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Abstract

In Wireless Sensor Networks, with small, limited capacity devices now more preva-

lent, the issue of Neighbour Discovery has shifted. These devices utilise duty cycling

methods in order to conserve battery power. Hence, the main issue is now that these

devices may be awake at the same time in order to discover each other. When mobility

increases complexity further. Rather than attempt to negate the issue of mobility, in-

stead this thesis seeks to utilise a predictable sink mobility pattern in order to influence

the duty cycling of static nodes.

Literature demonstrates a move towards Mobility Awareness in Neighbour Discovery

in mobile Wireless Sensor Networks. However, there is a gap identified with sink mobil-

ity in use. Therefore, this thesis aims to establish to what extent the mobility pattern of

a Mobile Sink Node in a Wireless Sensor Network may be exploited at the MAC layer,

to influence the performance of static nodes. Such that network efficiency may be

improved with energy consumption reduced and balanced across nodes. This study

proposes three novel lightweight algorithms, with processing which does not add to

the energy consumption within sensor nodes, these being Mobility Aware Duty Cycling

Algorithm (MADCAL), Mobility Aware Duty Cycling and Dynamic Preambling Algorithm

(MADCaDPAL) and Dynamic Mobility and Energy Aware Algorithm (DMEAAL). These

located in the MAC layer of static nodes and utilising knowledge of predictable sink

node mobility. This is in order to create a dynamic communication threshold between

static nodes on the sink path and the sink itself. Subsequently lessening competition
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ABSTRACT

for sink communication between nodes.

In MADCAL this threshold is used to influence the sleep function in order that static

nodes only awake and move to Clear Channel Assessment once the sink is within their

threshold, improving energy consumption by up to 15%. The MADCaDPAL algorithm

takes this approach further, using the threshold to directly influence Clear Channel

Assessment and the sending of preambles, as such, closing off the threshold when the

sink leaves it. This shows energy consumption lessening by close to 80% with a signifi-

cant improvement in frame delivery to the sink. Finally, the DMEAAL algorithm utilises

previous results to influence energy consumption in real-time by utilising a cross-layer

approach, comparing current consumption to optimal target energy consumption

and adjusting the threshold for each static node accordingly. This shows benefit in

evening out results across nodes, thus improving network lifetime. All algorithms are

achieved without the energy-consuming beacon messaging associated with Neighbour

Discovery. Analysis and simulation results, tested on a lightweight implementation of a

carrier-sense multiple-access-based MAC protocol, show a significant improvement in

energy consumption and frame delivery in both controlled and random environments.

In utilising a cross-layer approach to access energy consumption in static nodes, is it

also shown to be possible to even out energy consumption across nodes by altering

the communication threshold in real-time. As such, improving network lifetime by

removing spikes in energy consumption in individual nodes.

ix



TABLE OF CONTENTS

DEDICATION i

AUTHOR’S DECLARATION ii

ACKNOWLEDGEMENTS iii

LIST OF ABBREVIATIONS AND NOTATIONS vi

ABSTRACT viii

TABLE OF CONTENTS x

LIST OF TABLES xiv

LIST OF FIGURES xv

1 INTRODUCTION 1

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Neighbour Discovery with Sink Mobility . . . . . . . . . . . . . . 2

1.2 Thesis Statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 Research Aims and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Research Questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.5 Research Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.6 Research Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.7 Thesis Organisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

x



TABLE OF CONTENTS

2 LITERATURE REVIEW 11

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.1 Mobility in WSNs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.1.2 Mobile Sink Applications . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Duty Cycling in Mobile WSNs . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3 Neighbour Discovery in Mobile WSNs . . . . . . . . . . . . . . . . . . . . 15

2.3.1 Mobility Awareness/Opportunistic Routing . . . . . . . . . . . . 17

2.4 Mobile Sink Node in Wireless Sensor Networks . . . . . . . . . . . . . . . 18

2.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.4.2 Mobile Sink Mobility Patterns . . . . . . . . . . . . . . . . . . . . . 19

2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3 MOBILITY AWARE DUTY CYCLING - TESTBED 23

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2 Mobility Aware Duty Cycling . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2.1 Beacon Messaging . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2.2 Significant Nodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2.3 Mobility Pattern . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2.4 Network Topology . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2.5 MAC Implementation . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.6 Network Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.7 Network Layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4 MOBILITY AWARE DUTY CYCLING ALGORITHM (MADCAL) 29

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.2 Determination of Significant Nodes . . . . . . . . . . . . . . . . . . . . . . 31

4.3 Mobility Aware Duty Cycling Algorithm (MADCAL) . . . . . . . . . . . . 32

4.3.1 MAC Implementation . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.3.2 The Communication Threshold . . . . . . . . . . . . . . . . . . . 33

4.3.3 Initial Calculation of Threshold . . . . . . . . . . . . . . . . . . . . 37

4.3.4 Threshold Calculation with Factoring Employed . . . . . . . . . 39

xi



TABLE OF CONTENTS

4.3.5 Duty Cycling Adjusted with MADCAL . . . . . . . . . . . . . . . . 39

4.4 Evaluation and Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.4.1 Simulation Environment . . . . . . . . . . . . . . . . . . . . . . . 43

4.4.2 Energy Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.4.3 Test Scenarios and Results . . . . . . . . . . . . . . . . . . . . . . . 45

4.4.4 Grid Network Formation . . . . . . . . . . . . . . . . . . . . . . . . 45

4.4.4.1 Static Network . . . . . . . . . . . . . . . . . . . . . . . . 45

4.4.4.2 Results - Average Energy Consumption . . . . . . . . . 46

4.4.4.3 Results - MAC Layer Frame Delivery . . . . . . . . . . . 50

4.4.4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.4.5 Random Network Formation . . . . . . . . . . . . . . . . . . . . . 52

4.4.5.1 Significant Node Variance . . . . . . . . . . . . . . . . . 52

4.4.5.2 Results - Average Energy Consumption . . . . . . . . . 53

4.4.5.3 Results - MAC Layer Frame Delivery . . . . . . . . . . . 55

4.4.5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5 MOBILITY AWARE DUTY CYCLING AND DYNAMIC PREAMBLING AL-

GORITHM (MADCADPAL) 60

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.2 Mobility Aware Approach to Duty Cycling and Preambles . . . . . . . . . 61

5.2.1 New Threshold Calculation . . . . . . . . . . . . . . . . . . . . . . 65

5.2.2 Mobility Aware Duty Cycling and Dynamic Preambling Algorithm

(MADCaDPAL) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.3 Evaluation and Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.3.1 Network Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.3.2 Simulation Environment and Parameters . . . . . . . . . . . . . . 71

5.3.3 Results - Grid Topology . . . . . . . . . . . . . . . . . . . . . . . . 71

5.3.4 Results - Random Topology . . . . . . . . . . . . . . . . . . . . . . 76

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

xii



TABLE OF CONTENTS

6 DYNAMIC MOBILITY AND ENERGY AWARE ALGORITHM (DMEAAL) 82

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

6.2 A Real-time Approach to Mobility Aware Duty Cycling . . . . . . . . . . . 83

6.2.1 Energy Awareness in Real-time . . . . . . . . . . . . . . . . . . . . 85

6.2.2 Dynamic Mobility and Energy Aware Algorithm (DMEAAL) . . . 86

6.3 Evaluation and Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

6.3.1 Network Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 94

6.3.2 Results - Average Energy Consumption and Frame Delivery, Grid

Topology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.3.3 Results - Balanced Energy Consumption, Grid Topology . . . . . 100

6.3.4 Results - Average Energy Consumption and Frame Delivery, Ran-

dom Topology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

6.3.5 Results - Balanced Energy Consumption, Random Topology . . 108

6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

7 CONCLUSION AND FUTURE WORK 114

7.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

7.2 Summary of Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

7.3 Quantitative Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

7.4 Challenges and Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . 118

REFERENCES 121

APPENDIX A APPENDIX A 135

A.1 Best Paper Award . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

APPENDIX B APPENDIX B 136

B.1 Peer-reviewed Publications During this Study . . . . . . . . . . . . . . . . 136

xiii



LIST OF TABLES

TABLES Page

4.1 Simulation Parameters - MADCAL . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2 Significant Nodes - Random Topology . . . . . . . . . . . . . . . . . . . . . . 53

5.1 Simulation Parameters - MADCaDPAL . . . . . . . . . . . . . . . . . . . . . . 70

6.1 Network Parameters - DMEAAL . . . . . . . . . . . . . . . . . . . . . . . . . . 95

xiv



LIST OF FIGURES

FIGURES Page

3.1 Network Topology - Grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2 Network Topology - Random . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.3 Initial MAC Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.1 Network topology - grid with significant nodes. . . . . . . . . . . . . . . . . . 31

4.2 Network topology - random with significant nodes. . . . . . . . . . . . . . . 32

4.3 MAC Implementation with MADCAL . . . . . . . . . . . . . . . . . . . . . . . 33

4.4 Illustration of Calculation of Initial Angle of Threshold - MADCAL . . . . . . 37

4.5 Illustration of Initial Threshold Calculation - MADCAL . . . . . . . . . . . . 38

4.6 Adjusted Threshold Calculation - MADCAL . . . . . . . . . . . . . . . . . . . 40

4.7 Average Energy Consumption (mWs), Grid Topology, Significant Nodes.

Transmission range 77.52m. MADCAL . . . . . . . . . . . . . . . . . . . . . . 47

4.8 Average Energy Consumption (mWs), Grid Topology, Significant Nodes.

Transmission range 69.13m. MADCAL . . . . . . . . . . . . . . . . . . . . . . 47

4.9 Average Energy Consumption (mWs), Grid Topology, Significant Nodes.

Transmission range 62.02m. MADCAL . . . . . . . . . . . . . . . . . . . . . . 48

4.10 Average Energy Consumption (mWs), Grid Topology, Significant Nodes.

Transmission range 55.94m. MADCAL . . . . . . . . . . . . . . . . . . . . . . 49

4.11 Sink Frame Reception, Grid Topology. Transmission range 77.52m. MADCAL 49

4.12 Sink Frame Reception, Grid Topology. Transmission range 69.13m. MADCAL 50

xv



LIST OF FIGURES

4.13 Sink Frame Reception, Grid Topology. Transmission range 62.02m. MADCAL 51

4.14 Sink Frame Reception, Grid Topology. Transmission range 55.94m. MADCAL 51

4.15 Average Energy Consumption (mWs), Random Topology, Significant Nodes.

Transmission range 77.52m. MADCAL . . . . . . . . . . . . . . . . . . . . . . 53

4.16 Average Energy Consumption (mWs), Random Topology, Significant Nodes.

Transmission range 69.13m. MADCAL . . . . . . . . . . . . . . . . . . . . . . 54

4.17 Average Energy Consumption (mWs), Random Topology, Significant Nodes.

Transmission range 62.02m. MADCAL . . . . . . . . . . . . . . . . . . . . . . 55

4.18 Average Energy Consumption (mWs), Random Topology, Significant Nodes.

Transmission range 55.94m. MADCAL . . . . . . . . . . . . . . . . . . . . . . 56

4.19 Sink Frame Reception, Random Topology. Transmission range 77.52m. MAD-

CAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.20 Sink Frame Reception, Random Topology. Transmission range 69.13m. MAD-

CAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.21 Sink Frame Reception, Random Topology. Transmission range 62.02m. MAD-

CAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.22 Sink Frame Reception, Random Topology. Transmission range 55.94m. MAD-

CAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.1 Network Topology - Grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.2 Network Topology - Random . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.3 Network topology - grid with significant nodes. . . . . . . . . . . . . . . . . . 63

5.4 Network topology - random with significant nodes. . . . . . . . . . . . . . . 64

5.5 Lightweight CSMA/CA MAC Implementation with MADCaDPAL . . . . . . 64

5.6 Threshold Adjustment - MADCaDPAL . . . . . . . . . . . . . . . . . . . . . . 66

5.7 Average and Maximum Energy Consumption of Significant Nodes (mWs),

Grid Topology. Transmission Range 77.52m. MADCaDPAL . . . . . . . . . . 72

5.8 Average and Maximum Energy Consumption of Significant Nodes (mWs),

Grid Topology. Transmission Range 69.13m. MADCaDPAL . . . . . . . . . . 72

xvi



LIST OF FIGURES

5.9 Average and Maximum Energy Consumption of Significant Nodes (mWs),

Grid Topology. Transmission Range 62.02m. MADCaDPAL . . . . . . . . . . 73

5.10 Average and Maximum Energy Consumption of Significant Nodes (mWs),

Grid Topology. Transmission Range 55.94m. MADCaDPAL . . . . . . . . . . 73

5.11 Sink Frame Reception. Transmission Range 77.52m, Grid Topology. MAD-

CaDPAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.12 Sink Frame Reception. Transmission Range 69.13m, Grid Topology. MAD-

CaDPAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.13 Sink Frame Reception. Transmission Range 62.02m, Grid Topology. MAD-

CaDPAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.14 Sink Frame Reception. Transmission Range 55.94m, Grid Topology. MAD-

CaDPAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.15 Average and Maximum Energy Consumption of Significant Nodes (mWs).

Transmission Range 77.52m, Random Topology. MADCaDPAL . . . . . . . . 77

5.16 Average and Maximum Energy Consumption of Significant Nodes (mWs).

Transmission Range 69.13m, Random Topology. MADCaDPAL . . . . . . . . 77

5.17 Average and Maximum Energy Consumption of Significant Nodes (mWs).

Transmission Range 62.02m, Random Topology. MADCaDPAL . . . . . . . . 78

5.18 Average and Maximum Energy Consumption of Significant Nodes (mWs).

Transmission Range 55.94m, Random Topology. MADCaDPAL . . . . . . . . 78

5.19 Sink Frame Reception. Transmission Range 77.52m, Random Topology.

MADCaDPAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.20 Sink Frame Reception. Transmission Range 69.13m, Random Topology.

MADCaDPAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.21 Sink Frame Reception. Transmission Range 62.02m, Random Topology.

MADCaDPAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.22 Sink Frame Reception. Transmission Range 55.94m, Random Topology.

MADCaDPAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

6.1 Lightweight CSMA/CA MAC Implementation with DMEAAL . . . . . . . . . 87

xvii



LIST OF FIGURES

6.2 Adjustment of threshold based on average and target energy - DMEAAL . . 88

6.3 DMEAAL Control Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.4 Average Energy Consumption of Significant Nodes (mWs) and Frame Deliv-

ery to Sink, Grid Topology. Transmission Range 77.52m. DMEAAL . . . . . . 97

6.5 Average Energy Consumption of Significant Nodes (mWs) and Frame Deliv-

ery to Sink, Grid Topology. Transmission Range 69.13m. DMEAAL . . . . . . 98

6.6 Average Energy Consumption of Significant Nodes (mWs) and Frame Deliv-

ery to Sink, Grid Topology. Transmission Range 62.02m. DMEAAL . . . . . . 99

6.7 Average Energy Consumption of Significant Nodes (mWs) and Frame Deliv-

ery to Sink, Grid Topology. Transmission Range 55.94m. DMEAAL . . . . . . 99

6.8 Balanced Energy Consumption of Significant Nodes (mWs), Grid Topology.

Transmission Range 77.52m. DMEAAL . . . . . . . . . . . . . . . . . . . . . . 101

6.9 Balanced Energy Consumption of Significant Nodes (mWs), Grid Topology.

Transmission Range 69.13m. DMEAAL . . . . . . . . . . . . . . . . . . . . . . 102

6.10 Balanced Energy Consumption of Significant Nodes (mWs), Grid Topology.

Transmission Range 62.02m. DMEAAL . . . . . . . . . . . . . . . . . . . . . . 103

6.11 Balanced Energy Consumption of Significant Nodes (mWs), Grid Topology.

Transmission Range 55.94m. DMEAAL . . . . . . . . . . . . . . . . . . . . . . 104

6.12 Average Energy Consumption of Significant Nodes (mWs) and Frame Deliv-

ery to Sink, Random Topology. Transmission Range 77.52m. DMEAAL . . . 105

6.13 Average Energy Consumption of Significant Nodes (mWs) and Frame Deliv-

ery to Sink, Random Topology. Transmission Range 69.13m. DMEAAL . . . 106

6.14 Average Energy Consumption of Significant Nodes (mWs) and Frame Deliv-

ery to Sink, Random Topology. Transmission Range 62.02m. DMEAAL . . . 107

6.15 Average Energy Consumption of Significant Nodes (mWs) and Frame Deliv-

ery to Sink. Transmission Range 55.94m. DMEAAL . . . . . . . . . . . . . . . 107

6.16 Balanced Energy Consumption of Significant Nodes (mWs), Random Topol-

ogy. Transmission Range 77.52m. DMEAAL . . . . . . . . . . . . . . . . . . . 109

6.17 Balanced Energy Consumption of Significant Nodes (mWs), Random Topol-

ogy. Transmission Range 69.13m. DMEAAL . . . . . . . . . . . . . . . . . . . 110

xviii



LIST OF FIGURES

6.18 Balanced Energy Consumption of Significant Nodes (mWs), Random Topol-

ogy. Transmission Range 62.02m. DMEAAL . . . . . . . . . . . . . . . . . . . 111

6.19 Balanced Energy Consumption of Significant Nodes (mWs), Random Topol-

ogy. Transmission Range 55.94m. DMEAAL . . . . . . . . . . . . . . . . . . . 112

xix



; First Chapter <

Introduction

1.1 Introduction

The Internet of Things (IoT) is no longer a future technological advancement and

is now a current area of interest, with research performed in many different facets

therein. We are now moving away from the original rigid infrastructure of the internet,

with the adoption of wireless communications and mobile devices, and onwards to the

use of tiny Smart Objects [1]. As such, challenges arise regarding how best to fit these

small, low-power and low-memory devices into what is now a fast and memory-hungry

internetworked world. The IoT has quickly spread into everyday life. Examples of this

can already be found within the home, with the roll-out of smart meters [2, 3] and the

use of entertainment systems such as the Amazon Echo [4]. The spread of the IoT can be

further evidenced by the onset of the Smart City [5, 6, 7]. This envisages smart devices

utilised in every aspect of city life. Recent events have brought the use of IoT devices to

the forefront, such as in the use of robotic vehicles to deliver supplies in China in the

midst of the COVID19 pandemic [8]. Therefore, there can also be observed a move away

from the devices within the IoT being seen only as part of static networks.

This is particularly pertinent regarding Wireless Sensor Networks (WSNs). Through-

out industry and academia WSNs have gained much attention in recent years. Com-

prising small, low power, limited-capacity devices, with data sent to a sink node on a
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many-to-one multi-hop basis. Given the environments in which these networks may be

located, frequently inhospitable, with applications in many areas such as deep-sea oil

and gas [9], disaster recovery [10], and agriculture [11, 12], it may not always be possible

to replace the batteries in network devices [13]. Also, given the negative environmental

implications in the production of batteries [14], an approach to extend their lifetime

significantly would be of benefit. As a result, power conservation techniques which

maximise node and, subsequently, network lifetime, take on importance.

Given that battery power within nodes in WSNs is expected to last around ten years,

this would be impossible if nodes were constantly active [15]. The low-power and

low-memory nature of devices in WSNs have led to approaches such as the nodes in

the network saving energy by utilising long periods where the nodes are asleep. This is

known as duty cycling. Duty is the fraction of time a device is in the active state during

which beacon messages may be exchanged in order to establish Neighbour Discovery

(ND) [16]. “For example, a device whose duty cycle is 1% activates during one time

slot every 100 slots. The duty cycle length is thus 100 slots” [16]. However, whilst of

benefit in terms of power consumption, duty cycling gives rise to other issues within

WSNs. Heterogeneity of wake-up schedules within nodes in a WSN, as a result of duty

cycling, leads to problems with regard to ND, such that it becomes a challenge to ensure

these schedules overlap in order that nodes may discover each other and data may

be transmitted between them. This issue can then be exacerbated if mobility is also a

factor within the network, ND schemes also now having to allow for nodes being within

the same vicinity as well as an overlap of wake-up schedule.

