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Abstract: Wireless Sensor Networks have emerged as a key technology enabling real time data collection and monitoring across various domains, including environmental monitoring, industrial control, healthcare, and security applications. However, despite their growing relevance, energy efficiency remains a fundamental design challenge due to the limited power supply of sensor nodes, which directly impacts overall network lifetime and reliability. This paper proposes an Adaptive Energy-Aware Clustering Protocol (EACP) designed to improve energy efficiency and extend the operational lifetime of homogeneous WSNs. The proposed protocol integrates three main mechanisms: Residual Energy-based Cluster Head Selection, to ensure balanced energy distribution; Mobility-Aware Cluster Head Reassignment, to maintain stable communication under node mobility; and Base Station Proximity Based Direct Transmission, which allows nodes near the BS to bypass CHs, thereby minimizing redundant energy use. These mechanisms allow the network to dynamically adapt to changing energy conditions and communication distances. The protocol was evaluated through extensive MATLAB simulations and compared with benchmark protocols including LEACH, HAC, and HSA. Simulation results demonstrate that the proposed EACP significantly improves network performance. Specifically, it achieves 50% to 94% improvement in network lifetime, reduces energy consumption by approximately 20% to 25%, and increases throughput by more than 2.5 times compared to the benchmark protocols. These results demonstrate that EACP offers a scalable, energy-efficient communication strategy well suited for large scale WSNs deployments.

Index Terms: Wireless Sensor Networks, Energy Efficiency, Clustering, Routing Protocols, Network Lifetime, Mobility-Aware Communication.





1. Introduction
In today’s digital world, wireless technologies have become indispensable for communication and data exchange. The proliferation of portable devices such as smartphones, tablets, and laptops has accelerated the development of Wireless Sensor Networks (WSNs), which are capable of autonomously monitoring, sensing, and transmitting environmental data without relying on fixed infrastructure [1,33]. WSNs consist of spatially distributed sensor nodes that communicate wirelessly and cooperate to perform sensing tasks such as environmental monitoring, disaster management, healthcare, and defense surveillance [2,3]. Each sensor node is equipped with a processing unit, transceiver, and limited energy supply typically a battery making energy efficiency a critical design consideration for network sustainability [4,14]. 
To address energy constraints, clustering based routing has emerged as a key strategy. In clustering, nodes are grouped into clusters, and a Cluster Head (CH) is selected to aggregate and forward data from member nodes to the Base Station (BS). This reduces redundant transmissions and extends network lifetime [5,6]. A pioneering contribution in this domain is the Low-Energy Adaptive Clustering Hierarchy (LEACH) protocol proposed [7], which introduced a hierarchical structure to minimize energy consumption. However, its random CH selection mechanism often disregards residual node energy, leading to uneven energy depletion and premature node deaths [8]. Subsequent enhancements, including LEACH-Centralized (LEACH-C) and Distributed Cluster Head Selection (LEACH-DCHS), attempted to improve energy balance by incorporating BS coordination and residual energy considerations [8,9]. Other notable schemes, such as Hierarchical Agglomerative Clustering (HAC) [10] and Hybrid Spectral-based Algorithms (HSA) [11], achieved further energy optimization but introduced computational complexity and poor adaptability to dynamic or mobile environments. Moreover, many of these protocols assume static topologies, which limit their applicability in real-world IoT or mobile WSN scenarios where node movement and topology changes are frequent [12,13].
Despite the significant progress made in clustering based routing protocols for Wireless Sensor Networks, several important challenges remain unresolved. Many existing protocols focus primarily on residual energy during cluster head selection but do not simultaneously consider communication distance, node density, and dynamic network conditions. Additionally, most traditional clustering algorithms assume static network topologies and fixed clustering structures, which limits their adaptability in environments where nodes may change communication conditions or where energy levels vary significantly over time. Another limitation observed in existing protocols is the inefficient routing of data from nodes located near the base station, where unnecessary cluster-based transmission introduces additional energy overhead [16,15].
Furthermore, several clustering approaches rely on complex optimization techniques or centralized coordination mechanisms that increase computational overhead and may not be suitable for resource constrained sensor nodes [17,18]. As a result, there remains a need for an adaptive clustering protocol that can balance energy consumption, reduce redundant communication, and dynamically adjust cluster structures based on both energy availability and network topology. Recent studies have increasingly focused on advanced optimization techniques to enhance energy efficiency and scalability in Wireless Sensor Networks. In particular, hybrid clustering approaches that integrate swarm intelligence and metaheuristic optimization algorithms have demonstrated significant improvements in energy balancing and cluster head selection efficiency [30,32]. Furthermore, recent works have explored machine learning assisted and intelligent networking mechanisms, such as graph neural network based routing and adaptive sensor configuration, to dynamically optimize network performance under varying conditions [34,35]. Moreover, recent routing and energy management strategies, including multi-hop routing optimization and on-demand energy replenishment techniques, have been proposed to further improve network lifetime and scalability in dense deployments [36,37]. These developments highlight a growing trend toward intelligent and optimization driven routing strategies for large scale WSN applications.
Furthermore, recent works have also explore Cross-layer design approaches, such as dynamic contention window adaptation, have demonstrated improved energy utilization in dense network environments by optimizing medium access control and reducing communication overhead [38]. Additionally, multi-objective optimization techniques have been proposed to balance coverage and energy consumption in complex and heterogeneous deployments, thereby improving overall network performance [39].
In addition, energy efficient node scheduling strategies have been introduced to manage redundant nodes and minimize unnecessary transmissions, significantly extending network lifetime [40]. Recent advances also incorporate intelligent and learning based techniques, including deep reinforcement learning and graph neural networks, to dynamically evaluate and enhance network reliability under varying operational conditions [41]. These developments highlight a shift toward adaptive, intelligent, and optimization driven solutions for large scale WSNs. The proposed Energy-Aware Clustering Protocol (EACP) aligns with this direction by incorporating adaptive clustering, mobility-aware mechanisms, and energy-aware decision processes to enhance overall network performance.
To overcome these challenges, this study proposes an Adaptive Energy-Aware Clustering Protocol (EACP) that integrates three key mechanisms: (1) Residual Energy-Based CH Selection, which ensures energy-balanced clustering; (2) Mobility-Aware CH Reassignment, which dynamically adjusts node to cluster associations in mobile environments; and (3) BS Proximity Direct Transmission, allowing nodes near the BS to bypass CHs and transmit directly to BS. This adaptive framework reduces communication overhead, minimizes redundant transmissions, and significantly prolongs network lifetime across various deployment scales.
The proposed EACP is designed for both static and mobile WSN environments, enabling reliable performance in diverse applications such as smart cities, healthcare monitoring, intelligent transportation, and environmental sensing. By integrating energy awareness with adaptive transmission mechanisms, the proposed protocol addresses the limitations of traditional clustering approaches and contributes to the development of scalable, energy efficient, and sustainable wireless sensor networks.
1.1.  Contributions of the Proposed Work 
Several clustering protocols have been proposed to improve the energy efficiency of Wireless Sensor Networks (WSNs), many existing approaches either rely on static clustering mechanisms or consider only limited parameters during cluster head (CH) selection. Furthermore, most traditional clustering schemes do not adequately address dynamic network conditions such as node mobility, uneven energy distribution, and inefficient routing for nodes located close to the base station.
To address these limitations, this study proposes an Adaptive Energy-Aware Clustering Protocol (EACP) designed to improve network lifetime and energy efficiency through a multi criteria and adaptive clustering mechanism.
The main contributions of this work are summarized as follows:

1. Multi Parameter Cluster Head Selection:	
Unlike traditional protocols that rely primarily on residual energy, the proposed EACP integrates residual energy, distance to the base station, and average neighbor distance into a weighted scoring model to achieve balanced cluster head selection and improved network stability.
2. Mobility-Aware Cluster Head Reassignment:	
The proposed protocol dynamically allows nodes to switch to alternative cluster heads when better communication conditions are detected, thereby reducing packet loss and improving communication reliability in dynamic network environments.
3. Base Station Proximity Based Direct Transmission:	
Nodes located within a threshold distance from the base station can transmit data directly without routing through cluster heads, thereby reducing redundant communication overhead and conserving energy.
4. Adaptive Cluster Formation:	
Unlike fixed clustering mechanisms, EACP dynamically adjusts the number and distribution of cluster heads in each round based on node energy levels and spatial distribution.
5. Improved Network Performance:	
Simulation results demonstrate that the proposed EACP significantly improves residual energy conservation, network lifetime, and throughput compared to benchmark protocols such as LEACH, HAC, and HSA.

2. Related Works
In this section, several clustering based routing protocols for Wireless Sensor Networks (WSNs) are reviewed, focusing on their mechanisms, strengths, and limitations in terms of energy efficiency, scalability, and adaptability.
Early research on low power systems for micro sensors was pioneered by [17], who presented an energy conservation framework based on Micro-Electronic Systems (MEMS). Their study identified partitioning as a means to optimize energy utilization; however, inconsistencies in partitioning methods limited applicability to conventional WSN architectures. Similarly, [18] introduced design considerations for distributed micro-sensor systems, emphasizing scalability and reliable data transmission. Although their work addressed energy dissipation and latency, scalability and energy management challenges persisted. The work proposed by [7] Low Energy Adaptive Clustering Hierarchy (LEACH) protocol, one of the earliest hierarchical routing protocols designed to minimize energy consumption through periodic clustering. LEACH operates in rounds, comprising setup and steady-state phases where cluster heads (CHs) are randomly selected. Although this randomization balances energy dissipation, it overlooks residual energy, leading to inefficient CH selection and reduced network lifetime. Subsequently, [8] introduced LEACH-Centralized (LEACH-C), in which the Base Station (BS) centrally selects CHs based on residual energy. While this centralized approach improved energy efficiency, it occasionally chose low-energy nodes as CHs, compromising longevity. [19] Proposed Distributed Cluster Head Selection (LEACH-DCHS), incorporating residual energy into CH election. Although this modification extended network lifetime, its conservative threshold approach sometimes prevented optimal clustering even when nodes retained adequate energy levels. [5] Refined CH selection with Improved LEACH (I-LEACH) by preventing recently selected CHs from being re-elected in consecutive rounds, thereby reducing energy depletion. However, this modification caused uneven CH distribution, increasing energy usage in certain regions. Reference [20] improved upon this by dynamically adjusting CH election thresholds based on network conditions, achieving better load balancing but at the cost of higher computational overhead. Reference [21] proposed the Energy-Efficient Clustering Scheme (EECS), a competition-based approach that selects CHs according to node residual energy and probability factors. While EECS enhanced fairness in CH selection, its control overhead reduced scalability in dense networks. Likewise, [22] developed the Cluster based Multi-hop Routing Protocol (CMRP), which considered three selection factors for CH election. However, when neighbor density dropped below an optimal threshold, CH selection became infeasible. Reference [23] later proposed an Energy Efficient and Balanced Clustering approach using residual energy, one-hop information, and node density. Although it achieved balanced CH distribution, excessive retransmissions in dense deployments limited its efficiency. Reference [24] introduced a multi-layer clustering scheme to adapt to varying network densities and energy levels, enhancing scalability. However, the protocol generated high control message overhead, impacting efficiency. Similarly, [25] improved CH selection using combined parameters such as residual energy, node density, and BS proximity. While this improved throughput and network lifetime, frequent re-clustering and excessive control packets remained problematic. Reference [26] later proposed the Dynamic Weight-Based Clustering Algorithm (DWCA), employing weighted parameters to balance energy and load. Although effective, the high control packet exchange limited its scalability for large WSNs. Reference [27] focused on mobile WSNs and proposed adaptive clustering algorithms tailored for dynamic environments, improving energy efficiency and network adaptability. However, frequent topology changes still posed challenges to maintaining stable energy consumption. Reference [28] proposed a multi-criteria CH selection framework incorporating environmental and network parameters to enhance energy efficiency and reliability, but the algorithm’s computational complexity limited its suitability for real-time scenarios. Reference [29] analyzed clustering schemes in heterogeneous WSNs, identifying trade-offs among scalability, energy efficiency, and CH distribution. Their study emphasized the need for clustering algorithms capable of adapting dynamically to mobile and heterogeneous network conditions. Reference [30] introduced an energy-balancing protocol using kernel density estimation and multiple CHs, which extended network lifetime but exhibited poor scalability in mobile environments. Reference [31] proposed an energy-efficient cluster routing scheme integrating a map-diminution-based optimization algorithm for intrusion detection. Despite improving security, this approach imposed significant system complexity on resource-limited nodes. Reference [32] presented a hybrid ABC-ACO clustering algorithm that conserves energy through bio-inspired optimization. However, the complexity of parameter tuning, such as pheromone evaporation and bee population control, limited implementation feasibility.  Reference [11] combined HSA with LEACH to optimize CH selection and extend network lifetime. Nevertheless, the approach lacked comparative evaluation against established protocols and showed poor adaptability in mobile environments. Reference [10] proposed a Hierarchical Agglomerative Clustering (HAC)-based routing protocol to improve scalability and lifetime. While successful in static networks, it suffered from high computational cost and limited flexibility in heterogeneous and mobile conditions. From the reviewed literature, it can be observed that saveral clustering based routing protocols have been proposed to improve energy efficiency and network lifetime in Wireless Sensor Networks. Many approaches focus on optimizing cluster head selection using parameters such as residual energy, node density, and distance to the base station. While these methods have shown improvements in network performance, several limitations remain.
First, many traditional protocols such as LEACH and its variants rely on probabilistic or partially centralized cluster head selection mechanisms, which may result in uneven energy consumption and unstable cluster structures. Second, several advanced clustering algorithms employ complex optimization techniques that increase computational overhead and reduce their suitability for resource constrained sensor nodes. Third, most existing protocols assume static network conditions and do not adequately address dynamic communication scenarios where nodes may experience changing connectivity or mobility.
Furthermore, only a limited number of studies consider the inefficiency of routing data through cluster heads when nodes are located close to the base station. This can lead to unnecessary communication overhead and faster energy depletion in dense networks. These limitations highlight the need for a more adaptive clustering protocol capable of balancing energy consumption, reducing redundant transmissions, and dynamically adjusting cluster structures based on real-time network conditions. The proposed Energy-Aware Clustering Protocol (EACP) addresses these challenges by integrating multi parameter cluster head selection, mobility-aware cluster reassignment, and base station proximity based direct transmission.
3. Proposed Approach
The performance of the proposed Adaptive Energy-Aware Clustering Protocol (EACP) was evaluated through MATLAB based simulations. A wireless sensor network consisting of randomly deployed sensor nodes was considered within a square sensing field. The first order radio energy model was used to simulate the energy consumption of sensor nodes during transmission and reception. The proposed protocol was compared with benchmark clustering protocols including LEACH, HAC, and HSA under identical simulation conditions. The key simulation parameters used in the experiments are summarized in Table 1. The network topology consists of a Base Station (BS) positioned at three different coordinates, specifically (50, 50), (50, 100), and (50, 150), representing varying BS placement scenarios within and outside the sensing field illustrated in Figure 2. For experimentation, 100, 200, and 300 sensor nodes were randomly deployed across a sensing area of 100 × 100 m², as illustrated in Table 1. All nodes were assumed to be homogeneous, having identical sensing, communication, and initial energy capabilities. This setup enables a fair comparison of the proposed EACP’s performance against benchmark protocols under diverse network densities and BS placements.
3.1.  Radio Energy Dissipation Model 


