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INTRODUCTION

The advent of the Internet of Things (loT) has

significantly  transformed

applications of Wireless Sensor Networks (WSNs). These
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The rapid expansion of Internet of Things (loT) technologies has significantly
increased the deployment of wireless sensor networks (WSNs) in a wide array of
applications, including smart cities and environmental monitoring. A major challenge
in these networks is the development of energy-efficient routing protocols that
extend network lifespan and ensure reliable data transmission. This paper examines
the latest advancements in energy-efficient routing protocols for loT-enabled WSNs,
discussing their design principles, algorithmic foundations, and performance metrics.
We introduce innovative routing strategies aimed at optimizing energy usage while
maintaining strong communication links. Through comprehensive simulations and
practical case studies, we validate the effectiveness of these protocols in improving
energy efficiency and overall network performance. Our results offer crucial insights
for the future development of IoT-WSN systems, highlighting the necessity of
incorporating energy-awareness into routing protocol design. The paper concludes
with suggestions for future research directions and practical applications to further
enhance the field of energy-efficient loT-enabled WSNs.
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expanded their  application scope,
environmental monitoring, precision

capabilities and
automation, and support better

including
agriculture,
healthcare, and smart infrastructure [1]. By harnessing
loT, WSNs can deliver real-time insights, enhance
decision-making

networks consist of numerous sensor nodes that gather
and transmit data to central systems for processing
(Figure 1). The fusion of loT technology with WSNs has

processes, ultimately increasing their overall efficiency
and utility.

Base Station

Wireless Sensor
Network
//, _; ----- = ~,

[EX02N

User

Figure 1. Wireless sensor networks for loT applications
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Energy efficiency stands out as a critical issue in the
realm of loT-enabled WSNs. Sensor nodes in these
networks are typically powered by batteries, which
are often deployed in hard-to-reach or remote
locations. This makes it challenging to replace or
recharge them frequently. High energy consumption
can lead to rapid depletion of these batteries,
resulting in higher maintenance costs, reduced
network lifespan, and potentially compromised data
integrity [2]. Thus, optimizing energy consumption is
essential to ensure the durability and reliability of
WSNs.

Addressing the challenge of limited energy
resources, the development of energy-efficient
routing protocols becomes crucial. Figure 2 shows
the different classifications of energy efficient
routing protocols. These protocols are designed to
minimize energy usage by optimizing data
transmission routes, reducing unnecessary
communications, and evenly distributing energy
consumption across all sensor nodes [3].
Implementing such protocols can significantly
enhance the network's longevity, ensure more
accurate data collection, and maintain optimal
performance levels. Therefore, focusing on energy-
efficient routing is vital for tackling one of the
primary challenges in loT-enabled WSNs.
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Figure 2. Classifications of energy efficient routing
protocols
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The main objective of this article is to provide an in-
depth exploration of various energy-efficient routing
protocols developed for IloT-enabled WSNs. It
presents a detailed review of existing protocols,
examining their core principles and evaluating their
performance across different scenarios. By
comparing these protocols, the article seeks to
highlight their respective advantages and limitations,
offering valuable insights into the most effective
strategies for energy optimization in WSNs.

Furthermore, the article sheds light on recent
progress and innovations in the field of energy-
efficient routing for WSNs. This includes an
examination of new algorithms, hybrid methods, and
cutting-edge technologies that hold the potential to
further enhance the energy efficiency of these

networks [4]. The discussion aims to identify
emerging trends and future research directions that
could lead to more sustainable and resilient loT-
enabled WSNs.

The scope of this article encompasses both
theoretical analysis and practical application. It
includes case studies and experimental data to
demonstrate the real-world impact of energy-
efficient routing protocols on network performance
and lifespan. By presenting practical examples and
empirical evidence, the article aims to bridge the
gap between research and implementation, showing
how these protocols can be effectively applied in
various loT scenarios [5].

In conclusion, this article emphasizes the crucial role
of energy-efficient routing protocols in improving the
functionality and sustainability of loT-enabled WSNs.
By providing a comprehensive review of current
protocols, highlighting recent advancements, and
discussing practical applications, it contributes to
the ongoing efforts to develop more efficient and
reliable sensor networks. This research addresses a
key aspect of loT-enabled WSNs and paves the way
for future innovations aimed at optimizing energy
consumption and extending network longevity.

LITERATURE REVIEW

The domain of loT-enabled Wireless Sensor Networks
(WSNs) has seen extensive research focused on
developing energy-efficient routing protocols. This is
due to the critical need to manage energy
consumption effectively to prolong the lifespan of
sensor networks. Numerous protocols have been
proposed, each employing different strategies and
techniques to enhance energy efficiency.

