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Abstract
The continuous growth of high data rates with huge increase in the number of mobile
devices and communication infrastructure have led to greenhouse gas emission,
higher pollution and higher energy costs. After the deployment of 4G and immense
data rate and QoS requirements for 5G, there is an urgent need to design future
wireless systems that aim to improve energy efficiency (EE) and spectral efficiency
(SE). One of the possible solutions is to use energy harvesting (EH), which promises
to reduce energy consumption issues in information and communication technology
sector. In order to tackle these challenges, this thesis is focused on the design and
performance analysis of EH systems. EH has emerged as a potential candidate
for green wireless communication which not only provides solution to the energy
limitation problem but also prolongs the lifetime of batteries.
First, the performance evaluation of an EH-equipped dual-hop relaying system
is proposed to improve the system throughput and the end-to-end signal-to-noise
ratio (SNR). We derive novel closed-form expressions for cumulative distribution
function of individual link's SNR and of the end-to-end SNR. In addition, the
proposed model analyses the ergodic capacity which is an important performance
metric for delay-sensitive services. Further, these closed-form expressions reduce
the computational complexity of the receiver architecture for practical systems. An
insight through system parameters provide significant improvement in end-to-end
SNR especially when both transmitter and relay nodes are equipped with harvesting
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sources.
Second, performance analysis and optimal transmission power allocation techniques for EH-equipped system are studied. Our proposed model investigates
and provides the conditions under which the harvesting can improve the system
performance. In this work, novel closed-form expressions are calculated for the
maximum achievable EE, SE and EH beneficialness condition. We studied two cases
such as power is adapted to variations in the channel and when transmit power is
fixed. We proved that EE-optimum input power decreases with EH power level.
Also, system parameters demonstrate the conditions under which EH improves
overall system performance.
Finally, a multi-objective optimization problem is formulated that jointly maximizes EE and SE for point-to-point EH-equipped system. We introduce new
importance weight which set the priority levels of EE versus SE of the system.
The formulated problem is solved by using convex optimization method to achieve
optimal solution. The proposed system model provides freedom to choose any
value for importance weight to satisfy quality of service (QoS) requirements and
the flexibility of balancing between EE and SE performance metrics.
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Chapter 1
Introduction
In this chapter, section 1.1 explains the motivation for using energy harvesting in
green communication system which is a promising candidate in next generation
5G communication systems. Section 1.2 provides the objective and scope for this
thesis. The main contribution and novelties towards this dissertation is mentioned
in section 1.3. Then, section 1.4 is outlined to give an overview and structure of
thesis. Lastly, section 1.5 lists the author's conference and journal papers during
her doctoral studies.

1.1

Thesis Context and Motivation

We are living in a mobile generation, where demand of data rate and mobileconnected devices have immensely increased over the last two decades [DG16].
According to CISCO Visual Networking Index (VNI) 2016 report [Ind15] mobile
data is expected to increase to 49 exabyte per month by 2021 which will eventually
exceed annual traffic to half a zettabyte, out of this 78\% of total mobile data traffic
will be video. Due to this advancement in wireless technology, it is challenging to
satisfy the high demands of users throughput, carbon footprint of information and
communication technologies, cost effectiveness and limited battery issues [DCA16].
1
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In addition to the battery limitation, according to climate group SMART
(2020) [Mel10], higher greenhouse gas emissions have increased the carbon footprint
to 349 metric ton (Mt) and the electrical energy consumption to 1700 tera watt
hour (TWh), which will affect cost and climate changes by at least losing 5\% of the
global gross domestic product (GDP) every year. Due to the increase in the carbondioxide emission, limited battery life advancements, and the operational costs,
several projects started to look for solutions to reduce the high energy costs and the
carbon footprint of communication networks [LKWG11], e.g., energy aware radio
and network technologies (EARTH) [GBF+ 09] and towards real energy-efficient
network design (TREND) [AMBC+ 12]. There is indeed a huge interest in the
academics and industries to design and develop higher data rate devices while
lowering the device energy consumption. As discussed in [CZXL11], and references
therein, there are four key trade-offs between energy efficiency, spectrum efficiency,
delay and deployment costs.
In addition to the information and communication technology (ICT) challenges,
saving energy is one of the most critical challenges for wireless communication
sector [FVDM+ 12]. In light of the challenges mentioned above, there is a need
of shifting to new paradigm ""Green communication"" for next generation networks [ABC+ 14]. Green communications promise to overcome these challenges by
reducing energy consumption impact to environment [YZLZ17] and providing possible solutions to the current energy limitation problems in the ICT sector [LDPR02].
The evolving next generation networks focus on energy saving and fulfilling
the energy requirements [DGK+ 13]. Fifth generation (5G) networks promises to
provide high data rate in the range of 1 Giga bits per second (Gb/s) with 1000 times
improved throughput, end-to-end latency in the range of 1 mili second (ms) and 10
times prolonged battery life in order to improve energy efficiency [ABC+ 14]. There
are different technologies addressing to the requirements of 5G systems which are
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classified as [HH15] 1) Energy harvesting (EH), 2) Cloud-based radio access network
(C-RAN), 3) Heterogeneous networks (HetNets), 4) Full duplex communication, 5)
Massive multiple-input multiple-output (MIMO), 6) Device-to-device (D2D) and
virtualisation of network resources.
Energy harvesting has the potential to prolong the lifetime and improve
the performance of energy limited networks, e.g., wireless sensor networks
(WSNs) [XCFD13]. This technology not only promises to resolve the limited
battery issues, but also to reduce the carbon footprint of high data rate wireless
devices, by reusing the energy from the surrounding environment [Var08]. Energy
can be harvested from sources like solar, wind, vibrations, thermo-electric and also
from radio frequency (RF) signals [YU10], [CYZ+ 11].
On large scale harvesting energy opens the possibility for obtaining green and
sustainable energy from all the resources [WYJW14]. Also, energy harvesting
on large scale is beneficial for the applications envisioned for IoT which includes
home automation, health care, transportation, smart environments and surveillance [ENS+ 17].
Energy harvesting techniques have the potential to reduce the carbon consumption of high data rate wireless systems by reusing the energy available in the
surrounding environment [CQZ14], and can also be used to increase the lifetime of
battery-limited devices, e.g, sensors and actuators [LZC13].
Energy harvesting is considered as one of the promising candidates for 5G
communication. However the growing demand of energy in the world has set new
challenges to the new generation networks. Internet of Things (IoT), connected
devices and development in the energy based wireless communication devices has
motivated researchers and academics to pay more attention towards increasing the
battery life of these devices [RJS+ 17].
The Internet of Things (IoT) in particular is an intelligent infrastructure where
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devices communicate wirelessly with each other and provide services to people on a
large scale through the Internet [KMS+ 15]. IoT has the potential to improve many
aspects of users' quality of life. In an IoT structure, sensors are mainly used which
have limited energy resources (e.g., a battery). Energy harvesting may provide
a solution with improved power management which eliminates the need of these
batteries are getting attention in recent years [TTS+ 16].
Solar energy is certainly one of the most commonly used ambient energy, since
light can be directly converted into electricity that runs a wide range of indoor and
portable devices [HD88]. Also, solar energy is by far the largest and most available
source among the renewable energy sources. In a communication network for
example, the BS transmitter can be equipped with high solar panels that provide
it with constant energy supply [CSAA16]. Solar energy is indeed a practical source
for getting additional energy in outdoor networks. In wireless sensor networks
for instance, intelligent solar energy harvesting systems comprised of solar panels
and control circuits are highly beneficial [LS15]. RF energy harvesting, on the
other hand, can be used in recharging a wireless node having limited battery
capacity [PSZS13].
Apart from conventional renewable sources, energy can also be harvested from
ambient energy in the RF [Kri14]. In particular, interference in the RF which
emanates from cellular communication networks is an ambient source of energy omnipresent in various environments such as urban areas [CLJ+ 15]. Energy harvested
from RF can be used to run devices with energy constrained resources [RSV11a].
RF harvesting got popularity due to the fact that it is autonomous and does not
depend on dedicated energy sources [HD88].
EH is one of the promising solutions for improving energy efficiency (EE) of
the battery constrained-wireless devices since it meets the requirements of green
communications [NJC+ 17] and [PS05]. EH is expected to have futuristic abundant
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applications e.g., solar panels and wind turbines which are deployed to reduce
energy consumption and prolong the operation time [GSMZ14]. EH is an ambient
source of energy which significantly improves EE of the system by keeping the
device energy consumption low [ZCR+ 17].
In this regard, green communications provide ecological friendly approach that
aims at improving the EE and the spectral efficiency (SE) of the future communication systems [BCR+ 12]. EE, which is defined as the data transferred per
unit energy consumed, with unit of b/J/Hz, has recently received a great deal of
interest, e.g., [MHL10] and [SMN15]. Designing an energy-aware system to provide
high network performance and save energy is proved to be challenging in recent
literature [HMLN13] and [ZZZ14]. EE is one of the key performance metrics for
next generation communication networks. According to 5GrEEn project [OCF+ 13],
telecom vendors and leading academics are contributing significantly to improve
EE in 5G communications while reducing the operational cost. One of the biggest
challenges in designing a future generation network is to jointly optimize contradicting objectives, which include, e.g., EE and SE [SK]. Improving EE or maximizing
throughput, has been investigated widely in literature, e.g., in [PD10] and [XZ14],
which show that increasing EE in many cases results in decreasing rate. In this
trend, recently, EH has emerged as a new technology that has potential to improve
EE, while maintaining the SE [PKH13] and [ZZH12].
From a usage architectural point-of-view, there exists two main categories
for harvesting energy [RSV11a]: (a) harvest-store-use (HSU), where harvested
energy can be accumulated for future use, and (b) harvest-use (HU). In the latter
approach [KZO13], energy cannot be stored and must be used immediately when it
becomes available to the transmitter [MM10]. This is suitable for applications where
nodes exchange short messages, such as in sensor monitoring networks [SP01], and
for systems with limited battery storage capabilities for instance [OTY+ 11]. The
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benefit of the HU technique is indeed the low cost and the reduced implementation
complexity.
In addition, since the energy should be immediately utilized as soon as it becomes available, the time switching (TS) protocol that assures the source to either
harvest energy or transmit information data can be implemented [GA14]. The TS
is indeed necessary as the information and energy receivers operate with different
power levels [Var08] in practice. Also, due to the circuit limitations in reality, it
is not possible to harvest energy and transmit or receive information at the same
time [CSAA16]. Therefore, practical receiver architectures use either TS or power
splitting (PS) for energy harvesting [DdCA16]. Compared to the TS approach,
where the receiver switches over time between harvesting energy and transmitting/receiving information, in the PS scheme a portion of the received power is used
for the harvesting and the rest is consumed for information processing [NZDK15].
The above mentioned research problems motivated us to investigate different
aspects of utilizing EH in order to improve system performance metrics in terms of
EE and SE. The motivation of this thesis is to highlight the importance of using EH
as a potential candidate for 5G communication networks. This thesis will provide
in-depth analysis on design and performance evaluation of EH systems.

1.2

Objective and Scope

The main objective of the thesis is to analyse two prominent performance metrics,
i.e., EE and SE with an EH-equipped battery. The focus of this thesis is to design
parameters, implementation strategies and providing solutions for EH systems that
will achieve quality of service (QoS) requirements for 5G networks while maintaining
EE. Performance analysis of EH system with fixed as well as EH battery under
different scenarios has been done and discussed. Also, trade-off between EE and
6
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SE is addressed and explained in detailed. The main objectives of this thesis are
as follows:
Chapter 2
\bullet  To develop a new system model with EH-equipped dual-hop relaying system.
\bullet  To study the impact of two different EH sources, i.e., solar and RF interference
on system performance and throughput.
\bullet  To investigate and derive the estimated closed-from expressions for cumulative
distribution function of each link's individual SNR and of the end-to-end
SNR.
\bullet  To derive the closed-from expressions for the randomness in the interference
at relay which makes the system design practical.
\bullet  To evaluate the impact of additional energy sources to improve system
throughput by providing the closed-form expressions.
Chapter 3
\bullet  To evaluate the performance of solar EH at transmitter along with fixed
battery for point-to-point system.
\bullet  To study the conditions under which EH can improve system performance in
terms of maximizing EE or SE of a system.
\bullet  To investigate the optimum power allocation on maximum achievable EE
and SE, respectively.
\bullet  To provide closed-form expressions for the maximum achievable EE, SE
and EH beneficialness condition under adaptive and fixed transmit power
scenarios, respectively.
7

Chapter 1: Introduction
\bullet  To investigate the impact of power from fixed battery, TS parameter and
solar harvesting energy level on the system performance.
Chapter 4
\bullet  To investigate the trade-off between EE and SE with solar EH at transmitter
in a system.
\bullet  To study the multi-objective optimization problem (MOP) which jointly
optimize EE and SE in Rayleigh fading channel.
\bullet  To study the impact of importance weight, circuit powers and solar harvesting
level on achievable trade-off performance.

1.3

Thesis Contributions and Novelties

The challenges regarding performance analysis of a system with fixed battery issues
and optimal power allocation in EH are highlighted and discussed in order to pave
ways for this particular research direction. There are three main contributions;
\bullet  Performance evaluation of an EH-equipped dual-hop relaying system with
fixed batteries.
\bullet  Optimal transmission power allocation techniques for point-to-point systems
and performance analysis of EH system using harvest-use approach.
\bullet  EE and SE trade-off as a multi-objective optimization problem for a Rayleigh
fading channel with point-to-point EH networks.

8

Chapter 1: Introduction

1.3.1

Performance evaluation of an EH-equipped dual-hop relaying system with fixed batteries.

In chapter 2, the performance evaluation of EH-equipped dual-hop relaying system
is considered in which transmitter and relay nodes are equipped with both fixed
and EH batteries. We derive the end-to-end SNR and the SNR at each link by
providing closed-form expressions. Analytical expression for ergodic capacity is also
calculated. Furthermore, the closed-form expressions are validated by Monte-Carlo
simulations. The effect of EH factor, power from fixed batteries and statistically
independent and not necessarily distributed (i.n.i.d) exponential variables on the
rate of the system and overall system performance is evaluated. Hence, the system
model is evaluated for the randomness in the interference at the relay, which makes
the closed-form challenging.

1.3.2

Optimal transmission power allocation techniques for
point-to-point systems and performance analysis of EH
system using Harvest-use approach.

In chapter 3, performance analysis and optimal transmission power allocation
techniques for point-to-point system, equipped with a harvest-use battery, as
well as a fixed battery is evaluated. We derive closed-form expressions for the
following cases: 1) when power is adapted optimally to the variations in the
channel and 2) when the transmission power is fixed. The analysis is provided
for the conditions under which EH can improve system performance. Also, the
novel closed-from expression is calculated for the maximum achievable EE, SE and
EH beneficialness condition. The maximum achievable EE is obtained by using
fractional programming to get optimal power level. And then we proved that the
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optimal power level monotonically decreases with EH power level. The correctness
of the closed-form expressions is validated by Mote-Carlo simulations. Moreover,
the impact of EH power level, TS parameter, circuit powers and power form fixed
batteries on system performance is investigated through numerical results.

1.3.3

EE and SE trade-off as a multi-objective optimization
problem for a Rayleigh fading channel with point-to-point
EH networks.

In chapter 4, a power allocation scheme that jointly optimize EE and SE for
a point-to-point system is proposed. A multi-objective optimization problem
using weighted sum which jointly optimize EE and SE is derived. We introduce
importance weight which is varied to prioritize EE and SE level. Using KarushKuhn-Tucker (KKT) conditions, the optimum power allocation without input power
constraint in calculated in terms of closed-form expressions. Again, the impact of
importance weight, TS parameter, circuit powers and solar harvesting energy level
on achievable trade-off performance is investigated.

1.4

Thesis Outline

The thesis is organized into 5 chapters.
\bullet  Chapter 1 starts with an introduction to the thesis and present the objectives
and motivation for the proposed research.
\bullet  Chapter 2 describes the performance analysis of EH-equipped dual-hop
relaying system which improves end-to-end signal-to-noise ratio and system
throughput. It includes the system model design and deriving the closed-form
expressions.
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\bullet  Chapter 3 explains the performance analysis and optimal transmission power
allocation techniques for EH-equipped system is studied. The proposed model
is analysed to investigate whether EH can improve the system performance
under different scenarios.
\bullet  Chapter 4 investigates the system in which EE and SE trade-off as a multiobjective optimization problem for a Rayleigh fading channel with point-topoint EH networks.
\bullet  Chapter 5 summarizes all the chapters by providing conclusion of the thesis
and giving potential directions for future work.

1.5

Author Publications and Achievements

Most of the results presented in the thesis are submitted and/or accepted in various
conference and journals are provided as follows:
\bullet  Arooj.M. Siddiqui, Leila Musavian, Qiang Ni, ""Energy efficiency optimization
with energy harvesting using harvest-use approach"", In \itP \itr \ito \itc  . IEEE Int. Conf.
Commun. Work. (ICCW), pages 1982-1987, London, June, 2015.
\bullet  Arooj.M. Siddiqui, Leila Musavian, Qiang Ni, and Sonia Aissa, ""Performance
analysis of Relaying Systems with Fixed and Energy Harvesting Batteries"",
IEEE Trans. Commun. (TCOM), Feb 2017 (Accepted for publication).
\bullet  Arooj.M. Siddiqui, Leila Musavian, Qiang Ni, and Sonia Aissa, ""Performance
Analysis of Energy Harvesting Systems Using Harvest-Use Approach: Energy
and Spectral Efficiency"", IEEE Trans. Wireless Commun. (TWC), May 2017
(submitted).
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Apart from publications, few awards and achievements which counts in credit for
author during PhD includes:
\bullet  Best Poster award at Postgraduate Research Conference, Lancaster university,
25th April 2015.
\bullet  Runner up for the best ""3 minute thesis presentation award"" at Postgraduate
Research Conference, Lancaster university, 25th April 2015.
\bullet  Lancaster Award winner.
\bullet  Lancaster Excellence award. The Excellence Award is a stand-alone award
which rewards high achieving students who have invested time and energy
into academic and non-academic activities during their PhD. Author was
selected for Lancaster excellence out of 200 students.
The chapters are mapped to papers in such a way that each work is represented by
individual chapter given in detail in thesis later. Chapter 2 relates to "" Performance
analysis of Relaying Systems with Fixed and Energy Harvesting Batteries"". This
chapter is already accepted for publication in IEEE TCOM. Chapter 3 represents
""Performance Analysis of Energy Harvesting Systems Using Harvest-Use Approach:
Energy and Spectral Efficiency"". Also one half of chapter 4 is already published
in ICC conference given with title ""Energy efficiency optimization with energy
harvesting using harvest-use approach"".
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Chapter 2
Performance Analysis of Relaying
Systems with Fixed and Energy
Harvesting Batteries
This chapter focuses on the performance evaluation of an energy harvesting-equipped
dual-hop relaying system for which the end-to-end signal-to-noise ratio (SNR) and
the overall system throughput are analyzed. The transmitter and the relay nodes
are equipped with both fixed and energy harvesting batteries. The source for
harvesting at the transmitter is the solar energy, and at the relay node, the
interference energy in the radio frequency is the harvesting source. The harvested
energy, along with the energy from the fixed battery, is used to forward the decoded
signal to the destination. Time switching scheme is used at the relay to switch
between harvesting energy and decoding information. Harvest-use approach is
implemented, and we investigate the effects of the harvested power in enhancing the
performance of the relaying system by deriving estimated closed-form expressions
for the cumulative distribution function of each links individual SNR and of the
end-to-end SNR. The analytical expression for the ergodic capacity is also derived.
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These expressions are validated through Monte-Carlo simulations. It is also shown
that with the additional energy harvesting at the transmitters (source node and
relay), a significant improvement in the system throughput can be achieved when
fixed batteries are running on low powers.

2.1

Introduction

The continuously growing demand for higher data rates with the huge increase in
the number of mobile devices have led to a rapid growth in the data traffic and
communications infrastructure. This excessive demand in communicating data
requires more energy consumption, which, in turn, results in higher greenhouse
gas emission, higher pollution and higher energy costs [HBB11]. In addition, while
the wireless traffic is increasing rapidly, battery capacity is still limited. The
battery advancement is much slower than the need for long-life batteries, which
resulted in widening the gap between increasing the rate demands and the battery
advancements [HBB11].

2.1.1

Motivation and Related Works

Referring to the famous Shannon capacity formula, the link capacity increases when
the transmission power increases since the received SNR increases [XZ14]. The
capacity can also increase when the distance between the communicating nodes
decreases, which will effectively reduce the path loss [GW02]. Employing a relaying
node between the transmitter and its end receiver, which reduces the distance
between the communicating nodes, could improve the capacity. On the other hand,
to increase the transmission power without spending more from the fixed battery
of the device, one can employ an additional energy harvesting equipment, which
gives the flexibility of not being constrained by the fixed power or limited battery
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supplies [HZ12]. By implementing energy harvesting at the transmitter and at the
relay, the transmission rate can be improved while limiting the energy consumption
from the fixed batteries [SMN15].
Energy harvesting strategy for a point-to-point communication link with a conventional harvesting source was formulated and proposed to improve throughput
in [GS10]. In [HZ12], a water-filling algorithm for finite battery capacity was proposed for improving the throughput of the communication links with battery limited
devices. Directional water-filling algorithms to maximize throughput in energy harvesting networks was later proposed in [WAW14]. Throughput maximization under
fixed battery at the transmitter is studied for point-to-point communication systems in [TY12]. For communication systems assisted by relaying, a comprehensive
receiver architecture was proposed in [XT12] for the rate-energy trade-off, where energy harvesting is used at the relay node only. Commonly used relaying techniques
include amplify-and-forward (AF) and decode-and-forward (DF) [NZDK15].
To increase the battery life of relays, wireless energy harvesting has proven
to be beneficial [DPEP14]. Recent studies showed that the combination of relaying with energy harvesting is useful and practical in deploying WSNs in remote
areas [THOK15]. These advantages are not limited to WSNs, but also to other
types of networks including cognitive and multiple-input multiple-output (MIMO)
networks [LMD+ 16]. Optimal scheduling and power allocation for two-hop EH
system with non-EH relay for calculating short-term throughput maximization is
explained in [LZL13].
The received signal at the relay node is a combination of unwanted signals
(interference) and the desired information [GA15]. As opposed to conventional
communication, where interference is discarded instead of re-utilizing [GA14], cochannel interference was recently identified as a source for energy harvesting [LZC13].
From literature [GA15], improving signal-to-interference-plus-noise ratio (SINR)
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by decreasing the interference has always been a concern and different methods
including multi-cell coordination, interference-alignment are used to maintain
the balance. Although interference reduces capacity of the system but on the
other hand, from energy point of view, it serves as an additional source of energy
for harvesting system [GA15]. In fact, interference emerges as an additional
source of energy that can help the communication process and improve the system
performance [GA14, GA15, LZC13].
The performance analysis of RF energy harvesting relaying network is studied
in [DdCA16], which focuses on energy constraint on the transmission power and
transceiver hardware impairment for multi-relay EH, while not focusing on TS
approach. Performance analysis of RF-powered wireless sensor in downlink wireless
information and power transfer (SWIPT) using stochastic geometry is explained
in [LFN+ 15].
Relay selection with residual impairments and multiple antennas devices is
considered in [NK+ 16], wherein the best relay is chosen using the channel-stateinformation (CSI) at each hop and applying maximal ratio combining (MRC).
The same performance analysis approach is used in [HGM16] for non-orthogonal
multiple access (NOMA) under Nakagami-m fading. Also, cooperative NOMA
with simultaneous wireless information and power transfer, where the users close
to source act as EH relays is considered in [LDEP16]. Outage probabaility and
throughput of an amplitude-and-forward EH relaying system using for Nakagami-m
channel is presented in [Che16]. In addition to that, performance analysis of
dual-hop under-water channel subject to \kappa   -  \mu  shadowed fading Channel with RF
EH is considered in [IEBA16]. Despite the importance of energy constraint and
its effects on the transceiver design issues in cooperative networks, most of the
research work in the literature focused on harvesting sources at the transmitter
and at the relay with no fixed batteries. It is inevitable that a limited fixed battery
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is implemented within the communication system nodes [LMD+ 16]. Given the
nature of the most types of harvesting energy sources, which is random and not
necessarily available at all times, a limited fixed battery can provide extra flexibility
and continuity in service. However, a thorough study on how energy harvesting
can improve the performance of relaying-based communication with fixed batteries,
but limited power, is yet to be done.

