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ABSTRACT 

___________________________________________________________________ 

In recent years, advances in signal processing have led to small, low power, 

inexpensive Wireless Sensor Network (WSN). The signal processing in WSN is 

different from the traditional wireless networks in two critical aspects: firstly, the 

signal processing in WSN is performed in a fully distributed manner, unlike in 

traditional wireless networks; secondly, due to the limited computation capabilities 

of sensor networks, it is essential to develop an energy and bandwidth efficient 

signal processing algorithms. 

Target localisation and tracking problems in WSNs have received 

considerable attention recently, driven by the necessity to achieve higher 

localisation accuracy, lower cost, and the smallest form factor. Received Signal 

Strength (RSS) based localisation techniques are at the forefront of tracking 

research applications. 

Since tracking algorithms have been attracting research and development 

attention recently, prolific literature and a wide range of proposed approaches 

regarding the topic have emerged. This thesis is devoted to discussing the existing 

WSN-based localisation and tracking approaches. 

This thesis includes five studies. The first study leads to the design and 

implementation of a triangulation-based localisation approach using RSS technique 

for indoor tracking applications. The presented work achieves low localisation error 

in complex environments by predicting the environmental characteristics among 
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beacon nodes. The second study concentrates on investigating a fingerprinting 

localisation method for indoor tracking applications. The proposed approach offers 

reasonable localisation accuracy while requiring a short period of offline 

computation time. The third study focuses on designing and implementing a 

decentralised tracking approach for tracking multiple mobile targets with low 

resource requirements. 

Despite the interest in target tracking and localisation issues, there are few 

systems deployed using ZigBee network standard, and no tracking system has used 

the full features of the ZigBee network standard. Tracking through the ZigBee is a 

challenging task when the density of router and end-device nodes is low, due to the 

limited communication capabilities of end-device nodes. The fourth study focuses 

on developing and designing a practical ZigBee-based tracking approach. 

To save energy, different strategies were adopted. The fifth study outlines 

designing and implementing an energy-efficient approach for tracking applications. 

This study consists of two main approaches: a data aggregation approach, proposed 

and implemented in order to reduce the total number of messages transmitted over 

the network; and a prediction approach, deployed to increase the lifetime of the 

WSN.  

For evaluation purposes, two environmental models were used in this thesis: 

firstly, real experiments, in which the proposed approaches were implemented on 

real sensor nodes, to test the validity for the proposed approaches; secondly, 

simulation experiments, in which NS-2 was used to evaluate the power-

consumption issues of the two approaches proposed in this thesis.  

Keywords: Wireless Sensor Network, Tracking, Localisation, Fingerprinting, 

ZigBee, Data Aggregation, Prediction, Power Consumption. 

 

                       Tareq Alhmiedat, 2009 
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CHAPTER 1 
INTRODUCTION 

___________________________________________________________________ 

1.1 Computer Networks 

There has been massive growth in the area of computer networks over the last 

few years. Computer networks are widely used in business by both administrative 

and consumer users, as they allow the extraction and updating of information about 

the entire company. The main goal of computer networks is to make all programs, 

equipment, and especially data available to anyone on the network, regardless of the 

physical location of the resource and the users. 

Computer networks can be divided into several types, such as local, 

metropolitan, wide area, and wireless networks. Local Area Networks (LANs) can 

be used within a single building, or campus, over a distance of a few kilometres, and 

are usually used to connect personal computers and workstations in company 

offices and factories to share resources and to exchange information. Metropolitan 

Arena Networks (MANs) are used to cover a city. The most famous example of a 

MAN is the cable television network available in many cities. Wide Area Networks 

(WANs) are used to span a large geographical area, and are often used within a 

country or continent. Finally, Wireless Networks (WNs) are a wireless alternative to 

computer networks which use radio waves instead of wires to transmit and receive 

data between computers (Tanenbaum, 2003). 
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WN’s have become prolific in large companies and security enhancements 

due to the following factors:  

1. Mobility: WN’s can provide users access to real-time information 

anywhere in their organisation. This property supports productivity, 

and it’s not possible with wired networks. 

2. Installation speed and simplicity: installing a WN is relatively easy 

and fast, and there is no need to pull cables through walls and ceilings. 

3. Installation flexibility: WN’s allow the network to go where the wires 

cannot. 

4. Scalability: WN’s systems can be configured in many ways to meet 

the needs of specific applications and installations. 

WN’s can be classified based on their coverage range into three main 

categories: Wireless Wide Area Networks (WWAN’s), Wireless Local Area 

Networks (WLAN’s), and Wireless Personal Area Network (WPAN’s) 

(Hannikainen et al. 2003). 

WWAN’s include wide coverage area technologies such as 2G cellular, 

Cellular Digital Packet Data (CDPD), Global Systems for Mobile Communications 

(GSM), and Mobitex. WLAN’s involves Wireless Local Area Networks, including 

802.11, HiperLAN, and many others (Mallick, 2003). 

WPAN’s is a network used for interconnecting devices (a very large number 

of wireless devices can be connected) distributed around an individual workspace, 

in which all connections are wireless. This includes handled computers, mobile 

phones, printers, microphones, speakers, bar code readers and sensors. The market 

of WPAN’s is expanding rapidly. This kind of WN offers many advantages, such 

as: 

• Short-range communication, 

• low power-consumption, 

• small personal networks, 

• and communication of devices within a personal space. 
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1.2. Wireless Sensor Network 

 

Figure 1-1: Multi hop wireless sensor network 

Recent developments in wireless technology and the invention of small, 

inexpensive, low power microprocessors have led to the emergence of networked, 

embedded systems named wireless sensors. A Wireless Sensor Network (WSN) is a 

distributed collection of nodes that are resource constrained (short range, small 

memory size, and short battery life) and competent of operating with minimal user 

attendance.  

The main goal of WSN is to permit multiple applications to run on top of the 

same sensor network. WSN’s include hundreds or thousands of sensor nodes 

communicating over a wireless channel, achieving distributed sensing and 

collaborative data processing tasks for a variety of military and civilian applications. 

Sensor information can be gathered and analysed using local or remote monitoring, 

as depicted in Figure 1-1 (Galstyan, 2004). 

As shown in Figure 1-2, sensor nodes are tiny electronic devices equipped 

with a battery for energy source, a sensor for determining physical characteristics, a 

processor for performing computations, a wireless transceiver for two way 

communications with other sensors, and a memory device for storing information 

and for local computation. A sensor node has the following characteristics: (1) small 

physical size; (2) low power-consumption; (3) limited processing power; (4) short-

range communications; and (5) a small amount of storage. 
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Figure 1-2: Jennic sensor node 

Sensor nodes have been widely used. The initial research in this area was with 

an eye to military applications, with Defence Advanced Research Projects Agency 

(DARPA) continuing to fund a number of prominent research projects such as 

Smart Dust and NEST. Recently, civilian application of WSN’s have been 

considered, such as environmental and species monitoring (water, air, soil, 

chemistry), agriculture, production and delivery, healthcare, and others. The main 

reasons behind the rapid adoption and spread of WSN’s are the following: 

• The wireless sensors are relatively cheap and small in size, which 

facilitates the high distribution of such networks. 

• The networks of sensors may scale to many thousands of nodes, and 

thus cover a wide geographical area. This ensures that the sensing 

units are set close to the target event, and thus the sensed data will 

render qualitatively better geometric fidelity. 

• The networks may sustain the failure of sensor nodes. WSN has the 

ability to reorganise itself. 

• The advances in WSN techniques will ensure quick deployment of 

such systems. Sensor nodes are easily placed in the area of interest. 

• The information about a specific event is simultaneously generated by 

multiple sensors due to the intensive deployment of sensor nodes. 

These characteristics make sensor networks different from other WN’s, and 

more efficient for several applications.  
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1.2.1 WSN Applications 

WSN’s have been deployed in several applications as identified by Karl and 

Willig, (2005); following is a summary of these WSN’s applications: 

• Military applications - WSN’s form a critical part in military 

applications, such as control communication, computing, intelligence, 

surveillance, and target tracking systems. The low cost, rapid 

deployment, fault tolerance, and self-organisation characteristics of 

sensor nodes make them a very promising solution for military 

applications. 

• Environmental applications - WSN’s have been deployed widely in 

environmental applications such as habitat monitoring, animal 

tracking, forest-fire detection, precision framing, and disaster relief 

applications. 

• Health applications - patients can be equipped with sensor nodes to 

monitor their vital signs and track their locations. Glucose-level 

monitoring is a possible application suitable for WSN’s.  

• Home applications - smart sensor nodes and actuators can be 

integrated in home systems, such as vacuum cleaners, micro-wave 

ovens, and refrigerators. End users can manage home devices locally 

and remotely by connecting these devices with each other and with an 

external network via the internet or satellite.  

• Other commercial applications - these include monitoring material 

fatigue and produce quality, robot control and guidance in automatic 

manufacturing environments, monitoring disaster areas, detecting and 

monitoring car thefts, and vehicle tracking and detection.  

1.2.2 Wireless Sensor Architecture  

As depicted in Figure 1-3, each sensor node is made up of the following four 

basic units (Karl and Willig, 2005): 

1. Sensing unit: this usually includes two subunits. Firstly, the sensor 

unit, which produces the analogue signals after sensing any 
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phenomena. Secondly, the Analogue-to-Digital Converter (ADC) unit, 

which converts the analogue signals to digital. 

2. Processing unit: this consists of two subunits. Firstly, the processor 

unit, which processes and controls the functionality of other 

components in the sensor node. Secondly, the storage unit, which 

stores the information.  

3. Transceiver unit: this is responsible for transmitting and receiving 

operations.  

4. Power unit: this supplies the sensor node with energy. It could also be 

connected to another power supply unit or power generator, such as 

solar cells.  

 

Figure 1-3: Sensor node components 

A sensor node may have application-dependent additional components, such 

as a location finding system, and a mobiliser. Most of the sensor network routing 

techniques and sensing operations require the knowledge of position with high 

accuracy. Therefore, it is customary for a sensor node to have a location finding 

system. A mobiliser may be required to move sensor nodes, when required to carry 

out the assigned tasks (Akyildiz et al. 2002). 
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1.2.3 Wireless Sensor Stack  

The wireless sensor stack, depicted in Figure 1-4, consists of five layers, 

namely the physical layer, data link layer, network layer, transport layer, and 

application layer. Each layer performs specific tasks.  

Application Layer

Transport Layer

Network Layer

Data Link Layer

Physical Layer

 

Figure 1-4: Wireless sensor node stack 

The first layer from the bottom is the physical layer. It has the following tasks: 

frequency selection, carrier frequency generation, bit encoding, determining the 

voltage to be used for transmitting the bit stream over the physical medium, signal 

detection, modulation, and data encryption. 

The second layer is the data link layer, also known as Medium Access Control 

(MAC). It is responsible for the multiplexing of data streams, data frame detection, 

medium access and error control. It also guarantees reliable point-to-point and 

point-to-multipoint connections in a communication network. MAC protocol must 

achieve two goals: firstly, creating the network infrastructure - because there are 

usually thousands of nodes scattered over the area of interest, the MAC must 

establish communication links for data transfer; and secondly, sharing 

communication resources between sensor nodes in a fair and efficient way.  

The third layer is the network layer. The network layer of sensor networks is 

usually designed according to the following principles (Akyildiz et al. 2002): 

• Energy efficiency is a persistently important consideration. 
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• Sensor networks are mainly data-centric. 

• Data aggregation can be used when it does not hinder the collaborative 

effort of the sensor nodes. 

• An ideal sensor network should be attribute based, addressing the 

location awareness. 

The transport layer is the fourth one. This layer is responsible for handling 

delay and packet loss statistics, segmentation and reassembly of packets, setting up 

and maintaining end-to-end connections, reliable end-to-end delivery of data 

packets, and congestion control and low control (Akyildiz et al. 2002). 

The fifth layer is the application layer. This includes enabling the user to 

access the network, as well as three possible application layer protocols: Sensor 

Management Protocol (SMP), Task Management and Data Advertisement Protocol 

(TADAP), and Sensor Query and Data Dissemination Protocol (SQDDP). 

1.2.4 Wireless Sensor Network Standards 

Many WN’s standards have been developed recently, such as 802.11a, b, g, 

Bluetooth, 802.15.4, and ZigBee network standards. In this section, the most 

popular WSN standards are considered.  

1.2.4.1 IEEE 802.15.4 Network standard 

IEEE 802.15.4 network standard is a low data rate WPAN standard. It is 

designed to offer fundamentally lower network layers of a type of WPAN, which 

focuses on low cost and low power-consumption devices. These devices depend on 

long battery life, normally a couple of years. IEEE 802.15.4 is the basis for the 

ZigBee, WirelessHART and MiWi network standards (Labiod et al. 2007). 

IEEE 802.15.4 standard supports two types of devices: a Full-Function Device 

(FFD) and a Reduced-Function Device (RFD). Usually, FFD can function as a 

master or a Personal Area Network (PAN) coordinator, whereas the RFD is 

normally a slave or a regular node where there is no master-slave communication 

(Baronti et al. 2006). 
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1.2.4.2 WirelessHART 

WirelessHART is a wireless mesh communication standard designed to be an 

easy to use, reliable, and interoperable wireless mesh sensor protocol. 

WirelessHART operates in the 2.4GHz ISM radio band and it utilises IEEE 

802.15.4 compatible DSSS radio with channel hopping on a packet basis.  

WirelessHART consists of three main elements: a WirelessHART Field 

Device (WFD), connected to the Process or to Plant Equipment; WirelessHART 

gateways, which enable communication between host applications and WFD’s; and 

a WirelessHART network manager, which is responsible for configuring the 

network, scheduling communication between WirelessHART devices, management 

of the routing tables, and the monitoring and reporting the status of the 

WirelessHART network (Lennvall et al. 2008). 

1.2.4.3 ZigBee Network Standard 

ZigBee is a low power, low data rate, low cost wireless communication 

standard intended to be used in home automation and remote control applications. 

ZigBee was designed to provide low cost and low power connectivity for equipment 

which needs long battery life of several months or years. ZigBee devices are 

expected to cover a range of 10-75 meters (m), depending on the RF environment 

and power output consumption required for a given application. The data rate is 

250kbps at 2.4GHz, 40kbps at 915MHz and 20kbps at 868MHz.  

ZigBee and IEEE have been working closely to specify the entire protocol 

stack, since IEEE focuses on the specification of the lower two layers of the 

protocol (physical and data link layers), and ZigBee Alliance seeks to provide the 

upper layers of the protocol stack for interoperable data networking, security 

services, and a range of wireless home and building control solutions. ZigBee 

standard supports different topologies (mesh, star, and cluster-tree), as shown in 

Figure 1-5 (Ergen, 2004). 

ZigBee is similar to Bluetooth but it is simpler, since it has a lower data rate, 

and spends most of its time snoozing. This is a very good characteristic of the 

ZigBee nodes, as it enables each node to work for six months to two years on just 

two AAA batteries. 
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Figure 1-5: ZigBee network topologies 

It is important to distinguish ZigBee from IEEE 802.15.4 network standard, 

since IEEE standard 802.15.4 describes the specification for radio PHY and MAC 

layers at 2.4 GHZ, 868 MHZ and 915 MHZ. IEEE standard 802.15.4 aims to offer 

the fundamental lower network layer of WPAN, which focuses on low cost and 

power-consumption. ZigBee network performs three main roles: coordinator, router, 

and end-devices. 

• ZigBee Coordinator (ZC): only one of these is required for each 

ZigBee network. It has a unique PAN ID and channel number. It 

initiates network formation. Acts as 802.15.4 PAN coordinator (FFD), 

and it may act as router once a network is formed. 

• ZigBee Router (ZR): this is an optional network component. It may 

associate with ZC or with previously associated ZR. Acts as 802.15.4 

coordinator (FFD), and participates in the multi-hop routing of 

messages. 

• ZigBee-End Device (ZED): this joins ZC or ZR, which is an optional 

network component, acts as 802.15.4 end device (RFD). It is utilised 
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for very low power operations, and does not allow association or 

participate in routing. 

1.2.5 Tracking Applications 

Location based systems have been an issue in the area of mobile 

communications for many years. A location based system includes a service 

provided by a service provider that employs the available location information.  

The potential applications of WSN’s include environmental monitoring, 

military surveillance, search-and-rescue, and tracking soldiers and cars as depicted 

in Figure 1-6. Target-tracking applications have been widely deployed for military 

area intrusion detection and wildlife animal monitoring. Tracking mobile targets 

through WSN was initially investigated on 2002 (Shorey et al. 2006). 

 

Figure 1-6: A tracking application 

The node localisation and tracking applications through WSN have received 

much attention recently, focused on the need to achieve high localisation accuracy 

without incurring a large cost, form factor and power-consumption per node. This is 

because: 

1. In several applications, the location itself is the information of interest. 

2. Transferring sensors’ measurements without knowing the position for each 

one is useless. 

3. Several routing protocols are based on the locations of sensor nodes. 

4. It is important to form clusters, as location information can be used to define 

a partition in the network. 
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5. Localisation systems can be used to determine the quality of coverage. If 

sensor node locations are known, the network can keep track of the extent of 

spatial coverage (Krishnamachari, 2005). 

1.3 Problem Overview  

One of the most challenging and interesting research areas in WSN is tracking 

mobile targets, as a tracking issue is not the prime task of senor networks. 

Therefore, there is a great demand for light-weight localisation technique, which 

does not require any additional hardware and is a power efficient. The challenges of 

tracking a target in a sensor network have received significant attention in recent 

years. A tracking algorithm designed for sensor networks should be: (1) accurate - it 

should work with accuracy in different environments; (2) energy efficient - it should 

require little computation, especially in terms of communication; (3) robust - it 

should not depend on noise and movement of the target; (4) reliable - it has to be 

tolerant to node failures. In this section, the tracking problem from two different 

aspects is discussed: localisation accuracy and power-consumption.  

1.3.1 Localisation Technique 

A wide range of localisation technologies have been used for several tracking 

applications, such as infrared, ultrasound, Global Positioning System (GPS) and 

Radio Frequency (RF). These offer efficient localisation solutions in terms of 

accuracy. However, attaching additional hardware (such as a GPS receiver, 

ultrasound, or Infrared device) to each sensor and target node is not the ideal 

solution for several reasons: 

• Cost: adding supplementary hardware to hundreds or thousands of 

nodes is a highly inefficient solution in terms of cost. 

• Power-consumption: the additional hardware requires additional 

power-consumption. 

• Inaccessibility: GPS and infrared signals cannot go through walls.  

• Form factor: the sensor node has the feature of small size. Attaching 

extra hardware would increase the sensor size.  



CHAPTER 1 INTRODUCTION 
__________________________________________________________________________________________ 

 -13-

On the other hand, Received Signal Strength (RSS) techniques offer cost-

effective systems and reasonable localisation accuracy in outdoor environments, but 

are affected by obstacles and walls in indoor environments, and for this reason RSS 

based tracking approaches cannot be deployed in noisy environments. 

1.3.2 Power-consumption  

As the most challenging concern in designing sensor networks is limitation in 

energy, many research efforts aim at enhancing the energy efficiency of different 

aspects of the networks. In WSN, energy has three main consumers: signal 

processing, data transmission, and hardware operations. Consuming less energy in 

the tracking applications is a primary objective in designing WSN applications, as 

each sensor node is usually supported by batteries which could be difficult to 

replace. One of the critical technical issues which must be addressed in developing 

sensor networks for object tracking applications is the energy conservation. A few 

studies focused on the data aggregation concept (Ditze et al. 2008, He et al. 2008, 

and Vaidyanathan et al. 2004) for tracking applications using WSN’s. Thus, the 

research challenge is how to reduce the communication and power-consumption for 

tracking applications when deployed for WSN applications. 

Therefore, it is of interest to design and implement an RSS based localisation 

approach for indoor tracking applications, and it is essential to investigate several 

energy-efficient approaches for tracking applications through WSN’s. 

1.4 Research Objectives  

The main aim of this thesis is to improve tracking efficiency in terms of 

power-consumption, and localisation accuracy for tracking systems based on 

ZigBee WSN’s. The specific research objectives associated with achieving the 

research aim are as follows: 

• Research the current relevant literature to obtain a better understanding 

of the topic. 

• Propose and design several localisation methods to improve the 

localisation accuracy for RSS based approaches, based on the earlier 

analysis of existing RSS based systems for use with empirical 

evaluation. 
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• Propose a decentralised tracking system for WSN to reduce the total 

number of messages transmitted over the network. 

