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Abstract

Harvesting ambient energy has enabled the development of energy-harvesting
wireless sensor networks (EH-WSNs). However, in these networks, the uncertainty in
harvesting rate due to dynamic weather conditions raises new challenges. Therefore,
this drives the development of energy harvesting-aware solutions. Formerly, many
MAC protocols have been developed for EH-WSNs, which offer various features based
on available harvested energy to support different applications. Nevertheless,
optimizing MAC performance by incorporating predicted future energy intake is
relatively new in EH-WSNs. Furthermore, existing MAC protocols do not fully harness
the high harvested energy to perform aggressively despite sufficient energy resources.
In addition, their performance evaluation has not been tested using different metrics
under dynamic harvesting conditions. Therefore, this thesis proposes a new
prediction-based adaptive duty cycle MAC protocol, called PADC-MAC, that
incorporates current and future harvested energy information using the mathematical
formulation to improve network performance. Furthermore, a machine learning model,
namely nonlinear autoregressive (NAR) neural network is employed that achieves
good prediction accuracy under dynamic harvesting scenarios. As a result, it enables
the receiver node to perform more aggressively by increasing its duty cycle when there
is a sufficient inflow of incoming harvested energy to achieve higher network
performance. In addition, PADC-MAC uses a self-adaptation technique by which the
receiver node shares its next duty cycle with all sender nodes, which helps sender
nodes wake up slightly before the receiver for data transmission and reduces energy
consumption in idle listening. The performance of PADC-MAC is evaluated for single-
hop network scenario using GreenCastalia in terms of packet delay, network
throughput, packet delivery ratio, energy consumption per bit, receiver energy
consumption, and total network energy consumption using realistic harvesting data
for 96 consecutive hours in both high and low solar harvesting conditions. The
simulation results show that PADC-MAC reduces the average end-to-end (ETE) delay
of the highest priority packets and all packets, energy consumption per bit, and total
energy consumption by more than 10.7%, 7.8%, 81%, and 76.4%, respectively, when

compared to three state-of-the-art protocols for EH-WSNs.
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Chapter 1

Introduction

This chapter presents an overview of battery-powered and energy harvesting Wireless
sensor networks (EH-WSNs). Next, it briefly discusses medium access control (MAC)
protocols, energy prediction, and machine learning (ML) in EH-WSNSs. 1t is followed by
problem formulation, research hypotheses and objectives, the scope of work,
contributions, and assumptions adopted in this research. Finally, the thesis outline is

presented.

1.1 Overview of Battery Powered and Energy Harvesting WSNs

Nowadays, Internet of Things (IoT) is gaining strong attention in many applications,
including healthcare and smart cities [1]. Wireless sensor network (WSN) plays an
important role in IoT and is widely used in different applications, such as
environmental monitoring, agriculture, industrial process monitoring, and others [2-
4]. Conventionally, WSNs consist of several sensing nodes powered by small non-
rechargeable batteries that have the ability to collect the data and and send it to the
sink node, called battery-powered WSNs (BP-WSNs). However, these nodes have
limited battery capacity and thus need to be replaced regularly, which hinders their
operation and network performance. Therefore, energy efficiency remains critical to
ensuring the sustainable operation of nodes [4]. For instance, schemes developed in
[4, 5] improve energy efficiency to enhance the lifetime.

In recent years, energy harvesting techniques have gained intense attention to
power sensor nodes using outdoor energy sources such as solar, wind, mechanical,
radio frequency (RF), and thermal. Therefore, integrating these sources with WSNs
has motivated researchers to develop energy harvesting WSNs (EH-WSNs), where,
nodes can harvest energy from the surrounding environment. This helps to mitigate
the energy issue faced by conventional WSNs and reduce the negative environmental

impact and cost of battery replacements. Furthermore, energy harvesting enables
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nodes to schedule tasks such as prioritization, duty cycle, and sensing, according to

harvested energy profile to maximize the network performance.

