users of the FD-WPCCN. The formulated optimiza-

tion problem is a mixed integer non-linear programming problem. To solve the problem,

we divide the problem into two sub-problems: relay selection and scheduling problem.

First, for a predetermined schedule, we present the polynomial time heuristic relay se-
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lection algorithm by discussing the characteristics of the original optimization problem.

Then, we extend the problem to the scheduling problem and present the polynomial time

heuristic scheduling algorithm. We evaluate the performance of the proposed algorithms

through simulations and observe that the throughput of the system can be significantly

increased by using appropriate relays and optimal schedule of the users in the network. In

future, we will incorporate multiple hybrid access points in our system.
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Chapter 5

OPTIMIZATION OF FULL-DUPLEX RELAYING SYSTEM WITH

NON-LINEAR ENERGY HARVESTER

Simultaneous wireless information and power transfer (SWIPT) is a promising tech-

nique to prolong the lifetime of energy constrained relay-based systems. Most of the

existing literature on relay-based SWIPT systems incorporate linear energy harvesting

(EH) model. This chapter incorporates a non-linear EH model into the full-duplex (FD)

amplify-and-forward (AF) relay-based system for the first time in the literature. We

consider a practical non-linear energy harvester model namely constant-linear-constant

(CLC) EH model, which takes into account the sensitivity and saturation characteristics

of the EH circuit. First, the end-to-end outage probability of the system is derived for

the time-switching (TS) based relay protocol. To prevent the outage performance degra-

dation, the outage throughput and energy efficiency (EE) of the system is maximized by

optimizing the TS parameter. Since the formulated problems are convex in nature, the

golden-section method is used to find the optimal TS solution. Numerical results reveal

the significance of employing a non-linear EH model by demonstrating the difference of

the proposed model from the traditional linear EH model system and importance of using

full-duplex relay by showing large performance gain over half-duplex relay-based (HDR)

system, in terms of outage probability, throughput, and EE.

5.1 Introduction

Beyond 5th generation (5G) wireless communication systems face huge challenges for

high data rates, reliability, and energy efficiency of communication [33]. Cooperative

relaying, where a source node transmits a data signal to the destination, a third node over-

hears it and relays the signal to the destination as well, is an efficient technique to provide
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reliable transmission, high throughput and long coverage [34, 35]. On the other hand,

in recent years, energy harvesting (EH) from various renewable sources such as wind,

solar, and radio frequency (RF) has been realized as a potential solution to prolong the

lifetime of energy constrained communication networks [36]. Among these renewable

sources, harvesting energy from the radio frequency (RF) is an efficient option for future

wireless systems because of its controllability, reliability, and lower cost [15]. Since RF

signals can carry both energy and information, simultaneous wireless information and

power transfer (SWIPT), which is a combination of wireless information transfer and

wireless power transfer (WPT) has received the great attention from the researchers re-

cently [37]. In many applications of SWIPT, wireless powered relaying is one typical

application scenario for cooperative systems, in which the energy constrained intermedi-

ate relay nodes rely on the harvested energy from RF signals of the source to assist its

communication to the destination. There are two types of relay commonly being used,

amplify-and-forward (AF) [38], where a relay node amplifies the received signal from the

source and sends it to the destination and decode-and-forward (DF) [39], where a relay

node first decodes the received signal and then sends it to the destination. For energy har-

vesting and information transmission, the relay nodes use two prominent architectures,

namely, time-switching (TS) and power-splitting (PS) protocols [37], [40]. In TS-based

SWIPT protocol, the relay harvests power from an energy signal sent by the source and

receives the source transmitted information signal in two different time phases, whereas,

in PS-based SWIPT, the received source signal is split into two signal streams to perform

energy harvesting and information processing.

Initially, SWIPT-aided two-hop relaying systems incorporate half-duplex (HD) transmis-

sion and traditional linear energy harvesting (EH) model [38–43]. The traditional linear

EH model assumes that the output power of an energy harvester is linearly dependent on

its input power. [40] derives the analytical expressions for the outage probability and er-

godic capacity of an HD-AF relay-based system incorporating the TS and PS protocols,

whereas [38] studies the system of [40] in the presence of interference at the relay and des-

tination. In [41], the authors investigate the outage performance of an HD-AF relay-based

system with PS protocol in the presence of a direct link between source and destination,
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whereas [42] incorporates the adaptive relaying (AR) protocol based on TS-PS protocol

in HD-AF relay-based system. In [39], the authors derive the analytical expressions of

the achievable throughput and ergodic capacity of an HD-DF relaying network for both

TS and PS schemes. [43] studies an energy efficiency maximization (EEM) optimization

problem for the multi-user multi-carrier energy-constrained HD-AF multi-relay network

under the total source transmit power budget and energy-causality constraints. However,

the limitation of the aforementioned relaying SWIPT systems to HD transmission results

in loss of spectral efficiency. Therefore, full-duplex (FD) relaying, which utilizes the

scarce frequency spectrum more efficiently by supporting simultaneous signal transmis-

sion and reception at the same frequency band, has been exploited.

FD relaying SWIPT systems with a linear EH model are investigated in [9, 44–53]. The

throughput of the FD-AF and DF relaying system based on a TS receiver structure is

investigated in [44]. Later on, [45] extended the work of [44] to the FD multi-antenna

system. In [46], the authors study the outage probability of the FD-DF relay system incor-

porating the PS protocol, whereas in [47] the outage probability and throughput of FD-AF

relay system incorporating TS protocol are analyzed under the QoS constraints. [9] dis-

cusses the problem of relay selection in FD two-way communication system whereas, [48]

analyzes the outage performance of four different energy harvesting schemes based on

two-way communication FD relay system. [49] studies the outage performance for the

SWIPT FD-EH relay system, with the relay node subjected to co-channel interference

(CCI), under PS protocol. [50] analyzes the outage probability of the EH-based FD AF

and DF relay system in α-µ environment, under TS protocol. [51] studies an FD-AF mul-

tiple relay system employing SWIPT receivers operating in interference channels under

PS protocol and presents power allocation problem using game theory. [52] presents the

problem of maximizing the energy efficiency of an FD-AF MIMO-OFDM system with

self-energy recycling, whereas [53] analyzes an FD-AF MIMO relay system based on an-

tenna switching with self energy recycling and presents the problem of maximizing the

spectral efficiency. The above mentioned full-duplex systems are all based on the con-

ventional linear EH model. As stated above, the linear EH model assumes that the output

power of the energy harvester is linearly dependent on its input power. However, the
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components of the EH circuit in a real system are non-linear, and the traditional linear

EH model is unrealistic. As a result, researchers start to study the practical non-linear EH

models based on RF signals [22, 32, 54–73].

The non-linear EH model based on sigmoid function has been studied in [22, 54–62],

where as authors in [63–68] incorporates the non-linear EH model based on a linear-

constant (LC) function. [69] studies the non-linear EH model based on a quadratic func-

tion and [70, 71] on a polynomial function obtained by a Taylor series expansion of the

diode output in the rectifier. These non-linear EH models incorporate only the saturation

effect of the EH circuit. Only recently, the authors in [32, 72, 73] incorporate the sensi-

tivity characteristic of the EH circuit in modeling non-linear models which is known as

constant-linear-constant (CLC) model. Considering the sensitivity characteristic is im-

portant for EH circuits containing diodes.

The developed non-linear EH models are being used in the design and analysis of various

SWIPT systems [56–62], [64–68], [71], [32]. For the non-linear EH model relay-based

systems specifically, based on the sigmoid function [22], [61] study the PS scheme for the

HD-AF relay-based system in the presence of a direct link between source and destination,

where as [62] studies the resource allocation and relay selection in a two-hop AF relay-

assisted HD multi-user orthogonal frequency division multiple access (OFDMA) network

with PS scheme. Based on LC model, [64] calculates the outage capacity of the HD-AF

relay system with TS protocol, whereas [65] deduces the expression of the secret outage

probability in the HD multi-DF relay-based system with PS protocol. The outage prob-

ability of the HD-DF relay-based system incorporating PS protocol under the imperfect

channel is presented in [66]. [67] studies the dynamic PS schemes for the HD-AF relay-

based system under the perfect and imperfect channel scenario. In [68], the authors derive

the expressions for the outage probability of the HD-DF relay system in the interference-

limited environment. [72] studies the two way communication rate regions under fixed

and mobile relays based on CLC function. However, the systems mentioned above are

limited to HD mode of transmission. Authors in [32] study the outage performance and

QoS optimization of a full-duplex relay system with a constant-linear-constant (CLC)

energy harvesting model, considering both the finite sensitivity and saturation character-
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istics of the EH circuit. Based on the TS scheme, the authors incorporate the DF relay to

co-operate between the source and destination.

Motivated by the previous works, this chapter incorporates a non-linear EH model into

an FD-AF relay-based system for the first time in literature. We consider a practical CLC

EH model, which takes into account both the sensitivity and saturation characteristics of

the EH circuit [73], [32]. The main contributions of this chapter are as follows:

• We provide the analysis of the outage probability of an FD-AF relay-based system

incorporating a non-linear constant-linear-constant (CLC) EH model, considering

both the sensitivity and saturation characteristics of the EH circuit for the first time

in the literature.

• We optimize the TS scheme to maximize the system outage throughput and EE un-

der the non-linear EH model. The formulated optimization problems are observed

to be convex. Therefore, we exploit the golden-section method to find the optimal

TS solution.

• The numerical results reveal that the performance of the proposed system under

the non-linear EH model is different from the linear model system and illustrates

the importance of using FD relay by showing significant performance gain over an

HDR system incorporating both linear and non-linear EH models.

The rest of this chapter is organized as follows. Section 5.2 presents the system model

and the non-linear energy harvesting model. In Section 5.3, the outage probability analy-

sis of an FD-AF relaying system is analyzed. Section 5.4 and 5.5 present the optimization

problems of maximizing the outage throughput and energy efficiency (EE) of the system

and their solutions, whereas, in Section 5.6, numerical results are presented. Section 5.7

concludes the chapter.

5.2 System Model

We consider a two-hop wireless communication system, where the information is trans-

ferred from the source node S to the destination node D, through an energy constrained in-
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Figure 5.1: Full-duplex AF relay-based EH system

termediate relay node R, as shown in Fig. 5.1. Source and destination nodes are equipped

with a single antenna, whereas relay contains two antennas (one receive antenna and one

transmit antenna). We choose AF relay because of its following advantages. 1. Lower

implementation and computational complexity. 2. Less delay at the relay terminal. 3.

Transparent to the modulation/coding used by the source node. We assume that the AF

relay operates in FD transmission mode and harvests energy from the source node. Due

to the environmental limitations, we assume that there is no direct link between the source

and destination, and communication can only be established via a cooperative relay node.

We assume that the channel state information (CSI) is available to all the nodes. We obtain

CSI by channel estimation in the training phase. First, the relay and destination transmit

their own pilot signals, respectively. Hence, the CSI of source-relay link is obtained at the

source, and CSI of relay-destination link is obtained at the relay. Then, the relay forwards

CSI indicator to the source to indicate the CSI of relay-destination and self-interference

link. Hence, CSI of all links in a two-hop FD relaying system is acquired at the source.

We assume that h1 and h2 denote the channel coefficients of the source-to-relay and relay-

to-destination links, respectively, and hR denotes the self-interference channel coefficient.

The channels are quasi-static non-frequency selective Rayleigh fading, so the PDF and

CDF of hk (k ε (1), (2), (R)) can be written as

f|hk |2(x) =
1
λk

e−
x
λk (5.1)

F|hk |2(x) = 1 − e−
x
λk (5.2)

where λk denotes the mean value of |hk|
2.
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5.2.1 Time-Switching (TS) Protocol

Relay’s receiver architecture is based on time-switching (TS) protocol [44, 45], [47]. The

framework of TS is presented in Fig. 5.2, where the time slot T is divided into two phases,

where the relay works in HD mode in the first time slot but FD mode in the second time

slot. The first phase is of duration αT . This phase is used to transfer energy from the

source to the relay. The second phase is of (1 − α)T duration and is used to transfer

the information from the source to the destination via a relay. The relay operates in FD

mode in the second phase, i.e., receives the information from the source and transmits

the information to the destination simultaneously. We consider a harvest-use strategy,

where we assume that all the energy harvested by the relay in αT time fraction is used

to transmit information to the destination in (1 − α)T time fraction. For simplicity, we

normalize the time period T to be equal to 1. We assume the usage of TS protocol because

it outperforms PS protocol at low signal-to-noise-ratios and high transmission rates [40].

During the energy harvesting phase, the signal received at the relay at time t is

Figure 5.2: Block diagram of relay receiver architecture based on TS protocol

zR(t) = h1

√
Psxs(t) + nR(t) (5.3)

where Ps represents the transmission power at the source node, xs is the normalized trans-

mitted signal with E(|xs(t)|2)=1 for all t, nR(t) is the additive white Gaussian noise at relay

at time t, CN ∼ (0, σ2
R).

