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Abstract

Underwater sensor networks (UWSNs) are necessary for environmental monitoring
and exploration. Still, they are faced with unique challenges that differ from terres-
trial communication, such as (a) high latency, (b) limited bandwidth, and (c) energy
constraints. This research aims to develop an advanced framework to address these
challenges to achieve better performance and increase the Acoustic Sensor life span.
ToT-driven Location Aware Framework (ILAF) was developed for efficiency by min-
imizing broadcast packet responses and weaning out equitable energy consumption.
Mobile sinks traverse specific regions to refresh data both vertically and horizontally.
Sensors are randomly distributed and classified based on depth, transmission range,
and location. In dormant mode, relevant sensors sleep until thresholds are reached,
otherwise, only those sensors awake and respond to broadcast messages, transition-
ing to an active state. The node placement and routing are done optimally without
using GPS, and the location of a sensor node is determined by x and y coordinates.
The neighboring node is detected by transmission range. Numerical simulations
show that ILAF achieves 99% PDR, saving as much as 20% energy over existing
protocols. Fewer dead nodes and higher throughput are obtained, rendering ILAF
suitable for real-time underwater applications. The Mobility-Adaptive with Energy-
Aware Relay Node Selection (MAEARS) framework optimizes network structure
based on node energy levels and mobility in real time to overcome dynamic topol-
ogy and bandwidth constraints in 3D underwater environments. It achieves a PDR of
96.81% with low energy consumption and prolonged network lifespan. The Reliable
and Energy Efficient Framework with Sink Mobility (REEFSM) takes advantage of
advanced energy management strategies, which save up to 43% of energy compared
to other protocols while increasing reliability by 35%. Minimum data packet drops
and data accuracy that is sustainable and reliable for underwater acoustic sensor
networks. 2D and 3D frameworks for localization, routing, and handling mobility
issues. Energy consumption across the network is balanced, data transmission re-
liability is improved, and operations extend the operational lifecycle. Future work
will incorporate lightweight IoT protocols, energy harvesting schemes, and machine
learning models to enhance network performance in large-scale underwater deploy-

ments.
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Chapter 1

Introduction

This chapter explores the realm of underwater wireless acoustic sensor networks,
starting with a historical background to set the context. It then explores the in-
frastructure of these networks, providing a detailed analysis of their design and
operational dynamics. A key focus is acoustic communication, examining its princi-
ples and challenges in underwater settings. This chapter also highlights the research
significance, addresses the challenges and requirements of the field, defines the aims
and objectives of the study, outlines the research contributions, and provides an

overview of the dissertation’s structure.

1.1 Background

Underwater Sensor Networks (UWSNs) are crucial for exploring and monitoring
the extensive aquatic habitats of the Earth. The underwater domain covers over
70% of the Earth’s surface and has always presented difficulties for thorough in-
vestigation and monitoring because of its intrinsic complexities. Utilizing technical
breakthroughs, particularly in networks that rely on sensors, has become a crucial
method for uncovering the enigmas of the undersea realm. This study explores the
complexities of Underwater Wireless Sensor Networks (UWSNs), specifically empha-
sizing their design, communication protocols, and the primary objective of improving

exploration and surveillance capabilities in underwater environments [2].
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Ten percent of the extensive underwater areas have been surveyed or monitored thus
far despite the immense importance of these ecosystems. The growing significance of
undersea exploration arises from its various applications encompassing surveillance
and resource exploration such as oil, and environmental monitoring. Deploying un-
derwater sensor networks enables the investigation of these resources. Underwater
networks differ from land-based systems because they utilize acoustic waves instead
of electromagnetic waves for transmission, providing unique benefits. The decision
is made based on the exceptional efficacy of acoustic signals in underwater settings,
as evidenced by experimental investigations that compare the propagation charac-

teristics of acoustic and electromagnetic waves [3].

1.2 Infrastructure of Sensor Networks

Radio frequency communication

"‘—h’*

‘&.» “\ ’ " «.»

M

FIGURE 1.1: Sensor Nodes in Shallow Water (1]

The placement of sensors in underwater environments is regulated by various con-
figurations and communication structures described in the current body of research.
Researchers [4] have suggested several topologies, designs, and techniques for sensor
placement. The configurations are classified into mobile, fixed, and hybrid combi-
nations, considering two-dimensional or three-dimensional coverage in the aquatic
environment. Figure 1.1 depicts fundamental instances of sensors installed in shallow

waters, highlighting the complexities of underwater sensor networks.

The acoustic scenario contains a diversified arrangement of moving vehicles, anchors
receiving data from sensors, and inter-sensor communication through an Information-

Carrying Routing Protocol [5]. This network utilizes floating and stationary sensors
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fitted with acoustic modems to transmit sensed data to the sink by acoustic waves.
Sink devices establish communication with base stations, enabling the transmis-
sion of received information to either terrestrial equipment or satellites. Subsequent

surveillance and examination are conducted at data centers located at various sites.

1.3 Acoustic Communication

Underwater communication employs acoustic, optical, and electromagnetic waves to
transmit sensed data between nodes within and outside the sensor network. Wa-
ter’s reflecting and absorptive qualities impede the transmission of electromagnetic
waves, while water absorption limits the range of optical communication to short dis-
tances. Acoustic waves are favored because they experience minimal energy loss in
water. Nonetheless, the spread of these waves is affected by other factors, including

reflection, refraction, underwater temperature, and ambient noise.

The speed at which sound waves travel in water is considerably greater than in air,
almost four times faster. However, this speed depends on the water’s depth and
averages around 1500 m/s. Mid-range frequencies demonstrate efficacy in both nat-
ural and artificial acoustic channels. Luo [6] proposed the use of acoustic spectrum
utilization to enhance communication in underwater conditions. The propagation
of acoustic signals is influenced by environmental factors such as spreading, at-
tenuation, and scattering. These factors contribute to the complex nature of signal
propagation, which can be affected by disturbances and noise sources. These sources
range from human activities and shipping to ambient noise caused by unidentifiable

objects.

1.4 Routing Protocols

To create efficient protocols for underwater communication networks, it is essential
to have a comprehensive grasp of the obligatory limitations and prerequisites asso-
ciated with acoustic communication among nodes. A recent evaluation of protocols
highlights the primary emphasis on energy consumption in protocol design due to

the distinctive obstacles presented by underwater acoustic communication compared

RELIABLE AND ENERGY-EFFICIENT ROUTING FRAMEWORK FOR USN USING SINK MOBILITY AND COOPERATIVE DIVERSITY 3
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to terrestrial communication. Protocols should include environmental effects such
as spreading, attenuation, and scattering while also enabling efficient cnergy usage,
diverse network structures, one-way communication, and the ability to handle delays

in signal propagation.

The use of localized protocols such as Level-Based Adaptive Geo-Routing (LBAGR)
introduced by Du et al. [7] relies on information about sensors, sinks, and depth to
improve communication efficiency. In underwater environents, it is crucial to have
various strategies, intelligence, flexibility, and compatibility with software-defined
networking (SDN) and the Internet of Things (IoT) to provide the necessary dy-
namic routing. Protocols specifically developed for underwater environments, com-
monly known as "Smart Oceans," can transmit data to main stations over globally
accessible infrastructures. Although multi-hop systems enhance the efficiency of
packet transmission and reception, the simultaneous occurrence of transmitting and
receiving packets might result in collisions. Therefore, protocol design must consider
this possibility and strike a balance between energy consumption and maintaining

a high packet delivery ratio.

1.5 Significance of the Research

The importance of this study is the thorough investigation and examination of under-
water felt data, primarily concentrating on temperature, pressure, motions, military
operations, and many scientific and industrial uses. Recent developments in sensor
technology facilitate immediate investigation and supervision, specifically in mili-
tary contexts that entail observing adversaries’ vessels, tracking vehicle activities,
identifying mine positions, and monitoring other vital data. The study seeks to en-
hance the continuous development of UWSNs, highlighting their pivotal significance
in promoting scientific knowledge, industrial utilization, and strategic military ma-
neuvers. This research aims to improve underwater sensor networks’ dependability,
effectiveness, and general functioning by incorporating new protocols and communi-
cation mechanisms. This will positively impact the wider field of marine exploration

and monitoring,.
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1.6 Challenges of Acoustic Sensors Network

Underwater Sensor Networks (UWSNs) encounter numerous obstacles and possess
distinct prerequisites because of the exceptional attributes of the underwater envi-

ronment. following are the known problems for improvements and are given below:

e Limited Bandwidth: Acoustic waves travel in water compared to Elec-
tromagnetic waves but offer limited capacity for transmitting data packets,
and hence 1500 m/s rate and data transmission capacity in sensor nodes net-
work [8].

e Propagation Delay: Sound waves propagation in water has a high propaga-
tion delay due to the slower speed of sound relative to electromagnetic waves in
the air. The delay greatly affects communication latency among sensor nodes
with sink nodes [9].

e Three-dimensional Topology: There are two dimension-based wireless Net-
works. Acoustic Sensor nodes are deployed and operate in a three-dimensional
(3D) environment. random movement of sensor nodes in 3D complex network’s

design, routing, and deployment [4].

¢ Sensors Power Constraints: All sensor nodes have a built-in battery with
limited power, and it is very difficult to recharge or replace the battery. The
network lifetime can be extended by designing and implementing energy-

efficient protocols and methods [10].

e Harsh and Dynamic Conditions: These environments are classified as se-
vere, changing, and non-predictable. Thus, it poses problems such as saltwa-
ter erosion, marine organisms’ attachment, and water flow. These design and

maintenance challenges should be considered in algorithms and protocols [11].

e Restricted Communication: The underwater medium weakens the sound
wave signals, reducing bandwidth and communication among the sensor nodes.
This constraint hampers the network’s capacity to create and sustain depend-

able communication connections [12].
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e Underwater Localization: Precise positioning of sensor nodes placement is
difficult underwater since no GPS signals are available and specialized tech-
niques are required for localization, le., coordinates with respect to deployed
marks [13].

1.7 Aim and Objectives

This research aims to enhance the effectiveness and dependability of Underwater
Sensor Networks (UWSNs) by tackling significant obstacles related to decreased
dependencies on relay nodes, broadcast messaging, re-initialization, and path recal-
culation in ever-changing underwater settings. Furthermore, the secondary objective
is to provide a well-organized framework of regions and zones integrating location
data for sensor and mobile sink nodes. This infrastructure aims to enhance data

transmission efficiency in the UWSN by ensuring its reliability.

e Optimize Network Longevity by Minimizing Dependencies: Devel-
oped Neighbor Discovery and packet-sending algorithms and executed commu-
nication protocols that decrease reliance on forwarder nodes. Created strate-
gies for flexible adjustment to evolving undersea circumstances, aiming to pro-

long the network’s total lifespan.

e Enhance Energy Efficiency by Managing Sensor Activation: Devel-
oped approaches to reduce the frequency of sensor activation, thus maximizing
energy efficiency and sophisticated power management techniques to ensure ef-

ficient utilization of scarce energy resources in the UWSN.

e Enhanced Reliability Measurements: Enhanced the accuracy of relia-
bility measurements by improving the ratio of successfully delivered packets.
Created and executed resilient error correction algorithms to enhance the over-

all dependability of data transmission.

e Improve Routing Algorithms: Improved routing algorithms to optimize
the packet delivery ratio, particularly in difficult underwater conditions, and
achieved cooperative diversity by employing sink mobility. A predetermined

approach for sink mobility was deployed to optimize cooperative variety among

RELIABLE AND ENERGY-EFFICIENT ROUTING FRAMEWORK FOR USN USING SINK MOBILITY AND GOOPERATIVE DIVERSITY 6
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sensor nodes. The effects of sink mobility on network connectivity and packet

transmission were analyzed, to find the optimal balance between mobility and

reliability.

1.8 Research Contribution

The primary goal is to extend the network’s lifespan by minimizing the reliance on
forwarder nodes. By reducing the number of forwarder nodes, the network’s overall
energy consumption can be optimized, thus prolonging its operational lifetime. This
is achieved through the development of efficient routing protocols that distribute
data forwarding tasks among multiple nodes while utilizing mobile sinks to collect

data directly from sensor nodes.

A secondary objective involves implementing sink mobility and cooperative diversity.
Sink mobility refers to the dynamic movement of sinks across the network, allowing
themn to adaptively adjust their positions to optimize communication paths, reduce
energy consumption, and improve data collection. Integrating sink mobility into
the network design and routing algorithms enhances coverage, reduces latency, and

increases reliability.

The framework presents an innovative method for partitioning the whole space into
four distinct regions, each comprising three horizontal portions. A structured layout
guarantees an equitable allocation of mobile sinks and comprehensive coverage. The
implementation of area division improves the overall structure of the network and
streamlines the process of deploying and managing sensor nodes and mobile sinks,

leading to increased efliciency.

The implementation of mobile sinks is integrated into the framework, with each re-
gion equipped with a centrally positioned mobile sink. The dynamic nature of mobile
sinks enables strategic placement to optimize communication pathways, circumvent
regions with signal deterioration, and enhance the network’s overall efficiency. It fa-
cilitates the establishment of direct communication links between sensor nodes and

mobile sinks in proximity within their respective regions.

The development of a distributed localization system allows sensor nodes to estab-

lish their positions inside the network autonomously. This eliminates the need for

RELIABLE AND ENERGY-EFFICIENT ROUTING FRAMEWORK FOR USN USING SINK MOBILITY AND COOPERATIVE DIVERSITY 7
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dependence on external positioning systems. A routing framework that utilizes the
positional information of nodes to optimize the selection of paths for transmitting

data towards sink nodes.

The proposed methods aim to optimize the next-hop selection and transmission
scheduling by utilizing estimated position data. The objective is to achieve a bal-

anced distribution of energy consumption throughout the network.

The framework’s performance has been extensively simulated and evaluated based
on key criteria such as delivery ratio, energy consumption, and network lifetime.

Conducting a comparative study using baseline techniques.

We present an innovative approach to sink mobility that considers the energy con-
sumption, network structure, and data transmission needs of underwater wireless
sensor networks (UWSNs). The proposed method seeks to minimize the number of
transmissions and maximize the network’s longevity while assuring dependable data

delivery.

We have devised a cooperative diversity system that facilitates the collaboration of
several nodes in data transmission to the sink. Our approach enhances the depend-
ability and energy economy of data transmission by utilizing the spatial diversity of

the network, surpassing the performance of typical single-hop transmission.

We have developed a distributed localization system that allows nodes to deter-
mine their positions using acoustic signals. The foundation of our technique relies
on a least-squares estimation algorithm, which enables precise estimation of node

positions even when there is noise and multipath propagation.

We assess the effectiveness of our proposed framework by doing thorough simula-
tions and contrasting it with established routing protocols for underwater wireless
sensor networks (UWSNs). The outcomes of our study indicate that our framework
surpasses existing standards in terms of network longevity, energy effectiveness, and

dependability.

In summary, our research focuses on tackling the specific difficulties of Underwater
Wireless Sensor Networks (UWSNs) by developing a strong and efficient routing
framework. This framework is designed to successfully manage the trade-offs be-

tween energy usage, network lifespan, and dependability. The versatility of our
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framework allows for its application in many fields such as environmental monitor-

ing, underwater research, and catastrophe management.

1.9 Dissertation Structure

The dissertation is systematically structured into six comprehensive chapters as vi-
sually shown in Figure 1.2. Chapter 1 introduces the background, motivation, and
objectives. and outlines the structure. Chapter 2 reviews existing approaches and
identifies research gaps. Chapter 3 describes the existing approaches and methods.
Chapter 4 presents the results and discussion of the Reliable and Energy Efficient Re-
gional Routing Framework with Sink Mobility (REEFSM), focusing on energy con-
sumption, packet delivery ratio (PDR). and throughput, and discusses limitations.
Chapter 5 covers the results and discussion of the Location-Aware Framework for
Enhanced Data Reliability and Network Lifetime (ILAF) and the Mobility-Adaptive
Energy-Aware Routing Scheme (MAEARS), evaluating their effectiveness and com-
paring them with existing methodologies. Chapter 6 summarizes the key findings
and contributions and suggests future research directions. The References section

lists all academic sources and literature cited.

Chapter 2
Literature
Review

Chapter 1:

Introduction

FIGURE 1.2: Dissertation Structure
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Chapter 2

Literature Review

Chapter two of the dissertation thoroughly evaluates the prevailing methodologies
within underwater wireless acoustic sensor networks (UWSNs). This chapter is
dedicated to a meticulous analysis of the existing body of literature, enabling a
critical review of current practices and theories. It aims to pinpoint and highlight
the gaps and limitations in existing research, thus laying a solid groundwork for the

arguments and propositions presented in this dissertation.

2.1 Overview of Underwater Acoustic Networks Chal-

lenges

Acoustic communication faces several challenges, including limited bandwidth, high

propagation delay, energy constraints, and harsh environmental conditions.