2.1.2

Contributions

In this chapter, we consider a dual-hop relaying system in which the transmitter
and the relay are equipped with both fixed and energy-harvesting batteries. The
harvesting at the transmitter relies on solar energy. At the relay node, on the
other hand, the energy source is RF interference along with the fixed battery.
The TS scheme is used at the relay to harvest energy and to pass information
to the destination. Energy harvesting serving as an additional source of energy,
and modelled as a continuous function with fixed rate, is considered in [VTY14]
and a throughput maximization problem is solved in this chapter. The work here,
however, considers continuous constant energy arrivals joined with a limited fixed
battery, and thus, can be used as a basis for a system with random harvesting
energy arrivals. For the relaying system considered here, we analyse and discuss
the impact of energy harvesting on the system performance. First, closed-form
expressions for the cumulative distribution function (CDF) of the end-to-end SNR,
and also for each link SNR are obtained. To do so, we analyse the randomness
in the transmission power due to the RF interference energy at the relay, and we
evaluate the overall system performance in terms of the end-to-end SNR. Analytical
expression for the ergodic capacity is also derived. Numerical results for the
validation of the developed analysis are obtained using Monte-Carlo simulations.
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The effect of different parameters, such as the energy harvesting power, the power
levels of the fixed batteries, and the energy conservation coefficient, are discussed
and analysed.
To summarize, the main contributions of this chapter are enlisted below:
\bullet  The benefits of having interference energy harvesting at the relay node and
solar energy harvesting at the source node, along with limited power fixed
batteries, on the performance of dual-hop relaying system, is investigated.
To the best of the authors' knowledge, this work presented in this is the first
to address this. Section 2.2 describes the system model and assumptions.
\bullet  Closed-form expressions for the CDF of the end-to-end SNR and the SNR
at each link are derived. The closed-form expressions reduce the computational complexity, but are also challenging to derive due to the presence of
randomness in the interference at the relay node. Since, the channel between
the relay and the source is also random, the presence of multiplication of
several random parameters in the received SNR, makes it difficult to analyze.1
Performance analysis of the energy harvesting relaying system is discussed
in Section 2.3. In Section 2.4, we derive the CDF of the first-hop signal-tointerference and noise ratio SINR, that of the second-hop SNR, and the one
of the end-to-end SNR.
\bullet  Ergodic capacity, which is an important performance metric for delayinsensitive services, is analysed. The analytical expression for the ergodic
capacity of the relaying system is also obtained. Section 2.4 also includes
description about Ergodic capacity.
1

The closed-form expressions developed here are of great help when it comes to the system
design in practice, where the impact of interference, solar energy and energy efficiency coefficient
play a significant role in improving throughput.
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\bullet  The impact of the additional energy sources to improve the overall system
performance is evaluated by using mathematical closed-form expressions,
which are validated through Monte-Carlo simulations. Differences between
the numerical results corresponding to the analysis and the Monte-Carlo
simulations are small, such that the closed-form expressions are good estimates
of the results. The simulation results also evaluate the effect of the mean
of the sum of the statistically independent and not necessarily distributed
(i.n.i.d.) exponential variables on the interference level on the rate of the
system.
\bullet  Finally, the impact of energy harvesting factor and power from the fixed
batteries, on the system performance, is studied through numerical results.
Also, the insightful results related to energy harvesting sources, i.e., RF
interference and solar energy, on improving end-to-end rate, are analysed.
The numerical results and discussion are given in Section 2.5, followed by the
chapter summary in Section 2.6.

2.2

System Model and Assumptions

We consider a dual-hop DF relaying system, in which the transmitter \itT  communicates with the sink \itS  through an energy-harvesting relaying node \itR , as presented
in Fig. 2.1. Node \itT  is equipped with a fixed battery and a conventional solar
energy harvesting battery. The relay node is also energy constrained with a fixed
battery but can also harvest energy from RF signals in the form of interference2 .
2

The system model considered has fixed as well as harvesting batteries. The system is assumed
to finish fixed battery first and then use energy harvesting battery as soon as energy becomes
available. Also, EH is not available all the time, therefore having fixed battery keeps the system
working. In addition to that, EH with fixed battery provide support which prolong the battery
life. The application of such system is more reliable when considering short-range communications
such as wireless sensor networks (WSN) in remote areas [LWN+ 15]. Therefore, by providing fixed
batteries the system model becomes more practical and realistic.
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Figure 2.1: Relaying system with fixed and energy-harvesting batteries.

Figure 2.2: Time-switching protocol for harvesting energy and information processing.

No direct communication between transmitter T and the sink S is possible, e.g.,
due to shadowing.
Channels follow the block flat-fading model, i.e., each of the channel gains are
invariant during each fading block, but varies independently from one block to
another. The length of each fading block is denoted by T\mathrm{b} . The symbol duration is
given by T\mathrm{s}\mathrm{y}\mathrm{m} = 1/B, where B is the system bandwidth. We assume that the fading
block duration is an integer multiplication of the symbol duration.3 Furthermore,
the fading block duration of all channels are assumed to be same. In the considered
system model, the CSI in not known to the transmitter node, as power allocation
3

If T\mathrm{b} is smaller than T\mathrm{s}\mathrm{y}\mathrm{m} , then one symbol will be divided into two fading blocks and will
experience different fading. Hence, the derivations of this work will not hold anymore.
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is not considered. Therefore, the instantaneous knowledge of the channel is not
required at the transmitter. However, the sink node knows the CSI when it is in
the receiving mode [LZL13]. Additive white Gaussian noise (AWGN) is considered
at the receiver and at the relay node. The first-hop and second-hop channels
experience independent Rayleigh fading with complex channel fading gains given
by h \thicksim  CN (0, \Omega \mathrm{h} ) and g \thicksim  CN (0, \Omega \mathrm{g} ), respectively. Parameter \Omega \mathrm{h} and \Omega \mathrm{g} denote
the variance of channel fading gains h and g, respectively.
In this system model, transmitter T has a fixed battery, referred to by battery
B1 , and the relay node R also has a fixed battery, referred to by battery B2 .
These batteries operate at fixed powers, P1 and P2 , respectively. We also use
two additional energy harvesting sources apart from the fixed batteries. At node
T , harvesting is done from the solar energy, while at the relay energy from RF
interference signals is used4 . color redThe transmitter. Here, we assume that the
arrival rate of the harvested solar energy is constant, hence Q\mathrm{t} is a fixed value.
This is a reliable assumption when we use solar energy as explained in [VTY14].
When relay is transmitting, the source node harvests energy, hence, no TS is
required at the source. These harvesting batteries use harvest-use approach, in
which energy cannot be stored and must be used immediately when it becomes
available for signal transmission. In the harvest-use approach, energy collected
through harvesting is assumed available at the end of the harvesting time [RSV11b].
As there is no buffer to store the harvested energy, the energy causality constraints
are not applicable here. Rechargeable batteries, which consider energy causality
constraints for energy storage through harvesting, are discussed in [RSV14].5 The
4

For keeping practical circuit implementation in mind, the receiver activation threshold is not
supposed to go beyond -10dBm [LWN+ 15]. Also, when RF harvested power is low, the conversion
efficiency is also low [NMLC12].
5
More information on the harvest-use approach is provided in [KHZS07]. In the present work,
the EH battery level is considered fixed within a transmission cycle, while the interference from
the RF source is random given the nature of ambient energy. Similar to [RSV11b] and [KHZS07],
no device equipment is dedicated to store energy.
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Figure 2.3: Illustration of key parameters in time-switching protocol for harvesting
energy and information processing.

overall interference induced on the relay node originates from N i.n.i.d. interferers
N
\sum 
Ii , where Ii denotes the interference power of
[GA14], and is represented by
i=1

the ith interferer. It is assumed that the interference channels and the desired
channels are independent from each other. Here, the interference imposed on the
other networks from the considered relay system is not anaylzed. However, the
results of this chapter can pave the way for more analysis by considering both the
incoming interference to the relay system, and the imposing interference from the
relay system to the neighbouring networks. To do so, a further complex variable
can be introduced for inter-cell interference. By that the analysis and derivations
of this chapter can be further updated to be used for multi-cell applications under
inter-cell interference.
We assume DF relaying is employed hence, the message received at the relay
node is decoded and forwarded to the sink without any delay. Each node is assumed
to have a single antenna and to work in a half duplex mode within the dual-hop
communication system. The TS approach is used at the relay for harvesting energy
and processing information, as described in Fig. 2.2. Let us consider \tau  T\mathrm{s}\mathrm{y}\mathrm{m} , for
which \tau  varies from 0 \leq  \tau  \leq  1, is the fraction of time in which the relay harvests
energy from the received signals and from the external interference. (1  -  \tau  )T\mathrm{s}\mathrm{y}\mathrm{m}
is divided in two equal parts and represents the fraction of time during which
information is transmitted from the source to the relay and from the relay to the
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destination node, respectively.6 An illustration of the key parameters in the time
allocation considered is provided in Fig. 2.3. Here, the source and the relay nodes
have a harvest-use battery, in which the harvested energy is used immediately as
soon as it becomes available. When source is transmitting, the relay uses that
time to listen because energy is not being available. As soon as energy becomes
available the relay harvests while the source is still transmitting. This happens
because relay doesn't have any storing equipment.

2.3

Performance Analysis of Energy-Harvesting Relaying System

In this section, we evaluate the end-to-end SNR and the ergodic capacity of
the relaying system with fixed batteries and energy harvesting as described in
Section II. The end-to-end ergodic capacity C (in b/s/Hz) is the average of the
minimum between the rate at the first hop (R1 ) and the one at the second hop
(R2 ), represented by
C = \BbbE  (min(R1 , R2 )) ,
where \BbbE (.) indicates the expectation operator. Rates R1 and R2 are given by

R1 =

(1  -  \tau  )
log2 (1 + \gamma \mathrm{T}\mathrm{R} ) ,
2

(2.1)

R2 =

(1  -  \tau  )
log2 (1 + \gamma \mathrm{R}\mathrm{S} ) ,
2

(2.2)

where \gamma \mathrm{T}\mathrm{R} denotes the received SINR at the relay, and \gamma \mathrm{R}\mathrm{S} indicates the received
SNR at the sink. The effect of the interference at the receiver is considered as an
6

The source harvests energy when the relay is transmitting and, hence, TS is not required at
the source.
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AWGN which is the worst effect of interference.

2.3.1

First Hop (Transmitter to Relay)

During this phase, node T transmits the data signal, consuming power P1 from
its fixed battery B1 and an additional power Q\mathrm{T} from its harvesting battery. The
SINR at the relay node can then be written as

\gamma \mathrm{T}\mathrm{R} =

(P1 + Q\mathrm{T} )h
,
N
\sum 
KR +
Ii

(2.3)

i=1

where KR = PLR \sigma \mathrm{R}2 B, with \sigma \mathrm{R}2 indicating the variance of the AWGN, P1 indicates
(1  -  \tau  )Q\mathrm{t} 7
the instantaneous power of the fixed battery B1 , and Q\mathrm{T} =
. and PLR
1 + \tau 
\alpha \.
representing the path-loss at the relay, given by PLR = Kd - 
\mathrm{R} . Here K represents
the frequency dependent constant, d\mathrm{R} is the distance between the transmitter
and the relay node and \alpha \. an environmental/terrain dependent path-loss exponent
\alpha \. > 2 [LWZ+ 16]. The transmitter-to-relay SINR, \gamma \mathrm{T}\mathrm{R} , is further simplified as

\gamma \mathrm{T}\mathrm{R} =

\gamma \mathrm{h}
,
1 + I\mathrm{R}

(2.4)

N
\sum 

Ii
(P1 + Q\mathrm{T} )h
i=1
where \gamma \mathrm{h} =
and I\mathrm{R} =
. The received data is assumed to be
KR
KR
decoded correctly only when the SINR is greater than a predefined threshold \gamma .
7

(1  -  \tau  )T\mathrm{s}\mathrm{y}\mathrm{m}
(1  -  \tau  )T\mathrm{s}\mathrm{y}\mathrm{m}
and time for transmitting signal is given by =
+
2
2
(1  -  \tau  )Q\mathrm{t} \tau 
which makes total harvesting power
1 + \tau 

Time for harvesting=

\tau  T\mathrm{s}\mathrm{y}\mathrm{m}
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2.3.2

Second Hop (Relay to Sink)

For the second hop, the total power at the relaying node is the sum of the power
from its fixed battery B2 and the harvested power from the interference in RF.
Therefore, the power at the relay will be

P\mathrm{R} = P2 + Q\mathrm{R} ,

(2.5)

where P2 denotes the instantaneous power of the fixed battery8 , and Q\mathrm{R} indicates
the power harvested at the relay node. The total energy that is harvested from the
received information signal and from the interference signal for a duration of \tau  T\mathrm{s}\mathrm{y}\mathrm{m}
at each block, is given by

E\mathrm{H} = \eta 

\Biggl[  N
\sum 

\Biggr] 
Ii + (P1 + Q\mathrm{T} ) h \tau  T\mathrm{s}\mathrm{y}\mathrm{m} ,

(2.6)

i=1

with \eta  indicating the energy conversion coefficient which varies from 0 to 1 [XA15].
The processing power at the relay, required by the transmit/receive circuitry is
negligible compared to the power used for data transmission [GA15]. Therefore,
we assume that the relay consumes energy harvested from the received source
and interferences signals, for forwarding information to the destination node. The
transmission power at the relay node can be written as

Q\mathrm{R} =

E\mathrm{H}
.
(1  -  \tau  )T\mathrm{s}\mathrm{y}\mathrm{m} /2

(2.7)

Replacing the value of E\mathrm{H} from (2.6) into (2.7) and substituting it into (2.5), we
get
\Biggr] 
\Biggl[  N
2\tau  \eta  \sum 
P\mathrm{R} = P2 +
Ii + (P1 + Q\mathrm{T} )h .
1  -  \tau  i=1
8

(2.8)

P2 is the power from the fixed battery B2 considered at the relay node. Hence P2 is a fixed
power.
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The SNR at the sink S is then given by

\gamma \mathrm{R}\mathrm{S} =

P\mathrm{R} g
,
KS

where KS = PLS \sigma \mathrm{S}2 B, with \sigma \mathrm{S}2 indicating the variance of the AWGN at the destination node and PLS representing the path-loss which is given by PLS = Kd - \alpha 
\mathrm{S} ,
where d\mathrm{S} is the distance between the relay and the sink node [LWZ+ 16]. Inserting
the value of P\mathrm{R} from (2.8) into \gamma \mathrm{R}\mathrm{S} yields

\gamma \mathrm{R}\mathrm{S}

\biggl[ 
\biggl(  N
\biggr) \biggr] 
2\tau  \eta  \sum 
P2 +
Ii + (P1 + Q\mathrm{T} )h g
1  -  \tau  i=1
=
,
KS

which can be further simplified into

\gamma \mathrm{R}\mathrm{S} = \gamma \mathrm{g} + w(I\mathrm{R} + \gamma \mathrm{h} ),

(2.9)

gP2
2\eta \tau  KR g
and w =
. We note that w is a random variable (RV)
KS
KS (1  -  \tau  )
with the same distribution as of g but with a different variance.
where \gamma \mathrm{g} =

2.4

Closed-form Derivations

Here, we aim to derive a closed-form expression for the CDF of the SINR/SNR
of the links, i.e, transmitter-to-relay SINR and relay-to-sink SNR, and also the
end-to-end SNR for the energy harvesting DF relaying system with TS approach.
By definition, the CDF of SNR at a certain threshold, \gamma , shows the probability
of the instantaneous SNR to be less than \gamma . This threshold can represent the
criterion for a minimum quality-of-service requirement at each node. The CDF of
the SINR at the first-hop is formulated as F\gamma \mathrm{T}\mathrm{R} (\gamma ) = Pr(\gamma \mathrm{T}\mathrm{R} \leq  \gamma ), and the CDF of
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the SNR at the second-hop is given by F\gamma \mathrm{R}\mathrm{S} (\gamma ) = Pr(\gamma \mathrm{R}\mathrm{S} \leq  \gamma ), where Pr(.) denotes
the probability and F\mathrm{x} (x) stands for the CDF of RV X at x.
With the channels following independent Rayleigh fading, the probability distribution function (PDF) \gamma \mathrm{h} , is exponential:
\biggl( 
\biggr) 
x
1
exp  - 
, x \geq  0,
f\gamma \mathrm{h} (x) =
\gamma \mathrm{h}
\gamma \mathrm{h}

(2.10)

where \gamma \mathrm{h} is the average SNR from the transmitter to the relay and is given by
(P1 + Q\mathrm{T} )\Omega \mathrm{h} 9
\gamma \mathrm{h} =
. . Similarly, the PDF of the interference, I\mathrm{R} , which is the sum
KR
of N statistically i.n.i.d. exponential random interferences, each with a mean of \mu i ,
can be written as [SW08]
v(\bfitA ) \tau i (\bfitA )

fI\mathrm{R} (y) =

\sum  \sum 
i=1 j=1

\Bigl(   - y \Bigr) 
\mu  - j
i
j - 1
\lambda ij (\bfitA )
y exp
, y > 0,
(j  -  1)!
\mu i

(2.11)

where matrix \bfitA  = diag(\mu 1 , \mu 2 , ...., \mu N ), with \mu 1 > \mu 2 > \cdot  \cdot  \cdot  > \mu v(\bfitA ) being the
diagonal elements in decreasing order, v(\bfitA ) denotes the number of distinct diagonal
elements of \bfitA , \tau i (\bfitA ) is the multiplicity of \mu i , and \lambda ij is the (i, j)th characteristic
coefficient of \bfitA  as discussed in [SW08].

2.4.1

CDF of the First-Hop SINR

The CDF of the first-hop received SINR, Pr(\gamma \mathrm{T}\mathrm{R} \leq  \gamma ), can be expanded by inserting
the value of \gamma \mathrm{T}\mathrm{R} from (2.4) to get

Pr(\gamma \mathrm{T}\mathrm{R} \leq  \gamma ) = Pr (\gamma \mathrm{h} \leq  (1 + I\mathrm{R} )\gamma ) .
9

\Bigl( 

Also the CDF is defined by F\gamma \mathrm{h} (x) = \BbbE  1  -  exp
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Using the PDF of \gamma \mathrm{h} , given in (2.10), the CDF of the first-hop SINR for each value
of interference I\mathrm{R} can be expanded as
\biggl( 
\biggl( 
\biggl( 
\biggr) \biggr) \biggr) 
1 + I\mathrm{R}
F\gamma \mathrm{T}\mathrm{R} (\gamma ) = \BbbE I\mathrm{R} 1  -  exp  - \gamma 
,
\gamma \mathrm{h}

(2.13)

where \BbbE I\mathrm{R} is the expectation operator with respect to RV I\mathrm{R} . The expression
in (2.13) can be expanded by using the definition of expectation [PP02, p. 30],
yielding
\int 
F\gamma \mathrm{T}\mathrm{R} (\gamma ) = 1  - 

\infty 

\biggl( 
exp

0

 - \gamma (1 + u)
\gamma \mathrm{h}

\biggr) 
fI\mathrm{R} (u)du.

(2.14)

We now replace the PDF of interference I\mathrm{R} from (2.11) into (2.14) to get

\int 
F\gamma \mathrm{T}\mathrm{R} (\gamma ) = 1  - 

\infty 

\biggl( 
exp

0

 - \gamma (1 + u)
\gamma \mathrm{h}

\biggr)  v(\bfitA )
i (\bfitA )
\sum  \tau \sum 
i=1 j=1

\mu  - j
i
\lambda ij (\bfitA )
uj - 1 exp
(j  -  1)!

\biggl( 

 - u
\mu i

\biggr) 
du.
(2.15)

In order to solve (2.15), we re-arrange the equation as
v(\bfitA ) \tau i (\bfitA )

\Biggl(  \biggl( 
\biggr)  - 1 \Biggr) 
\mu  - j
1
\gamma \mu i
i
F\gamma \mathrm{T}\mathrm{R} (\gamma ) = 1  - 
exp
\lambda ij (\bfitA )
1+
(j  -  1)! \mu i
\gamma \mathrm{h}
i=1 j=1
\biggr) 
\biggl( 
\biggl( 
\biggr) \biggr) 
\int  \infty  j - 1 \biggl( 
 - u
u
\gamma \mu i
\gamma \mu i
\times 
1+
exp
1+
du.
(2.16)
\mu i
\gamma \mathrm{h}
\mu i
\gamma \mathrm{h}
0
\biggl( 

\sum  \sum 

 - \gamma 
\gamma \mathrm{h}

\biggr) 

which can be solved in closed-form as,
v(\bfitA ) \tau i (\bfitA )

\Biggl( \biggl( 
\biggr) 
\biggr)  - 1
 - \gamma 
\mu  - j+1
\gamma \mu i
i
\lambda ij (\bfitA )
1+
(j  -  1)!
F\gamma \mathrm{T}\mathrm{R} (\gamma ) =1  - 
exp
\gamma \mathrm{h}
(j  -  1)!
\gamma \mathrm{h}
i=1 j=1
\biggl( 
\biggr)  - j+1 \Biggr) 
\gamma \mu 
i
\times \mu ij - 1 1 +
.
(2.17)
\gamma \mathrm{h}
\sum  \sum 

\biggl( 
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Therefore, the CDF of the first-hop received SINR is obtained by simplifying (2.17)
to get
v(\bfitA ) \tau i (\bfitA )

F\gamma \mathrm{T}\mathrm{R} (\gamma ) = 1  - 

\sum  \sum 
i=1 j=1

\biggl( 
exp

 - \gamma 
\gamma \mathrm{h}

\biggr) 

\biggl( 

\gamma \mu i
\lambda ij (\bfitA ) 1 +
\gamma \mathrm{h}

\biggr)  - j
.