• Propose a ZigBee based tracking approach for locating the positions of 

multiple mobile targets simultaneously. 

• Propose an energy-efficient tracking system for WSN in order to 

reduce the power-consumption required for tracking applications. 

• Implement the proposed localisation methods on real sensor nodes to 

test the efficiency in terms of cost and accuracy. 

• Use a simulator to evaluate and compare the performance of the 

proposed power-efficient tracking and decentralised tracking 

approaches. 

• Test the approaches proposed in this thesis by publishing the 

implemented work in refereed conference proceedings and academic 

journals.  

1.5 Main Contributions of the Thesis  

The contribution of this thesis lies in three folds. Firstly, the localisation 

accuracy is considered. The localisation accuracy has been improved for RSS based 

localisation systems through designing and implementing two localisation 

approaches: (a) A triangulation based approach is proposed to estimate the mobile 

target’s location where walls and obstructions exist in the tracking area. This 

approach is published in (Alhmiedat and Yang, 2008b). (b) A fingerprinting 

localisation approach is proposed in Chapter 4. The proposed system offers low 

localisation error (1 to 3.5 m), and requires a shorter period of time for the offline 

phase than the existing fingerprinting approaches.  

Secondly, a ZigBee based tracking approach is implemented in order to offer 

reasonable localisation accuracy for tracking multiple mobile targets where the 

density or router and end-device nodes is low. The proposed system offers low 

power-consumption, as it is deployed using the full roles for ZigBee network 

standard. A time management method is proposed and evaluated in Chapter 6 to 

reduce the possible interference with beacon nodes, to reduce the localisation error. 

This approach is published in (Alhmiedat and Yang, 2009). 
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Thirdly, the power-consumption issue is studied in this thesis. Two power-

efficient solutions have been proposed for tracking applications in order to reduce 

the amount of energy consumed during the tracking process, and hence increase the 

longevity of sensor nodes. (a) A decentralised localisation approach to track a high 

number of mobile targets is proposed. The implemented approach aims to reduce 

the power needed to track multiple mobile targets in WSN by grouping the mobile 

targets set in the same transmission range. This approach is published in (Alhmiedat 

and Yang, 2008a). (b) An energy-efficient tracking system to track mobile targets in 

WSN. The proposed approach is based on implementing a new data aggregation 

approach and integrates it with a simple prediction approach. The proposed 

approach offers reasonable localisation accuracy, while achieving lower power-

consumption than the existing approaches.  

1.6 Thesis Layout 

The rest of the thesis is organised as follows: in Chapter 2, the most popular 

localisation terminologies which have been widely deployed in tracking and 

localisation systems are presented. The main issues to be taken into account before 

designing and implementing a localisation system are mentioned. Tracking and 

localisation systems are categorised into three main categories, and each is reviewed 

in detail.  

Chapter 3 proposes a new triangulation based localisation system using RSS 

technique. The implemented system aims to reduce the localisation error by 

predicting the environmental characteristics in indoor tracking applications. The 

proposed approach is evaluated through measuring the localisation accuracy and 

communication cost, and compared with several existing approaches. 

 In Chapter 4, a fingerprinting based localisation approach is designed and 

implemented. The proposed approach aims to reduce the time needed for the offline 

phase, and improves the localisation accuracy. The implemented approach is 

evaluated based on the localisation accuracy and compared with other exiting 

approaches.  

 In Chapter 5, a new decentralised based localisation approach is proposed to 

reduce the power-consumption required to track multiple mobile targets in a given 

area. The implemented approach achieves low power-consumption for tracking a 
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higher number of mobile targets in a tracking area. Three approaches are evaluated 

and compared with the proposed approach in the same chapter. 

 Chapter 6 proposes a multiple mobile target tracking approach based on 

ZigBee network standard. The proposed approach aims to track multiple mobile 

targets through ZigBee when the density of router and end-device nodes is low. The 

implemented approach is evaluated and discussed in this chapter.  

 In Chapter 7, an energy efficient tracking system is proposed and 

implemented, to track mobile targets while offering low power-consumption and 

reasonable localisation accuracy. The presented work includes proposing a new data 

aggregation method, which is integrated with a simple prediction system. The work 

is implemented using NS2 simulator model, and the tracking efficiency is tested in 

this chapter.  

Finally, Chapter 8 summarises the whole thesis, demonstrates how the stated 

aims and objectives have been achieved, and proposes some areas for further study. 
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CHAPTER 2 
LOCALISATION AND TRACKING 
SYSTEMS 

___________________________________________________________________ 

2.1 Background  

In WSN applications it is critical to accurately know the location of sensor 

nodes in order to report data that is geographically meaningful. Additionally, some 

basic middle ware services, such as routing, are based on location information. 

WSN applications with a high number of sensor nodes make it impractical to rely 

on the regular arrangement of sensors. Rather than relying on beacons or expensive 

GPS to localise each sensor node, each sensor node should be able self-organise 

their locations. Localisation and tracking techniques is still a pioneering field, with 

new algorithms, hardware, and applications being developed. In this chapter, the 

issues in localisation system design are discussed, the localisation methods are 

reviewed, and the most important localisation and tracking techniques are presented. 

2.2 Issues in Localisation Algorithm Design  

The issues that should be taken into consideration and overcome before 

designing an efficient tracking system for WSN are: 
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• Tracking accuracy - the main objective of the tracking system is 

providing reasonable localisation accuracy. In WSN, it is important to 

develop an accurate tracking system with lowest missing rate. 

• Resource constraints - sensor devices are typically battery powered. 

This means that all processing, communication, and sensing actions 

are very expensive, as they dynamically reduce the lifespan of the 

performing node. Sensor networks are usually deployed on a large 

scale, with hundreds of thousands of nodes in a typical deployment. 

This fact has two critical consequences: the sensor nodes must be 

inexpensive, and easy to deploy. 

• Communication costs - the total number of messages which need to be 

transferred in every unit of time should be minimum as much as 

possible. This is due to additional packets incurring an additional 

energy cost. 

• Signal interference - interference between nodes in the same network 

results from collisions between packets transmitted by different nodes 

at the same time. This reduces the accuracy of the RSS values used for 

triangulation. Consequently, interference problems have to be 

overcome in order to achieve reasonable localisation accuracy. 

• Environmental obstacles and terrain irregularities - these lead to 

inaccurate position estimation. Objects such as large rocks can 

obstruct line of sight, preventing TDOA and GPS ranging, or causing 

interference with radios. 

• Node density - before designing a localisation algorithm, it is 

important to notice the algorithm’s implicit density assumptions, 

because high node density might be prohibitively expensive, if not 

totally unfeasible. 

These design challenges can affect tracking efficiency and accuracy. Several 

localisation methods used in tracking systems are described in the next section.  
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2.3 Localisation Methods 

Several tracking approaches have been designed and developed recently (Li et 

al. 2006; Blumenthal et al. 2005; Small et al. 2000), each including one or more 

localisation methods. A localisation method is the way which can be applied to 

compute the final coordinates of a mobile target node. Localisation methods include 

the following: Triangulation, Fingerprinting, Time of Arrival (TOA), and Time 

Difference of Arrival (TDOA). 

2.3.1 Triangulation 

Triangulation is the process of determining the location of a target point by 

measuring distances to it from known points. If the distance d  can be measured 

between the beacon node (the node with known coordinate position location) and 

the target node (the node with unknown coordinate location), then a circle with 

radius d  can be drawn, as shown in Figure 2-1. Circles intersect at one point, which 

is the location of the target node. A Triangulation method requires the readings from 

at least three beacon nodes. 

 

Figure 2-1: Triangulation method 

2.3.2 Fingerprinting  

Fingerprinting localisation method is based on the behaviour of signal 

propagation and information about the geometry of the building. Location 
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fingerprinting works by determining how the signals will be received at every grid 

point. 

Deployment of the fingerprinting localisation method is usually divided into 

two phases, as shown in Figure 2-2: 1) Offline phase: this includes measuring the 

location for a mobile object in different coordinates, and storing the collected 

information in a Database (DB); and 2) Online phase: the mobile target collects 

several RSS values from different beacon nodes in its range and sends it to a server. 

The server applies an algorithm to estimate the mobile object’s location (Hu and 

Evans, 2004). 

 

Figure 2-2: Fingerprinting method 

2.3.3 Time of Arrival 

TOA method is based on signal travelling time to estimate distance between a 

target node and beacon node. Usually, ultrasound signals are deployed in the TOA 

based localisation systems, as shown in Figure 2-3. TOA localisation includes 

measuring the TOA from at least 3 beacon nodes, and then triangulating the target’s 

position. TOA systems require a high accuracy clock in the communication system. 

The distance d  between each beacon node and the mobile object can be calculated 

based on Equation (2-1) (Ilyas and Mahhoub, 2005). 
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Figure 2-3: TOA method 
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where 0t , 1t , 2t , 3t , v  are the transmitting time at the transmitter, receiving  

time at the receiver, transmitting time at the receiver, and receiving time at 

transmitter,  and velocity of ultrasound signals respectively. 

2.3.4 Time Difference of Arrival 

TDOA estimates the distance based on two radio signals travelling at different 

speeds. The distance between the beacon node and the target node can be estimated 

based on measuring the difference between the transmitting time and the receiving 

time, as depicted in Figure 2-4. TDOA based localisation systems are more efficient 

than TOA, as TDOA is based on two signals travelling at different speeds. The 

distance d  between transmitter and receiver can be calculated using Equation (2-2). 
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Figure 2-4: TDOA method 
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where 0t , 1t , 2t , 3t , RFv  and USv  are the transmitting time of RF signal at the 

transmitter, transmitting time of ultrasound at the transmitter, receiving time of RF 

at the receiver, receiving time of ultrasound at the receiver, the travelling speeds of 

RF and ultrasound signals respectively. 

The main drawback behind using both TOA and TDOA are the precise time 

synchronization required between the sender and receiver. Deploying these systems 

with a large sensor network might increase the cost and power-consumption for 

WSN.  

2.4 Localisation and Tracking Systems  

The previous section covered the most important localisation methods used to 

estimate the final target’s coordinates. In this section, the most popular localisation 

and tracking systems are summarised. A survey on localisation and tracking systems 

through WSN is presented in (Alhmiedat & Yang, 2007). The related works are 

categorised into three main categories as shown in Figure 2-5: Satellite, WSN, and 

Mobile Network based tracking systems. Each one is described in detail in the 

following pages.  
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Figure 2-5: Classification of tracking technologies 

2.4.1. Global Navigation Satellite Systems 

Global Navigation Satellite System (GNSS) is the standard term for 

navigation systems based on satellites. GNSS provides autonomous geo-spatial 

locations with global coverage. Small electronic devices can determine their 

location (longitude, altitude, and latitude) to within a few meters of localisation 

error using time signals transmitted along line-of-sight by radio waves from 

satellite. GNSS includes GPS, LORAN, GLONASS, and GALILEO. 

2.4.1.1 Global Positioning System 

GPS is currently the most widespread outdoor positioning technique, and it is 

based on a set of satellites that offer three dimensional positioning with accuracy of 

around 3 m. These satellites have a clock set to exactly the same time, and they 

know their exact position from data sent from the system controllers. Each satellite 

transmits its position and a time signal to the receiver. The receiver can calculate the 

distance to each satellite and then calculate its own position. GPS based tracking 

techniques have been deployed with WSN systems as in (Paschos et al. 2005) and 

(Niculescu and Nath 2003). 
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2.4.1.2 LORAN 

LORAN refers to LOng Range Aid Navigation, which is a radio navigation 

system based on low frequency radio transmitters that utilizes multiple transmitters 

to compute the location and speed of the receivers. LORAN system is deployed in 

many countries including the USA, Japan, and several European countries. The 

localisation method is based on the principle of the time difference between the 

receipts of signals from a pair of radio transmitters (Kolodziej and Hjelm, 2006). 

2.4.1.3 GLONASS 

GLObal NAvigation Satellite System (GLONASS) is a radio-based satellite 

navigation system that was developed by the Soviet Union. It is operated now for 

the Russian government by Russian Space Forces. GLONASS system consists of 21 

operational satellites plus three spares. Like the GPS, each GLONASS satellite 

transmits a sight that includes a number of components: two-L-band carries, C/A 

code, and a navigation message. However, unlike GPS, each satellite transmits its 

own carrier frequencies using different bands (1,602-1,615.5 MHz for L1, and 1,246 

-1,256.5 MHz for L2), to avoid interference with radio astronomers and operators of 

low-Earth orbiting satellites. GLONASS is an alternative and complement to the 

GPS navigation systems (El-Rabbany, 2002). 

2.4.1.4 GALILEO 

GALILEO is a GNSS currently being developed by the European Union (EU) 

and European Space Agency (ESA). GALILEO project is an alternative and 

complement to the American GPS and the Russian GLONASS. GALILEO system 

consists of 30 medium-earth orbiting satellites evenly distributed over three orbital 

planes at an altitude of about 23,000 km. Unlike GPS and GLONASS, GALILEO 

will provide two levels of services: a free-of-direct-charge service and a chargeable 

service which offers additional features (El-Rabbany, 2002). 

GPS and LORAN are very successful localisation systems over a wide area, 

but are ineffective in built-up areas due to loss of line of sight, in addition to signal 

blockage, fading and shadowing. GALILEO system will improve the coverage of 

open access in urban environments, and will enhance the localisation accuracy. 

However, deploying satellite systems with sensor networks might increase the 
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sensor device cost and size, as each sensor device has a small physical size and low 

cost features. In addition, these systems cannot be used in indoor environments. 

2.4.2 WSN Localisation Systems 

The previous section covers the most popular satellite navigation systems. The 

issue of tracking mobile targets through WSN is enthusiastically researched and 

addressed in several works (Blumenthal et al. 2007; Jang and Skibnewski, 2007; 

Jung and Sukhatme, 2001). The existing approaches focus on diverse parts of 

tracking in sensor networks, such as localisation methods, real-time implementation 

aspects, power-consumption issues, and network standards. In this section, the WSN 

based localisation systems are considered, categorised them into four main 

categories: communication between nodes, range-based, range-free, and energy-

efficient systems. 

2.4.2.1 Communication between Nodes 

Localisation systems can be categorised based on the communication between 

nodes into two main types: centralised and decentralised systems. Figure 2-6 shows 

the main concept for both systems. Centralised localisation techniques involve 

computing the target’s location based on transmitting the localisation information to 

a central node. However, decentralised localisation techniques do not require 

transmitting every single packet to a central node, and only require transmitting the 

latest coordinates of mobile targets. Therefore, decentralise techniques offer low 

power consumption than centralised techniques. According to Benavoli and Chisci 

(2007), the centralised based system has two advantages over the decentralised one: 

firstly, the nodes are not required to have processing capabilities; and secondly, the 

irregularity and mobility of the mobile target requires frequent data communications 

among beacon nodes to have good localisation accuracy, and this destroys the main 

advantage of decentralised localisation systems. 
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Figure 2-6: Centralised and decentralised tracking systems 

The works proposed in (Alippi and Vanini, 2006; Sugano et al. 2006; Doherty 

et al. 2001) include a RSS based localisation system through centralised 

communication among sensor nodes.  

Decentralised or distributed localisation techniques include that each sensor 

node is responsible for determining its location with only limited communication 

with nearby limited nodes. Lazos et al. (2005) proposed a hybrid technique called 

RObust Position Estimation (ROPE), which allows sensors to locate their locations 

without recourse to a centralised computation facility. ROPE provides a location 

verification mechanism that verifies the location claims of the sensors before data 

collection. ROPE allows the sensors to estimate their own location without the 

assistance of a central authority. 

Shang et al. (2003) proposed a MDS-MAP technique for calculating the 

positions of nodes with only basic information that might be already available. 

MDS-MAP technique involves starting with the given network connectivity 

information, and an all-pairs shortest-paths algorithm is used to assess the distance 

between each possible pair of nodes. 
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The proposed approaches in Bulusu et al. (2002) and He et al. (2003) are 

decentralised based localisation systems, because all the communication and 

processing required are undertaken in the sensor node itself.  

The presented centralised approaches require transmitting data to a central 

node in order to calculate the location of the target node. Transmitting data to a 

central computer is quite expensive because the power supply for each node is 

limited, and the long-range multi-hop data transmission is costly and usually 

inefficient. Consequently, communication with a centralised computing facility is 

expensive, because the each sensor node has a very limited power supply. 

Furthermore, sending time series data within the network introduces latency, and it 

also consumes energy and network bandwidth.  

Decentralised localisation systems require less communication between nodes 

and hence reduce the power-consumption of WSN. However, decentralised 

localisation systems require attaching hardware (Personal Digital Assistant (PDA) 

or laptop) to each mobile target in order to gather the localisation information from 

beacon nodes, compute its location, and transmit its current position to a central 

computer.  

2.4.2.2 Range-based 

Range-based localisation techniques work based on using absolute point-to-

point distance estimates (range) or angle estimates. Range-based technique can be 

divided (based on the localisation technique) into two main types: radio-based and 

other techniques, which are based on other mediums to measure the distance.  

Radio-based techniques are based on the use of radio waves to determine the 

target’s location, and include Radio Frequency (RF) based, Bluetooth, and Radio 

Frequency Identification (RFID) based localisation techniques.  

Radio Frequency based  

Radio signal information from a wireless transmitter can be used to estimate 

the location for target nodes in two ways: the first uses the signal propagation model 

to convert signal strength (SS) to a distance measurement, using previous 

knowledge about the beacon nodes’ coordinates, and deploys a geometry method to 

compute the location for target nodes. This is known as a triangulation localisation 
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method. The second method uses the behaviour of signal propagation and 

information about the geometry of a building to convert RSS values into distance 

values; this is known as a fingerprinting localisation method. 

To turn to the first of the RF based approaches, triangulation methods involve 

measuring the RSS levels to estimate the distance to multiple known locations. The 

proposed work by Terwilliger et al. (2002) includes a localisation system called 

Ferret, and was based on two main techniques: Potentiometer, and RSS based. 

Ferret system consists of three main components: (1) the potentiometer localisation 

sub-system; (2) the RSS localisation sub-system; and (3) an environment calibration 

tool. In the Potentiometer technique, each target node transmits messages to the 

beacon node at the lowest power level and listens for replies. As soon as the target 

node gets three replies from different three beacon nodes, it forwards its data to the 

base station for computing its location. However, in the RSS method, each target 

node sends out a series of five signals using full transmission power. Then the target 

node records the identification number and the RSS values for all received packets. 

Finally, it computes the average of RSS for each neighbour that it heard from and 

identifies the three closest neighbours. 

Radio-based localisation techniques offer reasonable localisation accuracy 

while achieving low-cost sensors. Paschos et al. (2005) proposed a localisation 

approach for WSN. The proposed system can be deployed using a small number of 

beacon transceivers, with each beacon having a GPS device to calculate its position. 

Blumenthal et al. (2007) proposed a ZigBee weighted centroid localisation 

algorithm to locate devices with unknown positions in WSN. The proposed 

algorithm is RSS based, and depends on the distance and the characteristics of the 

sensor node’s receivers. Reichenbach et al. (2006) proposed novel optimizations for 

coarse grained localisation systems with centroid determination. This work was 

similar to that of Blumenthal et al. (2005). Both works are RSS based systems and 

focus on computing an optimal transmission range for all beacon nodes to reduce 

total power-consumption. The optimal transmission range is determined based on 

the distribution of the sensor nodes in the tracking area. 

In Reichenback et al. (2006), a centroid localisation system in combination 

with RSS technique was introduced. The proposed system was deployed using 
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methods like frequency diversity and averaging multiple measuring data in order to 

reduce the localisation error. The implemented system achieved a small localisation 

error of 14% for 69% of all test points. However, this was conducted in a small 

experimental area (300 ×  300 cm). 

The second RF based approach to be considered is fingerprinting based. 

Several RSS based localisation systems have been deployed based on the 

fingerprinting localisation method. The offline phase for fingerprinting based 

localisation systems can be achieved in one of two ways; DB based or Neural 

Network (NN) based system. In the DB based systems, the RSS values are collected 

from the distributed beacon nodes at several reference points and store this 

information in DB. On the other hand, NN based systems include collecting RSS 

values from beacon nodes at several reference points and then feeding this 

information to train the network with the actual coordinate locations.  

