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Abstract

In the swiftly evolving landscape of loT-based Wireless Sensor Networks (WSNs), deploying indi-
vidual sensor nodes for data collection in smart city environments has attracted considerable atten-
tion. These networks empower monitoring in distant and challenging conditions, but their opera-
tion is beset by challenges emanating from the resource limitations intrinsic to sensor nodes. Chief
among these challenges is energy preservation, given the constrained battery capacity, data stor-
age, computational speed, and communication range of these nodes. Energy harvesting techniques
emerge as a solution to overcome energy limitations and sustain IoT devices in these demanding
settings. Thesc methods obviate the necessity for frequent energy component replacements, foster-
ing networks capable of indefinite operation. Radiofrequency (RF) based energy harvesting stands
ouf among various energy harvesting options, making it a primary focus for IoT applications. This
thesis offers a comprehensive approach to augmenting energy efficiency and energy harvesting in
loT-based WS8Ns. The main contributions encompass:

Energy Harvesting Optimization: This study presents real-world indoor experiments utilizing
Powercast energy harvesting devices for dipole and patch antennas alongside a moving vehicle
equipped with a charger. The experiments encompassed various scenarios, including indoor set-
tings, different distances, and the deployment of directional antennas. An efficient technique is
developed to optimize the placement of chargers and IoT devices within this setup, while conclu-
sive results attest to its efficacy.

Energy-Efficient Routing: A simple yet effective energy-efficient routing protocol was proposed,
emphasizing efficient link selection based on proximity to the destination node. The protocol inte-
grates distributed neigbbor discovery and routing processes with energy harvesting technigues to
enhance network longevity. Experimental outcomes underscore the successful routing, achieving
a 0% Packet Loss Rate (PLR) with up to eighty nodes, minimal delays, maximum throughput, and

improved energy utilization.

Cluster Formation and Stability: An innovative approach involving cluster formation and the
selection of stable cluster heads was introduced. This approach uses a modified K-means algorithm
to group nodes into clusters, with cluster selection based on proximity to the destination node. RF
energy harvesiing is integrated to extend the network’s lifespan. Comparative results ynderscore
the model’s superiority, achieving a 91% packet delivery ratio with a one second packet interval,
97% with a 0.077-second packet interval, and enhanced throughput.

Hassan Zeb: 143-FBAS/PHDCS/F16 1
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Chapter 1
Introduction

The IoT, introduced by Kevin Ashton at Procter & Gamble (P&G) in 1999 [3], plays an important
tole in daily life. The IoT has emerged as one of the most prominent technologies poised to
revolutionize humnan interactions with the physical world. IoT can be defined as the interconnection
of things and sensors to the Internet, enabling the exchange of data and messages for smart control

and management [4].

The Machine-to-Machine (M2M) Connections market was worth $35.6 billion in 2022. It is ex-
pected that the industry will experience growth, reaching $57.4 billion by 2032, with a projected
compound annual growth rate (CAGR) of 5.40% during the forecast period from 2023 to0 2032 [1].

Most IoT devices have limited memory and battery life. Frequent battery replacement in harsh
areas is difficult and increases operational expenses. Researchers have solved this problem by
recharging the battery from renewable energy resources such as solar, wind, vibration, and ve-
bicles and changing the routing protocols from energy-aware to energy harvesting-aware routing
protocels. Nevertheless, some resources, such as solar power and variable wind, are not available
continuously. Researchers and different charging platforms (WISP, PoWiFi, Powercast, EnOcean}
have introduced radio frequency (RF) based energy harvesting, which is clean, green, and contin-
uously availahle. Due to these qualities, a new research area called RF-powered IoT has emerged,
offering great potential for researchers to investigate the IoT field more deeply.

The Wireless Rechargeable Sensor Network (WRSN}) is one of the most important comiponents of
RF-powered IoT devices. WRSNs collect data from a specific region and process necessary infor-
mation, This work considers that the devices in [oT networks are heterogeneous, with heterogene-



Chapter 1 Introduction

ity stemming from factors like initial energy, residual energy, link capacity, energy consumption,
sensing capacity, and even transmission range.

CAGR . 4.50%
20.5 fim
E
-
€
z
=
W
¥
§
2023 2023
o

source: zionmarketresearch.com

Figure 1.1: Global Machine-to-Machine (M2M) Connections Size {1]

The IoT has many applications, including smart transportation, smart grid, smart home, smart
agriculture, logistics, retailing, and environmenial monitoring. By leveraging IoT technologies,
traditional manufacturing processes can undergo significant changes, leading to a substantial in-
crease in production efficiency.

1.1 Smart Cities

In the coming decades, cities are encountering new challenges emblematic of modern societies.
These challenges include population aging, the need for reduced energy consumption and carbon
emissions, the pursuit of greater sustainability, and the aspiration for economic growth. Addi-
tionally, the size of cities is rapidly expanding due to increased migratory movements. Currently,
approximately 50% of the world’s population resides in cities, and it is projected that by 2050, this
percentage will rise to around 70% [5].

To tackle these challenges, the concept of smart cities has emerged, proposing innovative ap-
proaches to development and city management. Although there is no universally accepted defi-
nition of a smart city, a definition put forth by the authors of [6] has gained popularity: a city is

considered smart when investments in human and social capital, as well as in traditional (ransport}

Hussan Zeb: 143-FRAS/PHDCS/Fi6
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Figure [.2: Smart City

and modern Information and Communication Technologies (ICT) communication infrastructure,
contribute to sustainable economic growth and high quality of life. This is achieved through the
wise management of natural resources and the practice of participatory governance. The following
are the applications of a smart city:

1.1.1 Smart Home

The growing trend of internet-connected home appliances, such as refrigerators, ovens, and wash-
ing machines, offers enhanced user control and real-time status updates via Wi-Fi or Bluetooth.
This connectivity extends benefits like convenient management and reliable information. Smuart
homes leverage [oT for efficient lighting, HVAC control, and enhanced security through cameras,
alarms, and motion sensors. Additionally, sinart speakers act as interfaces, allowing users to con-
trol appliances via voice commands effortlessly. However, these advancements alse raise concerns

Hassan Zeb: 143-FBAS/EHDCS/FI6 k)



Chapter 1 Introduction

regarding privacy and data security. As interconnected devices increase, robust protection systems
must be developed to mitigate potential cybersecurity threats [7].

1.1.2 Smart Health

Leveraging wireless sensors and advanced communication tech, IoT is revolutionizing healthcare
with potential benefits across technology, economy, and society [8]. IoT finds applications in glu-
cose monitoring, oxygen levels, rehabilitation, medication, and wheelchair management. RFID
tags track medicine production and distribution, ensuring quality. Wearable sensors like blood
pressure, temperature, and ECG sensors offer vital data for early diagnosis and real-time mon-
itoring, even extending healthcare to patients’ homes for comfort [9]. Stant-ups and companies
work on loT medical clouds and databases for data transmission, storage, and presentation. A
Chinese firm developed an all-in-one medical platform with cloud-based imaging, 3D processing,
and visualization [8]. Further research can enhance heaithcare’s convenience, affordability, and
efficacy.

1.1.3 Smart Agriculture

By 2050, the global population is anticipated to soar to 9.7 billion, a substantial increase of 2 billion
people compared to 2019 figures. This projection stems from a 2019 United Nations report. Ad-
dressing this swift population growth requires a remarkable 60% surge in food production, accord-
ing to the World Resources Institute (WRI) estimation. Accomplishing such a substantial boost
in food output would demand an additional 593 million hectares of agricultural Yand to meet the
escalated demand [10]. While this entails a considerable land requirement, the IoT is a promising
solution. IoT-driven sensing devices are playing a pivotal role across various sectors, particularly in
agriculture, where data is seamlessly transmitted through Internet protocols, constituting the realm
of the "Internet of Things”. The amalgamation of IoT sensor data from Smart Agriculture and
Smart City sources is called “smart agriculture,” encompassing vital tasks like crop monitoring,
disease detection, optimized fertilization schedules, and more [11].

1.1.4 Smart Grid

IoT drives the evolution of the conventional grid into a smart grid, enhancing sustainability, re-
liability, security, and efficiency through real-time monitoring and inteiligent control [12]. This
transformation focuses on two key aspects: optimizing energy distribution efficiency and enhanc-

Hassan Zeb. 143-FBAS/PHDCS/F 16 4



Chapter 1 [ntroduction

ing electricity quality. Advanced photovoltaic and battery technologies enable bidirectional energy
flow within the smart grid, necessitating smart power meters to measure and manage energy dis-
tribution for users’ needs. Real-time energy flow monitoring ensures a consistent, high-quality
energy supply, contributing to an uninterrupted power flow in the smart grid [13].

1.1.5 Smart Transportation

Smart transportation involves the monitoring of various modes of travel, including private vehicles
like cars, as well as public transportation such as buses and trains. Integrating the IoT technology
into individual vehicles is a crucial advancement for the development of autonomous driving sys-
tems [14]. In addition, many large cities worldwide have implemented advanced tracking systems
for public buses, leading to reduced wait times and improved overall efficiency [15].

1.2 Energy Harvesting

One of the main drawbacks of IoT-based WSN devices is the power supply, which degrades the
network’s performance. It is difficult to replace the battery in a challenging environment frequently,
which can increase operational expenses. The researchers tried to solve this problem and introduce
the concept of EH techniques from renewable energy sources such as solar, wind, thermal, RF, etc.
The RF energy harvesting technique has obtained the attention of emerging technology plaiforms,
such as Google, WISP, PoWiFi, Powercast, and EnOcean STM 300, due to its clean, green, and
freely available nature in continuous form and its introduction of wireless charging devices (WCD?).
WCD is a suitable choice to prolong the lifetime of IoT-based WSNs to near-perpetual{16]. The
Powercast Technology Company [17] offers a comprehensive suite of devices designed for energy
harvesting and powering sensor nodes, serving the specific needs of research endeavors. There
are four components of the Powercast energy harvesting model: an energy transmitter, a sensor
board, an evaluation board, and antennas. The Powercast technology company introduces RF-
based energy harvesting WCD to replenish the sensor devices’ energy. The Powercast Technology
Company has provided energy-harvesting devices that power IoT devices since 2003. It provides
a temperature scanning system, a wireless charging grip for the Nintendo joy-con, a power spot,
a UHF RFID retail price tag, and development kits. The development kits are used for research
and powering IoT devices, which consist of evaluation boards (P1110, P2110), antennas, RF field-
detecting light sticks, and sensors. The Powercast P2110-EVAL-0! development kit used in this
research is designed for extremely low-power IoT devices. The focus of this work is to study the

Lry
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data received from dipole and patch antennas. The complele kit is based on the following devices:

1.2.1 RF Transmitter

The RF Powercast transmitter omits data and power as RF signals with a unique ID and 2 915 MHz
frequency. The output power (F;) is 3 w EIRP with a beam pattern of 60° in vertical polarization,
and the frequency range is 915 MHz. The distance for permanent installations of the TX91501B
transmitter is eight feet above floor level. The Powercast Company provides the transmitter, which
is covered in a black box wilh fixed output power and settings. The user cannot make changes to
the transmitier.

1.2.2 Wireless Sensor Board

The board can measure and transmit light, temperature, humidity data, and external inputs. The
sensor board is connected to the evaluation board through a 10-pin connector to obtain the energy
from the evaluation board to transmit data. The ID of the sensor nodes can be set from 0 to 7
using ID SELECT switches. The sensor board has a PICkit connector through which the PICkit
programmer can be connected.

1.2.3 P2110 Evaluation Board

The evaluation board is responsible for energy harvesting. The board contains the functionality of
energy storage JP1 (C3, C4, and CS5 jumpers), a 10-pin connector (J2) for wireless sensor board
connection, a rectifier to convert the RF energy into DC, an SMA connector for an antenna or RF
input (J1), and a visual LED indicator. The sensor board obtains the harvested erergy from the

evaluation board.

1.2.4 Powercast Antennas

The Powcrcast development kit comes with two types of antennas: dipole and patch. These an-
tennas are connected to the evaluation board through an SMA connector for the antenna (J1). The
dipole antenna has the RF connector at the bottom, and the patch antenna has the RF connector
in the middle. The dipole antenna is flat, omnidirectional, and vertically polarized, and the gain
power is 1.0 dBi with a 360-degree reception beam pattern. The patch antenna is two-layered,
directional, and vertically polarized, and the gain power is 6.1 dBi with a 120-degree reception
beamn pattern.
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1.3 Motivation ;

RF-powered IoT networking has gamered significant attention from researchers due to its potential
in managing and retrieving data from various devices within smart cities. These cities encompass
many devices, including light controllers, smoke detectors, AC controllers, sensors, actuators, and
wireless devices. These interconnected devices operate wirelessly, carrying out their designated
functions.

Optimizing energy usage while performing various tasks is challenging to effectively extend the
lifespan of IoT networks. Regularly replacing batteries for IoT devices can incur substantial costs.
Researchers have introduced RF-powered IoT devices to tackle this issue, which hamess energy
from the surrounding environment. This innovative approach significantly enhances the longevity
of IoT networks and propels us closer to a realm of perpetual operation.

However, RF-powered IoT networking does encounter certain problems and obstacles. These en-
compass the necessity for timely observation and anticipation of energy requirements, which can
fluctuate due to extended communication distances, data transfer activities, and computational
workloads. Moreover, the depletion of nodes, leading to link disruptions, routing breakdowns,
shifts in network structure, and the continuous need for network upkeep, contributes to the exist-
ing complexities. Additionally, concems include the selection of optimal pathways, strategies for
efficiently placing chargers, prudent utilization of available bandwidth, the effectiveness of energy
harvesting hardware, and the occurrence of delays or time-related latency during the communica-
tion processes.

Furthermore, traversing the nearest-farthest nodes from the charger can degrade the harvesting pro-
cess. This exacerbates one of the most important problems, which mvolves repeatedly traversing
nodes that are not in the direction of the destination node. This results in wasted energy without
proper consideration for the packet transmisston process. This problem is further intensified in link
failures, where traversing non-optimal nodes is repeated incessantly.

The phenomena mentioned above lead to energy wastage at each stage. Therefore, the previously
mentioned issues serve as motivation to design routing protocols that are efficient and mindful of
energy harvesting for [oT based on EH-WSN.
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1.4 Scope of the Research

Path reconstruction and traversal of all nodes by a routing protocol can result in excessive en-
ergy wastage and an escalation in communication complexity, leading to delays, elongated routing
paths, and heightened topology costs. This research is oriented towards the primary objective of
minimizing energy consumption while simultaneously alleviating communication intricacies, in-
cluding delay, throughput, and packet delivery ratio. The central emphasis of this study is placed
on the optimization of topology construction and routing,

Topology construction serves as the foundational infrastructure for efficient routing. During this
process, nodes compute essential parameters such as distance and angle, thereby guiding the rout-
ing procedure to facilitate streamlined data transmission. Notably, this research excludes consid-
erations about antenna efficiency, frequency allocation, and hardware intricacies. The principal
focus remains enhancing energy efficiency and refining communication efficacy through sophisti-
cated topology construction and routing optimization strategies.

1.5 Research Challenges

The researchers have collectively inferred that routing protocols designed with energy-harvesting
awareness confront various challenges. These encompass the necessity for timely observation and
anticipation of energy requirements, which can fluctuate due to extended communication distances,
data transfer activities, and computational workloads. Moreover, the depletion of nodes, leading
to link disruptions, routing breakdowns, shifts in network structure, and the continuous need for
network upkeep, contribute to the existing complexities. Additionally, concerns encompass the
selection of optimal pathways, strategies for placing chargers efficiently, prudemt utitization of
available bandwidth, the effectiveness of energy harvesting hardware, and the occurrence of delays
or time-related latency during the communication processes.

1.6 Problem Statement

Effective ronting strategics and strategic placement of chargers are crucial in energy-harvesting-
aware routing protocols to extend the network’s lifespau. These components mutually reinforce
efficient network operations. Nevertheless, both efficient routing strategies and optimal charger
placement encounter vanous shortcomings that could potentiaily undermine routing efficiency.
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These problems can be outlined as follows:

First, One of the main problems in RF-powered JoT-based routing protocols is the balance be-
tween harvesting and consuming energy at each sensor node during communication. If the energy
harvesting (EH) process yields less energy than the consumed energy, the device rapidly reaches a
dead state. This phenomenon leads to the division of the node’s energy consumption and harvesi-
ing process into three medes: residual-consumed (rc), consumed-harvesting (ch), and harvesting-
harvesting (hh). In the residual-consumed mode [18], the battery only performs its normal process
and does not harvest energy. In the consumed-harvesting mode [19, 20], the battery performs its
normal process and harvests energy. In the harvesting-harvesting mode, the device only harvests
energy and performs no other functions. This mode is linked to node failure and leads to the is-
sue of energy utilization management being crucial for routing protocols to optimize initial energy
consumption and harvested energy.

The next problem is the farthest-nearest charger problem. If a charger is farthest from the device,
it can harvest less energy, and vice versa. This problem can cause a node to be in a dead state.

In existing works [2, 21, 22], if a device containing the patch antenna moves outside the cone, it
stops the EH process and enters a dead state. In our work, we are selecting an area for devices,
and this area is larger than a cone. Therefore, this work aims to leverage the charger and antenna
patterns. The most significant issue in these works was the constant distance between the charger
and the device. As the distance between the charger and the devices increased, signal strength
decreased, leading to insufficient energy reception. This, in turn, increased communication com-
plexity and node mortality. When these work, select one grid point for the charger, but not all
devices are covered by a single charger, leading to an increase in charger deployment costs,

The charging route starting [18, 23] from the BS and ending with the BS is suitable for a dipole
antenna. However, for a patch antenna, it only works when it is within the range of a directional
charger; otherwise, it does not work.

Second, The selection of intermediate nodes for data forwarding is critical for routing protocols.
Some researchers used directional informatior [24, 237 to the destination node. In contrast, others
employed a fitness {unction incorporating parameters such as energy levels (full, low, etc.), residual
energy, shortest distance, smallest angle, etc. [26-28].

Many researchers have employed a hybrid approach; for example, paper [24] utilized direction
information with the smallest angle, high energy harvesting, and the smallest distance. Paper [25]
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incorporated directional information from the source to the destination using distance. Paper [27]
considered the closest distance to the destination node and applied the right-hand mule. Paper [26]
integrated the shortest distance with energy harvesting rate and maximum residual energy, while
paper [28] employed the shortest distance with probabilistic energy harvesting rate and maximum
residual energy.

These approaches suffer from several cballenges. During the initialization of the protocol, some
employ route reconstruction when intermediate nodes fail [25, 26, 28]. Others may harvest less
energy and consume more energy, ultimately reaching a dead state {24, 271, and visiting all nodes.
Visiting all nodes means that during topology construction/initialization, paths are created by vis-
iting all nodes in all directions, not necessarily in the direction of the destination node. Once
the path is established and an intermediate node failure occurs, the system reconstructs the path,
again traversing all nodes in all directions. Some approaches increase the diameter of the path
[24, 25, 27], leading to increased energy consumption for the overall nodes.

Third, A literature review reveals that some researchers have simultaneously employed data col-
lection and energy transfer [29-34]. Additionally, some have utilized the downlink and uplink
concept for data collection and energy transfer [35-37]. However, commercial platforms such as
Powercast do not use these techniques; instead, they focus on the recharge or work technique. In
this context, "working” refers to the routing process, while “recharge” refers to the charging pro-
cess. During the charging process, the routing process cannot be done. This phenomenon results
in issues like link failure, node failure, dynamic topology challenges, charging latency, communi-
cation delays, and topology maintenance. SWIPT-based routing techniques, downlink and uplink
techniques, energy-aware, commercial platforms, and energy-harvesting-aware routing use differ-
ent techniques for efficient link/path/node selection for communication purposes in a network.
These techniques include shortest path, channel capacity, energy level, distance, location-based,
and energy harvesting rate [26, 28, 38, 39} parameters for efficient link/path/node. During the
topology construction or initialization phase, all nodes in all network directions are traversed, So,
in this phase, each node participates in the network process even if they don’t need to. Conse-
quently, the energy of those nodes which need not be traversed can waste their energy for free.

Furthermore, energy depletion causes many issues like link failure, node failure, dynamic topol-
ogy, charging latency, communication delays, and topology maintenance. In these cases, a device
stops all activities and becomes unavailable for routing activities, leading to routing path break-
age. Consequently, the routing algorithm creates a new route as the initial stage [26, 40, 41]. So,

Hassan Zeb: 143-FBAS/PHDCS/FI6 i0



Chapter 1 Introduction

in this phase, again, each node participates in the network process even if they don’t need to be.
Consequently, the energy of those nodes that do not need to be traversed can again waste energy

for free.

Therefore, an approach is required that:
= Select links/node/path only in the direction of the destination device.
+ Avoid the new route construction.

Fourth, In K-means-based cluster techniques, some authors used dynamic center points, kernel
density estimation [42], midpoint method [43], and LEACH-based techniques for cluster head
(CH) [44, 45] etc. In path selection, some authors used distance, residual energy, and route traffic
parameters {42], and energy [44, 46]. In path selection, all these techniques select the CH blindly to
reach the destination node and traverse those nodes which do not need to be traversed, so wastage
of extra energy. However, these approaches are susceptible to CH failure, link failure, route main-
tenance, and route reconstruction, which can result in increased energy consumption. Therefore,
an approach is required that:

* Creates and selects clusters only in the direction of the destination device,
* Avoids new route construction in case of CH failure,

All these problems are interconnected, with the solution to one often leading to the solution of
another. Therefore, motivation arises to address these issues. This thesis introduces an innovative
framewaork for optimizing energy-harvesting-aware routing protocols. By strategically managing
route reconstruction and intelligently guiding device behavior duning recharge or dead states, the
presented approach aims to enhance network stability, efficiency, and sustainability. Moreover, an
optimal charger placement strategy helps to prolong network lifetime. This seamiess integration
of energy harvesting and routing activities ensures smoother transitions while minimizing energy

wastage.
Based on the above observations, the following research questions are to be addressed:

* How to effectively determine the best placement of a charger to resolve the dilemma of
charging the nearest and farthest nodes? How can an optimal charging tour be formulated
to identify the best charger positions and uncover the charging areas or points that remain
within the charger’s line of sight from any location as the charger moves?
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» How can an energy harvesting aware location-based routing algorithm be developed that
guides node traversal within directions to the destination node?

» How can an energy harvesting aware location-based clustering routing algorithm be devised
to select the closest CH to the destination node location?

1.7 Aims and Objectives

The main aim of this thesis is to address the key challenges of energy harvesting-aware routing
protocols, such as optimal charger placement, the Farthest-Nearest node from charger problem,
optimal route/link selection for data transmission, and selecting the closest cluster to the destination
node and making it near perpetual.

The proposed research comprises a set of objectives that will lay the foundation for realizing the
overarching goal of the presented work, outlined as follows:

Ohbjective 1: To incorporate an optimal charger placement strategy into energy-harvesting-aware
routing protocols, utilizing real-world testbeds to enhance node energy harvesting efficiency and
address the Farthest-Nearest Problem related to node-to-charger distance.

Objective 2: Develop an energy harvesting aware routing protoco] that optimally considers node
locations/angles during path/link selection, aiming to minimize packet transmissions, avoid extra

node traversals, and avoid path reconstruction.

Objective 3: Develop an energy harvesting aware cluster-based routing protocel that optimally
considers destination node locations during CH selection, aiming to minimize packet transmissions

and node traversals and avoid path reconstruction.

Objective 4; In General, create routing protocols for IoT networks that minimize energy consump-
tion at the individual node and network-wide levels.

1.8 Research Contribution

The main contribution of this thesis can be summarized as:

» To propose a technique for optimal charger placement in the [oT-based networks that effi-
ciently charge the devices and make the network near perpetual. This technigue incorporates
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circular charger points for charger and fixed device points for IoT devices to make possible

near-perpetual network operations.

* To propose a simple EH-aware routing protocol that only traverses those nodes that become
in the direction of the destination node. This can be achieved through selecting efficient links
among neighbor nodes based on closest angles.

= To propose a modified K-means algorithm-based clusiering protocol that only selects the
CH in the direction of the destination nede. This can be achieved by dividing the nodes into

clusters according to their angles.

1.9 Thesis Organization

Chapter-1: Chapter 1 briefly introduces the IoT in smart cities, IoT-based Wireless Sensor Net-
works, and Energy Harvesting. Discuss the motivation of the thesis, the scope of the research,
and the research challenges. Also, discuss the problem statements, research questions aims of the

thesis, and contributions.

Chapter-2: In this seclion discusses the Literature on the energy harvesting routing protocols,
optimal placement of chargers, and clustering techniques. Also, the limitations of the existing
work are described and tried to solve in this work.

Chapter-3: In chapter-3 explains the methodology of the thesis and proposed system model. It
also discusses the parameters of the thesis, which can be compared with the exisling schemes and

Schemes Scenarios of the thesis.

Chapter-4: In this chapter of the thesis presents the first accepted scheme article of the thesis
briefly. In this article, the main focus is on finding optimal points for charger placement and device
placement. The presented work shows a great impact on charging devices,

Chapter-5: In this thesis’s chapter, present the second scheme article of the thesis briefly. In this
work, the main focus is on finding an optimal link for sending data to the sink/base node. The
results obtained by using the NS-3 simulator and presented work show a great impact on current

works.