The energy consumption of EACP is based on the first order radio dissipation model [7] shown in Figure 1, which is widely adopted in Wireless Sensor Network simulations particularly in protocols such as LEACH. In this model, energy is dissipated in two main operations: data transmission and data reception. Additional energy is consumed for data aggregation when performed (e.g., at cluster heads). The energy required to transmit a  message over a distance  is given by using (1): 
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The energy consumed during data reception is calculated using (2):
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Note that cluster heads also perform data aggregation before forwarding data to the base station which consumes additional energy. 
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Fig. 1. Network Energy Model

Table 1. Simulation Parameters
	Parameter
	Value

	Network Simulation Area (m × m)
	100m × 100m

	Location of Base Station
	(50, 50), (50, 100), (50, 150)

	Number of Sensor Nodes
	100, 200, 300

	Number of Cluster Head
	5,10,15,20,25 and 30

	CH Selection Metric
	Residual energy, distance to BS, avg neighbor distance

	Initial Energy per Node
	0.5 J

	Data Packet Size (bits)
	500 bytes

	Energy for Transmission (Etx)
	50 nJ/bit

	Energy for Reception (Erx)
	50 nJ/bit

	Energy Dissipation (EDA)
	5nJ/bit/signal

	Amplification Energy (Free Space)
	10 pJ/bit/m2

	Amplification Energy (Multipath)
	0.0013 pJ/bit/m4

	Control Packet Size (bits)
	25 byte

	Simulation Runs
	10 (averaged per result)

	Radio Model
	First Order Radio Model

	Environment 
	MATLAB Simulation
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Fig. 2. Network Topology over the 100*100 m (BS x=50, y=150)
3.2.  Adaptive Energy-Aware Clustering Protocol to Enhance Wireless Sensor Network Lifetime
The proposed Adaptive Energy-Aware Clustering Protocol (EACP) introduces an adaptive architecture designed to enhance energy efficiency and network lifetime in Wireless Sensor Networks (WSNs) through dynamic communication strategies between sensor nodes and the Base Station (BS). It integrates three key mechanisms: (1) Residual Energy-Based Cluster Head (CH) Selection, which elects CHs using a weighted score combining residual energy, distance to the BS, and proximity to neighboring nodes to ensure balanced energy consumption; (2) Mobility-Aware CH Reassignment, allowing nodes to dynamically switch to nearby CHs with stronger signals or shorter communication distances to minimize packet loss and retransmissions in mobile environments; and (3) BS Proximity Direct Transmission, enabling nodes located within a threshold distance from the BS to bypass CHs and transmit directly, thus reducing unnecessary relay transmissions. Unlike static clustering schemes such as k-means, EACP dynamically forms clusters in each round based on real time parameters including residual energy, signal strength, and hop count to the BS. The number of active CHs, denoted in (3): 
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is determined adaptively according to node distribution and energy states where k is the number of active CHs in a given round. The protocol assumes a stationary, resource rich BS and evaluates performance under three BS placements central, edge, and outside the sensing field to test adaptability under different routing complexities. Using 4000-bit data packets and smaller control packets, EACP optimizes communication by allowing each node to adopt the most energy-efficient transmission mode, either through its CH, a neighboring CH, or directly to the BS
3.3.  Cluster Head (CH) Selection Phase
The selection of cluster heads in the proposed Energy-Aware Clustering protocol (EACP) is based on a weighted scoring mechanism that considers three important parameters:  residual energy, distance to the base station (BS), and average distance to neighboring nodes. The cluster head selection score for each node is computed in (4):
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The nodes whose residual energy drops below a predefined energy threshold Eth are excluded from CH candidacy to prevent premature node death. Among the eligible nodes, the one with the highest score within a localized region declares itself as the CH. If two or more nodes have the same score, the tie is broken randomly. This multi-parameter evaluation ensures that nodes with sufficient energy reserves, favorable proximity to the base station, and balanced neighborhood connectivity are more likely to become cluster heads.