1.1.1 Neighbour Discovery with Sink Mobility

As shall be demonstrated in a review of literature, older, standardised approaches

may address the issues inherent in ND within a static WSN, there is no allowance made

for node mobility. This remains true for the well referenced use of mobility in WSNs

that is sink mobility. This in order to combat the particular issue of energy and routing
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hotspots [17] in static WSNs. These hotspots occur near a static sink node as nodes

closest to the sink will assume a greater responsibility in terms of routing than leaf

nodes and, as a result, consume more energy. Ultimately, the lifetime of these hotspot

nodes can be reduced considerably, with the other nodes in the network left unable to

communicate with the sink node. Therefore, the WSN itself ceases to function prop-

erly. In utilising a Mobile Sink Node (MSN), moving around or across the network, the

hypothesis is that energy consumption is spread more evenly amongst the nodes in

the WSN. This is due to no particular node being able to take on the role of hotspot for

a considerable period of time. As a result, network lifetime can be increased and the

hotspot issue may be negated to a certain degree [18, 19].

The mobilising of sink nodes is possible via many different applications such as

robots, vehicles, or being located on a person. However, the emergence of Unmanned

Aerial Vehicles (UAVs), commonly referred to as drones, provides further possibilities in

this area. With studies having taken place to utilise drones in this way, to collect data

and provide network connectivity [20] and with applications for use in areas such as

dealing with forest fires [21]. As previously stated though, mobility adds another layer

of complexity when considering ND and duty cycling. Sink mobility is no exception

to this. Whereas in the use of MSNs, studies have taken place to extend existing work

or, more specifically, develop new network layer routing protocols, thus far none have

taken account of ND protocols. However, the issue of ND with regard to the mobility of

devices in general in the IoT, and specifically WSNs, has seen a great amount of research.

With ND protocols in WSNs generally more concerned with duty cycling at the Media

Access Control (MAC) layer, referencing ND as a network layer issue has been consigned

to older, more traditional fixed networks.

In networks consisting of small, battery-powered and duty cycled [16] devices, ND

is no longer used to refer to IP addressing and duplicate address detection [22]. Now

the greater concern is ensuring that ND is possible at all, with the overlap of wake-up

schedules essential in this aim. In order to achieve this in an energy-efficient way, many
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probabilistic approaches have been proposed [23, 24]. These techniques have been

shown to be efficient, however, there is also the possibility that probabilistic methods

may result in the log-tail discovery issue. This is where it may be the case that a node is

not discovered at all [25]. Resultantly, deterministic [26, 27, 28] algorithms occur more

frequently in research. This is despite them being shown to be less efficient than proba-

bilistic methods, but with the advantage of being able to guarantee an overlap, which

probabilistic methods cannot claim. Recent studies have shown a move towards the

adoption of new methods which may be integrated into ND. Opportunistic approaches

involve decisions being made on the fly [29, 30, 31]. But it is in the area of mobility

awareness in WSNs which is of interest within this study [32, 33, 34]. In this way it is

proposed that routing and data delivery in a network may be improved by the prediction

of mobile node mobility patterns [35]. However, in terms of influencing duty cycling

and the wake-up schedule of nodes, as yet mobility has not been used in this area.

When considering the use of MSNs, many routing protocols have been developed

for network layer solutions [36, 37]. These protocols can generally be separated into

two categories, those being to implement flooding, which can result in high energy

consumption, or delay-tolerant methods which compensate by being far more energy-

efficient [38, 19]. However, in more recent studies the use of MSNs has been combined

with clustering and optimal sink path determination, such that more energy efficiency

may be improved along with network layer routing [39]. Whereas these studies are valid

when considering the potential difficulties in ensuring network layer packet delivery

when an MSN is implemented in a WSN, it should be noted that it is at the MAC layer

where most energy consumption can be found [33].

It shall be demonstrated that there is a propensity for work utilising MSNs to be

located at the network layer and with approaches which tend towards a negation ap-

proach. That being that, despite their perceived benefit in terms of network lifetime,

the mobility of a sink node is something to be worked around rather than a metric to

be utilised. That existing network layer solutions require to be extended in order to
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accommodate the sink mobility. However, if the aim is to reduce energy consumption

then it would be the MAC layer which requires consideration, especially so when taking

into account that this is where duty cycling takes place. Therefore, with sink mobility

implemented primarily to conserve energy then it makes sense that a sink mobility

approach to work with duty cycling would be of benefit. As such, it is proposed that

sink mobility be utilised as a metric at the MAC layer in order to positively influence

duty cycling approaches and thus, further conserve energy in a WSN. This implemented

without consideration for any particular network layer protocol.

1.2 Thesis Statement

MSNs have been shown to reduce energy and routing hotspots in WSNs, by spread-

ing the load amongst all nodes in a network [18, 19]. The statement of this thesis is

that by utilising the mobility pattern of said MSN, the efficiency of duty cycling and

MAC layer frame delivery in these environments can be improved. Subsequently, an

approach to duty cycling in WSNs which incorporate a MSN may be developed, utilising

a communication threshold between static nodes and the sink. With this communi-

cation threshold subsequently used to influence communication behaviour between

node and sink in order that it takes place only at the appropriate time, again conserving

energy. Also, by altering communication between nodes and the MSN based on context,

such as the energy levels of nodes, the workload across the network may be balanced

out, improving network lifetime.

Heterogeneity of wake-up schedules in a Wireless Sensor Network generally causes

issues in terms of delay and, subsequently, energy consumption. The development of

a MAC layer solution, to utilise the mobility pattern of the sink node to influence the

wake-up schedules of nodes and the communication between the node and sink, would

enable more effective and timelier ND and, therefore, more efficient delivery of frames.

In turn, utilising energy levels in nodes within the WSN, in order to influence commu-
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nication with the sink node, would result in a more balanced network performance

in terms of MAC layer frame delivery and energy consumption. This context-aware

solution would involve the constant monitoring of node energy levels at the MAC layer,

adjusting the communication threshold to balance energy consumption. Ultimately,

these solutions both individually and combined, would improve the lifetime of static

nodes in a WSN and overall network lifetime.

1.3 Research Aims and Objectives

This thesis aims to utilise the mobility pattern of a MSN in order to influence the

duty cycle of static nodes in a WSN. Hence, a predictable mobility pattern is used in

order that a node may awaken as the sink reaches the static node’s vicinity, when there is

the greatest chance of any transmission reaching the sink node. The detailed objectives

are as follows.

1. Identify requirements and key factors for utilising mobility that influences duty

cycling to drive ND in mobile IoT environments.

2. Identify gaps in research of applying sink mobility to influence duty cycling.

3. Identify and implement a suitable MAC implementation for use with a WSN where

duty cycling may be altered.

4. Identify a sink mobility pattern suitable for predictable sink mobility in a WSN.

5. Evaluate the current performance of the identified MAC protocol with static

and mobile sink node, based on developed network topology and sink mobility

pattern.

6. Develop an approach for altering duty cycling within the identified MAC proto-

col in relation to predictable sink node mobility. Such that wake-up and sleep

scheduling schemes for static nodes will be influenced by a communication

threshold determined by the MSN position, velocity and direction as well as sink
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and static node transmission range. The resultant approach aims to reduce en-

ergy consumption across significant nodes which the sink passes, eliminating

hotspots, and to increase frame delivery to the sink.

7. Develop an approach to influence MAC layer functionality, such as Clear Channel

Assessment (CCA) and preambling, so that communication between the sink and

static node ends once the sink moves beyond a predefined threshold. This pro-

posed approach aims to further reduce overall energy consumption and improve

frame delivery as well as to negate spikes in energy consumption.

8. Develop an approach to alter interaction between static nodes and the MSN

based on a defined context, such as energy levels of static nodes. Such that the

communication threshold between the static node and MSN is reactive to the

context. With an initial communication threshold altered as time passes. Spikes

in energy consumption are anticipated to be levelled so that network lifetime is

extended, while retaining average energy consumption.

1.4 Research Questions

Ultimately, leading from the presented thesis statement and in completing the re-

search aims and objectives, this thesis seeks to answer the following research questions:

1. To what extent can the mobility pattern of a MSN in a WSN be exploited at the

MAC layer to influence the performance of static nodes, in order to increase

efficiency in terms of network performance and energy consumption?

2. To what extent can a threshold built in a static node be utilised for communication

with a MSN in order that said communication only occurs within the threshold?

3. To what extent can network performance and energy consumption be improved

by this approach?

4. To what extent can nodes in a WSN utilising a MSN be context-aware? Such that

said context, such as the energy levels of nodes, may be utilised accordingly to
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adjust a communication threshold and ensure even energy consumption across

nodes. As such, improving network lifetime.

1.5 Research Methodology

The methodology utilised shall involve the use of simulation to replicate a WSN with

a mobilised sink node, due to the difficulty in implementing a network of suitable size

on a physical testbed.

1.6 Research Contributions

This thesis proposes three novel dynamic Carrier Sense Multiple Access with Col-

lision Avoidance (CSMA/CA) MAC layer algorithms to utilise the mobility pattern of

the MSN in order to positively affect the wake-up schedules of static nodes. These

algorithms operate at the MAC layer, independent of any routing protocol and use no

extra beacons or messages.

• The first algorithm is the Mobility Aware Duty Cycling Algorithm (MADCAL). The

duty cycling of one-hop, or significant, nodes to the sink is based on the current

location of the MSN and a dynamic communication threshold, calculated within

each node, independently of all others. This calculation uses the transmission

range of the node, its distance from the path of the MSN, and the speed of the

MSN. The MSN location in relation to this communication threshold, as well as

its speed, is then used in order to influence the sleep procedure within the MAC

layer of the significant node. Such that until the MSN is within the node threshold,

the node shall not exit its sleep procedure and move to CCA. When subsequently

compared to standard duty cycling with CCA and check interval, MADCAL shows

improvement in average energy consumption across significant nodes, as well as

in the number of frames received by the MSN.
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• The second algorithm is the Mobility Aware Duty Cycling and Dynamic Pream-

bling Algorithm (MADCaDPAL). In the development of MADCaDPAL we examine

the relationship between the MSN and static sink communication threshold in

finer detail. Establishing that whilst the use of MADCAL alone is of benefit, in

utilising sink position in relation to the static node to influence the behaviour

of CCA and the sending of preambles, that further benefits can be achieved in

relation to energy consumption and frame delivery. This whilst also countering

the issue of energy spikes amongst significant nodes. Where, despite sink mobility,

some nodes still take on a greater network load than others.

• The third algorithm is the Dynamic Mobility and Energy Aware Algorithm (DMEAAL),

which utilises the threshold in a different way. DMEAAL takes a real time approach

to energy conservation. In utilising previous results to determine a target, opti-

mum, level of energy consumption, a cross-layer approach is proposed. With

current, real-time, battery levels compared to the target energy consumption

levels and the threshold adjusted accordingly. In this way, dead energy consump-

tion is eliminated in significant nodes. Where the energy consumption of one

node is unnecessarily higher than others, when the load could be spread evenly

across all significant nodes. As such, the aim in this regard is to even energy con-

sumption across significant nodes, as opposed to reducing energy consumption.

Subsequently, increasing network lifetime.

1.7 Thesis Organisation

• Chapter 2 - Literature Review- The review of literature starts with a historical

examination of the progression of ND, from use in static networks to within IoT

environments and finally integrating mobility. This highlights utilising mobility

awareness as an area of interest in this regard, leading to the second part of the

review. Examining the uses of MSNs in past study, demonstrating a propensity for

9



CHAPTER 1. INTRODUCTION

network layer functionality and development of optimal sink paths. Subsequently,

highlighting the gap in research which this thesis aims to fill. That being the

utilisation of a MSN with predetermined path to influence duty cycling.

• Chapter 3 - Mobility Aware Duty Cycling - Testbed- This chapter outlines the

initial approach taken in this thesis and the background to the initial development

of Mobility Aware Duty Cycling. This also details the common parameters utilised

such as network topology and MAC implementation.

• Chapter 4 - Mobility Aware Duty Cycling Algorithm (MADCAL)- This chapter

proposes the Mobility Aware Duty Cycling Algorithm (MADCAL). Utilising pre-

dictable circular sink mobility, with static nodes calculating the current position of

the sink. Each significant node on the path of the sink implements a communica-

tion threshold. The sink position in relation to this threshold is used to influence

static node duty cycling in relation to the MAC protocol SLEEP procedure.

• Chapter 5 - Mobility Aware Duty Cycling and Dynamic Preambling Algorithm

(MADCaDPAL)- In this chapter the initial MADCAL algorithm is extended to in-

fluence the CCA and preambling functions within the MAC protocol. Resultantly,

the threshold is now completely closed once the sink node reaches its end. The

subsequent benefit in energy consumption are shown to be significant.

• Chapter 6 - Dynamic Mobility and Energy Aware Algorithm (DMEAAL)- This

chapter details a cross-layer, context-aware approach to the use of a communi-

cation threshold between MSN and static node. Here, utilising a target energy

consumption rate as well as accessing the battery within the node to ascertain

current energy levels, the threshold is adjusted according in real-time. As a result,

energy levels are shown to even out across significant nodes, extending network

lifetime.

• Chapter 7 - Conclusion and Future Work- This chapter summarises the work

performed in this thesis and the achievements gained, while also highlighting

challenges and issues which may lead to future work.
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Literature Review

2.1 Introduction

The challenges inherent in integrating small, low-power and low-memory Smart

Objects [40], into an internet which continues to grow rapidly in terms of speed and

memory requirements, have proven to be vast. With the adoption of small devices,

some mobile, the IoT can now be found to be integrated in everyday life. In a short

space of time smart meters [2, 3] have been widely accepted within the home in order

to more efficiently record energy use. In the area of home entertainment devices

such as the Amazon Echo [4] or Sonos [41] products are designed to integrate with

cloud applications such as Spotify [42]. Outside the home environment the IoT can

be observed to be spreading to city life, with many aspects on the way to becoming

interconnected. The Smart City [5, 6, 7] concept envisages smart devices becoming

part of all aspects of the modern city environment. With this move, these devices can

also no longer be seen as part of a static network. With the mobility of these devices

and the vast applications appearing for their use therein, there lie many challenges and

opportunities, none more so than when considering the use of WSNs. The challenges

inherent in networks where small and low-power devices gather data and send it to a

sink node are already well documented. These challenges multiply when the nodes are

mobilised or, in the case of the focus of this thesis, the sink node itself.
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2.1.1 Mobility in WSNs

A well-researched area is that of Wireless Body Area Networks (WBANs). Allowing

sensors to be worn or even located within a human body, either in the blood stream

or under the skin. In terms of in body sensors this can support the early detection of

many conditions and illnesses [26]. Wearable body sensors can aid in the monitoring

of individuals, this in order to pre-empt any health concerns. This can be of great

importance in regard to elderly patient care, with prevention generally seen as of much

greater benefit than treatment [26]. In recent years the use of robotics has entered

this area [43]. The use of wearable sensors is not restricted to human beings, with

applications to be found in agriculture. There has been a noticeable increase in the

use of WBANs in recent years for the purpose of cattle monitoring [44][45]. One of the

most important, and profitable, uses is in the recording of data in order to measure the

optimal gestation period of cows. This done by retrieving the data from sensors that the

cows wear constantly [46]. It can be noted, however, that these networks suffer from

similar issues as WSNs with regard to the need to conserve energy. This of particular

importance considering the applications utilised therein [47].

When examining the various applications of mobility in the IoT, the area of vehicular

networks must be given particular consideration. Vehicular networks generally operate

in an opportunistic way, where vehicles are merely transmitting or receiving data on

a single-hop basis. This may be to inform other vehicles of an accident or to receive

data from a roadside router [48]. The area of autonomous vehicles, more commonly

referred to in the media as driverless cars, is an area generating great interest. With

many companies, including Google [49], currently investing large amounts of money

into development in this area. Another area of interest is that of UAVs, more commonly

known as drones [50, 51, 20]. These can form entire aerial networks, with work already

taking place in an attempt to coordinate communication between drones [52]. There is

also great potential for the use of mobility in utilising robots, mobile sensors or sensors

located on people in Industrial Wireless Networks [53]. These sensors may function as
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part of the network itself, alongside static nodes. However, a further possibility exists of

mobilising the sink node itself, in order to gather the data from the other nodes in the

network, with various different applications for this approach in industry.

2.1.2 Mobile Sink Applications

The theoretical benefits of the utilisation of MSNs are clear when considering the

issue of energy hotspots, as well as the problem of transmission bottlenecks near a static

sink node.

However, it is important to demonstrate that there are real-world applications to

which the use of MSNs may be applied. WSNs can be located in extremely inhospitable

environments and consequently, it can be problematic to retrieve data from the nodes.

There is also the concern in these environments of failure of the sink node and the

inability to successfully replace it. Thus, effectively causing the failure of the entire

network, or at least a large part of it. One of the most extreme examples of this is in

the area of volcano monitoring. The retrieval of data from sensors within a volcano

comes with obvious dangers inherent to both the network and personnel. Therefore,

the use of UAVs is proposed to fly over the static sensors in order to collect data [54].

UAVs are a current area of research in regard to their deployment as MSNs, with many

different applications mooted such as disaster recovery, agriculture and also in Linear

Sensor Networks [55, 56, 51]. This can be in regard to the monitoring of networks along

straight line implementations such as roads, bridges and pipelines [57]. UAVs are also

expected to play a major role in smart cities with sensor data gathering merely one

of many applications of this technology [58]. There is even the proposal of utilising

UAVs as a cloud which would then be capable of providing a service, rather than merely

performing the functions of a sink node [59].

Sink node mobility, however, is not restricted to UAVs. The sink may be carried by

a person or placed on a robot, at ground level. Amongst other applications, this has
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been proposed for use within theme parks, where the sink would move around the park

retrieving information from static nodes. This could help in the case of emergencies

where evacuation is necessary or could return valuable information from sensors lo-

cated on rides [60]. Mobile robots can also be programmed to visit a set of static sensors

in order to retrieve data [61]. One novel use of MSNs is to place a sink node within an

elevator in the Guangzhou New TV Tower. As the elevator moves and the sink collects

data on each floor this can aid in monitoring the health and structural integrity of the

building [62]. Mobile sinks are also seen as an important next step in the monitoring of

underwater WSNs. The sink may be placed in an automated underwater vehicle to aid

in environmental and pollution monitoring as well as the prevention of disasters [63].

2.2 Duty Cycling in Mobile WSNs

Considering the low-power nature of devices in WSNs, duty cycling becomes of great

importance in order to conserve energy. Duty cycling is implemented in MAC protocols

for WSNs to ensure batteries remain on for very short periods of time, hence using less

energy. However, it is accepted that other areas of network performance may have to be

compromised in order to utilise duty cycling, such as delay, increased collision rates

or greater overhead if synchronisation is required [64]. Duty cycling tends to fall into

the categories of synchronous or asynchronous, with synchronisation requiring extra

messaging on the network in order to ensure synchronised timing [64].

The effects of synchronisation of duty cycling on the 802.15.4 [65] MAC standard

are explored by Choudhury et al. [66]. This demonstrates a benefit in synchronisation

in terms of the avoidance of collisions. However, synchronisation is achieved by the

sending of beacon frames in order to establish the timing of wake-up schedules of

nodes. These beacons therefore add to the load placed on the network. Therefore, it

would be of interest of synchronisation of any kind could take place without the need

for beacon frames.

14



CHAPTER 2. LITERATURE REVIEW

However, given the need for control traffic to be placed on the network in order

for synchronisation to work, many asynchronous proposals have been developed in

response. As such, these do not require nodes to agree timing of wake-up schedules in

order to operate. One asynchronous approach of significance historically is the sending

of preambles [67]. This originally incorporated into MAC protocols such as S-MAC [68]

and B-MAC [69]. This approach requires a preamble to be sent that is at least the length

of the frame to come. The initial use of long preambles was eventually usurped by short

preamble techniques, due to the wasteful use of channels by longer preambles. Shorter,

strobed, preambles are useful from the point of view of being interruptable [64]. Other

asynchronous approaches such as on demand wake-up and random duty cycling have

also been shown to be of benefit, but preambling is the approach that will be affected

by the work in this thesis.

2.3 Neighbour Discovery in Mobile WSNs

Duty cycling causes difficulty with regard to ND and the transmission of data at

both Layer 2 and Layer 3 in WSNs, especially if heterogeneous wake-up schedules are

utilised. However, in WSNs where devices can be mobile there are a great deal more

issues to address. This, along with the lossy nature of nodes in these networks, means

the original, multicast-heavy, ND protocol for IPv6 is not suitable for these networks.

Considering the MAC layer being responsible for so much energy consumption [70],

the duty cycling of wake-up schedules has become of paramount importance in WSNs.

