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ABSTRACT 

Recently, in most of the developing countries like Tanzania, life expectancy and the 

inherent costs of caring for an aging population are increasing. These have put an 

enormous demand on the health care systems and have driven the advancement of 

technology-based sensor devices that can remotely monitor key vital life signs. These 

advancements enabled proliferation of wireless sensor networks. These sensor 

networks are capable of monitoring and controlling environments remotely, thereby 

reducing the workload of medical care. Body area networks (BAN) have 

revolutionized the remote patient monitoring system. Sensors implanted in the body 

collect the vital life sign data and report any anomaly to a physician via wireless 

technology.  

In this dissertation, a performance study of   zigBee/IEEE 802.15.4 standard for 

BAN was done through simulation using OPNET Modeler based on three zigBee 

network topology formations (cluster, mesh and star). Analysis of these topologies in 

various scenarios was done to compare them based on different performance metrics 

including throughput, data traffic sent, data traffic received, load and end-to-end. 

Simulation results show that the zigBee/IEEE 802.15.4 has better throughput and 

network usage when cluster topology is used compared to star and mesh topologies. 

Similarly its traffic sent, traffic received, load and end –to-end delay were better than 

other two topologies. Hence cluster topology can be used with efficiency in WBAN 

for patient vital signs monitoring. 
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CHAPTER ONE 

GENERAL INTRODUCTION 

1.1 Background Information to the Problem 

Wireless networking is the fastest growing segment of the networking industry. 

Recent advancements in wireless networking enabled proliferation of wireless sensor 

networks. These sensor networks are capable of monitoring and controlling 

environments. This finds several potential applications in medical industry and one 

of the most primary applications is Wireless Body Area Network (WBAN). WBAN 

has revolutionized the patient monitoring system. 

 Nevertheless there are numerous challenges in the design of these systems, as they 

need to provide the right formation of network topology, reliable data delivery in a 

timely manner and consume less power. Wireless Body Area Network is formally 

defined by IEEE 802.15 as, "a communication standard optimized for low power 

devices and operation on, in or around the human body (but not limited to humans) 

to serve a variety of applications including medical, consumer electronics / personal 

entertainment and other" (IEEE, 2010). In common terms, Wireless Body Area 

Network is a system of devices in close proximity to a person’s body that cooperate 

for the benefit of the user.  

A Wireless Body Area Network consists of small, intelligent devices attached on or 

implanted in the body which are capable of establishing a wireless communication 

link. These devices provide continuous health monitoring and real-time feedback to 

user or medical personnel. Furthermore, the measurements can be recorded over a 

longer period of time improving the quality of the measured data. Interaction with 

the user or other persons is usually handled by a personal device, e.g. a Personal 

Digital Assistant (PDA) or a smart phone which acts as a sink for data of the wireless 
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devices. IEEE 802.15.4 is a standard defined by the IEEE for low-rate (LR) WPANs. 

A LR-WPAN is a simple, low cost communication network that allows wireless 

connectivity in applications with limited power and relaxed throughput requirements. 

The main objectives of a LR-WPAN are ease of installation, reliable data transfer, 

short-range operation, extremely low cost, and a reasonable battery life (Khan, et al, 

2010). Like all IEEE 802 standards, the IEEE 802.15.4 standard encompasses only 

those layers up to and including portions of the data link layer (DLL) i.e., the 

standard defines the PHY and the medium access layer (MAC). In particular it 

defines two PHYs representing three license-free frequency bands that include 

sixteen channels at 2.4 GHz, ten channels at 902 to 928 MHz, and one channel at 868 

to 870 MHz. The maximum data rates for each band are 250 kbps, 40 kbps and 20 

kbps, respectively. The 2.4 GHz band operates worldwide while the sub-1 GHz band 

operates in North America, Europe, and Australia/New Zealand.  

The IEEE standard is intended to conform to established regulations in Europe, 

Japan, Canada and the United States (Khan et al, 2010). The main features of this 

standard are network flexibility, low cost, very low power consumption, and low data 

rate in an ad hoc self-organizing network among inexpensive fixed, portable and 

moving devices. It is developed for applications with relaxed throughput 

requirements which cannot handle the power consumption of heavy protocol stacks. 

 

1.2 Statement of the Problem 

The increasing life expectancy in most developing nations and the inherent costs of 

caring for an aging population have driven the advancement of technology-based 

sensor devices that can remotely monitor key vital life signs. Traditional methods of 

monitoring the health of human patients have meant wired connectivity to static 
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measuring equipment, usually hospital-based. This requires the patient to be static for 

fixed periods of time and involves the close supervision by health practitioners. 

Patients recovering from critical illnesses are kept in hospital for long periods of time 

tying up beds and health practitioners’ time. According to UN statistics, United 

Nations Information Service (UNIS, 2002) indicated that the worldwide population 

of those over 60 is predicted to reach 2 billion by 2050. Providing care for these will 

be a major challenge, hence it will be important in the coming years to develop 

technology which can reduce the workload on the caregivers. The development of 

wireless sensors that can be placed either inside or on the human body, coupled with 

the remote healthcare management of patients, has the potential to revolutionize 

health management in the 21st century. This technology could offer step-changing-

improvements in patient’s quality of life with positive effects on mobility and ability 

to conduct everyday activities.  

It can be argued that innovation in healthcare ultimately has to be justified on three 

grounds, namely efficacy, efficiency and safety (Gardner et al, 2010). These three 

grounds determine the requirements of Remote Patient Monitoring on hospital. 

However, it is argued that monitoring patients’ vital signs is typically viewed as a 

mundane aspect of nursing care which is frequently delegated to healthcare 

assistants, whose varying levels of training provoke concerns regarding accuracy and 

interpretations of data (Al-Dorz, et al, 2010). The MobiHealth a project led by the 

University of Twente & Ericsson GmbH provides a good example of this type of 

architecture where a patient’s specific vital signals, e.g., respiration efficiency and 

heart rate, are monitored via a Wireless Body Area Network (WBAN).  

Many projects have been done in the area including (eHealth, pHealth, mHealth and 

MH4ALL) researching  much on the type of sensor that has minimal radiation which 
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cannot harm the human, designing and implementing WBAN that incorporate many 

sensors in a seamlessly manner (Waluyo, et al, 2010). However few researches have 

been done on WBAN as described in section 2.3 which were a motivation behind 

choosing the study on the performance of the Wireless Sensor Technology (zigBee 

standard) on WBAN systems. 

 

1.3 Research Objectives 

1.3.1 General Objective 

The main objective of this dissertation is to analyze the performance of IEEE 

802.15.4/zigBee standards for Wireless Body Area Network. 

 

1.3.2 Specific Objectives 

1. To study different IEEE 802.15.4/zigBee network topology formations and 

their parametric characteristics related to WBAN. 

2. To assess the performance of IEEE 802.15.4/ zigBee topology formations 

(star, mesh and cluster)  for WBAN based on parameters such as throughput, 

end to end delay, data traffic sent, data traffic received and load. 

3. To determine the IEEE 802.15.4/ zigBee topology formation with better 

performance parameters such as throughput, traffic sent, traffic received, load 

and end to end delay for WBAN applications. 

 

1.4 Research Questions 

1. What are the IEEE 802.15.4/zigBee network topology formations and their 

parametric characteristics in relation to WBAN? 
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2. How do the IEEE 802.15.4/ zigBee topology formations perform for WBAN 

application based on parameters such as throughput, end to end delay, data 

traffic sent, data traffic received and load? 