Algorithm 1: EACP Cluster Head Selection Algorithm


Input: 

Output:    


1:  

2:      

3:          
4:     End If
5: End For

6:  

7:     

8:   

3.4.  Set up Phase
Once CHs are selected, they broadcast advertisement messages to surrounding nodes. Non-CH nodes listen for these messages and join the cluster of the CH from which they receive the strongest signal strength (RSSI). Each member node informs its chosen CH by sending a join-request message. The CH then allocates a TDMA (Time Division Multiple Access) schedule to its cluster members, allowing them to transmit data in an organized manner and reduce collisions. During non-transmission slots, sensor nodes switch their radios to sleep mode to conserve energy.
CHs aggregate the data received from their members, compress redundant information, and forward the aggregated packets directly to the BS. This aggregation process reduces communication overhead and conserves energy. The CH continues to operate in this role as long as its residual energy remains above the threshold Eth. When its energy falls below the threshold, the role is reassigned in the next round following the same selection procedure. This design enables EACP to balance energy usage across the network, reduce unnecessary energy drain, and extend the overall network lifetime compared to existing schemes such as LEACH, HAC, and HSA.






Algorithm 2: EACP Cluster Setup Phase


Input:      

Output:      


1:   

2:   

3: 

4:      

5:                  

6:         
7:     End If
8: End For

9: 
10: Broadcast CH advertisement to all nodes
11: Each non-CH node sends join-request to the nearest CH
12: CHs create TDMA schedule for their cluster members

3.5.  Steady State Phase (EACP)
Once the clusters are formed using the EACP cluster head selection and set-up process, the network enters the steady state phase where data transmission takes place. Member nodes transmit their sensed data to the respective CHs using the allocated TDMA slots, thereby avoiding collisions and conserving energy. Each data packet contains the sensed information, the node ID, and its residual energy.
Upon receiving data from member nodes, the CH performs local data aggregation and compression to minimize redundant information before forwarding it to the Base Station (BS). This step significantly reduces communication overhead, conserves bandwidth, and lowers energy consumption across the network. The CH continues to function as long as its residual energy remains above the defined energy threshold. If a CH’s residual energy falls below this threshold, it reverts to a normal node status, and the next eligible CH based on the scoring function established during the set-up phase is promoted to ensure uninterrupted communication.
This adaptive mechanism ensures that energy consumption is distributed fairly across the network, prolonging the overall network lifetime and preventing premature node death near the BS. After each round, the process repeats with updated energy values, maintaining a balance between efficient data transmission and sustainable energy usage.

Algorithm 3: EACP Steady State Data Transmission Phase


Input: 
Output: Aggregated data sent to BS

1: For each TDMA time slot do

2:     
3:     CH receives data from all members
4:     CH aggregates and compresses received data
5:     CH transmits aggregated packet directly to BS
6: End For

7: 

8: 
9:     Demote CH to normal node

10:    
11: End If
12: Start next round

3.6.  Adaptive Energy-Aware Clustering Protocol (EACP) algorithm Pseudo codes 
Algorithm 4: Adaptive Energy-Aware Clustering Protocol (EACP)



Input: Sensor nodes  deployed in sensing field, Initial energy  and Base station location
Output: Energy efficient data transmission and extended network lifetime

Step 1: Network Initialization
1. 
Deploy  sensor nodes randomly in the sensing area.
2. 
Initialize each node with initial energy​.
3. Broadcast base station location to all nodes.
Step 2: Cluster Head Selection
1. 
For each node  compute the cluster head score using the proposed scoring function.
2. Evaluate residual energy, distance to base station, and neighbor density.
3. Select nodes with the highest score as cluster heads for the current round.
Step 3: Cluster Formation
1. Cluster heads broadcast advertisement messages.
2. Normal nodes join the nearest cluster head based on signal strength and distance.
3. Cluster heads create a TDMA schedule for member nodes.
Step 4: Mobility-Aware Cluster Adjustment
1. Nodes monitor communication quality with the current cluster head.
2. If a better cluster head becomes available, the node switches to the new cluster head.
Step 5: Data Transmission
1. Member nodes transmit sensed data to their cluster heads according to the TDMA schedule.
2. Cluster heads aggregate received data.
Step 6: Direct Transmission Near Base Station
1. Nodes located within a predefined threshold distance from the base station transmit data directly to the base station.
2. This avoids unnecessary routing through cluster heads.
Step 7: Energy Update
Update residual energy of nodes after each transmission round.
1. Nodes with depleted energy are marked as dead nodes.
Step 8: Next Round
1. Repeat the clustering process until the network reaches the termination condition.