As a result the focus of NDP functionality has shifted when considering mobile WSNs,

with ensuring the probability of nodes discovering each other in the first place now

of importance. As would be expected, this has resulted in a considerable number of

studies in this area.

Historically, when considering NDP, a significant issue has been of synchronicity of

wake-up schedules. When examining state-of-the-art approaches to ND in WSNs, the
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main issue of study is in regard to unsynchronised devices and the ability to guarantee

an overlap of communication. In this area the two approaches that dominate research

are in the use of Probabilistic and Deterministic protocols. These can be summarised as

thus:

• Probabilistic - Exploit statistical properties to guarantee a high probability of

temporal overlap of slots. However, overlap is not guaranteed, with the long-tail

discovery latency problem a common issue. This means that there remains the

possibility, even remote, of neighbouring nodes never actually discovering each

other [25]. The base of most probabilistic protocols are the Birthday Protocols

suite [71]. These protocols are based on the Birthday Paradox. That being the

probability that if there are as few as 23 people in a room, then there is at least

a 50% chance of two or more having the same birthday [71]. This probability

increases with the number of people. The same principle can be applied to

the wake-up schedules of neighbouring nodes. The probability of an overlap

increasing with the frequency of wake-up slots. This is a simplistic description

based on legacy protocols, where more recent work applies these methods in

more complex ways.

• Deterministic - Use number theory to guarantee a communication overlap. This

requires a synchronisation of time slots, however [25]. This generally involves the

use of prime numbers or quorums in order to guarantee an overlap. One of the

earlier protocols using the prime method is Disco [27]. When using Disco, nodes

will choose a pair of prime numbers, n1, n2. Where the sum of the reciprocal

values (1/n1 + 1/n2) should be equal to the required duty cycle. The activation

of the node’s radio is controlled by the use of a local-counter, incremented by a

globally-fixed period. When this value becomes divisible by either of the node’s se-

lected prime numbers, the radio is turned on for a single period. This ensures two

nodes must have an overlap in radio activation, resulting in a much lower-bound

of discovery than a probabilistic approach [27]. Also referenced in regard to Prime-

based Deterministic approaches is the use of the Chinese Remainder Theorem [72].
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Alternatively, original quorum based protocols use a two-dimensional array based

on the square of a global parameter. For wake-up periods, each host chooses

one row and one column, ensuring an overlap of at least two periods for any two

nodes [73]. Whilst from a latency viewpoint this ensures a much lower-bound

in the worst-case, a Probabilistic approach is much better on average. Also, this

two-dimensional approach is restrictive and has been improved upon in later

work [28].

Whilst reference is made to Neighbour Discovery, it could be said that the term

Neighbour Discovery has become somewhat of a misnomer in the area of WSNs, and in

particular with regard to mobility. Whilst efficient beaconing is still of importance, in a

mobile WSN environment the most important aspect would now appear to be the need

for MAC protocols which control duty cycling and wake-up schedules. As without this

nodes cannot be awake to discover each other in the first place.

2.3.1 Mobility Awareness/Opportunistic Routing

Within the field of mobility in WSNs there is a great deal of reference to opportunistic

routing (OR). This can also be referred to as Delay-Tolerant Networking (DTN). In

contrast to traditional routing, OR involves decisions being made regarding the routing

of a packet without a route ever being guaranteed. This may be involved in industrial

applications, disaster recovery or rural areas with poor internet coverage. This is a

similar principle to mesh networks in that every router can be involved in forwarding

traffic. Routing can be performed dynamically and on the fly, no knowledge of network

topology is required.

This approach, tailored with mobility in mind, has been shown to be of interest with

regard to WSNs. With energy saving of paramount importance, OR lends itself well to

the more efficient delivery of packets, therefore lessening expensive re-transmissions,

but with the addition of possible delays while opportunistic connections are detected.

Depending on the particular application in use, this may be a negative factor when

considering this approach. However, it is within the area of OR where reference is
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initially made to utilising MA [25].

MA has been proposed as a future direction to take in the area of mobility in WSNs.

The principle being that if mobility patterns of mobile nodes can be successfully pre-

dicted, then the delivery of packets can be made with these patterns in mind, as opposed

to the energy consuming process of exchanging beacons. The velocity of nodes may

also render current approaches inadequate, given the potential for extremely short

connection periods [35]. This is of particular relevance when in connection with oppor-

tunistic approaches, where short connection times are assumed. As has been stated,

there is a disparate nature to previous studies in this field. Approaches may involve

attempting to predict mobility movements of personal devices based upon information

gleaned at a social level. This can involve utilising previous movements of the personal

device in order to ascertain, to a fair degree of certainty, the future movements it will

take. Much of this work, however, does not consider ND, and duty-cycling in particular.

The work reviewed here will show legacy studies in the area of MA, whilst aiming to

identify potential future work with regard to ND.

2.4 Mobile Sink Node in Wireless Sensor Networks

2.4.1 Introduction

The mobilisation of sink nodes is generally proposed in order to combat the particu-

lar issue of energy and routing hotspots [17] in static WSNs. These occur near the sink

node as nodes closest to the sink will assume a greater responsibility in terms of routing

than leaf nodes and, as a result, consume more energy. Ultimately, the lifetime of these

hotspot nodes can be reduced considerably, with the other nodes in the network left

unable to communicate with the sink node. Therefore, the WSN itself ceases to function

properly. In utilising a mobile sink node (MSN), moving around or across the network,

energy consumption is spread more evenly amongst the nodes in the WSN. This due to
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no particular node being able to take on the role of hotspot for a considerable period of

time. As a result, network lifetime can be increased and the hotspot issue negated to

a certain degree [18, 19]. The mobilising of sink nodes is possible via many different

applications such as robots, vehicles or located on a person. However, the emergence

of UAVs provides further possibilities in this area. With studies having taken place to

utilise drones in this way, to collect data and provide network connectivity [20].

However, while the benefits to be gained from sink node mobility are referenced,

subsequent issues arise in the mobilisation of the sink, especially so with regard to rout-

ing. As a consequence of this, the majority of studies take a negation approach to sink

mobility, that being that it is a problem to solve in order that existing approaches may

continue to work. Additional work focuses on determining an optimal sink path. In this

section of the literature review the various approaches to sink mobility are examined; in

order to demonstrate that a gap exists in the use of sink mobility as a metric by which

network performance may be improved.

2.4.2 Mobile Sink Mobility Patterns

When considering sink mobility, historically the different mobility patterns can be

divided into three main categories [74]:

• Random Mobility: Sometimes referred to as unpredictable mobility. Put simply

this is where the sink node is attached to something which will not move in a

way which can be or is expected to be, controlled. This could be when animal

monitoring is involved [46].

• Controlled Mobility: In this case it is expected that the sink node is located on

a mobile device which may be controlled, such as a car or robot. It would then

be expected that mobility would henceforth depend on certain factors such as

energy consumption and latency. Nodes within the network could then route

data dependant upon the potential future location of the controlled sink node.
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• Predictable Mobility: This is the simplest mobility pattern to conceptualise and

yet as shall be demonstrated in the review of literature, is not extensively used.

Basically the path on which the sink node shall travel is pre-determined. This

is beneficial in that if the sink node position can be calculated, certain network

events may be influenced by this.

These may be further classified depending on the particular implementation. For

example, random mobility may be related to wildlife or could be influenced socially if

the mobility is of people. Controlled mobility may be influenced geographically, this

could particularly relate to the sink node stopping at particular locations to gather data.

Predictable mobility may be path constrained, such is if located on a train or bus [75].

When considering the simulation of these patterns, simulation software such as

Cooja [76] or OMNeT++ [77] have both been used in literature to simulate sink mobility.

In simulating a random pattern the Random Waypoint Model has been proposed [75],

although it should be remembered that it true simulation of random movement is

unlikely to be attained. The OMNeT++ simulation platform in particular provides

many different models for mobility such as tractor mobility, where the node moves

in a grid like fashion. With this generally used to attempt to pass every single node

in the network [56]. It is also possible to move the sink in straight lines, controlling

the angle of movement. Or around the network in a square or circular fashion [77, 78].

The particular mobility model utilised in this thesis and justification for its use shall be

detailed later.

2.5 Conclusion

This chapter provides background to the areas addressed within this thesis. The

requirement for wake-up scheduling is now at the forefront of ND developments in

mobile WSNs, replacing the traditional view of ND as a static, network layer function.

With functionality now moving more towards the MAC layer to control duty cycling of
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nodes. Sink mobility is of interest as it is already a common approach used to spread

load across a WSN and negate the hotspot issue. Therefore, a research gap appears

where implementations utilising sink mobility could use that mobility to influence

network behaviour, in particular duty cycling.

Work where MSNs are utilised focus on the desire to establish optimal sink paths

through a network. What is also clear is that when examining ND with mobility, even

where MA is proposed as a solution, the mobility remains an issue to be negated. Within

this thesis the proposal is that with regard to the use of a MSN with ND, this approach

be turned on its head. Such that, rather than an issue to worked around, the mobility

of the sink node becomes a network metric by which other nodes in the network are

positively influenced. In influencing ND then this study must be located at the MAC

layer as opposed to the many studies which seek to influence network layer behaviour.

As such, when considering the issue of duty cycling in a WSN which implements a

MSN, the issues to be addressed can be summarised as thus:

1. Location of Mobile Sink. Determination of the location of the MSN requires

a lightweight solution as constant re-transmission using, for example, Global

Positioning System (GPS) would result in too great an expenditure of energy.

2. Context. The particular application for which the MSN is being employed, as well

as the environment in which it is to be utilised, may have a direct effect on the

mobility. This subsequently affects the wake-up schedule of nodes.

3. Mobility Pattern vs Heterogeneity. There are various different models for mo-

bility, which may be affected by various different factors. In short, regarding

MSNs, mobility may be predetermined, completely random or reactive to certain

factors. The pattern utilised will affect whether it is possible to predetermine

optimal wake-up schedules or whether it should be reactive to the position of

the MSN. The alternative would be a solution based upon existing Deterministic
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and Probabilistic approaches, allowing for heterogeneity of devices and wake-up

schedules.

4. Velocity. This is directly linked to the mobility pattern of the MSN and again

is a factor in determining the ability to predict wake-up schedules or whether

approaches which accept heterogeneity should be utilised.

In the following chapter the approach taken and methodology implemented is

detailed.
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Mobility Aware Duty Cycling - Testbed

3.1 Introduction

The approach taken in this study is to utilise a MSN with the lesser used predictable

mobility pattern in order to positively affect the wake-up schedules of static nodes. All

algorithms presented in this thesis operate at the MAC layer and use no extra beacons

or messages. The duty cycling of one-hop nodes to the sink is based on the current

location of the MSN and a communication threshold, calculated within each node,

independently of all others. This calculation uses the transmission range of the node,

its distance from the path of the MSN and the speed of the MSN. The rest of this

chapter outlines the initial approach and the common parameters utilised such as

network topology and MAC implementation. The subsequent chapters shall detail each

particular algorithm developed.

3.2 Mobility Aware Duty Cycling

3.2.1 Beacon Messaging

Existing studies demonstrate a propensity to determine, by various different para-

meters, an optimal path for the MSN, which has merit in the results of each particular

work. However, a common theme to be found is in the approach taken to keep track of

the MSN. The regular exchange of beacon messages in order to facilitate this, however,
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can have a significant negative effect on the energy consumption of a network. The

new mobility-aware duty cycling approach proposed in this thesis utilises a predefined

mobility pattern. The hypothesis being that given network parameters such as sink start

position, speed and time, each static node is capable of independently calculating the

current sink position. This can therefore be achieved without the expensive exchange

of messages, resulting in a lightweight algorithm with no network overhead.

3.2.2 Significant Nodes

The first step in this study is to identify the significant nodes with which the MSN

shall communicate directly as it travels along its path. In effect, these nodes now take

on the role of hotspot, with responsibility for communication with the sink node spread

amongst them. The initial focus of this study is to reduce energy consumption amongst

these significant nodes the MSN communicates with via one-hop. While also improving

the number of frames delivered to the sink node, or at least keeping that figure within a

reasonable boundary.

3.2.3 Mobility Pattern

An important factor to consider is that this study does not seek to establish an

optimal mobility pattern. The aim of this thesis is to utilise a predictable mobility

pattern, to establish if pre-knowledge of sink mobility may be used to positively affect

duty cycling and therefore, improve energy consumption. Consequently, the particular

mobility model in use is not as important as that the pattern is predictable. When

considering the mobility pattern, it was decided to use a simple pattern but with an

implementation inspired by real-world applications. Therefore, an environment where

all nodes are not treated equally, such as a disaster recovery situation where reaching

each node directly is not possible. Other studies have aimed to have the MSN pass

as many nodes as possible [79, 80, 81], and whilst such an approach has merit, it is

clear that this is not always possible in a real-world scenario. For example, a forest

fire scenario may render it impossible for a mobile sink to reach every single node.
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Therefore, throughout this study the approach is taken to replicate a network scenario

where reaching all nodes would not be possible. This is achieved by moving around

the periphery of the network in a circular pattern, such that communication with the

sink is only possible for the outermost nodes. With internal nodes communicating via

multiple hops.

3.2.4 Network Topology

With regard to network topology, two approaches have been taken. Firstly, a one-

hop grid formation is used. This in order that results could be observed when controlled

location of static nodes was in effect. As a result, it is easier to observe the effect

that communication with the MSN has on the static nodes in the network, with both

transmission range and distance from the path of the sink node reasonably consistent.

Figure 3.1 shows the network layout, with the start point of the MSN and the clockwise

direction of travel. In addition a more random topology has been deployed in order

if effectiveness of the subsequent algorithms remains when communication between

nodes is more strained. As such there has been no effort made to spread the nodes in

the network in an even fashion, with the intention being to ensure communication with

the sink is problematic. This can be seen in Figure 3.2.

As can be observed, depending on transmission range, certain nodes within the

network will be within one-hop of the MSN. These are determined to be the afore-

mentioned significant nodes, taking the place of hotspot nodes in a network where the

sink node remains static. Only now the significant nodes take it in turn to have final

responsibility for relaying data to the sink. As the ultimate aim is to reduce energy

consumption and increase network lifetime, this benefit is negated if only certain nodes

have channel access and thus, the ability to communicate with the sink node. Whilst

other nodes wait for the channel to become clear before communication with the sink

can commence. Therefore, we propose the development of a threshold of communica-

tion in order to ensure fair access to the MSN. The determination of significant nodes
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Figure 3.1: Network Topology - Grid
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and the calculation of the communication threshold is detailed in Chapter 4.

3.2.5 MAC Implementation

It is at the MAC layer where the greatest amount of energy is consumed [82], and it

is here where duty cycling takes place. Hence, the three algorithms developed in this

study are implemented at the MAC layer, within each static node. The MAC implemen-

tation utilised in this study to test the effectiveness of these algorithms is a lightweight

CSMA/CA implementation which reflects the core functionality of the IEEE 802.15.4

standard [83, 84]. This uses CCA and the transmission of preambles. Figure 3.3 demon-

strates this MAC implementation as utilised within all nodes. Subsequent chapters shall

demonstrate where each algorithm is inserted within this implementation for static

significant nodes. With nodes deemed not to be significant reverting to the existing

duty cycle approach utilising CCA and the sending of preambles.
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Data

Pre-
ambles

CCA

Await 
Frame

Start

Scheduled 
wake-up/Frame 
to send

Busy channel

Free channel

More 
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Full 
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Broadcast 
OR No ACK

Unicast 
AND ACK

No ACK

ACK 
Received

Frame Received

Figure 3.3: Initial MAC Implementation

3.2.6 Network Assumptions

The following properties of the WSN are assumed:
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1. Static node positions are constant throughout.

2. Static nodes are aware of their own location.

3. Static nodes are unaware of the location of neighbouring nodes, each node imple-

ments MADCAL, MADCaDPAL and DMEAAL independently.

4. Node power levels are consistent.

5. Transmission ranges, though variable across tests, are consistent across static

nodes and the MSN.

6. Sink speed shall not be less than 2 metres per second (mps) or greater than 40mps.

This in order to establish MSN effectiveness across a range of speeds, from slow

to very fast.

3.2.7 Network Layer

This study does not seek to test routing protocols. However, a routing protocol is

required in order to ensure final delivery is to the MSN. Otherwise, MAC layer frames

would simply be sent in bursts, with the MSN behaving as any other node in the network

would. Given this, the Optimized Link State Routing protocol [85] (OLSR) is utilised in

this study. This is an unconventional approach as OLSR is not usually used in a WSN

environment. However, OLSR is a resource heavy protocol which places a great load

on the network, especially in terms of energy consumption. For the purpose of this

study this proved to be of benefit and resulted in accelerated tests, requiring a lower

simulation time in order to acquire the desired results.
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Mobility Aware Duty Cycling Algorithm

(MADCAL)

4.1 Introduction

In this chapter a novel Mobility Aware Duty Cycling Algorithm (MADCAL) is pro-

posed, in order that sink mobility may be used in order to influence the duty cycle of

static nodes in the network in order to answer the first research question:

• To what extent can the mobility pattern of a MSN in a WSN be exploited at the

MAC layer to influence the performance of static nodes, in order to increase

efficiency in terms of network performance and energy consumption?

In creating the MADCAL algorithm, a predictable sink mobility pattern approach is

utilised. Then, given the network parameters of sink starting position, speed and the

time it has been travelling for, it is possible for each static node to accurately calculate

the current sink position. This calculation made independently in each node, without

the use of energy expensive beacon messages. As stated earlier, the mobility pattern

utilised by MADCAL is a circular path around the network. Therefore, the nodes to be

identified, the significant nodes, are those which are one-hop from the path of the sink

based on transmission range.
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Whilst the need to conserve energy is a constant factor in the function of WSNs,

studies have thus far failed to utilise sink mobility directly in influencing duty cycling.

Considering the benefits documented in the implementation of sink mobility in terms

of countering the hotspot issue, to further benefit from this to save energy across the

entire network would be significant. Given the lack of directly comparable studies,

when considering comparisons in results in order to ascertain the effect of MADCAL in

a quantifiable way, the approach is taken to examine a network implementing a MSN

and then compare the effect of utilising MADCAL. This is covered in greater detail later

in this chapter. The MADCAL algorithm features two sub-algorithms summarised as

follows.

The first to create a threshold between static node and mobile sink. In taking the

point closest to the circular sink path in relation to the significant node, deemed the

circlePoint, an angle may then be calculated based in transmission range. This would

be the maximum communication threshold before and after the circlePoint. However,

as this would result in a large threshold when the static node is close to the sink path

and a smaller threshold for nodes a greater distance away, further adjustments are

required. As such, a factor is applied in order to regulate threshold size, initially by

taking the distance to the sink path and dividing this by the transmission distance. Sink

speed is taken into account, with a slower sink requiring larger thresholds, due to fewer

opportunities to communicate with each node, and vice versa. Therefore, in order to

take sink speed into account, the following calculation is made. For speeds less than 10

mps the threshold cannot be reduced by less than a factor of 0.5, for less than 20 mps

this factor reduces to 0.35, reducing again to no less than 0.25 for less than 40 mps. If

the speed is exactly 40 mps we take no action other than the factor remaining at the

initial calculation of node distance over transmission distance.

The second MADCAL algorithm focuses on how to utilise this threshold in order to

then effectively influence duty cycling within a static node. By calculating the current

MSN position within the SLEEP procedure of the MAC layer implementation in use, the
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node can calculate if the sink is within its threshold or not. If it is not then the node may

delay the move from SLEEP to CCA, in effect remaining asleep whilst still able to receive

messages. This is achieved by calculating the time it will take for the sink node to reach

the start of the threshold based on the current sink coordinates, coordinates of the

threshold start, current time and sink speed. This will be compared to a standard duty

cycling approach with CCA, preambles and check interval, to show an improvement of

up to 15% in energy consumption, as well as keeping frame delivery at similar levels or

better.

4.2 Determination of Significant Nodes

We utilise the grid and random network topologies as shown in Figure 3.1 and

Figure 3.2. Test parameters shall show the transmission range of nodes is varied across

four values. Within the grid topology this results in the same significant nodes each time,

as can be seen in Figure 4.1. However, with the random topology in use the number of

Figure 4.1: Network topology - grid with significant nodes.
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significant nodes reduces as the transmission range of nodes becomes smaller. This

can be seen in Figure 4.2.