(2.18)

The closed-form expression for CDF for the first-hop SINR is dependent on the
average SNR from transmitter to relay, \gamma \mathrm{h} , mean of random interference, \mu i and
the threshold \gamma .

2.4.2

CDF of the Second Hop SNR

Here, a closed-form expression for the CDF of the second-hop received SNR,
Pr(\gamma \mathrm{R}\mathrm{S} \leq  \gamma ) is obtained. The analysis is difficult due to the presence of randomness
both in the RF interfering signals and in the channels. The transmit power at the
relay follows a random exponential distribution according to [GA15]. Since the
channel between the relay and the source is also a random parameter, the SNR
will have the impact of these two random parameters multiplied.
We start by defining z = \gamma \mathrm{h} + I\mathrm{R} to simplify (2.9). Then, the target CDF
becomes
\biggl( 
F\gamma \mathrm{R}\mathrm{S} (\gamma ) = Pr(\gamma \mathrm{g} + wz \leq  \gamma ) = \BbbE z \BbbE \gamma \mathrm{g}

\biggl( 
\biggr) \biggr) 
\gamma   -  \gamma \mathrm{g}
1  -  exp  - 
,
wz

(2.19)

2\tau  \eta KR \Omega \mathrm{g}
, \BbbE z and \BbbE \gamma \mathrm{g} are the expectation operators with respect to
KS (1  -  \tau  )
RVs z and \gamma \mathrm{g} , respectively. We note that the PDF for \gamma \mathrm{g} is an exponential function

where w =

given by
\biggl( 
\biggr) 
1
\gamma \mathrm{g}
f\gamma \mathrm{g} (\gamma \mathrm{g} ) =
exp  - 
,
\gamma \mathrm{g}
\gamma \mathrm{g}
where \gamma \mathrm{g} =

(2.20)

P2 \Omega \mathrm{g}
. In order to solve (2.19), we first solve the expectation with
KS
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respect to \gamma \mathrm{g} , to get
1
\BbbE \gamma \mathrm{g} (Pr (\gamma \mathrm{g} + wz \leq  \gamma )) = 1  -  exp
\gamma \mathrm{g}

\biggl( 

 - \gamma 
zw

\biggr) \int 
0

\gamma 

\biggl( 

\gamma \mathrm{g}
\gamma \mathrm{g}
exp  -  +
\gamma \mathrm{g} wz

\biggr) 
d\gamma \mathrm{g} .

(2.21)

Solving the integral in (2.21) and replacing it into (2.19) yields
\biggl( \int 
Pr(\gamma \mathrm{g} +wz \leq  \gamma ) = \BbbE z

\infty 

\biggl( 
1  - 

0

\biggl( 
\biggr) 
\biggl( 
\biggr) \biggr) 
\biggr) 
wz
wz
\gamma 
 - \gamma 
exp  - 
+
exp
f (z)dz .
\gamma \mathrm{g}  -  wz
\gamma \mathrm{g}
\gamma \mathrm{g}  -  wz
zw
(2.22)

Solving the expectation with respect to z in (2.22) is challenging because of the
outer expectations \BbbE z and inner expectation \BbbE \gamma \mathrm{g} are multiplied, which becomes
computationally difficult to solve. Recall that z is defined as z = \gamma \mathrm{h} + I\mathrm{R} , which
itself is a summation of two random variables with different distributions. Since \gamma \mathrm{h}
and I\mathrm{R} are independent, we get the joint distribution, f\gamma \mathrm{h} ,I\mathrm{R} (x, y) = f\gamma \mathrm{h} (x)fI\mathrm{R} (y).
The PDF of z is then calculated by inserting the individual PDFs, f\gamma \mathrm{h} (x) and
fI\mathrm{R} (y), from (2.10) and (2.11), and integrating according to [GA15, p. 6428, eq.
13], yielding

fz (z) =

1
exp
\gamma \mathrm{h}

\biggl( 

 - z
\gamma \mathrm{h}

\biggr)  v(\bfitA )
i (\bfitA )
\sum  \tau \sum 
i=1 j=1

\Biggr) 
\biggl( 
\biggr)  - j \Biggl( 
j - 1 k
\sum 
\mu i
ai k
\lambda ij (\bfitA ) 1  - 
1  -  exp ( - ai z)
z ,
\gamma \mathrm{h}
k!
k=0
(2.23)

where ai \triangleq 

1
1
 -  .
\mu i \gamma \mathrm{h}
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Then, by inserting the PDF of z from (2.23) into (2.22), we obtain
\left( 
v(\bfitA ) \tau i (\bfitA )

F\gamma \mathrm{R}\mathrm{S} (\gamma ) = 1  - 

\biggl( 
\biggr)  - j
\mu i
\lambda ij (\bfitA ) 1  - 
\gamma \mathrm{h}

\sum  \sum 
i=1 j=1

\biggl( 
\biggr)  \int  \infty 
\gamma 
1
exp  - 
+
\gamma \mathrm{h}
\gamma \mathrm{g}
\gamma 
\underbrace{} 

 - 

j - 1 k \int 
\sum 
a
i

k=0

\underbrace{} 

k!

\gamma 

\infty 

\int 

\infty 

wz
exp
\gamma \mathrm{h} (\gamma \mathrm{g}  -  wz)
\gamma 
\underbrace{} 
\underbrace{} 
J1
\biggl(  \biggr) 
 - z
wz
exp
dz
\gamma \mathrm{g}  -  wz
\gamma \mathrm{h}
\underbrace{} 
J2
\right) 

\biggl( 
\biggr) 
1
\gamma 
z
exp  - 
 - 
exp ( - ai z) z k dz
\gamma \mathrm{h}
wz \gamma \mathrm{h}
\underbrace{} 

\biggl( 

.

 - \gamma 
z
 - 
zw
\gamma \mathrm{h}

\biggr) 
dz

(2.24)

J3

Since there is an additional fraction multiplied with the same entity in the exponential function present in the integral F\gamma \mathrm{R}\mathrm{S} (\gamma ) in (2.24), therefore obtaining
closed-form for is challenging. We start by dividing (2.24) into three integrals, where
the first and the second integrals are solved by using the generalized incomplete
Gamma functions given in [JZ07]. Details are given below.

2.4.2.1

Closed-Form Expression for J1

The integral J1 has a fraction of a same entity multiplied to an exponential function.
wz
We start with the ratio
in (2.24), which can be simplified as
\gamma \mathrm{g}  -  wz
wz
=  - 
\gamma \mathrm{g}  -  wz

\biggl( 

\gamma \mathrm{g}  -  \gamma \mathrm{g}  -  wz
\gamma \mathrm{g}  -  wz

\biggr) 

\biggl( 

wz
=  - 1 + 1  - 
\gamma \mathrm{g}

\biggr)  - 1
,

(2.25)

\biggl( 
\biggr)  - 1
wz
wz
wz
The term 1  - 
can be approximated to 1 +
for
\rightarrow  0. Thus, we
\gamma \mathrm{g}
\gamma \mathrm{g}
\gamma \mathrm{g}
have
wz
wz
\simeq 
.
(2.26)
\gamma \mathrm{g}  -  wz
\gamma \mathrm{g}
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Now, we recall the formulation for generalized incomplete Gamma function given
by [CZ94, p. 372],
\int 

\infty 

\Gamma (\alpha 
\^ , x; b) =

\bigl( 
\bigr) 
t\alpha \^  - 1 exp  - t  -  bt - 1 dt,

(2.27)

\alpha 
\^

which will later be used for obtaining a closed-form expression for J1 .
Lemma 1. \itU \its \iti \itn \itg  \itt \ith \ite  \itr \ite \itc \itu \itr \itr \ite \itn \itc \ite  \itr \ite \itl \ita \itt \iti \ito \itn  \itf \ito \itr  \itt \ith \ite  \iti \itn \itc \ito \itm \itp \itl \ite \itt \ite  \itg \ite \itn \ite \itr \ita \itl \iti \itz \ite \itd  \itG \ita \itm \itm \ita 
\itf \itu \itn \itc \itt \iti \ito \itn  \iti \itn  [\itC \itT \itV 96, \itp . 101], \itt \ith \ite  \itf \ito \itl  \itl \ito \itw \iti \itn \itg  \ite \itq \itu \ita \itl \iti \itt \ity  \itc \ita \itn  \itb \ite  \ito \itb \itt \ita \iti \itn \ite \itd 

\Gamma (\alpha 
\^ + 1, x; b) = \alpha 
\^ \Gamma (\alpha 
\^ , x; b) + b\Gamma (\alpha 
\^  -  1, x; b) + x\alpha \^ exp ( - x  -  bx - 1 ),

\alpha 
\^ \geqslant  0. (2.28)

\itP \itr \ito \ito \itf . The proof is provided in Appendix A.
The result of Lemma 1, when \alpha 
\^ = 1 referred to A.1, along with the estimation
result given in (2.26) will give a solution for the first integral J1 , according to
\gamma \mathrm{g}
J1 =
\gamma \mathrm{g} \gamma \mathrm{h}

2.4.2.2

\biggl(  \biggl( 
\biggr) 
\biggl( 
\biggr) \biggr) 
\gamma 
\gamma 
\gamma 
\gamma 
 - 1
\Gamma  0, ;
 -  \gamma  exp ( - \gamma   -  b\gamma  ) + \Gamma  1, ;
.
\gamma \mathrm{h} \gamma \mathrm{h} \gamma \mathrm{g} w
\gamma \mathrm{h} \gamma \mathrm{h} \gamma \mathrm{g} w
(2.29)

Closed-Form Expression for J2

To obtain a closed-from expression for J2 shown in (2.24), we use the approximation
result in (2.26), yielding
\biggl( 
\biggr)  \int  \infty 
\biggl(  \biggr) 
w
\gamma 
 - z
J2 =
exp  - 
z exp
dz,
\gamma \mathrm{h} \gamma \mathrm{g}
\gamma \mathrm{g}
\gamma \mathrm{h}
\gamma 
which allows us to obtain a closed-form expression for J2 as
w
J2 =  - 
\gamma \mathrm{h} \gamma \mathrm{g}

\biggl( 
\biggr) 
\biggl( 
\biggl( 
\biggr) \biggr) 
\gamma 
1
1
1  - 
exp  - \gamma 
.
+
\gamma \mathrm{h}
\gamma \mathrm{g} \gamma \mathrm{h}
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2.4.2.3

Closed-Form Expression for J3

To solve this integral, we use (2.27) to get,
\biggr) 
\biggl( 
j - 1
k \biggl(  \biggr) 
\sum 
\sum 
1
k
b - 1
1
bi \gamma 
k
i
exp (ai )
( - ai )
,
J3 =
\Gamma  m + 1, bi \gamma ;
m ( - bi )m
\gamma \mathrm{h}
k!
w
m=0
k=0

(2.31)

1
ai
+
and ai is defined right after (2.23).
\gamma \mathrm{h} 1 + \gamma 
Finally, we obtain the closed-form solution for the CDF of F\gamma \mathrm{R}\mathrm{S} (\gamma ), by inserting

where bi =

the solution from (2.29), (2.30) and (2.31) into (2.24), yielding
v(\bfitA ) \tau i (\bfitA )

\biggr)  - j
\biggl( 
\biggl( 
\biggr) 
\mu i
w
\gamma 
\gamma 
 - 1
 - \gamma  exp( - \gamma   -  b\gamma  ) + \Gamma  1, ;
F\gamma \mathrm{R}\mathrm{S} (\gamma ) = 1  - 
\lambda ij (\bfitA ) 1  - 
\gamma 
\gamma 
\gamma \mathrm{h} \gamma \mathrm{h} \gamma \mathrm{g} w
\mathrm{h}
\mathrm{g}
i=1 j=1
\biggl( 
\biggr) \biggr) 
\biggl( 
\biggr) 
\biggl( 
\biggl( 
\biggr) \biggr) 
\gamma 
\gamma 
1
w
\gamma 
1
+\Gamma  0, ;
+
 - 
1  - 
exp  - \gamma 
\gamma \mathrm{h} \gamma \mathrm{h} \gamma \mathrm{g} w
\gamma \mathrm{g} \gamma \mathrm{h}
\gamma \mathrm{h}
\gamma \mathrm{h} \gamma \mathrm{g}
\biggl( 
\biggr) 
j - 1
k \biggl(  \biggr) 
\sum 
\sum 
1
k
b - 1
bi \gamma 
1
k
i
 - 
( - ai )
\Gamma  m + 1, bi \gamma ;
exp (ai )
.
m
m
\gamma \mathrm{h}
k!
( - b
)
w
i
m=0
k=0
\sum  \sum 

\biggl( 

(2.32)

2.4.3

CDF of the End-to-End SNR

The end-to-end SNR is defined by the probability that the instantaneous output
SNR falls below a certain threshold which is already defined as \gamma . Mathematically,
it is written as
Pr(min(\gamma \mathrm{T}\mathrm{R} , \gamma \mathrm{R}\mathrm{S} ) \leq  \gamma ) = Pr((\gamma \mathrm{g} + wz)1 \leq  \gamma ),

(2.33)

where 1 symbolizes an indicator of RV, with 1 = 1 for \gamma \mathrm{T}\mathrm{R} > \gamma  and 0 otherwise.
This RV also indicates that the power at the relay is not only the power coming from
its fixed battery B2 , but also the random replenished energy from the interference.
Let us introduce the RV z\^ = (\gamma \mathrm{h} + I\mathrm{R} )1. Then, the CDF of end-to-end SNR is
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calculated by inserting the value of fz (\^
z) given below into (2.22), yielding
\biggr)  v(\bfitA ) \tau i (\bfitA )
\biggl( 
\biggr)  - j
 - \^
z \sum  \sum 
\mu i
\lambda ij (\bfitA ) 1  - 
\gamma \mathrm{h} i=1 j=1
\gamma \mathrm{h}
\biggr)  \sum 
\biggr) k \Biggr) 
\biggl( 
j - 1 k \biggl( 
ai z\^  -  \gamma 
z\^  -  \gamma 
.
1  -  exp  - ai
1 + \gamma  k=0 k! 1 + \gamma 

1
fz (\^
z) =1 exp
\gamma \mathrm{h}
\Biggl( 
\times 

\biggl( 

(2.34)

Thus, the PDF of the end-to-end SNR, \gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} , is obtained as
\left( 
v(\bfitA ) \tau i (\bfitA )

F\gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} (\gamma ) = 1  - 

\biggl( 
\biggr)  - j
\mu i
\lambda ij (\bfitA ) 1  - 
\gamma \mathrm{h}

\sum  \sum 
i=1 j=1

\biggl( 
\biggr)  \int  \infty 
\gamma 
1
exp  - 
+
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\underbrace{} 

\int 
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1 w\^
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z
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\infty 

\biggl( 
\biggr) 
\biggl( 
\biggr)  \biggl( 
\biggr) k
\gamma 
z\^
1
z\^  -  \gamma 
z\^  -  \gamma 
exp  - 
 - 
exp  - ai
d\^
z .
\gamma \mathrm{h}
w\^
z \gamma \mathrm{h}
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\underbrace{} 
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(2.35)
Obtaining a closed-form solution for (2.35) is done using a similar method as in
subsection 2.4.2. It is noted that the solutions to the first and the second integrals
are already known from (2.29) and (2.30). In the third integral, we use the Taylor
series expansion for (\^
z  -  \gamma )k [Bea05] and we again use the identity of generalized
incomplete Gamma function given in [CZ94, p. 372]. Details are given below.

2.4.3.1

Closed-Form Expression for K3

The third integral K3 is solved by using direct substitution of a Taylor series
expansion of (\^
z  -  \gamma )k with respect to z\^ [GA15, p. 6430] and the identity of the
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generalized incomplete [JZ07, Eq. (3.351.1), Eq.(3.334)]. This gives
1
K3 =
exp
\gamma \mathrm{h}

\biggl( 

ai \gamma 
1 + \gamma 

\biggr)  \sum 
j - 1
k=0

1
k!

\biggl( 

 - ai \gamma 
1 + \gamma 

\biggr) k \sum 
\biggr) 
\biggl( 
k \biggl(  \biggr) 
k
b - 1
bi \gamma 
i
\Gamma  m + 1, bi \gamma ;
.
m ( - bi \gamma )m
\gamma \mathrm{g} w
m=0
(2.36)

We now obtain the closed-form solution for the CDF of the end-to-end SNR by
inserting the solution from (2.29), (2.30) and (2.36), into (2.24), yielding
v(\bfitA ) \tau i (\bfitA )

\biggr)  - j
\mu i
w \bigl( 
F\gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} (\gamma ) = 1  - 
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(2.37)
The closed-form expressions derived for end-to-end SNR and the SNR at individual
links provide an insight to identify how RF interference and solar energy have
improved the average end-to-end rate and the rate of individual hops significantly.
The transmission power at the relay P\mathrm{R} is different from conventional systems as it
not only depends on the energy from interference but also from the information
signal. Therefore the distribution of received SNR at the sink is determined by the
distributions of relay-to-sink channel power gain as well as the distribution of the
transmitter-to-relay channel power represented by z. Further detail is provided in
the numerical results section.
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2.4.4

Ergodic Capacity

In this subsection, we analytically derive the ergodic capacity of the relaying system
which is calculated by taking the average of the minimum between the rate at the
first hop and that at the second hop [CG07], formulated in b/s/Hz as
\biggl( 

\biggl( 

\biggr) \biggr) 
(1  -  \tau  )
(1  -  \tau  )
C = \BbbE  min
log2 (1 + \gamma \mathrm{T}\mathrm{R} ) ,
log2 (1 + \gamma \mathrm{R}\mathrm{S} )
2
2
\biggr) 
\biggl( 
1  -  \tau 
log2 (1 + min(\gamma \mathrm{T}\mathrm{R} , \gamma \mathrm{R}\mathrm{S} ))
= \BbbE 
2
\int 
1  -  \tau  \infty 
=
log2 (1 + \gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} )f\gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} (\gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} ) d\gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} ,
2
0

(2.38)

where f\gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} (.) is the PDF of the RV \gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} = min(\gamma \mathrm{T}\mathrm{R} , \gamma \mathrm{R}\mathrm{S} ). We now
solve (2.38) by using integration by parts as follows:
\biggl( 
\biggl( 
\biggr)  \biggr) \bigm| 
1  -  \tau 
\bigm| \infty 
log2 (1 + \gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} ) F\gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} (\gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} )  -  1
C=
\bigm| 
2
0
\biggl( 
\biggr) 
\int  \infty 
1
1  -  \tau 
 - 
F\gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} (\gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} )  -  1 d\gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d}
2 ln 2 0 1 + \gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d}
\biggl( 
\biggr) 
\int 
1  -  \tau  \infty 
1
=
1  -  F\gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} (\gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} ) d\gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} .
2 ln 2 0 1 + \gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d}
Here, F\gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} (\gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} ) denotes the CDF of the RV \gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} and is calculated
by using (2.37).

2.5

Numerical Results and Discussion

In this section, we numerically evaluate the effect of energy harvesting, power from
the fixed batteries and energy conversion coefficient on the ergodic capacity and
the end-to-end SNR of the studied relaying system. In all the figures, we assume
that the power of the fixed battery at the transmitter node T is equal to the power
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of the fixed battery at the relay R, hence, P = P1 = P2 .

10

. The variance of the

Rayleigh fading with complex channel fading gains, i.e., \Omega \mathrm{h} and \Omega \mathrm{g} are considered
in terms of total power to noise power at each link, in dB, which cater attenuation
due to path loss for each channel fading gain, e.g., h and g. The path loss for
transmitter to relay hop, PLR is different than the path-loss for relay to sink, PRS ,
therefore the system model works same even when considered for different distances.
The number of interference signals at the relay is set to N = 5 with normalized
\mu  = 0.3, and the TS parameter is set to \tau  = 0.4, unless otherwise stated. Values
for Q\mathrm{t} and \eta  are taken from studies shown in [MYG+ 14]. For numerical results, we
use mathematical theorems and equations for calculating generalized incomplete
gamma function which are then calculated through MATLAB is explained in
Appendix A.2. Table 1 is added for showing the boundaries of the results.
Table 2.1: Simulation parameters
Parameters
N
\mu i , i = 1, ..., 5
\tau 
\Omega h
K\mathrm{R}
K\mathrm{S}

Default value
5
0.3
0.4 else stated
1 else stated
1 else stated
1 else stated

Parameters
\eta 
\gamma 
\sigma \mathrm{S} 2 B
P
2B
\sigma \mathrm{R}
\Omega g

Default value
0.3 else stated
0.2 dB
1 else stated
1 dB else stated
1 else stated
1 else stated

In Fig. 2.4, we start by plotting the CDF of the first-hop SINR F\gamma \mathrm{T}\mathrm{R} (\gamma ), the CDF
of the second-hop SNR F\gamma \mathrm{R}\mathrm{S} (\gamma ), and the CDF of the end-to-end SNR F\gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d}
versus the power consumed from the fixed batteries P , at \gamma  = 0.2 with Q\mathrm{t} = 1dB.
The figure includes both analytical and Monte-Carlo simulation results to verify
the correctness of the closed-form derivations. From the graphs, we observe that
the CDF of the received SNR at the second hop is greater than the one of the
SINR at the first hop, for most of the time. It is noted that the CDF of the
end-to-end SNR is similar to the CDF of the second hop SNR F\gamma \mathrm{R}\mathrm{S} (\gamma ). This is
10

Note that the power is normalized and considered in dB
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Figure 2.4: The CDF of \gamma \mathrm{T}\mathrm{R} (first hop), CDF of \gamma \mathrm{R}\mathrm{S} (second hop), and the CDF of
the end-to-end SNR \gamma \mathrm{e}\mathrm{n}\mathrm{d}-\mathrm{t}\mathrm{o}-\mathrm{e}\mathrm{n}\mathrm{d} versus the power consumed from the fixed
batteries P , when \gamma  = 0.2, \eta  = 0.3 and Q\mathrm{t} = 1dB.
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Figure 2.5: Average rates at the first and second hops (\BbbE (R1 ), \BbbE (R2 )) versus P with
\eta  = 0.3.

due to the fact that, for the settings used in this figure, the first hop SINR is the
minimum of the SINR at the first and the the SNR at the second hop for most of
the time. Further, the plots confirm that the results obtained from the closed-form
expressions match to the ones obtained from the Monte-Carlo simulations, hence
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indicating that the obtained closed-form expressions yield accurate measures of the
CDF of the individual links' SNRs and the end-to-end SNR.
Fig. 2.5 shows the plots for \BbbE (R1 ) (the average rate at the first hop) and \BbbE (R2 )
(the average rate at the second hop) versus the power level of the fixed batteries
P , at \eta  = 0.3 and for various values of Q\mathrm{t} . From the plots, we note that when
P = 0dB and no harvesting is available at the source, the average rate of the second
hop is slightly higher than the one at the first hop. The relay harvests energy both
from source signal and RF interference and, hence, under the above-mentioned
conditions, the second hop achieves a slightly higher rate than the first hop. When
Q\mathrm{t} = 1dB, and at the same time the energy conversion coefficient at the relay
remains small (\eta  = 0.3), the average rate at the first hop \BbbE (R1 ) dominates \BbbE (R2 ).
This happens because the solar energy at the transmitter is strong compared to
the RF energy level at the relay node. We also observe that the difference between
the two rates decreases at higher power values P of the fixed batteries, indicating
that energy harvesting is less beneficial in devices with higher powers.
Fig. 2.6 includes the plots for the CDF of the SINR at the first-hop \gamma \mathrm{T}\mathrm{R} and
the CDF of the SNR at the second hop \gamma \mathrm{R}\mathrm{S} , versus Q\mathrm{t} , at \eta  = 0.3, P = 1dB and
\gamma  = 0.2. From the graph, we notice that not only the CDF of the first hop SINR
(F\gamma \mathrm{T}\mathrm{R} (\gamma )) decreases with the increase in the solar energy, but also the CDF of the
second hop SNR (F\gamma \mathrm{R}\mathrm{S} (\gamma )) shows similar trend.
Fig. 2.7 illustrates the plots for the average rates \BbbE (R1 ), \BbbE (R2 ) and C versus
the time-switching parameter \tau  with \eta  = 0.3, \mu  = 0.3 P = 1dB, and various values
of Q\mathrm{t} . It is noted that when Q\mathrm{t} = 0.5dB, \BbbE (R2 ) shows bell curve while \BbbE (R1 ) is
monotonically decreasing; reason being, although with increasing \tau  , more energy
will be available at the relay node through harvesting, but at the same time, less
time is available for information transmission. This conflicting effect, make the
shape of \BbbE (R2 ) with respect to \tau  being bell-shape. When solar energy increases,
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Figure 2.6: F\gamma \mathrm{T}\mathrm{R} (\gamma ) and F\gamma \mathrm{R}\mathrm{S} (\gamma ) versus Q\mathrm{t} at \gamma  = 0.2 with \eta  = 0.3 and P = 1dB.
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Figure 2.7: Average rates at the first and second hops, (\BbbE (R1 ), \BbbE (R2 )), versus \tau  , with
\eta  = 0.3 and various values of Q\mathrm{t} .

e.g., Q\mathrm{t} = 1dB, the two curves coincide each other at smaller values of \tau  = 0.5.
This happens because with higher Q\mathrm{t} , \BbbE (R1 ) will be bigger. Hence, the amount of
time which will be used for harvesting, instead of information transmission reduces
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Figure 2.8: Average rates (first-hop and second-hop) versus the energy conversion
coefficient \eta , for P = 1dB and various values of Q\mathrm{t} .