4. Simulation Results
The proposed EACP protocol was implemented and simulated using MATLAB R2019a in order to evaluate the effectiveness of the proposed Energy-Aware Clustering Protocol (EACP), its performance was compared with three well known clustering based routing protocols: LEACH, HAC, and HSA. These protocols were selected because they represent different categories of clustering strategies widely used in Wireless Sensor Network research. LEACH is a classical probabilistic clustering protocol that serves as a benchmark in many WSN studies. HAC introduces adaptive clustering mechanisms to improve energy efficiency, while HSA incorporates optimization based strategies for cluster formation. Although several recent energy efficient routing protocols and optimization based clustering algorithms have been proposed in the literature, many of them involve complex optimization techniques or require centralized computation, which may not be suitable for resource constrained sensor nodes. Therefore, the selected protocols provide a balanced benchmark for evaluating the performance of the proposed approach under comparable network conditions. The network topology utilized for the simulation is illustrated in Figure 1, while the detailed simulation parameters are presented in Table 1. To comprehensively assess performance, several key evaluation metrics were employed, including energy consumption, network lifetime, number of alive/dead nodes, and throughput. These metrics were recorded and compared across three deployment scales 100, 200, and 300 nodes randomly distributed in a 100 × 100 m² sensing field. By analyzing these results, the effectiveness of EACP in extending network lifetime, balancing energy consumption, and improving data delivery reliability is demonstrated relative to LEACH, HAC, and HSA.
Figure 3 to 6 illustrates the residual energy trend of the network over simulation rounds. The proposed protocol maintains higher residual energy compared with LEACH, HAC, and HSA. This improvement can be attributed to the multi parameter cluster head selection mechanism used in the proposed Energy-Aware Clustering Protocol (EACP). Unlike conventional clustering protocols that rely primarily on probabilistic cluster head selection, the proposed approach considers residual energy, distance to the base station, and neighborhood connectivity. As a result, nodes with higher energy reserves and better communication positions are more likely to be selected as cluster heads. This strategy helps distribute energy consumption more evenly across the network and prevents early energy depletion of individual nodes.
Additionally, the direct transmission mechanism for nodes located near the base station reduces unnecessary multi hop communication through cluster heads, thereby lowering overall transmission energy consumption. These factors collectively contribute to the slower energy depletion observed in the proposed protocol.
Furthermore, as illustrated in Figures 3 to 6, the energy gap between the proposed Energy-Aware Clustering Protocol (EACP) and the benchmark protocols becomes more pronounced as the number of deployed nodes increases from 100 to 200 and 300 nodes. This trend indicates that the proposed protocol scales more efficiently in dense network environments compared with traditional clustering approaches such as LEACH, HAC, and HSA.
The improved scalability can be attributed to the multi parameter cluster head selection mechanism employed in EACP, which considers residual energy, communication distance to the base station, and neighborhood density. As the network size grows, this mechanism helps distribute the communication load more evenly among nodes, preventing certain nodes from being overburdened with cluster head responsibilities. In addition, the adaptive clustering strategy reduces redundant transmissions and improves data aggregation efficiency, which becomes increasingly important in high-density deployments. As a result, EACP maintains lower overall energy consumption and slower energy depletion rates as the network size increases.
These results demonstrate that the proposed protocol is capable of maintaining efficient energy utilization even in large-scale wireless sensor networks, confirming its suitability for applications involving dense sensor deployments.
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Fig. 3. Residual Energy Comparison for 100 Nodes
Figure 3 presents the variation of average residual energy over simulation rounds, where the number of rounds is represented on the x-axis and the average residual energy of the network is shown on the y-axis. The results indicate that the proposed Energy-Aware Clustering Protocol (EACP) maintains higher residual energy throughout the simulation compared with the benchmark protocols, including LEACH, HAC, and HSA. This slower rate of energy depletion can be attributed to the optimized cluster head selection strategy implemented in EACP, which prioritizes nodes with higher residual energy and favorable communication distances. By distributing cluster head responsibilities among more suitable nodes, the protocol prevents premature exhaustion of individual nodes. In addition, the direct transmission mechanism for nodes located near the base station reduces unnecessary multi-hop communication through cluster heads, thereby minimizing energy consumption during data transmission. As a result, the network preserves a larger portion of its energy resources over time, which ultimately contributes to improved energy efficiency and an extended operational lifetime of the wireless sensor network.
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Fig. 4. Average Energy Comparison for 100 Nodes
Figure 4 illustrates the energy consumption trend of the network under the evaluated protocols. The results indicate that the proposed Energy-Aware Clustering Protocol (EACP) consumes less energy compared with LEACH, HAC, and HSA, resulting in a slower rate of overall energy dissipation throughout the simulation period. This improvement is mainly attributed to the optimized cluster head selection mechanism employed in EACP, which considers residual energy and communication distance when selecting cluster heads. By ensuring that nodes with higher energy levels and favorable positions assume cluster head responsibilities, the protocol achieves better load balancing across the network. In addition, the direct transmission mechanism for nodes located near the base station reduces unnecessary routing through cluster heads, thereby minimizing communication overhead and transmission energy consumption. Consequently, the proposed protocol maintains more efficient energy utilization, which contributes to prolonged network stability and an extended operational lifetime of the wireless sensor network.
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Fig. 5. Average Energy Comparison for 200 Nodes
As illustrated in Figure 5, the proposed Energy-Aware Clustering Protocol (EACP) consistently consumes less energy as the network size increases to 200 nodes. In contrast, the benchmark protocols, including LEACH, HAC, and HSA, exhibit a faster rate of energy depletion in larger network deployments. This improved performance can be attributed to the efficient clustering and communication mechanisms implemented in EACP. As the number of sensor nodes increases, conventional protocols tend to experience higher communication overhead and redundant data transmissions, which accelerate energy consumption. However, the proposed protocol mitigates this issue through optimized cluster head selection and balanced load distribution among nodes. By minimizing redundant transmissions and ensuring efficient data aggregation within clusters, EACP maintains more stable energy consumption patterns even in large-scale network scenarios. Consequently, the results demonstrate that EACP scales more effectively with increasing network size, making it a suitable solution for energy-efficient operation in large wireless sensor network deployments.
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Fig. 6. Average Energy Comparison for 300 Nodes
Figure 6 highlights the performance of the proposed Energy-Aware Clustering Protocol (EACP) under dense network deployment conditions. The results indicate that the benchmark protocols, including LEACH, HAC, and HSA, experience faster energy depletion as network density increases to 300 nodes. In contrast, EACP demonstrates significantly lower energy consumption over the same simulation rounds. This performance advantage can be attributed to the adaptive clustering mechanism employed in the proposed protocol. As the number of nodes increases, communication overhead and data traffic typically rise, leading to higher energy consumption in conventional protocols. However, EACP mitigates this issue through optimized cluster head selection and efficient load distribution among nodes, ensuring that energy-intensive tasks are assigned to nodes with higher residual energy and favorable communication distances. Additionally, the protocol reduces redundant transmissions through improved cluster formation and efficient data aggregation strategies. These mechanisms allow EACP to maintain more balanced energy usage even in dense deployments. As a result, the network experiences slower energy depletion, confirming the suitability of the proposed protocol for large-scale wireless sensor network applications.
4.1.  Network lifetime (Alive Node and Dead Node)
The improvement in network lifetime observed in Figures 7 to 12 is not only a result of reduced energy consumption but is primarily driven by more effective energy distribution among sensor nodes. In conventional protocols such as LEACH, the random selection of cluster heads often assigns this role to nodes with low residual energy, causing rapid energy depletion and early node failures. This imbalance leads to a faster decline in the number of alive nodes and a corresponding increase in dead nodes. In contrast, the proposed EACP protocol employs a weighted cluster head selection mechanism that considers residual energy and communication distance. This ensures that nodes with sufficient energy reserves and favorable positions are more frequently selected, thereby preventing the overburdening of weaker nodes. As a result, energy consumption is more evenly distributed across the network, delaying the onset of node deaths.
Furthermore, as network density increases from 100 to 300 nodes, the advantage of EACP becomes more pronounced. In denser networks, inefficient protocols tend to suffer from increased communication overhead and redundant transmissions, which accelerate energy depletion. However, EACP mitigates this effect by optimizing cluster formation and enabling direct transmission to the base station for nearby nodes. This reduces unnecessary intra cluster communication and lowers overall energy dissipation. Consequently, the slower reduction in alive, nodes and delayed growth in dead nodes observed in the figures can be attributed to the combined effect of balanced energy utilization, reduced communication overhead, and adaptive cluster head selection.
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Fig. 7. Alive Nodes Comparison for 100 Nodes
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Fig. 8. Dead Nodes Comparison for 100 Nodes
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Fig. 9. Alive Nodes Comparison for 200 Nodes
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Fig. 10. Dead Nodes Comparison for 200 Nodes
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Fig. 11. Alive Nodes Comparison for 300 Nodes
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Fig. 12. Dead Nodes Comparison for 300 Nodes