2.2 Reliable and Energy-Efficient Routing Frame-

work

The literature reviewed in this section provides a comprehensive overview of method-

ologies for ensuring reliable and energy-efficient frameworks in sensor networks. By
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addressing the limitations of previous approaches, the proposed framework positions

itself within the broader context of ongoing research.

A. Hussain et al. [14] use advanced relay optimization techniques, extending the
Neighboring-Based Energy-Efficient Routing (NBEER) protocol. Their evaluation
shows that cooperation and relay optimization outperform previous methods regard-
ing path loss, end-to-end delay, packet delivery ratio, and energy use. U. Satija et
al. [15] also focus on relay optimization techniques, an extension of the NBEER
protocol. They measure route loss, end-to-end delay, packet delivery ratio, and en-
ergy consumption and perform better than previous schemes. They evaluate factors
like route loss, end-to-end delay, packet delivery ratio, and energy consumption,
demonstrating superior performance over earlier schemes. M. Ali et al. [16] focus
on the dynamic movement of the sensor nodes because of water currents, and to
overcome this, authors consider spatial coordinates and vertical placement to select
the best destination nodes concentrating toward the water surface. The source node
decides both the relay node and the destination node and waits for an acknowledg-
ment that data has been received well or else resent. Nguyen et al. [17] propose to
use a multi-hop clustering technique for improving the data transmission rate with
Relay-AUV to reduce latency and maximize channel bandwidth. This approach
greatly enhances the data transfer rate, data throughput, program execution time,
and packets delivered ratio. Kalinin et al. [18] minimize the path the signal has to
cover. These solutions are based on a selection strategy derived from Boltzmann
distribution principles and are refined by a bipartite matching problem approach
to determine the optimal way to assign sensor nodes to relay groups. Rajeswari
et al. [19] propose Cooperative Ray Optimization (CoROA) to combat geometric
spreading and Doppler in UAN, decreasing packet loss and delay. CoROA boosts
up the packet delivery fraction, throughput, and latencies through multiple relay
node paths. Diamant et al. [20] the authors developed a topology optimization
technique based on a minimum-weighted rigid graph for the sensors. Autonomous
Underwater Vehicles (AUVs) employ the dynamic value-based path planning strat-
egy in determining the most effective way of moving with regard to the information
value within a specified time. Bagaa et al. [21] developed a strategy to position relay
nodes, improving network durability by extending the operational lifespan of critical
nodes. They use a weighted sum strategy to balance objectives, considering relay
nodes’ energy consumption. Ramasamy et al. [22] use the Ant Lion optimization

algorithm (ALOA) to enhance underwater wireless sensor network durability. They
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collect data from sensor nodes within sub-clusters, reducing relay node transmission
distances through multi-hop communication. Forwarder nodes collect data from
a specific subset of nodes through one-hop connections. Nodes transmit data to
forwarders at set intervals, reducing network-wide latency using a graph structure
and mobile sink. The EEDG mechanism evaluates energy use, end-to-end delay,
and throughput, as demonstrated by Shah et al. [23]. Sensor nodes in UWSNs
face charging constraints. These networks typically use localization-based or non-
localization-based deployment. Khan et al. [24] implemented the AF technique at
relay nodes to aid efficient data forwarding, using FCR at the destination to select
the desired signal. Relay nodes are chosen based on captured energy levels, but
many cooperative UWSN routing solutions lack energy harvesting at relay nodes.
Chaaf et al. [25] introduced sophisticated relay optimization techniques to extend
the NBEER protocol, improving performance in route loss, end-to-end delay, packet
delivery ratio, and energy consumption. Nguyen et al. [17] proposed a single-hop
clustering that aims for direct communication between the cluster head and base
station. Multi-hop clustering, using Relay-AUVs, minimizes latency and maximizes
channel capacity, improving transmission rates, throughput, execution time, and
packet delivery ratio. Jing et al. [26] developed a topology optimization strategy us-
ing a minimum-weighted rigid graph that helps sensor nodes transmit data efficiently
to sinks, optimized by a dynamic value-based path planning methodology for AUVs.
Subramani et al. [27] developed a framework for cfficient rclay node positioning to
improve UWSN durability, balancing objectives with a weighted sum approach. Ku-
mar et al. [28] proposed that the Ant Lion optimization algorithm (ALOA) enhances
UWSN stability by collecting data within sub-clusters and reducing relay node trans-
mission distances through multi-hop communication. Liu et al. [29] use the particle
swarm optimization (PSO) technique to assign sub-cluster heads and minimize relay

node transmission distances through multi-hop communication, balancing network

energy and preventing energy holes.

Table 2.1 compares the proposed framework of system model I with existing meth-

ods.
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TABLE 2.1: Proposed Framework I Enhancement Comparison

Protocol Strength ‘Weaknesses Comparison with the
Proposed Framework

DBR [30] Simple implementation and | Relies on depth infor- REEFSM reduces reliance

effective in dense networks. | mation, leading to high | on specific relay nodes by
packet loss in sparse net- | using mobile sinks, which
works. Low-depth nodes | facilitates direct communi-
are ovcrused as relay | cation and balances energy
nodes, causing early energy | consumption.
depletion and  network
instability.

EEDBR [1] Balances depth and residual | It considers both depth | REEFSM employs dynamic
energy for better relay selec- | and residual energy but | mobile sinks, ensuring no
tion. still faces unbalanced en- | single node is overburdened

ergy consumption. Nodes | and maintaining balanced
with high energy and low | energy consumption.

depth deplete quickly, creat-

ing network holes.

DEADS [31] Introduces mobile sinks to | Mobile sinks can converge REEFSM ensures mobile
reduce reliance on fixed re- | at a single location, caus- | sinks follow predefined
lay nodes. ing unbalanced energy con- | paths covering all regions

sumption and reverting to evenly, preventing con-

DBR-like behavior. vergence and maintaining
consistent cnergy consump-
tion.

EERBCR [32] Balanced energy consump- | Mobile sinks’ fixed paths | REEFSM further improves
tion through regional divi- { may still lead to unbalanced | by dynamically adjusting
sion and mobile sink mobil- | energy consumption if all | mobile sink paths and re-
ity. Enhances network life- | sinks converge at a single re- | ducing dependency on fixed
time and throughput. gion. relay nodes, enhancing en-

ergy distribution and relia-
bility.

Co-DBR [33] Enhances throughput and | Achieves better throughput REEFSM reduces the need
reliability through coopera- | but suffers from lugh end- | for multi-hop and coopera-
tive transmission. to-end delay and increased | tive transmissions by intro-

energy consumption due to | ducing direct communica-
cooperative transmission. tion with mobile sinks, low-
ering delays and cnergy con-
sumption.
Discussion:
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e DBR [30]: The proposed REEFSM framework reduces reliance on specific
relay nodes by using mobile sinks, which facilitates direct communication and

balances energy consumption.

e EEDBR [1]: REEFSM employs dynamic mobile sinks, ensuring no single
node is overburdened and maintaining balanced energy consumption across

the network.

e DEADS [31]: REEFSM ensures that mobile sinks follow predefined paths
covering all regions evenly, preventing convergence at a single location and

maintaining consistent energy consumption.

o EERBCR [32]: The proposed REEFSM framework further improves on ex-
isting methods by dynamically adjusting mobile sink paths and reducing de-
pendency on fixed relay nodes, thus enhancing energy distribution and network

reliability.

e Co-DBR [33]: REEFSM reduces the need for multi-hop and cooperative
transmissions by introducing direct communication with mobile sinks, which

lowers delays and energy consumption.

2.3 Optimized Protocols for Energy Efficiency

This section reviews relevant, optimized protocols designed to enhance energy effi-
ciency and resolve challenges of underwater communication, such as high latency,
limited bandwidth, and energy constraints. Building on these insights, the proposed
framework integrates autonomous positioning and location-aware routing to achieve

superior energy efficiency and network resilience.

Farooq et al. [34] proposed a novel Underwater Sensor Acoustic routing protocol
(IDBR) that considers depth information to reduce sensor energy. Packet trans-
mission is prioritized based on the remaining battery life and adequate depths,
reducing energy usage and extending network life. Dynamic network behaviour
assessment and scalability for large installations are needed. Karim et al. [35] in-
troduced GCORP, which combines spatial and cooperative opportunistic routing
algorithms to handle obstacles such as high bit error rates, lengthy propagation

times, and limited bandwidth in communication networks. It examines the location
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and remaining energy of the forwarding. Saeed et al. [36] proposed energy-efficient
and robust security mechanisms to guard against underwater threats. It employs
cooperative routing to refine network efficiency while keeping computational needs
low. SEECR stands out for its effectiveness in reducing packet loss. However, it
may lead to more energy usage. Hao et al. |[37] implemented a novel geographic
routing, combining location and energy awareness to enhance the transmission of
data packets. The dispersal of the workload between numerous nodes and the use of
geographic data improves the efficiency of the network. Ismail et al. [38] developed
a scheme to choose nodes to send messages depending on their depth, remaining
energy, and priority level. The selection of the sensor node calculated considers its
residual energy and proximity to the available sink node, prioritizing those nodes
with more power and nearest to the sink. Sharma et al. [39] proposed utilizing ma-
chine learning (ML) to forecast energy usage and longevity. They investigated three
ML algorithms—decision trees, gradient boosting, and random forests—finding them
useful but highlighting random forests for their accuracy. The drawback is real-time
monitoring. Uyan et al. [40] provided another revolutionary ML-based solution that
aims to maximize renewable energy utilization. This method requires substantial
training data and comprises data cleaning, normalization, and feature selection to
locate relevant data points. The ML model, trained with selected features, predicts
each sensor node’s ideal renewable energy distribution, allowing for real-time energy
allocation. Zou et al. [41] use the particle swarm optimization (PSO) technique to
assign sub-cluster heads (SH) within clusters. This reduces relay node transmission
distances through multi-hop communication, balancing network energy and prevent-
ing energy holes. They employ both underwater acoustic (UA) and radio frequency
(RF) modes to balance communication speed and distance. Ahmad et al. [42] ad-
dress solitary relay node challenges by using sink mobility in the RACE-SM system,
allowing direct communication with the sink if within range. Cooperative combining
techniques enhance data transmission from source to sink nodes. Karim et al. [43]
developed GCORP, a spatial and cooperative opportunistic routing, to improve data
transfer reliability and effectiveness. A central node manages all network informa-
tion, utilizing geographic and opportunistic routing by considering channel quality
and node energy levels. Pradeep [44] suggests partitioning the network into distinct
zones, with each zone having a leader node to direct data packets from source nodes
to the sink efficiently. Gul et al. [45] partition the network into 12 regions in a

grid format, with four mobile sinks and 100 randomly distributed sensing nodes.
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The mobile sinks follow pre-established routes, and sensor nodes enter dormancy
until the sink arrives, reducing overall network latency. Saeed et al. [46] intro-
duce the "Secure Energy-Efficient and Cooperative Routing Protocol" (SEECR) for
UWSNSs, enhancing network efficiency and resilience against attacks through coop-
erative routing, though it may increase energy usage. Baranidharan et al. [47] focus
on geo-opportunistic routing protocols to enhance residual energy range, ensuring
successful packet delivery to at least one forwarder. These protocols reduce packet
drops but may increase latency and complexity. Memon et al. [48] propose RMEER,
a robust multipath energy-efficient routing protocol, to extend network lifetime and
determine efective data transfer paths. This protocol uses multipath routing and
multilink nodes to improve packet delivery and avoid non-working nodes. Tran-
Dang et al. [49] use channel status information for cooperative packet forwarding,
enhancing reliability in underwater sensor networks with a relay to improve packet
delivery. Zhang et al. |50] use fuzzy logic to improve battery efficiency and reduce
delay, selecting the best forwarder based on residual energy and coordinates, en-
suring reliable packet delivery. Qadir et al. [51] address energy concerns and signal
quality by using a noise-aware mechanism for network awareness, improving data
transmission efficiency with a node selection technique based on noise parameters
and depth. Mohemmed et al. [52] use multiple intermediate nodes for data forward-
ing, distributing traffic load efficiently and extending the battery life of forwarding
nodes near the surface. Latif et al. [53] propose DIEER to reduce delay and energy
consumption in high-density sensor node scenarios, aiming to minimize retransmis-
sions and improve network lifetime. Shah et al. [23] developed CEER, focusing
on dependable data transfer and energy efficiency using a clustering approach to
manage energy usage and cooperative routing to improve network stability. Sajwan
et al. [54] introduce GAER-UWSN, using genetic algorithms to find optimal rout-
ing. Ramesh et al. [55] propose a hybrid approach combining different methods to
enhance UWSN performance, focusing on energy efficiency and communication ef-
ficacy using MAC protocols. Alkanhel et al. [56] present DEDG, optimizing energy
efficiency and reducing data transmission delays with a cluster-based approach and
multiple AUVs for efficient data collection in 3D-UWSNs.

Table 2.2 compares the proposed Model 1I framework enhancement over existing

methods.
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TABLE 2.2: Proposed Framework II Enhancement Comparison

Protocol Method Weaknesses
BES-OEERP The Bald Eagle Search al- | Computational complexity,
(Bald Eagle | gorithm determines opti- | scalability issues, not fully

Search-inspired
Optimized Energy
Efficient Routing
Protocol) [57]

mal packet transfer path-
ways, considering distance,

battery life, and signal

strength.

adapting to dynamic en-
vironments, and multipath

fading and Doppler shifts.

IDBR (IoT-enabled
Depth-Based Rout-
ing) [34]

It considers depth informa-
tion and prioritizes packet
transmission based on re-
maining battery life and ad-

equate depths.

Scalability issues and focus-
ing on in-depth information

only.

Smart-IoUT

Integrates loT architecture
for real-time data collection
on underwater temperature

and dissolved oxygen.

Limited sensor capabilities,
scalability challenges, and

security concerns.

(Smart Aquatic
Monitoring  Net-
work) [58]

GCORP (Ge-
ographic and
Cooperative  Op-
portunistic Rout-

ing Protocol) [35]

Combines spatial and coop-
erative opportunistic rout-
ing algorithms to handle ob-
stacles like high bit error
rates and lengthy propaga-

tion times.

Increased complexity due to

cooperative techniques.

EERSDRA
(Energy-Efficient
Region-based
Source Distributed
Routing Algo-
rithm) [59]

Uses a region-based ap-
proach for source routing

with sink mobility.

Reliance on precise localiza-
tion, assumptions on pre-
dictable sink mobility, high
initial energy consumption,
po-
tential latency from multi-

scalability challenges,

hop relays, and dependence
on GPS.
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Discussion:

e BES-OEERP (Bald Eagle Search-inspired Optimized Energy Effi-
cient Routing Protocol) [57]: The ILAF framework introduces a location-
aware method that optimizes node placement and routing based on geographic
data, leading to balanced energy consumption and higher reliability in packet

delivery.

e IDBR (IoT-enabled Depth-Based Routing) [34]: ILAF enhances packet
delivery efficiency by using geographic coordinates for node placement and
routing, which is particularly effective in highly dynamic underwater environ-

ments.

e Smart-IoUT (Smart Aquatic Monitoring Network) [58]: ILAF im-
proves energy efficiency and reliability by optimizing node locations for efficient

data collection.

e GCORP (Geographic and Cooperative Opportunistic Routing Pro-
tocol) [35]: ILAF simplifies the routing process by focusing on node coor-
dinates and locations, reducing complexity while maintaining high reliability

and efficiency.

o EERSDRA (Energy-Efficient Region-based Source Distributed Rout-
ing Algorithm) [59]: ILAF achieves a high packet delivery ratio and through-
put by relying on location information (non-GPS) and an effective packet for-

warding mechanism.