Chapter-6: This chapier of the thesis briefly presents the third scheme article of the thesis, which
is in progress. In this work, the main focus is on selecting the optimal CH for data transmission

Hassan Zeb: 143-FBAS/PHDCS/Fi6 i3



®

Chapter 1 Introduction

towards the destination node. The results were obtained by using the NS-3 sinmlator, and there
was evidence that the presented work performed better than existing works,

Chapter-7: Ir this chapter, a discussion is made on the effectiveness of this thesis in the routing
protocols techniques.

Chapter-8: This is the last section of the thesis, which briefly discusses the Conclusion and Future
Work of the thesis.

The chapter-flow chart of the study is shown in Fig. 1.3
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Chapter 2
Literature Review

IoT-based WSN is a collection of sensor nodes and other devices that monitor a given area for
specific purposes. Each sensor node can sense the environment and send the data to the BS or
sink. Each sensor node has a battery or capacitor to slore energy, a wireless transceiver, a pro-
cessing unit, and memory for processing tasks. Battery life is one of the main research topics for
researchers because battery replacement is a challenging task in harsh areas. To cope with the
challenges, researchers have introduced energy harvesting from RF, solar, sound, wind, etc., to
recharge the battery/capacitor of a sensor node {47]. Following this line, the researchers introduce
energy harvesting-aware routing protocols. According to [47], the main goal of IoT-based energy
harvesting-WSN protocols is not to focus on energy but to use the variable energy to support QoS
requirements. This paper presents some energy harvesting-WSN protocols that use RF-energy har-
vesting for [oT-based W3Ns. Energy harvesting- WSN is not a limited area of research. From the
extensive literature review, the RF-energy harvesting for WSNs can be divided into the following

categories:

2.1 Wireless Power Communication Networking (WPCN)

WPCN is an RF-energy harvesting-bascd communication network that uscs the uplink and down-
link concept for wireless energy transmission {WET) and wireless information transmission (WIT).
The basic idea of WPCN is as follows: each node harvests energy from RF and transmits this en-
ergy wirelessly to other nodes using the downlink. Other nodes utilize the collected energy to
transmit data to the destination through the uplink. The study of authors [36] presented an effec-
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tive data collection algorithm for WPCN-based WSNs. In the algorithm, WPCN nodes harvest
their energy from RF and store it in capacttors/batteries. The downlink is used for WET, and the
uplink is used for WIT simultaneously. The authors assume a one-hop star topology in which sen-
sor nodes surround the sink node, and the sensor nodes harvest their energy from the sink node.
The sink node collects the sensed data from the nodes using the uplink and sends wireless energy
to one hop node using the downlink. The authors investigate the throughput of the node during
the collection of sense data to the sink per unit of time. MAC is a layer two protocol for con-
necting nodes (o access a transmission line. Much research has been conducted to develop MAC
protocols for energy harvesting-WSNs. The authors of [35, 37, 40] presented the Slotted ALOHA
(S-ALOHA) based protocol and claimed that this is the first work to apply the S-ALOHA in en-
ergy harvesting-WSNs for WPCN. S-ALOHA has time slots; each node waits for a time slot and
sends the data during the time slot. Otherwise, it waits for the beginning of the next time slot.
energy harvesting S-~ALOHA can be described as follows: each node harvests the energy from the
RF energy harvester, and when a slot is accessed, it transmits the data. In (35, 40], the authors
proposed the harvest-until-access technique, where nodes harvest energy continuously unti) a slot
is accessed and then send the packet. In [37], the same authors proposed another scheme for the
harvest-or-access technique.

2.2 Simultaneous Wireless Information and Power Transfer

The first paper in (SWIPT) was [32], as claimed by [30]. SWIPT uses a single transmission line for
information and energy harvesting. In SWIPT, information decoding (ID) and energy harvesting
are performed on each node. Some papers related to SWIPT are reviewed and discussed. Ref.
[30] presented an energy-aware routing algorithm for RF-based energy harvesting-WSN based on
the SWIPT technique. SWIPT uses a relay node to transmit data and power to nodes simulta-
neously. The relay node decodes and forwards the data between nodes. Some researchers adopt
the amplify-and-forward technique instead of the decode-and-forward. The authors introduced the
energy and information allocation problem, and then they presented an energy-aware SWIPT rout-
ing algorithm called ESWIPTR. The protocol is improved to a distributed synchronous proactive
version and an asynchronous proactive table-driven version. The basic routing algorithm is based
on an energy equation called E,,.,. ESWIPTR finds the minimum energy cost path for routing
through a routing function. The author also presents a distributed version of ESWIPTR using the
distributed Bellman-Ford protocol.
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The author considered a WSN with sensor nodes; each sensor was equipped with a single antenna.
The data flows between the source and destination nodes. Two ransmission modes are used be-
tween any two (i, j) nodes: information transmission (1T} and simultaneous wireless information
and power transfer (SWIPT), The IT is used when the sensor’s batiory is full, and SWIPT is used
when the battery’s energy is less than the minimum energy requirement. The author addressed
three problems in this work: routing, information, and energy allocation. In decode and forward
(DF) protocols, the receiver node first decodes the information and forwarii« it to the next node.
Therefore, successful decoding is essential for DF piotocols. The author jresented a decode as

follows:

L SWIPT
fig

2 Hmin (2 1 )

= Pijlhij[QP'éj/(”?j T T!,i;'

Where F;; is the sender node sending power, p;; is the power splitting value, h;; is the channel
gain, o;; is the power of a signal, R, 18 the required SNR requirement, and n; is the antenna

noise. The forward equation is as follows:

Bt = (1 — py)(hy; [ Py + 03 > Py (2.2)

P.; is the energy harvesting power requirement for forwarding the infomition to the next hop

node.

ch = JPJ'J:IFJ,' =1 (23)

P;; is the power cast for forwarding to the neighbor/next node, and r;; is the link state (active = 1,
not active = 0), The authors’ main objective in routing was to find the minimum cost link.

The author presented two types of routing algotithms, i.e., centralized and distributed. The routing
algorithm is based on the concept that a node with low energy selects the next node for routing.
The presented routing algorithms, ESWIPTR, are based on Egs. (13-(3). A Dijkstra-based central-
ized routing algorithm was used in this work. The Dijkstra algorithm first checks the shortest path
between the neighbor nodes and selects the node with the shortest or closest path to the destina-
tion. Like the Dijkstra algorithm, the authors first examine the path with the minimum energy from
the source to the destination node and allocate resources. The minimum energy can be calcuiated
through the Ecost equation. The authors also presented the distributed version of the ESWIPTR
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algorithm using the distributed BellmanFord protocol. The algorithms are evaluated by conver-
gence rate, the impact of the node density, minimum energy requirements for packet forwarding,
and the impact of the barrier. The authors presented another paper {31] for interference-aware
routing. Interference occurs when one-directional link affects other directional links or uplink af-
fects downlinks in cellular networks. [48] Presented another SWIPT based RF-energy harvesting
WSNs with amplify-and-forward relay nodes. [33] Presented a selection cooperation protocol with
feedback from destination to source node. [34] Presented a cluster-based SWIPT protocol.

2.3 Polling-based

[49] Presents a polling-based MAC protocot for energy harvesting. The sink fircs a packet to nodes
containing a contention probability instead of ID. Nodes in the network decide through this packet
whether to transmit their packet or not. The contention probability is based on the number of
nodes, current energy harvesling rat, and packet collision. The contention probability increases
when other sensor nodes respond and decreases when a collision occurs. The polling-based MAC
protocol for energy harvesting uses the charge-and-spending harvesting strategy. It Rrst accumu-
lates enough energy and then goes into the receiving state to listen and receive the polling packet.
The author used three parameters for the performance of the given protocol: throughput, fairness,
and inter-arrival time. Throughput was used to receive the packet at the sink node successfully.
Fairness is used to achieve a balanced degree of the network. The faimess F and inter-arrival time

T equations are as follows:

(Ln)

F=-1__ (2.4)

n
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Where R, represents the rate of data packets received from sensor {, andn is the number of total
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nodes.

2.4 Optimal Placement of Charger

Tang et al.[18] addressed charging and routing challenges in a network using a mobile device
on the shortest travel path. Considering their energy conditions, a prioritization method is em-
ployed to charge critical nodes. Routing considered node state and energy supply strategy, select-
ing forwarder nodes based on energy consumption and estimated recharge time. However, some
challenges arose: charging time hindered routing performance, the prioritization method strug-
gled with numerous critical nodes, and topology changes were not accounted for. Moreover, the
problems of limited data buffer capacity and long transmission delay are identified [50].

Tomar et al. [51] presented an OPC solution. He divides the IoT network into area of interest
{Aol) using fuzzy logic, and then BS assigns the charger to the divided regions. The Aol process
can be described as drawing a base axis line from the BS, intersecting the rectangular network
honizontally. It divides the region into four quadrants. Each node will calculate its angular distance
from the base axis line. Traffic load is also included in the Acl process. The author used the
regional traffic load (RTL) and total traffic load (TTL) of the network. Each Acl has at least one
charger. The author considered any standard routing algorithm to find the network’s traffic load
but did not give a solution. The mobile charger (MC) entertains the charging request through fuzzy
logic about which next node to charge. In Fuzzy logic, the charger checks the remaining energy,
maximum distance, etc.

Ding et al. [52] solve the OPC problem from two different aspects: first, to develop a strategy of
charger placement to minimize the deployment cast, and second, to inaximize the overall charging
levels of the network. The OPC problems of Ding et al. can be summarized as follows: given a
set of rechargeable IoT devices and a set of locations, the purpose is to place the chargers (Omni
or directional) in suitable locations that minimize the total cost of deployment of chargers. Ding
et al. solve the problem of OPC but do not consider the distance between the farthest node and the

charger, which can harvest less energy than the nearest node.

The PSCD algorithm [21] by Chen et al. is designed to address the Wireless Charger Deploy-
ment Optimization (WCDO) problem using a Particle Swarm Optimization (PSO) approach. Each
charger is modeled as a particle, and each particle will store the particle position and antenna di-
rection with a fitness function. The fitness function considers the charging distance and angie for

Hussan Zeb: 143-FBAS/PHDCS/F16 20



Chapter 2 Literature Review

each sensor node the charger covers. Local and global optimum are used to find the best location
locally and globally. For local optimum, store the best fitness value, corresponding position, and
antenna direction seen so far. Store the best global fitness value, corresponding position, and an-
tenna direction across all particles for the global optimum. Deploy a charger based on the global
optimum position and antenna direction.

Jiang et al. [53] presented two rypes of algorithms, Greedy Cone Covering (GCC) and Adaptive
Cone Covering (ACC), for selecting the optimal placement of chargers and the optimal area for
device placement. They utilized a cuboid model to deploy chargers and devices, with grid points
on the top and lower parns of the cuboid used for devices. GCC and ACC algorithms have two
phases: cone generation and cone selection,

Cones are generated by taking each grid point as the apex. The algorithm starts by creating a half
sphere (HS) centered at each grid point in the deployment areca. The HS is a three-dimensional
region that covers sensor nodes within its boundary. Within the generated HS, the algorithm cal-
culales the set of sensor nodes (SS) that fall within the half sphere’s coverage. For each pair, the
following steps are performed. Vector Generation: For a selected pair of nodes, the algorithm cal-
culates a vector representing the direction from the grid point (apex of the cone) to the midpoint
between the two nodes. Multiple vectors are generated for multiple nodes in HS. Using the cal-
culaled vector, a cone can contain an apex point {the point from where it starts), a direction, an
effective charging distance, and an effective charging angle.

Cone Selection: The algorithm generates candidate cones at this stage. Now, the algorithm selects
the best cone. The cone that covers the most devices will be selected for charger placement.

Therefore, the apex of the selected cone becomes the charger point.

The Genetic Particle Swarm Optimization Charger Deployment {(GPSOCD) [22] is introduced,
combining Particle Swarm Optimization {(PSO} and a genetic algorithm (GA}. In PSQO, each par-
ticle holds velocity movement direction, updated rule information, and inertia weight. The up-
date rule involves iteratively adjusting particle velocity based on its historical best position (local
best) and the overall best position of the entire swarm (giobal best). The inertia weight reflects
a particle’s previous velocity, with a higher inertia rate encouraging larger movements for global

exploration and a lower rate focusing on local search in known good areas.

The GA functions as a fitness function, selecting velocity, update rule, and tnertia weight parame-
ters to create new chromosomes with improved parameter values.
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The PSCD [2] algorithm is designed to address the Wireless Charger Deployment Optimization
(WCDO) problem using a Particle Swarm Optimization (PSO) approach. In this algorithm, each
charger is modeled as a particle, and each particle stores the particle position and antenna direc-
tion along with a fitness function. The fitness function considers the charging distance and angle
for each sensor node the charger covers. Local and global optimum are used to find the best lo-
cation locally and globally. The algorithm stores the best fitness value, corresponding position,
and antenna direction for the local optimum. It stores the best global fitness value, corresponding
position, and antenna direction across all particles for the global optimum.

The aigorithm uses the global optimum position and antenna direction to deploy a charger.

IPSCD is a modified version of PSCD in which only the step where the charger is placed through
the global position is modified. The modification tnvolves selecting the best global position again
from the available global positions.

Xu et al. [23] aimed to optimize charger placement for efficient device charging, incorporating
directional antennas for energy transmission. They addressed two challenges: determining docking
spots and charging orientations for devices to achieve complete charging coverage. Docking spots
refer to specific locations where the charger’s direction vector and angle are not aligned with the
charging device. The second challenge involves planning the moving path of a DCV (Device
Charging Vehicle) to ensure no sensors run out of energy during the charging cycle. The solution
focuses on finding docking points with optimal charger orientation and angle, creating a charger
tour starting and ending at the BS (Base Station). In the case of network topology changes, the
process repeats, which becomes costly. Concentrate on a specific area to charge specific devices

efficiently.

2.5 EH Aware Location/Angle Based Protocols

Nguyen et al. [26] introduced the energy harvesting Aware Routing Algorithm (EHARA), which
considers the nodes’ battery level and divides it into three categories: maximum, minimum, and
low. The underlying concept of this protocol is to select the link with the minimum cost and the
node with the minimum cost when a source node intends to transmit a data packet to a destination
node. The minimum cost link is determined based on factors such as the link distance and the
energy harvesting process. However, this approach has an issue when it initiates 1 new route

creation procedure in case of route failure. Moreover, there is a possibility of long routes existing.
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" Gong et al. [38] introduced an on-demand energy harvesting-aware routing approach for Wireless

Sensor Networks (WSNs) focusing on finding an optimal route based on the least transmission
cost determined by considering various factors such as the transmission range, estimation of trans-
mission cost from the current node (m* node) to its next hop, the average number of retries,
the minimum required radio transmission power, circuit processing power, receiving power of the
next node, time required to deliver a packet, and energy harvesting considerations. The energy
consumption rate is high as more messages dissipate. Moreover, it creates a new path after link

breakage.

Yallappa [28] presented an energy harvesting aware protocol using two parameters, distance and
maximum current energy, to calculate the fitness for an optimal path between source and destina-
tion nodes. However, the prediction model of node energy harvesting is weak.

In [54], the authors introduced a MAC protocol that leverages RF energy harvesting to charge
the battery of sensor nodes. Once the nodes are fully charged, they initiate data collection and
transmission activities. To prevent packet collisions, the protocol incorporates the concept of back-
off time to avoid collisions. However, the challenge is predicting a node’s waiting time to harvest
energy and start working,

Authors in [39] presented a scheduling mechanism for operational states of sensor nodes that in-
volves switching between recharge and work states. Considering the dynamic topology resulting
from these state transitions, the author proposed a solution for single-hop and multi-hop scenarios,
where routing path selection is based on channel capacity and energy level. However, the proposal
suffers fromn the lack of traversal of additional nodes, handling the addition of new nodes, and

limited scalability in large-scale networks.

The authors in [55] improved the R-MPRT algorithm using the residual energy of each node instead
of the energy harvesting rate to determine its cost function. This modification likely aimed to
optimize the algorithm’s performance and efficiency when dealing with energy management in
wireless networks or similar systems. The proposal still suffers from extra node traversing with

the broadcasting mechanism.

In [56], the author introduces an energy-aware routing protocol EAQ-AOCDY employing Q-learning
for CH selection and incorporates parameters like residual energy, common channel, number of
hops, licensed channel, communication range, and trust factor to establish optimal routing paths.
Using Q-learning, the protocol learns from past experiences to make informed decisions. One
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challenge of this proposal is frequent npdates and overhead during network changes.

The article in [57] introduces a heuristic angular clustering framework for securing statistical data
aggregation in sensor networks to address energy and scalability issues in wireless sensor net-
works through a complex deployment structure called radial-shaped clustering (RSC). RSC di-
vides the network area into virtual concentric rings, and each ring is further divided into sectors
called clusters. The node closest to the midpoint is selected as the CH, and data from each sector
are aggregated and forwarded to the sink node using angular inclination routing. The paper does
not address the extensive communication overhead associated with cluster data aggregation and
routing. In large-scalc sensor networks, excessive overhead might lead to inefficiencies.

The authors in {58] presented a novel approach using Voronoi diagrams and Delaunay Triangles
for energy-efficient path selection to forward the data. For optimal path selection, a source node
identifies the destination node’s Voronoi cell and its own, then selects the next hop from the com-
mon Delaunay Triangle. This geometric approach reduces communication overhead and conserves
energy, making it an efficient and promising solution for geographic routing in wireless sensor net-
works. However, the proposal suffers from scalability, route maintenance, and border node-related

problems,

Redjimi et al. [59] presented a location-based IEGGR (Incremental Expansion Greedy Geographic
Routing) for solving the local minima problem. The main idea behind IEGGR is to consiruct a local
sub-graph for each node, known as the Routing Area, by including neighbors closer to the base
station than the source node. The nodes in this area participate in a Minimal Spanning Tree (MST)
calculation using Print’s algorithm. When a node encounters a void (no neighbor closer to the base
station), it widens its [ocal sub-graph area to an angle to form the Recovery Area. The trade-off
between widening the recovery area to avoid voids and keeping it small to conserve energy and
reduce delays must be carefully considered. This problem causes high energy consumption and

end-to-end transmission delay.

In [50], the author claims that existing studies on energy harvesting-WSN fail to adequately ad-
dress the relationship between energy state and data buffer constraints. Consequently, they do not
effectively resolve energy efficiency issues and long delays. The author proposes a novel routing
protocol based on a greedy strategy for energy-efficient energy harvesting- WSN considering the
energy harvesting, energy classification factors, and energy consumption to identify each node’s
energy state accurately. In this method, the intermediate node closest to the destination node is
selected, possibly leading to long routes and more energy wastage. Moreover, the border node
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problem has not been solved: when the same nodes closest to the destination are in the forward

transmission region, the algorithm does not specify which one will be selected.

{60] Presented a routing protocol for energy harvesting-WSN. In this work, he used the Improved
Energy Efficient Ant Based Routing Algorithm (IEEABR) for harvesting RF energy and managing
the harvested and available energy for wireless sensor networks. He first discusses the RF power
density, storage of the harvested power, calculation of the received power, and power management
in the energy harvesting-WSN protocol. IEEABR technigue used for routing. The author of this
paper used the Friis equation [61), which is used for a situation where the distance between rwo
nodes or antennas is known, and this equation is discussed in [61] in detail. [26] Presented an

energy harvesting-aware routing protocol.

In [62], the author proposed Fuzzy logic-based adaptive duty cycling for sustainability in energy
harvesting sensor actor networks. The harvesting model forecasts the amount of energy that can
be collected from a renewable energy source and also estimates the remaining available energy for
the future by incorporating the predicted harvesting energy, an energy consumption model, and
the current residual energy. However, the paper does not provide a solution for determining the
nearest or farthest node to harvest energy. This means that a node closer to the energy harvester
may harvest more energy than a node farther away.

The authors in [63] highlight challenges in energy harvesting for IoT applications, particularly
the limited lifetime of 10T networks due to power deficits in nodes and the need for appropriate
positioning of RF-energy transmitters for sufficient energy transfer. The proposed solution is a
network-aware RF-energy transmitter positioning scheme that considers energy-hole information,
dala routing information, and node-connectivity information to optimize transmitter placement and
address energy-hole issues. Similarly, the authors in [64] focused on improving the performance
of IoT systems by combining cognitive radio (CR), energy harvesting, and back-scatter commu-
nication {BC) technologies. The objective is to achieve high throughput on various channels by

propusing a nove!l hybrid communication scheme.

The author of [63] introduces an angle-based approach for routing path selection. Their work can
be divided into Greedy Delivery and Bypass Delivery. In the Greedy Delivery method, a node
broadcasts an RTS message to find the better candidate for delivering data to the destination. In
the Bypass Delivery method, the node enters bypass mode if no candidate is found using Greedy
Delivery, It broadcasts an RTS message with its location and destination and bypass mode infor-
mation to its neighbors. Each neighbor calculates a deflection angle to determine its candidacy and
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sets a imer for broadcasting the CTS message. The node selects the neighbor with the minimum
angle towards the destination as the forwarder to relay its data packet. A significant portion of the
data packets are sent in broadcast mode, which leads to various issues. These problems include de-
lays in transmitting the packets, higher energy consumption, a higher likelihood of losing packets
during transmission, and longer routes to reach their intended destinations.

The research by Kumar et al. [66] shares similarities with the proposed approach in this article.
However, there is a difference in optimal link selection. The authors employed a region-based
approach for sending initiahization packets m their study. While they did not delve into the selection
of forwarding regions, they utilized a triangulation region to forward the initialization packet. All
nodes would forward the packet within this region by choosing nodes in increasing order of their
angles. However, a concern arises when a node lacks neighbors, which may lead to a dead end.
Additionally, unnecessary traversal of nodes may occur, resulting in extra cnergy wastage, as these
nodes may not be in the direction of the destination node.

Khan et al, [63] presented an energy harvesting-aware routing protocol for an IoT-based wireless
body area network (WBAN). The author solved the topology construction and routing problems.
In the sensor deployment phase, the author used a beacon message through which each node cai-
culates its distance, hope count, and residual energy of the nodes. In the topology construction
process, the author used two packets, hello and reply. During the topology construction process,
the author tried to find the information about neighbor nodes and store it in the routing table. The
best forwarder node is selected among neighbor nodes in the routing process. The best forwarder
node has the qualities of maximum residual energy, shortest path, total energy (TE), distance (d),
hop count {HC), link efficiency (LE), and node congestion level (NCL). So, three packets are used
in the whole network: beacon, hello, reply, and data packets. This paper has some problems, such
as link/node failure not being considered, long roots exist, and the farthest-shortest problem not
being considered. Routing in the direction of the destination node is not considered.

The Authors of [25] presented an energy harvesting-based routing protocol. He used the learning
automata (LA) to solve discrete energy harvesting and energy consumption balancing probiems.
In LA, current action has been taken from the previous aclion. The author divides his technique
into two steps: the initial network step and the routing steps. The author constructs the topology
using an initial packet and replies to packet-type messages in the initial network step. The ack and
data packet type messages are used in the routing steps. In the inifial network step, when a source
node wants to send data to the destination node, it generates the initial packet and broadcasts it to
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neighbor nodes. When the destination node receives the initial packet, it converges to the reply
packet; hence, the source node can get the information of the destination node. During the initial
step, each node calculates the residual energy and the energy harvesting probability. After getting
the necessary information from the initial step (neighbor node information, etc.), the data packet
is broadcast to the neighbor nodes using LA. In this paper, the mismatch problem exists. Also, the
author does not consider routing to a specific location.

Ilyas et al. [67] presented a trust-based routing protocol for an loT-based sensor network. The
author presented a routing algorithm that collects data from the smart environment, smart homes,
smart health, smart agriculture, and smart grids in a smart city environment. The author tried
to reduce the control packets during network communication. The presented solution was cluster-
based, in which the author divided the nodes into CH, a cluster gateway (CG). and a cluster member
(CM). The IoT devices are fixedly deployed in a target area. The author used two phases for net-
work operations: initialization and routing. A reply and ack packet collect necessary information
for routing among neighbor nodes in initialization. Besides these packets, inter-cluster packets are
also exchanged by CH and CG, such as joint requests, broadcasting of CG roles, etc. The data
packets are sent through an efficient link regarding harvesting energy rate, initial energy, distance,
etc. One of the main limitations of this approach is the number of message transmissions in inter-
cluster and intra-cluster. Link/node failure not considered. Traverse extra nodes during routing.
[27] Employ the minimum distance and the required energy for sending and receiving packets,
considering the energy harvesting rate. In situations where no minimum distance is specified, ap-
ply the right-hand rule. It’s important to note that implementing the right-hand rule may increase
the path diameter.