Among both network implementations the assumption is that static nodes will retain

their positions throughout. Each static node implements MADCAL independently and

although aware of its own location, is unaware of neighbouring nodes. Although four

different transmission ranges are used across different test scenarios, each range is

consistent across all nodes in each test.

4.3 Mobility Aware Duty Cycling Algorithm (MADCAL)

4.3.1 MAC Implementation

The MADCAL algorithm is implemented at the MAC layer, utilising MAC implemen-

tation detailed in the previous chapter, using CCA and the transmission of preambles.

Figure 4.3 demonstrates this MAC implementation, with the location of the MADCAL

functionality highlighted. This firstly shows where the initial communication threshold
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Figure 4.3: MAC Implementation with MADCAL

within the node is calculated, as covered next, and secondly to show how the normal

wake-up schedule is now intercepted.

4.3.2 The Communication Threshold

The basic premise of MADCAL is to establish a threshold of communication be-

tween each significant static node and the MSN, with significance based on whether the

distance from the static node to the path of the sink is less than the node‘s transmission

range. In the case of a circular sink mobility pattern as utilised here, this involves estab-

lishing the coordinates of the start and end of the portion of the circle circumference

where, when reached by the MSN, the particular static node should be awake for com-

munication. This threshold is calculated during the initialisation stage of each static

node and is detailed in Algorithm 1.

Algorithm 1: In the Initialisation procedure the MSN speed is set from input at 2

metres per second (mps), 10mps, 20mps or 40mps with whether this is a significant

node not yet established. The transmission distance, transDist, of the node is calculated
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Algorithm 1 Communication Threshold

1: procedure INITIALISATION
2: set si nkSpeed
3: si g ni f i cant Node ← f al se
4: set tr ansDi st
5: set Ci r cum f er ence
6: set f i r stSi nkPos
7: set f i r stSi nkQuar ti l e
8: set di stToCi r cle
9: if di stToCi r cle < tr ansDi st then

10: si g ni f i cant Node ← tr ue
11: end if
12: if si g ni f i cant Node then
13: set ci r clePoi nt
14: set nodeQuar ti l e
15: set di st anceBet weenPoi nt s
16: set ang l eO f Node
17: thr eshol d A f ter ← tr ue
18: si nkT hr eshol d A f ter ← est abl i shT hr eshol d(si nkRadi us, thr eshol d A f ter )
19: thr eshol d A f ter ← f al se
20: si nkT hr eshol dBe f or e ← est abl i shT hr eshol d(si nkRadi us, thr eshol d A f ter )
21: set thr eshol dDi st ance
22: set be f or eQuar ti l e
23: set thr eshol dOpposi te
24: end if
25: end procedure
26: function ESTABLISHTHRESHOLD(radius, after)
27: nodeDi st ← (r adi us −di stToCi r cle)
28: ang l eTemp ← (r adi us2+nodeDi st 2−tr ansDi st 2)

(2∗r adi us∗nodeDi st )
29: ang l eRadi ans ← ar ccos(ang l eTemp)
30: ang l e ← (ang l eRadi ans ∗ ( 180

PI ))

31: f actor ← di stToCi r cle
tr ansDi st

32: if si nkSpeed < 10 then
33: f actorC heck ← 0.5
34: else if si nkSpeed < 20 then
35: f actorC heck ← 0.35
36: else if si nkSpeed < 40 then
37: f actorC heck ← 0.25
38: end if
39: if f actor < f actorC heck then
40: f actor ← f actorC heck
41: end if
42: ang l e ← (ang l e ∗ f actor )
43: if after then
44: thr esh Ang leDeg r ees ← (ang l e +ang l eO f Node)
45: else
46: thr esh Ang leDeg r ees ← (ang l eO f Node −ang l e)
47: end if
48: thr esh Ang leRadi ans ← thr esh Ang leDeg r ees

(180∗PI )
49: thr eshol d .x ← ci r cleCentr e.x + (r adi us ∗ cos(thr esh Ang leRadi ans))
50: thr eshol d .y ← ci r cleCentr e.y + (r adi us ∗ si n(thr esh Ang leRadi ans))
51: return Coord thr eshol d
52: end function

as per algorithm previously stated. The circumference of the circular path of the MSN

is calculated based on the radius, with the coordinates of the start point of the MSN

set from input as firstSinkPos. Based on the sink start point, the quartile of the circle

the sink initially resides in is calculated as firstSinkQuartile. These quartiles can be

described as North West, North East, South West or South East. The shortest distance
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from the node to the circular path of the MSN is calculated as distToCircle in Eq (4.1):

di stToCi r cle =
∣∣∣∣(√(node.x − centr e.x)2 + (

node.y − centr e.y
)2

)
− r adi us

∣∣∣∣ (4.1)

Where node.x, node.y denote node coordinates; centre.x, centre.y denote circle path

centre coordinates.

If the distance to the circular path is less than the node transmission distance, then

the node is deemed to be significant. In that it shall be able to communicate directly with

the MSN at some point. Coding is then performed relevant to only significant nodes.

The coordinates of the closest point to the circular path from the node is calculated as

circlePoint in Eq (4.2) and Eq (4.3):

poi nt .x = centr e.x +

r adi us×

 node.x − centr e.x√
(node.x − centr e.x)2 + (

node.y − centr e.y
)2




(4.2)

poi nt .y = centr e.y +

r adi us×

 node.y − centr e.y√
(node.x − centr e.x)2 + (

node.y − centr e.y
)2




(4.3)

Where point.x, point.y denote coordinates of circlePoint.

The quartile in which the circlePoint resides is calculated as nodeQuartile. The

distance between firstSinkPos and circlePoint in a straight line is calculated as distance-

BetweenPoints. The generic equation to calculate the distance between two points can

be seen in Eq (4.4):

di st ance =
√(

poi nt2.x −poi nt1.x
)2 + (

poi nt2.y −poi nt1.y
)2 (4.4)

The angle of the circlePoint is calculated as angleOfNode, between 0 and 360 degrees,

with zero the farthest east point of the circle and default starting point for the sink,

although a zero sink start point is not compulsory. The calculation is based initially on

the firstSinkQuartile and nodeQuartile in order to ascertain the angle between sink start
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point and circlePoint.

The thresholdAfter boolean variable is set to true in order that the coordinates of

the threshold after the circlePoint may be calculated. The coordinates are calculated

as sinkThresholdAfter using the establishThreshold function, as detailed later. This is

repeated with thresholdAfter set to false to calculate the coordinates of sinkThresholdBe-

fore. Then the distance in a straight line between the two threshold coordinates, before

and after, is calculated as thresholdDistance as per Eq (4.4).

The quartile in which sinkThresholdBefore is located is established as beforeQuartile,

followed by the coordinates of the opposite point to the threshold as thresholdOpposite,

for use later in determining the sink position in relation to the node. This concludes the

initialisation.

The Establish Threshold function is passed the size of the radius of the circular path

and whether whether the coordinates to be calculated are before or after the circlePoint.

The threshold point is based upon a combination of node location and the point at

which communication with the sink should no longer be possible, based on transmis-

sion distance.

The distance from the centre of the circle to the static node is calculated as nodeDist.

The angle of the circle centre to furthest point of communication and the circle centre

to the node is then calculated, using radius, nodeDist and transDist to form a triangle.

This is illustrated in Figure 4.4 in relation to Node 15.

In order to avoid excessively large thresholds, a factor is determined by which

how much this angle should be reduced based upon distToCircle divided by transDist.

However, a factor check is required based upon the speed of the MSN. The faster the

sink speed may be, the more the angle of the threshold may be reduced by. If the factor

calculated is less than the factor check then the factor check value becomes the factor.
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Figure 4.4: Illustration of Calculation of Initial Angle of Threshold - MADCAL

The value of the angle of the threshold is then multiplied by the factor in order to reduce

it accordingly. If sinkThresholdAfter is being calculated then the angle calculated is

added to angleOfNode, otherwise the angle is subtracted from angleOfNode. This results

in threshAngleDegrees, which is then converted to radians. The function finishes by

calculating the x and y coordinates of the threshold, returning the coordinate value

threshold.

4.3.3 Initial Calculation of Threshold

With circular mobility this threshold is calculated based on the angle of the closest

point to the circular path in relation to the static node – the circlePoint. Taking into

account the transmission range of the node and the radius of the circle, an initial maxi-

mum threshold before and after the circlePoint can be calculated. This is demonstrated

in Figure 4.5 in relation to Node 15. However, a simplistic approach such as this would

result in a significantly large threshold if the static node is close to the path of the MSN.

In this event this node could monopolise communication with the sink for a consider-

able time, to the detriment of other significant nodes. To negate this, a more dynamic

approach to calculating the threshold is required.

Firstly, node distance to the sink path is taken into consideration and divided by

the transmission distance, in order to create a factor by which the threshold angle shall
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be multiplied. Secondly, in order to now avoid an extremely small threshold for nodes

closer to the path, a factor check is utilised. This lessens how much the threshold is

reduced based upon the speed of the sink node, which is constant throughout each

scenario. As the sink speed increases a smaller threshold is more efficient, given that

the sink shall pass through this threshold more often. For example, if the sink node

is travelling at 40mps it shall pass through the threshold of any significant node 40

times the same time it would take to pass just twice at 2mps. Giving each significant

node many opportunities to communicate with the sink. However, at 2mps it would

make sense for thresholds to be larger to give each significant node as much chance as

possible to communicate with the sink.

Therefore, as a first approach, the factor check is utilised such that for speeds less

than 10mps the threshold cannot be reduced by less than a factor of 0.5, for less than

20mps this factor reduces to 0.35, reducing again to no less than 0.25 for less than

40mps. If the speed is exactly 40mps no action is taken to use a factor check, allowing

the threshold to be reduced based upon the initial calculation of node distance over

Figure 4.5: Illustration of Initial Threshold Calculation - MADCAL
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transmission distance. It is envisaged that in future work an extension to this algorithm

could be developed to ensure the factor is completely dynamic based on the speed of

the sink node.

4.3.4 Threshold Calculation with Factoring Employed

Using Node 15 again as an example, which has a distance of exactly 50m from the

path of the MSN. In the example shown in Figure 4.5 the transmission range is 77.52m

which would give an initial factor calculated as thus:

f actor = di stToCi r cle

tr ansDi st
(4.5)

Which in this case would result in:

50

77.52
= 0.645

Assuming a speed of 2mps then speed is less than 10mps, therefore the factor check is

set to 0.5. This would be compared against the result of the initial calculation which, if

less than the factor check, would result in the factor check value, 0.5, being assigned as

the value of the factor. Ensuring it can not be reduced by less than 0.5. However, in this

case this is not necessary and the angle of the threshold would be reduced by a factor of

0.645 as shown in Figure 4.6.

4.3.5 Duty Cycling Adjusted with MADCAL

Algorithm 2 is designed to be inserted within the existing MAC code in order to

establish the node wake-up time. This is based on calculating the current sink position

by utilising the sink start position, the size of the circle circumference and the current

simulation time. This enables the static nodes to calculate the sink position without

the need for beacons or other energy consuming methods such as GPS [86]. The sink

position is then compared to the coordinates of the start of the threshold calculated in
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Figure 4.6: Adjusted Threshold Calculation - MADCAL

Algorithm 1, with node wake-up time determined by how long it will take the sink to

reach the threshold, or else reverting to the original code using the check interval as

input, in the event the sink is already within the threshold.

Algorithm 2: In the Sleep procedure, the default sleep interval is set as checkInter-

val. Now, only applying to significant nodes; the thresholdTime function is called to

establish the time it will take for the sink to reach the threshold. If the threshold has

been reached, the interval to wake-up and move to CCA reverts to the checkInterval

otherwise, it is set to the time it will take for the sink to reach the threshold. If this is not

a significant node the wake-up schedule reverts to the checkInterval as normal. This

ends the Sleep procedure.

The thresholdTime function is designed to establish how long it will take the sink

to reach the threshold. The current sink position is calculated as sinkPos based on
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Algorithm 2 Threshold Interval

1: procedure SLEEP
2: set checkInter val
3: if si g ni f i cant Node then
4: thr eshol dT i me()
5: if thr eshol dReached then
6: i nter val ← checkInter val
7: else
8: i nter val ← t i meToT hr eshold
9: end if

10: else
11: i nter val ← checkInter val
12: end if
13: schedule CCA at t i me + i nter val
14: end procedure
15: function THRESHOLDTIME
16: set si nkPos
17: wi thi nT hr eshol d()
18: if not thr eshol dr eached then
19: set ar c to distance to si nkT hr eshol dBe f or e
20: set si nkQuar ti le
21: t i meToT hr eshold ← ar c

si nkSpeed
22: else
23: t i meToT hr eshold ← 0
24: end if
25: return t i meToT hr eshold
26: end function
27: function WITHINTHRESHOLD
28: if distance between si nkPos and thr eshol d A f ter > thr eshol dDi st ance then
29: thr eshol dReached ← f al se
30: else if distance between si nkPos and thr eshol dBe f or e > thr eshol dDi st ance then
31: thr eshol dReached ← f al se
32: else
33: thr eshol dReached ← tr ue
34: end if
35: return thr eshol dReached
36: end function

simulation time and the initial sink start position as follows:

pos.x = st ar t .x + r adi us×cos

((
st ar t Ang l e

180

)
×PI

)
+

(
speed

r adi us

)
×t i me (4.6)

pos.y = st ar t .y + r adi us×sin

((
st ar t Ang l e

180

)
×PI

)
+

(
speed

r adi us

)
×t i me (4.7)

Where pos.x, pos.y denotes the calculated sinkPos coordinates; start.x, start.y de-

notes the sink start position; startAngle denotes the starting angle of the sink; speed

denotes the sink speed; time denotes the current time the sink has been moving for.

The withinThreshold function is then called to establish if the sink is already within

the communication threshold or not. If the threshold has not been reached yet, arc is set

to the distance the sink must travel to reach the sinkThresholdBefore coordinates. Using

the distance calculated between sinkPos and sinkThresholdBefore as per Equation 4.4,
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the length of the arc is calculated as follows:

ar c =


180−

((
arccos

( (
di st

2

)
r adi us

)
×(180

PI

))∗2

)
360

×ci r cum f er ence (4.8)

Where dist denotes the distance between sinkPos and sinkThresholdBefore; circum-

ference denotes the circumference of the sink circular path.

The current quartile in which the sink resides is established and the time left to

reach the threshold is calculated as the size of the arc in metres divided by the speed of

the MSN in mps. However, if the threshold has been reached, then the time left to reach

the threshold is set as zero. The thresholdTime function returns the timeToThreshold.

The withinThreshold function will establish the position of the sink node in relation

to the static node communication threshold. The distance between the current sink

position and the thresholdAfter coordinates is established as per Equation 4.4. If this is

greater than the size of the entire threshold then the threshold has not been reached and

thresholdReached is set to false. However, if this is not true and the distance between

the current sink position and the thresholdAfter coordinates is less than than the size

of the entire threshold, now establish if the sink is before or after the threshold. If the

distance between the sink position and the thresholdBefore coordinates is greater than

the thresholdDistance then the sink must be beyond the threshold and therefore thresh-

oldReached is set to false. If the sink is also within thresholdDistance of thresholdBefore

however, this means the sink is within the threshold. Therefore thresholdReached is set

to true. With this, thresholdReached is returned and the withinThreshold function ends.
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4.4 Evaluation and Results

4.4.1 Simulation Environment

Work has been conducted on the OMNeT++ [77] framework. Though not a simu-

lator itself, OMNeT++ provides a platform on which simulations can be built, using

compatible simulation software. This allows the user to combine different factors and

provides fine-grained detail in the simulation. Each layer can be controlled within each

node, with the ability to define network and MAC layer protocols and control all aspects

of the physical layer. Within this study, the MiXiM [87] simulator is utilised to build

the network environment including the location of nodes and the size of the actual

area within which they are located. This is a simulator specifically built for use with

WSNs with MAC protocols. However, as this study requires the sink node to be the

final destination and, therefore, use of the network layer, a second simulator is used

in combination. The inetmanet [88] simulator is used for all other factors, including

physical, MAC, network and transport layer parameters. This is also beneficial in the use

of mobility and energy models. The sink node and static nodes are defined separately

in order that a mobility model may be applied to the sink and that all functionality to be

detailed in this and subsequent chapters be coded within the static node model.

4.4.2 Energy Model

The energy module is the commonly used InetSimpleBattery module, found within

inetmanet [88]. This module adds little to overhead in terms of computation with a

lightweight estimation of energy consumption. As such, this is utilised by the physical

layer to receive energy level values in order to facilitate operation of the wireless adaptor

[89, 90, 91, 92]. In reference to the simulation parameters in Table 4.1, the simulation

time is calculated to ensure an exact number of circuits of the network by the MSN.

Hence, with the speed at 2mps (meters per second) the sink shall complete exactly 2

circuits of the network, for 10mps, 10 circuits and so on.
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Table 4.1: Simulation Parameters - MADCAL

Test Parameters Values

Number of Static Nodes 25

Playground Size x = 500m y = 500m

Circle Radius 150m

Sink Start Position x = 400m, y = 250m

Sink Node Speed (metres per second) 2mps, 10mps, 20mps, 40mps

Simulation Time 942.47779607694s

Transmission Distance * 4 77.52m, 69.13m, 62.02, 55.94m

Number of Runs 5

Path-loss Alpha * 4 1.85, 1.9, 1.95, 2

Carrier Frequency 2.4G H z

Maximum Sending Power 1.0mW

Signal Attenuation Threshold −85dBm

Sensitivity −75dBm

Transmitter Power 1.0mW

Thermal Noise −85dBm

Signal to Noise Ratio Threshold 4dB

Battery Capacity 59400mW s

Transmission distance is calculated as thus [93]:

tr ansmi ssi onDi st ance =


(

SoL
F r eq

)2×Power

16×PI 2×10
S AT

10


1.0

Al pha

(4.9)

Where SoL denotes the speed of light (i.e., 30,000,000 mps); Freq stands for the

carrier frequency; Power indicates the transmitter power; SAT is the signal attenuation

threshold; and Alpha represents the path loss alpha.

Received signals with power below the sensitivity value are ignored. In this case the

value was adjusted from -85dBm to -75dBm in order to reduce the number of signals

received and thus lessen the risk of network failure due to node overload.

All parameters are consistent across all simulation runs and generally remain at

the default values for the simulation implementation. However, the speed of the sink

node and the transmission distance of the nodes are the significant metrics in this study

and are altered accordingly. The path loss alpha is adjusted across four different values,
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as detailed in the test parameters, this in order to alter the size of the transmission

distance, which decreases as the alpha value increases.

4.4.3 Test Scenarios and Results

Each scenario utilises one of four different transmission ranges, consistent across

all nodes and the sink. This demonstrates the effectiveness of the MADCAL algorithm

as transmission ranges begin generously and are then contracted. To the point where

they barely cover one-hop between nodes. Within each scenario four tests are per-

formed, with the MSN speed altered between 2mps, 10mps, 20mps and 40mps for each.

Therefore results can be compared between when the sink will move very slowly, only

encountering individual nodes a small amount of times, to when a high sink speed

means that many passes of each node are possible in the same simulation time.

Results are first obtained for the network implementation with a MSN, but with the

existing standard duty cycling with CCA and check interval. This makes no allowances

for sink mobility. Result metrics are of average energy consumption amongst significant

nodes and MAC layer frames received by the sink node. Tests are conducted using both

topologies as illustrated in Figures 3.1 and 3.2. The most significant difference across

the two topologies is in the assignment of significant nodes. Node location is more

stable and, although transmission range is altered across tests, the significant nodes do

not change and remain as nodes 1, 2, 3, 4, 5, 6, 10, 11, 15, 16, 20, 21, 22, 23, 24 and 25.

However, in the case of the random topology, as transmission ranges are altered, as are

the significant nodes. This is covered in greater detail later.

4.4.4 Grid Network Formation

4.4.4.1 Static Network

As a reference point, tests were conducted with the same simulation time but with

the sink node immobile and remaining at the start position of the MSN, next to Node 15,

as shown in Figure 3.1. What was found was unless there is a large transmission distance
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which can encompass more than one node, this one node uses up most energy. However,

when there is an overlap of transmission distance, this affects the number of frames

to reach the sink node due to channel access contention. This highlights the hotspot

issue, as one node shall run out of energy far sooner than the others and at that point

the network is in danger of becoming redundant. Even in the event that neighbouring

nodes can then take on the role of hotspot when a large transmission distance is in use,

this may increase network lifetime but not avoid the ultimate conclusion, that network

failure is the likely eventuality.