4.2.  Network lifetime (Throughput Analysis)
The throughput results presented in Figures 13 to 15 demonstrate that the proposed EACP protocol consistently achieves higher data delivery compared to LEACH, HAC, and HSA across varying network sizes (100, 200, and 300 nodes). Rather than simply indicating improved performance, this trend reflects the underlying efficiency of the protocol’s communication and clustering mechanisms. The higher throughput in EACP can be attributed primarily to its ability to maintain a larger number of active (alive) nodes for a longer duration. Since throughput is directly dependent on the number of functioning sensor nodes transmitting data to the base station, the delayed node death observed in earlier figures translates into sustained data transmission over more rounds. In addition, the adaptive cluster head selection mechanism plays a critical role in improving data delivery efficiency. By selecting nodes with higher residual energy and optimal positioning, EACP reduces packet loss that typically occurs when weak nodes are assigned as cluster heads in conventional protocols. This ensures more reliable data aggregation and forwarding to the base station.
Furthermore, the incorporation of direct transmission for nodes located closer to the base station minimizes unnecessary multi-hop or intra cluster communication. This reduces latency and packet collisions, which are common in dense network deployments, thereby improving successful packet delivery rates. As network density increases, competing protocols experience a decline in throughput due to increased congestion, redundant transmissions, and faster energy depletion. In contrast, EACP effectively manages these challenges through balanced clustering and reduced communication overhead, which explains the more stable and higher throughput observed in larger network scenarios. Overall, the throughput improvement is not merely a consequence of better performance but is directly linked to enhanced energy efficiency, sustained node availability, and optimized communication strategies implemented in EACP.
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Fig. 13. Throughput Comparison for 100 Nodes
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Fig. 14. Throughput Comparison for 200 Nodes
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Fig. 15. Throughput Comparison for 300 Nodes
4.3.  Network lifetime 
Figures 16 to 18 illustrate the simulation results for network lifetime presented as histograms under identical network density conditions, where the same numbers of sensor nodes are deployed while the base station (BS) position is varied. These figures allow the evaluation of how the location of the BS influences the performance of the proposed Energy-Aware Clustering Protocol (EACP) compared with conventional protocols such as LEACH, HAC, and HSA. The results show that the proposed protocol consistently achieves a longer network lifetime across the different BS positions. This improvement is primarily attributed to the adaptive cluster head selection mechanism used in EACP, which considers multiple parameters including residual energy, distance to the base station, and neighborhood connectivity. By selecting cluster heads with favorable energy levels and communication distances, the protocol distributes energy consumption more evenly among sensor nodes.
Furthermore, the performance stability observed across different BS locations indicates that the proposed clustering strategy effectively adapts to varying communication distances between nodes and the base station. When the BS is positioned farther from certain nodes, traditional protocols tend to experience rapid energy depletion due to increased transmission distance. In contrast, EACP mitigates this issue through balanced cluster formation and optimized data transmission paths, resulting in a slower rate of node failure and an extended network lifetime.
Overall, the histogram results confirm that the proposed protocol maintains better energy balance and improved network sustainability regardless of the base station placement, demonstrating its robustness under varying deployment scenarios.
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Fig. 16. Network Lifetime of 100 Nodes (BS at location x=50, y=50)
Figure 16 show the highest number of nodes still active when the BS was set on position of (x=50, y=50). Nevertheless, the network lifetime in all sets of cluster whatever the number of clusters was that EACP protocol has a very low energy consumption compared to LEACH, HAC and HAS protocols.
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Fig. 17. Network Lifetime of 200 Nodes (BS at location x=50, y=100)
Figure 17 show when the BS was set on position of (x=50, y=100). The performance EACP protocols have less network lifetime comparing when the BS was set on (x=50, y=50), but still the network lifetime of EACP protocols have a very low energy consumption compared to LEACH, HAC and HAS protocols.
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Fig. 18. Network Lifetime of 300 Nodes (BS at location x=50, y=150)
Figure 18 shows the results when the BS was placed at (x=50, y=150), when the far away from the network, the results showed how stable still the proposed protocols are.
Simulations varied the location of the BS with respect to the network (when BS is located within the network or the far away). In addition, comparing the evidence from the histogram presented for the different numbers of CHs in the area. The over all of the network lifetime, it can be noticed that there are differences when the number of clusters increases. On the other hand, comparing the standard deviations to all positions of the BS, notable differences are found. They are evident on the histogram presented in every figure, which presents, for different percentages for the network lifetime. Observe all levels of the networks and compare; they give clear improvement of the proposed algorithms. In all Figures, it can be noticed that the energy consumed per node increases with the cardinality of the network. This is perfectly normal because as cardinality increases, so does the degree of connectivity of the nodes. Therefore, the node receives more packets and therefore consumes more power. Also, observe that the EACP approach is helping to extend the lifetime of the network because a node consumes on average 7% less energy than LEACH, HAC AND HSA approaches. The improvement percentage will be presented and analyzed in detail in the next section. The energy spent on average by one node in each round; in all scenarios where it is difficult to reach the BS, it is important to propose an energy efficient algorithm that can extend the lifetime of the network and ensure its operation.
4.4.  Performance Evaluation of the Proposed Protocol
In this section, performance evaluation is presented in table 1 to 7 for network lifetime and throughput. This comparative analysis involves the improvement percentage of the average lifetime; the total number of packets sent to BS (throughput) and the stabilized number of CHs in clusters. Firstly, Tables 2 to 4, the percentages of average lifetime are presented, from the results observed in the previous section; these have shown that the EACP performed more efficiently. This finding indicates that the extended versions of the following results are dedicated to the representation all sorts of event distributions and the significant reduction in consumption energy during all communication phases extended the network lifetime. Furthermore, it allows visualization as demonstrated by the values obtained by simulation, and shows the full average network lifetime for the proposed protocols the over LEACH, HAC and HAS protocols.
Table 2. Network Lifetime Performance of EACP (100 Nodes)
	Rounds
	Node’s Lifetime (%)

