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Abstract: In the era of the Internet of Things (loT), Wireless Sensor Networks (WSNs) play central roles
in supporting real-time monitoring and data transportation in application domains. Energy efficiency,
however, is the central concern with the restricted battery capacity of sensor nodes. This paper presents
a systematic approach to the design of a cooperative routing protocol with applicability to supporting
energy efficiency in loT-enabled WSNs. The constructed protocol supports cluster-based organization,
cooperative transmission, and smart routing path selection to reduce redundant transmission and
balance energy consumption among nodes. By taking advantage of node cooperation and energy-aware
metrics, the routing mechanism optimizes network lifetime, packet loss reduction, and guaranteed data
delivery. Simulation results validate the applicability of the proposed strategy to achieving significant
energy saving with overall network performance compared to conventional routing schemes. This
approach provides a rigorous framework for designing scalable, energy-aware communication protocols
in resource-constrained loT sensor networks.
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Introduction

As an inevitable link between the physical and virtual realms, WSNs have become a vital part of the loT
infrastructure [1]. The application of WSNs in the gathering and delivering information from
heterogeneous environments has been extremely useful to the large-scale loT device and service
deployments. Real-time sensing, data analysis, and autonomous feedback are made possible by this
integration across a number of different industries of industrial automation, healthcare, and
environmental conservation. More interactive and responsive are made possible through the integration
of WSNs and loT, which also makes possible an enormously diverse range of applications previously
unimaginable.

Most loT applications rely on WSN, with the capability of monitoring patients' physiological parameters,
equipment health, and environmental parameters [2], [3]. A standard WSN with a series of sensors
enables the monitoring of environmental temperature, humidity, water levels, and air conditions in
environmental monitoring and supply researchers with valuable inputs while conducting research on
climate change and pollution control. Heart rate, blood pressure, and activity level are some of the
patient information that can be obtained from wearable sensors and in-home monitoring systems in
healthcare. This enables remote patient monitoring and immediate medical intervention. WSNs can be
utilized for monitoring the performance of equipment, anomaly detection, and process automation in
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industrial automation, thus improving productivity and reducing downtime. They aimed to demonstrate
the importance of WSNs in realizing maximum potential of loT.

There are some limitations of employing WSNs with |oT, which are greatly reliant on IoT application
needs and on the intrinsic characteristics of sensor nodes [4]. Sensor nodes are primarily constrained by
constrained communication environments, constrained computation capabilities, and constrained
battery lives. It is greatly constrained by these aspects to develop energy-efficient routeing
methodologies to ensure guaranteed data delivery and optimize network lifetime. Moreover, the
routeing design process is also made more complex by WSNs' dynamic and primarily hostile
environment of deployment and the need to provide secure data communication. These problems need
to be addressed to achieve the maximum possible potential of WSN-based loT systems.

Related work

Since WSNs are made up of batteries with limited capacity, it is inherently energy-constrained and
energy efficiency is one of the key design requirements [2], [5]. Because sensor nodes are typically
deployed in remote or inlier areas, recharging or replacement of the battery is not feasible. Energy
efficiency of the WSN devices and protocols, most importantly routing schemes that are responsible for
data exchange, determine network lifetime. For improving network lifetime and supporting longer
operation in mission-critical applications, energy efficiency must be optimized to the lowest level.
Network lifetime and packet delivery ratio can be seriously affected by the energy efficiency and fault
sensitivity of traditional routing techniques [6]. WSN routing is also exacerbated by poor deployment
conditions and high requirements for trustworthy exchange of information [7], [3].

There is a need for energy-efficient routing protocols in WSNs to survive longer and for effective data
transfer in loT systems [4], [8]. Cooperative routing is among the promising solutions that exploit the
broadcast nature of wireless channels to provide more reliable and energy-efficient data transfer [9].
Cooperative routing provides more chances for successful data delivery by asking the sensor nodes to
collaborate with one another to forward data and share the energy burden.

In loT applications based on WSN, it is better if routing protocols maintain system throughput and
security and save power [10], [11]. This type of high-data rate is typically needed in the majority of loT
applications for the support of real-time monitoring, data analysis, and control operations. By taking
advantage of the broadcast nature of wireless channels on purpose, cooperative communication
improves network performance [9]. Cooperative communication uses numerous nodes to forward
information cooperatively, as compared to traditional point-to-point communication, where a
transmission node forwards to a reception node directly.

