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Abstract

Harvesting ambient energy has enabled the development of energy-harvesting 

wireless sensor networks (EH-WSNs). However, in these networks, the uncertainty in 

harvesting rate due to dynamic weather conditions raises new challenges. Therefore, 

this drives the development of energy harvesting-aware solutions. Formerly, many 

MAC protocols have been developed for EH-WSNs, which offer various features based 

on available harvested energy to support different applications. Nevertheless, 

optimizing MAC performance by incorporating predicted future energy intake is 

relatively new in EH-WSNs. Furthermore, existing MAC protocols do not fully harness 

the high harvested energy to perform aggressively despite sufficient energy resources. 

In addition, their performance evaluation has not been tested using different metrics 

under dynamic harvesting conditions. Therefore, this thesis proposes a new 

prediction-based adaptive duty cycle MAC protocol, called PADC-MAC, that 

incorporates current and future harvested energy information using the mathematical 

formulation to improve network performance. Furthermore, a machine learning model, 

namely nonlinear autoregressive (NAR) neural network is employed that achieves 

good prediction accuracy under dynamic harvesting scenarios. As a result, it enables 

the receiver node to perform more aggressively by increasing its duty cycle when there 

is a sufficient inflow of incoming harvested energy to achieve higher network 

performance. In addition, PADC-MAC uses a self-adaptation technique by which the 

receiver node shares its next duty cycle with all sender nodes, which helps sender 

nodes wake up slightly before the receiver for data transmission and reduces energy 

consumption in idle listening. The performance of PADC-MAC is evaluated for single­

hop network scenario using GreenCastalia in terms of packet delay, network 

throughput, packet delivery ratio, energy consumption per bit, receiver energy 

consumption, and total network energy consumption using realistic harvesting data 

for 96 consecutive hours in both high and low solar harvesting conditions. The 

simulation results show that PADC-MAC reduces the average end-to-end (ETE) delay 

of the highest priority packets and all packets, energy consumption per bit, and total 

energy consumption by more than 10.7%, 7.8%, 81%, and 76.4%, respectively, when 

compared to three state-of-the-art protocols for EH-WSNs.
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Chapter 1

Introduction

This chapter presents an overview of battery-powered and energy harvesting Wireless 

sensor networks (EH-WSNs). Next, it briefly discusses medium access control (MAC) 

protocols, energy prediction, and machine learning (ML) in EH-WSNs. It is followed by 

problem formulation, research hypotheses and objectives, the scope of work, 

contributions, and assumptions adopted in this research. Finally, the thesis outline is 

presented.

1.1 Overview of Battery Powered and Energy Harvesting WSNs

Nowadays, Internet of Things (IoT) is gaining strong attention in many applications, 

including healthcare and smart cities [1]. Wireless sensor network (WSN) plays an 

important role in IoT and is widely used in different applications, such as 

environmental monitoring, agriculture, industrial process monitoring, and others [2­

4]. Conventionally, WSNs consist of several sensing nodes powered by small non­

rechargeable batteries that have the ability to collect the data and and send it to the 

sink node, called battery-powered WSNs (BP-WSNs). However, these nodes have 

limited battery capacity and thus need to be replaced regularly, which hinders their 

operation and network performance. Therefore, energy efficiency remains critical to 

ensuring the sustainable operation of nodes [4]. For instance, schemes developed in 

[4, 5] improve energy efficiency to enhance the lifetime.

In recent years, energy harvesting techniques have gained intense attention to 

power sensor nodes using outdoor energy sources such as solar, wind, mechanical, 

radio frequency (RF), and thermal. Therefore, integrating these sources with WSNs 

has motivated researchers to develop energy harvesting WSNs (EH-WSNs), where, 

nodes can harvest energy from the surrounding environment. This helps to mitigate 

the energy issue faced by conventional WSNs and reduce the negative environmental 

impact and cost of battery replacements. Furthermore, energy harvesting enables
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nodes to schedule tasks such as prioritization, duty cycle, and sensing, according to 

harvested energy profile to maximize the network performance.

1.2 MAC Protocol, Energy Harvesting Prediction, and Machine 

Learning

The medium access control (MAC) protocol regulates the access of a common 

medium among the sensor nodes. The MAC protocols for EH-WSNs aim to optimize 

the network performance using harvested energy efficiently. Formerly, numerous MAC 

protocols have been designed for applications such as agriculture and monitoring [6] 

[7]. For instance, quality of service (QoS) ensures the performance level to the user 

that includes performance metrics: delay, throughput, packet delivery ratio (PDR), and 

energy consumption [7]. Moreover, these protocols incorporated the harvested energy 

information into settings for duty cycle, access probability, traffic load, relay node 

selection, and sensing interval to enhance network performance.

In certain circumstances, for example, harvesting energy varies significantly 

according to the weather, which may hinder the execution of ongoing tasks and node 

operation. Thus, it is essential to know about the future incoming energy to avoid 

disruption in the node's operation during periods of energy scarcity. Furthermore, 

knowing the future harvested energy, the node can further optimize the performance 

as in the case when it has a higher energy value than required for the task execution. 

However, among available harvesting sources, solar is the most significant energy 

source and has the greatest potential for harvesting energy [8]. Furthermore, solar 

energy can be forecasted based on the past energy pattern.

ML is a part of Artificial Intelligence (AI) that involves computer algorithms to learn 

automatically from data without being explicitly programmed [9]. It has gained 

significant attention in academia and industry and is considered a vital tool in 

developing automated IoT applications. For example, ML techniques, i.e., regression, 

have been employed in WSN to address the issues of energy harvesting, MAC 

protocols, transmission overhead, routing, and others. ML algorithms have also been 

widely incorporated to predict solar harvesting, which leads to developing harvesting- 

aware solutions, such as communication protocols [10].
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1.3 Problem Statement and Research Hypothesis

Previously, various MAC protocols have been designed for EH-WSNs, which utilized 

harvested energy to optimize the performance. However, most of the existing MAC 

protocols devise a duty cycling mechanism according to the current harvesting energy 

without considering the nature of incoming harvested energy. Thus, dynamic 

harvesting conditions may affect ongoing node operation and degrade network 

performance. In certain circumstances, for example, on a typical sunny day, these 

protocols may not be able to increase the duty cycle of the node aggressively and 

since the next day may turn out to be a rainy day. Therefore, data packets suffer long 

delays despite sufficient energy resources. In addition, these protocols do not plan 

how to optimize performance when the harvested energy value is more than or equal 

to the energy required for the task execution. Furthermore, most available protocols 

have not been tested using actual solar irradiance. Also, their performance evaluation 

did not include all essential QoS performance metrics such as end-to-end (ETE) delay, 

PDR, network throughput, energy consumption per bit, receiver energy consumption, 

and total network energy consumption [7].

The following are the hypothesis:

• A novel and realistic adaptive MAC protocol can be developed for EH- 

WSNs that can utilize the current energy level and incoming harvested 

energy to enhance the network performance under dynamic harvesting 

conditions.

• ML algorithm can be incorporated to predict harvesting energy, and adjust 

the duty cycle based on the expected energy to improve the performance.

• Using forecasted energy, the node can increase its duty cycle aggressively 

when it has a higher energy value than needed for the task execution to 

further optimize the performance.

1.4 Research Objectives

The research objectives are:

21



• To develop a novel and realistic adaptive MAC Protocol for EH-WSNs that 

regulates the duty cycle of the receiver based on the current energy and 

incoming harvested energy.

• To employ an energy prediction model to improve MAC performance by 

incorporating incoming energy intake to optimize the network 

performance.

• To comprehensively evaluate the proposed protocol under a realistic 

scenario using actual harvesting rates in terms of ETE delay, network 

throughput, PDR, energy consumption per bit, receiver energy 

consumption, and total network energy consumption and comparison 

with three well-known MAC protocols, namely QoS protocol for Prioritized 

Data (QPPD-MAC) [11], QoS-aware Energy-efficient (QAEE-MAC) [12] 

and Enhanced Energy Management (EEM-MAC) [13].

1.5 Scope of Work

This work includes the development of a prediction-based adaptive MAC protocol 

for in EH-WSNs. Furthermore, a machine learning algorithm will be developed to 

predict hourly incoming harvested energy. Finally, the comprehensive performance 

will be evaluated using the GreenCastalia simulator under dynamic harvesting 

conditions. In the simulation, actual solar irradiance data provided by NREL [14], 

parameters from a commercially available TelosB sensor node [15], solar panel [16], 

and CC2420 radio [17] will be used to demonstrate the protocol performance in more 

realistic scenarios. Moreover, the detailed performance comparison will be conducted 

with three widely used protocols for EH-WSNs.

1.6 Research Contributions

The research contributions are as follows:

• The proposed Prediction based Adaptive Duty Cycle MAC (PADC-MAC) 

protocol introduces a numerical formula to adjust the duty cycle based on 

predicted incoming harvested energy.
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• ML model is developed to predict the incoming harvesting energy, which 

enables the receiver node to perform more aggressively when it has a 

sufficient inflow of incoming harvested energy to improve the 

performance.

• A technique by which the receiver shares its next duty cycle with all 

sender nodes and as a result energy efficiency improves in the network.

• The performance of PADC-MAC is evaluated for single-hop network 

scenario in the GreenCastalia simulator for four consecutive days, i.e., 96 

hours of simulation using actual harvesting rates under high and low solar 

irradiance conditions.

• The performance of PADC-MAC is compared with QPPD-MAC [11], QAEE- 

MAC [12], and EEM-MAC [13].

• The results indicate that the PADC-MAC provides better performance in 

terms of ETE delay, energy consumption per bit, and total network energy 

consumption when compared to three state-of-the-art MAC protocols for 

EH-WSNs.

1.7 Assumptions

The research assumptions that have been adopted in this research are:

• The network consists of energy harvesting nodes that are static.

• The factors such as dust and shadows do not affect the harvesting rate.

• The receiver's initial duty cycle and storage levels are 50% and 45%, 

respectively.

• The network consists of a receiver and multiple sender nodes are 

randomly positioned. Both the receiver and sender nodes can 

communicate with each other directly.

• The sender node has unlimited energy.
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• The node turns off its radio when its battery energy is lesser than the 

threshold energy (Eth) i.e. 10% and goes into the sleep state.

1.8 Thesis Outline

The remainder of this thesis is structured as follows:

Chapter 2 presents a comprehensive literature review on EH-WSNs, the structure of 

BP-WSN and EH-WSN sensor node, energy harvesting sources, and design 

alternatives. Furthermore, energy prediction and existing models are described. Then, 

ML algorithms and their applications in EH-WSNs are explained in detail. Moreover, a 

detailed literature review of MAC protocols for EH-WSNS and their classification is 

undertaken that use available harvesting energy to optimize network performance 

which includes the design features based on current harvesting energy, such as duty 

cycle adjustment.

Chapter 3 describes the proposed PADC-MAC for EH-WSNs. First, it provides a 

communication overview of the proposed MAC. In addition, it presents the nonlinear 

autoregressive neural network (NARNET) model to predict incoming harvested energy. 

Then, using the mathematical formulation, the duty cycle adjustment is performed 

according to current and incoming harvested energy levels. Next, the self-adaptation 

technique is explained. It is followed by the presentation of an energy consumption 

model, MAC performance metrics, network simulation, and set up in GreenCastalia.

Chapter 4 provides the prediction performance of the developed NARNET model. 

Then, it presents the performance evaluation of PADC-MAC using GreenCastalia and 

results in comparison with three well known MAC protocols. Finally, the performance 

is evaluated in terms of ETE delay, network throughput, PDR, energy consumption per 

bit, receiver energy consumption, and total network energy consumption under 

dynamic solar harvesting conditions.

Chapter 5 concludes the thesis with future work.
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Chapter 2

Literature Review

This chapter reviews the basic aspects of WSNs and EH-WSNs. In addition, the 

structure of the sensor node in BP-WSN and EH-WSN is presented. Then, types of 

communication, energy harvesting sources, and design alternatives are discussed in 

detail. Furthermore, the importance of energy prediction in EH-WSNs is described. It 

is then followed by ML algorithms in EH-WSNs. Moreover, MAC protocols for EH-WSNs 

and their classification are explained in detail. Finally, the summary of receiver- 

initiated MAC protocols and their limitations is given. In these protocols, the available 

harvesting energy is used to optimize network performance, including the design 

features based on current harvesting energy, such as duty cycle adjustment. Finally, 

limitations of existing MAC protocols are provided.

2.1 Wireless Sensors Networks

Currently, IoT is playing a key role in various applications such as building 

automation, smart home, wearable devices and many others [18-20]. WSN is an 

essential component of the IoT [21-23] and have many advantages such self­

organizing abilities, scalability, ease of deployment and others [9]. In addition, it 

involves a large number of low-cost, and small-in-size sensor nodes. These sensors 

have the ability to sense, gather and send the information [24, 25]. The sink node 

gathers the data from the nodes and provides a gateway service to manage the data 

remotely, as shown in Figure 2.1. The key applications of WSNs include smart cities 

and healthcare, industrial process and environment monitoring and others [2, 26, 27]. 

In each application, sensors generate different data types and offer unique features 

that require distinctive solutions. For example, in forest monitoring, if a node detects 

any unusual data, e.g., alarm, smoke, temperature, it sends the acquired data 

immediately to the sink and gateway for further decisions to mitigate the forest fires. 

In this case, timely collection and transmission of the data packets are crucial.
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Hence, reliability and packet delay are essential. Furthermore, energy efficiency also 

plays an important role that will enable nodes to operate longer [7]. Furthermore, 

nodes follow single hop and multi-hop approaches to communicate in WSNs. In single 

hop, nodes have the ability to transmit data directly to the sink, resulting in less time 

to send a data packet. Therefore, it is a widely used and well-known communication 

type [28]. On the other hand, a multi-hop network consists of many nodes located far 

from the sink and as result, they cannot send data directly to the sink. Thus, they 

require relay node(s) to send data to the sink. Figure 2.2 and Figure 2.3 show single­

hop and multi-hop communication scenarios in WSNs, respectively.

Figure 2.2: Single-hop WSNs [28]
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Figure 2.3: Multi-hop WSNs [28]

The energy efficiency plays a significant role in WSNs. Therefore, in terms of energy 

source, these networks can further be categorized as battery-powered WSNs (BP- 

WSNs) and EH-WSNs.

2.1.1 BP-WSNs

The architecture of a BP-WSNs node is shown in Figure 2.4 [29]. A sensor node 

comprises four components: a sensor unit, microcontroller, power storage, and 

transceiver. The sensor unit is responsible for sensing the physical phenomenon, e.g., 

temperature and humidity parameters. The microcontroller and transceiver are used 

to process and transmit data, respectively. The node uses a small battery as an energy 

source to power up its components. The alkaline batteries are widely used; however, 

the battery level decreases with time. Hence, energy efficiency is essential in BP-WSNs 

to prolong the network lifetime [30, 31]. Moreover, in these networks, there is always 

a tradeoff between lifetime extension and network performance [5]. Additionally, 

nodes are equipped with batteries with a limited capacity [32-35], which require 

frequent replacement, increase maintenance costs, and negatively impact the 

environment.

Figure 2.4: General architecture of a BP-WSN node [26]
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2.2 Energy Harvesting WSNs

2.2.1 Role of EH Techniques in EH-WSNs

EH techniques enable the development of EH-WSNs and drive the following key 

benefits

• EH technique is an alternative energy source that enables nodes to collect 

energy from the external environment.

• It helps to overcome energy issues, i.e., limited battery capacity.

• It minimizes human intervention, time, and cost incurred by frequent site visits 

for maintenance and replacement of batteries.

• It helps nodes to reduce the dependency on external battery power, thus 

contributing positively to our environment.

• It enables the node to replenish energy from the surrounding environment and 

sustain its operation for a more extended period.

• It allows nodes to schedule tasks, for instance duty cycle, prioritization, and 

sensing time according to harvested energy profile to maximize the network 

performance.

2.2.2 Structure of EH-WSN Sensors Node

Recently, energy harvesting technology has allowed nodes to harvest energy from 

the external sources such as solar, wind, mechanical, radio frequency (RF), and 

thermal that can significantly prolong the WSN lifetime. Figure 2.5 shows the structure 

of an energy harvesting node that includes two components: energy harvesting device 

and pow er m anagem ent m odule [29]. The former is utilized to extract energy from 

the surrounding environment and the latter is incorporated to use the harvested 

energy efficiently. These two additional components work together and enable the 

node to collect sufficient energy for future use to sustain its operation and also to 

improve network performance when sufficient energy resources are available. Figure 

2.6 shows a comparison of energy characteristics in BP-WSNs and EH-WSNs. In BP- 

WSNs, the battery capacity declines over time, and the sensor node can only function 

until its battery energy is depleted.

On the other hand, in EH-WSNs, node harvests energy using external sources and 

store it using device, i.e., a rechargeable battery. Hence, it helps the sensor node to
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operate for a much longer time. Furthermore, the node sustains its operation 

perpetually if the current energy, HEcurrent is the same or more than the needed 

energy, Ec. This is known as the energy neutral operation (ENO), as given in Figure 

2.7 [36].

Figure 2.5: Structure of energy harvesting WSN node [29, 37]

Energy level 
of sensor node

Figure 2.6: BP-WSNs vs. EH-WSNs [36]
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Figure 2.7: ENO [13, 36]

2.2.3 Energy harvesting sources

Harvesting energy from the surrounding environment is a promising solution that 

can help to reduce the energy issue faced by BP-WSNs [38]. Different energy 

harvesting sources are available with varying power densities, as shown in Figure 2.8 

and Table 2.1. However, in this subsection, the most promising energy harvesting 

sources will be highlighted [39].

• Photovoltaic or Solar harvesting: Solar power harvesting is widely used 

due to its availability. It provides high conversion efficiency and power density, 

making it suitable for EH-WSNs applications. The main disadvantage is non­

availability during bad weather conditions and night [40]. Nevertheless, it is a 

preferred source for powering nodes and has been widely used in the literature. 

In this approach, a solar cell is used to absorb energy from natural (sun) or 

artificial (fluorescent) lights, and its output power depends upon the source 

used: sun or fluorescent. Moreover, storage mechanisms, e.g., rechargeable 

batteries, usually employ storage energy to support ongoing node operation 

during the absence of harvesting energy, for example at night-time when 

sunlight is not available.

30



Figure 2.8: Energy harvesting sources [41]

• Mechanical harvesting:. Mechanical or vibrational energy is produced due to 

the motion of objects, pressure, and human activity. The mechanical harvesting 

sources are piezoelectric, electrostatic, and electromagnetic. The piezoelectric is cost- 

effective, lightweight, and provides higher power density when compared to other 

mechanical sources [42]. However, it is always a challenge to integrate piezoelectric 

devices into small devices.