During the information transmission phase, the signal received at the relay is

yR(t) = h1

√
Psxs(t) + hR

√
PRxR(t) + nR(t) (5.4)
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where hR
√

PRxR(t) is the self-interference signal due to the FD mode of the relay. After

receiving the signal from the source node, the AF relay multiplies it with an amplification

gain GR and then forwards the signal to the destination. Hence, the signal at the destination

at time t is given by

yD(t) = h2GRyR(t) + nD(t) (5.5)

yD(t) = h2GRh1

√
Psxs(t) + h2GRhR

√
PRxR(t) + h2GRnR(t) + nD(t) (5.6)

where nD(t) is the additive white Gaussian noise at the destination at time t, CN ∼ (0, σ2
D)

and amplification factor GR is expressed as

GR =

√
PR

Ps|h1|
2 + PR|hR|

2 + σ2
R

(5.7)

Considering Eqn. 5.6, the end-to-end signal-to-noise ratio SNR of the system, after some

algebraic manipulations, can be express as in [74]

γ =
PsPR|h1|

2|h2|
2

P2
R|h2|

2|hR|
2 + PR|hR|

2σ2
D + Ps|h1|

2σ2
D

(5.8)

The end-to-end rate of the system can be expressed as

R = (1 − α) log2(1 + γ) (5.9)

5.2.2 Constant-Linear-Constant (CLC) EH Model

In this work, we consider the non-linear EH model known as CLC. It takes into account

the sensitivity and saturation characteristics of the EH circuit. Fig. 5.3 shows the har-

vested power for different input power values for two EH models, namely, linear EH

model and CLC non-linear EH model [32, 73]. For the CLC EH model, when the input

power is below the sensitivity value Pmin, the EH circuit does not harvest any energy.

When the input power becomes greater then Pmin, the circuit operates in linear fashion

but when it reaches the saturation value Pth, the output power of the harvester becomes
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constant.

Therefore, the transmission power of the relay can be expressed as

Figure 5.3: Constant-Linear-Constant (CLC) based non-linear EH model

PR =


0, Ps|h1|

2 < Pmin

ηPs |h1 |
2α

1−α , Pmin ≤ Ps|h1|
2 ≤ Pth

ηPthα

1−α , Ps|h1|
2 > Pth

(5.10)

where, η is the energy conversion efficiency. The existence of these three regions in the

PR expression results in three regions in SNR expressions. This is the main challenge we

have to tackle in this study. Therefore, the end-to-end SNR can be expressed respectively

as

γ =



0, Ps|h1|
2 < Pmin

Ps |h1 |
2 |h2 |

2

aPs |h1 |2 |h2 |2 |hR |2+|hR |2σ
2
D+

σ2
D
a

, Pmin ≤ Ps|h1|
2 ≤ Pth

Ps |h1 |
2 |h2 |

2

aPth |h2 |2 |hR |2+|hR |2σ
2
D+

Ps |h1 |
2σ2

D
aPth

, Ps|h1|
2 > Pth

(5.11)

where a = ( ηα

1−α ).
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5.3 Outage Analysis of FD-AF Relaying System

An outage in the system happens when the rate is smaller than the target rate Rth. There-

fore, outage probability can be defined as

Pop = Pr(R < Rth) = Pr(γ < γth) (5.12)

where γth = 2Rth − 1 represents the target SNR of the system. Considering the existence

of three regions in the end-to-end SNR expressions of Eqn. (5.11) of the system, we can

derive

Pop = 1 − I1 − I2 − I3 (5.13)

where

I1 = Pr(γ > γth, Ps|h1|
2 < Pmin) (5.14)

I2 = Pr(γ > γth, Pmin ≤ Ps|h1|
2 ≤ Pth) (5.15)

I3 = Pr(γ > γth, Ps|h1|
2 > Pth) (5.16)

Now, we calculate I1, I2, and I3 separately.

• I1 = Pr(γ > γth, Ps|h1|
2 < Pmin)

For the case of I1, the input power Ps|h1|
2 is below the sensitivity level Pmin, the relay

does not harvest energy, due to which information cannot be transferred to the destination.

Hence I1 = 0.

• I2 = Pr(γ > γth, Pmin ≤ Ps|h1|
2 ≤ Pth)

After some algebraic manipulations, I2 in Eqn. (5.15) can be written as,

I2 = Pr
(
|h1|

2 > C, A ≤ |h1|
2 ≤ B

)
(5.17)
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where A = Pmin
Ps
, B = Pth

Ps
and C =

γth(|hR |
2σ2

D+
σ2

D
a2 )

Ps |h2 |2(1−aγth |hR |2)

We can divide I2 into two further cases, namely when C ≤ A and A < C ≤ B. Now, we

solve for these two cases.

Case I : Note that when C ≤ A, Eqn. (5.17) becomes

I2.1 = Pr(C ≤ A, A ≤ |h1|
2 ≤ B) (5.18)

Putting the expressions of A,B, and C, and considering the fact that |h1|
2 and |h2|

2 are

independent random variables, we can write I2.1 as,

I2.1 = Pr
(
|h2|

2 >
γth(|hR|

2σ2
D +

σ2
D

a )
(1 − aγth|hR|

2)Pmin

)
Pr(A ≤ |h1|

2 ≤ B) (5.19)

I2.1 can be further classified into two cases depending on the fact that |h2|
2 is a positive

value.

I2.1 =


Pr

(
|h2|

2 <
γth(|hR |

2σ2
D+

σ2
D
a )

(1−aγth |hR |2)Pmin

)
, |hR|

2 < 1
aγth

Pr
(
|h2|

2 >
γth(|hR |

2σ2
D+

σ2
D
a )

(1−aγth |hR |2)Pmin

)
= 1, |hR|

2 > 1
aγth

(5.20)

Therefore, I2.1 can be calculated as

I2.1 =

{
1 −

[ 1
aγth∫
0

F|h2 |2

( γth(xσ2
D +

σ2
D

a )
(1 − aγthx)Pmin

)
f|hR |2(x)dx +

∞∫
1

aγth

f|hR |2(x)dx
]}[

F|h1 |2(B) − F|h1 |2(A)
]

(5.21)

After solving the integral in Eqn. (5.21) by standard integral evaluation method, we get

I2.1 =

[ 1
λR

1
aγth∫
0

e
−

(
γth(xσ2

D+
σ2

D
a )

(1−aγth x)Pminλ2
+ x
λR

)
dx

]
[F|h1 |2(B) − F|h1 |2(A)] (5.22)
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Since, there is no closed-form expression for the integral 1
λR

1
aγth∫
0

e
−

(
γth(xσ2

D+
σ2

D
a )

(1−aγth x)Pminλ2
+ x
λR

)
dx , we

employ Gaussian-Chebyshev quadrature [75] to achieve an approximation of I2.1 as

I2.1 ≈

[
π

2λRaγthN

N∑
n=1

√
1 − an f (bn)

][
e−

A
λ1 − e−

B
λ1

]
(5.23)

where N is a parameter that determines the trade off between complexity and accuracy,

an=cos2n−1
2N π, and bn=

1
2aγth

[an + 1].

Case II : When A < C ≤ B , I2 becomes

I2.2 = Pr(A < C ≤ B,C ≤ |h1|
2 ≤ B) (5.24)

Putting the expressions for A, B and C, and after some algebraic manipulations, we can

write I2.2 as

I2.2 = Pr
(
γth(|hR|

2σ2
D +

σ2
D

a )
Ps|h2|

2(1 − aγth|hR|
2)
< |h1|

2 ≤ B,
γth(|hR|

2σ2
D +

σ2
D

a )
(1 − aγth|hR|

2)Pth
≤ |h2|

2 ≤
γth(|hR|

2σ2
D +

σ2
D

a )
(1 − aγth|hR|

2)Pmin

)
(5.25)

We can further classify I2.2 on the basis of the value of random variable |hR|
2 as


1

aγth∫
0

{ G∫
F

B∫
E

f|h1 |2
(x) f|h2 |2

(y)dxdy
}

f|hR |2
(z)dz, |hR|

2 < 1
aγth

0, |hR|
2 > 1

aγth

(5.26)

Therefore, I2.2 can be written as

I2.2 =

1
aγth∫
0

{ G∫
F

B∫
E

f|h1 |2(x) f|h2 |2(y)dxdy
}

f|hR |2(z)dz (5.27)

where E =
γth

(
|hR |

2σ2
D+

σ2
D
a

)
Psy

(
1−aγth |hR |2

) , F =
γth

(
|hR |

2σ2
D+

σ2
D
a

)
Pth

(
1−aγth |hR |2

) ,G =
γth

(
|hR |

2σ2
D+

σ2
D
a

)
Pmin

(
1−aγth |hR |2

) and
{ G∫

F

B∫
E

f|h1 |2(x) f|h2 |2(y)dxdy
}

is the joint CDF of |h1|
2 and |h2|

2. The integral in Eqn. (5.27) can be solved by incorpo-
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rating Gaussian-Chebyshev quadrature approximation. After solving, we get Eqn. (5.28).

I2.2 ≈ e−
B
λ1

[
−π

2λRaγthN

N∑
n=1

√
1 − an f1(bn) +

π

2λRaγthN

N∑
n=1

√
1 − an f2(bn)

]
+

1
λ2λR

1
aγth∫
0

(
(
G − F

2
)

N∑
n=1

π

N

√
1 − an f (bn)

)
e−

z
λR dz

(5.28)

Since, the Gaussian approximation lies inside the integral in Eqn. (5.28), we can not find

the final closed-form approximation without integral.

• I3 = Pr(γ > γth, Ps|h1|
2 > Pth)

For the case of I3, when the input power PS |h1|
2 is greater than the threshold level Pth,

putting the expression for γ, and after some algebraic manipulations, Eqn. (5.16) becomes

I3 = Pr(|h1|
2 > D, |h1|

2 > B) (5.29)

where D =

(
γth(aP2

th |h2 |
2 |hR |

2+|hR |
2σ2

D)

Ps

(
|h2 |2−

γthσ
2
D

aPth

) )
. We can further classify I3 into two cases described

below. Case I : Note that when D < B, Eqn. (5.29) becomes

I3.1 = Pr(|h1|
2 > B,D < B) (5.30)

After incorporating the expressions of B and D and the fact that |h1|
2 and |hR|

2 are inde-

pendent random variables, we can write I3.1 as,

I3.1 = Pr(|h1|
2 > B)Pr

(
|hR|

2 <
Pth(|h2|

2 −
γthσ

2
D

aPth
)

γth(aPth|h2|
2 + σ2

D)

)
(5.31)

We can futher divide I3.1 based on the fact that |hR|
2 is a positive value.

I3.1 =


Pr

(
|hR|

2 >
Pth(|h2 |

2−
γthσ

2
D

aPth
)

γth(aPth |h2 |2+σ2
D)

)
= 1, |h2|

2 <
γthσ

2
D

aPth

Pr
(
|hR|

2 <
Pth(|h2 |

2−
γthσ

2
D

aPth
)

γth(aPth |h2 |2+σ2
D)

)
, |h2|

2 >
γthσ

2
D

aPth

(5.32)
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Therefore, we can write I3.1 as Eqn. (5.33).

I3.1 =

[ γthσ
2
D

aPth∫
0

f|h2 |2(x)dx +

∞∫
γthσ

2
D

aPth

F|hR |2

( Pth(x − γthσ
2
D

aPth
)

γth(aPthx + σ2
D)

)
f|h2 |2(x)dx

][
1 − F|h1 |2(B)

]
(5.33)

After solving the integral in Eqn. (5.33) by using the standard integral evaluation method,

we get

I3.1 =

[
1 −

1
λ2

∫ ∞

γthσ
2
D

aPth

e
−

(
Pth(x−

γthσ
2
D

aPth
)

γth(aPth x+σ2
D)λR

+ x
λ2

)
dx

][
e−

B
λ1

]
(5.34)

Since there is no closed-form expression for the integral
∫ ∞
γthσ

2
D

aPth

e
−

(
Pth(x−

γthσ
2
D

aPth
)

γth(aPth x+σ2
D)λR

+ x
λ2

)
dx, and

due to infinite limit, we can not approximate through Gaussian-Chebyshev quadrature.

Case II : When D > B, I3 can be written as

I3.2 = Pr(|h1|
2 > D,D > B) (5.35)

After some algebraic manipulations, we can write I3.2 as Eqn. (5.36).

I3.2 = Pr
(
|h1|

2 >
γth(aPth|h2|

2|hR|
2 + |hR|

2σ2
D)

Ps

(
|h2|

2 −
γthσ2

D
aPth

) , |hR|
2 >

Pth

(
|h2|

2 −
γthσ2

D
aPth

)
γth(aPth|h2|

2 + σ2
D)

)
(5.36)

By observing Eqn. (5.36), we can further classify I3.2 on the basis of |h2|
2.


0, |h2|

2 <
γthσ

2
D

aPth
∞∫

γthσ
2
D

aPth

{
∞∫
J

∞∫
I

f|h1 |2
(x) f|hR |2

(y)dxdy
}

f|h2 |2
(z)dz, |h2|

2 >
γthσ

2
D

aPth
(5.37)
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Therefore, I3.2 can be written as,

I3.2 =

∞∫
γthσ

2
D

aPth

{ ∞∫
J

∞∫
I

f|h1 |2(x) f|hR |2(y)dxdy
}

f|h2 |2(z)dz (5.38)

where I =
γth

(
yσ2

D+yaPth |h2 |
2
)

Ps

(
|h2 |2−

γthσ
2
D

aPth

) , and J =
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(
|h2 |

2−
γthσ

2
D

aPth

)
γth

(
aPth |h2 |2+σ2

D

) and
{
∞∫
J
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I

f|h1 |2(x) f|hR |2(y)dxdy
}

is the

joint CDF of |h1|
2 and |hR|

2. After solving the integral,

I3.2 = e−
B
λ1

∫ ∞

γthσ
2
D

aPth

e
−

(
Pth(z−

γthσ
2
D

aPth
)

γthλR(aPthz+σ2
D)

+ z
λ2

)
(
γthλR(aPthz+σ2

D)

(z−
γthσ

2
D

aPth
)Psλ1

+ 1
)dz (5.39)

Since there is no closed-form expression of the above integral and due to infinite limit, we

can not find the approximation.