The systems proposed by Li et al. (2006) and Small et al. (2000) include a 

WLAN based indoor localisation system using fingerprinting technique. The 

developed approaches are based on collecting RSS values from several access or 

beacon nodes distributed over the tracking area and storing them in a DB. The 

mobile target estimates its location by contrasting the RSS values collected from 

beacon nodes and the RSS values stored in the DB. 

RADAR is a well-known tracking system outlined in the study of Bahl and 

Padmanabhan (2000), which operates by recording and processing information 

regarding the SS at multiple base stations in order to provide overlapping coverage 

of the area of interest.  

A hybrid localisation approach using WLAN was proposed by Li et al. 

(2005). This system includes two main stages: firstly, a fingerprinting method, with 

a fast training phase to obtain the location for the mobile target, indicates which 

room the mobile target is in; and secondly, a trialteration is used to compute the 

mobile target location precisely. It has been shown that the proposed hybrid system 

is more accurate than the trialteration one. However, it offers lower localisation 

accuracy than the fingerprinting method. 

As previously mentioned, NN can be deployed in the offline phase in order to 

train the network based on the collected values from several reference points. NN is 
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a mathematical model or computational model that attempts to simulate the 

structure of biological NNs. It includes a network of neurons and tries to imitate the 

way a human brain works. NN can be used with the fingerprinting localisation 

approach in order to reduce the time needed in the offline phase. The work 

presented by Ahmad et al. (2006) includes an indoor localisation system based on a 

modular, multi-layer perceptron NN model. Three NN modules were designed in 

order to cover the absence of signals from access points. The proposed work by 

Battiti et al. (2002) includes a fingerprinting based localisation system with 

localisation accuracy of 3 m. One-Step Secant (OSS) method is used in the learning 

phase based on the collecting 200 sample points. OSS offers low memory 

requirements and efficient estimation. It was approved that the architecture 3->8->2 

apparently offers the best estimation values.  

Shareef et al. (2008) compared the performance of three different families of 

NNs for localisation applications using WSN: Multi-Layer Perceptron (MLP), 

Radial Basis Function (RBF), and Recurrent Neural Networks (RNN). It has been 

shown that the localisation method using RBF is the best choice, as it offers high 

localisation accuracy and minimal computational and memory requirements for 

embedded systems. 

Bluetooth  

Bluetooth is a short-range communication standard that allows various 

wireless devices to communicate over short ranges, enabling point-to-multipoint 

data and voice transfer. Bluetooth based localisation systems have been applied 

widely in the industrial, scientific, and medical fields.  

One of the goals of applying Bluetooth networks is to offer more accurate and 

lower-cost indoor localising. The system proposed in the study of Rodriguez et al. 

(2005) presents a Bluetooth based localisation system for locating mobile devices 

indoors. The system includes averaging the RSS values from several Bluetooth 

access points. The signal energy is measured by each mobile device and is 

transmitted to a central server to triangulate the mobile target’s location. 

Radio Frequency Identification 

RFID is an established data carrying and automatic identification technology, 

which is a less sophisticated form of localisation. RFID tags can be used in many 
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applications, such as location determination. For instance, RFID positioning 

systems are very common in airport baggage transport systems and mail processing 

plants. The localisation accuracy for RFID systems depend on the number of 

placement of RFID scanners. 

Commonly, a RFID based system includes three main components: (a) the 

transmitter; (b) a transceiver with decoder; and (c) an RFID tag automatically 

programmed with unique information. 

One well-known 3-D RFID based localisation system is SpotOn. SpotOn 

deploys an aggregation algorithm for three-dimensional positioning system based 

on radio SS analysis. A small, low-cost hardware was designed and built to serve as 

an object location tag. The target tags can be located by homogenous sensor nodes, 

with no need for central communication (Hightower et al., 2000). 

RFID technology can be deployed in robot navigation systems. Kurth et al. 

(2003) deployed RFID tags for robot localisation and mapping. The proposed 

system uses TOA type of information to measure the distance between the detected 

tags and the reader device.  

Radio-based localisation systems offer reasonable localisation accuracy. 

However, RSS values can be affected by walls and obstacles, which may reflect and 

propagate the signals, therefore offering a non-linear transformation between the 

RSS and the location. Due to these limitations, deploying RSS based localisation 

systems in indoor environments becomes a complicated problem which is hard to 

engineer using classical mathematical models. 

Bluetooth based localisation systems satisfy many of the localisation 

requirements, as Bluetooth technology is integrated in every-day items, offers 

reasonable accuracy, and is relatively inexpensive. However, localisation systems 

based on Bluetooth technology are inadequate for positioning systems as the 

Bluetooth hardware is too restricted. The SS of a Bluetooth connection can only be 

acquired if the devices are paired. Pairing devices requires too much time, and limits 

the network size to seven devices. 

RFID based localisation systems offer high positioning accuracy in both 

indoor and outdoor environments. RFID tags are cheap in cost, and small in size. 
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However, RFID readers do not have a communication network that supports 

exchange of location information, in addition to their high costs.  

Other range-based localisation techniques include infrared, ultrasound, 

acoustic, and visual based systems.  

Infrared  

Infrared beam consists of an electromagnetic signal of a wavelength which is 

longer than that of visible light, but shorter than radio waves. Infrared technology 

has been used in several tracking applications. Maeda et al. (2003) developed a 

system to track people inside buildings based on a pair of stereo cameras, an 

orientation sensor, and an Infrared Data Association (IrDA) signal decoder. Markers 

emit unique ID using IrDA test frame protocol. The ID is decoded by the IrDA 

signal decoder and then tracked based on coordinates read out from the orientation 

sensor and stereo camera.  

Active Badge System is considered to be a significant contribution to the field 

of location-aware systems. Each target person has to wear a badge, which emits a 

unique Infrared (IR) signal every 10 seconds. Sensors placed at several known 

locations within the building pick up the transmitted signals and send them to a base 

station (Want et al. 1992). 

Ultrasound Signal 

Ultrasound system operates at low-frequency bands (40 kHz). Ultrasound 

signal gives a good level of precision for location-sensing at a low propagation 

speed of sound (343 m/s). The main benefits of ultrasound devices are that they are 

simple and inexpensive. However, as with infrared signal, ultrasound signal does 

not penetrate walls.  

Priyantha et al. (2000) proposed a location support an indoor tracking system 

called Cricket. Cricket system involves deploying small beacons in an area of 

interest to distribute geographic information to listeners. A small listening device, 

which is able to listen to messages from beacon nodes, is attached to each mobile 

target and beacon node. Cricket system combines with RF and ultrasound to enable 

a listener to determine the distance to beacons, from which the nearest beacon can 

be more unambiguously inferred. 
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The model proposed by Ward et al. (1997) includes a tracking project which 

is able to locate a person who wears a badge at any place. These badges use 

ultrasound based technology to transmit signals to the receiver installed at different 

beacon points. Three receiver nodes are needed each time to measure the time 

propagation of the ultrasound from the bat.  

Acoustic based 

Acoustic based localisation systems include computing the distance between a 

beacon node and a target node based on acoustic behaviours. These techniques have 

received much attention recently, as they offer accurate and precise localisation 

information. Figure 2-7 depicts an acoustic sensor used to localise and track a 

mobile target based on acoustic modality. Kushwaha et al. (2005) proposed a 

mobile acoustic reference based sensor node localisation method. The proposed 

technique is passive in that the sensor nodes themselves do not need to generate an 

acoustic signal for ranging, and only the mobile target needs to emit acoustic 

signals, and it was especially developed to work in such acoustically reverberant 

environments. 

 

Figure 2-7: Acoustic based localisation sensor with microphone 

Mechitov et al. (2003) proposed a cooperative tracking technique to track the 

mobile targets through WSN. The implemented system relies on distributed sensing 

to identify the mobile target and determine its approximate position, and it involves 

the following steps: firstly, each beacon node records the duration for which the 

object is in its range; secondly, neighbouring nodes exchange these times and 

locations; thirdly, for each point in time, the object’s estimated position is computed 

as a weighted average of the detecting nodes’ locations; and fourthly, a line fitting 
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algorithm is run on the resulting set of points. The cooperative tracking technique is 

useful for short-term extrapolation of the target’s path. 

Whitehouse and Culler (2003) proposed an ad-hoc localisation system called 

‘Calamari’ which aims to consume as few resources as possible. Calamari method 

estimates the distance between sensor nodes using a fusion or RSS method and 

acoustic Time Of Flight (TOF).  

Tracking mobile techniques based on sensing modality have been used 

widely. Galstyan et al. (2004) proposed an online distributed algorithm in which 

sensor nodes use geometric constraints induced by both radio connectivity and 

sensing to decrease the uncertainty of their positions. The sensing constraints 

involve sensing the moving target, and this is usually tighter than connectivity based 

constraints, which leads to decrease localisation error over time. The proposed 

technique is applicable for two different distance sensing models: radial binary 

detection and distance bounding estimation. The radial binary detection model 

involves detecting whether or not there is a target within the range of a sensor. On 

the other hand, in the distance-bound estimation model, each sensor can estimate 

bound on the distance within which the target must be present. Figure 2-8 depicts a 

tracking system model, based on acoustic sensor nodes, ascertaining the position of 

some birds based on their song.  

 

Figure 2-8: Tracking system based on acoustic behaviours 

Gupta and Das, (2003) developed a technique for detecting and tracking 

mobile targets through WSN area, and it involves only simple computation and 
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localises communication only to the nodes in its vicinity. The proposed approach 

includes the following steps: detecting the presence of the target, determining the 

direction of motion of the target, and alerting the proper nodes in the network. Three 

beacon nodes are required to triangulate the mobile target’s location. The proposed 

technique was deployed efficiently with a low-cost sensor network test-bed. 

Ramanathan, (2002) developed the approach of location-centric computing to 

find the presence of a certain type of mobile vehicle and track its movement within 

the wireless sensor area. It is based on collaboration between sensor nodes in a 

certain area, and not among an arbitrarily specified set of sensors.  

Aslam et al. (2003) proposed a binary sensor method, which involves that 

each sensor’s value is converted reliably to one bit of information only, whether the 

mobile target is moving towards or away from the sensor. The proposed approach 

involves each individual sensor node having sensors that can detect one bit of 

information and send this to the base station. 

Visual based 

Visual based localisation systems are a natural sensing modality for tracking 

applications, as the target person does not require carrying or wearing any special 

devices. The proposed system in Maeda et al. (2003) includes tracking mobile 

targets based on IrDA signal decoder, and a pair of stereo cameras. The proposed 

system can be deployed indoors, and measure the position and orientation of a target 

30 times per second.  

Jung and Sukhatme, (2001) developed a tracking system that relies on 

attaching a camera and laser rangefinder on each sensor node. The vision based 

tracker finds the existence and direction of coloured targets using a camera device, 

then estimates the distance to the target using a laser rangefinder. The developed 

tracking system was tested with stationary embedded sensors and mobile robots.  

Infrared, ultrasound, acoustic, and vision based tracking systems are efficient 

in terms of localisation accuracy. However, these systems suffer from the following 

drawbacks: 

• Ultrasound and infrared signals have limited communication range. 

• Require significant installation and maintenance cost. 
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• Perform poorly in the presence of walls and obstacles; they require 

line of sight. 

• Deploying these systems with WSN introduces additional effort and 

cost to each sensor device.  

2.4.2.3 Range-free 

Researchers have sought alternative range-free solutions to cover the gaps in 

range-based localisation systems. A range-free localisation technique is based on the 

regular radio modules as basics for localisation, and depends only on the content of 

the received message. Therefore, there is no hardware required for such techniques. 

Range-free localisation techniques are regarded as cost and power effective, and 

provide adequate solutions for localisation in WSN. According to Hua and Evans 

(2004), range-free localisation techniques can be divided into two main types based 

on a density of nodes: local and hop-counting techniques.  

Local techniques  

Local techniques rely on a high density of beacons, so that every sensor node 

can hear from several beacons. Bulusu et al. (2000) proposed a centroid localisation 

technique for low-cost sensor devices which do not have GPS receiver, based on the 

spherical radio propagation assumption. Each target node estimates its location by 

measuring the centre of the location of all nodes it hears. The main advantage of the 

proposed approach is that there is no need for any coordination between beacon 

nodes. The proposed system offers reasonable localisation accuracy outdoors.  

He et al. (2003) proposed A Point In Triangle (APIT) range-free localisation 

technique, which needs a heterogeneous network of sensing devices. The theoretical 

method includes narrowing the potential area in which a target node resides; this 

process is called the Point-In-Triangulation (PIT). The target node chooses three 

beacon nodes and then tests whether it is inside the triangle formed by connecting 

these three beacon nodes. APIT algorithm can be divided into four steps: 1) 

Reference exchange; 2) PIT Testing; 3) APIT aggregation; and 4) Centre of gravity 

calculation. APIT yields its best results when irregular radio patterns and random 

node placement are considered. APIT algorithm is depicted in Figure 2-9.  
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Figure 2-9: APIT Technique

Bulusu et al. (2001) focused on the localisation of the sensor nodes based on 

reference placement, as the reference placement has a critical impact on the overall 

quality of localisation. Two techniques were proposed: HEAP increment reference 

placement algorithm; and STROBE adaptive density algorithms. HEAP algorithm 

includes an incremental deployment of additional beacons, and it is applicable to 

low density regimes of beacons deployment. STORBE algorithm selectively 

switches off some beacon nodes to extend the system life time, and maintain 

uniform localisation granularity. 

Hop Counting 

Hop counting techniques rely on flooding a network, which works efficiently 

in a network where beacon node density is low. Niculescu and Nath (2003) 

proposed a DV-HOP technique that includes each beacon node, maintains a counter 

denoting the minimum number of hops (number of nodes between the source and 

destination nodes) to target node, and then updates the counter based on messages 

received. The proposed work addressed the problem of self-locating nodes in the 

field, and designed an Ad hoc Positioning System (APS). APS is a localised and 

distributed system, which does not require special infrastructure or setup, offers 

global coordinates, and needs re-computation only for the moving nodes.  

Nagpal et al. (2003) proposed an algorithm which takes the advantages of the 

ad hoc WSN’s to find position information. The proposed algorithm is a self-

organised global coordinate system, which relies only on distributed simple 

computation and local communication, with no need to attach extra hardware.  

Blumenthal et al. (2005) devised a new localisation solution to reduce the 

error of the weighted centroid localisation algorithm that depends on hop count 

determination. It was assumed that the transmission range for each sensor is 

represented as a single circle. 
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Range-free localisation techniques have been investigated and addressed in 

several works in order to replace the range-based localisation techniques, which are 

power consuming and require additional hardware. Therefore, range-free 

localisation techniques are power-efficient, and do not require any additional 

hardware. 

Local techniques compute the location of target nodes based on a high density 

of beacons, since each target node can hear from several beacon nodes in order to 

calculate the location. Their main drawback is that local techniques must be 

deployed in an area with high density of beacon nodes. On the other hand, hop 

counting technique offers realistic localisation information, even if deployed in an 

area with a low density of beacon nodes. However, both approaches (local and hop 

counting) offer a low level of localisation accuracy compared with range-based 

localisation systems. 

2.4.2.4 Energy-efficiency 

The issue of power-consumption is critical for designing a tracking 

application for WSN’s. Data aggregation and prediction methods can reduce the 

power-consumption for the whole WSN. In this section, energy-efficient systems 

are divided into two: data aggregation and prediction methods.  

Data Aggregation based 

Several existing studies focused on data aggregation methods for WSN. Ditzel 

et al. (2008) investigated four diverse aggregation strategies for tracking 

applications, concentrating on the trade-offs between the amount of communication 

in the network and tracking accuracy. The proposed system considered the results of 

a study on the effects of data aggregation for target tracking in WSN’s. The 

implemented strategies aimed to reduce the total number of messages transmitted 

over the network while offering a reasonable tracking accuracy. 

He et al. (2006) designed a data aggregation technique for real-time 

surveillance applications focusing on timeliness, power-consumption, and 

information availability. It was agreed that tracking solutions with data aggregation 

method can reduce the amounts of energy consumed. Three aggregation methods 

were presented by Vaidyanathan et al. (2004); in-network, grid based, and hybrid 
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scheme. The proposed hybrid scheme tries to combine the features from both 

previous techniques, and it offers low time delay. 

Prediction based 

Prediction based systems using WSN are actively researched and addressed in 

several works, such as the work of Xu et al. (2004), which investigated several basic 

energy saving methods for target tracking in sensor networks. A Prediction based 

Energy Saving (PES) method was proposed, consisting of prediction, wake up, and 

recovery methods. 

He et al. (2006) studied several management strategies in order to ascertain 

the extent of the life time for tiny sensor devices for outdoor long-term surveillance. 

However, the proposed work by Pattem et al. (2003) includes proposing four 

generic sensor activation strategies for target tracking in WSN’s. The proposed 

strategies were evaluated by measuring the performance of the tracking accuracy 

with respect to power-consumption. 

Several data aggregation approaches have been designed recently, in order to 

reduce the total number of messages transmitted over the network. These 

approaches offer power-efficient systems in terms of cost and battery life. On the 

other hand, predictions systems include finding out the future location for mobile 

targets in order to activate the right group of sensor nodes to tracking the mobile 

target. The proposed prediction systems are power-efficient and offer reasonable 

localisation accuracy. 

2.4.3 Mobile Network based Systems  

One of the critical issues in cellular networks is tracking mobile clients when 

they are moving through the network. To solve this issue, cellular networks deploy 

location management techniques. Location management technique consists of two 

processes: location updating and paging. Location update includes the information 

provided by the mobile device to the network about its existing location. Paging can 

be carried out by the network, where it actively queries the mobile devices to locate 

the cell which the mobile device is located in (Kolodziej and Hjelm, 2006). 

GSM is the most widespread cellular technology standard, with deployments 

in more than 100 countries. Several GSM based tracking applications have been 
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proposed to estimate the location of mobile clients, as in the works of Lamarca et al. 

(2005), Laitinen et al. (2001), and Laasonen et al. (2004), which include a GSM 

based tracking system with 100-150 m accuracy in an urban environment. 

Mobile network based systems offer reasonable localisation accuracy 

outdoors. However, these systems cannot be deployed with wireless sensor devices 

due to the complicated hardware needed to be attached to each sensor device.  

2.5 Summary  

The aim of this chapter was to outline technical foundations of today’s 

localisation and tracking techniques, and to illustrate the gaps in each one. 

Designing and implementing a tracking system poses some design challenges, such 

as cost and power-consumption. No specific approach is especially well-designed 

and implemented across the spectrum. For example, some localisation techniques 

require expensive hardware, such as range-based and satellite based localisation 

techniques. Attaching extra hardware to each sensor device increases both the 

power-consumption and cost.  

Other techniques require deploying a high density of beacon nodes in a 

tracking area, such as local techniques. WSN with a high density of sensor nodes is 

impractical as a tracking solution. Hop counting techniques offer efficient 

localisation systems with a low density of beacon nodes. However, the localisation 

error is likely to be high. Additionally, some hop counting techniques require a 

spherical radio propagation assumption, which is not applicable indoors. 

Some techniques require transmitting the localisation information from 

beacon nodes to a central computer, such as centralised localisation approaches, 

whereas some techniques are capable of making all calculations on target nodes 

themselves. Centralised localisation approaches offer high power-consumption 

when deployed with large sensor networks. Decentralised approaches offer lower 

power-consumption than centralised ones, but require high power-consumption 

when tracking a high number of mobile targets.  

Other techniques require a way of performing off-line computation, such as 

fingerprinting based systems. Offline computation phase adds additional effort and 

cost to tracking applications. Various techniques are based on pre-positioned nodes, 
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as with the triangulation based localisation approaches. Data aggregation and 

prediction systems offer low power-consumption for tracking WSN based 

applications. However, these systems affect the localisation accuracy and efficiency.  

Radio-based systems offer reasonable localisation accuracy in outdoor 

environments. Moreover, RF based systems are low in cost and power, with no 

requirements to attach external hardware, and the location measurements are 

achieved through transmitting messages between the beacon and target nodes. 

However, these systems achieve high localisation error in indoor environments.  
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CHAPTER 3 
A RSS BASED TRIANGULATION 
APPROACH 

___________________________________________________________________ 

3.1 Background and Motivation  

Localisation technologies based on RSS are among the most popular and 

cheapest techniques, and are increasingly being adopted as a positioning solution for 

localising mobile targets in outdoor environments. RSS based localisation systems 

work by converting the SS to distance measurement. However, RSS values can be 

affected by walls and obstacles which may reflect and propagate the signals, thereby 

rendering a non-linear transformation between the RSS values and the location 

coordinates. Due to this limitation, deploying a RSS based localisation system in 

indoor environments becomes a complicated problem. 