• RF harvesting: RF harvesting provides a promising solution to power up 

nodes by converting electromagnetic waves into electricity [40]. In this technique, the 

node harvests energy from RF signals that are radiated from sources such as TV, 

radio, Wi-Fi, radar, and others. However, the energy radiating from these sources 

decreases rapidly as the signal spreads further, leading to energy loss. Thus, it 

requires information about the harvester distance and direction from the RF source to 

get the maximum harvesting energy.

• Thermal harvesting: Thermal harvesting generates electric energy based on 

the temperature difference between two junctions of the same metals or 

semiconductors [43]. This is because some metals respond differently to the 

temperature difference, resulting in heat flow through the thermoelectric generator. 

In thermal harvesting, one thermocouple provides very low output power. Hence, 

multiple arrangements of thermocouples will be required to increase the power level.

• Wind harvesting: This technique converts airflow (e.g., wind) into electrical
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energy. For that, the wind turbine is used [44]. In addition, miniature wind power 

harvesting devices such as microWindbelt are used to power nodes. However, the size 

of wind power harvesters has been a challenge for sensor applications, and it is still 

an ongoing research. In addition, the output power also depends on the wind speed 

and weather conditions.

Table 2.1: Characteristics of most promising and widely used energy harvesting
techniques [41, 45-47]

Energy harvesting 
source

Energy
harvester

Power density

Sun radiation Solar cell 100 mW/cm2 (direct sun) 
100 pW/cm2 (illuminated office)

Mechanical Piezoelectric
Electrostatic

Electromagnetic

330 pW/cm3 (shoe inserts) 
50 pW/cm3 - 100 pW/cm3 

1 pW/cm3 -  4 pW/cm3

Radio frequency Wireless energy 
harvester

0.0002-1 pW/cm2

Thermal Thermocouple 40-50 pW/cm2

Wind MicroWindbelt 380 pW/cm3 (5 m/s)

2.2.4 Harvesting Design alternatives

Harvesting design alternatives can be classified into harvest-store-consum e and 

harvest-consum e [48].

• Harvest-store-consume: This design alternative is extensively used in 

EH-WSNs. It uses rechargeable device to store the energy for future use as shown in 

Figure 2.9. Some harvesting systems face the challenge of energy uncertainty due to 

dynamic weather conditions. Thus, it allows sensor nodes to store energy and use it 

in low energy harvesting conditions, for instance, when solar energy is unavailable at 

night. On the other hand, in high energy harvesting scenario, for example, on a sunny 

day, the node can harvest an adequate amount of energy that can be used effectively 

by creating smart energy allocation schemes to enhance the performance.

• Harvest-consume: In this design alternative, harvesting energy is
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immediately used to power the sensor node without any energy storage device as 

depicted in Figure 2. 10. However, the harvested energy from some sources is time- 

variant, intermittent and depends on the surrounding conditions. Hence, keeping the 

node operational in a low harvesting scenario may not be possible. Furthermore, when 

the harvesting rate exceeds the energy consumption rate, the additional harvested 

energy, may be wasted.

Figure 2.9: Harvest-store-consume [48]

Figure 2.10: Harvest-consume [48]
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2.2.5 Energy Prediction in EH-WSNs

The uncertainty in harvesting power due to dynamic conditions raises new 

challenges in making reliable and smart energy allocation strategies. For instance, 

solar harvesting nodes face significant changes in the harvesting power over time due 

to varying weather conditions. This drives the development of new schemes which 

may provide sufficient information about the future energy intake to avoid any 

disruption in current node operation and allocate future tasks accordingly [49]. By 

estimating the future harvested energy, node can exploit the expected available 

energy at best by making smart energy allocation strategies to enhance the 

performance when sufficient energy is available. Furthermore, this information can 

also help nodes to schedule their current operation in such a way so that operations 

can be sustained during periods of energy scarcity. In the literature, there are various 

prediction models that have been developed to estimate future energy availability in 

from solar energy harvesting.Table 2.2 shows some of the solar energy-based 

prediction models that consider different approaches. They can be used to predict the 

future harvested energy which can be employed to implement harvesting-aware 

solutions, such as communication protocols, dynamic load adaptation using smart 

energy allocation techniques, and others [10].

EWMA [50] assumes that the energy available at a particular day slot is similar to 

the previous days. The model maintains the history of available energy in the previous

Table 2.2: Schemes for predicting harvested energy in Solar EH-WSNs

Year Method Input Parameters

2007 EWMA [50] Previous samples

2009 WCMA [51] Previous samples, weather conditions

2012 Pro-Energy
[52]

Previous samples and select most similar profile

2016 QLSEP [8] Previous samples: considered the average energy 
increase/decrease in the most recent slots.

2021 Enhanced-Pro
[10]

Previous samples used various and select the 
most similar profile for prediction, select the most 

similar profile
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days as a weighted average, which is used to predict energy for the next time slot. 

Therefore, EWMA provides good prediction results for long-term seasonal conditions. 

Another scheme, called WCMA [51] addresses the shortcomings of EWMA. It takes 

the harvested energy of the previous days and weather conditions of the current day 

as well as previous days. Specifically, a matrix is used to store energy intake values. 

QLSEP [8] addresses the shortcomings of EWMA that is suitable for long-term seasonal 

conditions. It considers past energy profiles as well weather variations to forecast 

energy intake in a particular slot. Pro-Energy [52] considers the previous day's energy 

profiles as other models to predict future energy intake. It stores energy intake values 

of past days (sunny, cloudy, rainy) and incorporates past values to estimate the energy 

intake in the next slot. Enhanced-Pro [10] is the extension of the Pro-Energy by 

considering real-life solar traces to predict future intake. The model introduces a 

tuning factor and fine adjustment index to improve prediction accuracy. It uses past 

energy profiles as Pro-Energy to find correlation coefficient factors with the current 

harvested energy profile in the current slot. However, most of these models do not 

perform well when sudden changes occur in weather conditions and provide significant 

errors when employed in different weather conditions (e.g., sunny, partially sunny, 

consecutive cloudy days). In addition, they involve multiple parameters such as 

weighting in Pro-Energy [52], and tuning and adjustment index factors in 

Enhanced-Pro [10], which increase complexity, processing time, and energy cost. 

Furthermore, the effectiveness of these models at the MAC layer, that can help in 

designing adaptive schemes based on predicted energy to optimize the network 

performance, has only received limited consideration [10].

2.3 Machine Learning

Artificial Intelligence enables automation of tasks that are typically done manually 

by huma ns. Machine learning (ML) is a part of AI that involves computer algorithms 

that learn automatically from data or experience without being explicitly programmed 

[9]. It has gained significant attention in industry and academia and is considered a 

vital tool in developing automated IoT applications [53, 54]. The advancement in ML 

models provides substantial benefits, such as making the computing process more
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reliable and analyzing more complex data quickly and efficiently [9]. Hence, it has 

gained applications in various fields, such as engineering, computing, medicine, and 

security [55]. Generally, three steps are involved in solving a problem using ML. First 

is data gathering, which is data acquisition tasks, and labeling. Second, data 

preparation or feature extraction involves raw data processing and conversion into 

meaningful form before training and testing data. Then, the ML model selecting and 

its training and testing.

ML techniques based on learning styles have been explained and classified into 

supervised, unsupervised, semi-supervised, and reinforcement learning, as shown in 

Figure 2.11 [9]. Supervised learning is the most important and extensively used 

approach in ML. This learning takes input and output data known as a labeled set to 

build the system model that finds a relation between them. This type of learning is 

widely adopted in EH-WSNs and addresses various issues such as data aggregation, 

MAC and energy harvesting [56-58]. On the other hand, the unsupervised learning 

approach does not provide output associated with the inputs. Instead, it tries to 

extract the relationship between the data and classifies them into different groups 

based on the similarity between the input data sets. This approach contributes to 

WSNs in addressing various issues such as clustering, routing, and anomaly detection 

[59-61]. Semi-supervised learning shares features of both supervised and 

unsupervised learning. It works on labeled and unlabeled data and aims to reduce 

their weaknesses [19]. In addition, it covers issues such as localization and fault 

detection [62, 63]. Lastly, reinforcement learning involves an agent that learns by 

interacting with its environment. The agent gathers information that helps to learn 

and take the best possible action that maximizes its rewards. The Q-learning technique 

is an example of reinforcement learning [8].
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Figure 2.11: Classification of ML models [9]

2.3.1 Machine Learning in EH-WSNs

ML techniques have been widely used to solve various challenges such as MAC, QoS, 

routing, localization, data integrity and fault detection, synchronization, and data 

aggregation [64]. For example, it can help optimize MAC protocols to enhance network 

performance [9]. Moreover, in EH-WSNs, nodes can use ML algorithms to predict the 

energy intake at a given time slot [65] [66]. For instance, ML models such as 

regression and Q-learning have been used to forecast future energy in WSNs [8, 56]. 

Similarly, reinforcement learning-based energy management has been introduced that 

maintains nodes' energy harvesting and energy consumption [67]. Authors in [68] 

compared Artificial neural network (ANN) based ML models' that take different 

parameters such as rain, time, wind, atmospheric pressure, dew point, and azimuth 

angle to forecast daily solar intensity. In [69], the authors have developed a model 

that takes relative humidity, temperature, pressure and cloud formation data to predict 

the hourly solar irradiance. In [70], the authors compare the performance of multi­

layer perceptron neural networks and support vector machine to predict the global 

solar radiation using various combinations of input variables such as ambient 

temperature, sunshine duration, and extraterrestrial global solar radiation.

2.4 Medium Access Control Protocol

In WSNs, the MAC protocol is responsible for providing access to the shared medium 

among sensor nodes, and it consumes most of the energy. These MAC protocols can 

be categorized into three classes: contention-free, contention-based, and hybrid 

protocols as shown in Figure 2.12 [48, 71]. The contention-free protocols assign
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variable or fixed time slots to each sensor node for data transmission [72]. This allows 

nodes to access the channel in the allocated time slots, and as a result, collisions in 

the network are reduced.

Figure 2.12: Classification of MAC protocols [71]

The contention-based protocols avoid time slots overhead for packet transmission 

among nodes and allow them to access the medium randomly. Thus, the risk of 

collision may increase, which can be avoided by employing different mechanisms i.e., 

CSMA. These protocols can be further classified as synchronous or asynchronous [73]. 

In synchronous such as S-MAC [74], T-MAC [75], DW-MAC [76], DSMAC [77], SMACS 

[78], and PQMAC [79], nodes are required to follow a common listening time in a 

virtual cluster, where nodes can exchange the data packets. Consequently, protocols 

conserve energy by reducing idle listening in the network. However, the tight 

synchronization requires additional overhead that leads to limitations in terms of 

adaptability, scalability, robustness and others. Furthermore, these protocols need 

synchronization among sensor nodes for data transmission which do not allow node 

to operate on a duty cycle of their choice, which hampers their ability to adapt to 

dynamic energy harvesting conditions.

In the asynchronous approach, nodes do not require synchronization; 

consequently, each node can wake up and sleep independently [80]. Thus, nodes 

require a rendezvous point for data communication. Comparisons suggest that 

asynchronous schemes are more energy-efficient than synchronous [81, 82]. The 

asynchronous protocols are further divided into sender-initiated and receiver-initiated
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protocols. The sender-initiated protocols such as B-MAC [81], X-MAC [83] use 

preamble sampling or low power listening techniques to establish a communication 

link between the receiver and sender nodes. These protocols shift the burden to the 

sender side to initiate the communication, where the node having a data packet 

transmits a preamble before sending its actual data packet. The receiver upon waking 

up detects the preamble and waits for the actual data packet. In this scheme, the 

preamble transmission requires a longer time; thus, the sender node holding a data 

packet must wait until the channel becomes free, which causes an increase in packet 

delay and a decrease in network throughput [80]. On the other hand, the receiver- 

initiated protocols such as DWT-MAC [84], RI-MAC [80] and RICER [85] have been 

proposed. For example, DWT-MAC [84] considers QoS and reduces the delay for the 

highest priority packet in BP-WSNs. In receiver-initiated protocols, the receiver starts 

the communication by broadcasting a wake-up beacon which indicates to all senders 

that it is ready to receive data packets. The sender node having a data packet turns 

on its radio and wait for the wake-up beacon. After receiving the beacon, it transmits 

the data packet and waits for the acknowledgment packet. Therefore, the receiver- 

initiated protocols perform better in terms of energy efficiency than sender-initiated 

protocols [80], [86].

2.4.1 MAC Protocols for Energy Harvesting WSNs

The MAC protocols for EH-WSNs aim to optimize the performance using harvested 

energy [87]. Previously, numerous MAC protocols have been proposed that 

incorporate harvested energy to formulate different tasks such as duty cycle and 

access probability. These protocols can be divided into sink-initiated, sender-initiated, 

and receiver-initiated approaches, as shown in Figure 2.13.
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Figure 2.13: MAC protocols for energy harvesting WSNs [48]

2.4.1.1 Sender-initiated MAC protocols for EH-WSNs

HA-MAC [88] follows a superframe structure that consists of a beacon and random 

access slots. The network consists of a coordinator node and multiple sender nodes 

named wireless devices (WDs). At the beginning of the superframe, the coordinator 

broadcasts a beacon containing information about synchronization and the number of 

random-access slots, as shown in Figure 2.14. Using this information, each WD 

randomly selects random access slots and starts energy harvesting until it has access, 

then transmits the data packet. As a result, the developed protocol achieves good 

network throughput. However, its performance evaluation does not focus on other 

important parameters such as delay, PDR, and energy efficiency. In addition, it does 

not support individual duty cycle of the node and does not utilize the current 

harvesting rate to adjust the node's operation.
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Figure 2.14: Communication overview of HA-MAC [88]

DeepSleep-MAC [89] supports M2M energy harvesting communication. It supports 

low-energy nodes by allowing them to access the medium faster than other high- 

energy nodes. It is accomplished by allocating a shorter contention window (CW) size 

to low-energy nodes. Furthermore, it incorporates an algorithm that reduces the 

number of active nodes to limit the medium access attempts and lower channel 

contention. Moreover, this approach also reduces collision in the network. However, 

higher energy nodes need to wait for longer to access the medium, increasing packet 

delay and energy consumption. In addition, its performance evaluation is conducted 

using a constant harvesting rate, which is unrealistic. Moreover, its performance is not 

evaluated under dynamic harvesting conditions and does not include essential 

parameters such as delay, PDR, and energy efficiency.

EL-MAC [90] aims to support low-energy nodes by providing them access to the 

medium. The network comprises two types of users: primary users (sink) with high 

energy and secondary users (nodes) with low energy. The communication is based on 

a superframe, divided into three periods: sensing, contention, and transmission. At 

first, the sink node broadcasts a superframe that indicates that the sink is ready to 

accept the packets. On the other hand, after receiving the superframe, the node starts
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channel sensing. If the channel is free, the node contends for medium access 

according to its energy level. The protocol provides a higher priority to low-energy 

nodes by assigning it shorter CW, thus, reducing the number of contending nodes. 

Nevertheless, the sender node with sufficient energy resources must wait until the 

low-energy nodes complete data transmission, resulting in data packets experiencing 

long delays. In addition, nodes must follow the frame structure and need to wait until 

the transmission period starts. Furthermore, the performance is not measured using 

realistic harvesting conditions.

SEHEE-MAC [90] introduces a slotted preamble technique that controls the sensor's 

radio—resulting in significant energy savings by extending sleep time. It supports the 

duty cycle of the node and enables low-energy nodes to go sleep and conserve energy. 

The sender nodes initiate the communication by sensing the channel. If it is free, the 

node sends a small preamble indicating the need for communication, and it keeps 

sending the preamble until the receiver wakes up. On the other hand, if the channel 

is busy, the node calculates the backoff interval and senses the medium when the 

backoff expires. On the other hand, the intended receiver receives the preamble and 

replies with a short ACK that indicates a request to send the data packet. After 

obtaining the ACK, the intended sender node transmits the packet. After successful 

transmission, each node checks its residual energy and adjusts the slotted preamble 

interval accordingly. However, its performance evaluation is conducted on a very small 

scale and is not compared with the energy harvesting MAC protocol. Furthermore, 

sender nodes must wait until the receiver wakes up, which increases energy 

consumption in the network. Moreover, it does not incorporate current and incoming 

harvested energy to adjust the node's operation.

EA-MAC [91] adjusts the duty cycle and backoff times according to the energy 

harvesting conditions, and considers fairness among the nodes. This is because nodes 

that are randomly distributed have different locations in the network. It employs 

energy adaptive duty cycle and contention algorithms to adjust sensor nodes' duty 

cycle and backoff time according to their harvested energy level and harvesting rates, 

respectively. The results show that EA-MAC achieves good network throughput and 

fairness among sensor nodes. However, its performance is not compared with any
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other energy harvesting protocol and does not include other essential parameters such 

as delay and packet loss.

2.4.1.2 Sink-initiated MAC protocols for EH-WSNs

PP-MAC [92] aims to improve network throughput and provides good scalability. It 

regulates the contention probability value corresponding to the harvesting rate, 

number of nodes, and packet collision. Initially, the sink wake-up periodically to 

transmit a polling packet, including a contention probability, Pcon. After receiving the 

polling packet, the sender generates a random number, y between 0 and 1 and sends 

the data packet if y < Pcon. Otherwise, it remains active, waits for the next polling 

packet, and goes into a charging state. The Additive Increase Multiplicative Decrease 

technique is used to adjust the value of Pcon according to the number of active nodes, 

response type, and packet collision. However, the sender nodes holding data must 

wait for the appropriate value of Pcon to perform data transmission, resulting in longer 

delays and increasing energy consumption due to idle listening. In addition, its 

performance evaluation does not include a realistic harvesting rate and any plan to 

use the excess harvested energy to adjust the node's operation.

MTTP-MAC [93] depends solely on energy harvesting sources. It employs a tier- 

based hierarchy model to support multi-hop scenarios. Each tier consists of a set of 

nodes arranged in a group form and located at different distances from the sink node. 

The sink node wakes up periodically and broadcasts a polling packet to tier-1 that 

contains Pcon and tier number. Then, the node in tier-1 further sends the polling packet 

and waits for the data packet. The communication overview of MTTP-MAC is given in 

2.15. Its performance has been validated in an indoor environment using commercial- 

off-the-shelf nodes. However, its performance has not been compared with any other 

protocols. In addition, it does not use an external source for storage, which may lead 

to energy waste without taking advantage of it in high harvesting conditions. 

Furthermore, a higher number of tiers will further increase overhead and complexity.
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Figure 2.15: Communication overview of MTTP-MAC [93]

AE-MAC [94] assigns contention priorities based on energy level of each node. The 

network consists of a base station (sink) and multiple sender nodes. Initially, the sink 

broadcasts a superframe that includes periods of notification, harvesting, contention, 

and data transmission. The notification indicates the starting period of the frame, and 

then nodes prepare for energy harvesting in the harvesting period. Sender nodes then 

update the sink about their energy levels. Next, sender nodes hold packets and 

contend for the medium in contention period by sending transmission requests. 