3. Which of the IEEE 802.15.4/ zigBee topology formation has better 

performance parameters such as throughput, traffic sent, traffic received, load 

and end to end delay for WBAN applications? 

 

1.5 Scope of the Study 

This research will be based on study and simulation using scientific computer 

simulation software. OPNET Modeler Windows based simulators for Wireless 

Sensor Networks (WSN), Wireless Body Area Networks (WBAN) and generally 

networks of low-power embedded devices will be used to study the performance of 

IEEE/zigBee topology formations for WBAN 

 

1.6 Significance of the Study 

The dissertation aimed at studying the performance of IEEE/zigBee topology 

formations (cluster, mesh and star) and determine which topology suit for WBAN 

application in health monitoring. This is due to the fact that the use of hospital-based 

facilities for the monitoring of chronic physiological conditions is expensive and ties 

up key healthcare professionals.  

The research will also promote the use of ICT in health sector based on National ICT 

policy and e-Government strategy so as to improve services delivery and data 

management in health sectors. The use of wireless sensor network for monitoring 

purpose will not only reduce the overall monitoring system cost in terms of facilities 
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setup and labor cost, but will also provide flexibility in terms of distance or 

location/remoteness.  

On the other side, the research has academic significance as it will lead for the 

fulfillment of the degree program. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 

CHAPTER TWO 

LITERATURE REVIEW 

2.1 General Definition of Wireless Body Area Network 

According to the World Health Organization (WHO) report, 17.3 million people died 

in 2008 from cardiovascular disease (CVD), heart attacks and strokes. 80% of 

deaths took place in low and middle income countries (Hughes et al, 2002). By 

2030, WHO estimates that almost 23.6 million people would die from CVD. If the 

major risk factors for chronic diseases were eliminated, around three quarters of 

heart disease, stroke and type 2 diabetes would be prevented. 

 These statistics help define the context in which WBAN technology could make a 

major contribution to the management of life threatening diseases and increase 

patients’ quality of life. Constant monitoring via WBAN technology has the potential 

to highlight key indicators in the progression of CVD and ensure adequate early 

warnings based on sensed data that is transmitted to health practitioners. Wireless 

Body Area Network (WBAN) is defined as a network consisting of several small 

devices either wearable, or implanted into the human body (Jaff, 2009). In general 

there is an increasing demand for continuous patient monitoring. Body Area 

Networks (BANs) are expected to be a basic infrastructure element for electronic 

health care. In most cases medical monitoring require more than one sensor to be 

attached to the human body, e.g. stroke patients should observe blood pressure 

values, parameters related to blood oxygen saturation, temperature and weight on a 

long-term basis. The devices communicate wirelessly through using a certain 

wireless communication technology such as Bluetooth, zigBee, UWB, etc.  

Some of these devices have sensing capability, and they are commonly referred to as 

WBAN sensor nodes. Each sensor node is typically capable of:  
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1. Sensing one or more physical, physiological, chemical, or biological signals 

from the body or its surrounding environment;  

2. Processing these signals (e.g., amplification, conditioning, digitization, 

filtering, and feature extraction); 

3. Storing the processed data; and  

4. Transmitting the data through the wireless network to a central processing 

device known as Personal Server (also called “body gateway” or “sink 

node”).  

The Personal Server (PS) is a more powerful device (e.g., mobile phone, PDA, 

pocket PC, or wearable minicomputer) which is responsible to collect and process 

the data generated by the WBAN sensor nodes. Depending on the application, the PS 

may provide direct feedbacks (through visual or vocal user interface) to the user 

based on the data collected from the sensors, or it may forward the data through a 

wireless network (e.g.WiFi, GSM, GPRS, UMTS, etc) to a remote server. Here is 

where the data can be processed further and displayed in real-time for user’s 

inspection and/or stored in a database/file system for post-analysis. 

 

2.2 Components and System Overview  

As shown in Figure 2.1, the BAN concept enables wireless communication between 

several miniaturized, intelligent Body Sensor Units (BSU) and a single Body Central 

Unit (BCU) worn at the human body. The BAN data can be accessed online through 

a separate wireless transmission link from the BCU to a network access point, using 

different technology, (e.g. WLAN, GPRS etc). This way a patient wearing a BAN 

can be monitored externally at all times. Measurement data can regularly be stored in 

a medical server, a physician can check up on a patient whenever needed, and in case 
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of an emergency an immediate response unit will be alerted. Alerts can be triggered 

by the patient himself or by highly irregular measurement data. 

 

Figure 2.1: The architecture of a wireless body area network 
Source: Dharshana Vijayaraghavan, 2011. 

 

2.2.1 WBAN Applications 

WBAN is an emerging enabling technology with a broad range of potential 

applications and use cases in diverse application domains including medical, fitness 

and wellness management, military, safety and security, sports, social networking 

and entertainments. In medical domain, a WBAN of medical sensors can be used in 

different scenarios, for example, for sleep staging (De Vicq et al, 2007), for 

computer-assisted physical rehabilitation (Jovanov et al, 2005), for monitoring 

patient at home (Milenkovic et al, 2006), at hospital (pHealth, 2007), or anywhere. In 

fitness and wellness management, a WBAN of physical and physiological sensors 

can be used by health enthusiasts who wish to track their fitness and improve their 

wellbeing. In military domain, WBAN has a wide spectrum of possible applications. 

For instance, WBAN of sensors and actuators worn on the body of soldiers can help 
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commanders not just to acquire real-time information about the location and 

physiological status of their soldiers while in battle fields or during extensive 

trainings, but also to send instructions /commands to the soldiers in real-time. In 

safety and security domain, a WBAN of wearable biosensors can be used, for 

instance, for monitoring firefighters or hazardous material workers (using hazmat 

sensors), or for detecting chemical and biological attacks, or for automatic 

identification and authorization (e.g., using RFID tags), etc. 

In sports domain, WBAN of physical and physiological sensors worn on the body of 

athletes can be used, for instance, by coaches/trainers to remotely monitor the 

physical activities and physiological status of the athletes during trainings/exercises 

or during real matches. In social networking and entertainments domain, WBAN can 

be used for exchanging digital profile or business cards, match making (hobby, 

interest, game, and community member), creating groups with same preference and 

emotion. IEEE Association dedicated a special Task Group (TG) within the 

organization to develop and standardize technologies for BAN (Body Area 

Network). The task group belongs to IEEE 802.15 standard family and named TG6 

( IEEE 802.15 TG6-BAN). The IEEE 802.15 TG6 was formed in November 2007. 

TG6 has defined many proposal applications and use cases of BAN. In general, the 

applications are classified into two types: Class A: Medical applications and Class B: 

Non-medical applications. 

 

2.2.2 WBAN for Health Monitoring  

A WBAN for health monitoring consists of multiple sensor nodes that can 

measure and report the user’s health state. These sensor nodes are strategically 

placed on the human body. The exact location and attachment of the sensor nodes on 
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the human body depend on the sensor type, size, and weight (Jaff, 2009). Sensors can 

be worn as stand-alone devices or can be built into jewelry, applied as tiny patches 

on the skin, hidden in the user’s clothes or shoes, or even implanted in the user’s 

body. The exact number and type of the sensors used in a WBAN for health 

monitoring depend on the end-user application and may include a subset of the 

following sensors.  