As discussed in Chapter 2, the RSS information can be used to measure the 

distance between the transmitter and receiver in two ways: the first uses the signal 

propagation model to convert SS to a distance measurement, using previous 

knowledge about the beacon nodes’ coordinates, and deploying a geometrical 

method to compute the location for target nodes (known as a triangulation 

localisation method); the second category is based on using the behaviour of signal 

propagation and information about the geometry of the building to convert RSS 
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values into distance values (known as a fingerprinting localisation method). In this 

chapter, a triangulation based localisation approach is proposed. In the next chapter, 

a fingerprinting based localisation approach is proposed. 

The triangulation localisation issue based on the RSS technique was 

researched and addressed in several works (Terwilliger et al. 2002; Alippi and 

Vanini, 2006; Blumenthal et al. 2005; Blumenthal et al. 2007). The works cited 

offer efficient localisation systems in terms of cost and accuracy in open 

environments. However, these systems have high rates of localisation error in 

complex environments.  

This chapter proposes a novel triangulation system based on RSS technique. 

The presented work aims to offer reasonable localisation accuracy in indoor 

environments where obstacles and walls are found. The main aim of the proposed 

system is to predict the environmental characteristics in the tracking area to reduce 

the localisation error, where the density of beacon nodes is low. The presented 

system can detect and track the location of a single mobile target node indoors 

based on measuring the SS values for each packet received from beacon nodes. 

3.2 RSS based Localisation Approach  

The proposed approach in this chapter is based on RSS technique. In this 

section, the RSS and LQI functions are introduced. Next, the proposed localisation 

system is described in detail.  

3.2.1 Received Signal Strength 

RSS is a circuit to measure the strength of incoming signals at the receiver. 

The basic circuit is designed to pick RF signals and produce an equivalent output of 

the SS. The main concept behind RSS system is that the configured transmission 

power txP  at the transmitting device can directly affect the received power rxP  at the 

receiving device as presented in Equation (3-1). According to Rappaport (1996), in 

Free Space transmission model, the detected SS value decreases with the distance to 

the sender. 



CHAPTER 3 A RSS BASED TRIANGULATION APPROACH 
__________________________________________________________________________________________ 

 

 -44-

2

4
⎟
⎠
⎞

⎜
⎝
⎛⋅⋅⋅=

d
GGPP RTtxrx π

λ  (3-1) 

where, TG  and RG  are the gain of transmitter, and gain of receiver 

respectively. λ  is the wavelength, and d  is the distance between sender and 

receiver. The RSS is converted to a Received Signal Strength Indicator (RSSI), 

notated by ssR  as presented in Equation (3-2), which can be defined as the ratio of 

the received power to the beacon power fPRe . 
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3.2.2 Link Quality Indicator 

Link Quality Indicator (LQI) represents the quality of the connection between 

sender and receiver. LQI measurement involves the characterization of strength 

and/or quality for each received packet, and the results should be reported as an 

integer ranging from ( )16000x to ( )160xff . The strongest LQI value means the best 

connection quality between sender and receiver, and the lowest LQI value means 

the minimum quality of signal which detected by a receiver. LQI can be calculated 

based on Equation (3-3), and notated by qiL . 

( ) 647 ⋅−= edqi ML  (3-3) 

where edM  is the number of gain stages required to properly receive a single 

packet. 

LQI is a metric of the current quality of the RSSI. As with RSS, LQI 

measurements can be used to estimate the location between a transmitter and 

receiver. The works proposed by Blumenthal et al. (2007) and Lee et al. (2008) used 

the LQI function to localise mobile target nodes.  

3.2.3 RSS based Localisation System  

A new approach is proposed here to estimate the mobile target’s location in 

indoor environments, based on predicting the environmental characteristics using 
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RSS technique. In order to illustrate the relationship between the RSS and the 

distance, Figure 3-1 shows the SS pattern around a beacon node in an open 

environment, and it represents the fact, the closer to the source, the stronger signal 

and the higher reading. However, in indoor environments, signals encounter several 

environmental impacts, causing attenuation, absorption, reflection, or a combination 

of these factors.  

 
Figure 3-1: Signal strength pattern in open environment 

Figure 3-2 depicts the distorted SS pattern around the beacon node, which is 

the result of environmental obstruction. RSS based localisation systems suffer from 

obstacles and walls in indoor places, which weaken the SS values in most cases. 

Thus, RSS based localisation systems offer low-localisation accuracy in indoor 

environments, as signals can be affected by walls and obstacles.  
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Figure 3-2: Signal strength pattern with obstacles 

The proposed approach computes the environmental factors between beacon 

nodes with known positions, based on finding out the relationship between distances 

and RSS values. The proposed tracking system consists of three main phases, as 

shown in Figure 3-3. 

Initialisation Reference 
Computation

Mobile 
Computation

 
Figure 3-3: Localisation phases 

3.2.3.1 Initialisation Phase 

The mobile target sends “Hello” messages to all beacon nodes in its area, and 

awaits responses from them. The beacon nodes in the mobile target’s range send 

acknowledgements to the mobile target. The mobile target selects at least three 

stationary beacon nodes, to triangulate its location. If the mobile device receives 

less than three acknowledgements, it sends the “Hello” message again. This phase is 

repeated until acknowledgments are received from three different beacon nodes. 
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3.2.3.2 Beacon Node Computation Phase  

In this phase, the environment factors are calculated based on the selected 

beacon nodes collaborated in the localisation process. The environment factor ijef  

can be measured between each beacon node pair ib  and jb . For instance, if the 

mobile target is covered by three beacon nodes, there will be three different 

environment factors between these nodes, as shown in Figure 3-4. The 

environmental factors are calculated based on the distance between beacon nodes 

and RSS values. It is important to note that distances between beacon nodes are 

known and fixed. The environmental factor ijef  is calculated between adjacent 

beacon node ib  and jb  as follows:  

),(
),(

ji

ji
ij bbdist

bbrss
ef =  (3-4) 

The ),( ji bbrss represents the SS value between beacon nodes ib  and jb , and 

),( ji bbdist  refers to the distance between beacon nodes ib  and jb . The average 

environmental factor efμ  can be introduced as the main characteristics for the 

tracking environment. This can be represented by equation (3-5). 

n

ef
n

i
ij

ef

∑
== 1μ  

(3-5) 

where n  is the total number of beacon nodes covering the mobile target MT .  
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Figure 3-4: Localisation method based on environmental factors

3.2.3.3 Mobile Computation Phase  

Each mobile target receives at least three different factors from beacon nodes, 

in addition to the RSS values for each beacon node. The mobile node can improve 

the localisation accuracy based on adjusting the received signal values from several 

beacon nodes. 

Calculating the final distance between target node and beacon nodes is 

executed in the mobile target device. This is due to the mobile target device’s larger 

memory size, faster processor, and longer battery life. The mobile target can be a 

laptop or PDA device, and therefore can display the current position for the mobile 

target. 

Each mobile target node improves its location accuracy by comparing the RSS 

values with the received factors. If the mobile target is covered by three beacon 

nodes, then every SS value received by a mobile target can be adjusted based on 

two different factors, ijef and 1+ijef . Two distances will be calculated based on the 

measured factors; the final distance will be calculated based on averaging both 

measured distances. This phase is repeated for all of the RSS values. The mobile 

target can calculate the distance between itself and each beacon node based on the 

following equation: 
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where ( )ibMTdist ,  refers to the distance between mobile target MT  and 

beacon node ib , }{ 3,2,1=j  depends on the number of beacon nodes which are 

connected to beacon node ib . In this case, three different distances are measured 

based on the previous equation, as the mobile target connects to at least three 

beacon nodes. A triangulation technique is applied in order to find out the final 

location of the target node MT . The localisation algorithm is summarised in Figure 

3-5. 

 
Figure 3-5: Localisation algorithm

3.3 Experiments  

The main features of sensor devices which have been used in the experiments 

are explained in this section. The building’s layout is depicted in Figure 3-6, which 
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shows the positions of the beacon nodes. RSS values were collected from several 

mobile device positions from three different beacon nodes. Finally, the collected 

RSS values were improved based on the measured environment factors from several 

beacon nodes. 

3.3.1 Hardware Platform  

In the experiments, a JN5139-EK010 sensor node platform was used. This 

module offers low power-consumption, low processor overhead, and a low cost 

platform for WSN’s. It supports complex tree or mesh network topologies providing 

reliable coverage over large areas, and is able to measure the RSS value for each 

packet received. Jennic’s ZigBee stack API offers rapid application development by 

providing simple programming to the standard ZigBee network layer.  

3.3.2 Experimental Test-bed  

The experimental test-bed consisted of four main sensor nodes. One of them 

was used as a mobile target, and the rest as beacon nodes with known positions. 

Two main sensor devices were used in achieved experiments: 

1. Coordinator: there was only one coordinator in the network. It was 

considered as a mobile target in the proposed study. It was responsible 

for collecting beacon packets from several stationary sensor nodes in 

addition to collecting the environment factors. The received packets 

were transferred to a laptop connected with the coordinator in order to 

calculate the position of the mobile target node. 

2. Router: there were three router devices with known positions 

distributed in the tracking area. Routers are considered as beacon 

nodes, and they send beacon packets to every mobile target in their 

range. Each router can calculate the environment factor between itself 

and the other routers in its range. It is generally assumed that the 

stationary sensor nodes are with known positions within a building 

layout, and that the layout of this building is known. 

The achieved experiments were conducted in the FK research area (41.5 ×  

11.3 m) at Loughborough University. Figure 3-6 shows the main structure of FK 

area. Three beacon devices (router nodes) were deployed in that area, as indicated in 



CHAPTER 3 A RSS BASED TRIANGULATION APPROACH 
__________________________________________________________________________________________ 

 

 -51-

Figure 3-6. This area involved 8 offices and two meeting rooms. The rest contained 

desks, cabinets, and chairs, which affect the RSS values. 

 

Figure 3-6: FK office test environment

3.3.3 Analysing RSS Measurements 

To grasp the relationship between distance and RSS values in an indoor 

environment, RSS values were gathered from three beacon nodes in FK area. Three 

beacon nodes were deployed in three different positions as shown in Figure 3-6, and 

collected the RSS values between each beacon node and the mobile target at several 

points. The RSS values were collected on the distances 0.5, 1, 2, 4, 8, 12, and 16 m, 

as seen in Figure 3-7. This process was repeated 8 times, each time being called a 

‘treatment’. All of these measurements were performed in the FK research area. 8 

measurements were performed for each position, and took the average as the 

measured LQI value.  

To enhance the proposed idea, the experiments were achieved in different 

equidistant areas, and the environmental factor value was calculated for each area. 

Through experiments, it was shown that the environmental factor value decreases as 

distance increases, which supports the proposed approach in this chapter.  

It was noticed that the RSS signal values are affected and reduced by 

obstacles. As shown in Figure 3-7, there are no significant differences among SS 

values collected for different treatments on several different distances. This 

indicates that increases the distance will reduce the value of RSS, and therefore, 

RSS method can be used in tracking systems. Figure 3-8 shows the average RSS 

values through several distances. 
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Figure 3-7: Analysing RSS values through different points
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Figure 3-8: Average of RSS values 

3.3.4 Adjusting RSS Measurements  

RSS values are usually affected by obstacles and walls, hence finding out the 

location of the target nodes based on SS has some limitations. The RSS values 

should be analysed and processed in order to get accurate localisation information. 

In this proposed approach, RSS values are updated based on the computed factors 

from beacon nodes in the mobile target’s area. The proposed method is based on the 

RSS and the target’s distance between each pair of beacon nodes. 
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The measured received signal values are adjusted by applying the 

environment factor to each measured received signal value. By this process, it is 

possible to get RSS values closer to those that would have been attained if the 

environment characteristics were ideal. This also means that the effect of boundaries 

is almost eliminated. Based on that, the final distance between each beacon node 

and mobile target can be calculated using equation (3-5). 

To prove the concept, the environmental factor values were measured through 

different environment obstacles at the same separated distance, as presented in 

Table 3-1. 

Table 3-1: Environment factors through different environmental obstacles 

Environment Distance 
(m) Environmental factor 

Open 5 16 

Soft barreir 5 14 

Soft wall 5 11 

Concrete wall 5 9 

3.4 System Evaluation  

In this section, the proposed tracking approach is evaluated by analysing the 

effect on accuracy and communication costs. The results are compared with those of 

previous works. 

3.4.1 Accuracy  

The localisation error E  can be found based on the distance difference 

between actual position ),( actualactuali yxP and approximated position ),( newnewi yxP of 

mobile node i   as presented in Equation (3-7). The localisation error through 

different test points is shown in Figure (3-9). 

22 )()( newactualnewactuali yyxxE −+−=  (3-7) 
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Figure 3-9: Localisation error for the proposed system through several test points

3.4.2 Communication Cost  

The communication cost can be calculated based on the number of messages 

which need to be exchanged among beacon nodes and the mobile target node. There 

are two main types of messages which need to be exchanged: firstly, the messages 

which are exchanged between beacon nodes; and secondly, the messages which are 

exchanged between mobile node and beacon nodes. The average number of 

messages that are required to be exchanged is noted as l , in order to achieve 

reasonable localisation accuracy. Every time the mobile target enters a new area, it 

selects at least three beacon nodes in its range, and then the beacon nodes need to 

exchange a number of packets between them. Each beacon node sends at least three 

messages in order to find out the factors between beacon nodes. After that, every 

two seconds, each beacon node sends two beacon messages to the mobile target in 

its range. Consequently, the average number of beacon messages l  which will be 

exchanged based on the experiment study is implemented in equation (3-8). 

fnl ⋅=  (3-8) 

where f  is the final time in seconds, and n  refers to the total number of 

beacon nodes. l  is measured based on the number of beacon nodes n , which send 

two messages every two seconds to the mobile target. The beacon node should 
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revert to sleep mode when the mobile target leaves the area. The overall cost is 

calculated based on the total number of messages over a tracking period of time. 

The coordinator, which is considered a mobile target, is connected to a laptop 

which calculates and measures the position for each target node. This laptop will be 

replaced by a PDA in future. 

3.5 Discussion  

In this section, test the localisation accuracy for two systems (the proposed 

system in this chapter, and the normal triangulation model) are evaluated. Two 

experiments were conducted in the same area, and under the same conditions to 

determine any variables affecting the results. The first step involves deploying the 

normal RSS model; readings were collected from fourteen different points. 

In the second step, readings were collected from the same points but using the 

proposed localisation approach in this chapter. Figure 3-10 shows the difference 

between these two models. As shown in the same figure, the accuracy was 

improved by deploying the proposed localisation function for the collected RSS 

values. This may give an indication about the effect of environment characteristics 

on measuring the distance between mobile devices and beacon nodes. Apparently, 

localisation information is more correct and reliable when measured using the RSS 

based model proposed in this chapter than the conventional RSS model. 

Several RSS based localisation systems have been proposed recently which 

offer good positioning accuracy. However, some of them suffer from requiring a 

specific spherical radio propagation assumption, and others can only be deployed in 

outdoor environments. This is clear in the systems proposed by Bulusu et al. (2000) 

and Blumenthal et al. (2007), in which highly accurate localisation information is 

obtained in outdoor environments, but their system cannot work efficiently in noisy 

environments. Similarly, the models of Blumenthal et al. (2005) and Reichenbach et 

al. (2006) involve localisation methods which assume that the transmission range is 

represented by a circle, which can only be applied outdoors. 
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Figure 3-10: Proposed approach versus an existing RSS triangulation 

The implementation of previous studies was limited in scale, as in the system 

proposed by Reichenbach and Timmermann (2006), in which the experiments were 

conducted in a small area (300 ×  300 cm). The proposed work in this chapter was 

implemented in a realistic environment (41.5 ×  11.3 m). The proposed RSS-

localisation approach is different from previous works, as it is based only on the RF 

values and the distances between beacon nodes. The environment’s characteristics 

were taken into consideration in order to improve the localisation accuracy. 

3.6 Summary  

In this chapter, the RF based localisation approaches were explored. RSS 

techniques have been deployed in several localisation and tracking systems due to 

low cost and ease of deployment. 

The proposed system is RSS based and takes range measurement inaccuracies 

into account. The implemented localisation method is based on the distance between 

beacon nodes and the RSS values of them, offering lower communication overhead 

and localisation complexity. The localisation accuracy has been improved based on 

computing environmental factors between beacon nodes. The proposed 

environmental factor function can eliminate the effect of the environment’s 
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characteristics, and consequently help in more accurately estimating the position of 

the mobile target nodes.  

The performance evaluation in terms of localisation accuracy and 

communication cost was conducted based on real experiments. Comparison 

between the proposed approach and the normal RSS based approach was 

accomplished under the same conditions. 

The localisation error range of the proposed approach is 2 to 6 m, therefore, 

the proposed approach works well in tracking applications where high localisation 

accuracy is not required. In addition, RSS based localisation systems do not require 

additional hardware to be attached to each sensor device. 

 



CHAPTER 4 A FINGERPRINTING BASED LOCALISATION APPROACH 
__________________________________________________________________________________________ 

 

 -58-

CHAPTER 4 
A FINGERPRINTING BASED 
LOCALISATION APPROACH 

___________________________________________________________________ 

4.1 Background and Motivation  

The previous chapter proposed a triangulation approach based on RSS 

technique. The complexity of applying a triangulation approach arises from the need 

to accurately obtain the distance measurements from the RSS as indoor radio signal 

propagation is very complicated because of signal attenuation due to distance, the 

effect of multipath propagation, and penetration losses through obstacles.  

A fingerprinting based localisation approach is presented in this chapter in 

order to reduce the localisation error achieved in the triangulation based approaches.  

Location fingerprinting methods are the most promising solution due to their low 

cost and high accuracy in terms of localisation. However, fingerprinting methods 

require the collection of a large number of reference points in the tracking area to 

achieve reasonable localisation accuracy. 

There are two main challenges to designing and developing a fingerprinting 

system. Firstly, there is the problem of collecting the RSS samples and storing them 

in the DB, as this process requires a long period of time when the localisation 

system is deployed in a large area. Secondly, the searching procedure through the 



CHAPTER 4 A FINGERPRINTING BASED LOCALISATION APPROACH 
__________________________________________________________________________________________ 

 

 -59-

stored samples to compute the location is difficult. Fingerprinting based approaches 

have been researched and addressed in several works (Li et al. 2006), (Small et al. 

2000), (Bahl et al. 2000), and (Shareef et al. 2008), but most of the existing 

approaches have suffered from the requirement to collect a high number of 

reference points during the offline phase. 

In this chapter, a fingerprinting based localisation approach is proposed, 

which aims to reduce the total number of reference points that need to be collected 

in the offline phase while achieving low localisation error of between 1 and 3.5 m. 

Moreover, the proposed system assigns a unique feature to each small area in order 

to reduce the time needed to carry out the searching procedure. 

4.2 Fingerprinting based approach  

The indoor fingerprinting positioning approach developed in this chapter 

includes three main phases: the Creation of the Fingerprint Table phase, the Feature 

Identification phase, and the Estimation phase. The first two phases are carried out 

during the offline stage while the third one is carried out in the online phase. Figure 

4-1 depicts the proposed approach and Table 4-1 includes the definitions of several 

parameters. 

 

Figure 4-1: Fingerprinting based approach
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Table 4-1: Definitions of parameters 

Name Parameter Definition 

Reference point r  
A point with known RSS values collected from the 
beacon nodes, and known ( )yx,  coordinates 

Estimated point e  A point which needs to be computed based on the 
RSS values collected from beacon nodes 

Criteria  
c

A
C  A set of features distinguishing sub-area 

c
A from 

other sub-areas 

4.2.1 Creation of the Fingerprint Table Phase 

Assume that the tracking area is divided into grid points, and the coordinate 

for each grid point is ( )iii yxP ,= , ni ...,,2,1=  where n  is the total number of grid 

points. Also m  is the total number of reference points, where nm< . This phase 

consists of two stages: 

1. Collect RSS values from several beacon nodes { }zbbb ...,,, 21  at each 

reference point kr  and store them in a DB, where z  is the total 

number of beacon nodes, and mk ....,,2,1= . The collected reference 

points have to be spread as evenly as possible in the tracking area. 