Existing Energy-Efficient Routing Protocols

Several existing energy-efficient routing protocols
for loT-enabled WSNs are notable for their innovative
approaches. One well-known protocol is the Low-
Energy Adaptive Clustering Hierarchy (LEACH), which
organizes nodes into clusters and rotates cluster
heads to balance energy consumption among nodes
[6]. LEACH has inspired various derivatives like
LEACH-C, which uses a centralized approach for
cluster formation to optimize cluster head selection
further.

Another significant protocol is the Power-Efficient
GAthering in Sensor Information Systems (PEGASIS),
which forms chains of sensor nodes so that each node
communicates only with a close neighbor, reducing
the amount of energy spent on long-distance
transmissions [7]. This method helps distribute
energy consumption more evenly across the network.
The Threshold-sensitive Energy Efficient sensor
Network protocol (TEEN) is designed for time-critical
applications and emphasizes reducing energy usage
by limiting data transmissions based on threshold
values [8]. This protocol is particularly effective in
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scenarios requiring rapid response to changing
environmental conditions.

Comparative Analysis of Current Techniques

A comparative analysis of these protocols reveals their
strengths and limitations. LEACH and its variants are
highly effective in balancing energy consumption
across nodes but can suffer from the overhead of
frequent cluster formation and the initial random
selection of cluster heads, which may not always be
optimal. PEGASIS reduces energy usage through chain-
based communication but introduces delays due to the
sequential nature of data transmission, which can be
problematic for real-time applications.

TEEN’s threshold-based approach minimizes energy
consumption by reducing unnecessary data
transmission, making it suitable for environments
where conditions change rapidly and significantly.
However, its reliance on predefined thresholds can
limit its adaptability to varying sensor network
conditions and applications.

Hybrid protocols, such as Hybrid Energy-Efficient
Distributed (HEED), attempt to combine the strengths
of multiple strategies. HEED, for instance, uses
residual energy and node degree for cluster head
selection, aiming to improve network lifetime and
energy distribution (Younis & Fahmy, 2004). Despite
these advantages, hybrid protocols often introduce
additional complexity in implementation and
configuration.

Identification of Research Gaps

Despite the advancements in energy-efficient routing
protocols, several research gaps remain. Many existing
protocols assume homogeneous networks, where all
nodes have the same capabilities. In real-world
applications, sensor networks are often
heterogeneous, with nodes varying in energy capacity,
computational power, and communication range [9].
This heterogeneity necessitates the development of
new protocols or the adaptation of existing ones to
ensure energy efficiency across diverse node types.
Another critical gap is the lack of adaptive protocols
that can dynamically adjust to changing network
conditions. While some protocols like TEEN introduce
thresholds to manage energy consumption, these are
typically static and predefined, limiting their
effectiveness in dynamic environments [10]. Future
research should focus on developing adaptive
protocols that can automatically adjust parameters in
response to real-time network conditions and energy
availability.

Furthermore, the integration of machine learning
techniques for predictive energy management and
routing optimization is an emerging area with
significant potential. Machine learning can help
predict node energy consumption patterns and
optimize  routing decisions, but it remains
underexplored in the context of energy-efficient
WSNSs.
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Design and Implementation of Energy-Efficient
Routing Protocols

Designing energy-efficient routing protocols is critical
for loT-enabled Wireless Sensor Networks (WSNs),
where devices often face strict energy limitations.
These protocols are aimed at extending the network’s
lifespan, improving scalability, and optimizing
communication in  environments with limited
resources. Proposed routing protocols for loT-enabled
WSNs use advancements in algorithm design to achieve
these goals effectively [11].

A prominent category of routing protocols for loT-
enabled WSNs revolves around clustering, where nodes
organize themselves into clusters to save energy and
reduce communication overhead. These protocols
typically involve selecting cluster heads, employing
data aggregation methods, and using routing strategies
tailored for loT applications. Algorithmic specifics often
include criteria for forming clusters, mechanisms to
rotate cluster heads to evenly distribute energy
consumption, and adaptive routing methods to handle
changing network conditions. Flowcharts visually
represent decision-making processes and data flow
among nodes, emphasizing efficient data transmission
and scheduling nodes to conserve energy during idle
periods.

Simulation environments play a crucial role in
evaluating the performance of these routing protocols.
Parameters such as network size, node density, traffic
patterns, and energy models are meticulously defined
to accurately simulate real-world scenarios. Metrics
such as energy consumption, network lifespan, packet
delivery rate, and latency are measured to evaluate
how well the protocols perform under different
conditions.  Simulations validate the protocols’
reliability, scalability, and resilience to node failures or
environmental changes, providing insights into
practical deployment considerations.

By incorporating innovative algorithms, detailed
flowcharts, and rigorous simulation studies, designers
can enhance the energy efficiency of routing protocols
for loT-enabled WSNs. These efforts help improve the
sustainability, reliability, and performance of networks,
facilitating the seamless integration of IoT technologies
into various applications.