Finally, we can calculate outage probability Pop by calculating I2.1, I2.2, I3.1, and I3.2, and

putting them into Eqn. (5.13).

5.4 Outage Throughput Maximization Problem

In this section, we maximize the end-to-end outage throughput of the FD-AF relaying

system. The optimization problem can be expressed as [32]

max
α

R = (1 − Pop)(1 − α)Rth (5.40)

s.t 0 ≤ α ≤ 1

where Rth is the target rate. We observe that the objective function of the problem (5.40)

is concave w.r.t. α. Therefore, the problem is convex and the solution is unique. To find

the optimal TS solution, we use line search method like golden-section method [76]. The

optimization algorithm based on golden-section method is presented in Algorithm 6. The

optimal maximum throughput algorithm based on golden-section method is described as

follows. We first describe the interval to be searched α ε [0,1], accuracy to be achieved
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σ = e−7, and golden-ratio ε = 0.618. We then calculate αo and α̃o and throughput values

R(αo) and R(α̃o). Depending on the function values or whether the convergence criteria

is fulfilled, we keep updating the interval until we get the optimal α. The complexity of

Algorithm 6 Optimal Maximum Througput Algorithm
1. Initialization: ε = 0.618, ao = 0, bo = 1, k = 0, σ = e−7

2. αo ← ao + (1 − ε)(bo − ao)
3. α̃o = ao + ε(bo − ao)
4. Calculate R(αo) and R(α̃o)
5. for ∀k do
6. if R(αo) > R(α̃o) then
7. if | α̃k − ak |≤ σ
8. α∗op = αk

9. Break
10. else
11. ak+1 ← ak, bk+1 ← α̃k, R( ˜αk+1)← R(αk)
12. ˜αk+1 ← αk

13. αk+1 ← ak+1 + (1 − ε)(bk+1 − ak+1)
14. Calculate R(αk+1)
15. Continue
16. end if
17. else
18. if | bk − αk |≤ σ then
19. α∗op ← α̃k

20. Break
21. else
22. ak+1 ← αk, bk+1 ← bk, R(αk+1)← R(α̃k)
23. αk+1 ← α̃k

24. ˜αk+1 ← ak+1 + ε(bk+1 − ak+1)
25. Calculate R( ˜αk+1)
26. Continue
27. end if
28. end if
29. end for
30. Return α∗op and R(α∗op)

golden-section method is O(log 1
σ

), the number of iterations golden-section method takes

to converge is
⌈
Clog

(
L
σ

)⌉
, where C=(log(1

ε
))−1, L is the length of interval given by (bo-ao).

In the golden search method, two function evaluations are made at the first iteration and

then only one function evaluation is made for each subsequent iteration.
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5.5 Energy efficiency (EE) Maximization Problem

In this section, we maximize the EE of the FD-AF relay-based EH system and find the

optimal value of time fraction α. The EE of the system is given as

EE =
R
PS

(5.41)

The optimization problem is expressed below

max
α

EE =
(1 − Pop)(1 − α)Rth

Ps
(5.42)

s.t 0 ≤ α ≤ 1

where EE is the ratio of end-to-end outage throughput to the total consumed power in the

system. We observe that the above problem is convex. To find the optimal solution, we

use golden-section method similar to Algorithm 6.

5.6 Numerical Results and Discussions

The goal of this section is to present the numerical results based on analytical expressions

developed and verify the analysis through Monte-Carlo simulations. We assume that all

the channels undergo Rayleigh fading. The attenuation in the channel is calculated by

using both large scale and small scale fading. To model the large scale fading, following

model is used.

PL(d, dB) = PL(d0, dB) + 10βlog10

( d
d0

)
+ Z (5.43)

Where, PL(d, dB) is the path loss at distance d in dB, d0 is the reference distance and path

loss at reference distance d0 = 1m is taken as 70dB, the term β is the path loss exponent

and is taken as 3. Z is a zero mean Gaussian random variable with standard deviation

σ = 4. For the simulations, unless otherwise specified, we set the parameters as follows

[32]: We set the maximum transmit power of the source node to Ps = 30 dBm; energy

conversion efficiency to η = 0.7; the sensitivity and saturation values of the EH circuit to
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Figure 5.4: Outage probability for different values of time fraction α, where η = 0.7, Ps=

30 dBm.

Pmin = 17 dBm and Pth = 29 dBm, respectively; noise variance to σ2
D = σ2

R = σ2 = 0.01;

target rate to Rth = 3bps/Hz; and the average channel gains λ1 = λ2 = λi to 1. For

convenience we define SNR γ = Ps
σ2 .

5.6.1 Outage Probability and Throughput versus α for different SNR (γ)

Fig. 5.4 shows the outage probability for different values of time fraction α and for dif-

ferent SNR (γ). When we increase α, outage probability decreases, but when α reaches

to a certain value, outage probability starts increasing. It is due to the trade-off of energy

harvesting and information transmission phases. More specifically, when α increases,

energy harvesting at relay increases which in turn increases the transmission power at

the relay. Due to which, outage probability decreases to the minimum. However, when α

keeps increasing, the information processing time phase decreases which increases outage

probability. It can be observed that high SNR achieves better performance as compared

to low SNR.

Fig. 5.5 shows the outage throughput for different α values and for different γ. The

outage throughput first increases and then decreases with increasing α. It is because of

the trade-off of energy and information transmission phases. For high SNR value γ = 30

dB, the system achieves higher outage throughput as compared to γ = 20dB.
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Figure 5.5: Outage throughput for different values of time fraction α, where η = 0.7, Ps =

30 dBm.

5.6.2 Outage Throughput for different values of α under different EH Model
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Figure 5.6: Outage throughput for different EH models, where σ2
D =σ2

R = 0.01, η = 0.7,
Ps = 30 dBm.

Fig. 5.6 shows the outage throughput for different α and different EH models. The

optimal α found for non-linear FD model is around 0.1, which is in accordance with the

literature [32]. The optimal outage throughput in the non-linear FD model is smaller

than that of a linear model. It is because of the non-linear behavior of the practical energy

harvesting (EH) circuit, where we consider the sensitivity and saturation characteristics. It

can be observed that the optimal α in a linear model is different from the one in non-linear

and is not practical. When α reaches to a certain value, the outage throughput of the non-

linear model becomes higher than the linear model, which is because of the saturation
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Figure 5.7: Outage Throughput for different SNR γ, where η = 0.7, Ps = 30 dBm.

effect of the non-linear model. With increasing α, the transmission power of the relay

keeps increasing in a linear model which means the self-interference keeps increasing

and hence the throughput decreases. Due to saturation, the transmission power of the

relay becomes constant in the non-linear model and so is the self-interference, therefore

after a certain α, the throughput of the non-linear model becomes higher than the linear

model. Moreover, it can be observed that FD system achieves better performance gain

as compared to the HD system. In the HD system, the outage throughput of the non-

linear model is smaller than the linear model, which is because, in the non-linear model,

transmission power at the relay is limited and hence the outage probability in non-linear

model is larger than the linear EH model system.

Fig. 5.7 shows the outage throughput for different γ and different values of α. As

γ increases, outage throughput first increases and then becomes steady. It is because of

the saturation effect of the non-linear EH circuit. Specifically, as γ keeps increasing, the

EH circuit saturates, and as a result, the outage throughput of the system becomes steady.

It can be seen from the figure that optimal α achieves better throughput as compared to

other α values.

5.6.3 Comparison of Linear and Non-Linear Model

Fig. 5.8 compares the proposed non-linear FD model with the linear model. We analyze

our non-linear system on optimal time fraction (α∗) found from the linear model and plot
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Figure 5.8: Outage Throughput for different values of SNR (γ) by incorporating optimal
α∗ of linear model.

the outage probability for different values of γ. It can be observed that by incorporating α∗

of linear model, we achieve less throughput for a given (γ) as compared to the throughput

we achieved on α∗ of non-linear system. This result ensures the advantage and practicality

of using the non-linear EH model over the linear EH model system.

5.6.4 Optimal Outage Throughput for different values of Self-Interference

Fig. 5.9 shows the optimal outage throughput versus self-interference λr of FD non-linear

system with different values of γ and half-duplex non-linear system. As the strength of

self-interference increases, outage throughput in the full-duplex system decreases. How-

ever, in a half-duplex system, there is no change in system performance. It is because

self-interference does not exist in HD systems.

5.6.5 Energy Efficiency for different values of α and γ

Fig. 5.10 shows the energy efficiency (EE) for different values of α and different EH mod-

els. As observed for the outage throughput, the optimal EE in the non-linear FD model

is different from that of a linear model. It is because of the non-linear behavior of the

practical energy harvesting (EH) circuit, where we consider the sensitivity and saturation

characteristics. The optimal α found for linear EH model is also different from the non-

linear model, and is not practical. Moreover, FD system achieves better performance gain
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Figure 5.9: Outage throughput for different values of self-interference λR, where η = 0.7,
Ps = 30 dBm.
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Figure 5.10: EE for different values of α and EH Models, where σ2
D =σ2

R = 0.01, η = 0.7,
Ps = 30 dBm.

in terms of EE than the HD system.

Fig. 5.11 shows EE for different values of γ and different α. It can be seen that as

γ increases, energy efficiency of the system increases, but becomes steady as γ reaches

to a certain value. It is because of the saturation characteristic of the EH circuit. It can

be observed from the figure that optimal α gives better performance in terms of EE as

compared to other arbitrary α values. We get similar results in Figs. 5.6 and 5.7 to Figs.

5.10 and 5.11, respectively, because of the value of Ps used in the simulations.
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Figure 5.11: EE versus SNR γ for different α, where η = 0.7, Ps = 30 dBm.

5.7 Conclusion and future works

This chapter presented a practical non-linear EH model, which takes into account the sen-

sitivity and saturation characteristics of the EH circuit. Based on this model, we provided

the outage probability analysis of an FD-AF relay-based system. To optimize the system

performance, we presented an optimal solution of the TS parameter to maximize the out-

age throughput and EE of the system based on the golden-section method. Numerical re-

sults suggested that the proposed FD non-linear EH system outperforms the other existing

systems including linear FD, linear and non-linear HD systems. This work can be further

extended by incorporating power-splitting (PS) protocol, multi-antenna systems, Nak-

agami fading channels and more accurate non-linear EH models. Multi-antenna systems

can be studied in the context of antenna-selection, and beamform designing for SWIPT.

More accurate non-linear EH models can capture the increase in the received power be-

tween minimum threshold and saturation points by the use of a high-order polynomial

and include the decrease in the received power after saturation.
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Chapter 6

RESOURCE ALLOCATION FOR FULL-DUPLEX MIMO

RELAYING SYSTEM WITH SELF-ENERGY RECYCLING

Cooperative communication using energy harvesting (EH) relay nodes promises sig-

nificant improvement in throughput, coverage, and reliability. Self-energy recycling, in

which the relay nodes simultaneously harvest energy from the source and their own trans-

mitted signal, has been demonstrated to significantly increase the total harvested energy.

In this chapter, we present an optimization framework for the resource allocation and relay

selection in a two-hop full-duplex (FD) multi-relay multi-user multiple-input-multiple-

output (MIMO) network by incorporating self-energy recycling at the relays, for the first

time in the literature. The objective is to maximize the sum-throughput by jointly optimiz-

ing the dynamic time slot durations, power control and relay selection. The formulated

problem is a mixed integer non-linear programming problem, which is difficult to solve

for the global optimal solution in polynomial-time. As a solution strategy, we decompose

the optimization problem into two sub-problems: resource allocation problem and relay

selection problem. First, we reduce the resource allocation problem to a convex optimiza-

tion problem by using the optimality analysis and Taylor series approximation. Then, we

solve it for the optimal solution by using the convex optimization techniques. For the

relay selection problem, we propose the polynomial-time heuristic algorithm based on

the idea of iteratively selecting the relay offering the maximum throughput at each time

rather than only considering the channel conditions in conventional relay selection algo-

rithms. Through extensive simulations, we demonstrate that the proposed dynamic time

FD-MIMO system increases the throughput by 30% as compared to the conventional FD-

MIMO utilizing static time protocol for harvesting power at the relay, and by a factor of

2.4 over the FD-MIMO system without self-energy recycling at the relays, respectively.

Moreover, the proposed polynomial-time relay selection algorithm performs very close to



Chapter 6: Resource Allocation for Full-Duplex MIMO Relaying System with Self-Energy
Recycling 74

the optimal solution, and outperforms previously proposed polynomial-time conventional

heuristic algorithms which consider only the channel characteristics of the system and

predetermined relay allocation.

6.1 Introduction

Radio frequency (RF) energy harvesting (EH) technique has recently drawn significant at-

tention of the research community due to its long range, low cost, and full control on the

transferred energy [15, 77]. Since RF signals can carry both energy and information, the

researchers have proposed two RF-EH design models named as Simultaneous Wireless

Information and Power Transfer (SWIPT) [37], and Wireless Powered Communication

Networks [18, 78–80]. In SWIPT, the energy and information are transferred simultane-

ously from the source to multiple network nodes. In WPCN, the energy flows from the

source to multiple users in the downlink (DL), and users harvest this energy to transmit

their information to the source in the uplink (UL).