2. Divide the tracking area into sub-areas, based on the collected RSS 

values. 

In the first stage, the mobile target MT  goes through a total number of 

reference grid points m . The mobile target MT starts to receive messages from 

beacon nodes at each reference point ( )kkk yxr ,= . Let k
b j

rss  denotes to the average 

RSS values from the jb th beacon node (where zj ....,,2,1= ) at kr  reference point. 

An RSS vector can be established at each reference grid point 

as { }k
b

k
b

k
b

k
bk z

rssrssrssrssS ...,,,,
321

= . 

The second stage includes dividing the whole tracking area into sub-areas 

based on assigning a unique feature to each sub-area. There are three reasons behind 

dividing the tracking area into sub-areas. Firstly, it enhances the localisation 

accuracy by ranging the RSS values at each sub-area. Secondly, any changes in the 

environment after the collection phase can be recovered by recollecting reference 

points from that sub-area. Thirdly, the division of the search area into smaller sub-

areas drastically reduces the search space. Based on the previous location of a 
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mobile target, only the last known sub-area and the immediately surrounding sub-

areas need to be searched to find the mobile targets new location. 

A labelled training set (including input signals, corresponding output 

locations, sub-areas and features) is stored in the DB, as shown in Table 4-2. 

Table 4-2: Structure of Database 

Vector RSS values Corresponding 
sub-area Feature Location 
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1 z
b

rss
b

rss
b

rss
b

rss  1A  
1

AC  
11 , yx  

2S  
⎭
⎬
⎫

⎩
⎨
⎧ 2...,,2

3
,2

2
,2

1 z
b

rss
b

rss
b

rss
b

rss  2A  
2

AC  
22 , yx  

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

nS  
⎭
⎬
⎫

⎩
⎨
⎧ n

z
b

rssn
b

rssn
b

rssn
b

rss ...,,
3

,
2

,
1

 lA  
l

AC  
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4.2.2 Feature Identification Phase 

In this phase, a unique feature is identified for each single sub-area. The 

features can be identified based on the RSS values collected from beacon nodes 

{ }zbbb ...,,, 21  at the reference points in the sub-area cA , where lc ...,,2,1= , and l  is  

the total number of sub-areas. 

Assume that the set B  represents the beacon nodes in the tracking area, such 

that { }zbbbB ...,,, 21= , and 
cAC is a set of categories for the sub-area cA  such that 

{ }y
bbbA zc

RaRaRaC ...,,, 21
21

= , where i
b j

Ra  is the range of the RSS values for beacon 

node jb , where yi ...,,2,1= , and y  is the total number of ranges for the sub-area 

cA , 
cArss  function is defined as follows: 

cc AA CRrss →:  (4-1) 

where R  represents the set of  reference points. 

However, there are N  different sub-areas and consequently there are N  

different feature functions. 
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For instance, assume that { }srrrR ...,,, 21=  represents reference points in a 

given sub-area cA . There is a set of features 
cAC that distinguishes the sub-area cA  

from other sub-areas, where { }y
bbbA zc

RaRaRaC ...,,, 21
21

= , and 
jbRa is the range of RSS 

values between a beacon node jb  and all the reference points R in a sub-area cA . 

For example, ( )75,62∈
ibRa . 

4.2.3 Estimation Phase  

In this phase, the mobile target’s position is estimated. This phase includes 

two main stages: 

1. Identify the sub-area cA  where the mobile target is in, based on the 

identified features assigned to each sub-area. 

2. Find out the nearest three reference points to the estimated point e  in 

the identified sub-area cA  based on the difference in the RSS readings 

in the selected area. 

In the first stage, to locate the position of a mobile target, the RSS value is 

recorded between the mobile target MT  and beacon nodes { }zbbb ...,,, 21  in the 

mobile target’s communication range. The RSS values obtained for MT  are 

compared with the RSS values for known positions. The sub-area with the closest 

RSS values is assumed to be where MT  is located. 

In the second stage, to be more precise, to locate the mobile target in the sub-

area, the RSS values of the mobile node are compared with the features of the 

beacon nodes within the sub-area based on finding the difference diff  between the 

RSS values for the estimated point e  and for each reference point r  in the 

identified sub-area (computed in the first stage in this phase), as presented in 

Equation (4-2). The Three Nearest Neighbours based on Feature function (3NNF) 

proposed in this section, is used to triangulate the mobile target’s position. 3NNF 

includes finding out the 3 nearest neighbours to the estimated point e . 

( ) ( )
2

1

, ∑
=

−=
z

j

e
b

r
ber jj

rssrssSSdiff  (4-2) 
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where z  is the total number of beacon nodes, rS  is the RSS vector at the 

reference point r , and eS  is the RSS vector at the estimated point e . The algorithm 

for the proposed system is depicted in Figure 4-2. 

 

Figure 4-2: Localisation process  

4.3 Experiments  

In order to evaluate the proposed fingerprinting approach, the proposed 

approach was implemented on real sensor nodes. In this section, the main features 

of the proposed system, such as Graphical User Interface (GUI), the mobile and 

beacon nodes’ model, and experimental test-beds, are illustrated. 

4.3.1 Graphical User Interface  

In order to facilitate the collection and segmentation processes of the tracking 

area, the map of the area is stored on a laptop and a user interface, based on VB.net, 

was designed. In this section, the collection process, and the segmentation process 

are illustrated.  
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4.3.1.1 Collection Process 

In the first phase, the user has to distribute the beacon nodes over the tracking 

area, and then collect the RSS readings at several reference points. This can be 

achieved by a single click on the displayed map which selects the reference point on 

the map and then stores the RSS readings from each beacon node. A total number of 

70 and 60 measurement points are identified and collected from distinct physical 

locations on test-beds 1 and 2 respectively. The proposed approach in this chapter 

offers low power consumption when reasonable numbers of reference points are 

collected (70 and 60 measurements). The GUI of the proposed system is shown in 

Figure 4-3. 

 

Figure 4-3: GUI for the proposed system 

4.3.1.2 Segmentation Process  

Dividing the tracking area into sub-areas can be achieved in one of two ways: 

manual or autonomous. The manual selection can be processed by left-clicking and 

selecting the desired sub-area on the displayed map. The system is designed to 

check if there is a common feature among reference points. In the autonomous 

process, the system divides the area into sub-areas randomly and then checks the 

RSS values for the reference points in that area. If these reference points have a 
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common feature, then the system will consider it as a small area, and separate it 

from the other area. Otherwise, the selected sub-area will be reduced and the 

previous step is repeated. The autonomous segmentation steps are shown in Figure 

4-4. 

In the estimation phase, the mobile target collects RSS values from beacon 

nodes in its area and transfers these values to the sink node; it then displays the final 

position on the map. 

 

Figure 4-4: Autonomous segmentation process  

4.3.2 Mobile and Reference Node Model  

Similar to the previous chapter, a JN5139-EK010 sensor node platform was 

used for both the mobile target and for beacon nodes, in order to test the validity of 

the proposed fingerprinting approach.  

The proposed system was implemented through the ZigBee sensor network. 

As stated above, ZigBee standard offers 3 main roles: coordinator, router and end-

device nodes. In the experiments, the mobile target and beacon nodes were 

considered as router devices. However, the coordinator was considered as a sink 

node which is responsible for collecting localised information from the mobile 

target and transferring it to a PC via a serial cable. 

4.3.3 Experimental Test-beds 

The proposed approach was evaluated in two different experiment test-beds in 

order to test its efficiency and accuracy. The experimental test-bed 1 was located in 
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the 1st floor of the Holywell Park building at Loughborough University. Its layout 

has dimensions of 41.5 ×11.3 m. As shown in Figure 4-5, test-bed 1 includes 

obstacles and walls, which affect the localisation accuracy. The experimental test-

bed 2, depicted in Figure 4-6, is located in the Sir David Wallace Sports Hall at 

Loughborough University; it has dimensions of 30.5 ×  11.3 m. For both test-beds, 

the origin of the coordinate system ( )0,0  was placed at the left bottom corner. 

 

Figure 4-5: Test-bed 1, FK office test environment 

 

Figure 4-6: Test-bed 2, Sports hall test environment

4.4 Testing Results and Performance Evaluation  

To verify the validity of the proposed system described in this chapter, the 

system was implemented in real experiments conducted in indoor environments 

using Jennic sensor nodes. The proposed system was evaluated through measuring 

the localisation error, the effect of the number of reference points collected on the 
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accuracy of the localisation, and the efficiency of the proposed segmentation 

methods. 

4.4.1 Localisation Accuracy  

Localisation error can be described as the distance between the real location 

and the estimated location. This localisation accuracy is evaluated based on two 

factors: firstly, the effect of the number of samples collected on the localisation 

accuracy was evaluated based on two different methods. The localisation error 

between the approach proposed in this chapter and the RBF NN module was 

compared.  

As stated in Chapter 2, the offline phase in the fingerprinting localisation 

approaches can be achieved by applying one of two techniques: DB based or NN 

based. In this section, the efficiency for both techniques is compared. The main 

benefit of a NN is that prior knowledge of the noise distribution is not required. 

Noisy distance measurements can be used directly to train the network with actual 

coordinate positions. According to Shareef et al. (2008), the RBF NN module offers 

the greatest efficiency in terms of localisation accuracy and memory requirements. 

As shown in Figure 4-7, the localisation accuracy for the approach proposed in this 

chapter is better than the RBF NN method as the RBF method needs to be trained at 

every single grid point; this requires the gathering of a large number of reference 

points during the offline phase. However, the 3NNF method estimates the mobile 

target’s position based on the unique features assigned to each sub-area, and other 

RSS readings which are not involved in the identified features are not taken in 

consideration which might affect the localisation accuracy. 
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Figure 4-7: Error distance based on the number of reference points 

Secondly, the localisation accuracy is evaluated based on the localisation 

method used in the estimation phase. Figures 4-8 and 4-9 show the localisation error 

for the proposed fingerprinting localisation approach when RBF NN method was 

used in test-beds 1 and 2 respectively. The localisation error was between 1.5 and 4 

m. However, the localisation error was between 1 and 3.5 m when the 3NNF 

method was used in the estimation phase for both test-beds (test-bed 1 and 2) as 

shown in Figures 4-10 and 4-11 respectively. In both figures, the number of 

reference points ( r ), test points ( t ), and estimated points ( e ) are depicted. 
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Figure 4-8: Localisation error using RBF method in test-bed 1
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Figure 4-9: Localisation error using RBF method in test-bed 2 
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Figure 4-10: Localisation error using 3NNF method in test-bed 1 
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Figure 4-11: Localisation error using 3NNF method in test-bed 2
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4.4.2 The Efficiency of the Segmentation Process 

Assigning features to the divided area is a critical task in the proposed 

approach. As previously discussed, the segmentation can be achieved in two ways. 

In this section, the ability of the proposed system to divide the whole area into sub-

areas is evaluated. The system was evaluated using two different test-beds.  

The autonomous segmentation process works efficiently in open 

environments, such as in test-bed 2. Figure 4-12 depicts the RSS values from each 

beacon node in each sub-area. However, deploying an autonomous process in 

environments where obstacles and walls are situated is a challenging task as the 

RSS behaves irregularly in different areas. Thus, it was a challenging task for the 

autonomous segmentation to achieve the division process. The proposed 

autonomous process was not able to divide test-bed 1 into sub-areas. A manual 

segmentation was used instead; Figure 4-13 shows the irregular distribution of RSS 

values in a complex environment.  

Figures 4-12 and 4-13 show how the tracking area is divided into sub-areas 

based on a unique feature for each one. Tables 4-3 and 4-4 show the assigned 

features for test-beds 1 and 2 respectively. 
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Figure 4-12: Autonomous segmentation process through test-bed 2
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Figure 4-13: Manual segmentation process through test-bed 1 

Table 4-3: Assigned categories for test-bed 1 

Sub-area Category Features 

1A
 1

A
C

 

( )8170
1

−∈b  

( )3929
2

−∈b  

2A
 2

A
C

 

( )7159
1

−∈b  

( )8869
3

−∈b  

3A
 3

A
C

 

( )4431
1

−∈b  

( )6650
2

−∈b  

( )8661
3

−∈b  

4A
 4

A
C

 

( )8969
2

−∈b  

( )6854
3

−∈b  
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Table 4-4: Assigned categories for test-bed 2 

Sub-area Category Features 

1A
 1

A
C

 

( )8976
1

−∈b
 

( )7055
3

−∈b
 

2A
 2

A
C

 

( )5740
2

−∈b
 

( )7972
3

−∈b
 

3A
 3

A
C

 

( )5136
1

−∈b
 

( )8870
2

−∈b
 

4A
 4

A
C

 

( )6662
1

−∈b
 

( )7976
3

−∈b
 

5A
 5

A
C

 

( )3020
2

−∈b
 

( )8171
3

−∈b
 

4.5 Discussion  

Fingerprinting for WSN has received little attention recently in tracking 

applications. The proposed fingerprinting approaches in (Li et al. 2006; Small et al. 

2000; Li et al. 2005) offer reasonable localisation accuracy, however, they require 

collecting a large number of reference points. This procedure introduces two 

problems: the first one is the problem of collecting fingerprinting samples in terms 

of cost and labour, and the second is the need to search through the collected 

samples to determine the target’s location. 

Obviously, the need for more reference points and measurements indicates 

that the offline stage is a critical task in terms of time and labour. Different NN 

modules have been used in several fingerprinting localisation approaches as in 

(Ahmad et al. 2006; Battit et al. 2002; Shareef et al. 2008) in order to reduce the 

total number of reference points collected, therefore reducing the time needed to 

complete the offline phase. Conversely, through experiments, it has been shown that 

NNs performs well in the area on which it has been trained, and consequently, NNs 

need to be trained at each grid point in order to offer reasonable localisation 

accuracy. This procedure adds time and power-consumption to the whole WSN. 

The approach presented in this chapter does not require the collection of a large 

number of reference points as it is based on identifying unique features for each 

sub-area. Consequently, the searching procedure is achieved in a short time period. 
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An efficient fingerprinting localisation approach was implemented using a 

WSN by Shareef et al. (2008). The implementation of this approach was limited in 

scale as it was implemented in a small area (300 ×  300 cm). Conversely, the 

approach proposed in this chapter was deployed in two huge areas (test-bed 1 and 

test-bed 2) with sizes of 41.5 ×  11.3 m and 30.5 ×  11.3 m respectively. 

A significant localisation system is proposed by Bahl and Padmanabhan 

(2000), and this proposed system offers good localisation accuracy. However, it is 

based on the nearest neighbour (nn) method in order to compute the target’s 

coordinates. This includes finding out the two nearest points to the estimated 

reference point based on the collected RSS values. However, the 3NNF method 

computes the final location based on the features between the reference points and 

the estimated point. Figure 4-14 shows the localisation error for both the 2nn and 

3NNF methods while Table 4-5 shows a comparison between the previous 

fingerprinting approaches and the approach proposed in this chapter. 
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Figure 4-14: Localisation error for two systems 

The proposed system includes dividing the whole area into sub-areas based on 

unique features which uniquely distinguish each sub-area. For most existing 

fingerprinting systems, any changes to the environments, which alter the collected 

and stored features at the scenes, require recollecting the predefined data. 

Conversely, the approach proposed in this chapter does not require reference points 

to be recollected from the whole tracking area in the case of changes. It only 

requires data to be recollected from the area which has been changed. 
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Table 4-5: Comparison between fingerprinting approaches 

Localisation approach Area size (m) Number of 
reference points 

Localisation 
error ( m) 

Approach by Li et al. 
(2006) NA 132 1 – 4 

Approach by Small et al. 
(2000) Hall 441 0.5 – 7.8 

RADAR approach by Bahl 
and Padmanabhan (2000) 43.5 ×  22.5 70 2 – 3 

Approach by Li et al. 
(2005) 23 ×  17.5 〉 100 1.78 

Approach by Ahmad et al. 
(2006) NA 300 0.2 – 2.2 

Approach by Battiti et al. 
(2002) 25.5 ×  24.5 200 2 – 3 

Approach by Shareef et al. 
(2008) 300 ×  300 121 0.1 – 0.4 

RBF Approach 41.5 ×  11.3 70 1 – 6 
3NNF Approach 41.5 ×  11.3 70 1 – 3.5 

4.6 Summary  

RSS based localisation systems are more competitive in terms of both 

accuracy and cost compared to other localisation systems. The proposed 

fingerprinting approach in this chapter offers minimum localisation error (1-3.5 m) 

compared with the triangulation approach proposed in Chapter 3 (2-6 m). However, 

fingerprinting methods suffer from the fact that they require a large DB and a long 

training phase; this increases the size and computational burden of the DB. 

The implemented work in this chapter offers three advantages over the 

existing approaches. Firstly, the total number of reference points that had to be 

collected during the offline phase was reduced. Secondly, the proposed approach 

offers good localisation accuracy as it is based on 3NNF localisation method. 

Thirdly, a problem which might arise when any changes on the tracking area have 

been made has been overcome by dividing the tracking area into sub-areas.  

In this chapter, a segmentation process has been designed and implemented in 

order to divide a tracking area into small areas. The proposed autonomous method 

only works well in open environments and cannot be used in noisy ones. Manual 

segmentation can be used in any environment but it requires additional effort and 

time, in addition to experience regarding the system and how to divide the tracking 

area.  
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CHAPTER 5 
A DECENTRALISED TRACKING 
APPROACH 

_________________________________________________________________________________ 

5.1 Background and Motivation  

Two localisation approaches were proposed in the previous chapters with 

reasonable localisation accuracy. This chapter concentrates on the tracking 

efficiency in terms of power-consumption. In real time tracking applications, it is 

important to transmit the final coordinates for each mobile target to a central 

computer in order to display their current positions there. As previously discussed in 

Chapter 2, there are two ways of communications between nodes (centralised and 

decentralised). Tracking several mobile targets issue through hundreds of sensor 

nodes requires the transmission of the location data from beacon nodes to the 

central node, which normally results in a series of hops through the network. Each 

of these hops increases the consumption of the limited energy, and therefore 

precipitates failures within the network as the energy of the beacon nodes becomes 

increasingly impaired.  

As shown in Chapter 2, several tracking systems have been developed 

recently. However, most of these tracking systems were developed and 

implemented to work with small number of sensor nodes. In this chapter, a 
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decentralised tracking system is proposed to track multiple mobile targets in an 

energy efficient way. 

The system proposed in this chapter aims to reduce the power-consumption 

for the network when the tracking of multiple mobile targets is required through a 

large number of sensor nodes. The proposed decentralised approach includes 

grouping the mobile targets in a given area, and selects a mobile target leader for 

each group. The mobile target leader is responsible for receiving localisation 

information from other mobile targets and transmitting this information to the 

central node. This system is applicable to track several mobile targets 

synchronously with the minimum communication costs, in applications such as 

tracking employers in a work area, and tracking patients and doctors in a hospital. 

Figure 5-1 depicts the tracking of multiple mobile targets problem when deploying a 

high density of sensor nodes. The proposed system is evaluated through 

implementation using the NS2 simulator environment.  

Figure 5-1: Tracking multiple mobile targets problem 

5.2 Decentralised Tracking Approach  

The proposed system is based on decentralised localisation computation. This 

means that all the localisation information can be processed on the mobile target 

device. Only the final coordinates are transmitted to the central node. This reduces 
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the total number of messages transmitted over the network, and hence reduces the 

power-consumption for WSN. In this section, the proposed system is illustrated in 

detail, which aims to track the location of multiple mobile targets with minimum 

power-consumption. The proposed system consists of 3 main phases, as shown in 

Figure 5-2. 

 
Figure 5-2: Main phases of decentralised tracking system 

5.2.1 Initialisation Phase 

This phase includes starting the network, and assigning a network address to 

beacon and mobile nodes. Then, the mobile targets enter the tracking area. Each 

mobile target checks the beacon nodes in its range, and other mobile targets in its 

range. Each mobile target subsequently computes the number of hops between itself 

and the central node.  

5.2.2 Localisation Phase  

In this phase, each mobile target has to compute its current location based on 

the collected readings from beacon nodes in its range. The localisation method 

proposed in Chapter 3 is used to estimate the mobile targets’ locations. This process 

is repeated every 4 seconds to estimate the mobile targets’ locations synchronously.  

5.2.3 Grouping Phase 

A mobile target leader mg  has to be chosen in this phase. The main ideas 

behind choosing a mobile target leader are the following: 

1. Reducing the total number of messages transmitted to the central node 

over the network, and hence the amount of energy consumed during 

the tracking process is reduced. 