(i) Accelerometer-based motion sensors to estimate type and level of user’s 

activities 

(ii)  A location sensor (e.g., GPS) to track user’s location 

(iii)  A blood glucose level sensor 

(iv) A temperature sensor for monitoring body temperature 

(v) An EEG sensor for monitoring brain electrical activity 

(vi) An EMG sensor for monitoring muscle activity 

A typical WBAN sensor node contains six main hardware components: sensing 

unit, Analog-to-Digital Convertor (ADC), power supply unit (usually battery), 

processing unit, storage/memory unit, and communication unit (typically radio 

transceiver). In addition, some sensor platforms are augmented with actuator(s). 

An actuator is a device to convert an electrical signal to a physical action. 

Examples of actuators include servo motors, insulin pump, digital switches, flaw 

control valves, etc. 

 

2.3 Research Projects  

2.3.1 Human ++ Project  

A project conducted by IMEC, IMEC's Human++ research program develops generic 

technologies to improve the functionality of therapeutic and diagnostic devices. 
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Building blocks for the body area network will be able to provide medical, sports and 

entertainment functions to the user. A cornerstone in this research is the realization 

of a body area network, consisting of sensors/actuators communicating with a 

personal digital assistant to monitor a person's health. 

 

2.3.2 A Noninvasive Wireless Body Area Network 

A project by the Eidgenössische Technische Hochschule (ETH), Institute of 

Technology Zurich. The principle research goal of the project is the design, 

optimization and demonstration of a non-invasive WBAN with unprecedented 

energy efficiency, unobtrusiveness, scalability, and cost structure.  A BAN connects 

independent nodes (e.g. sensors) dispersed in the clothing. It is an indispensable 

element of wearable computing and has rich applications in home/health care, sports, 

defense, ambient intelligence, pervasive computing and many other areas. 

 

2.3.3 Body Area Network -A “Healthy Aims” project 

A project under Healthy Aims led by Zarlink Semiconductor Inc. Healthy Aims is an 

EU Framework VI project including 26 partners, including 6 SMEs (Small and 

Medium-sized Enterprises), across 9 EU countries. These partners will develop a 

range of medical implants to help the aging population and those with disabilities. 

The project is funded under the Information Society Technologies (IST) 

Microsystems programmed and combines experts from a wide range of disciplines. 

As a partner in the “Healthy Aims” project, Zarlink is developing novel in-body 

antenna designs and ultra low-power communications systems for BANs. 
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2.3.4 CodeBlue: Wireless Sensor Networks for Medical Care  

A project led by the Division of Engineering and Applied Sciences, Harvard 

University. The CodeBlue project is exploring applications of wireless sensor 

network technology to a range of medical applications, including pre-hospital and in-

hospital emergency care, disaster response, and stroke patient rehabilitation. Recent 

advances in embedded computing systems have led to the emergence of wireless 

sensor networks, consisting of small, battery-powered "motes" with limited 

computation and radio communication capabilities. Sensor networks permit data 

gathering and computation to be deeply embedded in the physical environment. This 

technology has the potential to impact the delivery and study of resuscitative care by 

allowing vital signs to be automatically collected and fully integrated into the patient 

care record and used for real-time triage, correlation with hospital records, and long-

term observation. The research focused on the following areas:  

(i) Integration of medical sensors with low-power wireless networks. 

(ii)  Wireless ad-hoc routing protocols for critical care; security, robustness, 

prioritization. 

(iii)  Hardware architectures for ultra-low-power sensing, computation, and 

communication. 

(iv) Interoperation with hospital information systems; privacy and reliability 

issues. 3D location tracking using radio signal information.  

(v) Adaptive resource management, congestion control, and bandwidth allocation 

in wireless networks. 
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2.3.5 TelemediCare  

A project conducted by SINTEF. The TelemediCare system will improve the quality 

of home-based care and medical treatment, through the development of a new 

generation of open platform telemedicine solutions. The project will introduce 

Medical Net Instruments, which implies that patients will receive 24-hour real-time 

medical monitoring in their own home. Advanced and reliable sensors on the body 

will supply high quality medical data. These data are sent to the patient’s computer 

through wireless communication. The computer will analyse and store the data. 

Intelligent software will trigger medical supervision, treatment or care by 

establishing two-way communication over the Internet with remote, "arrive-on-call" 

treatment/care providers. The system’s functionality is based on profound knowledge 

and understanding of the health care system throughout Europe. Development and 

demonstration is done in close co-operation with experienced telemedicine users in 

Sweden, Norway and Greece. 

 

2.3.6 WsHC  

Wireless Health and Care (WsHC) is a multi-disciplinary, collaborative research and 

development (R&D) project. Its aim was to develop prototype products and services 

within the health services based on wireless communication: Collection of sensor 

data via Bluetooth, ZigBee or specially designed radio protocols; data transfer to and 

from implantable probes; distribution of data to health personnel; and 

communication between health personnel. 
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2.3.7 UbiMon 

The UbiMon (Ubiquitous Monitoring Environment for Wearable and Implantable 

Sensors) project, funded by DTI, aims to provide a continuous and unobtrusive 

monitoring system for patients in order to capture transient but life threatening 

events. UbiMon is aimed at addressing general issues related to using wearable and 

implantable sensors for distributed mobile monitoring. As an exemplar, the value of 

the research is to be demonstrated in the management of patients with arrhythmic 

heart disease. This is motivated by the fact that cardiovascular disease remains the 

major cause of mortality and morbidity in the industrialized world despite significant 

progress in its prevention and treatment. Clinically, there is a growing need for 

continuous monitoring under natural physiological states of the patient so that 

transient but life threatening abnormalities to be detected or predicted. The project is 

conducted by the department of Computing, Imperial College London, UK. The 

objectives of the project were to develop:  

(i) Techniques for portable communicator interactions with implantable sensors 

and interventional devices.  

(ii)  A wearable communicator performing multi-sensor interfacing.  

(iii)  Automated techniques for integrating multi-sensory data leading to an 

intervention strategy.  

 

2.4 Wireless Communication Technologies 

The main challenge in designing standards for WBANs is the balance of Quality of 

Service (QoS) demands with the low power constraints of battery powered nodes. A 

number of low power standards have been used in WSN/WBAN research as well as 

for commercial applications, all of which go some way in partly satisfying the 
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requirements for life signs monitoring. Some low power standards designed to 

support low power sensing have been adapted for healthcare applications. This 

section presents, discusses and compares different short-range only, however there 

exit long-range wireless communication technologies which could be used in a 

WBAN system for remote body monitoring. Technical overview of several short-

range standard wireless technologies as candidates for intra-BAN communications 

(i.e., for the communications between the entities within a Body Area Network) 

are given and highlights their advantages and disadvantages from a BAN 

perspective. 

 

2.5 Short-Range Wireless Technologies for intra-BAN Communications 

The Institute of Electrical and Electronics Engineers (IEEE) 802.15 is the 15th task 

group of IEEE 802 and the task group specialize in Wireless Personal Area Network 

(WPAN). This task group is divided into seven task groups numbered from 1 to 7. 

Short Range Wireless Technologies for intra-BAN Communications falls on this task 

group. The standard WPAN technologies include: Bluetooth, Ultra Wideband 

(UWB), which is a WLAN (zigBee and Wi-Fi) will be discussed and provide a side-

by-side comparison of  the  candidate  technologies  and  give  motivations  for  

using  zigBee  in  the proposed WBAN system. 