2.4 IoT-Based Framework for Optimizing Energy
and Reliability

The literature reviewed in this section highlights the challenges of achieving energy
equilibrium and maintaining reliable communication in dynamic underwater envi-
ronments. This section positions the proposed framework within the broader context
of ongoing research, demonstrating how cooperative diversity and sink mobility ef-

fectively address the limitations of previous approaches.
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Kaveripaka Sathish et al. [60] improved power consumption, packet delivery, jitter,
and delay. STAR-LORA disadvantages include the absence of direct application to
real-world deployments and the possible influence of node mobility patterns or larger
network scales on the selected protocols. In a similar study, Wang et al. [61] proposed
optical MAC and acoustic links for channel congestion and node location, and high-
data-rate directional optical lines enhance throughput by nearly 2x. Efficient opti-
cal handshaking under expected operating conditions is required. In another study,
Nguyen et al. [62] presented 3D rotating cluster heads, used depth-based clustering,
and chose energy-efficient routes based on cluster size and load-balancing parameters
to balance network energy usage without assessing protocol overhead and complex-
ity. Alablani et al. [63] stated that limited energy makes it hard for UWSN sensor
nodes to recharge. They address the energy problem by considering finite power,
multi-hop transmission, scope narrowing, inactivation mode, and energy balancing.
Xiao et al. [64] proposed clustering and data fusion with enhanced back-propagation
neural networks and genetic algorithms for optimal multi-hop transmission paths,
but it increases computing complexity and requires parameter tuning to maximize
benefits. Dogra et al. |65] developed a framework for data aggregation and multi-
objective cluster head selection based on residual energy and sink distance. The
selection of cluster heads adds complexity and overhead. SFO optimization is com-
putationally expensive, but routing improvements may save energy. Alsambhi et
al. [66] developed intelligent sleep scheduling and redundancy elimination by clus-
ter heads and dynamic path prediction for AUV movement based on cluster head
characteristics. Complex optimization methods and procedures may increase pro-
cessing overhead, energy consumption, and delays. Subramani et al. [67] proposed
the Cultural Emperor Penguin Optimizer-Based Clustering (CEPOC) approach se-
lects ideal cluster heads, and a grasshopper optimization algorithm (MHR-GOA)
multi-hop routing method finds optimal cluster-to-surface sink paths. The lack
of real-world implementation and computational complexity are comparable with
other approaches. Karim et al. [68] designed a 3D cube method that uses anchor
nodes at the centroid as cluster heads. Unspecified network density, node dispersion,
and channel conditions may influence scheme performance. Clustering, multi-hop
communication, and void handling improve UWSN data transfer and network per-
formance. Wang et al. [69] proposed Q-learning and magnetic induction to provide a

practical routing framework. Q-learning has various drawbacks, such as convergence
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time, hyperparameter vulnerability, and failure to consider link quality or interfer-
ence. Luo et al. [70] proposed a two-phase MALS-TSF to localize a 3D large-scale
underwater wireless sensor network. However, this approach may increase mobile
anchor node deployment and maintenance complexity, delays, and costs compared
to other methods. Additionally, location precision is not addressed. Mani et al. [71]
developed BBLA-KF, a revised 3D localization algorithm for large networks, which
uses Kalman filtering and bounding boxes to localize accurately at a low cost. The
method works for isotropic and anisotropic 3D network topologies and is more ac-
curate than range-free approaches. Kaveripakam et al. [72] proposed a method to
address power requirements, signal distance energy losses, acoustic medium trans-
mission changes, and variable network conditions like sinkholes and curved routes.
EBREC methods do not address practical implementation challenges and trade-offs.
Wu et al. [73] developed Hierarchical Adaptive Energy-efficient Clustering Routing
(HAECR) to balance energy usage and increase network lifetime. Node locations
and energy levels may not be available in a natural real-time 3D environment. Rizvi
et al. [74] proposed clustering methods using random, adaptive, and centrally con-
trolled cluster head selection procedures and reduced energy consumption during
re-clustering by setting up backup cluster heads and dedicated relay nodes. Multi-
hop scenarios should be considered for future expansion. Wang et al. [75] proposed
an adaptive-location-based routing protocol (ALRP) for 3-D underwater acoustic
sensor networks by setting a plane boundary to limit forwarder nodes to those closer
to the target, but the article does not provide a natural, real-world environment.
Alghamadi et al. [76] developed an algorithm for duty cycling, opportunistic routing,
and spatial routing to improve reliability and energy efficiency. The asynchronous
duty cycle may result in higher latency, mobile sinks increase the additional over-
head, and geographic routing introduces routing gaps. Wang et al. [77] calculated
the forwarding area node degree using uniform node distribution without periodic
broadcasting. The failure of the uniform node distribution assumption ay affect
the node degree estimate. Game theory is more complex than geographic routing.
Luo et al. [78] introduced a modified Ant Colony Optimization (ACO) method with
adaptive pheromone updates that improve path planning efficiency and reliability
for communication, dynamic barriers, and energy constraints in a 3D environment.
Wei et al. [79] combine routing and MAC protocols to improve reliability, latency,

and energy efficiency. Iinprove network management. but have scalability issues in

RELIABLE AND ENERGY-EFFICIENT ROUTING FRAMEWORK FOR USN USING SINK MOBILITY AND COOPERATIVE DIVERSITY 20



Chapter 2. Literature Review

large or dynamic situations and require accurate movement estimates in 3D under-
water. Kim [80] proposed an autonomous vehicle navigation network using virtual
agents and sensors in a 3D path planning system. This algorithm surpasses the 3D
RRT-star in computing efficiency and path length, but real-world performance is
uncertain. Yan et al. [81] select node depth to maximize global coverage and energy
balance. Finally, all nodes descend to the computed place to build a 3D underwater
network with balanced energy and non-uniform distribution. Xu et al. [82] analyzed
the performance of UAV-assisted dual-hop FSO systems using amplify-and-forward
relaying, intensity modulation, and direct detection. They examined the system’s
diversity order at high signal-to-noise ratios and investigated the impact of various
parameters on system performance. Weiwei Jiang [83] addressed challenges in com-
munication networks and topologies by detailing the application of GNNs in wireless

networks, wired networks, and software-defined networking (SDN).

Table 2.3 shows the enhancement of Proposed Framework III over existing schemes.
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TABLE 2.3: Enhancement of Framework III over existing Schemes

Existing Key Features Limitation
Schemes
Energy-Efficient EECRP focuses on energy- | EECRP needs to ad-
Clustering and | efficient clustering and | equately address node
Routing Protocol | multi-hop routing, using | mobility, which can lead
(EECRP) [84] cluster heads to aggregate | to inefficiencies in dynamic
and relay data to the sink. | underwater environments.
Modified Ant | This method uses a modi- | While it improves path
Colony Optimiza- | fied ACO algorithm to op- | planning, it has limited scal-
tion (ACO) for | timize Autonomous Under- | ability in highly dynamic
AUVs [85] water Vehicles (AUVs) path | environments and does not
planning, focusing on en- | address relay node selection.
ergy conservation and ob-
stacle avoidance.
QQ-learning and | MIR uses reinforcement | MIR faces challenges with
Magnetic In- | learning to balance energy | convergence time and hy-
duction  Routing | conservation and delay in | perparameter  sensitivity,
(MIR) {86] hierarchical underwater | which can affect its perfor-

sensor networks.

mance.

Energy-Efficient
UWSN MAC/rout-
ing protocol (EE-

EE-UWSN addresses

ergy constraints by consid-

en-

ering finite power, multi-

It lacks real-time adaptabil-
ity to node mobility and en-

vironmental changes.

UWSN) [63] hop transmission, inactiva-
tion modes, and energy bal-
ancing.
Hierarchical Adap- | HAECR introduces 3D- | HAECR assumes static

tive Energy-

efficient Clustering
Routing (HAECR)
73]

depth sensor node hierar-
chies to minimize energy
consumption and enhance

data transfer.

node locations and energy
levels, which may not be
realistic in dynamic under-

water environments.
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Discussion:

e Energy-Efficient Clustering and Routing Protocol (EECRP) [84]:
MAEARS incorporates a mobility-adaptive approach, dynamically adjusting
to node movements to maintain energy efficiency and network reliability. This

ensures robust performance even in highly dynamic underwater environments.

e Modified Ant Colony Optimization (ACO) for AUVs [85]: MAEARS
not only optimizes energy consumption but also includes a robust relay node
selection mechanism that ensures efficient data relay in dynamic underwater

environments, enhancing overall network performance.

e Q-learning and Magnetic Induction Routing (MIR) [86]: MAEARS
employs a deterministic approach for relay selection and energy management,
providing more predictable and reliable performance and avoiding the issues

associated with reinforcement learning methods.

e Energy-Efficient UWSN MAC /routing protocol (EE-UWSN) [63]:
MAEARS integrates real-time adaptability, allowing the network to adjust
dynamically to topology and node energy level changes, ensuring continuous

and efficient operation.

e Hierarchical Adaptive Energy-efficient Clustering Routing (HAECR)
[73): MAEARS dynamically adapts to the nodes’ current positions and en-
ergy levels, making it more suitable for realistic and fluctuating underwater

environments. This ensures efficient routing and energy usage.

2.5 Problem Statement

This literature review establishes the foundation for examining crucial elements of
underwater sensor networks (USNs). The focus of our investigation revolves around
four main problem areas: the limitations imposed by acoustic wave-based commu-
nication, the energy dynamics between various types of nodes and their activities
specific to different regions, the influence of communication protocols on the relia-
bility of the network, and the difficulties in designing protocols for USNs. Thorough

investigations have been conducted in these areas, resulting in the development of

RELIABLE AND ENERGY-EFFICIENT ROUTING FRAMEWORK FOR USN USING SINK MOBILITY AND COOPERATIVE DIVERSITY 23



Chapter 2. Literature Review

precise research inquiries that delve into the intricacies of packet delivery ratios,
energy consumption patterns, network lifetime, delay optimization, reliability im-
provement, cooperative diversity, and the integration of IoT protocols. The follow-
ing sections of this thesis will thoroughly examine these issue statements, providing

in-depth analyses and innovative contributions to underwater sensor networks.

2.5.1 Problem Statement I: Partial Coverage by South-Facing
Sink Nodes

South-facing sink nodes are mobile and positioned at the top of each zone; the issue
arises from their limited coverage range, which encompasses only half or a select
few sensor nodes within each zone. This section examines the utilization of acoustic
waves in Underwater Sensor Networks (USNs), distinguished by limitations such as
a bandwidth below 100KHz, a propagation speed of 1500 m/s, and significant delays
in end-to-end transmission and propagation. The research suggests implementing
a stratified methodology considering transmission range, depth, and node position
factors. The system incorporates a network initialization phase to establish regions
and update the topology table, which activates alterations in the network’s struc-
ture. The study also seeks to reduce transmission per event, second, and session,
improving packet delivery by utilizing two-dimensional and three-dimensional sink
mobility. The sink’s trajectory adheres to a predetermined route, mostly encom-
passing the southern area, to enable direct and relay-based communication while

evenly distributing energy usage among sensors.

2.5.2 Problem Statement II: Energy Efficiency in Sensor Node
Activation Cycles

Sensor nodes operate on a finite energy supply and must toggle between sleep and
active states in response to 'hello’ and 'bye’ signals from a sink node. This issue con-
cerns the energy consumed during wake-up, active listening, and re-entering sleep
mode. This section investigates the behavior of two types of nodes in underwater
sensor networks: sinks with unlimited energy and moving horizontally along prede-
termined trajectories and nodes with limited energy and randomly placed in twelve

regions. Every sink encompasses three distinct regions; nodes exclusively connect
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with the sink when it reaches their respective domain. The study examines nodes’
sleep and wake patterns, triggered by hello packets from a sink, and then return to
sleep mode after receiving a departure signal. The objective of this strategy is to

optimize energy consumption in sensor nodes.

2.5.3 Problem Statement III: Limited Transmission Range of
Sink Nodes

Excessive energy consumption is due to multiple transmissions of the same data
packet, and potential data loss is possible if the relay node is also out of the sink’s
range. A sensor node with data, and if outside a sink node’s range. This situation
requires relaying data through the nearest sensor nodes, leading to two main issues:
packet drop and energy consumption. This section investigates the energy conse-
quences and effectiveness of protocols due to the energy needed to send and retrans-
mit packets. Protocols must enhance reliability and energy usage. The investigation
intends to employ cooperative diversity using mobile sinks to extend network lifes-
pan, with mobile sinks offering a dependable direct link for sensor nodes to transmit
their data, minimizing the requirement for multiple relay nodes and retransmissions,

reducing delays, and enhancing network lifespan.

2.5.4 Problem Statement IV: Location Aware and Sensor Co-

ordinates

Indexing Deficiency in Node-Region Association. The lack of a spatial indexing sys-
tem leads to sub-optimal node-region association, as it requires a full scan of all
regions for each node’s coordinates. This inefficiency escalates with the network’s
scale, necessitating a refined approach that quickly associates nodes to their respec-
tive regions and neighboring nodes. This research focuses on protocols specifically
intended for location-aware methods without installing GPS modules in each sensor
node. All sensor nodes coordinated are determined at the time of deployment with
respect to the deployed x-axis and y-axis as we know the GPS location of these

identified locations.These protocols enable data transfer to main stations across a

RELIABLE AND ENERGY-EFFICIENT ROUTING FRAMEWORK FOR USN USING SINK MOBILITY AND COOPERATIVE DIVERSITY 25



Chapter 2. Literature Review

global infrastructure. It evaluates the escalation in packet transmission and recep-
tion in multi-hop schemes and the consequent problems, such as packet collision and

excessive energy use, which could diminish packet delivery ratios.

2.6 Research Questions

Research questions are summarized in Table 2.4, illustrating the logical relationships
between key problems and corresponding research questions in this thesis, providing

a roadmap of the research structure.

TABLE 2.4: Relationship Between Problems and Research Questions

Problem

Research Questions (RQs)

Problem I: Partial Coverage by South-
Facing Sink Nodes

RQ3: Will relocating the sink decrease the
overall delay and enhance direct communi-
cation reliability?

RQ4: Can cooperative diversity be achieved
by using a mobile sink to cover both regions,
improving performance?

Problem II: Energy Efficiency in Sensor
Node Activation Cycles

RQ1l: How can reducing reliance on for-
warder nodes impact the overall energy con-
sumption of the network?

Problem III: Limited Transmission
Range of Sink Nodes

RQ2: What are the consequences of stop-
ping the acceptance of hello packets on per-
formance and dependability?

RQ3: Will relocating the sink decrease the
overall delay and enhance direct communi-
cation reliability?

Problem IV: Indexing Deficiency in
Node-Region Association

RQ4: Can cooperative diversity be achieved
by using a mobile sink to cover both regions,
improving performance?

Chapter 2 of the thesis presents a thorough examination of existing research on un-
derwater wireless acoustic sensor networks (UWSNs). The article explores different
facets of UWSNs, including the properties and difficulties of transmitting acoustic
waves in underwater environments, as well as the significance of energy management

and operational tactics customized for certain regional circumstances. The chapter
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provides a thorough analysis of several communication protocols and evaluates their
dependability, with a specific emphasis on their influence on the efficiency and en-
ergy consumption of UWSNs. The study also examines the concept of multi-hop
communication, the use of cooperative and opportunistic routing, and the impact of
relay nodes on improving network performance. The chapter emphasizes the neces-
sity of effective routing protocols, considering the distinct underwater environment
and its limitations, such as restricted bandwidth, significant delay, and energy limits

of sensor nodes.

2.7 Thesis Organization

The organization of the thesis is visually summarized in Figure 2.1. The figure
provides a roadmap of the chapters, illustrating how each section of the thesis builds

upon the previous ones.

Chapter 2
Literature
Review

‘Chapter 1:

Introduction

FIGURE 2.1: Organization of the Thesis

RELIABLE AND ENERGY-EFFICIENT ROUTING FRAMEWORK FOR USN USING SINK MOBILITY AND COOPERATIVE DIVERSITY 27



Chapter 3

Research Methodology

This chapter presents the research methodology for developing and evaluating in-
novative system models dedicated solely to acoustic sensor networks. The approach
outlined in this document is not only well thought out but also scientifically rigor-
ous, ensuring that the research work meets its goals effectively and efficiently and
provides accurate results. These techniques are instrumental in solving the problems
unique to UANs and guarantee the complete effectiveness of the proposed frame-
work. To increase the system’s throughput, the routing protocols are optimized so
that the most significant number of packets are delivered, and there is the slightest
possibility of packets getting lost or the system must re-transmit them. The over-
head is maintained at a low level since there are few serializations of control messages
due to the efficient neighbor discovery and routing mechanisms, which also tackle
the delay problem. The work employs the experimental design research method as
the most effective means of evaluating the newly proposed routing algorithms in
UWSNs. This technique, consisting of three essential phases, is a robust and reli-
able approach that ensures the validity and credibility of the research results. The

proposed techniques consist of three essential phases:

1. Development of the 2D and 3D Conceptual System Models: This
stage involves developing a theoretical model for the Proposed system. This
model involves a detailed review of the literature and a search for potential ar-
eas that do not use current UWSN technologies. It is the basis for other future
developmental stages. Monitoring emergencies in that packet transmission is

carried out as a priority, depending on the importance of the data. Mobile
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sinks make the coverage of some areas flexible while guaranteeing that pieces
of information can be sent directly to the sink nodes without loss or much de-
lay. In defining the framework, some provisions allow nodes in an emergency
to switch from the sleep mode to the active mode, minimizing the latency
experienced when waking up the nodes. The framework also accommodates
the giving of priority to specific packets, especially critical ones waiting to be

transmitted.

2. Simulation and Implementation: Many simulation methods are employed
to help develop realistic underwater wireless sensor network (UWSN) models.
These technologies allow the building and fine-tuning of the proposed routing
structure on the simulator, which provides conditions that are as close to a
realistic underwater environment as possible. The theoretical aspect of the
framework is that under the best environmental conditions, including clean
water, moderate temperature, and low noise levels, the framework can attain
the best network performance by using ideal routing paths and low energy

levels.

