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Abstract: Wireless Sensor Networks (WSNs) are widely deployed in various monitoring applications, but their
energy constraints pose significant challenges to ensuring long-term and reliable communication. In duty-
cycled WSNs, where nodes periodically switch between active and sleep states, achieving energy efficiency
without compromising data reliability and latency is critical. This paper proposes an energy-efficient
aggregated packet transmission strategy that utilizes adaptive scheduling to optimize communication in duty-
cycled environments. The strategy dynamically aggregates data packets based on traffic conditions and node
wake-up schedules, reducing transmission frequency and idle listening. An adaptive scheduling algorithm is
introduced to align packet transmission with node activity patterns, thereby minimizing energy waste and
enhancing network lifespan. Simulation results demonstrate a substantial improvement in energy consumption,
packet delivery ratio, and end-to-end latency compared to traditional scheduling mechanisms, confirming the
efficacy of the proposed approach in resource-constrained WSNs.
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1. INTRODUCTION

Wireless Sensor Networks (WSNs) have emerged as a foundational technology for a wide range of
applications including environmental monitoring, industrial automation, precision agriculture, smart cities, and
military surveillance. These networks consist of spatially distributed sensor nodes that collect and transmit data
to a central base station or sink node. Despite their versatility, WSNs are inherently constrained by limited
energy resources, as sensor nodes typically operate on non-rechargeable batteries in remote or inaccessible
areas. Consequently, energy efficiency has become one of the most critical design considerations in the
development of WSN communication protocols.

One commonly adopted technique for energy conservation is duty cycling, wherein sensor nodes
periodically switch between active (wake) and inactive (sleep) states to minimize idle listening and radio usage.
Duty-cycling significantly reduces energy consumption by turning off radio components during idle periods;
however, it introduces new challenges such as increased communication latency, synchronization issues, and
reduced data throughput. Additionally, the intermittent availability of nodes due to their sleep schedules
complicates the design of efficient data transmission strategies.

In traditional WSNSs, each data packet is typically transmitted immediately upon generation. This
approach may lead to excessive energy consumption due to frequent wake-ups and redundant transmissions,
especially under bursty traffic conditions or in densely deployed networks. Packet aggregation has been
proposed as a solution to this problem, where multiple data packets are combined into a single transmission.
This reduces the number of transmissions and overhead, thereby conserving energy. However, the effectiveness
of packet aggregation heavily depends on appropriate scheduling mechanisms that consider node duty cycles
and traffic patterns.

To address these challenges, this paper proposes an Energy-Efficient Aggregated Packet Transmission
Strategy that incorporates Adaptive Scheduling for duty-cycled WSNs. The primary objective of the proposed
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system is to enhance energy efficiency while maintaining acceptable levels of data delivery latency and
reliability. The strategy dynamically adjusts aggregation thresholds and transmission schedules based on real-
time network conditions, including traffic load, residual energy, and node availability.

The proposed adaptive scheduling algorithm is designed to align data transmissions with the active
periods of receiver nodes, thereby avoiding unnecessary retransmissions and minimizing synchronization
overhead. By intelligently aggregating packets and aligning them with optimized duty-cycle schedules, the
system ensures that transmissions occur only when required and at the most energy-efficient times. Moreover,
the adaptive nature of the scheduling algorithm allows it to respond to changing network conditions, such as
variations in data generation rates and energy levels, which are typical in real-world WSN deployments.

Existing approaches to energy-efficient communication in duty-cycled WSNs have limitations such as
static scheduling, fixed aggregation thresholds, and lack of responsiveness to dynamic network states. Protocols
like S-MAC, T-MAC, and X-MAC, although energy-aware, often suffer from increased latency and reduced
throughput under variable traffic scenarios. This paper improves upon such limitations by integrating a more
flexible and context-aware decision-making mechanism.

2. LITERATURE SURVEY

Energy conservation remains a pivotal concern in Wireless Sensor Networks (WSNs), especially in
scenarios where sensor nodes operate on limited power sources and are deployed in inaccessible environments.
Numerous studies have proposed various techniques such as duty-cycling, data aggregation, and adaptive
scheduling to optimize energy usage while ensuring acceptable levels of network performance. This section
reviews prominent research works related to energy-efficient communication strategies in duty-cycled WSNs,
with particular focus on packet aggregation and scheduling techniques.