2. Managing and organising other mobile targets’ locations. 

To illustrate this phase, assume { }nbbbbR ...,,,, 321=  represents the beacon 

nodes in the area of interest, with the total number n , and 
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{ }mMTMTMTMTM ...,,,, 321=  represents the mobile targets with the total number 

m .  

Assume that { }zMTMTMTSM ...,,, 21=  where z  is the total number of mobile 

targets in a given area, within the same transmission range, and each mobile target 

MT  is covered by at least three beacon nodes to estimate its current location. Each 

mobile target checks the number of hops between itself and the central node. The 

mobile target node with the lowest number of hops to the central node is elected to 

be a mobile leader node. The mobile target leader has to have the following 

characteristics: 

1. It has the minimum number of hops to the central node. 

2. It has high energy, above a specific threshold. 

The leader mobile target receives the localisation information from other 

mobile targets in its range, and transmits this information to the central node every 4 

seconds. The flow chart for the proposed system is shown in Figure 5-3.  

 

Figure 5-3: Flow chart to implement the improved decentralised approach
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5.3 Simulation Setup 

In order to evaluate the proposed improved decentralised approach, three 

different approaches were implemented. Firstly, a centralised localisation approach 

was considered, which included transmitting the localisation information from each 

beacon node covering the mobile target to a central node. Secondly, a decentralised 

tracking system required that each target node estimates its current position and 

transmits it to the central node. Thirdly, an improved decentralised approach, which 

included grouping the mobile targets which set in the same transmission range, and 

then selecting a leader node closer to the central node in order to transmit the 

localisation information to the central node. Figure 5-4 shows the proposed 

algorithm for the proposed work. 

 
Figure 5-4: An improved decentralised algorithm 

There are two different types of devices in the test-bed: firstly, the beacon 

node. This includes the stationary sensor nodes with known positions distributed 

over the tracking area. Secondly, the mobile target node, which represents the 
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mobile target nodes which need to be tracked. The mobile target is considered as a 

PDA in the experiments in order to be able to calculate its current position and 

transmit it to a central node. However, the beacon node is considered as a sensor 

device which has some limited computation and communication capabilities. Table 

5-1 presents some simulation parameters used in the simulation experiments.  

Table 5-1: Simulation parameters 

Parameter name Parameter value 

Packet size 127 bytes 

InitEng 27.00 hmA.  

rxPower 49.00 mA  

txPower 44.00 mA  
Simulation time 360 seconds 
Number of nodes 56 
Number of mobile targets 20 
Average hops 5 
Radio model TwoRayGround 
Antenna type OmniAntenna 
Grid size  75 x 65 m2 
Routing protocol AODV 
Mac protocol MAC/802.15.4 

The experiment test-bed consists of 56 sensor nodes and one central node 

place on the right corner for the tracking area, as depicted in Figure 5-5. It was 

assumed that the mobile targets are distributed into 2 groups, and the mobile targets 

in each group set in the same transmission range.  
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Figure 5-5: Experimental test-bed

5.4 System Evaluation  

In this section, three scenarios are examined (centralised, decentralised, and 

an improved decentralised approaches). Two performance metrics are evaluated: 

Firstly, total number of messages transmitted over the network; and secondly, the 

power-consumption for the WSN.  

5.4.1 Communication Costs 

One of the critical issues in developing a tracking system for sensor nodes is 

the issue of battery life. Sensor devices are designed to work for periods of from a 

few months to many years. The proposed approach aims to minimise the total 

number of messages transmitted over the network in order to reduce the amount of 

energy consumed. In this section, the total number of messages transmitted to the 

central node for the three scenarios was evaluated. 



CHAPTER 5 A DECENTRALISED TRACKING APPROACH 
__________________________________________________________________________________________ 

 

 -82-

In the centralised localisation approach, the localisation messages must be 

transmitted to a central computer. The total number of messages locnm  transmitted 

over the network is represented by Equation (5-1).  

4
3

ft
mnmloc ⋅⋅=  (5-1) 

where ft , and m  refers to the total time of the experiment, and the number of 

mobile targets set in one transmission range respectively. 

However, in the basic decentralised approach, two types of messages are 

transmitted over the network. Firstly, the messages locnm  transmitted between 

beacon and mobile target nodes; this is represented in Equation (5-1). Secondly, the 

messages cennm transmitted between mobile targets and central node, as presented in 

Equation (5-2).  

4
ft

mnmcen ⋅=  (5-2) 

The improved decentralised approach deals with three types of messages 

transmitted over the network, as follows: 

1. Local messages locnm : representing the total number of messages 

exchanged between each mobile target and beacon nodes, shown in 

Equation (5-1). These messages are not required to reach the central 

node (sink node). 

2. Mobile messages mobnm : representing the total number of messages 

transmitted between the mobile target leader and other mobile targets 

in its range. This type of messages does not affect the energy for 

stationary sensor nodes, as the communications are between the 

mobile targets. This is represented by Equation (5-3). 

( )
4

1
ft

mnmmob ⋅−=  (5-3) 
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3. Global messages glbnm : representing the total number of messages 

transmitted between the mobile target leader and the central node. This 

is represented by Equation (5-4). The leader node can send 5 mobile 

targets’ positions in every single packet. 

45glb
ftm

nm ⋅=  (5-4) 

The improved decentralised approach does not require a high number of 

messages to be exchanged between mobile target node and beacon nodes, even 

when a large number of mobile targets is required to be tracked. The calculations 

are processed in the mobile target node, with no need for centralised computations. 

Figure 5-6 shows a comparison of the messages required to be transmitted among 

three scenarios. The centralised approach requires transmitting a high number of 

messages between beacon nodes and central node. However, decentralised approach 

requires fewer messages to be transmitted when the total number of mobile targets 

is not large. The improved decentralised approach achieves the lowest number of 

messages required to be transmitted over the network when the density of mobile 

target nodes is high. 
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Figure 5-6: Total number of messages for the three systems
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5.4.2 Power-consumption 

In this section, the power-consumption of each approach is evaluated. Firstly, 

the power-consumption in the centralised approach cenP  is presented in Equation (5-

6). Secondly, the power-consumption in the decentralised approach dcP  is presented 

in Equation (5-7). Thirdly, the power-consumption in the improved decentralised 

approach imP  is presented in Equation (5-8). 

( ) ( ) ( )
rx

PnmtxPnmnmP ⋅+⋅=  (5-5) 

 

( ) hlocnmP
cen

P ⋅=  (5-6) 

 

( ) ( )( )hcennmPlocnmP
dc

P ⋅+=  (5-7) 

 

( ) ( )( )hnmPmobnmP
im

P ⋅+= glb  (5-8) 

where ( )nmP , txP , rxP  and h  are the powers required to transmit a total 

number of messages nm , transmission power, reception power, and number of hops 

respectively.  

Figure 5-7 compares the battery life of the three approaches (centralised, 

decentralised, and improved decentralised). As shown, the improved decentralised 

method achieves longer battery life than both the centralised and decentralised 

approaches, as it requires a lower number of messages to be exchanged between 

nodes, and therefore reduces the power-consumption of the whole network. 
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Figure 5-7: Evaluating the power consumption for the three approaches

5.5 Discussion  

Centralised based localisation approaches are much more power consuming 

than distributed approaches. Distributed tracking solutions are more attractive for 

large sensor networks including thousands of nodes. However, decentralised 

approaches require transmitting a high number of messages when the density of 

mobile targets is high. An improved decentralised approach is proposed in this 

chapter in order to reduce the total number of messages transmitted over the 

network and hence decrease the power-consumption. 

Centralised tracking systems offer efficient communication cost when 

deployed with a small number of sensor nodes. The centralised systems proposed in 

(Alippi and Vanini, 2006; Sugano et al. 2006; Doherty et al. 2001) require 

transmitting the following details to the central node: sensor ID, target ID, packet 

number and sensor-to-target distance. However, deploying these systems with a 

high density of sensor nodes requires high power-consumption, as each localisation 

message must be transmitted via a multi-hop network to a central node.  

There is no need to send the localisation information to a central node in a 

decentralised system, as all the calculations are processed in the mobile target 

device. The proposed decentralised systems proposed in (Lazos et al. 2005; Shang 

et al. 2003; Bulusu et al. 2002; He et al. 2003) are efficient for tracking and 
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localising in large sensor networks. However, these systems are impractical to track 

a large number of mobile targets as they require a high number of messages to be 

transmitted between mobile targets and the central computer. 

The improved decentralised approach achieves lower power-consumption 

than both centralised and decentralised approaches. The mobile target leader 

manages to receive localisation information from other mobile targets and transmits 

this information to the central computer. 

5.6 Summary  

In this chapter, an improved decentralised tracking approach is proposed to 

track the location of multiple mobile targets with minimum communication cost 

among sensor nodes. The proposed approach achieves an efficient tracking system 

in terms of localisation and power-consumption by grouping the mobile targets 

which are set in the same transmission range.  

The proposed system aims to increase the lifetime of beacon nodes by 

reducing the total amount of messages transmitted over the network. The proposed 

system in this chapter requires attaching a laptop or PDA to each mobile target, in 

order to process all the communication on the mobile target device. However, it 

reduces the total number of messages transmitted to the central node, and 

consequently reduces the total amount of energy consumed in the tracking process. 

The performance evaluation in terms of communication cost and power-

consumption was conducted using NS2 simulator. 
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CHAPTER 6 
TRACKING THROUGH ZIGBEE NETWORK 

___________________________________________________________________ 

6.1 Background and Motivation  

Two localisation methods have been proposed in Chapters 3 and 4. The 

methods proposed include tracking a single mobile target, and do not support 

tracking multiple mobile targets. This chapter focuses on the tracking multiple 

mobile targets through ZigBee network standard. The existing ZigBee based 

localisation approaches require deploying the proposed system with coordinator and 

router nodes. Tracking through the ZigBee network standard is a challenging task 

when the density of router and end-device nodes is low. However, tracking using 

full roles of ZigBee standard offers a power efficient solution, as end-device nodes 

can go to sleep mode, while router nodes have to be activated all the time. 

Localisation methods based on RSS require a minimum of three reference 

nodes to triangulate a mobile target’s position. Consequently, due to the previously 

discussed characteristics of end-devices in Chapter 1, where each end-device can 

only communicate with one parent node, there may not be three reference nodes 

available for triangulation of the mobile target node. In a ZigBee WSN this can be 

caused by one of two issues: 
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1. The existing end-devices are already connected to existing routers in 

the WSN. Hence this mobile node can only communicate with the 

router nodes. 

2. In systems where multiple mobile targets that need to be tracked. End-

devices in a given area may already be connected to a mobile target. 

Consequently, a second mobile node moving into the given area will 

not be able to connect with the end-devices until the first mobile node 

is disconnected. 

In this chapter, the tracking system proposed in Chapter 3 is extended to be 

able to track multiple mobile targets through ZigBee standard. Moreover, a possible 

tracking solution presented to the problems of ZigBee networks, when the problems 

arise due to issues 1 and 2.  

This chapter addresses the research challenges in localisation and tracking of 

multiple mobile targets through the implementation of a ZigBee based real-time 

surveillance applications. The proposed ZigBee based tracking system is based on a 

RF localisation method. However, the interference issue can affect the localisation 

system and hence offers less accurate localisation estimation. A time management 

method is proposed in this chapter in order to overcome the interference limitation 

through localising target nodes in WSN. 

6.2 Tracking Multiple Mobile Targets 

 
Figure 6-1: Mesh ZigBee network 

The proposed tracking system is based on ZigBee network standard. As stated 

before, ZigBee network offers three types of devices (coordinator, router, and end-

device nodes) as depicted in Figure 6-1. In this section, an approach for tracking 
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multiple mobile targets is proposed when a tracking is required by using the full 

ZigBee roles. For simplicity, the tracking process is divided into five phases, as 

shown in Figure 6-2. Table 6-1 shows several parameters definition. 

 

Figure 6-2: Tracking process 

Table 6-1: Parameters definition 

Parameter Definition 

ibr  beacon router node with serial number i   

ibe  beacon end-device node with serial number i  

efμ  the average environment factor between three reference nodes, 
where they form a triangle 

jdm  Dynamic mobile node with known position, computed based on 
other reference nodes 

6.2.1 Detection 

Detecting the first position of the mobile target can help in reducing the 

localisation error. This process can be achieved by fixing router nodes at each 

entrance in the tracking area. As soon as one of them receives signals from any 

target node, it reports this to the coordinator and all beacon nodes in its vicinity. 

6.2.2 Search  

During the search stage, the mobile target tries to find three beacon nodes to 

which it can connect to triangulate its position. This consists of three stages: 

1. The mobile target node tries to find three router nodes to connect with 

initially, as they give the highest localisation accuracy. If less than 

three router nodes are available, the mobile target node connects with 

any available routers if any as depicted in Figure 6-3, and then starts 

stage 2. 

2. The mobile target node searches for available end-devices in range and 

connects with sufficient end-devices. This happens when the mobile 

target asks the closest router if it is connected to any end-devices, if so, 

the mobile target asks the router to disconnect its end-devices, as 

depicted in Figure 6-4. The disconnected end-devices can be 
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connected to the mobile target as shown in Figure 6-5. Therefore, the 

total number of routers rn  and end-devices en  connected to the 

mobile target equal three. Another problem arises when the tracking of 

multiple mobile targets is required through the same area. As shown in 

Figure 6-6, the mobile targets 1MT  and 2MT  are connected to 

}{ 4,3,1 bebebr  and }{ 7,6,1 bebebr  respectively. However, if there are not 

enough end-devices to satisfy Equation (6-1), as the mobile target 3MT  

can only connect to a single router node, then the mobile target enters 

stage 3. 

Coordinator

Router

End-device  
Figure 6-3: Communication problem using ZigBee 

 
Figure 6-4: Disconnection process 

 
Figure 6-5: Connection process 

3≥+
e

n
r

n  (6-1) 
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3. The mobile target node searches for other mobile targets in range, so 

that the total number of routers rn , end-devices en , and dynamic 

mobile targets dn connected to the mobile target are equal to 3. 

However, if there are not enough beacon nodes and dynamic mobile 

targets in range to satisfy Equation (6-2), then triangulation of the 

mobile node is not possible. 

3≥++
d

n
e

n
r

n  (6-2) 

 

 
Figure 6-6: Tracking multiple mobile targets problem through ZigBee 

Therefore, tracking multiple mobile target nodes can be carried out by 

dividing the multiple targets scenario into a series of single mobile target nodes, in 

order to solve tracking multiple mobile targets problem. 

6.2.3 Selection  

ZigBee Network (NWK) layer provides the mechanisms for joining and 

leaving the network, applies security to frames, and routes messages to their 

intended destinations. The discovery of one-hop neighbours and saving of relevant 

neighbour information are carried out at the NWK layer. Each mobile target node 

keeps a routing table, which includes information about neighbouring nodes in order 

to transmit messages to them (Baronti et al. 2007). 

After detecting the first position for the target node, the target node has to 

select 3 beacon nodes in its range in order to triangulate its current location. 

Through experiments, it has been seen that the indoors transmission range for a 

Jennic sensor node is 20-25 m. It has been found that localising a target node based 
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on 3 beacon nodes offers efficient localisation accuracy, compared with localisation 

based on more than 3 beacon nodes. The difficulty in calculating the localisation 

error increases as the number of environment factors increases. Moreover, using a 

large number of environment factors causes the WSNs energy to be depleted faster. 

However, it is possible for a mobile target to connect with more than 3 beacon 

nodes. This results in the problem of which 3 router nodes to choose to use for 

triangulation. 

A RSS based localisation system is proposed in Chapter 3 to reduce the 

positioning error for localising a single target node based on the ZigBee network 

standard in indoor environment. This system works by finding out the relationship 

between RSS values and distances for each pair of beacon nodes in order to predict 

the environment characteristics. The calculated environment factor ef  between 

beacon nodes can offer some prediction information to a mobile target node in order 

to increase the localisation accuracy. The proposed system was implemented with a 

small number of beacon nodes (3 beacon nodes). In this chapter, the method is 

expanded to make it reliable when used with a high number of nodes. 

There are 4 different triangles ( )4321 ,,, aaaa ΔΔΔΔ  which can be formed as 

shown in the tracking area in Figure 6-7. Each mobile target kMT  (where 

mk ...,,2,1=  and m  is the total number of mobile targets) is covered by total 

number of beacon nodes n . The average environment factor efμ  is calculated 

between each 3 adjacent beacon nodes when they form a triangle shape, as shown in 

Equation (6-4). For instance, in Figure 6-7, if a mobile target iMT  can talk to these 

beacon nodes ( )5,4,2,1 bbbb  there will be two possible triangles 1aΔ and 2aΔ  which 

consist of ( )5,4,1 bbb and ( )2,5,1 bbb respectively. Equation (6-5) has to be applied in 

order to find the right triangle which includes the target node. 
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1b 2b 3b
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Figure 6-7: Localisation through area of triangles 
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where j  is the beacon node serial number, { }3,2,1=j , ⎟
⎠
⎞⎜

⎝
⎛

jbibrss ,  refers to the 

received signal strength value between beacon nodes 
i

b and 
j

b , and ⎟
⎠
⎞⎜

⎝
⎛

jbibdist ,  

refers to the distance between beacon nodes 
i

b and 
j

b . 

6.2.4 Localisation and Tracking  

In this phase, two issues are discussed: interference and localisation, as both 

of these issues affect the localisation accuracy.  

6.2.4.1 Interference Issue 

The interference affects coverage and capacity, and limits the effectiveness for 

the localisation system. In this section, the interference among ZigBee-sensor nodes 

is considered. Through experiments, it was found that transmitting packets from two 

beacon nodes to one mobile target at the same time can apparently increase the 
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localisation error, as sometimes both of the transmitting nodes use the same radio 

channel. 

There are two methods to overcome the interference between sensor nodes. 

The first one is the frequency diversity which means that each message has to be 

transmitted separately at two different frequencies. The work presented by 

Reichenbach and Timmermann, (2006) includes an indoor localisation system based 

on a RSS technique. The proposed system was tested using Chipcon module which 

feature a simple frequency switching between 868.28 MHz and 915.03 MHz. 

Transmitting each message in two different frequencies from all beacon nodes to 

each mobile target adds additional cost and power-consumption. 

The second method includes transmitting messages to the mobile node in 

several time slots in order to avoid collision between adjacent beacon nodes. For 

instance, if the mobile target is covered by three beacon nodes, then the mobile 

target will manage to communicate to each beacon node at each time as shown in 

Figure 6-8. This reduces the interference between beacon nodes and consequently 

improves the localisation accuracy. 

1B 2B0B

break

break

0t1t
2t 3t

4t5t
6t 7t

8t9t

10t 11t

12t

}

}

 
Figure 6-8: Time management method for mobile target node 

6.2.4.2 Localisation Issue 

RSS based localisation systems have been deployed widely in several works. 

The selection process requires finding out the suitable triangle which includes the 

target node. Once the correct area has been identified, the localisation method in 

Chapter 3 is used to further reduce the localisation error and select which beacon 

node the mobile target is closest to in the given area. 

A minimum of three beacon nodes are needed to estimate the target’s location. 

A triangulation method is applied to calculate the final position for each target node. 
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6.2.5 Alerting  

After calculating the mobile target’s position, each mobile target has to send 

its current coordinates to the coordinator, and then the coordinator must alert beacon 

nodes which lie near the mobile’s target trajectory by sending them “warning” 

messages so they are aware of the approaching of mobile target nodes and can take 

proper actions, for instance, activating the beacon nodes in the mobile’s target 

trajectory. 

Alerting involves activating appropriate beacon nodes in the network in order 

to track the target nodes. As soon as any router node ibr  receives a high RSS value 

from the mobile target node jMT , then the beacon router ibr has to alert the beacon 

nodes in its range by managing the sleep time for each end-device node, in order to 

track the mobile target node, as shown in Figure 6-9. 

1b 2b 3b

4b 5b 6b
 

Figure 6-9: Alerting process 

6.3 Experiment Setup 

The experimental test-bed consists of seven beacon nodes and three mobile 

targets. First a set of experiments was made to establish the relationship between 

RSS measurements and the distance values. The achieved relationship can be used 

to estimate the distance between beacon and target nodes. 