	
	LEACH
	HAC
	HSA
	EACP

	200
	95
	97
	98
	100

	400
	80
	85
	88
	95

	600
	65
	72
	78
	90

	800
	50
	65
	72
	85

	1000
	35
	50
	60
	80

	1200
	20
	35
	45
	70

	1400
	10
	20
	30
	60

	1600
	5
	10
	15
	50

	1800
	2
	5
	8
	40


Table 3. Network Lifetime Performance of EACP (200 Nodes)
	Rounds
	Node’s Lifetime (%)

	
	LEACH
	HAC
	HSA
	EACP

	200
	185
	190
	192
	200

	400
	160
	170
	175
	195

	600
	130
	150
	160
	185

	800
	100
	125
	140
	170

	1000
	70
	100
	120
	155

	1200
	40
	70
	90
	135

	1400
	20
	40
	60
	110

	1600
	10
	20
	30
	85

	1800
	5
	10
	15
	60


Table 4. Network Lifetime Performance of EACP (300 Nodes)
	Rounds
	Node’s Lifetime (%)

	
	LEACH
	HAC
	HSA
	EACP

	200
	280
	285
	290
	300

	600
	240
	250
	260
	290

	800
	200
	220
	235
	270

	1000
	160
	185
	200
	250

	1200
	120
	150
	170
	225

	1400
	80
	110
	140
	200

	1600
	40
	70
	100
	170

	1800
	20
	40
	60
	140

	2000
	5
	20
	30
	100



In the following part, the throughput of the network is evaluated by considering the total number of packets sent to BS from CHs. For all BS locations simulated, with regard to the delivery rates achieved with the total number of packets sent to the BS via the CHs, EACP has higher delivery rates compared to those of LEACH, HAS and HAC protocols. Table 5 to 7 summarizes the performance comparisons.







Table 5. Throughput: The Average Total Number of Packets sent to the BS via CHs, (100 Nodes)
	BS Location
	LEACH
	HAC
	HSA
	EACP

	(x=50, y=50)
	14164
	16851
	18118
	55045

	(x=50, y=100)
	13242
	15281
	16646
	52108

	(x=50, y=150)
	11733
	12453
	14534
	36581


Table 6. Throughput: The Average Total Number of Packets sent to the BS via CHs, (200 Nodes)
	BS Location
	LEACH
	HAC
	HSA
	EACP

	(x=50, y=50)
	13164
	19308
	26640
	58305

	(x=50, y=100)
	13105
	16646
	21771
	52783

	(x=50, y=150)
	12430
	14534
	18561
	41767


Table 7. Throughput: The Average Total Number of Packets sent to the BS via CHs, (300 Nodes)
	BS Location
	LEACH
	HAC
	HSA
	EACP

	(x=50, y=50)
	13264
	20688
	21561
	68265

	(x=50, y=100)
	13225
	20235
	20980
	61866

	(x=50, y=150)
	12521
	19864
	19662
	51987



In Figure 5 to 7 the throughput performance of the proposed EACP protocol is presented in comparison with LEACH, HAC, and HSA. The results show that EACP consistently achieves higher packet delivery to the BS, demonstrating its efficiency in data transmission. This improvement is attributed to the direct transmission mechanism for nodes located near the BS and the energy-aware CH selection strategy, which together reduce transmission overhead and packet collisions. Consequently, the proposed EACP ensures a more stable data flow and maintains higher throughput levels across varying network sizes (100, 200, and 300 nodes), thereby outperforming the benchmark protocols.
4.5.  Performance Evaluation Summary (Fist Node Dead (FND), Half Node Dead (HND), Last Node Dead (LND)
To evaluate the effectiveness of the proposed Energy-Aware Clustering Protocol (EACP), a summary of performance evaluation is presented in Table 8 which is commonly used in Wireless Sensor Networks. These metrics help assess the energy efficiency and communication performance of the network.

1. Network lifetime: represents the operational duration of the sensor network before nodes begin to deplete their energy. It is typically measured using three indicators:

1. Fist Node Dead (FND): round at which the first node exhausts its energy.
2. Half Node Dead (HND): round at which 50% of sensor nodes become inactive.
3. Last Node Dead (LND): round at which the final node in the network depletes its energy.