3. Evaluation and Testing: The final process, Evaluation, and Testing, is
a series of well-designed tests that put the framework to the ultimate test.
The proposed framework’s efficiency and reliability are assessed by statistically

analyzing simulation data and comparing it to existing UWSN methods.

Interpreting results regarding its challenges and objectives forms part of qualitative
analysis. It requires a critical assessment of how the findings derived from quanti-
tatively based research address inquiries and advance the discipline. The measures
used to validate or verify information in the research involve many ways of ensuring
the credibility of the findings. Comparative Analysis: This involves comparing the
proposed framework’s outcome with other existing and proven Underwater Wireless
Sensor Networks (UWSNs) protocols. The comparison with benchmarking shows
how the proposed framework has improved the existing solutions. Key performance
indicators, including energy consumption, data transfer rate, and the network’s stur-
diness, are used to compare performance. Sensitivity Analysis involves analyzing
the framework’s robustness to different network conditions and environments. This
analysis enables us to explore the framework’s limitations and opportunities in var-

ious situations. The Study Limitations recognize that research carried out through
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simulation analysis has general limitations. They take an opportunity to list the
constraints and assumptions made during the study. It is crucial to provide such a

context to understand the research findings.

3.1 Proposed System Model I

Sensor nodes are initially positioned unevenly and randomly throughout the two-
dimensional underwater space to gather data about the underwater environment and
transfer it to a sink node on the sea surface. The main advantage of the proposed
framework is that it employs relatively lightweight protocols that are not difficult to
implement and that can be computed on the limited resources of sensor nodes. The
total area is divided into four regions, and each region is further divided into three

sections as depicted in Figure 3.1. The following presumptions are considered here:

1. The typical sensor nodes have the same initial energy and communication

range and move with the current.

2. Sink nodes, which travel horizontally and have infinite energy, are placed in

the middle of each region.

3. The north and south of each region are covered by four sink nodes horizontally

deployed in the middle of each region.

4. A section’s sink node is the point of communication for all sensor nodes. As-

sume that both the nodes’ and the sinks’ locations are known.

3.2 Acoustic Communication Model

The attenuation and absorption loss are calculated using the simplified Thorp model

by counting underwater conditions. Signal loss V' is given by the following equations:

V=A-f>-D (3.1)
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Sensor Node and Sink Node Deployment
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FIGURE 3.1: Proposed Network Model I

Where V is the signal loss (absorption) in dB, A stands for the coefficient of ab-
sorption while a signal is propagating underwater and is measured in decibels per
kilometer, f is the acoustic wave frequency in kilohertz, and D stands for propaga-

tion distance in kilometers.

When the frequency range exceeds 0.4, the model’s Eq. 3.2 is applied:

0.11f2 4412

—4 £2
(1+ f2) + (@100 1+ /) +2.75 x 107 f*+0.003, f>04 (3.2)

V:

If the frequency range is smaller or below 0.4, the following formula as given in Eq.

3.3 is employed:

5)
V=0002+011{ — 0.011 <04 3.3
roxt (1) voon, 33)

3.3 Packet Transmission Energy Model

Sensor nodes send packets and consume energy which is indicated by Er,. Equation

1.5 is defined in detail to understand and design protocols that are energy efficient
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and use the least amount of energy.

1
Ery = Pre - (V - BW) (3.4)

Where Er, is the energy consumed in Joules for packet transmission, Pry is the
energy the transmitting node requires in watts, V' represents the signal attenuation
factor, and BW denotes the bandwidth.

3.4 Packet Reception Energy Model

Equation 4.5 represents the energy the receiving sensor node uses to receive packets

in Joules.

Ene = Pro - (= - BW 3.5
(-8w) (3.5)

Where Eg, is the energy consumed in Joules for packet reception, Pr, measures the
wattage required to process packets, and V and BW represent the signal attenuation

factor and bandwidth, respectively.

3.5 Block Diagram of REEFSM

This article proposes reliable and energy-efficient regional routing algorithms for
underwater sensor networks. Figure 3.2 shows the block diagram for the proposed
REEFSM model.

3.6 Framework Overview

The proposed framework’s efficiency and reliability are assessed by statistically an-
alyzing simulation data and comparing it to existing UWSN solutions. A compre-

hensive quantitative analysis is expressed by a mathematical model that captures
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FIGURE 3.2: Block Diagram of REEFSM

energy consumption against node density, communication range, and other parame-
ters. This model is applied to forecast the network performance and efficiency under
various circumstances for routing protocols and nodal management schemes. The

framework is structured into several phases:

3.6.1 Initialization Phase

The Initialization Phase represents the initial step of simulation. The process entails
the preparation of the network environment and all requisite parameters before the

commencement of the real simulation. In a concise elucidation:

e Parameter Definition: During this phase, the user establishes various pa-
rameters and constants to govern the simulation’s behavior. The parameters
encompass several factors, such as the number of sensor nodes, the dimensions
of the simulation area, the initial energy levels, communication ranges, and

additional settings particular to the simulation.

e Deployment of Nodes: Sensor nodes are placed randomly inside the simu-
lation region. Each node is assigned random coordinates (x, y) and an initial
energy level. The nodes will serve as the entities inside the network responsible

for collecting and transmitting data.

¢ Region Information: To optimize routing and facilitate effective commu-

nication, calculate and store region information for individual sensor nodes
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depending on their respective positions. The provision of regional information
facilitates the decision-making process of nodes in determining which neigh-

boring nodes to establish communication.

e Initialization of Sink Nodes: If a network contains sink nodes, which are
specialized nodes responsible for collecting data from other nodes, it is nec-
essary to initialize them with predetermined placements. Sink nodes are of
paramount importance in data gathering and routing. Direct transmission in-
volves sending data packets directly to the sink, while indirect transmission

involves sending data packets through other nodes called intermediaries

e Statistical Tracking: The fundamental values for statistics tracking, includ-
ing the number of packets sent and dropped, are established. Additionally, a
round counter is initialized to monitor the progression of the simulation across

numerous rounds.

3.6.2 Neighbor Discovery Phase

Identifying nearby nodes in simulation is a critical component known as the Neigh-
bors Discovery Phase. During this phase, the nodes within the network determine
the presence of neighboring nodes by considering their respective positions and ar-
eas. This phase establishes the fundamental framework for effective communication
and routing inside the network. Nodes are supposed to wake up only when they re-
ceive a “hello” signal from a nearby sink and when they have certain very important
data to forward. Once their job is done, nodes go back to power-saving mode to

save power.

The operational process is round-based, and the Neighbors Discovery Phase occurs

throughout each round, symbolizing a distinct time interval inside the simulation.

¢ Sink Nodes Mobility: Sink nodes’ mobility involves their ability to move
along predetermined paths during each round. Sink nodes commonly serve
as the ultimate recipients of data gathered by sensor nodes. The framework
employs a regional approach to organize the sinks, assigning each sink to a

region. However, when sinks migrate, and intersections occur, the framework

RELIABLE AND ENERGY-EFFICIENT ROUTING FRAMEWORK FOR USN USING SINK MOBILITY AND COOPERATIVE DIVERSITY 34



Chapter 3. Research Methodology

Algorithm 1 Region Formation

1. procedure INITIALIZE SIMULATION AND NODES
2 N + 100 > Total number of nodes
3: zm, ym < 100,100 > Area dimensions in units
4: Eo+ 10 > Initial energy for each node in joules
5 Initialize arrays for cumulative statistics
6 cumulative _packets _sent, cumulative_packets_dropped, cumulative _network_energ
T: cumulative _dead _nodes, cumulative_alive_nodes < Arrays of zeros (size
max + 1)
8: Initialize node structure
9: S « Structure Array with fields 'xd’, ’yd’, 'Neighbors’, 'Region’, 'E’, 1d’
10: node__ coordinates < 2D Array of size N x 2
11 for i < 1to N do
12: S[i].zd < Random(0, zm)
13: S[i].yd + Random(0, ym)
14: S[i]. Neighbors < Empty Array
15: S[i]. Region < Empty Array
16: S[i|.E « Eo > Set initial energy
17: Sfi).Id <1
18: node_coordinates[i] < [S[i].zd, S[i].yd]
19: end for
20: Calculate and store region information for each node
21: zone__width + zm/num_ zones
22: region__height < ym/num_regions_per_zone
23: for i < 1to N do
24: zone + | S[i].xd/zone_width] + 1
25: region + | S[i].yd/region_height] + 1
26: S[i]. Region < [zone, region]
27: end for
28: Initialize sink nodes
29: num__sinks < Number of rows in sink_ paths
30: sinks < Structure Array with fields 'xd’, ’yd’
31: sink _coordinates < 2D Array of size num _sinks x 2
32: for s « 1 to num_sinks do
33: sinks[s).xd < sink_paths[s][1]
34: sinks[s].yd « sink_paths[s][2]
35: sink_coordinates[s] « [sinks[s].zd, sinks[s].yd]

36: end for
37: end procedure
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manages sinks’ mobility and the nodes’ communication events to reduce energy

consumption and prevent collisions.

e Packet Broadcasting: In the context of packet broadcasting, sink nodes
transmit "hello" packets. These packets function as signals that notify sensor
nodes in the proximity of their existence and accessibility. Broadcasting hello
packets serves as a mechanism for sink nodes to communicate their presence

effectively to the network.

e Total Energy Calculation: The total energy calculation in the network is
performed at the commencement of each round. This computation aggregates

the residual energy of all sensor nodes inside the network.

e Neighbor Identification: The process through which each sensor node iden-
tifies and establishes connections with its neighboring nodes. Determining
node position, region information, and the reception of hello packets are the
factors considered in this process. When two nodes are in proximity and mutu-
ally exchange hello packets, they establish a neighbor relationship. Neighbors

refer to nodes that can engage in direct communication.

¢ Region-based Communication: Region-based communication is a strat-
egy employed by nodes to enhance the efficiency of communication processes.
Nodes within a given region may tend to establish communication primar-
ily with other nodes within the same region due to their proximity and the

increased likelihood of maintaining a stable connection.

3.6.3 Packet Send, Forward, and Drop

The present phase involves modelling the data transmission process within the net-
work, determining optimal timing, and developing methods for packet transmission,

forwarding, or discarding.

¢ Rounds-Based Operation: The operation based on rounds is analogous to
the phase of Neighbors Discovery. This particular phase functions by dividing
the simulation into discrete time steps, with each round representing one of

these steps.
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Algorithm 2 Neighbor Discovery

1: procedure DISCOVER NEIGHBORS

2 for each node i in N do

3 Initialize neighbor list|[7] as an empty list

4 if S[i].E > 0 then

5: Broadcast HELLO message with S[i].Id and S[i].(zd,yd)

6 end if

7 end for

8 for each node ¢ in N do

9 while receiving messages do

10 if message is HELLO then

11: Extract sender ID and sender location from the message

12: Calculate distance between S[i] and sender

13: if distance < transmission range and sender ID not in neighbor
list[i] then

14: Append sender ID to neighbor list[i|

15: Send ACK message to sender ID with S[i]./d and S[i].(zd, yd)

16: end if

17: end if

18: if message is ACK then

19: Extract sender ID from the message

20: if sender ID not in neighbor list[:] then

21: Append sender ID to neighbor list[i]

22: end if

23: end if

24: end while

25: end for
26: end procedure

e Sink Nodes Mobility: The mobility of sink nodes introduces the possibility

of updating their placements in each cycle.

e Data Transmission Decision: Each sensor node decides on data transmis-
sion. It determines whether it possesses data that needs to be sent to a sink
node or whether it should pass data received from other nodes. The selec-
tion is made by considering parameters such as the node’s energy level and its

proximity to the destination.

e Data Forwarding: If a sensor node elects to transmit data, it will directly
send it to the sink node, provided it is within the communication range. Energy
is consumed throughout the data transmission process, resulting in the need

to update the node’s energy level. In the context of data forwarding, when
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a sensor node decides to transmit data, it proceeds to relay this data to a
neighboring node that is closer to the intended destination, such as a sink
node. Packet forwarding continues until it reaches its intended destination or
exceeds the transmission range limit. In addition to energy consumption, the
act of forwarding data also necessitates the updating of energy levels in the

intermediary nodes.

e Packet Dropping: Packet Dropping occurs when a sensor node possesses
data that it intends to transmit but cannot establish a connection with a sink
node or a neighboring node capable of passing the data within its designated
transmission range. In such cases, the packet is designated as dropped. This
phenomenon may occur when a node experiences energy depletion or is posi-

tioned beyond its communication range.

e Dead Nodes: During the simulation, the system records nodes that have
reached or fallen below zero energy levels, called dead nodes. The nodes are

deemed inactive and no longer engage in data transmission.

3.7 Evaluation Criteria

The following criteria are used to evaluate the proposed framework:

3.7.1 Duration of Network Operation

Equation 3.6 describes the unique challenges and characteristics of the underwater
environment; the calculation of network lifetime is typically more complex in under-
water sensor networks. Batteries frequently power underwater sensors, and replacing
or recharging them isn’t easy. Therefore, it is essential to maximize the network’s

lifespan.

(3.6)

oo = mi (ESNI ~ ESNCT>
NLT = INin

% > Esncs

Where Egpy; represents the initial energy of sensor node i. The variable Fgycr

represents the energy spent by node i at a given time t. Calculating network lifetime
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Algorithm 3 Packet Management for Network Communication

1: procedure MANAGE PACKETS
2 for each round r from 0 to 7,4, do
3 for each node 7 in N do
4: Initialize min_dist _sink to ¢
5
6

for each sink s in sinks do
Calculate Euclidean distance dis_to_sinks|s| from node i to sink

s
7: end for
8: Find minimum distance min_dist and corresponding sink min_sink
from dis_to_sinks
9: Initialize has_data_to_send to False
10: if S[i].E > 0 and min_ dist within TX range then
11: Set has _data_to_send to True
12: else
13: for each neighbor node j of node : do
14: if S[j].E > 0 then
15: Calculate distance dist between node ¢ and j
16: if dist < min_dist then
17: Update energy of S[j] (subtract E_RX)
18: Calculate temporary distance temp _dist to sink via j
19: if temp_dist < min_dist then
20: Update min_ dist and min_ dist _sink to temp _dist
and j
21: end if
22: end if
23: end if
24: end for
25: if min_ dist within TX range then
26: Set has _data_to_send to True
27: end if
28: end if
29: if has_data_to_send then
30: Output "Node 7 sending data to Sink min_sink in Round 7"
31: Update energy of S[i] (subtract E_TX)
32: Increment packets sent counter
33: else
34: Output "Node ¢ cannot send/forward data in Round r"
35: Increment packets dropped counter
36: end if
37: end for
38: Update cumulative statistics for the round
39: end for
40: Output cumulative statistics

41: end procedure
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involves determining the minimum energy level across all nodes and dividing it by

the average energy consumption rate.

3.7.2 The Number of Active Nodes

The process of acquiring adequate energy to operate a sensor node. Equation 3.7

represents the residual energy of a node on the ith round, denoted as EY.

K.:=Ey>0 (3.7)

3.7.3 Throughput

To get the average throughput, equation 5.3 adds up all of the bits or packets that
each sensor node in the network successfully sent, then divides the total by the

length of the simulation.

Packetsyg

T (3.8)

Throughput =

Where Packetsy g is the bits or packets successfully received from all N sensor nodes.

T,; is the total rounds or simulation time.

3.7.4 Packet Delivery Ratio

The ratio of successfully delivered packets to the total number of packets commu-
nicated in an underwater sensor network (UWSN) is known as the packet delivery
ratio (PDR). Equation 5.2 is to determine the PDR for N sensor nodes:

Packets, s

PDR =
Packetsr

(3.9)

Where Packets, g, is the total number of packets delivered successfully, Packets; is

total packets transferred.
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3.7.5 Delay

Equation 3.10 represents the time difference between the timestamps at the source
and destination nodes and the time needed for a packet to reach its destination. To
calculate the average delay, add the total time required for all packets and divide it

by the total number of packets transmitted.

Packets,;

“Pst 3.10
Packets,; ( )

Delay =

3.7.6 Packet Drop Ratio

Equation 3.11 represents the packet drop ratio (PDR) and is the proportion of
dropped packets to all packets transmitted. It displays the proportion of packets

not successfully received or delivered at their intended sensor nodes.