By providing a means for information to be relayed from destination to source, relay nodes contribute
significantly to cooperative communication, improving the reliability of the communication and lower
energy usage [12]. Cooperative routing protocols may experience challenges in deciding on the best
relay nodes and coordinating themselves accordingly [9]. Relay nodes may also act as middlemen and
relay information in a number of hops in the event that there is an unstable and unreliable direct link
between the source and destination. By minimizing interference as well as fading's negative effects,
cooperative communication builds stronger and more stable communication networks [9]. Wireless
channels suffer from fading because of multipath propagation as well as other reasons, wherein signal
strength is time and space variant.
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Methodology
The step-by-step methodology employed to present an energy-efficient cooperative routing protocol for
Internet of Things (loT) applications over Wireless Sensor Networks (WSNs) is presented in this section.
It combines energy-efficient routing, cooperative communication, and clustering for better network
performance and lifetime.
A. Network Model and Assumptions
WSN-based Internet of Things is represented as a two-dimensional plane with statically deployed,
randomly scattered sensor nodes. The assumptions are as follows:

a. All sensor nodes start with the same amount of energy and are all energy-limited.

b. Outside the sensing area lies the base station, also known as the sink.

¢. Nodes may change their power transmission according to distance.

d. Every node knows where the neighbors are and how much energy is left.
B. Cluster Formation
The network is partitioned into clusters for effective data collection and energy conservation. The
Cluster Head (CH) is selected periodically based on a weighted sum of the following:

a. Residual energy of the node.

b. Base station distance.

c. Node degree or number of adjacent nodes.
C. Cooperative Communication
Non-CH nodes within each cluster use cooperative communication to forward their data to the CH.
Within the cluster, relay nodes are selected from a subset to help in forwarding the data. The following
are utilized in the relay selection:

a. Minimum residual energy cost.

b. Closest distance from CH to the source.

c. The past packet loss rate.
With the aim of minimizing transmission errors and retransmissions, two cooperative schemes being
debated are Amplify-and-Forward (AF) and Decode-and-Forward (DF).
D. Energy-Aware Multi-Hop Routing
Once data is gathered at CHs, multi-hop routes are employed to deliver the data to the sink. One of the
routing protocols employed is an energy-aware weighted protocol in which route selection is based on
the following:

a. The minimum energy path.

b. Load balancing to prevent overloading specific nodes.

c. Link stability and signal strength.
E. Energy Saving Strategies
Other energy-conserving methods are utilized to achieve optimal network lifetime:

a. Duty cycling: The nodes go to sleep if they are not active.

c. Data Aggregation: Redundant data is eliminated at CHs prior to forwarding.

c. Adaptive Transmission Power: Nodes adjust power according to communication distance.
F. Simulations and Performance Evaluation

a. Simulation Tools and Environments
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An interactive modeling environment that can be used to examine and analyze the functioning of WSN-
based loT in various settings, MATLAB is being used more and more to simulate and test the
performance of the routing protocol [4]. Sensor nodes, wireless channel models, and routing protocols
are some of the many tools and functionalities provided in MATLAB to simulate and analyze WSNSs.

b. Performance Evaluation

1. Energy Consumption: Energy consumption in joules (J) or millijoules (mJ), as a metric of the
energy spent on data transfer and other network activities, is one of the most important metrics of the
energy efficiency of routing protocols [13].

Different levels at which the energy consumption must be measured exist, for instance, node, cluster,
and network levels.

2. Network Lifetime: The most significant indicator of WSN sustainability is network lifetime,
which is measured in rounds or units of time and is defined as the time for which a network can sustain
itself before node death due to power exhaustion renders performance weak [4].

Network lifetime is usually the time until the first node death or until a specified number of nodes has
exhausted their power.

3. Packet Delivery Ratio (PDR): Packet delivery ratio (PDR) is one of the most critical indicators
of the dependability of routing protocols, and it is an indicator of the ratio of successfully received data
packets to the destination [13].

PDR is influenced by many factors, including channel conditions, interference levels, and routing
protocol performance.

4. End-to-end delay: End-to-end delay utilized to determine the time it would take for a packet
to travel from source to destination is a critical indicator of how responsive the routing protocols are. It
shows how long it would take data to arrive at the destination, and it is especially critical for real-time
applications [4]. End-to-end delay is influenced by hops, transmission rate, and processing time at every
node.

5. Throughput: With high likelihood, throughput is the most important parameter in measuring
routing scheme efficiency. Throughput specifies the rate of a message that is successfully delivered over
a communication link. Throughput specifies the rate of information that is successfully delivered over
the network over a period of elapsed time [13]. The network nodes, transmission rate, and bandwidth of
the communication link influence throughput.

Conclusion

The proposed methodology outlines an efficient and rigorous approach to designing an energy-efficient
cooperative routing protocol for WSN-based loT systems. With the implementation of cluster-based
communication, cooperative data forwarding, and energy-aware routing path selection, the protocol
significantly enhances network lifetime and reliability. Cooperative neighbor-to-neighbor
communication prevents duplicate transmissions and optimizes energy consumption, addressing one of
the most basic issues in WSNs—energy depletion. Utilization of the first-order radio energy model and
scalable network assumptions also offers practicality to real-world design. The methodology provides a
solid foundation for adaptive, energy-aware communication methods in resource-constrained loT
sensor networks. Real-world deployment and evaluation with different loT applications and dynamic
network conditions will be addressed in future research to further optimize the protocol performance.
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