4.4.4.2 Results - Average Energy Consumption

Figures 4.7-4.10 show the average energy consumption across significant nodes. This

is seen as important as these now take on the role of hotspot, therefore reducing energy

consumption in these nodes is beneficial both in terms of overall network performance

and network lifetime. The comparisons shown are between the evaluation results,

where the standard duty cycling with CCA and check interval is in use, and results where

the MADCAL algorithm is applied, such that a dynamic threshold is created within

significant nodes for communication with the MSN.

Figure 4.7 illustrates significant energy saving when the MADCAL algorithm is in use.

The larger transmission range in use here would normally result in considerable overlap

of communication between significant nodes causing competition for communication

with the MSN. This, subsequently, results in wasted energy consumption, with some

nodes awake but unable to communicate with the sink. However, with a communication

threshold established by MADCAL, although overlaps of threshold are still possible

depending on node position, nodes are less likely to seek channel access at the same

time. Hence there is less extraneous energy consumption.

In Figure 4.8 transmission range is reduced to 69.13m. Results remain a significant

improvement, however, we can now observe how as transmission range reduces it

becomes more difficult to improve energy consumption.
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Figure 4.7: Average Energy Consumption (mWs), Grid Topology, Significant Nodes. Transmis-
sion range 77.52m. MADCAL
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Figure 4.8: Average Energy Consumption (mWs), Grid Topology, Significant Nodes. Transmis-
sion range 69.13m. MADCAL
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There is little difference between Figure 4.9 from Figure 4.8 with benefits still to be

seen in energy consumption when MADCAL is in use. One main observation is that it

can be seen that it is easier to save energy when the sink is moving more slowly. In this

case larger thresholds are calculated, but with the sink moving at only 2mps, there is

more time to put nodes to sleep before the sink node reaches. The counter to this is that

it could result in increased delay of frame delivery.

Figure 4.10 is significant in that the transmission range is now strained to the extent

that it is only marginally greater than the distance between nodes and the greatest

distance to the sink - 50m. However, despite the reduction in communication overlap

when standard duty cycling is in use, the MADCAL algorithm still results in improved en-

ergy consumption, which again is most in evidence when the sink node is moving slowly.
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Figure 4.9: Average Energy Consumption (mWs), Grid Topology, Significant Nodes. Transmis-
sion range 62.02m. MADCAL
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Figure 4.10: Average Energy Consumption (mWs), Grid Topology, Significant Nodes. Transmis-
sion range 55.94m. MADCAL
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Figure 4.11: Sink Frame Reception, Grid Topology. Transmission range 77.52m. MADCAL
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4.4.4.3 Results - MAC Layer Frame Delivery

Figures 4.11-4.14 illustrate the number of MAC layer frames received by the sink

during each simulation scenario. This is an important comparison between when

MADCAL is in use and when not, as improved energy consumption would not be

acceptable if detrimental to the network’s ability to function in terms of delivering

frames. In observing Figure 4.11 it can be seen that much like energy consumption,

frame reception is easier to improve upon when the sink mobility is slower. What

becomes clear from our studies is that improvements are difficult at sink mobility

speeds of 20mps and higher. But frame reception which is similar, even if slightly

lower, could be seen as acceptable in the event that energy consumption is significantly

improved.

Figure 4.12 again shows the benefit of the sink moving more slowly, with frame

reception the same or slightly worse for the faster speeds.

In Figure 4.13, again the benefits are greater when the sink moves more slowly.

However, as the transmission range reduces, delivery to the sink node now becomes
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Figure 4.12: Sink Frame Reception, Grid Topology. Transmission range 69.13m. MADCAL
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Figure 4.13: Sink Frame Reception, Grid Topology. Transmission range 62.02m. MADCAL
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Figure 4.14: Sink Frame Reception, Grid Topology. Transmission range 55.94m. MADCAL

easier at faster speeds, with MADCAL showing a slight improvement. Therefore, despite

the smaller transmission range, the subsequent reduction in overlap of communication,

both with and without MADCAL, enables more efficient frame reception. Therefore,

MADCAL can be seen as negating sink speed to a certain degree when considering

frame delivery to the MSN.

In Figure 4.14 benefits once more are greater in lower speeds, but improvements
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can still be observed at faster speeds when MADCAL is in use. As in Figure 4.13, it can

be observed that with MADCAL in use, frame delivery is now more consistent across all

speeds.

4.4.4.4 Summary

A significant improvement in energy consumption can be observed when MADCAL

is implemented, especially so when sink mobility is slow. This would result in an

increase in network lifetime, with the nodes closest to the sink path consuming less

energy and therefore, living longer before battery power runs out. While improvements

are significant at lower speeds, once the MSN speed increases improvements are less

clear in terms of frame delivery. However, over all tests there are only two occurrences of

frame delivery going down and not significantly. Therefore, any slight degradation can

be offset by the benefit in energy consumption. It can also be argued that improvements

in frame delivery are more difficult at faster speeds and that MADCAL is efficient in

bringing the same levels of delivery to slower speeds that occur in faster speeds without

the use of MADCAL. However, this highlights potential for future study with regard to

optimal MSN speed. This research shows that even as speeds reach 40mps (144 kmph),

an improvement in energy consumption is possible while frame delivery remains stable.

4.4.5 Random Network Formation

4.4.5.1 Significant Node Variance

In the previous series of results, utilising the grid topology to be found in Figure 3.1,

no matter the transmission range of the nodes, the significant nodes were unchanged

throughout. With the random topology, which can be seen in Figure 3.2, this is not the

case. As illustrated in Figure 4.2, as the transmission range is reduced as in the previous

tests, as does the number of significant nodes reduce. This a result of some now being

out of range of the circular path of the MSN as the transmission range decreases. Results

are still given in reference to significant nodes, however, which nodes are of significance
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Figure 4.15: Average Energy Consumption (mWs), Random Topology, Significant Nodes. Trans-
mission range 77.52m. MADCAL

for each scenario can be seen in Table 4.2.

Table 4.2: Significant Nodes - Random Topology

Transmission range Significant Nodes

77.52m 1, 2, 3, 4, 5, 6, 9, 11, 15, 16, 17, 19, 20, 21, 22, 23, 24, 25

69.13m 1, 2, 3, 4, 5, 11, 15, 16, 17, 19, 20, 21, 24, 25

62.02m 1, 2, 3, 4, 5, 11, 15, 16, 17, 19, 21, 24, 25

55.94m 1, 2, 3, 4, 5, 11, 15, 16, 17, 21, 24, 25

4.4.5.2 Results - Average Energy Consumption

Figures 4.15-4.18 show the average energy consumption across significant nodes. As

with the grid topology, these nodes now take on the role of hotspot. The comparisons

shown are between the evaluation results, where the standard duty cycling with CCA

and check interval is in use, and results where the MADCAL algorithm is applied, such

that a dynamic threshold is created within significant nodes for communication with

the MSN.
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Figure 4.15 illustrates reduced energy consumption when the MADCAL algorithm is

in use. However, in comparison to the grid topology it can be seen that energy levels

are lower even before MADCAL is applied. This is likely due to the large gaps between

groups of significant nodes in this more random topology. Allowing for less overlap

of communication over the network as a whole. This is then improved upon still by

the application of MADCAL. Resultantly, it can be observed that MADCAL is again of

benefit, even in a less controlled environment such as this.

In Figure 4.16 Transmission range is reduced to 69.13m. The results shown are now

a significant improvement as the transmission range decreases. However, it can be seen

also that energy consumption has risen considerably in comparison to Figure 14. In

this test there are now 3 fewer significant nodes, therefore as each takes on a greater

role, more energy is consumed overall as a result.

In Figure 4.17 there is again benefit shown when using the MADCAL algorithm as

transmission range decreases again. Even more so than when a controlled, grid topology

was in use.
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Figure 4.16: Average Energy Consumption (mWs), Random Topology, Significant Nodes. Trans-
mission range 69.13m. MADCAL
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Figure 4.18 is significant in that the transmission range is now strained to a great ex-

tent. However, benefits can still be seen with MADCAL in use. As with the grid topology,

this is less evident when the sink is moving faster. However, unlike in the equivalent

test, shown in Figure 4.10, the benefits in energy consumption are greater overall now.

4.4.5.3 Results - MAC Layer Frame Delivery

Figures 4.19-4.22 illustrate the number of MAC layer frames received by the sink

during each simulation scenario. Again this is an important comparison between when

MADCAL is in use and when not, this time to see if MADCAL improves or adversely

affects frame reception now a random topology is in use.

Of interest in Figure 4.19 is that it can be observed that MADCAL brings frame

reception into line across all different speeds in this scenario. 10mps was previously

significantly lower than the other speeds in this regard, but not so when MADCAL

is in use. This also occurred when the topology was more controlled, but only once
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Figure 4.17: Average Energy Consumption (mWs), Random Topology, Significant Nodes. Trans-
mission range 62.02m. MADCAL

55



CHAPTER 4. MOBILITY AWARE DUTY CYCLING ALGORITHM (MADCAL)

20000

22000

24000

26000

28000

30000

32000

34000

36000

2mps 10mps 20mps 40mps

Av
er

ag
e 

En
er

gy
 C

on
su

m
pt

io
n 

(m
W

s)

Sink Speed

Average Energy (mWs), Significant Nodes - 55.94m Int. Range

Standard duty cycling with CCA and check interval MADCAL

Figure 4.18: Average Energy Consumption (mWs), Random Topology, Significant Nodes. Trans-
mission range 55.94m. MADCAL
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Figure 4.19: Sink Frame Reception, Random Topology. Transmission range 77.52m. MADCAL
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Figure 4.20: Sink Frame Reception, Random Topology. Transmission range 69.13m. MADCAL
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Figure 4.21: Sink Frame Reception, Random Topology. Transmission range 62.02m. MADCAL

transmission ranges became much smaller.

As with Figure 4.19, Figure 4.20 again shows that MADCAL brings the level of frame

delivery to similar levels for all speeds. This time though, benefits are even more

noticeable.

Now with transmission range decreasing, in Figure 4.21 it can be seen that frame
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Figure 4.22: Sink Frame Reception, Random Topology. Transmission range 55.94m. MADCAL

reception decreases. MADCAL, however, shows benefit in all but one scenario, where

speed is at 40mps. However, the loss is not so significant as to cause concern when the

benefit in energy consumption is taken into consideration.

In Figure 4.22 it can again be seen that with MADCAL in use, frame delivery becomes

consistent across all speeds. By now though, with the much smaller transmission range,

frame reception overall is lower than when the grid topology was in use. This is due to

large gaps between nodes that are unable to be bridged when the transmission distance

is so low. A reminder of the importance of topology as a factor in the building of any

network.

4.4.5.4 Summary

As with the more controlled grid topology, a significant improvement in energy

consumption is again evident when MADCAL is implemented. However, in this more

random scenario there is improvement across all speeds, even as the transmission

range reduces. Thus, compared to the controlled grid topology, the improvements in

network lifetime are greater, especially so at faster sink speeds. When considering frame

delivery, there are no significant improvements when using MADCAL other than at
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10mps. However, frame delivery improves slightly or stays roughly the same and is

generally consistent across all speeds once MADCAL is in use. As such MADCAL can be

seen as improving energy consumption considerably, whilst generally improving frame

reception to the point where sink speed is mostly negated.

4.5 Conclusion

In this chapter MADCAL is proposed, a dynamic and lightweight duty cycling algo-

rithm for use in WSNs where MSNs are utilised. Nodes which are within one-hop of the

MSN path are identified as significant nodes, to all intent and purpose, replacing the

role of nodes which previously would become hotspots where the sink node is static.

Results demonstrate to what extent the mobility pattern of a MSN in a WSN may be

exploited at the MAC layer to influence the performance of static nodes. With network

topology both controlled and random, energy consumption is shown to be reduced

amongst significant nodes when they are aware of their own location as well as the

MSN start point and speed; this as well as improving frame delivery to the sink. These

results are achieved without additional network overhead or the energy consuming

exchange of messages. Therefore, MADCAL provides a crucial first step in the area

of utilising predictable mobility patterns. However, issues remain to be investigated,

such as whether energy consumption may be further reduced and whether individual

significant nodes may be taking on too much responsibility, in effect repeating the issue

of the hotspot. Solutions to these issues are proposed in Chapters 5 and 6 of this thesis.
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; Fifth Chapter <

Mobility Aware Duty Cycling and

Dynamic Preambling Algorithm

(MADCaDPAL)

5.1 Introduction

MADCAL is shown to have benefit when considering the average energy consump-

tion of all significant nodes. However, on examining results further it can be observed

that while average energy consumption is improved there remain energy consumption

spikes, where certain significant nodes consume far more energy than others. As such,

despite the benefits of MADCAL it can be claimed that, to a certain degree, the hotspot

issue remains as some nodes will still run out of energy faster than others. In this

chapter the MADCaDPAL algorithm is proposed to utilise the communication threshold

between static node and MSN to not only influence the move from SLEEP to CCA, but

also to influence CCA itself and the sending of preambles. Such that, these should cease

once the MSN reaches the end of the threshold. Hence, ensuring that communica-

tion between sink and static node is completely closed. As such, this approach further

answers the first research question as well as the second and third questions:

• To what extent can the mobility pattern of a MSN in a WSN be exploited at the

MAC layer to influence the performance of static nodes, in order to increase
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efficiency in terms of network performance and energy consumption?

• To what extent can a threshold built in a static node be utilised for communication

with a MSN in order that said communication only occurs within the threshold?

• To what extent can network performance and energy consumption be improved

by this approach?

This approach shall demonstrate a now considerable reduction in energy consump-

tion in significant nodes, as well as a significant increase in frame delivery to the sink.

This as well as reducing energy spikes in individual nodes and subsequently improving

network lifetime overall.

5.2 Mobility Aware Approach to Duty Cycling and Pream-

bles

A communication threshold between a static significant node and a MSN has been

shown to have benefit in terms of energy consumption. Thus far, however, this has

only been utilised to intercept the move from the SLEEP process to CCA at the MAC

layer. Resultantly, in examining this procedure, it could be observed that once the

CCA process started, this would continue between the static node and sink beyond the

end of the communication threshold. The result being that some nodes could then

monopolise communication with the sink, whilst others must wait for the channel to

clear, even if the sink is now within their threshold. This results in the aforementioned

spikes of energy. Hence, in this chapter the aim is to close the communication threshold,

in order that as soon as the sink passes the end of the threshold, communication is no

longer possible.

Consequently, whereas the MADCAL algorithm may still be utilised to influence

the SLEEP function at the MAC layer, only moving to CCA when the sink is within the

node’s threshold, further factors are determined to be required to be taken into account.
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Figure 5.1: Network Topology - Grid

The position of the MSN in relation to the threshold is now used to influence the CCA

process as well as the sending of preambles. With these changes, the aim is to further

reduce energy consumption amongst significant nodes, while also improving frame

delivery to the sink node. However, a more even distribution of energy consumption

across significant nodes is of equal importance.

The Grid and random network topologies as shown in Figure 5.1 and Figure 5.2

are again utilised. This again results in the same significant nodes each time for the

grid topology, as can be seen in Figure 5.3. The random topology again has significant

nodes which are dependant on the transmission range of the nodes, as can be seen in

Figure 5.4.

The lightweight CSMA/CA MAC implementation in use can be seen in Figure 5.5,

with the original MADCAL algorithm shown to create the communication threshold,

and to intercept the SLEEP function, with MADCaDPAL highlighted to intercept CCA
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Figure 5.3: Network topology - grid with significant nodes.
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5.2.1 New Threshold Calculation

When the MADCAL algorithm was developed, the initial threshold calculation was

adjusted by a factor of the distance to the circle path divided by the node transmission

distance. This was then adjusted based on sink speed, with faster speeds allowing for

smaller thresholds. However, this was based around the specific speeds used, those

being 2mps, 10mps, 20mps and 40mps. In this chapter, the calculation of this adjust-

ment factor now becomes completely dynamic, with the only input required that of

maximum and minimum sink speeds. In this study those are 2mps and 40mps, but this

is now flexible. Any speed within that range will have an adjustment factor calculated

specifically.

An illustration of the development of a dynamic communication threshold between

static significant node and MSN can be seen in Figure 5.6, from the viewpoint of node

10. The new dynamic version of the algorithm to calculate this factor and how it is

applied to the building of the threshold can be seen in Algorithm 3.

Algorithm 3: Within the Initialisation procedure, the MSN speed is set from input

(2, 10, 20, or 40 mps), the max and min speeds in this case are 40mps and 2mps. The

maximum factor we use is 0.5, utilised for slower speeds. The minimum factor is 0 which

means for faster speeds there is no limit to how much the threshold may be reduced by.

The speedDiff variable sets a range value between highest and lowest speeds.

The establishThreshold function, as with MADCAL, establishes the coordinates of

the communication threshold, inputting the radius of the circular path and whether

the coordinates to be calculated are before or after the circlePoint. The difference in

MACDaDPAL is the new dynamic approach to determining the factor to apply to to

threshold size. The distance from the centre of the circle to the static node is again

calculated as nodeDist. As before, calculate the angle of the circle centre to the furthest

point of communication, and the circle centre to the node,and to avoid excessively
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Figure 5.6: Threshold Adjustment - MADCaDPAL

large thresholds, determine a factor by which this angle should be reduced based upon

distToCircle divided by transDist.

A new dynamic factor check is based on the difference of the highest and lowest

factor divided by the difference in maximum and minimum speeds, multiplied by the

difference between sink speed and the minimum speed. This ensures that whatever the

speed, the factorCheck is calculated uniquely for that speed. The faster the sink speed

may be, the more the angle of the threshold may be reduced by. If the factor calculated

is less than the factor check then the factor check value becomes the factor. The value

of the angle of the threshold is multiplied by the factor in order to reduce it accordingly.

The threshold is then calculated as in MADCAL.
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Algorithm 3 Communication threshold with dynamic factoring - MADCaDPAL

1: procedure INITIALISATION
2: set si nkSpeed
3: set maxSpeed
4: set mi nSpeed
5: set maxF actor
6: set mi nF actor
7: speedDi f f ← si nkSpeed −mi nSpeed
8: end procedure
9: function ESTABLISHTHRESHOLD(radius, after)

10: nodeDi st ← (r adi us −di stToCi r cle)
11: ang l eTemp ← (r adi us2+nodeDi st 2−tr ansDi st 2)

(2∗r adi us∗nodeDi st )
12: ang l eRadi ans ← ar ccos(ang l eTemp)
13: ang l e ← (ang l eRadi ans ∗ ( 180

PI )

14: f actor ← di stToCi r cle
tr ansDi st

15: f actorC heck ← ( (maxF actor−mi nF actor )
(maxSpeed−mi nSpeed) ∗ speedDi f f )

16: if f actor < f actorC heck then
17: f actor ← f actorC heck
18: end if
19: ang l e ← (ang l e ∗ f actor )
20: if after then
21: thr esh Ang leDeg r ees ← (ang l e +ang l eO f Node)
22: else
23: thr esh Ang leDeg r ees ← (ang l eO f Node −ang l e)
24: end if
25: thr esh Ang leRadi ans ← thr esh Ang leDeg r ees

(180∗PI )
26: thr eshol d .x ← ci r cleCentr e.x + (r adi us ∗ cos(thr esh Ang leRadi ans))
27: thr eshol d .y ← ci r cleCentr e.y + (r adi us ∗ si n(thr esh Ang leRadi ans))
28: return Coord thr eshol d
29: end function

5.2.2 Mobility Aware Duty Cycling and Dynamic Preambling Algorithm

(MADCaDPAL)

The novel approach the MADCaDPAL algorithm takes is in how duty cycling at the

MAC layer may be influenced by the communication threshold. Beyond the MADCAL

algorithm where only the SLEEP procedure is influenced in its move to CCA. This crucial

first approach remains but is now extended to include a deeper examination of the

actual CCA process and how the sending of preambles may be influenced. As previously,

the move from the SLEEP function to CCA will only occur once the MSN is calculated

to be within the significant node’s threshold. However, in order to ensure that commu-

nication between the sink and static node ends as soon as possible once the MSN has

exited the node’s threshold, further checks are now made. Once the CCA procedure is

entered a further check to ensure the sink is within the threshold is made. However, this

merely ensures that the small possibility that between the SLEEP procedure and CCA

the sink has moved beyond the threshold is accounted for.
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Of greater importance is a further check once a clear channel is confirmed and

the sending of preambles commences. Resultantly, the sending of preambles will be

interrupted as soon as the MSN leaves the threshold, with any data in the cache of

the static node stored until the next pass of the sink. Once interrupted, both the CCA

and preamble sending procedures send the node to sleep for one slot duration. This

is in line with with the existing approach to sending the node to sleep within the MAC

protocol. This ensures the SLEEP procedure will then again assume responsibility for

calculating the position of the sink node. This can be seen in Algorithm 4. It should be

noted that the sending of data is not interrupted. Once this commences it is allowed to

finish, wherever the sink may be located.