 

2.5.1 IEEE 802.15.1 (WPAN/Bluetooth)  

Bluetooth is a short-range wireless communication technology originally developed 

by Ericsson and its partners in the Bluetooth SIG (Special Interest Group) in 1998, 

which later has been standardized by the IEEE 802.15 WPAN Task Group 1(TG1), 

and given a standard name, IEEE 802.15.1. The IEEE 802.15.1 standard is derived 
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from the Bluetooth specification (version 1.1). In fact they have just added two 

clauses to the existing specification; WPAN architecture overview and Service 

access points (SAPs). In other words, the 802.15.1 standard presents a wireless 

personal area network (WPAN) that utilizes the Bluetooth wireless technology 

(Liang et al, 2007). A PAN is defined as a computer network used for 

communication among computer devices close to one person. A Bluetooth WPAN 

has a limited life span. It is created in an ad hoc manner whenever an application in a 

device desires to exchange data with matching applications in other devices. In each 

Bluetooth device, there is a radio microchip. When two Bluetooth- enabled devices 

want to exchange data between them, they will use their radio transceivers to 

transmit and receive radio signals (carrying the data) according to the Bluetooth 

protocol. Since Bluetooth uses radio signals for communications which can penetrate 

solid objects (like walls, doors, etc) and get propagated in all directions, Bluetooth 

devices do not need to be in line of sight of each other in order to communicate.  

The Bluetooth WPAN may cease to exist when the applications involved have 

completed their tasks and no longer need to continue exchanging data. The Bluetooth 

wireless technology uses a short-range radio link that is optimized for power-

conscious, battery-operated, small size, lightweight personal devices. Bluetooth 

radio operates in unlicensed 2.4GHz ISM (Industrial, Scientific and Medical) 

frequency band and supports up to seven simultaneous physical links at a peak 

data rate of 720kbit/s (or up to 3Mbit/s with Bluetooth version 2.1) over a maximum 

distance of 10m. 

Bluetooth Limitations and Shortcomings; 
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(i) Power consumption: Bluetooth is likely to consume too much power and 

time due to lengthy FH synchronization procedures. Hence, weeks of battery 

life may not be feasible. 

(ii)  Networking limitations; 

Network Formation : Automatic network formation is not supported, and when the 

master  of  an  established  network  moves  away,  the  entire  network  collapses, 

which conflicts with the requirements of dynamically changing networks. 

Network size and Topology: only single piconets are supported by the Bluetooth 

PAN profile. Scatternet is defined but rarely used in practice. In addition, Bluetooth 

supports up to 8 nodes in a network (piconets). In contrast, zigBee supports up to 

64K (i.e. 65536) nodes in a network. 

Connection Setup: Starting up a connection is rather slow, i.e. up to the order of 

five seconds. Lengthy inquiry procedures interrupt on-going communications and 

data transfers. In addition, a Bluetooth Inquiry will fail if both devices are 

simultaneously in Inquiry State. 

(iii)  Complex and heavy protocol stack. 

Extra Overheads:  extra memory and processing resources are required to implement 

Bluetooth stack which may not be available for the resource-restricted sensor devices 

typically used in BAN applications. 

 

2.5.2 IEEE 802.15.3 (High-Rate WPAN / Ultra Wideband (UWB)) 

IEEE 802.15.3 is standard for high data rate WPAN designed to provide Quality of 

Service (QoS) for real time distribution of multimedia content like video and music. 

It is initially intended for a home multimedia wireless network. The original standard 

uses a traditional carrier-based 2.4 GHz radio as the physical layer (PHY). But a 
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sister standard, 802.15.3a, is on the way. It will define an alternative PHY, based on 

UWB, which will provide in excess of 110 Mbps at a 10m distance and 480 Mbps at 

2m (S.S Bamber, 2010). UWB technology for Personal Area Networks (PAN) offers 

a unique combination of low power consumption (~1mW/Mbps) and high data rate 

(up to 480 Mbps). These features make UWB well suited for WBAN applications, 

especially those with high bandwidth and low power consumption requirements. 

Unlike WLAN (IEEE 802.11) and Bluetooth (IEEE 802.15.1), UWB (IEEE 

802.15.3) uses single-carrier PHY in order to reduce complexity and power 

consumption. And, instead of using spread-spectrum techniques, the original IEEE 

802.15.3 PHY couples Trellis-Coded Modulation (TCM) with multi-bit symbols at 

11MBaud and achieves 11 to 55Mbit/s peak data rate over a range of 10 to 30 meters 

(Yuanlong, 2010). According to WiMedia Alliance, “WiMedia UWB” and “Wireless 

USB” are two emerging standards based on UWB technology governed by WiMedia 

Alliance. WiMedia UWB is a low-power, high speed ultra-wide band (UWB)  

technology  which  allows  for  data  rates  up  to  480Mbps  at  ranges of several 

meters and a data rate of approximately 110 Mbps at a range of up to 10 meters. 

 

2.5.3 IEEE 802.15.4 (Low Rate WPAN) 

IEEE 802.15 WPAN low rate task group 4 (TG4) defined zigBee as a low-power, 

low-cost, low-rate, short-range wireless technology which built on top of the IEEE 

802.15.4 WPAN standard. It is developed for applications with relaxed throughput 

requirements which cannot handle the power consumption of heavy protocol stacks. 

The standard gets its name from the domestic honeybee, which are individually 

simple organisms that work together to tackle complex tasks (Lewis, 2004). The 

main objectives of a LR-WPAN are ease of installation, reliable data transfer, short-
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range operation, extremely low cost, and a reasonable battery life (IEEE. (2010)). 

The IEEE 802.15.4 PHY uses Direct Sequence Spread Spectrum (DSSS) to fight 

against the potentially high interference levels in the unlicensed frequency bands 

used. Two physical layers are defined depending on the frequency band: the 

868/915MHz PHY and the 2,450MHz PHY. The  following table shows  some  of  

their  characteristics  including  maximum  data  rate  and geographical coverage. 

Table 2.1: Table of Frequency, Data Rate, and Number of Channels in the ISM 
Bands 

 BAND COVERAGE DATA 

RATE 

NUMBER 

OF 

CHANNELS 

DATA 

MODULATION 

2.4GHZ ISM World Wide 250kbps 16 BPSK 

868MHz - Europe 20kbps 1 BPSK 

915MHz ISM American 40kbps 10 16-ary 

Orthogonal 
Source: IEEE –Standards Association, Standard for Local and metropolitan area 

networks 

A WPAN system consists of several components. A device can be a full-function 

device (FFD) or reduced-function device (RFD). A network shall include at least one 

FFD, operating as the PAN coordinator. The FFD can operate in three modes: a 

personal area network (PAN) coordinator, a coordinator or a device. An RFD is 

intended for applications that are extremely simple and do not need to send large 

amounts of data. An FFD can talk to RFDs or FFDs while an RFD can only talk to an 

FFD. A RFD is intended for applications that are extremely simple, such as a light 

switch or a passive infrared sensor; they do not have the need to send large amounts 

of data and may only associate with a single FFD at a time. Because of that, the RFD 

can be implemented using minimal resources and memory capacity. 
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2.5.4 ZigBee 

The main features of this standard are network flexibility, low cost, very low power 

consumption, and low data rate in an ad hoc self-organizing network among 

inexpensive fixed, portable and moving devices. It is developed for applications with 

relaxed throughput requirements which cannot handle the power consumption of 

heavy protocol stacks. The standard gets its name from the domestic honeybee, 

which are individually simple organisms that work together to tackle complex tasks 

(Lewis, 2004). The zigBee Alliance is a consortium of leading semiconductor 

manufacturers, technology providers, original equipment manufacturers (OEMs) and 

end-users worldwide that have developed a common standard for wireless 

networking of sensors and controllers. The alliance has of Quarter one (Q1) 2005 

over 150 members including eight promoters Ember, Freescale, Honeywell, 

Invensys, Mitsubishi, Motorola, Philips, and Samsung (Lewis, 2004). While other 

wireless standards are concerned with exchanging large amounts of data, zigBee is 

built for devices that have smaller throughput needs. The other driving factors are 

low cost, high reliability, high security, low battery usage, simplicity and 

interoperability with other zigBee devices. 