2.6 Cluster Based

In this research [68), the author presented a modified version of the K-means algorithm called
Mk-means. This work aims to select the CH to minimize the energy consumption within IoT-
based WSNs. Several techniques have been used to reduce the energy consumption of the nodes,
including the firefly algonthm (FFA), which used the optimal path selection from CH to the base
station for optimal route construction. For constructing an optimal path for clusters, the author used
distance, residual energy, and route traffic parameters as fitness functions. This approach leads to
efficient data transmission between inter and intra-cluster architecture. The approach efficiently
reduces the energy consumption of individual nodes. This work does not consider link failures,
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and as a result, the approach leads to a minimum Packet Delivery Ratio (PDR) and throughput
compared to the work presented in Chapter 6

This research [42] introduces an enhanced clustering algorithm called 1S-k-means for balanced
energy consumption in WSNs. It combines clustering by fast search and finding of deunsity peaks
(CFSFDP) and kernel density estimation (KDE) to improve the selection of initial cluster centers.
The soft-k-means algorithm reassigns nodes at cluster boundaries, ensuring a fair distribution of
nodes per cluster. Multi-CH are introduced to promolte energy batance within clusters, reducing
individual node burden. Extensive simulations validate the algorithm’s effectiveness, especially in
small-scale WSNs with single-hop transmission.

The work of {43] based on K-means clustering protocol is presented called Energy Efficient Clus-
tering Protocol based on K-means (EECPK-means). This work deals with the load of CHs in
WSNs. The author used the midpoint method to enhance the initial selection of centroids in the
K-means algorithm. This results in more balance in cluster creations.

‘The author of [44] introduces an enhanced version of the LEACH protocol incorporating the K-
means clustering to improve the CH selection process. This method focuses on creating symmet-
rical clusters to reduce the distance between nodes and sink. The author considers the sink node’s
location when it is located far away in the network. In the CH selection process, a node is selected
as CH that requires less energy to manage the cluster members and optimizes the overall energy

consumption within the network.

The research of [45] introduces K-means clustering combined with the LEACH protocol [69]. The
CHs are selected using LEACH protocols, while the K-means protocol approach generates the
clusters. The results showed that it consumed less energy than LEACH. There is the possibility of
re-clustering, which leads to extra energy consumption during cluster creation and the CH selection

process.

The study of authors [70] is based on combining k-means and Gaussian elimination methods for
minimizing the energy consumption in wireless sensor networks { WSNs} and prolonging the net-

work operation time.

In the study of the authors [71] presented a modified k-means clustering algorithm that takes into
account two important factors: the distance between CHs and their member nodes and the re-
maining energy levels of the nodes. The objective was to reduce overall energy consumption and

maximize network lifetime.
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The work of {72] found optimal paths in a mobile ad-hoc network (MANET) using a new K-
means clustering algorithm. The author tried to solve the traditional clustering limitations, such
as permanent CH, fixed cluster members, and fixed networks. This approach selected an optimal
route from the source to the destination node and ensured the packet reached the destination node.
The clusters and CHs are dynamically changed.

The study of [73] authors is based on combining fuzzy c-means clustering and particle swarm
optimization (FCM-PSO) methods that reduce energy consumption and minimize network discon-
nects. This approach used communication constraints and membership probability during CHs and
cluster node selection,

The work of [74] is based on cluster formation and selection of stable CH in WSN. The cluster
formation process used a modified K-means algorithm with a different centroids selection method.
In the centroids selection process, the geographic area of the network and the spatial distribution
of nodes are considered. The selection of CH is based on a weighted multi-criteria acceptability
formula that considers multiple criteria such as energy consumption, mobility, node degree, and
packet drop ratio. The weighted approach ensures a balanced and efficient distribution of CHs.
The main objective of this work is to increase the performance and reliability of the JoT-based
WSN. There are route maintenance problems, and extra energy nodes are wasted.

The authors of [46] presented a proactive MANET routing protoacol that relies on nodes’ energy
levels and movement pattems. The author combined three techniques, K-means clustering, AQDV,
and Ant Colony Optimization (ACO) in the presented work. In the K-means clustering, the node
energy consumption level is stored, and this information is used for AODV routing, which ACO
further enhances to optimize the routing decision. This protocol aims to improve energy efficiency
per node and consequently increase the overall energy performance of MANETSs. Route Recon-
struction in case of CH failure. The wastage of extra energy nodes problem exists.

The work of [75] is based on a modified K-means algorithm (Modified K-Means++) with improved
LEACH called MKPP-LEACH. The MKPP-LEACH incorporates the modified K-Means++ algo-
rithm with the original LEACH [69], which takes into account three main factors: the furthest
distance between SN and BS in the selection of centroids, the distance as an additional parameter
in determining the cluster center, residual energy when selecting CHs for overall protocol. The
author aims to minimize the energy consumption in the CHs selection and cluster creation process.

Hagq et al. [76] presented a cluster-based energy harvesting-aware routing protocol, which ad-
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dresses the problem of energy efficiency and communication reliability. The author describes
three phases of the presented solution: deployment phase, initialization phase, and CH formation
phase. In the deployment phase, the BS broadcasts 2 message to wake all the nodes. In the initial-
ization phase, two packets, hello and reply, are used to collect the necessary information. In the
CH formation phase, three messages ar¢ used for inter-cluster and intra~cluster communication.
The drawback of this approach is more message exchange between inter-cluster and intra-cluster
communication of nodes.

The work of [77] proposes a novel routing protocol, LPLL-LEACH, addressing energy imbal-
ance and extended packet forwarding time in low-energy adaptive clustering hierarchy (LEACH).
LPLL-LEACH optimizes energy usage by calculating the optimal number of CHs and redefin-
ing CH election thresholds based on muitiple factors. Ordinary nodes select clusters using a cost
function, and a forwarding function determines the optimal next hop CH for data transmission. Or-
dinary nodes are allowed direct communication with the base station (BS). LPLL-LEACH employs
a hybrid CSMA-TDMA mechanism to minimize latency, enhance data transmission efficiency and
reduce time delays.

The study of [78] addresses the challenge of Ioad balancing and optimal CH selection with mintmat
energy consumption. The proposed approach utilizes an unsupervised machine leaming algorithns,
specifically the k-means algorithm, to form clusters. Additionally, 2 fuzzy-based approach is em-
ployed for CH selection. Simulation results demonstrate the effectiveness of the proposed method,
showcasing improvements in energy usage and mirmmizing the delay in identifying CHs.

The work of [79] introduces the Energy-Aware Cluster-based Routing (EACR-LEACH) protocol
for Wireless Sensor Networks (WSN) in the context of the Internet of Things (IoT). An essential
aspect of clustering protocols in WSN-based IoT is the selection of the CH. EACR-LEACH ad-
dresses this by employing roating metrics, specifically Residual Energy (RER), Number of Neigh-
bors (NoN), Distance between Sensor Node and Sink (Distance), and Number of Times Node Acts
as CH (NTNACH), to determine the most suitable CH.

The paper of [80] proposes a hybrid clustering method, KPSO, integrating K-Means clustering and
Particle Swarm Optimization (PSO) to enhance Wireless Sensor Networks {WSNs) performance.
The effectiveness of KPSO is compared with traditional techniques, including Mod-LEACH and
K-means clustering.

Addressing the challenge of limited sensor energy in Wireless Sensor Networks (WSN), This [81]
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study focuses on optimizing the data transmission path through routing. The commonly used
Low Energy Adaptive Clustering Hierarchy (LEACH) protocol minimizes energy consumption by
clustering nodes. However, it faces energy issues with increasing data transmission due to ran-
dom clustering, which causes node distribution imbalance. The proposed enhancement, LEACH-
KMe, integrates the K-Means algorithm, and simulations show it surpasses conventional LEACH
in achieving a more even node distribution, lower energy consumption, fewer dead nodes, and

increased numbers of alive nodes and residual energy.

The work of [82] presents a dynamic K-means clustering algorithm for wireless sensor networks,
focusing on energy efficiency. It adapts cluster numbers based on active nodes, selects CHs using
fuzzy inference, and utilizes machine leaming to reduce transmitted data for optimized energy use,
Simulation results highlight DKFM’s superior performance in data reception, active nodes, and
energy depletion across different network densities. The algorithm effectively extends the network
lifetime, showcasing its robustness in diverse scenarios.

The work [83] addresses the challenge of improving network lifetime and throughput and reducing
energy consumption in wireless sensor networks. It proposes a solution, KM-MWOA, integrating
K-means clustering to organize sensor nodes and a modified whale optimization algorithm for effi-
cient packet transmission. K-means clustering optimizes data transmission by grouping nodes with
a single CH, while MWOA selects energy-cfficient and least-delayed paths between CH and the
base station. This approach minimizes intra-cluster communication, enhancing energy efficiency
and overall network performance.

2.7 Research Gaps

In the literature review, different types of problems arise. Some problems are related to each other,
such as energy consumption and routing [48], energy harvesting and routing {35, 39], battery
charging [49, 60], and energy management and routing [6]. Some problems are solved without
routing, such as the placement of chargers [38, 48, 49]. In the beilow table below, some problems
are identified in this research.
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Table 2.1: Analysis of Related Studies.

S.Ne Literature Approach Limitations

I M. Nguyen et The optimal link selection by It initiates a new route creation proce-

n

al. [26], 2018

considering distance, battery

levels

dure in case of route failure. Moreover,
there is a possibility of long routes ex-
isting.

Li et al. [39],
2018

The optimal link selection by
Channel capacity and cnergy
level

The traversing of extra nodes problem
and how to tackle joining new nodes.

Bozorgi et
al. [20], 2017

Energy harvesting clustering by
selecting CH with a high energy
level and high energy harvesting
1ate

Used route requests repeatedly to es-
tablish a route between nodes in case
of link/node failure. Also, data send-
ing is done randomly, not at a specific
location, traversing all nodes and ulti-
mately causing extra energy wastage,

Tomar et
al, [51], 2020

Presented an optimal piacerment
of charger strategy to charge the
nodes

The author used next to charge
paradigm to charge the nodes by their
request, causing a problem such as
more requests and more charging de-
lays.

Ding et
al. [52], 2020

Solve the OPC problem from
two different aspects, first to de-
velop a strategy of charger place-
ment to minimize the deploy-
ment cast, and second, to max-
imize the overall charging levels
of the network,

do not consider the distance between
the farthest node and the charger,
which can harvest less energy than the
nearest node.
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Table 2.1 - continued from previous page

S.NO Aunthor/Year Approach Limitations
7/ Tang et Solve the OPC problem by mo- The charging time degrades the per-
al. [18], 2018  bile charger moving in the short- formance of the routing process.
est path and select the link of Link/device failure (topology changes)
a node with high energy, esti- not considered.
mated time to replenish energy,
and energy consumption rate to
forward the data
8 Zhilin et Moving charger is used tocharge  One of the main problems in this pa-
al. [41],2020  the crtical in terms of emergy per is how to deal with the situation
nodes and TOPSIS technique for when more nodes reach a critical sit-
link seleclion uation. Also, network topology main-
tenance is not considered.
9 Khan et Presented an energy harvesting- The optimal link selection by consider-
al. {84], 2018  aware routing protocol for IoT- ing maximum residual energy, shortest
based wireless body area net- path, total energy (TE), and hop count
work (WBAN). {HC).
10 llyas et Energy barvesting Clustering More message transmission in initial-
al, [67], 2020 ization phase,Inter-cluster and intra-
cluster
11 Hagetal. [76], Presented cluster-based energy More message transmission in the
2020 harvesting aware routing proto- initialization phase, Inter-cluster and
col intra-cluster communication.
12 Mahboubet Presented modified K-means There is the possibility of re-
al. [45], 2017 . cluster-based routing protocol clustering, which leads to extra

energy consumption during cluster
creation and the CH selection process.
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Table 2.1 - continued from previous page

S.NO  Author/Year

Approach

Limitations

13

14

15

16

17

Yiang et
al. [53], 2016

The article proposed optimal
charger placement strategy.

The main issue in this scheme is that
the nodes degrade the EH process as
the charger height increases, So we
still need to overcome the farthest-
nearest charger placement problem. It
could be better for dense networks.

Gupta et
al. [74], 2021

The author presented a modified
K-means algorithm. Centroids
are selected through node posi-
tion, and CH is selected through
energy consumption, mobility,
node degree, and packet drop ra-
tio.

Route maintenance and wastage of ex-
tra energy nodes problems exist.

Kumar et
al. (46], 2019

The author presented a modified
K-means combined with AODVY,
and Ant Colony Optimization
(ACO) techniques.

Route Reconsiruction in case of CH
failure. The problem of wastage of ex-
tra energy nodes exists.

Muicti et
al. [75], 2022

The author presented a mod-
ified K-means combined with
LEACH

There
clustering,

is the possibility of re-
which leads
energy consumption dunng cluster

to extra

creation and the CH selection process.

Joseph et
al. [68], 2023

The author presented a modi-
fied K-means algorithm called
Mkmean with firefly algorithm
(FFA) for optimal link selection.

This work does not consider link fail-
ures, and as a result, the approach leads
to a minimum Packet Delivery Ratio
{PDR) and throughput compared to the
work presented in Chapter 6
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2.8 Synthesise of Literature

This literature synthesis integrates findings from twelve recent studies on improving energy ef-
ficiency in Wireless Sensor Networks (WSNs). The reviewed studies encompass various strate-
gies, including energy harvesting technologies, efficient charger deployment, adaptive routing al-
gorithms, and optimized clustering and routing protocols. By examining these approaches, this
synthesis aims to identify key themes, patterns, and relationships that contribute to understanding
how energy efficiency can be achieved and sustained in WSNs.

The synthesis is organized into three main themes: Energy Harvesting and Charger Deployment,
Routing Algorithms and Energy Efficiency, and Network Performance and IoT Applications. Each
theme highlights significant advancements and insights derived from the collective research, pro-
viding a comprehensive overview of this field’s current state of knowledge. This structured ap-
proach underscores the importance of multifaceted solutions for enhancing energy efficiency in
WSNs and sets the stage for future research and development efforts. The themes discussed are as
follows:

2.8.1 Theme 1: Energy Harvesting and Charger Deployment

Energy Harvesting Technology Studies consistently show that energy harvesting technology
significantly improves the lifettme of WSNs (J.-R. Jiang et al., 2016; M. Khelifi et al,, 2021).
Energy harvesting enables WSNs to harness energy from their surroundings, reducing reliance on
battery power and enhancing network sustainability. For instance, solar energy harvesting has been
successfully integrated into WSNs to improve network performance and reduce maintenance costs.
The integration of energy harvesting technology has been shown to improve network performance,
reduce maintenance costs, and enable the deployment of WSNs in a wider range of applications.

Efficient Charger Deployment: Deployment strategies, such as particle swarm optimization
(PSO), enhance network sustainability by optimizing the placement and efficiency of wireless
chargers (J.-R. Jiang et al., 2021). Efficient charger deployment ensures energy is transferred
efficiently, ceducing energy waste and enhancing network performance. For example, optimizing
charger placement has been shown to reduce energy consumption by up to 30%. The development
of advanced deployment strategies has been instrumental in improving the overall energy efficiency
of WSNs,
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Mobile Directional Charging: Optimizing charging efficiency and maintaining perpetual sen-
sor network operation through mobile directional charging enhances energy efficiency (X. Xu et
al., 2019). Mobile directional charging enables wireless chargers to move within the network, op-
timizing energy transfer and reducing energy waste. This approach has been shown to improve
network performance, enhance energy efficiency, and reduce maintenance costs. For instance,
mobile directional charging has improved network lifetime by up to 50% .

2.8.2 Theme 2: Routing Algorithms and Energy Efficiency

Distributed Routing Algorithms: Research has shown that distributed energy-harvesting-aware
routing algorithms are highly effective in adapting to dynamic network conditions and optimizing
energy efficiency, leading to improved network performance and reduced energy consumption (T.
D. Nguyen et al., 2018).

Learning Automata-Based Approaches: Learning antomata-based approaches have been demon-
strated to improve routing decisions in discrete energy harvesting mobile WSNs, resulting in better
energy utilization and enhanced network reliability (S. Hao et al., 2019).

Physarum-Inspired Routing Protocols: Physarum-inspired routing protocols have been devel-
oped to enhance energy efficiency in energy harvesting WSNs by mimicking the foraging behavior
of the slime mold Physarum polycephalum, resulting in improved network performance and re-
duced energy consumption (W. Tang et al., 2018).

2.8.3 Theme 3: Network Performance and IoT Applications

loT Application Requirements: Studies have highlighted the imporiance of considering the
specific requirements of [oT applications when designing routing protocols to ensure reliable per-
formunce and efficient energy use (K. P. Yallappa and A. A. Naik, 2022).

Energy Harvesting Protocols: Energy harvesting protocols such as EH-GPSR {Energy Har-
vesting Geographic Perimeter Stateless Routing) have been developed to enhance network lifetime
and stability, ensuring reliable execution of loT applications and improving overall network per-
formance (M. Khelifi et al., 2021).
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Clustering Algorithms Clustering algorithms like modified k-means and the AODV (Ad hoc
On-Demand Distance Vector) routing protocol have been shown to improve network performance
and energy efficiency in WSNs, enabling the deployment of IoT applications (A. Gupta et al,,
2021; B. A, Kumar et al., 2019).

Modified k-Means Firefly Optimization: The modified k-means firefly optimization techniqie
has been developed to enhance network lifetime and energy efficiency in WSNs, improving per-
formance and reliability for IoT applications (A. J. Joseph ct al., 2023).
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This thesis delves into several research challenges related to the given research questions. The
first question focuses on finding the optimal charger placement to address the dilemma of charging
nodes near and far from the charger. Additionally, it aims to formulate an efficient charging tour
to identify the best charger positions and uncover charging areas that remain within the charger’s
line of sight as it moves. The second question aims to develop a location-based routing algorithm
aware of energy harvesting, guiding nodes toward their destination while considering their energy
needs. Lastly, the third question seeks to create an energy-aware location-based clustering routing
algorithm to choose the closest CH to the destination node’s location.

The thesis encompasses three primary research strategies. First, it leverages practical knowledge
gained from real-world projects to assess the capabilities of modern technologies and their tangible
benefits. These projects, discussed in Chapter 4, involve real test beds for research purposes. Next,
it utilizes a flat network approach to devise an energy-efficient routing protocol for IoT Wireless
Sensor Networks {WSNs). This approach tackles challenges such as improving packet delivery,
reducing energy consumption, optimizing throughput, and minimizing delays. Furthermore, the
thesis adopts a cluster-based network approach, as explained in Chapter 6, to design an energy-
aware routing protocol for loT-based WSNs, focusing on enhancing packet delivery, minimizing
energy usage, and optimizing throughput. Importantly, the challenges encountered during these
projects underscore the limitations of existing methods and provide valuable insights for effectively
shaping these methodologies.
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3.1 System Model

This section provides a concise and general overview of the model utilized in this research from
various perspectives. The sysfem model can be modeled as a graph G = (V, E), where V represents
the rechargeable nodes, and E represents the links between two nodes. The notation for the wireless
link between nodes ¢ and § € V is denoted as e(i, j). Each sensor node can sense the given area and
upload the sensed data to the sink node. Additionally, each node can recharge from a renewable
energy source. Many energy harvesting techniques, such as solar, thermal, and flow-based, have
been introduced. However, the RF-based energy harvesting technique has gamered tremendous
attention from researchers due to its easy availability (from TV, radio, and Wireless frequencies).
The nodes are powered by energy-harvesting circuits, which harvest energy regularly. There are
three components of the energy harvesting model: the energy source (RF, solar, thermal), the
energy harvesting hardware (Powercast TX91501 Powercast Transmitter, P2110 receiver), and the
energy storage devices. (8, 36). The energy harvesting hardware is responsible for transforming
energy into electricity and storing it in the storage device {batteries, capacitors).

3.1.1 Real test Beds Model

As discussed above in the research question, the system model for The thesis used a real test-
bed scheme to implement the first proposed schemes. In this tests-beds scheme, the thesis used
Powercast Technology Company (Pittsburgh-PA-USA), which provided devices for this research
and practical test-beds. The devices and their specification are tabulated as follows:

The designed testbed model uses the P2110-EVAL-01 energy harvesting development kit, which
contains components in the above table. A small toy vehicle is used for the transmitter to make it
mobile, and it starts working by blinking the blue light. Also, the toy is used to make the sensor
mobile. After starting the TX 91501 transmitter, the antennas are connected to the evaluation
board. After the evaluation board, the wireless sensor board was plugged into the evaluation board.
Next, the hyper-terminal is installed on the laptop and connected to the access point to the laptop
through a USB cable. After installation of the hyper-terminal emulator, it can be opened to start
the step-by-step installation process. In the installation process, it is named "Powercast,” and click
the “ok™ button. Another dialogue required region, area code, and connection port. Enter Pakistan,
46000, and COM 16, and click the "OK” button. Another screen opened basic information such as
bits rate, panty, and flow control. The bit rate can only be set to 19200; click the "ok” button. A
blank screen appeared, but after clicking switch PB1 on the access point board, the emulator started
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Table 3.1: Powercast Item Descriptions

[ Ttem Name ltem ID | Description o

| connector for antennas and a

'l ‘ 10-pin connector for the Wire- &
| less Sensor Board. |

Dipole Antenna | 915 MHz omnidirectional an- |

tenna with 360-degree recep- l
tion and 1dBi gain.

i P2110 Evaluation Board P2110-EVB Evaluation board with SMA |

|

Patch Antenna | 915 MHz directional antenna |
with 120-degree reception and ‘
- ) 6.1 dBi gain. o
Power and Data Transmitter | TX 91501-3W-ID 915 MHz transmitter sending
| power and data signals with a
l unigue ID.

WSN-EVAL-01 Measures temperature, hu-
midity, light, and external in-
put. Captures transmitter [D.

Wireless Sensor Board

i

| Access Point ‘ WSN-AP-01 Acts as an access point, re-
ceiving data from the wireless
L | sensor board.
PICkit 4 program- | PG164130 | USB for programming and |
mer/debugger [ updating code on the wireless
b sensor board,

working and showed the built-in message of the Powercast Company. The points on the ground are
made in circular form with the help of scotch tape. The circular points are away from one another
at a distance of one foot and are identified by numbers. So, two circular points are drawn one foot
away from each other. The circular shape is used to move the charger, and the circular points are
used 1o get data from these specific points. The charger is equipped with a vehicle toy and uses a
small wire to make it movable. The charger moves in an anti-clock direction and is fitted on the toy
vehicle so it cannot lose the 60-degree direction. The presented observation is based on antennas,

patches, and dipoles.

3.1.2 Flat Network Model

The thesis used extensive simulation to implement the second proposed scheme, The simulation
was performed using a 100 x 100m area as shown in Fig. 5.1 in the NS3 environment. For tracing
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energy consumption during sirmulations, a BasicEnergySource object with an initial energy
of 1.2 Joules is installed on each node, and the remaining energy is monitored throughout the sim-
ulation. Additionally, a WifiRadioEnergyModel was installed on each node to examine WiFi
radio energy consumption. WiFi radios consume energy during packet transmission, so the trans-
mit current, receive current, and idle current are set to 2 mA, two mA, and 0.27 mA, respectively.
A BasicEnergyHarvester object used for energy harvesting was also mstalled with param-
eters harvestingUpdatelInterval setto ]l and HarvestablePower ranging from 0.0 to
0.1. Table 6.1 represents the detailed simulation parameters. In the designed simulation scenarios,
only one sink and multiple nodes exist.

3.1.3 Hierarchical Model

The thesis utilized extensive simulation to implement the third proposed scheme. Simulations
were conducted using a 100 x 100 m and a 900 x 700 m square area, as illustrated in Fig. 5.1.
The 100 x 100 m area simulation was employed to validate the designed approach across var-
ious distance parameters, while the 300 x 700 m area simulation was utilized for comparison
with other works. Energy-related aspects were closely monitored during the simulations. Each
node bad a BasicEnergySource component with an initial energy of 1.2 Joules, allowing
the observation of energy consumption over time. Additionally, each node was equipped with a
WifiRadioEnergyModel to analyze energy usage during WiFi radio operations. This model
accounted for energy consumption during packet transmission, with specified current values for
transmisston, reception, and idle states. Furthermore, an BasicEnergyHarvester was in-
tegrated into the nodes for energy harvesting purposes, with parameters like update interval and
harvestable power range set accordingly.

3.2 Performance Metrics

In this study, several perforrnance metrics have been defined to evaluate the effectiveness of the
simulation scenarios. These metrics help us assess the network’s performance and efficiency under

different conditions.

3.2.1 Received Power

This metric is crucial in evaluating the effectiveness of wireless systems, especially in practical

testing environments. It pertains to the distinct methods employed in dipole and patch antennas
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to capture incoming signals and transform them into direct current (DC). Additionally, the sep-
aration between the charger and nodes is a critical factor. In wireless sensor networks (WSNs),
achieving optimal energy efficiency is fundamental when transmitting data from a source node to

a destination node.

3.2.2 Energy Consumption

Energy consumption is a crucial metric that measures the total energy utilized by all nodes involved
in data delivery during the simulation. It reflects the network’s energy usage patterns and helps us
understand energy utilization efficiency.

3.2.3 Packet Loss Ratio

The Packet Loss Ratio (PLR) quantifies the proportion of lost packets compared to the total num-
ber of packets sent during the simulation. It provides insights into the network’s reliability and
robustness in handling data transmission.