Afterward, the designated sender sends the data packet to the sink nodes and listens 

to the channel for ACK. However, it allows nodes to harvest for a limited time with a 

constant harvesting rate, which is unrealistic. In addition, its performance does not 

consider the current harvesting rate to adjust the node's operation and does not 

incorporate dynamic harvesting conditions.

REE-MAC [95] aims to reduce control packet overheads involved in scheduling node 

operation and to achieve good fairness among sensor nodes. It employs a dual 

superframe structures. In the first frame, the power transmitting unit, called the 

coordinator, transfers power to the receiving nodes in their dedicated timeslots. Then, 

sender nodes use the harvested energy to exchange data packets. Furthermore, this 

frame is further divided into timeslots assigned to receiving nodes based on their 

estimated residual energy. On the other hand, the second superframe is compose of 

beacon and data transmission periods. However, the protocol does not support the 

individual duty cycle of the node. In addition, nodes must wait for their timeslots to 

harvest energy and send data packets, which increases packet delay. Also, nodes can 

only harvest energy in their dedicated timeslots and follow the superframe structure
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for data transmission. Lastly, the performance is evaluated at a constant harvesting 

rate, which is unrealistic.

E-MAC [96] enables high-energy nodes to transfer the data while allowing low- 

energy nodes to harvest energy from RF sources to increase their energy level. It 

incorporates the residual energy to adjust the duty cycle of the node while considering 

QoS requirements. It enables the sink node to increase the duty cycle when sufficient 

energy is available. Furthermore, it assigns the time slots to sender nodes by 

considering their energy levels and amount of data traffic. The results indicate that it 

improves data transmission and the lifetime of IoT devices. However, its performance 

evaluation does not consider realistic harvesting conditions and comparison with other 

energy harvesting MAC protocols.

S-LEARN-MAC [97] developed a scheduling algorithm to handle energy harvesting 

and data transmission activities accordingly. It creates schedules for each node by 

specifying its timeslot for data transmission to avoid collision. Furthermore, it allows 

nodes to reuse the same antenna for both the transmitter and harvester to reduce 

cost. When the sender node is busy in data transmission, other nodes use that time 

to harvest energy from the RF source. The results show that it achieves good network 

throughput and packet delivery ratio. However, its performance evaluation is not 

evaluated using realistic harvesting conditions. In addition, it does not provide any 

plan for utilizing the excess harvested energy more efficiently to improve network 

performance.

CEH-MAC [98] exploits the energy information to adjust the idle time of intermediate 

nodes and allow them to harvest the necessary energy to carry out the cooperation 

phase. It introduces a charging time that allows intermediate nodes to harvest enough 

energy. The sink node sets the charging time value, which considers the node's energy 

level. Furthermore, it also incorporates the expected duration of the cooperation phase 

that depends on channel conditions and the number of relay nodes. As a result, it 

achieves better delay, throughput, and energy efficiency. However, its performance is 

not evaluated using a dynamic harvesting rate and is not compared with other energy 

harvesting MAC protocols.
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2.4.1.3 Receiver-Initiated MAC protocols for EH-WSNs

EH-MAC [99] incorporates energy harvesting rate in regulating the contention 

probability, which determines whether to send the packet or not. It aims to achieve 

better throughput while considering dynamic harvesting conditions. Initially, the 

receiver begins the communication by sending a wake-up packet that contains Pcon, 

as shown Figure 2.16. Additionally, it employs two approaches called Estimated 

Number of Active Neighbors and Additive Increase Multiplicative Decrease to adjust 

the Pcon values. The results show it achieves better throughput and scalability in multi­

hop scenarios. However, it results in a higher latency. In addition, the dynamic 

harvesting condition algorithm may take longer to adjust Pcon. Furthermore, its 

performance is not assessed under realistic harvesting conditions and does not include 

essential parameters such as delay, PDR, and energy efficiency.

Пе5;= 3 2

Figure 2.16: Communication overview of EH-MAC [99]

OD-MAC [36] offers on-demand communication, where the receiver wakes up and 

broadcasts the beacon to initiate the communication. It adjusts the wake-up beacon 

and sensing interval based on harvested energy. The protocol aims to support the 

individual duty cycle of the nodes according to their energy profiles. Therefore, it 

enables them to increase network performance when sufficient energy resources are 

available. The communication of OD-MAC is shown in Figure 2.17. The receiver wakes 

up periodically to broadcast the beacon indicating that the receiver is ready to receive 

the incoming packet. The receiver adjusts the beacon frequency according to the
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receiver's energy level. On the other hand, the sender nodes set their sensing interval 

according to their energy level to gather more data packets. In addition, the protocol 

introduces a technique called opportunistic forwarding to minimize idle listening for 

wake-up beacon. However, the OD-MAC protocol does not offer packet ACK and 

retransmission features, which are essential for some critical applications. In addition, 

it adjusts beacon frequency without knowledge of upcoming energy, which may 

degrade network performance under dynamic harvesting conditions. In addition, its 

performance has not been evaluated and compared with any other protocol using 

realistic harvesting conditions.

Figure 2.17: Communication overview of OD-MAC [36]

LEB-MAC [100] aims to achieve energy and load balancing state among nodes. 

Figure 2.18 shows the communication overview of LEB-MAC. The receiver begins 

communication by sending a wake-up beacon periodically and then waits for the data 

packet from the sender nodes. Sometimes the beacon transmitted by the receiver also 

contains the next schedule that helps senders to synchronize. Furthermore, it employs 

a technique that enables nodes to distribute the load according to energy levels. For 

instance, the node with a higher energy level accommodates more data packets 

compared to a low-profile energy node. Furthermore, it introduces a collision 

resolution mechanism to avoid collisions when multiple senders contend for the 

channel simultaneously. However, in this protocol, sender nodes competing for the 

first time must wait a long time, increasing packet delay and energy consumption. In 

addition, it does not provide any plan for utilizing the surplus harvested energy more 

efficiently to improve network performance.
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Figure 2.18: Communication overview of LEB-MAC [100]

MDP-SHE-WSNS [101] introduces a transmission policy that enables the node to 

make three decisions according to its energy level: decrease, maintain or increase. It 

allows the node to transfer more data packets considering its energy level. In the 

network, each node adjusts the duty cycle and takes the rewards as the amount of 

data transferred. As a result, it achieves good performance in network throughput 

under different scenarios. However, it does not employ any prediction model to 

estimate an increase in harvested energy level. Furthermore, its performance is not 

evaluated using dynamic harvesting conditions and does not include other parameters 

such as delay, PDR, and energy efficiency.

ERI-MAC [102] utilizes packet concatenation technique in which several small 

packets are combined to form the super packet. This appraoch helps to reduce packet 

overheads and improves the energy efficiency. The communication overview of ERI- 

MAC is given in Figure 2.19. At first, the receiver transmits a beacon containing its 

address and then waits for a short period to determine if there is any incoming packet. 

On the other hand, the sender nodes that have packets keep in a listening state and 

wait for the beacon. After receiving a beacon from the receiver, the sender nodes start 

contending for the medium and send data packets. After successful packet 

transmission, the sender gets ACK and goes to sleep. The motivation behind the 

packet concatenation scheme is that the data packet is usually small in size. Thus, the 

sending process for small data packets involves the exchange of control packet, which 

increase packet overhead, energy consumption, and channel contention. Therefore, 

sending multiple data packets that are usually destined to the same receiver using a
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packet concatenation scheme increases energy efficiency and reduces packet 

overhead and channel contention. However, it is primarily designed to address the 

application that generates small size and similar type of data packets. Thus, it is not 

suitable for application that generates packet with large size and different priority 

level. In addition, it takes longer to fill the super packet in low traffic conditions, 

resulting in data packets already in queue suffering longer delays until they reach their 

destination. Furthermore, the performance evaluation is conducted using a fixed 

harvesting rate, which is unrealistic and not compared with any other energy 

harvesting protocol.

Figure 2.19: Communication overview of ERI-MAC [102]

HAS-MAC [103] is a hybrid communication scheme that utilizes the features of 

asynchronous and synchronous MAC protocols. It enables the sensor node to switch 

between asynchronous and synchronous approaches. Furthermore, it adjusts the 

working schedule of the node according to its energy level. In this scheme, the 

asynchronous part is used for sharing the working schedule with neighbor nodes. In 

the synchronous part, the sender nodes analyze the node's working schedule and send 

the data packet to its neighbor node. The results show that it achieves good delay 

reduction compared to the other two schemes. However, sender nodes need to know 

the working schedule of their neighboring nodes to perform data transmission. 

Furthermore, it does not include details about energy harvesting conditions, i.e., 

harvesting rate. Moreover, it does not have a plan to utilize the excess and future 

harvested energy to improve the performance. In addition, the performance 

evaluation does not include other essential parameters such as throughput, PDR, and 

energy efficiency.
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In [12], the authors developed a priority-based MAC protocol named QAEE-MAC. 

The protocol takes advantage of packet priority and enables the receiver node to select 

the sender node based on the highest packet priority. In this protocol, the receiver 

periodically wakes up and broadcasts a beacon that indicates that it is available to 

accept incoming data packets. Then, it waits a short time to receive data packets from 

the sender nodes, as shown in Figure 2.20. On the other hand, sender nodes holding 

data packets send TX beacon that includes packet priority. After receiving TX 

beacon(s), the receiver chooses the sender based on the received Tx beacon with the 

highest priority and then broadcasts the Rx beacon, enabling sender nodes to know 

who the selected sender is. After that, the selected sender sends the data packet to 

the receiver. The protocol performs well in terms of delay for the highest priority 

packet. However, its performance does not include PDR and throughput, which are 

primary concerns supporting QoS in EH-WSNs. In addition, its performance has not 

been compared with any other protocol and not tested using realistic energy 

harvesting conditions. Furthermore, it does not provide any mechanism to incorporate 

the excess harvested energy to improve the performance.

Figure 2.20: Communication overview of QAEE-MAC [12]

ED-CR [104] presents two schemes that considers residual energy and an assumed 

energy increase to improve network performance. First, the authors have 

implemented an exponential decision graph to adjust the duty cycle based on energy 

level. Second, it accounts for the prospective increase in energy to reduce the duty 

cycle further. As a result, it achieves better performance than DSP and RI-MAC (non­

energy harvesting MAC) in terms of delay, energy consumption, and PDR. However, 

its performance is evaluated on a very small scale, for instance, a total simulation of 

60 seconds. Furthermore, it assumes a future increase in energy without employing
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any prediction scheme under dynamic energy harvesting; hence inappropriate for the 

evaluation. In addition, its performance is not compared with any energy harvesting 

MAC protocol.

In [105], the authors proposed the PBP-MAC protocol that supports multi-hop data 

transmission and assigns a priority to relay nodes based on residual energy and 

current harvesting rate. The network is composed of multiple sender nodes and each 

node access the wireless medium with different access probabilities, which depend on 

residual energy and energy harvesting rate. A node with a high energy level performs 

more aggressively and supports neighboring nodes by accepting and forwarding more 

data packets. The communication overview of priority-based pipelined-forwarding 

MAC is given in Figure 2.21. Initially, a node broadcasts a beacon that is available to 

relay incoming packets. On the other hand, the node that holds the data packet keeps 

listening to the medium for the beacon. After accepting the beacon, it sends a data 

packet and then listens to the channel for the ACK. After receiving the data packet, 

the relay node sends an ACK packet that other neighbor nodes can also hear. At this 

point, the non-relay node starts computing its priority corresponding to the current 

energy level and energy harvesting rate to become the next relay node. Then, it sends 

a beacon after a backoff value is assigned according to the priority value. If the node 

has a higher priority value, it sets a smaller backoff value, resulting in a higher 

probability of a node becoming a relay node. It achieves a good energy balance among 

nodes and increased network lifetime. However, its performance has not been 

evaluated and compared with any other protocol in terms of delay, network 

throughput, PDR, and energy efficiency. Furthermore, its performance evaluation has 

not considered realistic harvesting conditions. Moreover, it does not provide any 

mechanism to utilize the excess harvesting energy to enhance the performance in high 

harvesting scenarios.

51



SIFS: Short Intertrame Space

Figure 2.21: Communication overview of PBP-MAC [105]

SyWiM-MAC [106] aims to improve the QoS in the network. Whenever the sender 

node has data, it waits for the wake-up beacon from the receiver. Once the beacon is 

received, it transmits the data after Clear Channel Assessment (CCA). The receiver 

confirms the reception of the data packet by sending an ACK packet. The protocol 

incorporates timing offset to maintain synchronization between nodes. However, if 

sender nodes operate at different times, then timing offset will occur, resulting in 

nodes having to wait for a longer time for synchronization to perform data 

transmission. Thus, it introduces a technique that helps nodes find the correct timing 

offset and enables them to update the next wake-up interval to reduce idle 

listening. However, it does not support the individual duty cycle of the node under 

harvesting and is unable to optimize performance when sufficient energy resources 

are available. In addition, the performance evaluation does not incorporate realistic 

harvesting conditions.

R-MAC [107] aims to achieve energy balance among nodes. The network comprises 

multiple clusters, each consisting of multiple sender nodes distributed randomly. The 

cluster head is selected based on residual energy level or the size of data queue 

lengths. The secondary users (SUs) perform data sensing and periodically send the 

gathered data to the primary user (PU) during its allotted time slot. It is assumed that 

each node can harvest energy from the RF source. Furthermore, it introduces extra 

timeslots in which cluster head and sender nodes can harvest energy. It keeps 

changing the number of harvesting slots in each superframe to optimize harvested 

energy while maintaining the network throughput and delay within acceptable limits. 

However, R-MAC does not provide any mechanism to utilize the excess harvested
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energy. In addition, a higher number of timeslots for harvesting energy may lead to a 

higher delay in the network. In addition, its performance evaluation does not consider 

other important parameters such as network throughput and energy efficiency.

EH-TDMA-MAC [108] follows the superframe structure that consists of a specific 

number of slots. At first, the receiver initiates the communication by broadcasting a 

small packet named ping that allows sender nodes to synchronize and perform data 

transmission. The communication overview of EH-TDMA-MAC is given in Figure 2.22. 

The receiver also checks its power level before sending a ping packet. On the other 

hand, sender nodes hold data packets, wait for ping packets, and send them in their 

dedicated timeslot. This help to reduce packet collision. However, it does not provide 

ACK of the received data packet, which is essential for data reliability. Furthermore, 

its performance is not tested using dynamic harvesting rates. Moreover, it does not 

utilize surplus harvested energy to enhance the performance.

Figure 2.22: Communication overview of EH-TDMA-MAC [108]

EEM-MAC [13] supports the individual duty cycle and allows it to regulate the duty 

cycle based on remaining energy while ensuring a balance between the energy 

harvesting and energy consumption of the node. Initially, the receiver broadcasts the 

beacon that announces that it is ready to accept the packet. Then, the sender that 

holds data packets, senses the medium, and sends the packet. On the other hand, the 

receiver sends an acknowledged beacon, R, that indicates the successful reception of 

the data packet and invites other senders to transfer the data packet. Then, it waits 

for a short time, and if there is no incoming data packet, it goes to sleep. Figure 2.23
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describes the communication overview of EEM-MAC. It supports two modes of duty 

cycle. First is the static mode duty cycle, defined by the user or administrator. Second 

is the dynamic duty cycle, which is set according to the harvested and remaining 

energy level. Thus, the nodes with high energy profiles wake up more frequently and 

relay more data packets. Furthermore, it improves performance in terms of latency, 

throughput, and PDR than other protocols. However, the dynamic duty cycle mode 

does not consider future energy intake, which may degrade network performance in 

low harvesting conditions. Furthermore, its performance has not been evaluated using 

dynamic harvesting under different scenarios.

Figure 2.23: Communication overview of EEM-MAC [13]

RF-AASP-MAC [109] uses a technique to adjust the sleeping period according to 

traffic conditions, residual, and available RF energy. It helps to reduce the contention 

level and improves network throughput. Furthermore, the sink node counts the 

number of incoming packets in the current beacon interval to estimate the traffic 

conditions and compare it with total received packets in the last beacon interval to 

find the variations. This scheme enables nodes to use two antennas: one for 

harvesting RF energy and the other for data transmission. As a result, the protocol 

achieves good energy efficiency while satisfying QoS requirements in the network. 

However, its performance is not tested under dynamic harvesting conditions and is 

not compared with energy harvesting MAC schemes.

In ENCOD-MAC [110], the receiver seeks to operate close to the ENO condition and 

sets the duty cycle based on the harvested energy to improve network performance. 

It introduces a duty cycle adjustment scheme by which the receiver checks its energy 

level and harvesting energy, and assigns the duty cycle more aggressively when
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sufficient energy resources are available under dynamic harvesting scenarios. 

Furthermore, it also incorporates the packet's priority and reduces the delay for the 

highest-priority packet. However, the receiver node does not consider incoming 

harvested energy in duty cycle adjustment, which may affect ongoing node operation 

and degrade network performance in dynamic harvesting conditions. Furthermore, 

data packets suffer longer delays despite sufficient energy resources. In addition, its 

performance evaluation does not include other parameters such as energy efficiency 

and network throughput, which are primary concerns of QoS.

QPPD-MAC [11] supports QoS by assigning multi-priority to the data packets. It 

helps the highest priority packet by canceling the waiting timer to reduce the delay. 

Figure 2.24 presents the communication overview of QPPD-MAC. Furthermore, it 

adjusts the receiver duty cycle based on the remaining energy level. As a result, the 

receiver node wakes up frequently when its energy level is high. Moreover, its 

performance is evaluated using realistic harvesting rates under low and high irradiance 

scenarios. However, it adjusts the receiver's duty cycle without prior knowledge about 

the future available energy, leading to the following limitations. First, it does not plan 

how to utilize the incoming harvested to help further improve performance when 

sufficient energy resources are available. Second, it does not consider the high 

variability of energy intake over time, which may lead to power outages in the future. 

In addition, sender nodes must wait for the receiver wake-up beacon, consuming a 

considerable amount of energy in idle listening.