\BbbE (R1 ) quickly and hence, the two curve coincide at a smaller value of \tau  , when
compared to the case with Q\mathrm{t} = 0.5dB. Generally, the trend shows the higher the
solar energy is, less time should be allocated for harvesting in the second hop.
In Fig. 2.8, we present the plots for the average rate at the first-hop and the
average rate at the second-hop versus energy conversion coefficient \eta  at P = 1dB
with various values of Q\mathrm{t} . At small values of \eta , i.e., \eta  < 0.1, with Q\mathrm{t} = 1dB, the
average rate at the first-hop is slightly higher than that at the second-hop, due
to the small energy conversion coefficient at the relay harvesting battery. As \eta 
increases, i.e., \eta  > 0.1, the average rate at the second hop dominates the average
rate at the first hop.
Fig. 2.9 shows the plots for the average rates versus Q\mathrm{t} with \eta  = 0.3 and
P = 1dB. The figure shows three different rate plots defined by the average rate
at the first hop, the average rate at the second hop and the average end-to-end
ergodic rate C. We notice that \BbbE (R1 ) increases rapidly with Q\mathrm{t} , while the average
rate at the second hop increases slowly. When Q\mathrm{t} = 0dB, we observe that the
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Figure 2.9: Average rates (first hop, second hop and end-to-end) versus Q\mathrm{t} at \eta  = 0.3
with P = 1dB.

\BbbE (R2 ) is higher than \BbbE (R1 ) due to the presence of interference energy from RF
at the relay node that can be harvested. As Q\mathrm{t} increases, e.g., Q\mathrm{t} > 1.5dB, the
average rate at the first hop becomes larger than that at the second hop. This
happens due to the fact that in \BbbE (R1 ) the transmitter node has a direct access to
solar energy, whereas in case of \BbbE (R2 ), the harvested power gets affected by the
Rayleigh fading channel h. Furthermore, the total end-to-end capacity C increases
with Q\mathrm{t} , showing that the higher the solar energy is, the better the end-to-end
ergodic rate is. The numerical results validate the mathematical expression for the
ergodic capacity in (2.38).
Fig. 2.10 shows the plots for the average SNR/SINR at the second-hop and the
first-hop, versus Q\mathrm{t} , at \eta  = 0.3 and P = 1dB. As observed, both values increase
when solar energy increases. Meanwhile, at Q\mathrm{t} = 0dB, the average SNR at the
second hop is higher than the average SINR at the first hop. This is due to the
fact that while Q\mathrm{t} is small, i.e., Q\mathrm{t} = 0dB, the relay still has access to harvesting
power from the external RF interference sources. At Q\mathrm{t} = 1.5dB, the two plots
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Figure 2.10: Average SNR/SINR versus Q\mathrm{t} at \eta  = 0.3 with P = 1dB.
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Figure 2.11: Average rates (first hop, second hop and end-to-end) versus average
interference at the relay \BbbE (IR ), with \tau  = 0.4, Q\mathrm{t} = 1dB and varying \mu .

coincide each other. Overall, the first-hop SINR increases more rapidly with Q\mathrm{t}
compared to the second hop SNR.
Finally, Fig. 2.11 demonstrates the plots for the average rate at the first hop,
the average rate at the second hop, and the average end-to-end ergodic rate C,
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versus the average interference power at the relay \BbbE (IR ), with \eta  = 0.3, P = 1dB
and Q\mathrm{t} = 1dB. When Q\mathrm{t} = 1dB and the average interference power is small, i.e.,
\BbbE (IR ) < 0.2, the first-hop rate is slightly higher than the one at the second hop.
The average interference adversely affects the rate of the first hop, therefore \BbbE (R1 )
is always decreasing with \BbbE (IR ); whereas it improves the rate of the second hop
through the energy harvesting. Since the source harvests solar energy, the rate of
the first hop with small values of interference is better than the rate of the second
hop. With an increase in the average interference at the relay, \BbbE (R2 ) gives higher
values due to the fact that the interference is added as an additional source of
energy harvesting as shown in (2.9). Furthermore, the average end-to-end capacity
C shows a monotonic decrease with \BbbE (IR ), revealing that the more the average
interference is, the less the end-to-end ergodic rate will be.

2.6

Chapter Summary

In this chapter, we investigated the system performance of a dual-hop decodeand-forward relaying system, in which the transmitter and the relay are equipped
with fixed, as well as, energy-harvesting batteries. Harvesting at the transmitter
is done through solar energy source, whereas interference from the RF is used
as the energy harvesting source at the relay. Time switching is used for energy
harvesting and information transmission at the relay. We showed that energy
harvesting at the transmitter and at the relay node can improve the end-to-end
SNR. Novel closed-form expressions were derived for the CDF of the SNR at each
hop, and also for the end-to-end SNR. The analytical expression for the end-to-end
ergodic capacity was also obtained. Numerical results were provided and show
the correctness of the estimation used in obtaining the closed-from expressions
in this chapter. The effect of energy conversion efficiency and the fixed-battery
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powers on the CDF of the SNR for the individual links were also investigated. The
results further demonstrated that with the addition of energy harvesting at the
source node and the relay, significant improvement in the system throughput can
be achieved. Future work includes consideration of input power constraints at the
fixed batteries and catering inter-cell interference and hardware impairments.

2.7

Experts Recommendation

For experts recommendation, this chapter provide details for a system in which
transmitter and destination communicate through relay. Energy harvesting batteries
are used at transmitter and relay nodes. Impact of energy harvesting is considered
and discussed to provide a solution for energy constrained devices. This chapter
paves path for vendors and give guidelines to experimenters to use energy harvesting
in order to increase end to end rate and improve system performance. As mentioned
in the Table 1, the boundaries of this work is also discussed. The closed-form
expressions gives simplicity and provides solutions which are easy to be implemented
in real life system designs in communications.
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This chapter focuses on the performance analysis and optimal transmission power
allocation techniques for point-to-point communication powered through a fixedpower battery as well as a harvest-use battery. For the considered energy harvesting,
a switching scheme is used such that in each time frame, the source node either
harvests energy or transmits information to the destination node. Given the
switching within a communication time frame, energy harvesting may not necessarily
be beneficial in terms of improving the maximum achievable spectral efficiency or
energy efficiency of the system. Here, we investigate and provide the conditions
under which the harvesting can improve the system performance in two different
cases. In the first, the power is optimally adapted to the variations of the channel
and in the second case the transmission power is fixed. We also prove that the
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energy efficiency oriented optimal power level monotonically decreases with the
harvesting. Furthermore, we provide closed-form expressions for the maximum
achievable spectral or energy efficiency of the system and also for the condition
under which the harvesting is beneficial. These closed-from expressions are then
validated by Monte-Carlo simulations. Finally, the impact of important parameters,
namely, the time switching parameter, the circuit powers and the harvested energy,
on the system performance and on the condition for harvesting beneficialness is
investigated through numerical results.

3.1

Introduction

Green wireless communication technologies have attracted significant attention in
the last few years as to provide possible solutions to the energy limitation problems
in information and communication technologies (ICT) [UBPEG02]. In fact, due
to the increase in the number of mobile users and the demand for higher data
rates, base stations (BS) are required to increase their transmission power, which in
turn, results in higher greenhouse gases, pollution, and also higher costs [HBB11].
Battery technologies, on the other hand, have not progressed with the same pace,
which has resulted in deepening the gap between the increasing demand for power
and the battery capabilities for the storage [FVDM+ 12]. Wireless communication
faces many challenges which includes spectrum challenge, energy saving and energy
challenge in developing countries (DCs) [FVDM+ 12],and have incited research in
investigating new ways to get energy from re-usable sources [MHL10].
Recently, the world has seen dramatic growth in data rate demand and the wireless portable devices such as mobile phones and laptops which require the energy to
deliver such data demands has become an important concern for telecommunication
and information communities [KBS16]. Due to this high speed multimedia rich data,
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the network capacity of base stations has increased which leads to global CO2 emission that are threat to global warming [RT14]. Also, the limited battery capacity
is another concern which still remains unsolved in wireless network designs [TD15].
In addition to that, the ICT report shows the the increase in CO2 emissions from
0.53 billion tonnes (Gt) in 2002 to 1.43Gt in 2020 [W+ 08]. Reducing energy costs
and carbon emissions has pushed academics and the related industries to explore
new paradigm of research Green communication [Wu12]. Green communication has
emerged to provide an environment friendly solution to the escalating expansion of
wireless networks [KBS16]. Above mentioned issues add to importance of energy
saving in wireless communication.
Challenges in developing countries (DCs) are not only the poor access to
resources but also taking into account the social and ecological consequences of
specific energy source [KLG11]. Along with other issues, spectrum limitation is
seeking attention. Due to hundreds of wireless communicating devices in real world
all the time. Keeping these technical aspects in mind, energy harvesting provides a
solution to all of them.

3.1.1

Motivation and Related Works

Green communications provide ecological friendly approaches that aim at improving the energy efficiency and the spectral efficiency of the communication
system [BCR+ 12]. Energy efficiency, which is defined as the data transferred per
unit energy consumed, in the unit of b/J/Hz, has recently received a great deal of
focus, see e.g. [MHL10] and [SMN15]. The problems of improving energy efficiency
and maximizing throughput have been widely investigated in literature. However,
it was demonstrated that increasing energy efficiency can result in decreasing data
rates in many cases [PD10] and [XZ14]. Recently, energy harvesting has emerged
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as a new technology that has a great potential to improve energy efficiency, while
maintaining spectral efficiency [ZZH12].
In the past few years, there have been significant research work on EH communications with the main focus on the development of EH protocols and models for
improving the rate of the system [RM10]. EH is used to improve the performance
of energy efficient wireless sensor networks as discussed in [MSK+ 16]. Optimization
of the rate of a multiple-input single-output (MISO) system with EH capability
at the transmitter and receiver is provided in [GGG15]. Also, water-filling algorithm for finite battery capacity was proposed for improving the point-to-point
communication with energy allocation at finite time slots in [HZ12]. The optimal
transmission strategy for discrete as well as continuous energy arrivals for point-topoint systems with known profile of the harvested energy is discussed in [YU12]
and [BG14]. Despite the major effect that EH technology can have on the life and
the performance of battery-limited communication devices, the majority of the
research works in the literature is focused on devices with only harvesting sources at
the transmitter and no fixed battery [OTY+ 11]. Actually, it is inevitable that some
sort of a limited fixed battery is implemented within the communication system
nodes [LMD+ 16]. Hence, a detailed study is required to see how and whether
EH can improve the performance of the communication system with fixed, but
very limited power battery. Since in TS, transmission time is divided in between
data transmission and harvesting energy, the harvesting may not be necessarily
beneficial, and a thorough investigation is required on this is yet to be carried out
study.
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3.1.2

Contributions

In this chapter, we consider a point-to-point communication system equipped with
an EH battery source in addition to its fixed battery, operating under Rayleigh flat
fading. The HU technique is used with the TS approach.1 For the system considered
here, we investigate and discuss the impact of EH on the system performance. As
transmission time is divided through TS, EH may not necessarily be beneficial
for the system in terms of increasing energy efficiency (EE) or spectral efficiency
(SE). Hence, we investigate the conditions under which EH can improve system
performance given by two different cases: 1) when the transmit power is optimally
adapted to the variations of the channel, and 2) when the transmission power is
fixed. In order to find the EH beneficialness condition2 in the latter case, we first
obtain the optimal transmission power allocation strategies that maximize EE or
SE, with EH used at the transmitter of the system. The maximum achievable
energy efficiency is obtained by using fractional programming to get EE-optimal
power level P \mathrm{u} . We prove that P \mathrm{u} monotonically decreases with EH power level.
Furthermore, the closed-form expressions for the maximum achievable EE and SE,
and also EH beneficialness conditions, are obtained in various scenarios. Validation
of the numerical results is carried out by using Monte-Carlo simulations. The effect
of different parameters, such as EH power, TS ratio and the circuit powers, are
discussed and analyzed.
To summarize, the main contributions of this chapter are enlisted below:
\bullet  The advantage of having solar EH at the transmitter along with the fixed,
but limited, battery, on the performance of the point-to-point system is
investigated. To the best of the author's knowledge, this work is first to
1

As storing energy for future use would also be beneficial, HSU is being considered in an
ongoing work project.
2
Hereafter, by EH beneficialness condition, we mean the condition at which the performance
of the system is improved through EH.
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address this. Section 3.2 describes the system model.
\bullet  The conditions under which EH can improve the system performance in
terms of maximum achievable EE or SE under two different cases, namely, 1)
when the transmit power is optimally adapted to the variations of the fading
channel and 2) when transmission power is fixed, are derived and discussed.
This has been described in Section 3.3, which starts with optimum power
allocation, derivation of closed-form expression for EE and SE maximization.
\bullet  The optimal TS parameter \tau  to maximize EE and SE is also calculated for
EH beneficialness condition.
\bullet  The maximum achievable EE is obtained by using fractional programming to
get the optimal power level P \mathrm{u} . We prove that P \mathrm{u} monotonically decreases
with EH power level.
\bullet  Closed-form expressions for the maximum achievable SE, the EE and the EH
beneficialness condition, are obtained. Monte-Carlo simulations are carried
out to validate these closed-form expressions. In Section 3.4, we investigate
the performance improvement analysis of the system using EH with optimal
and fixed transmission power. Also, closed-form expressions are derived
for maximum achievable EE, SE and the EH beneficialness condition are
discussed in Section 3.4.
\bullet  Finally, the impact of power from the fixed battery, TS parameter, the circuit
powers and the solar harvesting energy level on the system performance and
on the EH beneficialness condition, is investigated through numerical results.
Numerical results are evaluated for the optimal and fixed power allocation to
show the effect of EH on improving system EE and SE are given in Section 3.5,
followed by the chapter summary in Section 3.6.
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Figure 3.1: System model.

Figure 3.2: Illustration of key parameters in time switching protocol for harvesting
energy and information transfer.

3.2

System Model

We consider a system model for a point-to-point communication over a wireless
fading channel, in which the transmitter T is equipped with a fixed battery as well
as a solar EH battery, as presented in Fig. 3.1. Channels follow the block-fading
model, i.e., each of the channel gain is invariant during each fading block, but
varies independently from one block to another. The length of each fading block
is denoted by T\mathrm{b} . The symbol duration is given by T\mathrm{s}\mathrm{y}\mathrm{m} = 1/B, where B is
the system bandwidth. We assume that the fading block duration is an integer
multiplication of the symbol duration. Furthermore, the noise is considered additive
white Gaussian noise (AWGN). The channel state information (CSI) is estimated
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at the receiver and is assumed to be fed back to transmitter through an error-free
feedback channel.3 The channel power gain, denoted \gamma , is assumed to be Rayleigh
fading, with probability density function (PDF) already given in (2.10).
In this system, transmitter T has a fixed battery, referred to as battery B1
and operating fixed battery with power Pt , and an additional EH battery which
implements the HU approach where, as aforementioned, energy cannot be stored
and must be used immediately for information transmission when it becomes
available. The proposed model can replenish energy from different sources. Here
the harvesting relies on solar energy. Energy collected through harvesting is assumed
to be available at the end of the harvesting time [RSV11b]. As no energy buffering
is used, the energy causality constraints are not applicable here. Rechargeable
batteries that consider energy causality constraints for energy storage through
harvesting are discussed in [KHZS07].
The device either harvests energy or transmits data. Therefore, the TS approach
is used at the transmitter for harvesting energy and transmitting information, as
described in Fig. 3.2. In detail, T\mathrm{s}\mathrm{y}\mathrm{m} denotes the time slot during which the
communication between the source and the destination takes place. \tau  T\mathrm{s}\mathrm{y}\mathrm{m} , for
which \tau  satisfies 0 \leq  \tau  \leq  1, is the fraction of time during which the transmitter
harvests energy, and the remaining slot time (1  -  \tau  )T\mathrm{s}\mathrm{y}\mathrm{m} is used for information
transmission.
In this case, the spectral efficiency, in units of b/s/Hz, is given by
\biggr) 
\biggr)  \Biggr] 
\biggl( 
\biggl( 
\gamma 
Q\tau 
SE = (1  -  \tau  )\BbbE  log2 1 + P\mathrm{t} (t) +
,
1  -  \tau  K\scrL 
\Biggl[ 

(3.1)

where P\mathrm{t} (t) is the instantaneous transmission power at time t, and Q is the solar
3

The CSI is only required at the transmitter when the transmit power is optimally adapted to
the variations of the channel. In the cases of fixed transmission power, instantaneous knowledge
of the channel is not required at the transmitter.
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Q\tau 
. \BbbE [.]
1  -  \tau 
indicates the expectation operator, K\scrL  = P\mathrm{L} \sigma \mathrm{n}2 B, with P\mathrm{L} indicating the path loss,
EH power level.4 Therefore, the total transmission power is P\mathrm{t} (t) +

and \sigma \mathrm{n}2 represents the AWGN variance.
On the other hand, energy efficiency, which is defined as the number of bits per
unit power consumed from the fixed battery, is formulated as the ratio of information
rate to the sum of total transmission power P\mathrm{t} (t) and total circuit power P\mathrm{c} . Given
that the rate and energy consumption are determined by the transmit power, EE
can be optimized by adaptively allocating power based on the channel conditions
and the system's requirements. Hence, the instantaneous transmit power, P\mathrm{t} (t), is
replaced by P\mathrm{t} (\gamma ) to show that the transmission power is a function of the channel
\biggr) 
\biggl( 
1
power gain \gamma . Hence, P\mathrm{t}\mathrm{o}\mathrm{t}\mathrm{a}\mathrm{l} (t) = P\mathrm{c}2 \tau  + (1  -  \tau  ) P\mathrm{c} + \BbbE [P\mathrm{t} (\gamma )] , where P\mathrm{c} is the
\varepsilon 
circuit power, \varepsilon  is the power amplifier efficiency with the range of 0 \leq  \varepsilon  \leq  1, and
P\mathrm{c}2 is the circuit power during the harvesting time \tau  T\mathrm{s}\mathrm{y}\mathrm{m} . Therefore, the total
achievable EE can be expressed as:5
\Biggl[ 

\biggl( 
\biggl( 
\biggr) 
\biggr)  \Biggr] 
Q\tau 
\gamma 
(1  -  \tau  )\BbbE  log2 1 + P\mathrm{t} (t) +
1  -  \tau  K\scrL 
\biggl( 
\biggr) 
\eta  =
.
1
P\mathrm{c}2 \tau  + (1  -  \tau  ) P\mathrm{c} + \BbbE [P\mathrm{t} (\gamma )]
\varepsilon 

(3.2)

In order to investigate the EH beneficialness condition, we consider two scenarios,
specifically when the transmit power is optimally adapted to channel variations
and when the transmit power is fixed. Hence, we first need to find the optimal
power strategy that gives the maximum achievable EE or SE based on what is
considered as the dominant performance metric in the system so that the above
mentioned cases can be further discussed in detail.
Q\tau  T\mathrm{s}\mathrm{y}\mathrm{m}
, where T\mathrm{s}\mathrm{y}\mathrm{m} cancels out in (3.1).
(1  -  \tau  )T\mathrm{s}\mathrm{y}\mathrm{m}
5
Hereafter, we remove the time index whenever the concept is clear from the text.
4

The total harvesting power is given by
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3.3

Optimum Power Allocation

Recently, there has been many research results on the trade-off between the
achievable SE and EE in wireless systems [ZZH12]. We hence consider two different
systems in terms of designing EE and SE performance metrics. Our investigation
starts with analysing the EH beneficialness condition to see whether it can benefit
the system's achievable EE. To do so, we first need to identify the power allocation
that maximizes EE when EH is implemented at the transmitter.