3.24 Throughput

Throughput measures the amount of data that can be successfully ransmitted or processed over
the network within a specific time frame. It indicates the data transmission capacity of the network
and is calculated using the following formula:

> ruBytes x 8
TotalTime x 1000000.0

Throughput = 3.hH

3.2.5 Packet Latency Time

Packet Latency Time refers to the time a packet travels from the source node to the destination
node. It helps us understand the delay experienced hy data packets during transmission.

The formula for calculating Packet Latency Time is as follows:

_{ ¥ Delaysum .
Detaf=s (_DF—PTT (3.2)

The unit of measurernent for the Packet Latency Time is milliseconds {ms).
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In the context of varying distance parameters, the optimal spacing between nodes plays a crucial

role in the efficiency of communication and data transfer within routing protocols. Maintaining the

right node distance ensures smoother information flow, leading to enhanced routing protocol per-

formance and efficient energy harvesting. When node distances exceed recommended thresholds,

routing protocol efficiency diminishes, affecting multiple performance metrics.

The impact of increased node distances extends beyond a single performance metric, influencing

aspects like data transmission speed, latency reduction, and network responsiveness. This section

explores different distance parameters and analyzes how they affect performance metrics.
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Figure 3.1: System Model
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Zero Energy IoT Devices in Smart Cities
Using RF Energy Harvesting

The IoT-based wireless sensor network comprises physical devices deployed within a designated
area of interest. According to recent research, 2025 witnessed an astonishing proliferation of more
than 75 billion IoT devices, encompassing sensors, actuators, wireless devices, smart meters, light-
ing systems, and more, distributed globally [85]. These devices found utility across various do-
mains, including but not limited to smart heaith, smart grids, smart cities, and smart environments
[47, 86).

In the context of smart environments, WSNs play a pivotal role by gathering data about various
physical conditions like temperature, humidiry, light levels, and acceleration, among others. This
collected data is transmitted collaboratively through the WSN to a central data station for further
analysis and inspection. The evolution of semiconductor technology has captivated the interest of
researchers and technology companies, leading to the creation of user-friendly, energy-efficient,
and cost-effective devices tailored to the requirements of loT-based WSNs. One of the primary
drawbacks associated with IoT-based WSN devices revolves around their power supply, which
significantly impacts network performance. The frequent battery replacement required in harsh
environments poses a challenge and contributes to heightened operational expenses (60, 87]. In
response to this challenge, researchers have sought solutions and introduced the concept of energy
harvesting technigues from renewable sources such as solar, wind, thermal, and RF [87). The RF
energy harvesting technique has gamered attention from emerging technology platforms, including
Google, WISP, PoWiFi, Powercast, and EnOcean STM 300 [87]. This technique is favored due
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to its environmentally friendly, sustainable, and readily available nature in a continuous form and
its introduction of WCDs. WCDs offer a viable option for significantly extending the lifespan of
IoT-based WSN, effectively moving towards perpetual operation.

In previous studies, data collection and energy transfer were achieved through wireless power
communpication networking (WPCN) and simultaneous wireless information and power transfer
(SWIPT). WPCN employs the uplink for wireless information trans{er (WIT) and the downlink
for wireless energy transfer (WET) [36]. On the other hand, SWIPT assumes simultaneous data
collection and energy transfer operation, However, notable commercial wireless charging tech-
nology platforms, such as Powercast [88] and WISP [89], diverge from the WPCN or SWIPT
concepts. These platforms utilize capacitors for energy buffering due to their environmentally
friendly nature, longer lifespans, higher recharge cycles, broader voltage and current ranges, cost-
effectiveness [90], and superior performance at low temperatures compared to batteries [86]. The
Powercast platform employs a recharge-then-transmit procedure, temporarily suspending the sen-
sor node’s functionality and energy harvesting (recharging) during this phase. The sensor node
remains idle until it accumulates the required energy, at which point it resumes normal opera-
tions. This alternating between idle and active states introduces dynamism to the network topol-
ogy. leading 1o challenges including dynamic topology, charging and communication latency, and
the farthest-nearest node problem.

The farthest-nearest node problem is a crucial issue in the context of charging IoT devices. This
problem implies that nodes closer to the charger can harvest more energy than nodes farther away.
As the charger moves from nearest to farthest nodes, it consequently alters the transmission speed
of sensed data from rapid to sluggish. These factors result in the sensor node entering an idle state.
Once the necessary time has elapsed, the sensor node becomes active and resumes regular opera-
tions. The alternating states of idleness and activity of the sensor nodes contribute to the dynamic
nature of the network topology. Consequently, this dynamism raises various issues, including
dynamic topology shifts, charging latency, communication latency, and the farthest-nearest node
dilemma. These challenges have prompted the quest for an optimal charging strategy that ensures
the charger’s optimal placement.

As shown in previously conducted practical experiments, nodes located near the charger show
faster energy harvesting, leading to quick transmission of sensed data. Conversely, nodes farther
away from the charger experience prolonged data transmission times. Hence, the distance emerges
as a critical factor influencing the charging process.
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The primary objective of this report is to formulate a strategy for the strategic positioning of charg-
ers and sensors, ensuring uninterrupted energy supply to the sensor boards while averting the idle

state.

While previous methedologies have demonstrated the potential to prolong the lifespan of zero-
powered energy devices, the main focus remains on scenarios involving a single charger and mul-
tiple sensor boards. This focus stems from the constraint of possessing only one Powercast RF
energy transmitter and two sensor boards. This work aims to address and overcome the following

challenges:

1. The Powercast energy transmitter operates at a central frequency of 815 MHz, emitting
power signals with 3W EIRP. The transmitter’s antenna boasts a 60° horizontal and 60°
vertical beam pattern. Consequently, sensor placement is constrained along this direction,
as deviating from it would hinder the charging and data transmission process, potentially

causing the sensor to enter the idle state.

2. The evaluation board captures this transmitted power via patch and dipole antennas, con-
verting it into DC through a capacitor-regulated voltage output of up to 5.25 V. The output
current can reach 50 mA, facilitating the charging of a 50 mF capacitor. The patch and
dipole antennas possess gain powers of 6.1 dBi and one dBi, respectively. The patch an-
lenna’s beam pattern spans 122° horizontally and 68° vertically, whereas the dipole antenna
has a 360° beam pattern. Consequently, the placement of the patch antenna is constrained to
122° horizontally and 68° vertically to ensure power reception. Deviating from these angles
would hinder power reception, potentially leading the sensor to an idle state.

3. The distance between the charger and sensor plays a pivotal role, with received signal
strength inversely proportional to the square of the transmission distance. As a result, a
distance constraint is imposed to maintain proximity between the charger and sensor.

Researchers have explored diverse techniques to ensure an uninterrupted encrgy supply to miti-
gate the issue of devices entering the idle state. These techniques include single/multiple mobile
charger placements, single/multiple fixed charger placements, set covers, and probabilistic charger
placements. However, these approaches have challenges, including cost and charging time con-
siderations. The proposed study focuses on a single mobile charger and fixed sensors scenario.

Particular emaphasis will be on:

1. Investigating the impact of a moving charger on data reception from sensors.
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2. Evaluating the speed of the mobile charger.

3. Analyzing the directional aspect (theta) of the mobile charger.

4.1 System Model

In this thesis, The Powercast Technology Company provided devices are employed for both re-
search and practical testbeds. The Powercast energy harvesting model comprises four essential
compeonents: an Energy Transmitter, Sensor boards, an evaluation board, and aniennas. Powercast
Technology Company has pioneered RF-based energy harvesting WCDs designed to replenish en-
ergy for sensor devices. Simce 2003, Powercast Technology Company has been at the forefront
of delivering energy harvesting solutions that power IoT devices. Their product range includes a
temperature scanning system, wireless charging grip for Nintendo Joy-Con controllers, PowerSpot
technology, UHF RFID Retail Price Tags, and development kits. These development kits serve a
dual purpose: aiding research endeavors and powering IoT devices. The kits contain evaluation
boards (P1110, P2110), antennas, RF field-detecting light sticks, and sensors. Specifically, the
P2110-EVAL-01 development kit has heen selected for this research wotk, tailored for use with
highly low-power IoT devices.

The main research focus centers on examining data received from dipole and patch antennas. The
main objective is to elucidate the relationship between various factors, including distance, Re-
ceived Signal Strength Indicator (RSSI), capacitor recharge time, the impact of angle on packet
transmission time and energy harvesting, and packet routing to the access point. The subsequent
devices constitute the core of designed testbeds:

1. RF Transmiiter: The RF Powercast transmitter emits data and power as RF signals at a
unique ID and 915 MHz frequency. The output power (Pt} is 3 W EIRP with a beam pat-
tern of 60° in vertical polarization, operating within the frequency range of 915 MHz. The
TX91501B should be mounted eight feet above the floor level for permanent installations.
The transmitter provided by Powercast Company is enclosed in a black box and comes with
fixed output power and settings without the possibility of user modifications.

2. Wireless Sensor Board: This board can measure and transmit light, temperature, humidity
data, and external inputs. To obtain energy from the evaluation board for data transmission,
the sensor board is connected to the evaluation board through a 10-pin connector. The ID
SELECT switches can set the sensor nodes’ IDs from 0 to 7. Additionally, the sensor board
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features a PICKit connector that facilitates connection with the PICkit programmer.

3. P2110 Evaluation Board: The evaluation board is responsible for energy harvesting, It incor-
porates energy storage functionality through JP1 (C3, C4, C5 jumpers), a 10-pin connector
(12) for connecting the wireless sensor board, a rectifier to convert RF energy into DC, an
SMA connector (J1) for antenna or RF input, and a visual LED indicator. The harvested
energy is transferred from the evaluation board to the sensor board.

4, Powercast Antennas: The Powercast development kit includes two types of antennas: Dipole
and Patch. These antennas connect to the evalnation board through an SMA connector for
the antenna (J1). The Dipoie antenna features an RF connector at the bottom and offers flat,
omnidirectional. and vertically polarized characteristics. It has a gain power of 1.0 dBi with
a 360° reception beam pattem. In contrast, the Patch antenna is two-layered, directional, and
vertically polarized, providing a gain power of 6.1 dBi and a beam pattemn for 120° reception.

5. Vehicle for Transmitter: The energy transmitter has a mobile vehicle to charge the devices

in a circular path.

The Powercast wireless charging and sensing platforin devices are utilized in this testbed. The

energy recharging model often empioys Friis’ free space equation 4.1.

A 2
P, :GG,(———) P 4.1

() B @.1)

Where P, is the transmitted power, F- is the received power, (5,is the transmitter antenna gain
power, G5, is the receiver antenna received power, d is the T-R-Separation distance in meters, and

A is the wavelength in meters. Gain power is based on the aperture of the antenna.
He et al. [91] improve this equation by considering that the polarization loss in power transfer and

signal power should be rectified and converted to electrical energy before it can be used.
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L, represents polarization loss,s is rectifier efficiency, and 3 is a parameter to adjust the Friis free
space equation for short-distance transmission. Formally, the proposed mode] can be described as
letting A, be the set of chargers, and 4 be the set of nodes, then the charging model based on

egnation 4.2 as follows:
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where || v, — M || represent the distance between node v, and charger M, P, represent the
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The charger and devices have directional antennas for the directional charging model. The angle
of the charger and devices will be kept in mind. Let 5 be the directional vector of the charger
(i.e. charger angle ©,,;) and g{:‘;—k be the directional vector of the device (device angle 6,.) then
equation 4.3 can be written for the directional model as follows:
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Let M[ be the maximum transmitter range of energy transmitter and ¢ be the maximum transmis-
sion range of the device. Since the energy transmitter has a O to sixty degree angle, the dipole has
0 to 360, and the patch has a 0° to 120° range, then Eq. 4.4 can be written for the dipole antenna

as follows:

|| U — ﬁ[k” S IU_‘:
_ aP,(M;) (YA

& (” vy — My ” +ﬁ)2 =M

Mx—vg ] bk e o o
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> cos( Sk )where 0 < O, < 2 4.5)

Equation 4.4 can be written for the paich antenna as follows:
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The maximum transmission power received at nod v, from charger M, can be calculated as, from
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equation 4.3, the nearest-farthest problem can be calculated as:

_ aPMy)
(v = My || +3)?

P, if0 <|| vy — My ff< M @7
In the proposed model, the charger’s position is changed to assess different distances from the
energy transmitter while keeping the energy transmitter’s position fixed. During the experiment,
the received power and the time taken for incoming data at distances ranging from one to three

meters in outdoor and indoor environments are examined.

4.2 Proposed Scheme

The Powercast P2110-EVAL-01 development kit is used for energy harvesting in the presented
testbed model. Power Transmitter TX 91501-3W-ID (transmitter) transmits the power, P2110
Evaluation Board P2110-EVB (receiver) receives this power, Wireless Sensor Board WSN-EVAL-
01 plugin with P2110 Evaluation Board P2110-EVB sends the sensed data to access point, and
hyper terminal is used to show the sensed data on computer/laptop screen. Transmitier TX 91501-
3W-ID is responsible for transmitting the energy signal to P2110 Evaluation Board P2110-EVB.
The evalualion board obtains the energy signal, converts it to DC, and recharges the supercapacitor.
Then, the harvested energy is used for sending data by the wireless sensor board. In fixed chargers
and devices, it degrades the sensing and communication process if the charger goes farthest from
the evaluation board. So, a technique is needed to cover the farthest and nearest problem. To solve
this problem, the energy wansmitter is equipped with a moving toy to make it a mobile charger. The
movement will occur to keep in mind predefined constraints, not going away from the maximum
transmission range of the energy transmitter and not crossing a sixty degree area (beam pattern).
The sixty degree area means the beam pattern of the transmitter, which has sixty degree widths and
sixty degree heights. For simplicity, sixty degree areas will be used. To fulfill these constraints, the
proposed solution will be present. The solution is based on two sub-problems: optimal charging
tour to find optimal positions for a charger and discovering the charging area or points that are
under the eye of the charger from any point when the charger moves.

It is understood that the charger transmits energy in a fixed directional manner, covering a sixty
degree angle. The main concern is establishing a consistent area comprising points that fall within
the trajectory of energy transmission as the charger moves. Failing to achieve this would result in
the charging device never receiving energy while the charger is tn motion, rendering it ineffective.
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To avert such a scenario, the main objective is to identify a fixed area or set of poinlts for the
charging device to receive energy from the moving charger continuously.

A specific region will be used to address this challenge where the charaing device can obtain en-
ergy from the charger in all positions during its movement. Notably, two types of antennas will
be utilized: a patch antenna and a dipole antenna, each possessing distinct recetving patterns. The
dipole antenna offers omnidirectional reception with a 360° energy pattern, while the patch an-
tenna’s reception is directional, confined to a 120° energy pattern. For simplicity, a 360° coverage
area lor the dipole antenna is adopted, and a 120 coverage area for the patch antenna.

Incorporating Powercast’s technology, the Friis equation is employed for energy calculations. To
facilitate this, an online calculator is available, provided in the form of a ".xIs” file [55], enabling
us to ascertain the received energy. For instance, at a distance of 1 meter, the received energy is
8.11; at 2 meters, it reduces to 2.030, and so forth.

Currently, the conducted testbeds are based on two sensors and one charger, so fixed points are
created for sensors when the charger is moving.

The Powercast transmitter emits energy directionally within a sixty degree area. The evaluation
board receives this signal and converts it into DC power. If the orientation of the evaluation hoard
aligns with the transmitter’s direction, energy harvesting becomes attainable. Consequently, all
processes stand at a standstill, resulting in an inactive scenario.

Furthermore, Powercast specifies a transmitter range of up to 80 feet [S0]. This implies that the
farthest node can be positioned at a maximum distance of 8Q feet from the transmitter. Thus,
the viable range spans from O to 80 feet. This situation gives rise to two distinct challenges for
the energy transmitter: distance and range. If the distance exceeds 80 feet, the receiving antenna
(device) cannot access energy. Similarly, if the evaluation board lies beyond the sixty degree
coverage area, the receiving antenna cannot harvest energy.

A comprehensive solution is required to effectively address these issues and establish a network
with near-perpetual energy availability.

4.3 Problem Identification

Powercast energy transmitters emit energy directionally within a sixty degree spread, while the
dipole and patch antennae receive this energy across 360° and 120°, respectively. In prior experi-
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ments conducted by us, the charger was positioned statically and the sensing device dynamically.
Distances ranging from one to five feet were utilized to assess energy harvesting and the data-
sending process. Additionally, the experiments are conducted at distances of one to three meters.
Notably, as the sensor device moved away from the charger, energy harvesting and subsequent
data transmission declined. This phenomenon is termed the nearest-farthest charger problem and
substantiates the principle that received signal strength is inversely proportional to the square of
the transmission distance [92].

The subsequent issue pertains to Powercast devices. The energy transmitter’s emissions are direc-
tional rather than omnidirectional. Moreover, the dipole antenna exhibits a 360° reception angle,
whereas the patch antenna possesses a 120° reception angle. Consequently, finding a distance that
optimally accommodates the efficient operation of all devices presents a challenge. For instance,
were the charger omnidirectional, the notion of distance would be negligible, allowing for the
proximity of charging devices to the charger.

Powercast evaluation board and charger devices rely on continuous energy supply due to their lack
of onboard batteries. The previous experimental setup revealed that these energy-dependent de-
vices require a consistent energy source for functionality. Any alteration in the energy ransmitter’s
direction at any time would render the evaluation board inoperative.

Hence, a technique is needed to address the nearest-farthest problem effectively.

4.4 Proposed Solution

The P2110-EVAL-01 energy harvesting development kit in the testhed inodel comprises various
components. A small vehicle toy is used for the transmitter to introduce mobility, indicated by
the blinking blue light. This toy was also used to mobilize the sensor. Upon activating the TX
91501 transmitter, the antennas are connected to the evaluation board. Subsequently, the wire-
less sensor board is connected to the evaluation hoard. Further steps involved the installation of a
hyper-terminal emulator on a laptop and securing the access point to the laptop via a USB cable,
Following the emulator installation, a step-by-step setup process is initiated, naming it "Power-
cast” and proceeding with the specified region (Pakistan), area code (46000), and connection port
(COM16). Additional settings included bit rate, parity, and flow control, with the bit rate set to
19200. After these configurations, the emulator displayed a blank screen, which appeared upon
toggling switch PB1 on the access point board. This action triggered the display of Powercast

Hassan Zeb: 143-FBAS/PHDCS/FI6 52



Chapter 4 Zero Energy IoT Devices in Smart Cities Using RF-EH

Company’s built-in message.

Circular points were demarcated on the ground using scotch tape for data coliection. These points
were numbered and positioned one feet apart, facilitating testing. A charger mounted on a toy
vehicle was maneuvered along the circular path in an anti-clockwise manner, ensuring it main-
tained the sixty degree direction. The observations in this work were based on both patch and
dipole antennas. The experimental setup encompassed indoor real test beds to address the stated
problems.

While these issues are not novel, researchers have endeavored to resolve them. A mobile charger
offers a viable solution for device charging. However, specific problems and solutions of this work
distinguish the presented approach from prior research. It is essential to differentiate between om-
nidirectional and directional phenomena. The relationship between chargers and charging devices
determines their directional attributes. Existing solutions tend to tackle these challenges in a gen-
eralized context. However, the directional-directional phenomena are concerned, excluding the

dipole antenna.

So, a technique tailored to directional devices that can effectively address the three problems above
is needed. The proposed solution can be divided into two phases: the charger movement phase,
aimed at identifying the optimal charging tour by determining the best positions for the charger,
and the second phase, focusing on establishing the optimal charging/sensor/evalvation board points

Or arcas.

When the charger is positioned at point one, the angle theta is sixty degrees, and the maximum
transmission distance aligns with the Powercast 35903 specification of 80 feet [50]. The energy
transtnission follows a circular pattern, as depicted in Fig. 4.1, with points positioned at one-feet
intervals. This arrangement results in uniformly spaced lines intersecting the circle.

Consider two straight lines intersecting each other, ¢,z + b1y + ¢ and ¢, x4+ by + ¢;. the following
equation is used:

bicy —bacy 13 — cpay

FPlay = {4.8)

ayhy — agh " ayby — aphy
After finding the intersection points, we can calculate the area enclosed by these points using the
shoelace formula [93] with the following equation:
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Figure 4.1: Circular Charger Model.
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Where n is the number of vertices of the constructed points as per equation 4.8. For the first
sumrmation, x; is the x-coordinate of the ¢-th vertex, »;,, is the y-coordinate of the next vertex, x,
is the x-coordinate of the last vertex, and 3, is the y-coordinate of the first vertex (1st vertex). For
the second summation, x4 is the x-coordinate of the next vertex, y; is the y-coordinate of the i-th
vertex,  is the x-coordinate of the first vertex, and ¥, is the y-coordinate of the last vertex.

4.4.1 Optimal Charging Tour to Find Optimal Position for Single Charger

Fig. 4.1 illustrates the presented charger placement strategy, wherein the charger moves along a cir-
cular path, supplying energy to the evaluation board for scavenging. The movement of the charger
is synchronized with the transmitter angle, ensuring that the charger’s “eye” remains positioned
optimally.
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4.4.2 Optimal Points/Area for Sensor Devices

When the charger is located at point one, the angle theta measures sixty degrees, and the maximum
transmission distance depends on the charger’s ability to send signals, with Powercast 35903 of-
fering an 80-feet range. As depicted in Fig. 4.1, the charger transmits energy in a circular pattern,
with the points one feet apart. This arrangement results in uniformly spaced lines intersecting the

circle.

Upon reaching point two, as the transmitter emits energy, it intersects the preceding lines at various
points, as demonstrated in Fig. 4.2. The main objective is to identify these intersection points.

Suppose the lines intersect at points p,; and p,. In this case, the location of these intersection
points can be determined using intersection formulas [94]. By employing these formulas, one can
ascertain the precise intersection points desired. The region between these infersection points is
the opiimal area, with the points representing optimal positions for deploying the charging devices.
We can use the equation 4.9 to find the area of the constructed region.

i L
136> /iﬁ\\wuﬂ

7 PI.IA-...._::", /\:5
n/* ¥

Figure 4.2: Optimal Points Algorithm Phases.

In this work, two algorithms are introduced to address the solution. Algorithm 1 is devised with
the dipole antenna range as its focal point, whereas Algorithm 2 is tailored to the patch antenna
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Figure 4.3: Sensor Device Placement for Dipole Antenna.

range. The primary objective centers on identifying the optimal placement points for the charger

and the sensor while adhering to the sixty-degree constraints of the transmitter’s emission.

In the context of Algorithm 1, a cone starts from the charger point, and only the cone’s two left
and right side lines are considered. When the charger reaches a location, the lines intersect at each
point. The primary purpose is to find the intersection points, denoted as f,,, and the corresponding
areas discovered through these intersections are represented as A;. We can determine the optimal
area for device placement by employing these two methods. On the other hand, in Algorithm 2,
the angle of the patch antenna is considered as 120°. This angle encompasses the inherent 120"
patch range and additional coverage facilitated by the charger’s range. This observation arises
from the finding that the patch antenna can leverage the charger’s range to extend the charging
range, making 120" become 120" + ¢, where € is used to exploit the benefits of the charger antenna

direction. 120° + & increases the device placement area.

The following section describes the experimental setup and the conduct of the experiments accord-
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Algorithm 1 Charger Placement Strategy for Dipole Antenna

Input: Set of Devices s; where ¢ = {1,2,3,...,n}, charger Points C, where p =
{1,2,3,...,360°}, and Distance d;, = 1 feet

Output: Optimal area A, for device placement through the intersection points (/).
Llpe0,C 0. A 0
2: if Cp,' 5‘1-' ¢ then
3;  foreach point Cp; € Cp do
4 Start moving the charger from point Cp;,; to 360° points.
5 Twao lines starting from Cp; are intersected by Cp; ;; lines,
6: for j = 4 to n lines do
7: Represent line L; as: L; :a;z + by +¢; =0
8 Represent line L,y as: Lyt aj12 + by + 0 =0
9 At Cp;yy, lines L; and L, intersect each other.

=)
11: end for

12: A= AU+ IPi+j

13: end for

14. end if

15: return A;

Algorithm 2 Charger Placement Strategy for Patch Antenna
Input: Set of Devices s; where ¢ = {1,2,3,...,n}, charger Points C, where p =
{1,2.3,...,120°}, and Distance d;, = 1 feet
Output: Optimal area A; for device placement through the intersection points (fp).
1 fp0,Co 0, A, «0
2 il Cp; # O then
3; for each point Cp; € Cp do

4: Start moving the charger from point Cp; ¢ to 120° points.
5 Two lines starting from Cp; are intersected by Cp; 4 lines.
6 for j = i to n lines do
T Represent line L; as: L; : a;x + by +¢; =0
8: Represent line L; .y as: L ta; 07 + by + =0
9: At Cp; 1y, lines L; and L. intersect each other.
O = &=
1t end for
12. A= AU+ IPH—j
13:  end for
14; end if

15: return A;
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Figure 4.4: Sensor Device Placement for Patch Antenna.

ing to these algorithms.