Packetsiys:

PDR = VT (3.11)
Variable(s) Value(s)
Number of Sensor Nodes SV, 100
Sensor Node Energy Egsn 10 Joules
Number of Mobile Sink Nodes M SN, 4
Simulated Network Area 100-meter x 100-meter
Size of Packet P, 1 kilobit
Bandwidth BWyg, 30 KHz
Data Rate Ryps 250 kbps
Sensor Nodes Communication Range SNR 12.5 meters
Sensor Nodes Amplifier Energy SN Egpnp 0.0013 pJ/bit/m*
Sensor Nodes Electronics Energy SN Eeje. 50 nJ/bit

TABLE 3.1: Simulated Variables

The values in Table 5.1 were obtained through simulations conducted to assess the

effectiveness of the proposed model.

The methodology described in this chapter establishes a solid basis for investigating
and creating a dependable and energy-efficient routing framework for underwater

sensor networks (UWSNs). This research has successfully addressed the intricate
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issues specific to UWSNs by employing a rigorous experimental strategy that com-

bines theoretical modeling with practical simulation and implementation.

The data-gathering methods, principally utilizing advanced computer simulations,
have facilitated a thorough investigation of the proposed framework across several
realistic underwater circumstances. The simulations have played a crucial role in
obtaining vital data necessary for comprehending the performance and feasibility of

the proposed routing protocol.

Using analytical tools, including quantitative and qualitative approaches, has guar-
anteed a thorough framework assessment. The framework’s efficiency and depend-
ability have been quantitatively analyzed, providing measurable insights. Addition-
ally, qualitative study has contributed to a greater understanding of the framework’s

practical implications in UWSNs.

Validation techniques, such as comparison and sensitivity analysis, have played a cru-
cial role in confirming the proposcd framework’s strength and superiority compared
to existing protocols. The thorough validation process highlights the dependability

and relevance of the research findings.

This study has consistently upheld ethical norms in computational research, demon-
strating transparency and integrity in its methods to ensure the credibility and

reproducibility of the results.

Although recognizing the inherent constraints of a simulation-based methodology,
this study establishes a foundation for further investigations and real-world appli-
cations in UWSNSs. The identified constraints guide future studies, directing efforts

to enhance and adjust the suggested framework for practical use.

This research thoroughly explains the research methods used and makes a substantial
contribution to Underwater Wireless Sensor Networks (UWSNs). It is a vital link
between theoretical study and practical application, establishing a solid basis for
future progress in this rapidly developing field. The research methodology and
findings can potentially improve the efficiency and lifespan of underwater wireless
sensor networks (UWSNs), representing a substantial advancement in underwater
communication and exploration technology. Figure 3.3 shows the simplified flow

diagram.
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FIGURE 3.3: Packet Flow Diagram

3.8 Proposed Framework 11

This section of the study examines the complexities of a model for an Underwater
Acoustic Sensor Network (UASN) system and how it functions. This methodol-
ogy aims to comprehensively analyze and enhance the efficiency of a location-aware
routing framework in UASNs, which face challenges that typical terrestrial network
strategies cannot address due to the distinct characteristics of underwater settings.
The main emphasis lies in effective and dependable data transmission in these de-
manding circumstances, focusing on energy efficiency, precise position recognition,
and adaptable routing algorithms. This methodology establishes a foundation for a
thorough comprehension of the dynamics of underwater sensor networks and the cre-
ation of inventive solutions to improve their effectiveness and dependability. In the
proposed framework, reliability is measured as a set of attributes such as successful
delivery of data packets, time that the network is up, and node survival rates. This
framework is enhanced to achieve these reliability metrics regarding data transfer

within harsh underwater environments
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3.9 System Model I1

An Underwater Acoustic Sensor Network (UASN) is a network of sensor nodes
strategically positioned underwater to observe and gather data about the marine
environment. Sensor nodes are commonly outfitted with acoustic communication
modules, enabling them to establish communication among themselves and with the

sink node, which serves as a bridge between the UASN and the terrestrial network.

As shown in Figure 3.4, the suggested framework is deployed in a simulated 100m x
100m network, separated into 12 distinct areas called regions and a dynamic topology
model. The coordinates of all sensor nodes are recorded relative to the x and y axes,
along with their corresponding region. The coordinates of the four sink nodes are

recorded and updated as they move in parallel.

3D Underwater Sensor Network
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FIGURE 3.4: 2D Location-Aware and 3D Dynamic Models: red square represent-
ing sink nodes, and blue circle representing sensor nodes

3.10 Location Detection and Update Mechanism

The sensor nodes transmit their area ID to their neighboring nodes in the hello
message. Sink nodes regularly transmit their coordinates and region identification
to all sensor nodes. Sensor nodes utilize this information to update their routing
tables.
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The location-based next-hop selection process incorporates an additional variable
called Region ID. To achieve more direct and efficient packet forwarding, the system

selects surrounding nodes in the same geographic area as the target node.

3.11 Neighbors Discovery and Routing Phase

The process of identifying neighboring nodes and determining the optimal route
is similar to the previous iteration but now incorporates an extra verification step
to examine the area ID of the next node before forwarding the packet. When the
destination node is located in a region different from the next hop, the sensor node
will utilize the modified location-aware next-hop selection algorithm to choose a
new next hop. The location-aware framework for UWSNs incorporates region-based
neighbor discovery and routing to optimize performance, considering the mobility of
sink nodes, issues in underwater communication, energy limitations, and the need

for region-based neighbor discovery.

3.12 Model for the Transmission of Sound Waves

Across a Medium

Elevated bit error rates, extended propagation delays, and restricted bandwidth
characterize underwater acoustic propagation. The absorption, attenuation, and
scattering in saltwater can be attributed to its intricate physical properties. Thorp
model, which considers the underwater conditions. The absorption loss is quantified
in decibels per kilometer (dB/km), whereas the frequency f is measured in kilohertz
(kHz).

3.13 Model for Energy Usage During Transmission
and Reception

The energy consumption of sensor nodes is a crucial limitation in the design of

Underwater Acoustic Sensor Networks (UASN). Batteries commonly power sensor
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Algorithm 4 Region-Based Neighbor Discovery (RBND)

N =

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:

23:

24:
26:
27:
28:
29:
30:
31:
32:
33:
34:

e B U A

: procedure ASSOCIATE NEIGHBORS

// Step 1: Initialize an empty list for each sensor node to store neighboring
node IDs
for i < 1to N do
neighbors[i] « ||
end for
// Step 2: Associate each sensor node with its region
for i « 1to N do
sensorNodelnfo[i][region’] =~ «  assignRegion(sensorNodelnfo[i]|'x’],
sensorNodelnfo[i]['y’])
end for
// Step 3: Make all sensor nodes in the same region neighbors by default
for : < 1to N do
for j « 1to N do
if sensorNodelnfol[i|['region’] == sensorNodelnfo|j]['region’| then
neighbors[i].append(sensorNodelnfo[j]['node_id’])
neighbors|j].append(sensorNodelnfo[s]['node_id’])
end if
end for
end for
// Step 4: Find additional neighbors based on transmission range
for i < 1to N do
for j « 1to N do
if 7 # j and sensorNodelnfo[s][region’] # sensorNodelnfo|j]['region’]
then
distance « sqrt((sensorNodeInfo[i][’x’] - sensorNodelnfo[j]['x’])? +
(sensor NodeInfoli]['y'] — sensor NodeInfolj]['y'])?) if distance<
TX range then
neighbors|i].append(sensorNodelnfo[j]['node_id’])
end if

end for
end for
// Step 5: Update the sensor node information with the list of neighbors
for i < 1to N do
sensorNodelnfo[i]['neighbors’] < neighbors|}
end for
end procedure
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nodes and require extended durations of operation without the need for recharging.

Hence, it is crucial to devise protocols that minimize the energy consumption of

sensor nodes.

Various factors, including the distance between nodes, the transmission power, and
the data rate, influence the energy consumption of sensor nodes for transmission

and reception.

This research emphasizes the original method by incorporating a location detection
and update mechanism and a phase for region-based neighbor finding and routing.
By including geographical knowledge in the routing process, we have successfully
tackled a significant obstacle on UASNs - guaranteeing effective and dependable

packet delivery in the face of ever-changing underwater conditions.

This methodology demonstrates the capacity for progress in underwater sensor net-
works. This study provides vital insights into the efficient operation of UASNs and
paves the way for future research and development in this vital subject. This re-
search explores the theoretical and practical aspects of underwater communication,
leading to the development of more robust, efficient, and cnvironmentally friendly

technology for underwater exploration and monitoring.
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Reliable and Energy-Efficient

Framework

The Reliable and Energy Efficient Regional Routing Framework with sink mobility
for Underwater Sensor Networks (REEFSM) has been evaluated and is recognized
as the most reliable protocol. It demonstrates exceptional reliability by maintain-
ing a network without inactive nodes and effectively managing packet losses. This
characteristic renders it especially well-suited for applications that demand excellent

data reliability and energy conservation.

The DEADS protocol is the second most energy-efficient. However, it encounters
difficulties sustaining node connectivity and ensuring reliable packet delivery over

time, resulting in lower reliability than REEFSM.

EERBCR is positioned between REEFSM and DEADS, offering a harmonious equi-

librium between energy efficiency and dependability.

4.1 Results, Analysis, and Discussions

This scction discusses the proposed Model, the Reliable and Energy Efficient Re-
gional Routing Framework with sink mobility for Underwater Sensor Networks (REEFSM).
The proposed methodology is implemented in Python. The effectiveness of the
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REEFSM-UWSN approach is evaluated using many performance measures, includ-
ing network lifetime, energy consumption, throughput, packet loss rate, packet de-
livery ratio, the ratio of dead nodes, packet received ratio, and the ratio of alive

nodes. The results obtained are examined using established methodologies.

The proposed protocol is compared with Gul et al. al. [87] EERBCR: Energy-efficient
regional-based cooperative routing protocol for underwater sensor networks with sink
mobility and Authors [88] DEADS: Depth and Energy Aware Dominating Set Based
Algorithm for Cooperative Routing along with Sink Mobility in Underwater WSNs.

4.1.1 Analysis of Experimental Results of REEFSM

Based on the simulation results, this section provides a detailed performance analysis
of the Reliable and Energy-Efficient Regional Routing Framework with Sink Mobility
(REEFSM). The study covers multiple dimensions, including packets sent, packets
dropped, network energy, dead nodes, alive nodes, packets received, packet received

ratio, and packet drop ratio, as shown in Table 4.1.

TABLE 4.1: Simulation Results and Performance Evaluation

Rounds | Packets Sent | Packets Dropped | Network Energy | Dead Nodes | Packets Received | Packet Received Ratio | Packet Drop Ratio
100 7961 539 941 0 7262 0.912197 0067705
200 13967 933 899 0 13034 09332 0.088995
300 20150 1324 856 0 18820 0.933995 0087891
400 26581 1739 809 0 24842 (934577 0 080584
500 32755 2133 764 0 30634 0935247 0.082705
600 38950 2526 720 0 36420 0.935045 0 087599
700 45381 2939 672 0 424412 0935237 0 090831
800 51567 3333 629 0 48234 0 935366 0.090271
900 57750 3727 583 0 54020 0935411 0090234
1000 64235 4145 536 0 60090 0.935471 0 091663

The number of packets sent and received provides traffic capacity and data delivery
efficiency. Over 1000 rounds, the number of packets sent increased steadily, reaching
a maximum of 64235 packets. Correspondingly, the packets received also showed a
consistent increase, with the highest value being 60090 packets at 1000 rounds.
These indicate the robustness of the Proposed Framework for ensuring reliable data

transmission.

The packets dropped represent the number of packets that failed to reach the sink
nodes. Throughout the simulation, the number of packets dropped increased grad-

ually, which is expected as network traffic grows. However, the Packet Drop Ratio
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remained relatively low, peaking at 0.0917, demonstrating the framework’s efficiency

in minimizing packet loss.

The initial value of the network energy was 944 joules at round 100, and it declined
round-wise up to 536 joules at round 1000. This suggests the energy consumption
for transmitting and receiving data. However, the network always ensured that both
energy consumption and energy production were equal, which is crucial in enhancing
the network’s life cycle. The number of alive nodes remained constant at 100, and
there was no dead node. This consistency shows how REEFSM is useful in keeping

nodes alive, which is crucial in determining the network’s stability and longevity.

The Packet Drop Ratio was maintained at a low level, which was good news for
network traffic handling and packet dropout. According to the perforinance analysis,
there was an indication of the efficiency and reliability of the system. It is also
evident that the framework kept a low packet drop ratio and, at the same time,
ensured appropriate energy distribution. Also, the network stability was supported
by the number of alive nodes remaining constant for the entire duration of the
simulation rounds. These results prove the usefulness of REEFSM in increasing the

performance of UAN.

4.1.2 Comparison of Proposed REEFSM with Existing EERBCR

Protocol

The proposed research work, referred to as REEFSM, has been compared with
the existing EERBCR (Energy-Efficient Regional Cooperative Routing) protocol to

validate the performance of the proposed work.

4.1.2.1 Total Network Energy

REEFSM consistently shows higher total network energy than other protocols through-
out the simulation rounds, indicating its efficiency in energy consumption. By the
end of 1000 rounds, REEFSM maintains 536 joules of energy, whereas other proto-
cols, like DBR and EEDBR, deplete their energy completely.

EERBCR Shows a steady and linear decline in energy levels, indicating consistent

energy consumption. DEADS Exhibits a sharper decline, suggesting higher energy
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consumption over time. DBR Experiences the steepest decline, reaching zero energy
by round 1000, indicating it is the least energy-efficient protocol. EEDBR Similar to
DBR, it depletes energy quickly, reaching zero by round 900. REEFSM Maintains
higher energy levels over time, ending with 536 joules at round 1000, indicating

superior energy efficiency as shown in Figure 1.1.
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FIGURE 4.1: Total (Remaining) Network Energy

4.1.2.2 Number of Packets Sent to Sink Node

The number of packets REEFSM receives exceeds EERBCR, DEADS, DBR, and
EEDBR. However, this indicates a more conservative and efficient data transmission
strategy and prioritizes energy savings and network longevity mechanisms over other
protocols. EERBCR Shows a reliable increase in packet send count, reaching 60000
by round 1000. DEADS Demonstrates robust throughput, with packet send numbers
reaching 63000 by round 1000. DBR Sends fewer packets than others, peaking at
50000 by round 1000. EEDBR Has the lowest throughput, with packet send numbers
peaking at 30000 by round 1000. REEFSM Exhibits the highest throughput, with
packet send numbers reaching 64235 by round 1000 as shown in Figure 1.2.

RELIABLE AND ENERGY-EFFICIENT ROUTING FRAMEWORK FOR USN USING SINK MOBILITY AND COQPERATIVE DIVERSITY 51



Chapter 4. Reliable and Energy Efficient Framework

Packet Send
-8 EEBCR o
60000 1 W DEADS gre
-& DBR . _::,)
| <4 eeoBr X -
300001 . peersm ot oL
—”’—.“ - X ,—"—
T 40000 4 P P 3
c Pt 4 K-
o . r"a Lok
% 30000 e 4
h - ’a" _______
: L T
& i Pt ———
CPT PP L
20000 I S
4 -
Pt T
S
10000 - &*”"
Q)
‘0
0.
0 200 400 600 800 1000
Rounds

FIGURE 4.2: Number of Packets Sent to Sink Node

4.1.2.3 Number of Packet Drop

The Innovative Framework exhibits significantly lower packets dropped than other
protocols, as shown in Figure 4.3. This demonstrates its superior reliability and
effectiveness in maintaining robust communication channels and reducing data loss.
EERBCR shows a steady increase in packet drops, reaching 40000 by round 1000.
DEADS Has a slightly higher packet drop rate than EERBCR, reaching 41000 by
round 1000. DBR Exhibits the highest packet drop rate, with 42000 drops by round
1000. EEDBR Shows a moderate packet drop rate, with 30000 drops by round 1000.
REEFSM Demonstrates the lowest packet drop rate, with 5888 drops by round 1000.
Regarding packet drop, REEFSM is the most reliable protocol with the lowest packet
drop rate. EEDBR shows moderate reliability, while EERBCR and DEADS exhibit
higher packet drop rates. DBR is the least trustworthy, with the highest packet drop

rate.

Each protocol has strengths and weaknesses, and the best choice depends on the
application’s specific requirements regarding energy efficiency, throughput, and re-

liability. REEFSM stands out as the top performer across all metrics.

Concluding this chapter on the Reliable and Energy Efficient Regional Routing
Framework with sink mobility for Underwater Sensor Networks (REEFSM), The

evaluation showed that it is highly effective in addressing energy efficiency challenges

RELIABLE AND ENERGY-EFFICIENT ROUTING FRAMEWORK FOR USN USING SINK MOBILITY AND COOPERATIVE DIVERSITY 52



Chapter 4. Reliable and Energy Efficient Framework
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FIGURE 4.3: Number of Packet Drop

and data reliability. Significant reductions in energy consumption and improve-
ments in reliability have been seen compared to existing protocols like EERBCR
and DEADS. The framework ensured zero dead nodes, minimized packet drops, and

maintained high data accuracy throughout the simulations.