1.2 MAC Protocol, Energy Harvesting Prediction, and Machine

Learning

The medium access control (MAC) protocol regulates the access of a common
medium among the sensor nodes. The MAC protocols for EH-WSNs aim to optimize
the network performance using harvested energy efficiently. Formerly, numerous MAC
protocols have been designed for applications such as agriculture and monitoring [6]
[7]. For instance, quality of service (QoS) ensures the performance level to the user
that includes performance metrics: delay, throughput, packet delivery ratio (PDR), and
energy consumption [7]. Moreover, these protocols incorporated the harvested energy
information into settings for duty cycle, access probability, traffic load, relay node

selection, and sensing interval to enhance network performance.

In certain circumstances, for example, harvesting energy varies significantly
according to the weather, which may hinder the execution of ongoing tasks and node
operation. Thus, it is essential to know about the future incoming energy to avoid
disruption in the node’s operation during periods of energy scarcity. Furthermore,
knowing the future harvested energy, the node can further optimize the performance
as in the case when it has a higher energy value than required for the task execution.
However, among available harvesting sources, solar is the most significant energy
source and has the greatest potential for harvesting energy [8]. Furthermore, solar

energy can be forecasted based on the past energy pattern.

ML is a part of Artificial Intelligence (AI) that involves computer algorithms to learn
automatically from data without being explicitty programmed [9]. It has gained
significant attention in academia and industry and is considered a vital tool in
developing automated IoT applications. For example, ML techniques, i.e., regression,
have been employed in WSN to address the issues of energy harvesting, MAC
protocols, transmission overhead, routing, and others. ML algorithms have also been
widely incorporated to predict solar harvesting, which leads to developing harvesting-

aware solutions, such as communication protocols [10].
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1.3 Problem Statement and Research Hypothesis

Previously, various MAC protocols have been designed for EH-WSNs, which utilized
harvested energy to optimize the performance. However, most of the existing MAC
protocols devise a duty cycling mechanism according to the current harvesting energy
without considering the nature of incoming harvested energy. Thus, dynamic
harvesting conditions may affect ongoing node operation and degrade network
performance. In certain circumstances, for example, on a typical sunny day, these
protocols may not be able to increase the duty cycle of the node aggressively and
since the next day may turn out to be a rainy day. Therefore, data packets suffer long
delays despite sufficient energy resources. In addition, these protocols do not plan
how to optimize performance when the harvested energy value is more than or equal
to the energy required for the task execution. Furthermore, most available protocols
have not been tested using actual solar irradiance. Also, their performance evaluation
did not include all essential QoS performance metrics such as end-to-end (ETE) delay,
PDR, network throughput, energy consumption per bit, receiver energy consumption,
and total network energy consumption [7].

The following are the hypothesis:

e A novel and realistic adaptive MAC protocol can be developed for EH-
WSNs that can utilize the current energy level and incoming harvested
energy to enhance the network performance under dynamic harvesting

conditions.

e ML algorithm can be incorporated to predict harvesting energy, and adjust

the duty cycle based on the expected energy to improve the performance.

e Using forecasted energy, the node can increase its duty cycle aggressively
when it has a higher energy value than needed for the task execution to

further optimize the performance.

1.4 Research Objectives

The research objectives are:
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e To develop a novel and realistic adaptive MAC Protocol for EH-WSNs that
regulates the duty cycle of the receiver based on the current energy and

incoming harvested energy.

e To employ an energy prediction model to improve MAC performance by
incorporating incoming energy intake to optimize the network

performance.

e To comprehensively evaluate the proposed protocol under a realistic
scenario using actual harvesting rates in terms of ETE delay, network
throughput, PDR, energy consumption per bit, receiver energy
consumption, and total network energy consumption and comparison
with three well-known MAC protocols, namely QoS protocol for Prioritized
Data (QPPD-MAC) [11], QoS-aware Energy-efficient (QAEE-MAC) [12]
and Enhanced Energy Management (EEM-MAC) [13].

1.5 Scope of Work

This work includes the development of a prediction-based adaptive MAC protocol
for in EH-WSNs. Furthermore, a machine learning algorithm will be developed to
predict hourly incoming harvested energy. Finally, the comprehensive performance
will be evaluated using the GreenCastalia simulator under dynamic harvesting
conditions. In the simulation, actual solar irradiance data provided by NREL [14],
parameters from a commercially available TelosB sensor node [15], solar panel [16],
and CC2420 radio [17] will be used to demonstrate the protocol performance in more
realistic scenarios. Moreover, the detailed performance comparison will be conducted
with three widely used protocols for EH-WSNs.