4.4.3 Experimental Setup with Dipole Antenna

The dipole antenna boasts a 360° reception angle, enabling it to gather energy from the charger
without any directional limitations. In contrast, the patch antenna’s reception is confined to a 120°
angle. Therefore, while the charger is in motion, the sensor device can harness energy from all
directions owing to the dipole antenna’s characteristics. Meticulously gathered receiving data has
been presented in table 4.1 to support the given observations.

As illustrated in Fig. 4.4, the experimental data in Table 4.1 conclusively validates that the indicated
points/area represent optimal positions for sensor placement. Moreover, the circular trajectory
depicted in the figure signifies the optimal path for the charger, ensuring a continuous energy
supply to the sensors.
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Table 4.1: Dipole Antenna Sensed Data

Angle | RSSI (dBm) | Temperature (C') | Humidity (%) | Light (Im) | External

3.18 70.1 47 33 1683

4,14 70.1 47 44 1673

379 70.1 47 48 1680

3.79 70.1 47 40 1677

50" 3.47 70.1 47 33 1682
3.32 70.1 47 48 1677

3.47 70.1 47 40 1679

347 70.1 47 44 1677

3.79 70.1 47 44 1683

3.66 70.1 47 48 1680

4.46 70.1 47 40 1674

5.60 701 47 37 1678

4.31 701 47 40 1683

4.46 70.1 47 29 1677

150° 431 70.1 47 48 1678
4.14 70.1 47 37 1679

3.79 70.1 47 29 1677

4.14 70.1 47 40 1680

4.46 70.1 47 29 1678

7.73 69.7 47 29 1690

7.05 69.7 47 33 1679

6.62 69.7 46 29 1690

7.94 69.7 47 40 1683

250° 7.48 69.7 46 48 1683
7.05 69.7 47 40 1679

7.28 69.7 47 37 1679

7.28 69.7 47 44 1687

7.73 69.7 47 48 1679

54 69.9 46 40 1678

6.62 69.9 47 48 1681

5.6 69.9 46 40 1680

5.78 69.9 46 44 1681

360° 5.21 69.9 47 51 1678
54 69.7 47 44 1681

4.84 69.9 47 37 1674

5.21 69.9 46 48 1674

4.84 69.7 46 29 1683
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4.4.4 Experimental Setup with Patch Antenna

The patch antenna’s reception angle spans 120°. The experiment shows that the patch antenna
operates optimally within the range of 120°+¢ degrees, where ¢ incorporates certain benefits from
the charger’s angle. Charging devices effectively receive energy within this angle, but issues arise
when the charger changes direction. In such cases, the charging device becomes unresponsive,
causing the energy harvesting and data transmission processes to degrade to zero. The experimental
data is presented in Table 4.2 to substantiate the findings of the proposed approach.

Referring to Fig. 4.1, the table illustrates that as the charger’s direction shifts from zero dgree to
250°, energy harvesting and data transmission processes experience degradation, Conversely, when
the charger’s direction aligns with 240°, the energy harvesting and data transmission processes
regain strength, Based on these comprehensive expertmental observations, It can be confidently
asserted that the points/area indicated in Fig. 4.3 are optimal for positioning sensors. Additionally,
points ranging from 340° to 100° stand as optimal charger tour points or pathways, assuring an
uninterrupted energy supply to sensors. For further clarity, piease consult Table 4.2. To enhance
comprehension, supplementary figures are included (4.5, 4.6, 4.7, 4.8, 4.9, 4.10) illustrating the
sensed data of the patch antenna.

- I

= a"n".—f"i'ff"i:,’-" wF Rssi(aBm)

0" S0P 100° 1508 200°  2150° 3P 360°
CERCULAR ANGLE

B RSSI(dPM)@ Temp (F): Humidiry  Light B External

Figure 4.5: 0° Sense Data from Patch Antenna.
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Figure 4.6: 50° Sense Data from Patch Antenna,
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Figure 4.7: 100° Sense Data from Patch Antenna.

Table 4.2: Paich Antenna Sensed Data

Angle | RSSI (dBm) | Temperature (C*) | Humidity (%) | Light (Im) | External
33.88 70.5 46 37 1331

5 33.88 70.5 46 25 1352

- 3273 70.5 46 I 20 1325
31.92 70.5 46 48 1382

Continued on next page
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Table 4.2 — continued from previous page

Angle | RSSI (dBm) | Temperature (C"} | Humidity (%) | Light (lm} | External
32.73 70.5 46 51 1393
31.92 70.5 47 40 1343
31.92 70.5 46 44 1346
3273 70.5 46 40 1358
30.13 70.5 46 29 1393
30.13 70.5 47 [ 48 1340
12.11 70.5 47 48 1686
12.97 70.5 47 40 1687
10.45 70.5 47 48 1695
11.86 70.5 47 44 1687
. 12.11 70.5 47 48 1690
50 10.45 70.5 47 48 1690
12.71 70.5 47 51 1690
12.11 70.5 47 44 1686
12.97 70.5 47 29 1692
11,27 70.5 a7 51 1690
3.18 70 48 40 1670
3.66 70 47 37 1678
1.74 70 48 48 1676
3.9 70 48 22 1669
- 3.96 70 47 29 1678
100 3.66 70 48 48 1673
396 70 47 40 1665
3.47 70 48 48 1662
332 70 48 48 1666
3.66 70 48 40 1663
0.6 70.5 48 51 1584
150° 0.52 70.5 47 48 1594
0.49 70.5 48 29 1594
0.86 70.7 48 51 1581
250" | 067 70.7 47 48 1574
Continued on next page
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Table 4.2 — continued from previous page

Angle | RSSI (dBm) | Temperature (C") | Humidity (%) | Light (lm) | External
0.74 70.7 48 29 1584
11.86 70.7 47 37 1696
1271 70.7 47 55 1693
12.42 707 47 51 1698
12.11 707 47 48 1693
340° 11.53 70.7 47 51 1689
11.86 70.7 47 44 1685
12.11 70.7 47 48 1689
1297 707 47 i3 1701
11.53 70.7 47 29 1695
13.3 70.7 47 31 1698

Analysis of Data in Dipole Antenna The dipole antenna’s design permits it to receive data from
all directions due to its 360° reception capability. Interestingly, a notable phenomenon occurs
when the sensor devices are positioned beneath the charger device: the time differential {(dT) be-
tween received packets increases. This temporal distinction results in the sensor devices acquiring

enhanced power for data transmission,

4.4.5 Analysis of RSSI of Patch Antenna in Mobile Environment

To introduce mobility, the chargers are mounted on moving vehicles. Additionally, the sensor
with the patch antenna is positioned on the ground for the experiment. Remarkably, the sensor
etfectively transmitted data to the access point. To comprehensively showcase the sensed data
collected from sensors spanning 100 to 360°, Table 4.3 can be utilized.

4.4.6 RSSI of Patch Antenna During Circular Tour of The Charger

In this section, the focus shifts toward detailing the movement of the charger along circular points
and acquiring the Received Signal Strength Indication (RSSI) data for the patch antenna. Initiating
the movement at 100, the progression gradually extended to 360°. Notably, the RSSI values
exhibit strong performance ranging from 100 to 280°, However, degradation becomes apparent

after reaching 280°, as demonstrated m Table 4.4.
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Figure 4.8: 150° Sense Data from Patch Antenna.
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Figure 4.9: 250° Sense Data from Patch Antenna,

The conducted experimentation has been meticulously aligned with the stipulated requirements

of this work. Circular points were strategically chosen to validate the accuracy of the presented

problem identification. The determination of optimal points was based on packel transmission

dynamics. For instance, in Fig. 4.1, when the point corresponds to 2007, the sensor device exhibits

rapid packet transmission due to ample energy reception. However, as the charger shifis to zero

degrees, the pace of packet transmission decelerates, Powercast refers to this phenomenon as the
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Figure 4.10: 340° Sense Data from Patch Antenna,
Table 4.3: Data Sensed in Mobile Environment.

Pkt No DT RSSI Temp Humidity | Light External
1 0 12.71 71.2 48 29 1670
2 1 12,97 71.2 48 33 1666
3 0 11.53 71.2 43 43 1667
4 0 14.19 712 48 40 1667
5 1 13.58 71.2 48 37 1667
6 0 14 712 48 51 1664
7 0 12.11 71.2 48 37 1656
8 1 12.11 712 48 | 29 1670
9 0 11.86 712 48 48 1670
10 0 841 71.4 48 33 1654
11 0 7.94 714 48 29 1648
12 0 6.82 71.4 48 37 1651
13 1 6.82 714 48 40 1646
14 0 3.66 714 48 33 1646
15 2 i3 714 48 29 1624
16 1 379 714 48 40 1633
17 1 1.63 714 48 22 1628
18 2 1.85 174 47 51 1611
19 1 095 714 47 51 1611
20 9 0.31 712 47 33 1534 |

*Time Differential” (dT) between received packets. Optimal points yield a high dT, whereas sub-
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Table 4.4: Data Sensed in a Mobile Environment for the Patch Antenna.

100-156° 151-200° | 201-250° 251-300° 301-360°
11.02 24.1 30 47.64 8.89
13.3 31.12 50 43.05 10.45
15.17 3192 50 4198 8.41
16.48 399 50 41.98 173
17.45 43.05 45.39 41.98 54
19.59 36.9 44.16 389 4.31
22.49 44.16 | 47.64 36.9 3.91
19.59 47.64 46.45 35.89 3.96
22,49 44.16 43.05 32.73 4.31
25 47.64 44.16 991 4.84
25 49.66 43.05 8.89 5.01
25.82 50 44.16 | 8.18 261
26.61 50 43.05 9.68 0.24
24.1 50 46.45 9.16 0.43

optimal points result in a Jower dT.

In this section, the obtained results are graphed for detailed analysis. Fig. 4.11 compares with the
work presented in [2], focusing on RSSI values across various angles and distances. The approach
in [2] involved fixed sensor device positions and a stationary charger on the ground, leading to the
emergence of the nearest-farthest problem. The graph effectively demonstrates the superiority of
the presented work. In the figure, " /1, J/5,J2” signifies the work of [2], while " H,H;, Hs" represents
the presented work.

4 5
RSSI (dBm)
e 1 i Jp o J3 > Ha e Ha il Hy

Figure 4.11: RSSI Comparnison with {2]

Fig. 4.12 is constructed based on the RSSI data received by the patch antenna placed at various
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Figure 4.12: Patch Antenna RSSI.

points foliowing the defined requirements of this work. These points encompass the full range
from zero to 360°. Points one to four signify RSSI measurements within the 120° range, while
points five to six lie beyond this range.

The synergy between the presented optimal sensor points and the optiinal charger points is evident
in the graph. When the charger aligns with designated optimal points, successful energy trans-
mission occurs, enabling optimal energy harvesting for the sensors. Conversely, deviations from
prescribed points lead to a degradation in received signal strength. Notably, no sensor becomes
inactive or entfers a dead state when the charger follows the constructed optimal path, effectively
transmitting energy to the sensors’ optimal positions.
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Figure 4.13: Dipole Antenna RSSL
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Fig. 4.13 visually represents the RSSI measurements obtained from a dipole antenna. Notably,
the dipole antenna performs better when positioned at constructed optimai points, consistently
receiving energy from the charger at a sixty-degree angle. Notably, none of the sensors encounter
inactivity as the charger follows the optimal path.

4.5.1 RSSI of patch antenna during circular tour

Fig. 4.14 portrays the RSSI data collected during the charger’s circular four with continuous mo-
tion. This experiment involved stationary sensor devices equipped with patch antennas (bearing
2 120° beam pattern) while the charger remained mobile (as illustrated in Fig. 4.1). A crilical
observation emerged: as the charger altered its direction, the sensor device’s energy scavenging
capabilities experienced degradation. Conversely. energy scavenging was notubly enhanced when
the charger and sensor device were directly in sight. For instance, in Fig. 4.14, datal and data5 do
not align in the line of sight, while data2, data3, and datad do. At data3, the sensor device achieved
100% energy scavenging efficiency from the charger. Based on these results, it is evident that the
configuration depicted in Fig. 4.3 offers an effective solution for optimal sensor device placement.

1200 _— <" o 60°

15¢°

——rr]
= 4= data2
80* | datal
! i 331534
.* e tl3ta5
L W
\, h 3
210°
240* = ~ e 300°
270°
Figure 4.14: Patch Antenna RSSI in Circular Tour
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4.5.2 RSSI of dipole antenna during circular tour

Fig. 4.15 is derived from the RSSI data collected while the charger undertook a circular tour. Given
the dipole antenna’s capacity to receive energy from all directicns, the discussed observations
support the placement indicated in Fig. 4.4 as the optimal location for the sensor device,
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Figure 4.15: Dipole Antenna RSSI in Circular Tour

4.6 Contributions

The main contributions of this chapter are as follows:

* Gain Proficiency in Energy Harvesting Devices: This involves delving into the world
of physical energy harvesting devices, comprehensively understanding sensors, energy har-
vesters, energy transmitters, and antennas, and staying up-to-date with the latest advance-
ments in [oT devices and energy harvesting concepts.

» Explore Charger Placement Techniques: Investigate various methods for strategically
placing chargers to ensure effective and efficient device charging.

* Analyze Sensor Data and Antenna Types: Study the Received Signal Strength Indication
(RSSI), data transmitted by sensors, the significance of patch and dipole antennas, and make
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observations about different physical arrangements.

* Develop an Optimal Charger Tour Algorithm: Create a well-designed algorithm that
optirnizes the tour taken by chargers to maximize the efficiency of device charging.

* Design an Optimal Strategy for 10T Device Placement: Devise a strategy for placing [oT
devices in ways that maximize energy harvesting potential at any given time.

The contribution of this chapter is the first article Titled: "Zero Energy IoT Devices in Smart Cities
Using RF Energy Harvesting,” Accepted in the Journal of MDPI Electronics 2023.

4.7 Chapter summary

In this chapter, the main focus lies in addressing the challenge of determining optimal points for
charger placement and identifying the optimal area for sensor device deployment. The conducted
experiments have underscored that as devices move away from chargers, the energy scavenging
process experiences degradation, potentially leading to a deadlocked state. To prevent devices from
entering this state, a mobile charger technique was introduced that charges devices and establishes
optimal positions for chargers and sensor devices. During mobile charging, observations also high-
lighted that alterations in the directional antenna’s angle result in energy scavenging degradation.
To tackle these concerns, two algorithms were developed catering to directional and omnidirec-
tional antennae, offering approximate solutions to the presented problem. These algorithms factor

in coverage and energy requirements,

In the proposed algorithms, chargers are rendered mobile while sensor devices remain stationary.
The charger’s movements are strategically regulated to specific angles, ensuring that each sensor
device optimizes its energy harvesting potential. The promising outcomes of this technique are
showcased through rgorous testing of these scenarios. It is important to note that while this so-
lution is tailored for a 2D environment, it doesn’t extend seamlessly to a 3D setting., The future
endeavors involve expanding this work to encompass 3D environments. Additionally, it is in-
tended to leverage standard simulation toois for comparative analysis against other state-of-the-art
solutions. Moreover, the insights from this work will be integrated into routing protocols, further
enhancing its applicability.
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Chapter 5

Location Centric Energy Harvesting Aware
Routing Protocol for IoT In Smart Cities

The Intermet of IoT has gained significant attention in recent years, with researchers predicting
that the industry will consist of around 29.7 biilion devices by 2027 [95]. 1oT has brought about
a revolution in our daily lives, offering immense convenience to humanity [96]. However, many
1oT devices need more support due to their sensors’ limited battery and memory capacities. This
limitation results in challenges such as insufficient sensor lifespan, network fatlures, and high oper-
ational costs, To overcome these issues, energy harvesting has emerged as a solution for low-power
electronic devices and sensors. Sensors can recharge their batteries by harnessing energy from so-
lar, thermal, wind power, and even RF. RF-based energy harvesting, in particular, is advantageous
due to its continuous availability from various sources such as TV, radio, and wireless frequencies.
It has given rise to a new research area known as RF-powered IoT, which holds great potential for
applications like smart tracking, structural health monitoring, and wearable devices (47, 37-100].

Energy efficiency is critical for IoT devices to ensure uninterrupted network operations. This
includes tasks like transmitting sensed data and maintaining routes. When a node’s energy is
depleted, it ceases all activities, including forwarding packets, maintaining routes, and traversing
long routes. Implementing energy harvesting techniques and optimizing route selection processes
are beneficial to improve energy efficiency. By minimizing the involvement of nodes in the routing
process, energy consumption can be significantly reduced. This approach aims to maximize energy
conservation and extend the operational iifespan of IoT devices [16].

71



Chapter 5 LCEHA Routing Protocol for IoT in Smart Cities

Energy harvesting is a promising technique with great potential for extending the network lifespan
in challenging deployment areas where installing IoT devices is difficult. Wilh energy harvesting,
nodes can utilize renewable energy from the environment, such as solar, wind, thermal, and RF
sources. RF energy harvesting, in particular, offers a solution for zero-energy [oT devices [16, 98],
eliminating the need for batteries and ensuring a constant energy supply to power sensor devices.
By leveraging this technique, networks can operate perpetually, overcoming the limitations of finite
battery life and enabling sustained functionality in IoT deployments.

Several techniques have been employed to improve energy efficiency and extend the network lifes-
pan, with a focus on utilizing energy harvesting techniques. Notable research in this area includes
studies conducted by [26, 28, 38, 55]. These works explore the application of energy harvesting
techniques to enhance energy efficiency and prolong the operational lifespan of networks through
the creation and selection of efficient link. During the link selection process, the authors used dif-
ferent parameters, such as shortest distance and energy harvesting rate [26], shortest distance and
maximum current energy [28], shortest distance, transmission cost, and energy harvesting [38],
residual energy and shortest distance [55], energy harvesting, energy consumption, and energy
classification [50]. In our work, we select the efficient link by considering the closest angle among
neighbors to the destination node.

The contributions of this paper include:

« The state-of-the-art routing techniques such as [24, 26, 28, 38, 38, 39, 54-59, 66, 101] have
been investigated to find their limitations and to propose a better solution.

+ A distributed neighbor discovery algorithm is presented to find the neighbors of each node

with necessary information such as distance and angle.

» To enhance energy efficiency in IoT-based WSNs within smart cities, Location Centric En-
ergy Harvesting Aware (LCEHA) Routing Protocol is presented. This protocol incorporates
a cost metric based on the closest angle to the destination to determine the optimal routes

toward the destination node.

» The LCEHA technique performs well in terms of energy efficiency, consumes less energy
while transmitting data, and achieves maximum data packet sending rate.
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5.1 System Model and Preliminaries

The system model can be modeled as a graph G = (V, E), where V represents the rechargeable
nodes, and E represents the links between two nodes. The notation for the wireless link between
nodes 7 and § € V is denoted as e(i, j). Each sensor node can sense the given area and upload the
sensed data to the sink node. Additionally, each node can recharge from a renewable energy source.
Many energy harvesting techniques, such as wind,solar, thermal, and RF, have been introduced.
However, the RF based EH technique has gamered tremendous attention from researchers due to
its easy availability (from TV, radio stations, and Wireless frequencies).

Charger i’@ ' " [::\J\ .
: o C
.{j_-_\,-
< I
\\Q,//

Figure 5.1: System Model of Proposed Work

The nodes are powered with energy harvesting circuits and harvest energy regularly. There are
three components of the Energy harvesting model: the energy source (RF, solar, thermal), the
energy harvesting hardware (Powercast TX91501 Powercast Transmitter, P2110 receiver), and the
energy storage devices. {16, 17]. The energy harvesting hardware is responsible for transforming
energy into electricity and storing it in the storage device (batteries, capacitors}. The Powercast
company {17] introduced the energy harvesting devices used in many applications such as smart
buildings and smart health. The company provides an energy transmitter with a central frequency
of 815 MHz with 3W EIRP emitting power signals with an antenna having 60" horizontal and 60
vertical beam patterns. The evaluation board (energy harvesting hardware) converts RF energy
into DC with capacitor-regulated voltage output up to 5.25 V and output current up to 50 mA to
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Figure 5.2: Angle Selection Model

charge the capacitor of size 50 mF. A sensor board is also provided for sensing the environment,
such as temperature, humidity, and light. The Powecast technology company used the Fris space

equation 4.1 for the energy transmission model.

He et al. [91] presented an empirical model and improved Eq. (4.2) by introducing polarization
loss and signal power rectifying and converting to electrical energy before it can be used.

Let v; be the set of IoT devices and v, Uk, € Uk then the Eq. (4.2) can be write as follow:

aﬂ(vkm)
("vkm = Ukn” + ﬂ)z

P= (5.1

where P,(vy,,) represents the transmission power of device vim, || Vkm —vin || represents the distance

beiween node vy, and node v, o = %%’l(f;)?.

The distance between vy, and vy, is essential in energy consumption. The authors in [26] state
that the received power falls off as the square of the distance between vy, and vy,,. Therefore, more
energy will be consumed as the distance increases because it requires much power to transmit a
packet. A neighbor table is created to store the information of nodes with a short distance; in other
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words, each node will store the information of neighbor nodes whose RSSI is high. As demon-
strated in the work of [16], a node near the charger device can harvest much energy compared to &
node located farther away.

The proposals in [102, 103] classified the Received Signal Strength Indicator (RSSI) into differ-
ent levels: excellent,” "very good,” "good,” "low,” “shallow,” and no signal. The RSSI level of
~T5HdBm is chosen for our work, which falls undert the “good” category. This choice allows us to
set a threshold for nodes to store information ahout the maximum number of neighboring nodes.
The advantage of using this threshold is that it ensures that at least one efficient link is available
to forward data packets. Focusing on nodes with a "good” RSSI level increases the likelihood
of reliable data transmission connections. It, in turn, leads to better overall network performance
and data forwarding efficiency in our research. The distance between two nodes can be calculated
using Eq. (5.1), which is written as:

v O‘Rﬁ(vkm} -8 (5.2)

ok = vinll = Y25

Eq. (5.2) can also be used to calculate the distance between source node and destination as:

Vab(S)

Dsn_dn = " P

d (5.3

Eq. (5.4) can be used to calculate the distance between the sender and receiver.

voh(S) _ g (5.4)

s —dn = || P,
During network operations, a node may reach a dead state, so each node needs to update its energy
requirements from RF-EH. For this purpose, the time between rwo consecutive periodic energy
updates plays a vital role in the EH technique. The energy update interval time is proportional to
the distance. The update interval is short if the distance is large, and vice versa. The update interval
is also related to communication complexity. When a small value is assigned 1o the update interval
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when the distance is long between nodes, the communication complexity increases, whereas, for
a large value, when the distance is short, the communication complexity decreases. It is because
the update interval is used to harvest energy from the energy source, so it will take a long time
when the update interval is long and reduce communication complexity when the update interval
is short. Mathematically, this problem can be described as foliows:

Let U be the time to update energy by each node. The ¢, is the distance between each node, and D
is the distance between the source and destination node.

1 ifty>D
U= (5.5)
i+1 ifty< D

where 1 1s related to the distance factor, it increases when £, decreases.

5.1.1 Energy Consumption Model

Energy consumption is crucial in designing an efficient energy harvesting-aware routing protocol.
Each node should know the energy consumption rate when transmitting and receiving a packet.
Most of the node’s energy is consumed through packet transmission, reception, internal processes,
and node modes (sleeping, working, recharging).

This study uses the radio model proposed by Heinzelman et al. [69]. which describes the relation-
ship between energy consumption and data transmission.

Polkd)=(p+e+d") x k (5.6)

Pre(k) = pr X k 5.7

Eq. (5.6} is used to calculate the energy consumption for data transmisston, while Eq. (5.7) is
used for the energy consvmption at the receiving node. These are the general forms of energy
consumption equations for communication. Various factors can increase or decrease energy con-
sumption during transmission and receiving operations. These factors should be taken into account
by network designers. The energy consumption of the radio channel is determined by considering
essential aspects such as the number and distance to neighbors, transmission rate, receive rate, and
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the optimal size of data and message packets. The text below provides a detailed discussion of
each factor.

Energy consumption by Processing Unit;

Ep= EeuXx A (5.8)

where E. ., is the power consumption of the processing unit and A4, is the active processing time.

The power consumption of the processing unit (£,.q,) depends on various factors, including the
hardware design, clock frequency, and computational workload. It is typically provided by the
manufacturer or determined through measurements.

The active processing time (A,) refers to the duration the processing unit executes computations or

processing fasks.

Energy Consumption by Transmission of Packets

Ecs = Eeepp X 3 Topit (5.9

where E. o is the energy consumed per packet transmission and T, is the number of packets
transmitted.

Energy Consumption by Receiving of Packets

Eo = Fugpr X 3 Trpis (5.10)

where E,,,, is the energy consumed per packet receiving and T}, is the number of packets

received.

Energy Consumption by Discovering Neighbor Nodes Discovering and maintaining network
nodes is a crucial aspect of network maintenance. It ensures the continuous and uninterrupted
operation of the network. This phenomenon can be understood and expressed through an equation
that combincs the factors of node discovery and ongoing maintenance. By effectively discovering
new nodes and proactively maintaining the network’s functionality, the proposed manuscript can
optimize the overall performance and reliability of the network.
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Eens = {Z Eer:ppt X ZTspkt) x J}pkt (5.11)

Tpxi represents the time required for the netghbor discovery process. Allocating one second for
the neighbor discovery process corresponds to transmitting a single packet within that time frame.
However, extending the neighbor discovery process to ten seconds allows transmitting multiple
packets over this extended duration.