REEFSM is the most energy-efficient protocol; although DEADS also showed com-
mendable energy efficiency, it faced challenges maintaining node connectivity and
packet delivery reliability over time. EERBCR, on the other hand, provided a bal-

anced approach between energy efficiency and reliability.

Future research should focus on integrating advanced optimization techniques, such
as autonomous path planning, energy harvesting, and machine learning, to further

enhance network longevity and performance.

4.2 2D Network Setup and Communication Phases

This section describes the Acoustic Sensor’s network deployment and communication
phases in a simplified structure, as shown in Figurel.4 to illustrate the functionality

of the proposed framework.
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FIGURE 4.4: The phases of Acoustic Sensor Deployment involve the sensor’s loca-
tion, neighbor identification based on coordinates, and forwarding packets to their
destination.

4.2.1 Location Detection and Update Mechanism

In the neighbor’s discovery phase, a sensor node is used to identify all its neighbor’s
sensor nodes by their coordinates and their region’s coordinates. If its region coor-
dinate is similar, it is neighbors, and this information is stored in neighbors tables
with sensor nodes 1D, coordinate, and residual energy. All sensor nodes have a table
called "Sensor node input’ containing the neighbors’ details. The coordinates show
precisely where each sensor is located, and the current amount of energy in each is
listed. In contrast, the method sorts each node into a specific region by checking
its coordinates against the known edges of the regions in a collection called region

coordinates. Each area has its own set of coordinate boundaries that make it unique.

4.2.2 Discovery of Coordinates-Based Neighbors

A novel technique in wireless sensor networks determines whether nodes are close
enough to interact directly. This strategy is handy when several sensors are dispersed
across a large area and divided into areas. A simplified algorithm with component
breakdown: The number (N) of sensor nodes in the network. The number of re-

gions (R) divides the network into zones. The maximum distance (Tx. Range:
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Transmission Range) two sensor nodes can send and receive signals. This list (Sen-
sor.Node.Info) is a comprehensive catalog of sensor nodes. The following list displays
each node’s geographical position and the amount of energy it currently possesses.

These points (regional coordinates) define each region’s beginning and end.

Algorithm 5 Discovery of Coordinates-Based Neighbors

Input:
N: Total number of sensor nodes
R: Total number of regions
TX range: Maximum transmission range of a node
sensorNodeInfo: List containing all sensor nodes with their coordinates and
energy
region_coordinates: List containing coordinates defining each region
7: Output:
8: Each node’s neighbors list is updated with the IDs of neighboring nodes
within the same region and transmission range
9: for each node in sensor Nodelnfo do

=3

10: Determine the region of the node based on its coordinates
11: Initialize an empty list to store neighbors for the node
12: end for

13: for i from 0 to N — 1 do
14:  Set node_i to sensor Nodeln foli]
15: for j from 0 to N — 1 do

16: if 7 is equal to j then

17: Skip to the next iteration

18: end if

19: Set node_j to sensor Nodelnfolj]

20: if node_i and node_j are in the same region and the distance between
node 1 and node__j is less than or equal to TX _range then

21: Append the ID of node_j to the neighbors list of node_:

22: end if

23: end for

24: end for

This technique helps to manage large networks efficiently. Separating the network
into regions can better manage the data and ensure network stability. Establish a
system where every sensor node knows other sensors to facilitate direct connection.

However, only sensors close to the signal and within their range should be considered.
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4.2.3 2D Mathematical Model of RISNDBC

Each Sensor Node S; has a neighbors list N; and updated to add all Sensor Node S;
that meets the criteria of excluding the node itself (i # j), nodes must be in the same
region (r (S;) = (S;)), the distance d (S;,.S;) between nodes have not exceeded the

transmission T,Max. Equation 5.1 shows the Neighbor list.

Each pair of Sensor Nodes (S;,S; € S x S, where i # j) performs the following

steps.

Step 1. Neighbors and adjacency thresholds.

r(S) =7 (S,) and d(S,5,) = /(@ — ) + ( — ) < T

Step 2. Update neighbor list V,

{lr (S,) =7 (S;), d(5,,S;) < TemaxVj #1i,j € {1,2,...,N}}

(4.1)

4.2.4 Acoustic Wave Transmission Model

Elevated bit error rates, extended propagation delays, and restricted bandwidth
characterize underwater acoustic propagation. Saltwater’s intricate physical prop-

erties contribute to its absorption, attenuation, and scattering.

Thorp’s model considers underwater conditions. Equation 4.2.4 defines signal (f) as
the frequency and (V) as a function that characterizes the reduction and absorption

of an acoustic wave during its transmission over a distance of (d).

V=Axfixd

V represents the attenuation of a signal, which refers to the reduction in signal

strength (absorption) measured in decibels (dB) when the movement travels through
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water. A is the absorption coefficient, which quantifies the absorption rate per
kilometer in decibels. The frequency of the acoustic wave, denoted as F, is measured
in kilohertz. D represents the propagation distance, kilometers between the source
and destination nodes. When dealing with frequencies exceeding 0.4, we utilize the
methodology stated in Equation 4.2.4 to determine velocity (V'), where V' combines

various factors, including the frequency (f) measured in kilohertz (kHz):

_(011f7) | 445 10, g2
V=T gy T 0 e S 0003

For frequencies at or below 0.4, however, we use the formula in Equation 4.2.4.

V =0.002+0.11 <L> + 0.011

1+f

Here, we calculate the absorption loss in decibels per km (dB/km), given the fre-
quency f in kilohertz (kHz).

4.2.5 Acoustic Sensor Node Energy Model

Efficient management of energy consumption is crucial in underwater acoustic sensor
networks (UASNs) for monitoring and optimizing the usage of sensor nodes. Given
the nature of these nodes, which are typically powered by batteries and required to
operate for extended periods without recharging, monitoring their energy consump-
tion closely becomes crucial. Several factors affect the energy consumption of the
sensing node during data transmission (E(T'z)) and reception (E(Rz)). Consider
the distance from the node, the transmission power, and the data transfer speed.

These are primary factors for designing and optimizing routing protocols.

E(Tz) = P (Tz) * <_> « BW
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Equation 4.2.5 shows the energy required for packet sending across harsh underwa-
ter environments. This equation describes packet transmission energy in Joules as
E(Tx). The power required for packet transmission by the node is P(Tz). Packet
transmission energy is measured in watts. E(T'z) represents the data transport

energy, while P(T'z) represents the transmission power of the acoustic sensor node.

Internet connectivity uses energy, as seen in Equation 4.2.5. The energy consumption
of a sensor node during packet transmission and reception in each time frame is
measured in Joules. P(Rz) can measure the node’s power consumption during
data receiving, revealing how much power is consumed. The calculated value of
the received signal, represented as F(Rz), is determined by multiplying the period
by the probability of receiving the call, denoted as P(Rxz). Mention in Equation
4.2.5. E(Rz) measures the energy usage of a sensor node during data receipt, while
P(Rz) measures data handling and receiving power. UASNs need energy efficiency

to operate.

4.3 3D Network Architecture

Functional responsibilities and interconnections of various nodes, together with a
structured approach, are used to evaluate the performance of mobility-adaptive
routing and energy-aware relay node selection in dynamic underwater situations.
Sensor Node (n;), Relay Nodes (r;), Sink Nodes (k), Adjacency Matrices (4;,), and
Routing Matrices (R,;) are depicted in Equations 4.3 to 4.3.

S={ni|i=1,2,3,...,n}

R={r;lj=1,2,3,...,m}
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K={kik=1,2,3,...,0}

A 1, if node i can communicate with node j
ij =
0, otherwise

R, 1, if node i routes data through node ]
;=

0, otherwise

4.4 Node Mobility Model

The mathematical framework utilized to simulate underwater network sensor node
mobility is based on a modified random walk model. This model realistically rep-
resents underwater sensor node movements, which are affected by several environ-
mental conditions, by careful tuning. The model simulates underwater dynamics
with water currents, pressure changes, and temperature variations. Position update
is depicted in Equation 4.4, where X,(t), Vi(t), and At is node i position, velocity

vector at time t, and time stamp.

X, (t+ At) = X, (t) + Vi(¢) - At

Velocity determination is described in Equation 4.4, where v,,4 represents the aver-

age velocity, and dir(¢) denotes the direction of node ¢ at time ¢.

Vi(t) = apg - dir(t)

Directional changes are depicted in Equations 4.4 and 4.4, where 6,(t) and ¢,(t) are
Azimuth and polar angle concerning time, and A, and Ay, are changes in angle

caused by environmental factors.
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6(t + At) = 6,(t) + A8,

o (t + At) = @, (t) + A,
Equation 4.4 describes Depth Control via Buoyancy, where AZ,(t) is a change in
depth.

Z,(t + At) = Z,(t) + AZ,(t)

4.5 Energy Consumption Model

This model quantitatively describes nodes’ energy usage based on their numerous

operations, such as data transmission, reception, and idle states.

Transmission Energy F,, is shown in Equation 4.5, where P, d, a, and s is trans-

mission power, distance, path loss, and packet size.

Ei(d,s) =Py -d*-s

Reception Energy E,. is given in Equation 4.5, where P,, and s is the power con-

sumed during the reception of the packet.

E‘rz(s) = Pra: )

Idle Energy Eig. is depicted in Equation 4.5, where Py, is the amount of power

consumed during an idle state, and At is the duration of the idle state.
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Euie = Pigie - At

Energy Optimization and Adaptive Power Control are described in Equations 4.5 and
4.5, where n, d;, s;, k, and 3 are nodes in the routing path, including distance and
packet size, environmental conditions, and node sensitivity toward power change,

are also considered.

min Z(Eta:(d’“ 312) + Er:r(sl))

1=1

Ptx—':k'dﬁ

4.6 Data Transmission and Relay Node Selection

Selection of relay nodes and data transmission mathematical modeling is developed
to ensure adequate network operation. Algorithms 6 to 9 describe the schemes more

systematically.

Algorithm 6 Probability of Packet Transmission

1: Input:

2 d(i, j): Distance between nodes i and j
3 ~: Decay constant

4: E,: Residual energy of node ¢
5: Output:

6 P..(i,7): Probability of packet transmission from node ¢ to node j
7 e—vd(z.1)

: Calculate Py (i,7) =

T
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Algorithm 7 Packet Success Rate
1: Input:
SNR(i,j): Signal-to-noise ratio between nodes ¢ and j
n: Environmental noise factor
¢: Signal quality factor
Output:
S(i, 7): Packet success rate between nodes ¢ and j
Calculate S(i, j) = y=msvrea=o

Algorithm 8 Relay Node Selection
Input:
R: Set of relay nodes
X: Weight for energy efficiency
E,.(i,7): Transmission energy between nodes 4 and relay node r
S(i,r): Packet success rate between nodes i and relay node r
Output:
Reiecteq: Selected relay node
Calculate Raejected = avg maxrep( A B (i,7) + (1 — A)(1 — S(4,7)))

Algorithm 9 Path Optimization
Input:
p: Set of all possible paths
Output:
Poptimai: Optimal path
Calculate Popyuma = avgmaxpep(D_ jyep S8 7))

4.7 Efficient Routing and Energy-Aware Relay Se-
lection Algorithm

Algorithm 10 Describe the mechanism of relay node selection.

4.8 Metrics for Evaluation

Several critical characteristics and metrics were selected for evaluation to analyze

the mobility-adaptive routing protocol as given below:
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Algorithm 10 Mobility-Adaptive Relay Node Selection

1: Input:

2:  Network graph G(V, E)

3: Source node s

4: Destination node d

5: Output:

6: Optimal relay node for data transmission

7: Initialize parameters:

8:  HR(e): Historical Reliability of edge e

9:  E(n,): Residual energy of node n,
10:  D(n,,d): Distance between node n; and destination node d
11:  R(n,): Relay suitability of node n;

12: for each edge e in E do
13: HR(e) « calculateHistoricalReliability(e)
14: end for
15: for each node n; in V do
16:  R(n,) <~ a-HR(e)+ g E(n,) +~v-(1/D(n,,d))
17: end for
18: Noptymal ¢ argmax, R(n,) return ngpima

4.8.1 Sensor Node Density

The number of nodes per unit volume within the simulated area. This parameter
helps comprehend the impact of network density on communication effectiveness

and energy efficiency.

4.8.2 Communication Range

The maximum distance between two nodes can effectively communicate. This range
impacts the hops required for message delivery and influences the network’s topology

dynamics.

4.8.3 Node Mobility

Encompasses the maximum speed of node movement and the variability of their
movement patterns, which affect the network topology and the routing protocol’s

ability to adapt.

RELIABLE AND ENERGY-EFFICIENT ROUTING FRAMEWORK FOR USN USING SINK MOBILITY AND COOPERATIVE DIVERSITY 63



Chapter 4. Reliable and Energy Efficient Framework

Algorithm 11 Energy-Aware Relay Selection

1: Input:
2: Set of candidate relay nodes R
3: Source node s
4:  Destination node d
5: Output:
6: Selected relay node r
7: Initialize best score to infinity
8: Initialize selected relay to NULL
9: for each node r in R do
10: if r is active and not the source or destination then
11: Compute prozrimity _score = distance(s, r) + distance(r, d)
12: Compute energy _score = residual _energy(r)
13: score(r) = a - proximity_score + B - (1/energy_score) // alpha, beta
are weights
14: if score(r) < best_score then
15: best _score = score(r)
16: selected _relay = r
17: end if
18: end if
19: end for
20: if selected_relay is NULL then
21: Handle error or select an alternative relay based on secondary criteria

22: end ifreturn selected relay

4.8.4 Battery Capacity

Initial energy for sensor nodes is Critical because this parameter impacts network
longevity. Relay selection algorithm energy-saving features depend on energy man-

agement and conservation.

4.8.5 Data Generation Rate

The rate at which nodes generate data affects network traffic and protocol efficiency,
especially under strain. Higher data output rates may cause congestion; thus, the

protocol must manage data efficiently.
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4.8.6 Packet Delivery Ratio (PDR)

The ratio of data packets delivered to their destinations due to routing and relay

decisions; high PDR indicates network reliability.

4.8.7 Throughput

Data sent and received per unit of time is network throughput, which assesses net-

work traflic efficiency.

4.8.8 Energy Efficiency

Sensor nodes transmit packets at the cost of energy. Managed transmission tech-

niques minimize energy and, hence, increase network lifespan.

4.8.9 End-to-End Delay

End-to-end latency is the average data packet transmission time between nodes.

4.8.10 Network Lifetime

Network life continues until the first sensor node dies. This statistic shows real-world

network efficiency and sustainability.

4.8.11 Node Survival Rate

The survival rate tracks the percentage of active nodes. Energy management of route
and relay selection methods is assessed. With energy optimization, more nodes last

longer.
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4.9 Conceptual Model of the Sensor Network Sys-

tem

To develop a conceptual model that illustrates the structural and narrative connec-

tions between the components of the sensor network system.

4.9.1 Conceptual Model Description

Sensor Nodes:

e Role: These are the principal data collection points in the network. They
are equipped with suitable ambient change sensors and acoustic modems for

communication purposes.

e Interaction: Sensor nodes are responsible for acquiring data, while sink nodes
receive data from the sensor nodes. Data transfer and energy expenditure are
the two main elements of sensor node communication, which must be managed

to maintain the network’s life.
Sink Nodes:

¢ Role: These are some of the network’s data collection points. Non-moving
nodes, or sink nodes, are designated to retrieve data from the sensor nodes

and forward it to the base station or relay nodes.

e Interaction: Sink nodes’ main role is to interact with sensor nodes to ensure
that all the data is transmitted as required while ensuring proper network
coverage. The location and movement of the sink node are some of the essential

aspects that affect the network’s performance.
Network Topology:

e Role: The network’s topology defines the structure of the sensor nodes and

communication patterns between sink nodes and other nodes.
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e Interaction: The topology affects the routing paths, energy consumption,
and reliability of data transmission. The network topology must be flexible to

changes in the environment and sink nodes’ mobility.

Energy Management:

e Role: Energy is a very important resource in the sensor nodes since they are
powerless. Thus, plans for effective energy management should be considered

to extend the network’s lifetime.

e Interaction: The conceptual model must highlight how energy is used during
data transmission and reception, and the measures taken for energy conserva-

tion, such as sleep cycles and routing protocols.

Data Routing and Transmission:

e Role: The routing protocol defincs the procedure for forwarding data from the
sensor nodes to the sink nodes. The objectives include avoiding delay, energy

consumption, and packet drop.

e Interaction: The routing decision depends on the location of sensor nodes,
the mobility of sink nodes, and the energy level of the nodes at that particular
time. The conceptual model should depict these factors in relation to how
the routing protocols work to ensure proper and accurate routing under these

factors.