Algorithm 4: The second part of the MADCaDPAL algorithm uses some functions

established within MADCAL in the previous chapter. The Sleep procedure is defined as

previously in MADCAL, with CCA scheduled as before.

Within the CCA procedure, first there is a check to establish if there there is some-

thing in the queue to send. If so, the withinThreshold function is called to establish

if the MSN is within the threshold currently. If the threshold has been reached move

to sending preambles and schedule the stopping of preambles after a slot duration as

normal. Otherwise, return to the Sleep procedure and awaken after a slot duration. If

there is nothing in the queue, return to the Sleep procedure and awaken after a slot

duration as normal. This ends the CCA procedure.

Within the Send Preamble procedure, the withinThreshold function is called to

establish if the MSN is within the threshold currently. If the threshold has been reached

then the process of sending preambles continues as normal unless Stop Preambles is

reached. If the threshold has not been reached then the process of sending or stopping

preambles is cancelled and the MAC protocol returns to the Sleep procedure. The node

is scheduled to awaken after a slot duration. This ends the Send Preamble procedure.

68



CHAPTER 5. MOBILITY AWARE DUTY CYCLING AND DYNAMIC PREAMBLING

ALGORITHM (MADCADPAL)

Algorithm 4 Threshold Interval - MADCaDPAL

1: procedure SLEEP
2: set checkInter val from input
3: if si g ni f i cant Node then
4: thr eshol dT i me()
5: if thr eshol dReached then
6: i nter val ← checkInter val
7: else
8: i nter val ← t i meToT hr eshold
9: end if

10: else
11: i nter val ← checkInter val
12: end if
13: schedule CCA at si mT i me + i nter val
14: end procedure
15: procedure CCA
16: if macQueue > 0 then
17: wi thi nT hr eshol d()
18: if thr eshol dr eached then
19: macSt ate ← SEND PREAMBLE
20: schedule STOP PREAMBLES at si mT i me + sl otDur ati on
21: else
22: macSt ate ← SLEEP
23: schedule WAKEUP at si mT i me + sl otDur ati on
24: end if
25: else
26: macSt ate ← SLEEP
27: schedule WAKEUP at si mT i me + sl otDur ati on
28: end if
29: end procedure
30: procedure SEND PREAMBLE
31: wi thi nT hr eshol d()
32: if thr eshol dr eached then
33: if SEND PREAMBLE then
34: sendPr eambl e()
35: macSt ate ← SEND PREAMBLE
36: schedule SEND PREAMBLE at si mT i me + (0.5∗ checkInter val )
37: else if STOP PREAMBLES then
38: cancel SEND PREAMBLE
39: macSt ate ← SEND DATA #Preambles over, send data
40: end if
41: else
42: cancel SEND PREAMBLE/STOP PREAMBLES
43: macSt ate ← SLEEP
44: schedule WAKEUP at si mT i me + sl otDur ati on
45: end if
46: end procedure
47: function THRESHOLDTIME
48: set si nkPos
49: wi thi nT hr eshol d()
50: if not thr eshol dr eached then
51: set ar c to distance to si nkT hr eshol dBe f or e
52: set si nkQuar ti le
53: t i meToT hr eshold ← ar c

si nkSpeed
54: else
55: t i meToT hr eshold ← 0
56: end if
57: return t i meToT hr eshold
58: end function
59: function WITHINTHRESHOLD
60: if distance between si nkPos and thr eshol d A f ter > thr eshol dDi st ance then
61: thr eshol dReached ← f al se
62: else if distance between si nkPos and thr eshol dBe f or e > thr eshol dDi st ance then
63: thr eshol dReached ← f al se
64: else
65: thr eshol dReached ← tr ue
66: end if
67: return thr eshol dReached
68: end function
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5.3 Evaluation and Results

5.3.1 Network Parameters

Network parameters remain as for the MADCAL algorithm in the previous chapter.

Check Interval and Slot Duration are displayed for reference and are utilised within the

MADCaDPAL algorithm. The network layer routing protocol is again the Optimized

Link State Routing protocol (OLSR) [85].

Network assumptions remain the same as for the previous MADCAL algorithm.

Among both network implementations the assumption is made static nodes will retain

their positions throughout. Each static node implements MADCaDPAL independently

and although aware of its own location, is unaware of neighbouring nodes. Although

four different transmission ranges are used across different test scenarios, each range is

consistent across all nodes in each test. All other parameters can be found in Table 5.1.

Table 5.1: Simulation Parameters - MADCaDPAL

Parameters Values

Number of Nodes (Static) 25

Grid Topology Size 200m ∗200m

MSN Path Radius 150m

MSN Start Position x = 400m, y = 250m

MSN Speed (metres per second) 2mps,10mps,20mps,40mps

Simulation Time 942.47779607694s

Transmission Distance * 4 77.52m,69.13m,62.02,55.94m

Number of Runs 5

Path-loss Alpha * 4 1.85,1.9,1.95,2

Max Sending Power 1.0mW

Signal Attenuation Threshold −85dBm

Sensitivity −75dBm

Carrier Frequency 2.4G H z

Transmitter Power 1.0mW

Thermal Noise −85dBm

Signal to Noise Ratio Threshold 4dB

Battery Capacity 59400mW s

Check Interval 0.01s

Slot Duration 0.1s
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5.3.2 Simulation Environment and Parameters

The grid and random topology networks are again built using the OMNeT++ [77]

simulation framework. In this case MiXiM [87] is utilised to build the actual network

layout, whilst inetmanet [88] is used to define physical, MAC, network and transport

layer parameters.

Results show the effect of an MSN on the significant nodes, these highlighted in

Figures 4.1 and 4.2. Each test scenario has been conducted using three different MAC

implementations to establish the effect of a MSN at four different speeds and with four

different transmission ranges across the network. Firstly, the existing lightweight MAC

implementation using standard duty cycling techniques with no allowance for sink

mobility is shown. Secondly, results are shown using the MADCAL algorithm and finally,

results are presented where MADCaDPAL is in use.

5.3.3 Results - Grid Topology

Figures 5.7-5.10 show the average energy consumption of all significant nodes. This

is presented alongside the maximum energy consumption of significant nodes, this

being the single significant node to consume the most energy. In examining this com-

parison we may observe the difference between the overall average and the greatest

spike in energy consumption in a single node.

In Figure 5.7a the initial energy saving of up to 15% when MADCAL is in use can

be seen versus the original MAC implementation. However, when MADCaDPAL is in

use the resultant reduction in energy consumption is significant. Compared to original

results with no allowance made for use of an MSN, we can observe up to 79% reduc-

tion in energy consumed. What can also be seen in Figure 5.7b is that in the original

MAC implementation and again when MADCAL is in use, that spikes in energy were

considerable. Now with MADCaDPAL in use, the highest single node is only slightly
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Figure 5.7: Average and Maximum Energy Consumption of Significant Nodes (mWs), Grid
Topology. Transmission Range 77.52m. MADCaDPAL
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Figure 5.8: Average and Maximum Energy Consumption of Significant Nodes (mWs), Grid
Topology. Transmission Range 69.13m. MADCaDPAL

above average on this particular scale.

Even though the transmission range is reduced, a similar pattern of results can be

seen in Figure 5.8. Again there is a significant reduction in average energy consumption

as seen in Figure 5.8a, as well as with the maximum single node energy once MADCaD-

PAL is in use, as seen in Figure 5.8b.
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Figure 5.9: Average and Maximum Energy Consumption of Significant Nodes (mWs), Grid
Topology. Transmission Range 62.02m. MADCaDPAL

It can be seen in Figure 5.9 that as the transmission range becomes smaller, as do

the benefits achieved by the MADCAL algorithm. However, with MADCaDPAL in use,

the pattern of significant improvement in average energy as seen in Figure 5.9a and

maximum energy as seen in Figure 5.9b, remains.

0

10000

20000

30000

40000

50000

2mps 10mps 20mps 40mps

Av
er

ag
e 

En
er

gy
  (

m
W

s)

Sink Speed

Average Energy - Significant Nodes

Standard duty cycling with CCA and check interval

MADCAL

MADCaDPAL

(a) Average Energy

0

10000

20000

30000

40000

50000

2mps 10mps 20mps 40mps

M
ax

 E
ne

rg
y 

 (m
W

s)

Sink Speed

Max Energy - Significant Nodes

Standard duty cycling with CCA and check interval

MADCAL

MADCaDPAL

(b) Max Energy

Figure 5.10: Average and Maximum Energy Consumption of Significant Nodes (mWs), Grid
Topology. Transmission Range 55.94m. MADCaDPAL
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Even at the smallest transmission range used as in Figure 5.10, this pattern of im-

provements with the MADCaDPAL algorithm in use continues. Originally, as the trans-

mission range constricted to not much more then then distance between nodes, it

became more difficult for the MADCAL algorithm to make improvements. Although

they are still there to be seen. This, however, does not affect the MADCaDPAL algo-

rithm. In ensuring the threshold is closed effectively the result is a reduction in energy

consumption of over 80% amongst the significant nodes as seen in Figure 5.10a. With

energy consumed more evenly as the maximum figures show in Figure 5.10b.

However, a benefit such as this would be less significant if it has a detrimental effect

on other factors in the network. In Figures 5.11 to 5.14 the number of MAC layer frames

received by the MSN during each simulation can be seen.

In Figures 5.11 and 5.12 it can be seen that as well as a significant improvement in

energy consumption, the MADCaDPAL algorithm has also improved frame delivery in

all but one scenario. With a 77.52m transmission range and sink speed of 10mps frame

reception decreases by around 20% from the MADCAL algorithm, although this is still

an improvement on the original MAC implementation. However, in all other scenarios
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Figure 5.11: Sink Frame Reception. Transmission Range 77.52m, Grid Topology. MADCaDPAL
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Figure 5.12: Sink Frame Reception. Transmission Range 69.13m, Grid Topology. MADCaDPAL
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Figure 5.13: Sink Frame Reception. Transmission Range 62.02m, Grid Topology. MADCaDPAL

there is an improvement over both no change and the MADCAL algorithm. Significant

improvement can be seen at 20mps, despite this being highlighted as of difficulty to

achieve by the MADCAL algorithm.

Figures 5.13 and 5.14 show that even as transmission range again reduces, sink frame

reception improves with MADCaDPAL in use. Across all tests a speed of 10mps proves to
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Figure 5.14: Sink Frame Reception. Transmission Range 55.94m, Grid Topology. MADCaDPAL

be problematic in this regard. However, considering the benefit in energy consumption,

sink reception even remaining at similar levels could be seen as acceptable.

5.3.4 Results - Random Topology

Figures 5.15 to 5.18 show the average energy consumption of all significant nodes,

again presented alongside the maximum energy consumption of significant nodes.

In Figure 5.15 results are very much as with the grid topology, although it can be

seen that the spike in energy consumption when standard duty cycling and MADCAL

are in use is even more distinct. Again energy consumption is reduced dramatically.

What is off interest is that although the benefits are great, there is still a slight difference

between average energy with MADCaDPAL in use and the maximum energy consumed.

Showing that even though the scale of energy consumption is reduced and network

lifetime increased, there is still an opportunity to further even energy consumption

across significant nodes.

This pattern repeats in Figure 5.16, even as transmission range reduces. MADCaD-
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Figure 5.15: Average and Maximum Energy Consumption of Significant Nodes (mWs). Trans-
mission Range 77.52m, Random Topology. MADCaDPAL
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Figure 5.16: Average and Maximum Energy Consumption of Significant Nodes (mWs). Trans-
mission Range 69.13m, Random Topology. MADCaDPAL
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Figure 5.17: Average and Maximum Energy Consumption of Significant Nodes (mWs). Trans-
mission Range 62.02m, Random Topology. MADCaDPAL
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Figure 5.18: Average and Maximum Energy Consumption of Significant Nodes (mWs). Trans-
mission Range 55.94m, Random Topology. MADCaDPAL

PAL can be seen to again significantly reduce energy consumption.

Even at the smallest transmission ranges used as in Figures 5.17 and 5.18, this pattern

of improvements with the MADCaDPAL algorithm in use continues. The improvement

in reducing energy spikes is now very clear. As a result, improving network lifetime

before the first node expires by a factor of up to 7.
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Figure 5.19: Sink Frame Reception. Transmission Range 77.52m, Random Topology. MADCaD-
PAL
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Figure 5.20: Sink Frame Reception. Transmission Range 69.13m, Random Topology. MADCaD-
PAL

In Figures 5.19 to 5.22 the number of MAC layer frames received by the MSN during

each simulation can be observed.

In Figure 5.19 it can be seen that with the largest transmission range in use there

79



CHAPTER 5. MOBILITY AWARE DUTY CYCLING AND DYNAMIC PREAMBLING

ALGORITHM (MADCADPAL)

0

2000

4000

6000

8000

2mps 10mps 20mps 40mps

Fr
am

es
 R

ec
ei

ve
d

Sink Speed

Frames Received - 62.02m Int. Range

Standard duty cycling with CCA and check interval MADCAL MADCaDPAL

Figure 5.21: Sink Frame Reception. Transmission Range 62.02m, Random Topology. MADCaD-
PAL

0

2000

4000

6000

8000

2mps 10mps 20mps 40mps

Fr
am

es
 R

ec
ei

ve
d

Sink Speed

Frames Received - 55.94m Int. Range

Standard duty cycling with CCA and check interval MADCAL MADCaDPAL

Figure 5.22: Sink Frame Reception. Transmission Range 55.94m, Random Topology. MADCaD-
PAL

is generally an improvement in frame delivery to the sink. As the transmission range

lessens in Figure 5.20, frame delivery generally stays the same aside from when the sink

is moving at 10mps. Delivery now returns to the poor level of when the standard duty

cycling was in use.
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Figure 5.21 shows that in the lower transmission ranges again frame delivery remains

at similar levels. Again though, at the smallest transmission range as seen in Figure 5.22,

there is a drop when the sink moves at 10mps.

5.4 Conclusion

In this study we propose MADCaDPAL, extending the previous MADCAL algorithm.

for use with MSNs. In utilising determination of the sink node position in relation to

the threshold, within the CCA and preambling procedures of the lightweight CSMA/CA

MAC protocol used, and linking this to the already successful use of this approach in

the SLEEP procedure, improvements of between 70% and 80% are observed in energy

consumption. As importantly from a network lifetime standpoint however, the issue of

excessive energy spikes is somewhat negated. Improvements are also shown in frame

delivery when a controlled, grid network formation is used. When we utilise a more

strained, random topology frame delivery is generally the same or improved aside from

two scenarios. As such, the extended MADCaDPAL algorithm demonstrates how this

functionality may now be used to have a significant effect on network behaviour. Whilst

the initial aim was to reduce network spikes, the subsequent benefit in energy consump-

tion is so great as to represent a major step forward in this area.

Whilst the MADCaDPAL algorithm is an effective solution to energy consumption

when a MSN is in use, examination of the results provide an opportunity to further

balance energy consumption across significant nodes, despite the now lower energy

levels consumed. This shall be presented in Chapter 6.
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; Sixth Chapter <

Dynamic Mobility and Energy Aware

Algorithm (DMEAAL)

6.1 Introduction

Whilst the communication threshold developed has been shown to have benefit in

terms of energy consumption, thus far, however, once the threshold is established it

remains the same. Despite the level of battery consumption within the static node. In

both the MADCAL and MADCaDPAL algorithms, the communication threshold utilised

between static significant node and MSN is adjustable in that it is dependent on the

sink speed, the distance between the static node and the sink path and finally the trans-

mission range of the static node. However, once this threshold is established it then is

not altered again. At this stage, therefore, it is assumed that the threshold distance is

optimum for however long the WSN exists for.

Whilst this approach has demonstrated benefit in terms of energy consumption,

there must also be consideration given to the fact that any nodes expending energy

greater than the average consumption of all significant nodes in the network shall

continue to do so, until eventually running out of power earlier than other nodes.

Considering how long these networks may operate for, even a small difference over

a short period could add up to a node expiring significantly sooner than necessary
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over the lifetime of the network. Therefore, an improvement in balancing the energy

consumption of significant nodes in line with the average consumption, even if this

improvement is initially small, would become more significant over a longer period. In

this way this chapter answers the fourth and final research questions, that being:

• To what extent can nodes in a WSN utilising a MSN be context-aware? Such that

said context, such as the energy levels of nodes, may be utilised accordingly to

adjust a communication threshold and ensure even energy consumption across

nodes. As such, improving network lifetime.

Hence, this chapter details the development of the DMEAAL algorithm, the final

contribution of this thesis. Here, with energy consumption significantly improved by

the MADCaDPAL algorithm in the previous chapter, the focus moves away from merely

improving energy consumption and to how this energy is consumed and by which

nodes. As such, DMEAAL takes an entirely dynamic approach. The communication

threshold is adjusted in real time, with the average energy consumption figures attained

in the use of MADCaDPAL utilised as a target compared against the current battery

level in each particular significant node. With the threshold adjusted accordingly if the

node energy consumption is above or below the target. In this way even small spikes in

energy consumption may be avoided, with network lifetime improved.

6.2 A Real-time Approach to Mobility Aware Duty Cycling

In this study, the interaction between the communication and the internal workings

of the MAC protocol is no longer the focus. The use of first the MADCAL algorithm

remains to establish a communication threshold between static node and MSN, with the

MADCaDPAL algorithm then determining whether the MSN is within the threshold or

not and ending communication at the correct time. We now aim to adjust the threshold

for a static significant node as time passes, such that when energy is being consumed
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above or below the average rate, the threshold may be altered accordingly.

As such, our hypothesis is that if the network is now operating at near full efficiency

in terms of the performance of significant nodes, then the total energy consumed by all

significant nodes is unlikely to be improved by any great degree. With the MADCaDPAL

algorithm already seen to reduce energy consumption by 80%. However, if some nodes

are consuming more energy than others, then it must be possible to lessen the reliance

on these nodes and increase reliance accordingly on other nodes. Such that whilst

the overall level of consumed energy remains, it is now spread more evenly across

significant nodes. This without being to the detriment of frame delivery. Even given the

benefit of the MADCaDPAL algorithm, at now much lower level of energy consumption

then previously, it can still be observed that there is a gap in energy consumption be-

tween the highest and lowest significant nodes that could potentially be closed.

Therefore, the aim is to eliminate dead energy consumption. That being, energy

which need not be consumed by one node and could be consumed by another instead

with similar results but an increase in network lifetime. Thus, the MADCAL algorithm is

first used to set up the base communication threshold between a static significant node

and a MSN. An illustration of this can be seen in Figure 5.6, from the viewpoint of node

10. The threshold is created based on significant node distance from the circular sink

path, but an adjustment is then made based on a factor which takes into account MSN

speed combined with the distance to the path. The position of the MSN in relation to

this threshold is used to influence the SLEEP function at the MAC layer, intercepting

the move to CCA when data is to be sent, if the MSN is not within a significant node’s

threshold. The sink position in relation to the threshold is also utilised to influence CCA

and the sending of preambles, beyond merely awakening the node. Thus, closing the

threshold of communication immediately once the MSN has reached its end. Further,

however, a further aim is to now integrate knowledge of energy consumption whilst

utilising a cross-layer approach. Thus, the current energy consumption within the node

battery may be compared with the target level of consumption - in this case built from
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the previous test scenarios utilising the MADCaDPAL algorithm.