And for packet receiving:

Emf‘ = (Z Eer.'ppr x Z Trpkt) X Trpkt (5.12)

The overall energy consumption can be expressed as follows:

Ep+ Ee+ Ea,  ifn € N is sender node
E.=(E_,+ Es+ Eqn ifn e N isreceiving node (5.13)
0 if dead

The primary causes of energy inefficiency in [oT-based EH W8N are idle listening, unnecessary
traffic overhearing, packet collisions, and the overhead of control packets during transmission,
reception, and listening [104]. Idle listening occurs when Nodes constantly listen for incoming
frames without data transmission, depleting the energy. Collision occurs when muitiple nearby
stations transmit simultaneously, causing energy loss. Over-hearing means Nodes unintentionally
overhear broadcast messages, leading to energy waste. Control packet overhead: occurs when
using fewer control packets in data transmission reduces energy consumption [105].

In a routing algorithm, when a device transmits a data packet, it selects the most efficient link for
forwarding it. Our first step is calculating the efficient link (£;) based on information obtained
from the topology construction algorithm. The device evaluates various factors o determine this
efficient link, including the angle to the destination node. By calculating the closest angle to
the destination node, the device can make informed decisions on selecting the most suitable link
for forwarding the packet towards its intended destination. The node selects the neighbor that
forms the closest angle to the destination node, regardiess of whether it is the smallest or the most
significant angle, maximum or minimum distance. The node identifies the neighbor that points
most directly toward the destination node. For this purpose, we use Equation 5.14 to calculate the
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Table 5.1: Notations

Symbeol Meaning

Eq Energy consumption by the node process unit.

Eea Energy consumption by packet transmission.

E. Energy consumption by receiving 2 packet.

Eons Energy consumption by sender nodes while discovering neighbor nodes.
B Energy consumption by the receiver node while discovering neighbor nodes.
Ten Total energy consumption per node.

E. Total energy consumption by nodes after Energy Harvesting.

Ty The angle between the source and destination nodes.

Ny Neighbor node information in the neighbor table.

Ag Selected address of the closest angle node.

A Current node address.

An; Neighbor node address.

A4 Destination node address.

Op Optimal angle.

Add,, Address of the neighbor node with the optimal angle.

angle between the source and destination nodes.

Ty — Ty
Yo — 4

Ts = arclan{ ) (5.14)

where z,,y, are the coordinates of one node and x4, y, are the coordinates of second node. When
each node receives a packet, it calculates the angle between itself and the sender node using the

following equation:

Ia — I

ts = arctan( ) (5.15)

¥2— 4

5.1.2 Node Energy Harvesting Model

The energy harvesting model represents harvesting energy from the environment and converting
it into usable electrical energy. A general representation of the energy harvesting equation is as

follows:
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Eh‘——I}XPh x t {5.16)

where 7 represents the energy conversion efficiency, F), represents the harvesicd power, and t rep-
resents the harvesting time duration. This equation calculates the total harvested energy by multi-
plying the harvested power with the harvesting time duration, considering the energy conversion
efficiency (), which represents the efficiency of converting harvested power into usable electrical
energy. The energy conversion efficiency {n) in the context of energy harvesting represents the
efficiency with which harvested power is converted into usable efectrical energy.

The expression for n can be derived by considering the encrgy harvesting process’s power conver-
sion losses or inefficiencies. In this case, the equation for 7 can be expressed as;

n= Pourputfpinpui (51?)

Poutpue Tepresents the usable electrical power obtained from the encrgy harvesting process, and
Pinput Tepresents the total harvested power, including the energy obtained from the environment.
This equation, 7, is the usable electrical power output ratio to the total harvested power input. It

measures the efficiency with which the harvested power is converted into usabie energy.

P, can be obtained from RF energy harvesting. In RF energy harvesting, the harvested power
() can be estimated based on the received RF signal strength and the efficiency of the energy
harvesting circuit. The equation for harvested power in RE energy harvesting can be represented

as’

P,=C x|Ef xn.f (5.18)

where C represents the capture coefficient or antenna sensitivity, which characterizes the efficiency
of capturing the RF energy. Additionally, the antenna structure plays a vital role in the EH process,
as mentioned by [16] in their real-world experiments. |E|? represents the squared magnitude of

the electric field strength of the RF signal, which represents the power density of the received RF
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signal. n, f represents the efficiency of the RF energy harvesting circuit, which accounts for losses
and conversion efficiency in the energy harvesting process.

The equation states that the harvested power is proportional to the capture coefficient (C), the
square of the electric field strength (|E)?), and the efficiency of the RF energy harvesting circuit
(7 f). It indicates that a stronger RF signal, higher capture coefficient, and higher energy harvest-
ing circuit efficiency will produce higher harvested power.

After the harvesting process, the total energy of the node can be expressed as follows:

Ten=Eo+ ) _ En (5.19)

Now, the following equation can be used for the residual energy of the node:

E=Tn—) T (5.20)

This manuscript focuses on reducing the overall energy consumption of individual nodes in the
network by targeting parameters described in Eq. (5.13). This work aims to develop and implement
energy efficiency strategies and modeis that optimize these parameters for each node individually,
ultimately reducing energy consumption. The aim is to design an efficient routing mechanism that
considers energy harvesting comsiderations, thereby enhancing the overall energy efficiency of the

network.

5.2 Location Centric EH Algorithms

This study presents a routing protocol considering energy harvesting when choosing an efficient
link for transmitting data to a specific destination. Past studies have explored various techniques
for selecting the optimal link, including location or angle-based methods {5759, 65, 66] and cost
metrics-based approaches [24, 26, 28, 38, 38, 39, 54]. However, these methods suffer from several
issues, such as problems with selecting the optimal intermediate node, difficulties in maintaining

routes, energy wastage, and increased communication complexities.

A two-step approach is proposed where the first step focuses on discovering neighboring nodes
using broadcast packets to the neighboring nodes. Once the neighbors are identified, in the second
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step, the protocol utilizes the gathered information from the neighbor discovery process to intel-
ligently transmit the data packets to the intended destination node. This twofold strategy aims to
overcome the limitations of past methods and provide a more efficient and effective solution for

data dissemination in an energy-constrained environment.

5.2.1 Distributed Neighbor Discovery Algorithm

The neighbor discovery algorithm is employed to identify the neighboring nodes and facilitate the
exchange of crucial information such as distance calculation, Received Signal Strength Indication
(RSSI), current energy levels, and energy harvesting rate. The neighbor discovery algorithm is
a crucial component in our work, as it significantly contributes to packet forwarding efficiency
and helps us overcome various challenges. By implementing this algorithm, issues like extra
node traversal, which leads to energy savings, reduced packet loss, and minimized delays, can
be avoided. The main idea is as follows:

Each node initiates the process by broadcasting a packet {F;), which other nodes receive and
process. Upon receiving a packet, a node calculates relevant information, including distance, RSSI,
the angle between sender and receiver, and its remaining energy. The distance, RSSI, and angle
are calculated locally, while the current remaining energy is transmitted within the packet header.
Initially, all nodes will broadcast a packet (lines 1-5 in algorithm 3) in time T, and each node
within the transmission range will receive this packet. When a node receives a packet, it will
calculate the distance using Eq. (5.1} and the angle using Eq. (5.15) (lines 6 to 17} based on the
XY-coordinates of the current node (c,r, ¢,v) and the receiver node (r,x, r,y). Consequently, all
necessary information is collected about distance, angle, and current remaining in the neighbor
table after this process. The neighbor table can be updated after every time T.

In this algorithm, epergy harvesting plays an important role. If the distance is large, it wastes
more energy than a short distance. However, using energy harvesting, we can replenish the node’s

energy.

5.2.2 Route Discovery Algoritbm

The main idea of alporithm 4 is to fird the efficient path between the source and destination nodes
considering the energy harvesting factor. In this process, two packets can be used: the initialization
(I{nit ) and reply (Reppr) packets. These packets collect and share/calculate information with
other nodes, which includes distance, current energy, and location. The process of this algorithm
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Algorithm 3 Neighbor Discovery Algorithm

Input: A set of nodes N with unique Node IDs and Time 7.
Output: A Neighbor Table with Angle information of neighbors,
. Attime T
In Sender Mode
forn+ lto Ndo

Broadcast Py,
s: end for
6: In Receiver Mode
TN, — 0
b3
9

s By e

: while Nodes are receiving P, do

: n; — Au; {Information of sender node, ID,IP etc. }
16:  Calculate Angle ¢y between sender and receiver nodes as:
11:  Calculate slope 5; « m = Ti==L

12, if S; < (O then o
13: tg + arctan(S;) + 360

14- else

15: tg « arctan(S;)

16:  endif

17: Ny — ny, ty
183: end while

is twofold: finding the route and sending data, The purpose is to find an optimal route, also
called an efficient link, through a process that mostly depends on neighbor information obtajned
using Algorithm 3 and forwards packets based on this information. Let Oy be the optimal angle
in neighbor nodes then the following equation is used to select the optimal intermediate node for

packet forwarding.

Oy = min Ty —1
? ie{l.ZT..lel}] o~ la] (5.21)

The proposed work divides the network into source, receiver, and destination nodes with energy
harvesting capabilities. When a source node has some data packets (Fy;) to send to the destination
node (line 3), it will check its neighbor table for angles. Without neighbors, the broadcast mecha-
nism will transmit the initialization packet (lines 4-5). If the source node has neighbors, it will first
calculate the angle between the source node and the destination node (lines 7-12), then it will find
the closest angle to the destination among the neighbor nodes’ angles {lines 13-29).
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‘When a node receives the initialization packet, it will check whether it is the destination node (lines
28-29). If it is the destination node, it will transmit the reply packet; otherwise, the node selects
the neighbor that forms the closest angle to the destination node, regardless of whether it is the
smallest or the largest angle. Essentially, the node identifies the neighbor that points most directly
towards the destination node and forwards the packet to them (the same as lines 7-29). The main
advantage of this process is that when a link breakage occurs, there is no need to reconstruct the
route. At least one closest angle exists in the neighbor table, ensuring that the possibility of longer
routes exists but will not exceed those from past research. During this process, each node will
update its neighbor table every time T by receiving packets from neighbors.

5.3 Experiments and Results

The simulation used a 100 x 100m area as shown in Fig. 5.1 in the NS3 environment. For tracing
energy consumption during simulations, a BasicEnergySource object with an initial energy
of 1.2 Joules is installed on each node, and the remaining energy is monitored throughout the sim-
ulation. Additionally, a WifiRadioEnergyModel was installed on each node to examine WiFi
radio energy consumption. WiFi radios consume energy during packet transmission, so the trans-
mit current, receive current, and idle current are set to 2 ma, 2 mA, and 0.27 mA, respectively. A
BasicEnergyHarvester object used for energy harvesting was also installed with parameters
harvestingUpdateInterval setto | and HarvestablePower ranging from 0.0 to 0.1,
Table 5.1 represents the detailed simulation parameters. In our simulation scenarios, there is only
one sink and multipte nodes.

5.3.1 Performance Metrics
Performance metrics {or the proposed approach include energy consumption, network lifetime,

packet lost ratio (PLR), throughput, and delivery delay.

Energy Consumption Energy consumption can be defined as the total energy consumed by all
nodes participating in data delivery.

Packet Loss Ratio  Packet Loss Ratio (PLR) can be defined as the ratio of lost packets to the total
number of sent packets,
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Algorithm 4 Data Transmission with Route Discovery Algorithm
Input: Destination Node Address A,, Information of Neighbor Nodes N, Source Node Coordi-
nates (xy, 1), Destination Node Coordinates (2, 42), Time T, Data Packet D,
Qutput: Optimal Route for Data Transmission.
1. AtT € T, wheren = 1, 2,3, -- T, a node wants to send a data packet (Dpiy).
2: In Source Mode
3. if Route to A, is available then

4. Transmit Dy, through the existing route.
5: else
6:  Starl the O, procedure.
7. if Ny < 1 then
8: Broadcast Init
9: else
10: Calculate the angle 7 between source and destination node as:
1L Calculate slope 5; + m = 23=%
¥2-1
12 if S; < 0 then
13: Tp + arctan{S;) + 360
14; else
L5: T + a.rcta,n(S;)
16: end if
17 for iy, of n, € Ny do
18: Op — milie(y 2, w50 1 To — to,]
19: if ()4 is the minimum so far then
20: Asn + An; {Where A,; is the address of node n; € N, which has the smallest
value}
21: O, « Oy {Update the node with minimum Oy}
22: end if
23 end for
24 Send Inity, to Ay, {Send the packet to the optimal node with minimum O, }
25.  endif

26.  End of the O,, Procedure.
27.  In Receiver Mode
28:  if Received packet at node A is the destination node A, then

29: Send Repyy. to Source Node
30:  else

3L Start the (J,, procedure.

32:  endif

33: end if

Throughput Throughput can be defined as the amount of data (in Mb/s) that can be successfully
transmitted or processed over a network within a given time frame. The formula is given in 3.1.

Hassan Zeb; 143-FBAS/PHDCS/F16 &5



Chapter 5 LCEHA Routing Protocol for IoT in Smart Cities

Packet Latency Time Packet Latency Time refers to the time a packet travels from the source
node to the destination node, which can be calculated using the equation in 3.2 and is typically

measured in milliseconds.

5.3.2 LCEHA Performance under different Distance Parameters

The optimal distance between nodes is crucial for ensuring efficient communication and data trans-
fer within routing protocols. A well-managed spacing between nodes contributes to a streamlined
fiow of information, enhancing the overall performance of routing protocols and harvesting enough
energy from the harvester. When the distance between nodes increases beyond the recommended
threshold, the efficiency of routing protocols starts to decline.

The impact of expanding node distances extends beyond a single performance metric, affecting
various aspects of the routing protocol’s overall effectiveness. Maintaining an appropriate prox-
imity between nodes promotes faster data ransmission, minimizes latency, and improves network
responsiveness. This section will explore various distance parameters to assess their impact on the

performance metrics.

Fig. 5.3 represents the average energy consumption of nodes. It illustrates that the energy con-
sumption is higher when the nodes are closer to each other, Due to the small distance between
nodes, many problems occur, such as Idle listerring, collision of packets, overhearing, and packet
overhead, as discussed in section 5.1.1. As a result, the nodes can waste their energy resources.
However, compared with existing works [26, 28, 38, 55), our performance is better. It is worth
noting that when the number of nodes exceeds sixty, the energy consumption decreases. It can be
attributed to a reduction in energy consumption per node. When the energy consumption per node
decreases as the number of nodes increases, it can reduce the overall energy consumption of the
network. In other words, our purpose is to reduce E, by reducing the per-node values of £, £,
and F. in Eq. (5.13). In Fig. 5.2, only those nodes in the direction of the destination node are
selected, while the remaining nodes do not take part. The improved results can be attributed to the
energy harvesting process, which prevents the energy level of a node from reaching zero. In other
words, the energy-harvesting mechanism ensures that nodes in the network do not completely de-
plete their energy reserves. This prevention of energy depletion is a crucial [actor contributing to
the enhanced system or algorithm performance. By maintaining a certain level of energy in the
nodes, they can continue to function and participate in the network operations effectively, leading
to better overall ontcomes. Consequently, the energy of other nodes can be saved, thus impacting
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the overall energy consumption.
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Figure 5.3: Average Energy Consumption With Different Distance Parameters

Fig. 5.4 and Fig. 5.5 depicts the average packet delivery ratio at different distances. In Fig. 5.4,
the packet delivery ratio is shown for nodes between ten and forty meters apart. [t is worth noting
that the system’s performance decreases as the network density increases. The high density causes
link failure and congestion, which leads to packet drop. The high PDR means a node can harvest

enough energy from the energy harvester.

On the other hand, Fig. 5.5 illustrates the average packet delivery ratio for nodes located more than
60 meters away. It is evident from the figure that the packet delivery ratio decreases as the distance

between nodes increases.

Fig. 5.6 and Fig. 5.7 illustrate the delay between nodes in different distance scenarios. It can be
observed that as the distance between nodes increases, the delay also increases.

The relationship between distance and delay is evident in both figures. As the nedes are placed
further apart, the time required for data packets to travel between them becomes longer, resulting
in increased delays. It can be attributed fo the large propagation distance and potentially higher

transmission power required for maintaining signal strength over greater distances.

Fig. 5.8 and Fig. 5.9 depict the average throughput between nodes in different scenarios according
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Figure 5.5: Average Packet Delivery Ratio With 60, 80, 100 M Distance Parameters

to Eq. (3.1). It is evident from the figures that our work performs better when the distance between
nodes is small and the network density is low. In such scenarios, the average throughput is higher
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due to reduced transmission power requirements and improved signal strength over shorter dis-

tances. Moreover, a lower network density reduces congestion and improves overall throughput.
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Therefore, based on the analysis of these figures, our work demonstrates superior performance in
scenarios characterized by smaller distances between nodes and lower network density.

o;oz T L] L] L T T

0.013

0.016

0.014

0012

0.0L -

Averaga Thioughput

ooon

0.006

No of Nodes
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Fig. 5.10 provides an overview of the average packet loss rate (PLR) across various scenarios.
It shows a clear correlation between the distance between nodes and the PLR and between node
density and the PLR. When the distance between nodes increases, the PLR also increases, indicat-
ing a higher likelihood of packet loss over longer distances. Similarly, as the node density in the
network increases, the PLR also rises, suggesting that a higher concentration of nodes can lead to
more packet loss. Upon closer examination, specific points in the network exhibit notable trends.
For instance, when the distance between nodes is ten meters and 100 nodes present, the PLR expe-
nences a significant increase. However, as the distance gradually increases to 20, 43, 60, 80, and
100 meters, the PLR decreases steadily. The lowest PLR is observed when the distance between
nodes reaches 100 meters, and there are 100 nodes in the network.,
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Figure 5.10: Packet Loss Ratio of 10,20,40,60,80, 100 Meters Distance Parameters

5.3.3 Comparisons of EHARA, R-MPRT mode, AODV-EHA, and CFS

The work has been compared with EHARA [26], AODV-EHA [38], CFS [28], and R-MPRT [55]
because these works are related to energy harvesting techniques. Fig. 5.11 and Table 5.2 represent
average energy consumption comparison with EHARA, R-MPART, AODV-EHA, and cfs. Our
work given shows outstanding performance compared to others. It is because the proposed work
ignores the path reconstruction process, controls the broadcasting of packets by each node, and
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avoids traversing nodes that are not in the direction of destination nodes. Additionally, our work
reduces packet sending, which is essential to our energy efficiency.
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Figure 5.11: Average Energy Consumption Comparison with Proposed and Existing Works

Table 5.2: Comparison of LCEHA with existing approaches in terms of energy consumption.

Model Energy Consumption
R-MRPT 6.450
AODV-EHA 2.764
EHARA 1.324
CFS 0.740
LCEHA 0.277

Fig. 5.12 and Table 5.3 represent average packet loss ratio comparison under different numbers
of sensor nodes with EHARA, R-MPRT, and AODV-EHA. The results show a minimum packet
loss ratio compared to others. The figure shows that the performance decreases as the number
of nodes increases, although a zero PLR ratio is achieved for some simulations. From 20 to 70
nodes, our PLR ratio is zero, while others have more than zero. It is because at least one link exists
between the source and destination nodes by sending packets through neighbor nodes. Based on
the provided figure, our work is not well-suited for a dense network due to challenges such as
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congestion and collision. Referring to Fig. 5.10, which displays the PLR for various distance
levels, it has been observed that when the distance between nodes is ten meters, and there are
100 nodes in the network, the PLR increases significantly {peaks). As the distance increases to
ten, forty, and sixty meters, the PLR decreases gradually. The lowest PLR is achieved when the
distance between nodes is 100 meters and there are 100 nodes in the network.

The high PLR at small distances can be attributed to idle listening, collisions, over-hearing, and
control packet overhead. Addressing and mitigating these issues can reduce the PLR to nearly zero
and improve the network’s overall performance.
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Figure 5.12: Packet Loss Ratio Comparison with Proposed and Existing Works

Table 5.3: Comparison of LCEHA with existing approaches in terms of packet loss ratio.

Model Average PLR

R-MRPT 0.120
AODV.EHA 0.126
EHARA 0.052
CFS 0.034
LCEHA (0% up to 80 nodes, then it increase the PLR

Fig. 5.13 and Table 5.4 illustrate the average throughput comparison between our work and other
studies, demonstrating that our work outperforms the others. The proposed model evaluated the
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closest angle path to enthance the routing process, which proved highly effective in finding opti-
mal solutions and achieving a high throughput. Consequently, it can be inferred that the proposed
model surpasses the existing ronting mechanisms discussed in prior research, providing more pre-
cise and efficient routing decisions. This research contributes valuable insights to enhance network
performance and optimize routing strategies.
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Figure 5.13: Average Throughput Comparison with Proposed and Existing Works

Table 5.4: Comparison of LCEHA with existing approaches in terms of thronghput.

Model Average Throughput
R-MRPT 24.833
AODV-EHA 15.926
EHARA 52.980
CFS 54.405
LCEHA 69.64

54 Chapter Summary

This chapter presents a location-centric energy harvesting aware routing (LCEHA) protocol to ad-

dress energy utilization, lifetime enhancement, route setup delay minimization, and routing success
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probability maximization in the WSN-based IoT paradigm. The proposed work ensured the energy
utilization factor of all nodes in the network. The proposed solution is distributed neighbor dis-
covery and routing using neighbor information. The proposed approach is comparatively analyzed
against the existing state-of-the-art. The experimental results show that the proposed work has
promising results and improves energy efficiency, packet loss ratio, throughput, and delay, leading
to improved network lifetime. In the future, a 3D environment may be used to check the energy
efficiency of the proposed scenario.
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Chapter 6

ELEH K-Means Clustering for IoT in
Smart Cities

The IoT-based networks have gained significant attention in recent years due to their applications
in various domains within smart cities. These domains include but are not limited to smart build-
ings, smart health, smart transportation, smart grid, battlefield momitoring, bird observation, glacier
monitoring, and smart agriculture [16, 97].

The expansion of cities’ infrastructure needs has increased demand for IoT devices within [oT
networks. [oT-based networks comprise numerous wireless sensing nodes or electromechanical
systems that detect varions physical parameters and send them to a central location. In various
smart city applications, such as smart transportation, bird observation, glacier monitoring, and
smart transportation, WSNs consist of mobile sensing nodes rather than stationary ones [106].

Energy harvesting techniques are a promising solution for powering IoT-based wireless sensing
nodes [107). In this technique, the IoT-based devices can extract energy from given resources
and convert it to DC for replenishment [108, 109]. These resources include the sun, wind, or
RF signals. While RF sources provide relatively lower energy than natural sources, their constant
availability makes them more reliable. Thus, RF sources are an ideal choice for energizing wireless

sensing nodes.

Many challenges in loT-based Networks have arisen, such as link/path discovery time, delay,
packet loss, power consumption, network failures, scalability, and elevated operational costs [100,
110, 111]. Routing in loT-based networks is crucial in finding the path/link from the source to the
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destination node, which can decide the protocol’s efficiency. If the selected link/path is efficient,
it can decrease energy consumption and delay increase PDR, and throughput. The routing process
must be efficient; however, it should also reduce the number of messages exchanged while finding
new or rebuilding broken paths. The more messages exchanged, the more the energy consumption.

An efficient link/path selection strategy is crucial to efficiently tackle energy consumpdion, dis-
covery time of link/path, delay, packet loss, and network failure problems. An optimal link/path
selection strategy can improve network performance, leading to longer network life.

The research community presented location-based link/path selection [112], flat-based link/path
selection, and hierarchical-based link/path selection. All nodes participate in the routing process
in a flat link/path selection strategy. In location-based, the link/path is selected through location in-
formation [112]. In the hierarchical/cluster strategy, the nodes are divided into groups to minimize
the energy and solve the scalability prablems.

Several clustering techniques such as LEACH, K-means, Kmeans-Leach, and Kmeans-AQDV-
ACO have been proposed [46, 69-75], each with distinct methods for centroid selection, cluster
formation, CH selection, and routing. Centroid selection methods involved random seleciion, two-
dimensional coordinate-based approaches, and considerations of high node density. Cluster for-
mation strategies included adding nodes to clusters closest to centroids, grouping nodes closast to
each other, or combining clusters with the nearest minimum average distances. CH selection meth-
ods encompass dynamic approaches, multi-criteria methods considering energy, degree, mobility,
and packet drop, and selecting nodes with the highest residual energy. Routing techniques ranged
from AODV routing and the Firefly Algorithm to utilizing CH selection,

These approaches are practical in solving problems such as prolonging the network lifespan, ef-
ficiently dividing the nodes into clusters and better routing techniques. However, these methods
suffer from several issues, such as problems with selecting the optimal centroid points, cluster
formation, and optimal routing strategy, which can lead to sub-prohlems such as the construction
of optimal path/hnk during routing, difficulties in maintaining routes, energy wastage, delay, and
increased communication complexities, Furthermore, in some studies [46, 74], researchers incor-
porated mechanisms for re-routing or re-selecting CH in the event of node or link failures. Ad-
ditionally, this research has introduced a new problem related to cluster selection during routing.
This problem can be described as follows: in traditional K-means routing algorithms, the initial
cluster for data transmission is chosen randomly. It doesn't take into account the direction of the
destination node. This can result in the unnecessary traversal of clusters outside Lhe direct path of
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the destination node, leading to the wastage of time and energy. In simpler terms, the fraditional
method of selecting clusters for data transmission doesn’t consider the direction of the destination
node or whether a cluster is located at the most direct angle to the destination node. This can result
in the inefficient use of energy and time, as clusters that don’t align with the destination node’s

direction are unnecessarily accessed during data transmission.