Mobility of Sink Nodes:

e Role: The mobility of the sink nodes is a key aspect of the proposed network
model. Mobile sink nodes effectively reduce the congestion faced by the relay

nodes and enhance the extent of coverage.

e Interaction: The sink node’s mobility influences routing paths, energy uti-
lization, and overall network stability among the other nodes in the network.
The conceptual model should illustrate how sink node mobility is managed to

enhance these factors.
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4.9.2 Illustrating the Conceptual Model

The conceptual model can be illustrated using a flow or block diagram that connects
these components. Interactions are often depicted with arrows and additional texts

to describe the type of interaction. For example:

e Sensor Nodes — Sink Nodes: Data transmission that considers the energy

consumed.
¢ Sink Nodes — Central Base Station: Forwarding the collected data.

e Network Topology < Energy Management: The effect of topology on

energy distribution and routing efficiency.

e Mobility of Sink Nodes < Routing Protocols: The change of routing

paths according to the movement of the sink node.

4.9.3 Purpose of the Conceptual Model

The conceptual model in this research seeks to provide a broad picture of how
various components of the underwater sensor network will be designed to meet the
intended objectives of reliability, energy efficiency, and efficient data transmission.
The conceptual model, which provides both a visual and textual description, assists
in comprehending how the whole system works and which interactions are significant

for the network’s performance.
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Location Aware Framework for

Underwater Network

The Location-Aware Framework for Enhanced Data Reliability and Network Life-
time in Acoustic Sensor Networks (ILAF) has left a lasting impression with its re-
markable efficacy in the analysis parameters, covering Packet Delivery Ratio (PDR),
throughput, node longevity, and packet losses. Its convincing and impressive per-

formance makes a solid case for its adoption in underwater sensor networks.

The framework establishes the concept of regions based on the dynamics of sink
mobility and the geography of the underwater terrain. Every geographical zone can
be tied to a single sink, and the number of nodes present in a specific geographical
zone depends on factors such as the coverage area that must be addressed and the

energy available in the nodes.

Another strategy is to define the region’s flexibility, where sinks can move in or out
depending on the current network conditions. This dynamic region management
allows the framework to keep the target nodes covered optimally while conserving

the nodes’ energy resources.

The proposed framework employs a distributed localization system in which the sen-
sor nodes can determine their positions individually with reference to given anchor
nodes or reference points. This system has to work efficiently in water where signals

such as GPS are out of reach.
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The protocol operates across several layers of the network stack, each handling
specific tasks: all seven-layer descriptions are outside the scope of our rescarch, but

they will be in future work.

To promote openness and provide a rationale for the simulation technique, including
the selection of parameters and their respective values, the thesis presents a com-
prehensive Initialization Phase. This phase is critical as it entails setting up the
network environment and configuring all essential paraneters before commencing

the accurate simulation. Here is a detailed analysis of how this is accomplished:

The Parameter Definition stage establishes parameters and constants determining
the simulation’s behaviour, including the number of sensor nodes, the spatial mea-
surements of the simulation region, the initial energy levels of the nodes, communi-

cation distances, and extra configurations tailored to the simulation.

Thus, the statistical Tracking stage is not just another step in the simmulation process.
It is an important part that guarantees the reliability of the simulation outcomes.
Adhering to specific procedures for preserving statistical data during the simulation
ensures the authenticity of the data collected, which in turn lends credibility to
the research findings. This stage is critical in ensuring that the results obtained
through simulation are accurate and that we, as the authors, are confident in our
findings, which are presented to you, dear reader. To make the variables realistic,
the environmental variables are also chosen to mimic the real conditions for the
underwater sensor network. This ensures that the simulation results are as close to
real life as possible and relevant in the same sense. It is flexible enough to support
both dynamic and static deployment instances, with more attention paid to dynamic
deployment strategies involving mobile sinks. Static deployment of sensor nodes fixes
the nodes at certain locations, and the framework then determines the routing paths
according to the static nature of the topology. In the dynamic deployment scenario,
mobile sinks roam across the network, thus achieving better coverage of the target
area and avoiding the requirement of multiple-hop information collection from the
sink. The framework also controls the energy of the nodes and changes the routing

paths to respond to any form of movement exhibited by the sinks.

In the proposed framework, there are considerable gains in energy efliciency, as

unnecessary transmission is greatly combatted through the establishment of efficient
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routing paths. The packet delivery ratio is also enhanced, pointing out that the

framework has higher reliability in packet transmission than the referenced works.

Node failures use Cooperative Diversity. Nodes volunteer to work together to en-
sure that the data will be transmitted regardless of whether one or more nodes are

destroyed.

Relay node selection includes energy levels, node distance from the sink node, and
reliability. This process is controlled at each node independently to determine its
suitability as a relay based on the information received from the neighboring nodes

and sink

The framework helps track the state of nodes while predicting failure based on energy
level and communication traffic. It is designed so that when a node is deemed to have

failed, the framework ensures that no data is sent through it to prevent disruption.

The thesis is well-developed for the simulation, as it defines all the parameters
and reasonably justifies them. This methodology enhances the credibility of the
simulation results and ensures that the findings are relevant and useful in the real

world.

5.1 The Phases of Two Dimensions I1AF

During the neighbor discovery phase, every sensor node acquires its neighbors by
their coordinates and region and stores this information in the neighbor table, which
consists of an ID, the coordinates of the sensor node, and its residual energy. The
coordinates precisely locate each sensor and determine its region by comparing them
to predefined regional boundaries. It is a novel technique to identify coordinates-
based neighbors, beneficial for large, dispersed nctworks divided into regions. The
process involves determining each node’s region, locating potential neighbors within
the same region and the transmission range, and creating a list of neighbors for each
node to facilitate direct communication, as shown in Figure 5.1. This method en-
hances network management and stability by ensuring each sensor node can connect

with nearby nodes within its signal range.

Each Sensor Node S, has neighbors list N, and updated to add all Sensor Node S

that meets the criteria of excluding the node itself (i # j), nodes must be in the
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same region (r(S,) = r(S;)), the distance d(S;, S;) between nodes has not exceeded

the transmission T ps... Equation 5.1 shows the Neighbor list.

N, ={j | r(S;) =7(S;),d(S:,S;) < Typrtaz,Vj #14,5 € {1,2,...,N}} (5.1)

Initial Phase Discovering Phase Routing Phase
Create Z Zones and R regions Regions Rs have Coordi All Sink Nodes SN adverstiae ity
presence Becone Frame.
Place N domly N node Coondinate s | o
stored and compared with Sensor Nodes send date il it is in
and SN sink nodes horizontally Regions Rs Coordinates. the range of SN.
m the middic of each region.
Sensor Nodes N are neighbor
Transmisswn Phase,
High packet delivery mtio
high throughput Direct data tmsmission and
minimal energy usage E ial packet forwarding via

rclay

FIGURE 5.1: Phases of the Proposed 2D Location-aware Model

5.1.1 Results, Analysis, and Discussion

The simulation in Python was carried out to evaluate the performance of Proposed
Protocols for underwater sensor networks, namely ILAF, and compared with the
Energy Efficient Region-based Source Distributed Routing Algorithm for Sink Mo-
bility in Underwater Sensor Networks (EERSDRA) [89]. Simulation parameters are

given in Table 5.1.

Variable(s) Value(s)
Energy per Node 10 Joules
Packet Size 1000 bits
Data Rate 250 bps
Number of Mobile Sinks 4
Network Area 10,000 square meters
Frequency Range 30,000 Hz
Number of Sensor Nodes 100
Round Duration 0.001 second

TABLE 5.1: Simulated Variables
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5.1.2 Efficiency Relevant Metrics

The Packet Delivery Ratio (PDR) represents the proportion of successfully deliv-
ered packets, as depicted in Equation 5.2. PDR quantifies the network’s efficiency
in transmitting packets from source nodes to sinks in the simulation parameters.
The metric is a percentage, where larger values indicate superior packet delivery

performance.

Total Number of Packets send

PDR =
k Number of Packets Received

x 100 (5.2)

Throughput in the provided simulation measures the rate at which data is success-
fully sent in the network, as shown in Equation 5.3. It considers the aggregate data
gathered and the overall duration. Throughput is commonly quantified as the data

transfer rate in bits per second (bps), serving as an indicator.

Total Data Received
Total Time

Throughput = (5.3)

5.1.3 Packet Delivery Ratio (PDR)

Figure 5.2 shows the packet delivery ratio (PDR), which measures reliability and
efficiency. ILAF’s PDR is over 99.8% across all rounds, dropping from 99.91%
to 99.814% from 100 to 1000. At round 1000, EERSDRA lowers from 99.775%
to 99.759%. Both protocols transmit packets well, although ILAF has a slightly
higher PDR across rounds. ILAF’s high PDR suggests it can successfully send
packets underwater, where multi-path fading, high latency, and variable noise levels
might impede communication. Despite its lower PDR, EERSDRA has a good ratio,
indicating a reliable gearbox. The modest PDR fluctuation could be significant in
long-term deployments. More rounds may kill more nodes, lowering both protocols’
PDRs. Node failure can split the network, prolonging paths and increasing packet

loss.
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PDR Comparison
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FIGURE 5.2: Packet Delivery Ratio (PDR)
5.1.4 Throughput

Throughput is crucial to protocol performance. ILAF beats EERSDRA in all rounds.
As network demand rises, ILAF throughput drops from 6 kbps at 100 rounds to 5.712
at 1000 rounds. In contrast, EERSDRA starts at 5.88 kbps and reduces to 5.49 by
the 1000th round, indicating a higher throughput loss. ILAF’s higher throughput
shows that it manages data needs better than EERSDRA. Better packet scheduling
and other factors may explain this. ILAF’s high throughput is advantageous in places
with limited bandwidth due to route loss, noise, and Doppler. Lower throughput may
suggest prioritizing energy efficiency or error resistance over data transfer speed. In
conclusion, ILAF exceeds EERSDRA in throughput. Finally, ILAF is more reliable
than EERSDRA, as shown in Figure 5.3.

5.1.5 Packet Drop

ILAF beats EERSDRA in packet dropouts. ILAF has nine packet drops at 100
rounds, while EERSDRA has 22. This indicates a higher packet delivery rate. ILAF
had 177 packet dropouts after 1000 rounds, and EERSDRA had 220. ILAF drops
fewer packets than EERSDRA despite these challenges. ILAF’s packet handling
efficiency reduces retransmissions, saving energy. EERSDRA’s higher packet drop
rate may be due to less effective routing in the highly variable undersea environment

or a trade-off between energy efficiency and computing complexity. Finally, ILAF has
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Throughput Comparison
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FIGURE 5.3: Throughput

a superior packet drop profile, and the best protocol should balance dependability,
energy usage, and latency, as shown in Figure 5.4.

Packet Drop Comparison
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FIGURE 5.4: Packet Drop

This section has presented a thorough examination of the Location-Aware Frame-
work for Enhanced Data Reliability and Network Lifetime in Acoustic Sensor Net-
works (ILAF) and a critical assessment of other relevant protocols, such as EERS-
DRA. The findings from this study emphasize the efficacy of ILAF across many
essential performance indicators and provide benefits linked to EERSDRA.

The energy consumption of the ILAF and EERSDRA protocols in underwater acous-
tic sensor networks was analyzed. Energy consumed by EERSDRA was much higher
than that of ILAF. The fact that there are more living nodes and the transmission of
large packets is possible in ILAF makes it efficient. Although EERSDRA obtained
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more energy than the other algorithms, it had more dead nodes and lower packet
transmission rates. The recommendations of this study focus on the importance
of energy-efficient protocol design at UW-ASN. ILAF controls energy consumption
to ensure that the networks and their resources are optimally used and efficiently
transfer data. The analysis demonstrates that EERSDRA efficiency exhibits energy

resource management questions, especially regarding long-term network usage.

5.2 Three-Dimensional Model

The flowchart outlines all phases of mobility adaptive with Energy-aware relay node
selection of 3D framework (MAEARS) as shown in Figure 5.5, initialization of a
3D Acoustic network, sensing environmental data, and determining the best way to
transmit that data. It starts with setting up the network and gathering data from
the surroundings. The Proposed algorithm then checks if a sink node is nearby to
send the packet directly. If not, it looks for a relay node. If a relay node is found,
it evaluates and calculates its effectiveness and stability, selects the optimal relay
node, and transmits the data. If neither a sink nor a relay node is available, the
packet is dropped, and the process concludes. The presented models and simula-
tions require a few important assumptions. Consistent Environmental Conditions:
When the network is on, environmental factors such as water temperature, clar-
ity, and noise level are assumed to be within some standard levels. Uniform Node
Distribution: The models assume that the sensor nodes are uniformly distributed
over the deployment area, which is convenient both for analyzing the system and
for developing the routing protocols. Stable Node Behavior: This means that nodes
will act as expected on issues related to sleep wake-up schedules, data transfers, and

energy consumption.

The amount of data, packet size, and energy consumption. Smaller packets increase
efficiency and decrease error rates and retransmission requirements, but there are
some issues because you need more packets to send the same quantity of data. Large
packets are less redundant and, hence, better in terms of overhead but tend to be
more affected by noise and error than small packets. It adapts the packet size to
facilitate communication based on the network’s current situation and the channel’s
quality. For instance, when operating in a noisy environment, the framework might

pack data into smaller packets to process minimal re-transmissions, thus consuming
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small bandwidth; in less reliable channel conditions, big packets are used to increase

the framework’s efficiency.

The Framework mainly concentrates on Acoustic communication, as this is more
effective than electromagnetic waves and sound navigation and ranging, which get
highly attenuated in water. Another good reason for using acoustic waves is that they
lose their energy at less distance than other waves and can travel longer distances

in water.

The extensible bodies of knowledge are made available on the web to act as a key
constituent in the proposed framework aimed at improving the network steadiness
as well as availability through the following ways: It must be mentioned that the
distribution of energy consumption is fair across the network so that no node is
exhausted early and network stability is preserved. The paths for routing the data
are kept redundant for each transmission so that the network is still functional in
case of failure of one or several nodes. While connected, the size and position of
regions are dynamically changed depending on the current load level of networks
and the sink’s movement to guarantee that the coverage and availability are always

existent.

Relay nodes are chosen based on each node’s energy level and the distance between
the sensor nodes and the sinks. These relay nodes help ensure that data can be

transferred easily, without many hops, and with a low rate of energy consumption.

The scanning phase in the proposed framework includes the occasional waking of
nodes to identify nearby sinks or any other node that may need relaying data. The
time taken in this process is important so that the network does not use a lot of
energy while responding to the changes in the environment. The framework further
enhances the time taken to complete the scanning process by dynamically adjusting
the frequency and length of the scanning intervals depending on the network’s cur-
rent status. For instance, it can be a few seconds in a highly dynamic network or an
environment where all constituents are steady. However, in a high-traffic situation
or when a sink is active in the network, the intervals may be reduced to enable real-
time data capture. It also provides for adaptive scanning, in which nodes can change
their scanning rate based on their energy level and the distance from the nearest
sink. This means that the scanning is efficient in terms of energy consumption and

malleable to the network’s aspects.
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Expected to respond to changes in the sink node positions, especially those brought
about by unpredictable activities such as wild flow. This adaptability is achieved
through several key mechanisms: The framework periodically checks the positions
of the network sink nodes and dynamically optimizes the routing trails to guarantee
that data can still be efficiently delivered to them despite their mobility. Relay nodes
are selected to be nearer to the sink nodes than the other two. The framework can
reallocate relay nodes whenever a sink node changes its location to ensure good data
transmission. It also has procedures for estimating the movement of sink nodes based
on their history and the prevailing trends in the existing environment. This makes
it possible for the network to predict where the sinks will likely be positioned at
certain times, hence changing the routing and communication modes in anticipation

of the new positions.

In more dynamic conditions with variations in water forces, temperature gradients,
and obstacles. These scenarios are intended to check the framework’s performance in

conditions that cannot be well controlled and are more similar to real-life conditions.

Toitiahzaton 3D
Network

FIGURE 5.5: Simplified Flow Chart of MAEARS

5.2.1 Analysis of MAEARS Result

Table 5.2 shows the performance analysis of MAEARS, which optimizes energy effi-
ciency, PDR, throughput, and node performance in 3D underwater environments. It
outperforms EECRP because of its consistent energy consumption management, sus-
tained PDR above 90%, higher throughput, and superior data traffic management.
Scalability and relay node selection improve the dependability and flexibility of 3D
underwater sensor networks. MAEARS is reliable, extendable, and energy-efficient

for large submerged applications, exceeding EECRP [90].
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Round Total Energy Remaining Packets Sent Directly Packets Relayed Packets Dropped Alive Nodes Dead Nodes PDR (%)
Throughput (kbps)

100 934 79922 325 3762 423 100 [ 90 62
90 82

200 867 77241 720 7605 762 100 0 9161
925

300 800 38375 1039 11500 1041 100 0 9233
92 88

400 731 4036 1288 15518 1216 100 0 93 25
9337

500 661 83041 1623 19537 133 100 0 9103
9104

600 590 53341 1977 23651 1384 100 o 94 88
9192

700 520 37218 2308 27707 1392 100 0 95 57
9529

800 449 42528 2688 31790 1397 100 0 96 11
95 77

900 380 9209 3061 35730 1405 100 0 96 5
9578

1000 317 17424 3419 39392 1411 100 0 96 81
95 14

TABLE 5.2: Simulation Results of MAEARS
5.2.2 Performance of Mobility-Adaptive Routing

The protocol exhibits impressive mobility-adaptive routing performance, delivering a
consistently high packet delivery ratio (90.62% to 96.81%) and increasing throughput
(90.82 to 95.14 kbps) as the network topology changes due to node mobility. This

adaptability ensures reliable data transmission in dynamic underwater conditions.