Cooperative relaying is used to increase the network throughput, coverage area and

energy efficiency while reducing the fading effects by assisting the information delivery

from a source node to a user node via one or several intermediate nodes, referred to as

relay nodes [1, 25, 81–83]. Recently, cooperative communication (i.e., relaying) is inves-

tigated for RF-EH networks to improve the network performance in terms of reliability

and efficiency [16, 77]. In relay based SWIPT networks, the relay nodes harvest energy

from the source and assist the end users by relaying their information. In the literature,

two types of relays are commonly used, amplify-and-forward (AF) [38], in which a relay

node first amplifies the received signal from the source and then sends it to the user, and

decode-and-forward (DF) [39], in which the relay decodes the signal from the source and

then sends to the user. For the purpose of simultaneous information and energy trans-

fer, relay nodes use two protocols named as: Time-switching based relaying (TSR), and

power-splitting based relaying (PSR) protocols [37, 40]. In TSR-based SWIPT proto-

col, the relay harvests power from an energy signal sent by the source and receives the

source transmitted information signal in two different time phases, whereas, in PSR-based

SWIPT, the received source signal is split into two signal streams to perform energy har-
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vesting and information decoding.

The early research on SWIPT-aided relaying networks mainly focuses on half-duplex

(HD) transmission mode and traditional linear EH model incorporating either TSR or

PSR protocols [38–43, 84–86]. Specifically, [40] derives the analytical expressions for

the outage probability and ergodic capacity of an HD-AF relay-based system incorporat-

ing the TSR and PSR protocols, whereas [38] studies the system of [40] in the presence

of interference at the relay and destination. In [39], the authors derive the analytical

expressions of the achievable throughput and ergodic capacity of an HD-DF relaying net-

work for both TSR and PSR protocols. [84] discusses the impact of spatially random

relays on the outage probability of an HD-DF relay system using PSR, whereas [85]

studies the average signal-to-noise (SNR) ratio, outage and throughput of an HD-AF re-

lay system incorporating TSR protocol. In [86], authors derive the sum rate expressions

of a multiway massive MIMO AF relay network using both TSR and PSR. In [41], the

authors investigate the outage performance of an HD-AF relay-based system with PSR

protocol in the presence of a direct link between source and destination, whereas [42]

incorporates the adaptive relaying (AR) protocol based on TSR-PSR protocol in HD-AF

relay-based system. [43] studies an energy efficiency maximization (EEM) optimization

problem for the multi-user multi-carrier energy-constrained HD-AF multi-relay network

incorporating TSR protocol. However, all the aforementioned studies incorporate a tra-

ditional linear EH model. The linear EH model assumes that the output power of the

energy harvester is linearly dependent on its input power. It cannot capture the turn-on

effect at low input power nor the saturation effect at high input power. The components

of the EH circuit in a real system are non-linear, and the traditional linear EH model

is impractical. Researchers start to study the SWIPT-aided HD relay-based system with

practical non-linear EH model [22,62,64,66,72]. Based on the logistic function based EH

model, [22] study the PSR scheme for the HD-AF relay-based system in the presence of

a direct link between source and destination, whereas [62] studies the resource allocation

and relay selection in a two-hop AF relay-assisted HD multi-user orthogonal frequency

division multiple access (OFDMA) network with PSR scheme. Based on linear-constant

(LC) EH model, [64] calculates the outage capacity of the HD-AF relay system with TSR
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protocol. In [66], the outage probability of the HD-DF relay-based system incorporating

PSR protocol under the imperfect channel is presented. [72] studies the two way com-

munication rate regions under fixed and mobile relays based on constant-linear-constant

(CLC) function based EH model. The above mentioned works incorporating either linear

or non-linear EH model are all based on HD transmission mode which results in loss of

spectral performance.

FD relaying uses the limited frequency spectrum more efficiently by supporting si-

multaneous signal transmission and reception at the relay. FD relay-based SWIPT sys-

tems incorporating linear EH model are investigated in [8, 44–51, 87]. Based on TSR

protocol, [44] and [45] maximize the system throughput for the FD-AF,DF relay system

considering a single antenna, and the FD-DF relay considering a multi-antenna system,

respectively. [46] and [47] study the outage probability of the FD-DF and FD-AF relay

systems using PSR and TSR protocols, respectively. In [8] and [48], authors discuss the

problem of relay selection, and analyze the outage performance of four different energy

harvesting schemes in a two-way communication FD relay system. Based on PSR, [49]

studies the outage performance for the FD-DF relay system with the relay node subjected

to co-channel interference (CCI), whereas [51] studies the power allocation problem in

the FD-AF multi-relay system with interfering channels. [50] analyzes the outage prob-

ability of the EH-based FD-AF and DF relay system under TSR protocol. [87] study the

relay selection for the FD-AF multi-relay system using TSR. Considering non-linear EH

model, [32] and [88] study the outage performance for a relay-based system consider-

ing CLC EH model for a FD-DF and FD-AF relay model, respectively. Although, FD

relaying provides better spectral efficiency as compared to the HD counterpart, in these

studies, the resulted self-interference due to the FD mode of the relay is considered as an

undesired element.

In FD-EH relaying system, the self-interference signal can be utilized for EH through

self-energy recycling [24, 52, 89–91]. For this purpose in contrast to previous studies, the

authors in [90] propose a novel protocol named as symmetric time based FD protocol

(S-FR), in which the source transmits the information signal to the relay in the first time

slot, while the relay forwards the re-encoded information signal to the destination and
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concurrently harvests wireless energy originated from both the source and the relay’s

self-interference in the second time slot. Specifically, [89] and [90] incorporate S-FR and

study the throughput performance in a single-user single-relay MIMO-to-multiple-input-

single-output (MISO) and MISO-MISO channel setup, respectively. [52] and [91] study

the throughput performance of a single-relay-user system in MIMO-MIMO channel setup

with S-FR. However, the authors in [52, 89–91] incorporate linear EH model and S-FR,

in which the time duration for both the hops is assumed equal and constant. To further

enhance the system performance, [24] proposes a dynamic time-slot FD protocol (A-FR)

for the MISO-to-single-input-single-output (SISO) channel, incorporating a non-linear

EH model with the objective of maximizing the spectral efficiency of the FD single-relay

system. The dynamic time-slots of the A-FR enhance the utilization of the degrees of

freedom and improve the system performance. Note that relay selection is an efficient

approach to achieve the spatial diversity and to increase the system performance. Several

relay selection schemes were proposed in HD/FD-linear/non-linear EH SWIPT systems

[8, 43, 62, 84, 87]. Therefore, considering the performance gains of the appropriate relay

selection, dynamic time-slot durations of A-FR and practicality of non-linear EH model,

we propose to incorporate the A-FR in a multi-relay, multi-user MIMO FD-DF relaying

system with a non-linear EH model. Note that, none of the above works consider relay

selection in a multi-relay multi-user system with A-FR.

In this chapter, we study the resource allocation and relay selection problem in a

MIMO multi-user multi wireless-powered FD-DF relay system, employing dynamic time

self-energy recycling, for the first time in the literature. The contributions of the chapter

are as follows:

• We present an optimization framework for the resource allocation and relay selec-

tion for a MIMO FD-DF multi-relay multi-user system, with the objective of max-

imizing the sum-throughput, by jointly optimizing the dynamic time slot durations,

transmission powers of the source and relays, and relay selection, for the first time

in the literature.

• The formulated optimization problem is a mixed integer non-linear programming
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problem, which is difficult to solve for global optimum. As a solution strategy,

we decompose the original problem into resource allocation problem and relay se-

lection problem. We reduce the resource allocation problem, i.e., time and power

allocation problem for the predetermined relay allocation, to a convex optimiza-

tion problem based on the analysis of the optimality conditions and usage of the

Taylor series approximation of the harvested power. Then, by using the Lagrange

Multiplier method, we present the solution for the time and power variables.

• For the relay selection problem, we propose a polynomial-time heuristic algorithm

based on the iterative relay selection for each user that results in throughput max-

imization of the network unlike previously proposed conventional relay selection

algorithms that consider the channel characteristics only.

• Through extensive simulations, we compare the proposed heuristic relay selection

algorithm with the optimal brute-force algorithm (BFA), and the other two con-

ventional relay selection algorithms, namely, Opportunistic Relay Selection (ORS)

and Partial Relay Selection (PRS). We observe that the proposed algorithm per-

forms better than the predetermined relay allocation, and conventional heuristic

algorithms considering the channel characteristics only, and performs very close

to the optimal BFA, which has very high computational time complexity. We also

demonstrate that the A-FR protocol based FD-MIMO system outperforms the con-

ventional FD-MIMO system which utilizes S-FR protocol for harvesting power by

a 30% throughput increase over S-FR. It also outperforms the system which does

not incorporate the self-energy recycling process at the relays, by a factor of 2.4 in

throughput performance.

The rest of the chapter is organized as follows. Section 6.2 presents the system model and

assumptions. In Section 6.3, we formulate an optimization problem for the relay selection

and resource allocation of FD-DF relay based MIMO system. Section 6.4 presents the

solution of the formulated problem for a predetermined relay allocation. In Section 6.5,

we present the heuristic relay selection algorithm. Section 6.6 evaluates the performance
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gain of the proposed algorithms through extensive simulations. Section 6.7 concludes our

work.

6.2 System Model

We consider a two hop wireless-power aided MIMO relaying system which consists of

a source, M relays and K users, where M ≥ K. The source, relays, and users are all

equipped with N antennas, where N > 1. Due to environmental limitations, we assume

that there is no direct link between the source and users, i.e., the communication always

takes place via relays [8, 24, 32, 44–47, 88, 89]. We assume that the relays are operating

in an FD mode and are completely dependent on the energy harvested from the RF signal

transmitted by the source [24,40,88]. The source node transmits at power P for every user

k. The relays incorporate A-FR protocol [24] for the information transmission and energy

harvesting. We consider time division multiple access as medium access protocol, and

assume that the schedule of the users is known. The total time frame is partitioned into

time-slots, each of which is allocated to a particular user k and its allocated relay m. Each

time-slot is further divided into two variable-length time-slots τm,k
1 and τm,k

2 , according

to A-FR protocol, as shown in Fig. 6.1. In the time slot τm,k
1 , the source transmits the

information signal to the relay m for user k. In slot τm,k
2 , the relay m transmits the received

information signal to the user k, whereas the source transmits the energy signal to the relay

m. This FD relay operation also introduces the self-interference at the relays, in which

a part of the transmitted signal is received back at the relays. The relays are capable of

energy-recycling [24, 52, 89–91], in which the self-interference signal is used to harvest

the energy. We assume that the complete channel state information (CSI) is available

[24, 32, 44–46, 88]. The CSI can be obtained through the training process and fed back

to the source at the start of each scheduling frame [24, 88]. During the time slot τm,k
1 , the

data symbol vector rm,k for user k using relay m is precoded at the source as

xm,k = Pm,krm,k, (6.1)
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Figure 6.1: Transmission block incorporating dynamic FD protocol (A-FR)

where xm,k is the information signal transmitted by the source to the relay m, Pm,k is the

precoding matrix adopted by the source. The signal received at relay m for user k is given

by

ym,k = Hm,k
1 xm,k + nm, (6.2)

where Hm,k
1 is the N×N MIMO channel matrix of the first-hop i.e., between the source and

relay m hop, for the user k and captures the joint effect of path loss, shadowing and multi-

path fading. nm is the additive white Gaussian noise (AWGN) vector with distribution

CN ∼ (0,Σm) at relay m, where Σm is the N × N diagonal covariance matrix with each

diagonal element given by No.

In the time slot τm,k
2 , the relay m decodes the received information signal vector from

the source, using a processing matrix Fm,k and forwards it to the user k. The final signal

received at user k is given by

zm,k = Hm,k
2 Fm,kym,k + nk, (6.3)

where Hm,k
2 is the N × N MIMO channel matrix between relay m and user k, and nk is the

additive white Gaussian noise vector at user k with distribution CN ∼ (0,Σk).

During the time slot τm,k
2 , the relay m harvests energy from the source. We assume

a practical non-linear EH model based on logistic function [22, 62], which takes into ac-

count the sensitivity and saturation characteristics of the EH circuit. Due to FD mode, the

relay m also harvests energy from its own self interference signal. The energy harvesting
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rate of relay m, based on non-linear logistic function is given as

Pm =

Psat
1+e(−a((Pin)−b)) − PsatΩ

1 −Ω
, (6.4)

where Pin is the input power at the relay m; Psat denotes the maximum saturated EH

power due to an excessively large input power; Ω = 1
1+eab ensures a zero input zero output

response for EH circuit; and the parameters a and b are related to the detailed circuit

specifications such as the resistance, capacitance, and diode turn-on voltage, and can be

determined by curve-fitting.