3.3.1

Energy-Efficient Power allocation without Input Power
Constraint

In this section, we consider the EE-maximization problem when no constraint is
imposed on the total power of the fixed battery. The ensuing results will pave the
way for the power-constrained EE-maximization problem considered later in this
section. We start by formulating the EE-maximization problem, given \eta  as per
(3.2),
\biggl( 
\biggr) 
\biggr)  \Biggr] 
\biggl( 
Q\tau 
\gamma 
(1  -  \tau  )\BbbE  log2 1 + P\mathrm{t} (\gamma ) +
1  -  \tau  K\scrL 
\biggl( 
\biggr) 
,
= max
1
P\mathrm{t} (\gamma )\geq 0
P\mathrm{c}2 \tau  + (1  -  \tau  ) P\mathrm{c} + \BbbE [P\mathrm{t} (\gamma )]
\varepsilon 
\Biggl[ 

\eta \mathrm{o}\mathrm{p}\mathrm{t}

(3.3)

where \BbbE \gamma  [.] is the expectation operator over the channel power gain \gamma . Note that
the maximum achievable EE with additional energy due to harvesting is different
from the traditional EE.
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The EE-maximization can further be normalized with K\scrL  , yielding
\Biggl[ 

\eta \mathrm{o}\mathrm{p}\mathrm{t}

\biggl( 
\biggl( 
\biggr)  \biggr) \Biggr] 
Q\mathrm{r} \tau 
(1  -  \tau  )\BbbE \gamma  log2 1 + P\mathrm{r} (\gamma ) +
\gamma 
1  -  \tau 
\biggl( 
\biggr)  .
= max
1
P\mathrm{r} (\gamma )\geq 0
K\scrL  \tau  P\mathrm{c}\mathrm{r}2 + (1  -  \tau  )P\mathrm{c}\mathrm{r} + (1  -  \tau  ) \BbbE \gamma  [P\mathrm{r} (\gamma )]
\varepsilon 

(3.4)

Here power ratios of signal-to-noise, circuit-to-noise, harvest-to-noise power, and
circuit-to-noise during harvesting, are represented by P\mathrm{r} (\gamma ) = P\mathrm{t} (\gamma )/K\scrL  , P\mathrm{c}\mathrm{r} =
P\mathrm{c} /K\scrL  , Q\mathrm{r} = Q/K\scrL  and P\mathrm{c}\mathrm{r}2 = P\mathrm{c}2 /K\scrL  , respectively. The problem in (3.4) involves
maximization of a ratio of two functions of P\mathrm{r} (\gamma ), and is not concave [Sch76,
KMLN12]. However, the denominator of (3.4) is affine and the numerator is
concave in the transmission power. Hence, the EE-maximization objective function
is a strictly quasi-concave function in P\mathrm{r} (\gamma ), with a unique global maximum. A
general methodology is used for the transformation of quasi-concave optimization
into a concave optimization problem through fractional programming [Sch76].
Using variable transformation with inverse power dissipation parameter for t =
1
\tau  P\mathrm{c}\mathrm{r}2 + (1  -  \tau  )P\mathrm{c}\mathrm{r} + (1  -  \tau  ) \BbbE \gamma  [P\mathrm{r} (\gamma )], the EE-maximization problem is converted
\varepsilon 
to
\Biggl( 
\Biggl[ 
\biggl( 
\biggl( 
\biggr)  \biggr) \Biggr] \Biggr) 
Q
\tau 
\mathrm{r}
\eta \mathrm{o}\mathrm{p}\mathrm{t} = max t - 1 (1  -  \tau  )\BbbE \gamma  log2 1 + P\mathrm{r} (\gamma ) +
\gamma 
(3.5)
1  -  \tau 

subject to: t

 - 1

\biggl( 

\biggr) 
1
\tau  P\mathrm{c}\mathrm{r}2 + (1  -  \tau  )P\mathrm{c}\mathrm{r} + (1  -  \tau  ) \BbbE \gamma  [P\mathrm{r} (\gamma )] = 1
\varepsilon 

P\mathrm{r} (\gamma ) \geq  0.

(3.6)
(3.7)

The objective function in (3.5) is concave in P\mathrm{r} (\gamma ) and continuously differentiable,
and the equality constraint is affine. Therefore, the Karush-Kuhn-Tucker (KKT)
conditions are both sufficient and necessary for the optimal solution to exist.
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Considering the Lagrangian multiplier \lambda , the Lagrangian function is formulated as
\Biggl( 

\biggl( 
\biggr)  \biggr)  \biggr] \Biggr) 
Q
\tau 
\mathrm{r}
L(P\mathrm{r} (\gamma ), t) = t - 1 (1  -  \tau  )\BbbE \gamma  log2 1 + P\mathrm{r} (\gamma ) +
\gamma 
1  -  \tau 
\biggr) 
\biggr) \biggr) 
\biggl( \biggl(  \biggl( 
1
 - 1
\tau  P\mathrm{c}\mathrm{r}2 + (1  -  \tau  )P\mathrm{c}\mathrm{r} + (1  -  \tau  ) \BbbE \gamma  [P\mathrm{r} (\gamma )]  -  1
 -  \mu P\mathrm{r} (\gamma ).
 -  \lambda 
t
\varepsilon 
\biggl[ 

\biggl( 

(3.8)
On the basis of complementary slackness, if the strict inequality P\mathrm{r} > 0 holds, then
we have \mu  = 0. hence, the stationary conditions are:
\left[ 
\partial L(P\mathrm{r} (\gamma ), t)
= \BbbE \gamma 
\partial P\mathrm{r} (\gamma )

\right] 
(1  -  \tau  )(\gamma )
\biggl( 
\biggr) 
Q\mathrm{r} \tau 
1 + P\mathrm{r} (\gamma ) +
\gamma 
1  -  \tau 

\biggl[ 
 -  \BbbE \gamma 

\biggr] 
\lambda (1  -  \tau  )
 -  \mu  = 0,
\varepsilon 

\biggl[ 
\biggl( 
\biggl( 
\biggr)  \biggr) \biggr] 
Q\mathrm{r} \tau 
\partial L(P\mathrm{r} (\gamma ), t)
= (1  -  \tau  )\BbbE \gamma  log2 1 + P\mathrm{r} (\gamma ) +
\gamma 
\partial t
1  -  \tau 
\biggr) 
\biggl( 
1
 -  \lambda  \tau  P\mathrm{c}\mathrm{r}2 + (1  -  \tau  )P\mathrm{c}\mathrm{r} + (1  -  \tau  ) \BbbE \gamma  [P\mathrm{r} (\gamma )] = 0.
\varepsilon 

(3.9)

(3.10)

Now, the EE-maximization power allocation strategy can be derived using (3.9),
according to
\biggl[ 

\varepsilon 
1
Q\mathrm{r} \tau 
P\mathrm{r} (\gamma ) =
 -   - 
\lambda  \gamma  1  -  \tau 

\biggr] +
,

(3.11)

where [x]+ returns the max(0, x). We note that the power allocation (3.11) is
different from traditional water-filling in the sense that (3.11) is a scaled and
shifted version of traditional water-filling power allocation. This is due to the
Q\mathrm{r} \tau 
presence of the additional term of the harvesting power
, and the TS parameter
1  -  \tau 
\tau  . The expectation in (3.10) can be solved to find a closed-form expression for the
optimal power allocation strategy. In order to obtain \lambda , we insert (3.11) into (3.10)
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and solve the expectation operators, yielding

 - \beta 

(1  -  \tau  ) log2 (\beta ) e

\biggl[ 

\biggl( 

\biggr) \biggr] 
\beta (1  -  \tau  )
+(1  -  \tau  )Ei(\beta )  -  (1  -  \tau  )e log2
(1  -  \tau  ) + \beta \tau  Q\mathrm{r}
2
(1  -  \tau  ) P\mathrm{c}\mathrm{r} \beta \varepsilon 
(1  -  \tau  )2 e - \beta 
\beta \varepsilon (1  -  \tau  )P\mathrm{c}\mathrm{r}2 \tau 
 - 
 - 
 - 
((1  -  \tau  ) + \beta \tau  Q\mathrm{r} ) ((1  -  \tau  ) + \beta \tau  Q\mathrm{r} ) (1  -  \tau  ) + \beta \tau  Q\mathrm{r}
\beta (1  -  \tau  )2 Ei(\beta )
= 0.
(3.12)
+
(1  -  \tau  ) + \beta \tau  Q\mathrm{r}
 - \beta 

\lambda (1  -  \tau  )
, and Ei(\beta ) indicates the exponential integral defined
\varepsilon (1  -  \tau  )  -  \tau  Q\mathrm{r} \lambda 
\int  \infty  e - t
dt [BV04]. Let us assume \beta  \ast  is the optimal \beta  that solves (3.12).
by Ei(\beta ) = \beta 
t
\bigm| 
The average input power at this point can hence be found as P \mathrm{u} = \BbbE \gamma  [P\mathrm{t} (\gamma )]\bigm| \beta =\beta  \ast  ,
P\mathrm{r} (\gamma )
wherein P\mathrm{t} (\gamma ) =
, for which P\mathrm{r} (\gamma ) is given in (3.11). Using P \mathrm{u} , one can
K\scrL 
show that the unconstrained EE-maximization problem can be simplified into a
where \beta  =

SE-maximization problem, subject to an input power constraint with the constraint
power level set at P \mathrm{u} .

3.3.2

Effect of Qr on P u

The EE-optimal power allocation strategy (3.11) depends on \beta  \ast  , which itself
depends on the harvesting power Q\mathrm{r} . However, the effect of Q\mathrm{r} on \beta  \ast  , and in
turn, on the optimum power allocation, cannot be analysed clearly from (3.11)
and (3.12). Here, we want to analyse the effect of Q\mathrm{r} on the maximum achievable
EE, and in turn, on P \mathrm{u} . We first start by analysing the effect of Q\mathrm{r} on P \mathrm{u} .
Lemma 2. \itT \ith \ite  \ito \itp \itt \iti \itm \itu \itm  \iti \itn \itp \itu \itt  \itp \ito \itw \ite \itr  P \itu  \itm \ito \itn \ito \itt \ito \itn \iti \itc \ita \itl \itl \ity  \itd \ite \itc \itr \ite \ita \its \ite \its  \itw \iti \itt \ith  \itt \ith \ite  \ith \ita \itr \itv \ite \its \itt \iti \itn \itg  \itp \ito \itw \ite \itr  Q\itr  .
\itP \itr \ito \ito \itf . The proof is provided in Appendix B.
The result of Lemma 2 implies that the average power associated with the
maximum achievable power-unconstrained EE is a decreasing function of Q\mathrm{r} . See
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Appendix B.1 for details.

3.3.2.1

Special Case - Neglecting the Circuit Power

We consider the special case, where the circuit power during harvesting is neglected,
i.e., P\mathrm{c}\mathrm{r}2 = 0. The purpose of this special case is to find out how other parameters
along with EH affect the maximum achievable EE of the system.
We start by investigating the achievable EE using the power allocation strategy
in (3.11) when P\mathrm{c}\mathrm{r}2 = 0. In this case, the total power consumed at the transmitter
\biggl( 
\biggr) 
1
is (1  -  \tau  ) P\mathrm{c} + \BbbE  [P\mathrm{t} (t)] . Thus, the maximum achievable EE when P\mathrm{c}\mathrm{r}2 = 0 is
\varepsilon 
given by
\Biggl[ 

\biggl( 
\biggl( 
\biggr) 
\biggr)  \Biggr] 
Q\tau 
\gamma 
\BbbE  log2 1 + P\mathrm{t} +
1  -  \tau  K\scrL 
\eta  =
.
1
P\mathrm{c} + \BbbE [P\mathrm{t} ]
\varepsilon 

(3.13)

Note that the achievable EE in (3.13) is different from the one derived in (3.2).6
The factor 1  -  \tau  is not present in (3.13). In this case, the EE-maximization problem
simplifies to
\Biggl[ 
\BbbE \gamma 
\eta \mathrm{o}\mathrm{p}\mathrm{t} = max

P\mathrm{r} (\gamma )\geq 0

\biggl( 
\biggr)  \biggr)  \Biggr] 
Q\mathrm{r} \tau 
log2 1 + P\mathrm{r} (\gamma ) +
\gamma 
1  -  \tau 
\biggr) 
\biggl( 
.
1
K\scrL  P\mathrm{c}\mathrm{r} + \BbbE \gamma  [P\mathrm{r} (\gamma )]
\varepsilon 
\biggl( 

(3.14)

The EE-maximization power allocation strategy can now be found by using similar
steps as for obtaining (3.11) in subsection 3.3.1.
6

Here again the total harvesting power has a term \tau  T\mathrm{s}\mathrm{y}\mathrm{m} , which cancels out eventually.
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The closed-form expression to obtain \beta  is derived as
\biggl[ 

\biggl( 

\biggr) \biggr] 
\beta (1  -  \tau  )
log2 (\beta ) e + Ei(\beta )  -  e log2
(1  -  \tau  ) + \beta \tau  Q\mathrm{r}
 - \beta 
(1  -  \tau  )e
\beta (1  -  \tau  )Ei(\beta )
(1  -  \tau  )P\mathrm{c}\mathrm{r} \beta \varepsilon 
 - 
+
= 0.
 - 
(1  -  \tau  ) + \beta \tau  Q\mathrm{r} (1  -  \tau  ) + \beta \tau  Q\mathrm{r} (1  -  \tau  ) + \beta \tau  Q\mathrm{r}
 - \beta 

 - \beta 

(3.15)

Using the results of the last section, the power-unconstrained EE-maximization
problem simplifies into a power-constrained SE-maximization problem, with a
limit set at P \mathrm{u} . Accordingly, the EE-maximization power allocation strategy
with an input power constraint set at P\mathrm{m}\mathrm{a}\mathrm{x} can be derived when \BbbE \gamma  [P\mathrm{r} (\gamma )] =
\biggl( 
\biggr) 
P \mathrm{u} P\mathrm{m}\mathrm{a}\mathrm{x}
min
,
.
K\scrL  K\scrL 

3.3.3

Optimal Power Allocation to Maximize SE

Next, we calculate the optimal power allocation to maximize SE. By following
similar steps as in (3.5) to (3.10), the SE-optimal power allocation strategy can be
found according to,
\biggl[ 

Q\mathrm{r} \tau 
(1  -  \tau  ) 1
 -   - 
P\mathrm{r} (\gamma ) =
\lambda 
\gamma  1  -  \tau 

\biggr] +
.

(3.16)

This power allocation is also a scaled and shifted version of the traditional waterfilling power allocation. We can see that (3.16) is different that the EE-power
allocation strategy in (3.11). Following the steps in (3.12), the closed-form expression for finding the optimal value for the Lagrangian multiplier is given by,

 - \alpha 

(1 - \tau  ) log2 (\alpha (1  -  \tau  )) e

\biggl( 
+(1 - \tau  )Ei(\alpha ) -  (1  -  \tau  ) log2

\biggl( 

\alpha (1  -  \tau  )2
1  -  \tau  + \alpha \tau  Q\mathrm{r}

\biggr) 
e

 - \alpha 

\biggr) 
= 0,
(3.17)

(1  -  \tau  )\lambda 
where \alpha  =
.
(1  -  \tau  )2  -  \tau  Q\mathrm{r} \lambda 
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3.4

Performance Improvement Analysis

In this section, we consider the conditions under which EH can improve the system
performance, when the input power is optimally allocated so that the system
performance is maximized. Specifically, two different cases are considered. 1) Case
I: when the power is adapted to the variations of the channel so that either EE
or SE of the system is maximized, and 2) Case II: when transmit power is fixed.
The EE-optimum power allocation strategy is given in (3.11) and the SE-optimum
power allocation strategy is given in (3.16). We further investigate these conditions
when the TS factor \tau  is fixed or variable.

3.4.1

Adaptive Transmit Power Allocation

Here, we assume that the transmit power is adapted to the channel variations, and
we investigate the conditions under which implementing EH can benefit the system
performance. We analyze two different performance measures, EE and SE.

3.4.1.1

Effect of Harvesting on the System's \eta \bfo \bfp \bft 

We start this by formalizing the maximum achievable EE using the EE-optimal
power allocation given in (3.11). This yields
\left( 

\Biggl[ 

\right) 

\Biggr] 

\varepsilon \gamma 
\beta Q\mathrm{r} \tau 
\varepsilon \beta   - 
1  -  \tau 
\Biggl[ 
\Biggr]  ,
=
K\scrL  (1  -  \tau  )
1
1
K\scrL  \tau  P\mathrm{c}\mathrm{r}2 + K\scrL  (1  -  \tau  )P\mathrm{c}\mathrm{r} +
\BbbE \gamma 
 - 
\varepsilon 
\beta  \gamma 
(1  -  \tau  )\BbbE \gamma  log2

\eta \mathrm{o}\mathrm{p}\mathrm{t}
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where \beta  is defined after (3.12). Further, a closed-form expression for (3.18) can be
obtained as follows:
\left( 

Ei(\beta )
Q\mathrm{r} \tau 
\beta \varepsilon   -  \beta 
\Biggl( 
\Biggl(  1  -  \tau 
\Biggr) \Biggr) 
=
 - \beta 
(1  -  \tau  ) e
K\scrL  \tau  P\mathrm{c}\mathrm{r}2 + (1  -  \tau  )P\mathrm{c}\mathrm{r} +
+ Ei(\beta )
\varepsilon 
\beta 
(1  -  \tau  )

\eta \mathrm{o}\mathrm{p}\mathrm{t}

\right) 
 -  log2 (\beta \varepsilon )e - \beta  +

(3.19)

To analyze whether EH improves the EE of the system or not, we investigate the
effects of \tau  on the maximum EE. We note that \eta \mathrm{o}\mathrm{p}\mathrm{t} given in (3.19) is a function
of the EH parameter \tau  . Basically, we want to find an answer on how much time
should be spent in harvesting. To do so, we first take the derivative of \eta \mathrm{o}\mathrm{p}\mathrm{t} with
respect to \tau  , where \eta \mathrm{o}\mathrm{p}\mathrm{t} is given in (3.19), to get
\Biggl( \biggl( 
\biggr)  \biggl( 
\biggl( 
\biggr) \biggr) 
\partial \eta \mathrm{o}\mathrm{p}\mathrm{t}
1
2  -  Q\mathrm{r}  -  \tau   -  \tau  2 + Q\mathrm{r} \tau  2
d1 (1  -  \tau  )
=
K\scrL  P\mathrm{c}\mathrm{r}2 \tau  + K\scrL  P\mathrm{c}\mathrm{r} (1  -  \tau  ) +
d2 + \beta d2
\partial \tau 
d
\varepsilon 
(1  -  \tau  + Q\mathrm{r} \tau  )
\right) 
\left( 
\biggl( 
\biggr)  \Biggr) 
d3
e - \beta  K\scrL 
 -  K\scrL  d3
 -  (1  -  \tau  )d2 +
K\scrL  P\mathrm{c}\mathrm{r}2  -  K\scrL  P\mathrm{c}\mathrm{r}  - 
1
Q\mathrm{r} \tau 
\beta \varepsilon 
+
\beta  1  -  \tau 
(3.20)
\biggr) 2
(1  -  \tau  )
e - \beta 
where d = K\scrL  \tau  P\mathrm{c}\mathrm{r}2 + (1  -  \tau  )P\mathrm{c}\mathrm{r} +
d1 , d1 =
+ d3 , d2 = log2 (\beta )e - \beta 
\varepsilon 
\beta 
and d3 = Ei(\beta ). Here d is the denominator of (3.20) and is always positive. We
\biggl( 

note that (3.20) is a complex equation and even after mathematical manipulation
to find the second derivative with respect to \tau  , (3.20) does not give any information
about the trend of \eta \mathrm{o}\mathrm{p}\mathrm{t} with respect to \tau  . Therefore, this complex case is numerically
analyzed and presented through simulations in the numerical result section. For
the remaining cases, we provide closed-form solutions for the EH beneficialness
condition which are discussed in the following two parts.
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3.4.1.2

Effect of Harvesting on \eta opt when Pcr2 = 0

Now, we consider the maximum achievable EE presented in (3.14) when P\mathrm{c}\mathrm{r}2 = 0,
by using the EE-optimal power allocation given in (3.11), yielding
\Biggl[ 

\eta \mathrm{o}\mathrm{p}\mathrm{t}

\biggr)  \Biggr] 
\gamma 
\gamma \tau  Q\mathrm{r}
\BbbE \gamma  log2
+
\beta  1  -  \tau 
\Biggl[ 
\Biggr]  ,
=
K\scrL 
1
1
K\scrL  P\mathrm{c}\mathrm{r} +
\BbbE \gamma 
 - 
\varepsilon 
\beta  \gamma 
\biggl( 

(3.21)

The closed-form expression for (3.21) can be obtained as
\biggl( 
\biggr)  - 1
1
Q\mathrm{r} \tau 
log2 (\beta )e + Ei(\beta )
+
\beta  1  -  \tau 
\Biggl( 
\Biggr)  .
=
K\scrL  e - \beta 
K\scrL  P\mathrm{c}\mathrm{r} +
+ Ei(\beta )
\varepsilon 
\beta 
 - \beta 

\eta \mathrm{o}\mathrm{p}\mathrm{t}

(3.22)

We aim to investigate the effects of the EH parameter \tau  on the maximum achievable
EE when P\mathrm{c}\mathrm{r}2 = 0. We note that \eta  in (3.22) is a function of \tau  . Similar to the
previous case, we aim to provide an answer to the question on how much time
should be spent in harvesting energy. To do so, we first take the derivative of \eta \mathrm{o}\mathrm{p}\mathrm{t}
with respect to \tau  , where \eta \mathrm{o}\mathrm{p}\mathrm{t} is given in (3.21), to get
\biggr)  - 2
1
Q\mathrm{r} \tau 
 - Ei(\beta )
+
\partial \eta \mathrm{o}\mathrm{p}\mathrm{t}
\beta  1  -  \tau 
\Biggl( 
\Biggl( 
\Biggr) \Biggr)  .
=
 - \beta 
\partial \tau 
1
e
(1  -  \tau  )2 K\scrL  P\mathrm{c}\mathrm{r} +
+ Ei(\beta )
\varepsilon  \beta 
\biggl( 

(3.23)

Equation (3.23) is always negative. Therefore, \eta \mathrm{o}\mathrm{p}\mathrm{t} is maximum when \tau  = 0. This
means that, when P\mathrm{c}\mathrm{r}2 = 0, no harvesting is the best approach to achieve the
maximum EE in the system.
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3.4.1.3

Effect of Harvesting on SEopt

Now we analyze the effects of EH on the maximum achievable SE of the system,
SE\mathrm{o}\mathrm{p}\mathrm{t} . We start by formulating SE\mathrm{o}\mathrm{p}\mathrm{t} when the optimal power allocation given
in (3.16) is used, to get
\Biggl[ 

\biggl( 

SE\mathrm{o}\mathrm{p}\mathrm{t} = (1  -  \tau  ) \BbbE \gamma  log2

\gamma 
Q\mathrm{r} \tau  \gamma 
+
\alpha  1  -  \tau 

\biggr)  \Biggr] 
.

(3.24)

e - \alpha   -  Ei(\alpha ).