Tx receiver

Figure 2.24: Communication overview of QPPD-MAC [11]
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PSL-MAC [111] aims to address the data accumulation problem and improve the 

data transmission rate in EH-WSNs. The network consists of multiple nodes with 

different harvesting rates due to dynamic environmental conditions. Thus, low-energy 

nodes that serve as relay nodes face energy issues and cannot send stored packets 

to the next hop. As a result, this may lead to packet loss in the network. To deal with 

this problem, the proposed MAC introduces two techniques. First, the data 

transmission mechanism is introduced by which the sending node knows the number 

of request packets received by the receiving node. This enables it to start data 

transmission or go to the sleep state for charging. Second, the node holds data packets 

and waits for the request packet in the data processing mechanism. If it does not 

receive any request in a predefined time or fails to find the next-hop node, it increases 

the transmission power, broadcasts an emergency beacon, and waits for the 

suppression packet. After obtaining the suppression packet for the next-hop node, it 

sends the accumulated data with increased transmission power. After successful 

transmission, it reinstates the original transmission power. However, its performance 

does not provide any mechanism to use the excess and incoming harvested energy to 

enhance the performance. In addition, its performance is not evaluated under dynamic 

harvesting conditions using realistic harvesting rates.

HM-RIMAC [6] is proposed for the smart agriculture application that enables nodes 

to adjust their wake-up and sleep time according to energy level. It assumes that 

nodes are in the sleep state and then listens to the channel when enough energy is 

available. It employs a multi-layer approach in which nodes are distributed in different 

layers. The sender nodes listen for the receiver beacon and contend for the channel 

to transfer the data packet. If the channel is free, it sends the data packet and waits 

for the ACK. Otherwise, it follows a backoff algorithm and senses the channel when 

backoff time expires. The results show that it reduces packet collision and delay, and 

achieves good network throughput. However, it does not provide any plan to use the 

excess harvested energy. Furthermore, its performance is not evaluated using realistic 

harvesting conditions under dynamic harvesting conditions and is not compared with 

the energy harvesting MAC protocol.
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Many MAC protocols have been developed for EH-WSNs, focusing on applications 

such as agriculture and healthcare monitoring and employing different harvesting 

strategies and design alternatives, as shown in Table 2.3. Moreover, these protocols 

have used the receiver-initiated approach. These MAC protocols have incorporated the 

stored energy to dynamically adjust the parameters such as duty cycle, access 

probability, traffic load, relay node selection, and sensing interval to enhance network 

performance. For example, EH-MAC [99] incorporates energy harvesting rate in 

altering the contention probability, which determines whether to send the packet or 

not. OD-MAC [36] offers on-demand communication and its receiver broadcasts the 

beacon and waits to receive the packets from the nodes. It varies the wake-up beacon 

interval based on energy profile. LEB-MAC [100] achieve the energy and load 

balancing state among nodes. In MDP-SHE-WSNS [101], nodes send data packets by 

considering the energy level. ERI-MAC [102] uses a packet concatenation technique 

to improve energy efficiency by decreasing packet overheads. HAS-MAC [103] adjusts 

the working schedule of the node according to its energy level. In QAEE-MAC [12], 

the receiver adjusts medium access based on the energy state and support the priority 

data transmission. ED-CR [104] considers residual energy and accounts for 

prospective increase in energy level to adjust the duty cycle of the node according to 

its energy level. PBP-MAC [105] assigns a priority to relay nodes based on residual 

energy and current harvesting rate. SyWiM-MAC [106] aims to use Wake-up Variation 

Reduction Power Manager support, developed for nodes powered by periodic energy 

sources. R-MAC [107] selects the cluster head based on residual energy level or the 

size of data queue lengths. EH-TDMA-MAC [108] adjusts wake-up schedules according 

to available energy. EEM-MAC [13] regulates the duty cycle according to the remaining 

energy level. RF-AASP-MAC [109] adjusts the sleeping period according to traffic 

conditions and residual energy. In ENCOD-MAC [110], the receiver operates close to 

the ENO condition and sets the duty cycle based on harvested energy to improve 

network performance. QPPD-MAC [11] considers priority packets and adjusts the duty 

cycle based on different energy levels. PSL-MAC [111] employs a data accumulation 

processing mechanism and helps low-energy relay nodes to forward data packets.

2.4.2 Summary of Receiver-initiated MAC protocols
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HM-RIMAC [6] enables nodes to adjust their wake-up and sleep time according to 

energy level, and the node starts listening when enough energy is available.

However, most of the available receiver-initiated MAC protocols do not consider the 

incoming harvested energy in devising task scheduling, such as duty cycle adjustment 

and contention probability, as given in Table 2.3. Thus, it may hinder the execution of 

ongoing tasks and node operation during periods of energy scarcity. As a result, it can 

lead to an overall degradation in network performance. Furthermore, in high energy 

harvesting conditions, these protocols do not incorporate the upcoming harvested 

energy, which can be estimated using the energy prediction model to make smart 

energy allocation strategies and improve the performance. In addition, most available 

protocols do not plan how to optimize performance when the harvested energy value 

is more than or equal to the energy needed for the task execution. Moreover, their 

performance evaluation does not include all essential parameters such as ETE delay, 

PDR, network throughput, energy consumption per bit, receiver energy consumption, 

and total network energy consumption, which are of primary concern in QoS [7], as 

shown in Table 2.4. Furthermore, most available protocols do not consider realistic 

harvesting conditions in their performance evaluations. Hence, there is a great need 

to propose a more realistic energy prediction-based MAC protocol that can adapt to 

dynamic energy harvesting conditions and use smart energy allocation approaches to 

improve the performance.
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Table 2.3: Summary of techniques used in MAC protocols for EH-WSNs

M A C  

P ro to c o l 

a n d  Y e a r

EH

T e c h n iq u e

D e s ig n

A lte rn a t iv e
E N O

C o n s id e ra t io n
I n c o rp o ra te

P re d ic te d
E n e rg y

S u p p o rt
P a c k e t

P r io r ity

E n e rg y

M a n a g e m e n t

T e c h n iq u e

A p p lic a t io n

S u p p o rt

V a lid a t io n

HA-MAC [88] 
(2019)

RF Harvest-
store-

consume

X X X Adjust random 
access slots

Generic
application

Simulation

DeepSleep- 
MAC [89] 
(2015)

Generic
appraoch

Harvest-
store-

consume

X X X Energy-aware and 
controlled access

M2M
communication

Simulation

EL-MAC [90] 
(2014)

Generic
appraoch

Harvest-
store-

consume

X X X Adaptive CW Cognitive radio 
network

Simulation

SEHEE-MAC
[112]
(2011)

Solar Harvest-
store-

consume

X X X Adaptive slotted 
preamble schedule

Generic
application

Simulation

EA-MAC [91] 
(2011)

RF Harvest-
store-

consume

X X X Adaptive duty 
cycle and 
Contention 
algorithm

Monitoring
application

Simulation

PP-MAC [92] 
(2011)

Generic
approach

Harvest - 
consume

X X X Adaptive CW Monitoring
application

Simulation

MTTP-MAC
[93]

(2011)

Solar Harvest - 
consume

X X X Grouping strategy Generic
application

Testbeds

AE-MAC [94] 
(2015)

Generic
appraoch

Harvest-
store-

consume

X X X Adaptive
contention priority

M2M
communication

Simulation

REE-MAC
[95]

(2021)

RF Harvest-
store-

consume

X X X Adjust charging 
priorities based on 

energy

Generic
application

Simulation

E-MAC [96] 
(2021)

RF Harvest-
store-

consume

X X X Adaptive duty 
cycle

Generic
application

Simulation
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Table 2.3. continued

M A C  P ro to c o l 
a n d  Y e a r

EH

T e c h n iq u e

D e s ig n

A lte rn a t iv e
E N O

C o n s id e ra t io n
I n c o rp o ra te

P re d ic te d
E n e rg y

S u p p o rt
P a c k e t
P r io r ity

E n e rg y

M a n a g e m e n t
T e c h n iq u e

A p p lic a t io n

S u p p o rt

V a lid a t io n

S-LEARN-MAC
[97]

(2016)

RF Harvest-
store-

consume

X X X Adaptive
transmission

schedule

Generic
application

Simulation

CEH-MAC [98] 
(2015)

Generic
appraoch

Harvest-
store-

consume

X X X Energy-aware 
relay node

Healthcare
application

Simulation

EH-MAC [99] 
(2012)

Generic
approach

Harvest - 
consume

X X X Adaptive
contention
probability

Event Driven 
application

Simulation

OD-MAC [36] 
(2011)

Generic
appraoch

Harvest-
store-

consume

✓ X X Opportunistic
forwarding

Delay sensitive 
applications

Simulation

LEB-MAC [100] 
(2014)

Solar Harvest-
store-

consume

X X X Fuzzy logic Generic
application

Simulation

MDP-SHE-WSNS
[101]
(2021)

Solar Harvest-
store-

consume

X ✓ X Adaptive duty 
cycle

Generic
application

Simulation

ERI-MAC [102] 
(2014)

Generic
appraoch

Harvest-
store-

consume

✓ X X Queuing
mechanism

Application that 
generates small 

size packets

Simulation

HAS-MAC [103] 
(2021)

Solar Harvest-
store-

consume

X X X Wake-up and 
sleep scheduling

Generic
application

Simulation

QAEE-MAC [12] 
(2012)

Generic
appraoch

Harvest-
store-

consume

X X ✓ Adaptive CW Urgent/Critical
data

Analytical
computation

ED-CR [104] 
(2014)

Generic
appraoch

Harvest-
store-

consume

X ✓ X Wake-up/sleep
schedule

Generic
application

Simulation
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Table 2.3. continued

M A C  P ro to c o l 
a n d  Y e a r

EH

T e c h n iq u e

D e s ig n

A lte rn a t iv e
E N O

C o n s id e ra t io n
I n c o rp o ra te

P re d ic te d
E n e rg y

S u p p o rt
P a c k e t
P r io r ity

E n e rg y

M a n a g e m e n t
T e c h n iq u e

A p p lic a t io n

S u p p o rt

V a lid a t io n

PBP-MAC [105] 
(2019)

Generic
appraoch

Harvest-
store-

consume

X X X Selection of relay 
node

Generic
application

Simulation

SyWiM-MAC
[106]
(2015)

Solar Harvest-
store-

consume

✓ X X Wake-up variation 
reduction power 

management

Monitoring
application

Simulation 
and testbeds

R-MAC [107] 
(2021)

RF Harvest-
store-

consume

X X X Adaptive time 
slots for energy 

harvesting

Generic
application

Simulation

EH-TDMA-MAC
[108]
(2016)

Generic
appraoch

Harvest-
store-

consume

X X X Adaptive wake-up 
time

Generic
application

Simulation

EEM-MAC [13] 
(2019)

Generic
appraoch

Harvest-
store-

consume

X X X Wake-up and 
sleep scheduling

Application with 
periodic traffic 

Simulation

Simulation

RF-AASP-MAC
[109]
(2016)

RF Harvest-
store-

consume

X X X Differentiated
Contention
Window

Generic
application

Simulation

ENCOD-MAC
[110]
(2022)

Solar Harvest-
store-

consume

X X ✓ Adaptive duty 
cycle

Urgent/Critical
data

Simulation

QPPD-MAC [11] 
(2018)

Solar Harvest-
store-

consume

X X ✓ Adaptive duty 
cycle

Application with 
multi-priority data 

packets

Simulation

PSL-MAC [111] 
(2022)

Solar Harvest-
store-

consume

X X X Accumulated Data 
Processing 
mechanism

Generic
application

Simulation

HM-RIMAC [6] 
(2020)

Solar Harvest-
store-

consume

X X X Adaptive
transmission

schedule

Agriculture
monitoring

Simulation
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Table 2.4: List of performance metrics used in performance evaluation

P ro to c o l C h a n n e l

A c c e s s

S c h e m e

I n it ia t io n

P ro c e s s
D e la y E n e rg y  

C o n s u m p tio n  

p e r  B it

T h ro u g h p u t P D R T o ta l e n e rg y  

C o n s u m p tio n
P e rfo rm a n c e  

c o m p a r is o n  

w ith  E H -M A C

HA-MAC [88] 
(2019)

Slotted
ALOHA

Sender-initiated X X ✓ X X ✓

DeepSleep-MAC [89] 
(2015)

CSMA Sender-initiated X ✓ X X X ✓

EL-MAC [90] 
(2014)

CSMA Sender-initiated X ✓ ✓ X X ✓

SEHEE-MAC [112] 
(2011)

CSMA Sender-initiated X ✓ X X ✓ X

EA-MAC [91] 
(2011)

CSMA/CA Sender-initiated X ✓ ✓ X X X

PP-MAC [92] 
(2011)

Polling Sink-initiated ✓ X ✓ X X ✓

MTTP-MAC [93] 
(2011)

Polling Sink-initiated X X ✓ X X X

AE-MAC [94] 
(2015)

CSMA Sink-initiated ✓ X ✓ X X X

REE-MAC [95] 
(2021)

TDMA Sink-initiated X X ✓ X ✓ ✓

E-MAC [96] 
(2021)

CSMS/CA Sink-initiated X X ✓ X X X

S-LEARN-MAC [97] 
(2016)

CSMA Sink-initiated X X ✓ ✓ X ✓

CEH-MAC [98] 
(2015)

CSMA/CA Sink-initiated ✓ ✓ ✓ X X X

EH-MAC [99] 
(2012)

Polling Receiver-initiated X X ✓ X X ✓

OD-MAC [36] 
(2011)

CSMA Receiver-initiated ✓ X X X X X

LEB-MAC [100] 
(2014)

CSMA Receiver-initiated ✓ X X ✓ X ✓
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Table 2.4. continued

P ro to c o l C h a n n e l

A c c e s s
S c h e m e

I n it ia t io n

P ro c e s s
D e la y E n e rg y  

C o n s u m p tio n  

p e r  B it

T h ro u g h p u t P D R T o ta l e n e rg y  

C o n s u m p tio n
P e rfo rm a n c e  

c o m p a r is o n  

w ith  E H -M A C

MDP-SHE-WSNS
[101]
(2021)

CSMA Receiver-initiated X X ✓ X X ✓

ERI-MAC [102] 
(2014)

CSMA Receiver-initiated ✓ ✓ X X X X

HAS-MAC [103] 
(2021)

CSMS/CA Receiver-initiated ✓ X X X X ✓

QAEE-MAC [12] 
(2012)

CSMA Receiver-initiated ✓ X X X ✓ X

ED-CR [104] 
(2014)

CSMA Receiver-initiated ✓ X X ✓ ✓ X

PBP-MAC [105] 
(2019)

CSMA Receiver-initiated X X X X ✓ X

SyWiM-MAC [106] 
(2015)

CSMA Receiver-initiated ✓ X ✓ X X ✓

R-MAC [107] 
(2021)

TDMA Receiver-initiated ✓ X ✓ X ✓ ✓

EH-TDMA-MAC [108] 
(2016)

TDMA Receiver-initiated X ✓ ✓ X X ✓

EEM-MAC [13] 
(2019)

CSMA/CA Receiver-initiated ✓ X ✓ ✓ X ✓

RF-AASP-MAC [109] 
(2014)

CSMA Receiver-initiated ✓ ✓ ✓ X X X

ENCOD-MAC [110] 
(2022)

CSMA Receiver-initiated ✓ X ✓ ✓ X ✓

QPPD-MAC [11] 
(2018)

CSMA Receiver-initiated ✓ ✓ ✓ ✓ X ✓

PSL-MAC [111] 
(2022)

CSMA Receiver-initiated X X ✓ ✓ X ✓

HM-RIMAC [6] 
(2020)

CSMA Receiver-initiated ✓ X ✓ ✓ ✓ X
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2.5 Summary

In this chapter, we reviewed the basic design features and composition of the sensor 

node in EH-WSNs. Then, the sensor communication, energy harvesting sources, and 

harvesting design alternatives have been discussed in detail. Furthermore, the 

importance of energy prediction and the role of ML in EH-WSNs have been explained. 

Then, MAC protocols for EH-WSNS are described. Moreover, a detailed study on MAC 

protocols for EH-WSNs with respect to the initiation process has been undertaken. It 

includes the design features based on harvested energy, such as duty cycle 

adjustment and selection of relay node. The summaries of both the techniques and 

performance evaluation metrics used in existing MAC protocols are given. Finally, this 

chapter summarizes the existing receiver-initiated MAC protocols and their limitations.
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Chapter 3

Research Methodology

This chapter presents a novel and more realistic prediction-based receiver-initiated 

MAC protocol, called PADC-MAC. First, the communication overview of the proposed 

MAC is given in detail. Furthermore, it presents the prediction model, named NARNET 

model, which uses the actual solar irradiance data measured by National Renewable 

Energy Laboratory (NREL) for 19 consecutive months to predict the incoming 

harvested energy. Then, PADC-MAC proposes a mathematical formula that sets the 

receiver duty cycle corresponding to the current and incoming harvested energy 

obtained using the prediction model. Next, the self-adaptation technique is explained. 

It is then presented with an energy consumption model, MAC performance metrics, 

network simulation, and setup in GreenCastalia.

3.1 Proposed PADC-MAC protocol

The development of receiver-initiated PADC-MAC protocol is described in this 

section. The aim is to develop an adaptive duty cycle MAC Protocol for EH-WSNs that 

can incorporate current and future energy intake to optimize the network performance 

and ensure sustainable operation under dynamic harvesting conditions. The essential 

parts of PADC-MAC are: basic communication overview and traffic differentiation, an 

energy prediction model, adaptive duty cycle management, and a self-adaptation 

technique.

3.1.1 Basic Communication Overview and Traffic Differentiation

The essential communication between the receiver and three senders is shown in 

Figure 3.1. Initially, the receiver wakes up and broadcasts a wake-up beacon (WB). It 

indicates that it is ready to receive the packets from senders. Furthermore, it contains 

source address (SA) and duty cycle (dc), as given in Figure 3.2. After broadcasting 

WB, it initiates a waiting timer (Tw) and waits for the Tx beacon from senders. The 

time taken by the node to switch its radio state and process the packet is called short 

interframe space (SIFS).
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One Cycle

dc represents Tw canceled as the highest
1 /  pnonty packet, P4 receivedduty Cycle of

eor ve

SIFSm ~rmn 
TxB (PL)

SIFS
ZX

—
DATA

I--1—!_!_!--!