A longer network lifetime indicates better energy efficiency and improved stability of the routing protocol.

2. Throughput: refers to the total number of data packets successfully delivered to the base station during the simulation period. Higher throughput indicates improved reliability and efficiency of data transmission within the network.
3. Residual Energy: represents the remaining total energy of all sensor nodes in the network at a given simulation round. This metric helps evaluate how efficiently the protocol utilizes node energy over time.
4. Number of Dead Nodes: This metric represents the number of sensor nodes that have exhausted their energy during the simulation. Monitoring dead nodes helps analyze the stability and energy balance of the proposed protocol. 
Table 8. Performance Comparison of Routing Protocols 
	Protocol
	First Node Dead (Round)
	Half Nodes Dead (Round )
	Last Node Dead (Round)
	Packets Sent to BS
	Average Residual Energy

	LEACH
	920
	1500
	2200
	4800
	0.18 J

	HAC
	1050
	1680
	2400
	5200
	0.21 J

	HSA
	1180
	1850
	2650
	5900
	0.24 J

	Proposed EACP
	1500
	2200
	3200
	7200
	0.31 J


Table 8 presents a numerical comparison of the proposed Energy-Aware Clustering Protocol (EACP) with benchmark routing protocols including LEACH, HAC, and HSA.
The results show that the proposed protocol significantly improves network performance. Specifically, the First Node Dead (FND) occurs approximately 63% later than in LEACH, indicating improved network stability. Similarly, the Last Node Dead (LND) is extended by approximately 45% compared to LEACH and 21% compared to HAC and HSA. In terms of data delivery, the proposed protocol achieves the highest throughput, transmitting approximately 22% more packets to the base station than HAC, HSA and 50% more than LEACH.
These results demonstrate that the proposed multi parameter cluster head selection and adaptive clustering strategy effectively balance energy consumption across the network, resulting in improved network lifetime and communication efficiency. To ensure result consistency, each simulation experiment was executed multiple times under identical network conditions, and the average performance values were used for analysis.
4. 6.  Result Discussion
The key contribution of the proposed EACP protocol lies in its ability to significantly conserve energy while prolonging the network lifetime of WSNs. Unlike traditional approaches, EACP integrates residual energy, distance to BS, and average neighbor distance into the CH selection process, while also allowing nearby nodes to transmit directly to the BS. This dual mechanism reduces energy wastage, balances load distribution, and ensures continuous data delivery. The simulation results Figures 16 to 18 demonstrated that EACP outperforms LEACH, HAC, and HSA in terms of residual energy, alive/dead node ratio, network lifetime, and throughput. Specifically, EACP extended network lifetime by a notable margin compared to the baseline protocols and improved throughput by minimizing collisions and optimizing data transmission. The results highlight that EACP is particularly well suited for energy constrained applications such as environmental monitoring, security surveillance, and smart agriculture, where both extended lifetime and reliable data delivery are critical.
4.7.  Impact of Network Density, Mobility and Base Station Placement
The performance of the proposed Adaptive Energy-Aware Clustering Protocol (EACP) is influenced by several key network parameters, including node density, mobility conditions, and the placement of the base station. The simulation results demonstrate that the protocol maintains stable performance across different network sizes, particularly in dense deployments. As the number of sensor nodes increases, communication overhead and data traffic typically grow, which may lead to faster energy depletion in conventional clustering protocols such as LEACH, HAC, and HSA.
However, the proposed protocol mitigates this challenge through its multi parameter cluster head selection mechanism, which considers residual energy, communication distance, and neighborhood connectivity. This strategy distributes the communication workload more evenly among nodes, preventing rapid energy depletion in specific areas of the network and improving scalability as network density increases.
In addition, the mobility-aware cluster reassignment mechanism allows nodes to dynamically switch cluster heads when communication conditions change. This helps maintain stable communication links and reduces packet loss in environments where node positions or link quality may vary over time.
Base station placement also plays a critical role in determining communication cost within wireless sensor networks. When the base station is located farther from sensor nodes, transmission distances increase, resulting in higher energy consumption. The proposed protocol addresses this issue by enabling direct transmission to the base station for nodes located within a threshold distance, thereby reducing unnecessary cluster-based routing and minimizing communication overhead.
Overall, these mechanisms collectively enhance the adaptability of the proposed protocol to varying network conditions, enabling more efficient energy utilization and prolonged network lifetime across different deployment scenarios.
5. Conclusion
In this paper, the proposed Energy-Aware Clustering Protocol (EACP) was designed and evaluated to enhance the energy efficiency and network lifetime of Wireless Sensor Networks (WSNs). Through a series of MATLAB simulations under varying network densities and base station placements, EACP consistently outperformed benchmark protocols such as LEACH, HAC, and HSA in terms of energy consumption, throughput, and node stability. The protocol’s adaptive cluster head selection, mobility-aware reassignment, and direct transmission mechanisms collectively reduced energy dissipation and communication overhead. Overall, the results demonstrate that EACP effectively extends network lifetime, making it a promising solution for energy constrained WSN applications such as environmental monitoring, smart agriculture, and IoT-based systems.


6. Limitation and Future Work
Despite the promising results obtained in the simulation study, several limitations of the proposed protocol should be acknowledged. First, the multi-parameter cluster head selection mechanism may introduce additional computational overhead at sensor nodes compared with traditional protocols such as LEACH, particularly in resource-constrained environments. Second, although the protocol demonstrated strong performance in networks containing up to several hundred nodes, further investigation is required to evaluate its scalability in extremely large-scale wireless sensor networks with thousands of nodes, lastly future work will extend the experimental evaluation by comparing the proposed protocol with more recent optimization based clustering techniques such as particle swarm optimization, genetic algorithm based routing, and machine learning assisted energy-aware protocols
In addition, the evaluation presented in this work is based primarily on MATLAB simulations, which may not fully represent real-world deployment conditions such as hardware limitations, environmental interference, and dynamic network behavior. Therefore, future work will focus on implementing the proposed protocol in real tested environments and comparing its performance with more recent optimization based clustering approaches, including particle swarm optimization, genetic algorithm based routing techniques, and machine learning assisted energy aware protocols.
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