(3.25)

The closed-form expression for (3.24) is found as
\biggl( 
SE\mathrm{o}\mathrm{p}\mathrm{t} =  -  log2

Q\mathrm{r} \tau  \alpha 
1+
1  -  \tau 

\biggr) 

In order to investigate the effect of \tau  on the maximum SE, we first analyse
whether (3.25) is concave with respect to \tau  . We start by finding the first-derivative
of SE\mathrm{o}\mathrm{p}\mathrm{t} from (3.24) with respect to \tau  , yielding
\left[ 
\partial SE\mathrm{o}\mathrm{p}\mathrm{t}
= \BbbE \gamma 
\partial \tau 

\right] 
Q\mathrm{r} \gamma 
\biggl[ 
\biggl( 
\biggr) \biggr] 
\gamma 
Q\mathrm{r} \tau  \gamma 
1  -  \tau 
 -  \BbbE \gamma  log2
+
.
Q\mathrm{r} \tau  \gamma 
\gamma 
\alpha  1  -  \tau 
+
\alpha  1  -  \tau 

We further take the second derivative

(3.26)

\partial  2 SE\mathrm{o}\mathrm{p}\mathrm{t}
, to get
\partial  2 \tau 
\left( 

\partial  2 SE\mathrm{o}\mathrm{p}\mathrm{t}
\partial  2 \tau 

\biggl( 
\biggr) 
\BbbE \gamma  [m1 ]
\BbbE \gamma  [m1 \tau  ]
 -  \BbbE \gamma  [m] +
=  - 
(1  -  \tau  )2
\BbbE \gamma  [m(1  -  \tau  )2 ]
\biggl[ 
\biggl( 
\biggr)  \biggr] 
\BbbE \gamma  [m1 ]
m1 \tau 
 - 
\BbbE \gamma  log2 m +
\leq  0,
(1  -  \tau  )2
1  -  \tau 

\right) 
\BbbE \gamma  [m1 ]
\biggl[ 

\biggr] 

\BbbE \gamma  m(1  -  \tau  )2 + m1 \tau  (1  -  \tau  )
(3.27)

\gamma 
\partial  2 SE\mathrm{o}\mathrm{p}\mathrm{t}
and m1 = Q\mathrm{r} \gamma . Given that
is always negative, SE\mathrm{o}\mathrm{p}\mathrm{t} is
\alpha 
\partial  2 \tau 
concave in \tau  . With a concave function in \tau  meaning that the SE\mathrm{o}\mathrm{p}\mathrm{t} will have a

where m =
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\partial SE\mathrm{o}\mathrm{p}\mathrm{t} \bigm| \bigm| 
maximum at non-zero \tau  unless
\leq  0, we obtain
\bigm| 
\partial \tau  \tau  =0
\partial SE\mathrm{o}\mathrm{p}\mathrm{t} \bigm| \bigm| 
= \BbbE \gamma  [Q\mathrm{r} \gamma ]  -  \BbbE \gamma  [log2 (\gamma )]
\bigm| 
\partial \tau  \tau  =0
=  - Q\mathrm{r} e - \alpha  (\alpha  + 1) + log2 (\alpha )e - \alpha  + Ei(\alpha ),

(3.28)

where \alpha  is defined after (3.17). In order to find the EH beneficialness condition,
\partial SE\mathrm{o}\mathrm{p}\mathrm{t} \bigm| \bigm| 
we need to investigate the condition under which
> 0. The condition
\bigm| 
\partial \tau  \tau  =0
can hence be simplified into

Q\mathrm{r} >

log2 (\alpha )e - \alpha  + Ei(\alpha )
.
e - \alpha  (\alpha  + 1)

(3.29)

The result in (3.29) can be validated through numerical results presented in Section 3.5.

3.4.2

Fixed Transmit Power

Here, we analyze the maximum achievable EE and SE when the transmit power is
fixed. We also investigate the cases under which adding EH can benefit the system.

3.4.2.1

Effect of Harvesting on the System EE

We start by investigating the achievable EE for a system with fixed transmit power.
We derive the expression for the first derivative of EE \eta fi\mathrm{x} in (3.2) with respect to
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\tau  , when the transmit power is fixed, according to
\left[ 
\partial \eta fi\mathrm{x}
1
=
\partial \tau 
(\tau  P\mathrm{c}\mathrm{r}2 + (1  -  \tau  )(P\mathrm{c}\mathrm{r} + P\mathrm{r} ))2

\Biggl( \biggl( 

\biggr) 
\tau  P\mathrm{c}\mathrm{r}2 + (1  -  \tau  )(P\mathrm{c}\mathrm{r} + P\mathrm{r} ) \BbbE \gamma 

\biggr) \biggr] 
\biggl( 
Q\mathrm{r} \tau 
)\gamma 
 -  (\tau  P\mathrm{c}\mathrm{r}2 + (1  -  \tau  )(P\mathrm{c}\mathrm{r} + P\mathrm{r} )) \BbbE \gamma  log2 1 + (P\mathrm{r} +
1  -  \tau 
\biggl[ 
\biggl( 
\biggr) \biggr]  \Biggr) 
Q\mathrm{r} \tau 
 -  (P\mathrm{c}\mathrm{r}2  -  P\mathrm{c}\mathrm{r}  -  P\mathrm{r} ) (1  -  \tau  )\BbbE \gamma  log2 1 + (P\mathrm{r} +
)\gamma 
.
1  -  \tau 

Q\mathrm{r} \gamma 
\biggl(  1  -  \tau 
\biggr) 
Q\mathrm{r} \tau 
1 + P\mathrm{r} +
1  -  \tau 

\biggl[ 

(3.30)

The denominator term (\tau  P\mathrm{c}\mathrm{r}2 + (1  -  \tau  )(P\mathrm{c}\mathrm{r} + P\mathrm{r} ))2 is always positive. So, in order
\partial \eta fi\mathrm{x}
to define the sign of
, we only consider the numerator of (3.30) and call it tfi\mathrm{x} .
\partial \tau 
We take the second derivative of tfi\mathrm{x} with respect to \tau  , yielding
\Biggl[ 
\partial  2 tfi\mathrm{x}
=
\partial  2 \tau 

\BbbE \gamma 

Q\mathrm{r} \gamma P\mathrm{c}\mathrm{r} (1 + \tau  )
P\mathrm{c}\mathrm{r}2 Q\mathrm{r} \gamma 
 - 
 - 
2
(1  -  \tau  )
1  -  \tau 
\Biggl[ 
\biggl( 
\biggr)  \Biggr] 
Q\mathrm{r} \tau 
\BbbE \gamma  1 + P\mathrm{r} +
\gamma 
1  -  \tau 

\Biggr] 
\leq  0.

(3.31)

Since (3.31) is always negative, then \eta fi\mathrm{x} is concave in \tau  . Therefore, EH could be
\bigm| 
\partial \eta fi\mathrm{x} \bigm| \bigm| 
beneficial if
> 0. Hence, the EH beneficialness condition can be found by
\partial \tau  \bigm| \tau  =0
\bigm| 
\partial \eta fi\mathrm{x} \bigm| \bigm| 
examining the condition of \eta fi\mathrm{x} when
> 0, which is given by
\bigm| 
\partial \tau  \bigm| 
\tau  =0

\Biggl( 
P\mathrm{c}\mathrm{r}2
Q\mathrm{r} >

\Biggr) 

\bigl( 
\bigr) 
 - 1
P\mathrm{r}  - 1  -  eP\mathrm{r} Ei P\mathrm{r}  - 1
\Biggr)  .

\Biggl( 
P\mathrm{c}\mathrm{r}

(3.32)

\bigl( 
\bigr) 
 - 1
P\mathrm{r}  - 1  -  P\mathrm{r}  - 2 eP\mathrm{r} Ei P\mathrm{r}  - 1

Hence, if Q\mathrm{r} is bigger than the right-hand-side (RHS) of (3.32), then EH could be
\partial \eta fi\mathrm{x}
beneficial to the system and the optimal value for \tau  can be found from
= 0.
\partial \tau 
Otherwise, harvesting does not improve the EE of the system and should not be
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used.

3.4.2.2

Effect of Harvesting on the System \eta fix when Pcr2 = 0

We investigate the effect of \tau  on the achievable EE with fixed transmit power when
P\mathrm{c}\mathrm{r}2 = 0. We derive the expression for the first derivative of \eta fi\mathrm{x} presented in (3.14)
taken with respect to \tau  , as
\left[ 
\partial \eta fi\mathrm{x}
= \BbbE \gamma 
\partial \tau 

Q\mathrm{r}
(1  -  \tau  )2
\biggr) 
\biggl( 
Q\mathrm{r} \tau 
\gamma 
1 + P\mathrm{r} +
1  -  \tau 

\right] 
\geq 

0.

(3.33)

We note that the first-derivative is always positive. The result obtained in (3.33)
gives very valuable information, namely, that the EE is always increasing with \tau  .
This means that for a case with fixed power transmission and P\mathrm{c}\mathrm{r}2 = 0, the more
time is taken for harvesting energy, the higher the achievable EE will be.

3.4.2.3

Effect of Harvesting on the System SEfix

For analyzing the effect of EH on the system's SE with fixed transmit power, we
start by taking the first derivative of the SE in (3.1), which gives
\left[ 
\partial SEfi\mathrm{x}
= \BbbE \gamma 
\partial \tau 

Q\mathrm{r} \gamma 
\biggl(  1  -  \tau 
\biggr) 
Q\mathrm{r} \tau 
1 + P\mathrm{r} +
\gamma 
1  -  \tau 

\right] 
\biggl[ 
\biggl( 
\biggl( 
\biggr)  \biggr) \biggr] 
Q\mathrm{r} \tau 
 -  \BbbE \gamma  log2 1 + P\mathrm{r} +
\gamma  . (3.34)
1  -  \tau 

Then taking the second derivative of the equation (3.34) with respect to \tau  , we get
\left[ 
\partial  2 SEfi\mathrm{x}
=  -  \BbbE \gamma 
\partial  2 \tau 

\right] 
\biggl( 
\biggl( 
\biggr)  \biggr) 
\left[ 
\right] 
Q\mathrm{r} \tau 
Q\mathrm{r} \gamma 
Q\mathrm{r} \gamma 
Q\mathrm{r} \gamma  1 + P\mathrm{r} +
\gamma  +
1  -  \tau 
1  -  \tau 
(1  -  \tau  )2
\biggl( 
\biggr) 
 - 
\BbbE 
\biggl( 
\biggl( 
\biggr)  \biggr) 2
\gamma 
Q\mathrm{r} \tau 
Q
\tau 
\mathrm{r}
1 + P\mathrm{r} +
\gamma 
(1  -  \tau  )2 1 + P\mathrm{r} +
\gamma 
1  -  \tau 
1  -  \tau 

\leq  0.

(3.35)
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The decreasing trend in (3.35) shows that SEfi\mathrm{x} is concave in \tau  . For further
investigation, we expand the expectations in (3.34) to get a closed-form expression,
which leads to
\left( 
SEfi\mathrm{x} =

Q\mathrm{r}
1  -  \tau 
\Bigl( 
P\mathrm{r} +

+e

\right) 
\Bigl( 
Q\mathrm{r} \tau  \Bigr)  - 1 \biggl( 
\biggl( 
\biggr)  - 1 \biggl( 
\biggr)  - 2
\biggr)  - 1
P\mathrm{r} +
Q\mathrm{r} \tau 
Q\mathrm{r} \tau 
Q\mathrm{r} \tau 
1  -  \tau 
Ei P\mathrm{r} +
P\mathrm{r} +
 -  P\mathrm{r} +
e
1  -  \tau 
1  -  \tau 
1  -  \tau 

Q\mathrm{r} \tau  \Bigr)  - 1 \biggl( 
\biggr) 
Q\mathrm{r} \tau   - 1
1  -  \tau 
Ei P\mathrm{r} +
1  -  \tau 

(3.36)

\bigm| 
\partial SEfi\mathrm{x} \bigm| \bigm| 
In order to find the EH beneficialness condition, we determine
according
\bigm| 
\partial \tau  \bigm| 
\tau  =0
to
\bigm| 
\partial SEfi\mathrm{x} \bigm| \bigm| 
\bigm| 
\partial \tau  \bigm| 

\biggl[ 
= \BbbE \gamma 
\tau  =0

\biggr] 
Q\mathrm{r} \gamma 
 -  \BbbE \gamma  [log2 (1 + P\mathrm{r} \gamma )] .
1 + P\mathrm{r} \gamma 

(3.37)

\bigm| 
\partial SEfi\mathrm{x} \bigm| \bigm| 
> 0, the EH beneficialness condition is found
Further, solving (3.37) at
\bigm| 
\partial \tau  \bigm| 
\tau  =0
as follows
 - 1
 - eP\mathrm{r} Ei(P\mathrm{r} ) - 1
.
(3.38)
Q\mathrm{r} >
 - 1
P\mathrm{r} - 1  -  P\mathrm{r} - 2 eP\mathrm{r} Ei(P\mathrm{r} ) - 1
Hence, if Q\mathrm{r} is bigger than the RHS of (3.38), then EH could be beneficial to the
system. Otherwise, EH does not improve the SE of the system and should not be
used.

3.5

Numerical Results

In this section, we numerically evaluate the effect of the harvesting power Q\mathrm{r} , the
TS parameter \tau  , the power from fixed battery, the circuit powers P\mathrm{c}\mathrm{r} and P\mathrm{c}\mathrm{r}2 on
the achievable EE (b/J/Hz) and SE (b/s/Hz) of the system. In all the figures, we
assume that the power of the fixed battery at the transmitter device is represented
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Figure 3.3: EE versus TS parameter \tau  , when Q\mathrm{r} = 0.5dB, P\mathrm{c}\mathrm{r} = 0dB and P\mathrm{c}\mathrm{r}2 varies.

by P and \varepsilon  is set to 0.2, unless otherwise stated.

3.5.1

Case I: Adaptive Power Allocation

In this section, we discuss the adaptive power allocation to see how EH can improve
the maximum achievable EE and SE of the system.
We start by plotting the EE versus the TS parameter \tau  at Q\mathrm{r} = 0.5dB, when
P\mathrm{c}\mathrm{r} = 0dB and considering various values of the circuit power P\mathrm{c}\mathrm{r}2 . Fig. 3.3 includes
both analytical and Monte-Carlo simulation results to verify the correctness of
the closed-form derivations. From the graphs, we observe that EE is higher when
P\mathrm{c}\mathrm{r}2 = 0dB compared to the case when P\mathrm{c}\mathrm{r}2 = 1dB. Furthermore, the plots confirm
the matching between the results obtained from the closed-form expressions and
the ones from the simulations, hence indicating the correctness of the analysis. As
observed from the plots, EE increases with \tau  , hence indicating that the more time
is spent for harvesting, the higher the EE that can be achieved.
Similarly, Fig. 3.4 includes the plots for SE versus the TS parameter \tau  with
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Figure 3.4: SE versus TS parameter \tau  , with Q\mathrm{r} = 0.5dB and various values of P\mathrm{m}\mathrm{a}\mathrm{x} .

Q\mathrm{r} = 0.5dB and various values of P\mathrm{m}\mathrm{a}\mathrm{x} . The figure includes both analytical and
Monte-Carlo simulation results to show the correctness of closed-form expressions
for SE. It is noted that the SE decreases with \tau  at P\mathrm{m}\mathrm{a}\mathrm{x} = 1dB quicker than the
one at P\mathrm{m}\mathrm{a}\mathrm{x} = 1dB. Also, SE has a decreasing trend with \tau  which is just opposite
to the EE trend in Fig. 3.3.
Numerical results for the EE versus \tau  are presented in Fig. 3.5 for various values
of P\mathrm{c}\mathrm{r} and P\mathrm{c}\mathrm{r}2 . We notice that EE increases with the TS parameter until it reaches
its maximum value around \tau  = 0.5. After the maximum point, EE decreases. This
can also be validated by the mathematical analysis done for \eta \mathrm{o}\mathrm{p}\mathrm{t} in (3.22). Also,
the maximum EE is achieved at low values of circuit powers, i.e., P\mathrm{c}\mathrm{r} = 0dB and
P\mathrm{c}\mathrm{r}2 = 0dB.
Fig. 3.6 illustrates EE versus \tau  at P\mathrm{c}\mathrm{r} = 1dB and P\mathrm{c}\mathrm{r}2 = 0dB with various
values of harvesting power Q\mathrm{r} . It is noted that the higher the harvesting power
is, the higher EE can be achieved. Also, EE increases with \tau  until it reaches a
maximum point after which it decreases with \tau  . When the value for Q\mathrm{r} is bigger,
the maximum EE can be achieved at a higher value of \tau  , hence indicating that
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Figure 3.5: EE versus \tau  with various values of P\mathrm{c}\mathrm{r} and P\mathrm{c}\mathrm{r}2 .
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Figure 3.6: EE versus \tau  with P\mathrm{c}\mathrm{r} = 1dB and P\mathrm{c}\mathrm{r}2 = 0dB and various values of Q\mathrm{r} .

when EH power is stronger, spending more time for harvesting could be beneficial
in terms of maximum achievable EE.7
7

The significance of having two circuit power, i.e., Pcr and Pcr2 tells that there are two different
circuits used in the system. One circuit is for transmission and the other one is for harvesting.
They do not operate on same power so you can not basically just add them together. The circuit
powers are used in different portions of time.
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Figure 3.7: Q\mathrm{r} versus power consumed from fixed battery P at \tau  = 0 with P\mathrm{c}\mathrm{r}2 = 0dB
and P\mathrm{c}\mathrm{r} = 0dB.

3.5.2

Case II: Fixed Transmit Power

In this section, we present the numerical results for a system with fixed transmit
power, to see how EH may improve the maximum achievable EE and SE.
We start by Fig. 3.7, where we present the plot for the harvesting power Q\mathrm{r}
versus power
P consumed from the fixed battery, with P\mathrm{c}\mathrm{r}2 = 0dB and P\mathrm{c}\mathrm{r} = 0dB
\bigm| 
\bigm| 
\partial EE \bigm| 
for
= 0 referring to (3.32). The figure shows the condition under which
\bigm| 
\partial \tau  \bigm| 
\tau  =0
EH is beneficial for improving the EE of the system. The upper side of the curve is
when EH can benefit the system in terms of improving the maximum achievable EE
and the lower side of the curve corresponds to EH in fact decreasing the maximum
achievable EE. This happens since the harvested energy is small compared to the
power level of the fixed battery. Hence, the time spent for harvesting will be more
beneficial if it were spent for signal transmission. The figure also shows that the
higher the consumed power from the fixed battery, the higher the harvesting power
should be for EH to benefit the system.
Fig. 3.8 illustrates EE versus \tau  at P\mathrm{c}\mathrm{r}2 = 0dB and P\mathrm{c}\mathrm{r} = 0dB for various values
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Figure 3.8: EE versus TS parameter \tau  at P\mathrm{c}\mathrm{r}2 = 0dB and P\mathrm{c}\mathrm{r} = 0dB with various
values of harvesting power Q\mathrm{r} and power consumed from fixed battery P.

of harvesting power Q\mathrm{r} and power from the fixed battery P which are taken from
Fig. 3.7. We note that at higher values of harvesting power, i.e., Q\mathrm{r} = 5dB, EE
increases until it reaches \tau  = 0.45 after which EE decreases with \tau  . Similarly,
at lower values of power from the fixed battery and the harvesting power, i.e.,
Q\mathrm{r} = 0.5dB, EE decreases with \tau  although with a slow slope compared to the
case when Q\mathrm{r} = 5dB. This means that the best use of the time is to transmit
information rather than to harvest energy.
Results of the SE versus TS parameter \tau  at P\mathrm{m}\mathrm{a}\mathrm{x} = 1dB with various values
of harvesting power Q\mathrm{r} are plotted in Fig. 3.9. The graph demonstrates that SE
does monotonically decrease with \tau  for all values of the harvesting power. The
figure shows that maximum SE is achieved at \tau  = 0, which means that it is
rather beneficial to transmit information than to harvest energy. =This result also
confirms our derivation for SE case with fixed power transmission given in (3.36)
and (3.38).
Fig. 3.10 shows EE versus power P at \tau  = 0.5 for various values of P\mathrm{c}\mathrm{r} and

73

Chapter 3: Performance Analysis of Energy Harvesting Systems Using
Harvest-Use Approach: Energy and Spectral Efficiency
1.6
Qr= 0dB
1.4

Qr= 0.5dB

Spectral Efficiency (b/s/Hz)

Qr= 1dB
1.2

1

0.8

0.6

0.4

0.2

0

0.2

0.4

0.6

τ

0.8

1

Figure 3.9: SE versus TS parameter \tau  at P\mathrm{m}\mathrm{a}\mathrm{x} = 1dB with various values of harvesting
power Q\mathrm{r} .
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Figure 3.10: EE versus power P at \tau  = 0.5 for various values of P\mathrm{c}\mathrm{r} and P\mathrm{c}\mathrm{r}2 .

P\mathrm{c}\mathrm{r}2 . As observed, higher EE can be achieved at smaller values of power. For this
case, we assume that P\mathrm{c}\mathrm{r}2 < P\mathrm{c}\mathrm{r} . At low power, i.e., P = 1dB, EE increases until
it reaches its optimal value, after that it decreases towards zero. The bell shaped
curve shows that addition of harvesting power improves EE and benefits the system
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Figure 3.11: EE versus TS parameter \tau  at P = 1dB for various values of P\mathrm{c}\mathrm{r} and P\mathrm{c}\mathrm{r}2 .

even at low power values. Furthermore, at P > 2.5dB with circuit powers, i.e.,
P\mathrm{c}\mathrm{r}2 = 0dB and P\mathrm{c}\mathrm{r} = 0dB, the maximum EE is achieved. This result shows that
EH can be beneficial for EE-maximization with fixed transmit power.
Fig. 3.11 includes plots of EE versus \tau  at P = 1dB for different values of P\mathrm{c}\mathrm{r} and
P\mathrm{c}\mathrm{r}2 , when the input power is fixed. As shown, EE increases with \tau  . At \tau  = 0.55,
the maximum EE is achieved when P\mathrm{c}\mathrm{r} = 0dB and P\mathrm{c}\mathrm{r}2 =  - 5dB. Also, EE keeps
increasing for most of the values of the TS parameter until it reaches \tau  = 0.69,
after that EE decreases with \tau  . The mathematical expression for \eta fi\mathrm{x} given in (3.31)
which compares the simulation result to the theoretical results obtained in (3.31).
Fig. 3.12 evaluates the plots of EE versus power from the fixed battery P for
various values of \tau  , P\mathrm{c}\mathrm{r} and P\mathrm{c}\mathrm{r}2 . It is noted that when P\mathrm{c}\mathrm{r} = 0dB and P\mathrm{c}\mathrm{r}2 = 0dB,
the maximum EE is achieved at P = 2dB. However, at higher value of power, i.e.,
P = 6dB, EE decreases with P, although with a slow slope.
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Figure 3.12: EE versus power from the fixed battery P with various values of \tau  , P\mathrm{c}\mathrm{r}
and P\mathrm{c}\mathrm{r}2 .