6.3.1 Sensor Node Model 

Each sensor node has a unique MAC address and location coordinates. For 

each beacon node, the MAC address with its current location was registered and 

stored them in an Access DB. This data has to be available to the coordinator, in 

order to display the position for the mobile target node. The pseudo code runs on 
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each beacon router and end-device nodes are depicted in Figures 6-10 and 6-11 

respectively. 

 
Figure 6-10: Pseudo code runs on each beacon router node

 
Figure 6-11: Pseudo code runs on each end-device node 

6.3.2 Experiment Test-bed  

For evaluation purposes, the proposed localisation system was deployed in the 

FK research area lab (Figure 6-12 shows the office test environment 41.5 ×  11.3 

m), and it consists of 7 beacon nodes distributed over the FK lab as depicted in 

Figure 6-13. 

In the experiments, the sink node is considered as a coordinator and does not 

participate in the localisation process, the only task for it is to receive localisation 

information from mobile nodes and transmit this information to a laptop to display 

the current positions for each mobile target node. 
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Figure 6-12: FK office test environment

FK Research Area11.3 m

41.5 m

Mobile target

(12, 9) (31, 9)

(6, 3)

(0, 0)

(15, 3) (24, 3) (35, 3)

(21, 9)

 
Figure 6-13: FK office test layout 

6.3.3 Target Node Model 

The mobile target node device is the same as the beacon node. It has the 

ability to calculate its current location based on the collected readings from the 

beacon nodes in its range, and transfer its current location to a coordinator. The 

mobile target node is connected to a laptop computer via serial cable in order to 

display its current position on a map, and it’s responsible for finding its current 

coordinates and subsequently transmitting it to a coordinator node every 5 seconds. 

The mobile target algorithm is shown in Figure 6-14. 
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Figure 6-14: Pseudo code runs on each mobile target node 

6.4 System Evaluation  

This section reports results obtained through real experiments conducted in an 

indoor environment using Jennic sensor devices. The proposed system was 

evaluated through measuring the localisation error, evaluating the efficiency of 

tracking multiple mobile targets, evaluating the interference between sensor nodes, 

and measuring the power-consumption. 

6.4.1 Tracking Accuracy  

The localisation error E  was calculated every 5 seconds based on measuring 

the difference between the actual position and the approximated position for each 

mobile node jMT . 

For simplicity, three different localisation accuracy classes were proposed, 

and each mobile target has to be assigned to one of these classes. The proposed 

system will deal with the mobile target nodes as a First Come First Serve principle. 

Figure 6-15 depicts the status for each mobile target and the assigned class. 
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Figure 6-15: Tracking process through ZigBee network 

The first case (Class A) includes a single mobile node jMT  and 3 beacon 

nodes ( )21 ,, ++ iii bbb  in its range. In this case, the mobile target can communicate 

directly to the three beacon nodes and computes its current position. This class 

offers the best localisation accuracy, as the mobile target node is covered by 3 

beacon nodes with known positions. 

The second case (Class B) includes a single mobile node jMT with unknown 

position, another single mobile node 1+jMT  with known position, and 2 beacon 

nodes ( )1, +ii bb . Through experiments, the tracking accuracy is lower than Class A, 

as the mobile target node is covered by 2 beacon nodes with known position, and 1 

dynamic beacon node. 

The third case (Class C) involves a single mobile node with unknown 

position jMT , other 2 mobile nodes with known position ( )1, +jj MTMT and 1 beacon 

router node ib . Class C offers the worst tracking accuracy as the mobile target 

nodes is covered by 1 beacon node and 2 dynamic beacon nodes. 

Table 6-2 shows the tracking accuracy and localisation error for each class. 

The tracking accuracy for Class A, B, and C are evaluated in Figures 6-16, 6-17, 6-

18 respectively. 
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Table 6-2: Localisation accuracy for each class 

Class grade 
No. fixed 
beacon 
nodes 

No. mobile 
(dynamic 
position) 

Accuracy 
(%) 

Localisation 
error (m) 

Class A 3 0 70-85 0.2-1.5 
Class B 2 1 50-65 1-2 
Class C 1 2 40-50 1-3 
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Figure 6-16: Localisation accuracy for class A
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Figure 6-17: Localisation accuracy for class B 
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Figure 6-18: Localisation accuracy for class C 

6.4.2 Collision Avoidance  

In order to validate the interference effect, two experiments were conducted; 

the first one includes transmitting beacon messages from beacon nodes at the same 

time. The second experiment works by scheduling transmitting messages to beacon 

nodes. Figure 6-19 shows the localisation error in both cases. 
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Figure 6-19: Evaluating the collision avoidance effect 

6.4.3 Power-consumption  

The main idea behind using the full roles of ZigBee network is to minimise 

the power-consumption for the network. In this section, the total power-
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consumption is evaluated for two experiments. The first experiment (A) consists of 

6 router devices and a single mobile target moves in the tracking area as shown in 

Figure 6-20. The second experiment (B) includes 2 router nodes and 4 end-device 

nodes as depicted in Figure 6-21. The final time for both experiments was 9 

minutes, and the initial energy for each sensor node was 4 hmA. . The power-

consumption P  is represented on Equation (6-6). Table 6-3 show the power charge 

in microampere mA  for each phase. 

Table 6-3: Power-consumption for each phase 

Phase Charge )(mA  

Wake from Sleep 9.00 
Transmit Data 44.00 
Receive Data 49.00 
Sleep (RAM contents not held) 0.0035 
Sleep (RAM contents held) 0.025 

 

 

Figure 6-20: Tracking process through experiment A 

 

Figure 6-21: Tracking process through experiment B 

))(()()
4

( drmact pnanpnaftpnmP ⋅−+⋅+⋅⋅=  (6-6) 



CHAPTER 6 TRACKING THROUGH ZIGBEE NETWORK 
__________________________________________________________________________________________ 

 -103-

where nm  refers to the total number of messages transmitted over the 

network, p  is the power required for sending and receiving a single packet, ft  is 

the final time, na  is the total number of beacon nodes in the active mode, n  is the 

total number of beacon nodes in the tracking area, actp  is the power consumed in 

the active mode, and drmp  is the power consumed in the sleep mode.  

Involving end-device nodes in the tracking process can reduce the total 

power-consumption of ZigBee networks. Figure 6-22 shows the difference in 

power-consumption for the two experiments (A and B). As shown, experiment B 

offers long battery life than experiment A, as end-device nodes can go to sleep 

mode as soon as they have completed the required tasks. 
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Figure 6-22: Evaluating the power-consumption for experiments (A & B) 

6.5 Discussion  

Tracking through ZigBee network standard has received low attention 

recently due to the limited communication capabilities of such a network. The main 

advantages behind deploying the proposed tracking system with ZigBee network is 

the simplified implementation process with the provided protocol suit of ZigBee. 

Moreover, the low complexity, fast calculation, and the minimum resource 

requirements, make ZigBee standard an ideal network solution for wireless sensor 

applications.  
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Several localisation and tracking applications have been proposed recently for 

several applications. The implementation of previous studies was limited in scale, as 

the system proposed by Reichenbach and Timmermann (2006), which was 

implemented in a small area (300 ×  300 cm), and the system proposed by Sugano et 

al. (2006) was implemented where the density of nodes was 0.27 nodes/ 2m . The 

work proposed in this chapter was implemented in a realistic environment (11.3×  

41.5 m) where the density of beacon nodes is low (0.05 node/ 2m ). 

ZigBee network standard can achieve a low power-consumption when the 

density of end-device nodes is greater than density of router nodes, as the end-

device nodes can go to a hibernation mode as soon as they have completed the 

required task. End-device nodes are a power-efficient solution for WSNs. The 

approaches proposed in (Sugano et al. 2006; Blumenthal et al. 2007; Jang and 

Skibniewski, 2007) include deploying their systems based on router and coordinator 

devices to track a mobile target. End-device nodes were not deployed in their 

experiments, and that increases the power-consumption and cost for tiny sensor 

networks. 

The implemented work by Blumenthal, et al. (2007) and Alhmiedat and Yang 

(2008), concentrate on tracking and localising a single target node in indoor 

environment. The mobile target was considered as a coordinator in their 

experiments, which limits the proposed solutions from tracking multiple mobile 

targets. The system proposed in this chapter considers the mobile target as a router 

node in order to track multiple targets nodes synchronously. 

The system implemented in this chapter does not require strict time 

synchronization, nor any need for coordination between the beacon nodes, and 

depends only on the received signal values with no need for any additional 

hardware. The proposed approaches in (Jung and Sukhatme (2001); Li et al. (2002); 

Takahashi et al. 2008b) offer efficient ZigBee-based localisation approaches, but 

each one requires additional devices to be attached to every single node. 

6.6 Summary  

In this chapter, the ability of tracking multiple mobile targets using ZigBee 

was investigated, in order to reduce the power-consumption for the whole ZigBee 
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network. The presented system was deployed in indoor environment where GPS, 

ultrasound, and infrared technologies are inefficient. 

A ZigBee based tracking system has been designed and implemented in this 

chapter to track multiple mobile targets wherever the density of router and end-

device nodes is low. The proposed system is scalable to work in a very large 

distributed network of sensor nodes. The implemented system has overcome some 

of tracking limitations such as localisation accuracy, communication cost, 

interference, and the ability to track multiple mobile targets simultaneously.  

A RSS based localisation method is applied in the proposed tracking system 

with no need for any additional hardware and with minimum power cost. End-

device nodes are incorporated in the tracking process in order to offer reasonable 

accuracy wherever the density of router nodes is low. 

Finally, a simple solution has been proposed to overcome the interference 

problem. The proposed solution includes managing transmitting beacon messages 

from beacon nodes to each mobile target. 
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CHAPTER 7 
AN ENERGY EFFICIENT TRACKING 
APPROACH 

___________________________________________________________________ 

7.1 Background and Motivation  

A ZigBee based tracking system has been proposed and implemented in the 

previous chapter. The approach offers low power-consumption compared with the 

existing ZigBee based localisation approaches. However, this chapter concentrates 

on different energy efficient issues for tracking applications to reduce the total 

power-consumption.  

Tracking systems using a high number of low-cost sensor nodes have been 

proposed for use in diverse applications including civil, military and wildlife 

monitoring applications. In tracking applications, each sensor node attempts to send 

the target’s location information to a sink node. Deploying a tracking system with a 

high number of sensor nodes results in the following limitations: high packet 

dropping rate, high congestion, transmission delay, and high power-consumption 

(Vaidyanathan et al. 2004). 

In this chapter, the power-consumption issue for tracking applications is taken 

into consideration. Therefore, to deal with energy efficient target tracking in a WSN 

two problems should be addressed: First, energy-efficiency to minimise the power-
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consumption for the whole WSN. Second, the tracking accuracy to estimate the 

mobile targets’ locations. The approach proposed in this chapter minimises the 

power-consumption required for tracking applications while achieving real-time 

tracking with low localisation error. Three metrics are utilised for the purposes of 

evaluation: the total number of messages transmitted in the network, overall power-

consumption, and the quality of the tracking accuracy. The proposed system is 

implemented using the NS2 simulation environment.  

7.2 An Energy Efficient Approach  

The proposed system attempts to optimise energy-consumption by minimising 

both the sampling interval and the number of nodes involved in target tracking, 

while offering reasonable localisation accuracy. In this section, the system 

requirements are defined for target tracking applications and identify three 

performance metrics. Then, several energy-saving strategies are investigated to meet 

these requirements. A system design is illustrated in detail next. 

7.2.1 System Requirements and Metrics  

The information of interest regarding the mobile targets includes: position p , 

direction d , and velocity v . As soon as this is information found, only a small set of 

sensor nodes are activated while other sensor nodes stay in the sleep mode. 

Requirements: consider a network { }nbbbR ...,,2,1= with a total number of 

beacon nodes n , and { }zMTMTMTM ...,,2,1= with a total number of mobile targets z .  

nb  represents the total number of observer nodes which sense the mobile target MT . 

nbnns −=  is the total number of beacon nodes in sleep mode. The application 

requires the sensor network to report the mobile targets’ locations to the sink node 

with low power-consumption and reasonable positioning accuracy. 

Problem Definition: knowing the requirements for the mobile tracking 

application, energy-saving strategies are needed to be developed in order to 

minimise the overall power-consumption while maintaining realistic tracking 

accuracy. 
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7.2.2 Energy Saving Strategies  

Minimising the overall number of messages transmitted over the network can 

reduce the power-consumption of the whole WSN. The first three strategies are 

aggregation based. Moreover, a simple energy-efficient prediction system is 

introduced in the latest strategy in order to activate the right set of beacon nodes. 

Table 7-1 includes definitions for several parameters. 

Table 7-1: Parameters definitions 

Parameter Name Definition 

ob  Observer node A beacon node which senses any mobile 
target 

s  Sink node A node which needs to be informed 
about the targets’ locations  

si  Sampling interval How often the sink node has to be 
informed about a target’s position 

l  Leader node 
A node which works as a leader in order 
to aggregate location information and 
transmit it to the sink node 

v  Velocity The mobile target’s speed 

P  Power-consumption The total power-consumption over a 
period of time 

Strategy One: (Naive) all beacon nodes in the network have to be in active 

mode in order to sense the mobile target. Beacon nodes which sense the presence of 

the mobile target jMT  broadcast ( )}{ tiqip ,  to the sink node, where ip  is the 

position of beacon node i , and iq  is the quality of the observation at time t . There 

is no local processing or data aggregation in this strategy. Therefore, this strategy 

offers the worst energy efficiency, as the sampling interval is very high, since each 

beacon node has to transmit its reading to the sink node every 2 seconds ( 2=si ) 

(Ditze et al. 2008). 

Strategy Two: (Differential based) like the previous strategy, all beacon 

nodes stay in active mode. Once the mobile target jMT enters the beacon node’s 

detection range ib , ib  then reports the observation to the sink node. From this time, 

it is assumed by the sink node that the beacon node ib  can observe the mobile target 

jMT . As soon as the mobile target jMT  leaves the detection range for sensor ib , 

then ib  reports this to the sink node. The observer node ib  broadcasts ( ) }{ ttiqip Δ,, , 

where tΔ  is the total duration time for tracking the mobile target jMT by the beacon 

node ib . In this strategy, the sink node is responsible for computing the location of 
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each mobile target. This strategy includes reducing the power-consumption as there 

is no need to send messages periodically to the sink node, as stated in the first 

strategy. In this strategy, the sampling interval si is based on the mobile target’s 

speed, as presented in Equation (7-1), and hence the si  is less than in the previous 

strategy, as observer nodes transmit their reading to the sink node only when the 

mobile target jMT enters their detection range and when it leaves. The same idea for 

this strategy is proposed by Ditze et al. (2008). 

v

tr
si =  (7-1) 

where tr and v are the transmission range, and velocity value respectively. 

Strategy Three: (Leader based) in this strategy, a leader node has to be 

elected each time in order to aggregate the relevant location information and 

transmit the latest position information to the sink node. Unlike in the previous 

strategy, as soon as any mobile target jMT  enters the sensor’s range ib , ib  reports 

this to the leader node instead of the sink node. The leader node kl  aggregates the 

position information collected from the beacon nodes { }wbibib ....,,1, + , where w  is 

the total number of observer nodes which cover the mobile target jMT , and informs 

the sink node. As soon as the mobile target jMT  moves away from any beacon 

nodes’ range ib , then ib  will report this to the leader node. The leader node kl  will 

then re-compute the target’s position and report that to the sink node. Only when the 

mobile target moves away from any beacon’s range, will the leader node report that 

to the sink node. A leader node is chosen every time the mobile target moves away 

from the previous leader. 

The sampling interval in this strategy is lower than in the previous strategies, 

as the leader node needs to aggregate the collected localisation information before 

transmitting it to the sink node. The sampling interval is presented as follows: 

agt
v

tr
si −=  (7-2) 
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where agt is the time needed to collect the localisation information from 

observer nodes. 

Strategy Four: (Prediction based) this strategy includes the aggregation 

strategy 3 with a prediction system in order to reduce the power-consumption of the 

whole network. Most of the energy is consumed during the idle period waiting for 

possible targets. Beacon nodes should spend a minimal time in the active mode and 

stay in sleep mode as long as possible. Therefore, a large amount of energy is saved 

if the system does not require all the beacon nodes to be activated for the whole 

tracking period. 

The prediction system works by computing the velocity and direction of each 

mobile target, based on the localisation information collected from the observer 

node. The leader node has to make these computations and then activate only the 

essential beacon nodes required to track the mobile targets; other beacon nodes stay 

in sleep mode. This strategy is described in detail in the next section. 

7.2.3 System Design  

In this section, an energy saving scheme is presented for target tracking in 

WSNs. The main stages are presented in this section for the 4th strategy as it offers 

the lowest power-consumption, as will be shown in the evaluation section. The main 

stages are depicted in Figure 7-1. 

 

Figure 7-1: Main stages

1. Initial Activation: the beacon nodes are divided based on the activating 

mode, into two main types: sentry and non-sentry nodes. Sentry nodes include a 

small number of beacon nodes which have to stay active all the time in order to 

sense any approaching mobile target. Non-sentry nodes are end-device nodes which 

stay in sleep mode until they are woken up by a leader node. In this phase, all 
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beacon nodes stay in the sleep mode when there are no targets to be tracked in order 

to save power. 

2. Target Detection: unlike localisation sensors which are used in traditional 

tracking systems, binary systems use binary sensors which offer 1-bit of data, 

representing the presence or absence of the mobile target in the sensing range. 

Binary sensors are unable to produce any other information, such as distance to the 

beacon node or direction of arrival. 

The mobile target position q  is estimated through the binary sensor as }{ 1,0∈q , 

where 0=q  when the target is out of the beacon node’s ib  detection range, and 1=q  

when the mobile target is within the range of the beacon node ib . A centroid method 

is used to find the final position for each mobile target. The final position can be 

calculated based on Equations (7-3) and (7-4). 

k

k
i ix

MTx
∑ == 0)(  (7-3) 

 

k

k
i iy

MTy
∑ == 0)(  (7-4) 

where )(MTx , )(MTy  are the x-coordinate and y-coordinate for the mobile 

target MT , and k  is the total number of observer nodes.  

3. Group Aggregation: the proposed system is designed to work with a 

ZigBee network. Therefore, every end-device node in each group belongs to one, 

and only one, router node. The proposed model includes dividing the wireless 

sensor area into small groups. Each group includes a number of end-devices and one 

or more router nodes; the group is represented by a single leader node which has the 

responsibility of aggregating the localisation reports from observer nodes, and 

transmitting the target’s position to the sink node. 

Each group can be in either the active or the inactive state at a specific point in 

time. The active group includes activating all the beacon nodes in that group, while 

the inactive state includes deactivating the beacon nodes in that group. The leader 

node has to have the following characteristics: 
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1. High energy, over a specific threshold. 

2. It has to be a router node. 

3. It has to be in the mobile target’s trajectory. 

4. It has a large number of sub-nodes which sense the mobile target. 

4. Group Leader to Sink Report: after the group aggregation, the leader 

node aggregates the collected readings from end-device nodes and reports a single 

message to the sink node. The aggregation function is typically simple as it needs 

only to find out the average of the mobile target’s position based on the location 

information collected from observer nodes. 

The sink node is responsible for computing the mobile target’s trajectory. A 

Kalman filter is used to establish the mobile targets’. This is a recursive filter that 

assesses the state of a dynamic system from a series of noisy measurements. The 

Kalman filter takes advantage of the dynamics of the target to remove the 

consequences of noise and to offer a good estimation (Ditze et al. 2008). 

5. Prediction and Activation: tracking based on a single beacon node offers 

low localisation accuracy; a group of sensors have to be collaborated in order to 

track and locate the target’s position. A group of end-device nodes needs to be 

activated as soon as one of the group’s members detects a mobile target. Before 

activating a set of beacon nodes, a prediction method has to be applied first in order 

to predict the future movement of the mobile target and then activate the right set of 

beacon nodes.    This stage includes three main phases: A) Prediction mechanism, 

B) Activation mechanism, and C) Recovery mechanism. 

A) Prediction mechanism: the idea of the prediction phase is that a beacon 

node that is not performing the duty of mobile tracking should stay in sleeping 

mode as long as possible. Meanwhile, a beacon node which has a mobile target in 

its range, known as an observer node, should try to wake up the beacon nodes in its 

vicinity to track the mobile target. The leader node is responsible for activating a set 

of beacon nodes in the mobile target’s trajectory based on the speed and direction of 

each mobile target. The prediction is based on the direction and speed of mobile 

targets. The velocity v  can be computed based on Equation (7-5), and direction d  

can be identified based on measuring the distance between two points the mobile 

target passed through.  
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t
ut

p
t

p
v

Δ
+

−
=  (7-5) 

where tp  is the position coordinate for the mobile target at time t , u  is a time 

unit, and tΔ  is the difference between t  and ut + . 