.........  I
TxB (P4)

&
ACK BLEEPRxB

......... zXReceiver

CCA
RxBTxB (POWB fd j SLEEPzXS e n d e r 1

Packet Generation
CCA SIFSS IF S

RxB ACKWB (dc) SLEEPDATAZX ZXSend e r 2

Packet Generation

W B  fd c) SLEEPSen d e r 3

T r a n s m it  [ ] J ]  R e c e iv e  [ _ J  S le ep T  U s te rm g

Figure 3.1: Communication overview of PADC-MAC protocol. The receiver initiates the communication by broadcasting WB. On 
the other side, Sender 1 and 2 send Tx-beacons (TxB) containing their packet priorities.
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Figure 3.2: Frame structure of WB

PADC-MAC offers traffic differentiation to support applications that generate packets 

with different urgency (e.g., fire alert vs. periodic temperature measurement). Thus, 

it allows sender nodes to assign four priority levels to data packets as normal (P 1), 

important (P2), most important (P3), and urgent (P4). The priority assigned 

corresponds to the data type defined in Table 3.1. Upon the reception of WB, the 

senders perform clear channel assessment (CCA) and transmit Tx beacons that include 

the packet priority, as given in Figure 3.3, using p -persistent CSMA technique that 

includes packet priority. In contrast, the receiver receives Tx-beacon(s) and selects 

the sender according to the received highest priority Tx beacon. Then, it cancels Tw 

accordingly. After that, it broadcasts the Rx beacon that includes, addresses of 

selected sender (5 5 ) and source, and network allocation vector (NAV), as given in 

Figure 3.4. After receiving the Rx beacon, the chosen node transmits the data packet 

to the receiver and waits for the acknowledgment (ACK) packet while other nodes 

sleep to conserve energy. Furthermore, the flowchart of the receiver and sender nodes 

are given in Figure 3.5 and Figure 3.6, respectively. The Frame Check Sequence (FCS) 

and Frame Control (FC) are fields from IEEE 802.15.4 standard.

Table 3.1 Priority level

Data type Priority Example

Urgent P4 Emergency alarm

Most important P3 Real time

Important P2 On-demand

Normal P1 Periodic

Figure 3.3: Frame structure of Tx-Beacon. DA and P represent destination address 
and priority value, respectively.
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Figure 3.4: Frame structure of Rx-Beacon

Calcu late RE,

•expect

Channel Idle?

Received Tx Beacon

Timer T „  Expired?

Set Duty Cycle Based on r e expec t

YesListen to Channel

Yes
B ro a d c a s t  W a k e - u p

W a it  f o r  Tw  t im e

Go to Sleep

Yes
C h e c k  P r io r i t y

W a i t  f o r  o t h e r  T x  B e a c o n s

Yes
S e n d  R x B e a c o n

Yes
D a ta  P a c k e t  R e c e iv e d

S e n d  A C K

End

W a k e - u p

Figure 3.5: Flowchart of the receiver node

68



Figure 3.6: Flowchart of the sender node 

3.1.2 Energy Prediction Model

Energy harvesting rate varies significantly over time due to dynamic weather and 

seasonal changes. Hence, there is a need to deal with the dramatic changes in 

harvesting energy and devise efficient energy allocation strategies to optimize network 

performance. Therefore, this section will develop an energy prediction model to 

forecast expected solar energy intake in the near future and incorporate it with the 

proposed PADC-MAC to proactively plan the available energy resources to enhance 

the performance. Therefore, the ANN model, namely the nonlinear autoregressive 

neural network (NARNET), is developed that uses the past solar irradiance data to 

predict future harvested energy accurately. The energy prediction mechanism involves 

data preparation and model development.
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T he  data p repa ra tion  invo lves raw  data p rocess ing  and  convers ion  in to m ean ing fu l 

fo rm  be fore  tra in ing  and testing  data. It beg in s w ith  co llecting  actua l so la r irrad iance  

data from  Nationa l Renew ab le  Energy Labo ra to ry  (N REL), w h ich  p rov ides h igh- 

reso lu tion  open -sou rce  irrad iance  data. T he  data con ta in s  13862 sam p les o f hourly  

so la r irrad iance  fo r 19 m onths from  April 1, 2010, to  O ctober 31, 2011, w h ich  

in co rpora tes both sum m er and w in te r data . T hese  da tase ts  a re  d iv ided  in to  80%  fo r 

tra in ing  and 20%  fo r testing  to va lid a te  the  m odel perfo rm ance.

T he  structu re  o f  the  p roposed  pred iction  m odel is g iven  in F igure  3.7. T he  model 

com prises  o f an inpu t layer, a h idden layer, and an ou tpu t layer. T he  h idden layer 

cons ists  o f  ten nodes and uses t a n s i g  a ctiva tion  function  to transfo rm  data in to the 

ou tpu t layer. T he  num ber o f h idden laye r nodes is chosen  as 10 th rough  the tria l-and - 

e rro r p rocedure  to  ob ta in  good accu racy  w h ile  cons ide ring  m odel com p lex ity  and 

com puta tion  tim e. Fu rtherm ore , the  h idden layer takes the  w e igh t and b ias 

param ete rs to  m anage neurons. In th is  perspective , the  learn ing  a im s to  find  optim al 

w e igh t va lues tha t p rov ide  the  m in im um  error. For that, the  m odel in co rpora tes the 

Le ven b e rg -M a rq u a rd t a lgo rithm  fo r w e igh t adap ta tion . The  ou tpu t layer invo lves one 

node and uses pure  linear (pure l in ) activa tion  to  fo recas t the  ene rgy  in the  nex t slot. 

T he  pe rfo rm ance  o f the  m odel is com puted  using M ean A bso lu te  E rror (MAE). T ab le  

3 .2  describes no ta tions used in the  m odel s tructu re . T he  N ARN ET  m odel can be w ritten  

using Eq. (3.1) [113].

y ( t )  =  h ( y ( t  -  1 ) , y ( t  - 2 ) , . . , y ( t  -  p ) )  +  e ( t )  ( 3 ^

w here  y ( t )  rep resen ts the  p red icted  va lue  o f  data se ries y  a t tim e  t  us ing p  past 

va lues. T he  function  h ( * )  is unknow n in advance , and  is app rox im a ted  th rough  the 

op tim iza tion  o f w e igh ts and neuron  b ias, and e ( t )  ind ica tes the  e rro r ob ta ined  from  

the model a t tim e  t .
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Figure 3.7: Structure of proposed neural network model with ten hidden layer nodes 

Table 3.2: Notations used in the structure of the neural network

Notation Description

Wtj Weights between input node i and hidden node j

bj Bias at hidden node j

tansig Tangent sigmoid activation function

Wi,0 Weights between hidden node j  and output node o

b0 Bias at output node o

pure/in Pure linear activation function

3.1.3 Adaptive Duty Cycle Mechanism

The dynamic energy harvesting conditions lead to uncertainty in the available 

energy, which drives the development of an adaptive duty cycle mechanism to ensure 

sustainable operation, specifically in energy-constrained environments. Furthermore, 

increasing the duty cycle when energy is abundant improves the network 

performance. In addition to the adaptable duty cycle, the node incorporates an 

additional feature that allows it to consider the incoming harvested energy to enhance 

the network performance further. This feature addresses the energy's unpredictable
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nature and enables nodes to use this knowledge to plan the available energy 

resources. Therefore, PADC-MAC supports the adaptive duty cycle ( dc) of the receiver 

and sets its dc according to the current energy level and the predicted energy in the 

next slot as follows

R E expec t  R e c u r r e n t  +  EPredict
(3. 2)

where REexpect , REcurrent and EPredict are the total expected remaining energy,

current remaining energy level, and predicted energy. These values are given in joules 

and computed at the beginning of the slot.

The REexpect in percentage is given as follows

(3. 3)
REexpect % ) =  ~ Ψ ^ Χ 1 0 0

^тах

where Emax denotes the maximum battery capacity in joules. The predicted energy 

Epredict is computed as follows

Epred ic t  Ep χ  Ps χ  Pe χ  d s (3. 4)

where Sp, Ps , Pe and d s denote predicted solar irradiance (W/m2) obtained from the 

prediction model, solar panel size (m2), panel efficiency, and duration of a timeslot in 

second. When REexpect is above 30% and EPredict value is equal or greater than

the maximum required energy in an hour. Then, the receiver node increases its duty 

cycle to a maximum value, i.e., 1, to enhance the network performance.

Table 3.3 shows the d c value according to different REexpect ranges and EPredict.

Table 3.3: Duty cycle adjustment based on REexpect and EPredict

REeXpect and EPredlct dc
50% < REexvect < 100% 1

REexpect — 30% and EPredict — Ec 1
10% < REexvect < 50% 0.11-0.55 (using Eq.(3.5))
0 < REexvect < 10% 0.05
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In case  w hen REexpect ranges be tw een  10%  to  50% , the  d c va lue  is be tw een  0.11 to 

0 .55 com puted  as fo llow s

d c
R E expec t  Efa

E-max E

+  1 0 %

th

(3. 5)

w here  Eth is th resho ld  ene rgy  (10%  o f Em ax) and is app lied  to ensu re  tha t the  ba tte ry  

o f node does not exhaust com p le te ly .

In T ab le  3 .3 , E c deno tes the  ene rgy  consum ption  o f a node w hen  it ope ra tes  a t the  

m ax im um  du ty  cyc le , i.e., 1, con tinuou s ly  fo r one  hour, and  is com puted  as fo llow s

Ec (^s X ( + &B + + &slp) ') + (nds X X (&RB + + ^ack ))  ̂ )

w here  n s rep resen ts the  num ber o f lis ten ing  s lo ts in one  hour in w h ich  no data 

transm iss ion  is perform ed. n ds deno tes the  num ber o f s lo ts in w h ich  the  rece ive r node 

rece ived  data packets from  N s sende r nodes. e s , e t , e B , e w , and e slp rep resen t 

ene rgy  spen t by the rece ive r sw itch ing  its rad io  states, lis ten ing  to  the  channe l, 

send ing  W B  beacon, w a iting  fo r T xB , and in s leep ing  state. e RB, e d , and  e ack deno te  

ene rgy  consum ed  in send ing  the  R x  beacon, rece iv ing  a data packet, and  transm itting  

an A C K  packet.

T he  com puted  d c va lue  can  be em p loyed  to  de fin e  the s leep  dura tion  (Ts le e p ) o f 

the  node as show n in the  fo llow ing  equation

T —1 sleep
Έlisten X  (1  d c~)

d r

(3. 7)

where Tusten represents the total listening time.
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3.1.3 Self-adaptation Technique

The receiver node periodically wakes up to accept incoming packets from sender 

nodes. However, the sender node with data packet uses significant amount of energy 

in idle listening for WB. To deal with the issue, the protocol utilizes a self-adaptation 

technique by which the receiver shares its duty cycle through a wake-up beacon with 

all senders. Upon the reception of a WB, a node checks its buffer before sensing the 

medium. In case nodes do not have data packets in their buffers, they adjust their 

sleeping time according to the received duty cycle of the receiver and wake up slightly 

before the receiver at the beginning of the next cycle to perform data transmission. 

The formula to compute Tsleep of the sender is as follows

rp _  frr Ρτ  I rp  ̂ I ^lis ten  X  d c)  ^
* sleep listen \*WB + * CCAJ +  ^ )

(3. 8)

The proposed self-adaptation technique allows the sender node to conserve energy 

by decreasing idle listening. For example, consider a scenario where Sender 1 (S i)  and 

Sender 2  (Si) receive WB from the receiver node that contains its duty cycle, as 

shown in Figure 3.8. After receiving WB, S i performs data transmission. However, 

since S1 does not hold the data packet, thus, it goes to sleep following the duty cycle 

of the receiver to conserve energy. Then, Si wake-up slightly prior to the receiver in 

the next cycle. It is essential to mention that if multiple senders send Tx beacons with 

the same priority, i.e., Pi, then the receiver considers the node based on the first 

arrived Tx beacon.
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W B  (de)TxB 0*4) T x B  (P i)

Cycle 1 Cycle 2

Start Listening
SF S SFSSFS SIFS

ACk SLEEPACK SLEEPD A T A D A T AReceiver

SIFSSF S
AΛ I  DATAWB dj TxB  P J : R ”,EW B d SLEEP SLEEPACKSender 1

P acke t G ene ra tio n

S F S SF S

I DATA ASender 2 W B d j W B (de)T xB  P J SLEEP SLEEP

P acke t G enera tion

Figure 3.8: Data transmission using the self-adaptation technique
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3.2 Energy Model

T he  ene rgy  m odel accoun ts  fo r the  tota l e n e rgy  consum ed  (E T ) and  harvested  

ene rgy  (Eh) by the  node. T he  ene rgy  consum ption , E T o f  a node is as fo llow s

n

E T —
i=0

(3.9)

w here  p, t, and n  deno tes pow er consum ption  rate  o f rad io  sta te  i, tim e  spen t in state  

t and the  num ber o f sta tes, respective ly . For exam p le , rad io  CC2420  has fou r states: 

s leep , tran sm iss ion , reception , and id le listen ing , consum ing  pow er o f 1.4 mW , 46.2  

mW , 62 mW , and  62 mW , respective ly . W hen  the  node tu rns ON its rad io  fo r 

transm itting  o r rece iv ing  a packet, the  ene rgy  is sub tracted  from  the battery. The  

m odel a lso  accoun ts  fo r ene rgy  consum ption  w hen  the node stays in the  lis ten ing  and 

s leep  states.

T he  harvested  energy, E h o f  a node is com puted  using the fo llow ing  fo rm u la

Eh —

N —96

J s x P s x P e x d s

N — 1
(3. 10)

w here  N  and  S  rep resen t the  num ber o f s im u la tion  hours and rea lis tic  so la r irrad iance  

(W /m 2) ob ta ined  from  NREL [14], respective ly .

3.3 Performance Metrics

Th is  subsection  describes  the  m etrics used in the  pe rfo rm ance  eva lua tion  o f PA D C - 

MAC.

3.3.1 Average packet delay

T he  ETE de lay  re fers to  the  to ta l tim e be tw een  the  genera tion  o f the  packe t a t the  

sou rce  and until its reception  a t the  destina tion . It can  be com puted  using the 

fo llow ing  equation

E T E  d e l a y  E q ueu +  D^rans  +  D p r0p +  D proc   ̂ ^
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where Dproc, Dqueu, Dprop, Dtrans, represent processing, queuing, propagation, and 
transmission delays, respectively.

3.3.2 Packet delivery ratio

It is defined as the the ratio of total number of packets received (NPPktR) by the 

receiver to the number of packets transmitted by the sender nodes (NPPktT). It can 

be computed is as follows

NPpktR
PDR = JT!  X 100%

NPpktT

(3. 12)

3.3.3 Network throughput

The average network throughput (NTh) is refers to the total number of data packets 

received by the receiver divided by the total simulation time (Ts ) as shown below

„  _  NPPktR X LPkt  (3 · 13)
N Th — ψ

* s

where LPkt denotes the packet size in bits.

3.3.4 Average energy consumption per bit (E )

It is defined as the total energy spent divided by the total number of data packets 

received, as given below

ET
E — ---------------------

NPPktR X Lpkt

and ET can be calculated using Eq. (3.9).

3.3.5 Total energy consumption in the network

(3. 14)

The total energy consumption, Etotal is the sum of energy spent by the receiver and 

sender nodes. It can be computed as follows
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Etotai — ^ tr + (NS χ  ETS) (3. 15)

w here  N s , E TR and E TS denote the number of sender nodes, energy 

consumption of the receiver and sender node, respectively. E TR and 

E TS can be computed using Eq. (3.9).

3.4 Network Simulator

T o  eva lua te  the  p rotoco l pe rfo rm ance  th rough  s im u la tions, w e im p lem en ted  the 

p rotoco l in G reenCasta lia  [114], an extens ion  o f the  Casta lia  3.3 s im u la to r [115]. 

Casta lia  is w ide ly  used by the  W SN  research  com m un ity  and  is based on O M N eT+ + 4.6  

[116]. It is an open -sou rce  fram ew o rk  and  is coded  in C++ . M oreover, it is des igned  

fo r G N U /L inux  p la tform s. Fu rtherm ore , it enab le s  the  deve lopm en t and  s im u la tion  o f 

ene rgy  harvesting  p ro toco ls and a lgo rithm s using rea lis tic  rad io  m odu les and  w ire le ss 

channe ls. For exam p le , the  user can  de fine  the rad io  m odel, i.e., CC2420 , and  add 

new  M AC and routing  p ro toco ls per app lica tion  requ irem en ts. In G reenCasta lia , the 

im p lem en ta tion  o f a senso r node fo llow s a m odu lar app roach , and each  m odu le  is 

connected  th rough  connection s , as show n in F igure  3 .9 . T he  ga tes rep resen t the  

m odu les ' inpu t and ou tpu t in te rfaces. In the  figu re , the  a rrow s ind ica te  the  re la tionsh ip  

be tw een  one  m odu le  to  ano ther, and the  dashed  arrow  deno tes a function  ca ll. F ina lly, 

the  senso r node transm its  the  m essage  to  the  w ire le ss  m odu le  fo r fu rthe r p rocessing . 

T he  so ftw are  o rgan iza tion  o f G reenCasta lia  is g iven  in F igure 3 .10. The  

EnergySubsystem  m odu le  is d iv ided  in to fou r subm odu le s: Ene rgyH arvesting , 

EnergyS to rage , EnergyM anager, and  EnergyP red ic to r, as show n in F igure  3 .1 1 .

• EnergyHarvesting: It rep resen ts an ene rgy  harvesting  dev ice , such so la r 

ce ll, connected  to  a node. It enab le s  nodes to ha rvest ene rgy  w ith  a particu la r 

e ff ic ien cy  from  the  su rround ing  env ironm en t to  pow er up its com ponen ts. Currently , 

G reenCasta lia  supports  tw o  m ode ls o f  ene rgy  harveste rs  (so la r cell and  w ind -m icro  

tu rb ine ) and  a llow s users to  use the app rop ria te  m odel per app lica tion  requ irem en ts. 

Fu rtherm ore , these  harveste rs  can a lso  take  tim estam ped  data ob ta ined  from  a rea l- 

life  dep loym en t to  s im u la te  the  rea lis tic  harvesting  scenario . In th is  w ork, w e feed  the
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harvester with actual solar irradiance data collected from the NREL. In addition, 

parameters such as solar panel size and efficiency can be defined.

Figure 3.9: Basic structure of the GreenCastalia
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Figure 3.10: GreenCastalia organization

Src/

Figure 3.11: Structure of the EnergySubSystem module
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• EnergyStorage: This represents a storage device, i.e., rechargeable battery 

that provides power to the node. This module contains three types of storage devices 

(non-rechargeable batteries, rechargeable batteries, and supercapacitors). It enables 

nodes to store harvested energy for future use. It allows users to choose a suitable 

battery model and sets parameters such as maximum capacity, initial battery capacity, 

and charging and discharging efficiency. In this work, a rechargeable battery is 

implemented with solar as an energy harvesting device.

• EnergyManager: Energy management is carried on by the EnergyManager 

module. It observes the harvested and consumed energy of the node over time. 

Furthermore, it holds the control logic for storage devices and manages the flow of 

energy from the harvesting device to storage and then to the load. It also keeps track 

of the battery capacity and performs periodic updates of the energy consumed by the 

node over time.

• EnergyPredicter: This module helps to design energy harvesting aware 

protocols and algorithms for EH-WSNs. It allows users to develop energy prediction 

models to forecast expected energy intake and use it to enhance the performance 

using smart energy allocation approaches. In this work, we proposed an offline 

prediction model that predicts hourly energy intake. Then, the proposed PADC-MAC 

uses the expected energy to set its duty cycle to optimize the performance under 

dynamic harvesting conditions.