1. Duty-Cycling Protocols in WSNs

Early research in duty-cycled WSNs focused on reducing idle listening through Medium Access
Control (MAC) protocols. S-MAC (Sensor-MAC) introduced a fixed-duty cycle approach that allows nodes to
periodically sleep and wake up, significantly reducing idle listening [Ye et al., 2002]. T-MAC (Timeout-MAC)
built upon this by introducing adaptive duty cycles that terminate active periods based on traffic activity, thereby
enhancing energy efficiency under variable loads [Dam and Langendoen, 2003]. However, both protocols
suffered from high latency and synchronization overhead.

To address these issues, X-MAC proposed a preamble sampling technique with short strobe messages
to reduce idle listening and overhearing [Buettner et al., 2006]. Although effective in lowering latency and
power consumption, X-MAC still lacked mechanisms to intelligently aggregate data and coordinate packet
transmissions in highly dynamic traffic environments.

2. Packet Aggregation Techniques

Packet aggregation has emerged as an effective strategy to reduce the frequency of transmissions and
MAC layer overhead. Heinzelman et al. (2000) introduced LEACH (Low-Energy Adaptive Clustering
Hierarchy), which performs data aggregation at cluster heads to reduce communication costs. However, LEACH
primarily focuses on static clustering and lacks dynamic aggregation thresholds that respond to real-time
network conditions.

Other works like Directed Diffusion [Intanagonwiwat et al., 2000] introduced in-network aggregation
and data-centric routing to improve efficiency. Despite these improvements, such techniques assume high
synchronization among nodes, which is not feasible in many duty-cycled environments.
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3. Adaptive Scheduling Algorithms

Recent research has shifted towards adaptive scheduling to match communication timing with node
duty cycles and traffic patterns. DW-MAC (Data Wake-up MAC) introduced receiver-initiated communication
and adaptive wake-up schedules based on data demand, significantly improving energy savings [Lu et al., 2007].
Similarly, RI-MAC (Receiver-Initiated MAC) allowed nodes to wake up on-demand, reducing idle time and
control overhead [Sun et al., 2008].

However, these methods often assume stable and predictable network conditions. They are less
effective in dynamic scenarios involving bursty traffic or heterogeneous node behaviors. Additionally, most fail
to consider packet aggregation in conjunction with duty-cycle synchronization, leading to suboptimal energy
utilization.

4. Integrated Approaches to Aggregation and Scheduling

Few studies have attempted to integrate packet aggregation with adaptive scheduling for enhanced
efficiency. C-MAC (Clustered-MAC) [Anastasi et al., 2009] combined clustering with aggregation-aware wake-
up schedules, yet it relied on static thresholds and lacked adaptability to changing traffic loads. Similarly, AA-
MAC (Aggregation-Aware MAC) [Ahn et al., 2011] incorporated aggregation decisions into MAC scheduling
but did not dynamically adjust for real-time network state or energy levels.

5. Research Gaps

From the surveyed literature, it is evident that existing methods either focus solely on duty-cycling or
on packet aggregation, with limited integration between the two. Moreover, many strategies lack adaptability to
real-time variations in traffic, energy levels, and node availability. There is a clear need for a comprehensive
solution that merges adaptive packet aggregation with dynamic scheduling based on real-time network
parameters to enhance energy efficiency in duty-cycled WSNs.

3. PROPOSED SYSTEM

The proposed system introduces an Energy-Efficient Aggregated Packet Transmission Strategy (EEAPTS)
for duty-cycled Wireless Sensor Networks (WSNSs) using an Adaptive Scheduling Mechanism. The goal of the
system is to reduce energy consumption while preserving network performance metrics such as packet delivery
ratio, end-to-end delay, and throughput. The proposed framework achieves this by combining packet
aggregation with an intelligent, real-time scheduling algorithm that aligns data transmissions with the active
periods of neighboring nodes.

1. System Architecture

The system is composed of a distributed network of sensor nodes, each capable of sensing, aggregating, and
forwarding data. Nodes operate in a duty-cycled manner, alternating between active (wake) and sleep states.
Each node maintains a local schedule indicating its sleep and wake intervals and can adjust this schedule based
on network traffic and residual energy levels.