6.2.1 Energy Awareness in Real-time

The focus of this chapter is DMEAAL. Such that the communication threshold is al-

tered accordingly, dependant upon the comparison between target energy consumption

and actual energy consumption of the node. Target energy consumption is achieved via

the MADCaDPAL algorithm, with a database of results created per scenario. The cross-

layer approach is achieved by the MAC protocol accessing the battery module after each

pass of the MSN, as the network scenario runs, utilising the DMEAAL algorithm. Target

energy consumption is then input at the start of each scenario. A simple adjustment

value threshAdjust is then calculated based on the actual energy consumption’s relation

to target energy consumption as shown in Eq. (6.1).

thr esh Ad j ust =
 t ar g etEner g y(

bat ter yC apaci t y−bat ter yResi dual
si mT i me

)
×60

 (6.1)

Where targetEnergy is the target energy consumption per minute in mWs; batteryCa-

pacity is the capacity of the battery in mWs retrieved from the battery module in a

cross-layer approach; batteryResidual is the residual energy of the battery module;

simTime is the current simulation time in seconds.

A maximum threshold is set in the calculation of the initial threshold value, based

on node transmission range and distance from the path of the sink. The threshold is

then adjusted based on this factor.

It should be noted that in examining this approach it is clear that when the MSN is

moving slowly, adjusting results becomes more problematic. This due to fewer opportu-

nities to adjust the threshold on each pass of the sink as well as much greater energy

consumption in general for each circuit of the network. Consequently, the minimum
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sink speed utilised in this chapter is 20mps.

In order to test this approach, both the grid and random network topologies used to

test the MADCAL and MADCaDPAL algorithms are again utilised, with a predictable

circular sink mobility pattern moving around the network in a clockwise direction as

seen in Figures 5.1 and 5.2, with significant nodes remaining as seen in Figures 5.3

and 5.4.

A maximum threshold is set in the calculation of the initial threshold value, based

on node transmission range and distance from the path of the sink. The threshold is

then adjusted based on this factor. The lightweight CSMA/CA MAC implementation

within which our work is implemented can be seen in Figure 6.1; showing where the

DMEAAL algorithm is inserted to alter the threshold in real-time. As shall be detailed,

this occurs during both CCA and the sending of preambles when the MSN is outside of

the communication threshold. This is shown alongside MADCAL for the initial calcula-

tion of the communication threshold and implementation in the SLEEP procedure, with

MADCaDPAL for the implementation of this threshold in the CCA and SEND PREAM-

BLE sections.

6.2.2 Dynamic Mobility and Energy Aware Algorithm (DMEAAL)

The development of a dynamic communication threshold between static significant

node, from the viewpoint of node 10, has been illustrated in Figure 5.6. This is created

by the MADCAL algorithm and then utilised by the MADCaDPAL algorithm in order

to fully influence the SLEEP and CCA procedures as well as the sending of preambles.

Resultantly, communication between static significant node and MSN is closed once

the sink has moved past the threshold as shown in Figure 5.6. However, the DMEAAL

algorithm is a completely dynamic, real-time solution. Figure 6.2 illustrates how the

threshold may now be adjusted as long as it remains within a maximum size. It also
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Figure 6.1: Lightweight CSMA/CA MAC Implementation with DMEAAL

demonstrates how power levels from the battery are compared to a target energy con-

sumption level.

As such, the approach taken is to determine the initial threshold as currently de-

termined by MADCAL. However, this now utilises a completely dynamic approach

to establishing the factor by which the initial threshold calculation is reduced, based

upon sink speed. This is detailed in Algorithm 5 followed by a detailed description.

Algorithm 5 is run during the initialisation stage of all static nodes. However, whereas

with MADCAL or MADCaDPAL in use this threshold would remain the same, in the case

of DMEAAL this is merely an initial value. Hence, the value of this threshold will now

only remain until the first recalculation based on current energy consumption.

Algorithm 5: Algorithm 5 details the initialisation and original establishment of a

communication threshold during the initial startup of a static node, as initially devel-

oped in the MADCAL algorithm and then utilised further by MADCaDPAL. Within the

initialisation procedure it is established whether this node is significant or not, with the
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Figure 6.2: Adjustment of threshold based on average and target energy - DMEAAL

establishThreshold function then establishing the size of the actual threshold. Different

from the original MADCAL algorithm are the setting of maxAngle on Line 36 and the

now completely dynamic factorCheck on Line 38. maxAngle is set to the value of the

threshold before adjustment, calculated solely on the angle created by the distance

from the node to the circular path and the transmission distance. This shall then be

utilised later in the DMEAAL algorithm to ensure the limit of the adjusted threshold.

The new calculation of factorCheck now ensures the factor by which the threshold is

reduced is a sliding scale between a maximum and minimum sink speed. In the case

of this study those values are 40mps and 2mps. A maximum and minimum factor is

also set as 0.5 and zero, meaning the most the factor may be reduced by is 0.5, for the

slowest speeds, and not at all for the fastest speeds.

Figure 6.3 illustrates the flow of the procedures affected by DMEAAL, which can be
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Figure 6.3: DMEAAL Control Flow
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Algorithm 5 Initial Communication Threshold

1: procedure INITIALISATION
2: set si nkSpeed
3: set maxSpeed
4: set mi nSpeed
5: set maxF actor
6: set mi nF actor
7: speedDi f f ← si nkSpeed −mi nSpeed
8: si g ni f i cant Node ← f al se
9: set tr ansDi st . Calculate transmission distance as in Eq. 4.9

10: set Ci r cum f er ence
11: set f i r stSi nkPos
12: set f i r stSi nkQuar ti l e
13: set di stToCi r cle
14: if di stToCi r cle < tr ansDi st then
15: si g ni f i cant Node ← tr ue
16: end if
17: if si g ni f i cant Node then
18: set ci r clePoi nt
19: set nodeQuar ti l e
20: set di st anceBet weenPoi nt s
21: set ang l eO f Node
22: thr eshol d A f ter ← tr ue
23: si nkT hr eshol d A f ter ← est abl i shT hr eshol d(si nkRadi us, thr eshol d A f ter )
24: thr eshol d A f ter ← f al se
25: si nkT hr eshol dBe f or e ← est abl i shT hr eshol d(si nkRadi us, thr eshol d A f ter )
26: set thr eshol dDi st ance
27: set be f or eQuar ti l e
28: set thr eshol dOpposi te
29: end if
30: end procedure
31: function ESTABLISHTHRESHOLD(radius, after)
32: nodeDi st ← (r adi us −di stToCi r cle)
33: ang l eTemp ← (r adi us2+nodeDi st 2−tr ansDi st 2)

(2∗r adi us∗nodeDi st )
34: ang l eRadi ans ← ar ccos(ang l eTemp)
35: ang l e ← (ang l eRadi ans ∗ ( 180

PI ))
36: max Ang le ← ang l e . To be utilised later by DMEAAL. The largest angle possible.
37: f actor ← di stToCi r cle

tr ansDi st

38: f actorC heck ← ( (maxF actor−mi nF actor )
(maxSpeed−mi nSpeed) ∗ speedDi f f )

39: if f actor < f actorC heck then
40: f actor ← f actorC heck
41: end if
42: ang l e ← (ang l e ∗ f actor )
43: if after then
44: thr esh Ang leDeg r ees ← (ang l e +ang l eO f Node)
45: else
46: thr esh Ang leDeg r ees ← (ang l eO f Node −ang l e)
47: end if
48: thr esh Ang leRadi ans ← thr esh Ang leDeg r ees

(180∗PI )
49: thr eshol d .x ← ci r cleCentr e.x + (r adi us ∗ cos(thr esh Ang leRadi ans))
50: thr eshol d .y ← ci r cleCentr e.y + (r adi us ∗ si n(thr esh Ang leRadi ans))
51: return Coord thr eshol d
52: end function

seen in greater detail in Figure 6.1. This shows the MAC protocol Sleep, CCA and Send

Preamble procedures as seen in Procedures 1, 2 and 3. Within each of the CCA and

Send Preamble procedures the new thresholdAdjust function is utilised, as detailed in

Function 1. The maximum threshold is set as the largest size the threshold could be

when considering the node transmission range and distance to the path of the sink. A
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Procedure 1 Sleep

1: procedure SLEEP
2: set checkInter val from input . Set the default sleep interval
3: if si g ni f i cant Node then
4: thr eshol dT i me() . If MSN within threshold set thr eshol dReached otherwise set

t i meToT hr eshold as time until MSN reaches threshold
5: if thr eshol dReached then
6: i nter val ← checkInter val . The interval to wake-up reverts to the checkInterval
7: else
8: i nter val ← t i meToT hr eshold . Set to the time it will take for the sink to reach the

threshold
9: end if

10: else
11: i nter val ← checkInter val
12: end if
13: schedule CCA at si mT i me + i nter val . simTime is current simulation time in seconds
14: end procedure

cross-layer solution is then implemented where the battery module is accessed after

each pass of the sink node, in order to ascertain the current energy consumed. This is

calculated on a per minute basis by utilising the simulation time and then compared to

the target energy consumption per minute. By dividing the target energy consumption

by the current energy level we create a factor by which to apply to the current size of

the threshold. In this way, if energy levels are lower than the target the threshold will

be increased and vice versa. Whilst nodes have no knowledge of neighbours, as the

algorithm is implemented in all nodes in the network, it will be used in the same way by

each significant node. Thus, it can be assumed that as one node reduces its threshold,

another shall be increasing its own.

Procedure 2 CCA
1: procedure CCA
2: if macQueue > 0 then
3: wi thi nT hr eshol d() . Call withinThreshold() function to establish if the MSN is within the

threshold currently
4: if thr eshol dr eached then
5: macSt ate ← SEND PREAMBLE . Send preambles
6: schedule STOP PREAMBLES at si mT i me + sl otDur ati on . Schedule the stopping of

preambles
7: else
8: macSt ate ← SLEEP . Return the macState to Sleep
9: schedule SLEEP at si mT i me + sl otDur ati on .Node awakens with SLEEP Procedure at

defined time
10: thr eshol d Ad j ust () . Call thresholdAdjust() function to adjust the Threshold
11: end if
12: else
13: macSt ate ← SLEEP
14: schedule SLEEP at si mT i me + sl otDur ati on
15: end if
16: end procedure
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Procedure 3 Send Preamble
1: procedure SEND PREAMBLE
2: wi thi nT hr eshol d()
3: if thr eshol dr eached then
4: if SEND PREAMBLE then
5: sendPr eambl e()
6: macSt ate ← SEND PREAMBLE
7: schedule SEND PREAMBLE at si mT i me + (0.5∗ checkInter val )
8: else if STOP PREAMBLES then
9: cancel SEND PREAMBLE

10: macSt ate ← SEND DATA . Preambles over, send data
11: end if
12: else
13: cancel SEND PREAMBLE/STOP PREAMBLES
14: macSt ate ← SLEEP
15: schedule SLEEP at si mT i me + sl otDur ati on
16: thr eshol d Ad j ust () . Call thresholdAdjust() function to adjust the Threshold
17: end if
18: end procedure

Procedure 1: The Sleep Procedure is utilised in the MADCAL algorithm to determine

the move from Sleep to CCA based on the position of the sink node in relation to the

communication threshold of the static node in which this takes place.

Procedure 2: The CCA Procedure is utilised initially in the MADCaDPAL algorithm

to determine whether the node should return to the Sleep procedure or continue to

sending preambles, based on the position of the sink node in relation to the commu-

nication threshold. Additionally now, for DMEAAL, as well as scheduling a return to

the Sleep procedure, the thresholdAdjust function is called to determine of the size of

the threshold should be adjusted and by how much. This function is only called if the

sink node is not within the threshold anymore, as adjusting it whilst communication is

taking place would be problematic.

Procedure 3: The Send Preamble Procedure is again utilised initially in the MAD-

CaDPAL algorithm to determine whether the node should return to the Sleep procedure

or continue in the process of sending preambles, based on the position of the sink node

in relation to the communication threshold. Additionally now, for DMEAAL, as well as

scheduling a return to the Sleep procedure, the thresholdAdjust function is again called

to determine of the size of the threshold should be adjusted and by how much. Again,

this function is only called if the sink node is not within the threshold anymore.
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Function 1 Adjust Threshold

1: function THRESHOLDADJUST
2: set t ar g etEner g y from input

. Cross-layer approach to utilise values within the battery module
3: set bat ter yC apaci t y to nomi nalC apaci t y in bat ter y Modul e
4: set bat ter yResi dual to r esi dualC apaci t y in bat ter y Modul e
5: consumed ← (bat ter yC apaci t y −bat ter yResi dual ) . Current value of consumed energy
6: if thresholdHappened then
7: thr eshol d H appened ← F al se
8: aver ag eEner g y ← ( consumed

si mti me )×60

9: thr esh Ad j ust ← t ar g etEner g y
aver ag eEner g y

10: ang l eLi mi t Hi g h ← max Ang le . As set when initial threshold established.
11: ang l eLi mi tLow ← 0
12: thr eshol d A f ter ← tr ue
13:

si nkT hr eshol d A f ter ← ad j ustT hr esholdC (si nkRadi us, thr eshol d A f ter, thr esh Ad j ust )
14: thr eshol d A f ter ← f al se
15:

si nkT hr eshol dBe f or e ← ad j ustT hr esholdC (si nkRadi us, thr eshol d A f ter, thr esh Ad j ust )
16: set thr eshol dDi st ance
17: set be f or eQuar ti l e
18: set thr eshol dOpposi te
19: end if
20: end function
21: function ADJUSTTHRESHOLDC(radius, after, adjustment)
22: if after then
23: ang l e A f ter 1 ← ang l e A f ter ×ad j ustment
24: else
25: ang l eBe f or e1 ← ang l eBe f or e ×ad j ustment
26: end if
27: if after then
28: if ((angleAfter1 < angleLimitHigh) and (angleAfter1 > angleLimitLow)) then
29: ang l e A f ter ← ang l e A f ter 1
30: else
31: if angleAfter1 >= angleLimitHigh then
32: ang l e A f ter ← ang l eLi mi t Hi g h
33: else
34: ang l e A f ter ← ang l eLi mi tLow
35: end if
36: end if
37: else
38: if ((angleBefore1 < angleLimitHigh) and (angleBefore1 > angleLimitLow)) then
39: ang l eBe f or e ← ang l eBe f or e1
40: else
41: if angleBefore1 >= angleLimitHigh then
42: ang l eBe f or e ← ang l eLi mi t Hi g h
43: else
44: ang l eBe f or e ← ang l eLi mi tLow
45: end if
46: end if
47: end if
48: if after then
49: thr esh Ang leDeg r ees ← (ang l e A f ter +ang l eO f Node)
50: else
51: thr esh Ang leDeg r ees ← (ang l eO f Node −ang l e A f ter )
52: end if
53: thr esh Ang leRadi ans ← thr esh Ang leDeg r ees

(180∗PI )
54: thr eshol d .x ← ci r cleCentr e.x + (r adi us × cos(thr esh Ang leRadi ans))
55: thr eshol d .y ← ci r cleCentr e.y + (r adi us × si n(thr esh Ang leRadi ans))
56: return Coord thr eshol d
57: end function

Function 1: The targetEnergy is set from input as the desired average energy. In
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this case this is based on previous data when the MADCaDPAL algorithm is in use. The

capacity of the battery is established in a cross-layer approach, directly from the battery

module. This is then used in the thresholdAdjust function to calculate the current con-

sumed energy by deleting the residual battery capacity from the actual battery capacity.

The purpose of the thresholdHappened variable is to establish if the threshold has

been adjusted since the last time the sink reached it. There is no gain to be made from

adjusting the threshold more than once in a circuit of the network as this could lead to

this process recurring many times. The average energy per minute is calculated as is the

threshold adjustment factor by simply dividing the target energy consumption by the

current average energy consumption. We also set the highest and lowest values for the

size of the angle of the threshold. In this case we use the maxAngle value as the highest

and zero as the lowest. However, this may be adjusted according to a particular scenario.

The maxAngle is set as the largest angle possible when calculating the initial threshold

size at startup, based on transmission range and distance to sink path. The angle is then

adjusted for before and after the threshold by multiplying it by the adjustment factor

within the adjustThresholdC function. We then establish if the new angle is within the

parameters of the highest and lowest angles and adjust accordingly if not. The angle is

then calculated as coordinates and returned to be saved as the new threshold.

6.3 Evaluation and Results

6.3.1 Network Parameters

The network is again built using the OMNeT++ [77] simulation framework, utilising

both MiXiM [87] and inetmanet [88].

As with the previous MADCAL and MADCaDPAL algorithms, within the network

implementation, it is assumed that static nodes will retain their positions throughout

and be aware of their own location. Each static node implements DMEAAL indepen-
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Table 6.1: Network Parameters - DMEAAL

Parameters Values

Number of Nodes (Static) 25

Grid Topology Size 200m * 200m

MSN Path Radius 150m

MSN Start Position x=400m, y=250m

MSN Speed (metres per second) 20mps, 30mps, 40mps

Simulation Time 1884.95559215388s, 1256.63706143592s, 942.47779607694s

Number of Circuits of Network 40

Transmission Distance * 4 77.52m, 69.13m, 62.02, 55.94m

Number of Runs 5

Path-loss Alpha * 4 1.85, 1.9, 1.95, 2

Max Sending Power 1.0mW

Signal Attenuation Threshold -85dBm

Sensitivity -75dBm

Carrier Frequency 2.4GHz

Transmitter Power 1.0mW

Thermal Noise -85dBm

Signal to Noise Ratio Threshold 4dB

Battery Capacity 594000 mWs

Check Interval 0.01s

Slot Duration 0.1s

dently and is unaware of neighbouring nodes. Transmission ranges remain consistent

across all nodes in each test. The simulation times, however, now vary. Within this part

of the study the emphasis is now to update the threshold in real-time, after each pass

of the MSN. As such, in order to produce a fair and consistent comparison across the

three different sink speeds, it is important to ensure that for each test scenario the node

has the same number of opportunities to adjust its threshold. Therefore, simulation

times are such that the MSN will complete 40 circuits of the network whatever speed

it may be travelling at. As some scenarios are running for a longer time than when

testing the MADCaDPAL algorithm, battery capacity has been increased accordingly.

Transmission distance is calculated as before and the routing protocol remains OLSR.

All other parameters can be found in Table 6.1.

Results show the effect of an MSN on significant nodes, these highlighted in Fig-
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ures 5.3 and 5.4. Results are in two sections, with the first comparing the results of

four different MAC implementations in order to demonstrate the effect of the DMEAAL

algorithm on average energy consumption and frame delivery. The aim being that these

should not be adversely affected by this new implementation. Each test scenario has

been conducted using three different MAC implementations to establish the effect of

a MSN at four different speeds and with four different transmission ranges across the

network. Firstly, the existing lightweight MAC implementation using standard duty

cycling techniques with no allowance for sink mobility is shown. Additionally, results

are shown using both the MADCAL and MADCaDPAL algorithms. Finally the new

DMEAAL algorithm is evaluated, with the aim now to balance energy consumption

across significant nodes.

The second section of results demonstrate the energy balancing effect of the DMEAAL

algorithm versus the results when MADCaDPAL is in operation. The intention here

is to illustrate the difference in range of energy consumption when MADCaDPAL is

in use to when the new DMEAAL algorithm is used. Tests are conducted using three

different MSN speeds with four different transmission ranges across the network. Each

test scenario aims to establish the effect of the algorithm when the MSN is travelling at

3 different speeds and with four different transmission ranges across the network. Of

significant difference from tests conducted in the MADCAL and MADCaDPAL studies

is that there is now no uniform test duration. The aim in these studies is to give each

network scenario an equal opportunity to balance the energy consumption, therefore it

is the number of network circuits of the MSN that is the same in each test, that being 40

times. Therefore, results are per minute.

6.3.2 Results - Average Energy Consumption and Frame Delivery, Grid

Topology

Figures 6.4-6.7 show the average energy consumption of all significant nodes for

all four MAC implementations. This is presented alongside the frame delivery to the
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MSN for each scenario. The purpose of these results is no longer to show improvement

in energy consumption or frame delivery by any measurement. In this case these re-

sults are to show that implementing the DMEAAL algorithm does not adversely affect

performance in these areas. In terms of average energy consumption, in particular,

as much as possible we would seek for the results for the MADCaDPAL algorithm and

those when DMEAAL is in use to be the same or very close. The subsequent results of

energy balancing across significant nodes show the sought improvements that have

been highlighted.