3.5 Simulation Setup and Network Scenario

To evaluate the protocol performance, we implemented the PADC-MAC protocol in 

GreenCastalia [114]. Furthermore, to demonstrate the PADC-MAC performance, real- 

life solar data is utilized for four consecutive days (96 hours of simulations) from 

August 9-13, 2011 (high irradiance) and October 24-27, 2011 (low irradiance). The 

commercially available CC2420 radio module and TelosB node parameters are used. 

The receiver uses a solar panel of 7.7 cm2 with an efficiency of 22%. In addition, it 

employs a rechargeable battery with a capacity of 1500 mAh. Table 3.4 shows the 

simulation parameters. Moreover, it is optimized for the network that has a small 

number of sending nodes per receiver. This is because in a large size sensor network 

with single receiver, the PADC-MAC will require to increase beacon transmissions and
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duration of waiting timer (Tw) to accommodate all sender nodes. Resulting in, energy 

consumption and packet delay will increase. To address this issue, a large size sensor 

network can be divided into several smaller-sized networks, called clusters to achieve 

benefits like optimizing energy efficiency, and scalability and reduced routing delay 

[117, 118] at higher overhead costs [119]. In each cluster, both receiver and sender 

nodes can communicate with each other directly form a single-hop network. 

Therefore, to demonstrate the features of PADC-MAC, its performance is evaluated 

only using single-hop scenario and the network topology consists of a receiver and 7 

sender nodes randomly located within an area of 30 m x 30 m, as shown in Figure 

3.12. However, it can be extended to support the multi-hop scenario, for instance in 

the clustered network, the first hop is from the sender nodes to the cluster head 

(receiver), and it is then followed by next hops that is communication between cluster 

heads and eventually to the sink. This can be achieved by combining the proposed 

PADC-MAC and a routing scheme at the routing layer. Each sender node generates 

345600 packets with a rate of 1 packet per second with a size of 33 bytes and 

transmits to the receiver using the p-persistent CSMA approach, where the p-value is 

set as 1/Ns, where Ns represents the total number of senders. The performance of the 

PADC-MAC is evaluated in terms of average ETE delay for the highest priority packet 

and all packets, network throughput PDR, energy consumption per bit, receiver energy 

consumption, and total network energy consumption. For performance comparison, 

three well-known MAC protocols for EH-WSNS, namely QPPD-MAC, QAEE-MAC, and 

EEM-MAC are also implemented. In these protocols, nodes solely depend on the 

current energy level to keep the node operational without considering the high 

variability of energy intake in dynamic harvesting conditions, which may degrade their 

performance.
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Table 3.4: Simulation parameters

Simulation time 96 hours

Data packet 33 bytes

Tx beacon 14 bytes

ACK packet 11 bytes

Rx beacon 13 bytes

Wake-up beacon 13 bytes

Physical frame overhead 6 bytes

Harvesting rate Variable

Solar panel size 7.7 cm2

Panel efficiency 22%

Retransmission limit 10

Data rate 250 kbps

Number of sender nodes 1 to 7

Node type Telos Rev B

Operating voltage 2.4 V

SIFS 0.192 ms

CCA check delay 0.128 ms

T/isten 17ms

Tw 5 ms

Slot size 320 μs

Emax 12960J

Eth 10%

Initial battery level 45%
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Figure 3.12: Network topology used in performance evaluation.

3.6 Summary

This chapter presents the proposed PADC-MAC in detail. First, it discusses the 

communication overview and traffic differentiation between the receiver and sender 

nodes. Then, the prediction model, named NARNET, which predicts the incoming 

harvested energy, is explained. Next, the duty cycle mechanism is presented, which 

incorporates current and future energy intake to adjust the duty cycle of the receiver 

using a numerical formula. It enables the node to rise the duty cycle when sufficient 

energy resources are available to improve the network performance. Moreover, the 

self-adaptation technique is described, which helps sender nodes to conserve energy 

in the network. Finally, performance metrics, network simulator, simulation setup, and 

parameters are given. The performance evaluation of the proposed prediction model 

and PADC-MAC protocol under dynamic harvesting conditions are shown in the next 

chapter.
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Chapter 4

Results and Discussion
This chapter firstly presents the performance evaluation of the proposed NARNET 

model and its comparisons with EWMA and actual data under dynamic harvesting 

conditions. Secondly, the performance evaluation of the proposed PADC-MAC protocol, 

which incorporates energy prediction results obtained using NARNET in the 

GreenCastalia simulator under high and low solar harvesting conditions, is presented. 

Finally, simulation results in average ETE delay for the highest priority packet and all 

packages, packet delivery ratio, network throughput, energy consumption per bit, 

receiver energy consumption, and total network energy consumption are discussed 

and compared with QPPD-MAC, QAEE-MAC, and EEM-MAC protocols.

4.1 Performance Evaluation of the NARNET Model

The NARNET model is implemented in MATLAB R2022a to predict the hourly solar 

irradiance value. Thus, each day is divided into 24 timeslots. The developed model 

has one-dimensional solar irradiance data measured by NREL for 19 consecutive 

months. The data contains 13862 samples of solar irradiance from April 1, 2010, to 

October 31, 2011, incorporating seasonal variations. The model is trained offline using 

available NREL data from April 2010 to June 2011 and tested using the data from July 

2011 to October 2011, which includes high and low energy harvesting scenarios. 

Furthermore, the performance has been compared with EWMA using different months' 

data, i.e., August (high harvesting) and October (low harvesting) scenarios. The 

prediction error is computed using MAE

M A E (% ) = Σ |^ ~  ^ 1 X 100 (4' 1

where St and Št are actual and predicted irradiance during timeslot t, respectively.

Figure 4.1 and Figure 4.2 presents high solar irradiance and corresponding energy 

obtained using the solar panel, respectively. The results compare the prediction 

performance of the developed NARNET model with actual data and EWMA for four 

consecutive days, i.e., 9th to 13th August 2011. For a fair comparison, the weighting
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factor (α) in EWMA is set to 0.5, which provides the lowest error [120]. The results 

show that the proposed model closely follows the actual trend and accurately predicts 

the incoming irradiance with a correlation coefficient (R) of 0.98 and MAE of 11.75%. 

In contrast, EWMA achieves R of 0.96 and provides the MAE of 16.90%. The EWMA 

incorporates energy intake in current slot as well as of previous days to perform the 

prediction for the next slot. As a result, it fails to adapt to sudden changes in weather 

conditions, particularly on the first day and as a result it provides greater MAE of up 

to 30.47% when compared with the proposed prediction model.

Figure 4.1: Average hourly solar irradiance data for four consecutive days, 9th to 
13th August 2011, versus simulation time
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Figure 4.2: Comparison of predicted energy obtained using NARNET and EWMA 
with actual energy for four days consecutive days, 9th to 13th August 2011.

Figure 4.3 and Figure 4.4 present low solar irradiance data and corresponding 

energy for four consecutive days, i.e., 24th to 27th October 2011. The results show that 

the NARNET attains good agreement with the actual energy and provides R and MAE 

of 0.95 and 28.46%, respectively, which are marginally different than Figure 4.1. This 

is because weather conditions are changing consistently every day. On the other hand, 

sudden weather changes also degrade EWMA performance. It achieves an R of 0.82 

and provides MAE of 39.48%, respectively, which is 28% more than NARNET.
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The primary objective of employing a prediction model is to optimize the network 

performance by allocating incoming harvested energy efficiently. Therefore, the 

following section describes the performance evaluation of the proposed PADC-MAC 

protocol, which incorporates incoming harvested energy to set the duty cycle of the 

receiver to enhance the performance under high and low energy harvesting 

conditions.

4.2 Performance Evaluation of PADC-MAC Protocol

In this subsection, the performance of the PADC-MAC protocol has been evaluated 

under both high and low solar energy harvesting conditions in terms of in average ETE 

delay for the highest priority packet and all packages, packet delivery ratio, network 

throughput, energy consumption per bit, receiver energy consumption, and total 

network energy consumption. Furthermore, the performance of the PADC-MAC has 

been compared with three existing protocols for EH-WSNs, namely QPPD-MAC, QAEE- 

MAC, and EEM-MAC.

4.2.1 High Irradiance Scenario

The remaining energy, REtotai of the receiver is shown in Figure 4.5. Initially, the 

receiver starts its operation with battery level of 45%, and the day starts at midnight. 

The REtotai declines slightly as solar energy is unavailable until sunrise (shown in the 

high solar irradiance scenario, Figure 4.1), and the receiver uses its stored battery 

energy to execute communication-related tasks. After sunrise, its values slowly 

increase to 62.5%, 65.7, 65.8%, and 66.1% in PADC-MAC, QPPD-MAC, QAEE-MAC, 

and EEM-MAC, respectively, on the first day. Then, it declines again as harvesting 

energy is unavailable after sunset. During the last three days, sufficient harvesting 

energy was available. Thus, its values reach 98.7%, 98.8%, 99.3%, and 98.8% at the 

end of the fourth day. It can be noticed that PADC-MAC has a lower REtotai values 

during 18h to 90h when compared to other protocols. This is because of two reasons. 

First, it regulates the receiver duty cycle based on its remaining energy and increases 

the duty cycle more aggressively to lower the delay, while maintaining and ensuring 

a stable level of battery energy. Resulting in, a slight decrease in REtotai when 

compared to other protocols. Furthermore, it incorporates knowledge of future energy 

intake (given in Figure 4.2) to optimize the network performance further. Thus, it
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increases its duty cycle to 1 when sufficient energy is available in the next hour and 

is more than the required energy, Ec. However, other protocols do not consider energy 

prediction and do not perform aggressively even though adequate energy is available 

during the daytime for all days.
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Figure 4.5: Remaining energy of the receiver

Figure 4. 6 presents the duty cycle of the receiver. Initially, PADC-MAC, QPPD-MAC, 

and QAEE-MAC start their operation with a duty cycle value of 50%, while its value is 

set to 56% in EEM-MAC. Subsequently, the duty cycle decreases to 45.5%, 45.5%, 

and 54.3% in PADC-MAC, QPPD-MAC, and EEM-MAC, respectively. The reason is that 

the receiver incorporates REtotal to adjust its duty cycle values, which decline slighty, 

as external solar energy is unavailable until sunrise. After that, in PADC-MAC, the duty 

cycle rises to maximum value i.e., 1 for the following three days. The reason is that 

the receiver battery is sufficiently charged to more than 50% for the following days, 

and duty cycle is increased to reduce sleep time. This helps the receiver to stay active 

for almost 86 hours and to minimize delay for the incoming packets. In addition, it 

also incorporates predicted harvesting energy in the next hour, i.e., HEpredicted and 

uses this information in duty cycle adjustment to further improve the performance. In 

QPPD-MAC, QAEE-MAC, and EEM-MAC, the receiver becomes more conservative
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despite adequate energy resources for all consecutive days; thus, they have missed 

the opportunity to improve their performance.

Figure 4. 6 : Duty cycle of the receiver

Figure 4.7 shows the average ETE delay for the different priority packets in all 

protocols. The results are shown for different packet priorities (A , P3, Pi, P )  in both 

PADC-MAC and QPPD-MAC, (Pi, P  ) in QAEE-MAC, and the average of all packets in 

EEM-MAC as it does not consider packet priority. For the comparison, only delay results 

for the highest packet are discussed. The result indicates that PADC-MAC provides a 

meaningful reduction in delay of up to 13.5%, 46%, and 28% compared to QPPD- 

MAC, QAEE-MAC, and EEM-MAC, respectively, across all sender nodes. The reason is 

that both PADC-MAC and QPPD-MAC support the P4 priority packets by shortening the 

waiting timer when they arrive. Furthermore, PADC-MAC uses the harvested energy 

more aggressively, when possible, by maximizing its duty cycle corresponding to its 

remaining energy level and the potential increase in energy level in the near future. 

Therefore, considering battery capacity and incoming harvested energy, the receiver 

operates on the maximum duty cycle, i.e., 1. As a result, the radio remains active most 

of the time, which decreases the delay for incoming packets, P4. In contrast to PADC- 

MAC, QPPD-MAC, QAEE-MAC, and EEM-MAC are more energy-conservative and 

operate without incorporating incoming harvested energy. Thus, the data packets
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suffer long delays despite sufficient energy resources. It can be seen that QAEE-MAC 

has the highest average delay for priority packets compared to other protocols. This 

is because it operates on a fixed duty cycle and does not consider current harvesting 

to enhance the performance.
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Figure 4.7: Average ETE delay for priority packets

The average ETE delay of all packets is shown in Figure 4.8. Again, PADC-MAC 

outperforms other protocols even in the average delay of all data packets. 

Furthermore, the result shows that PADC-MAC provides the lowest packet delay by up 

to 13.5%, 40.2%, and 14.4% compared to QPPD-MAC, QAEE-MAC, and EEM-MAC, 

respectively. The fact is that it increases its duty cycle based on its remaining energy 

level and the potential increase in energy in the near future. The result also indicates 

that EEM-MAC performs slightly better than PADC-MAC when the number of sender 

nodes is 1-4. First, it allows nodes to send their packets with no priority. Second, a 

few sender nodes experience low contention in accessing the medium and, as a result, 

lower average delay. However, EEM-MAC performance decreases compared to PADC- 

MAC when the number of sending nodes is 5-7. The reason is that when there are a
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h ig h e r  n u m b e r  o f  s e n d e r  n o d e s ,  n o d e s  t r y  t o  a c c e s s  t h e  m e d iu m  s im u lt a n e o u s ly  

w it h o u t  p r io r i t y  d i f f e r e n t ia t io n ,  w h ic h  in c r e a s e s  p a c k e t  d e la y .

F ig u r e  4 .8 :  A v e r a g e  E T E  d e la y  o f  a l l  p a c k e t s

F ig u r e  4 . 9  p r e s e n t s  t h e  P D R  o f  a l l  p r o t o c o ls .  I t  c a n  b e  n o t ic e d  t h a t  a l l  p r o t o c o ls  

a c h ie v e  a lm o s t  1 0 0 %  P D R  a c r o s s  a l l  n u m b e r s  o f  s e n s o r  n o d e s .  T h is  is  b e c a u s e  t h e  

r e c e iv e r  in  a l l  p r o t o c o ls  h a s  s u f f ic ie n t  e n e r g y  t o  m a in t a in  i t s  o p e r a t io n  a n d  is  a v a i la b le  

t o  a c c e p t  t h e  in c o m in g  p a c k e t s .  T h e  a v e r a g e  n e t w o r k  t h r o u g h p u t  p e r f o r m a n c e  o f  a l l  

p r o t o c o ls  is  p r e s e n t e d  in  F ig u r e  4 . 1 0 .  T h e  n e t w o r k  t h r o u g h p u t  in c r e a s e s  l in e a r ly  w it h  

r e s p e c t  t o  t h e  n u m b e r  o f  s e n d e r  n o d e s .  T h e  r e s u lt  in d ic a t e s  t h e  m a x im u m  v a lu e  o f  

1 5 6 8  b p s  w h e n  s e n d e r  n o d e s  a r e  7 .
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F ig u r e  4 .9 :  P a c k e t  d e l iv e r y  r a t io

Figure 4.10: Network throughput
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F ig u r e  4 . 1 1  p r e s e n t s  t h e  e n e r g y  c o n s u m p t io n  p e r  b i t  in  a l l  t h r e e  p r o t o c o ls .  I t  

in c r e a s e s  l in e a r ly  b e c a u s e  m o r e  p a c k e t s  a r e  t r a n s m it t e d  a t  a  h ig h e r  n u m b e r  o f  s e n d e r  

n o d e s .  I n  P A D C - M A C ,  it  d e c r e a s e s  s ig n i f i c a n t ly  b y  u p  t o  8 1 %  c o m p a r e d  t o  o t h e r  

p r o t o c o ls .  T h is  is  b e c a u s e  t h e  P A D C - M A C  u s e s  s e l f - a d a p t a t io n  in  w h ic h  t h e  r e c e iv e r  

s h a  r e s  i t s  f o l lo w in g  w a k e - u p  s c h e d u le  w it h  a l l  s e n d e r  n o d e s  t h r o u g h  t h e  w a k e - u p  

b e a c o n .  A f t e r  o b t a in in g  t h e  w a k e - u p  b e a c o n ,  t h e  s e n d e r  n o d e s  t h a t  h a v e  d a t a  p a c k e t s  

c o n t e n d  f o r  t h e  m e d iu m  t o  p e r f o r m  d a t a  t r a n s m is s io n .  O t h e r  s e n d e r  n o d e s  in c o r p o r a t e  

t h e  r e c e iv e r 's  w a k e - u p  s c h e d u le  a n d  a d j u s t  t h e i r  s le e p  t im e  t o  w a k e  u p  j u s t  b e f o r e  

t h e  r e c e iv e r .  A s  a  r e s u lt ,  n o d e s  c o n s e r v e  e n e r g y  b y  r e d u c in g  id le  l is t e n in g .  I n  o t h e r  

p r o t o c o ls ,  s e n d e r  n o d e s  a r e  u s u a l ly  a c t iv e ,  w h ic h  le a d s  t o  a n  in c r e a s e  in  e n e r g y  

c o n s u m p t io n  d u e  t o  id le  l is t e n in g .  I t  c a n  a ls o  b e  s e e n  t h a t  b o t h  Q P P D - M A C  a n d  Q A E E -  

M A C  h a v e  s l ig h t ly  lo w e r  e n e r g y  c o n s u m p t io n  p e r  b i t  c o m p a r e d  t o  E E M - M A C  w h e n  

s e n d e r  n o d e s  is  7 . T h e  is  b e c a u s e  t h e s e  p r o t o c o ls  u s e  t h e  R X  b e a c o n  t h a t  c o n t a in s  a  

N A V  v a lu e .  A f t e r  a c c e p t in g  R X - b e a c o n ,  t h e  n o n - d e s ig n a t e d  s e n d e r  n o d e s  s le e p  

u n t i l  N A V  t im e r  e x p ir e s ,  w h ic h  c o n s e r v e s  e n e r g y .