1.6 Research Contributions
The research contributions are as follows:
e The proposed Prediction based Adaptive Duty Cycle MAC (PADC-MAC)
protocol introduces a numerical formula to adjust the duty cycle based on
predicted incoming harvested energy.
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e ML model is developed to predict the incoming harvesting energy, which
enables the receiver node to perform more aggressively when it has a
sufficient inflow of incoming harvested energy to improve the

performance.
e A technique by which the receiver shares its next duty cycle with all
sender nodes and as a result energy efficiency improves in the network.

e The performance of PADC-MAC is evaluated for single-hop network
scenario in the GreenCastalia simulator for four consecutive days, i.e., 96
hours of simulation using actual harvesting rates under high and low solar

irradiance conditions.

e The performance of PADC-MAC is compared with QPPD-MAC [11], QAEE-
MAC [12], and EEM-MAC [13].

e The results indicate that the PADC-MAC provides better performance in
terms of ETE delay, energy consumption per bit, and total network energy
consumption when compared to three state-of-the-art MAC protocols for
EH-WSNSs.

1.7 Assumptions

The research assumptions that have been adopted in this research are:
e The network consists of energy harvesting nodes that are static.
e The factors such as dust and shadows do not affect the harvesting rate.

e The receiver's initial duty cycle and storage levels are 50% and 45%,

respectively.

e The network consists of a receiver and multiple sender nodes are
randomly positioned. Both the receiver and sender nodes can

communicate with each other directly.

e The sender node has unlimited energy.
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e The node turns off its radio when its battery energy is lesser than the

threshold energy (£#) i.e. 10% and goes into the sleep state.

1.8 Thesis Outline

The remainder of this thesis is structured as follows:

Chapter 2 presents a comprehensive literature review on EH-WSNs, the structure of
BP-WSN and EH-WSN sensor node, energy harvesting sources, and design
alternatives. Furthermore, energy prediction and existing models are described. Then,
ML algorithms and their applications in EH-WSNs are explained in detail. Moreover, a
detailed literature review of MAC protocols for EH-WSNS and their classification is
undertaken that use available harvesting energy to optimize network performance
which includes the design features based on current harvesting energy, such as duty
cycle adjustment.

Chapter 3 describes the proposed PADC-MAC for EH-WSNs. First, it provides a
communication overview of the proposed MAC. In addition, it presents the nonlinear
autoregressive neural network (NARNET) model to predict incoming harvested energy.
Then, using the mathematical formulation, the duty cycle adjustment is performed
according to current and incoming harvested energy levels. Next, the self-adaptation
technique is explained. It is followed by the presentation of an energy consumption

model, MAC performance metrics, network simulation, and set up in GreenCastalia.

Chapter 4 provides the prediction performance of the developed NARNET model.
Then, it presents the performance evaluation of PADC-MAC using GreenCastalia and
results in comparison with three well known MAC protocols. Finally, the performance
is evaluated in terms of ETE delay, network throughput, PDR, energy consumption per
bit, receiver energy consumption, and total network energy consumption under
dynamic solar harvesting conditions.

Chapter 5 concludes the thesis with future work.
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Chapter 2

Literature Review

This chapter reviews the basic aspects of WSNs and EH-WSNs. In addition, the
structure of the sensor node in BP-WSN and EH-WSN is presented. Then, types of
communication, energy harvesting sources, and design alternatives are discussed in
detail. Furthermore, the importance of energy prediction in EH-WSNs is described. It
is then followed by ML algorithms in EH-WSNs. Moreover, MAC protocols for EH-WSNs
and their classification are explained in detail. Finally, the summary of receiver-
initiated MAC protocols and their limitations is given. In these protocols, the available
harvesting energy is used to optimize network performance, including the design
features based on current harvesting energy, such as duty cycle adjustment. Finally,

limitations of existing MAC protocols are provided.