The architecture consists of the following components:
e Sensing Module: Responsible for environmental data collection.
e  Aggregation Buffer: Temporarily stores packets for aggregation.

e Scheduling Controller: Dynamically updates the node's duty cycle and transmission windows.
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e Transmission Unit: Sends the aggregated data to the next hop when scheduled.
2. Packet Aggregation Strategy

The proposed system introduces a dynamic packet aggregation mechanism in which a node delays
transmission until it accumulates a predefined number of packets or a maximum wait time threshold is reached.
This reduces the number of transmissions and, consequently, the energy spent on radio operation. The
aggregation logic adapts to traffic conditions using the following rules:

e Under low traffic conditions, the system increases the aggregation window to accumulate more packets
before transmission.

e Under high traffic or delay-sensitive conditions, the system reduces the aggregation window to
prioritize timely delivery.

Each node monitors its buffer occupancy, traffic rate, and residual energy to determine the optimal
aggregation window.

3. Adaptive Scheduling Mechanism

Traditional scheduling techniques rely on fixed wake/sleep cycles, which can result in missed transmission
opportunities and energy waste. The proposed system incorporates an adaptive scheduling algorithm that aligns
the transmission time with the wake-up schedules of the receiver nodes.

The adaptive scheduler functions as follows:
e Each node maintains neighbor schedule tables, updated through lightweight periodic beacons.

e Based on these schedules, the transmitting node identifies the optimal transmission window where the
receiver is expected to be active.

e The scheduler also considers historical transmission success rates, link quality indicators (LQI), and
queue length to refine transmission timing.

The schedule adapts in real-time, ensuring that the system remains responsive to network dynamics and
minimizes idle listening and retransmissions.

4. Energy-Aware Decision Engine

An integral part of the system is the Energy-Aware Decision Engine (EADE), which ensures that both
aggregation and scheduling decisions consider node energy levels. The EADE adjusts the aggregation threshold
and duty cycle parameters dynamically based on:

o Node residual energy: Nodes with low energy reduce their duty cycle or participate less in forwarding.
o Traffic load: Nodes experiencing congestion dynamically extend wake durations.
e Application criticality: High-priority data (e.g., alerts) bypass aggregation to reduce latency.

This approach helps in balancing energy consumption across the network and prolonging overall network
lifetime.
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5. Transmission Workflow
The workflow for packet transmission in the proposed system follows these steps:
1. Data Sensing and Queuing: Sensor readings are stored in the local aggregation buffer.

2. Aggregation Decision: The node evaluates buffer status and traffic conditions to decide whether to
aggregate further or transmit.

3. Schedule Matching: The adaptive scheduler determines the most suitable time slot based on receiver
wake schedules.

4. Energy Check and Optimization: The EADE validates if transmission is energy-feasible.

5. Packet Transmission: Aggregated packets are transmitted in a single shot to the next-hop node during
its wake period.

6. Advantages of the Proposed System
e Energy Efficiency: Fewer transmissions reduce radio usage, the primary source of energy drain.

e Adaptability: Real-time adjustments in both aggregation and scheduling improve responsiveness to
network dynamics.

e Reduced Latency and Congestion: Intelligent packet handling minimizes queuing delays and channel
contention.

e Scalability: The system performs well in dense networks with varying traffic patterns.
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FIGURE 1. An Energy-Efficient Data Aggregation Clustering Algorithm for Wireless Sensor Networks.
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4. RESULTS

To validate the effectiveness of the proposed Energy-Efficient Aggregated Packet Transmission Strategy
(EEAPTS) with Adaptive Scheduling, comprehensive simulations were conducted using the NS-3 simulation
environment. The performance of the proposed approach was evaluated and compared against standard WSN
protocols such as S-MAC and X-MAC, as well as a baseline aggregation-only protocol without adaptive
scheduling. The evaluation metrics included energy consumption, packet delivery ratio (PDR), end-to-end
delay, and network lifetime.