We incorporate singular value decomposition (SVD) [92] of the channel matrix Hm,k
1

to convert the N × N MIMO channel into N parallel SISO channels. Using SVD, the

channel matrix can be written as

Hm,k
1 = Um,k

1 ∧
m,k
1 (Vm,k

1 )H, (6.5)

where Um,k
1 , Vm,k

1 , are unitary matrices, ∧m,k
1 is a diagonal matrix with main diagonal el-

ements diag(∧m,k
1 ) =

[√
(γm,k

s,1 ),
√

(γm,k
s,2 ), ...,

√
(γm,k

s,N)
]
, where γm,k

s,n is the channel-to-noise

ratio (CNR) of the source-to-relay m link for user k on spatial channel n. Based on channel

decomposition by SVD, the precoding matrix at the source is given by [93]

Pm,k = Vm,k
1 ∧

k
p, (6.6)

where∧k
p is a N × N diagonal matrix with diagonal elements diag(∧k

p) =

[√
(pm,k

s,1 ),
√

(pm,k
s,2 ),

...,
√

(pm,k
s,N)

]
. Variable pm,k

s,n is the equivalent transmit power of the source-to-relay m link

for user k on spatial channel n. The SVD of Hm,k
2 is given by

Hm,k
2 = Um,k

2 ∧
m,k
2 (Vm,k

2 )H, (6.7)

where Um,k
2 , Vm,k

2 are unitary matrices, ∧m,k
2 is a N × N diagonal matrix with main

diagonal elements diag(∧m,k
2 ) =

[√
(γm,k

r,1 ),
√

(γm,k
r,2 ), ...,

√
(γm,k

r,N )
]
, γm,k

r,n is the CNR of the

relay m to user k link on spatial channel n. Based on this, the relay processing matrix is
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given by [93]

Fm,k = Vm,k
2 ∧k

F (Um,
1 k)H, (6.8)

where ∧k
F is a N × N diagonal matrix, diag(∧k

F) =

[√
(pm,k

r,1 ),
√

(pm,k
r,2 ), ...,

√
(pm,k

r,N )
]
, pm,k

r,n

is the equivalent transmit power of the relay m to user k link on spatial channel n. After

SVD, the energy harvesting rate of relay m is given as

Pm =

Psat

1+e(−a((
∑K

k=1
∑N

n=1 pm,k
s,n γ

m,k
s,n +pm,k

r,n γLI )−b))
− PsatΩ

1 −Ω
, (6.9)

where Pin = (
∑K

k=1
∑N

n=1 pm,k
s,n γ

m,k
s,n + pm,k

r,n γLI); and γLI represents the self-interference CNR

of the relay’s own signal.

6.3 Optimization Framework

This section presents the mathematical formulation for sum-throughput maximization

through relay selection and resource allocation (i.e., joint time and power optimization) of

a two hop wireless-powered FD-DF relay system. The formulated optimization problem

is denoted by RA − RSP and given as follows:

RA − RSP

max
K∑

k=1

{
min

( M∑
m=1

N∑
n=1

τm,k
1

T
sm,klog2(1 + pm,k

s,n γ
m,k
s,n ),

M∑
m=1

N∑
n=1

τm,k
2

T
sm,klog2(1 + pm,k

r,n γ
m,k
r,n )

)} (6.10a)

subject to
M∑

m=1

N∑
n=1

sm,k pm,k
s,n ≤ P; ∀k ∈ {1, 2, ...,K}, (6.10b)

K∑
k=1

N∑
n=1

sm,k pm,k
r,n + pc ≤ Pm; ∀m ∈ {1, 2, ...,M}, (6.10c)

M∑
m=1

sm,k ≤ 1; ∀k ∈ {1, 2, ...,K}, (6.10d)
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K∑
k=1

sm,k ≤ 1; ∀m ∈ {1, 2, ...,M}, (6.10e)

K∑
k=1

M∑
m=1

τm,k
1 +

K∑
k=1

M∑
m=1

τm,k
2 = T, (6.10f)

variables

sm,k ε {0, 1}, pm,k
s,n , pm,k

r,n , τ
m,k
1 , τm,k

2 ≥ 0; ∀n,∀m,∀k; (6.10g)

The decision variables of the RA − RSP are τm,k
1 , τm,k

2 , the time-slot durations for the

EH and information transmission of the dynamic FD protocol, respectively; pm,k
s,n represent

the transmission power of the source to relay m for user k over parallel sub channel n,

whereas pm,k
r,n represents the transmission power of relay m to user k over parallel channel

n; sm,k, relay selection binary variable that takes value 1 if relay m is allocated to user k

and 0 otherwise; pc represents the circuit power at the relay.

The objective of the optimization problem is to maximize the sum-throughput of the

FD-DF relay based MIMO system as given by Eqn. (6.10a). Eqn. (6.10b) indicates that

the transmission power of the source is upper bounded by the available power P for every

user k, whereas Eqn. (6.10c) shows that the transmission power of the relay is upper

bounded by the total power harvested by the relay m as expressed in Eqn. (6.9). Eqns.

(6.10d) and (6.10e) guarantee that only one unique relay is allocated to each user for

information transmission. Eqn. (6.10f) indicates that the sum of all τm,k
1 and τm,k

2 must be

equal to the total time duration T .

TheRA − RSP is a mixed integer non-linear programming problem, which is difficult

to solve for global optimum [20]. As a solution strategy, we decompose the RA − RSP

problem into resource allocation (time and power allocation) RAP and relay selection

problems. In RAP, we study the optimal solution of resource allocation for a pre-

determined relay allocation. To solve RAP in a low computational complexity, we ex-

ploit techniques like transformation of the minimum objective function, and Taylor series

approximation to handle the constraint involving non-linear EH expression. After incor-

porating the above technique and approximation, we observe that the RAP is a convex
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optimization problem. Therefore, we solve it using the Lagrange multiplier method for

an optimal solution. After optimally solving the RAP, we present the relay selection

problem and propose a polynomial-time heuristic relay selection algorithm based on the

maximization of the sum-throughput by allocating the best relay to each user.

6.4 Resource Allocation Problem

In this section, we investigate the resource allocation, i.e., time and power allocation prob-

lem, for a predetermined relay selection, denoted by RAP, and its solution strategy. For

this purpose, first we reduce the original optimization problem to a convex optimization

problem by transforming the minimum objective function and using the Taylor Series

approximation of the harvested power at the relay. We then propose the optimal solu-

tion strategy of the RAP based on Lagrange multiplier method. Finally, we present the

iterative algorithm to obtain the optimal solution of the RAP.

6.4.1 Reduction to Convex Optimization Problem

In this subsection, we reduce the original optimization problem to a convex optimization

problem, denoted by RAP. We assume that the relay selection i.e., the variables sm,k are

known. First, we transform the minimum objective function of RA − RSP. The through-

put of the two hop DF relay system is always limited by its bottleneck link: the system

performance is maximized when the throughput of the first hop becomes equal to that of

the second hop, i.e.,
∑M

m=1
∑N

n=1
τm,k

1
T log2(1+ pm,k

s,n γ
m,k
s,n ) =

∑M
m=1

∑N
n=1

τm,k
2
T log2(1+ pm,k

r,n γ
m,k
r,n ), for

every user k. Therefore, the objective function of the RA − RSP is equivalent to maxi-

mizing
∑K

k=1
∑M

m=1
∑N

n=1
τm,k

1
T log2(1+pm,k

s,n γ
m,k
s,n )+

∑K
k=1

∑M
m=1

∑N
n=1

τm,k
2
T log2(1+pm,k

r,n γ
m,k
r,n ) with an

additional constraint
∑M

m=1
∑N

n=1
τm,k

1
T log2(1+ pm,k

s,n γ
m,k
s,n ) =

∑M
m=1

∑N
n=1

τm,k
2
T log2(1+ pm,k

r,n γ
m,k
r,n ),∀k

[24].

After transforming the objective function, the difficulty lies in Eqn. (6.10c) inRA − RSP,

which involves the expression for logistic based non-linear EH function. To handle this,
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we incorporate the first order Taylor series approximation of Pm, which is given as [24]

Pm ≤ Pm = Pm(p( j)
s , p( j)

m ) +

K∑
k=1

N∑
n=1

Opm,k
s,n

Pm(p( j)
s , p( j)

m )(pm,k
s,n − pm,k( j)

s,n )+

K∑
k=1

N∑
n=1

Opm,k
r,n

Pm(p( j)
s , p( j)

m )(pm,k
r,n − pm,k( j)

r,n ),

(6.11)

where O denotes the derivation calculation and j denotes the iteration index. After elimi-

nating the sm,k variable, transforming the objective function and incorporating the Taylor

series approximation, the mathematical formulation for the RAP is given by

RAP

maximize
K∑

k=1

M∑
m=1

N∑
n=1

τm,k
1

T
log2(1 + pm,k

s,n γ
m,k
s,n ) +

K∑
k=1

M∑
m=1

N∑
n=1

τm,k
2

T
log2(1 + pm,k

r,n γ
m,k
r,n )(6.12a)

subject to
M∑

m=1

N∑
n=1

pm,k
s,n ≤ P; ∀k ∈ {1, 2, ...,K}, (6.12b)

K∑
k=1

N∑
n=1

pm,k
r,n + pc ≤ Pm; ∀m ∈ {1, 2, ...,M}, (6.12c)

K∑
k=1

M∑
m=1

τm,k
1 +

K∑
k=1

M∑
m=1

τm,k
2 = T, (6.12d)

M∑
m=1

N∑
n=1

τm,k
1

T
log2(1 + pm,k

s,n γ
m,k
s,n ) =

M∑
m=1

N∑
n=1

τm,k
2

T
log2(1 + pm,k

r,n γ
m,k
r,n ); ∀k ∈ {1, ...,K},(6.12e)

Lemma 5. RAP is a convex optimization problem.

Proof. Using Eqn. (6.12e), τm,k
1 and τm,k

2 are given by

τm,k
1 =

τm,k
2

∑N
n=1 log2(1 + pm,k

r,n γ
m,k
r,n )∑N

n=1 log2(1 + pm,k
s,n γ

m,k
s,n )

, (6.13)

τm,k
2 =

τm,k
1

∑N
n=1 log2(1 + pm,k

s,n γ
m,k
s,n )∑N

n=1 log2(1 + pm,k
r,n γ

m,k
r,n )

, (6.14)
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After substituting Eqns. (6.13) and (6.14) into Eqn. (6.12d), we get

τm,k
1 =

T
∑N

n=1 log2(1 + pm,k
r,n γ

m,k
r,n )∑K

k=1
∑M

m=1
∑N

n=1 log2(1 + pm,k
s,n γ

m,k
s,n ) +

∑K
k=1

∑M
m=1

∑N
n=1 log2(1 + pm,k

r,n γ
m,k
r,n )

, (6.15)

τm,k
2 =

T
∑N

n=1 log2(1 + pm,k
s,n γ

m,k
s,n )∑K

k=1
∑M

m=1
∑N

n=1 log2(1 + pm,k
s,n γ

m,k
s,n ) +

∑K
k=1

∑M
m=1

∑N
n=1 log2(1 + pm,k

r,n γ
m,k
r,n )

, (6.16)

Now, substituting Eqns. (6.15) and (6.16) into the objective function (6.12a), we get

max
[ 2

∑K
k=1

∑M
m=1

∑N
n=1 log2(1 + pm,k

s,n γ
m,k
s,n )log2(1 + pm,k

r,n γ
m,k
r,n )∑K

k=1
∑M

m=1
∑N

n=1 log2(1 + pm,k
s,n γ

m,k
s,n ) +

∑K
k=1

∑M
m=1

∑N
n=1 log2(1 + pm,k

r,n γ
m,k
r,n )

]
, (6.17)

The above objective function in Eqn. (6.17) can be transformed to

min
1
2

( 1∑K
k=1

∑M
m=1

∑N
n=1 log2(1 + pm,k

s,n γ
m,k
s,n )

+
1∑K

k=1
∑M

m=1
∑N

n=1 log2(1 + pm,k
r,n γ

m,k
r,n )

)
, (6.18)

The Hessian matrix of the two inner functions
∑K

k=1
∑M

m=1
∑N

n=1 log2(1 + pm,k
s,n γ

m,k
s,n ) and∑K

k=1
∑M

m=1
∑N

n=1 log2(1+ pm,k
r,n γ

m,k
r,n ) is negative semi-definite. Hence, they are concave func-

tions. Based on this, we conclude that the equivalent objective function

min 1
2

(
1∑K

k=1
∑M

m=1
∑N

n=1 log2(1+pm,k
s,n γ

m,k
s,n )

+ 1∑K
k=1

∑M
m=1

∑N
n=1 log2(1+pm,k

r,n γ
m,k
r,n )

)
is a convex function. Moreover,

we observe that the constraints (6.12b) and (6.12d) of RAP are affine and all affine func-

tions are convex functions. The right-hand side of constraint (6.12c) is a differentiable

concave function [22], hence, it is a convex constraint, whereas, constraint (6.12e) is also

convex [18]. Therefore, RAP is a convex optimization problem and there is one and only

one optimal solution. �
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6.4.2 Solution of the Convex Optimization Problem

In this subsection, we present the solution for the RAP based on Lagrange Multiplier

method. The Lagrangian function of the problem is written as:

L =

K∑
k=1

M∑
m=1

N∑
n=1

τm,k
1

T
log2(1 + pm,k

s,n γ
m,k
s,n ) +

K∑
k=1

M∑
m=1

N∑
n=1

τm,k
2

T
log2(1 + pm,k

r,n γ
m,k
r,n )

−

K∑
k=1

µk

( M∑
m=1

N∑
n=1

pm,k
s,n − P

)
−

M∑
m=1

λm

( K∑
k=1

N∑
n=1

pm,k
r,n + pc − Pm(p( j)

s , p( j)
m ) −

K∑
k=1

N∑
n=1

Opm,k
s,n

Pm(p( j)
s , p( j)

m )(pm,k
s,n − pm,k( j)

s,n )−

K∑
k=1

N∑
n=1

Opm,k
r,n

Pm(p( j)
s , p( j)

m )(pm,k
r,n − pm,k( j)

r,n )
)

−ν(
K∑

k=1

τm,k
1 +

K∑
k=1

τm,k
2 − T )

−

K∑
k=1

σk

( N∑
n=1

τm,k
1

T
log2(1 + pm,k

s,n γ
m,k
s,n ) −

N∑
n=1

τm,k
2

T
log2(1 + pm,k

r,n γ
m,k
r,n )

)
(6.19)

where µk, σK , ν,λm, ∀k,∀m are the Lagrangian multipliers corresponding to multiple con-

straints and µk ≥ 0, −1 ≥ σk ≥ 1, λm ≥ 0, ν ≥ 0. Now, we present the optimal solution of

RAP in Theorem 1 below.