 

Figure 2.2:  zigBee stack architecture 
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The zigBee Network Layer (NWK) is responsible for Network management 

procedures (e.g. nodes joining and leaving the network), security and routing 

(Callaway, 2004). It also encloses the neighbor tables and the storage of related 

information (Callaway, 2004). The NWK Layer provides one set of interfaces, the 

Network Layer Data Entity Service Access Point (NLDESAP) used to exchange data 

with the APS. IEEE 802.15.4/zigBee devices can be classified into Full Function 

Devices (FFD) implements the full IEEE 802.15.4/zigBee protocol stack and 

Reduced Function Devices (RFD) implement a subset of the protocol stack (Jurcik, 

2004).  

Regarding the devices role in the network, zigBee defines 3 types of devices forming 

zigBee/IEEE 802.15 topology:  

(i) zigBee Coordinator (ZC): One for each zigBee Network; Initiates and 

configures Network formation; Acts as an IEEE 802.15.4 Personal Area 

Network (PAN) Coordinator; Acts as zigBee Router (ZR) once the network is 

formed; Is a Full Functional Device (FFD) – implements the full protocol 

stack; If the network is operating in beacon-enabled mode, the ZC will send 

periodic beacon frames that will serve to synchronize the rest of the nodes. In a 

Cluster network all ZR will receive beacon from their parents and send their 

own beacons to synchronize nodes belonging to their clusters.  

(ii)  zigBee Router (ZR): Participates in multi-hop routing of messages in mesh and 

Cluster networks; Associates with ZC or with previously associated ZR in 

Cluster topologies; Acts as an IEEE 802.15.4 PAN Coordinator; Is a Full 

Functional Device (FFD) – implements the full protocol stack (Cunha,2005 ).  

(iii)  zigBee End Device (ZED): Does not allow other devices to associate with it; 

Does not participate in routing; It is just a sensor/actuator node; Can be a 
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Reduced Function Device (RFD) implementing a reduced subset of the 

protocol stacks (Cunha, 2005). 

 

2.5.4.1 Network Topologies and Routing 

In a star network, one device or node functions as the zigBee coordinator and its 

responsibilities include various tasks related to the creation and maintenance of the 

network. All communications must be routed through the zigBee coordinator. The 

star topology corresponds to the single cluster with star topology of the 802.15.4 

standard. Star networks operate in beacon-enabled, slotted CSMA-CA (when 

interacting with beacon devices) access mode, and the responsibilities of the ZigBee 

coordinator closely correspond to those of the PAN coordinator in the 802.15.4 

standard. 

 

Figure 2.3: Star topology 
 

A zigBee mesh network operates in a peer-to-peer topology, using non-beacon 

enabled, unslotted CSMA-CA (when interacting with non-beacon devices) access 

mode. In this topology network operates in a full peer-to-peer mode, and virtually 

any device can function as a router. As mesh network don’t have beacon frames (or, 

indeed, any 802.15.4 peer-to-peer topology network) so it means that there are no 

superframes, and no active or inactive periods. Since incoming data may occur at any 
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time, the devices cannot go to sleep for long periods of time. As a result, energy 

efficiency cannot be improved through the use of redundant nodes and/or activity 

management. 

 

Figure 2.4: Mesh topology 
 

Cluster network 

In a tree network, there is again one ZigBee coordinator which is responsible for the 

entire network. There are also a number of routers which transfer data and control 

mess- ages and, thus, extend the network. (Note that the role of a router requires that 

the device is capable of acting as a ZigBee router). A notable characteristic of a 

ZigBee cluster network is that the maximum values for the number of children a 

device may have, the depth of a tree, and the number of routers that a parent may 

have as children, may be prescribed and subsequently enforced. 

 

Figure 2.5: Cluster topology 
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2.5.4.2 ZigBee Routing 

According to Ricardo (2008), ZigBee Coordinators and Routers must provide the 

following functionalities. 

(i) Relay data frames on behalf of higher layers; 

(ii)  Relay data frames on behalf of other ZR; 

(iii)  Participate in route discovery in order to establish routes for subsequent data 

frames; 

(iv) Participate in route discovery on behalf of end devices; 

(v) Participate in end-to-end route repair; 

(vi) Participate in local route repair; 

(vii)  Employ the ZigBee path cost metric as specified in route discovery and route 

repair. 

(viii)  Maintain routing tables in order to remember best available routes; 

(ix) Initiate route discovery on behalf of higher layers; 

(x) Initiate route discovery on behalf of other ZR; 

(xi) Initiate end-to-end route repair; 

(xii)  Initiate local route repair on behalf of other ZR. 

 

2.5.4.3 Routing Schemes 

ZigBee Coordinators and Routers support three types of routing (Ricardo, 2008): 

Neighbour Routing – based on a neighbor tables that contains the information of all 

the devices within radio coverage. If the target device is physically in range the 

message can be sent directly. Note that ZEDs cannot do these (Stewart et al 2009). 

Each device in ZigBee maintains a neighbor table which has all the neighbor 

information in the I-hop transmission range. If users limit the size of the neighbor 
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table, the selected numbers of neighbor entries are stored in the table. The contents 

for a neighbor entry are the network's PAN identifier, node's extended address, 

network address, device type and relationship. Optionally, additional information 

such as beacon order, depth or permit joining can be included (Kim et al 2007). 

Table Routing - AODV, based on routing and route discovery tables with the path 

cost metrics, the AODV routing algorithm is on demand algorithm meaning that it 

builds routes between nodes only as desired by source nodes. It maintains these 

routes as long as they are needed by the sources. 

Tree-Routing- based on the address assignment schemes; messages are hierarchically 

routed upstream/downstream the tree. According to Kim et al (2007), when a device 

has no capability of routing table and route discovery table, it simply follows the 

hierarchical tree by comparing the destination address. The most significant benefit 

of tree routing is its simplicity and limited use of resources. Therefore, any device 

with low resources can participate in any ZigBee compliant network. 