2.1 Wireless Sensors Networks

Currently, IoT is playing a key role in various applications such as building
automation, smart home, wearable devices and many others [18-20]. WSN is an
essential component of the IoT [21-23] and have many advantages such self-
organizing abilities, scalability, ease of deployment and others [9]. In addition, it
involves a large number of low-cost, and small-in-size sensor nodes. These sensors
have the ability to sense, gather and send the information [24, 25]. The sink node
gathers the data from the nodes and provides a gateway service to manage the data
remotely, as shown in Figure 2.1. The key applications of WSNs include smart cities
and healthcare, industrial process and environment monitoring and others [2, 26, 27].
In each application, sensors generate different data types and offer unique features
that require distinctive solutions. For example, in forest monitoring, if a node detects
any unusual data, e.g., alarm, smoke, temperature, it sends the acquired data
immediately to the sink and gateway for further decisions to mitigate the forest fires.

In this case, timely collection and transmission of the data packets are crucial.
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Figure 2.1: Structure of WSN

Hence, reliability and packet delay are essential. Furthermore, energy efficiency also
plays an important role that will enable nodes to operate longer [7]. Furthermore,
nodes follow single hop and multi-hop approaches to communicate in WSNs. In single
hop, nodes have the ability to transmit data directly to the sink, resulting in less time
to send a data packet. Therefore, it is a widely used and well-known communication
type [28]. On the other hand, a multi-hop network consists of many nodes located far
from the sink and as result, they cannot send data directly to the sink. Thus, they
require relay node(s) to send data to the sink. Figure 2.2 and Figure 2.3 show single-

hop and multi-hop communication scenarios in WSNs, respectively.

Figure 2.2: Single-hop WSNs [28]
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Figure 2.3: Multi-hop WSNs [28]

The energy efficiency plays a significant role in WSNs. Therefore, in terms of energy
source, these networks can further be categorized as battery-powered WSNs (BP-
WSNs) and EH-WSNs.

2.1.1 BP-WSNs

The architecture of a BP-WSNs node is shown in Figure 2.4 [29]. A sensor node
comprises four components: a sensor unit, microcontroller, power storage, and
transceiver. The sensor unit is responsible for sensing the physical phenomenon, e.g.,
temperature and humidity parameters. The microcontroller and transceiver are used
to process and transmit data, respectively. The node uses a small battery as an energy
source to power up its components. The alkaline batteries are widely used; however,
the battery level decreases with time. Hence, energy efficiency is essential in BP-WSNs
to prolong the network lifetime [30, 31]. Moreover, in these networks, there is always
a tradeoff between lifetime extension and network performance [5]. Additionally,
nodes are equipped with batteries with a limited capacity [32-35], which require
frequent replacement, increase maintenance costs, and negatively impact the

environment.
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Figure 2.4: General architecture of a BP-WSN node [26]
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2.2 Energy Harvesting WSNs
2.2.1 Role of EH Techniques in EH-WSNs

EH techniques enable the development of EH-WSNs and drive the following key
benefits

e EH technique is an alternative energy source that enables nodes to collect
energy from the external environment.

e It helps to overcome energy issues, i.e., limited battery capacity.

¢ It minimizes human intervention, time, and cost incurred by frequent site visits
for maintenance and replacement of batteries.

e It helps nodes to reduce the dependency on external battery power, thus
contributing positively to our environment.

e It enables the node to replenish energy from the surrounding environment and
sustain its operation for a more extended period.

e It allows nodes to schedule tasks, for instance duty cycle, prioritization, and
sensing time according to harvested energy profile to maximize the network

performance.

2.2.2 Structure of EH-WSN Sensors Node

Recently, energy harvesting technology has allowed nodes to harvest energy from
the external sources such as solar, wind, mechanical, radio frequency (RF), and
thermal that can significantly prolong the WSN lifetime. Figure 2.5 shows the structure
of an energy harvesting node that includes two components: energy harvesting device
and power management module [29]. The former is utilized to extract energy from
the surrounding environment and the latter is incorporated to use the harvested
energy efficiently. These two additional components work together and enable the
node to collect sufficient energy for future use to sustain its operation and also to
improve network performance when sufficient energy resources are available. Figure
2.6 shows a comparison of energy characteristics in BP-WSNs and EH-WSNs. In BP-
WSNs, the battery capacity declines over time, and the sensor node can only function
until its battery energy is depleted.