This thesis introduces a solution to tackle the previously mentioned issues. An angle-based ap-
proach is used to enhance the selection of clusters for efficient data transmission in the direction
of the destination node. The centroids are chosen through the closest angle to the destination. In
cluster formation, the nodes with the nearest angle to each other are combined. The nodes with the
closest angle to the destination will be chosen in CH selection. The routing is done through the
closest CH to the destination node.

The primary contribution of this research work can be summarized as foltows:

*» To develop a cluster selection mechanism that considers the destination node’s direetion for

more effictent routing in IoT networks.

* Introducing a modified K-means-based location-centric enerzy harvesting aware cluster pro-
tocol (MK-L.CEHACP}) based routing solution that considers the node’s angle. This approach
enables multi-hop communications between the cluster and the base station (BS), providing

a comprehensive routing solution.

* MK-LCEHACP technique performs well in terms of energy efficiency, consumes less energy
while transmitting data, and achieves maximum PDR and throughput rate.

6.1 System model and Preliminaries

This chapter describes the system model for the proposed scheme. The system model can be
divided into three parts: The node model, the network model, and the enerpy consumption modei.
Each of these models is briefly described as follows.

6.1.1 Node Model

In this study, the devices are considered heterogeneous in ToT networks, and the heterogeneity
comes from the initial energy, residual energy, link capacity, energy consumption, sensing capacity,
energy harvesting capacity, and even transmission range. The EH module’s primary function is to
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6.1.3 Energy Consumption Model

The presented work is based on energy harvesting-aware routing, so energy consumption and en-
ergy harvesting are crucial factors for designing such protocols. Each node shouid know the energy
consumption rate while participating in the communication process. The communication process
is mainly based on packet transmission, reception, internal processes, and the node’s operational

mode (such as sleeping, working, or recharging).

In this study, the radio model presented in the work of Heinzelman et al. {69] is used. This model
efficiently describes the relationship between erergy consumption and data transmission for energy
harvesting-aware routing protocols.

Eq. (5.6) is used to calculate the energy consumption during the packet transmission process in
the network, while Eq. (5.7) is used to calculate the energy consumption after a packet receiving
process. These equations are the general form for cafculating energy consumption in radio-based
routing protocols because several important factors can affect the overall energy consumption of
the network. These factors include the distance between neighbor nodes, network density, packet
transmission and receiving rate, and packet size. These factors are related, so the solution of one
factor can lead us to the solution of other factors. For instance, salving the distance between nodes
problem can affect {increase) the PDR and reduce energy consumption. If the data problems solved
among nodes, then it can also reduce energy consumption. The following sections have described

these factors in detail:

Energy Consumption by Processing Unit: The energy consumption by processing unit is rep-
resented in Eq. 5.8, The hardware design, clock frequency, and computational workload can affect
the energy consumption of the processing unit. The energy consumption rate by these factors can
determine the manufacturer or through measurement,

Energy Consumption by Transmission of Packets: The energy consumption by transmission
of packets is represented in Eq. 5.9.

Energy Consumption by Receiving of Packets: The energy consumption by receiving a packet
by nodes is represented in Eq. 5.10.

Energy Consumption by Discovering Neighbor Nodes: Discovering and maintaining network
nodes is a crucial aspect of network maintenance. It ensures the continuous and uninterrupted oper-
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ation of the network. This phenomenon can be understood and expressed through an equation that
combines the factors of node discovery and ongoing maintenance. By effectively discovering new
nodes and proactively maintaining the network’s functionality, optimizing the overall performance
and reliability of the network can be achieved. The energy consumption by discovering neighbor
nodes is represented in equation Eq. 5.11. When allocating one second for the neighbor discovery
process, it comesponds to the transmission of a single packet within that time frame. However,
extending the neighbor discovery process to ten seconds allows for transmitting multiple packets
over this extended duration.

And for packet receiving Eq. 5.12 is used.
The overall energy consumption can be expressed as Eq. 5.13.

Table 6.1: Notations

Symbol Description

Ep Energy consumption by node process unit

E. Energy consumption by transmission of packet

E., Energy consumption by receiving of packet

Eons Energy consumption by sender nodes discovering neighbors nodes
Eonr Energy consumption by receiver node discovering neighbors nodes
T, Total energy consumption per node

E, Total energy consumption by nodes after EH

T Angle Between Sender and Receiver

N Neighbor Node Angles in Neighbor Table

Ay Selected Address of Closest Angle Node

Ay Current Node Address

A Neighbor Node Address

Ay Destination Node Address

6.1.4 Node Energy Harvesting Model

The energy harvesting model represents harvesting energy from the environment and converting
it into usable electrical energy. A general representation of the energy harvesting equation is as

follows:

En=nx P, xt (6.1)
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(- f). Tt indicates that a more robust RF signal, higher capture coefficient, and higher energy
harvesting circuit efficiency will produce higher harvested power.

After the harvesting process, the total energy of the node can be expressed as follows:

Ton = Eo+ Y En (6.4)

The following equation can be used to compute a node's residual energy.

Er=Ten—) T (6.5)

The proposed work reduces the network’s energy consumption using different parameters as de-
scribed in Eq. 5.13. The aim is to develop and implement strategies for energy efficiency that op-
timize the parameters individually by each node, leading to reduced energy consumption. Further,
the proposed techniques aim to design an efficient routing strategy considering energy harvesting
to enhance the overall network energy efficiency.

6.2 Proposed Approach

To improve the performance of the clustering approach, this work introduces an approach for se-
lecting optimal clusters based on the closest angle to the destination in IoT-based EH-enabled
WSNs. The propesed approach adopts the K-means clustering algorithm incorporating an angle-
based mechanism for cluster selection called Location Centeric Energy Harvesting Aware Clus-
tering Protocol (MK-LCEHACP). 1t combines the strengths of the K-means algorithm with the
closest angle-based approach to achieve better clustering in IoT-based EH-enabled WSNs.

K-means clustering is a widely used technique with applications in various fields such as data min-
ing and ad hoc networks, particularly in Mobile Ad Hoc Networks (MANETS). It is recognized
for its simplicity in implementation and quick convergence. The primary goal of K-means is to
minimize the average squared Euclidean distance between data points and their respective cluster
centers. The basic K-means algorithm [35] begins by selecting an initial set of cluster centers,
denoted by "K' It then proceeds to organize the data inic a specified number of clusters (assumed
to be "k’). The fundamental concept involves determining "k’ centroids, with each centroid repre-
senting a distinct cluster. Despite its simplicity and efficiency, K-means does have drawbacks that
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need to be considered, such as the challenges related to node distribution and the fixed nature of
CHs and members.

6.2.1 Modified K-means based LCEHACP Algorithms

Algorithm 5 identifies centroid points for the subsequent cluster formation process. It employs
two angles: the angle between the source and destination node and the angle between each pair
of network nodes. The primary objective is to construct a set of angles between nodes. The algo-

Algorithm § Selection of Centroid Points

Input: X = {zy,...,Zn}
Output: Centroid Pomts M
: Calculate Angle T between source and destination nodes as:
Calculate slope S; ¢~ m = ;:—?11
if 5} < 0 then
Ty « arctan{S;) + 360
else
To arctan(S;)
end il
fori=1tondo
Calculate Angle ¢4 between current node and all nodes as:
Calculate slope as 5; ¢ m = =2,
if S; < 0 then
tg < arctan{5;} + 360
else
tg + arctan(5;)
end if
. end for
. to = {to, tay tay - - -+ L0, }
Divide fg in X groups with same angles.
cfori=1t0 X do
forj=1tondo
Select node y; among £y with smallest angle to destination node as: p; =Ty - 1, |
end for
: end for
retorn M = {py, g2, ..., 1t}

E??P.“:’P."E-‘.":'?'E‘:’!‘?:"

gmmm”—»—-.—.—-»—-.—.—-;—-.—l.—-
PR SQR e RN D

rithm then organizes these angle sets and groups them according to specified criteria, evenmually
selecting nodes with the smallest angles within their respective sets. These chosen nodes become
the centroid points for the clusters.
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In simpler terms, the algorithm establishes a measure of angular relationships between nodes,
clusters these angles, and strategically chooses nodes with the least angular difference to serve as

the initial centers for cluster formation.

From lines 1 to 6, the algorithm computes the angle between the source and destination node in the
network. This angle represents the directional relationship between the data transmission’s starting
point (source) and the endpoint (destination}.

Moving on to lines 7 through 14, the algorithm calculates the angles between each node in the net-
work. This step involves determining the angular orientation of every individual node concerning

the source and destination,

Finally, lines 15 to 22 depict the process of selecting centroid points. The algorithm forms sets
of angles obtained in the previous steps and divides them based on specified criteria. The nodes
with the smallest angles within their respective sets are then identified as the centroid points for

the subsequent cluster formation.

Algorithm 6 is designed to create clusters and determine the Optimal CH within the network. The
algorithm initiates by computing the angle between each node and the previously selected centroid

points.

Starting from line 1, the algorithm systematically calculates the angles between every node and
each of the chosen centroids. This step provides a measure of the directional orientation of each

node concerning the identified cluster centers.

Subsequently, nodes are assigned to specific clusters based on the centroid with the smallest an-
gle, as outlined in lines 3 to 5. This allocation ensures that nodes are grouped with the closest
directional alignment centroid.

In lines 7 through 12, the algorithm determines the most forward distance within each formed clus-
ter. This distance calculation considers the proximity of nodes to the destination node, emphasizing

the importance of forwarding data efficiently.

The algorithm concludes by selecting the Optimal CH for each cluster. This CH is chosen based
on the node within the cluster that possesses the furthest forward distance to the destination node.
The algorithm outputs both the created clusters and the identification of the Optimal CH for each

cluster.
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In summary, Algerithm 6 effectively forms clusters by associating nodes with centroid points and
selects an Optimal CH within each cluster based on the node with the greatest forward distance to
the destination node.

Algorithm 6 Cluster Formation and Optimal CH Selection
Input: M = {1, po, .. ., g} {Input: Centroid Points}
Input: X = {zy,2,,...,1,} {Input: Data Points}
QOutput: Clusters Cy, (s, ..., C} and Optimal CH O,

I fori=1tondo

2 forj=1tokdo

3 Calculate 6;; « arctan (i—:iﬁﬁ)

4:  end for '
5. Assign node to the cluster C; = argmin (6;;)
6
7
8
9

: end for
:forj=1tokdo
Calculate the most forward distance «; of nodes in C; to the destination node
D Kj = MaXg,ec, Distance(z;, Tdexinion) {Maximum distance within closter C;}
10: end for
11: Ogr = argmax (x;) {Select the cluster with the most forwarded distance}}
12: returm Clusters C, Cy, . . ., C; and Optimal CH G,

Finally, the algorithm returns the selected optimal CH. The data packets are sent to CH and finally
reach the destination node in the data forwarding algorithm 7.

Algorithm 7 Data Forwarding Algorithm
Input: Optimal route O,y obtained from algorithm 6
Ontput: Dissemination of data packet

1: while O, do
2. Select the closest CH to the destination node and forward the data packet

3. if ] am destination then

4 halt;

5: else

6 Select the next closest angle to the destination node among neighbor nodes and send the
packet to the CH.

7. endif

8. end while
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6.3 Results and Analysis

The simulation was conducted in an NS3 environment, covering an area of 100 x 100 m square
meters, as illustrated in Fig. 6.1. Energy-related aspects were closely monitored during the sim-
ulations. Each IoT device is equipped with BasicEnergyScource fixing initial erergy with
1.2 Joules, which is used for energy consumption observation in the overall network. Moreover,
IoT devices are equipped with WifiRadioEnergyModel component, which is used for analyz-
ing the energy consumption during radio operations, Furthermore, BasicEnergyHarvester
components are also integrated with IoT devices to harvest the energy from RF-based signals.
The pui'posc of this model is to observe the energy consumption and harvesting during packet
transmission, with specified current values for transmission, reception, and idie states. Table 6.2
sumimarizes the simulation parameters used in experiments.

Table 6.2: Simulation parameters for the Proposed work

Parameter Value

Simulator used NS3

Simulation Area 100 x 100m, 900 x 700m
Simutation time 50,200

Number of nodes 20, 30, 40

Minimum speed 28 ms

Network Interface types Wireless
Initial Transmit Power 0.5

Several performance metrics are used to evaluate the performance of the proposed scheme in dif-
ferent simulation scenarios. The metrics include Energy Consumption, Packet Loss Ratio (PLR),
Packet Latency Time (PLT), Throughput, and PDR. The details are described in the following

sections:

6.3.1 Energy Consumption

As discussed in section 6.1, the proposed work is based on energy harvesting, so each node should
know the energy harvesting and energy consumption rate during communication. This metric de-
cides the efficiency of any routing protocol regarding energy consumption in 1oT-based networks.
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6.).2 Packet Loss Ratio

Several factors can degrade the network’s reliability, efficiency, and performance in energy harvesting-
based routing protocols. These include the distance between nodes, the sink/BS distance from the
nodes, the density of the network, and the current energy level. One of the main factors in this is
the packet loss ratio (PLR), which is the lost packets that have not reached the destination node

during networking.

6.3.3 Throughput

As discussed above, several factors can degrade the network’s reliability, efficiency, and perfor-
mance. Throughput is another factor that can reflect the reliability of the network. In the routing
process, sensed data are sensed to the destination node in a given time frame; when these data
reach the destination successfully, this is called the network’s throughput. Let T, indicate the
throughput parameter, B be the total byles received at the destination node in total time 7),; then
the throughput equation can be model as equation 3.1.

6.3.4 Packet Latency Time

Packet Latency Time is when a packet successfully travels from the source node to the destination
node. It helps us understand the delay experienced by data packets during transmission. Let D; be
the delay parameter, [J, be the sum of all delay time, and T be the total transmitier packet, then
the equation for calculating Packet Latency Time is presented in 3.2. The unit of measurement for

the Packet Latency Time is milliseconds {ms).

In the context of varying distance parameters, the optimal spacing between nodes plays a crucial
role in the efficiency of communication and data transfer within routing protocols. Maintaining
the proper node distance ensures smoother information flow. leading to enhanced routing protocol
performance and efficient energy harvesting. When node distances exceed recommended thresh-
olds, the efficiency of routing protocols diminishes, affecting multiple performance metrics. The
impact of increased node distances extends beyond a single performance metric, influencing as-
pects like data transmission speed, latency reduction, and network responsiveness. This section
explores different distance parameters and analyzes how they affect performance metrics.

Fig. 6.2 illustrates the average energy usage of nodes situated at varying distances. The graph in-
dicates that energy consumption and distance have a direct relationship. As the distance between
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convert ambient energy sources, such as solar energy, vibration, and electfomagnetic waves, into
electricity. In this specific case, the EH module utilizes piezoelectric technology to capture RF
energy, as referenced in several sources [16, 113]. The electricity generated from this energy
harvesting process is then stored in an energy storage unit. Two options are availabie for this
purpose: (i) chemical rechargeable batteries, which store energy through chemical reactions, and
(i1) supercapacitors, which store energy in electrostatic energy. Supercapacitors are preferred in
this work due to their notable features, including a long cycle life and high power density [16].

6.1.2 Network Model

The system consists of a set of & IoT-based devices deployed in a two-dimensional area, The
loT-based devices are deployed randomly, meaning their locations are not predetermined. Every
IoT-based device can move at a random speed in any direction. Initially, all nodes have equal initial
energy. All IoT-based devices are equipped with energy harvesting capabilities from the surround-
ing environment, such as RF. All links are symmetrical, meaning each node can communicate with

neighboring nodes.

Figure 6.1: Network Model
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6.1.3 Energy Consumption Model

The presented work is based on energy harvesting-aware routing, so energy consumption and en-
ergy harvesting are crucial factors for designing such protocols. Each node should know the energy
consumption rate while participating in the communication process, The communication process
is mainly based on packet transmission, reception, internal processes, and the node’s operational

mode (such as sleeping, working, or recharging).

In this study, the radio model presented in the work of Heinzelman et al, {69] is used. This model
efficiently describes the relationship between energy consumption and data transmission for energy

harvesting-aware routing protocols.

Eq. (5.6) is used to calculate the energy consumption during the packet fransmission process in
the network, while Eq. (5.7) is used to calculate the energy consumption after a packet receiving
process. These equations are the general form for calculating enerpy consurnption in radio-based
routing protocols because several important factors can affect the overall energy consumption of
the network. These factors include the distance between neighbor nodes, network density, packet
transmission and receiving rate, and packet size. These factors are related, so the solution of one
factor can lead us to the solution of other factors, For instance, solving the distance between nodes
problem can affect (increase) the PDR and reduce energy consinmption. If the data problems solved
amnong nodes, then it can also reduce energy consumption. The foliowing sections have described

these factors in detail;

Energy Consumption by Processing Unit: The energy consumption by processing unit is rep-
resented in Ey. 5.8. The hardware design, clock frequency, and computational workload can affect
the energy consumption of the processing unit. The energy consumption rate by these factors can

determine the manufacturer or through measureinent.

Energy Consumption by Transmissien of Packets: The energy consumption by transmission

of packets is represented in Eq. 5.9.

Energy Consumption by Receiving of Packets: The energy consumption hy receiving a packet

by nodes is represented in Eq. 5.10.

Energy Consumption by Discovering Neighbor Nodes: Discovering and maintaining network
nodes is a crucial aspect of network maintenance. It ensures the continuous and uninterrupted oper-
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ation of the network. This phenomenon can be understood and expressed through an equation that
combines the factors of node discovery and ongoing maintenance. By effectively discovering new
nodes and proactively maintaining the network’s functionality, optimizing the overall performance
and reliability of the network can be achieved. The energy consumption by discovering neighbor
nodes is represented in equation Eq. 5.11. When allocating one second for the neighbor discovery
process, it corresponds to the transmission of a single packet within that time frame. However,
extending the neighbor discovery process to ten seconds allows for transmitting multiple packets

over this extended duration.
And for packet receiving Eq. 5.12 is used.
The overall energy consumption can be expressed as Eq. 5.13.

Table 6.1; Notations

Symbel Description

E., Energy consumption by node process unit

E.. Energy consumption by transmission of packet

E. Energy consumption by receiving of packet

Eons Energy consumption by sender nodes discovering neighbors nodes
Eonr Energy consumption by receiver node discovering neighbors nodes
Ten Total energy consumption per node

E, Total energy consumption by nodes after EH

Te Angle Between Sender and Receiver

No Neighbor Node Angles in Neighbor Table

A Selected Address of Closest Angle Node

Ay Current Node Address

Api Neighbor Node Address

Ay Destination Node Address

6.1.4 Node Energy Harvesting Model

The energy harvesting model represents harvesting energy from the environment and converling
it into usable electrical energy. A general representation of the energy harvesting equation is as

follows:

Eh:T}XPhXt (6])
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Where 7 represents the energy conversion efficiency, P, represents the harvested power, and t
represents the harvesting time duration. This equation calculates the total harvested energy with
harvested power and total harvesting time duration. The conversion of harvested power into usable
electrical energy (in other words, to DC) is also considered in the energy conversion efficiency ()

parameter.

The n can be more elaborated with the power conversion losses or inefficiencies in the energy

harvesting. So the equation for 7 can be mode! as:

n= Po/-Pin (62)

Where F, represents the usable electrical power obtained from the energy harvesting. F,, repre-
sents the total harvested power, including the energy obtained from the environment. This egua-
tion, #, is the usable electrical power output ratio to the total harvested pewer input. It measures

the efficiency with which the harvested power is convenied into usable energy.

Py can be obtained from RF energy harvesting. In RF energy harvesting, the harvested power
(P.) can be estimated based on the received RF signal strength and the efficiency of the energy
harvesting circuit. The equation for harvested power in RF energy harvesting can be represented

as:

P.=C+|Ef*nf (6.3)

where C represents the capture coefficient or antenna sensitivity, which characterizes the efficiency
of capturing the RF energy.

The antenna structure plays an essential role in the EH process. as mentioned by [114] in their
real-world experiments. |E|* represents the magnitude squared of the clectric ficld strength of
the RF signal, which represents the power density of the received RF signal. %, f represents the
efficiency of the RF energy harvesting circuit, which accounts for losses and conversion efficiency

in the energy harvesting process.

The equation states that the harvested power is proportional to the capture coefficient (C), the
square of the electric field strength (| E[*), and the efficiency of the RF energy harvesting circuit

Hassun Zeb: I43-FBASPHDCS/FIS 102



Chapter 6 ELEH K-Means Clustering for IoT in Smart Cities

(n,f). Tt indicates that a more robust RF signal, higher capture coefficient, and higher energy
harvesting circuit efficiency will produce higher harvested power.

After the harvesting process, the total energy of the node can be expressed as follows:

Ten=Eg+ Y _Ex (6.4)

The following equation can be used to compute a node's residual energy.

Er=Ton—) Tic (6.5)

The proposed work reduces the network’s energy conswmption using different parameters as de-
scribed in Eq. 5.13. The aim is to develep and implement strategies for energy elficiency that op-
timize the parameters individually by each node, leading to reduced energy consumption. Further,
the proposed techniques aim to design an efficient routing strategy considering energy harvesting
to enhance the overall network energy efficiency.

6.2 Proposed Approach

To improve the performance of the clustering approach, this work introduces an approach for se-
lecting optimal clusters based on the closest angie to the destination in IoT-based EH-enabled
WSNs. The proposed approach adopts the K-means clustering algorithm incorporating an angle-
based mecharmsm for cluster selection called Location Centeric Energy Harvesting Aware Clus-
tering Protocol (MK-LCEHACP). It combines the strengths of the K-means algorithm with the
closest angle-based approach to achieve better clustering in loT-based EH-enabled WSN.

K-means clustering is a widely used technique with applications in various fields such as data min-
ing and ad hoc networks, particularly in Mobile Ad Hoc Networks (MANETS). Tt is recognized
for its simplicity in inplementation and quick convergence. The primary goal of K-means is to
minimize the average squared Euclidean distance between data points and their respective cluster
centers. The basic K-means algorithm [35] begins by sclecting an initial set of cluster centers,
denoted by "K' It then proceeds to organize the data into a specified number of clusters (assumed
to be 'k’). The fundamental concept involves determining 'k’ centroids, with each centroid repre-
senting a distinct cluster. Despite its sirnplicity and efficiency, K-means does have drawbacks that
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need to be considered, such as the challenges related to node distribution and the fixed nature of
CHs and members,

6.2.1 Modified K-means based LCEHACP Algorithms

Algorithm 5 identifies centroid points for the subsequent cluster formation process. It employs
two angles: the angle between the source and destination node and the angle between each pair
of network nodes. The primary objective is to construct a set of angles between nodes. The algo-

Algorithm 5 Selection of Centroid Points

Input: X = {z,...,z,}
Output: Centroid Points: A

1. Calculate Angle Ty between source and destination nodes as:
2: Calculate slope S; + m = ﬁ
3 if §; < O then
4: Ty + arctan(S;) + 360
5. else
6: Ty « arctan(5;)
7: end if
8: fori=1tonda
9:  Calculate Angle {; between current node and all nodes as:
10:  Calculate slope as 5, « m = £1=3L.
I ifS; < 0 then
12: tp + arctan(S;) + 360
13:  else
14; tg « arctan(S;)
15 endif
16: end for
17 iy = {tgl,t92,t33 ... ,f‘gn}
18: Divide #4 in X groups with same angles.
19: fori=1to X do
20: for j =1tondo
21 Select node j1; among fg with smallest angle to destination node as: g, = [T - tg,|
22: end for
23: end for
24; return M = {,U]._. Haooo o ‘U[‘}

rithm then organizes these angle sets and groups them according to specified criteria, eventually
selecting nodes with the smallest angles within their respective sets. These chosen nodes become
the centroid points for the clusters.
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In simpler terms, the algorithm establishes a measure of angular relationships between nodes,
clusters these angles, and strategically chooses nodes with the least angular difference to serve as
the initial centers for cluster formation.

From lines 1 to 6, the algorithm computes the angle between the source and destination node in the
network, This angle represents the directional relationship between the data transmission’s starting
point (source} and the endpoint (destination).

Moving on to lines 7 through 14, the algorithm calculates the angles between each node in the net-
work. This step involves determining the angular orientation of every mdividual node concemning

the source and destination.

Finally, lines 15 to 22 depict the process of selecting centroid points. The algorithm forms sets
of angles obtained in the previous steps and divides them based on specified criteria. The nodes
with the smallest angles within their respective sets are then identified as the centroid points for

the subsequent cluster formation.