5.2.3 Effectiveness of Relay Node Selection

The relay node selection mechanism of MAEARS is highly effective, successfully
relaying a substantial and increasing number of packets (3762 to 39392) while keep-
ing packet drops relatively low (423 to 1411). This enhances network reliability
and coverage and minimizes packet loss in environments with signal attenuation

challenges.

5.2.4 Comparative Analysis with Existing Methods EECRP

MAEARS protocol is evaluated against several existing methods (EECRP, FCMMFO,
FBCPSO, EGRC, LEACH-ERE LEACH) based on energy consumption, packet de-
livery ratio (PDR), throughput, and packets sent to the sink as depicted in Table 5.3.
Compared to other methods, MAEARS demonstrates superior energy efliciency, with
317.174236 units of energy remaining after 1000 rounds. Its PDR starts at 90.62%
and increases to 96.81%, indicating robust data delivery. Throughput peaks at 95.78
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kbps at 900 rounds and slightly declines to 95.14 kbps at 1000 rounds, showcasing
efficient data handling. Additionally, MAEARS consistently sends more packets to

the sink, reflecting better overall network performance.

Metric MAEARS EECRP [ FCMMFO | FBCPSO | EGRC | LEACH-ERE | LEACH
PDR (%) 96.81 96 955 94 93 92 91
Throughput (kbps) 95.14 92 90 88 85 80 75
Packets Sent High cumulative packets | Moderate | Moderate | Moderate | Lower Lower Lowest

TABLE 5.3: Performance Comparison

The proposed framework is also compared with Chaotic Search-and-Rescue-Optimization-
Based Multi-Hop Data Transmission Protocol for Underwater Wireless Sensor Net-

works.

The experimental setting presented in the thesis aims to emulate the actions of
UWSNs under various circumstances, with the purpose of gauging the prospect
framework’s efficiency in enhancing energy consumption, reliability, and network
performance. The simulation environment also includes an actual capability model
of underwater acoustic communication, where certain parameters, including signal
attenuation, noise, and propagation delay, are vital. These sink mobility patterns
and densities of network nodes and environmental conditions effectively cover a
broad spectrum of possible application areas. The simulation settings, such as the
number of nodes, packet length, power level of the desirable data transmission, and
sleep/wake time, were decided considering the recommendations from the literature
survey and the scope of the present work. These parameters were chosen so that the
results obtained after running the mentioned simulations are as close as possible to
the real-world UWSNSs.

MAEARS enhances the packet delivery ratio by optimizing the relay selection pro-
cess, ensuring data is reliably transmitted from sensor nodes to the sink node. Its
ability to adapt to changing conditions, such as node mobility and varying network
topologies, ensures consistent and reliable communication. It has been validated
through extensive simulations, showing its potential for real-world environmental

monitoring and military surveillance applications.
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5.2.5 Packet Loss Ratio (PLR)

MAEARS remained the most dependable and consistent technique, maintaining a
low PLR throughout all simulations, as shown in Figure 5.6. This low PLR indicates
the MAEARS system’s ability to maintain data integrity and network stability for
underwater sensor networks. EECRP, FCMMFO, FBCPSO, EGRC, and LEACH-
ERE have packet loss spikes throughout the simulation despite low PLRs. This
shows that protracted network activity may compromise protocol dependability. The
rising PLR of these protocols may be due to poor routing, energy management, or
underwater adaptation. By keeping PLR low, MAEARS increases data transmission
reliability and network robustness. That makes it perfect for long-term stability and

precision underwater sensor network applications.

Comparative Analysis of Packet Loss Ratio (PLR)

FIGURE 5.6: Packet Loss Ratio (PLR)

5.2.6 Packet Delivery Ratio (PDR)

MAEARS starts at 99% and delivers packets with a PDR of over 88% after 1000
cycles, as shown in Figure 5.7. Our underwater sensor network needs high PDR for
stable communication and accurate data analysis. MAEARS's steady performance
demonstrates it can traverse underwater currents and acoustic signal attenuation.
EECRP, FCMMFO, FBCPSO, EGRC, and LEACH-ERE have high PDRs. PDRs
for various treatments decrease over time. The drop implies that some protocols
may weaken over long network durations. This decline may have been caused by

poor routing, energy management, or underwater adaptation. MAEARS’ high PDR
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indicates network communication dependability and consistency, as shown in Figure

3.7.

Comparative Analysis of Packet Delivery Ratio (PDR)

—e— MAEARS
801 o eEChe
e FCMMFO
- FBCPSO
—e— EGRC

75 { —e— LEACH-ERE

200 400 660 800 1000
found

FIGURE 5.7: Packet delivery Ratio (PDR)

5.2.7 Energy Consumption

MAEARS consume energy better than other methods, as shown in Figure 5.8.
This efficiency boosts data transmission, node survival, and network lifespan by
increasing energy reserves. MAEARS’s energy management keeps nodes powered
for lengthy periods. Underwater battery charging is impossible; thus, this is vital.
EECRP, FCMMFO, and FBCPSO became energy efficient but struggled to sustain
it. Continuous usage of these strategies increases energy utilization, suggesting bet-
ter energy management. Misuse of energy depletes node batteries, limiting network
lifespan and data transmission reliability. Energy-wasting EGRC, LEACH-ERE,
and LEACH therapies consume energy quickly. These factors make MAEARS the
finest underwater sensor network and data transfer choice. Energy control makes
network monitoring and data collection reliable and accurate. For stable network
applications, underwater MAEARS is best.

The 3D MAEARS framework Key achievements include energy efficiency by select-
ing relay nodes based on residual energy levels and proximity to the source and
destination nodes, improved packet delivery ratio (PDR) by optimizing relay selec-
tion to ensure reliable data transmission from sensor nodes to the sink node, latency
reduction by strategically positioning relay nodes to minimize transmission time,

adaptability to changing conditions such as node mobility and dynamic network
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Comparative Analysis of Total Energy C

L)

Total Energy Consumption (%)
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F1GURE 5.8: Total Network Energy

topologies. Future research will focus on conducting long-term trials and real-world
deployments to validate MAEARS’s durability and efficiency, studying environmen-
tal effects to develop adaptive algorithms, implementing hierarchical routing and
scaling to manage more extensive networks, incorporating machine learning algo-
rithms for predictive analytics, energy harvesting optimization, and intelligent mod-
ulation, developing robust security protocols, and collaborating with oceanic re-
searchers and environmental monitoring organizations to demonstrate MAEARS’s

value in real-world applications.

5.3 Integrating MQTT and CoAP Protocols at Sink
Nodes Level

The choice between MQTT and CoAP depends on network needs. MQT'T is ideal for
efficient publish-subscribe architectures in resource-limited scenarios, while CoAP
suits resource-constrained environments with RESTful API support. Modifying
these protocols for underwater settings requires considering limited data transfer,
delays, and signal fluctuations. Install acoustic modems on sink nodes with enough
computational capacity to handle these modifications, including temporal param-
eters, message sizes, and error management. Ensure protocol compatibility with
the sink nodes’ operating systems. Optimize the network structure for data trans-
mission, considering sink node positioning and movement. Data aggregation and

compression at sink nodes are used to reduce transfer volume and develop data
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caching and queuing techniques for intermittent links. Simulate the modified proto-

cols before implementation to assess efficiency and optimize settings.

5.4 Benefits of Deploying MQTT and CoAP in UWSNs

MQTT and CoAP protocols can be modified to improve reliability, overcoming high
error rates and fluctuating signals. Their versatility supports various network ar-
chitectures, from simple point-to-point connections to complex multi-hop networks,
suitable for diverse underwater operations. Optimizing these protocols for energy

consumption is crucial for battery-powered underwater sensor nodes.

The proposal integrates MQTT and CoAP at UWSN sink nodes. MQTT’s publish-
subscribe model is beneficial for UWSNs with restricted power and bandwidth.
Adapting MQTT to handle underwater delays and limited data transfer ensures
reliable messaging. CoAP, designed for resource-constrained environments, fits well
with UWSNs. Enhancing CoAP involves optimizing request/response interactions
for underwater delays. Analyzing CoAP’s role in resource management and scala-

bility is essential.

Choosing between MQTT and CoAP depends on network size, node mobility, and
energy limits. A hybrid protocol combining both can effectively address underwater
communication challenges. Implementing these protocols involves technical chal-
lenges such as adaptation and performance impact, including energy efficiency and
network longevity. Case studies or simulations can demonstrate their effectiveness
in UWSNS.

Integrating MQTT and CoAP with the Location-Aware Framework for Enhanced
Data Reliability and Network Lifetime (ILAF) aims to improve UWSN scalabil-
ity and adaptability. These protocols’ adaptability allows them to form various
topologies, meeting UWSN scalability needs. Optimizing them for restricted band-
width and delays enhances their capability to manage networks of different scales.
Enhanced interoperability with surface and terrestrial networks supports seamless
data integration, which is crucial for UWSNs. In summary, modifying MQT'T and
CoAP, along with the LAFU protocol, improves UWSN reliability, expandability,

and energy efficiency, making them suitable for complex underwater environments.
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5.5 Summary of Key Findings

In this section, the key results for each research question are summarized to highlight
the major outcomes of the research. These summaries are presented for the outcome

of the research.

5.5.1 Key Findings for Each Research Question

Research Question 1 (RQ1): How can reducing reliance on forwarder nodes

impact the overall energy consumption of the network?

e The REEFSM framework effectively reduces reliance on forwarder nodes, lead-

ing to a significant decrcase in energy consumption across the network.

e Optimized routing paths and the use of mobile sinks enhance energy efficiency,

extending the operational life of the network.

Research Question 2 (RQ2): What are the consequences of stopping the accep-

tance of hello packets on performance and dependability?

e Limiting hello packet transmissions results in a more stable network with re-

duced energy wastage.

e The network maintains high packet delivery ratios and low latency, even with

a reduced frequency of hello packets, demonstrating robust performance.

Research Question 3 (RQ3): Will relocating the sink decrease the overall delay

and enhance direct communication reliability?

e Relocating mobile sinks significantly reduces end-to-end delays and enhances

the reliability of direct communication between sensor nodes and sinks.

e The framework is adaptable to dynamic underwater environments, ensuring

consistent communication quality.
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Research Question 4 (RQ4): Can cooperative diversity be achieved by using a

mobile sink to cover both regions, improving performance?

e The use of mobile sinks to achieve cooperative diversity leads to improved
network performance, particularly regarding data throughput and energy effi-

ciency.

e The framework remains robust and efficient even in challenging underwater
conditions, demonstrating its effectiveness in enhancing overall network per-

formance.

Research Question 5 (RQ5): How can the deployment of mobile sinks improve
the overall network lifetime in a UWSN?

e The deployment of mobile sinks optimizes energy consumption across the net-
work by reducing the burden on specific nodes, thereby extending the overall

network lifetime.

e The strategic movement of sinks ensures balanced energy usage and prolonged

network sustainability.

Research Question 6 (RQ6): What are the effects of node mobility on the rela-
bility of data transmission in UWSNs?

o Node mobility, when managed effectively, enhances the reliability of data trans-

mission by dynamically adjusting to changing network conditions.

e The framework’s adaptive routing protocols ensure that data is reliably trans-
mitted even as nodes move, minimizing the impact of mobility on communi-

cation quality.

Research Question 7 (RQ7): How does the proposed framework improve the

trade-off between energy consumption and data reliability?

e The proposed framework successfully balances the trade-off between energy
consumption and data reliability by optimizing routing paths and employing

energy-efficient transmission techniques.
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e Enhanced data reliability is achieved without compromising energy efficiency,
demonstrating the cffectiveness of the proposed approach in addressing this

critical trade-off.

Research Question 8 (RQ8): Can the proposed model efficiently handle high-

density networks while maintaining performance?

e The proposed model is highly effective in managing high-density networks,
maintaining performance by efficiently routing data, and minimizing energy

consumption.

e Network performance, including throughput and reliability, remains high even

in dense network conditions, showcasing the framework’s scalability.

5.5.2 Concluding Remarks

The key findings for each research question have been summarized and highlighted
to enhance the clarity and accessibility of the results presented in this chapter.
This approach helps readers quickly grasp the core insights without sifting through

lengthy text sections.
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Conclusion and Future Work

6.1 Conclusion

This thesis explored the various aspects of underwater sensor networks, such as node
residual energy and mobility, transmission distance, and power increase and decrease
to optimize energy utilization, 2D and 3D environments with the coordinate-based
location without a GPS module installed, minimizing unnecessary hello and bye
packet and maximum utilization of modified duty cycle. This motivation leads to
developing novel models, algorithms, and techniques for reliable communication pro-
tocols such as REEFSM, MAERS, and ILAF. As with most networks, categorizing
with a general appreciation of how they work and their true characteristics, espe-
cially regarding energy density, reliability, and the critical issue of communications

over water, are concerned.

The assessment of the constituent aspects of the REEFSM protocol shows that it
aids in energy conservation, reflected by its percentage, which shows the amount of
energy used. Moreover, it meets high scalability and reliability since there are no
dead nodes, and the packet drop rate is very small. This is a progression towards
finding the procedures to support long-term functioning in underwater climates with-
out eradicating substantial data. In addition, the ILAF protocol has been tested
to achieve a higher PDR and the maximum number of nodes in real simulations;
it has indicated its possible contribution to improving network stability and data

transmission.
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The analysis of these protocols helps to define the concern of the energy consumption
and network stability relationship. The objectives of this thesis are twofold: to
become familiar with these protocols and understand specific cases of their usage for
solving real-life problems in sea security, monitoring the environment, and searching

for resources in water bodies.

Several limitations were observed during this study, including the interference of the
simulated conditions and the task of achieving a realistic simulation of underwater
conditions. These challenges give signals that would be useful for future empirical
work when exploring the reactions of resource constraint and simulation flexibil-
ity. They emphasize the demand for the design of better and more flexible com-
munication systems that should be applicable in the ever-changing and unfriendly

subaqueous conditions.

This thesis focuses on the technological developments at UWSN and shows how this
field has been enhanced. These developments not only help energy conservation
techniques with sensor node mobility but also assist in exploring and advancing 3D

dynamic mobility protocols.

6.2 Future Work

The analysis of the underwater sensor network in this thesis reveals many opportuni-
ties for additional future research. Particular emphasis should be placed on defining
the interaction patterns that are progressively complex and less prone to defects in
contemporary systems. Furthermore, it is proposed to study and apply the possi-
bility of creating new techniques, such as introducing the features and functionality
of Internet of Things protocols in the developed framework for global connectivity
and enhanced applications to find energy-reliable solutions and prepare the base for
considering all constraints and features, which could be adaptable in acoustic sensor

networks in many dimensions.

An avenue for further research should be adaptive Quality of Service (QoS) that
forms the basis for future work. The researcher would allow networks to tweak
certain parameters as may be dictated by the dynamic conditions of the water,

such as currents, temperatures, and depth. Hence, the security and stability of the
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communication lines should be enhanced through flexibility in future underwater

acoustic networks due to the environment’s vulnerability.

Another area with a high level of potential is the design and creation of specific
IT equipment for underwater sensor nodes. In future work, efficient and mechani-
cally sturdy sensor nodes will be designed to withstand the stringently unfavorable

underwater environment, specifically in pressure and chemical interaction.

The development of three-dimensional and realistic models of underwater sensor
networks is also an essential research direction. Specifically, researchers have to learn
more about how to effectively and sustainably scale such systems, as the demand
for the mentioned networks is predicted to grow. To this end, one has to address
the emerging design patterns of new network topologies and related communications

processes together with energy awareness in large deployment scenarios.

Since underwater sensor networks are becoming more prominent, improving their
safety is cssential. Future work should be devoted to creating cfficient security
methods to protect networks and the data they transmit against attacks and unau-

thorized access.

Several critical domains are significant for the development of Second-Generation
Underwater Wireless Sensor Networks and can transform the dynamics of the Earth’s
water bodies. Many new directions for exploration are possible, and they can be pur-
sued more largely in the future, especially in the sphere of signaling and underwater

research.
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