Figure 4.11: Average energy consumption per bit
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The receiver energy consumption (E) in all protocols is given in Figure 4.12. It can 

be noticed the PADC-MAC consumes more energy by up to 14.7%, 50.4%, and 26% 

compared to QPPD-MAC, QAEE-MAC, and EEM-MAC, as expected. This is because the 

receiver in PADC-MAC becomes more aggressive when it has sufficient energy 

available and aims to use it efficiently to optimize the network performance. Thus, it 

increases its duty cycle by reducing sleep time according to the remaining energy 

level. Moreover, it also incorporates expected harvesting energy in the next hour to 

increase the duty cycle further. This helps reduce packet delay in the network at the 

cost of a slight energy consumption increase when sufficient harvesting energy is 

available. In other protocols, the receiver becomes more energy-conservative, 

resulting in lower energy consumption than PADC-MAC. However, it can also be 

noticed that the energy consumption in PADC-MAC, QPPD-MAC, and QAEE-MAC 

slightly increases with the varying number of nodes. This is because the receiver 

receives more packets. In addition, the receiver has to wait until it gets the highest 

priority packet. On the other hand, energy consumption slightly decreases in EEM- 

MAC for higher sender nodes. This is because EEM-MAC does not employ TX-beacon 

and RX-beacon, and the receiver does not wait for a particular packet. Thus, after 

receiving the first data, it sleeps to conserve energy.

Figure 4.12: Energy consumption of the receiver
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F ig u r e  4 . 1 3  s h o w s  t h e  t o t a l  e n e r g y  c o n s u m p t io n  f o r  t h e  d i f f e r e n t  n u m b e r  o f  s e n d e r  

n o d e s .  I t  c o m b in e s  t h e  r e c e iv e r 's  e n e r g y  c o n s u m p t io n  a n d  t h e  s e n d e r  n o d e s '  t o t a l  

e n e r g y  c o n s u m p t io n .  I t  c a n  n o t ic e d  t h a t  t h e  P A D C - M A C  s h o w s  a  m e a n in g f u l  r e d u c t io n  

o f  u p  t o  7 6 .6 % ,  7 6 .4 % ,  a n d  7 6 .9 %  w h e n  c o m p a r e d  t o  Q P P D - M A C  Q A E E - M A C ,  a n d  

E E M - M A C ,  r e s p e c t iv e ly .  T h is  is  b e c a u s e  t h e  P A D C - M A C  u s e s  a  n o v e l s e l f - a d a p t a t io n  

t e c h n iq u e  b y  w h ic h  t h e  s e n d e r  c o n s e r v e s  e n e r g y  a n d  b e c o m e s  a c t iv e  s l ig h t ly  p r io ir  t o  

t h e  r e c e iv e r .  T h is  le a d s  t o  r e d u c in g  o v e r a l l  e n e r g y  c o n s u m p t io n .  O n  t h e  o t h e r  h a n d ,  

Q A E E - M A C  p r o v id e s  a  m a r g in a l ly  lo w e r  v a lu e  c o m p a r e d  t o  Q P P D - M A C  a n d  E E M - M A C .  

T h e  r e a s o n  is  t h a t  in  Q A E E - M A C ,  t h e  r e c e iv e r  e n e r g y  c o n s u m p t io n  is  lo w e r  t h a n  Q P P D -  

M A C  a n d  E E M - M A C ,  r e s u lt in g  in  s l ig h t ly  lo w e r  t o t a l  e n e r g y  c o n s u m p t io n .

F ig u r e  4 .1 3 :  T o t a l  e n e r g y  c o n s u m p t io n  

4.2.2 Low Irradiance Scenario

T h e  r e m a in in g  e n e r g y  is  p r e s e n t e d  in  F ig u r e  4 . 1 4 .  I n i t ia l ly ,  it  d e c l in e s  a s  s u n l ig h t  is  

u n a v a i la b le  u n t i l  m o r n in g  ( a s  s h o w n  in  t h e  lo w  s o la r  i r r a d ia n c e  s c e n a r io ,  F ig u r e  4 . 3 ) .  

T h e n ,  it  in c r e a s e s  u n t i l  n o o n  a n d  r e a c h e s  4 6 .7 % ,  4 8 .8 % ,  4 8 .8 % ,  a n d  4 9 .2 %  in  P A D C -  

M A C ,  Q P P D - M A C ,  Q A E E - M A C ,  a n d  E E M - M A C ,  r e s p e c t iv e ly .  I t  f o l lo w s  a  s im i la r  t r e n d
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f o r  t h e  n e x t  t h r e e  d a y s .  I t  c a n  b e  n o t ic e d  t h a t  i t s  v a lu e  is  s ig n i f i c a n t ly  lo w e r  t h a n  t h o s e  

in  t h e  h ig h  i r r a d ia n c e  s c e n a r io .  M o r e o v e r ,  t h e  b a t t e r y  r e m a in s  c h a r g e d  u p  t o  4 9 .4 % ,  

5 8 .9 % ,  6 0 .7 % ,  a n d  6 1 .1 %  in  P A D C - M A C ,  Q P P D - M A C ,  Q A E E - M A C ,  a n d  E E M - M A C ,  

r e s p e c t iv e ly ,  a t  t h e  e n d  o f  t h e  la s t  d a y .  M o r e o v e r ,  t h e s e  v a lu e s  a r e  4 9 .3 % ,  3 9 .9 % ,  

3 8 .6 % ,  a n d  3 7 .7 %  le s s  t h a n  t h o s e  in  F ig u r e  4 .5 .  I t  c a n  b e  s e e n  t h a t  P A D C - M A C  h a s  

a  lo w e r  v a lu e  w h e n  c o m p a r e d  t o  o t h e r s .  T h is  is  b e c a u s e  t h e  P A D C - M A C  u s e s  it s  

a v a i la b e  e n e r g y  t o  r e g u la t e  it s  d u t y  c y c le  m o r e  a g g r e s s iv e  t o  e n h a n c e  t h e  n e t w o r k  

p e r f o r m a n c e ,  w h i le  m a in t a in in g  a n d  e n s u r in g  a  s t a b le  le v e l o f  b a t t e r y  e n e r g y .  T h u s ,  

i t  in c r e a s e s  t h e  d u t y  c y c le  b y  c o n s id e r in g  b o th  r e m a in in g  a n d  f o r e c a s t in g  e n e r g y  

v a lu e s  t o  m in im iz e  t h e  p a c k e t  d e la y .  A s  a  r e s u lt ,  t h e  r e m a in in g  e n e r g y  is  d e c r e a s e d .
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F ig u r e  4 .1 4 :  R e m a in in g  e n e r g y  o f  t h e  r e c e iv e r

T h e  d u t y  c y c le  o f  t h e  r e c e iv e r  in  a l l  p r o t o c o ls  is  g iv e n  in  F ig u r e  4 . 1 5 .  T h e  r e s u lt  

s h o w s  s ig n i f i c a n t  v a r ia t io n  in  P A D C - M A C  c o m p a r e d  t o  o t h e r  p r o t o c o ls .  In  a d d it io n ,  i t s  

v a lu e  c h a n g e s  a b r u p t ly  t o  m a x im u m ,  i .e . ,  1 in  c e r t a in  h o u r s ,  m a in ly  d u r in g  t h e  

d a y t im e ,  f o r  a lm o s t  s e v e n  t im e s .  T h e n ,  i t  r e t u r n s  s u d d e n ly  a n d  f o l lo w s  a  c o n t in u o u s
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trend as QPPD-MAC and EEM-MAC. This is because it incorporates the remaining 

energy and predicted energy value as given in Figure 4.14 and Figure 4.4, respectively, 

to adjust the receiver duty cycle. During certain hours of the day, it meets the 

condition where the expected energy value is greater than the maximum required 

energy in an hour. This leads to increasing the duty cycle to a maximum value, i.e., 

1, to enhance the network performance. Moreover, small changes in the duty cycle 

are due to weather conditions such as cloud cover that could suddenly appear and 

disappear. On the other hand, QAEE-MAC uses on a fixed duty cycle, i.e., 0.5, and 

thus shows a straight line.

Time(h)

Figure 4.15: Duty cycle of the receiver versus simulation time 

Figure 4.16 shows the average ETE delay for the highest priority packet. In PADC- 

MAC, the highest priority packet, P4 experiences less delay by up to 10.7%, 27.8%, 

and 23.2% compared to P4 in QPPD-MAC, P2 in QAEE-MAC, and the average of all 

packages in EEM-MAC. This is due to the duty cycle mechanism, which allows the 

PADC-MAC's receiver to increase its duty cycle when sufficient energy resources are
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available. Thus, it wakes up frequently to collect the priority packets. As a result, it 

minimizes the waiting time for priority packets to reduce the delay. Nevertheless, it 

can be seen that PADC-MAC suffers slightly higher delays for P3, P2, and Pi priority 

packets in comparsion to the highest priority packet of QPPD-MAC. This is because it 

aims to meet the requirement of transmitting the highest priority packet, P4, faster 

than others priority packets. Thus, lower priority packets experience longer delays 

before their transmission. It can also be seen that delay increases linearly with respect 

to the number of sender nodes . The reason is that more sender nodes contend for a 

medium to transmit their packet, contributing to a higher average delay.
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Figure 4.16: Average ETE delay for priority packets

The average ETE delay for all packets is shown in Figure 4.17. The result indicates 

that the PADC-MAC outperforms other protocols when the number of senders is 5-7. 

Furthermore, the PADC-MAC offers a meaningful reduction of up to 10.2%, 19.3%,
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a n d  7 .8 %  c o m p a r e d  t o  Q P P D - M A C ,  Q A E E - M A C ,  a n d  E E M - M A C ,  r e s p e c t iv e ly .  T h e  

r e a s o n  is  t h a t  t h e  r e c e iv e r  f o l lo w s  t h e  d u t y  c y c le  a d j u s t m e n t  m e c h a n is m ,  w h ic h  a l lo w s  

t h e  r e c e iv e r  t o  in c r e a s e  it s  l is t e n in g  t im e  w h i le  c o n s id e r in g  it s  c u r r e n t  e n e r g y  le v e l a n d  

in c o m in g  h a r v e s t e d  e n e r g y  t o  r e d u c e  d e la y .  I t  c a n  a ls o  b e  n o t ic e d  t h a t  E E M - M A C  

p r o v id e s  b e t t e r  p e r f o r m a n c e  c o m p a r e d  t o  Q P P D - M A C  a n d  Q A E E - M A C .  T h e  r e a s o n  is  

t h a t  t h e  r e c e iv e r  o f  E E M - M A C  h a s  a  h ig h e r  d u t y  c y c le  t h a n  b o th  p r o t o c o ls ,  r e s u lt in g  in  

a  lo w e r  a v e r a g e  p a c k e t  d e la y .

F ig u r e  4 .1 7 :  A v e r a g e  E T E  d e la y  o f  a l l  p a c k e t s

T h e  P D R  a n d  n e t w o r k  t h r o u g h p u t  p e r f o r m a n c e  o f  a l l  p r o t o c o ls  a r e  p r e s e n t e d  in  

F ig u r e  4 . 1 8  a n d  F ig u r e  4 . 1 9 ,  r e s p e c t iv e ly .  T h e  r e s u lt s  s h o w  t h a t  a l l  p r o t o c o ls  a c h ie v e  

a  P D R  o f  a lm o s t  1 0 0 %  a n d  n e t w o r k  t h r o u g h p u t  o f  1 5 6 8  b p s ,  t h e  s a m e  a s  in  h ig h  s o la r  

s c e n a r io s .
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F ig u r e  4 .1 8 :  P a c k e t  d e l i v e r y  r a t io

F ig u r e  4 .1 9 :  N e t w o r k  t h r o u g h p u t
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F ig u r e  4 . 2 0  p r e s e n t s  e n e r g y  c o n s u m p t io n  p e r  b it .  P A D C - M A C  a c h ie v e s  b e t t e r  

p e r f o r m a n c e  b y  u p  t o  8 1 .7 %  c o m p a r e d  t o  Q P P D - M A C  a n d  Q A E E - M A C  a n d  u p  t o  8 2 %  

c o m p a r e d  t o  E E M - M A C .  T h e  r e a s o n  it  t h a t  it  u s e s  a  s e l f - a d a p t a t io n  t e c h n iq u e  t h a t  

a l lo w s  s e n d e r s  t o  r e g u la t e  t h e i r  s le e p  a n d  w a k e  u p  a c c o r d in g ly  s o  t h a t  t h e y  b e c o m e  

a c t iv e  s l ig h t ly  b e f o r e  t h e  r e c e iv e r  t o  c o n s e r v e  e n e r g y .  I n  o t h e r  p r o t o c o ls ,  t h e  s e n d e r  

n o d e s  a r e  u s u a l ly  a c t iv e ,  w h ic h  in c r e a s e s  e n e r g y  c o n s u m p t io n .  I t  c a n  b e  n o t ic e d  t h a t  

P A D C - M A C  h a s  a lm o s t  t h e  s a m e  p e r f o r m a n c e  in  b o t h  s c e n a r io s  b e c a u s e  t h e  s a m e  

n u m b e r  o f  p a c k e t s  a r e  d e l iv e r e d  in  t h e  n e t w o r k s .  M o r e o v e r ,  Q P P D - M A C  a n d  Q A E E -  

M A C  p r o v id e  s l ig h t ly  lo w e r  v a lu e s  c o m p a r e d  t o  E E M - M A C .  T h is  is  b e c a u s e  b o th  

p r o t o c o ls  u s e  R X  b e a c o n  t h a t  c o n t a in s  N A V  v a lu e .  A f t e r  r e c e iv in g  R X - b e a c o n ,  t h e  n o n ­

s e le c t e d  s e n d e r  n o d e s  s le e p  u n t i l  t h e  N A V  t im e r  e x p ir e s ,  w h ic h  c o n s e r v e s  e n e r g y .

F ig u r e  4 .2 0 :  A v e r a g e  e n e r g y  c o n s u m p t io n  p e r  b i t

F ig u r e  4 . 2 1  p r e s e n t s  t h e  e n e r g y  c o n s u m p t io n  o f  t h e  r e c e iv e r  in  a l l  p r o t o c o ls .  T h e  

r e s u lt s  in d ic a t e  t h a t  t h e  P A D C - M A C  h a s  h ig h e r  e n e r g y  c o n s u m p t io n  b y  u p  t o  1 8 .1 % ,
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2 2 .6 % ,  a n d  2 3 .6 %  c o m p a r e d  t o  Q P P D - M A C ,  Q A E E M - M A C ,  a n d  E E M - M A C ,  

r e s p e c t iv e ly ,  a s  e x p e c t e d .  T h e  r e a s o n  is  t h a t  P A D C - M A C  a im s  t o  o p t im iz e  n e t w o r k  

p e r f o r m a n c e  w h e n  s u f f ic ie n t  e n e r g y  is  a v a i la b le .  T h u s ,  it  in c r e a s e s  t h e  d u t y  c y c le  m o r e  

a g g r e s s iv e ly  t o  m in im iz e  t h e  p a c k e t  d e la y .  A s  a  r e s u lt ,  i t  c o n s u m e s  h ig h e r  e n e r g y .  

H o w e v e r ,  o t h e r  p r o t o c o ls  b e c o m e  m o r e  c o n s e r v a t iv e  e v e n  t h o u g h  s u f f ic ie n t  r e s o u r c e s  

a r e  a v a i la b le .  A s  a  r e s u lt ,  p a c k e t s  s u f f e r  lo n g e r  d e la y s .

F ig u r e  4 .2 1 :  R e c e iv e r  e n e r g y  c o n s u m p t io n

F ig u r e  4 . 2 2  p r e s e n t s  t h e  t o t a l  e n e r g y  c o n s u m p t io n  in  t h e  n e tw o r k .  T h e  r e s u lt s  s h o w  

t h a t  t h e  P A D C - M A C  r e d u c e s  e n e r g y  c o n s u m p t io n  b y  u p  t o  7 7 .7 % ,7 7 .7 % ,  a n d  7 8 %  

c o m p a r e d  t o  Q P P D - M A C ,  Q A E E - M A C ,  a n d  E E M - M A C ,  r e s p e c t iv e ly .  T h is  is  m a in ly  

b e c a u s e  o f  t h e  s e l f - a d a p t a t io n  t e c h n iq u e ,  t h a t  a l lo w s  t h e  s e n d e r  t o  c o n s e r v e  e n e r g y  

b y  r e d u c in g  id le  l is t e n in g  t im e ,  t h a t  r e d u c e s  o v e r a l l  e n e r g y  c o n s u m p t io n  in  t h e  

n e tw o r k .
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F ig u r e  4 .2 2 :  T o t a l  e n e r g y  c o n s u m p t io n

4.3 Summary

T h e  p e r f o r m a n c e  o f  t h e  p r o p o s e d  N A R N E T  m o d e l in  c o m p a r is o n  w it h  E W M A  a n d  

a c t u a l  e n e r g y  is  p r e s e n t e d  u s in g  h ig h  a n d  lo w  s o la r  h a r v e s t in g  s c e n a r io s .  T h e  

s im u la t io n  r e s u lt s  s h o w  t h a t  N A R N E T  a c h ie v e s  g o o d  p r e d ic t io n  w it h  a  c o r r e la t io n  

c o e f f ic ie n t ,  R  g r e a t e r  t h a n  0 . 9 5 ,  a n d  p r o v id e s  a n  n o t a b le  r e d u c t io n  in  M A E  o f  m o r e  

t h a n  2 8 %  in  b o t h  s o la r  i r r a d ia n c e  c o n d i t io n s .  F u r t h e r m o r e ,  t h e  p e r f o r m a n c e  o f  P A D C -  

M A C  is  e v a lu a t e d  u n d e r  b o t h  s c e n a r io s  u s in g  p r e d ic t io n  r e s u lt s  o b t a in e d  f r o m  N A R N E T  

f o r  f o u r  c o n s e c u t iv e  d a y s ,  i .e . ,  9 6  h o u r s .  I n  b o t h  s c e n a r io s ,  t h e  P A D C - M A C  

d e m o n s t r a t e d  a  s ig n if i c a n t  r e d u c t io n  in  a v e r a g e  E T E  d e la y  o f  t h e  h ig h e s t  p r io r i t y  

p a c k e t s  a n d  a l l  p a c k e t s ,  e n e r g y  c o n s u m p t io n  p e r  b it ,  a n d  t o t a l  e n e r g y  c o n s u m p t io n  

o f  m o r e  t h a n  1 0 .7 % ,  7 . 8 % ,  8 1 % ,  a n d  7 6 .4 %  w h e n  c o m p a r e d  t o  o t h e r  p r o t o c o ls .  T h is  

is  b e c a u s e  P A D C - M A C  u s e s  t h e  d u t y  c y c le  a d j u s t m e n t  m e c h a n is m ,  w h ic h  a l lo w s  its  

r e c e iv e r  t o  o p e r a t e  m o r e  a g g r e s s iv e ly  w h e n  s u f f ic ie n t  e n e r g y  r e s o u r c e s  a r e  a v a i la b le .
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T h e  r e c e iv e r  in c r e a s e s  it s  d u t y  c y c le  c o r r e s p o n d in g  t o  t h e  b a t t e r y  c a p a c i t y  a n d  

p r e d ic t e d  e n e r g y  in  t h e  n e x t  h o u r .  T h u s ,  it  s t a y s  o p e r a t io n a l  m o s t  o f  t h e  t im e ,  w h ic h  

h e lp s  t o  m in im iz e  t h e  p a c k e t  d e la y .  F u r t h e r m o r e ,  P A D C - M A C  u s e s  a  s e l f - a d a p t a t io n  

t e c h n iq u e  in  w h ic h  t h e  r e c e iv e r  s h a r e s  it s  f o l lo w in g  w a k e - u p  s c h e d u le  w it h  s e n d e r s ,  

a l lo w in g  t h e m  t o  s le e p  a n d  w a k e  u p  a c t iv e  s l ig h t ly  p r io r  t o  t h e  r e c e iv e r  t o  c o n s e r v e  

e n e r g y .
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

E n e r g y  h a r v e s t in g  t e c h n o lo g y  h a s  b e c o m e  a  p r o m is in g  s o lu t io n  t o  p o w e r  u p  s e n s o r s  

u s in g  e n e r g y  s o u r c e s  f r o m  t h e  a m b ie n t  e n v i r o n m e n t .  H o w e v e r ,  d y n a m ic  h a r v e s t in g  

r a t e  d u e  t o  w e a t h e r  c o n d i t io n s  le a d s  t h e  d e v e lo p m e n t  o f  a d a p t iv e  M A C  p r o t o c o ls .  In  

t h e  l i t e r a t u r e ,  e x is t in g  M A C  p r o t o c o ls  h a v e  l im it e d  c o n s id e r a t io n  in  in c o r p o r a t in g  t h e  

f u t u r e  e n e r g y  in t a k e  in  s c h e d u l in g  t a s k s ,  i .e . ,  d u t y  c y c le ,  w h ic h  m a y  a f f e c t  t h e  o n g o in g  

node operation and degrade the network's performance. In certain circumstances, fo r 

in s t a n c e ,  in  a  h ig h  i r r a d ia n c e  s c e n a r io ,  n o d e s  m a y  n o t  b e  a b le  t o  f u l ly  h a r n e s s  t h e  

h ig h  h a r v e s t e d  e n e r g y  t o  p e r f o r m  a g g r e s s iv e ly  d e s p i t e  s u f f ic ie n t  e n e r g y  r e s o u r c e s .