Theorem 1. The optimal values of τm,k
1 , τm,k

2 , pm,k
s,n , and pm,k

r,n are given by

τm,k
1 =

1 − σk

2
T (6.20)

τm,k
2 =

1 + σk

2
T (6.21)

pm,k
s,n =

[ (1 − σk)2

2ln(2)[µk − λm(Opm,k
s,n

Pm(p( j)
s , p( j)

m ))]
−

1

γm,k
s,n

]+

(6.22)

pm,k
r,n =

[ (1 + σk)2

2ln(2)λm[1 − (Opm,k
r,n

Pm(p( j)
s , p( j)

m ))
−

1

γm,k
r,n

]+

(6.23)

Proof. Taking the derivative of Lagrangian function L w.r.t τ1 and τ2 yields Eqns. (6.24)
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and (6.25).

∂L

∂τm,k
1

=
1 − σk

T

( K∑
k=1

M∑
m=1

N∑
n=1

log2(1 + pm,k
s,n γ

m,k
s,n )

)
− ν = 0, (6.24)

∂L

∂τm,k
2

=
1 + σk

T

( K∑
k=1

M∑
m=1

N∑
n=1

log2(1 + pm,k
r,n γ

m,k
r,n )

)
− ν = 0, (6.25)

We know that the optimization problem is maximized when,

τm,k
1

T

M∑
m=1

N∑
n=1

log2(1 + pm,k
s,n γ

m,k
s,n ) =

τm,k
2

T

M∑
m=1

N∑
n=1

log2(1 + pm,k
r,n γ

m,k
r,n ), (6.26)

Therefore, the following equality holds

τm,k
1

1 − σk
=

τm,k
2

1 + σk
, (6.27)

Substituting Eqn. (6.12d) into Eqn. (6.27) gives the optimal solution of τm,k
1 and τm,k

2 , as

presented in Theorem 1. Similarly, taking the derivative of L w.r.t pm,k
s,n and pm,k

r,n is given

as

∂L

∂pm,k
s,n

=
(1 − σk)τm,k

1 γm,k
s,n

Tln(2)(γm,k
s,n pm,k

s,n + 1)
− µk + λm(Opm,k

s,n
Pm(p( j)

s , p( j)
m )) = 0, (6.28)

∂L

∂pm,k
r,n

=
(1 + σk)τm,k

2 γm,k
r,n

Tln(2)(γm,k
r,n pm,k

r,n + 1)
− λm + λm(Opm,k

r,n
Pm(p( j)

s , p( j)
m )) = 0, (6.29)

Putting the values of τm,k
1 and τm,k

2 from Eqns. (6.20) and (6.21) give

∂L

∂pm,k
s,n

=
(1 − σk)(1 − σk)Tγm,k

s,n

2Tln(2)(γm,k
s,n pm,k

s,n + 1)
− µk + λm(Opm,k

s,n
Pm(p( j)

s , p( j)
m ))] = 0, (6.30)

∂L

∂pm,k
r,n

=
(1 + σk)(1 + σk)Tγm,k

r,n

2Tln(2)(γm,k
r,n pm,k

r,n + 1)
− λm + λm(Opm,k

r,n
Pm(p( j)

s , p( j)
m )) = 0, (6.31)

After some simple algebraic manipulations which are skipped for brevity, Eqns. (6.30)

and (6.31) can be written as in Theorem 1. �
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Now, we adopt the gradient method to update the Lagrange multipliers. The rules of

updating multipliers are given as:

σk(i+1) =

[
σ(i)+ε1(i)

( N∑
n=1

τm,k
1

T
log2(1 + pm,k

s,n γ
m,k
s,n )−

N∑
n=1

τm,k
2

T
log2(1+pm,k

r,n γ
m,k
r,n )

)]
[−1,1]

(6.32)

λm(i + 1) =

[
λm(i) + ε2(i)

( K∑
k=1

N∑
n=1

pm,k
r,n + pc − Pm(p( j)

s , p( j)
m ) −

K∑
k=1

N∑
n=1

Opm,k
s,n

Pm(p( j)
s , p( j)

m )(pm,k
s,n − pm,k,( j)

s,n )

−

K∑
k=1

N∑
n=1

pm,k
r,n

Pm(p( j)
s , p( j)

m )(pm,k
r,n − pm,k,( j)

r,n )
)]+

(6.33)

µk(i + 1) =

[
µ(i) + ε3(i)

( M∑
m=1

N∑
n=1

pm,k
s,n − P

)]+

(6.34)

where ε1(i), ε2(i), ε3(i) are the corresponding step sizes [24] at the ith iteration. In order

to guarantee the convergence, step sizes must satisfy
∑∞

i=1 ε(i) = ∞ and limi→∞ε(i) = 0

[24, 92].

6.4.3 Iterative Algorithm for Convergence to Optimal Solution

In this subsection, we present an iterative algorithm to obtain the optimal solution of the

RAP. Solving RAP after replacing the right hand side of Eqn. (6.10c) in RA − RSP

with Eqn. (6.12c) leads to an upper bound of the optimal solution. To tighten this upper

bound, we will present an iterative algorithm (presented in Algorithm 7) where interme-

diate solution is obtained using the Taylor approximation, and then repeated iteratively

until convergence. O denotes the derivation calculation and j denotes the iteration index

of the algorithm. Since the right hand side of Eqn. (6.10c) in RA − RSP is a concave

function, the iterative algorithm always converges to the optimal solution w.r.t. the orig-

inal problem in polynomial-time [24]. In the following, we present the algorithm for the

evaluation of the time and power variables obtained in Theorem 1, named as Time and

Power Allocation Algorithm (TAP). The algorithm takes the set of relays M, and users K

as inputs. The algorithm starts by initializing the outer loop, initial transmission power
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Algorithm 7 Time and Power Allocation (TAP) Algorithm
input: set of relays M, and users K
output: Optimal τm,k

1 , τm,k
2 , pm,k

s,n , pm,k
r,n ∀n,m, k

1: set j← 0 and initialize p( j)
s , and p( j)

r
2: repeat
3: i← 0
4: repeat
5: update σk, λm, µk, and according to Eqns. (6.32), (6.33), and (6.34)
6: update τm,k

1 , τm,k
2 , pm,k

s,n , and pm,k
r,n according to Eqns. (6.20), (6.21), (6.22), and (6.23)

using the updated Lagrange multipliers
7: i← i + 1
8: until convergence
9: obtain the intermediate values p′s

( j), p′r
( j)

10: update p( j+1)
s = p′s

( j), and p( j+1)
r = p′r

( j)

11: j← j + 1
12: until convergence
13: obtain the values τm,k

1 , τm,k
2 , pm,k

s,n , and pm,k
r,n

values p( j)
s , p( j)

r (Line 1). Then, in the inner loop, the algorithm updates the Lagrange

multipliers λm, σk, and µk, corresponding to the constraints (Line 5), with the given initial

values of the variables. It then calculates the intermediate variables τm,k
1 , τm,k

2 , pm,k
s,n , and

pm,k
r,n by using the multiplier values (Line 6). After each iteration, the values of p( j)

s , p( j)
r

are updated in the outer layer (Line 10). Two steps run until convergence. Note that the

outer loop in TAP algorithm is incorporated to handle the constraint (6.12c) involving

EH expression, as discussed earlier. In the RAP, constraint (6.12c) is upper bounded by

Taylor approximation, so, by updating the values of p( j)
s and p( j)

r iteratively in the outer

loop, this approximation will eventually approach the original problem and convergence

will be achieved [24].

The computational complexity of TAP is O(linner × louter), where linner represents the

number of iterations in the inner layer, i.e., updating multipliers according to Eqns. (6.32),

(6.33), and (6.34). On the other hand, louter represents the number of iterations in the outer

layer, i.e., updating intermediate variables p( j)
s , and p( j)

r after the jth iteration.
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6.5 Relay Selection Problem

In this section, we present the relay selection problem and propose polynomial-time

heuristic relay selection algorithm such that the throughput of the system is maximized.

In section 6.4, we discussed the resource allocation problem for a predetermined relay

selection i.e., sm,k was known for m ∈ {1, ...M}, k ∈ {1, ...,K}. The throughput can be fur-

ther maximized by allocating a suitable relay to each user. A straightforward approach to

the relay selection problem, after finding the optimal resource allocation RAP solution,

can be brute-force search algorithm (BFA). In this technique, we enumerate all possible

permutations of relay-user allocation and then pick the one that gives the best through-

put. The computational complexity of BFA is O((MCK)K!), where M and K are the total

number of relays and users, respectively. Due to the higher computational complexity of

BFA, we propose a heuristic polynomial-time algorithm based on the idea of allocating

a relay to user which offers the maximum throughput. The Maximum Throughput Relay

Selection Algorithm (MTRSA), as given in Algorithm 8, is described in detail next. The

inputs to the algorithm are set of users K, and set of relays M. The outputs are the re-

lay selection set R and sum throughput R. It starts by initializing an empty relay set R

and sum throughput R as 0 (Line 1). For each user k, the relay that offers the maximum

throughput by using the optimal solution of Theorem 1 is selected (Lines 3 and 4). Then,

the relay set R is updated with the selected relay (Line 5), whereas the selected relay is

eliminated from the relay set M (Line 6). Algorithm terminates when all the users in the

network are being assigned to the best relays. Finally, MTRSA algorithm returns the relay

set R (Line 8) and sum-throughput R (Line 9).

The computational complexity of MTRSA is O(K×M) for M relays and K users since

the algorithm picks one user at each iteration; i.e., K iterations, and determines the relay

which offers the maximum throughput, which has O(M) complexity.

6.6 Performance Evaluation

The goal of this section is to evaluate the performance of the proposed MTRSA in com-

parison to the optimal solution denoted by BFA, previously proposed conventional relay
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Algorithm 8 Maximum Throughput Relay Selection Algorithm (MTRSA)
input: set of users K and relays M
output: Relay selection R, sum throughput R

1: R ← ∅, R← 0,
2: for k = 1 : |K| do
3: Calculate Rm,k,Rk, ∀m ∈ M
4: i← argmaxm∈M {Rm,k + Rk},
5: R ← R + {i},
6: M ← M-{i},
7: end for
8: obtain R,
9: obtain R←

∑K
k=1 {Rm,k + Rk}

selection algorithms, which are Opportunistic Relay Selection ORS and Partial Relay Se-

lection PRS, and predetermined relay allocation algorithm TAP. The proposed MTRSA

aims at maximizing the throughput by allocating a relay to each user which offers the

maximum throughput in polynomial-time, as given in Algorithm 7. In BFA, all possi-

ble relay-user permutations are enumerated, and then, the best relay with the maximum

throughput is selected. In ORS scheme, the relay selection decision is determined by

considering the channel of both the hops, i.e., source-to-relay and relay-to-user [94].

It is based on selecting a relay for every user k with the best CNR ratio, i.e., maxm∈M

{min(
∑N

n=1 γ
m,k
s,n ), (

∑N
n=1 γ

m,k
r,n )}. On the other hand, in PRS algorithm, CSI of only one hop is

assumed to be available, i.e., either source-to-relay or relay-to-user [95]. Specifically, in

this work, we consider the CNR of the first source-to-relay hop. Relay with the maxm∈M∑N
n=1 γ

m,k
s,n is assigned to its specific user. The TAP determines the throughput of the sys-

tem for a predetermined relay allocation, as given in Algorithm 1. We also compare the

proposed A-FR based FD-MIMO system with the conventional S-FR based FD-MIMO

in which the time durations τm,k
1 and τm,k

2 for every user k are assumed to be equal, and the

FD-MIMO system without self-energy recycling, referred as W-SE.

The simulation results are obtained in MATLAB R2021a and averaged over 1000

random network realizations. The users are uniformly distributed in a circle of 10m. The

source is located at the center of the circle and the relays are randomly positioned between

the source and users. The attenuation of the links considering large scale statistics are
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Figure 6.2: Sum throughput of the algorithms for different network sizes.

determined using the path loss model given by [20, 88]

PL(d, dB) = PL(d0, dB) + 10αlog10(d/d0) + Z (6.35)

where PL(d, dB) is the path loss in dB at distance d, d0 = 1m is the reference distance

and path loss at this distance is taken as 30dB, α is the path loss exponent, and is taken as

2.76. Z is a zero mean Gaussian random variable, and its standard deviation is taken as

σ=4. For the non-linear EH model based on logistic function, Ps = 7mW, a = 1500 and

b = 0.0022 [20]. The small-scale fading has been modeled by using Rayleigh fading with

scale parameter Ω set to mean power level obtained from the large-scale path loss model.

6.6.1 Throughput versus Network Size

Fig. 6.2 illustrates the sum-throughput performance of the proposed algorithm MTRSA

in comparison to the optimal BFA, ORS, PRS and TAP for different number of nodes in

the network for P = 1dBm. The throughput increases with the network size for all the al-

gorithms. As the number of nodes increases, the system can find the channels with better

conditions to carry the information and energy signals, i.e., befitting from the multi-node

diversity. The proposed algorithm MTRSA performs better than the other heuristic algo-
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rithms and close to the optimal solution even for higher number of nodes in the network,

demonstrating the robustness of the proposed algorithm to network size. The robustness

to network size is critical for future generation networks, which are expected to contain a

large number of devices or sensors. The throughput performance achieved by the ORS al-

gorithm is better as compared to PRS. It is because the ORS algorithm takes into account

the channel characteristics of both the hops of the network, while deciding for the relay

allocation, in contrast to PRS which considers only a single-hop. On the other hand, TAP

performs the worst as it considers the predetermined relay allocation in the network. Note

that the performance gap among the different algorithms increases with the network size

showing the significance of multi-node diversity and appropriate relay allocation scheme.

