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ABSTRACT
Purpose
This study investigates the design and performance of energy-efficient routing

algorithms tailored for Wireless Sensor Networks (WSNs) deployed in harsh
environments. These environments include high-temperature zones, areas Wwith
electromagnetic interference, or remote and hostile terrains where node failure is
frequent and energy resources are constrained.
Methodology

The research synthesizes recent advancements in adaptive routing protocols that
dynamically adjust based on environmental feedback. Both heuristic-based and
machine learning-enhanced approaches are examined through simulation using a
custom-built network model mimicking real-world deployment conditions in harsh
environments.
Findings

Energy-aware clustering protocols outperformed traditional flat routing schemes
in prolonging network lifetime. Machine learning-based protocols demonstrated

superior adaptability to environmental variability but incurred higher initial energy
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costs. The balance between adaptability and efficiency is crucial for optimal protocol
performance.
Practical implications
These findings provide critical insights for engineers and researchers developing
WSNs for use in critical applications such as disaster zones, battlefield surveillance,
and remote environmental monitoring, where network longevity and robustness are
paramount.
Originality
Unlike works, this study explicitly models environmental stressors and node
unreliability, contributing an empirically validated framework for comparing routing

strategies under realistic harsh conditions.

Keywords: Wireless Sensor Networks, Energy Efficiency, Harsh Environments,

Routing Algorithms, Adaptive Protocols, Machine Learning, Network Lifetime.
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1. Introduction

Wireless Sensor Networks (WSNs) have emerged as indispensable tools for remote
sensing, real-time monitoring, and data acquisition across a range of domains. The operational
challenge escalates significantly in harsh environments, where sensor nodes are prone to
failure, energy replenishment is unfeasible, and the wireless medium is subject to severe
disruption. Routing protocols, being critical to data delivery, must therefore be energy-aware,
robust, and adaptive to environmental dynamics.

Harsh environments—ranging from polar climates to battlefields—pose unique
challenges in terms of node reliability, energy availability, and link stability. In such contexts,
energy-efficient routing is not merely a matter of optimizing battery usage but becomes central
to network survivability. The focus of this study is on evaluating and comparing routing

algorithms that specifically address these concerns.
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2. Literature Review

Heinzelman et al. introduced the LEACH protocol, pioneering energy-efficient
clustering in WSNs by rotating cluster heads to evenly distribute energy consumption. Building
on this, Lindsey and Raghavendra developed PEGASIS to minimize communication distances
via node chaining, though it suffered from delays and scalability issues. Younis and Fahmy
proposed HEED, enhancing cluster formation by considering residual energy and intra-cluster
communication costs, leading to improved energy distribution. Manjeshwar and Agrawal's
TEEN protocol introduced threshold-based communication to reduce unnecessary
transmissions in time-sensitive environments. Similarly, Qing et al. developed DEEC to handle
energy heterogeneity in sensor nodes, improving clustering efficiency.

Khediri et al. incorporated fuzzy logic into cluster head selection, demonstrating better
energy balancing under varying conditions. Chen and Varshney provided a foundational survey
on QoS support in WSNs, emphasizing the need for reliability in energy-constrained networks.
Khan et al. advanced Q-LEACH, integrating Q-learning for dynamic routing decisions based
on energy metrics. Sharma and Kumar reviewed a range of protocols, highlighting the shift
toward intelligent and adaptive models. Pantazis et al. offered a comprehensive survey
comparing hierarchical and flat routing schemes, reinforcing the importance of environmental

adaptability and energy-aware design in modern WSN protocols.

3. Objective and Hypothesis

The primary objective of this study is to analyze the performance of existing and novel
energy-efficient routing algorithms when deployed in challenging environments. Specifically,
it aims to evaluate how these protocols manage trade-offs between energy consumption,
adaptability, and network longevity in the face of environmental adversity.

The working hypothesis is that routing protocols integrating environmental awareness
and machine learning will outperform traditional algorithms in terms of energy efficiency and

fault tolerance in unstable, harsh deployment conditions.

4. Methodology and Metrics

The experimental setup involved simulating a 100-node WSN deployed in a
500x500m”2 terrain with variable node density, energy capacity, and environmental factors
such as interference zones and node mobility due to shifting terrain. A combination of
simulation (using NS-3 and MATLAB) and algorithmic modeling was utilized.

Key metrics used for evaluation include:
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Network Lifetime (time until first and last node failure)
Packet Delivery Ratio (PDR)

Average Energy Consumption per Node

Routing Overhead

Latency in Packet Delivery

Three routing protocols were selected for comparative analysis:

HEED (baseline protocol)
QELAR (machine learning-enhanced)
EERHE (Energy-Efficient Routing for Harsh Environments — proposed in this study)

Table 1 the baseline network parameters used across all simulations.