 

2.5.5 Wi-Fi – IEEE 802.11 

Wi-Fi is a high-power, high-speed WLAN radio technology governed by Wi-Fi 

Alliance. Wi-Fi certified wireless products are based on the IEEE 802.11 standards 

and it covers most of the IEEE 802.11 standards including 802.11a, 802.11b, 

802.11g and 802.11n. IEEE 802.11b-based Wi-Fi which operates in 2.4GHz ISM 

band is discussed here. Wi-Fi supports two types of networking topologies: Access 

point-based topology: client devices communicate with each other via an Access 

Point (AP) and Peer-to-Peer (ad-hoc) topology: the devices (peers) can 

communicate directly with each other without any APs, and form the so-called ad-

hoc network. IEEE 802.11b has a maximum raw data rate of 11Mbit/s and uses the 
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same CSMA/CA media access method defined in the original 802.11 standard. Due 

to the CSMA/CA protocol overhead, in practice the maximum 802.11b throughput 

that an application can achieve is about 5.9Mbit/s using TCP and 7.1Mbit/s using 

User Datagram Protocol (UDP) (Aggelou, 2006). High power consumption and 

heavy protocol stack are two major drawbacks of Wi-Fi from a BAN point of view 

(Jaff, 2009).From the table below one can see that IEEE 802.11b WLAN technology 

is power hungry and requires higher system resources (like memory) to implement 

the protocol stack; therefore it does not seem to be a suitable candidate for BAN 

applications. In this respect the WPAN technologies (Bluetooth and zigBee) are 

much better suited for battery-powered body sensor networks. However, zigBee 

scores over Bluetooth due to its faster, more flexible and scalable networking 

features, while it consumes less energy, processing and system resources. It also 

supports standard- based security. It was also noticed that with zigBee weeks, months 

and even years of battery life is feasible, this is primarily due to the fact that zigBee 

is based on IEEE 802.15.4 physical and MAC protocols which are highly optimized 

for low power. In addition, zigBee devices spend the majority of their time in sleep 

mode or power-down mode which greatly reduces power consumption and 

consequently yields a longer battery life.  In  conclusion,  it  can  be said  that  

zigBee  is  the best solution  for  WBAN application among the candidates shown in 

the Table 2.2. 
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2.6 Comparison of the Candidate Short-Range Wireless Technologies 

Table 2.2: Overview of the standard wireless options for intra BAN communication 

 Wi-Fi 
IEEE 802.11b 

Bluetooth 
IEEE 
802.15.1 

IEEE 802.15.4 

          
ZigBee 

Application 
Focus 

Web, E-mail, 
Video 

Cable 
Replacem
ent 

Monitoring and Control 

Frequency band 2.4GHz 2.4GHz 2.4GHZ 
(Global)    

915MHZ 
(US)   

868MHZ    
(EU) 

Spectrum 
Spreading 
 

DSSS Frequenc
y 
Hopping 

Direct Sequence Spread 
Spectrum (DSSS) 

Number of 
channels/scheme
s 

11(US), 13(EU) 10 16 10 1 

Max Data Rate 11Mbit/s 1Mbit/s 250Kbit/
s 

40kbit/s 20kbit/s 

Range (meters) 1 – 100 1 – 10+ 1 – 100+ 

Network 
Topology 

Star, peer-to-
peer 

Star Star, peer-to-peer             + mesh 

Network Size 32 8 64K 

Network join 
time 

<3s <10s <<1s 

Real-time 
support 

No No Guaranteed time 
slots            

No 

Protocol Medium High Simple                         Low 

System 
resources 

1MB+ 250KB+ 4KB – 32 KB 

Security Authentication, 
encryption 

Authentic
ation, 
encryptio

Authentication, encryption 

Power 
consumption 

400-700mW 200mW 60-70mW 

Battery life 
(days) 

0.5 – 5 1 – 7 100 – 1000+ 

Success metrics Speed, 
Flexibility 

Cost, 
Convenie

Reliability, Power, Cost 

 
Source: Bluetooth Special Interest Group (SIG) 
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CHAPTER THREE 

RESEARCH METHODOLOGY 

3.1 Research Design 

According to Varkevisser et al (2007), type of study design depends on the existing 

state of knowledge about the problem that is being studied. Different types of 

questions may be asked that require different study designs. The research 

methodology presented in this dissertation is based on both qualitative and 

quantitative approach suggested by Creswell (2009). The qualitative approach 

involves data collection using interviews, documentary review and observations. 

Documentary review only was adopted in this research. This was through literature 

review in order to get secondary data from relevant reports, journal papers, and 

conference proceedings from University libraries, the Internet and the research sites. 

The quantitative approach involved simulation of the Wireless Sensor network model 

specifically IEEE 802.15.4/zigBee in the Network Simulator OPNET version 14.5. 

The model was then evaluated using different performance metrics with different 

simulation scenarios. Data regarding throughput, , traffic sent, traffic received and 

load for analysis are collected and plotted using OPNET. Thereafter the presentation 

of different statistical graphs and tables are in Chapter 4. 

 

3.2 Simulation Environment 

Simulation modeling is the best approach to develop the system with respect to time 

as well as cost (Abhiram, 2011). The module zigBee 80215.4 of OPNET Modeler 

14.5 installed on Windows 7 Professional environment is used to develop the 

simulation scenarios. This version supports ring, star, cluster and mesh topologies. 

Simulations are carried out on IEEE 802.15.4/zigBee standards; the node model node 
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model is composed of four functional layers: physical, MAC, network and 

application layers. The physical layer consists of IEEE 802.15.4 compliant wireless 

radio transmitter and wireless receiver operating at the 2.4 GHz frequency band with 

250 Kbps of bit rate and the modulation Quadrature Phase Shift Keying (QPSK) 

technique. The MAC sub-layer implements the slotted CSMA/CA. Network layer is 

responsible for the end-to-end delay and maintains the unique IP address among the 

devices. Finally, the application layer is responsible for generating the traffic source 

for each device. 

 

3.2.1 Optimized Network Engineering Tools (OPNET)  

In computer network research, the uses of network simulation techniques allow 

simulating network behavior by mathematical calculation of network interaction 

(Lim, 2006). Performance study or analysis is done through simulation and in this 

research OPNET version 14.5 is used to simulate zigBee protocol. OPNET is short 

for Optimized Network Engineering Tools is an engineering system capable of 

simulating large communication networks with detailed protocol modeling and 

performance analysis. An OPNET feature includes; graphical specification of 

models, a dynamic, event-scheduled Simulation Kernel, integrated data analysis tools 

and hierarchical, object based modeling. It is a network simulation tool that allows 

the definition of a network topology, the nodes, and the links that go towards making 

up a network. The processes that may happen in a particular node can be user 

defined, as can the properties of the transmission links. A simulation can then be 

executed, and the results analyzed for network element in the simulated network. 

OPNET consists of high level user interface, which is constructed from C and C++ 

source code blocks with a huge library of OPNET specific functions. Conceptually, 
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OPNET model comprises processes that are based on finite state machines and these 

processes communicate as specified in the top-level model. The wireless model is 

based on a pipelined architecture to determine connectivity and propagation among 

nodes. Users can specify frequency, bandwidth, and power among other 

characteristics including antenna gain patterns and terrain models. OPNET is 

Linux/Window based and is quite expensive for commercial usage but there is also 

free licenses for educational purposes and is used in this research. The OPNET 

Modeler environment includes tools for all phases of a study, including model 

design, simulation, data collection, and data analysis (Bamber et al, 2010). 

OPNET Modeler provides a comprehensive development environment supporting 

the modeling of communication networks and distributed systems. Both behavior and 

performance of a model can be analyzed by performing discrete event simulations. A 

Graphical User Interface (GUI) supports the configuration of the scenarios and the 

development of network models. Three hierarchical levels for configuration are 

differentiated: (i) the network level creating the topology of the network under 

investigation, (ii) the node level defining the behavior of the node and controlling the 

flow of data between different functional elements inside the node, and (iii) the 

process level, describing the underlying protocols, represented by finite state 

machines (FSMs) and are created with states and transitions between states.  