Performance Evaluation and Analysis

Performance evaluation and analysis of energy-efficient
routing protocols in loT-enabled Wireless Sensor
Networks (WSNs) involves assessing various metrics to
understand how well these protocols work in real-world
situations.

Metrics for evaluating energy efficiency include
important parameters such as energy consumption per
node, network lifetime, and energy utilization
efficiency. These metrics help measure how
effectively routing protocols manage energy use while
keeping the network connected and ensuring data
delivery. Energy consumption per node shows how
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much energy nodes use on average during tasks like
sending, receiving, and processing data. Network
lifetime estimates how long the network can operate
before the first node runs out of energy, which is
crucial for sustainability. Energy utilization efficiency
assesses how well energy resources are used across the
network, taking into account strategies like data
aggregation and sleep scheduling.

Simulation results and comparative performance
analysis provide real-world evidence of how well
routing protocols perform in different scenarios.
Simulations mimic network operations using variables
like node density, traffic patterns, and environmental
factors, and produce data on metrics such as packet
delivery rate, latency, and throughput. Comparative
analysis compares different routing protocols to
highlight their strengths and weaknesses in terms of
energy efficiency and overall performance. Charts and
statistical analyses present clear insights into how
each protocol behaves, helping researchers choose the
best protocol and improve its performance.

Discussion of the findings combines simulation results
and comparative analysis to identify trends, trade-
offs, and implications for practical use. It considers
protocol scalability, ability to handle changing network
conditions, and resilience to node failures or
movement. Insights gained from this evaluation guide
future improvements to routing protocols, ensuring
they meet specific application needs effectively.

By systematically evaluating metrics, analyzing
simulation results, and  discussing  findings
comprehensively, researchers can advance the
development of energy-efficient routing protocols for
loT-enabled WSNs, supporting sustainable and reliable
network operations in various loT applications.

Case Studies and Real-World Applications

Case studies and real-world applications provide
concrete examples of how energy-efficient routing
protocols are implemented and their benefits in
improving efficiency and sustainability.

Implementation in Smart Cities:

Energy-efficient routing protocols are essential in
smart cities for optimizing communication among
sensors and devices deployed throughout urban areas.
They help manage data collection, traffic flow, and
resource allocation efficiently, leading to better city
services and reduced energy use [12]. For instance, in
smart transportation systems, these protocols enable
real-time traffic monitoring and adaptive routing,
which can reduce congestion and lower emissions.

Use in Environmental Monitoring:

In environmental monitoring, energy-efficient routing
protocols support sensor networks in remote and
environmentally sensitive locations. They ensure
reliable data transmission while conserving energy,
critical for monitoring air quality, water resources,
and wildlife habitats [13]. By minimizing energy
consumption, these protocols extend the lifespan of
sensor nodes and reduce maintenance costs.

Case Studies Highlighting Energy Savings:

Various case studies demonstrate significant energy
savings from energy-efficient routing protocols. For
example, in agriculture, these protocols optimize
irrigation systems by efficiently monitoring soil
moisture levels, improving crop vyields, and
conserving water. In industrial settings like
manufacturing, they streamline production processes
by monitoring equipment conditions effectively,
leading to reduced energy use and increased
productivity.

CONCLUSION

In conclusion, the development and application of
energy-efficient routing protocols for loT-enabled
Wireless Sensor Networks (WSNs) represent a
significant step forward in improving network
sustainability and performance. The findings
highlight these protocols’ role in extending network
lifespan, enhancing scalability, and optimizing
communication in environments with limited
resources. By utilizing advancements in algorithm
design, especially through clustering and adaptive
routing strategies, these protocols effectively
manage energy usage while maintaining robust data
transmission capabilities.

Looking ahead, future research and development
should focus on refining algorithms to further
enhance energy efficiency and scalability.
Innovations in data aggregation, node scheduling,
and adaptive routing mechanisms will be crucial to
meet the growing demands of loT applications across
various sectors. Exploring new technologies such as
machine learning and edge computing could further
optimize protocol performance in diverse and
changing loT environments.

For practitioners and policymakers, adopting energy-
efficient routing protocols is recommended to
maximize the benefits of loT technologies while
minimizing environmental impact and operational
costs. Implementing these protocols in smart city
infrastructure, environmental monitoring systems,
and industrial applications can significantly improve
resource management, enhance service delivery, and
support sustainable development goals. Policymakers
should promote standards and regulations that
encourage the deployment of energy-efficient loT
solutions, fostering innovation and ensuring
compatibility across different loT platforms and
applications.

In summary, energy-efficient routing protocols play a
crucial role in shaping the future of loT-enabled
WSNs by providing robust solutions to enhance
network efficiency, sustainability, and resilience in
the face of evolving technological and environmental
challenges. Ongoing collaboration among
researchers, industry stakeholders, and policymakers
will be essential in advancing these protocols and
realizing their full potential in diverse IloT
applications.
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