Table 1: Simulation Parameters

Parameter Value

Number of Nodes 100

Simulation Area 500 x 500 m"2
Initial Energy per Node 2 Joules
Communication Range 50 meters
Environment Type Harsh (variable EMI)
Simulation Time 5000 seconds

This table 1 outlines the key simulation parameters used to evaluate the routing

protocols, including network size, energy levels, area of deployment, and environmental

conditions.

5. Techniques and Tools

Three routing protocols were implemented: one traditional (HEED), one intelligent

(QELAR), and one hybrid protocol (EERHE) developed specifically for this study. EERHE

integrates fuzzy logic-based cluster head selection with a reactive learning algorithm that

adjusts routing based on environmental variables.

All simulations were conducted using NS-3 with custom modules to simulate harsh

environmental conditions. MATLAB was used for post-simulation data visualization and

statistical analysis. Fuzzy logic controllers were designed using the Fuzzy Logic Toolbox in

MATLAB.
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The protocols were assessed under identical conditions across multiple iterations to
ensure robustness. Each scenario was repeated 10 times with randomized seed values to model

stochastic node failure and environmental variance.

High-Level Architecture of EERHE Protocol

Sensor Nodes
4 Enviranmental
Mentoring
Energy
Monitoring
§ \ Fuzry Decision
p Engine »

Base Station

Figure 1: High-level Architecture of EERHE Protocol

This figure 1 shows the architecture of the EERHE protocol, showing how each sensor
node uses environmental and energy monitoring along with a fuzzy decision engine to route

data through dynamically selected cluster heads to the base station.

6. Quality Assurance

To ensure the credibility of the results, multiple quality assurance strategies were
implemented. First, all simulations were conducted using validated modules from NS-3, and
protocol behaviors were cross-checked with existing literature benchmarks. The fuzzy logic
system was subjected to expert review to ensure rule base consistency.

Additionally, a bootstrap statistical approach was used to compute confidence intervals
for network lifetime and energy metrics. Mean values were calculated across multiple
simulation runs, and anomalies were removed via outlier detection.

Validation of the EERHE protocol was performed by comparing it with standard
benchmarks reported in literature. Adherence to academic protocol standards such as those

proposed by the ACM Sensor Systems Evaluation Guidelines was maintained.
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7. Limitations and Potential Biases

Although this study simulated harsh environments with dynamic interference and
random node failures, it remains a simulation-based investigation. Real-world deployments
could introduce unpredictable variables such as hardware degradation, signal multipath fading,
and terrain-induced signal blockage.

Another limitation is the assumption of uniform initial energy and node deployment,
which may not reflect actual field scenarios. Moreover, while QELAR integrates machine
learning, the energy cost of real-time model training on constrained hardware may be
underestimated in simulation.

Potential biases include parameter tuning for the EERHE protocol, which, despite being
performed under standardized conditions, might inadvertently favor its performance. Future

work should incorporate field trials to validate these findings.

8. Key Findings and Interpretations

The simulation results confirmed the hypothesis that energy-aware and adaptive routing
protocols offer significant advantages in harsh conditions. EERHE outperformed both HEED
and QELAR in terms of average energy consumption and network longevity.

This table 2 compares the performance of HEED, QELAR, and the proposed EERHE
protocol, showing that EERHE achieved better energy efficiency, higher packet delivery ratio,

and longer network lifetime.

Table 2: Performance Comparison of Routing Protocols

Metric HEED QELAR EERHE (Proposed)
Network Lifetime (s) 3120 3680 4250
PDR (%) 78.5 85.3 89.7
Avg. Energy Used (J) 1.61 1.48 1.35

Routing Overhead (pkts) High Medium Low

The proposed EERHE protocol achieved a 36% longer network lifetime than HEED
and consumed 16% less energy than QELAR. Its ability to adapt to sudden node failures and
environmental shifts was instrumental in maintaining stable data flow.

These results align with and extend research, underscoring the value of integrating

environmental feedback into routing decisions. However, future models could benefit from
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incorporating edge Al accelerators or federated learning strategies to minimize local training

costs.

9. Conclusion

This study evaluated energy-efficient routing algorithms for Wireless Sensor Networks
operating in harsh environments, with a focus on adaptability, robustness, and energy
conservation. The findings demonstrate that integrating environmental awareness and
intelligent decision-making significantly enhances network performance and longevity.

The proposed EERHE protocol, combining fuzzy logic and reactive routing,
outperformed traditional and machine learning-based protocols across multiple metrics. These
results highlight the importance of context-aware routing strategies in extreme deployment

scenarios and suggest a promising direction for future research in resilient WSN design.
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