
 129

The Connected Intelligence Unveiling the Future of IoT

Energy-Efficient Protocols for Wireless Sensor Networks 
in IoT: Challenges and Innovations

Abhijit Paul
Swami Vivekananda University, Barrackpore, West Bengal, 

India
Corresponding Author email id: a_paul84@rediffmail.com

Abstract: Wireless Sensor Networks (WSNs) form the 
backbone of the Internet of Things (IoT), enabling real-time data 
collection and analysis across diverse applications. However, 
the energy constraints of sensor nodes pose significant 
challenges to the long-term functionality and scalability of IoT 
systems. This chapter provides a comprehensive overview 
of energy-efficient protocols for WSNs in IoT, addressing 
challenges such as energy harvesting, routing efficiency, 
and data aggregation. It also explores recent innovations, 
including machine learning-driven protocols, adaptive duty 
cycling, and energy-aware MAC layers. The discussion 
highlights the potential of these advancements to enhance the 
sustainability and performance of IoT deployments.
Introduction
The Internet of Things (IoT) relies heavily on Wireless Sensor 
Networks (WSNs) to collect and transmit data. WSNs consist 
of battery-powered nodes, making energy efficiency a critical 
factor in their design and operation. This chapter investigates 
the energy-efficient protocols that underpin WSNs, focusing 
on their role in extending network lifetime and improving 
performance.
1.1 Motivation
The rapid growth of IoT applications necessitates energy-
efficient WSN protocols to ensure sustainability and 
reliability. From smart cities to environmental monitoring, 
these protocols are pivotal in reducing energy consumption 



130

The Connected Intelligence Unveiling the Future of IoT

and enhancing the longevity of IoT networks.
1.2 Objectives

•	To review the challenges in achieving energy 
efficiency in WSNs.

•	To analyze recent innovations in energy-efficient 
protocols.

•	To identify future research directions for sustainable 
WSN design.

2. Challenges in Energy-Efficient WSNs
2.1 Limited Battery Life
Sensor nodes are typically powered by batteries with finite 
capacities, making energy conservation crucial for prolonged 
network operation.
2.2 Data Transmission Overheads
The energy cost of data transmission far exceeds that of data 
processing, necessitating efficient communication protocols.
2.3 Scalability and Node Density
As the number of nodes increases, energy-efficient protocols 
must manage higher complexity and communication 
overheads.
2.4 Environmental Factors
External factors such as temperature and interference can 
impact the energy consumption of WSNs.
3. Energy-Efficient Protocols for WSNs
3.1 Energy-Aware Routing Protocols
Routing protocols such as LEACH (Low-Energy Adaptive 
Clustering Hierarchy) reduce energy consumption by 
clustering nodes and rotating cluster heads.
Key Features:

•	Hierarchical structure.
•	Rotational cluster head selection to balance energy 

consumption.
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3.2 MAC Layer Protocols
Energy-efficient MAC protocols, such as S-MAC (Sensor-
MAC), use duty cycling and synchronized sleep schedules to 
minimize energy wastage.
Advantages:

•	Reduced idle listening.
•	Enhanced network lifetime.

3.3 Data Aggregation Techniques
Data aggregation protocols combine data from multiple 
nodes, reducing redundant transmissions and saving energy.
Examples:

•	In-network aggregation.
•	Compressive sensing techniques.

3.4 Energy Harvesting Solutions
Energy harvesting protocols utilize ambient energy sources 
such as solar or vibrations to replenish node batteries.
Innovations:

•	Hybrid energy harvesting.
•	Energy-aware scheduling.

4. Innovations in Energy Efficiency
4.1 Machine Learning-Driven Protocols
Machine learning algorithms predict network conditions and 
optimize energy usage by adapting protocols dynamically.
Applications:

•	Predictive routing.
•	Adaptive duty cycling.

4.2 Adaptive Duty Cycling
Protocols with adaptive duty cycling adjust the sleep and 
active periods of nodes based on traffic demands and network 
conditions.
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Benefits:
•	Reduced energy consumption.
•	Enhanced responsiveness.

4.3 Cross-Layer Optimization
Integrating energy-efficient strategies across multiple layers 
of the network stack maximizes overall performance.
Techniques:

•	Joint MAC and routing optimization.
•	Coordinated resource allocation.

5. Case Studies
5.1 Smart Agriculture
Energy-efficient WSNs in smart agriculture monitor 
environmental conditions, optimizing irrigation and reducing 
resource wastage.
Example:

•	Deployment of LEACH-based clustering protocols 
for efficient data collection.

5.2 Environmental Monitoring
WSNs with energy-harvesting capabilities monitor remote 
and inaccessible areas, ensuring long-term data collection 
without manual intervention.
Example:

•	Solar-powered nodes with adaptive sleep schedules.
6. Future Research Directions
6.1 AI-Driven Energy Optimization
Exploring advanced AI algorithms to optimize energy 
consumption across WSN layers.
6.2 Integration with 6G Networks
Investigating the role of 6G in supporting ultra-low-power 
WSNs and IoT applications.
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6.3 Security and Energy Trade-Offs
Balancing security mechanisms with energy efficiency to 
protect WSNs without compromising their longevity.
Conclusion
Energy-efficient protocols are fundamental to the 
sustainability and scalability of WSNs in IoT applications. 
While significant advancements have been made, challenges 
such as limited battery life, data transmission overheads, and 
environmental impacts persist. Innovations like machine 
learning-driven protocols, adaptive duty cycling, and cross-
layer optimization hold promise for overcoming these 
challenges. Future research must focus on integrating these 
advancements into practical, scalable solutions to meet the 
growing demands of IoT.
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