B) Activation mechanism: activation can be achieved as soon as the leader 

node kl  predicts the future movement of the mobile target jMT , then kl  will send 

activating messages to the next leader node 1+kl  in order to activate its sub-nodes to 

track the mobile target. As soon as the new leader 1+kl  or any of its beacon nodes 

detects the mobile target jMT , then 1+kl  will send a confirmation message to inform 

the previous leader kl  that the mobile target is in its vicinity. Meanwhile, the leader 

node kl  requests all sub-nodes to go into deep sleep unless one of them is sensing 

the mobile target. 

The leader node may wake up some destination beacon nodes s  seconds 

before the target enters their area. s  is based on the speed of the mobile target; it is 

usually very small. The activation procedure is based on the mobile target’s velocity 

as it is based on the following equation: 

v

cdst
s

−
=  (7-6) 

where dst  and c is the distance between the target node and the new beacon 

group, and distance constant in order to activate the beacon nodes which set in the 

mobile target’s trajectory. 

In this section, an activation heuristic mechanism is proposed which is used to 

activate a set of beacon nodes. The proposed mechanism called Heuristic 

All_Routers. This mechanism includes activating the beacon nodes in the trajectory 

of the estimated position. Additionally, the observer nodes also inform the router 

nodes surrounding the trajectory in order to wake up their sub-nodes. 

C) Recovery mechanism: the proposed system needs a recovery mechanism to 

relocate the missing mobile target in cases when the beacon node fails or the mobile 
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target is lost. In such a case, the leader node will wake up the previous beacon nodes 

and other leader nodes in its range. In this mechanism, the proposed system applies 

Heuristic All_Routers, but if the All_Routers recovery fails, then the observer node 

will wake up all the beacon nodes in the network for a mobile relocation which 

ensures a 0% missing rate. The beacon nodes can be woken up using a recovery 

message which is transmitted via an ultra low energy paging channel. 

7.3 Implementation  

In the previous section, the design and development are outlined of an energy-

efficient WSN based tracking system. Simulations were carried out in order to 

evaluate the proposed strategies. This section presents the simulation environment, 

network topology, the target model, and the beacon model. The proposed model 

was evaluated using an NS2 simulator. For evaluation purposes, relevant parameters 

from actual sensor devices were collected and fed them into simulation runs. 

Several assumptions were made and are listed below: 

1. Perfect spherical propagation. 

2. Each sensor node is equipped with a simple detection sensor which 

offers two possible values: 0 or 1. 

3. The mobile target’s speed range is 1-5 km/hour. 

4. A single packet is required to carry the localisation information. 

5. The average communication range is 30 m. 

6. Beacon nodes are synchronous. 

7. The aggregation time: agt = 100 ms.  

7.3.1 Network Topology  

The simulation model includes 145 beacon sensor devices in a (120 ×  120 m) 

monitored area. The sensing coverage for end-device nodes is 15 m and is 30 m for 

router device nodes. Table 7-2 includes simulation parameter values. 

The proposed tracking system is based on a ZigBee network standard. Three 

ZigBee components were used in the simulation. The coordinator node works as a 

sink node to collect information from router nodes while router nodes have the 
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responsibility for routing messages between nodes; in addition, each router node 

might work as a leader for a period of time. End-device nodes collect the 

localisation information about the mobile target and transmit their readings to the 

router node. Each end-device node can talk to only one router within on hop. End-

device nodes spend their time in sleep mode to save energy while router and 

coordinator nodes have to be active all the time. The sink node is located at the 

centre of the network; all nodes can reach the sink within an average of two hops. 

Table 7-2: Simulation parameter values 

Parameter name Parameter value 
Detection range 10 m  
Target speed (v) 0.5 - 4 ondm sec/  
Transmission range (tr) 15 m  
InitEng 2.00 hmA .  

rxPower (
rx

p ) 49.00 mA  

txPower (
tx

p ) 44.00 mA  

act
p  12.80 mA  

drm
p  0.0035 mA  

Packet Size 127 bytes 
Simulation time 180 ondssec  
Number of nodes 145 
Antenna type OmniAntenna 
Radio model TwoRayGround 

Grid size 120 ×  120 2
m  

Distance between neighborous  10 m  

Routing protocol AODV 
MAC Protocol MAC/802.15.4 
System loss 1.0 

 

Figure 7-2: Sensor network topology
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7.3.2 Beacon Node Model  

The beacon node model is based on Jennic’s wireless sensor device. Each 

sensor device is equipped with a radio transceiver to communicate with its 

neighbours. A simple localisation device needs to be deployed with each beacon 

node and each sensor node has a local processing unit to process the localisation 

information. End-device and router nodes can perform the localisation operation 

while the sink node has the responsibility of collecting localisation information 

from router nodes and producing a trajectory for each mobile target. 

7.3.3 Mobile Target Model  

In the simulation, it was assumed that the mobile target is a blind target as 

there is no localisation device attached to it. Mobile targets can enter the tracking 

area at four location ranges as shown in Figure 7-2. The entry angle is selected to be 

between -15 and 15 degrees. The mobile targets change the velocity randomly with 

an average speed of around 3 km/h, which matches the walking speed of humans. 

7.4 System Evaluation  

In order to produce a long-term tracking system that meets the requirements 

of several applications, power-efficiency is both essential and critical for WSN 

tracking systems. As stated above, three main issues have to be evaluated. In this 

section, the total number of messages, power-consumption and tracking accuracy 

are evaluated. 

7.4.1 Total Number of Messages  

In this section, the total number of messages transmitted over the network is 

evaluated for the first three strategies. In the first strategy, the observer nodes 

transmit a single message to the sink node every 2 seconds. The total number of 

messages 
loc

nm  which need to be transmitted over the network is presented in 

Equation (7-7). The sampling interval is high, as the sink node needs to be informed 

about the mobile target’s location every 2 seconds, hence 2=si . 

Fewer messages are transmitted in the second strategy as the observer nodes 

have to transmit their readings only when the mobile target enters and leaves their 
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detection range. The total number of messages is presented in the following 

equation with sampling interval 
v

tr
si =  

si

ftnb
loc

nm
⋅

=  (7-7) 

where nb and ft  are the number of observer nodes and the total time of the 

simulation respectively. 

In the third and fourth strategies, each observer node transmits its localisation 

report to a leader node and then a leader node aggregates the localisation 

information from observer nodes and transmits a single report to the sink node. In 

this strategy, two types of message need to be transmitted: local and global.  Local 

messages locnm  include the total number of messages which needs to be transmitted 

among observer and leader nodes, as presented in Equation (7-7). These messages 

do not reach the sink node as they are required to be transmitted to the leader node. 

Global messages glbnm  include the total number of messages which reaches the sink 

node from leader nodes, based on the AODV routing protocol and as presented in 

Equation (7-8). For both equations, the sampling interval is 
v

trsi = . 

si

ft
nm =glb  (7-8) 

Table 7-3 shows the total number of local and global messages transmitted 

over the network for three strategies through different sample frequency values. 

Figure 7-3 presents the total number of messages which needs to be transmitted for 

each strategy. 

Table 7-3: Number of messages transmitted 

Strategy Sampling 
interval 

Local 
messages 

Global 
messages 

Strategy 1 2 381 0 
Strategy 2 4.5 166 0 
Strategy 3 4.5 165 40 
Strategy 3 3.3 218 57 
Strategy 3 6.6 114 29 
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Figure 7-3: Total number of messages for the three strategies 

7.4.2 Power-consumption 

In the previous section, the total number of messages transmitted over the 

network is evaluated. Each transmitted packet requires a specific amount of energy; 

therefore, reducing the total amount of messages transmitted over the network will 

reduce the total power-consumption. In this section, the total energy consumed over 

a period of time for each strategy is evaluated. 

The first strategy offers the worst power-efficient solution, as the sampling 

interval is high. The second strategy offers a reasonably power-efficient system, as 

the sampling interval is lower than the first one.  However, the power-consumption 

P  in both strategies is represented in the following equation: 

( ) ( )( )actPnbn
loc

nmPP ⋅−+=  (7-9) 

 

( ) ( ) h
rx

Pnm
tx

PnmnmP .⎟
⎠
⎞

⎜
⎝
⎛

⋅+⎟
⎠
⎞

⎜
⎝
⎛

⋅=  (7-10) 

where ( )nmP , 
rx

P , and 
tx

P  are the power needed to transmit a number of 

messages nm , the transmission power, and the reception power respectively. 

The collected localisation information from observer nodes is transmitted to a 

leader node in the third strategy; the leader node aggregates the collected 



CHAPTER 7 AN ENERGY EFFICIENT TRACKING APPROACH 
__________________________________________________________________________________________ 

 

 -119-

information and transmits a single packet to the sink node. The power-consumption 

in the third strategy is based on the target speed and is represented in the following 

equation: 

( )( )actPnbnnmpP ⋅⎟
⎠
⎞⎜

⎝
⎛ −+= glb  (7-11) 

where 
act

P  is the power needed for sensor nodes in active mode for every time 

unit. 

As seen in the previous equations, in strategies (1-3) most of the energy is 

consumed while the beacon nodes are in the active mode. The third aggregation 

strategy reduces the power-consumption for the observer nodes but a high level of 

energy is still consumed during the waiting process. The fourth strategy includes 

reducing power-consumption by deactivating beacon nodes that are away from the 

mobile targets’ trajectory. 

In the fourth strategy, only the beacon nodes which sense the mobile target are 

in the active mode; other beacon nodes have to stay in sleep mode. The power-

consumption is represented in the following equation: 

( ) ( )( )drmPnbnactPnsnmPP ⋅⋅⎟
⎠
⎞⎜

⎝
⎛ −++= glb

 (7-12) 

where 
drm

P  is the power needed for sensor nodes in the sleep model for every 

time unit. Figure 7-4 shows the energy required for each strategy within 3 minutes 

of tracking time. Strategy four offers an efficient solution for WSN tracking 

applications. 
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Figure 7-4: Power-consumption for the four strategies 

7.4.3 Tracking Accuracy  

The accuracy of each strategy is evaluated in this section. Figure 7-5 shows 

the actual trajectory for the two mobile targets travelling at different speeds. Figures 

(7-6, 7-7, and 7-8) illustrate the tracking accuracy for the first, second and third 

strategies respectively. 

 

Figure 7-5: Real trajectory
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Figure 7-6: Approximated trajectory for strategy 1 

 

Figure 7-7: Approximated trajectory for strategy 2
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Figure 7-8: Approximated trajectory for strategy 3 

7.5 Discussion  

Tracking mobile targets through WSNs is a vital research area in wireless 

sensor applications while power-consumption is a critical issue in designing and 

developing a tracking system application for tiny sensor networks. In this chapter, 

four different energy efficient schemes were evaluated in order to reduce the power-

consumption for WSN based tracking applications. The first strategy offers the worst 

power-consumption since each observer node has to send its readings to the sink 

node. However, this strategy offers high localisation accuracy but suffers from a high 

packet dropping rate and high congestion in the WSN. On the other hand, the second 

strategy, proposed by Ditze et al. (2008), reduces the overhead communication as the 

observer nodes have to inform the sink node when any target enters and leaves their 

detection area. This strategy offers a lower power-consumption than the previous 

one. 

In the third strategy, a leader node is elected every time the mobile target 

moves to another area. The leader node is responsible for aggregating the 

localisation information from observer nodes and for transmitting it to the sink 

node. This strategy offers lower power-consumption than that presented by Ditze et 

al. (2008), as the leader node transmits its reading when a new observer node senses 

any mobile target.  
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However, the fourth strategy offers the best power efficiency, as it includes 

activating the beacon nodes that are set in the target’s node trajectory while 

deactivating the other sensor nodes. The proposed heuristic mechanism All_Routers 

is an efficient activation heuristic one in terms of activating the right beacon nodes 

with a low missing rate. 

The proposed system achieves a critical advantage over the works proposed in 

(Ditze et al. 2008; He et al. 2008; Vaidyanathan et al. 2004) as it turns off the 

beacon nodes which are not involved in the tracking process. However, the systems 

proposed in (Xu et al. 2004; He et al. 2006; Pattem et al. 2003) include prediction 

based systems that pay no attention to the issue of data aggregation. 

Energy efficient approaches are required for WSN applications, as each sensor 

node has limited energy constraints. The proposed approach in this chapter 

integrates both the data aggregation and prediction methods that offer low power 

consumption for WSN based tracking applications. 

7.6 Summary  

This chapter presented the results of a study concerning tracking, through 

WSNs, multiple mobile targets simultaneously travelling at different speeds, 

concentrating on the trade-offs between the amount of messages which need to be 

transmitted to the sink node, power-consumption and tracking accuracy. In this 

chapter, several energy-efficient schemes for tracking applications are implemented 

and evaluated. The data aggregation and prediction methods offer power-efficient 

solutions for sensor networks and achieve reasonable tracking accuracy. 

A novel aggregation strategy is proposed in Strategy 3 and this is integrated 

with a prediction system in order to reduce the power-consumption for the whole 

WSN. 
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CHAPTER 8 
CONCLUSIONS AND FUTURE WORK 

___________________________________________________________________ 

8.1 Conclusions 

It is quite important to know the position of nodes in a communications 

network where there are a huge number of sensor nodes, but attaching GPS 

receivers or other complicated sensors to sensor nodes would be an expensive and 

impractical solution. In addition, tracking mobile targets is a quite challenging issue 

due to constraints in the communication, computation, and energy features of a 

sensor network. Therefore, investigating economical localisation algorithms for 

WSN is a significant task. 

The work on this thesis has been motivated by the importance of the location 

discovery through WSN field. The research efforts have been directed towards 

designing and implementing localisation algorithms that lead the sensor network to 

be location aware.  

In this thesis, three main issues for tracking applications through WSN’s were 

focussed upon. Firstly, localisation accuracy; two localisation approaches were 

proposed to localise mobile targets with low localisation error. Secondly, network 

standard; a ZigBee based tracking approach was implemented to track multiple 

mobile targets efficiently while using the full ZigBee roles. Thirdly, power-
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consumption: two energy efficient approaches were presented and evaluated, to save 

energy for WSN based tracking applications.  

8.2 Outcomes  

Although a wide range of localisation approaches have been proposed in the 

literature, none of them satisfactorily address all of the algorithms’ requirements in 

such a resource-constrained network. The main impetus of this work was to cover 

some of the gaps in the existing approaches by developing a practical tracking 

application for WSN.  

This work has made contributions for tracking mobile targets through WSN. 

The main purposes of this thesis were to investigate the possibility of enhancing the 

localisation accuracy for RSS based localisation approaches by deploying 

triangulation and fingerprinting methods. Moreover, reducing the power-

consumption required for tracking applications by deploying decentralised, data 

aggregation, and prediction methods was a key concern among several objectives 

listed in the first chapter. Each objective was achieved, as follows: 

8.2.1 Outcome 1: Research current literature  

The review of literature revealed that there was a gap in the previous 

localisation and tracking approaches. The existent published research did not solve 

the issues related to localisation and tracking through WSN, particularly tracking 

through ZigBee standard. The majority of the literature was mainly based on 

simulation experiments, with little attention given to real experiments. This adds 

some limitations when deploying these systems in real situations. Chapter 2 pointed 

out the direction for designing and implementing an efficient tracking system in 

terms of localisation accuracy and power-consumption. 

8.2.2 Outcome 2: Improve localisation accuracy  

As stated in the literature, most of the existing RSS based approaches are 

designed to be implemented in outdoor environments. Some others require a 

specific spherical radio propagation assumption. Therefore, these systems are not 

efficient solutions for indoor tracking applications. 
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This objective was achieved by proposing two RSS based localisation 

approaches. Firstly, a triangulation based approach was proposed in Chapter 3. This 

system offers reasonable localisation accuracy in indoor environments with 

obstacles, by predicting the environment characteristics in the tracking area.  

Secondly, a fingerprinting based approach was proposed in Chapter 4. The 

implemented system offers good localisation accuracy for indoor tracking 

applications, and reduces the total time required for the offline phase. 

8.2.3 Outcome 3: Achieve low power-consumption for tracking 
large numbers of mobile targets 

This objective was achieved in Chapter 5. The designed system includes 

grouping the mobile targets in the tracking area, and selects a single leader mobile 

for each group. The proposed system achieves lower power-consumption than the 

existing centralised and decentralised approaches. 

The proposed system was implemented using NS2 simulation model, and 

compared with two existing systems. It was shown that the proposed decentralised 

approach offers low power-consumption with reasonable localisation accuracy.  

8.2.4 Outcome 4: Propose a ZigBee based multiple mobile 
tracking approach  

The fourth objective was to design and implement a ZigBee based tracking 

approach for tracking the position of multiple mobile targets simultaneously. This 

was achieved by the system designed and implemented in Chapter 6. The proposed 

system includes 5 main stages, and overcomes several problems for the existing 

ZigBee based approaches. This system integrates end-device nodes in the tracking 

process in order to reduce the energy-consumption for the ZigBee based tracking 

approaches. Moreover, take the advantages for the distributed end-device nodes 

when the density of router nodes is low.  

The tracking system has three significant advantages compared with those in 

the existing literature. Firstly, the system is robust, and offers reasonable 

localisation information. Secondly, in order to address the energy efficiency, the 

system achieves minimum power-consumption as it is deployed using the full 
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ZigBee roles (coordinator, router, and end-device nodes). Thirdly, the system 

overcomes the interference problem by proposing a time management method. 

8.2.5 Outcome 5: Propose an energy-efficient approach for 
tracking applications 

The issue of energy efficiency is a critical one for tracking applications, and 

more power-efficient solutions have received significant attention in recent years. 

The tracking system has to be an energy efficient one. Practically, that means 

requiring little computation, especially in terms of communication.  

As stated previously, two problems have to be taken in consideration before 

designing and implementing an energy-efficient tracking approach: power-

consumption, and tracking accuracy. For the first problem, a novel data aggregation 

method was proposed and integrated with a prediction model in Chapter 7. On the 

other hand, for the second problem, a centroid approach was deployed to estimate 

the mobile targets’ locations. Through simulation experiments, it was shown that 

the proposed system requires minimum power-consumption while offering 

reasonable localisation accuracy. 

8.2.6 Outcome 6: Implement the proposed approaches 

Two experimental environments were used to implement and test the 

efficiency of the proposed approaches. 

1. Real experiments: the proposed approaches in Chapters 2, 3, and 6 

were implemented using Jennic sensor nodes.  

2. Simulation experiments: NS2 simulation model was used to test the 

efficiency for the approaches proposed in Chapters 4 and 7.  

8.2.7 Outcome 7: Publish the proposed work 

It was essential in this thesis to test the implemented work. The finding from 

the surveys described in this thesis was presented at an academic conference, 

namely the Convergence of Telecommunications Networking and Broadcasting 

(2007). A journal paper was also published by the International Journal of 

Advanced Mechatronic Systems (2008). One more conference paper was published 

at academic international conference, namely Automation and Computing. Another 
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paper was accepted for presentation at IECON09 conference of the IEEE Industrial 

Electronics Society (2009). 

8.3 Potential Extensions of the Research 

The findings of the thesis have certainly opened doors for more research work 

to be carried out in the area of tracking mobile targets through WSN. One of the 

most important developments and improvements that should be considered in future 

research is to improve the localisation accuracy of the proposed tracking system by 

using other localisation technologies, such as ultrasound. The proposed approaches 

in this thesis should be extended to be deployed in a larger area, which could 

include a large, multi-storey building. This is important to test the accuracy and 

efficiency of the proposed tracking system in a large area. 

Future investigation could be done to extend the proposed power-efficient 

system to multiple-target scenarios, in addition to implementing the proposed 

approach on real sensor nodes. The future work includes implementing the proposed 

system in real sensor networks, and testing the efficiency of tracking multiple 

mobile targets through a WSN, while achieving low power-consumption. 

One of the most important developments and improvements that should be 

added to a future fingerprinting approach proposed in Chapter 4, is to improve the 

autonomous segmentation process by adopting Artificial Intelligence, in addition to 

increasing localisation accuracy by focusing on other localisation methods 

.
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