 

3.2.2 Simulation Scenarios  

In this dissertation, consideration was on three scenarios merged as one scenario 

which involved the deployment and simulation of all three IEEE 802.15.4/zigBee 

network formations in OPNET. The simulation aimed at comparing the three 

zigBee/IEEE802.15.4 topology formations  (star, mesh and cluster) to each other 
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using only one zigBee Coordinator (ZC) in each topology, two zigBee routers (ZR) 

and six zigBee End devices (ZED) as tabulated  in Table 3.1, all of ZR and ZED are 

fixed. The comparison includes the following statistics: end-to-end delay, packet 

sent, packet received, global delay and global throughput. However values in Table 

3.1 were chosen randomly and set for this experiment thus they are not standard. In 

all the simulated topologies  ZEDs are associated with sensor nodes, which get 

parameters like body temperature, EEG sensor, blood glucose level sensor etc. 

Thereafter it forwards those gathered data via parent node (router or coordinator) to a 

storage media for visualization by a medical specialist. These scenarios are presented 

in Figure 3.1, Figure 3.2 and Figure 3.3 for mesh, star and cluster topologies 

respectively which reflects the detailed literature in section 2.5.1.4. 

Table 3.1: Specifications for zigBee topologies for the simulation 

Topology  ZED ZR ZC 

Star 6 2 1 

Mesh 6 2 1 

Cluster 6 2 1 

Using mesh topology there is no master node in the BAN see Figure 3.1, every 

node/sensor communicates directly with the coordinator. In mesh networking each 

node acts as a router. This way a data flow from one node can take multiple routes to 

its destination, making it very resilient; if a node drops out the flow is simply 

redirected through other nodes. A routing algorithm is used to ensure that the data 

takes the fastest route. 

 

3.2.2.1 Star Topology 

The structure of the simulation scenario is arranged like star formation i.e. all end 

devices are connected to single Coordinator. In order to communicate each end 
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device has to communicate to the coordinator first and then the Coordinator 

communicates to the destination end devices. The simulation was conducted on a star 

network topology with a total of 9 nodes chosen arbitrary as shown in Table 3.1. 

Traffic flows with constant bit rate (CBR) traffic and one way communication from 

the node to the coordinator. Each packet is assumed to be of 1024 bytes. 

 

Figure 3.1: Patient being monitored with star topology 
 

3.2.2.2 Mesh Topology 

In decentralized network all devices can communicate directly with each other in 

their radio range (Eduardo, 2011). The structure of the simulation model is presents 

in Figure 3.2. In mesh topology there is also one coordinator and any device can 

communicate with any other device as long as they are in range of one another. A 

mesh network topology allows full peer-to-peer communications. 
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Figure 3.2: Patient being monitored with mesh topology 
 

3.2.2.3 Cluster Topology 

Cluster topology manages each network locally and can communicate through 

Coordinator. ZigBee cluster topology allows different levels of nodes with the 

coordinator being at the highest level. If messages are to be passed to other nodes in 

the same network, the source node must pass the messages to its parent, which is the 

node higher up by one level of the source node, and the message is continually 

relayed higher up in the tree until it is passed back down to the destination node. In a 

cluster topology, nodes are arranged hierarchically so that each node communicates 

to a designated router node. Traffic propagates through the network by visiting router 

nodes. 
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Figure 3.3: Two patients monitored with cluster topology 
 

3.3. Simulation Parameters for OPNET 

The said topologies were configured using OPNET based on different simulation 

parameters of physical layer, media access control, carrier sense multiple access and 

application traffic as shown in Tables 3.1, 3.2 and 3.3 respectively and were 

simulated. 

Table 3.2: Simulation Parameters of Physical Layer & MAC and CSMA 

Physical layer 
parameters 

MAC & CSMA 

MAC Parameters CSMA Parameters 
Receiver 
Sensitivity(dBm) 

-85 ACK wait time 0.05 Exponent of 
minimum back off 

3 

Data Rate(kbps) 250 Total 
Retransmissions 

5 Exponent of 
maximum back off 

4 

Transmission 
Power (W) 

0.05   Carrier sense 
duration 

0.1 

Transmission 
Band (GHZ) 

2.4     
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Transmitting power 

The transmitted power is the power that is transmitted from the antenna into space. In 

(Emmerson, 2010) the document states the IEEE 802.15.4 regulatory requirements 

that for the ISM band 2.4 GHz operating in United States, transmitted power of up to 

1 watt is provided. Although IEEE 802.15.4 devices are generally envisioned to 

operate with a maximum transmitting power of approximately 0 dBm (1mW), a 

minimum of +10 dBm (0.01W) is allowed in this band. 

Pt= 17 dBm= 0.05 W 

Receiver Threshold (RXThresh) 

The receiver threshold is the parameter used to specify the communication range of 

the wireless nodes and the threshold is the minimal power of the packet required for 

successful reception. If a packet reaches a node with a power level above the receiver 

threshold, the receiver will be within the transmission range of the sender. The 

receiver sensitivity is -85 dBm typical. The packets whose received power is higher 

than threshold are considered as valid packets. They are sensed by the MAC and they 

can be received successfully unless they get bit errors due to interference, 

background noise and/or colliding with other valid packets. A large (and negative) 

dBm number indicates "higher" receiver sensitivity, which allows the radios to be 

spaced farther apart. 

Channel Sensing Duration: This is the duration for which each channel will be 

scanned for beacons after the beacon request is sent out 

In order to avoid all nodes transmit at the same time, a commonly followed approach 

in CAP is the slotted Carrier Sense Multiple Access/ Collision Avoidance 

(CSMA/CA) mechanism through which nodes can compete with each other’s when 

accessing a channel. The carrier sense duration was set to 0.1 (simulator default) and 
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can be altered. This being the case (Buratt, 2010) said “In either case, the IEEE 

802.15.4 based devices shall wait for a randomly chosen backoff period before they 

start emitting data”. This period is chosen randomly from range of [0-2BE-1] where 

BE represents the backoff exponent which is needed to find the period through which 

a node should stay silent aside before trying to assess the medium. The value of BE 

can be initialized to 0, 1, 2 or 3 but the default is set to 3 and in case the channel 

sensed busy this value shall increase to the maximum value of 5. Throughout this 

simulation the minBE was set to default 3 and the maxBE was set to 4 as seen on 

Table 3.2. 
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Table 3.3: Simulation Parameters Application Traffic 

Parameters Device 

Type 

Inter-

arrival time 

of packet 

Packet 

size 

Start 

Time 

Stop 

Time 

Destinati

on 

 

 

Star 

Topology 

ZC Constant 

(1.0) 

Constant 

(1024) 

Uniform 

(20,21) 

infinity All ZCs 

and 

ZRs 

ZR Constant 

(1.0) 

Constant 

(1024) 

Uniform 

(20,21) 

infinity ZC 

ZED Exponential 

(1.0) 

Exponen

tial 

(1024) 

Exponent

ial 

(1.0) 

infinity ZC 

 

Mesh 

Topology 

ZC Constant 

(1.0) 

Constant 

(1024) 

Uniform 

(20,21) 

infinity All ZCs 

and 

ZRs 

ZR Constant 

(1.0) 

Constant 

(1024) 

Uniform 

(20,21) 

infinity All ZCs 

and 

ZRs 

ZED Exponential 

(1.0) 

Exponen

tial 

(1024) 

Exponent

ial 

(1.0) 

infinity Parent 

 

 

Cluster 

Topology 

ZC Constant 

(1.0) 

Constant 

(1024) 

Uniform 

(20,21) 

infinity ZC and 

ZRs 

ZR Constant 

(1.0) 

Constant 

(1024) 

Uniform 

(20,21) 

infinity ZC and 

ZRs 

ZED Exponential 

(1.0) 

Exponen

tial 

(1024) 

Exponent

ial 

(1.0) 

infinity ZRs 

 

Start Time: the time at which the application that generates traffic starts. The value 

uniform (20, 21) means the start time will be chosen uniformly from the range 20 to 
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21 seconds. The start time was set to uniform (20, 21) so as to assume uniform 

distribution of the packet between routers and coordinator and stop time set to 

infinity for ZCs and ZRs was simulator default parameter. 