For a large network, the proposed MTRSA yields a better throughput improvement with

the addition of each node as compared to the other polynomial-time ORS, PRS and TAP

algorithms. This trend shows the significance of allocating a relay to each user with the

maximum throughput value based on the proposed optimal solution in Theorem 2. In

conventional ORS and PRS algorithms, relay selection is performed considering only the

channel characteristics, which results in a limited throughput performance as compared

to the proposed MTRSA.

Fig. 6.3 compares the sum-throughput performance of the presented A-FR based FD-

MIMO system with the conventional S-FR and the system without self-energy recycling

W-SE. For the MTRSA, the A-FR system outperforms the S-FR and W-SE. It is because

the A-FR system benefits from the better utilization of the system resources. Specifically,

the time durations τm,k
1 and τm,k

2 for every user k can be adjusted dynamically in A-FR

based FD-MIMO, hence, results in better throughput performance. For a network of 8

users, A-FR based MTRSA achieves a throughput ratio of 1.27 and 2.43 over S-FR and

W-SE based MTRSA, respectively. The main reason for the significant increase of the

throughput in A-FR compared to S-FR is that the S-FR based MTRSA allocates uniform

time-slots τm,k
1 and τm,k

2 for its source and relays, even when the effective SNR of each

relay-user hop is significantly lower than that of the first hop. As a result, the system

throughput performance is significantly limited by the bottleneck relay-user link, and the

resources allocated for improving throughput is wasted partially. On the other hand, the
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Figure 6.3: Sum throughput of the A-FR based FD-MIMO in comparison to S-FR and
W-SE for different network sizes.

W-SE based MTRSA system achieves lower performance gain as it solely harvests energy

from the source, thus harvests less energy as compared to A-FR and S-FR based MTRSA

systems. Furthermore, for the ORS algorithm specifically, the A-FR performs better than

S-FR as expected and achieves a throughput performance ratio of around 1.45 over the

S-FR. Note that the static time S-FR protocol of the proposed MTRSA outperforms the

dynamic time protocol for the conventional ORS algorithm, which shows the robustness

of the proposed MTRSA and the importance of relay selection in the network to achieve

better throughput gains. The W-SE based MTRSA performs better than the S-FR based

system incorporating conventional ORS scheme. Therefore, it is significant to allocate

proper relays to the users in the network.

6.6.2 Throughput versus Transmission Power of the Source

Fig. 6.4 compares the sum-throughput performance of the BFA, MTRSA, ORS, PRS and

TAP algorithms for varying source transmission power P values for K = 5 users in the

network. As P increases, throughput performance of the algorithms increases. It is due

to the fact that the relays can harvest more energy with increasing source power P values,
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Figure 6.4: Sum throughput of the algorithms for different values of source transmission
power P.

which in turn increases the transmission power at the relays, and thus the throughput

increases. The proposed MTRSA achieves better throughput performance as compared

to the other conventional ORS and PRS algorithms and performs close to the optimal

BFA solution, showing the significance of proper relay allocation in the network. Note

that the ORS algorithm which considers the channel characteristics of both the hops while

selecting a relay performs better than the PRS, which takes into account only a single-hop.

TAP algorithm again achieves the lowest throughput performance.

Fig. 6.5 compares the sum-throughput performance of the proposed A-FR based

MTRSA with S-FR and W-SE based MTRSA, respectively. We observe that the through-

put increases as the power P increases. With the increasing values of P, the relays are able

to harvest more energy, which increases the throughput performance of the system. The

A-FR based MTRSA achieves the throughput ratio of 1.32 and 2.1 over S-FR and W-SE

based MTRSA for the P = 1dBm, respectively. The higher performance gain of the A-FR

based MTRSA shows the significance of incorporating dynamic time slot based A-FR

protocol. Furthermore, the A-FR based MTRSA outperforms conventional ORS for both

A-FR and S-FR protocols, showing the robustness of appropriate relay allocation. Note

that the static time S-FR protocol based MTRSA performs better than the dynamic time
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Figure 6.5: Sum throughput of the A-FR algorithm in comparison to S-FR and W-SE for
different values of source transmission power P.

A-FR protocol based conventional ORS system. Therefore, it is significant to incorporate

dynamic time A-FR protocol along with the robust relay selection which in our case is the

proposed MTRSA.

6.7 Conclusion

In this chapter, we have considered an FD-DF MIMO multi-relay-user system with self-

energy recycling capability. We have investigated the sum-throughput maximization prob-

lem to determine the optimal dynamic time slot durations of the A-FR protocol, transmis-

sion powers of the source and relays, and relay selection. The formulated problem is

MINLP, which is generally hard to solve for the global optimum. We have provided a

solution strategy in which the problem is divided into two sub-problems: resource allo-

cation and relay selection. We have reduced the resource allocation problem for a given

relay allocation to a convex problem by using the Taylor series approximation of the har-

vested power at the relay and presented the optimal solution using convex optimization

techniques. For the relay allocation, we have proposed the heuristic polynomial-time al-

gorithm based on the idea of the iterative selection of a relay that offers the maximum
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throughput rather than only considering the channel conditions in conventional relay se-

lection algorithms. Through extensive simulations, we have observed that the proposed

algorithm outperforms previously proposed conventional relay selection algorithms and

performs very close to the optimal solution. We have also illustrated that the A-FR based

system achieves better throughput performance as compared to the conventional system

incorporating uniform time duration S-FR protocol and the FD-MIMO system without

self-energy recycling. In the future, we are planning to include scheduling of the users

in the problem since it will further improve the throughput performance. The work can

also be extended in a multi-cell environment. Beam-forming can also be exploited to im-

prove the energy harvesting rates of the relays to improve the throughput. Furthermore,

we will incorporate machine learning techniques to solve the optimization problem in low

run-time computational complexity.



Chapter 7: Wireless Information and Energy Transfer for Outdoor to Indoor Multicarrier SUDAS
System 99

Chapter 7

WIRELESS INFORMATION AND ENERGY TRANSFER FOR

OUTDOOR TO INDOOR MULTICARRIER SUDAS SYSTEM

In this chapter, we study the resource allocation in an amplify and forward (AF) re-

lay assisted orthogonal frequency division multiple access (OFDMA) system employing

a shared UE side distributed antenna (SUDAS). It simultaneously utilizes both unlicensed

(in the UE to AF relay link) and licensed frequency bands (AF relay to BS link), hence

exploiting the advantages of both MIMO over licensed band with its favorable propaga-

tion conditions and mmW band with larger bandwidths, to improve achievable rate of

the future 5G communication systems. The users in the system have no energy of their

own, so for transmitting information to the base station in the uplink, they first need to

harvest energy from the AF relays in the downlink. For this purpose, we present a time

switching based MIMO-OFDM (TS) protocol. To explore the system performance limits,

we formulate a non-convex optimization problem to maximize the end-to-end achievable

information rate of the system. Due to the non-convexity of the problem, we propose a

polynomial time algorithm based on the separation of energy harvesting and information

transmission problems and optimization of the interactive time variable. Simulation re-

sults illustrate that the proposed system achieves a significant performance gain over the

conventional systems exploiting only licensed bands. Moreover, the effect of the number

of SUDACs (relays) and number of subcarriers on the system performance are also inves-

tigated.



Chapter 7: Wireless Information and Energy Transfer for Outdoor to Indoor Multicarrier SUDAS
System 100

7.1 Introduction

Wireless relaying is an efficient technique to provide reliable transmission, high through-

put and long coverage as with the exponential growth of wireless traffic, future 5-th gen-

eration (5G) wireless communication systems face huge challenges for high data rate and

reliability of transmission [81]. Different relaying techniques such as amplify and forward

(AF), compress and forward (CF) and decode and forward (DF) have been presented in

the literature [96,97]. Among them, AF is one of the most widely used technique, mostly

preferred due to its simplicity. On the other hand, multiple input multiple output (MIMO)

systems have received great attention in the past decades as it provide higher rates, re-

liability and spectrum efficiency. Moreover, orthogonal frequency division multiple ac-

cess (OFDMA) provides high speed wireless communications because of its resistance to

multipath fading and high spectral efficiency. Therefore, recently there has been a lot of

interest in combining the concepts of MIMO and OFDMA to pave the way for the transi-

tion of existing communication systems to 5G. In [98], a suboptimal resource allocation

algorithm design for multiuser MIMO-OFDMA systems is presented. In [99], the perfor-

mance of multiuser MIMO with limited feedback is investigated. But, the total end to end

throughput in [98] and [99] is limited by the system bandwidth which is a scarce resource

in licensed frequency bands. Also, small number of antennas at the UEs limits the spa-

tial multiplexing gain offered by MIMO. Therefore, using unlicensed frequency spectrum

around 60 GHz is useful as it offers a bandwidth of 7 GHz. The mmWave band can offer

high data rates for 5G networks but suffers from the penetration losses which limits its

scope for outdoor to indoor scenarios. Moreover, backhauling of this data to a central unit

is a problem as the last mile from the central unit to homes cannot support such high data

rates except when optical fiber is used which is a very costly solution. Also, finding a

suitable location for the BS using mmWave band that is in line-of-sight to all the available

UEs is very difficult. Therefore, we propose a solution which combines the advantages of

MIMO over a licensed band with its favorable propagation conditions and mmWave band

with its larger bandwidths to increase the rate of the system.

In this chapter, we present a SUDAS uplink communication system which resembles a
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wireless relay assisted MIMO system and utilizes both licensed and unlicensed frequency

bands. SUDAS is a system which translates spatial multiplexing in the mobile band into

frequency multiplexing in the mm-wave band. In [100], an efficient resource allocation

algorithm design to maximize the end-to-end system throughput for downlink multicarrier

transmission with SUDAS is presented. But considering the mobile networks, in which

the nodes having a limited lifetime have garnered a great interest on an efficient use of

energy in wireless networks so for that purpose, we consider that the users in the system

have no energy of their own, and for transmitting the information to the BS, they first har-

vest energy from the SUDACs (relays) available in the downlink. For EH, we assume that

the time switching (TS) based protocol is used. In [101], the authors studied the wireless

energy and information transfer for two hop MIMO-OFDM relay networks for a single

user, but they considered the relay to be energy harvesting component. On the contrary,

we have multiple users in our system and they are the energy harvesting components.

In [92], the authors presented a SUDAS system and their objective was to maximize the

energy efficiency of the system but there are no energy harvesting components. The con-

tribution of our work is summarized as follows:

We propose a SUDAS communication system which utilizes both licensed and unlicensed

frequency bands to increase the information rate of the system. To explore the system per-

formance, we formulate a non convex optimization problem to maximize the end-to-end

achievable rate. Due to non convexity of the problem, we divide the main problem into

two sub problems namely EH problem and information transmission problem and present

an algorithm to solve it optimally.

The rest of the chapter is organized as follows. In section 7.2, we present the model of

the proposed SUDAS system and the Time switching based (TS) protocol. In section 7.3,

we formulate a non convex optimization problem to maximize the end to end achievable

rate of the system. Due to the non-convexity of the problem, it is very difficult to solve.

Section 7.4 discuss how to optimize the proposed TS based protocol. In section 7.5,

we present numerical results to evaluate the performance gain of our proposed TS based

protocol. Section 7.6 summarizes our work.
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Figure 7.1: SUDAS uplink communication system

7.2 System Model

7.2.1 Physical Layer Uplink SUDAS Model

We consider an OFDMA uplink communication system that consists of K UEs, M SU-

DACs (relays) and a BS. A SUDAC is a device operating on both licensed and unlicensed

frequency bands. We assume that the users have no power of their own, so for communi-

cation to the BS, they need to harvest energy from the SUDACs available in the downlink.

The UEs transmit the information to SUDACs in the unlicensed band and every SUDAC

transmits to the BS in the licensed band. Simultaneous transmission and reception is

possible at SUDACs since the two signals are separated in frequency. In the unlicensed

band, a huge bandwidth is available. As shown in Fig. 7.1, the UEs are equipped with

ND transmit antennas, transmitting the signals to M SUDACs in the unlicensed band. The

BS contains NT antennas, receiving the signals in the licensed band from the SUDACs.

The multicarrier communication system is wideband with N subcarriers. We assume that

the channel of both hops are known to their respective transmitter and receiver. The data

vector symbol mk
n ∈ C

Ns×1 on subcarrier n from UE k denoted by Xk
n is precoded as

Xk
n = Wk

1,nmk
n, (7.1)

where Wk
1,n ∈ C

ND×Ns is the precoding matrix adopted by UE k on subcarrier n in the

unlicensed band.

The signals received at the M SUDACs on subcarrier n for the k-th UE denoted by yk
S ,n
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are

yk
S ,n = Hk

1,nXk
n + zk

l (7.2)

where Hk
1,n is the (M×ND) MIMO channel matrix for the first hop between the UE and the

M SUDACs. zk
l is the additive white Gaussian noise(AWGN) vector on subcarrier n with

distribution CN(0, σZ) and yk
S ,n = [yk

S 1,n, y
k
S 2,n....y

k
S M,n], where yk

S M,n represents the signal

received at SUDAC M.