I n  t h is  t h e s is ,  a  n o v e l a n d  m o r e  r e a l i s t ic  p r e d ic t io n - b a s e d  a d a p t iv e  d u t y  c y c le  M A C  

p r o t o c o l  h a s  b e e n  d e v e lo p e d  f o r  E H - W S N s ,  c a l le d  P A D C - M A C .  P A D C - M A C  f o l lo w s  t h e  

r e c e iv e r - in i t ia t e d  a p p r o a c h  o f  a s y n c h r o n o u s  c o m m u n ic a t io n .  T h e  r e c e iv e r  e s t a b l i s h e s  

t h e  c o m m u n ic a t io n  b y  b r o a d c a s t in g  a  w a k e - u p  b e a c o n  t h a t  c o n t a in s  t h e  r e c e iv e r  d u t y  

c y c le ,  w h ic h  is  c h a n g e d  c o r r e s p o n d in g  t o  e n e r g y  h a r v e s t in g  c o n d i t io n s .  F u r t h e r m o r e ,  

i t  s u p p o r t s  Q o S  t h r o u g h  t r a f f i c  d i f f e r e n t ia t io n  b y  p r o v id in g  t h e  lo w e s t  d e la y  f o r  t h e  

h ig h e s t  p r io r i t y  p a c k e t  c o m p a r e d  t o  le s s  c r i t ic a l  d a t a  p a c k e t s .

T h e  h a r v e s t in g  r a t e  is  k n o w n  t o  v a r y  s ig n i f i c a n t ly  o v e r  t im e  d u e  t o  d y n a m ic  w e a t h e r  

c o n d i t io n s .  T h e r e f o r e ,  a n  e n e r g y  p r e d ic t io n  m o d e l,  N A R N E T ,  h a s  b e e n  p r o p o s e d  t o  

s u p p o r t  t h e  e x e c u t io n  o f  o n g o in g  t a s k s  e f f i c ie n t ly  a n d  u s e  t h e  k n o w le d g e  o f  f u t u r e  

e n e r g y  in t a k e  t o  e n h a n c e  t h e  n e t w o r k  p e r f o r m a n c e .  T h e  d e v e lo p e d  m o d e l f o r e c a s t s  

h o u r ly  e n e r g y  in t a k e  w it h  g o o d  p r e d ic t io n  a c c u r a c y  u n d e r  d y n a m ic  h a r v e s t in g  

c o n d i t io n s .  F u r t h e r m o r e ,  P A D C - M A C  in c o r p o r a t e s  t h e  p r e d ic t e d  e n e r g y  o b t a in e d  f r o m  

N A R N E T  t o  p la n  t h e  a v a i la b le  e n e r g y  u s in g  a  d u t y  c y c le  a d j u s t m e n t  s c h e m e .  T h e  

p r o p o s e d  a p p r o a c h  e n a b le s  t h e  r e c e iv e r  n o d e  t o  a d j u s t  i t s  d u t y  c y c le  b a s e d  o n  c u r r e n t  

e n e r g y  a n d  in c o m in g  h a r v e s t e d  e n e r g y  t o  in c r e a s e  n e t w o r k  p e r f o r m a n c e .  I n  a d d it io n ,  

i t  a l lo w s  t h e  r e c e iv e r  n o d e  t o  p e r f o r m  m o r e  a g g r e s s iv e ly  b y  in c r e a s in g  t h e  d u t y  c y c le  

w h e n  it  h a s  a  s u f f ic ie n t  in f lo w  o f  in c o m in g  h a r v e s t e d  e n e r g y  t o  m in im iz e  t h e  p a c k e t
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d e la y .  F u r t h e r m o r e ,  t h e  s e l f - a d a p t a t io n  t e c h n iq u e  h a s  b e e n  in t r o d u c e d  t o  m it ig a t e  t h e  

id le  l is t e n in g  o f  c o n t e n d in g  s e n d e r s  a n d  c o n s e r v e  e n e r g y  in  t h e  n e tw o r k .  T h is  

t e c h n iq u e  a l lo w s  s e n d e r  n o d e s  t o  u s e  t h e  d u t y  c y c le  in f o r m a t io n  o f  t h e  r e c e iv e r ,  w h ic h  

is  a v a i la b le  in  t h e  w a k e - u p  b e a c o n .  In  a d d it io n ,  i t  a l lo w s  s e n d e r s  t o  a d j u s t  t h e i r  s le e p  

t im e  a c c o r d in g ly  a n d  e n a b le s  t h e m  t o  w a k e  u p  s l ig h t ly  b e f o r e  t h e  r e c e iv e r  in  t h e  n e x t  

c y c le .  A s  a  r e s u lt ,  n o d e s  c o n s e r v e  s ig n i f i c a n t  e n e r g y  b y  r e d u c in g  id le  l is t e n in g .

T h e  p e r f o r m a n c e  o f  P A D C - M A C  h a s  b e e n  e v a lu a t e d  f o r  s in g le - h o p  n e t w o r k  s c e n a r io  

u s in g  G r e e n C a s t a l ia  in  t e r m s  o f  a v e r a g e  E T E  d e la y  f o r  t h e  h ig h e s t  p r io r i t y  p a c k e t  a n d  

a l l  p a c k e t s ,  t h r o u g h p u t ,  P D R ,  e n e r g y  c o n s u m p t io n  p e r  b it ,  r e c e iv e r  e n e r g y  

c o n s u m p t io n ,  a n d  t o t a l  n e t w o r k  e n e r g y  c o n s u m p t io n  u n d e r  d y n a m ic  s o la r  i r r a d ia n c e  

c o n d i t io n s .  T h e  s im u la t io n s  h a v e  b e e n  p e r f o r m e d  f o r  9 6  c o n s e c u t iv e  h o u r s  a n d  

c o m p a r e d  w it h  t h r e e  s t a t e - o f - t h e - a r t  r e c e iv e r - in i t ia t e d  M A C  p r o t o c o ls .  In  b o t h  

s c e n a r io s ,  t h e  P A D C - M A C  d e m o n s t r a t e s  a  s ig n i f i c a n t  r e d u c t io n  in  a v e r a g e  E T E  d e la y  

o f  t h e  h ig h e s t  p r io r i t y  p a c k e t s  a n d  a l l  p a c k e t s ,  e n e r g y  c o n s u m p t io n  p e r  b it ,  a n d  t o t a l  

e n e r g y  c o n s u m p t io n  o f  m o r e  t h a n  1 0 .7 % ,  7 . 8 % ,  8 1 % ,  a n d  7 6 .4 %  w h e n  c o m p a r e d  t o  

Q P P D - M A C ,  Q A E E - M A C ,  a n d  E E M - M A C  p r o t o c o ls .  T h is  is  b e c a u s e  t h e  d u t y  c y c le  

a d j u s t m e n t  m e c h a n is m  in  P A D C - M A C  a l lo w s  t h e  r e c e iv e r  t o  a d j u s t  t h e  n o d e  o p e r a t io n  

a c c o r d in g  t o  t h e  a v a i la b le  e n e r g y  r e s o u r c e s  i .e . ,  r e m a in in g  b a t t e r y  e n e r g y  e f f ic ie n t ly ,  

a n d  u t i l iz e s  t h e  e x c e s s  in c o m in g  h a r v e s t e d  e n e r g y  t o  e n h a n c e  t h e  n e t w o r k  

p e r f o r m a n c e .  I t  h a s  b e e n  n o t ic e d  t h a t  in  b o t h  s c e n a r io s ,  t h e  P A D C - M A C  h a s  lo w e r  

r e m a in in g  e n e r g y  v a lu e s  w h e n  c o m p a r e d  t o  o t h e r s .  T h is  is  b e c a u s e  t h e  P A D C - M A C  

u s e s  it s  a v a i la b e  e n e r g y  t o  r e g u la t e  it s  d u t y  c y c le  m o r e  a g g r e s s iv e  t o  e n h a n c e  t h e  

n e t w o r k  p e r f o r m a n c e ,  w h i le  m a in t a in in g  a n d  e n s u r in g  a  s t a b le  le v e l o f  b a t t e r y  e n e r g y .

F u r t h e r m o r e ,  t h e  s e l f - a d a p t a t io n  t e c h n iq u e  e n a b le s  s e n d e r  n o d e s  t o  m a n a g e  t h e i r  

s le e p  t im e  d y n a m ic a l ly ,  w h ic h  h e lp s  m it ig a t e  id le  l is t e n in g  a n d  s a v e s  e n e r g y  in  t h e  

n e tw o r k .  I t  is  c o n c lu d e d  t h a t  P A D C - M A C  e f f e c t iv e ly  c o n t r ib u t e s  t o  t h e  p r im a r y  g o a ls  

o f  E H - W S N s :  lo n g - t e r m  n e t w o r k  s u s t a in a b i l i t y  a n d  e f f i c ie n t  u t i l iz a t io n  o f  h a r v e s t e d  

e n e r g y  t o  e n h a n c e  a p p l i c a t io n  p e r f o r m a n c e  u n d e r  d y n a m ic  h a r v e s t in g  c o n d i t io n s .

5.2 Future Work

T h e  f u t u r e  r e s e a r c h  w o r k s  in c lu d e :
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• PADC-MAC can be extended on a large scale to support a multi-hop scenario in 

EH-WSNs.

• The extension can be made by mathematical modeling and validating the 

PADC-MAC protocol using testbeds for the specific application that generates 

different data packets in the network.

• Multi-source energy harvesters can be employed to ensure sustainable 

operation and increase the amount of harvested energy for adjusting the 

protocol functionalities such as power control to set the coverage range. In 

addition, it can limit the use of external energy storage devices, i.e., 

rechargeable batteries, which offer a limited capacity and are harmful to the 

environment.

• The enhancements can be made in the energy prediction model to improve the 

prediction accuracy under different short and medium prediction horizons.
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б) варијабле које се више пута мере односе се н а ____________________________

в) нове верзије фајлова који садрже поновљена мерења су именоване као______

Напомене: _________________________________________________________________

Д а  л и  ф о р м а т и  и с о ф т в е р  о м о гу ћ а ва ју  д ељ е њ е  и д у го р о ч н у  ва ли д н о ст  п о д а т а к а ?

а) Да

б) Н е

А к о  ј е  о д го во р  не, о б р а з л о ж и т и ____________________________________________

Национални портал отворене науке -  open.ac.rs 2



2. П ри куп љ ањ е података

2.1 Методологија за прикупљање/генерисање података

2.1.1. У оквиру ког истраживачког нацрта су подаци прикупљени?

а) експеримент, навести тип симулација

б) корелационо истраживање, навести тип_________________________________________

ц) анализа текста, навести тип__________________________________________________

д) остало, навести ш та________________________________________________________

2 .1 .2  Н а в е с т и  вр ст е  м е р н и х  и н с т р у м е н а т а  и ли  ст а н д а р д е  п о д а т а к а  с п е ц и ф и ч н и х  з а  о д р еђ е н у  
н а у ч н у  д и с ц и п л и н у  (ако  пост о је ).

Сензори

2.2 Квалитет података и стандарди

2.2.1. Третман недостајућих података

а) Да ли матрица садржи недостајуће податке? Да Не

Ако је одговор да, одговорити на следећа питања:

а) Колики је број недостајућих података?___________________________

б) Да ли се кориснику матрице препоручује замена недостајућих података? Да Не

в) Ако је одговор да, навести сугестије за третман замене недостајућих података

2.2.2. На који начин је контролисан квалитет података? Описати

Подаци су припремљени и обрађени у складу са предложеном медологогијом у докторској 
дисертацији.

2.2.3. На који начин је извршена контрола уноса података у матрицу?

Унос података није контролисан с обзиром на то да су коришћени подаци који су доступни 
онлине.

3. Третман података и пратећа документација

3.1. Третман и чување података
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3.1.1. П о д а ц и  ће б и т и  д еп о н о ва н и  у ____________________________________ р е п о зи т о р и ју м .

3.1.2. URL адреса https://midcdmz.nrel.gov/oahu_archive/

3.1.3. D O I _________________________________________________________________________

3.1.4. Д а  л и  ће п о д а ц и  б и т и  у  о т в о р е н о м  п р и с т у п у ?

а) Да

б) Д а , а ли  п о сле  е м б а р га  ко ји  ће т р а ја т и  д о ____________________________________

в) Н е

А к о  ј е  о д го во р  не, н а вест и  р а з л о г _________________________________________

3.1.5. П о д а ц и  неће бит и  д е п о н о ва н и  у  р е п о зи т о р и ју м , а ли  ће б и т и  чувани .

П о д а ц и  нећ е  б и т и  д е п о н о ва н и  у  р е п о зи т о р и ју м , ј е р  се н а ла зе  онлине. П о р е д  т ога, н а  са м о м  
с а јт у  о д а к ле  с у  к о р и ш ћ е н и  п о д а ц и  н а ла зи  се о б р а зл о ж е њ е  д а  п о д а ц и  не см е ју  д а љ е  д а  се  
д и ст р и б уи р а ју .

3.2 Метаподаци и документација података

3.2.1. Који стандард за метаподатке ће бити примењен?_________________________________

3.2.1. Навести метаподатке на основу којих су подаци депоновани у репозиторијум.

А к о  ј е  п о т р еб н о , н а вест и  м е т о д е  ко је  се к о р и ст е  з а  п р е у зи м а њ е  п о д а т а к а , а н а л и т и ч к е  и 
п р о ц е д у р а л н е  и н ф о р м а ц и је , њ и х о во  к одирањ е, д ет а љ н е  о п и се  вари јаб ли , за п и с а  ит д.

3.3 Стратегија и стандарди за чување података

3.3.1. До ког периода ће подаци бити чувани у репозиторијуму?

3.3.2. Да ли ће подаци бити депоновани под шифром? Да Не
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3.3.3. Да ли ће шифра бити доступна одређеном кругу истраживача? Да Не

3.3.4. Да ли се подаци морају уклонити из отвореног приступа после извесног времена? 

Да Не

Образложити

4. Безбедност података и заштита поверљивих информација

Овај одељак МОРА бити попуњен ако ваши подаци укључују личне податке који се односе на 
учеснике у истраживању. За друга истраживања треба такође размотрити заштиту и сигурност 
података.

4.1 Формални стандарди за сигурност информација/података

Истраживачи који спроводе испитивања с људима морају да се придржавају Закона о заштити 
података о личности (h ttp s : //w w w .p a ra g ra f.r s /p ro p is i/za k o n _ o _ za s titi_ p o d a ta k a _ o _ lic n o s ti.h tm l) и 
одговарајућег институционалног кодекса о академском интегритету.

4.1.2. Да ли је истраживање одобрено од стране етичке комисије? Да Не

Ако је одговор Да, навести датум и назив етичке комисије која је одобрила истраживање

4.1.2. Да ли подаци укључују личне податке учесника у истраживању? Да Не

Ако је одговор да, наведите на који начин сте осигурали поверљивост и сигурност информација 
везаних за испитанике:

а) Подаци нису у отвореном приступу

б) Подаци су анонимизирани

ц) Остало, навести шта

5. Доступност података

5.1. П о д а ц и  ће бит и

а) јавно доступни

б) д о ст уп н и  са м о  у с к о м  к р у гу  и с т р а ж и в а ч а  у  о д р е ђ е н о ј н а у ч н о ј о б ла ст и
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А к о  с у  п о д а ц и  д о ст уп н и  са м о  у с к о м  к р у гу  и ст р а ж и ва ча , н а вест и  п о д  к о ји м  у с л о в и м а  м о г у  д а  их  
к о р и ст е:

ц) затворени

А к о  с у  п о д а ц и  д о ст уп н и  са м о  у с к о м  к р у гу  и ст р а ж и ва ча , н а вест и  н а  к о ји  н а ч и н  м о гу  
п р и с т у п и т и  п о д а ц и м а :

5.4. Н а в е с т и  л и ц е н ц у  п о д  к о јо м  ће п р и к у п љ е н и  п о д а ц и  б и т и  а р хи ви р а н и .

6. У л оге и одговорност

6.1. Н а в е с т и  им е и п р ези м е  и м е јл  а д р е с у  в ла с н и к а  (а ут о р а ) п о д а т а к а  

С охаил, sohail@ uns.ac.rs

6.2. Навести име и презиме и мејл адресу особе која одржава матрицу с подацима 

С охаил, sohail@ uns.ac.rs

6.3. Н а в е с т и  им е и п р ези м е  и м е јл  а д р е с у  о со б е  к о ја  о м о гу ћ у је  п р и ст уп  п о д а ц и м а  д р уги м  
и с т р а ж и в а ч и м а

С охаил, sohail@ uns.ac.rs
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