1. Simulation Setup

The simulation environment was configured with the following parameters:

Number of sensor nodes: 100

Deployment area: 500 m x 500 m

Initial energy per node: 2 Joules

Traffic model: Periodic data generation every 10 seconds

MAC protocols compared: S-MAC, X-MAC, Baseline Aggregation, Proposed EEAPTS
Simulation duration: 1,000 seconds

Aggregation threshold: Dynamically adjusted based on traffic load

Packet size: 64 bytes per sensor reading

Duty cycle: 10% (adjustable in proposed system)

2. Energy Consumption

The proposed system significantly outperformed other protocols in terms of energy efficiency. By reducing
the number of transmissions and aligning them with receiver wake periods, EEAPTS achieved a 35% reduction
in average energy consumption compared to S-MAC and a 24% reduction compared to X-MAC.

Avg. Energy
Protocol Consumed (J)

[ SMAC 148 |

[ X-MAC 123 |
Baseline

Aggregation H10
EEAPTS

Preod) 0.96

3. Packet Delivery Ratio (PDR)

The PDR, defined as the ratio of successfully delivered packets to the total number of packets sent, was
highest in the proposed approach. EEAPTS achieved a PDR of 97.6%, compared to 91.3% for S-MAC and
94.7% for X-MAC. The combination of adaptive scheduling and reliable aggregation reduced packet loss due to
missed duty cycles or congestion.

Protocol (%)Packet Delivery Ratio
| S-MAC | 913 |
| X-MAC | 947 |

Baseline
Aggregation 95.1

EEAPTS
(Proposed) 97.6

4. End-to-End Delay

While aggregation can introduce delays, the adaptive mechanism in EEAPTS ensures delay remains within
acceptable limits. The average delay observed in the proposed system was 520 ms, which is lower than the
baseline aggregation (630 ms), and only slightly higher than X-MAC (480 ms), proving it is a good trade-off
between energy savings and latency.
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Protocol (ms,)Avg. End-to-End Delay,
| S-MAC | 710 |
| X-MAC | 480 |

Baseline
Aggregation 630

EEAPTS
(Proposed) 520

5. Network Lifetime

Network lifetime is defined as the time until the first node runs out of energy. EEAPTS extended the
network lifetime significantly due to its energy-aware decision-making. The lifetime improvement was 41%
over S-MAC and 27% over X-MAC.

Time to First Node
Protocol Death (s)
| S-MAC | 640 |
| X-MAC | 780 |
Baseline
Aggregation 820
EEAPTS
(Proposed) 905

6. Overall Analysis

The results demonstrate that the proposed EEAPTS framework successfully reduces energy consumption,
improves packet delivery ratio, and extends network lifetime without incurring unacceptable delays. The system
dynamically adapts to changing traffic conditions and node energy states, making it robust and efficient for real -
world duty-cycled WSN deployments.

5. CONCLUSION

In this paper, we proposed an energy-efficient aggregated packet transmission strategy (EEAPTS) for
duty-cycled wireless sensor networks (WSNSs), which integrates intelligent packet aggregation with adaptive
scheduling to enhance overall network performance. The system is designed to dynamically align transmission
windows with the wake periods of neighboring nodes while considering factors such as traffic intensity, buffer
occupancy, and residual energy. This dual-layer optimization—at both the data aggregation and scheduling
levels—contributes significantly to reducing redundant transmissions, minimizing idle listening, and avoiding
unnecessary delays.

Extensive simulations validated the efficacy of the proposed approach across key performance metrics.
EEAPTS achieved a substantial reduction in energy consumption and a marked improvement in packet delivery
ratio when compared to conventional MAC protocols such as S-MAC, X-MAC, and baseline aggregation
models. Additionally, the adaptive nature of the proposed system ensured that network latency remained within
acceptable limits while enhancing the overall network lifetime through intelligent energy-aware decision-
making.

The results confirm that the EEAPTS framework effectively balances energy efficiency and data
reliability, making it particularly suitable for resource-constrained WSN applications such as environmental
monitoring, industrial automation, and smart agriculture. Its adaptability to varying network dynamics ensures
long-term sustainability and reliability in real-world deployments.

Future work can explore the integration of machine learning models to further enhance scheduling

intelligence and the application of this framework in mobile WSN scenarios and heterogeneous sensor
networks.
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