After receiving the signals from the UE in the unlicensed band, each SUDAC multi-

plies the received signal by the (M×M) AF relay gain matrix Wk
2,n and forwards the signal

vector on subcarrier n to the BS in the licensed band, and Wk
2,n = diag[Wk

2,n,1,W
k
2,n,2....W

k
2,n,M]

where;

Wk
2,n,M =

√√
Pk

2,n,M

Pk
1,n,M ∗ γ

k
1,n,M + σ2

z
(7.3)

Now the signal received at the BS on subcarrier n via the SUDAC denoted by yk
2,n is

yk
2,n = Hk

2,nWk
2,nHk

1,nWk
1,nmk

n + Hk
2,nWk

2,nzk
l + nk

n (7.4)

where Hk
2,n is the (NT × M) MIMO channel matrix between the SUDACs and the BS. nk

n

is the AWGN vector on subcarrier n with distribution CN(0, σN).

7.2.2 Singular Value Decomposition

By doing SVD, we can convert our end to end MIMO channel to Ns parallel channels. We

denote the MIMO channel matrix for the first hop as

H1,n = U1,n

∑
1,n

(V1,n)H (7.5)

where U1,n ∈ C
M×M, (V1,n)H ∈ CND×ND and

∑
1,n is the (M × ND) diagonal matrix whose

diagonal singular values represent the channel to noise ratio (√γ1,n, j) on spatial channel j
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for subcarrier n, where j = [1, 2, ...,Ns]

Similarly, for the second hop, by using SVD

H2,n = U2,n

∑
2,n

(V2,n)H (7.6)

where U2,n ,(V2,n)H ∈ CNT×NT and CM×M are unitary matrices, and
∑

2,n is the (NT × M)

diagonal matrix with diagonal elements representing the equivalent CNR values for the

second hop on the spatial channel j (√γ2,n, j).

After doing SVD, the MIMO channel is converted to Ns parallel channels where;

Ns ≤ [Rank(H1,n),Rank(H2,n)] (7.7)

So, the precoding matrices adopted by the UE and SUDAC as given by theorem 1 in [100]

are ,

Wk
1,n = ˆV1,nP1,n (7.8)

where ˆV1,n consists of the Ns columns of (V1,n)H corresponding to the non-zero singular

values of
∑

1,n and P1,n is the (Ns × Ns) power allocation diagonal matrix for the UE to

SUDAC(relay) link, diag(P1,n) = [
√

Pk
1,n,1......

√
Pk

1,n,Ns
] Similarly,

Wk
2,n = ˆV2,nP2,n( ˆU1,n)H (7.9)

where ˆV2,n and ( ˆU1,n)H are the Ns rightmost columns of V2,n and U1,n, P2,n is the diagonal

power allocation matrix for the SUDAC to BS link, diag(P2,n) = [
√

Pk
2,n,1......

√
Pk

2,n,Ns
].

Therefore, the end-to-end rate of the system on subcarrier n denoted by Rk
n is given as

Rk
n =

Ns∑
j=1

log(1 + S NRk
n, j) (7.10)
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Figure 7.2: Framework of TS protocol

and the SNR can be expressed as in [100];

S NRk
n, j =

γ1,n, jPk
1,n, jγ2,n, jPk

2,n, j

γ1,n, jPk
1,n, j + γ2,n, jPk

2,n, j

(7.11)

7.2.3 TS Protocol

The framework of time switching based (TS) protocol is presented in the Fig. 7.2 where

the time period T is divided into two phases. The first phase is of duration αT . This

phase is used to transfer energy to UEs from the SUDACs available and α ∈ [0, 1] is

the time switching factor. The second phase is of (1 − α)T duration and it is used to

transfer information from the UEs to SUDACs and from SUDACs to BS. For simplicity,

we normalize the time period T to be 1. In the first phase, only energy is transferred.

Thus, the received signal at UE k denoted by yk
UE,n is

yk
UE,n = Hk

0,nsk
n + zk

l (7.12)

where Hk
0,n is the (ND×M) MIMO channel matrix for the first hop between the M SUDACs

and the UE. yk
UE,n represents the signal received at UE k for energy harvesting.

The total harvested energy at the UE k over subcarrier n denoted by Ek
harv,n is given by

Ek
harv,n = αη[

∑
j

(Pk
0,n, j)(γ

k
0,n, j)] (7.13)

where η describes the converting efficiency of the energy transducer in converting the

harvested energy to electrical energy. Here, we assume η to be 1.
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7.3 Optimization problem formulation

The optimization problem for the SUDAS assisted MIMO-OFDMA system can be ex-

pressed as:

max
α,mk

n,Pk
1,n, j,P

k
2,n, j

K∑
k=1

nF∑
n=1

(1 − α)mk
nRk

n

s.t

Ns∑
j=1

mk
nPk

1,n, j ≤
Ek

harv,n

1 − α
;∀k,∀n (7.14a)

K∑
k=1

nF∑
n=1

Ns∑
j=1

mk
nPk

2,n, j ≤ MPR (7.14b)

K∑
k=1

mk
n ≤ 1; ∀n (7.14c)

mk
nε[0, 1]; ∀k,∀n (7.14d)

Pk
1,n, j ≥ 0 (7.14e)

Pk
2,n, j ≥ 0 (7.14f)

0 ≤ α ≤ 1 (7.14g)

where the objective is to maximize the end-to-end achievable information rate. mk
n, Pk

1,n, j,

Pk
2,n, j and α are the decision variables and mk

n is the subcarrier allocation variable. More-

over, constraints (7.14c) and (7.14d) are imposed to ensure that each subcarrier serves

atmost one user. Constraints (7.14a) and (7.14b) are the transmit power constraints of the

energy harvesting users and the SUDACs (relays) while constraint (7.14g) shows that the

fraction of time in which the users harvest energy is between 0 and 1.

It can be observed that the above problem consists of a non-convex objective func-

tion. It is a combinatorial optimization problem with discrete variable mk
n. Moreover,

constraints (7.14a) and (7.14b) are non-linear. Due to these reasons, the problem is very

difficult to solve so, we solve it as follows.
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7.4 Optimal Design Of TS Protocol

We know that in the first phase of the TS protocol, only energy is transferred to the UEs

from the SUDACs which means we need to deal with Ek
harv,n only. Based on this, we

present the solution of our problem in the flow chart above.

7.4.1 EH Problem

For a given α, we can see from the equation (7.13) that larger Ek
harv,n means more power

available to the UEs to transfer the information. This motivates us that the objective of

our EH Problem should be maximize Ek
harv,n, as we need users to harvest more power. For

this purpose, we present an algorithm below to find the EH solution. The sub optimal EH

Algorithm 9 SUBOPTIMAL EH ALGORITHM
1. f or k = 1, 2, ..,K;
2. f ind (n) = max

n=1,2,...,N
[γk

0,n,1]

3. assign (MPR) to [λk
0,n,1] corresponding to [γk

0,n,1]
4. end

algorithm is described as follows. We find the best subcarrier for each user (Lines 1-2)

and allocate all the power MPR to the subcarrier with the maximum γk
0,n,1(Line 3). The
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power harvested by each user denoted by Pk is therefore given by

Pk =
αηMPR(γk

0,n,1)

1 − α
(7.15)

The total harvested power by all the users in the system denoted by Pmax is

Pmax =

K∑
k=1

Pk (7.16)

7.4.2 Information Transmission Problem

After, we find the optimal EH problem solution, the optimization problem is transformed

to

max
mk

n,Pk
1,n, j,P

k
2,n, j

K∑
k=1

nF∑
n=1

mk
nRk

n

s.t

Ns∑
j=1

mk
nPk

1,n, j ≤ Pmax;∀k,∀n (7.17a)

K∑
k=1

nF∑
n=1

Ns∑
j=1

mk
nPk

2,n, j ≤ MPR (7.17b)

K∑
k=1

mk
n ≤ 1; ∀n (7.17c)

mk
nε[0, 1]; ∀k,∀n (7.17d)

Pk
1,n, j ≥ 0 (7.17e)

Pk
2,n, j ≥ 0 (7.17f)

This transformed problem is similar to the problem in [100], therefore we use the same

solution as presented in that work to find the optimal power Pk
1,n, j, Pk

2,n, j and subcarrier

allocation mk
n. We observe that there is a combinatorial constraint (7.17d). To relax this,

we adopt a time sharing approach [102] such that mk
n is a real valued variable between

0 and 1. We note that after adopting time sharing relaxation approach, the optimization
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problem is jointly concave with respect to the variables. So, we solve it by using iterative

resource allocation algorithm based on alternating optimization. Please refer to [100] for

the details.

7.4.3 Finding Optimal α

After finding the optimal power and subcarrier allocation variables, we find optimal α.

It can be observed that our objective function [(1 − α)mk
nRk

n] gives 0 when α = 0 or 1.

Means, there exists an optimal value within the interval (0, 1]. For finding the optimal

value, we use the hill climbing algorithm [103] which has a fast convergence.

7.5 Numerical Results and Discussions

The goal of this section is to evaluate the system performance based on simulations. We

assume that there are k UEs located in an indoor environment. The total bandwidth of the

licensed band is assumed to be 5 MHz so each subcarrier has a bandwidth of 5 ∗ 106/N

Hz. The distances between the BS and each SUDAC and between each SUDAC and

UEs are different as SUDACs (relays) are assumed to be scattered in an indoor environ-

ment. Besides this, the path loss effect is also considered, where we assume it to be

3.7 for the licensed and 4.7 for the unlicensed band. For simplicity, we assume that Ns

≤ min[NT ,M,ND]. To show the performance gain of our proposed optimal TS scheme,

we consider two configurations as benchmarks i.e, TS with fixed α = 0.1, and a basic

system which utilizes only licensed band.

7.5.1 Performance vs Pmax

Fig. 7.3 illustrates the performance of various schemes for different transmission powers

for N = 8 subcarriers, K = 2 UEs and M = 8 SUDACs. It can be seen from the figure that

all schemes achieve higher achievable information rate as Pmax increases, this is because

higher Pmax will lead to high SNR for the system. It is also shown that the performance

of the proposed optimized TS scheme is better than the TS with a fixed α for both the

SUDAS and the basic system. Note that we found optimal α to be 214 ∗ 10−6 for SUDAS
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system and 20.5 ∗ 10−3 for the basic system. Besides, it can also be observed that the

SUDAS system achieves higher performance gain as compared to the basic system.

Figure 7.3: Pmax versus Achievable information rate of the system

7.5.2 Performance vs Number of Subcarriers

Fig. 7.4 shows the achievable information rate for different number of subcarriers in

the system with Pmax=20dBm. It can be observed from the figure that as the number of

subcarriers increases, the performance of both the SUDAS and basic system increases.

However, the increasing rate of both the curves becomes slower with the increment of

subcarriers, the reason might be that more subcarriers bring more flexible configuration

to increase the system rate but with a fixed system bandwidth, more subcarriers means

smaller bandwidth allocated to each subcarrier. So, there is the trade off between the

number of subcarriers and system achievable information rate.

7.5.3 Number of SUDACs (Relays) vs α

Fig. 7.5 depicts the number of SUDACs versus α. It is observed that the fraction of time

for energy harvesting α descreases as we increase the number of SUDACs, which in turn

means higher achievable information rate of the system. From the figure, we can notice

that when the number of SUDACs are eight, the fraction of time for EH α is very close to

what we have found.



Chapter 7: Wireless Information and Energy Transfer for Outdoor to Indoor Multicarrier SUDAS
System 111

Figure 7.4: Number of subcarriers vs achievable information rate of the system

Figure 7.5: Number of SUDACs vs α

7.6 Conclusion

In this chapter, we studied the wireless energy and information transfer in SUDAS as-

sisted multicarrier transmission system, SUDAS is a system which utilizes both licensed

and unlicensed bands. For EH, we present the time switching based (TS) protocol. To

investigate the system performance, we formulated a non convex optimization problem

with the objective of maximizing the achievable rate of the system. For the solution of

the problem, we divided the main problem into two sub problems and presented some

algorithms. The simulation results suggested that the SUDAS system outperforms the

previous systems. Also, the effect of the number of SUDACs and the number of subcarri-

ers on the system performance has been discussed.
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Chapter 8

CONCLUSION

In this thesis, we have investigated the resource allocation in full-duplex relay based

WPCN and SWIPT networks. We have investigated novel optimization frameworks for

the optimization of time allocation, scheduling and relay selection. First, we studied

the transmission time minimization and throughput maximization optimization problems

through relay selection in an FD-WPCCN, respectively. Incorporating the on-off trans-

mission scheme, we then investigated the transmission time minimization and throughput

maximization problems using scheduling and relay selection in FD-WPCCN. Note that

we have incorporated a practical non-linear EH model based on logistic function in the

above mentioned FD-WPCCN works. For the SWIPT network, we first provided the out-

age analysis of an FD-DF relay system with a practical non-linear CLC-EH model and

presented the optimization problems of outage throughput and EE maximization. Then,

we extended the system model to a multi-relay-user FD-MIMO incorporating self-energy

recycling, considering a logistic function based non-linear EH model. Self-energy recy-

cling exploits the self-interference that arises due to the FD mode in a very useful manner.

We presented the resource allocation and relay selection optimization framework with the

objective of maximizing the sum-throughput in a SWIPT FD-DF MIMO system. Finally,

we have studied the resource allocation in an AF relay based SWIPT system employing

SUDAS and presented an optimization framework for the throughput maximization.

We believe that our studies for different network models of relay based WPCN and

SWIPT are very promising for the emerging future wireless communication networks

such as IoT and MTC over the 5G communication system. This is due to the similar ap-

plication requirement and network characteristics of the sensors in WPCN and SWIPT. In

future, we plan to incorporate our solutions and findings to realize the dream of attaining

perpetual lifetime for more spectrum efficient WPCNs and SWIPTs. Moreover, we will
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incorporate machine learning schemes to solve the optimization frameworks in a very low

run-time computational complexity.
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