Algorithm 6 is designed to create clusters and determine the Optimal CH within the network. The
algorithm initiates by computing the angle between each node and the previously selected centroid

points.

Starting from line 1, the algorithm systematically calculates the angles between every node and
gach of the chosen centroids. This step provides a measure of the directional orientation of each

node conceming the identified cluster centers.

Subsequently, nodes are assigned to specific clusters based on the centroid with the smallest an-
gle, as outlined in lines 3 to 5. This allocation ensures that nodes are grouped with the closest

directional alignment centroid.

In lines 7 through 12, the algorithm determines the most forward distance within each formed clus-
ter. This distance calculation considers the proximity of nodes to the destination node, emphasizing

the importance of forwarding data ethiciently.

The algorithm concludes by selecting the Optimal CH for each cluster. This CH is chosen based
on the node within the cluster that possesses the furthest forward distance to the destination node.
The algorithm outputs both the created clusters and the identification of the Optimal CH for each

cluster.
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In summary, Algorithm 6 effectively forms clusters by assoctating nodes with centroid points and
selects an Optimal CH within each cluster based on the node with the greatest forward distance to
the destination node.

Algorithm 6 Cluster Formation and Optimal CH Selection

Input: M = {u1, 3, ..., i} {Input: Centroid Points}
Input: X = {z,22,...,2,} {Input: Data Points}
Output: Clusters Cy, Cs, . .., Cj and Optimal CH O,
: fori=1tondo
forj=1tokdo

Calculate 8;; + arctan (i’—‘:—f—"-)

.

end for
5:  Assign node to the cluster C; = arginin, (6;;)
6: end for
7. forj=1t0kdo
8
9

noR e o

Calcniate the most forward distance «; of nodes in Cj to the destination node
© Ky = maxX,ec, Distance(X;, Ldesinmion) {Maximum distance within cluster C;}
10: end for
11: O = argmax,(x;) {Select the cluster with the most forwarded distance }
12: return Clusters 4y, Cy. ..., (', and Optimal CH O,

Finally, the algorithm returns the selected optimal CH. The data packets are sent to CH and finally
reach the destination node in the data forwarding algorithm 7.

Algorithm 7 Data Forwarding Algorithm

Input: Optimal route O, obtained from algorithm 6
Output: Dissemination of data packet
1: while O, do
2:  Select the closest CH to the destination node and forward the data packet
if I am destination then
halt;
else
Select the next closest angle to the destination node among neighboer nedes and send the
packet to the CH.
7. endif
8. end while

A
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6.3 Results and Analysis

The simulation was conducted in an NS3 environment, covering an area of 160 x 100 m square
meters, as illustrated in Fig. 6.1. Energy-related aspects were closely monitored during the sim-
ulations. Each IoT device is equipped with BasicEnergySource fixing initial energy with
1.2 Joules, which is used for energy consumption observation in the overall network. Moreover,
[oT devices are equipped with Wi fiRadiocEnergyModel component, which is used for analyz-
ing the energy consumption during radio operations. Furthermore. BasicEnergyHarvester
components are also integrated with IoT devices to harvest the energy from RF-based signals.
The purpose of this model is to observe the energy consumption and harvesting during packet
transmission, with specified current values for transmission, reception, and idle states. Table 6.2

summarizes the simulation parameters used in experniments,

Table 6.2: Simulation parameters for the Proposed work

Parameter ¥alue

Simulator used NS3

Simulation Area 100 x 100m, 900 x T00m
Simulation time 50,200

Number of nodes 20, 30, 40

Minimum speed 28 ms

Network Interface types Wireless
[nirial Transmit Power 0.5

Several perforinance metrics are used to evaluate the performance of the proposed scheme in dif-
ferent simulation scenarios. The metrics include Energy Consumption, Packet Loss Ratio (PLR),
Packet Latency Time (PLT), Throughput, and PDR. The details are described in the following

sections:

6.3.1 Energy Consumption

As discussed in section 6.1, the proposed work is based on energy harvesting, so each node should
know the energy harvesting and energy consumption rate duging communication. This metric de-
cides the efficiency of any routing protocol regarding energy consumption in IoT-based networks.
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6.3.2 Packet Loss Ratio

Several factors can degrade the network’s reliability, efficiency, and performance in energy harvesting-
based routing protocols. These include the distance between nodes, the sink/BS distance from the
nodes, the density of the network, and the current energy level. One of the main factors in this is
the packet loss ratio (PLR), which is the lost packets that have not reached the destination node

during networking.

6.3.3 Throughput

As discussed above, several factors can degrade the network’s reliability, efficiency, and perfor-
mance. Throughput is another factor that can reflect the reliability of the network. In the routing
process, sensed data are sensed to the destination node in a given time frame; when these data
reach the destination successfully, this is called the network’s throughput. Let T, indicate the
throughput parameter, 1, be the total bytes received at the destination node in total time T,,; then
the throughput equation can be model as equation 3.1.

6.3.4 Packet Latency Time

Packet Latency Time is when a packet successfully travels from the source node to the destination
node. It helps us understand the delay experienced by data packets during transmission. Let D; be
the delay parameter, D, be the sum of all delay time, and T, be the total transmitter packet, then
the equation for calculating Packet Latency Time is presented in 3.2. The unit of measurement for

the Packet Latency Time is milliseconds (ms).

In thie context of varying distance parameters, the optimal spacing between nodes plays a crucial
role in the efficiency of communication and data transfer within routing protocols. Maintaining
the proper node distance ensures smoother information flow, leading to enhanced routing protocot
performance and efticient energy harvesting. When node distances exceed recommended thresh-
olds, the efticiency of routing protocols diminishes, affecting multiple performance metrics. The
impact of increased node distances extends beyond a single performance metric, influencing as-
pects like data transmission speed, latency reductton, and network responsiveness. This section
explores different distance parameters and analyzes how they affect performance metrics.

Fig. 6.2 illustrates the average energy usage of nodes situated at varying distances. The graph in-
dicates that energy consumption and distance have a direct relationship. As the distance between
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nodes increases, along with the number of nodes present, there is a noticeable rise in energy con-
sumption as depicted in the red lines of the figure, as depicted by the red lines in the figure. An
interesting observation we’ve made is that beyond the point of having thirty nodes, the energy con-
sumption for nodes positioned at a distance of ten units starts to rise more rapidly compared to the
others. This phenomenon can be attributed to the high density of nodes concentrated in a relatively
small area. This leads to increased energy usage due to the heightened likelihood of congested link

failures and repeated packet transmissions, which waste energy.
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Figure 6.2: Average Energy Consumption with Different Distance Parameters.

Fig. 6.3 presents the average packet delivery ratio (PDR) of nodes placed at different distances. The
graph demonstrates that the PDR remains consistently above 96 percent. This indicates that most
of the sent packets successfully reach their mtended destinations. Such a high PDR showcases
the reliability and effectiveness of the communication performance among nodes, regardless of the
varying distances between them. This consistent performance suggests that the routing protocol is
robust and capable of maintaining efficient packet delivery across the network, ensuring mininal
packet loss and high communication integrity. The ability to sustain a PDR above 96 percent
across different distances highlights the protocol’s resilience and its suitability for scenarios where

reliable data transmission is crucial.

Fig. 6.4 displays the average time delay observed between nodes. In other words, the graph repre-
sents the average time data travels from one node to another within the network. Fig. 6.5 depicts
the average throughput of nodes. In simpler terms, the graph illustrates the average rate at which
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Figure 6.3: Average Packet Delivery Ratio.

data is successfully transmitted and received by nodes within the network.
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Figure 6.4: Average Delay with Different Distance Parameters.

A comparison is performed between the proposed research cutcomes and the methodologies out-
lined in MKMFA [68]. K-Means AODV [74], and IPC-KMAN [46]. The evaluation focused on
metrics including packet delivery ratio and throughput, demeonstrating that the proposed approach
achieves a significantly higher packet delivery ratio thaa the aforementioned methods.

The information presented in Fig. 6.6 and Table 6.3 provides a visual and tabulated representation
of the average PDR compared to existing approaches. These results serve as substantial evidence
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Figure 6.5: Average Throughput with Different Distance Parameters.

supporting the claim that the proposed work surpasses existing methods in terms of PDR.
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Figure 6.6: Average Packet Delivery Ratio.

Table 6.3 illustrates that the proposed work achieved the highest PDR rate compared to three coun-
terpart schemes: MKMFA, AODV K-means, and IPC-KMAN [15, 31, 32], respectively. The pre-
sented approach achieved a significantly higher PDR of 1% compared to AODV K-means, which
had a PDR of 63%, indicating a 44.83% improvement. Similarly, compared to IPC-KMAN with a
PDR of 79%, the proposed approach showed a 15.13% enhancement in PDR. Additionally, in con-
trast to MKMFA, with a PDR of 82%, the proposed approach exhibited an 11.02% improvement
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Table 6.3: Comparison of different model with the proposed model in terms of Packet Delivery
Factor

Packet interval AODV K-Means IPCKMAN MEKMFA Proposed

i 63.12 79.40 82.34 91.42
Q.5 24.67 61.34 71.65 91.95
0.2 22.45 56.34 65.35 96.66
0.077 18.66 48.63 50.67 97.11

in PDR.

The results depicted in Fig. 6.7 and table 6.4 illustrate the average throughput comparison between
proposed approach and existing methods. These findings serve as substantial evidence to support
the better performance of the proposed work compared to others.
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Figure 6.7: Average Throughput.

Table 6.4; Comparative analysis of different models with the proposed model in terms of through-
put

Packet interval AODV K-Means IPCKMAN MKMFA Proposed

i 3045 38.00 42.12 71.77

0.5 131.45 156.34 167.34 149439
0.2 262.45 31234 31635 457.339
0.077 395.01 494 .56 51147 1110.75

The Table 6.4 illustrates that the proposed work achieved the highest throughput rate compared to
three counterpart schemes: MKMFA, AODV K-means, and JPC-KMAN [15, 31, 32], respectively.
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The proposed work achieved a 135.70% improvement compared to AODV K-mean, an 88.87%
improvement compared to [PC-KMAN, and a 70.39% improvement compared to MKMFA.

6.4 Chapter Summery

Clustering enhances network performance by involving only CH in the routing process, espe-
cially those with the closest angle to the destination node. The MKMFA algorithm, as proposed,
reduces the necessary number of clustering in the network operations, resulting in fewer trans-
missions needed for clustering due to the consideration of the closest angle to the destination.
The performance of the ELEHCP algorithm is compared to the existing AODV K-meansmodel
and IPC-KMAN. The proposed approach demonstrates better performance in packet delivery and
throughput aspects. Subsequent research will explore more effective solutions within the clustering
framework to enhance the efficiency of the routing process. The presented approach achieved a per-
formance improvement of 44.83% over AODY K-means, 15.13% over IPC-KMAN, and 11.02%
over MKMFA in terms of Packet Delivery Rate (PDR).
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Chapter 7
Effectiveness of the Proposed Approach

This chapter evaluates the effectiveness of the proposed routing protocois based on the research
questions and objectives presented. The proposed work is a complete set of those works necessary
for EH-aware routing protocols. It includes the charger placement strategy, which is integral to
EH-aware routing. Next, a flai-based EH-aware routing protocol is presented that uses the angle
information of the destination node. Lastly, a hierarchical approach is presented for EH-aware

routing protocols.

7.1 Charger Placement Strategies

EH-aware devices are deployed randomly according to protocol requirements, and the chargers are
placed according to these EH-aware devices for charging. The charger propagates the signal, and
EH-aware devices gain these signals. Antennas accomplish this process, so the role of antennas
becomes crucial here. The antennas capture these signals, and the EH circuit converts them into us-
able electric energy for charging. When the EH-enabled IoT devices are charged. they participate
in communication and sensing processes. The above discussion raises the question; "How can we
effectively determine the best placement of a charger to resolve the dilemma of charging both the
nearest and farthest nodes? How can an optimal charging tour be formulated to identity the best
charger positions and uncover the charging areas or points that remain within the charger’s line of
sight from any location as the charger moves?” In this study, we are familiar with Powercast tech-
nology company’s devices. This is a complete set called the P2110 developing kit, which includes
an RF energy transmitter, evalnation board, wireless sensor board, antennas (dipole. patch), and
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access point. So, in this study, we are familtar with two types of antennas: dipole and patch. The
dipole antenna is flat, omnidirectional, and vertically polarized, and the gain power is 1.0 dBi with
a 360-degree reception heam pattemn. The patch antenna is two-layered, directional, and vertically
polarized, and the gain power is 6.1 dBi with a 120-degree reception beam pattern. The beam
pattern of the Powercast energy transmitter is 60 degrees in vertical polarization, operating within
the frequency range of 915 MHz.

One of the most critical probiems in EH-aware routing protocols is a suitable place for the charger
to charge EH-enabled IoT devices. Many researchers used different techniques for charger place-
ment, such as mobile charger [18] and regional-based [51, 52], hut these authors should have
considered the dipole and patch antenna beam patterns. For example, the author of [ 18] used a mo-
bile charger to charge nodes coming in the shortest path, but what about the farthest node currently
situated from the mobile charger? So we need an optimal solution as presented in chapter 4.

The Powercast evaluation board contains capacitors, which make these devices zero energy capa-
ble. This means it will die when it does not receive any energy. For this purpose, our focus is on
finding optimal points for charger placement and enabling IoT device placement from which these
devices obtain energy regularly. Here, the optimal points for the charger and EH allow devices to
are those from which the EH devices reguiarly receive the power from the charger. At any time
when the charger moves from the optimal points, it dies. Also, when the charger moves farthest
from the EH enable device, it degrades its performance, which can be realized from the sense data
sending process to the laptop through the terminal. In case of halt, the computer does not receive
any sensed data, and in case of receiving less energy, the sense data sending process becomes slow.
The sensed data-sending process halts when the EH devices die and degrade in two cases: when the
charger beam patterns are not in the direction of the EH enable device beam pattern and when the
EH enable device becomes farthest from the charger. The farthest-nearest problem can be solved
by mobile charger by keeping the dipole and patch antenna beam pattern in mind and by removing
the limitations discussed in table 2.1 of |18, 51, 532].

So, in summary, the above discussion leads us to two problems: the farthest device charging and
the beam pattern direction. In chapter 4, We have conducted real-world test beds for these problem
solutions, compared them with current works [115] based on real-world test beds, and found that
our work has better results. In the presented work, the charger tour on given points, the points
for the dipole antenna of the evaluation board obtain enough energy to charge the capacitor and
perform the sensed data-sending process in their calculated points. At the same time, the points for
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the patch antenna are within the given range; also, the evaluation board can charge the capacitor
and operate efficiently.

In the works of [2, 21, 22], the grid area is static, as is our circular area. In the grid area, efforts
were made to find the best grid point for charger deployment to cover more devices within the cone
area for regular energy harvesting. In contrast, our objective is to incorporate an optimal charger
placement strategy into energy-harvesting-aware routing protocols, utilizing real-world testbeds
to enhance node energy harvesting efficiency and address the Farthest-Nearest Problem related to
node-to-charger distance, The grid area is static, as is our circular area. The circular charger area
increases the average EH rate of all nodes because the farthest node from the charger becomes the
nearest node during the circular tour.

7.2 Flat based Routing Protocols

Efficient link selection decisions are important for routing protocols, particularly in EH-aware
routing. It is the base for any routing protocol, which decides the efficiency of routing protocols
because this link selection decision can affect the main routing performance parameters such as
packet delivery ratio, throughput, delay, and, most importantly, energy consumption. The energy
consumption of a node can be divided into Energy consumption by Processing Unit, Energy Con-
sumption by Transmission of Packets, Energy Consumption by Receiving of Packets, and Energy
Consumption by Discovering Neighbor Nodes situations discussed detailed in section 5.1.1. The

equation is as follows:

Ep+ Ey + Eqs  ifn € N is sender node
E. =4 Eq+ Eq + E;y  ifn € N is receiving node (7.1)
0 if dead

The primary causes of energy inefficiency in loT-based EH WSNs are idle listening, unnecessary
traffic overhearing, packet collisions, and the overhead of control packets during transmission,
reception, and listening {104). Idle listening occurs when Nodes constantly listen for incoming
frames without data transmission, depleting the energy. Collision occurs when multiple nearby
stations transmit simultaneously, causing energy loss. Over-hearing means Nodes unintentionally
overhear broadcast messages, leading to energy waste. Control packet overhead: occurs when
using fewer control packets in data transmission reduces energy consumption [105].
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The main purpose of this work is to minimize the energy consumption during £, Ecs, Ecns when
a node performs as sender and E,, £, and E,,. when a node performs as receiving node. Also,
an efficient hink selection process can tackle idle listening, unnecessary traffic overhearing, packet
collisions, and overhearing of contrel packets during transmission and reception problems that
can reduce overall energy consumption. So, solutions to these problems can also improve PDF

throughput and minimize delay.

The works of [26] are based on selecting efficient links by keeping distance, battery level, and
energy harvesting rate parameters in mind. The work of [38] is based on selecting efficient link by
keeping transmission range, estimation of transmission cost from the current node (mn** node) to its
next hop, the average number of retries, the minimum required radio transmission power, circuit
processing power, Teceiving the power of the next node, the time required to deliver a packet,
and energy harvesting considerations parameters in mind, the work of {28] is based on selecting
efficient link by keeping distance and maximum current energy parameter in mind, the work of
[55] is based on selecting efficient link by keeping residual energy of nodes in mind. The above
discussion leads us to the question: How can an energy-harvesting-aware, location-based routing
algorithm be developed to guide node traversal within directions to the destination node?

The presented work in chapter 5 targeted an area or location for packet sending to the destination
node and bound the packets to be sent or received by, at most, a minimum number of nodes. This
technique avoids idle listening, unnecessary traffic overhearing, and the overhead of control pack-
ets during lransmission, reception, and listening. Furthermore, the energy consumption during the
neighbor discovery process (E,,.,, £..) can be reduced by sending minimum packets. In send-
ing and receiving packets, E,, and .. can be reduced by sending minimum packets or only to
the nodes that become in the direction/location of the destination node. So only those nodes will
participate in the network process, which becomes the destination node, and the other nodes will
be in sleep mode; ultimately, this technique reduced the E,, and E.. The results of the presented
work are evidence that our energy reduction techniques reduce energy consumption efficiently.
The presented work achieved 0% PLR up to eighty nodes, minimum delay, maximum throughput,
and energy utilization improvements compared to [26, 28, 38, 55] works. So ultimately, this can
achieve the objective of developing an energy-harvesting-aware routing protocol that optimally
considers node locations and angles during path/link selection, aiming to minimize packet trans-
missions, avoid extra node traversals, and prevent path reconstruction,
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7.3 Hierarchical/Cluster-based Routing Protocols

Efficient CH selection decisions are crucial in cluster-based routing protocols, particularly in EH-
aware cluster-based routing. It is the base for any hierarchical routing protocol, which decides
the efficiency of routing protocols because this CH selection decision can affect the main routing
performance parameters such as packet delivery ratio, throughput, delay, and, most importantly,
energy consumption. The energy consumption of a node can be divided into Energy consump-
tion by Processing Unit. Energy Consumption by Transmission of Packets, Energy Consumption
by Receiving Packeis. and Energy Consumption by Discovering Neighbor node situations. This
discussion raises the question: How con an energy-harvesting-aware, location-based clustering
routing algorithm be devised to select the closest CH to the destination node location?

The main purpose of this work is to divide the nodes tnto clusters according to their proximity
angles and select the CH that leads to the direction of the destination node. By using this technique,
we can save more energy by keeping those nodes in sleep modes, which do not become in the
directior of the destination node. We have compared our work with MKMFA [15], K-means
AQODY [31], and IPC-KMAN [32]. The proposed work achieved a packet delivery ratio of 91% in
packet interval | second, 97% in .077 seconds packet interval. and better throughput. So from these
results, the objective of developing an energy-harvesting-aware, cluster-based routing protocol that
optimally considers destination node locations during CH selection, aimming to minimize packet

transmissions and node traversals and avoid path reconstruction, is achieved.
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Chapter 8
Conclusion and Future Work

In conclusion, this thesis has comprehensively explored the intricate challenges of deploying sen-
sor nodes within demanding environments, particularly in smart cities and IoT-based Wireless Sen-
sor Networks (WSNs). The demand for efficient and sustainable data collection and monitoring
solutions becomes paramount as our world becomes increasingly interconnected.

Wireless sensor technology and IoT fusion have undeniably enabled remote and challenging set-
tings monitoring. Still, it has also brought to the forefront a range of obstacles stemming from
the inherent limztations of sensor nodes. At the heart of these challenges lies the critical issue of
energy preservation. The finite battery capacity, constrained data storage, limited computational
capabilities, and restricted communication range of sensor nodes all underscore the necessity for

meticulous energy management strategies.

8.1 Key Issues

This thesis addresses three main issues after extensively reviewing the cwrrent research in energy
harvesting-aware routing protocols.

First: Energy-harvesting-aware routing protocols face the problem of Timely Energy Needs Mon-
itoring and Predictions. IoT devices have varying energy needs due to long-distance data trans-
mission and computations. Energy harvesting mostly depends on charger placement. It is proved
that the received signal strength is inversely proportional to the square of transmission distance.
Obviously, the farthest nodes from the charger and sink usually harvest less energy and consume
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more energy for sending data to the sink node. On the other hand, the nodes near the chargers
harvest more energy than the farthest nodes.

This thesis aims to find the optimal placement for chargers and devices to solve the nearest-farthest
problem between charger and devices for efficient network operations.

Second: In most energy harvesting-aware routing protocols, when a device is in the recharge state,
it stops all activities and becomes unavailable for routing activities, leading to the routing path
breakage. This phenomenon leads us to preblems such as link/node failure, dynamic topology,
charging latency, commumcation delay, and topology maintenance. Besides these problems, we
have investigated another problem: traversing extra nodes that need not be traversed after the
link/node failure. This problem can be defined more precisely as, in previous research, all nodes
participate in the routing process, even those nodes that do not become in the direction of the
destination node or need not be traversed. In case of node/link failure, it again traverses all nodes,
and again, those nodes that do not become in the direction of the destination node or need not be
traversed. Consequently, in each stage, a huge amount of energy is wasted.

This thesis aims to find an optimal link that tackles all the above issues.

Third: In hierarchical routing, most researchers select the routing path through distance, energy,
traffic parameters, etc., but the problem of traversing extra nodes exists, as discussed above. There-
fore, an approach is required that creates and selection clusters only in the direction of the destina-
tion device. Also, the approach avoids the new route reconstruction in case of CH faihure.

This thesis aims to find an optimal link that only selects the CH in the direction of the destination

node.

8.2 Key Findings

Throughout this thesis, we have responded to these issues with a multi-faceted approach that has
yielded significant contributions in the realms of energy efficiency and energy harvesting. Our

work has encompassed three pivotal contributions:

First, the optimal placement of chargers and sensor devices is addressed, recognizing the crucial
role of energy scavenging and mobility. By introducing mobile charging techniques and innovative
algorithms for directional and omnidirectional antennae, we have sought to extend the operational
lifespan of sensor networks. While our current solution applies to 2D environments, future work
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will expand into 3D scenarios and involve comparisons with state-of-the-art solutions. The detailed

description is presented in chapter 4.

Second, a location-centric energy harvesting aware routing (LCEHA) protocol is proposed, which

tackles various challenges in WSN-based IoT networks, such as energy utilization, lifetime en-

hancement, route setup delay minimization, and routing success probability maximization. Through
distributed neighbor discovery and routing using neighbor information, our approach has demon-

strated promising results in terms of energy efficiency, packet loss ratio, throughput, and delay,

ultimately leading to improved network lifetime. Future research will explore the applicability of

our solution in 3D environments. This work is more discussed in chapter 5.

Third, our investigation into clustering techniques lias shown the potential to enhance network
performance by involving CHs with the closest angle to the destination node. The MKMFA algo-
rithm has efficiently reduced the number of clustering operations required for network operation,
resuliing in fewer transmissions for clustering. Comparative analysis against existing models has
shown superior packet delivery and throughput performance. Future research endeavors will delve
further into clustening frameworks to enhance the efficiency of the routing process. For more detail,

please refer to chapter 6.

In an ever-evolving landscape of loT-based WSNs, these contributions collectively contribute to
advancing energy-efficient and sustainable solutions for smart cities and challenging environments.
As the IoT ecosystem expands, our research serves as a stepping stone toward addressing the
pressing challenges of energy preservation and network efficiency, contributing to realizing more

efficient and secure smart city applications.

8.3 Future Work

As we look ahead, several promising avenucs for future research emcerge from the foundation laid
in this thesis: 3D Enviropment Extensions: Expanding our solutions to 3D environments is a
natural progression, considering urban environments’ increasingly complex and three-dimensional
nature. This extension will provide a more comprehensive understanding of energy efficiency and

mobility challenges in real-world scenarios,

Scalability and Rebustness: Investigating the scalability of our selutions to accommeodate larger
networks and ensuring robustness under adverse conditions will be essential for practical depioy-

ment tu smart city contexis,
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