On the other hand, in EH-WSNs, node harvests energy using external sources and

store it using device, i.e., a rechargeable battery. Hence, it helps the sensor node to

28



operate for a much longer time. Furthermore, the node sustains its operation
perpetually if the current energy, HE . .n: iS5 the same or more than the needed
energy, E.. This is known as the energy neutral operation (ENO), as given in Figure
2.7 [36].
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Figure 2.5: Structure of energy harvesting WSN node [29, 37]
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2.2.3 Energy harvesting sources

Harvesting energy from the surrounding environment is a promising solution that
can help to reduce the energy issue faced by BP-WSNs [38]. Different energy
harvesting sources are available with varying power densities, as shown in Figure 2.8
and Table 2.1. However, in this subsection, the most promising energy harvesting

sources will be highlighted [39].

¢ Photovoltaic or Solar harvesting: Solar power harvesting is widely used
due to its availability. It provides high conversion efficiency and power density,
making it suitable for EH-WSNs applications. The main disadvantage is non-
availability during bad weather conditions and night [40]. Nevertheless, it is a
preferred source for powering nodes and has been widely used in the literature.
In this approach, a solar cell is used to absorb energy from natural (sun) or
artificial (fluorescent) lights, and its output power depends upon the source
used: sun or fluorescent. Moreover, storage mechanisms, e.g., rechargeable
batteries, usually employ storage energy to support ongoing node operation
during the absence of harvesting energy, for example at night-time when

sunlight is not available.
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Figure 2.8: Energy harvesting sources [41]

¢ Mechanical harvesting:_Mechanical or vibrational energy is produced due to
the motion of objects, pressure, and human activity. The mechanical harvesting
sources are piezoelectric, electrostatic, and electromagnetic. The piezoelectric is cost-
effective, lightweight, and provides higher power density when compared to other
mechanical sources [42]. However, it is always a challenge to integrate piezoelectric

devices into small devices.

¢ RF harvesting: RF harvesting provides a promising solution to power up
nodes by converting electromagnetic waves into electricity [40]. In this technique, the
node harvests energy from RF signals that are radiated from sources such as TV,
radio, Wi-Fi, radar, and others. However, the energy radiating from these sources
decreases rapidly as the signal spreads further, leading to energy loss. Thus, it
requires information about the harvester distance and direction from the RF source to

get the maximum harvesting energy.

¢ Thermal harvesting: Thermal harvesting generates electric energy based on
the temperature difference between two junctions of the same metals or
semiconductors [43]. This is because some metals respond differently to the
temperature difference, resulting in heat flow through the thermoelectric generator.
In thermal harvesting, one thermocouple provides very low output power. Hence,
multiple arrangements of thermocouples will be required to increase the power level.

¢ Wind harvesting: This technique converts airflow (e.g., wind) into electrical
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energy. For that, the wind turbine is used [44]. In addition, miniature wind power
harvesting devices such as microwindbelt are used to power nodes. However, the size
of wind power harvesters has been a challenge for sensor applications, and it is still
an ongoing research. In addition, the output power also depends on the wind speed

and weather conditions.

Table 2.1: Characteristics of most promising and widely used energy harvesting
techniques [41, 45-47]

Energy harvesting Energy Power density
source harvester
Sun radiation Solar cell 100 mW/cm? (direct sun)
100 pW/cm? (illuminated office)
Mechanical Piezoelectric 330 pW/cm?3 (shoe inserts)
Electrostatic 50 pW/cm? - 100 pW/cm?3
Electromagnetic 1 pW/cm3 - 4 pw/cm?3
Radio frequency Wireless energy 0.0002-1 pW/cm?
harvester
Thermal Thermocouple 40-50 pW/cm?
Wwind Microwindbelt 380 pW/cm3 (5 m/s)

2.2.4 Harvesting Design alternatives

Harvesting design alternatives can be classified into harvest-store-consume and

harvest-consume [48].

e Harvest-store-consume: This design alternative is extensively used in
EH-WSNSs. It uses rechargeable device to store the energy for future use as shown in
Figure 2.9. Some harvesting systems face the challenge of energy uncertainty due to
dynamic weather conditions. Thus, it allows sensor nodes to store energy and use it<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>