3.6

Chapter Summary

In this chapter, performance analysis and optimal power allocation techniques
for point-to-point communication powered equipped with fixed battery as well as
EH was considered. A time switching approach where the transmitter switches
between harvesting energy and transmitting information was used. We investigated
and provided conditions under which EH can improve the system performance in
terms of EE or SE. We discussed the case when power is optimally adapted to
the variations of channel and another one where transmit power is fixed. Novel
closed-form expressions for the maximum achievable EE, SE and EH beneficialness
condition were derived. We also proved that the EE-optimum input power decreases
with the EH power level. Numerical results validated the correctness of the closedform expressions. EH has been analysed to improve the system performance in
terms of maximum achievable EE and SE. SE however can improve the EH for
specific values of the considered parameters, i.e, higher values of Q\mathrm{r} and Pmax will
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somehow improve the SE. This motivates us to look for such cases where SE along
with EE can benefit the system under EH constraints. The next chapter will give us
more detail about how SE and EE can jointly optimize in presence of EH batteries.
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Chapter 4
Weighted Trade-off between Energy
Efficiency and Spectral Efficiency for
Systems with Energy Harvesting
Batteries
This chapter proposes a new power allocation scheme to jointly optimize EE and
SE of a point-to-point system, equipped with fixed as well as EH battery. TS
is used such that in each frame, the node either harvests energy or transmits
information. First, a multi-objective optimization problem (MOP) is formulated
which jointly optimizes EE and SE. The priority level of EE and SE can be varied
by introducing importance weight. Second, the MOP is further transformed into
single-objective optimization problem (SOP) by using importance weight through
fractional programming. Using KKT conditions, the optimum power allocation
scheme without input power constraint is calculated. Also, the closed-form expressions are derived. The impact of TS parameter, importance weight, circuit
powers and solar harvesting energy level on the achievable trade-off performance is
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investigated through numerical results.

4.1

Introduction

EE can be achieved either by maximizing bit rate or reducing power per
unit [LXX+ 11]. EE and SE are two major metrics in wireless communication
systems which are hard to balanace [CZXL11], hence reserach interests have been
shifted towards studying EH which promises to provide a reliable apporach to
improve EE, while maintianing SE [BTA16], [ZZH12].

4.1.1

Motivation and Related Work

In past few years, there have been significant research on EH communications with
main focus on developments of EH protocols that improve rate and efficiency of the
system [CZXL11]. As, EE and SE do not always coincide and conflicts most of the
times, therefore balancing the EE-SE is critical [XLZ+ 11], [DRC+ 13]. EE and SE
in downlink orthogonal frequency division multiple access (OFDMA) newtworks
in addressed in [XLZ+ 11]. The QoS requirements in the wireless communication
systems mostly require more than one QoS to be maintained [Mie12], [TSAH14].
The solution of such problems which involve more than one QoS requirement is done
by using MOP [Mie12]. The EE-maximization problem for OFDMA systems is first
converted into a MOP. By using weighted sum method, MOP is then transformed
into SOP. Knowing the imperfect channel estimation, the inverse of EE and SE
are combined in weighted optimization problem is discussed in [ABAD14]. Joint
maximization problem with MOP for EE and effective capacity (EC) is studied
in [YMN16]. MOP approach to maximize cognitive radio (CR) system throughput for multi-carrier systems using interference efficiency is described in [MM17].
Optimizing SE-EE tradeoff with green energy utilization for traditional power
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grid is studied in [HA13]. Energy-spectral efficiency trade off with simultaneous
wireless information and power transfer is presented in [SZS+ 16]. Despite the major
effect that EH technology can have on the life and the performance of batterylimited communication devices, the majority of the research works in literature is
focused on devices with only harvesting sources at the transmitter with no fixed
battery [OTY+ 11]. We note that it is inevitable that some sort of a limited fixed
battery is implemented within the communication system nodes [LMD+ 16]. To the
author's best knowledge, there has been no work is done in literature which deals
with EH MOP system with fixed as well as harvesting batteries. However, a detail
study is still required to see how to balance EE and SE with EH battery, is well
worth studying.

4.1.2

Contributions

In this chapter, we consider a point-to-point communication system in Rayleigh
flat-fading channel that is equipped with an EH battery source in addition to its
fixed battery. HU technique is used with TS approach. For the system considered
here, we investigate and discuss the impact of energy harvesting on the balancing
the EE and SE metric in order to improve system performance. We start by
obtaining the optimal transmission power allocation strategy that maximize EE
or SE, with EH used at the transmitter of the system. A MOP is formulated
which jointly optimize EE and SE. The priority level of EE and SE can be varied
by introducing importance weight. The MOP is further converted into SOP by
using importance weight through fractional programming. We provide closed-form
expressions for the SOP. The impact of TS parameter, importance weight, circuit
powers and solar harvesting energy level on the achievable trade-off performance is
investigated and analysed.
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To summarize, the main contributions of this chapter are enlisted below:
\bullet  To the best of author's knowledge, this is the first work which deals with
trade-off of EE and SE with solar EH at transmitter along with the fixed
battery. Section 4.2 describes the system model.
\bullet  MOP is formulated which jointly optimize EE and SE in Rayleigh fading channel. Further, MOP is transformed into SOP using importance weight. Using
KKT conditions, the optimum power allocation scheme without input power
constraint is derived. Also, closed-form expression are obtained. Section 4.3
starts with EE-SE trade-off as an MOP. Also optimum power allocation,
derivation of closed-form expression for EE maximization is provided.
\bullet  The impact of TS parameter, importance weight, circuit powers and solar
harvesting energy level on the achievable trade-off performance is discussed
and analysed. In Section 4.4 numerical results are evaluated with respect
to TS parameter, importance weight and solar EH, followed by the chapter
summary in Section 4.5.

4.2

System Model

In this chapter, a system model is considered for point-to-point communication
over a wireless fading channel with transmitter T equipped with both fixed and
solar EH battery as shown in Fig. 3.1. The channel follows block fading model
and CSI is estimated at the receiver.
In chapter 3, we have described EE and SE as two individual performance
metrics referring to (3.1) and (3.2) respectively. The focus of this chapter is to
study the EE-SE trade-off with EH battery source. In order to balance these two
conflicting metrics, we first need to find the optimal power allocation in EE-SE
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trade-off.

4.3

Optimal Power Allocation in EE-SE Tradeoff

In this section, we consider an EE-maximization problem when no constraint is
imposed on the total power of the fixed battery. The results of this section will
pave the way for power-constrained EE-maximization problem considered later in
this section. We start by formulating the EE-maximization problem, defined by \eta ,
according to
\Biggl[ 

\biggl( 
\biggr) 
\biggr)  \Biggr] 
Q\tau 
\gamma 
(1  -  \tau  )\BbbE \gamma  log2 1 + P\mathrm{t} (\gamma ) +
1  -  \tau  K\scrL 
\biggr) 
\biggl( 
.
\eta  = max
1
P\mathrm{t} (\gamma )\geq 0
P\mathrm{c}2 \tau  + (1  -  \tau  ) P\mathrm{c} + \BbbE \gamma  [P\mathrm{t} (\gamma )]
\varepsilon 
\biggl( 

(4.1)

where \BbbE \gamma  [.] is the expectation operator over the channel power gain \gamma . Note that,
the maximum achievable EE with additional harvesting energy is different from
the traditional EE.
The EE-maximization problem can further be normalized with K\scrL  , yielding
\biggr)  \biggr) \Biggr] 
\biggl( 
\biggl( 
Q\mathrm{r} \tau 
\gamma 
(1  -  \tau  )\BbbE \gamma  log2 1 + P\mathrm{r} (\gamma ) +
1  -  \tau 
\biggl( 
\biggr)  .
\eta  = max
1
P\mathrm{r} (\gamma )\geq 0
K\scrL  \tau  P\mathrm{c}\mathrm{r}2 + (1  -  \tau  )P\mathrm{c}\mathrm{r} + (1  -  \tau  ) \BbbE \gamma  [P\mathrm{r} (\gamma )]
\varepsilon 
\Biggl[ 

(4.2)

Here, the signal-to-noise, circuit-to-noise, harvest-to-noise power and circuit-tonoise during harvesting ratios are represented by P\mathrm{r} (\gamma ) = P\mathrm{t} (\gamma )/K\scrL  , P\mathrm{c}\mathrm{r} = P\mathrm{c} /K\scrL  ,
Q\mathrm{r} = Q/K\scrL  and P\mathrm{c}\mathrm{r}2 = P\mathrm{c}2 /K\scrL  .
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4.3.1

EE-SE Trade-off as an MOP

In this section EE-SE trade-off is formulated in terms of MOP to provide optimal
power allocation under average input constraints. In-order to satisfy different
measurements and order of magnitude for EE-SE to able to optimize simultaneously,
falls into MOP. The MOP, hence can be written as,

max EE and
subject to:

max SE
\BbbE \gamma  [P\mathrm{r} (\gamma )] \leq 

(4.3)
P\mathrm{m}\mathrm{a}\mathrm{x}
,
K\scrL 

(4.4)

where P\mathrm{m}\mathrm{a}\mathrm{x} is the average transmission power limit. Instead of joint maximization
of EE and SE, here we minimize the inverse of the objective function in (4.3), to
get

min

1
EE

and

subject to:

min

1
SE

\BbbE \gamma  [P\mathrm{r} (\gamma )] \leq 

(4.5)
P\mathrm{m}\mathrm{a}\mathrm{x}
,
K\scrL 

(4.6)

In order to solve MOP in (4.5) and achieve the pareto optimal solutions, generally
we convert MOP into SOP, using weighted sum method [MA04]. The objective
function in (4.5) can be re-written as,

min

\Delta 
1  -  \Delta 
+
EE
SE

subject to:

\BbbE \gamma  [P\mathrm{r} (\gamma )] \leq 

(4.7)
P\mathrm{m}\mathrm{a}\mathrm{x}
,
K\scrL 

(4.8)

The two objective functions in (4.7) are combined by introducing weight, \Delta 
which is defined by \Delta  \in  [0, 1], which serves as an indicator to set the priority of the
two objective functions, EE and SE respectively. The trade-off problem reduces
to SE-maximization problem when \Delta  = 0 and when \Delta  = 1, the MOP simplifies
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into EE-maximization. Here, varying \Delta  will decide the importance of EE as \Delta 
changes between 0 to 1. Also EE can be written in form of ratio which is already
defined (4.2), to get
\biggr) \biggr) 
\biggl( 
\biggl( 
1
+ (1  -  \Delta )
\Delta  P\mathrm{c}\mathrm{r}2 \tau  + (1  -  \tau  ) P\mathrm{c}\mathrm{r} + \BbbE \gamma  [P\mathrm{r} (\gamma )]
\varepsilon 
min
SE
P\mathrm{m}\mathrm{a}\mathrm{x}
subject to:
\BbbE \gamma  [P\mathrm{r} (\gamma )] \leq 
,
K\scrL 

(4.9)
(4.10)

(4.9) can be rewritten as maximization function by inverting it and then replacing
SE from (3.1) into (4.9), to reduce it as given below
\biggr)  \biggr)  \Biggr] 
\biggl( 
Q\mathrm{r} \tau 
(1  -  \tau  )\BbbE \gamma  log2 1 + P\mathrm{r} (\gamma ) +
\gamma 
1  -  \tau 
\biggr) \biggr) 
\biggl( 
max \biggl( 
1
+ (1  -  \Delta )
\Delta  P\mathrm{c}\mathrm{r}2 \tau  + (1  -  \tau  ) P\mathrm{c}\mathrm{r} + \BbbE \gamma  [P\mathrm{r} (\gamma )]
\varepsilon 
P\mathrm{m}\mathrm{a}\mathrm{x}
subject to:
\BbbE \gamma  [P\mathrm{r} (\gamma )] \leq 
,
K\scrL 
\Biggl[ 

\biggl( 

(4.11)

(4.12)

where \BbbE \gamma  [.] is the expectation operator over the channel power gain \gamma .

4.3.2

Optimal Power Allocation with No Input Power Constraint

In this subsection, the unconstrained SOP is solved for optimum power allocation scheme of the SOP with input average power constraint. It is noted
that the maximization problem in (4.11) involves maximization of a ratio of
two functions of P\mathrm{r} (\gamma ), and is not concave [Sch76], [SMN15]. However, the numerator is concave in transmission power and denominator of (4.11) is affine.
The EE maximization function is strictly quasi-concave function in P\mathrm{r} (\gamma ) with
a unique global maximum. In-order to transform quasi-concave function into
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concave optimization problem we use fractional programming [BV04]. By using the variable transformation with inverse power dissipation parameter for
\biggr) \biggr) 
\biggl( 
\biggl( 
1
+ (1  -  \Delta ), the maximization prob\phi  = \Delta  P\mathrm{c}\mathrm{r}2 \tau  + (1  -  \tau  ) P\mathrm{c}\mathrm{r} + \BbbE \gamma  [P\mathrm{r} (\gamma )]
\varepsilon 
lem in (4.11) is converted into
\biggr)  \biggr)  \Biggr] \Biggr) 
\biggl( 
\biggl( 
Q
\tau 
\mathrm{r}
\gamma 
(4.13)
max \phi  - 1 (1  -  \tau  )\BbbE  log2 1 + P\mathrm{r} (\gamma ) +
1  -  \tau 
\biggl(  \biggl( 
\biggl( 
\biggr) \biggr) 
\biggr) 
1
 - 1
subject to: \phi 
\Delta  P\mathrm{c}\mathrm{r}2 \tau  + (1  -  \tau  ) P\mathrm{c}\mathrm{r} + \BbbE \gamma  [P\mathrm{r} (\gamma )]
+ (1  -  \Delta ) = 1
\varepsilon 
\Biggl( 

\Biggl[ 

(4.14)
P\mathrm{r} (\gamma ) \geq  0

(4.15)

The objective function in (4.13) is continuously differentiable, concave in P\mathrm{r} (\gamma ),
and equality constraint is affine. Therefore, the KKT conditions are both suffeicint
\^ is the Lagrangian multiplier, then
and necessary for optimal solution [BV04]. If \lambda 
the Lagrangian is given by
\Biggl( 

\biggl[ 

L(P\mathrm{r} (\gamma ), \phi ) = \phi  - 1 (1  -  \tau  )\BbbE \gamma  log2
\^
 -  \lambda 

\biggl( \biggl( 

 - 1

\phi 

\biggl( 

\biggl( 

Q\mathrm{r} \tau 
1 + P\mathrm{r} (\gamma ) +
1  -  \tau 

\biggr)  \biggr)  \biggr] \Biggr) 
\gamma 

\biggl(  \biggl( 
\biggr) 
\biggr) 
\biggr) \biggr) 
1
\Delta  \tau  P\mathrm{c}\mathrm{r}2 + (1  -  \tau  )P\mathrm{c}\mathrm{r} + (1  -  \tau  ) \BbbE \gamma  [P\mathrm{r} (\gamma )] + (1  -  \Delta )  -  1
\varepsilon 

 -  \mu P
\^ \mathrm{r} (\gamma ).

(4.16)

From (4.16), due to the complementary slackness we have \mu 
\^ = 0 when it holds the
strict inequality P\mathrm{r} (\gamma ) > 0. For optimal power allocation, the stationary conditions
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are hence written as,
\left[ 
\partial L(P\mathrm{r} (\gamma ), \phi )
= \BbbE \gamma 
\partial P\mathrm{r} (\gamma )

\right] 
\Biggl[ 

(1  -  \tau  )(\gamma )
\biggl( 
\biggr) 
Q\mathrm{r} \tau 
1 + P\mathrm{r} (\gamma ) +
\gamma 
1  -  \tau 

 -  \BbbE \gamma 

\Biggr] 
\^ (1  -  \tau  )\Delta 
\lambda 
 -  \mu 
\^ = 0,
\varepsilon 
(4.17)

and
\biggl[ 
\biggl( 
\biggl( 
\biggr)  \biggr) \biggr] 
Q\mathrm{r} \tau 
\partial L(P\mathrm{r} (\gamma ), \phi )
= (1  -  \tau  )\BbbE \gamma  log2 1 + P\mathrm{r} (\gamma ) +
\gamma 
\partial \phi 
1  -  \tau 
\biggl(  \biggl( 
\biggr) 
\biggr) 
1
\^ \Delta  \tau  P\mathrm{c}\mathrm{r}2 + (1  -  \tau  )P\mathrm{c}\mathrm{r} + (1  -  \tau  ) \BbbE \gamma  [P\mathrm{r} (\gamma )] + (1  -  \Delta ) = 0.
 -  \lambda 
\varepsilon 
(4.18)
From (4.17), the optimum power allocation scheme can be derived as,
\biggl[ 

\varepsilon 
1
Q\mathrm{r} \tau 
P\mathrm{r} (\gamma ) =
 -   - 
\^ \Delta  \gamma  1  -  \tau 
\lambda 

\biggr] +
,

(4.19)

where [x]+ = max(0, x). We note that the power allocation (4.19) is different from
traditional water-filling approach in a sense that (4.19) is a scaled and shifted
version of traditional water-filling power allocation. This is due to the presence
Q\mathrm{r} \tau 
of an additional harvested power,
, and TS parameter, \tau  . The expectation
1  -  \tau 
in (4.18) can be solved to carry out a closed-form expression for the optimal power
\^ , which yields to
strategy. We insert (4.19) into (4.18) to obtain value of \lambda 
\Bigl( 

\Bigr) 

\Biggl[ 
 - \beta \^

\^ e
(1  -  \tau  ) log2 \beta \varepsilon 

\Biggl( 
 - \beta \^

\^  -  (1  -  \tau  )e
+(1  -  \tau  )Ei(\beta )

log2

\^  -  \tau  )
\beta (1
\^ Q\mathrm{r}
(1  -  \tau  ) + \beta \tau 

\Biggr) \Biggr] 

\^  -  \tau  )P\mathrm{c}\mathrm{r}2 \tau 
\^  -  \tau  )(1  -  \Delta )
\beta (1
\beta (1
(1  -  \tau  )2 P\mathrm{c}\mathrm{r} \beta \^
 - 
 - 
\^ Q\mathrm{r} ) (1  -  \tau  ) + \beta \tau 
\^ Q\mathrm{r} (1  -  \tau  ) + \beta \tau 
\^ Q\mathrm{r}
\Delta ((1  -  \tau  ) + \beta \tau 
\^
\^  -  \tau  )2 Ei(\beta )
\^
(1  -  \tau  )2 e - \beta 
\beta (1
\Bigr)  + \Bigl( 
\Bigr)  = 0. (4.20)
 -  \Bigl( 
\^ Q\mathrm{r}
\^ Q\mathrm{r}
\varepsilon  (1  -  \tau  ) + \beta \tau 
\varepsilon  (1  -  \tau  ) + \beta \tau 

 - 
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where \beta \^ =

\^ (1  -  \tau  )
\Delta \lambda 
\^
\varepsilon (1  -  \tau  )  -  \tau  \Delta Q\mathrm{r} \lambda 

\^ =
, and Ei(\beta )

\int \infty 

e - t
dt indicates the exponential
t

\beta \^

integral [BV04]. Let us assume \beta \^\ast  is the optimal \beta \^ that solves (4.20). The average
\bigm| 
\bigm| 
input power at this point P \mathrm{u} can, hence, be found as P \mathrm{u} = \BbbE \gamma  [P\mathrm{t} (\gamma )]\bigm| \bigm| 
, wherein
\^\ast 
\beta \^=\beta 

P\mathrm{r} (\gamma )
P\mathrm{t} (\gamma ) =
, for which P\mathrm{r} (\gamma ) is given in (4.19). Using P \mathrm{u} , one can show that the
K\scrL 
unconstrained EE-maximization problem can be simplified into a SE-maximization
problem, subject to an input power constraint with the constraint power level set
at P \mathrm{u} .

4.3.3

Special case: without Circuit Power Pcr2

In this subsection, we consider a special case, where the circuit power during
harvesting is neglected, i.e., P\mathrm{c}\mathrm{r}2 = 0. The purpose of the special case is to find out
how EH effects the priority of EE and SE according to the circumstances.
We start by investigating the power allocation scheme in (4.19) when P\mathrm{c}\mathrm{r}2 = 0.
\biggl( 
In this case, the total power consumed at the transmitter is given by (1  -  \tau  ) P\mathrm{c} +
\biggr) 
1
\BbbE  [P\mathrm{t} (t)] . The maximum achievable EE without P\mathrm{c}\mathrm{r}2 is given by,
\varepsilon 
\Biggl[ 

\biggl( 
\biggl( 
\biggr) 
\biggr)  \Biggr] 
Q\tau 
\gamma 
\BbbE  log2 1 + P\mathrm{t} +
1  -  \tau  K\scrL 
.
\eta  =
1
P\mathrm{c} + \BbbE [P\mathrm{t} ]
\varepsilon 

(4.21)

The achievable EE in (4.21) is different from the one calculated in (4.2). The
EE-maximization problem is hence defined by,
\Biggl[ 
\BbbE \gamma 
\eta \mathrm{o}\mathrm{p}\mathrm{t} = max

P\mathrm{r} (\gamma )\geq 0

\biggl( 
\biggl( 
\biggr)  \biggr)  \Biggr] 
Q\tau 
log2 1 + P\mathrm{r} (\gamma ) +
\gamma 
1  -  \tau 
\biggl( 
\biggr) 
.
1
K\scrL  P\mathrm{c}\mathrm{r} + \BbbE \gamma  [P\mathrm{r} (\gamma )]
\varepsilon 
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Using the similar steps in 4.3, the objective function can be solved by converting
MOP into SOP by using weighted sum method. The joint maximization function
from (4.22) is hence written as
\Biggl[ 

\biggl( 
\biggl( 
\biggr)  \biggr)  \Biggr] 
Q\mathrm{r} \tau 
(1  -  \tau  )\BbbE  log2 1 + P\mathrm{r} (\gamma ) +
\gamma 
1  -  \tau 
\biggl( 
\biggr) 
max
1
\Delta (1  -  \tau  ) P\mathrm{c}\mathrm{r} + \BbbE \gamma  [P\mathrm{r} (\gamma )] + (1  -  \Delta )
\varepsilon 

(4.23)

Using the results of the last section and following the similar steps from (4.13)
to (4.19), the closed-form expression for finding optimal value for Lagrangian
multiplier is given by,
\Bigl( 

\Biggl[ 

\Bigr) 

\^ e - \beta \^+(1  -  \tau  )Ei(\beta )
\^  -  (1  -  \tau  )e - \beta \^ log
(1  -  \tau  ) log2 \beta \varepsilon 
2
 - 

\Biggl( 

\^  -  \tau  )
\beta (1
\^ Q\mathrm{r}
(1  -  \tau  ) + \beta \tau 

\Biggr) \Biggr] 

\^
\^  -  \tau  )2 P\mathrm{c}\mathrm{r}
(1  -  \tau  )2 e - \beta 
\beta (1
\Bigr) 
 -  \Bigl( 
\^ Q\mathrm{r} \varepsilon  (1  -  \tau  ) + \beta \tau 
\^ Q\mathrm{r}
(1  -  \tau  ) + \beta \tau 

\^  -  \tau  )2 Ei(\beta )
\^
\^  -  \Delta )
\beta (1
(1  -  \tau  )\beta (1
\Bigr)  + \Bigl( 
\Bigr)  = 0.
+ \Bigl( 
\^ Q\mathrm{r}
\^ Q\mathrm{r}
\varepsilon  (1  -  \tau  ) + \beta \tau 
\Delta  (1  -  \tau  ) + \beta \tau 
(4.24)
where \beta \^ is given after (4.20).
Using the results from last section, the EE-SE trade-off problem under an
average input power constraint given in (4.7) and (4.8) is considered, with a limit
set at P \mathrm{u} . Hence the problem in (4.11) and (4.12) simplified when \BbbE \gamma  [P\mathrm{r} (\gamma )] =
\biggl( 
\biggr) 
P \mathrm{u} P\mathrm{m}\mathrm{a}\mathrm{x}
min
,
.
K\scrL  K\scrL 
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Figure 4.1: EE versus SE for various values of circuit power P\mathrm{c}\mathrm{r} with \tau  = 0.8, Q\mathrm{r} = 0dB
and P\mathrm{c}\mathrm{r}2 = 0dB.