What is immediately clear from observing the average energy consumption levels in

Figure 6.4a is that the same benefit to be gained from using the MADCaDPAL algorithm

remains when using DMEAAL. The target of having energy consumption virtually the

same is also seen to be achieved. In terms of frame delivery it can be seen that in some

cases, balanced energy consumption may result in a slight decrease. This would be

expected, with the possibility that neighbouring significant nodes may reduce their
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Figure 6.5: Average Energy Consumption of Significant Nodes (mWs) and Frame Delivery to
Sink, Grid Topology. Transmission Range 69.13m. DMEAAL

thresholds at the same time. Subsequently leaving less opportunity to deliver to the sink

node, albeit temporarily. However, in all cases illustrated in in Figure 6.4b, frame delivery

remains more efficient than when MADCAL and the original MAC implementation are

in use.

In Figure 6.5 it can be seen that this pattern repeats as the transmission range lessens.

Average energy consumption remains at the same level, as seen in Figure 6.5a, but frame

delivery can be seen to have decreased slightly in Figure 6.5b.

Again, when observing results in Figure 6.6, it can be observed that DMEAAL keeps

average energy consumption at the same level, as can be seen in Figure 6.6a, with frame

delivery only slightly less, as seen in Figure 6.6b. This even as the transmission range

has constricted to just over 60m. Even as the transmission range lessens to just over 1

hop results remain much the same. as can be seen in Figure 6.7a with regard to energy

consumption. In this case frame delivery is now within a small margin of MADCaDPAL,
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Figure 6.6: Average Energy Consumption of Significant Nodes (mWs) and Frame Delivery to
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Figure 6.7: Average Energy Consumption of Significant Nodes (mWs) and Frame Delivery to
Sink, Grid Topology. Transmission Range 55.94m. DMEAAL

as seen in Figure 6.7b.
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6.3.3 Results - Balanced Energy Consumption, Grid Topology

Figures 6.8-6.11 now demonstrate the ultimate result of the DMEAAL algorithm.

For each different transmission range the results of each sink speed are shown with

the energy consumption per minute of each significant node from lowest to highest.

As such, this demonstrates the difference in energy consumption between when the

MADCaDPAL algorithm is in use and the DMEAAL algorithm. The aim being for energy

consumption across significant nodes to all be closer in value.

Figure 6.8 shows the results with DMEAAL in use for an transmission range of 77.52m.

With the differing sink speeds shown of 40mps in Figure 6.8a, 30mps in Figure 6.8b

and 20mps in Figure 6.8c. It can be clearly observed that with DMEAAL in use, the

significant nodes all expend energy around the same level. As such, in all cases this

brings down the energy consumption of 12 of the 16 significant nodes by utilising the

excessive energy consumption of just 4. Despite how effective MADCaDPAL has been

in reducing energy consumption, over an extended period of network time, a benefit

such as this could have a major effect on network lifetime.

Figure 6.9 shows the results with DMEAAL in use for an transmission range of 69.13m.

With the differing sink speeds shown of 40mps in Figure 6.9a, 30mps in Figure 6.9b and

20mps in Figure 6.9c. Again, similar results can be observed to the previous figure. The

DMEAAL algorithm is clearly evening out energy consumption across significant nodes,

unaffected by the smaller transmission range.

Figure 6.10 shows the results with DMEAAL in use for an transmission range of

62.02m. With the differing sink speeds shown of 40mps in Figure 6.10a, 30mps in

Figure 6.10b and 20mps in Figure 6.10c. Even as the transmission range lessens this

does not affect the results, with all significant nodes now much closer to the target

energy consumption, that being the average energy consumed with the MADCaDPAL

algorithm in use. This is repeated again in Figure 6.11 with an transmission range of
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Figure 6.8: Balanced Energy Consumption of Significant Nodes (mWs), Grid Topology. Trans-
mission Range 77.52m. DMEAAL
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Figure 6.9: Balanced Energy Consumption of Significant Nodes (mWs), Grid Topology. Trans-
mission Range 69.13m. DMEAAL
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Figure 6.10: Balanced Energy Consumption of Significant Nodes (mWs), Grid Topology. Trans-
mission Range 62.02m. DMEAAL
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Figure 6.11: Balanced Energy Consumption of Significant Nodes (mWs), Grid Topology. Trans-
mission Range 55.94m. DMEAAL

55.94m.

6.3.4 Results - Average Energy Consumption and Frame Delivery, Ran-

dom Topology

Figures 6.12-6.15 show the average energy consumption of all significant nodes for

all four MAC implementations. This is presented alongside the frame delivery to the

MSN for each scenario. Again, we do not seek to show improvement in energy con-
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sumption or frame delivery by any measurement. In this case these results are to show

that implementing the DMEAAL algorithm does not adversely affect performance in

these areas, especially when considering a more strained topology. In terms of average

energy consumption, in particular, as much as possible we would seek for the results

for the MADCaDPAL algorithm and those when DMEAAL is in use to be the same or

very close. With frame reception proving more problematic with this topology in use, it

is also of interest to see if there has been an adverse effect on these results when using

DMEAAL. However, the subsequent results of energy balancing across significant nodes

remain the aim of this study.

It is clear, as with the grid topology, from observing the average energy consumption

levels in Figure 6.12, that the same benefit to be gained from using the MADCaDPAL

algorithm remains when using DMEAAL. The target of having energy consumption

virtually the same is also seen to be achieved in Figure 6.12a. Again though, in terms

of frame delivery, it can be seen in Figure 6.12b that balanced energy consumption
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Sink, Random Topology. Transmission Range 77.52m. DMEAAL
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may result in a slight decrease. However, in all cases illustrated frame delivery remains

higher than when MADCAL and the original MAC implementation are in use.

In Figure 6.13 it can be seen that this pattern repeats as the transmission range

lessens. Average energy consumption remains at the same level, as seen in Figure 6.13a,

but frame delivery is slightly less as seen in Figure 6.13b.

When observing results in Figure 6.14 it can again be seen that DMEAAL keeps

average energy consumption at the same level, as seen in Figure 6.14a, with this also

true for Figure 6.15a. This is significant as the transmission range lessens, now to just

above the distance of one-hop. When considering frame delivery, this constriction

of transmission range also proved problematic for the MADCaDPAL algorithm. The

topology in use has clusters of nodes but also large spaces between them. As such,

attempts to control energy consumption and a reduction in communication thresholds

may result in a slight reduction in frame delivery. This repeats with the use of DMEAAL,
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Figure 6.13: Average Energy Consumption of Significant Nodes (mWs) and Frame Delivery to
Sink, Random Topology. Transmission Range 69.13m. DMEAAL
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Figure 6.14: Average Energy Consumption of Significant Nodes (mWs) and Frame Delivery to
Sink, Random Topology. Transmission Range 62.02m. DMEAAL
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Figure 6.15: Average Energy Consumption of Significant Nodes (mWs) and Frame Delivery to
Sink. Transmission Range 55.94m. DMEAAL
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although not excessively aside from one result when the sink moves at 20mps with a

62.02m transmission range, as seen in Figure 6.14b. This combination clearly results in

a threshold that is not effective in this environment. As such, this highlights the need

for a certain amount of control in the density of node placement.

6.3.5 Results - Balanced Energy Consumption, Random Topology

Figures 6.16-6.19 illustrate the results of the ultimate aim of the DMEAAL algorithm,

that being to balance energy consumption across significant nodes. For each different

transmission range the results of each sink speed are shown with the energy consump-

tion per minute of each significant node from lowest to highest. Different from the use

of the grid topology is that as the transmission range constricts, fewer nodes take the

role of significant node. As before, however, results demonstrate the difference in energy

consumption between when the MADCaDPAL algorithm is in use and the DMEAAL

algorithm. The aim being for energy consumption across significant nodes to all be

closer in value.

Figure 6.16 shows the results with DMEAAL in use for an transmission range of

77.52m. With the differing sink speeds shown of 40mps in Figure 6.16a, 30mps in Fig-

ure 6.16b and 20mps in Figure 6.16c. It can be clearly observed that with DMEAAL in

use, energy consumption is spread more evenly across significant nodes. What can be

observed in contrast to the grid topology, is that with MADCaDPAL in use the spread of

energy is even more stark. As such, the potential to increase network lifetime is even

greater and DMEAAL succeeds in this.

Figure 6.17 shows the results with DMEAAL in use for an transmission range of

69.13m. With the differing sink speeds shown of 40mps in Figure 6.17a, 30mps in

Figure 6.17b and 20mps in Figure 6.17c. Again, similar results can be observed to the

previous figure, with DMEAAL effective in evening out energy consumption across

significant nodes. Despite the smaller transmission range.
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Figure 6.16: Balanced Energy Consumption of Significant Nodes (mWs), Random Topology.
Transmission Range 77.52m. DMEAAL
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Figure 6.17: Balanced Energy Consumption of Significant Nodes (mWs), Random Topology.
Transmission Range 69.13m. DMEAAL

Figure 6.18 shows the results with DMEAAL in use for an transmission range of

62.02m. With the differing sink speeds shown of 40mps in Figure 6.18a, 30mps in Fig-

ure 6.18b and 20mps in Figure 6.18c. Results again follow a similar pattern. However,

Figure 6.18c showing a sink speed of 20mps can be largely discounted due to the low

level of frame delivery in this scenario. In this case it would have to be accepted that the

MADCaDPAL algorithm is more effective. However, even in the much smaller transmis-
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Figure 6.18: Balanced Energy Consumption of Significant Nodes (mWs), Random Topology.
Transmission Range 62.02m. DMEAAL
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Figure 6.19: Balanced Energy Consumption of Significant Nodes (mWs), Random Topology.
Transmission Range 55.94m. DMEAAL
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sion range in Figure 6.19, the effectiveness of the DMEAAL algorithm can be observed.

6.4 Conclusion

This chapter proposes DMEAAL, for use with MSNs utilising a MSN. This algorithm

utilises predictable sink mobility and self knowledge of location amongst static nodes.

This in order that energy consumption across significant nodes may be balanced and

that dead energy consumption may be reduced. Results show that the improvements

the MADCaDPAL algorithm achieves in terms of energy consumption and frame deliv-

ery to the sink, are generally retained. Additionally, it is demonstrated that a cross-layer

approach, determining the current battery levels within a node along with knowledge of

target energy consumption, results in balanced energy consumption across significant

nodes. Thus improving network lifetime and finally eliminating energy spikes which

contribute to the energy hole [17] or hotspot problem. Using results of the MADCaDPAL

algorithm as a target level of energy consumption and altering the communication

threshold accordingly, this is now an entirely dynamic solution. In consideration of

frame delivery when a controlled, grid network formation is used, results remain largely

similar to when MADCaDPAL is in use. This remains when a more strained, random

topology is utilised, aside from one scenario.
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Conclusion and Future Work

7.1 Overview

The aim of this thesis is to demonstrate that knowledge of sink mobility may be

utilised as a network metric in order to positively affect duty cycling in static nodes.

It is demonstrated that this is a completely novel approach, with a gap in literature

demonstrating sink node mobility to not have been used in this way before. As such, the

development of a communication threshold between the sink and static node is initially

shown of benefit in terms of energy consumption and frame delivery. Subsequently,

it is demonstrated that this threshold may be further utilised to influence MAC layer

performance to the point where energy consumption is improved by up to 80%. It

has also been shown that the threshold may be utilised along with target energy con-

sumption to even out energy consumption across multiple significant nodes, extending

network lifetime. Consequently, this project has been a success in proving the benefit

in predictable sink mobility and providing a base for further study in this area.

7.2 Summary of Work

This thesis outlines and discusses the state-of-the-art in ND in WSNs, in particu-

lar with regard to mobility. Highlighting the issue of node duty cycle overlaps being

required in order to guarantee ND may take place, with mobility adding yet another

layer of complexity in this regard. This forms the basis of this study, with literature
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review illustrating the journey ND has taken from a static approach in legacy networks,

through utilising probabilistic and deterministic approaches in WSNs, both static and

with mobility in use, toward new approaches such as opportunistic and those imple-

menting MA. It is in the area of MA where the first potential gap is identified, in that

knowledge of mobility may be used to directly influence duty cycling. It is determined

that in this way, sink mobility would be an ideal candidate for this use.

The ultimate conclusion of the review of literature is that sink mobility may be used

to influence duty cycling in a WSN. Hence, this thesis proposes three novel CSMA/CA

based MAC algorithms to utilise a MSN with predictable mobility pattern in this way. As

such, the proposed techniques and resultant algorithms answer the research questions

posed in the introduction to this thesis (Section 1.3). These can be detailed as follows:

• Chapter 3, which details the testbed used, and Chapter 4, which details the initial

MADCAL algorithm, successfully answer the first research question:

– To what extent can the mobility pattern of a MSN in a WSN be exploited at the

MAC layer to influence the performance of static nodes, in order to increase

efficiency in terms of network performance and energy consumption?

It is clear that when there is knowledge of the start time, sink speed, starting

position, starting angle and pattern to be followed, in this case circular, that a

static node may then calculate the current sink position and base its duty cycle

on this. It is shown in Chapter 4 that this can be beneficial in terms of energy

consumption.

• Whilst he initial development of a communication threshold occurs in Chapter 4,

it is in Chapter 5 that the second research question is truly answered:

– To what extent can a threshold built in a static node be utilised for commu-

nication with a MSN in order that said communication only occurs within

the threshold?
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Utilising the threshold in conjunction with knowledge of the sink mobility to

ensure the node awakens when the sink is within the threshold occurs in MADCAL

in Chapter 4. Adjusting for interference range, distance from sink path and,

significantly, the speed of the sink. However, this is then shown to have even

greater benefit in Chapter 5 with the development of the MADCaDPAL algorithm.

Using the sink position in relation to the threshold to influence CCA and the

sending of preambles and, subsequently, showing a large decrease in energy

consumption of up to 80%. Effectively demonstrating the extent to which the

threshold may be utilised to improve network performance and answering the

third research question:

– To what extent can network performance and energy consumption be im-

proved by this approach?

• The development of the DMEAAL algorithm in Chapter 6 demonstrates that a

cross-layer approach to energy consumption is possible and can show benefit.

Subsequently answering the fourth and final research question:

– To what extent can nodes in a WSN utilising a MSN be context-aware? Such

that said context, such as the energy levels of nodes, may be utilised ac-

cordingly to adjust a communication threshold and ensure even energy

consumption across nodes. As such, improving network lifetime.

With the development of the communication threshold complete, it is shown

that where access to current battery consumption is available, the threshold

may be continually adjusted based on a target energy consumption level. In

this event, energy consumption may be balanced across all significant nodes,

removing any remaining energy spikes, however small. The ultimate result is

that network lifetime is improved. This is also important in demonstrating the

differing potential uses for a communication threshold. With, ultimately, the

MADCaDPAL and DMEAAL algorithms linked in that they utilise the threshold,

but providing different solutions depending on the particular WSN.
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7.3 Quantitative Review

1. MADCAL: In comparison to MAC implementation with no allowance made for

the sink node being mobile, MADCAL reduces energy consumption in all signif-

icant nodes and in each scenario, by an average of 11.61% across all scenarios

in the grid topology, with a maximum improvement of 20.2%. In the random

topology energy consumption is again reduced in every significant node in each

scenario, this time by an average of 13.86% and a maximum of 22.02%. In con-

sideration of frame delivery to the MSN, in the grid topology this is improved

in all but two scenarios with an average improvement of 27%. The maximum

improvement for a single scenario is 401.77%. In the random topology the aver-

age improvement across all scenarios is 23.1% with the maximum improvement

374.73%. Again with frame delivery improved in all but two scenarios.

2. MADCaDPAL: In comparison to MAC implementation with no allowance made

for the sink node being mobile, MADCaDPAL further reduces energy consumption

in all significant nodes and in each scenario, by an average of 78.04% across all

scenarios in the grid topology, with a maximum improvement of 80.07%. In

the random topology energy consumption is again reduced in every significant

node in each scenario, this time by an average of 78.03% and a maximum of

81.5%. In consideration of frame delivery to the MSN, in the grid topology this is

improved in all scenarios with an average improvement of 43.96%. The maximum

improvement for a single scenario is 571.26%. In the random topology the average

improvement across all scenarios is 18.22% with the maximum improvement

137.52%. With frame delivery improved in all but two scenarios, but less so

than when MADCAL is in use, with the caveat of the considerable reduction in

energy consumption with MADCaDPAL in use. In addition the difference between

average energy consumption and the maximum consumption of a single node

closed alongside the considerable reduction in energy overall.

3. DMEAAL: With average energy consumption kept the same, or within a reason-
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able amount, the focus is on balancing energy consumption. Working on the

basis of energy consumption per minute, taking all test scenarios together, the

difference in average energy consumption per minute between highest and low-

est significant node for MADCaDPAL is 165.61 mWs. Whereas for DMEAAL the

difference is 37.04 mWs. An improvement of 77.64%.

7.4 Challenges and Future Work

The aims and objectives of this thesis have been met and research questions an-

swered, however, in performing this study further challenges arise. The main focus of

this study was to prove that with knowledge of a sink mobility pattern, whatever that

pattern may be, that duty cycling may be positively influenced. Hence, the mobility

pattern utilised in this study is a circular, two-dimensional pattern. Given that the most

common application referred to for MSNs is that of UAVs, or drones [20], it should

be assumed that for this work to applied practically a third dimension would have to

be applied in the calculation of the sink path. Even in the event of again utilising a

circular path, the height of the UAV would also have to be taken into account. Taking

the sink mobility pattern into account also, as has been illustrated in literature review,

many studies seek to implement an optimal path for the sink node. It is envisaged

that the work in this thesis could be combined with such a method at a future date. As

has been stated, the development of MADCAL, MADCaDPAL and DMEAAL is depen-

dant upon a predictable sink mobility pattern. The pattern itself is ultimately incidental.

With the primary focus of this study on duty cycling, the MAC layer is where work

takes place. As has been stated throughout, the use of the OLSR network layer protocol

is merely to facilitate delivery to the sink, with the high load placed on the network by

this protocol aiding in accelerating testing, with nodes expending energy at a greater

rate. However, moving forward it is accepted that for the work in this study to be imple-

mented in a practical sense, that integration with the network layer must take place to

some degree. In particular, when considering WSNs specifically, consideration must be
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given to the standardised RPL routing protocol [94]. With no standardisation currently

for the use of RPL in an environment with a MSN and little research to be found in this

area, integrating this routing protocol with the approach in this thesis would appear to

be of interest for future work.

Another important factor within this thesis is that of the network topology. The use

of MSNs very much depends upon the particular application. As has been stated, WSNs

may be placed in inhospitable environments and sink mobility may be constrained by

that environment. The network size utilised in this study is sufficient to demonstrate

the effectiveness of the proposed algorithms. However, a topology of greater density in

terms of number of nodes will have several factors to be determined such as whether

multiple sink nodes are feasible and whether these should all be mobile? Clustering

may also become a factor at some point. This would raise the possibility of multiple

MSNs with differing responsibilities within the network.

Finally, in implementing the new DMEAAL algorithm in Chapter 6, a target energy

consumption is utilised. In future, it is envisaged that the calculation of this target

energy consumption may form part of the network infrastructure. Consequently, this

new algorithm shows great potential to be a practical solution for edge-computing

applications with a mobile sink node. Regarding this, two possibilities are envisaged:

1. Individual nodes send current battery levels to the sink node via a message. The

sink node may then calculate the average energy consumption across all signifi-

cant nodes and send this figure back to each node. The nodes then implement the

DMEAAL algorithm, using the figure received from the sink as the target energy

consumption. This solution would be completely integrated in network opera-

tion. However, additional messaging is required, adding to network overhead and

potential delay. The target energy consumption would also only be based on one

network run. Whereas the target energy consumption utilised in the tests detailed

in this study are derived from five tests combined. This would raise the possibility
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of an outlying result influencing the calculation.

2. A second application would see target energy consumption pre-programmed

in the sink node. This based on multiple tests, removing the risk of outlying

results. This figure may then be sent to each node as target energy consumption,

with the DMEAAL algorithm implemented. This solution requires that only the

sink sends a message to each node, reducing extra load on the network. Whilst

not completely integrated, this solution removes the need for each node to be

pre-programmed with target energy consumption. However, there remains the

possibility of data loss and delay, with significant nodes unable to implement the

DMEAAL algorithm until the message is received.
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