Inter-arrival Time:  the time between each packet. The application generates (sends) 

a packet, waits for the inter-arrival time, then generates the next packet, waits for the 

inter-arrival time, and so on. The value exponential (1.0) means the inter-arrival time 

is chosen randomly from an exponential distribution with an average value of 1.0 

seconds. In other words, on average 15625 packets will be generated every second.  

In Table 3.3, all the parameter for ZED was set to exponential distribution except 

stop time which was set to infinity as simulator default. This signify  that all 

packets/sensed data by  the end device to be routed to their respective nodes has a 

constant rate of one 1024 byte packet every second which is a distribution suggested 

to be used in actuarial, biological and engineering. 

Packet Size: the size of each packet. In this dissertation, the exponential distribution 

is used, the average packet size is 1024 bytes.  
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CHAPTER FOUR 

SIMULATIONS AND RESULTS 

4.1 Introduction  

Simulating the real world is an inexpensive way to test a system on a large scale 

(Hansen, 2006). Simulation and modeling are important approaches to developing 

and evaluating the systems in terms of time and cost. In this chapter the design of 

three zigBee/IEEE 80215.4 topologies (star, mesh and cluster) were done using 

OPNET and the performance parameters: throughput, end to end delay, packet 

received, packet sent and delay for each of the said topologies were simulated and 

compared for better performance in WBAN. 

4.2 Simulation Results 

The results of star, cluster and mesh topologies scenarios are as follows. 

4.2.1 Star, Cluster and Mesh topologies results 

The focus of the study of this scenario is on the following values captured from 

global statistics. 

• Throughput 

• End -to- end delay 

• Packet sent 

• Packet  received 

• Load 

 

4.2.1.1 Throughput  

Throughput is the data quantity transmitted correctly starting from the source to the 

destination within a specified time (seconds). The purpose of this section was to 

evaluate and compare the data throughput for three different topologies as discussed 
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in chapter three. Figure 4.1 shows the throughput for the cluster, mesh and star 

topologies respectively. Maximum throughput values recorded were 137500, 134375 

and 35416 bits/sec for cluster, mesh and star topologies respectively. Throughput for 

all topologies increased exponentially for time less than 100 seconds and attains 

constant for large time, this is due to a reason that the three simulation setup takes a 

total of 34.35 seconds for initial network formation (11.45 seconds each). After that 

initial network formation time packet routing started. However the throughput for 

cluster topology was higher relative to the other topology. This is so because in 

cluster topology formation devices communicate in hierarchical where the routers 

were capable of accepting join requests where as the topology formation for mesh 

allows device to communicate to each other randomly which takes time to creating 

routing tables hence  resulting  to low throughput. 

  

Figure 4.1: Average Network Throughput 
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4.2.1.2 End –to- end Delay 

Is a measurement of the network delay on a packet and is measured by the time 

interval between when a message is queued for transmission at the physical layer 

until the last bit is received at the receiving node. Figure 4.2 shows the end-to-end 

delay result of the three topologies. The end-to-end delay of the cluster topology is 

higher compared with other two topologies. Cluster topology has end-to-end delay of 

0.027 seconds; mesh has 0.019 seconds and star 0.010 seconds. The results implies 

that the delay is higher in cluster compared to other two topologies due to the 

involvement of ZC and ZR whereby the end devices were to communicate to 

themselves through router and then to coordinator unlike in star where the end device 

are connected to coordinator directly where they have to wait for long time. 

 

Figure 4.2: End –to- end delay 
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4.2.1.3 Data Traffic Sent 

Data traffic sent is defined as the total number of data bits sent by the source to 

destination per unit time irrespective of the condition whether all of the data bits 

reach the destination or not (Khan et al, 2010). Figure 4.3 depicts the data traffic sent 

for cluster, mesh and star topologies are 28456, 25520, 13541 bps respectively. This 

observation shows that traffic sent is maximum for cluster topology because it uses 

ZC and ZRs which manages their own routing tables which are used in traffic 

generations.  

Lower collision and packet drop rate lead to high traffic sent for Cluster topology. 

Also it has been observed that data traffic is minimum in case of star topology 

because the communication suffers more collisions and time-outs, both of these 

factors leads to reduction of traffic sent. In addition the mesh topology uses some end 

devices communicate through the PAN coordinator directly instead of intermediate 

router which increases the data traffic between devices causes collision, time-outs 

and reduces the traffic sent. 
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Figure 4.3: Average Data traffic sent 

 

4.2.1.4 Data Traffic Received 

Represents the total traffic successfully received by the MAC from the physical layer 

in bits/sec. This includes retransmissions. Figure 4.4 shows the traffic received by all 

the topologies. Traffic received for Cluster, mesh and star topologies are 225443, 

201513 and 105802 bps respectively. Also it has been observed that received data 

traffic is minimum in case of star topology because the topology uses the end devices 

(RFD) need to communicate to each other through the Coordinator which increases 

data traffic between devices and Coordinator and causes more collision and packet 

loss and reduces the received data traffic.  
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Figure 4.4: Average Data traffic received 

 

4.2.1.5 Load 

Represents the total load (in bits/sec) submitted to 802.15.4 MAC by all higher layers 

in all WPAN nodes of the network. This is defined as number of packets that can be 

sent by the network at one time. Figure 4.5 shows the load of all topologies. Load for 

cluster topology is 27 Kbps, 22 Kbps for Mesh and 12Kbps for Star. This results also 

shows that the load is maximum in case of cluster topology and an increases the 

network utilization due to involvement of ZCs and ZRs. In star topology load is 

minimum due to the fact that the end devices have to communicate to one another via 

the coordinator which involves much processes hence reducing the number of 

packets sent by the network at a time. 
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Figure 4.5: Average Network Load 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

In this dissertation the performance parameters for zigBee/IEEE 802.15.4 standard 

for BAN developed under three topologies were simulated using OPNET Modeler. 

The performance parameters such as throughput, load, data traffic sent and received 

and end-to-end delay under cluster, mesh and star topologies was compared as shown 

in Chapter Four. However the comparison as obtained from simulation results 

reveals that the cluster topology formation is better compared to other two (star and 

mesh). This is shown by Table 5.1. 

Table 5.1: Comparisons of Cluster, Mesh and Star Topologies 

Topology Throughput 

(bit/s) 

ETD 

(sec) 

Load 

(bits/s) 

Packet sent 

(bits/s) 

Packet received 

(bits/s) 

Cluster 137,500 0.027 27000 28456 225443 

Mesh 134, 375 0.019 22000 25520 201,513 

Star 35,416 0.010 12000 13541 105,802 
 

5.2 Recommendation  

The results have shown the performance parameters for zigBee/IEEE 802.15.4 

standard under three topologies: cluster, mesh and star. Simulated results can be 

tested and implemented in practical field such as ward hospital and health centers. 

Modules that allow sending SMS to the central gateway and then retrieved by a 

medical specialist considering mostly in the security and hardware costs might be 

considered in future. There is also a need to do research and analysis for WSN 

implementation of home automated system and other related systems.  
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