4.4

Numerical results

In this section we numerically investigate the impact of TS parameter \tau  , harvesting
power Q\mathrm{r} , circuit powers P\mathrm{c}\mathrm{r} and P\mathrm{c}\mathrm{r}2 , importance weight \Delta  on achievable EE
(b/J/Hz) and SE(b/s/Hz) of the system. In all figures, \varepsilon  is set to 0.3, unless
otherwise stated. For further investigation, we categorize numerical results into two
sections 1) Optimum power allocation and 2) Optimum power allocation without
circuit power P\mathrm{c}\mathrm{r}2 .

4.4.1

Optimum Power Allocation

In this section, we present the numerical results for a system with optimum power
allocation, to see how the effect of EH and importance weight parameter \Delta  improves
the trade-off of EE and SE.
Firstly, Fig. 4.1 includes the plots for EE versus SE with \tau  = 0.8, harvesting
power Q\mathrm{r} = 0dB, P\mathrm{c}\mathrm{r}2 = 0dB and various values of P\mathrm{c}\mathrm{r} . The results illustrate a
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Figure 4.2: EE versus SE with Q\mathrm{r} = 0dB, P\mathrm{c}\mathrm{r} = 0dB and P\mathrm{c}\mathrm{r}2 = 0dB for various values
of TS parameter \tau  .

higher EE against smaller SE at lower circuit powers. The optimal input power for
each value for P\mathrm{c}\mathrm{r} has been shifted to the left, i.e., the EE curve shrinks towards
the zero y-axis. In this way, a higher EE is achieved at a lower average operational
power.
Fig. 4.2 shows the plots for EE versus SE with P \mathrm{c}\mathrm{r} = 0dB, harvesting power
Q\mathrm{r} = 0dB, P \mathrm{c}\mathrm{r}2 = 0dB and various values of \tau  . In this particular setting of Q\mathrm{r} ,
P\mathrm{c}\mathrm{r} and P\mathrm{c}\mathrm{r}2 , the figure shows that as \tau  is increases, both EE and SE increases.
So, the choice of \tau  depends on the chosen Q\mathrm{r} , P\mathrm{c}\mathrm{r} and P\mathrm{c}\mathrm{r}2 . The EE bell shaped
curve expands as \tau  increases resulting in achieving higher EE, as well as higher SE.
Therefore, it is prominent for a system which is required to be both energy and
spectral efficient.
In Fig. 4.3, we plot EE versus harvesting power Q\mathrm{r} with P\mathrm{c}\mathrm{r} = 0dB, P\mathrm{c}\mathrm{r}2 = 0dB,
\tau  = 0.5 and various values of importance weight \Delta . The figure shows that EE
increases with Q\mathrm{r} . This figure is obtained from theoretical result presented in
(4.20). Also, at higher values of \Delta , higher EE can be achieved. This indicates that
90

Chapter 4: Weighted Trade-off between Energy Efficiency and Spectral Efficiency
for Systems with Energy Harvesting Batteries

Figure 4.3: EE vs Q\mathrm{r} with \tau  = 0.5 with P\mathrm{c}\mathrm{r} = 0dB and P\mathrm{c}\mathrm{r}2 = 0dB, for various values
of \Delta .

EE metric is dominant that is why it is increasing continuously. In addition to
that, higher EE can be achieved at high Q\mathrm{r} , which shows that when EH power is
stronger, we should spend more time in harvesting in order to achieve maximum
achievable EE.
Similarly, Fig. 4.4 shows the plots of SE versus Q\mathrm{r} with P\mathrm{c}\mathrm{r} = 0dB, P\mathrm{c}\mathrm{r}2 = 0dB,
\tau  = 0.5 and various values of importance weight \Delta . It is seen from the figure
that SE is monotonically decreasing with Q\mathrm{r} for most of the values of importance
weight. The figure also reveals that for \tau  = 0.5, maximum SE is achieved when
\Delta  \in  [0.6, 0.8], which means that its rather beneficial to transmit information than
to harvest energy. Also, when \Delta  is big, SE is decreasing quickly which means that
SE-maximization is dominant which confirms the significance of importance weight
in trade-off given in (4.7).
Fig. 4.5 represents EE and SE curve versus importance weight \Delta  with Q\mathrm{r} = 1dB,
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Figure 4.4: SE vs Q\mathrm{r} with \tau  = 0.5 with P\mathrm{c}\mathrm{r} = 0dB and P\mathrm{c}\mathrm{r}2 = 0dB, for various values
of \Delta .

\tau  = 0.5 with P\mathrm{c}\mathrm{r} = 0dB and P\mathrm{c}\mathrm{r}2 = 0dB. From the figure, it is noted that at smaller
values of \Delta , both SE and EE are decreasing until it reaches \Delta  = 0.3 and after that
EE increases which shows the importance of EE and diminishes the priority of SE,
which supports our design intention. Also, the result presented here depicts the
comparison of both theoretical (referring to (4.20)) and simulation result.
Fig. 4.6 includes the plot for EE vs TS parameter \tau  with \Delta  = 0.7, Q\mathrm{r} = 1dB for
various values of P\mathrm{c}\mathrm{r} and P\mathrm{c}\mathrm{r}2 . It is noted that when P\mathrm{c}\mathrm{r} = 0dB and P\mathrm{c}\mathrm{r}2 = 0dB, the
maximum EE is achieved at \tau  = 0.7. After reaching its peak value, EE decreases
with TS parameter. Also, when P\mathrm{c}\mathrm{r} > P\mathrm{c}\mathrm{r}2 , EE is always increasing due to the fact
that allocation strategy for EE-maximization has consumed the whole input power
which results in continuously increasing EE. Hence, EE metric is dominant.

4.4.2

Optimum Power Allocation without Circuit Power Pcr2

In this subsection, we discuss the optimum power allocation case without circuit
power P\mathrm{c}\mathrm{r}2 , to see how \Delta , EH and TS parameter can effect the trade-off of EE and
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Figure 4.5: EE and SE vs importance weight \Delta  with Q\mathrm{r} = 1dB, \tau  = 0.5 with P\mathrm{c}\mathrm{r} = 0dB
and P\mathrm{c}\mathrm{r}2 = 0dB.

Figure 4.6: EE vs \tau  with \Delta  = 0.7, Q\mathrm{r} = 1dB for various values of P\mathrm{c}\mathrm{r} and P\mathrm{c}\mathrm{r}2 .

SE.
We plot the results of EE and SE versus \tau  with Q\mathrm{r} = 1dB and P\mathrm{c}\mathrm{r} = 0dB for
various values of \Delta  in Fig. 4.7 and Fig. 4.8. From Fig. 4.7, we notice that at \tau  = 0
and smaller values of importance weight, i.e, \Delta  = 0.1, maximum EE is achieved.
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Figure 4.7: EE vs \tau  for various values of \Delta  with Q\mathrm{r} = 1dB and P\mathrm{c}\mathrm{r} = 0dB.

Figure 4.8: SE vs \tau  for various values of \Delta  with Q\mathrm{r} = 1dB and P\mathrm{c}\mathrm{r} = 0dB.

As \tau  increases and importance weight \Delta  is higher, more priority is given to EE
therefore, the curve slowly goes to zero. Similarly, from Fig. 4.8, we can see that
SE is always decreasing with \tau  . The higher \Delta , i.e, \Delta  = 0.7, decreases quicker than
the one at \Delta  = 0.1.

94

Chapter 4: Weighted Trade-off between Energy Efficiency and Spectral Efficiency
for Systems with Energy Harvesting Batteries

Figure 4.9: EE vs Q\mathrm{r} with \tau  = 0.5 with P\mathrm{c}\mathrm{r} = 0dB and P\mathrm{c}\mathrm{r}2 = 0dB, for various values
of \Delta .

Fig. 4.9 presents the plots of EE vs Q\mathrm{r} with \tau  = 0.5 with P\mathrm{c}\mathrm{r} = 0dB and
P\mathrm{c}\mathrm{r}2 = 0dB, for various values of \Delta . Here, it can be observed from figure that
at lower values of importance weight parameter, i.e., \Delta  \in  [0.2, 0.4, 0.6], EE is
decreasing with Q\mathrm{r} . Due to this priority of EE will be decreased. As Q\mathrm{r} and
\Delta  increases to a higher value, e.g., \Delta  = 0.8, EE increases with harvested power.
Varying \Delta  gives us a freedom to choose the priority for the given EE, which confirms
the theoretical expression presented in (4.24).

4.5

Chapter Summary

In this chapter optimal power allocation scheme to jointly optimize EE and SE for
a point-to-point system, equipped with fixed as well as EH battery is considered.
A TS approach in which the transmitter witches between harvesting energy and
transmitting information. We formulate MOP which jointly optimize EE and
SE. Importance weight is introduced which is varied to set the priority level of
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EE and SE. By using fractional programming and KKT conditions, the optimum
power allocation scheme without input power constraint is calculated. Also, the
closed-form expressions are derived. Numerical results validate the impact of TS
parameter, importance weight, circuit powers and solar harvesting energy level on
the achievable trade-off performance.

96

Chapter 5
Conclusion and Future work

5.1

Conclusion

This thesis was dedicated to design and performance analysis of energy harvesting
systems. Several conclusion results have arisen from the study carried out to
see how energy harvesting improves energy and spectral efficiency of the wireless
communication networks.
In chapter 2, we investigated the performance analysis of a dual-hop decodeand-forward relaying system in which transmitter and the relay nodes both are
equipped with fixed as well as harvested batteries. Compared to the pre-existed
literature such as [GA15] and [NZDK15], the proposed system model shows a
significant improvement in system throughput when energy harvesting is used at
transmitter and the relay node. Also, the novel closed-from expressions derived
for the CDF of the SNR at each hop and the end-to-end SNR is presented which
improves overall QoS and system parameters remarkably. The closed-form reduces
computational complexity for the receiver architecture for practical systems. Hence,
the system parameters provide an insight for significant improvement in end-to-end
SNR when both transmitter and relay nodes are equipped with harvesting sources.

97

Chapter 5: Conclusion and Future work
Chapter 3 demonstrates the optimal transmission power allocation techniques
and performance analysis for a point-to-point communication system which has a
fixed as well as harvesting battery separated by time-switching. We investigated
and obtained the conditions under which EH can improve system performance in
terms of EE and SE of the proposed system model. First, we studied two cases
for power such as power is optimally adapted to the variations in the channel
and when transmission power is fixed. Second, novel closed-from expressions are
derived for maximum achievable EE, SE and EH beneficialness condition. We
proved that EE-optimum input power decreases with EH power level. Also, the
system parameters demonstrates the conditions under which EH improves overall
system performance.
In chapter 4, a power allocation scheme that jointly optimize EE and SE for
point-to-point system equipped with both fixed and EH battery is proposed. Firstly,
a MOP is formulated which jointly optimize EE and SE. a priority level of EE and
SE is decided by introducing importance weight. We then use KKT conditions
and fractional programming to convert this MOP into SOP. Again, closed-form
expressions are calculated to see the impact of system parameters on achievable
trade-off performance. The proposed model provide freedom to choose any value
for importance weight to satisfy QoS requirements and flexibility for choosing EE
or SE.

5.2

Future Work

From this thesis, we recommend and present following future directions.
\bullet  Optimal power allocation for multiple network topologies in 5G.
\bullet  Energy harvesting for Internet-of-things (IOT).
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\bullet  EH based Non-orthogonal multiple access relaying systems.

5.2.1

Optimal power allocation for multiple network topologies
in 5G

EH for point-to-point network is considered in Chapter 2 and 3. This contribution
however pave ways to consider the optimal power allocation techniques in multiple
network topologies. It was assumed that the energy arrivals were constant for the
settings used for the proposed model. However, random energy arrivals in EH for
multiple network is gaining alot more attention in 5G network. Recently [OU12]
use save-and-transmit and best-effort-transmit schemes for unlimited sized battery
as presented in [UYE+ 15]. This can be extended in our system model to meet
the 5G requirements to prolong battery time. Although it was challenging to
derive closed-form expressions for current network topology, however this work
presented in this thesis will pave way to extend our system model for multiple
network topologies in future networks.

5.2.2

Energy harvesting for Internet-of-things (IOT)

Internet of things (IOT) has predicted to change our lives by providing smart
connectivity to the existing architecture, that will not only save time but will also
helps in economic growth of information and communication sector [KMS+ 15]. In
this regard, big companies such as EnOcean and Cymbet has started looking for
solutions where EH can be used to charge sensors which are eventually used for
IOT [MS14]. Since the performance analysis proposed for two different harvesting
sources in Chapter 1 was limited to solar and RF harvesting, we can extend that to
see how it can benefit IOT while keeping the EH architecture at the receiver end.
Also, the work proposed in chapter 2 is fundamental which can be further
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extended to see how EH can improve system performance in terms of EE and SE
for IOT.

5.2.3

EH based Non-orthogonal multiple access relaying systems

With an immense growth in mobile communication and wireless networks, it is
to early to tell the features of 5G networks, but stil there are lot of promising
candidates out of which Non-orthogonal multiple access (NOMA) stands out as it
will improve the spectral efficiency (SE) of the system which is one of the major
challenge faced by vendors and telecom sector [LDEP16].
In this trend using NOMA with EH relaying system cannot only significantly
improve SE but also the user selection schemes based on user distances and harvesting energy together can remarkably improve the system throughput [DPDK16] and
ergodic capacity which is QoS requirement metric for every user. We can extend
the system model based on NOMA to see how EH along with user distance can
improve the efficiency of the system.
Finally, the future direction is not restricted to only the above mentioned cases
but also extendable to multi-disciplinary research areas.
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Appendix of Chapter 2

A.1

Proof for Lemma 1

Here, we aim to prove the equation in Lemma 1, given in (2.28). We start by
referring to the below recurrence equation
\bigl( 
\bigr) 
d \alpha \^
x exp  - x  -  bx - 1 = \alpha 
\^ x\alpha \^  - 1 exp( - x  -  bx - 1 )+bx\alpha \^  - 2 exp( - x  -  bx - 1 ) - x\alpha \^ exp( - x  -  bx - 1 ),
dx
For \alpha 
\^ = 1, the expression simplifies to
d (x exp( - x  -  bx - 1 ))
= (1 + bx - 1  -  x) exp( - x  -  bx - 1 ).
dx

(A.1)

Re-arranging (A.1) and taking integration on both sides gives,
\int 

\infty 
 - 1

\int 

\infty 

x exp( - x  -  bx )dx =
\gamma 

bx

 - 1

\bigm| \infty 
\bigm| 
exp( - x  -  bx ) + x exp( - x  -  bx )\bigm| 
 - 1

 - 1

\gamma 

\gamma 

\int 
+

\infty 

exp( - x  -  bx - 1 )dx.

\gamma 
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Different parts of (A.2) can be re-written into generalized incomplete Gamma
function [CZ94] as
\int 

\infty 

x exp( - x  -  bx - 1 ) = \Gamma (2, x; b),

(A.3)

bx - 1 exp( - x  -  bx - 1 ) = \Gamma (0, x; b),
\int  \infty 
exp( - x  -  bx - 1 ) = \Gamma (1, x; b).

(A.4)

\gamma 

\int 

\infty 

\gamma 

(A.5)

\gamma 

Hence, replacing (A.3)-(A.5) into (A.2) yields,
\bigm| \infty 
\bigm| 
\Gamma (2, x; b) = \Gamma (0, x; b) + x exp( - x  -  bx )\bigm|  + \Gamma (1, x; b).
 - 1

(A.6)

\gamma 

Replacing the values for x and b in (A.6), the final expression for generalized
incomplete Gamma function can be found as [CZ94]
\Biggl( 

\gamma 
\gamma 
\Gamma  2, ;
\gamma \mathrm{h} \gamma \mathrm{h} \gamma \mathrm{g} w

A.2

\Biggr) 

\Biggl( 

\gamma 
\gamma 
= \Gamma  0, ;
\gamma \mathrm{h} \gamma \mathrm{h} \gamma \mathrm{g} w

\Biggr) 

\Biggl( 

 -  \gamma  exp( - \gamma   -  b\gamma 

 - 1

\Biggr) 
\gamma 
\gamma 
) + \Gamma  1, ;
.
\gamma \mathrm{h} \gamma \mathrm{h} \gamma \mathrm{g} w
(A.7)

Calculating Generalized Incomplete Gamma Function

This appendix provide the details for calculating generalized incomplete gamma
function for numerical results. As it is known from the literature that the generalized
incomplete Gamma function can neither be calculated directly from MATLAB nor
MATHEMATICA. In order to do so, we divide the generalized incomplete gamma
function in small functions in order to get results in MATLAB. Details are given
below.
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The generalized incomplete gamma function is given by [CZ94, eq. 27]. We
 - b
start by using the series expansion of exp( ) taken from [CZ94, eq.2.1], to get
t
\Gamma (\alpha 
\^ , x; b) =

\infty 
\sum 
( - b)n
n=0

n!

\Gamma (\alpha 
\^  -  n, x).

(A.8)

Here, \Gamma (\alpha 
\^  -  n, x) varies for different values of \alpha 
\^ , is given by

\Gamma (\alpha 
\^  -  n, x) = x\alpha \^  - n - 1 exp - x .

(A.9)

However the value of \alpha 
\^ in our work consider certain values, i,.e., 0, 1, 2. When
\alpha 
\^ = 0, we have
\Gamma (0  -  n, x) = x - 1 - n exp - x .

(A.10)

Further, we use identity from [CTV96, Theorem 12, eq. 69] when \alpha 
\^ = 1, is given
by
\Gamma (1  -  n, x) = x1 - n Ein (x).

(A.11)

Similarly we substitute \alpha 
\^ = 2 in (A.9), to get

\Gamma (2  -  n, x) = x1 - n exp - x .

(A.12)

The expressions calculated in (A.10), (A.11) and (A.12) are substituted back in (A.8)
in-order to get their exact values for generalized incomplete gamma function. Hence,
the numerical results for generalized incomplete gamma function are calculated
through these equations.
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B.1

Proof for Lemma 2

We want to prove that P \mathrm{u} decreases with increase in harvested power Q\mathrm{r} as
presented in Lemma 2. We note that SE, is a concave function of transmission
power \BbbE \gamma  [P\mathrm{r} (\gamma )], which is non-decreasing linear function of P\mathrm{r} (\gamma ). Hence, EE is
a quasi-concave function of \BbbE \gamma  [P\mathrm{r} (\gamma )], and its maximum \eta  can be achieved when
\eta  \prime  = 0, with \eta  \prime  indicating the first derivative of \eta  with respect to \BbbE \gamma  [P\mathrm{r} (\gamma )]. This
means that EE monotonically increases with \BbbE \gamma  [P\mathrm{r} (\gamma )] until it reaches its maximum
and then it becomes a monotonically decreasing function of \BbbE \gamma  [P\mathrm{r} (\gamma )].
Now let us consider a system with fixed circuit powers: P\mathrm{c}\mathrm{r} , P\mathrm{c}\mathrm{r}2 and EH power
of Q\mathrm{r}1 . We take the first derivative of \eta  of the system with respect to \BbbE [P\mathrm{r} (\gamma )],
yielding,
\Bigl(  \ast 
\Bigr) 
\bigm| 
\prime 
\bigm| 
SE
P
+
P
+
P
 - 
Q
 -  SE
\mathrm{c}\mathrm{r}
\mathrm{c}\mathrm{r}
\mathrm{r}
2
1
\mathrm{u}1
\bigm| 
\eta  \prime  \bigm| 
=
= 0.
\biggl( 
\biggr) 
2
\bigm| \BbbE \gamma  [P\mathrm{r} (\gamma )]=P \ast \mathrm{u}
\ast 
1
P \mathrm{u}1  -  Q\mathrm{r}1 + P\mathrm{c}\mathrm{r} + P\mathrm{c}\mathrm{r}2
Q\mathrm{r} =Q\mathrm{r}1

(B.1)

where SE is rate of the system and SE\prime  indicates the first derivative of SE with
respect to\BbbE \gamma  [P\mathrm{r} (\gamma )]. In more detail, (B.1) implies that for a system with Q\mathrm{r} , \eta  is
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\ast 

\ast 

maximized when \BbbE \gamma  [P\mathrm{r} (\gamma )] = P \mathrm{u}1 , and as a result, \eta  \prime  = 0 at \BbbE \gamma  [P\mathrm{r} (\gamma )] = P \mathrm{u}1 .
Now assume a system with higher energy harvesting power, i.e., Q\mathrm{r}2 = Q\mathrm{r}1 + \Delta Q\mathrm{r} ,
when \Delta Q\mathrm{r} \geq  0. In this system, the input power at which EE is maximized is
\ast 

achieved by P \mathrm{u}2 . Now update (B.1) with Q\mathrm{r}2 gives
\Bigl(  \ast 
\Bigr) 
\bigm| 
\prime 
\bigm| 
SE
P
 - 
(Q
+
\Delta Q
)
+
P
+
P
 -  SE
\mathrm{r}
\mathrm{r}
\mathrm{c}\mathrm{r}
\mathrm{c}\mathrm{r}
2
1
\mathrm{u}1
\bigm| 
\eta  \prime  \bigm| 
=
.
\biggr) 
\biggl( 
2
\bigm|  \BbbE \gamma  [P\mathrm{r} (\gamma )]=P \ast \mathrm{u}
\ast 
1
P \mathrm{u}1  -  (Q\mathrm{r}1 + \Delta Q\mathrm{r} ) + P\mathrm{c}\mathrm{r} + P\mathrm{c}\mathrm{r}2
Q\mathrm{r}2 =Q\mathrm{r}1 +\Delta Q\mathrm{r}

Using (B.1), we can further simplify (B.2), according to
\bigm| 
\bigm| 
 - SE\prime  (\Delta Q\mathrm{r} )
\prime  \bigm| 
\eta  \bigm| 
= \biggl( 
\biggr) 2
\bigm|  \BbbE \gamma  [P\mathrm{r} (\gamma )]=P \ast \mathrm{u}
\ast 
1
P \mathrm{u}1  -  (\Delta Q\mathrm{r}1 + \Delta Q\mathrm{r} ) + P\mathrm{c}\mathrm{r} + P\mathrm{c}\mathrm{r}2
Q\mathrm{r}2 =Q\mathrm{r}1 +\Delta Q\mathrm{r}
\bigm| 
which shows \eta  \bigm| 
\prime  \bigm| 
Q\mathrm{r} =Q\mathrm{r}2

\leq  0.

(B.2)

is decreasing at \BbbE \gamma  [P\mathrm{r} (\gamma )] = P \mathrm{u}1 , henceforth, \eta  has already
\ast 

\ast 

reached its maximum, which implies that P \mathrm{u}2 \leq  P \mathrm{u}1 .
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